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P R E F A C E

The idea that the m i c r o b i a l communities w i t h i n the GI tract have a p r o f o u n d
i n f l u e n c e on g e n e r a l human health actually o r i g i n a t e d with Russian scientist Elie
M e t c h n i k o v at the t u r n o f the last century. Also k n o w n as the " f a t h e r o f i m m u n o l ­
ogy", M e t c h n i k o v b e l i e v e d that p u t r e f a c t i v e b a c t e r i a in the gut were r e s p o n s i b l e for
e n h a n c i n g the aging process. He theorized that i n g e s t i o n o f healthy b a c t e r i a found
in f e r m e n t e d foods c o u l d counteract toxic bacteria and was the key to good health.
His t h e o r i e s c o n c e r n i n g good b a c t e r i a and health can be found in his treatise " T h e
P r o l o n g a t i o n o f Life: Optimistic Studies". These writings p r o m p t e d Japanese scientist
M i n o r u S h i r o t a to b e g i n i n v e s t i g a t i o n o f how f e r m e n t a t i v e b a c t e r i a improve health.
He s u c c e e d e d in isolating a strain o f Lactobacillus that could survive passage through
the i n t e s t i n e , w h i l e p r o m o t i n g a healthy balance o f microbes. The " S h i r o t a strain"
is still u s e d t o d a y in the fermented beverage Yakult. I t is clear from a c o m m e r c i a l
s t a n d p o i n t that these ideas have inspired the d e v e l o p m e n t o f a probiotic industry,
which has e x p a n d e d g r e a t l y in the U.S. over the past 5-10 years.

Likewise, s c i e n t i f i c studies investigating the m i c r o b i o t a and the immune system
have i n c r e a s e d s i g n i f i c a n t l y in recent years. This i n c r e a s e in research is also due to
advances in technologies that enable the investigation o f l a r g e microbial communities,
a r e s u r g e n c e in g n o t o b i o t i c animal research, a n g ) r n p r o v e d methods for m o l e c u l a r
analysis o f p r o b i o t i c b a c t e r i a l species. Our interest in this area stems from our labo­
ratory o b s e r v a t i o n s i n d i c a t i n g that antibiotics and fungi can skew m i c r o b i o t a com­
p o s i t i o n and s y s t e m i c i m m u n e responses. Our initial base o f references upon which
to d e v e l o p further h y p o t h e s e s concerning the m e c h a n i s m s i n v o l v e d in m i c r o b i o t a
r e g u l a t i o n o f i m m u n e responses was limited. However, in p r e s e n t i n g the research at
n a t i o n a l s c i e n t i f i c m e e t i n g s and at universities across the country, the feedback and
i n t e r e s t were o v e r w h e l m i n g . I t became clear that a b o o k d e d i c a t e d to current trends
in i n v e s t i g a t i n g the GI m i c r o b i o t a was warranted. D i s s e c t i o n o f the r e l a t i o n s h i p
b e t w e e n the m i c r o b i o t a and the immune system is c u r r e n t l y being a p p r o a c h e d from
a v a r i e t y o f angles that we have sought to i n c o r p o r a t e into this book.

This b o o k opens with two general reference c h a p t e r s , which provide an over­
view o f c u r r e n t k n o w l e d g e o f g a s t r o i n t e s t i n a l i m m u n o l o g y and the c o m m e n s a l
m i c r o b i o l o g y o f the gut. Next are two chapters d e d i c a t e d to current m e t h o d o l o g i e s
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used to i n v e s t i g a t e the m i c r o b i o t a and host: m o l e c u l a r a n a l y s i s o f m i c r o b i a l diver­
sity and g n o t o b i o t i c research. Both p o s i t i v e and n e g a t i v e i n t e r a c t i o n s b e t w e e n the
m i c r o b i o t a and the immune system can take place in the gut, with c h a p t e r s d e d i c a t e d
to p r o b i o t i c s and i n t e s t i n a l diseases a s s o c i a t e d w i t h u n h e a l t h y r n i c r o b i o t a . Environ­
mental factors play an enormous role in shaping the m i c r o b i o t a c o m p o s i t i o n . Host,
microbial, and dietary factors take part in a c o m p l e x i n t e r p l a y , w h i c h p r o v i d e s many
distinct and diverse r e s e a r c h subjects. We have i n c l u d e d a c h a p t e r d i s c u s s i n g diet,
functional foods, and p r e b i o t i c s , w h i c h are dietary s u p p l e m e n t s u s e d to s p e c i f i c a l l y
enhance the g r o w t h o f beneficial members o f the m i c r o b i o t a . S e v e r a l l a b o r a t o r i e s
are i n v e s t i g a t i n g how the different members o f the m i c r o b i o t a c o m m u n i c a t e with
each other and w i t h the immune system. A c h a p t e r r e v i e w i n g how b a c t e r i a sense
and r e s p o n d to s i g n a l i n g c o m p o u n d s in the gut e n v i r o n m e n t p r o v i d e s i n s i g h t into
the signal t r a n s d u c t i o n pathways that mediate i n t e r a c t i o n s b e t w e e n the host and mi­
crobiota. A highly d e t a i l e d and w e l l - i n v e s t i g a t e d m o d e l o f b a c t e r i a l - h o s t s y m b i o s i s
p r o v i d e s an i m m e n s e amount o f b a c k g r o u n d and i n s i g h t for the d e v e l o p i n g field o f
h o s t - m i c r o b i o t a studies. We have i n c l u d e d a c h a p t e r r e v i e w i n g the unique interac­
tions that take p l a c e in a n o n - m a m m a l i a n system, the S q u i d - V i b r i o model. Finally,
we close the b o o k with two chapters o u t l i n i n g c u r r e n t h y p o t h e s e s c o n c e r n e d with
r e d e f i n i n g our u n d e r s t a n d i n g o f the r e l a t i o n s h i p b e t w e e n m i c r o b e s , disease, and the
basic m e c h a n i s m s o f immune system function.

Gary Huffnagle, P h D a n d M a i r i C. Noverr, PhD
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C H A P T E R l

O v e r v i e w o f Gut I m m u n o l o g y
K a t i e L y n n M a s o n , G a r y B. H u f f n a g l e , M a i r i C . N o v e r r a n d J o h n Y. Kao*

A b s t r a c t

T h e g a s t r o i n t e s t i n a l t r a c t ( G I t r a c t ) plays dual roles in h w n a n p h y s i o l o g y : d i g e s t i o n a n d
u p t a k e o f n u t r i e n t s a n d t h e m o r e d a u n t i n g t a s k o f m a i n t a i n i n g i m m u n e h o m e o s t a s i s
( p r o t e c t i n g t h e b o d y from p o t e n t i a l l y h a r m f u l m i c r o b e s , while i n d u c i n g t o l e r o g e n i c re­

sponses t o i n n o c u o u s food, c o m m e n s a l s and self-antigens). The u n i q u e a r c h i t e c t u r e o f the G I t r a c t
f a c i l i t a t e s b o t h o f t h e s e f u n c t i o n s ; m u l t i p l e levels o f i n f o l d i n g results in an i m m e n s e overall surface
area t h a t allows m a x i m a l n u t r i e n t a b s o r p t i o n while h o u s i n g t h e largest n w n b e r o f i m m u n e cells
in t h e body. This r e v i e w will focus on h o w mucosal i m m u n e responses g e n e r a t e d in t h e G I t r a c t
are o r g a n i z e d a n d c o n t r o l l e d . The g a s t r o - i n t e s t i n a l a s s o c i a t e d l y m p h o i d tissue ( G A L T ) , w h i c h is
c o m p o s e d o f d i s c r e t e i n d u c t i v e a n d effectors sites, is able t o d i s c r i m i n a t e b e t w e e n h a r m f u l a n d
h a r m l e s s a n t i g e n s w h i l e m a i n t a i n i n g h o m e o s t a s i s . I n d u c t i v e sites are o r g a n i z e d i n t 0 s p e c i a l i z e d
a g g r e g a t i o n s o f l y m p h o i d follicles called Peyer's patches (PP), while e f f e c t o r sites are more diffusely
d i s p e r s e d . The s e p a r a t i o n o f these sites serves to l i m i t and c o n t r o l i m m u n e responses. In a d d i t i o n
t o its d i s t i n c t a r c h i t e c t u r e , t h e GI t r a c t has specialized i m m u n e cells t h a t aid in p r o m o t i n g a t o l e r o ­
genic r e s p o n s e t o o r a l l y i n t r o d u c e d antigens, (e.g, subsets o f d e n d r i t i c cells ( D e s ) a n d r e g u l a t o r y
T-cells ( T R))' S e c r e t o r y IgA (sIgA), w h i c h is p r o d u c e d in a p p r e c i a b l e q u a n t i t i e s at mucosal surfaces,
also p r o m o t e s an a n t i - i n f l a m m a t o r y e n v i r o n m e n t by n e u t r a l i z i n g i m m u n e s t i m u l a t o r y a n t i g e n s .
The m e c h a n i s m s o f i n d u c t i o n t o l e r a n c e are c u r r e n t l y p o o r l y u n d e r s t o o d ; however, this t o l e r a n t
e n v i r o n m e n t l i m i t s p o t e n t i a l l y d a m a g i n g i n f l a m m a t o r y responses to i n a p p r o p r i a t e s t i m u l i .

I n t r o d u c t i o n : T o l e r a n c e vs, I n f l a m m a t i o n
The GI t r a c t has t h e d i f f i c u l t task o f p r o t e c t i n g the b o d y from p o t e n t i a l l y p a t h o g e n i c o r g a n i s m s

( P P O s ) while at t h e same t i m e p r o v i d i n g an e n v i r o n m e n t t o l e r a n t to c o m m e n s a l microbes, d i e t a r y
a n t i g e n s , a n d s e l f - a n t i g e n s . M u c o s a l surfaces are t h e site o f e n t r y for m a n y p a t h o g e n s ; h o w e v e r
t h e s e r e g i o n s o f h i g h s u s c e p t i b i l i t y are also c o n s t a n t l y m o u n t i n g i m m u n e responses, w h e t h e r
i n f l a m m a t o r y or t o l e r o g e n i c , t o t h e n w n e r o u s antigens t h a t c o m e i n t o c o n t a c t w i t h t h e mucosa.
Because t h e m a j o r i t y o f a n t i g e n s t h a t come in c o n t a c t w i t h m u c o s a l surfaces are n o n h a r m f u l , the
m a j o r i t y o f i m m u n e r e s p o n s e s e l i c i t e d in these regions i n d u c e t o l e r a n c e . Systemic n o n r e s p o n s i v e ­
ness to a n t i g e n s t h a t are i n t r o d u c e d orally is a p h e n o m e n o n k n o w n as o r a l t o l e r a n c e .

T h e r e are m u l t i p l e m e c h a n i s m s i n v o l v e d in i n d u c t i o n o f t o l e r a n c e in t h e GI t r a c t (Table 1).
M e c h a n i s m s b r o a d l y fall i n t o t w o categories: a n t i g e n i c i g n o r a n c e a n d active t o l e r a n c e . A n t i g e n i c
i g n o r a n c e involves p r e v e n t i n g a n t i g e n s a n d m i c r o b e s from g a i n i n g access to the i m m u n o r e a c t i v e
areas w i t h i n t h e G I t r a c t . Active t o l e r a n c e involves i n d u c t i o n o f a n t i g e n specific a n d n o n s p e c i f i c
a n t i - i n f l a m m a t o r y r e s p o n s e s a n d / o r d e l e t i o n o f reactive i m m u n e cells. In studies o f oral toler­
ance in mice, l o w - d o s e o r a l a n t i g e n s led to an active s u p p r e s s i o n o f t h e g u t i m m u n e r e s p o n s e
while h i g h - d o s e f e e d i n g r e g i m e n s led to anergy,' O r a l t o l e r a n c e is t y p i c a l l y c h a r a c t e r i z e d by the
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Table 1. Mechanisms of immune tolerance in the GI tract. Many o f the factors
within the g a s t r o i n t e s t i n a l tract sway i m m u n e r e s p o n s e s t o w a r d s a t o l e r a n t
e n v i r o n m e n t

Mechanisms of Immune Tolerance in the GI Tract

• P r o d u c t i o n of s e c r e t o r y IgA (slgA)
• Preference for Th2 responses
• U n i q u e a n a t o m i c a l design
• Presence of s p e c i a l i z e d i m m u n e cells
• S p e c i a l i z e d adhesion m o l e c u l e s and c h e m o k i n e r e c e p t o r s
• Effects of the i n d i g e n o u s m i c r o b i o t a

s u p p r e s s i o n o f t h e s y s t e m i c Th l r e s p o n s e to a n t i g e n s a n d e l e v a t e d levels o f I L - I 0 , T G F - f3 ' a n d
a n t i g e n - s p e c i f i c sIgA at t h e m u c o s a l surface. The T h 2 r e s p o n s e also p r o m o t e s t h e i n d u c t i o n o f
t o l e r a n c e in t h e g u t . ' P r o d u c t i o n o f I L - 4 a n d IL- 5 d u r i n g T h 2 r e s p o n s e s acts s y n e r g i s t i c a l l y to
e n h a n c e 19A p r o d u c t i o n . These c y t o k i n e s also act to f u r t h e r i n h i b i t t h e Th l r e s p o n s e .

Several f a c t o r s can p r e v e n t i n d u c t i o n o f o r a l t o l e r a n c e as d e m o n s t r a t e d in a n i m a l m o d e l s .
C o - i n o c u l a t i o n o f a n t i g e n a l o n g w i t h an a d j u v a n t , s u c h as c h o l e r a t o x i n o r s a p o n i n . will p r o v o k e a
r o b u s t i m m u n e r e s p o n s e . v ' In a d d i t i o n , d e l e t i o n o f t h e i n d i g e n o u s m i c r o b i o t a u s i n g e i t h e r g e r m f r e e
a n i m a l s or b r o a d s p e c t r u m a n t i b i o t i c s p r e v e n t e d i n d u c t i o n o f o r a l t o l e r a n c e . Y W h i l e t o l e r a n c e
may be t h e d e f a u l t r e s p o n s e . t h e G I t r a c t m u s t also p r o t e c t a g a i n s t P P O s , w h i c h i n c l u d e b o t h
" p r o f e s s i o n a l " a n d " o p p o r t u n i s t i c " p a t h o g e n s . " P r o f e s s i o n a l " o r t o x i n - p r o d u c i n g p a t h o g e n s are
a c q u i r e d f r o m e x o g e n o u s sources, causing h a r m to t h e h o s t (e.g., E. coli 0 1 5 7 :H7). " O p p o r t u n i s t i c "
p a t h o g e n s are o f t e n n o r m a l m e m b e r s o f t h e m i c r o b i o t a b u t c a n cause h a r m t o t h e i m m u n e s u p ­
p r e s s e d h o s t o f t e n d u e to o v e r g r o w t h (e.g., C a n d i d a a l b i c a n s ) . B o t h i n n a t e a n d a d a p t i v e r e s p o n s e s
c o l l a b o r a t e in c o n t r o l l i n g i n f e c t i o n s by P P O s a n d p r e v e n t i n g s y s t e m i c d i s s e m i n a t i o n via t h e G I
t r a c t to t h e b l o o d s t r e a m . The d y n a m i c i n t e r a c t i o n s t h a t o c c u r in t h e n o r m a l g u t create an envi­
r o n m e n t t h a t is t o l e r a n t to d i e t a r y a n t i g e n s , p r o t e c t i v e a g a i n s t p o t e n t i a l p a t h o g e n s , a n d able to
m a i n t a i n g u t i m m u n e h o m e o s t a s i s .

G a s t r o i n t e s t i n a l Tract A r c h i t e c t u r e
The a r c h i t e c t u r e o f t h e g a s t r o i n t e s t i n a l t r a c t is d e s i g n e d to f a c i l i t a t e t h e d u a l roles h a n d l e d by

t h e o r g a n : n u t r i e n t u p t a k e a n d d e f e n s e a g a i n s t P P O s . 2 T h e vast s u r f a c e area o f t h e GI t r a c t (""200
m") is t h e r e s u l t o f several levels o f i n v a g i n a t i o n at t h e t i s s u e ( K e r k r i n g f o l d s ) , c e l l u l a r (villi) a n d
m e m b r a n e l e v e l s ( m i c r o v i l l i ) . At the cellular level, villi are l i n e d w i t h i n t e s t i n a l e p i t h e l i a l cells ( I E C s )
t h a t have a b s o r p t i v e m i c r o v i l l i to o p t i m i z e t h e a b s o r p t i o n o f n u t r i e n t s r e l e a s e d d u r i n g d i g e s t i o n .
The tips o f t h e s e m i c r o v i l l i f o r m t h e f i l a m e n t o u s b r u s h b o r d e r glycocalyx ( F B B G ) t h a t is c o m p o s e d
o f a layer o f m e m b r a n e - a n c h o r e d g l y c o p r o t e i n s , w h i c h a l l o w n u t r i e n t s to cross. w h i l e r e s t r i c t i n g
e n t r y o f w h o l e b a c t e r i a o r large m o l e c u l e s ? To b l o c k e n t r y a n d / o r r e d u c e d a m a g e c a u s e d by P P O s ,
t h e GI t r a c t has an e f f e c t i v e r e p e r t o i r e o f d e f e n s e m e c h a n i s m s . T h e p r o t e c t i v e defenses o f t h e G I
t r a c t i n c l u d e p h y s i c a l b a r r i e r s . a n t i m i c r o b i a l c o m p o u n d s a n d s p e c i a l i z e d i m m u n e r c s p o n s e s . i T h e
l u m i n a l c o n t e n t s are s e p a r a t e d f r o m u n d e r l y i n g l y m p h o i d tissue by t h e i n t e s t i n a l e p i t h e l i u m . w h i c h
serves as a r e s t r i c t i v e p h y s i c a l b a r r i e r h e l d t o g e t h e r by i n t e r c e l l u l a r t i g h t j u n c t i o n s t h a t can b l o c k
e x t r e m e l y small m o l e c u l e s ( > 2 k- Da ).9 A n t i m i c r o b i a l p e p t i d e s , m u c i n s a n d t r e f o i l p e p t i d e s also act
to r e s t r i c t p a t h o g e n access to m u c o s a l surfaces. 10,1

1 In a d d i t i o n t o t h e s e h o s t f a c t o r s , t h e i n d i g e n o u s
m i c r o b i o t a plays an active role in n o t o n l y p r e v e n t i n g e s t a b l i s h m e n t o f P P O s via c o m p e t i t i v e
exclusion, b u t also by i n f l u e n c i n g t h e g u t i m m u n e r e s p o n s e s ( d i s c u s s e d l a t e r ) .

The a r c h i t e c t u r e o f t h e g a s t r o i n t e s t i n a l a s s o c i a t e d l y m p h o i d t i s s u e ( G A L T ) is d e s i g n e d to l i m i t
a n d c o n t r o l i m m u n e r e s p o n s e s via s e p a r a t i o n o f i n d u c t i v e a n d e f f e c t o r sites. I n d u c t i v e sites c o n s i s t
o f o r g a n i z e d a g g r e g a t i o n o f l y m p h o i d follicles a n d i n c l u d e t h e Peyer's p a t c h e s ( P P ) a n d m e s e n t e r i c
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l y m p h n o d e s ( M L N s ) . J 2 PPs are t y p i c a l l y f o u n d w i t h i n t h e d i s t a l i l e u m o f t h e small i n t e s t i n e ,
w h e r e t h e r n i c r o b i o t a is m o r e a b u n d a n t a n d diverse. H o w e v e r , r e c e n t r e p o r t s have s h o w n t h a t PP
may n o t be r e s t r i c t e d to t h e d i s t a l i l e u m d u e to t h e d i s c o v e r y o f l y m p h o i d a g g r e g a t e s t h a t have PP
a p p e a r a n c e in o t h e r l o c a t i o n s t h r o u g h o u t t h e G I t r a c t as w e l l . " M a t u r e PPs are m a c r o s c o p i c a l l y
visible d o m e s a n d have an o r g a n i z a t i o n a l s t r u c t u r e s i m i l a r to l y m p h n o d e s . T h e s u b e p i t h e l i a l d o m e
( S E D ) o f P P s is m a d e up o f l a r g e B-cell follicles w i t h i n t e r v e n i n g T - c e l l areas t h a t w o r k to c o l l e c t
a n t i g e n f r o m e p i t h e l i a l s u r f a c e s w i t h i n t h e G I t r a c t . The S E D is s e p a r a t e d f r o m t h e l u m e n by t h e
follicle a s s o c i a t e d e p i t h e l i u m ( F A E ) , w h i c h is a m o n o l a y e r c o m p o s e d o f c o l u m n a r e p i t h e l i a l cells
t h a t have a less d i s t i n c t b r u s h b o r d e r , fewer digestive e n z y m e s , a n d h i g h n u m b e r s o f i m m u n e cells
( f o r a r e v i e w see ref. 14). O n e d i s t i n c t f e a t u r e o f this s p e c i a l i z e d m o n o l a y e r is t h e p r e s e n c e o f
M - c e l l s , so n a m e d for t h e i r " m i c r o f o l d " a p p e a r a n c e . F o r m a t i o n a n d d e v e l o p m e n t o f f u l l - s i z e d
M - c e l l s r e q u i r e s s t i m u l a t i o n f r o m m a t u r e B - I y m p h o c y t e s , p r e d o m i n a n t l y via t h e e x p r e s s i o n o f
L T a l 1 3 2 . 1 5 T h e f i l a m e n t o u s b r u s h b o r d e r glycocalyx, as well as t h e t y p i c a l m u c u s layer o f t h e G I
t r a c t , is m i s s i n g f r o m t h e a p i c a l surface o f t h e s e cells.P M-cells t r a n s p o r t a n t i g e n s to s p e c i a l i z e d
A P C s w i t h i n t h e u n d e r l y i n g S E D . t h r o u g h vesicular t r a n s p o r t (Fig. 1 ) 7

M e s e n t e r i c l y m p h n o d e s ( M L N s ) are d i s t i n c t f r o m o t h e r s p e c i a l i z e d tissues in t h e G A L T due to
t h e i r n o r m a l d e v e l o p m e n t in t h e absence o f g r o w t h factors t h a t are n e c e s s a r y for d e v e l o p m e n t o f P P ,
M-cells a n d even o t h e r p e r i p h e r a l l y m p h n o d e s . T h e y are also l a r g e r than all o t h e r l y m p h n o d e s in
t h e body. 12 H o w e v e r , w i t h i n g e r m f r e e m i c e t h e M L N are m u c h smaller, b u t still f u n c t i o n a l , due to
a lack o f s t i m u l a t i o n by t h e n o r m a l m i c r o b i o t a . " L y m p h o c y t e m i g r a t i o n to l y m p h n o d e s is m e d i ­
a t e d by l y m p h o c y t e cell s u r f a c e r e c e p t o r s b i n d i n g to l i g a n d s o n h i g h e n d o t h e l i a l venules ( H E V ) .
L y m p h o c t e L - s e l e c t i n a n d a4137 i n t e g r i n e x p r e s s i o n are r e q u i r e d for h o m i n g to t h e M L N s . The
a4137 i n t e g r i n is k n o w n for its role in d i r e c t i n g l y m p h o c y t e s to m u c o s a l tissues by b i n d i n g to mucosal
a d d r e s s i n cell a d h e s i o n m o l e c u l e - l ( M A d C A M - l ) o n H E V in b o t h t h e M L N s a n d PP. It has also
b e e n s h o w n t h a t L - s e l e c t i n g u i d e s l y m p h o c y t e s to t h e p e r i p h e r a l tissues. I? Because m o s t c i r c u l a t i n g

Gut lumen

B cell follicle

Figure 1. M - c e l l and g u t - a s s o c i a t e d l y m p h o i d tissue a r c h i t e c t u r e . This diagram shows the
l o c a t i o n of s p e c i a l i z e d M - c e l l s w i t h i n the f o l l i c l e associated e p i t h e l i u m , o v e r l y i n g GALT.
D i r e c t l y beneath the M - c e l l is the s u b - e p i t h e l i a l d o m e that is rich in d e n d r i t i c cells w h i l e the
area u n d e r n e a t h the SED is l y m p h o i d tissue dense in B- and T-cells. O n e p r o p o s e d mecha­
nism of antigen r e c o g n i t i o n w i t h i n the GI tract is that antigen enters t h r o u g h the M - c e l l s to
be presented to the u n d e r l y i n g B- and T-cells by d e n d r i t i c cells f r o m the SED.
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l y m p h o c y t e s express b o t h L-selectin and a4f37 i n t e g r i n , i m m u n e i n t e r a c t i o n s b e t w e e n the p e r i p h e r y
and G A L T may p l a y a role in d i r e c t i n g responses b e t w e e n t h e g u t a n d t h e e n t i r e host.

A l t h o u g h t h e G A L T and M L N s are the p r i m a r y tissues i n v o l v e d in GI i m m u n i t y , i n t e s t i n a l
e p i t h e l i a l cells also p l a y a u n i q u e and u n d e r a p p r e c i a t e d role in r e g u l a t i n g i m m u n e responses. These
e p i t h e l i a l cells can secrete i m m u n e s i g n a l i n g molecules ( c y t o k i n e s , c h e m o k i n e s a n d e i c o s a n o i d s )
b o t h c o n s t i t u t i v e l y a n d after s t i m u l a t i o n f r o m P P O s , w h i c h helps d i r e c t b o t h i n n a t e a n d a d a p t i v e
responses (for a review see r e f 18). C o n d i t i o n i n g o f d e n d r i t i c cells ( D C s ) in close p r o x i m i t y to
the I E C s o c c u r s in the absence o f i n f l a m m a t o r y signals or i n f e c t i o n . E x p o s u r e o f D C s to e p i t h e l i a l
cells results in IL-IO p r o d u c t i o n , b u t n o t IL-12, i n d i c a t i n g t h a t l E C s in t h e s t e a d y - s t a t e i n d u c e
t o l e r o g e n i c r e s p o n s e s , " l E C s also p a r t i c i p a t e in i n i t i a t i n g a d a p t i v e i m m u n e responses in the g u t by
t r a n s p o r t i n g l u m i n a l a n t i g e n s to u n d e r l y i n g i m m u n e cells for p r e s e n t a t i o n by p r o f e s s i o n a l a n t i g e n
p r e s e n t i n g cells or can p r e s e n t a n t i g e n themselves. I E C s are p o l a r i z e d so t h a t a n t i g e n is p r o c e s s e d
apically a n d p r e s e n t a t i o n to T-cells via class II molecules can o n l y o c c u r at t h e b a s o l a r e r a l s u r f a c e . "
l E C s are M H C class-Il positive, b u t typically do n o t express t h e c o s t i m u l a t o r y molecules necessary
to activate T -cells." Also, C D 4 + T-cells are n o t c o m m o n l y f o u n d in t h e l a m i n a p r o p r i a a n d t h o s e
T-cells t h a t are p r e s e n t do n o t migrate o u t o f t h e gut. 2 2 D e s p i t e these factors, I E C s c o u l d p l a y a
role in m a i n t a i n i n g t h e T-cells t h a t have b e e n p r i m e d p r e v i o u s l y a n d t h e n l o c a l i z e d to t h e l a m i n a
p r o p r i a . D u e to these factors, IECs can be seen as an e x c e p t i o n to the n o r m a l r o u t e s p r e v i o u s l y
p r o p o s e d for i n d u c t i o n o f an i m m u n e response.

C o m p o n e n t s o f t h e G u t I m m u n e R e s p o n s e

D e n d r i t i c Cells
The d e c i s i o n b e t w e e n i n d u c i n g mucosal t o l e r a n c e or i n f l a m m a t i o n is m a d e by i m m u n e cells

s i t u a t e d at several d i s t i n c t l o c a t i o n s o f t h e i n t e s t i n a l t r a c t . The d e c i s i o n d e p e n d s b o t h on i n h e r ­
e n t p r o p e r t i e s o f t h e a n t i g e n a n d is d i r e c t e d by p r o f e s s i o n a l A P C s (e.g, i n t e s t i n a l D C s ) . Several
s p e c i a l i z e d subsets o f D C s can be f o u n d w i t h i n t h e G I m u c o s a , b o t h i n d u c t i v e a n d e f f e c t o r sites.
Even t h e villus m u c o s a has specialized D C s t h a t are n o t well s t u d i e d , b u t may p l a y a role in a n t i g e n
u p t a k e . T h e p e r c e n t a g e o f d i f f e r e n t subsets can d i f f e r d r a s t i c a l l y b e t w e e n t h e d i f f e r e n t l y m p h o i d
tissues, p o i n t i n g t o w a r d s u n i q u e s p e c i a l i z e d roles for d i f f e r e n t l y m p h o i d tissues a n d t h e i r associ­
a t e d A P C s . The p r e s e n c e o f many d i f f e r e n t D C s u b s e t s c o m p l i c a t e s s t u d i e s o f u n d e r s t a n d i n g
h o w responses in t h e G A L T are c o o r d i n a t e d . D i f f e r e n t cell types t h a t are nearby, a n t i g e n itself, or
any n u m b e r o f o t h e r factors c o u l d i n f l u e n c e the b e h a v i o r a n d a c t i v a t i o n o f D C s . It is n o t k n o w n
w h e t h e r specific subsets o f D C s are f u n c t i o n a l l y r e s t r i c t e d t o drive specific types o f responses, or
w h e t h e r D C subsets e x h i b i t plasticity. D e t e r m i n i n g t h e role o f each o f t h e s e subsets in G I im­
m u n o l o g y is d a u n t i n g . b u t D C s are t h e m a j o r g a t e k e e p e r s for d i r e c t i n g t h e m u l t i p l e i n n a t e a n d
a d a p t i v e i m m u n e responses t h a t o c c u r w i t h i n t h e GI t r a c t . 2 3

In t h e m u r i n e GALT, t h r e e d i s t i n c t s u b s e t s o f D C s have b e e n i d e n t i f i e d b a s e d o n t h e i r
d i f f e r e n t i a l e x p r e s s i o n o f specific cell surface markers a n d t h e i r c h a r a c t e r i s t i c l o c a l i z a t i o n . " All
subsets express C D l l c and major h i s t o c o m p a t i b i l i t y c o m p l e x ( M H C ) class II, b u t differ in t h e i r
e x p r e s s i o n o f C D 8 a a n d C D l l b . Myeloid D C s ( C D l l c + C D l l b + ) are l o c a l i z e d in t h e SED
o f P P s u n d e r t h e follicle associated e p i t h e l i u m , w h e r e t h e y are p o s i t i o n e d to receive l u m i n a l an­
tigens t r a n s p o r t e d by M-cells. I n t e r f o l l i c u l a r regions o f P P s are p o p u l a t e d by C D l l c + C D 8 a +
l y m p h o i d or p l a s m a c y t o i d D C s . A t h i r d s u b s e t o f " d o u b l e - n e g a t i v e " ( C D 8 a - C D l l b - ) D C has
also b e e n r e p o r t e d to p o p u l a t e b o t h l o c a t i o n s . In a d d i t i o n , D C s w i t h i n t h e PP t h a t are C D l l c
low are also p r e s e n t . " LP D C s are n o t w e l l - s t u d i e d . b u t s u b s e t s in this area may be s i m i l a r to t h o s e
f o u n d in t h e PP.26

W h e t h e r an i m m u n e response is d i r e c t e d t o w a r d s i n f l a m m a t i o n or t o l e r a n c e is i n f l u e n c e d by
i m m u n e s i g n a l i n g molecules o r i g i n a t i n g from D C s a n d T-cells. An i n t e r e s t i n g c h a r a c t e r i s t i c o f
p p D C s is t h a t after a c t i v a t i o n by l i g a t i o n o f R A N K , t h e D C s p r o d u c e I L - l 0 w h i c h p r o m o t e s an
a n t i - i n f l a m m a t o r y response; however, t h e same a c t i v a t i o n signals i n d u c e s p l e n i c D C s to p r o d u c e
p r o - i n f l a m m a t o r y I L - 1 2 P This drastic difference in response. based u p o n l o c a t i o n o f t h e l y m p h o i d
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tissues, shows how antigen is h a n d l e d differently by the GI i m m u n e response c o m p a r e d to a systemic
response. The specialized D C s in the PP also polarize antigen specific T-cells to p r o d u c e IL-lO,
p r o m o t i n g r e g u l a t o r y T-cell ( T R) expansion, activation a n d / o r d i f f e r e n t i a r i o n . " R e c e n t evidence
p o i n t s t o w a r d s C D 11 b+ subsets w i t h i n the PP playing a t o l e r o g e n i c role via low I L - I 2 and h i g h
IL-IO s e c r e t i o n . These D C s lead to T-cell activation and f u r t h e r I L - I 0 s e c r e t i o n . " However, the
C D 8 a + a n d C D I I b - subsets o f D C s w i t h i n the PP have been f o u n d to p r o d u c e h i g h levels o f
I L - I 2 t h a t can lead to an i n f l a n u n a t o r y response u n d e r the a p p r o p r i a t e c o n d i t i o n s . "

W i t h i n t h e LP there are also u n i q u e subsets o f D C s t h a t are similar to those f o u n d in the PP,
i n c l u d i n g C D I I c + C D I I b - . A l t h o u g h these have n o t been s t u d i e d in as m u c h d e p t h as those
w i t h i n t h e PP, t h e i r role has been h y p o t h e s i z e d to include a n d - i n f l a m m a t o r y responses. W h i l e
C D I I c + C D I I b - D C s are f o u n d w i t h i n the LP; w i t h i n the t e r m i n a l ileum, the d o m i n a n t subset
o f D C s has b e e n f o u n d to be the C D I I c + C D I I b + DCs. 2

9 A c h a r a c t e r i s t i c marker o f L P D C s is
the expression o f i n t e g r i n a c h a i n C D 103 ( a E integrin).30 C D 103 is expressed by subsets o f D C s ,
usually from t h e mucosal tissues, as well as C D 4 + and C D 8 + T-cellsY·32 C D 103 was suggested to
p l a y a role in T-cell h o m i n g to the i n t e s t i n e by p a i r i n g with 137 i n t e g r i n , w h i c h enables b i n d i n g to
E - c a d h e r i n (expressed on i n t e s t i n a l epithelial cells). 33 However, adoptive transfer o f e i t h e r wildtype
or C D 1 0 3 - 1 - C D 4 + C D 2 S + T R cells was able to suppress colitis in mice. A d o p t i v e t r a n s f e r o f
w i l d t y p e naive C D 4 + T-cells i n t o C D 1 0 3 - 1 - mice results in c o l i t i s , " Therefore, T-cell trafficking
to the g u t is n o t r e g u l a t e d by C D 103 expression. Surprisingly, C D 103 expression does correlate
with d i f f e r e n t i a l D C f u n c t i o n . " Adoptive t r a n s f e r o f w i l d t y p e C D 4 + C D 2 5 + T R are unable
to suppress colitis in C D I 0 3 - 1 - recipient mice. E x a m i n a t i o n o f wild type a n d C D 1 0 3 - 1 - D C
revealed t h a t o n l y w i l d t y p e D C s p r o m o t e u p r e g u l a t i o n o f C C R 9 , w h i c h allows h o m i n g to the
i n t e s t i n e by b i n d i n g to C C L 2 S . In a d d i t i o n , C D 1 0 3 - 1 - D C s p r o m o t e p r o - i n f l a m m a t o r y IFNy
p r o d u c t i o n by T-cells. 34 D e s p i t e the lack o f k n o w l e d g e about o t h e r specific subsets o f D C s w i t h i n
the LP, C D 103 expression seems to p l a y a u n i q u e role r e g u l a t i n g t o l e r a n c e via effects on T R'

M i c r o b i a l D i s c r i m i n a t i o n : T L R s a n d D a n g e r S i g n a l s
D e n d r i t i c cells have the ability to d e t e c t groups o f microbes nonspecifically by r e c o g n i z i n g

p a t h o g e n a s s o c i a t e d m o l e c u l a r p a t t e r n s (PAMP). PAMPs b i n d to p a t h o g e n r e c o g n i t i o n receptors
(PRR) on t h e surface o f D C s , w h i c h result in d o w n s t r e a m a c t i v a t i o n or i n h i b i t i o n o f pathways
involved in i n f l a n u n a t i o n . The most famous group o f P R R are the toll-like r e c e p t o r s ( T L R ) ,
w h i c h form h o m o - a n d h e t e r o - d i m e r s . To date, 13 T L R s have been described, w h i c h b i n d to a
wide v a r i e t y o f b o t h m i c r o b i a l a n d host c o m p o u n d s . For example, T L R 4 binds to LPS from gram
negative b a c t e r i a , T L R S b i n d s to flagellin and T L R 2 / 6 binds to fungal zymosan (for a review
see r e f 35).

O n e d i l e m m a the GI t r a c t must face is the use o f T L R s in r e c o g n i z i n g p o t e n t i a l l y i n f e c t i o u s
microbes. D i s c r i m i n a t i o n b e t w e e n p a t h o g e n s and commensals is c o m p l i c a t e d by the fact t h a t b o t h
groups o f m i c r o b e s possess t h e same PAMPs. Several mechanisms may be involved in d e t e r m i n ­
ing w h e t h e r a m i c r o b e signals a p r o - i n f l a m m a t o r y response via T L R s . It has been h y p o t h e s i z e d
t h a t c o m m e n s a l s are s e q u e s t e r e d on the e p i t h e l i a l surface w i t h i n t h e gut, p r e v e n t i n g a c t i v a t i o n o f
T L R s while p a t h o g e n i c b a c t e r i a express virulence factors t h a t enable a t t a c h m e n t to a n d p e n e t r a ­
t i o n o f the e p i t h e l i u m a n d gain access to u n d e r l y i n g DCs.36 However, commensal bacteria are
r e c o g n i z e d u n d e r n o r m a l steady state c o n d i t i o n s by T L R s in t h e GI tract. In fact T L R signal­
ing aids in m a i n t e n a n c e o f G I tract homeostasis, as well as p r o v i d i n g p r o t e c t i o n from i n j u r y by
p a t h o g e n i c b a c r e r i a . " This discovery has c o m p l i c a t e d our u n d e r s t a n d i n g o f the role o f T L R s in
p a t h o g e n d i s c r i m i n a t i o n .

An a l t e r n a t i v e i n t e r p r e t a t i o n o f the f u n c t i o n a n d activity o f T L R has been c h a m p i o n e d by
Polly M a t z i n g e r as an e x t e n s i o n o f the danger m o d e l (for a review see ref. 38). She p r o p o s e s t h a t
these r e c e p t o r s actually sense a n d respond to h y d r o p h o b i c d a n g e r signals t e r m e d h y p p o s ( h y d r o ­
p h o b i c p o r t i o n s ) , c o m i n g from damaged h o s t or microbial sources a n d s t i m u l a t e i n f l a n u n a t o r y
r e s p o n s e s . " T L R 4 binds to the m e m b r a n e b u r i e d p o r t i o n o f L P S , a cytosolic fusion p r o t e i n o f
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r e s p i r a t o r y syncytial virus and also h o s t c o m p o n e n t s such as heat s h o c k p r o t e i n s and h y a l u r o n a n ,
w h i c h are released u p o n host cell or m i c r o b i a l cell damage.

A n o t h e r m e c h a n i s m that may be involved in d e t e r m i n i n g h o w a n d w h e t h e r T L R signaling
generates a p r o - i n f l a m m a t o r y response is the discovery o f m u l t i p l e types o f negative r e g u l a t o r s
(for a review see r e f 4 0 ) . These i n c l u d e extracellular decoy r e c e p t o r s , i n t r a c e l l u l a r i n h i b i t o r s and
m e m b r a n e - b o u n d suppressors. In a d d i t i o n , i n h i b i t i o n can be m e d i a t e d by d e g r a d a t i o n o f T L R s and
T L R - i n d u c e d a p o p t o s i s . Soluble decoy T L R 4 and T L R 2 act as n o n s i g n a l i n g extracellular sinks for
T L R agonists. I n t r a c e l l u l a r negative r e g u l a t o r s can f u n c t i o n at various stages o f the T L R signaling
cascade b u t w o r k p r i n c i p a l l y via actions on MyD88. N e g a t i v e r e g u l a t o r s t h a t f u n c t i o n at this stage
i n c l u d e M y D 8 8 s (a t r u n c a t e d form o f MyD88),41 IRF,42 SOCS,43 N O D 2 , 4 4 PI3K,45 T O L L I p 4 6
and A20. 47 T r a n s m e m b r a n e p r o t e i n r e g u l a t o r s act by s e q u e s t e r i n g a d a p t o r p r o t e i n s (ST2)48 and
t r a n s c r i p t i o n factors (TRAILR),49 o r by i n t e r f e r i n g w i t h the b i n d i n g o f T L R agonists to t h e i r
respective T L R s (SI G I R R and RP 105 ).50.51 R e d u c t i o n o f T L R expression occurs by u b i q u i t i n a t i o n
o f T L R s ( T R I A D 3 A ) , which targets t h e m for p r o t e a s o m a l d e g r a d a t i o n . P Excessive T L R activation
c o u l d lead to c a s p a s e - d e p e n d e n t ( t h r o u g h the d e a t h d o m a i n o f M y D 8 8 ) a n d c a s p a s c - i n d e p c n d e n r
a p o p t o s i s . 5 3. 54 O v e r e x u b e r a n t and d e s t r u c t i v e i n f l a m m a t i o n occurs in k n o c k o u t mice d e f i c i e n t in
several o f these negative r e g u l a t o r s ( S I G I R R , N O D 2 ) , d e m o n s t r a t i n g t h e i m p o r t a n c e o f c o n t r o l
o f these pathways.50.55It remains to be d e t e r m i n e d w h e t h e r specific g r o u p s o f m i c r o b e s ( n o n p a t h o ­
gens) p r e v e n t T L R signaling by a c t i v a t i n g a negative r e g u l a t i o n pathway.

T-Cells
Mucosal D C s p l a y a direct role in activation, e x p a n s i o n a n d i n d u c t i o n o f T - c e l l s in the G A L T

t h a t c o n t r o l and m a i n t a i n tolerance. The major T-cell type involved in r e g u l a t i o n o f t o l e r o g e n i c
responses is the r e g u l a t o r y T-cell ( T R)' Formerly k n o w n as s u p p r e s s o r Tvcells, several subsets o f
T Rhave been i d e n t i f i e d on the basis o f cellular markers and m o d e o f s u p p r e s s i o n . B o t h a n t i g e n
nonspecific ( n a t u r a l or steady-state) and antigen-specific ( i n d u c e d o r adaptive) T Rare f o u n d w i t h i n
the GALT. In a d d i t i o n , recent studies have p o i n t e d to i n t r a e p i t h e l i a l l y m p h o c y t e s (IEL) playing
a role in p r o m o t i n g t o l e r a n c e in the G I tract.

N a t u r a l T R are g e n e r a t e d in the t h y m u s and c o n s t i t u t i v e l y express C D 2 5 (IL-2 r e c e p t o r ) ,
C T L A - 4 ( c y t o t o x i c T - I y m p h o c y t e a n t i g e n - 4 ) and G I T R ( g l u c o c o r t i c o i d i n d u c e d t u m o r necrosis
factor r e c e p t o r ) a n d the t r a n s c r i p t i o n factor Foxp3 ( f o r k h e a d box p r o t e i n 3) (for a review see
ref. 56). This C D 4 + C D 2 5 + subset plays a critical role in m a i n t a i n i n g h o m e o s t a s i s w i t h i n the

\
body by r e c o g n i z i n g self-antigens a n d p r e v e n t i n g an i n f l a m m a t o r y r e s p o n s e to c h r o n i c s t i m u l i
via b y s t a n d e r e f f e c t . " N a t u r a l T Rare n o t all C D 2 5 + , w i t h C D 2 5 e x p r e s s i o n level i n f l u e n c e d by
a c t i v a t i o n state. A n o t h e r c o m p l i c a t i n g factor in s t u d y i n g T Ris t h a t a c t i v a t e d C D 4 + T-cells also
express C D 2 5 , C T L A - 4 and G I T R , w h i c h h i n d e r s t h e use o f these markers in i d e n t i f y i n g T R' In
h e a l t h y mice, the p e r c e n t a g e o f T Rin t h e C D 4 + C D 2 5 + p o p u l a t i o n is a r o u n d 90%, however this
p e r c e n t a g e may c h a n g e u n d e r i n f l a m m a t o r y responses w h e r e a c t i v a t e d T-cells c o u l d p o l l u t e the
n o r m a l C D 4 + C D 2 5 + p o p u l a t i o n . 58 However, Foxp3 expression a p p e a r s to be l i m i t e d to T Rand
its expression is a s s o c i a t e d w i t h suppressive activity.59.60 Foxp3 is d i f f i c u l t d e t e c t in vivo because
o f its n u c l e a r l o c a t i o n , w h i c h has h i n d e r e d the s t u d y o f the b i o l o g y o f F o x p 3 - e x p r e s s i n g cells.
Recently, i n v e s t i g a t o r s c o n s t r u c t e d a t r a n s g e n i c m u r i n e m o d e l to m o n i t o r Foxp3 expression using
a b i c i s t r o n i c r e p o r t e r expressing a red fluorescent p r o t e i n w h i c h was k n o c k e d i n t o the e n d o g e n o u s
Foxp310cus. 61 Foxp3 is p r e d o m i n a n t l y expressed in C D 4 + C D 2 5 + p e r i p h e r a l Tvcells, b u t is also
f o u n d in a subset o f C D 4 + C D 2 5 - p e r i p h e r a l T-cells. TGF-13 induces Foxp3 expression along with
suppressive f u n c t i o n in C D 4 + T-cells. 61 This Foxp3 r e p o r t e r system s h o u l d aid in f u r t h e r i n g the
study o f r e g u l a t i o n a n d f u n c t i o n o f T R' W h i l e Foxp3 is a m o r e d e f i n i t i v e m a r k e r for f u n c t i o n a l l y
suppressive T R' C D 2 5 + T Rhave been more w e l l - s t u d i e d in the c o n t e x t o f g u t t o l e r a n c e . A d o p t i v e
t r a n s f e r o f C D 2 5 + T Rin a m u r i n e m o d e l o f colitis was effective at s u p p r e s s i n g b o t h i n d u c t i o n o f
disease and c u r i n g e s t a b l i s h e d disease. 6 2. 63 In a d d i t i o n , C D 2 5 + T Rare also involved in m e d i a t i n g
oral t o l e r a n c e , a l t h o u g h C D 8 + s u p p r e s s o r 'I'-cells may p l a y a role as well. 6 4. 65
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A d a p t i v e T R subsets t h a t have been d e s c r i b e d in terms o f i n t e s t i n a l i n u n u n i t y i n c l u d e Th3 cells
and Tr I cells. Th3 cells are a subset o f the C D 4 + T R p o p u l a t i o n a n d are seen after the i n d u c t i o n
o f oral r o l e r a n c e / " L o w doses o f oral antigen induce Th3 cells t h a t traffic to the M L N s in m i c e . "
They act in a suppressive m a n n e r u n d e r the influence o f T G F - / 3 . h o w e v e r the lack o f a specific
m a r k e r for Th3 p o p u l a t i o n s has c o m p l i c a t e d f u r t h e r s t u d y to e l u c i d a t e t h e i r i n d i v i d u a l role in
oral t o l e r a n c e . D u e to t h e i r p r o d u c t i o n ofTGF-13, they can i n f l u e n c e the p r o d u c t i o n o f l g A . Tr I
cells are also C D 4 + T-cells t h a t p r o d u c e IL-IO and p l a y a role in s u p p r e s s i n g an i n f l a m m a t o r y
response. Tr I cells are also a T R p o p u l a t i o n b u t are Foxp3 n e g a r i v e / " A l t h o u g h they have n o t been
p r o v e n to p l a y a role in vivo. Tr I cells can p r o d u c e b y s t a n d e r s u p p r e s s i o n o f e x p e r i m e n t a l colitis
in mice a n d t h e i r s e c r e t i o n o f I L - I 0 is h y p o t h e s i z e d to m i n i m i z e damage to the h o s t d u r i n g a
c h r o n i c i n f e c t i o n . 69 • 7 o

I n t r a e p i t h e l i a l l y m p h o c y t e s (IEL) represent an u n u s u a l T-cell p o p u l a t i o n t h a t are d i s p e r s e d
t h r o u g h o u t the G I t r a c t a n d are f o u n d in close p r o x i m i t y to the e p i t h e l i a l layer. above the base­
m e n t m e m b r a n e . IELs are b e l i e v e d to m a t u r e exrra-thymically w i t h i n the LP in areas called cryp­
t o p a r c h e s . " IELs i n c l u d e C D 8 a a + and T C R y b T-cells and b o t h types have been s h o w n to p l a y a
role in s u p p r e s s i o n responses in mice. A d o p t i v e t r a n s f e r o f e i t h e r C D 8 a a + can p r e v e n t i n d u c t i o n
o f c o l i t i s . " I n j e c t i o n o f yb T-cells from mice previously t o l e r i z e d mice can t r a n s f e r a n t i g e n specific
oral t o l e r a n c e to naive r e c i p i e n t mice; conversely d e p l e t i o n o f yb T-cells p r e v e n t s the i n d u c t i o n
o f oral t o l e r a n c e , " F u r t h e r s t u d i e s o f these specialized T-cells are n e e d e d to help d e t e r m i n e the
m e c h a n i s m o f t o l e r a n c e i n d u c t i o n .

B - C e l l s a n d A n t i b o d y
S e c r e t o r y 19A (slgA) is t h e major i m m u n o g l o b u l i n isotype f o u n d in m o s t mucosal surfaces.

w i t h 80% o f all p l a s m a B-cells l o c a t e d in the GI tract and 3 g o f sIgA are p r o d u c e d per day in hu­
mans. 7 4. 75 This p o l y p e p t i d e c o m p l e x is made o f two 19A m o n o m e r s w i t h a c o n n e c t i n g ] c h a i n and
s e c r e t o r y c o m p o n e n t ( d e s c r i b e d below). I t plays a crucial role as an a n t i - i n f l a m m a t o r y c o m p o n e n t
w i t h i n the m u c o s a due to its a b i l i t y to b i n d i n n o c u o u s antigens a n d i n a b i l i t y to activate comple­
m e n t . However. 19A f o u n d in s e r u m is p r i m a r i l y m o n o m e r i c (rnIgA) a n d originates p r i m a r i l y ftom
w i t h i n the b o n e m a r r o w . " Surprisingly, mlgA w i t h i n sera i n t e r a c t s w i t h F c a R as an i n f l a m m a t o r y
i n u n u n o g l o b u l i n as o p p o s e d to its a n t i - i n f l a m m a t o r y p r o p e r t i e s w i t h i n the m u c o s a . " IgA m o n o ­
mers are c o m p o s e d o f t w o heavy a n d two l i g h t chains like o t h e r i n u n u n o g l o b u l i n s ; however, 19A
is u n i q u e in its a b i l i t y to f u r t h e r p o l y m e r i z e (plgA). A IS k D a p o l y p e p t i d e n a m e d t h e ] chain, as
well as disulfide bridges. helps two m o n o m e r units o f l g A stabilize in an e n d - t o - e n d c o n f i g u r a t i o n .
B o t h t h e ] c h a i n a n d 19A are s y n t h e s i z e d in plasma cells w i t h t h e ] c h a i n i n i t i a t i n g p o l y m e r i z a t i o n
o f the 19A m o n o r n e r s . Y ' " W i t h i n the GI r n u c o s a . I g a exists p r e d o m i n a n t l y as dimers, b u t t r i m e r s
and t e t r a m e r s f o r m as w e l l . "

The a b i l i t y o f t h e G I e p i t h e l i u m to t r a n s p o r t p l g A across its e p i t h e l i a l b a r r i e r i n t o mucosal
s e c r e t i o n s is o n e o f t h e p r i m a r y m e c h a n i s m s u t i l i z e d to p r o t e c t m u c o s a l surfaces from p a t h o g e n s .
The t r a n s p o r t o f p l g A relies u p o n the i n t e r a c t i o n o f a 110 kDa t r a n s m e m b r a n e glycoprotein, n a m e d
p i g R . w h i c h is e x p r e s s e d o n t h e b a s o l a t e r a l surfaces o f mucosal e p i t h e l i a l cells. pIgR is i n t e r n a l i z e d
by e n d o c y t o s i s i n t o b a s o l a t e r a l e n d o s o m e s and t h e n s o r t e d for t r a n s c y t o s i s across the e p i t h e l i a l
cell. 82 O n c e t h e r e c e p t o r reaches the apical m e m b r a n e . it is cleaved by a serine p r o t e a s e at the
j u n c t i o n b e t w e e n t h e e x t r a c e l l u l a r d o m a i n and the m e m b r a n e - s p a n n i n g region. The e x t r a c e l l u l a r
p a r t o f t h e r e c e p t o r t h a t is released by this p r o t e a s e is now called t h e s e c r e t o r y c o m p o n e n t and is
i n c l u d e d in m u c o s a l s e c r e r i o n s . P The s e c r e t o r y c o m p o n e n t acts to stabilize p l g A and to p r o v i d e
some resistance to f u r t h e r p r o t e a s e activity w i t h i n secretions and this molecule is now t e r m e d SlgA.84
S e c r e t o r y c o m p o n e n t also has glycosylated residues t h a t f u r t h e r stabilize slgA by a n c h o r i n g the
i m m u n o g l o b u l i n w i t h i n the m u c u s to f u r t h e r its role in m e d i a t i n g i n u n u n e responses w i t h i n the
gut. 85 S e c r e t o r y c o m p o n e n t can also act on its own w i t h i n mucus as a scavenger t o w a r d s e n t e r i c
p a t h o g e n s . 86 This t r a n s p o r t system is effective in s h u t t l i n g a n t i g e n s t h a t get past the e p i t h e l i a l layer
back i n t o the l u m e n . p r e v e n t i n g a n t i g e n access to mucosal i n u n u n e areas.
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The i m p o r t a n c e o f I g A - m e d i a t e d p r o t e c t i o n is widely a c c e p t e d , b u t 19A also is i n t r i n s i c in
m a i n t a i n i n g g u t h o m e o s t a s i s and tolerance. IgA is s p o n t a n e o u s l y i n d u c e d by t h e p r e s e n c e o f com­
mensals in t h e i n t e s t i n e . N o r m a l mice are systemically i g n o r a n t o f c o m m e n s a l m i c r o b e s ; however,
u p o n i n t r a v e n o u s i n j e c t i o n o f these organisms, IgG r e s p o n s e s are i n d u c e d . " Some o f this p r o t e c ­
t i o n due to 19A; mice deficient in IgA are more likely t o have s p o n t a n e o u s p r i m i n g o f a systemic
response to c o m m e n s a l s . " I n d u c t i o n o f specific IgA is d e p e n d e n t o n T - c e l l help; however, in T'-cell
d e f i c i e n t mice, 19A is n o t c o m p l e t e l y ablated. IgA is o n l y p a r t l y d e p e n d e n t o n T - c e l l h e l p a n d in
p a r t i c u l a r the responses t o the c o m m e n s a l i n t e s t i n a l m i c r o b i o t a are m o r e T - i n d e p e n d e n t t h a t
responses to a d j u v a n t s ( c h o l e r a toxin).88 This can be e x p l a i n e d by t h e fact t h a t p r o t e c t i o n against
the m i c r o b i o t a w o u l d r e q u i r e a b r o a d s p e c t r u m IgA r e s p o n s e , w h e r e a s p r o d u c t i o n o f n e u t r a l i z i n g
IgA for b a c t e r i a l t o x i n s w o u l d r e q u i r e a h i g h l y specific h i g h - a f f i n i t y 19A t h a t w o u l d r e q u i r e T - c e l l
help. This same p h e n o m e n o n may facilitate the seeming p l a s t i c i t y o f t h e IgA profile in the i n t e s t i n e ,
w h i c h is c o n t i n u a l l y responsive to changes in the r n i c r o b i o t a . "

In h u m a n s IgA d e f i c i e n c y is c o m m o n and is a s s o c i a t e d w i t h i n c r e a s e d s u s c e p t i b i l i t y to gas­
t r o - i n t e s t i n a l i n f e c t i o n s , ulcerative colitis, a n d IBD.89.90 H o w e v e r , it has b e e n also p r o p o s e d t h a t a
s e c o n d a r y a n d e q u a l l y i m p o r t a n t role o f I g A is in r e g u l a t i o n o f t h e g u t m i c r o b i o t a . For example,
in mice d e f i c i e n t in 19A p r o d u c t i o n , p r e f e r e n t i a l e x p a n s i o n o f t h e s e g m e n t e d f i l a m e n t o u s bacte­
ria (SFB) are o b s e r v e d . " SFB s t r o n g l y a t t a c h to the g u t e p i t h e l i u m a n d are t h e m a j o r b a c t e r i a l
species d e t e c t e d in g u t e p i t h e l i a l cell samples o f these mice. F u r t h e r , IgA d e f i c i e n c y in h u m a n s is
a s s o c i a t e d w i t h i n c r e a s e d n u m b e r s o f E. coli strains w i t h p o t e n t i a l l y p r o - i n f l a m m a t o r y p r o p e r t i e s
such as S fimbriae a n d h a e m o l y s i n . " These a l t e r a t i o n s in the m i c r o b i o t a may be r e s p o n s i b l e for
p a t h o l o g i c a l effects in t h e GALT.

C o o r d i n a t i o n o f t h e G u t I m m u n e R e s p o n s e

A n t i g e n R o u t e o f E n t r y
The p a t h w a y for t h e i n d u c t i o n o f an i n t e s t i n a l i m m u n e r e s p o n s e is still u n d e r d e b a t e due to the

c o m p l e x i t y o f t h e system and the difficulty in s t u d y i n g a p r o c e s s w i t h a h i g h n u m b e r o f variables
(Fig. 2). There are several possible routes o f a n t i g e n u p t a k e a n d p r e s e n t a t i o n in i n d u c t i v e sites.
In PP, M-cells in t h e FAE can t r a n s f e r a n t i g e n to u n d e r l y i n g D C s . These D C s can e i t h e r p r e s e n t
antigen to T-cells w i t h i n the PP or can e n t e r the d r a i n i n g l y m p h a n d traffic t o t h e M L N s . A n o t h e r
r o u t e o f a n t i g e n e n t r y involves u p t a k e t h r o u g h the e p i t h e l i u m o f t h e LP a n d delivery to u n d e r l y i n g
D C s or o t h e r e n t e r o c y t e s t h a t express M H C class II, w h i c h can travel t o t h e M L N s . A t h i r d r o u t e
involves d i r e c t a n t i g e n i c sampling o f the i n t e s t i n a l l u m e n by D C s w i t h i n t h e l a m i n a p r o p r i a , w h i c h
express t i g h t j u n c t i o n p r o t e i n s allowing for e x t e n s i o n o f d e n d r i t e s b e t w e e n e p i t h e l i a l cells. 93The

c h e m o k i n e r e c e p t o r C X 3 C R l ( f r a c t a l k i n e r e c e p t o r ) , w h i c h is e x p r e s s e d on LP D C s t h r o u g h o u t
the small a n d large i n t e s t i n e , was f o u n d to be i n v o l v e d in t r a n s - e p i t h e l i a l d e n d r i t e e x t e n s i o n for
l u m i n a l a n t i g e n s a m p l i n g in m i c e . " This same g r o u p also d e t e r m i n e d t h a t C X 3 C R l aids in t h e
clearance o f invasive p a t h o g e n s by D C s . The relative i m p o r t a n c e o f each o f these r o u t e s o f e n t r y
remains t o be d e t e r m i n e d .

D C T r a f f i c k i n g
D C s are t h e p r i m a r y a n t i g e n p r e s e n t i n g cell t y p e in t h e G A L T a n d travel w i t h i n a n d b e t w e e n

i n d u c t i v e ( b o t h PP a n d the M L N s ) and e f f e c t o r areas (LP) b a s e d o n r e c e p t o r l i g a n d i n t e r a c t i o n s .
B o t h s t e a d y - s t a t e a n d i n f l a m m a t o r y m i g r a t i o n occurs in t h e G A L T . C h e m o k i n e r e c e p t o r s have
been i m p l i c a t e d in r e c r u i t m e n t a n d g u i d a n c e o f D C s t o d i f f e r e n t l o c a t i o n s w i t h i n the G I t r a c t .
C C R 6 aids in r e c r u i t m e n t o f P P D C s to the SED a n d is n e c e s s a r y for a c t i v a t i o n o f T - c e l l s in the
presence o f p a t h o g e n s . " C C R 2 is involved in D C r e c r u i t m e n t to t h e LP, while C C R 7 aids in
r e c r u i t m e n t to t h e MLNs.96 I t is believed t h a t m i g r a t i o n f r o m t h e i n t e s t i n e to t h e M L N s is c r u c i a l
in d e v e l o p m e n t o f t o l e r a n c e . As evidence o f this, mice d e f i c i e n t in C C R 7 are u n a b l e to be t o l e r ­
ized to oral a n t i g e n . " Results from studies i n v e s t i g a t i n g D C t r a f f i c k i n g in t h e G I m u c o s a i n d i c a t e
t h a t m o s t D C s t h a t e n t e r the M L N s actually o r i g i n a t e f r o m t h e LP.98 S t e a d y - s t a t e t r a f f i c k i n g o f
c o n d i t i o n e d D C s f r o m the i n t e s t i n e to the M L N s is t h o u g h t to be i n t r i n s i c in m a i n t e n a n c e o f
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Figure 2. Routes of A n t i g e n R e c o g n i t i o n in the GI tract. Several p o t e n t i a l r o u t e s of e n t r y for
o r a l l y a d m i n i s t e r e d a n t i g e n in t h e GI t r a c t are o u t l i n e d in this figure. A n t i g e n s may e n t e r t h r o u g h
M - c e l l s in the follicle a s s o c i a t e d e p i t h e l i u m w h e r e local DCs p r e s e n t d i r e c t l y to T-cells within
t h e PP. A n t i g e n s or a n t i g e n - l o a d e d DC may also d i r e c t l y e n t e r t h e d r a i n i n g lymph and travel
away from t h e PP t o w a r d s the MLN for T-cell r e c o g n i t i o n . In a d d i t i o n , a n t i g e n may also a c c e s s
t h e MLN's by t r a v e l i n g t h r o u g h t h e e p i t h e l i u m of the villus l a m i n a p r o p r i a . Alternatively, t h e s e
a n t i g e n s may be t a k e n up by t h e e n t e r o c y t e s t h a t e x p r e s s MHC c l a s s II m o l e c u l e s e n a b l i n g
t h e m to p r i m e T-cells. A n o t h e r p o s s i b l e p o i n t of e n t r y for a n t i g e n may be t h r o u g h t h e lamina
p r o p r i a with d i r e c t a c c e s s to t h e b l o o d s t r e a m for travel to t h e p e r i p h e r a l lymph n o d e s w h e r e
the a n t i g e n s c a n i n t e r a c t with T-cells. Finally, DCs within the lamina p r o p r i a c a n e x t e n d o u t
into t h e l u m e n to s a m p l e a n t i g e n s directly.

t o l e r a n c e to i n n o c u o u s a n t i g e n s via i n a c t i v a t i o n o f autoreactive T-cells, p r o m o t i n g d i f f e r e n t i a t i o n
o f naive T-cells t o w a r d s a r e g u l a t o r y p h e n o t y p e , or a c t i v a t i o n a n d e x p a n s i o n o f p r e - e x i s t i n g T R'

E f f e c t o r C e l l I n t e r a c t i o n s
A n t i g e n - l o a d e d c o n d i t i o n s D C s e i t h e r p r i m e cells locally travel or traffic to o t h e r areas o f the

GALT. In the PP, D C s a n d T-cells deliver cellular signals such as TGF-f} a n d IL-IO w h i c h acti­
vate B-cells to u n d e r g o i m m u n o g l o b u l i n class s w i t c h i n g from IgM to IgA w i t h i n the PP to aid in
i n d u c i n g an a n t i - i n f l a m m a t o r y r e s p o n s e . " M a c p h e r s o n er al f o u n d t h a t p u r i f i e d D C s l o a d e d w i t h
b a c t e r i a c o u l d d i r e c t l y s t i m u l a t e IgA p r o d u c t i o n by B-cells. 1 OO The p t i m e d l y m p h o c y t e s leave the
PP and travel t h r o u g h the d r a i n i n g l y m p h a t i c s to the M L N s where t h e y u n d e r g o f u r t h e r differ­
e n t i a t i o n b e f o r e c o n t i n u i n g o n to the b l o o d s t r e a m via the t h o r a c i c d u c t a n d finally e n t e r effector
sites s u c h as the Lp.!2These p r i m e d and d i f f e r e n t i a t e d effector T -cells traffic to the LP via loss o f
L - s e l e c t i n and u p - r e g u l a t i o n expression o f U4f}7 i n t e g r i n and C C R 9 . T h e U4f}7 i n t e g r i n i n t e r a c t s
w i t h m u c o s a l a d d r e s s i n c e l l - a d h e s i o n molecule I ( M A d C A M I) t h a t is expressed by mucosal
surfaces w i t h i n the LP, while C C R 9 b i n d s to C C L 2 S expressed on villus c r y p t cells.'?'

The LP is the m a j o r site o f e f f e c t o r responses in the G A L T and is p o p u l a t e d w i t h c o n d i t i o n e d
D C s , p r i m e d T- a n d Bvcells, IELs a n d macrophages. U p o n arrival in the LP, B-cell blasts m a t u r e
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i n t o IgA p r o d u c i n g plasma cells. Several subtypes o f T R are suggested to reside w i t h i n the LP;
isolated LP C D 4 + T -cells exhibit hyporesponsiveness to a n t i g e n via p r o d u c t i o n o f l a r g e a m o u n t s
ofTGF-~, I L - 4 and IL_1O. 1 0 2 . 104 C D 8 + T-cells migrate, for t h e most p a r t , from the LP to the
e p i t h e l i u m . However, a subset also remain in the LP, w h i c h have c y t o t o x i c T - I y m p h o c y t e activ­
ity. 10 5 1t is u n k n o w n w h e t h e r these T-cells are effector T-cells a i d i n g in p r o d u c t i o n o f I g A or are
simply m e m o r y cells. A study c o n d u c t e d by M a s o p u s t et al f o u n d t h a t a n t i g e n specific m e m o r y
C D 8 + and C D 4 + T-cells b o t h accumulate in the i n t e s t i n a l m u c o s a . l ' " The IELs in the LP e x h i b i t
t o l e r o g e n i c activity separate from T R. IELs can also be s t i m u l a t e d by a variety o f p a t h o g e n s and
may p l a y a role in a n t i m i c r o b i a l defenses in the LP.107 M a c r o p h a g e s in the LP are p r o p o s e d to
f u n c t i o n as a n t i b a c t e r i a l guards, p h a g o c y t o s i n g and killing any microbes t h a t p e n e t r a t e the LP
e p i t h e l i u m (for a review see r e f 108).

I m p o r t a n c e o f t h e GI M i c r o b i o t a
The i m p o r t a n c e o f the GI m i c r o b i o t a in m o u n t i n g host i m m u n o l o g i c a l responses has been

r e i n f o r c e d t h r o u g h work with germfree (sterile) and g n o t o b i o t i c (defined m i c r o b i o t a ) animal
models. These models have greatly simplified studies o f m i c r o b i o t a i n t e r a c t i o n s w i t h the host.
A l t e r e d - S c h a e d l e r Flora (ASF) mice are the most complex g n o t o b i o t i c m o d e l c u r r e n t l y available.
ASF mice are i n t e s t i n a l l y colonized with eight b a c t e r i a l species i n c l u d i n g two lactobacillus spe­
cies."? These e i g h t strains were chosen due to t h e i r s t a b i l i t y over g e n e r a t i o n s as well as the r e t u r n
o f wild type characteristics once germfree mice are c o l o n i z e d w i t h the ASF microbes. 1

10 G e r m f r e e
mice t y p i c a l l y have e n l a r g e d cecums and are h i g h l y s u s c e p t i b l e to o p p o r t u n i s t i c p a t h o g e n s .
C o n v e n t i o n a l i z a t i o n w i t h murine r n i c r o b i o t a or ASF strains reverses these adverse characteris­
tics. G e r m f r e e mice have a d d i t i o n a l systemic a b n o r m a l i t i e s such as smaller lungs a n d hearts and
lowered cardiac o u r p u t . "

The i n d i g e n o u s micro biota o f the g a s t r o i n t e s t i n a l t r a c t has been i m p l i c a t e d in playing a role
in many physiological processes, ranging from host m e t a b o l i s m to i m m u n e e d u c a t i o n . Recently,
evidence has been m o u n t i n g for a role in changes in the m i c r o b i o r a c o n t r i b u t i n g to d e v e l o p m e n t
o f systemic and localized i n f l a m m a t o r y diseases. A t o p i c d e r m a t i t i s , eczema, food allergy, inflam­
m a t o r y bowel disease (IBD), p o u c h i t i s and vaginitis have all b e e n l i n k e d to p e r t u r b a t i o n s o f the
normal m l c r o b i o t a . ' ! ' : " ? In humans, studies are l i m i t e d to correlative epidemiological studies, which
have been h a m p e r e d by a lack o f definitive and r e p r o d u c i b l e m e t h o d s to m o n i t o r the micro biota.
Therefore f u r t h e r work using germfree, m o n o - a s s o c i a t e d a n d g n o t o b i o t i c animals will help define
w h i c h species are positively and negatively associated w i t h disease so t h a t we can begin to dissect
the m e c h a n i s m s m e d i a t i n g these effects on the host.

S u m m a r y
The GI i m m u n e response is the result o f many complex i n t e r a c t i o n s o c c u r r i n g w i t h i n the gut

to p r o m o t e a t o l e r a n t approach to orally i n t r o d u c e d antigens. D u e to t h e many possible routes o f
e n t r y a n d subsets o f i m m u n e cells t h a t may p l a y a role in the i m m u n e response, m e c h a n i s m s o f gut
i m m u n o l o g y are just b e g i n n i n g to be u n d e r s t o o d . W i t h i n t h e large surface area and c o m p l e x i t y
o f the GI tract, the host immune system must f u n c t i o n to r e s p o n d c o r r e c t l y to i n g e s t e d antigens,
w i t h o u t w a s t i n g resources on i n f l a m m a t o r y responses to n o n p a t h o g e n i c b a c t e r i a or self-antigens.
O r a l t o l e r a n c e is the host solution to the c o n s t a n t exposure t o diverse antigens w i t h i n the gut. O n e
remarkable q u a l i t y o f the GI tract is t h a t the host i m m u n e system does n o t m o u n t an inflamma­
tory response against the indigenous m i c r o b i o t a in the gut u n d e r n o r m a l circumstances. F u r t h e r
research is necessary to begin to u n d e r s t a n d how all o f the players in the i m m u n e response work
t o g e t h e r to create the a p p r o p r i a t e response to i n g e s t e d antigens.
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The Commensal Microbiology
o f the Gastrointestinal Tract
J a n e t M. M a n s o n , M a r c u s R a u c h and M i c h a e l S. G i l m o r e "

A b s t r a c t

T h e g a s t r o i n t e s t i n a l ( G I ) tract is a dynamic e n v i r o n m e n t a n d t h e r e f o r e the stability o f the
commensal community, or microbiota, is under constant challenge.Microscopic observations
have revealed t h a t t h e m a j o r i t y o f bacteria present in the GI t r a c t are n o t d e t e c t e d using

s t a n d a r d c u l t u r i n g t e c h n i q u e s , however with the a p p l i c a t i o n o f c u l t u r e - i n d e p e n d e n t t e c h n i q u e s
it has b e e n e s t i m a t e d t h a t b e t w e e n 500 to 1000 bacterial species i n h a b i t the h u m a n GI tract.
N u m e r i c a l l y p r e d o m i n a n t o r g a n i s m s in the m i c r o b i o t a b e l o n g to two e u b a c t e r i a l divisions,
the C y t o p h a g a - F l a v o b a c t e r i u m - B a c t e r o i d e s (CFB) and the Firmicutes, a n d fall i n t o three main
groups; C l o s t r i d i u m r R N A s u b c l u s t e r XIVa, C l o s t r i d i u m r R N A s u b c l u s t e r IV and Bacteroides.
The prevalence a n d diversity o f b a c t e r i a in different areas o f the GI t r a c t is i n f l u e n c e d by the dif­
ferent c o n d i t i o n s at these sites a n d thus the m i c r o b i o t a o f the s t o m a c h a n d j e j u n u m varies w i t h
t h a t o f the large i n t e s t i n e . A d d i t i o n a l l y , host genotype, age and d i e t have all been shown to affect
m i c r o b i a l d i v e r s i t y in the GI tract. The distal i n t e s t i n e h a r b o u r s the h i g h e s t bacterial cell densi­
ties for any k n o w n ecosystem. C h a r a c t e r i z i n g the species c o m p o s i t i o n o f the h e a l t h y m i c r o b i o t a
may be a key step in i d e n t i f y i n g bacterial or associated physiological c o n d i t i o n s t h a t are p r e s e n t
or absent in an u n h e a l t h y m i c r o b i o t a .

I n t r o d u c t i o n
The h u m a n g a s t r o i n t e s t i n a l tract (GI tract) is a complex and d y n a t n i c ecosystem due to the

i n t e r p l a y b e t w e e n p e r i s t a l t i c m o v e m e n t , food particles, host cells a n d defence molecules and a
vast array o f r e s i d e n t m i c r o b e s and t h e i r secreted p r o d u c t s . The m i c r o b i a l p o p u l a t i o n , e s t i m a t e d
to t o t a l a b o u t 10 14 b a c t e r i a , is 10 to 20 times greater than the t o t a l n u m b e r o f e u k a r y o t i c cells in
the h u m a n body. It has been e s t i m a t e d t h a t b e t w e e n 500 to 1000 b a c t e r i a l species i n h a b i t the GI
t r a c t . P D e s p i t e b e i n g c o m p l e x in the n u m b e r o f species t h a t occur in the GI tract, only 11 o f the
k n o w n 55 b a c t e r i a l divisions are represented."?

M e m b e r s o f t h e G I t r a c t exist in an o p e n ecosystem a n d are classified i n t o two groups.s?
A u t o c h t h o n o u s o r g a n i s m s are classified as e n t r e n c h e d residents, t h a t is, i n d i g e n o u s species t h a t
occupy a given ecological niche. A l l o c h t h o n o u s organisms are t r a n s i t o r y a n d do n o t occupy a
niche b u t r a t h e r pass t h r o u g h t h e gut. W h e n e x a m i n i n g the GI tract m i c r o b i o t a , b o t h resident
m i c r o b e s a n d t r a n s i e n t b a c t e r i a , such as those f o u n d in f e r m e n t e d food p r o d u c t s , can be d e t e c t e d .
T h e r e f o r e it is i m p o r t a n t to e x a m i n e the ecology over time as the i r r e g u l a r d e t e c t i o n o f species can
p r o v i d e i n f o r m a t i o n on t h e i r association with the GI tract.

* C o r r e s p o n d i n g A u t h o r : M i c h a e l S. G i l m o r e - D e p a r t m e n t of O p t h a l m o l o g y , H a r v a r d M e d i c a l
School and Schepens Eye Research Institute, 20 Staniford St, Boston, Massachusetts 0 2 1 1 4 ,
USA. Email: m g i l m o r e @ v i s i o n . e r i . h a r v a r d . e d u
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The m i c r o b i a l c o m m u n i t y , or m i c r o b i o t a , play an i m p o r t a n t p h y s i o l o g i c a l role in h u m a n h e a l t h
a n d collectively can be viewed as a f u n c t i o n a l o r g a n . The collective g e n o m e o f t h e g u t flora, t e r m e d
the r n i c r o b i o m e , c o n t a i n s b i o c h e m i c a l pathways, some b e i n g e s s e n t i a l for life t h a t h u m a n s have
n o t e v o l v e d - b i o s y n t h e s i s o f essential n u t r i e n t s such as v i t a m i n s K a n d B 12, b i o t r a n s f o r m a t i o n
o f c o n j u g a t e d bile acids a n d d e g r a d a t i o n o f d i e t a r y oxalates. D u e to the h i g h n u m b e r o f b a c t e r i a l
species p r e s e n t in t h e h u m a n GI t r a c t the c o d i n g c a p a c i t y o f this m i c r o b i o m e vastly exceeds the
h u m a n g e n o m e . ! The presence o f the g u t m i c r o f l o r a also enables usable calories t o be e x t r a c t e d
from o t h e r w i s e i n d i g e s t i b l e polysaccharides. The release o f b u t y r a t e as an e n d - p r o d u c t o f f e r m e n ­
t a t i o n plays an i m p o r t a n t role in t h e m e t a b o l i c welfare o f c o l o n o c y t e s a n d has b e e n i m p l i c a t e d
in p r o v i d i n g p r o t e c t i o n against cancer a n d ulcerative c o l i t i s . i " Also, d u e t o t h e i r o c c u p a t i o n o f
available h a b i t a t s a n d a d h e s i o n sites t h e i n d i g e n o u s ( a u t o c h t h o n o u s ) m i c r o f l o r a p r e v e n t p o t e n ­
tially d e l e t e r i o u s a l l o c h t h o n o u s o r g a n i s m s f r o m t a k i n g u p residence. This p h e n o m e n o n is k n o w n
as c o l o n i z a t i o n resistance.

The h u m a n G I t r a c t is an o p e n system c o n s i s t i n g o f several c o m p a r t m e n t s t h a t differ in t h e i r
p h y s i o l o g i c a l c o n d i t i o n a n d m i c r o b i a l p o p u l a t i o n (Fig. 1). D i f f e r e n t factors c o n s t a n t l y c h a l l e n g e
the s t a b i l i t y o f the m i c r o b i a l c o m m u n i t y : (1) R a p i d t u r n o v e r o f t h e i n t e s t i n a l e p i t h e l i u m a n d
o v e r l a y i n g m u c u s ; (2) E x p o s u r e t o p e r i s t a l t i c activity, f o o d m o l e c u l e s a n d g a s t r i c , p a n c r e a t i c
a n d b i l i a r y s e c r e t i o n s ; (3) Exposure to t r a n s i e n t b a c t e r i a f r o m t h e oral cavity a n d e s o p h a g u s . In
t h e s t o m a c h a n d bowel the prevalence a n d d i v e r s i t y o f b a c t e r i a is i n f l u e n c e d by several factors,
i n c l u d i n g p H , peristalsis, redox p o t e n t i a l , m u c i n s e c r e t i o n a n d n u t r i e n t availability. The s t o m a c h
and the u p p e r t w o t h i r d s o f the lower i n t e s t i n e c o n t a i n low n u m b e r s o f m i c r o o r g a n i s m s (10 3 t o
10 4 b a c t e r i a p e r ml) w h i c h is due to low p H , swift p e r i s t a l s i s , h i g h bile c o n c e n t r a t i o n s a n d t h e
p r o d u c t i o n o f a - d e f e n s i n s by the i n t e s t i n a l P a n e t h cells.7,ll In t h e d i s t a l small i n t e s t i n e , the rni­
c r o f l o r a b e g i n s t o resemble more closely t h a t o f the c o l o n . The d i s t a l i n t e s t i n e is largely a n a e r o b i c .
It h a r b o u r s t h e m a j o r i t y o f the m i c r o o r g a n i s m s in t h e g u t a n d achieves t h e h i g h e s t cell d e n s i t i e s
r e c o r d e d for any e c o s y s t e m . "

C u l t u r e - D e p e n d e n t Versus C u l t u r e - I n d e p e n d e n t T e c h n i q u e s
Early s t u d i e s o f t h e GI t r a c t m i c r o b i o t a were b a s e d solely o n c u l t u r e - d e p e n d e n t t e c h n i q u e s

a n d microscopy. M o s t o f these studies e x a m i n e d t h e c o m p o s i t i o n o f feces. A m o n g t h e m o s t com­
m o n genera d e t e c t e d in these studies are B a c t e r o i d e s , C l o s t r i d i u m , F u s o b a c t e r i u m , E u b a c t e r i u m ,
B i f i d o b a c t e r i u m , L a c t o b a c i l l u s , Peptostreptococcus, E s c h e r i c h i a n d Veillonella, 7 The samples d i d n o t
a p p e a r t o be diverse in b a c t e r i a l species as e x a m i n e d by these m e t h o d s , w i t h an average o f o n l y 20
to 40 b a c t e r i a l species found. 13·!4

More recently, m i c r o s c o p i c o b s e r v a t i o n s u s i n g t h e D N A s t a i n D A P I (4', 6' - d i a m i n i d o - 2 - p h e ­
n y l i n d o l e ) revealed t h a t 60 t o 80% p e r c e n t o f t h e b a c t e r i a p r e s e n t in fecal sample were n o t enu­
m e r a t e d u s i n g c u l t u r e - b a s e d m e t h o d s . P ' " C o m p a r i n g c u l t u r a b l e b a c t e r i a versus b a c t e r i a o b s e r v e d
m i c r o s c o p i c a l l y in fecal samples, Suau et al l S f o u n d 10.6 x 1011 cells p e r g ( d r y w e i g h t ) p r e s e n t
in D A P I s t a i n e d samples e x a m i n e d m i c r o s c o p i c a l l y as c o m p a r e d t o 2.2 x 1011 C F U p e r g (21 %)
d e t e c t a b l e on nonselective m e d i u m grown anaerobically. Many o r g a n i s m s may be obligate s y n t r o p h s
t h a t will n o t grow in i s o l a t i o n . A d d i t i o n a l l y , s t r i c t a n a e r o b i o s i s o f some o f t h e G I t r a c t m i c r o b i o t a
may r e s u l t in p l a t i n g inefficiency d u r i n g s a m p l i n g . Finally, i n t e r c e l l u l a r a d h e r e n c e may r e d u c e t h e
n u m b e r o f o r g a n i s m s giving rise t o colonies.

M o r e recently, t h e a p p l i c a t i o n o f c u l t i v a t i o n - i n d e p e n d e n t t e c h n i q u e s b a s e d o n 16S r R N A
s e q u e n c e i d e n t i f i c a t i o n has p r o v i d e d t r e m e n d o u s i n s i g h t i n t o t h e d i v e r s i t y o f m i c r o f l o r a r e s i d e n t
in the G I t r a c t . The genes for the 16S r R N A (16S r D N A ) have b o t h c o n s e r v e d regions ( w h i c h
p e r m i t s design o f universal primers) and variable regions ( a l l o w i n g i d e n t i f i c a t i o n a n d d i f f e r e n t i a t i o n
o f d i f f e r e n t species). S e q u e n c e analysis o f a m p l i f i e d a n d s e p a r a t e l y c l o n e d 16S r R N A a m p l i c o n s
allows i d e n t i f i c a t i o n o f b a c t e r i a l p h y l o t y p e s or o p e r a t i o n a l t a x o n o m i c u n i t s ( O T U s ) . Because o f
d e b a t e over w h a t precisely c o n s t i t u t e s or defines a species, s e q u e n c e s s h a r i n g 98% i d e n t i t y in t h e
16S r R N A genes are ofien d e f i n e d as p h y l o t y p e s or O T U s . S e q u e n c e i n f o r m a t i o n f r o m 16S r R N A
clone libraries from b o t h feces and from o t h e r regions o f the G I t r a c t have i n d i c a t e d t h a t a significant
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f r a c t i o n (60 to 80%) o f b a c t e r i a have n o t b e e n p r e v i o u s l y d e s c r i b e d . P : " A d d i t i o n a l D N A - b a s e d
t e c h n i q u e s have b e e n h e l p f u l in c h a r a c t e r i z i n g the h u m a n G I t r a c t m i c r o b i o t a a n d its c o m p l e x i t y ,
such as f l u o r e s c e n t in s i t u h y b r i d i z a t i o n ( F I S H ) , d e n a t u r i n g g r a d i e n t gel e l e c t r o p h o r e s i s ( D G G E )
a n d t e m p e r a t u r e g r a d i e n t gel e l e c t r o p h o r e s i s ( T G G E ) (see Table 1).

B a c t e r i a l D i v e r s i t y

M a j o r Groups
O f the 11 bacterial divisions d e t e c t e d in the g a s t r o i n t e s t i n a l tract, eight divisions are r a r e . ' ? Using

16S r R N A t e c h n i q u e s , the n u m e r i c a l l y p r e d o m i n a n t o r g a n i s m s b e l o n g to t w o e u b a c t e r i a l divisions,
the Cytophaga-Fl.zvobacterium-Bacteroides ( C F B ) and the Firmicutes. A recent, c o m p r e h e n s i v e s t u d y
by E c k b u r g e t al 5 f o u n d t h a t from 11,831 b a c t e r i a l 1 6 S r R N A sequences, 3 9 5 p h y l o t y p e s were pres­
ent. O f those, 93% were Firmicutes or CFB. Interestingly, o f 1 5 2 4 archaeal s e q u e n c e s f r o m the same
study, all b e l o n g e d to o n e p h y l o t y p e (Methanobrevibacter smithii).5 This a r c h a e a is the n u m e r i c a l l y
d o m i n a n t m e t h a n o g e n isolated from h u m a n s t h a t h a r b o r a m e t h a n o g e n i c flora. 1 7- 19 In a n o t h e r s t u d y
evidence was p r o v i d e d t h a t the archea Crenarchaeota may also be f o u n d . "

The m a j o r i t y o f t h e F i r m i c u t e s d e t e c t e d in the g a s t r o i n t e s t i n a l t r a c t fall i n t o t w o m a i n g r o u p s .
The Clostridium coccoides g r o u p (also k n o w n as Clostridium r R N A s u b c l u s t e r XIVa 21) consists
o f m e m b e r s o f t h e Clostridium, Eubacterium, Ruminococcus, Coprococcus, Dorea, Lachnospira,
Roseburia a n d Butyrivibrio genera. The C cocco ides g r o u p is g e n e r a l l y p r e d o m i n a n t in the gut,
c o n s i s t i n g o f 11 to 43% o f t o t a l b a c t e r i a in several s t u d i e s e x a m i n i n g G I t r a c t diversity.22-29 A
large n u m b e r o f species o f this g r o u p are a s - y e t - u n c u l t u r e d b a c t e r i a . A r e c e n t s t u d y i n v e s t i g a t e d
t h e d i v e r s i t y o f t h e C coccoides g r o u p , u s i n g g r o u p - s p e c i f i c p r i m e r s . l " O f 9 7 2 clones a n a l y z e d ,
139 O T U s were i d e n t i f i e d , o f w h i c h o n l y n i n e p o s s e s s e d s e q u e n c e s closely r e l a t e d to t h o s e o f
c u l t i v a t e d b a c t e r i a . " The C. coccoides g r o u p c o n t a i n s a large n u m b e r o f b u t y r a t e p r o d u c e r s such
as Roseburia intestinalis,31 w h i c h are t h o u g h t t o c o n t r i b u t e to i n t e s t i n a l h e a l t h , as b u t y r a t e serves
as the p r e f e r r e d e n e r g y source for c o l o n o c y r e s . F ' B a c t e r i a b e l o n g i n g to t h i s g r o u p were f o u n d to
make up 80% o f r a n d o m l y i s o l a t e d b u t y r a t e - p r o d u c i n g a n a e r o b e s i s o l a t e d f r o m h u m a n f e c e s . "

A s e c o n d p r e d o m i n a n t g r o u p within the F i r m i c u t e s is t h e Clostridium leptum group. This g r o u p
includes species b e l o n g i n g to Clostridium,Eubacterium, R u m i n o c o c c u s a n d A n a e r q f i l u m genera. This
group, also c a l l e d Clostridium r R N A s u b c l u s t e r IV, is m a d e up o f h i g h l y o x y g e n - s e n s i t i v e a n a e r o b e s
a n d c o n t a i n s a h i g h n u m b e r o f b u r y r a t e - p r o d u c i n g f i b r o l y t i c b a c t e r i a . " A r e c e n t s t u d y by Lay et al 3 3

i n v e s t i g a t e d t h e c o m p o s i t i o n o f the Ci l e p t u m s u b g r o u p u s i n g F I S H a n d n o t e d t h a t 21 % o f fecal
b a c t e r i a b e l o n g e d to t h i s group. S a u n i e r et al 34 o b t a i n e d s i m i l a r r e s u l t s w i t h C l e p t u m c o m p r i s ­
ing 19% ± 7 o f fecal b a c t e r i a . O f the C. leptum g r o u p , Lay et al f o u n d Faecalibacteria p r a u s n i t z i i
c o m p r i s e d 64%, f o l l o w e d by Ruminococcus bromii ( 1 2 % ) , R ..flavecaiens (1.8%) a n d R. callidus
(1.4% ) . 3 3 D e s p i t e its i n i t i a l d e s i g n a t i o n , Fa. p r a u s n i t z i i ( f o r m e r l y Fusobacterium p r a u s n i t z i i ) is
n o t closely r e l a t e d to Fusobacterium species, having a G + C c o n t e n t r a n g i n g f r o m 47 to 57%.35
O l i g o n u c l e o t i d e p r o b i n g suggests t h a t Fa. p r a u s n i t z i i - r e l a t e d s t r a i n s are a m o n g the m o s t a b u n d a n t
in h u m a n f e c e s . " U s i n g c u l t u r e - d e p e n d e n t t e c h n i q u e s , " o t h e r s have also f o u n d Fa. p r a u s n i t z i i
to be c o m m o n a m o n g the h u m a n fecal flora w i t h t h i s p h y l o t y p e s e q u e n c e c o m p r i s i n g 3.8 to
10% o f clones in 16S r R N A I i b r a r i e s . l - ? In the m o s t c o m p r e h e n s i v e s t u d y t h u s far r e p o r t e d , t h e
Fa. p r a u s n i t z i i p h y l o t y p e o c c u r r e d in 1,556 o f l l ,831 16S r R N A sequences," This was o b s e r v e d to
be g e o g r a p h i c a l l y i n d e p e n d e n t , in five d i f f e r e n t c o u n t r i e s Fa. p r a u s n i t z i i was i d e n t i f i e d as the m o s t
a b u n d a n t m e m b e r o f t h e C. leptum g r o u p , m a k i n g up 13 t o 17.6% o f t o t a l b a c t e r i a . P Collectively,
these results i n d i c a t e t h a t this p h y l o t y p e may make an i m p o r t a n t c o n t r i b u t i o n to G I t r a c t ecology,
especially since Fa. p r a u s n i t z i i - l i k e b a c t e r i a are capable o f p r o d u c i n g > 10 mM o f b u t y r a t e d u r i n g
f e r m e n t a t i v e g r o w t h . "

The t h i r d g r o u p m o s t f r e q u e n t l y i d e n t i f i e d a m o n g flora o f the g a s t r o i n t e s t i n a l t r a c t is the
Cytophaga-Flavobacter-Bacteroides ( C F B ) d i v i s i o n . The Bacteroides, a l o n g w i t h Prevotella a n d
Porpbyromonas, f o r m a m a j o r b r a n c h o f t h i s p h y l a . Bacteroides are G r a m - n e g a t i v e o b l i g a t e
a n a e r o b e s , w i t h G + C c o m p o s i t i o n s o f 40 to 48%. O f t h e Bacteroides s e q u e n c e s i d e n t i f i e d by
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Eckburg et al.5 B. vulgatus comprised 31 %. B. thetaiotaimicron 12% a n d B. distasonis 0.8% a n d
these. a l o n g w i t h B . fragilis. are the most c o m m o n species. Using p e R t o examine the p r e d o m i n a n t
c u l t u r a b l e bacteria in feces, Matsuki et al 39 f o u n d t h a t a m a j o r i t y o f isolates b e l o n g e d t o the B.
fragilis group ( 1 1 7 / 3 0 0 ) . This high p r o p o r t i o n may reflect t h e relatively h i g h oxygen t o l e r a n c e
and ease o f c u l t i v a t i o n o f theB. fragilis group. Prevotella is o f i e n associated w i t h the oral cavity a n d

Figure 2. V a r i a t i o n in b a c t e r i a l d i v e r s i t y w i t h i n the c o l o n i c m i c r o b i o t a s of t h r e e h e a l t h y humans.
Reprinted from Cell, Vol 126, Ley RE, Peterson DA, G o r d o n JI. E c o l o g i c a l and e v o l u t i o n a r y
forces shaping m i c r o b i a l d i v e r s i t y in the human i n t e s t i n e . 8 3 7 - 8 4 8 , 2 0 0 6 , w i t h p e r m i s s i o n
from Elsevier.
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its p r e s e n c e in t h e G I t r a c t a p p e a r s variable. M a t s u k i et al 40 f o u n d P r e u o t e l l a in 4 6 % o f v o l u n t e e r s
( 2 1 / 4 6 ) . H o w e v e r , t h o s e t h a t were c o l o n i z e d c o n t a i n e d high n u m b e r s (lOglO 9.7 ± 0.8). E c k b u r g et
a15 f o u n d t h a t t h e d i s t r i b u t i o n o f t h e B a c t e r o i d e s b r a n c h o f t h e C F B s u b g r o u p s h o w e d t h e g r e a t e s t
v a r i a b i l i t y f r o m h o s t t o h o s t , w i t h 9 9 . 8 % o f all Preuotella s e q u e n c e s i s o l a t e d f r o m s u b j e c t B a n d
7 5 % o f B. v u l g a t u s a s s o c i a t e d w i t h s u b j e c t A (Fig. 2).

I r r e s p e c t i v e o f c u l t u r e i n d e p e n d e n t m e t h o d used, s t u d i e s o n G I t r a c t e c o l o g y are in g o o d
a g r e e m e n t t h a t t h e C l o s t r i d i u m coccoides, t h e C l o s t r i d i u m l e p t u m a n d t h e C F B s u b g r o u p s d o m i ­
n a t e a m o n g h u m a n fecal flora a n d t h e d i s t r i b u t i o n o f t h e s e t h r e e b a c t e r i a l g r o u p s is s u m m a r i z e d
in T a b l e 2. 15 ,2 2.28.33.37. 4044

M i n o r M e m b e r s
U s i n g c u l t u r e - b a s e d m e t h o d s . B i f i d o b a c t e r i u m was o r i g i n a l l y e s t i m a t e d t o m a k e up a b o u t 10%

o f t h e r n i c r o b i o t a , h o w e v e r , d u e t o t h e i n t r o d u c t i o n o f c u l t u r e - i n d e p e n d e n t m e t h o d s , t h i s n u m b e r
is n o w e s t i m a t e d to be m u c h lower. B i f i d o b a c t e r i a are g r a m - p o s i t i v e rods. first i s o l a t e d in 1 8 9 9 f r o m
t h e feces o f b r e a s t - f e d i n f a n t s . " T h e i r p r e s e n c e has since b e e n a s s o c i a t e d w i t h a h e a l t h y m i c r o b i o t a
a n d t h e y are i n c l u d e d in m a n y f o o d p r e p a r a t i o n s w i t h a s s o c i a t e d h e a l t h - r e l a t e d claims. L a n g e n d j i k
et al 46 e x a m i n e d t h e p r e v a l e n c e o f B i f i d o b a c t e r i u m in h u m a n feces a n d u p o n c o m p a r i s o n w i t h t h e
D A P I t o t a l cell c o u n t s , B i j i d o b a c t e r i u m was f o u n d to a c c o u n t fOr 0.8% ± 0.4 o f t h e t o t a l p o p u l a t i o n .
A p p r o x i m a t e l y t h e same n u m b e r o f b i f i d o b a c t e r i a were n o t e d u s i n g b o t h c u l t u r e - d e p e n d e n t a n d
i n d e p e n d e n t t e c h n i q u e s , s u g g e s t i n g t h a t m o s t fecal b i f i d o b a c t e r i a in feces were c u l r u r a b l e . " Based
o n t h e s e n e w e r f i n d i n g s it was s u g g e s t e d t h a t b i f i d o b a c t e r i a a b u n d a n c e had b e e n o v e r e s t i m a t e d by
1 0 - f o l d , a c o n c l u s i o n also d r a w n by o t h e r s . " U s i n g q u a n t i t a t i v e P C R , M a t s u k i f o u n d t h e average
t o t a l b i f i d o b a c t e r i a p e r g r a m o f feces was 10glO 9.4 ± 0.7 a n d t h e m o s t c o m m o n B i f i d o b a c t e r i u m
species i s o l a t e d w e r e B . adolescentis, B. c a t e n a l a t u m a n d B . l o n g u m . 4 8

Table 2. Distribution o f the three p r e d o m i n a n t bacterial groups in h u m a n feces,
d e t e r m i n e d using d i f f e r e n t m o l e c u l a r techniques

M e t h o d C. c o c c o i d e s : C . l e p t u m b Bacteroides R e f e r e n c e

rRNA l i b r a r y 2 3 . 7 - 5 8 . 8 % 11.0-22.7% 5 . 0 - 1 6 . 3 % Hayashi et a l "
rRNA l i b r a r y 4 4 % 20% 30% Suau et a l "
rRNA l i b r a r y " 4 3 . 3 - 4 8 . 7 % 10.8-17.9% 20.5-35.1% H o l d et al 42

Dot Blot 14% ± 6% 16% ± 7% 37% ± 16% Sghir et aj23
D o t Blot 2 2 . 8 % ± 2 . 2 % 13.0% ± 0.78% 8.0% ± 0.32% M a r t e a u et al 24

TRACd 4 2 - 4 3 % 9-12% NTe M a u k o n e n et aF9
FISH 16.9% NT NT Z o e t e n d a l et aF2
FISH 2 9 % NT 20%f Franks et aF8
F I S H / f l o w 28% ± 11.3% 25.2% ± 7.6% 8.5% ± 7.1 Lay et al 43

c y t o m e t r y
F I S H / f l o w 2 2 . 9 % ± 9.9% 21.7% ± 7.7% 7.2% ± 6.2% Lay et al 33

c y t o m e t r y
F I S H / f l o w 12.7-29.7% NT 3.2-16.8% M u e l l e r et al 44

c y t o m e t r y
RT-PCR 2 9 % ± 12% 1 5 % ± 10% 11% ± 7.8%8 M a t s u k i et al 40

-Refersto C c o c c o i d e s group ( C l o s t r i d i u m rRNA subcluster XIVa). bRefers to C l e p t u m group ( C l o s t r i d u m
rRNA s u b c l u s t e r IV). 'Results o b t a i n e d from human c o l o n i c tissue samples. dTranscript analysis w i t h
the aid o f a f f i n i t y capture. A t e c h n i q u e i n v o l v i n g the q u a n t i t a t i o n of b a c t e r i a l 1 6 S rRNA by h y b r i d i z a ­
tion w i t h o l i g o n u c l e o t i d e probes, f o l l o w e d by a f f i n i t y c a p t u r e . " "Not tested. ' S p e c l e s - s p e c l f i c probes
were used and this n u m b e r represents o n l y B. fragilis and B. distasonis. 8Species-specific p r i m e r s were
used and this n u m b e r represents o n l y B. fragilis
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A s e c o n d m i n o r b a c t e r i a l g r o u p p o p u l a t i n g the G I t r a c t are t h e lactic acid b a c t e r i a ( L A B ) . As
t h e n a m e suggests, this g r o u p o f b a c t e r i a p r o d u c e lactic a c i d as an e n d p r o d u c t o f f e r m e n t a t i o n .
Typical L A B such as Lactobadllus, Lactococcus, Enterococcus, Streptococcus a n d Leuconostoc b e l o n g to
t h e low G + C p h y l u m o f G r a m - p o s i t i v e b a c t e r i a . The L a c t o b a d l l u s - e n t e r o c o c c i g r o u p o f b a c t e r i a
h a d p r e v i o u s l y b e e n e s t i m a t e d - u s i n g c u l t u r e - d e p e n d e n t t e c h n i q u e s - t o c o m p r i s e a p p r o x i m a t e l y
2% o f t h e b a c t e r i a in a d u l t feces. H a r m s e n et al 2 7 p e r f o r m i n g F I S H w i t h a Lactobacillus-enterococci
p r o b e , p l a c e d this n u m b e r closer to 0.0 I % o f t h e t o t a l m i c r o b i o t a , i n d i c a t i n g t h a t e a r l i e r e s t i m a t e s
were i n f l a t e d because o f t h e c u l t i v a b i l i t y o f these o r g a n i s m s . O t h e r m i n o r d i v i s i o n s o f b a c t e r i a f o u n d
in t h e G I t r a c t i n c l u d e Proteobacteria, Verrucomicrobia, Fusobacteria, Actinobacteria, Cyanobacteria,
Spirocbaetes, Deinococcus/Thermus, Deferribacteres a n d VtldinBE97.

R e g i o n a l C o l o n i z a t i o n o f t h e GI Tract

S t o m a c h M i c r o f l o r a
The G I t r a c t , f r o m o r a l cavity to d i s t a l c o l o n , r e p r e s e n t s a v a r i e t y o f h a b i t a t s w i t h t h e s t o m a c h

b e i n g o n e o f t h e m o s t e x t r e m e . O l d e r s t u d i e s a t t e m p t e d t o c u l t i v a t e o r g a n i s m s f r o m t h e g a s t r i c
juices o r m u c o s a l b i o p s i e s . I t was g e n e r a l l y a s s u m e d t h a t v e r y few b a c t e r i a w e r e able t o survive in
t h e s t r o n g l y acidic e n v i r o n m e n t o f t h e s t o m a c h . v " M o r e r e c e n t l y c u l t u r e i n d e p e n d e n t s t u d i e s o f
t h e s t o m a c h have b e e n c o n d u c t e d to d e t e c t a n d q u a n t i f y s p e c i f i c p a t h o g e n s , s u c h as Helicobacter
pylori, w h i c h is an i m p o r t a n t m e m b e r o f t h e g a s t r i c b i o t a d u e t o its a s s o c i a t i o n w i t h g a s t r i t i s a n d
p e p t i c ulcer disease. In a d d i t i o n to D N A f r o m H pylori, T G G E analysis o f g a s t r i c b i o p s y s p e c i m e n s
has i d e n t i f i e d D N A f r o m Enterococcus, Streptococcus, Staphylococcus a n d Stomatococcus w h i c h are
all n o r m a l i n h a b i t a n t s o f t h e r e s p i r a t o r y t r a c t a n d o r a l c a v i t y . " S e v e r a l T G G E b a n d s , h o w e v e r ,
r e p r e s e n t e d Pseudomonas species.l" w h i c h are n o t u s u a l l y a s s o c i a t e d w i t h t h i s e n v i r o n m e n t , a n d
Pseudomonas species have also b e e n c u l t u r e d f r o m g a s t r i c a s p i r a t e s f r o m i n d i v i d u a l s s u f f e r i n g
f r o m g a s t r i c r e f l u x . " A r e c e n t s t u d y by B i k et al," h o w e v e r , f a i l e d t o i d e n t i f y any P s e u d o m o n a s
species a n d t h u s t h e a s s o c i a t i o n o f t h i s o r g a n i s m w i t h t h e s t o m a c h is u n c l e a r . B i k et al" a p p l i e d
c u l t u r e i n d e p e n d e n t m e t h o d s to i d e n t i f y 128 d i f f e r e n t b a c t e r i a l p h y l o t y p e s in t h e s t o m a c h .
Analysis o f 1 8 3 3 c l o n e s f r o m 23 a d u l t s u b j e c t s s h o w e d five m a j o r p h y l a are d o m i n a n t in t h i s
e n v i r o n m e n t : Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria a n d Fusobacteria. A m o n g
t h e 128 p h y l o t y p e s , 50% r e p r e s e n t e d u n c u l t i v a t e d b a c t e r i a . O f t h o s e , 6 7 % h a d p r e v i o u s l y b e e n
d e s c r i b e d in t h e o r a l cavity, s u g g e s t i n g t h e p o s s i b i l i t y o f c o l o n i z a t i o n f r o m o r o e s o p h a g e a l sources,"
O f i n t e r e s t was o n e s e q u e n c e b e l o n g i n g to t h e D e i n o c o c c u s / T b e r m u s p h y l u m as t h i s is t h e first r e p o r t
o f t h i s p h y l a b e i n g a s s o c i a t e d w i t h a h u m a n source. I t was s u g g e s t e d t h a t s o m e o f t h e s e b a c t e r i a
m i g h t have a d a p t e d to live in this e n v i r o n m e n t a l h a b i t a t as (1) t h e b a c t e r i a l s e q u e n c e s f o u n d in
t h e s t o m a c h were n o t simply a r a n d o m s a m p l i n g o f t h o s e f r o m o r o e s o p h y h a g e a l sources, (2) a
n u m b e r o f r R N A s e q u e n c e s f o u n d in t h e s t o m a c h d i d n o t a p p e a r to be r e l a t e d to o r o e s o p y h a g e a l
s o u r c e s a n d (3) 10% o f t h e p h y l o t y p e s f o u n d were p r e v i o u s l y u n c h a r a c t e r i z e d , H o w e v e r , w h e t h e r
a d i s t i n c t s t o m a c h - a s s o c i a t e d m i c r o f l o r a exists, n e e d s to be f u r t h e r v e r i f i e d .

M u c o s a , S m a l l I n t e s t i n e a n d Cecum
In h e a l t h y h u m a n s t h e i n t e s t i n a l e p i t h e l i u m is c o v e r e d by a layer o f m u c u s , c o m p o s e d m a i n l y o f

m u c i n . Because o f t h e m u c o s a l i n f l a m m a t i o n t h a t o c c u r s in C r o h n ' s D i s e a s e a n d u l c e r a t i v e c o l i t i s ,
several s t u d i e s have a t t e m p t e d to c h a r a c t e r i z e t h e m i c r o f l o r a o f t h e G I t r a c t m u c o s a in h e a l t h a n d
disease a n d to e x a m i n e m i c r o b i a l v a r i a t i o n over t h e l e n g t h o f t h e s m a l l a n d large i n t e s t i n e . 52-56

S t u d y o f t h e m u c o s a - a s s o c i a t e d b a c t e r i a , u s i n g c u l t u r e - d e p e n d e n t t e c h n i q u e s , f o u n d t h a t
Bacteroides species p r e d o m i n a t e d in b o t h p r o x i m a l c o l o n i c a n d r e c t a l b i o p s y samples, c o m p r i s i n g
66% a n d 6 8 . 5 % o f t o t a l b a c t e r i a l c o u n t s , r e s p e c t i v e l y . " C r o u c h e r et al 5 8 f o u n d 4 9 % o f i s o l a t e s cul­
t u r e d f r o m t h e m u c o s a were Bacteroides a n d Fusobacterium species. Also c u l t u r e d were g r a m - p o s i t i v e
rods, i n c l u d i n g Bifidobacterium ( 2 7 % ) , a n a e r o b i c cocci ( 2 0 % ) a n d Clostridia (4%).

U s i n g c u l t u r e - i n d e p e n d e n t t e c h n i q u e s , W a n g et al 54 c o m p a r e d t h e d i v e r s i t y o f m u c o s a l b i o p s i e s
f r o m f o u r areas o f t h e h u m a n i n t e s t i n a l t r a c t . 16S r R N A l i b r a r i e s f r o m t h e d i s t a l i l e u m , a s c e n d i n g
c o l o n a n d r e c t u m revealed Bacteroides ( 2 7 - 4 9 % ) a n d Clostridium c l u s t e r s X I V a ( 2 0 - 3 4 % ) a n d
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IV (7_13%).54 It was n o t e d t h a t bacteria in the j e j u n u m are very d i f f e r e n t from t h o s e in the d i s t a l
ileum, a s c e n d i n g c o l o n a n d r e c t u m . O r g a n i s m s p r e d o m i n a n t in the j e j u n u m i n c l u d e d species
closely r e l a t e d t o the s t r e p t o c o c c i (68% o f clones from t h e region b e l o n g i n g t o this genus) a n d
o f these 86% s h a r e d ~98% s i m i l a r i t y to Streptococcus mitis. 54 A s e c o n d s t u d y by Hayashi et al 59

s u b s t a n t i a t e d these findings by showing again t h a t the j e j u n u m a n d lower i n t e s t i n e c o m p r i s e d very
d i f f e r e n t m i c r o b i a l c o m m u n i t i e s . Using c o n t e n t s o f the l u m e n r a t h e r than mucosal biopsies, the
jejunal a n d ileal m i c r o b i o t a was f o u n d to consist o f simple m i c r o b i a l c o m m u n i t i e s o f Streptococcus,
Lactobacilli, Gammaproteobacteria, Enterococcus and Bacteroides. 591he Clostridium clusters XIVa
and IV p r e d o m i n a t e d in the cecum, but were n o t d e t e c t e d in samples from the u p p e r g a s t r o i n t e s t i ­
nal t r a c t . F r o m this d a t a it appears t h a t the j e j u n u m m i c r o b i o t a is very d i f f e r e n t from t h a t o f e i t h e r
the s t o m a c h o r t h e d i s t a l ileum, w i t h aerobes or facultative a n a e r o b e s p r e d o m i n a t i n g . A difference
in m i c r o b i a l d i v e r s i t y in the cecum was n o t e d by M a r t e a u et aF4 w h o f o u n d t h a t s t r i c t a n a e r o b i c
b a c t e r i a l p o p u l a t i o n s such as the Bacteroides, G. leptum and G. coccoides groups were s i g n i f i c a n t l y
lower t h a n in the c o l o n , w h i l e facultative anaerobes e n c o m p a s s i n g the Lactobacillus-Enterococcus
group a n d Escherichia coli species r e p r e s e n t e d large p r o p o r t i o n s o f the r R N A a m p l i f i e d from the
cecal c o n t e n t s (50% o f r R N A ) .

Z o e t e n d a l et al 52 e x a m i n e d the d i s t r i b u t i o n o f b a c t e r i a in the g u t mucosa o f the c o l o n using
D G G E . C o n s i s t e n t w i t h t h e above studies t h a t f o u n d similar r e p r e s e n t a t i o n s o f flora from vari­
ous p o i n t s in t h e lower bowel, this study f o u n d relatively l i t t l e r e g i o n a l v a r i a t i o n . However, the
o r g a n i s m s i d e n t i f i e d in t h e c o l o n i c mucosa d i f f e r e d from fecal samples a n d were p a t i e n t specific,
o b s e r v a t i o n s s u p p o r t e d by others.55.56.60 Interestingly, i d e n t i c a l D G G E profiles were n o t e d in b o t h
w a s h e d a n d u n w a s h e d b i o p s y samples, suggesting t h a t the b a c t e r i a may be s t r o n g l y a d h e r e n t to
the m u c o s a . " U s i n g F I S H , Swidsinski et al 61 f o u n d six b a c t e r i a l groups a d h e r e n t t o the mucosa:
Bacteroides, Enterobacteriaeceae-E. coli, Brachyspira, Fusobacterium, Eubacterium rectale-C. coccoides
and Enterococcus ftecalis.

W h e n e x a m i n i n g the c o l o n i c mucosa for specific organisms, r e g i o n a l differences have been
o b s e r v e d . U s i n g D G G E p r o f i l i n g o f t h e Lactobacillus-like c o m m u n i t i e s w i t h i n t h e c o l o n i c
mucosa, v a r i a t i o n w i t h s a m p l i n g site was o b s e r v e d in four i n d i v i d u a l s . P The same study, using
Bifidobacterium-specific p r i m e r s , f o u n d D G G E profiles were h o s t specific b u t did n o t vary w i t h
sampling site. S 6 1 h i s suggests t h a t the Lactobacillus-llke m i c r o b i o t a varies w i t h p o s i t i o n in the c o l o n
but o t h e r b a c t e r i a l p o p u l a t i o n s may not. Z o e t e n d a l e t al 52 f o u n d t h a t when l o o k i n g at Lactobacillus
g r o u p - s p e c i f i c c o m p o s i t i o n , t h r e e o f ten individuals had m i n o r differences b e t w e e n biopsy samples
and it was s u g g e s t e d t h a t c h a n g i n g c o n d i t i o n s such a n u t r i e n t availability and p H in the G I t r a c t
c o u l d i n f l u e n c e the p r e s e n c e o r absence o f c e r t a i n Lactobacillus species.

I n f l u e n c e s o n M i c r o b i o t a

H o s t S p e c i f i c i t y
B a c t e r i a l d i v e r s i t y in t h e g a s t r o i n t e s t i n a l t r a c t appears to be h o s t specific. Using a D N A rni­

croarray d e s i g n e d t o d e t e c t 40 b a c t e r i a l species, Wang et al 62 f o u n d t h a t o u t o f 11 fecal samples
from d i f f e r e n t i n d i v i d u a l s , no t w o samples gave the same profile. Similar results have been s h o w n
by o t h e r s . 5,16.52.63 I n t e r e s t i n g l y , t w o separate s t u d i e s have f u r t h e r s u g g e s t e d t h a t h o s t g e n e t i c s
r a t h e r t h a n e n v i r o n m e n t may play the m o s t i m p o r t a n t role in t h e b a c t e r i a l c o m p o s i t i o n o f the
GI tract. 64 • 65 Z o e t e n d a l et al 64 f o u n d t h a t the s i m i l a r i t y o f D G G E profiles o f i d e n t i c a l twins were
h i g h e r t h a n in u n r e l a t e d i n d i v i d u a l s and, a d d i t i o n a l l y , t h a t D G G E profiles o f m a r i t a l p a r t n e r s
s h o w e d low s i m i l a r i t y . C o r r o b o r a t i n g these findings, it was f o u n d t h a t there were Significant dif­
ferences in T T G E p r o f i l e s i m i l a r i t y o f faecal samples w h e n c o m p a r i n g i d e n t i c a l to f r a t e r n a l twins
and f r a t e r n a l t w i n s t o u n r e l a t e d c o n r r o l s / "

D i e t
D i e t appears t o play an i m p o r t a n t role in microbial diversity in the GI tract. Hayashi et al 66 f o u n d

marked differences in the fecal m i c r o b i o t a when comparingJapanesevegetarians to those with omnivo­
rous diets. O f 183 'vegetarian' clones examined, Bacteroides made up only 6% and Fa. prausnitzii was
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n o t d e t e c t e d in the 16S r R N A clone library or by c u l t i v a t i o n . F i n e g o l d et al 67 also failed to d e t e c t this
species in the feces o f subjects with a vegetarian diet. C o n s i s t e n t w i t h this association, a c o m p a r a t i v e
study o f fecal m i c r o b i o t a among Europeans n o t e d t h a t the Swedish s t u d y g r o u p was f o u n d to have
the h i g h e s t n u m b e r s o f Fa. p r a u s n i t z i i , their diet was c h a r a c t e r i s e d by h i g h c o n s u m p t i o n o f fish and
m e a t . " As Fa. p r a u s n i t z i i is normally a major c o m p o n e n t o f the GI t r a c t rnicroflora, these findings
suggest t h a t diet may have a significant i m p a c t on m i c r o b i o t a c o m p o s i t i o n .

A g e R e l a t e d Changes
In a d d i t i o n to diet, age has a s i g n i f i c a n t i m p a c t on t h e G I t r a c t r n i c r o b i o t a , a n d large changes

in b a c t e r i a l c o m p o s i t i o n are seen s h o r t l y after b i r t h . D u r i n g b i r t h , t h e sterile G I t r a c t s o f n e o n a t e s
are c o l o n i z e d w i t h b a c t e r i a b o t h from t h e m o t h e r a n d t h e e n v i r o n m e n t . A f t e r b i r t h , the babies are
c o n t i n u o u s l y i n o c u l a t e d w i t h new m i c r o b e s by s u c k l i n g a n d o t h e r c o n t a c t , a n d b r e a s t - f e d i n f a n t s
are i n o c u l a t e d w i t h b a c t e r i a from b o t h the breast skin a n d m i l k , t h a t can c o n t a i n up to 10 9 mi­
crobes p e r liter. 68 I m m e d i a t e l y after b i r t h , E. coli a n d e n t e r o c o c c i are t h e m o s t c o m m o n l y i s o l a t e d
o r g a n i s m s from t h e G I t r a c t o f i n f a n t s a n d these species d o m i n a t e t h e m i c r o b i o t a for the first
few days. I t has b e e n s u g g e s t e d t h a t t h e presence o f t h e s e b a c t e r i a leads t o a r e d u c e d e n v i r o n m e n t
c o m p a t i b l e w i t h c o l o n i z a t i o n by o b l i g a t e a n a e r o b i c g e n e r a like B a c t e r o i d e s , B i f i d o b a c t e r i u m a n d
C l o s t r i d i u m . 69

-
71 C o r y n e b a c t e r i a , l a c t o b a c i l l i , m i c r o c o c c i a n d p r o p i o n i b a c t e r i a are also f r e q u e n t l y

i d e n t i f i e d w i t h i n a few days after birth?o.71 After t h e i n i t i a l c o l o n i z a t i o n , t h e i n f a n t flora changes
rapidly. the c o m p o s i t i o n being p r o f o u n d l y i n f l u e n c e d by t h e d i e t . F o r m u l a - f e d babies q u i c k l y
develop a more c o m p l e x m i c r o b i a l c o n s o r t i u m t h a t resembles t h a t o f a d u l t s . a n d is c o d o m i n a t e d
by b i f i d o b a c r e r i a , Bacteroides a n d to a lesser e x t e n t c l o s t r i d i a . " I n c o n t r a s t , the m i c r o b i o t a o f
babies solely fed w i t h h u m a n b r e a s t m i l k shows lower c o m p l e x i t y a n d is d o m i n a t e d by b i f i d o ­
bacteria.72.73 The c o m p o s i t i o n o f the i n t e s t i n a l m i c r o b i o t a o f b r e a s t - f e d i n f a n t s changes d u r i n g
weening. W i t h t h e o n s e t o f d i e t a r y s u p p l e m e n t a t i o n it b e g i n s to a p p r o x i m a t e t h a t o f f o r m u l a - f e d
babies in w h i c h b i f i d o b a c t e r i a are no l o n g e r the d o m i n a n t genus. D i f f e r e n c e s b e t w e e n b r e a s t - f e d
a n d f o r m u l a - f e d babies are lost by t h e s e c o n d year w h e n t h e fecal m i c r o b i o t a begins to resemble
t h a t o f adults. 6 9. 7o

Most s t u d i e s o f t h e a d u l t G I t r a c t m i c r o f l o r a have r e p o r t e d a s t a b l e b a c t e r i a l c o m m u n i t y un­
less p e r t u r b e d by v a r i a t i o n s in diet, disease or a n t i b i o t i c t r e a t m e n t . W i t h age. however, t h e r e are
changes in d i e t a n d h o s t i m m u n e system activity a n d a h i g h e r i n c i d e n c e o f g a s t r o i n t e s t i n a l t r a c t
i n f e c t i o n s is f o u n d . A s t u d y by M u e l l e r et al 44 e x a m i n e d t h e i n t e s t i n a l b a c t e r i a l c o m m u n i t y in aged
E u r o p e a n p o p u l a t i o n s a n d c o m p a r e d it to the b a c t e r i a l c o m m u n i t y s t r u c t u r e o f y o u n g e r a d u l t s
from the same r e g i o n . They o b s e r v e d h i g h e r p r o p o r t i o n s o f e n t e r o b a c t e r i a in all elderly v o l u n t e e r s
regardless o f geography. Lower levels o f Bacteroides were n o t e d in e l d e r l y Italians. O t h e r s have
n o t e d h i g h e r n u m b e r s o f e n t e r o b a c t e r i a and lower n u m b e r s o f a n a e r o b i c b a c t e r i a in t h e elderly in
A s i a . " I n t e r e s t i n g l y , a s t u d y c o m p a r i n g fecal m i c r o b i o t a c o m p o s i t i o n a n d f r a i l t y n o t e d t h a t elderly
i n d i v i d u a l s w i t h h i g h frailty scores h a d a seven-fold i n c r e a s e in n u m b e r s o f E n t e r o b a c t e r i a c e a e . "

Future S t u d y o f G I Tract E c o l o g y
To date t h e m a j o r i t y o f i n f o r m a t i o n on GI e c o l o g y has b e e n b a s e d o n t h e p h y l o g e n y o f the g u t

m i c r o f l o r a w i t h l i t t l e a t t e n t i o n to its associated physiology. A p r o b l e m t h a t arises from some o f the
m o l e c u l a r t e c h n i q u e s t h a t have b e e n used to c h a r a c t e r i s e b a c t e r i a l d i v e r s i t y is t h a t a l t h o u g h the
b a c t e r i a l D N A is p r e s e n t , it does n o t i n d i c a t e w h e t h e r t h e o r g a n i s m is d e a d , alive or m e t a b o l i c a l l y
active. S e p a r a t i n g viable active. viable inactive and d e a d cells in fecal s a m p l e s using flow c y t o m e t r y
w i t h a l i v e / d e a d b a c t e r i a l stain. viable cells were f o u n d to c o m p r i s e a p p r o x i m a t e l y one h a l f o f fecal
m a t t e r . while d e a d cells a c c o u n t e d for one t h i r d . " I n t e r e s t i n g l y . b u t y r a t e - p r o d u c i n g b a c t e r i a were
f o u n d to p r e d o m i n a t e in the active p o p u l a t i o n . w h i l e Bacteroides, R u m i n o c o c c u s a n d E u b a c t e r i u m
were m o r e a b u n d a n t in t h e d e a d f r a c t i o n s . " T a k i n g a n o t h e r a p p r o a c h t o i d e n t i f y m e t a b o l i c a l l y
active b a c t e r i a l p o p u l a t i o n s . T a n n o c k et al 77 used P C R - D G G E to c o m p a r e b a c t e r i a l c o m m u n i t y
profiles g e n e r a t e d w i t h R N A (a surrogate measure o f live b a c t e r i a ) c o m p a r e d to D N A (a measure o f
t o t a l live a n d d e a d cells) as t h e a m p l i f i c a t i o n t e m p l a t e a n d n o t e d m a r k e d differences in profiles.
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A l t h o u g h 16S r R N A gene surveys have h e l p e d to define m i c r o b i a l d i v e r s i t y in the gut, t h e y
p r o v i d e l i t t l e i n f o r m a t i o n a b o u t complex i n t e r a c t i o n s b e t w e e n t h e s e m i c r o b e s . A m e t a g e n o m i c
a p p r o a c h has r e c e n t l y b e e n e m p l o y e d to a s c e r t a i n differences in fecal b a c t e r i a l c o m p o s i t i o n in
p e o p l e w i t h C r o h n ' s D i s e a s e ( C D ).78 Analysis o f the r i b o t y p e s f r o m t w o fosmid libraries con­
s t r u c t e d f r o m t o t a l D N A s h o w e d a global loss in diversity in C D p a t i e n t s a n d it was suggested t h a t
t h e loss o f b u t y r a t e p r o d u c e r s c o u l d upset i n t e r a c t i o n s b e t w e e n e p i t h e l i a l cells a n d t h e m i c r o / l o r a
in C D p a t i e n r s . "

I n f o r m a t i o n f r o m g e n o m i c sequences o f G I t r a c t b a c t e r i a s h o u l d b e g i n to p r o v i d e valuable
i n s i g h t i n t o t h e p h y s i o l o g y o f o r g a n i s m s , especially those d i f f i c u l t t o c u l t u r e in vitro. C u r r e n t l y ,
however, g e n o m e s e q u e n c e i n f o r m a t i o n is available for o n l y a small n u m b e r GI t r a c t b a c t e r i a .
S e q u e n c e f r o m t h e b a c t e r i a Lactobacillus p l a n t arum a n d E. faecalis has r e v e a l e d a very large
n u m b e r o f P T S - t y p e t r a n s p o r t e r s for the a c q u i s i t i o n o f e x o g e n o u s sugars, a n d b o t h these species
p r e d o m i n a t e in t h e small i n t e s t i n e . 79 • 8o In c o n t r a s t , genomes o f b a c t e r i a t h a t p r e d o m i n a t e in t h e
large i n t e s t i n e c o n t a i n a large c o n t e n t o f genes involved in t h e u t i l i z a t i o n o f complex c a r b o h y d r a t e s .
For example, t h e g e n o m e o f Bifidobacterium Iongum has a large n u m b e r o f p r e d i c t e d p r o t e i n s for
c a t a b o l i s m o f o l i g o s a c c h a r i d e s , " Bifidobacterium is f o u n d in high n u m b e r s in b r e a s t - f e d i n f a n t s
a n d has over 40 p r e d i c t e d glycosyl hydrolases whose p r e d i c t e d s t r u c t u r e s cover a wide range o f
di-, tri- a n d h i g h e r o r d e r o l i g o s a c c h a r i d e s . Besides lactose, h u m a n m i l k c o n t a i n s over 80 diverse
o l i g o s a c c h a r i d e s a n d this may select for t h e p r e s e n c e o f Bifidobacterium. 8 1 A n o t h e r i n h a b i t a n t o f
the lower GI t r a c t is Bacteroides thetaiotaimicron a n d the g e n o m e has been f o u n d to c o n t a i n 172
glycosyl hydrolases, 11 e n z y m e s involved in d e g r a d i n g h o s t - d e r i v e d p r o d u c t s , 163 o u t e r m e m b r a n e
p o l y s a c c h a r i d e b i n d i n g p r o t e i n s as well as 20 specific t r a n s p o r r e r s . " A d d i t i o n a l l y , this o r g a n i s m
also c o n t a i n s 50 e x t r a c y t o p l a s m i c f u n c t i o n ( E C F ) - t y p e sigma f a c t o r s a n d appears to have an ex­
tensive array o f diverse m e c h a n i s m s to a d a p t to s h i f t i n g n u t r i e n t a v a i l a b i l i t y . " Bacteroides ftagilis
also c o n t a i n s a large n u m b e r o f genes involved in t h e a c q u i s i t i o n o f c o m p l e x c a r b o h y d r a t e s . This
o r g a n i s m is m o r e ofien a s s o c i a t e d w i t h the G I t r a c t mucosa and, i n t e r e s t i n g l y , has n u m e r o u s D N A
i n v e r s i o n m e c h a n i s m s t o g e n e r a t e a wide range o f cell surface s r r u c r u r e s . " A d d i t i o n a l l y , B. ftagilis
has been s h o w n to use surface f u c o s y l a t i o n to e n h a n c e c o l o n i s a t i o n , as L-fucose is an a b u n d a n t
surface m o l e c u l e o f i n t e s t i n a l e p i t h e l i a l cells. 84 B o t h o f these m e c h a n i s m s may aid t h e b a c t e r i u m
w i t h i m m u n e e v a s i o n in its i n t e r a c t i o n s w i t h the i n t e s t i n a l m u c o s a .

To f u r t h e r e x p a n d o u r k n o w l e d g e o f the GI t r a c t ecosystem, G o r d o n et al 85 a n d o t h e r s have
p r o p o s e d a h u m a n g u t m i c r o b i o m e i n i t i a t i v e to deep drafi t h e g e n o m e sequences o f 100 GI t r a c t
a s s o c i a t e d b a c t e r i a . The a c q u i s i t i o n o f new i n f o r m a t i o n on the c o m p l e x p h y s i o l o g i c a l i n t e r a c t i o n s
t h a t take place in t h e G I t r a c t c o u l d i n d i c a t e various factors t h a t may be i n v o l v e d in b o t h h e a l t h
a n d in disease. A d d i t i o n a l l y d e f i n i n g the " h e a l t h y " m i c r o b i o t a c o u l d be a key step in i d e n t i f y i n g
b a c t e r i a l or p h y s i o l o g i c a l c o n d i t i o n s t h a t are p r e s e n t or absent in an " u n h e a l t h y " m i c r o b i o t a . The
i m p o r t a n c e o f t h e i n t e s t i n a l r n i c r o b i o t a to h u m a n h e a l t h has long b e e n r e c o g n i z e d a n d the advent o f
n e w t e c h n o l o g i e s p r o v i d e s us w i t h t h e tools necessary to begin t o u n d e r s t a n d this vital "organ".
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O v e r v i e w o f the G a s t r o i n t e s t i n a l
M i c r o b i o t a
V i n c e n t B. Y o u n g * and T h o m a s M. S c h m i d t

A b s t r a c t

T h e c o m m u n i t y o f microbes t h a t i n h a b i t s the m a n u n a l i a n i n t e s t i n a l traer exists in a symbiosis
w i t h t h e i r h o s t . The s t r u c t u r e o f this c o m m u n i t y r e p r e s e n t s t h e c o m b i n e d effects o f selec­
t i o n p r e s s u r e o n t h e p a r t o f t h e h o s t a n d o n t h e p a r t o f t h e m i c r o b e s themselves. T h r o u g h

r e c e n t a d v a n c e s in t h e field o f m i c r o b i a l ecology we are b e g i n n i n g to u n d e r s t a n d t h e forces t h a t
shape t h i s c o m p l e x c o m m u n i t y . We will review w h a t is k n o w n a b o u t t h e i n t e r a c t i o n b e t w e e n t h e
h o s t a n d t h e i n d i g e n o u s m i c r o b i a l c o m m u n i t y . Following this discussion we will i n t r o d u c e m e t h o d s
t h a t have b e e n u s e d to s t u d y t h e s t r u c t u r e , f u n c t i o n a n d d y n a m i c s o f this c o m m u n i t y .

I n t r o d u c t i o n
The m a m m a l i a n g u t is i n h a b i t e d by a c o m p l e x c o m m u n i t y o f m i c r o b e s . collectively r e f e r r e d

to as t h e m i c r o b i o t a . ' O n c e t h o u g h t o f as a c o l l e c t i o n o f f r e e l o a d i n g "commensal" o r g a n i s m s t h a t
simply f o u n d a ready s o u r c e o f food, it is n o w a p p r e c i a t e d t h a t t h e r e l a t i o n s h i p b e t w e e n t h e h o s t
a n d t h e m i c r o b i o t a is an i n t r i c a t e m u t u a l i s t i c s y m b i o s i s . ' ? In r e t u r n for secure e n v i r o n m e n t a l
niches, t h e m i c r o b i o t a p r o v i d e a n u m b e r o f key f u n c t i o n s t h a t c o n t r i b u t e t o the p r o p e r f u n c t i o n ­
ing o f t h e h o s t g a s t r o i n t e s t i n a l tract.

In t h i s c h a p t e r t h e c o n c e p t o f t h e m i c r o b i o t a as a p a r t o f a c o m p l e x ecosystem c o m p r i s e d
o f t h e m i c r o b i o t a a n d t h e h o s t e p i t h e l i u m a n d i m m u n e system will be p r e s e n t e d . We p r o v i d e a
b r o a d o v e r v i e w o f t h e c o m p o s i t i o n o f the gut m i c r o b i o t a , i n c l u d i n g d e s c r i p t i o n s o f a v a r i e t y o f
c u l t u r e - i n d e p e n d e n t t e c h n i q u e s t h a t have been used t o e x a m i n e t h e s t r u c t u r e a n d f u n c t i o n o f this
c o m m u n i t y o f m i c r o o r g a n i s m s . Some o f these strategies are i l l u s t r a t e d w i t h examples from o u r own
w o r k e x a m i n i n g t h e m i c r o b i o t a o f h u m a n s w i t h a n t i b i o t i c - a s s o c i a t e d d i a r r h e a . We suggest t h a t
a d e t a i l e d u n d e r s t a n d i n g o f t h e s t r u c t u r e / f u n c t i o n r e l a t i o n s h i p s o f t h e i n t e s t i n a l m i c r o b i o t a will
have r a m i f i c a t i o n s in r a t i o n a l e design a n d use o f p r o b i o t i c s , since o n l y w i t h an u n d e r s t a n d i n g o f
the " n a t u r a l b a l a n c e " o f t h e m i c r o b i o t a o f t h e g a s t r o i n t e s t i n a l t r a c t can we effectively m a n i p u l a t e
this e c o s y s t e m in a b e n e f i c i a l m a n n e r .

S t r u c t u r e o f t h e I n t e s t i n a l M i c r o b i a l C o m m u n i t y
I t has b e e n e s t i m a t e d t h a t each p e r s o n is i n h a b i t e d by a m i c r o b i o t a c o n s i s t i n g o f 10 14 o r g a n ­

isms, o u t n u m b e r i n g t h e n u m b e r o f h o s t cells by an o r d e r o f m a g n i t u d e . The g a s t r o i n t e s t i n a l ( G I)
t r a c t is t h e h o r n e for t h e m a j o r i t y o f these o r g a n i s m s . v ' Each s e g m e n t o f t h e GI t r a c t appears to
be p o p u l a t e d w i t h a d i s t i n c t , stable c o m m u n i t y o f m i c r o b e s , w i t h t h e h i g h e s t d e n s i t y in t h e c o l o n
w i t h an e s t i m a t e d d e n s i t y o f ! x 10 12 o r g a n i s m s p e r gram (dry w e i g h t ) o f f e c e s . For t h e r e m a i n d e r
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o f this c h a p t e r , we will focus on t h e b a c t e r i a l m i c r o b i o t a , a l t h o u g h it s h o u l d be n o t e d t h a t Eukaria
(e.g., yeasts), A r c h a e a and viruses are also m e m b e r s o f this e c o s y s t e m .

O n e aspect o f t h e i n d i g e n o u s GI m i c r o b i o r a t h a t was a p p a r e n t early on was t h a t t h e com­
m u n i t y was q u i t e diverse. For the d i s c u s s i o n here, we will define d i v e r s i t y s i m p l y as "the variety
and a b u n d a n c e o f species in a d e f i n e d u n i t o f s t u d y ' " A l t h o u g h species c o n c e p t s for m i c r o b e s
are f r e q u e n t l y i n c o n g r u o u s w i t h those o f p l a n t s a n d animals, d i v e r s i t y m e a s u r e s can still be used
effectively to describe and c o m p a r e m i c r o b i a l c o m m u n i t i e s . D i v e r s i t y is c o m p o s e d o f two key
c o m p o n e n t s , richness a n d evenness. Richness refers to w h a t is likely t h e m o s t i n t u i t i v e aspect
o f diversity, n a m e l y the t o t a l n u m b e r o f species in the u n i t o f study. Evenness o n t h e o t h e r h a n d
describes relative differences in t h e a b u n d a n c e o f various species in t h e c o m m u n i t y . We will r e t u r n
to these c o n c e p t s w h e n we i n t r o d u c e t h e m e a s u r e m e n t o f e c o l o g i c variables t o describes d i f f e r e n t
m i c r o b i a l c o m m u n i t i e s .

Early m e a s u r e m e n t s o f the diversity o f the GI m i c r o b i o t a came f r o m c u l t u r e - b a s e d s t u d i e s t h a t
used the t e c h n i q u e s d e v e l o p e d by H u n g a t e to c u l t i v a t e s t r i c t l y a n a e r o b i c m i c r o b e s . It is f r o m such
studies t h a t the o f t e n - q u o t e d n u m b e r o f 400- 500 d i s t i n c t species in t h e g u t m i c r o b i o t a was derived,"
I t is also from these early c u l t u r e - b a s e d s t u d i e s t h a t it was e s t i m a t e d t h a t t h e m a j o r i t y (up to 90% )
o f t h e d i f f e r e n t b a c t e r i a l species p r e s e n t c o u l d be c u l t i v a t e d . M o r e r e c e n t c u l t u r e - i n d e p e n d e n t
studies o f t h e i n t e s t i n a l m i c r o b i o t a suggest t h a t these early s t u d i e s largely u n d e r e s t i m a t e d t h e
t o t a l species richness a n d o v e r e s t i m a t e d the ability o f c u r r e n t c u l t u r e m e t h o d s to c u l t i v a t e t h e
m a j o r i t y o f o r g a n i s m s present."

D a t a from c u l t u r e - b a s e d and c u l t u r e - i n d e p e n d e n t analyses also suggest t h a t t h e r e is s i g n i f i c a n t
i n d i v i d u a l - t o - i n d i v i d u a l v a r i a t i o n in the diversity o f t h e g u t m i c r o b i o t a , a l t h o u g h t h e c o m m u n i t y
w i t h i n an i n d i v i d u a l appears to be relatively c o n s t a n t over time. 4 .6-9 A l t h o u g h this i n d i v i d u a l
v a r i a t i o n suggests t h a t t h e s t u d y o f such large, i n t r i n s i c a l l y a n d e x t r i n s i c a l l y diverse c o m m u n i t i e s
presents i n t r a c t a b l e p r o b l e m s , r e c e n t w o r k also suggests t h a t at h i g h e r levels (i.e., ecosystem) o f
o r g a n i z a t i o n , p r i n c i p l e s are o p e r a t i n g t h a t allow one t o s t u d y s t r u c t u r a l a n d f u n c t i o n aspects o f
the e n t i r e c o m m u n i r y . v ' " ! '

For example, w h e n using analysis o f 165 r R N A - e n c o d i n g gene s e q u e n c e d a t a to e x a m i n e
s i m i l a r i t i e s b e t w e e n b a c t e r i a l c o m m u n i t i e s , one c o m m o n d e f i n i t i o n o f an o p e r a t i o n a l t a x o n o m i c
u n i t ( O T U - r o u g h l y , the s e q u e n c e - b a s e d e q u i v a l e n t o f t h e t a x o n o m i c classification "species")
is a g r o u p o f o r g a n i s m s t h a t share >97% s e q u e n c e i d e n r i t y . " W i t h t h i s d e f i n i t i o n o f O T U set at
0.97 s e q u e n c e i d e n t i t y , a c o m p a r i s o n o f a l m o s t any t w o m i c r o b i a l c o m m u n i t i e s o b t a i n e d from
i n d i v i d u a l s , or even from d i f f e r e n t a n a t o m i c sites w i t h i n o n e i n d i v i d u a l , i n d i c a t e s t h a t t h e com­
m u n i t i e s are d i s t i n c t . However, i f the analysis is r e p e a t e d a n d i n s t e a d t h e c o m m u n i t i e s are c o m p a r e d
at t h e level o f b a c t e r i a l phyla, m o s t n o r m a l i n d i v i d u a l s have q u i t e s i m i l a r c o m m u n i t i e s w i t h t h e
m a j o r i t y o f o r g a n i s m s b e l o n g t o t w o phyla, the F i r m i c u t e s a n d B a c t e r o i d e t e s . I n fact, a m o n g t h e
r o u g h l y 80 b a c t e r i a l divisions d e s c r i b e d based on 165 r R N A - e n c o d i n g gene analysis, only e i g h t
have ever been i d e n t i f i e d w i t h i n the gut c o m m u n i t y . P e r h a p s even m o r e s t r i k i n g is the fact t h a t
this applies n o t o n l y t o the h u m a n gut, b u t similar d e e p t a x o n o m i c s t r u c t u r e is also e n c o u n t e r e d
in the m o u s e i n t e s t i n e , i m p l y i n g t h a t e x t r e m e s e l e c t i o n p r e s s u r e is s h a p i n g t h e s t r u c t u r e o f t h e
m i c r o b i a l c o m m u n i t y in m o s t ( i f n o t all) m a m m a l i a n i n t e s t i n a l t r a c t s . "

F u n c t i o n a l A s p e c t s o f t h e I n t e s t i n a l M i c r o b i o t a
W h a t is t h e n a t u r e o f t h e s e l e c t i o n pressure on t h e c o m m u n i t y s t r u c t u r e o f the g u t m i c r o b i a l

c o m m u n i t y ? C l u e s to the forces t h a t shape the c o m m u n i t y can be f o u n d by e x a m i n i n g some o f
the p r o p o s e d roles t h a t the m i c r o b i o t a play in the i n t e s t i n a l e c o s y s t e m a n d t h e specific i n t e r a c t i o n s
they have w i t h the h o s t . O n e o b v i o u s force t h a t has d i r e c t c o r r e l a t i o n w i t h m a c r o e c o l o g i c systems
is t h a t stable ecosystems are t h o u g h t to have w e l l - o r g a n i z e d a n d stable t r o p h i c s t r u c r u r e s . " The
flow o f n u t r i e n t s b e t w e e n d i f f e r e n t m e m b e r s o f a given e c o s y s t e m is i n f l u e n c e d by a n d can in t u r n
i n f l u e n c e t h e m e m b e r s o f the ecosystem. In the gut, it t u r n s o u t t h a t n o t o n l y do the m i c r o b i o t a
have access to a ready supply o f n u t r i e n t s ( h e n c e t h e i r c o m m o n d e s i g n a t i o n as "commensals") b u t
m e t a b o l i c p r o d u c t s p r o d u c e d by t h e m i c r o b i o t a are in t u r n u t i l i z e d by t h e host. This i n d i c a t e s
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t h a t for many m e m b e r s o f t h e gut m i c r o b i o t a , t h e i r r e l a t i o n s h i p w i t h the h o s t m i g h t best be con­
sidered to be m u t u a l i s t i c . ' ! For example, members o f the F i r m i c u t e s f e r m e n t n o n d i g e s t i b l e starch
i n t o s h o r t c h a i n f a t t y acids, in particular, b u t y r a t e . Butyrate in t u r n is the p r e f e r r e d energy source
for colonic e n t e r o c y t e s and also is t h o u g h t to c o n t r i b u t e to gut h o m e o s t a s i s t h r o u g h m o d u l a t i o n
o f cell f u n c r i o n . l v "

1 h r o u g h an i n c o m p l e t e l y u n d e r s t o o d set o f signals, the m i c r o b i o t a also c o n t r i b u t e to the n o r m a l
d e v e l o p m e n t o f the gut. M a i n l y t h r o u g h studies on g n o t o b i o t i c mice, the role o f the m i c r o b i o t a in
driving aspects o f p o s t n a t a l g u t m a t u r a t i o n has been delineated. D u r i n g the time o f weaning, there
is a shift in the i n t e s t i n a l g l y c o c o n j u g a t e repertoire, from glycans t h a t t e r m i n a t e w i t h sialic acid
to those t h a t t e r m i n a t e w i t h the sugar fucose. Interestingly, this shift does n o t occur in germ free
mice, b u t it can be i n d u c e d by the m o n o a s s o c i a t i o n o f these mice w i t h the b a c t e r i u m Bacteroides
t h e t a i o t a o m i c r o n P r " It is n o t e w o r t h y t h a t the genome o f B . t b e t a i o t a o m i c r o n codes for an impres­
sive array o f m e c h a n i s m s for the a c q u i s i t i o n and u t i l i z a t i o n o f d i e t a r y polysaccharides a n d t h a t
gene expression analysis reveals t h a t the organism can shift its m e t a b o l i s m to utilize host mucus
glycans w h e n p o l y s a c c h a r i d e s are absent. 2 1

-
2 2 In response to c o l o n i z a t i o n w i t h B . tbetaiotaomicron,

germfree mice m o d u l a t e the expression o f host genes i m p o r t a n t in n u t r i e n t f o r m a t i o n , mucosal
b a r r i e r f u n c t i o n a n d a n g i o g e n e s i s . "

A l t h o u g h t r o p h i c i n t e r a c t i o n s w i t h i n the gut are readily obvious a n d have the most d i r e c t
c o r r e l a t i o n w i t h m a c r o e c o l o g i c systems, a n o t h e r i m p o r t a n t i n t e r a c t i o n b e t w e e n the m i c r o b i o t a
a n d the h o s t involves t h e h o s t i m m u n e system. As will be discussed in later chapters, it is clear
t h a t the m i c r o b i o t a have t h e ability to stimulate beneficial as well as d e l e t e r i o u s host i m m u n e
responses. Less is k n o w n a b o u t how the host i m m u n e system can shape the c o m m u n i t y s t r u c t u r e
o f the i n d i g e n o u s m i c r o b i o t a . O n e recent study, using the c u l t u r e - i n d e p e n d e n t T - R F L P m e t h o d
(see below) to " f i n g e r p r i n t " t h e m i c r o b i o t a o f the t e r m i n a l ileum s h o w e d t h a t the lack o f s e c r e t o r y
a n t i b o d i e s in a d u l t plgR-/- mice did n o t alter the c o m p o s i t i o n o f the m i c r o b i o t a c o m p a r e d to wild
type a n i m a l s . " Conversely, a n o t h e r group using 16S clone l i b r a r y analysis showed t h a t mice t h a t
lacked h y p e r m u t a t e d IgA (due to a defect in a c t i v a t i o n - i n d u c e d c y t i d i n e deaminase) had altered
i n t e s t i n a l m i c r o b i o t a , m o s t n o t a b l y an expansion o f the s e g m e n t e d f i l a m e n t o u s b a c t e r i a . "

The influence o f h o s t g e n o t y p e on the structure o f the rnicrobiota isn't restricted to immunologic
f u n c t i o n . It was r e c e n t l y d e m o n s t r a t e d t h a t mice deficient in the l e p t i n gene had altered diversity
o f t h e i r m i c r o b i o t a m a n i f e s t e d as inversion o f the relative a b u n d a n c e o f B a c t e r o i d e t e s to Fimicutes
c o m p a r e d to wild type I i t r e r m a r e s . ! " I n t e r e s t i n g l y this study also s h o w e d t h a t while evenness was
i n f l u e n c e d by g e n o t y p e , species c o m p o s i t i o n reflected a m a t e r n a l influence, d e m o n s t r a t i n g t h a t
the m i c r o b i o t a can be i n h e r i t e d vertically ( p a r t i c u l a r l y for mice raised in barrier facilities w i t h
sterilized food a n d w a t e r ) .

The effect o f o t h e r h o s t factors has been examined. In one s t u d y q u a n t i t a t i v e c u l t u r e d e m o n ­
s t r a t e d t h a t the status o f the m a t e r n a l adaptive i m m u n e system d i d i n f l u e n c e the i n t e s t i n a l micro­
biota o f suckling m i c e . " Similarly, a study t h a t used h y b r i d i z a t i o n probes t a r g e t i n g B i f i d o b a c t e r i u m
and L a c t o b a c i l l u s species s h o w e d t h a t the a d m i n i s t r a t i o n o f p r o b i o t i c s a n d breastfeeding in infants
had an effect on the c o m p o s i t i o n o f the fecal m i c r o b i o t a . "

M e t h o d s t o S t u d y t h e S t r u c t u r e and F u n c t i o n o f t h e G u t M i c r o b i o t a
L i m i t a t i o n s i m p o s e d by c u l t u r e - b a s e d surveys o f the gut r n i c r o b i o t a gut have been circumvented

by the a p p l i c a t i o n o f m o l e c u l a r m e t h o d s based on the direct e x t r a c t i o n a n d analysis o f nucleic
acids from the m i c r o b i o t a (Fig. 1). The first step in analyzing the s t r u c t u r e o f such c o m m u n i t i e s
is f r e q u e n t l y a survey o f P C R - a m p l i f i e d 16S ribosomal RNA ( r R N A ) genes. This is a p a r t i c u l a r l y
useful gene to assess t h e c o m p o s i t i o n o f a microbial c o m m u n i t y due to the presence o f c o n s e r v e d
regions in the gene t h a t are c o n s e r v e d a m o n g s t microbes a n d serve as c o n v e n i e n t targets for
a m p l i f i c a t i o n p r i m e r s , c o u p l e d to the availability o f a large d a t a set o f r R N A sequences t h a t are
available for c o m p a r i s o n ; t h e r e are c u r r e n t l y more t h a n 2 5 0 , 0 0 0 aligned, bacterial r R N A gene
sequences in the R i b o s o m a l D a t a b a s e P r o j e c t . "
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Figure 1. M o l e c u l a r a p p r o a c h e s for i n t e r r o g a t i n g the s t r u c t u r e and f u n c t i o n o f m i c r o b i a l c o m ­
m u n i t i e s . D N A - b a s e d a p p r o a c h e s p r o v i d e a c u l t i v a t i o n i n d e p e n d e n t assessment of c o m m u n i t y
s t r u c t u r e and m e t a b o l i c p o t e n t i a l , w h i l e R N A - or p r o t e i n - b a s e d m e t h o d s o f f e r the o p p o r t u n i t y
to d o c u m e n t e x p r e s s i o n of that p o t e n t i a l u n d e r s e l e c t e d e n v i r o n m e n t a l c o n d i t i o n .

W h i l e s e q u e n c i n g o f r R N A genes provides the g r e a t e s t r e s o l u t i o n for p h y l o g e n e t i c identifica­
t i o n o f the r e s i d e n t microbes, h i g h - t h r o u g h p u t c o m m u n i t y f i n g e r p r i n t i n g a p p r o a c h e s such as
T - R F L P p r o v i d e an overview o f c o m m u n i t y s t r u c t u r e t h a t p e r m i t s the s i m u l t a n e o u s analysis o f
dozens o f samples o f t h e m i c r o b i o t a . In T-RFLP, one o f the a m p l i f i c a t i o n p r i m e r s is labeled w i t h
a f l u o r o c h r o m e ; t h e n following a m p l i f i c a t i o n , the p o o l o f a m p l i c o n s is d i g e s t e d w i t h a r e s t r i c t i o n
enzyme. The r e s u l t i n g mix o f D N A f r a g m e n t s is s e p a r a t e d b a s e d on size u s i n g a D N A sequencer,
with only the f l u o r - c o n t a i n i n g t e r m i n a l fragments s u b s e q u e n t l y d e t e c t e d due t o their fluorescence.
The r e s u l t i n g c h r o m a t o g r a m (Fig. 2) reveals t e r m i n a l r e s t r i c t i o n f r a g m e n t s ( T R F s ) from t h e more
a b u n d a n t m e m b e r s o f the c o m m u n i t y . U p o n i n s p e c t i o n o f a T - R F L P c h r o m a t o g r a m , it is readily
a p p a r e n t t h a t the m e t h o d captures the ecologic d i v e r s i t y o f the c o m m u n i t y . The n u m b e r o f T R F s
is an i n d i c a t i o n o f the n u m b e r o f d i f f e r e n t O T U s p r e s e n t in the c o m m u n i t y (Le.• richness) while
the relative p e a k h e i g h t s provide and i n d i c a t i o n o f relative a b u n d a n c e (Le., evenness).

W h i l e d e t a i l e d m e t h o d s for the c o n s t r u c t i o n and analyses o f c l o n e l i b r a r i e s and T - R F L P fin­
g e r p r i n t s o f the c o l o n i c m i c r o b i o t a are readily available a n d these a p p r o a c h e s are f r e q u e n t l y used,
29-33 c o n c e r n s a b o u t t h e i n t e r p r e t a t i o n o f the results f r o m these m e t h o d s have been raised.There is
d o c u m e n t e d p o t e n t i a l for bias d u r i n g p e R a m p l i f i c a t i o n as well as strategies, i n c l u d i n g d e c r e a s e d
cycle n u m b e r . to m i n i m i z e bias.34-36 H o w e v e r due t o the i d i o s y n c r a t i c n a t u r e o f m o l e c u l a r surveys
t h a t e m p l o y d i f f e r e n t a m p l i f i c a t i o n p r i m e r s and D N A o f d i f f e r e n t p u r i t y t h a t is e x t r a c t e d from
c o m m u n i t i e s w i t h varying degrees o f complexity, t h e r e is u n l i k e l y to be a single. bias free p r o c e d u r e
t h a t is b r o a d l y a p p l i c a t i o n . As w i t h any survey m e t h o d , r e p l i c a t i o n is an essential c o m p o n e n t o f
reliable nucleic acid based measures o f c o m m u n i t y s t r u c t u r e .

W i t h advances in D N A s e q u e n c i n g t e c h n o l o g y . it is n o w feasible to e x t e n d b e y o n d single gene
surveys a n d q u e r y the entire genetic diversity p r e s e n t in t h e m i c r o b i o m e t h r o u g h the c o n s t r u c t i o n
o f l a r g e insert clone libraries or s h o t g u n libraries. 3 7- 38 These a p p r o a c h e s do n o t include a m p l i f i c a t i o n
before the c o n s t r u c t i o n o f clone libraries and so avoid t h e p o t e n t i a l bias o f this i n i t i a l step. M o r e
i m p o r t a n t l y , the libraries include i n f o r m a t i o n n o t o n l y a b o u t t h e p h y l o g e n e t i c c o m p o s i t i o n o f a
m i c r o b i a l c o m m u n i t y , but reveal the m e t a b o l i c p o t e n t i a l o f t h e c o m m u n i t y as well. For instance.
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Figure 2. T-RFLP t r a c e s d e m o n s t r a t i n g the ability to p r o v i d e a c o m m u n i t y f i n g e r p r i n t of the
m u c o s a - a s s o c i a t e d m i c r o b i o t a from the c e c u m of a m o u s e . C o m p a r e d to the T-RFLP profile
from a c o n t r o l m o u s e (top), t h e T-RFLP profile from a m o u s e t r e a t e d with a n t i b i o t i c s ( m e t r o n ­
i d a z o l e , a m o x i c i l l i n and bismuth) has d e c r e a s e d diversity, most n o t a b l y d u e to t h e d e c r e a s e
in the total n u m b e r of t e r m i n a l r e s t r i c t i o n f r a g m e n t s (peaks).

the genes involved in the f o r m a t i o n o f b u t y r a t e , an a b u n d a n t s h o r t chain fatty acid in the gut,
were e n r i c h e d in clone libraries c o n s t r u c t e d from D N A e x t r a c t e d from the m i c r o b i o m e o f the
h u m a n GI t r a c t . " This f i n d i n g is c o n s i s t e n t w i t h the p r o p o s e d role o f t h e m i c o b i o m e in p r o v i d i n g
c o l o n o c y t e s w i t h this favored c a r b o n and energy source.

W h i l e k n o w i n g the c o m p o s i t i o n a n d m e t a b o l i c p o t e n t i a l o f the m i c r o b i o m e can be useful in
d e t e r m i n i n g factors t h a t i n f l u e n c e the diversity, l i n k i n g the s t r u c t u r e o f m i c r o b i a l c o m m u n i t i e s
with its f u n c t i o n has the p o t e n t i a l to exert the most p r o f o u n d influence on o u r u n d e r s t a n d i n g and
successful m a n i p u l a t i o n o f the m i c r o b i o t a . Again, direct e x t r a c t i o n o f nucleic acids, this time w i t h
a focus on m R N A , provides a w i n d o w t o view the fraction o f the m e t a b o l i c p o t e n t i a l t h a t is being
expressed at a p a r t i c u l a r time a n d l o c a t i o n in the GI tract. A recent a p p l i c a t i o n o f w h o l e - g e n o m e
t r a n s c r i p t i o n a l p r o f i l i n g c o m b i n e d w i t h mass s p e c t r o m e t r y revealed t h a t t h e presence o f a metha­
n o g e n i c a r c h a e o n a l t e r e d gene expression o f a gut bacterium a n d thus has the p o t e n t i a l to influence
the host's energy h a r v e s t from d i e t a r y g l y c a n s . " Such f u n c t i o n a l analyses, c o u p l e d w i t h s t r u c t u r a l
analyses o f the gut m i c r o b i o t a e n h a n c e o u r capacity to u n d e r s t a n d the role o f the g a s t r o i n t e s t i n a l
m i c r o b i o t a in h e a l t h a n d disease.

The M i c r o b i o t a i n t h e C o n t e x t o f t h e I n t e s t i n a l E c o s y s t e m
The discussion to this p o i n t has advanced the concept t h a t t h e m i c r o b i o t a o f the i n t e s t i n a l tract

is n o t merely a r a n d o m c o l l e c t i o n o f " commensal" organisms t h a t take advantage o f a readily supply
o f n u t r i e n t s . I n s t e a d , the i n d i g e n o u s gut m i c r o b i o t a are p a r t o f an i n t r i c a t e ecosystem c o m p r i s e d
o f the i n d i g e n o u s r n i c r o b i o t a , the host mucosal e p i t h e l i u m a n d elements o f the host i m m u n e
system. As a stable ecosystem, t h e r e are i n t e r d e p e n d e n c i e s b e t w e e n the various c o m p o n e n t s t h a t
c o n t r i b u t e t o the survival o f each i n d i v i d u a l element. As a c o r o l l a r y to this idea, each c o m p o n e n t
has evolved in a m a n n e r to survive w i t h i n this ecosystem. Therefore, s t u d y o f o n e c o m p o n e n t
can p r o v i d e i n s i g h t i n t o the f u n c t i o n o f the entire ecosystem. To i l l u s t r a t e these concepts, we will
p r o v i d e examples from our l a b o r a t o r i e s e x a m i n i n g changes in the gut m i c r o b i o t a in the s e t t i n g o f
a n t i b i o t i c - a s s o c i a t e d d i a r r h e a ( A A D ) Y
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Many p a t i e n t s w h o are t r e a t e d w i t h a n t i b i o t i c s s u b s e q u e n t l y d e v e l o p d i a r r h e a . A p r o p o r t i o n
o f p a t i e n t s w i t h A A D ( e s t i m a t e d at a b o u t 25%) develop disease s e c o n d a r y to t h e p r e s e n c e o f the
t o x i n - p r o d u c i n g b a c t e r i u m C l o s t r i d i u m difficile. B o t h p a t i e n t s w i t h C. difficile-associated d i a r r h e a
( C D A D ) a n d n o n C D A D are t h o u g h t to develop disease s e c o n d a r y to a n t i b i o t i c - m e d i a t e d altera­
t i o n o f t h e g u t m i c r o b i o t a . It is this h y p o t h e s i s t h a t has p r o m p t e d c l i n i c a l trials o f p r o b i o t i c s in
b o t h C D A D a n d n o n C D A D . A r e c e n t m e t a - a n a l y s i s o f these trials c o n c l u d e d t h a t p r o b i o t i c s can
be used to t r e a t C D A D a n d p r e v e n t n o n C D A D . 4 0

To i n v e s t i g a t e i f s t u d y o f the fecal r n i c r o b i o t a c o u l d p r o v i d e i n s i g h t i n t o t h e p a t h o g e n e s i s o f
n o n C D A D , we e x a m i n e d the m i c r o b i a l e c o l o g y o f f e c a l s p e c i m e n s f r o m a p a t i e n t w h o d e v e l o p e d
d i a r r h e a while t a k i n g a m o x i c i l l i n / clavulanic a c i d . " C l o n e l i b r a r i e s o f 165 r R N A - e n c o d i n g genes
were c o n s t r u c t e d from fecal D N A h a r v e s t e d from t h e first v o i d e d s t o o l afier a n t i b i o t i c s ( w h i c h
represents the baseline c o m m u n i t y ) , four days after i n i t i a t i o n o f t h e r a p y a n d 28 days after i n i t i a t i o n
(two weeks after the e n d o f the 10-day course o f a n t i b i o t i c s ) .

A t o t a l o f 2 3 9 sequences were used in the final analysis, 84 f r o m Day 0, 72 f r o m Day 4 a n d 83
from Day 28. Given t h e relatively small n u m b e r o f s e q u e n c e s f r o m t h r e e s e p a r a t e " c o m m u n i t i e s "
(i.e., t h e t h r e e s a m p l i n g times), we c o u l d p r e s e n t t h e d a t a in the form o f a p h y l o g e n e t i c tree (Fig. 3).
E x a m i n a t i o n o f this tree shows t h a t a l t h o u g h this r e p r e s e n t a t i o n o f the d a t a can p r o v i d e useful
i n f o r m a t i o n , it also d e m o n s t r a t e s t h a t as the n u m b e r o f i n d i v i d u a l 1 6 5 c o n t i n u e s to rise, t h e "tips"
o f t h e tree (i.e., i n d i v i d u a l clones) b e c o m e i n c r e a s i n g l y c r o w d e d a n d d i f f i c u l t to d i s c e r n . O n e solu­
t i o n to help r e d u c e the c o m p l e x i t y o f t h e d a t a is to g r o u p the d a t a i n t o p h y l o g e n e t i c a l l y c o h e r e n t
groups, as r e p r e s e n t e d by the m u l t i p l e bar graphs in t h e figure. In t h i s case, t h e g r o u p i n g o f clones
was based on o b s e r v e d clusters whose g r o u p i n g was s u p p o r t e d by b o o t s t r a p values. B o o t s t r a p
values p r o v i d e n o n p a r a m e t r i c s t a t i s t i c a l analysis o f t h e g r o u p i n g s t h a t are e n c o u n t e r e d in a p h y l o ­
g e n e t i c t r e e . " In brief, the data are r a n d o m l y r e s a m p l e d m u l t i p l e times, e a c h t i m e r e c o n s t r u c t i n g
a phylogeny. In essence, t h e b o o t s t r a p values i n d i c a t e t h e p e r c e n t a g e o f r e s u l t i n g p h y l o g e n i e s t h a t
p r o d u c e t h e same exact g r o u p i n g seen in t h e o r i g i n a l .

A l t h o u g h p h y l o g e n e t i c r e p r e s e n t a t i o n s o f 165 c l o n e l i b r a r y surveys are c o m m o n l y used a n d
can p r o v i d e i m p o r t a n t insight i n t o t h e d a t a , scientists w h o are n o t t r a i n e d in the i n t e r p r e t a t i o n
o f p h y l o g e n i e s can find such r e p r e s e n t a t i o n s to be p r o b l e m a t i c . " A d d i t i o n a l l y , as p o i n t e d o u t
above, even w i t h use o f m e t h o d s such as c l u s t e r i n g a n d b o o t s t r a p p i n g , it can be d i f f i c u l t to repre­
sent e x t r e m e l y large datasets. W i t h the advances in D N A s e q u e n c i n g t e c h n o l o g y , e x t r e m e l y large
d a t a s e t s o f 165 r R N A - e n c o d i n g gene s e q u e n c e s are b e i n g a s s e m b l e d . Even w h e n p h y l o g e n i e s
are c o n s t r u c t e d u s i n g only " u n i q u e " p h y l o t y p e s ( d e f i n e d b a s e d o n a set p e r c e n t a g e s e q u e n c e
s i m i l a r i t y ) , w h e n a large n u m b e r o f c o m m u n i t i e s is b e i n g c o m p a r e d , visual e x a m i n a t i o n o f such
r e p r e s e n t a t i o n s can be d a u n t i n g . "

As d e t a i l e d above, the use o f n u m e r i c a l m e t h o d s t o analyze e c o l o g i c a l m e t h o d s has b e e n
d e v e l o p e d for t h e analysis o f ecologic d a t a s e t s , i n i t i a l l y a p p l i e d t o m a c r o e c o l o g i c systems. O n e
m e t h o d t h a t p r o v i d e s an a l t e r n a t i v e way to visualize t h e d i v e r s i t y p r e s e n t in a c l o n e l i b r a r y is
t h r o u g h t h e c o n s t r u c t i o n o f r a r e f a c t i o n c u r v e s . " R a r e f a c t i o n analysis is a m e t h o d t h a t allows
c o m p a r i s o n s b e t w e e n c o m m u n i t i e s p r i m a r i l y b a s e d o n r i c h n e s s . I n brief, t h e r a r e f a c t i o n process

Figure 3, v i e w e d on f o l l o w i n g page. P h y l o g e n y s h o w i n g the d i s t r i b u t i o n o f 165 r R N A - e n c o d i n g
gene s e q u e n c e s f r o m c l o n e l i b r a r i e s c o n s t r u c t e d f r o m s t o o l D N A s a m p l e s o b t a i n e d from a
p a t i e n t p r i o r to a n t i b i o t i c t h e r a p y (Day O-red), d u r i n g t h e r a p y ( D a y 4 - g r e e n ) and t w o w e e k s
after d i s c o n t i n u a t i o n of t h e r a p y (Day 2 4 - b l u e ) . Brackets o u t l i n e m a j o r clusters o f o r g a n i s m s
and the a d j a c e n t bar graphs d o c u m e n t the d i s t r i b u t i o n o f c l o n e s in each c l u s t e r at each
t i m e p o i n t . N a m e d species are r e p r e s e n t a t i v e t y p e species d o w n l o a d e d f r o m the R i b o s o m a l
D a t a b a s e P r o j e c t and i n s e r t e d i n t o the tree to p r o v i d e t a x o n o m i c r e f e r e n c e p o i n t s . These
r e f e r e n c e species do n o t c o n t r i b u t e to the n u m b e r o f c l o n e s d e p i c t e d in the bar graphs.
The scale bar represents e v o l u t i o n a r y d i s t a n c e (10 s u b s t i t u t i o n s per 1 0 0 n u c l e o t i d e s ) . The
tree was c o n s t r u c t e d using n e i g h b o r - j o i n i n g analysis of a d i s t a n c e m a t r i x o b t a i n e d from a
m u l t i p l e - s e q u e n c e a l i g n m e n t p e r f o r m e d using the ARB suite of p r o g r a m s . B o o t s t r a p values
w e r e c a l c u l a t e d using the M E G A 2 p r o g r a m .
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Figure 3, l e g e n d v i e w e d on p r e v i o u s page.

involves i t e r a t i v e r e s a m p l i n g o f a given p o p u l a t i o n d a t a s e t c o n s i s t i n g o f N m e m b e r s . S a m p l i n g
is d o n e w i t h o u t r e p l a c e m e n t a n d t h i s will g e n e r a t e an e s t i m a t e ( a l o n g w i t h c o n f i d e n c e i n t e r v a l s )
o f t h e e x p e c t e d n u m b e r o f O T U s e n c o u n t e r e d in a s u b s e t n o f t h e e n t i r e p o p u l a t i o n r e p r e s e n t e d
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by N i n d i v i d u a l s . The c u r v e is c o n s t r u c t e d by p l o t t i n g t h e average n u m b e r o f O T U s r e p r e s e n t e d
by 1, 2, ... N i n d i v i d u a l s . A s t r e n g t h o f r a r e f a c t i o n analysis is t h a t it allows c o m p a r i s o n b e t w e e n
l i b r a r i e s t h a t have b e e n s a m p l e d w i t h d i f f e r i n g i n t e n s i t y . "

We c o n s t r u c t e d r a r e f a c t i o n curves for each 165 c l o n e l i b r a r y f r o m t h e a n t i b i o t i c - a s s o c i a t e d
d i a r r h e a p a t i e n t u s i n g t h e p r o g r a m D O T U R . 12 E x a m i n a t i o n o f t h e c u r v e s (Fig. 4) reveals t h a t
a n t i b i o t i c a d m i n i s t r a t i o n r e s u l t e d in a decrease in t h e o v e r a l l r i c h n e s s o f t h e c o m m u n i t y , as t h e
r a r e f a c t i o n curve f r o m t h e Day 4 l i b r a r y lies below the D a y 0 library. O n c e a n t i b i o t i c s were s t o p p e d ,
t h e r a r e f a c t i o n curve r e t u r n e d t h e o r i g i n a l , i m p l y i n g t h a t species r i c h n e s s was r e s t o r e d o n c e the
c o m m u n i t y was given a c h a n c e to recover. This c o n c l u s i o n is s u p p o r t e d by t h e c a l c u l a t i o n o f t h e
e s t i m a t e d species r i c h n e s s for each l i b r a r y based on t h e m e t h o d o f C h a o . " As d i s c u s s e d above,
t h i s m e t h o d p r o v i d e s an e s t i m a t e o f the l o w e r - b o u n d o f t h e a c t u a l r i c h n e s s in a p a r t i a l l y s a m p l e d
c o m m u n i t y . U s i n g an O T U d e f i n i t i o n b a s e d on 3% s e q u e n c e d i v e r g e n c e e m p l o y i n g the D O T U R
p r o g r a m , t h e C h a o l e s t i m a t e o f r i c h n e s s is 67 for t h e D a y 0 l i b r a r y , 25 for t h e D a y 4 l i b r a r y a n d
59 for t h e D a y 28 l i b r a r y .

A l t h o u g h c o m p a r i s o n s o f species richness can be useful, it is o f i e n i n f o r m a t i v e to c o m p a r e com­
m u n i t i e s b a s e d on r i c h n e s s and evenness. F u r t h e r m o r e , c o m p a r i s o n b e t w e e n c o m m u n i t i e s b a s e d
on r a r e f a c t i o n does n o t take i n t o a c c o u n t as to w h e t h e r specific O T U s are p r e s e n t in t h e d i f f e r e n t
c o m m u n i t i e s . It is p o s s i b l e t h a t two c o m m u n i t i e s can have t h e same o v e r a l l s t r u c t u r e a n d t h u s will
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Figure 4. R a r e f a c t i o n analysis c o m p a r i n g O T U r i c h n e s s in the t h r e e 165 l i b r a r i e s c o n s t r u c t e d
f r o m the p a t i e n t w i t h a n t i b i o t i c - a s s o c i a t e d d i a r r h e a . A n t i b i o t i c a d m i n i s t r a t i o n was a s s o c i a t e d
w i t h a d e c r e a s e in o v e r a l l species richness and this r e s o l v e d f o l l o w i n g the d i s c o n t i n u a t i o n
of the a n t i b i o t i c t r e a t m e n t . The c u r v e s r e p r e s e n t the average n u m b e r o f O T U s e n c o u n t e r e d
d u r i n g i t e r a t i v e r e s a m p l i n g of the o r i g i n a l c l o n e data w i t h 9 5 % c o n f i d e n c e i n t e r v a l s d e p i c t e d
by the e r r o r bars.
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have i d e n t i c a l r a r e f a c t i o n curves, b u t there are no O T U s t h a t are p r e s e n t in b o t h c o m m u n i t i e s . In
the example we are d i s c u s s i n g here, there are shared O T U s in all t h r e e libraries, b u t even in case o f
the Day 0 and the Day 28 library, there are differences t h a t are n o t c a p t u r e d by r a r e f a c t i o n analysis.
Bifidobacteria were i d e n t i f i e d in the Day 0 library, r e p r e s e n t i n g a p p r o x i m a t e l y 16% o f the clones
b u t were n o t e n c o u n t e r e d in t h e Day 28 library despite having o v e r l a p p i n g r a r e f a c t i o n curves.

In o r d e r to c o m p a r e p o p u l a t i o n s n o t only based on richness, b u t also in terms o f evenness and
the presence o f s h a r e d O T U s we can use one o f a n u m b e r o f b e t a - d i v e r s i t y indices. An example
o f such a m e t r i c is the B r a y - C u r t i s distance m e a s u r e . " Using such a d i s t a n c e metric, all pair-wise
c o m p a r i s o n s can be made b e t w e e n a set o f c o m m u n i t i e s and the results can then be displayed in a
t a b u l a r f o r m a t or in t h e form o f a d e n d r o g r a m . The l a t t e r r e p r e s e n t a t i o n o f data can be useful in
t h a t it can p r o v i d e visual evidence o f c l u s t e r i n g or grouping. W h e n B r a y - C u r t i s distances for the
three clone libraries from the p a t i e n t w i t h A A D are d e p i c t e d in d e n d r o g r a m s format, it is once
again clear t h a t a n t i b i o t i c a d m i n i s t r a t i o n significantly changes the c o m m u n i t y s t r u c t u r e o f the
fecal m i c r o b i o t a a n d t h a t o n c e a n t i b i o t i c s are d i s c o n t i n u e d , t h e r e is a r e t u r n towards the baseline
status (Fig. 5). However, as o p p o s e d to only l o o k i n g at overall species richness, as was done w i t h
r a r e f a c t i o n analysis, this analysis shows t h a t d i s c o n t i n u a t i o n o f a n t i b i o t i c s resulted in a c o m m u n i t y
s t r u c t u r e t h a t was m o r e s i m i l a r to the baseline community, b u t still d i s t i n c t . Again, e x a m i n a t i o n
o f the p h y l o g e n y c o n s t r u c t e d in Figure 1 s u p p o r t s this c o n c l u s i o n . For example, in a d d i t i o n
to the lack o f r e a p p e a r a n c e o f Bifidobacteria, in the Day 28 l i b r a r y there was a p r o p o r t i o n a t e l y
greater a m o u n t o f B. fragilis a n d C l o s t r i d i a l group XIVa organisms and an u n d e r r e p r e s e n t a t i o n
o f C l o s t r i d i a l g r o u p IV o r g a n i s m s c o m p a r e d to Day o.

In Figure 5, two d e n d r o g r a m s are shown, d e m o n s t r a t i n g t h e effect o f c h a n g i n g O T U defini­
tions on analysis. In the first analysis, all sequences that s h a r e d ~97% sequence i d e n t i t y were
c o n s i d e r e d to b e l o n g to a given O T U . In the second analysis, the O T U c u t o f f was decreased to
~ 80% s e q u e n c e i d e n t i t y . As s t a t e d before, this roughly c o r r e s p o n d s to the c o n v e n t i o n a l "species"
and "family" t a x o n o m i c divisions. A l t h o u g h c h a n g i n g O T U d e f i n i t i o n s will alter the calculated
B r a y - C u r t i s d i s t a n c e , the r e l a t i o n s h i p b e t w e e n the c o m m u n i t i e s remains similar in t h a t the Day
o a n d Day 28 c o m m u n i t i e s are most similar and divergent from the Day 4 c o m m u n i t y . A l t h o u g h
w h e n c o n s i d e r i n g r R N A - e n c o d i n g gene s e q u e n c e alone, O T U d e f i n i t i o n may a p p e a r to be
s o m e w h a t arbitrary, it can b e c o m e i m p o r t a n t when c o n s i d e r i n g ecosystem f u n c t i o n . It has been
n o t e d t h a t a l t h o u g h there appears to be significant diversity a m o n g the gut m i c r o b i o t a at the level
o f species a n d s t r a i n , t h e r e is relatively l i t t l e divergence at deep p h y l o g e n e t i c d i v i s i o n s . v ' ? It has
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Figure 5. D e n d r o g r a m s i l l u s t r a t i n g the r e l a t i o n s h i p s b e t w e e n the three 165 l i b r a r i e s from the
a n t i b i o t i c - a s s o c i a t e d d i a r r h e a p a t i e n t . Based on OTU a s s i g n m e n t (at t w o levels, ~97% and
~80% s e q u e n c e i d e n t i t y ) the B r a y - C u r t i s distance m e t r i c was c a l c u l a t e d and then a U P G M A
d e n d r o g r a m c o n s t r u c t e d . For both OTU d e f i n i t i o n s , the Day 0 ( p r e - a n t i b i o t i c ) and Day 28 (2
weeks after a n t i b i o t i c a d m i n i s t r a t i o n was stopped) c o m m u n i t i e s were most similar.
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been h y p o t h e s i z e d t h a t this reflects s e l e c t i o n pressure to o c c u p y specific ecologic niches, w h i c h
in t u r n s r e q u i r e s c o n s e r v e d sets o f m e t a b o l i c f u n c t i o n s . I I

E c o l o g i c S t a t i s t i c a l A n a l y s i s as a M e a n s t o R e d u c e D a t a C o m p l e x i t y
Analysis t h a t involves c l u s t e r i n g o f c o m m u n i t i e s also serves to r e d u c e t h e c o m p l e x i t y o f large

datasets. A l t h o u g h in t h e c u r r e n t example only t h r e e c o m m u n i t i e s were c o m p a r e d , we have suc­
cessfully used this f o r m o f analysis to c o m p a r e 12 or m o r e i n d e p e n d e n t c o m m u n i t i e s p r o f i l e d by
165 clone l i b r a r y c o n s t r u c t i o n ( u n p u b l i s h e d data). O t h e r i n v e s t i g a t o r s have e m p l o y e d forms o f
d a t a r e d u c t i o n a n d c l u s t e r i n g analysis to examine large sets 165 r R N A - e n c o d i n g gene s e q u e n c e
data. M e t h o d s s u c h as p r i n c i p a l c o m p o n e n t analysis a n d p a r t i a l l e a s t - s q u a r e d regression can also
d e t e c t d i s t i n c t p a t t e r n s w i t h i n large d a t a s e t s . " E c k b u r g a n d c o l l e a g u e s r e c e n t l y p u b l i s h e d a large
165 survey o f h u m a n g u t m i c r o b i a l diversity in w h i c h t h e y used a m e t h o d t e r m e d d o u b l e p r i n ­
cipal c o o r d i n a t e s analysis, to e x a m i n e r e l a t i o n s h i p s b e t w e e n t h e c o l o n i c m i c r o b i o t a in d i f f e r e n t
i n d i v i d u a l s a n d in d i f f e r e n t a n a t o m i c s i t c s . v " Ley a n d c o l l e a g u e s e m p l o y e d yet a n o t h e r m e t h o d
t h a t c o m p a r e s m u l t i p l e phylogenies (and t h e r e f o r e does n o t d i r e c t l y s e q u e n c e divergence b e t w e e n
clones, n o t does it r e q u i r e the assignment o f sequences i n t o specific O T U s ) t o examine the r e l a t i o n ­
ships b e t w e e n the cecal r n i c r o b i o t a o f mice t h a t d i f f e r e d in l e p t i n g e n o r y p e . P ' "

The existence o f m u l t i p l e m e t h o d s for the c o m m u n i t y analysis r e s u l t i n g f r o m the r e t r i e v a l o f
165 r R N A - e n c o d i n g gene sequence data may suggest to s o m e t h a t it is d i f f i c u l t to o b t a i n reliable
"answers" from s u c h d a t a . However, a l t h o u g h some i n v e s t i g a t o r s m i g h t wish to argue as to w h i c h
type o f analysis m i g h t be the "best," in our experience, t h e use o f m u l t i p l e m e t h o d s o f analysis
provides c o m p l e m e n t a r y and ( f o r t u n a t e l y ) n o n c o n t r a d i c t o r y i n f o r m a t i o n a b o u t the r e l a t i o n s h i p s
b e t w e e n m u l t i p l e m i c r o b i a l c o m m u n i t i e s . In any case, it s h o u l d be s t r e s s e d t h a t we view m i c r o b i a l
c o m m u n i t y surveys in a m a n n e r a n a l o g o u s to e x p l o r a t o r y m i c r o a r r a y analysis. A great deal o f d a t a
is g e n e r a t e d , w h i c h n e e d s to be s i m p l i f i e d a n d once a n a l y z e d , t h e d a t a g e n e r a l l y do n o t p r o v i d e a
c l e a r - c u t answer, b u t allow the d e v e l o p m e n t o f specific, t e s t a b l e h y p o t h e s e s . The t e s t i n g o f s u c h
h y p o t h e s e s may r e q u i r e a d d i t i o n a l n o n c u l t u r e - b a s e d c o m m u n i t y analysis, b u t w h e n it comes to
t e s t i n g h y p o t h e s e s a b o u t m i c r o b i a l c o m m u n i t y f u n c t i o n , c u l t u r e - b a s e d analysis and b i o c h e m i c a l
analysis are likely to p r o v e necessary. For example, o u r w o r k on a n t i b i o t i c - a s s o c i a t e d d i a r r h e a has
lead to a f o l l o w u p c a s e - c o n t r o l s t u d y where we are a t t e m p t i n g t o c o r r e l a t e changes in the fecal
m i c r o b i a l c o m m u n i t y w i t h C. dijJicile-associated a n d n o n C. dijJicile-associated A A D . In o r d e r to
do this, c h a r a c t e r i z a t i o n o f the specific C. dijJicile s t r a i n s r e s p o n s i b l e for disease a n d a c t u a l d e t e r ­
m i n a t i o n o f fecal s h o r t - c h a i n f a t t y acid levels will be c o m p l e m e n t a r y to m i c r o b i a l c o m m u n i t y
analysis. A r e c e n t m e t a g e n o m i c analysis o f h u m a n feces s u g g e s t e d t h a t t h e r e was an a b u n d a n c e
o f b a c t e r i a l genes i n v o l v e d in the p r o d u c t i o n o f s h o r t - c h a i n f a t t y acids, especially b u t y r a t e kinase,
f u r t h e r s u g g e s t i n g t h a t it is i m p o r t a n t to c o n d u c t e x p e r i m e n t s t o t e s t t h e f u n c t i o n a l significance
o f this finding." It has been p r o p o s e d t h a t it is b e s t t o p u r s u e a b a l a n c e d a p p r o a c h , i n v o l v i n g
b o t h large i n f o r m a t i o n -driven m e t h o d s a n d classical m i c r o b i a l a n d b i o c h e m i c a l m e t h o d s to fully
u n d e r s t a n d m i c r o b i a l c o m m u n i t y f u n c t i o n . t "

S u m m a r y
The c o m p l e x c o m m u n i t y o f m i c r o b e s t h a t i n h a b i t s t h e m a m m a l i a n g u t is p a r t o f an i n t r i c a t e

e c o s y s t e m t h a t involves the m i c r o b e s , the h o s t e p i t h e l i u m a n d t h e h o s t i m m u n e system. The
analysis o f large, c o m p l e x m i c r o b i a l c o m m u n i t i e s has b e e n r e v o l u t i o n i z e d by t h e d e v e l o p m e n t o f
c u l t u r e - i n d e p e n d e n t m e t h o d s t h a t take a d v a n t a g e o f t h e h i g h t h r o u g h p u t D N A s e q u e n c e - d r i v e n
t e c h n i q u e s t h a t m a d e w h o l e - g e n o m e analysis possible. The use o f these t e c h n i q u e s can p r o v i d e a
d e t a i l e d d e t e r m i n a t i o n o f the s t r u c t u r e o f the gut m i c r o b i a l c o m m u n i t y a n d h o w this s t r u c t u r e can
be a l t e r e d by disease states. An u n d e r s t a n d i n g o f s t r u c t u r e can lead to h y p o t h e s e s a b o u t c o m m u n i t y
f u n c t i o n t h a t can be t e s t e d by an i n t e g r a t e d a p p r o a c h u t i l i z i n g s e q u e n c e - b a s e d t e c h n i q u e s c o u p l e d
w i t h classical m i c r o b i o l o g i c , b i o c h e m i c a l a n d i m m u n o l o g i c analysis. I t is likely t h a t such studies will
lead to a g r e a t e r u n d e r s t a n d i n g o f t h e r e l a t i o n s h i p we have w i t h t h e c o m m u n i t y o f m i c r o b e s t h a t
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i n h a b i t s o u r b o d i e s . H o p e f u l l y , t h i s u n d e r s t a n d i n g will lead t o n o v e l m e t h o d s for t h e p r e v e n t i o n
a n d t r e a t m e n t o f diseases t h a t r e s u l t f r o m d i s t u r b a n c e s in t h i s m u t u a l i s t i c s y m b i o s i s .
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Effects o f M i c r o b i o t a on GI Health:
G n o t o b i o t i c Research
R o b e r t D o u g W a g n e r *

A b s t r a c t

T h e c o m p l e x i n t e r a c t i o n s b e t w e e n the GI tract m i c r o b i o t a a n d the i m m u n e system can be
s i m p l i f i e d for s t u d y using g n o t o b i o t i c animal models. The i m p o r t a n c e o f c y t o k i n e s , such
as IFN-y, T N F - a . , TGF-[3, I n t e r l e u k i n - 2 , IL-4 and IL-lO in the host response to i n t e s t i n a l

b a c t e r i a has b e e n e v a l u a t e d using g n o t o b i o t i c studies. G n o t o b i o t i c experiments w i t h i m m u n o ­
d e f i c i e n t animals have revealed insights into the r e l a t i o n s h i p s b e t w e e n innate, c e l l - m e d i a t e d a n d
a n t i b o d y - m e d i a t e d i m m u n e system c o m p o n e n t s in resistance to i n f e c t i o u s m i c r o o r g a n i s m s . The
d e v e l o p m e n t a n d m a t u r a t i o n o f the i m m u n e system is d e p e n d e n t on the presence o f some mem­
bers o f the i n t e s t i n a l m i c r o b i o t a , The commensal m i c r o o r g a n i s m s , in t u r n , are d e p e n d e n t on the
e n v i r o n m e n t a n d n u t r i e n t s p r o v i d e d by the GI t r a c t o f the host. G n o t o b i o t i c studies are s t a r t i n g to
reveal h o w t h e m i c r o b i o t a influences oral t o l e r a n c e to d i e t a r y and c o m m e n s a l b a c t e r i a l antigens.
The i m m u n o m o d u l a t o r y effects o f m i c r o b i o t a and p r o b i o t i c s for i n f l a m m a t o r y bowel diseases
and t h e role o f b a c t e r i a in t h e i r etiologies are being s t u d i e d in g n o t o b i o t i c systems. Many aspects
o f the h o s t i n t e r a c t i o n w i t h t h e m i c r o b i o r a have been and will c o n t i n u e to be best addressed in
g n o t o b i o t i c e x p e r i m e n t a l models. This c h a p t e r reviews the c o n t r i b u t i o n s t h a t g n o t o b i o l o g y has
made to o u r u n d e r s t a n d i n g o f the m i c r o b i o t a and host GI tract h e a l t h .

I n t r o d u c t i o n
The large p o p u l a t i o n o f mixed bacteria, fungi and p r o t o z o a p r e s e n t in the GI tract from s h o r t l y

after a person's b i r t h t h r o u g h o u t life is involved in the d e v e l o p m e n t and h e a l t h o f the g a s t r o i n ­
t e s t i n a l ( G I ) tract. Collectively, this mixed p o p u l a t i o n o f m i c r o o r g a n i s m s has become k n o w n as
the e n t e r i c m i c r o b i o t a a n d in n u m b e r s o f cells it exceeds the p o p u l a t i o n o f the h u m a n cells o f the
GI tract. M u l t i p l e strains o f h u n d r e d s o f species o f m i c r o o r g a n i s m s live in a dynamic p o p u l a t i o n
in t h e m i c r o b i o t a a n d this complex ecosystem has been difficult to s t u d y experimentally. Several
d e f i n i t i o n s n e e d to be e s t a b l i s h e d for the r e m a i n d e r o f this discussion. G n o t o b i o l o g y is the experi­
m e n t a l d i s c i p l i n e o f using living model systems in w h i c h the i d e n t i t i e s o f all the organisms in the
system are k n o w n . This is generally achieved by s t a r t i n g with germfree h o s t animals t h a t are t h e n
c o l o n i z e d w i t h a d e f i n e d m i c r o b i o t a , Germfree animals become "associated" or c o l o n i z e d w i t h one
or more kinds o f m i c r o o r g a n i s m s readily when orally i n o c u l a t e d . ' Many e x p e r i m e n t s have been
c o n d u c t e d on m o n o a s s o c i a t e d animals t h a t are g n o t o b i o t i c for a single strain o f m i c r o b e living in
or on t h e m . I n a d v e r t e n t c o l o n i z a t i o n with m i c r o o r g a n i s m s is called c o n t a m i n a t i o n , r a t h e r t h a n
association. Research animals t h a t c o n t a i n the n a t u r a l m i c r o b i o r a a d a p t e d for residence in t h e i r
wild c o u n t e r p a r t s are k n o w n as c o n v e n t i o n a l animals and c o n v e n t i o n a l i z e d animals are formerly
germfree a n i m a l s c o l o n i z e d w i t h a wild-type m i c r o b i o t a . The use o f g n o t o b i o t i c a n i m a l models

' R o b e r t Doug W a g n e r - N a t i o n a l Center for T o x i c o l o g i c a l Research, M i c r o b i o l o g y D i v i s i o n ,
3900 NCTR Road, Jefferson, Arkansas 72079, USA. Email: doug.wagner@fda.hhs.gov

GI M i c r o b i o t a a n d R e g u l a t i o n o f the I m m u n e System, e d i t e d by G a r y B. Huffnagle
and Mairi C. Noverr. ©2008 Landes Bioscience a n d Springer Science+Business Media.
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has given us the c o n t r o l over variables n e e d e d to c o n d u c t e x p e r i m e n t s t h a t have revealed m u c h
a b o u t GI t r a c t d e v e l o p m e n t and h e a l t h .

G e r m f r e e animals, once called "living test t u b e s ' , ' are t h e basis o f g n o t o b i o t i c t e c h n o l o g y a n d
in the case o f p l a c e n t a l animals, t h e y are derived by cesarean s e c t i o n a n d m a i n t a i n e d by f o s t e r i n g
w i t h l a c t a t i n g g e r m f r e e m o t h e r s . G n o t o b i o t i c animals are h o u s e d in p l a s t i c i s o l a t o r s t h a t receive
air t h r o u g h h i g h efficiency filters t h a t exclude b a c t e r i a (Fig. 1A). S t e r i l i t y is m a i n t a i n e d in the
i s o l a t o r u n i t s by t r a n s f e r r i n g m a t e r i a l s i n t o t h e i s o l a t o r s f r o m s t e a m - s t e r i l i z e d t r a n s f e r boxes
(Fig. 1B). The i n t e s t i n a l m i c r o b i o t a consists o f a large n u m b e r o f c o m m e n s a l m i c r o o r g a n i s m s
t h a t i n t e r a c t w i t h the h o s t in n u m e r o u s ways. The c o m m e n s a l r e l a t i o n s h i p is so i n t i m a t e t h a t t h e
r n i c r o b i o t a is i n v o l v e d in the p r o p e r d e v e l o p m e n t o f h o s t G I t r a c t tissues. The closeness o f t h e
r e l a t i o n s h i p b e t w e e n the m i c r o b i o r a a n d the h o s t is e x e m p l i f i e d by t h e role t h e m i c r o b i o t a play
in the d e v e l o p m e n t a n d m a i n t e n a n c e o f the l y m p h o i d tissues a s s o c i a t e d w i t h t h e g a s t r o i n t e s t i n a l
tract. A r e l a t i o n s h i p b e t w e e n i n f l a m m a t o r y diseases a n d t h e GI t r a c t m i c r o b i o t a has l o n g been
s u s p e c t e d a n d g n o t o b i o t i c research is s t a r t i n g to reveal valuable i n f o r m a t i o n a b o u t these h e a l t h
problems. G n o t o b i o t i c studies o p e n new insights i n t o t h e c o l o n i z a t i o n o f b a c t e r i a in the m i c r o b i o t a
a n d i n t o t h e n a t u r e o f i n f e c t i o u s e n t e r i c diseases. A diverse m i c r o b i o t a resists a d d i t i o n o f o t h e r
m i c r o o r g a n i s m s from p e r s i s t i n g in t h e m i c r o b i a l p o p u l a t i o n a n d t h i s p r o c e s s often involves t h e
h o s t i m m u n e system. This c h a p t e r w i l l h i g h l i g h t the c o n t r i b u t i o n s m a d e by g n o t o b i o t i c research
to u n d e r s t a n d i n g t h e dynamics o f t h e G I t r a c t r n i c r o b i o r a a n d h o s t defenses in h e a l t h a n d disease.
Table 1 c o n t a i n s a list o f t h e s t u d i e s reviewed in the f o l l o w i n g s e c t i o n s .

I m m u n o d e f i c i e n t G n o t o b i o t i c M o d e l s
H o s t defense at t h e i n t e r f a c e o f t h e G I t r a c t e p i t h e l i u m a n d t h e l u m e n is a c o m p l e x system con­

sisting o f cells from m o s t o f the i m m u n o l o g i c a l lineages a n d also o f cells t h a t are u n i q u e l y l o c a t e d
in t h e gut a s s o c i a t e d l y m p h o i d tissues ( G A L T ) . G n o t o b i o t i c e x p e r i m e n t s allow s i m p l i f i c a t i o n
o f the e x p e r i m e n t a l models by e l i m i n a t i n g the variables c a u s e d by b a c t e r i a l g r o w t h , m e t a b o l i s m
a n d i n f e c t i o n . The use o f i m m u n o d e f i c i e n t animals can s i m p l i f y t h e variables arising from t h e
h o s t system. Initially, i m m u n o d e f i c i e n t g n o t o b i o t i c m o d e l s using a n i m a l s w i t h n a t u r a l i m m u n e
system m u t a t i o n s were very h e l p f u l for s t u d y i n g G I t r a c t i n f e c t i o n s . The n a t u r a l m u t a n t mice h a d
vaguely d e f i n e d g e n e t i c a l t e r a t i o n s t h a t caused g e n e r a l d e b i l i t a t i o n o f p a r t s o f t h e i m m u n e system.
W h e n gene t a r g e t i n g t e c h n o l o g y was a p p l i e d to mice, t r a n s g e n i c a n i m a l s d e f i c i e n t in t h e f u n c t i o n
o f specific genes o f t h e i m m u n e system c o u l d be t e s t e d . These m o d e l s b e c a m e o u t s t a n d i n g tools
for d i s s e c t i n g t h e i m m u n e response to m i c r o b i o t a o r g a n i s m s a n d i n v a d i n g p a t h o g e n s or t r a n s i e n t
o r g a n i s m s in t h e GI t r a c t .

I m m u n o l o g i c a l m u t a n t g n o t o b i o t i c mice were extensively s t u d i e d in E d w a r d Balish's l a b o r a t o r y
using a m o d e l o f G I t r a c t c o l o n i z a t i o n a n d i n f e c t i o n by t h e d i m o r p h i c f u n g u s Candida albicans.
W h e n B A L B I c n u d e ( n u l nu) mice having d y s f u n c t i o n a l a c q u i r e d i m m u n i t y were r n o n o a s s o c i ­
a t e d w i t h C. albicans, t h e i r mucosal tissues ( g a s t r o i n t e s t i n a l a n d v a g i n a l t r a c t s ) were i n f e c t e d w i t h
m o s t l y yeast forms o f t h e fungus.' N e o n a t a l mice were clear o f C. albicans in t h e i r GI tracts u n t i l
11-15 days after b i r t h , s u g g e s t i n g p r o t e c t i o n from c o l o n i z a t i o n by m a t e r n a l a n t i b o d i e s . A d u l t a n d
n e o n a t a l n u / n u mice were relatively r e s i s t a n t to m u c o s a l c a n d i d i a s i s even w i t h o u t T - c e l l - m e d i a t e d
i m m u n i t y . The d a t a s h o w the i m p o r t a n c e o f i n n a t e i m m u n i t y for p r o t e c t i o n from m u c o s a l can­
didiasis. O t h e r l a b o r a t o r i e s have also t a k e n a d v a n t a g e o f t h e g n o t o b i o t i c n u / n u mouse m o d e l
to s t u d y t r a n s l o c a t i o n o f b a c t e r i a in i m m u n o d e f i c i e n t a n i m a l s . T r a n s l o c a t i o n is the passage o f
b a c t e r i a from t h e i n t e s t i n a l l u m e n across the i n t e s t i n a l e p i t h e l i a l cell m o n o l a y e r to m e s e n t e r i c
l y m p h n o d e s a n d o t h e r i n t e r n a l o r g a n s . T r a n s l o c a t i o n o f Bifidobacterium longum o c c u r r e d in
m o n o a s s o c i a t e d B A L B I c n u l + a n d n u / n u mice. 3 The n u / n u mice c l e a r e d B. longum f r o m t h e i r
i n t e r n a l o r g a n s o n l y after r e c o n s t i t u t i o n w i t h i m m u n e cells f r o m n u l + mice. I m m u n o g l o b u l i n
IgA was n o t p r o d u c e d in n u / n u mice, s h o w i n g t h a t t r a n s l o c a t i o n o f t h e b a c t e r i a was c o n t r o l l e d
by T - c e l l - r e g u l a t e d h u m o r a l i m m u n i t y .

The T - c e l l d e f i c i e n t n u d e mice were m a t e d w i t h " b e i g e " mice d e f i c i e n t in i n n a t e p h a g o c y t i c
cell f u n c t i o n s to yield a more i m m u n o d e f i c i e n t b g l b g - n u / n u s t r a i n o f mice. Candida albicans
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Figure 1. F l e x i b l e f i l m isolators used in g n o t o b i o t i c e x p e r i m e n t s . A) A modern f l e x i b l e f i l m
i s o l a t o r w i t h racked c a g i n g p r o v i d e s space to m a i n t a i n rodents in germfree or g n o t o b i o t i c
a s s o c i a t i o n . B) A s t e a m - s t e r i l i z e d transfer box w i t h a p o l y e s t e r f i l m closure is used w i t h a
p o l y v i n y l sleeve and c h e m i c a l s t e r i l i z i n g agent to transfer s u p p l i e s i n t o the isolator.

m o n o a s s o c i a t i o n c a u s e d m u c o s a l c a n d i d i a s i s in i m m u n o d e f i c i e n t bg/bg-nu/nu, b u t n o t b g / b g , or
h e t e r o z y g o u s - n u d e b g / b g - n u / + a n d n u l + mice." E n h a n c e d s u s c e p t i b i l i t y t o o r o g a s t r i c c a n d i d i a s i s
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Table 1. G n o t o b i o t i c animal s t u d i e s o f GI t r a c t h e a l t h

Subject of Study

Host responses to mucosal and
systemic fungal i n f e c t i o n s
T r a n s l o c a t i o n of b a c t e r i a

Effects on oral t o l e r a n c e by ETEC E. coli
T h r o m b o t i c m i c r o a n g i o p a t h y by ETEC E. coli
Gastric acid effects on H. pylori i n f e c t i o n
A n t i b o d y e f f e c t s on t r a n s l o c a t i o n
Intestinal E. coli reduces i n f l a m m a t i o n in
S. enterica i n f e c t i o n s
A n t i - i n f l a m m a t o r y e f f e c t s of S. enterica v a c c i n e
A n t i m i c r o b i a l p e p t i d e s in m i c r o b i a l antagonism
Bacterial i n d u c t i o n o f c a l p r o t e c t i n
A n g i o g e n i n 4 i n d u c t i o n by B. t h e t a i o t a o m i c r o n
P r o b i o t i c p r o t e c t i o n of i m m u n o d e f i c i e n t mice

P r o b i o t i c p r o t e c t i o n w i t h h e a t - k i l l e d bacteria

I m m u n o s t i m u l a t i o n by h e a t - k i l l e d l a c t o b a c i l l i
A n t i - i n f l a m m a t o r y e f f e c t s of p r o b i o t i c s
P r o b i o t i c s i n d u c e oral t o l e r a n c e
P r o b i o t i c suppression of S. enterica i n f e c t i o n
Enhanced a n t i b o d y response to C. albicans by
p r o b i o t i c b a c t e r i a
M u c o u s p r o d u c t i o n i n d u c e d by m i c r o b i o t a
M i c r o b i o t a i n d u c e d M A L T d e v e l o p m e n t
M i c r o b i o t a p r o m o t e s d e v e l o p m e n t of
Peyer's patches
H. m u r i d a r u m i n d u c e d c o l i t i s model of IBD

IgA secreting cell i n d u c t i o n by SFB
C o l i t i s m o d e l i n d u c e d by SFB + B.

vulgatus + d e x t r a n su Ifate
M i c r o b i o t a suppress c o l i t i s - a s s o c i a t e d T-cells

S p e c i f i c b a c t e r i a i n d u c e c o l i t i s in IL-2- 1 - mice

S p e c i e s

I m m u n o d e f i c i e n t
m i c e
I m m u n o d e f i c i e n t
m i c e
H M A m i c e
M i c e
M i c e
Rats
M i c e

Pigs
Rats
Pigs
M i c e
I m m u n o d e f i c i e n t
m i c e
I m m u n o d e f i c i e n t
m i c e
M i c e
Rats
M i c e
M i c e
I m m u n o d e f i c i e n t
m i c e
M i c e , Rats
Pig
M i c e , Rats

I m m u n o d e f i c i e n t
m i c e
M i c e
I m m u n o d e f i c i e n t
m i c e
I m m u n o d e f i c i e n t
m i c e
I m m u n o d e f i c i e n t
m i c e

Ref

2-19

20

21
22
2 3 , 2 4
25
26

27
28
29
30
3 1 , 3 2

33

34
35
36
38
39

40
41
42, 43

48

49
50, 52

51

54

A b b r e v i a t i o n s : Ref. = references, ETEC = e n t e r o t o x i g e n i c E. coli, H M A = human m i c r o b i o t a - a s s o c i ­
ated, E. coli = Escherichia coli, H. pylori = H e l i c o b a c t e r pylori, S. enterica = Salmonella enterica, B.
t h e t a i o t a o m i c r o n = B a c t e r o i d e s t h e t a i o t a o m i c r o n , C. albicans = C a n d i d a albicans, H. m u r i d a r u m
= H e l i c o b a c t e r m u r i d a r u m , B. vulgatus = Bacteroides vulgatus, IBD = i n f l a m m a t o r y b o w e l disease,
SFB = segmented f i l a m e n t o u s bacteria

r e q u i r e d r e d u c t i o n o f b o t h i n n a t e a n d a c q u i r e d i m m u n e f u n c t i o n s . C a n d i d a a l b i c a n s m o n o a s s o ­
c i a t i o n o f b g / b g - n u / n u mice led t o lethal systemic c a n d i d i a s i s o f e n d o g e n o u s o r i g i n . ' The m o d e l
p r o v i d e d a m e a n s to s t u d y the course o f lethal t r a n s l o c a t i o n o f C. a l b i c a n s f r o m the GI t r a c t t o

i n t e r n a l o r g a n s . Previously, systemic candidiasis was m o d e l e d in mice by tail vein i n j e c t i o n o f l a r g e
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n u m b e r s o f f u n g a l cells. Candida albicans m o n o a s s o c i a t e d b g / b g - n u / + m i c e d e v e l o p e d specific
T - c e l l a n d a n t i b o d y r e s p o n s e s , w h i c h s h o w e d t h a t a c q u i r e d i m m u n i t y was s u f f i c i e n t to p r o t e c t
s u s c e p t i b l e m i c e f r o m c a n d i d i a s i s even w h e n t h e y h a d d y s f u n c t i o n a l i n n a t e i m m u n i t y . R e g a r d l e s s
o f t h e severe i m m u n o d e f i c i e n c y i m p a r t e d by t h e beige a n d n u d e m u t a t i o n s , C. albicans r n o n o a s ­
s o c i a t e d b g / b g , n u / n u a n d bg/bg-nu/nu mice were all r e s i s t a n t to v a g i n a l c a n d i d i a s i s . "

A n o t h e r n a t u r a l m u t a t i o n in mice is severe c o m b i n e d i m m u n o d e f i c i e n c y ( S C I D ) , w h i c h is
c h a r a c t e r i z e d by a l a c k o f f u n c t i o n s a s s o c i a t e d w i t h a c q u i r e d i m m u n i t y . I n t r a p e r i t o n e a l i n j e c t i o n o f
c y c l o p h o s p h a m i d e ( p h a g o c y t o s i s i n h i b i t o r ) i n c r e a s e d s u s c e p t i b i l i t y o f C. albicans m o n o a s s o c i a t e d
S C I D m i c e t o m u c o s a l c a n d i d i a s i s , s h o w i n g t h a t i n n a t e i m m u n i t y is a d e q u a t e for p r o t e c t i o n a n d
p h a g o c y t i c n e u t r o p h i l i c l e u k o c y t e s are i m p o r t a n t for m u c o s a l r e s i s t a n c e t o C. a l b i c a n s , '

A n i m a l m o d e l s a b l a t e d o f specific t y p e s o f i m m u n e cells were m a d e by t r e a t m e n t s w i t h m o n o ­
c l o n a l a n t i b o d i e s . M i c e w i t h t h e " b e i g e " d e f e c t in p h a g o c y t i c cell f u n c t i o n a n d h e t e r o z y g o u s for
t h e " n u d e " d e f e c t in T - c e l l f u n c t i o n ( b g / b g nul+), b u t n o t h o m o z y g o t e s (bg/bg-nu/nu), h a d
C D 4 + T - c e l l s in Peyer's p a t c h e s a n d spleens w i t h i n t e r l e u k i n - 2 ( I L - 2 ) p r o d u c t i o n a n d p r o l i f e r a t i v e
r e s p o n s e s t o C. albicans a n t i g e n s . " T h e b g / b g - n u l + mice b e c a m e m o r e s u s c e p t i b l e t o m u c o s a l C.
albicans i n f e c t i o n s w h e n t h e y were i n j e c t e d w i t h m o n o c l o n a l a n t i b o d i e s t o t h e C D 4 l y m p h o c y t e
a n t i g e n . I n t r a p e r i t o n e a l i n j e c t i o n s o f m o n o c l o n a l a n t i b o d i e s to IL- 2 a n d i n t e r f e r o n - y ( I F N - y ) d i d
n o t r e d u c e r e s i s t a n c e , s u g g e s t i n g t h a t r e d u n d a n t m e c h a n i s m s o f p r o t e c t i o n were n o t d e p e n d e n t
o n t h e c y t o k i n e s . T r e a t m e n t w i t h I L - 2 a n d I F N - y d i d n o t e n h a n c e r e s i s t a n c e o f t h e bg/bg-nu/nu
mice, c o n f i r m i n g t h a t t h e y d i d n o t have T - c e l l s t h a t c o u l d be a c t i v a t e d by t h e c y t o k i n e s . I F N - y
is i m p o r t a n t for a c t i v a t i o n o f c y t o t o x i c Tvcells, w h i c h a c c o u n t for m u c h o f t h e c e l l - m e d i a t e d im­
m u n i t y t h a t p r o t e c t s i m m u n o c o m p e t e n t m i c e f r o m C. albicans i n f e c t i o n . T h e i n a b i l i t y to m o u n t
a c q u i r e d i m m u n e r e s p o n s e s in n u / n u m i c e was also c o n f i r m e d by t h e i n a b i l i t y to d e v e l o p l y m p h o ­
c y t e p r o l i f e r a t i o n a n d f o o t p a d s w e l l i n g r e s p o n s e s to a n t i g e n s , " T h e v a l u e o f m o n o c l o n a l a n t i b o d y
a b l a t i o n o f specific c y t o k i n e s was also i l l u s t r a t e d u s i n g t h e g n o t o b i o t i c S C I D mice. T r e a t m e n t o f
C. albicans m o n o a s s o c i a t e d C B - 1 7 S C I D mice w i t h p o l y (I.e), w h i c h i n d u c e s i n t e r f e r o n p r o d u c ­
t i o n , i n c r e a s e d s u s c e p t i b i l i t y t o e x p e r i m e n t a l ( i n t r a v e n o u s c h a l l e n g e ) a n d s y s t e m i c c a n d i d i a s i s
o f e n d o g e n o u s ( o r a l c h a l l e n g e ) o r i g i n . ' ? The s u s c e p t i b i l i t y to c a n d i d i a s i s was r e v e r s e d by in vivo
n e u t r a l i z a t i o n o f I F N - a , 13 a n d y w i t h m o n o c l o n a l a n t i b o d i e s .

W h e n g e n e - t a r g e t e d s p e c i f i c " k n o c k o u t " mice b e c a m e available, g n o t o b i o t i c c a n d i d i a s i s sus­
c e p t i b i l i t y s t u d i e s w e r e c o n d u c t e d o n t h e m . The i m p o r t a n c e o f several r e g u l a t o r y c y t o k i n e s in
h o s t r e s p o n s e s t o p a t h o g e n s was e v a l u a t e d w i t h specific g e n e - t a r g e t e d k n o c k o u t mice. G e r m f r e e
I n t e r l e u k i n (IL ) - 1 0 a n d I L - 4 k n o c k o u t m i c e were as r e s i s t a n t to m u c o s a l c a n d i d i a s i s afier m o n o ­
a s s o c i a t i o n w i t h C. albicans as were i m m u n o c o m p e t e n t c o n t r o l s . ' ! T h e I L - l O k n o c k o u t mice
were m o r e r e s i s t a n t a n d t h e I L - 4 k n o c k o u t mice were m o r e s u s c e p t i b l e t o e x p e r i m e n t a l s y s t e m i c
c a n d i d i a s i s than c o n t r o l m i c e . This s t u d y r e v e a l e d t h a t levels o f e x p r e s s i o n o f I L - I 0 a n d I L - 4 are
m o r e i m p o r t a n t in r e s i s t a n c e t o s y s t e m i c c a n d i d i a s i s than in m u c o s a l c a n d i d i a s i s . I n t e r f e r o n - y
k n o c k o u t mice m o n o a s s o c i a t e d w i t h C. albicans d e v e l o p e d severe m u c o s a l c a n d i d i a s i s , had ' I h - - r y p e
I g G t s e r u m a n t i b o d y r e s p o n s e s a n d w e r e m o r e s u s c e p t i b l e t o i n t r a v e n o u s c h a l l e n g e s y s t e m i c
c a n d i d i a s i s t h a n n o r m a l m i c e . " W h e n t h e m u r i n e h o m o l o g o f t h e I L - 8 r e c e p t o r gene o f h u m a n s
was d i s a b l e d in B A L B I c m i c e , ' ? g e r m f r e e B A L B I c IL-8Rh-I- m i c e were m o r e s u s c e p t i b l e t h a n im­
m u n o c o m p e t e n t c o n t r o l m i c e to o r a l o r s y s t e m i c c h a l l e n g e w i t h C. albicans. R e d u c e d r e s p o n s e s
by p o l y m o r p h o n u c l e a r cells w e r e d e t e c t e d t h a t shows t h e i m p o r t a n c e o f I L - 8 R h gene e x p r e s s i o n
in p r o t e c t i o n o f m i c e f r o m c a n d i d i a s i s .

G e n e - t a r g e t e d k n o c k o u t s o f i m m u n o l o g i c a l cell types were also s t u d i e d u n d e r g n o t o b i o t i c
c o n d i t i o n s . T h e J HD s t r a i n o f B - c e l i k n o c k o u t mice was as r e s i s t a n t to o r o g a s t r i c a n d d i s s e m i n a t e d
c a n d i d i a s i s o f e n d o g e n o u s o r i g i n ( o r a l c h a l l e n g e ) as i m m u n o c o m p e t e n t c o n t r o l m i c e . " T h e J HD
mice w e r e also r e s i s t a n t to s y s t e m i c c a n d i d i a s i s i n i t i a t e d by i n t r a v e n o u s c h a l l e n g e . This s h o w s t h a t
i n n a t e a n d T - c e l l m e d i a t e d i m m u n i t y p r o t e c t s mice f r o m c a n d i d i a s i s i n d e p e n d e n t l y o f h u m o r a l
i m m u n i t y . Mice w i t h t h e 132-microglobulin gene k n o c k e d out are deficient in m a j o r h i s t o c o m p a t i b i l i t y
class I a n t i g e n e x p r e s s i o n a n d i n T C R a W T-cells. 15 A l t h o u g h t h e y c o u l d m o u n t an a n t i b o d y
r e s p o n s e a f t e r m o n o a s s o c i a t i o n w i t h C. albicans, t h e y were s u s c e p t i b l e t o s y s t e m i c c a n d i d i a s i s o f
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e n d o g e n o u s o r i g i n . They were, however, r e s i s t a n t to i n t r a v e n o u s c h a l l e n g e systemic c a n d i d i a s i s .
T h e r e f o r e , t h e d a t a suggest t h a t T C R a W C D 8 a W T - c e l l s are n e c e s s a r y for d e v e l o p m e n t o f
p r o t e c t i v e i m m u n i t y t o C. albicans by oral i n o c u l a t i o n .

Some mice are made i m m u n o d e f i c i e n t by i n s e r t i o n m u t a g e n e s i s o f h u m a n genes i n t o t h e i r
m u r i n e analogs. I n s e r t i o n o f h o m o l o g o u s h u m a n genes i n t o t h e D N A o f r o d e n t s often a b r o g a t e s
t h e f u n c t i o n o f the r o d e n t gene, as s h o w n in a s t u d y o f t r a n s g e n i c rats w i t h h u m a n H L A - B 2 7
a n d [32-microglobulin t h a t were very s u s c e p t i b l e t o i n f e c t i o n by L i s t e r i a m o n o c y t o g e n e s c o m p a r e d
to n o r m a l r a t s . " A n o t h e r mouse m o d e l was made t h a t a b r o g a t e d T - c e l l a n d N K cell f u n c t i o n s
by i n t r o d u c t i o n o f a h u m a n C D 3 e gene i n t o the m o u s e g e n o m e . These mice are t y p i c a l o f m a n y
t r a n s g e n i c strains t h a t fail to thrive in a c o n v e n t i o n a l e n v i r o n m e n t , b u t thrive u n d e r germfree c o n d i ­
t i o n s (Fig. 2). T r a n s g e n i c epsilon 26 ( T g e 2 6 ) mice w i t h d e f e c t i v e CD3e- T-cells (lack T-cells a n d
N K cells expressing C D 3 accessory molecules) were very s u s c e p t i b l e t o o r o e s o p h a g e a l c a n d i d i a s i s
when m o n o a s s o c i a t e d w i t h C. albicans. 17 The mice were r e s i s t a n t t o i n t r a v e n o u s c h a l l e n g e systemic
c a n d i d i a s i s s h o w i n g t h e i m p o r t a n c e o f N K a n d T-cells for p r o t e c t i o n o f mice from C. a l b i c a n s
i n t r o d u c e d t h r o u g h the g a s t r o i n t e s t i n a l t r a c t . [3-Defensin m R N A e x p r e s s i o n was c o m p a r e d in C.
a l b i c a n s m o n o a s s o c i a t e d C 5 7 B L / 6 a n d T g e 2 6 mice. 18 The t r a n s g e n i c mice, t h o u g h d e f i c i e n t in
T-cells, were capable o f i n d u c t i o n of[3-defensins 1 , 3 a n d 4 w h e n m o n o a s s o c i a t e d w i t h C. a l b i c a n s .
The i m m u n o c o m p e t e n t C 5 7 B L / 6 mice h a d m o r e [3-defensin 4 e x p r e s s e d in gastric tissues t h a n
t h e t r a n s g e n i c mice.

The T g t 2 6 m o u s e m o d e l was also used to s t u d y a c t i v a t i o n o f C. a l b i c a n s v i r u l e n c e - a s s o c i a t e d
genes. 19 E x p r e s s i o n o f s e c r e t o r y a s p a r t y l p r o t e i n a s e a n d p h o s p h o l i p a s e B genes by C. albicans in
i m m u n o c o m p e t e n t a n d i m m u n o d e f i c i e n t mice was m e a s u r e d to a s c e r t a i n i f h o s t i m m u n e s t a t u s
affects e x p r e s s i o n o f these v i r u l e n c e f a c t o r s . In t r a n s g e n i c mice t h a t are d e f i c i e n t in T a n d N K
cell a c t i v i t y a n d in mice t h a t are d e f i c i e n t in n i t r i c o x i d e a n d p h a g o c y t e o x i d a s e p r o d u c t i o n , n o

Figure 2. G e r m f r e e c o n d i t i o n s s u p p o r t i m m u n o d e f i c i e n t m i c e t h a t fail to t h r i v e u n d e r c o n ­
v e n t i o n a l c o n d i t i o n s . The mouse at the top is a one year o l d f e m a l e T g e 2 6 h u m a n m i c r o b i o ­
t a - a s s o c i a t e d mouse t h a t displays s t u n t e d g r o w t h , r u f f l e d c o a t and a t u m o r b e l o w the jaw. The
l o w e r m o u s e is an e x a m p l e of a h e a l t h i e r one year o l d f e m a l e T g e 2 6 g e r m f r e e mouse.
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d i f f e r e n c e s in v i r u l e n c e gene t r a n s c r i p t i o n were o b s e r v e d . These specific g n o t o b i o t i c m o d e l s
i m p r o v e d o u r u n d e r s t a n d i n g o f the complex i n t e r a c t i o n s o f various c o m p a r t m e n t s o f the i m m u n e
system in h o s t defense a g a i n s t C. albicans i n f e c t i o n s .

I m m u n o l o g i c a l E f f e c t s o f G I Tract I n f e c t i o n s in G n o t o b i o t i c A n i m a l s
Systemic i n f e c t i o n s may ofien start at the p o i n t t h a t infectious microbes translocate from the GI

tract to t h e i n t e r n a l tissues. T r a n s l o c a t i o n rates o f enteric bacteria were measured in T-cell-deficient
g e r m f r e e B A L B I c "nude" n u / n u m i c e " Facultative Gram-negative bacteria t r a n s l o c a t e d at greater
rates t h a n facultative G r a m - p o s i t i v e bacteria, w h i c h t r a n s l o c a t e d more t h a n obligate anaerobic
Bacteroides spp.,Fusobacterium spp. andBifidobacterium spp.These results suggest t h a t the n o r m a l
m i c r o b i o t a , w h i c h consists mostly o f obligate anaerobes, has the lowest rate o f t r a n s l o c a t i o n a n d re­
quires t h e l e a s t degree o f c o n t r o l by the mucosal i m m u n e system. A change in the m i c r o b i o t a favor­
ing g r o w t h o f G r a m - n e g a t i v e bacteria w o u l d p r o b a b l y cause increased bacterial t r a n s l o c a t i o n .

G n o t o b i o t i c s t u d i e s have revealed insights i n t o the i n t e r a c t i o n s o f the m i c r o b i o t a a n d v i r u l e n t
Escherichia coli, especially e n t e r o t o x i g e n i c ( E T E C ) E. coli. I m m u n o l o g i c a l tolerance can b e c o m e
e s t a b l i s h e d to m a n y p r o t e i n s when they are ingested by mice w i t h i n t e s t i n a l m i c r o b i o t a . The
h e a t - l a b i l e e n t e r o t o x i n o f E. coli can a b r o g a t e oral tolerance to some p r o t e i n s . " In the study, hu­
man m i c r o b i o t a a s s o c i a t e d mice had significantly suppressed IgG, IgG 1, IgG2a and IgE responses
to o v a l b u m i n t h a t was c o - i n t r o d u c e d w i t h e n t e r o t o x i n t o t h e mice. Thus, the d o n o r h u m a n
m i c r o b i o t a c o n t a i n e d b a c t e r i a t h a t could suppress the effect o f e n t e r o t o x i n . C o n v e n t i o n a l mice
were also h y p o - r e s p o n s i v e to o v a l b u m i n b u t E. coli m o n o a s s o c i a t e d mice were responsive to it.
These results imply t h a t some, but n o t all kinds o f bacteria can p r o m o t e oral tolerance even in the
p r e s e n c e o f e n t e r o t o x i n . Early association w i t h a complete m i c r o b i o t a d u r i n g p o s t n a t a l develop­
m e n t is i m p o r t a n t for t o l e r a n c e i n d u c t i o n . G e r m f r e e piglets were orally i n f e c t e d w i t h Shiga toxin
2 - p r o d u c i n g E . coli 0 1 5 7 : H 7 or 0 2 6 : H l l , w h i c h caused t h e m to e x h i b i t s y m p t o m s o f t h r o m ­
botic m i c r o a n g i o p a t h y in the kidneys, analogous to the h u m a n d i s e a s e . " This is the first r e p o r t
from t h i s a n i m a l m o d e l o f the h u m a n p a t h o p h y s i o l o g y o f e n t e r o h e m o r r h a g i c E. coli i n f e c t i o n s ,
as c o n v e n t i o n a l swine are n o t k n o w n to e x h i b i t this disease.

A c o m p l e t e m i c r o b i o t a complicates the study o f i n d i v i d u a l b a c t e r i a in vivo, b u t c o m p l i c a t i o n s
caused by e x p e r i m e n t a l a n i m a l behavior needs to be c o n s i d e r e d also. G e r m f r e e mice were used
in a s t u d y because t h e c o p r o p h a g i c n a t u r e o f c o n v e n t i o n a l mice keep t h e i r stomachs c o l o n i z e d
w i t h a diverse m i c r o b i o t a t h a t prevents a clear o b s e r v a t i o n o f t r o p i s m by i n d i v i d u a l species like
Helicobaaerpylori i n t o specific ecological niches in the gastric mucosa. 23 The a u t h o r s o f the l a t t e r
paper u s e d F V B / N mice, w h i c h express a f r a g m e n t o f d i p h t h e r i a toxin A in t h e i r H + I K + ATPase
gene, causing a b l a t i o n o f gastric parietal cells. The H p 1 strain was a d h e r e n t to the j u n c t i o n b e t w e e n
the f o r e - s t o m a c h a n d z y m o g e n i c region o f the n o r m a l c o n t r o l mouse stomach, analogous to the
cardial r e g i o n o f t h e h u m a n s t o m a c h e p i t h e l i u m . The bacteria avoided the a n t r u m a n d zymogenic
regions o f the s t o m a c h . The l o c a t i o n had favorable c o n d i t i o n s o f p H a n d low enzyme levels a n d
also the p r e s e n c e o f n e u r a m i n i c a c i d - a 2 , 3 - g a l a c t o s e - f H , 4 - g l y c a n s , w h i c h are b o u n d by b a c t e r i a l
adhesins. The s t o m a c h s o f i n f e c t e d mice h a d diffuse gastritis a n d l y m p h o i d aggregates. The lym­
p h o i d aggregates c o n t a i n e d elevated levels o f expression o f genes associated w i t h i n f l a m m a t o r y T
and B-cells, N K cells, m a c r o p h a g e s and d e n d r i t i c cells. The t r a n s g e n i c mice had more g e n e r a l i z e d
i n f e c t i o n s o f t h e s t o m a c h e p i t h e l i u m , showing t h a t p a r i e t a l cell activity discourages H pylori H p 1
g r o w t h in n o r m a l mice. A n o t h e r study i l l u s t r a t e d how a c i d - p r o d u c i n g p a r i e t a l cells are i m p o r t a n t
in H pylori p a t h o g e n e s i s . G n o t o b i o t i c t r a n s g e n i c mice deficient in gastric acid p r o d u c t i o n t h a t
mimic t h e c h r o n i c a t r o p h i c gastritis disease m o n o a s s o c i a t e d w i t h H pylori were tested for the level
o f t r a n s m i s s i o n o f H pylori from i n f e c t e d to u n i n f e c t e d a n i m a l s . " Some t r a n s m i s s i o n o f H pylori
o c c u r r e d b e t w e e n mice w i t h a c h l o r h y d r i a s u p p o r t i n g the h y p o t h e s i s t h a t the low acid p r o d u c i n g
state o f c h i l d r e n may make t h e m more susceptible to i n f e c t i o n .
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G n o t o b i o t i c S t u d i e s o f M i c r o b i a l A n t a g o n i s m
The G I t r a c t m i c r o b i o t a has a p r o f o u n d effect o n one's s u s c e p t i b i l i t y to i n f e c t i o n by p a t h o g e n i c

o r g a n i s m s a n d viruses. W h e n t h e m i c r o b i o t a i n h i b i t s t h e c o l o n i z a t i o n , g r o w t h , o r v i r u l e n c e o f a
p a t h o g e n it is e x e r t i n g m i c r o b i a l a n t a g o n i s m . Several m e c h a n i s m s a p p e a r to a c c o u n t for the effect
o f m i c r o b i a l a n t a g o n i s m , also called c o l o n i z a t i o n resistance o r t h e " b a r r i e r effect". This s e c t i o n will
focus o n t h e m e c h a n i s m s o f m i c r o b i a l a n t a g o n i s m a s s o c i a t e d w i t h t h e i m m u n e system.

M a n y s t u d i e s have b e e n c o n d u c t e d to d e t e r m i n e h o w t h e m i c r o b i o t a i n t e r a c t s w i t h the h o s t
m u c o s a l i m m u n e system to p r e v e n t p a t h o g e n s from c o l o n i z i n g t h e G I t r a c t . O b l i g a t e a n a e r o b e s
a p p e a r to r e d u c e t r a n s l o c a t i o n o f facultative anaerobes in t h e i n t e s t i n e s . " I n d u c t i o n o f specific a n d
cross-reactive a n t i b o d i e s may be i n v o l v e d in t h i s process. A g n o t o b i o t i c s t u d y u s e d rats a s s o c i a t e d
w i t h E. coli a n d Peptostreptococcus sp. t h a t h a d r e d u c e d b a c t e r i a l t r a n s l o c a t i o n o f E. coli c o m p a r e d
to E. coli m o n o a s s o c i a t e d r a t s . " T i t e r s o f a n t i b o d i e s to t h e E. coli a n d c r o s s - r e a c t i v e w i t h the o t h e r
species, were also i n c r e a s e d by the p r e s e n c e o f Peptostreptococcus sp. in t h e rats.

C o l l a t e r a l d a m a g e f r o m i n f l a m m a t o r y responses i n c r e a s e s t h e s e v e r i t y o f G I t r a c t diseases.
The p r e s e n c e o f some b a c t e r i a in the G I t r a c t can m o d u l a t e the s e v e r i t y o f an i n f l a m m a t o r y re­
sponse. Escherichia coli m o n o a s s o c i a t e d mice s u r v i v e d b e t t e r t h a n g e r m f r e e m i c e c h a l l e n g e d w i t h
Salmonella e n t e r i c a Serovar T y p h i m u r i u r n . v The E. coli m o n o a s s o c i a t e d m i c e h a d more i n t a c t
m u c o s a l surfaces a n d fewer i n f l a m m a t o r y signs, such as e d e m a , c e l l u l a r i n f i l t r a t i o n a n d h y p e r e m i a .
The n u m b e r s o f S. e n t e r i c a cells in t h e i n t e s t i n e s were n o t d e c r e a s e d , i n d i c a t i n g t h a t r e d u c e d
i n f l a m m a t i o n was the p r i n c i p l e reason for i n c r e a s e d s u r v i v a l o f t h e g n o t o b i o t i c mice. G e r m f r e e
pigs a n d pigs m o n o a s s o c i a t e d w i t h an a v i r u l e n t s t r a i n o f Salmonella sp. were c h a l l e n g e d w i t h
v i r u l e n t S. e n t e r i c a serovar T y p h i m u r i u m , disease was s c o r e d a n d ileal c y t o k i n e p r o d u c t i o n was
m e a s u r e d . " The p r e s e n c e o f the a v i r u l e n t s t r a i n a l l e v i a t e d severe s y s t e m i c s a l m o n e l l o s i s , i n d u c e d
the ileal p r o d u c t i o n o f I L - 8 a n d r e d u c e d the p r o d u c t i o n o f I L - I I 3 , I L - l 0 a n d T N F - a in r e s p o n s e
to the v i r u l e n t s t r a i n . These c y t o k i n e p r o f i l e s suggest t h a t t h e h o s t r e s p o n s e to t h e a v i r u l e n t s t r a i n
was less i n f l a m m a t o r y , i n d u c i n g less c o l l a t e r a l tissue d a m a g e .

The p r o d u c t i o n o f b a c t e r i o c i n s a n d o t h e r a n t i m i c r o b i a l p e p t i d e s by m i c r o b i o t a b a c t e r i a are
also p a r t o f the m i c r o b i a l a n t a g o n i s m p h e n o m e n o n . A t r y p s i n - d e p e n d e n t s u b s t a n c e p r o d u c e d by
P e p t o s t r e p t o c o c c u s sp. in m o n o a s s o c i a t e d rats i n h i b i t e d i n t e s t i n a l c o l o n i z a t i o n by Clostridium per­
fringens. 28 A n t i m i c r o b i a l p e p t i d e s are also p r o d u c e d by t h e h o s t a n d t h e y may be s t i m u l a t e d by the
m i c r o b i o t a . For example, differences in plasma c a l p r o t e c t i n levels were c o m p a r e d b e t w e e n germfree,
E. coli 0 8 6 , E. coli s t r a i n Nissle 1917 a n d e n t e r o p a t h o g e n i c E. coli 0 5 5 m o n o a s s o c i a t e d pigs. 2 9 T h e

presence o f E. coli Nissle 1917 increased small i n t e s t i n e l u m i n a l c a l p r o t e e t i n levels a n d r e d u c e d the
severity o f disease, suggesting that the t h e r a p e u t i c effects o f E. coli Nissle 1 9 1 7 o n i n f l a m m a t o r y bowel
disease may occur by i n t e s t i n a l mucosal i m m u n o s t i m u l a t i o n w i t h c a l p r o t e c t i n s e c r e t i o n . A n o t h e r
class o f a n t i m i c r o b i a l p e p t i d e s is the angiogenins. P a n e t h cells from Bacteroides t b e t a i o t a o m i c r o n
m o n o a s s o c i a t e d mice p r o d u c e a n g i o g e n i n 4, w h i c h is b a c t e r i c i d a l t o Enterococcus faecalis a n d Listeria
monocytogenes, b u t n o t to Listeria i n n o c u a , E. coli K12, o r B. t h e t a i o t a o m i c r o n / "

The c o n c e p t o f m i c r o b i a l a n t a g o n i s m has made it to t h e m a r k e t p l a c e in t h e f o r m o f " p r o b i o t i c s " .
P r o b i o t i c s are live m i c r o b i a l d i e t a r y s u p p l e m e n t s i n g e s t e d w i t h t h e i n t e n t i o n o f i n c r e a s e d m i c r o b i a l
a n t a g o n i s m a n d o t h e r h e a l t h b e n e f i t s . P r o b i o t i c s c o u l d be v e r y u s e f u l a d j u n c t s to o t h e r t h e r a p i e s
for p r o t e c t i o n o f i m m u n o d e f i c i e n t p a t i e n t s . The safety o f t h e s e b a c t e r i a for t h e i m m u n o d e f i c i e n t
c o n s u m e r n e e d s to be e s t a b l i s h e d . We c o n d u c t e d a series o f e x p e r i m e n t s in g n o t o b i o t i c i m m u n o ­
d e f i c i e n t mice to e v a l u a t e safety o f i n d i v i d u a l species o f p r o b i o t i c b a c t e r i a . We also i n v e s t i g a t e d t h e
capacity o f the p r o b i o t i c s to p r o t e c t i m m u n o d e f i c i e n t mice f r o m c a n d i d i a s i s . I m m u n o d e f i c i e n t bgl
b g - n u / + a n d b g / b g - n u / n u mice were m o n o a s s o c i a t e d w i t h Lactobacillus acidophilus,Lactobacillus
reuteri, Bifidobacterium ( f o r m e r l y a n i m a l is ) lactis B b - 1 2 , o r Lactobacillus ( f o r m e r l y casei) rbamno­
sus GG.31 The mice were orally c h a l l e n g e d w i t h C albicans, w h i c h i n f e c t s t h e t o n g u e , e s o p h a g u s
a n d s t o m a c h o f these mice. Survival a n d i n c i d e n c e o f d i s s e m i n a t e d c a n d i d i a s i s o f e n d o g e n o u s
o r i g i n were s i g n i f i c a n t l y r e d u c e d in the i m m u n o d e f i c i e n t m i c e t h a t were c o l o n i z e d w i t h any o f
the p r o b i o t i c b a c t e r i a . The e x p e r i m e n t s s h o w t h a t t h y m i c , e x t r a t h y m i c a n d n o n - i m m u n o l o g i c a l
m e c h a n i s m s are i n v o l v e d in resistance o f mice to C. albicans i n f e c t i o n s .
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We have f o u n d t h a t safety a n d efficacy o f p r o b i o t i c b a c t e r i a species vary b e t w e e n s t r a i n s .
N e o n a t a l i m m u n o d e f i c i e n t b g / b g - n u / n u mice were s u s c e p t i b l e t o m o r t a l i t y from L. reuteri, or L.
rbamnosus G G u n d e r g n o t o b i o t i c c o n d i t i o n s . " N e o n a t a l mice m o n o a s s o c i a t e d w i t h L. acidopbi­
Ius or B. lactis B b - 1 2 d i d n o t succumb. Since t h e r e is some risk o f i n f e c t i o n by viable p r o b i o t i c
b a c t e r i a in i m m u n o d e f i c i e n t hosts, the a b i l i t y o f h e a t - k i l l e d L. acidophilus or L. rhamnosus G G
to p r o t e c t i m m u n o d e f i c i e n t b g / b g - n u / n u and b g / b g - n u / + mice f r o m oral C. albicans c h a l l e n g e
was i n v e s t i g a t e d . " Severity o f o r o g a s t r i c c a n d i d i a s i s lesions was r e d u c e d in b o t h s t r a i n s o f mice
by b o t h s t r a i n s o f h e a t - k i l l e d lactobacilli. B o t h p r e p a r a t i o n s p r o t e c t e d b g / b g - n u / + mice f r o m
d i s s e m i n a t e d c a n d i d i a s i s up to 4 weeks after c h a l l e n g e . The h e a t - k i l l e d L. acidopbilus, b u t n o t
h e a t - k i l l e d L . rhamnosus G G i n h i b i t e d d i s s e m i n a t e d c a n d i d i a s i s in b g / b g - n u / n u mice for 2 weeks
after challenge. A n o t h e r study using i m m u n o c o m p e t e n t mice s h o w e d t h a t h e a t - k i l l e d L . acidophilus
m o n o a s s o c i a t e d m i c e c o u l d clear i n t r a v e n o u s l y i n j e c t e d E. coli f r o m i n t e r n a l o r g a n s b e t t e r t h a n
g e r m f r e e m i c e . " This is f u r t h e r evidence t h a t p r o b i o t i c b a c t e r i a can act as i m m u n o s t i m u l a n t s
t h a t i m p a r t r e s i s t a n c e c h a r a c t e r i s t i c s against p a t h o g e n i c b a c t e r i a a n d t h e s t i m u l a t i o n does n o t
necessarily r e q u i r e viable b a c t e r i a .

P r o b i o t i c b a c t e r i a appear to have anti - i n f l a m m a t o r y or i m m u n o m o d u l a t i n g p r o p e r t i e s as well as
i m m u n o s t i m u l a t o r y p r o p e r t i e s . In a r e c e n t study, rats were m o n o a s s o c i a t e d w i t h Bifidobacterium
adolescentis or Bacteroides thetaiotaomicron a n d fecal 19A, IgG a n d s e c r e t o r y IgA (sIgA) were
m e a s u r e d by e n z y m e - l i n k e d i m m u n o s o r b e n t assay," Bifidobacterium adolescentis d i d n o t i n d u c e
s e r u m i m m u n o g l o b u l i n p r o d u c t i o n b u t fecal sIgA was i n d u c e d . The i m m u n o g l o b u l i n r e s p o n s e
to B. t h e t a i o t a o m i c r o n was r e d u c e d by the presence o f t h e p r o b i o t i c B. adolescentis. This irnrnu­
n o m o d u l a t i n g e f f e c t o f p r o b i o t i c b a c t e r i a was i l l u s t r a t e d f u r t h e r by t h e i r a b i l i t y to i n d u c e oral
t o l e r a n c e to a n t i g e n challenge. Mice m o n o a s s o c i a t e d w i t h Lactobacillus paracasei, Lactobacillus
jobnsonii, or B.lactis Bb-12 were assessed for t o l e r a n c e i n d u c t i o n to b o v i n e /3-lactoglobulin in whey
p r o t e i n s fed to mice i n j e c t e d s u b c u t a n e o u s l y w i t h / 3 - l a c t o g l o b u l i n . 36 H u m o r a l and cellular i m m u n e
responses ( s e r u m IgE, I g G I , I g G 2 a a n d p h y t o h e m a g g l u t i n i n - i n d u c e d s p l e n o c y t e p r o l i f e r a t i o n )
were s u p p r e s s e d m o r e in c o n v e n t i o n a l m i c r o b i o t a - a s s o c i a t e d mice t h a n in the m o n o a s s o c i a t e d
mice. The m o n o a s s o c i a t e d mice h a d more s u p p r e s s i o n o f i m m u n e r e s p o n s e s t h a n t h e g e r m f r e e
mice. Lactobacillus paracasei s u p p r e s s e d i m m u n e r e s p o n s e s ( i n d u c e d o r a l t o l e r a n c e ) b e t t e r t h a n
B. lactis B b - 1 2 o r L. johnsonii. M o n o a s s o c i a t i o n o f mice w i t h L. acidopbilus or L. casei d o u b l e d
the n u m b e r s o f i n t e s t i n a l i n t r a e p i t h e l i a l l y m p h o c y t e s (IEL).37 H o w e v e r , t h e p h e n o t y p e s o f I E L
after m o n o a s s o c i a t i o n o f t h e mice were Thy 1.2- C D 3 + C D 4 -CD8+, t h e same as in t h e g e r m f r e e
mice, s h o w i n g t h a t t h e b a c t e r i a d i d n o t c h a n g e t h e a c t i v a t i o n s t a t u s o f t h e IEL. The failure o f
these Lactobacillus spp. to i n d u c e e x p a n s i o n o f Thy 1.2+ cells may be an i n d i c a t i o n o f h o w t h e
i m m u n e r e s p o n s e may be m o d u l a t e d by the p r e s e n c e o f these b a c t e r i a . Perhaps, e x p a n s i o n o f Thy
1.2- T-cells i n h i b i t s e x p a n s i o n o f m o r e reactive Thy 1.2+ T. cells. Bifidobacterium Iongum m o n o ­
a s s o c i a t e d mice a n d c o n v e n t i o n a l mice were c h a l l e n g e d w i t h S. enterica serovar T y p h i m u r i u m
a n d 40% o f m o n o a s s o c i a t e d mice survived w h e n g e r m f r e e mice d i d n o t . " A s i g n i f i c a n t l y g r e a t e r
n u m b e r o f c o n v e n t i o n a l mice fed B. Iongum in m i l k s u r v i v e d 28 days after S. enterica challenge
t h a n c o n v e n t i o n a l mice n o t fed the p r o b i o t i c . P r o t e c t i o n was n o t a f f o r d e d by r e d u c t i o n o f S.
enterica p o p u l a t i o n s , b u t p r o b a b l y by r e d u c t i o n o f i n f l a m m a t i o n .

O n e way g n o t o b i o t i c e x p e r i m e n t s have s h o w n t h a t p r o b i o t i c b a c t e r i a m o d u l a t e i m m u n e re­
sponses t o p a t h o g e n s is by i n c r e a s e d a n t i b o d y responses, or changes in p r o d u c t i o n o f specific anti­
b o d y i s o t y p e s . P r o b i o t i c b a c t e r i a L . acidophllus.L, reuteri.L. rhamnosus G G andBifidobacterium
infantiswere m o n o a s s o c i a t e d i n t o i m m u n o d e f i c i e n t b g l b g - n u / n u a n d b g / b g - n u / + m i c e . " Specific
a n t i b o d y responses to b a c t e r i a l a n t i g e n s a n d C. albicans a n t i g e n s were d e t e c t e d after oral chal­
lenge w i t h C. albicans. The presence o f B. infantis e n h a n c e d IgG I, I g G 2 a a n d 19A p r o d u c t i o n to
C. albicans a n t i g e n s . Some IgG 1 a n d IgG2a p r o d u c t i o n was i n d u c e d by t h e p r o b i o t i c b a c t e r i a
in b g / b g - n u / n u mice. The s t u d y shows t h a t e n t e r i c b a c t e r i a can affect specific and n o n s p e c i f i c
a n t i b o d y p r o d u c t i o n to p a t h o g e n s like C. albicans.
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M i c r o b i o t a E f f e c t s o n G u t A s s o c i a t e d L y m p h o i d T i s s u e A r c h i t e c t u r e
The a r c h i t e c t u r e o f the GI t r a c t is complex and specialized for r e s p o n d i n g to microbes and

antigens in t h e gut. Figure 3 is an i l l u s t r a t i o n o f several parts o f the GI tract villus s t r u c t u r e and
the Peyer's p a t c h e s o f t h e G A L T t h a t will help us navigate t h r o u g h the discussion in this sec­
tion. Mucous p r o d u c t i o n by i n t e s t i n a l goblet cells is i m p o r t a n t for GI tract h e a l t h . The mucous
provides p r o t e c t i o n for t h e e p i t h e l i a l cell layer o f the GI tract a n d also provides an e n v i r o n m e n t
for the m i c r o b i o t a . G e r m f r e e r o d e n t s p r o d u c e fewer and smaller goblet cells than rodents w i t h
c o n v e n t i o n a l m i c r o b i o t a , an i n d i c a t i o n t h a t the m i c r o b i o t a i n d u c e s d e v e l o p m e n t o f i n t e s t i n a l
a r c h i t e c t u r e . " I n c r e a s e d m u c o u s p r o d u c t i o n o c c u r r e d in c o n v e n t i o n a l mice and rats c o m p a r e d
with germfree mice a n d rats. The m i c r o b i o t a has an i n t i m a t e r e l a t i o n s h i p w i t h the host, w h i c h
has a d a p t e d to r e s p o n d to t h e m i c r o b i a l presence by a d j u s t m e n t o f the GI t r a c t a r c h i t e c t u r e in
the form o f i n c r e a s e d m u c o u s p r o d u c t i o n . This a r r a n g e m e n t is a classic example o f a commensal
a r r a n g e m e n t . The r n i c r o b i o t a receives an ideal ecological niche i n mucous a n d the host gets p r o ­
t e c t i o n from t r a n s i e n t b a c t e r i a in the gut.

G n o t o b i o t i c pigs were used as a m o d e l o f mucosal-associated l y m p h o i d tissues ( M A L T ) de­
v e l o p m e n t in h u m a n s . " H i s t o l o g y o f f e t u s e s showed t h a t M A L T is d e v e l o p e d i n the pigs at b i r t h .
Fully d e v e l o p e d M A L T i n t h e s t o m a c h was observed in n e o n a t a l pigs. Pigs d o n ' t have m a t e r n a l

V i l l u s

l a m i n a
P r o p r i a

< , IEL

rsc
I

C r y p t

\
P a n e t h Cell

P e y e r " s P a t c h

F o l l i c l e s

Figure 3. G u t - a s s o c i a t e d l y m p h o i d tissues at the GI t r a c t l u m e n . The i n t e s t i n a l v i l l u s consists
of a layer of i n t e s t i n a l e p i t h e l i a l cells ( l E e ) and i n t r a e p i t h e l i a l l y m p h o c y t e s (IEL) s u r r o u n d i n g a
core c a l l e d the l a m i n a p r o p r i a that contains l y m p h o c y t e s , d e n d r i t i c cells (DC) and l y m p h a t i c
sinuses (L). A c r y p t at the base o f a villus c o n t a i n s IEC, IEL, m u c o u s - s e c r e t i n g g o b l e t cells and
paneth cells that secrete a n t i m i c r o b i a l peptides. The Peyer's patches are s p e c i a l i z e d l y m p h o i d
regions of the i n t e s t i n a l e p i t h e l i u m . Their l u m i n a l surface is the f o l l i c u l a r - a s s o c i a t e d e p i t h e l i u m
(FAE), w h i c h c o n t a i n s IEC, IEL and s p e c i a l i z e d " M " cells that sample antigens f r o m the i n t e s t i n a l
lumen. F o l l i c l e s f o r m b e n e a t h the FAE that c o n t a i n a c c u m u l a t i o n s of l y m p h o c y t e s . Follicles
c o n t a i n i n g e x p a n d i n g c l o n e s of B-cells are g e r m i n a l centers. T cell areas c o n t a i n T-cells and
m o n o n u c l e a r cells i n c l u d i n g d e n d r i t i c cells. The presence of b a c t e r i a in the gut l u m e n increases
the numbers of IEL and g o b l e t cells in the e p i t h e l i a l m o n o l a y e r , the numbers of d e n d r i t i c cells
in the i n t e s t i n a l l a m i n a p r o p r i a and germinal centers in the Peyer's patches.
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i m m u n o g l o b u l i n t r a n s f e r t h r o u g h the p l a c e n t a , so p r e n a t a l d e v e l o p m e n t o f m u c o s a l defenses is
necessary for the survival o f these animals. By the time o f b i r t h , pigs have all the necessary com­
p o n e n t s in t h e i r s t o m a c h G A L T for d e v e l o p m e n t o f an i m m u n e response. The s t o m a c h G A L T is
n o t as d i s t i n c t l y s t r u c t u r e d as the G A L T o f the small i n t e s t i n e s . The s t o m a c h G A L T in the fetal
pigs c o n t a i n s follicle-like l y m p h o i d aggregates, diffuse m o n o n u c l e a r i n f i l t r a t e s analogous to the
p a r a c o r t e x ( T - c e l l areas) o f m o r e o r g a n i z e d l y m p h o i d tissues a n d i n t r a e p i r h e l i a l l y m p h o c y t e s t h a t
execute h o s t responses to m i c r o b e s .

As the first line o f defense against i n v a d i n g p a t h o g e n s , the i m m u n o l o g i c a l tissues o f the G I
t r a c t are extensive a n d u n i q u e in cell c o m p o s i t i o n , tissue s t r u c t u r e a n d f u n c t i o n . G n o t o b i o t i c
s t u d i e s have r e v e a l e d roles for the GI t r a c t m i c r o b i o t a in the d e v e l o p m e n t and m a i n t e n a n c e
o f m u c o s a l i m m u n e tissues. The small i n t e s t i n e c o n t a i n s specialized l y m p h o i d tissue s t r u c t u r e s
called Peyer's p a t c h e s t h a t are sites o f a c c u m u l a t i o n and a c t i v a t i o n o f l y m p h o c y t e s t h a t r e s p o n d
to a n t i g e n s in t h e G I t r a c t . G n o t o b i o t i c e x p e r i m e n t s have s h o w n t h a t g e r m i n a l c e n t e r r e a c t i o n s
( o b s e r v a t i o n o f l y m p h o c y t e a c c u m u l a t i o n s in Peyer's patches) a n d specific IgA p r o d u c t i o n oc­
cur in mice m o n o a s s o c i a t e d w i t h m i c r o b i o t a - d e r i v e d species, like M o r g a n e l l a morganii. 4 2 The
process o f c o n v e n t i o n a l i z a t i o n o f germfree rats is associated w i t h l y m p h o c y t e a c c u m u l a t i o n in
f o l l i c l e - a s s o c i a t e d e p i t h e l i a l r e g i o n s o f t h e Peyer's p a t c h e s . v Before t h e l y m p h o c y t e s accumulate,
i m m a t u r e C D 4 + C D 8 6 - d e n d r i t i c cells are f o u n d in the FAE o f t h e Peyer's p a t c h e s . In germfree
rats, the m a t u r e C D 8 6 + d e n d r i t i c cells are f o u n d in i n r e r f o l l i c u l a r zones, b u t t h e n t h e y d i s a p p e a r
after c o n v e n t i o n a l i z a t i o n . I n t h e l a t t e r study, o r g a n i z e d follicular g e r m i n a l c e n t e r reactions did
n o t o c c u r in r e s p o n s e to m i c r o b i o t a antigens, even t h o u g h 19A s p e c i f i c i t y changed, showing t h a t
a T v c e l l - i n d e p e n d e n r r e s p o n s e coincides w i t h a T - c e l l - d e p e n d e n t o n e in the presence o f a com­
mensal m i c r o b i o t a . C o n v e n t i o n a l i z a t i o n causes d e n d r i t i c cells to d i s a p p e a r from FAE o f P e y e r ' s
p a t c h e s , w h i c h are r e p l a c e d by m o s t l y B and T-cells. C o n v e n t i o n a l i n t r a e p i t h e l i a l B-cells are
C D 8 6 + a n d FAE B-cells do n o t express Bcl-2, b u t follicular m a n t l e s c o n t a i n Bcl-Z" B - c e l l s . T h e s e
results reveal h o w the c o m p o s i t i o n o f P e y e r ' s p a t c h e s changes in r e s p o n s e to i n t i m a t e a s s o c i a t i o n
w i t h t h e m i c r o b i o t a .

C o m p a r i n g g e r m f r e e a n d c o n v e n t i o n a l mice, it was f o u n d t h a t the m i c r o b i o t a induces IgA
p r o d u c t i o n i n d e p e n d e n t l y o f T-cell help and this IgA i n d u c t i o n does n o t i n f l u e n c e serum IgG
levels." This shows t h a t a c c u m u l a t i o n o f localized mucosal i m m u n e responses may n o t trigger
systemic a n t i b o d y responses.

G n o t o b i o t i c s t u d i e s have revealed t h a t d e n d r i t i c cells in the l a m i n a p r o p r i a o f P e y e r ' s p a t c h e s
a n d m e s e n t e r i c l y m p h n o d e s are involved in t o l e r a n c e to self a n t i g e n s . " Refer to Figure 4 for an
i l l u s t r a t i o n o f the s t r u c t u r e o f m e s e n t e r i c l y m p h nodes. D e n d r i t i c cells l i n k e d to self-tolerance
generally p r o d u c e n o n s p e c i f i c esterase (NSE) and these cells are p r e s e n t in i n t e r f o l l i c u l a r and T c e l l
areas o f t h e m e s e n t e r i c l y m p h n o d e s and l a m i n a p r o p r i a o f P e y e r ' s p a t c h e s o f c o n v e n t i o n a l rats.
D e n d r i t i c cells l i n k e d to s e l f - t o l e r a n c e ( n o n s p e c i f i c e s t e r a s e - p r o d u c i n g d e n d r i t i c cells) are p r e s e n t
in i n t e r f o l l i c u l a r and T - c e l l areas o f the l a m i n a p r o p r i a o f Peyer's p a t c h e s a n d m e s e n t e r i c l y m p h
nodes o f c o n v e n t i o n a l rats. D e n d r i t i c cells are f o u n d only in the ileum and T-cell areas o f mesenteric
l y m p h n o d e s o f g e r m f r e e rats. The presence o f a m i c r o b i o t a is n o t necessary for m i g r a t i o n o f these
d e n d r i t i c cells i n t o i n t e s t i n a l l y m p h o i d tissues, suggesting t h a t s e l f - t o l e r a n c e m e c h a n i s m s are n o t
affected m u c h by the r n i c r o b i o t a , Apparently, the N S P d e n d r i t i c cells f u n c t i o n in germfree or
a s s o c i a t e d rats is to p h a g o c y t o s e a p o p t o t i c e p i t h e l i a l cells and p r e s e n t t h e i r antigens to T-cells in
s e c o n d a r y l y m p h o i d tissues for m a i n t e n a n c e o f self-tolerance.

R e g u l a t i o n o f o r a l t o l e r a n c e appears to be c e n t r a l i z e d to the Peyer's p a t c h e s . O r a l t o l e r a n c e
i n d u c t i o n was c o m p a r e d in g e r m f r e e , c o n v e n t i o n a l , or B. i n f a n t i s , E. coli, C. p e r f r i n g e n s , or
Staphylococcus aureus m o n o a s s o c i a t e d m i c e . " G e r m f r e e and C. p e r f r i n g e n s or S. aureus rnonoas­
s o c i a t e d mice h a d fewer Peyer's p a t c h e s in t h e i r small i n t e s t i n e s than c o n v e n t i o n a l or B. i n f a n t i s
or E. coli m o n o a s s o c i a t e d mice and t h e y had a c o r r e s p o n d i n g increase o f IgG I p r o d u c t i o n in
r e s p o n s e to o v a l b u m i n . The p r e s e n c e o f T - c e l l s in Peyer's p a t c h e s o f c o n v e n t i o n a l and B. i n f a n t i s
or E. coli m o n o a s s o c i a t e d mice was n e e d e d to i n d u c e oral t o l e r a n c e to t h e o v a l b u m i n a n t i g e n .
Given t h a t germfree mice a p p e a r to lack the a b i l i t y to i n d u c e o r a l t o l e r a n c e , these results suggest
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t h a t the p r e s e n c e o f c e r t a i n b a c t e r i a in t h e r n i c r o b i o t a are e s s e n t i a l for t h e r e c r u i t m e n t o f T - c e l l s
to the Peyer's p a t c h e s t h a t are involved in oral t o l e r a n c e i n d u c t i o n .

Based on c o n v e n t i o n a l animal studies, it was b e l i e v e d t h a t the BI class o f B - c e l l s was r e s p o n ­
sible for p r o d u c t i o n o f m u c h o f the IgA s e c r e t e d i n t o t h e G I t r a c t . G n o t o b i o t i c s t u d i e s w i t h M
morganii, Bacteroides distasonis or s e g m e n t e d f i l a m e n t o u s b a c t e r i a (SFB) m o n o a s s o c i a t e d mice
w i t h B I a n d B2 cell a l l o t y p i c c h i m e r a s p r o v e d t h a t B2 cells p r o d u c e m o s t o f t h e IgA r e s p o n s e to
t h e m i c r o b i o t a . " The g n o t o b i o t i c s t u d i e s w i t h g e n e t i c a l l y m o d i f i e d mice revealed i n s i g h t s t h a t
were n o t g a i n e d f r o m c o n v e n t i o n a l a n i m a l studies. I n d i v i d u a l species o f g u t - c o l o n i z i n g b a c t e r i a
i n d u c e a c t i v a t i o n o f g e r m i n a l c e n t e r r e a c t i o n s in Peyer's p a t c h e s a n d i n c r e a s e d IgA to specific
m i c r o b i a l a n r i g e n s . " B I and B2 cells, along w i t h h e l p e r T-cells are r e q u i r e d for these responses.
Helicobacter m u r i d a r u m - m o n o a s s o c i a t e d S C I D mice d e v e l o p an i n f l a m m a t o r y bowel disease-like
w a s t i n g s y n d r o m e by i n f i l t r a t i o n o f t h e large i n t e s t i n e by a c t i v a t e d C D / T-cells. R e g u l a t o r y
Tr, cells can a m e l i o r a t e the disease, as seen w h e n T t l cells are a d o p t i v e l y t r a n s f e r r e d f r o m H
m u r i d a r u m - m o n o a s s o c i a t e d i m m u n o c o m p e t e n t mice to g e r m f r e e S C I D mice, w h i c h activates
s y m p t o m s o f H m u r i d a r u m - i n d u c e d i n f l a m m a t o r y b o w e l disease. This w o r k is r e v e a l i n g n e w
i n f o r m a t i o n a b o u t s e l f - t o l e r a n c e a n d r e g u l a t i o n o f m u c o s a l i n f l a m m a t o r y responses.

Some b a c t e r i a species in the m i c r o b i o t a affect t h e s t r u c t u r e o f i n t e s t i n a l l y m p h o i d tissues m o r e
t h a n o t h e r s . Mice m o n o a s s o c i a t e d w i t h SFB were c o m p a r e d w i t h g e r m f r e e a n d c o n v e n t i o n a l
r n i c r o b i o t a mice for n u m b e r s o f l y m p h o c y t e s in the l a m i n a p r o p r i a o f i l e u m a n d c e c u m . " The
SFB m o n o a s s o c i a t e d mice had m o r e l y m p h o c y t e s a n d IgA s e c r e t i n g cells in t h e i r l a m i n a p r o p r i a
t h a n the g e r m f r e e mice.

I n H a m m a t o r y R e s p o n s e s t o t h e M i c r o b i o t a
M i c r o b i o t a b a c t e r i a have long b e e n s u s p e c t e d o f b e i n g i n v o l v e d in t h e e t i o l o g i e s o f i n f l a m m a ­

t o r y bowel diseases. The c o m p l e x i t y o f the n o r m a l m i c r o b i o r a has m a d e i t d i f f i c u l t to d e t e r m i n e
w h i c h b a c t e r i a s h o u l d receive more a t t e n t i o n for study. G n o t o b i o t i c s t u d i e s are s t a r t i n g to reveal
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D e n d r i t i c
c e l l s

l y m p h o c y t e s

FAE

A f f e r e n t l y m p h a t i c d u c t

8 c e l l a r e a
( C o r t e x )

M e d u l l a

E f f e r e n t l y m p h a t i c d u c t

Figure 4. S t r u c t u r e of a m e s e n t e r i c l y m p h node. A c a p s u l e s u r r o u n d s the f o l l i c u l a r - a s s o c i a t e d
e p i t h e l i u m (FAE) o f the l y m p h node. A f f e r e n t and e f f e r e n t l y m p h a t i c d u c t s p e n e t r a t e the capsule.
The B - c e l l area, or c o r t e x , c o n t a i n s g e r m i n a l c e n t e r s . T - c e l l s a c c u m u l a t e a m i d d e n d r i t i c cells
and o t h e r m o n o n u c l e a r cells in the p a r a c o r t e x . The m e d u l l a is a sinus t h a t d r a i n s the l y m p h
n o d e i n t o the e f f e r e n t l y m p h a t i c d u c t s . The p r e s e n c e o f b a c t e r i a in the g u t l u m e n increases
the n u m b e r s o f g e r m i n a l centers and the n u m b e r s o f IEL and d e n d r i t i c c e l l s in the FAE.
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i n s i g h t s i n t o t h e m i c r o b i a l c o m p o n e n t o f these diseases. Bacteroides vulgatus and S F B - a s s o c i a t e d
mice fed dextran sulfizte develop an i n t e s t i n a l i n f l a m m a t o r y response similar to ulcerative colitis. 50

W h e n these mice were coassociated w i t h Bifidobacterium breve, Bifidobacterium catenulatum and
B. Iongum i s o l a t e d from p a t i e n t s with ulcerative colitis, the severity o f i n f l a m m a t i o n i n d i c a t e d by
m y l e o p e r o x i d a e , o c c u l t b l o o d scores and i n t e s t i n a l IgA leakage markers was reduced. A c t i v a t e d
T-cells in b o n e m a r r o w t r a n s p l a n t e d i n t o germfree TgE26 i m m u n o d e f i c i e n t ( T a n d N K cell
f u n c t i o n s ) mice d i d n o t elicit colitis, b u t it did when the bone m a r r o w cells were t r a n s p l a n t e d
i n t o c o n v e n t i o n a l TgE26 m i c e . " W h e n fed d e x t r a n sulfate, c o n v e n t i o n a l S C I D mice, like immu­
n o c o m p e t e n t B A L B I c mice h a d i n t e s t i n a l i n f l a m m a t i o n similar to h u m a n i n f l a m m a t o r y bowel
d i s e a s e s , " G e r m f r e e S C I D mice did n o t develop i n t e s t i n a l i n f l a m m a t i o n after d e x t r a n sulfate
feeding. This s h o w e d t h a t the i n t e s t i n a l m i c r o b i o t a is involved in the d e v e l o p m e n t o f inflamma­
t o r y bowel disease i n d u c e d by d e x t r a n sulfate in mice. Being i m m u n o d e f i c i e n t for T a n d Bvcells,
the S C I D mice show t h a t t h e i n f l a m m a t o r y response to d e x t r a n sulfate is p a r t o f the i n n a t e im­
m u n e system, n o t t h e a c q u i r e d i m m u n e system. F o o d p r o t e i n s like w h e a t gliadins, w h i c h may be
m i m i c k e d by d e x t r a n sulfate, activate N F - K B - r e g u l a t e d c y t o k i n e p r o d u c t i o n , w h i c h activates a n d
extends c h r o n i c i n f l a m m a t i o n . A d d i t i o n a l cellular c o m p o n e n t s o f enteric bacteria appear to also
be involved in this process.

The presence o f a complex m i c r o b i o t a is usually associated w i t h reduced i n f l a m m a t o r y responses
to GI tract p a t h o g e n s . A l t h o u g h germfree mice have distinctly different GI m o r p h o l o g y and immu­
n o l o g i c a l c h a r a c t e r i s t i c s from s t r e p t o m y c i n - t r e a t e d c o n v e n t i o n a l mice, the p a t h o g e n e s i s and early
i n f l a m m a t o r y response were q u i t e similar after Salmonella sp. challenge. 53 However, cecal epithelial
damage was i n c r e a s e d a n d recovery was d i m i n i s h e d in the germfree mice. I m m u n e system defects
can lead to s i t u a t i o n s where the m i c r o b i o t a can exacerbate i n f l a m m a t o r y responses. Inrerleukin-Z>"
mice h a d no colitis in the germfree state, b u t a c q u i r e d colitis after c o n v e n t i o n a l i z a t i o n . 54 C o l i t i s
was i n d u c e d in I L - 2 - / - mice after m o n o a s s o c i a t i o n w i t h E . coli rnpk, b u t n o t after m o n o a s s o c i a ­
t i o n w i t h E. coli Nissle 1917 o r B. vulgatus. There were increases in m R N A p r o d u c t i o n o f I F N - y,
T N F - a , C D 14 a n d I L - l 0 associated with m o n o a s s o c i a t i o n by E. coli m p k in IL-2-/- mice. These
results suggest t h a t E. coli strains have variable abilities to m o d u l a t e i n f l a m m a t o r y responses in
i m m u n o c o m p r o m i s e d hosts.

N e w D i r e c t i o n s for G n o t o b i o t i c S t u d i e s o f t h e M i c r o b i o t a
a n d I m m u n i t y

G n o t o b i o t i c a n i m a l models have proven their w o r t h in studies o f the c o m p l i c a t e d i n t e r a c t i o n s
o f the GI t r a c t m i c r o b i o t a and mucosal i m m u n e system. I n t e r a c t i o n s o f defined m i c r o b i o t a w i t h
i m m u n e systems t h a t are deficient in specific genes are the c u r r e n t state o f the science. The u n i q u e
mucosal i m m u n e system is yielding to this t e c h n o l o g y answers to many q u e s t i o n s a b o u t r e g u l a t i o n
o f the h o s t response to c o m m e n s a l m i c r o o r g a n i s m s and how they affect the host. I n q u i r i e s i n t o the
c o n t r i b u t i o n s o f viruses, p r o t o z o a and fungi to m i c r o b i o t a - h o s t i n t e r a c t i o n s have o n l y b e g u n a n d
are a new f r o n t i e r for g n o t o b i o t i c research. Future research will c o n t i n u e to discover the mecha­
nisms b e h i n d o r a l t o l e r a n c e r e g u l a t i o n by the m i c r o b i o t a and how t h a t system can be a p p l i e d for
d e l i b e r a t e i m m u n o r e g u l a t i o n o f systemic immunity. The mechanisms t h a t l i m i t t r a n s l o c a t i o n o f
m i c r o o r g a n i s m s from the GI t r a c t still need to be worked o u t in g n o t o b i o t i c studies. Given the
diverse a n d c o m p l e x n a t u r e o f the i n t e s t i n a l m i c r o b i o t a , f u r t h e r advances in u n d e r s t a n d i n g a n d
d e v e l o p m e n t o f e x p e r i m e n t a l t e c h n i q u e s in microbial ecology will be d e p e n d a n t on g n o t o b i o l o g y .
The m e c h a n i s m s o f p r o b i o t i c effects on host i m m u n i t y still need to be d e t e r m i n e d a n d g n o t o b i o l ­
ogy will e x p e d i t e these f u t u r e studies. In spite o f the expense, r e q u i r e m e n t s for skilled workers and
time n e e d e d to execute g n o t o b i o t i c experiments, they will be r e q u i r e d in all the a f o r e m e n t i o n e d
d i s c i p l i n e s by the c o n t i n u e d c o m p l e x i t y o f the commensal r e l a t i o n s h i p s o f m i c r o b i o t a a n d host.

A c k n o w l e d g e m e n t s
The views p r e s e n t e d in this article do n o t necessarily reflect t h o s e o f the F o o d a n d D r u g

A d m i n i s t r a t i o n .
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C H A P T E R S

Positive Interactions with the Microbiota:
P r o b i o t i c s
M a r k o K a l l i o m a k i , * S e p p o S a l m i n e n and Erika I s o l a u r i

A b s t r a c t

ffi · g o r o u s r e s e a r c h in t h e field o f p r o b i o t i c s is a fairly new p h e n o m e n o n a l t h o u g h first
r e p o r t s a b o u t b e n e f i c i a l effects o f specific gut b a c t e r i a on h u m a n h e a l t h o r i g i n a t e d
ready a c e n t u r y ago. A p r e r e q u i s i t e for such a s c r u t i n y has b e e n a d e f i n i t i o n o f c r i t e r i a

for p r o b i o t i c s . Recently, novel m o l e c u l a r t e c h n o l o g i e s have c h a r a c t e r i z e d b o t h p o t e n t i a l targets
o f p r o b i o t i c a c t i o n , like g u t m i c r o b i o t a a n d e s t a b l i s h e d and c a n d i d a t e p r o b i o t i c strains in more
detail. We thus p r o p o s e here revised criteria for selection o f p r o b i o t i c s . In a d d i t i o n to several
p r o m i s i n g c l i n i c a l s t u d i e s e.g., in the p r e v e n t i o n a n d t r e a t m e n t o f a t o p i c eczema, c e r t a i n p r o b i ­
otics have b e e n f o u n d to m a i n t a i n i n t e s t i n a l e q u i l i b r i u m by e n h a n c i n g t h e gut mucosal b a r r i e r
via m a n i p u l a t i o n o f e x p r e s s i o n o f several t h e i r own and the host's genes. I n t r o d u c t i o n o f genetic
e n g i n e e r i n g has p r o v i d e d a d v a n c e d tools to a m e n d p r o b i o t i c s ' p r o p e r t i e s in the fight against
d i f f e r e n t i n f l a m m a t o r y c o n d i t i o n s .

I n t r o d u c t i o n
The first r e p o r t s a b o u t h e a l t h - p r o m o t i n g effects o f lactobacilli and b i f i d o b a c t e r i a , c u r r e n t l y

the two m o s t ofien used genera in p r o b i o t i c research, on h u m a n h e a l t h were p u b l i s h e d a c e n t u r y
ago. A French scientist Tissier r e c o m m e n d e d large doses o f b i f i d o b a c t e r i a for t r e a t m e n t o f i n f a n ­
tile d i a r r h o e a and a N o b e l laureate liya M e t c h n i k o f f working at Pasteur I n s t i t u t e suggested t h a t
l o n g e v i t y o r i g i n a t e s from a use o f lactic acid bacteria found in sour d a i r y p r o d u c t s . P The term
p r o b i o t i c was i n t r o d u c e d by Lilly and Stillwell four decades ago. They d e f i n e d p r o b i o t i c s as any
organism or substance, w h i c h c o n t r i b u t e s to the intestinal microbial balance in animals.' Nowadays,
the main a n d m o u n t i n g i n t e r e s t in p r o b i o t i c s is related t o h u m a n h e a l t h , as i n d i c a t e d by approxi­
mately 3 0 0 p e e r - r e v i e w e d articles and 60 l i t e r a t u r e reviews a b o u t the t o p i c d u r i n g the year 2005
alone. The h e a l t h benefits o f specific p r o b i o t i c s have been d e m o n s t r a t e d in several studies a n d a
n u m b e r o f a u t h o r s have a p p l i e d the meta-analysis m e t h o d for assessing such studies p r o v i d i n g
f u r t h e r i n f o r m a t i o n on efficacy.4-6This review will h i g h l i g h t c u r r e n t d e v e l o p m e n t s c o n c e r n i n g
the s e l e c t i o n o f p r o b i o r i c s , the role o f p r o b i o t i c viability for t h e i r a c t i o n a n d t h e i r p o t e n t i a l use
b o t h in i n f a n t ' s n u t r i t i o n a n d t r e a t m e n t a n d p r e v e n t i o n o f allergic diseases. We will also discuss
recent findings c o n c e r n i n g m o l e c u l a r mechanisrus o f p r o b i o t i c a c t i o n b o t h from the host's a n d
the bacterium's perspective. In a d d i t i o n , new areas o f p r o b i o t i c research, genetically c o n s t r u c t e d
strains a n d n u t r i d y n a m i c s , are briefly covered.

* C o r r e s p o n d i n g A u t h o r : M a r k o K a l l i o m a k i - D e p a r t m e n t of Paediatrics, U n i v e r s i t y of Turku,
PO Box 52, FIN-20521 Turku, Finland. Email: m a r k o . k a l l l o m a k i e e u t u . f

GI Microbiota a n d R e g u l a t i o n o f the I m m u n e System, e d i t e d by Gary B. H u f f n a g l e
and Mairi C. Noverr. © 2 0 0 8 Landes Bioscience and Springer Science+ Business Media.
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D e f i n i t i o n o f a P r o b i o t i c
Several d e f i n i t i o n s for p r o b i o t i c s have been p r o p o s e d . In E u r o p e , a p r o b i o t i c has b e e n d e f i n e d

by the ILSI ( I n t e r n a t i o n a l Life Sciences I n s t i t u t e ) E u r o p e w o r k i n g g r o u p as "a viable m i c r o b i a l
food s u p p l e m e n t w h i c h beneficially influences t h e h e a l t h o f t h e h o s t ' ? This d e f i n i t i o n implies
t h a t the safety a n d efficacy o f p r o b i o t i c s m u s t be s c i e n t i f i c a l l y d e m o n s t r a t e d for each s t r a i n a n d
each p r o d u c t . D e m o n s t r a t i o n o f h e a l t h effects r e q u i r e s c l i n i c a l i n t e r v e n t i o n s t u d i e s w i t h h u m a n
subjects, b u t also i n c l u d e s research on the m e c h a n i s m s involved. The ILSI E u r o p e w o r k i n g g r o u p
d e f i n e d p r o b i o t i c f u n c t i o n a l foods as foods w h i c h have b e e n s a t i s f a c t o r i l y d e m o n s t r a t e d to ben­
eficially affect o n e or more t a r g e t f u n c t i o n s in t h e b o d y b e y o n d a d e q u a t e n u t r i t i o n a l effects, in
a way t h a t is r e l e v a n t t o e i t h e r an i m p r o v e d state o f h e a l t h a n d w e l l - b e i n g a n d / o r r e d u c t i o n in
the risk o f diseases.i The p r o b i o t i c c o n c e p t is f u r t h e r d e f i n e d by t h e W H O / F A O w o r k i n g g r o u p
( 2 0 0 2 ) s e t t i n g c r i t e r i a for c u r r e n t p r o b i o t i c s . ?

T r a d i t i o n a l S e l e c t i o n C r i t e r i a f o r P r o b i o t i c s a n d R a t i o n a l e
f o r N e w O n e s

The s e l e c t i o n o f p r o b i o t i c s has t r a d i t i o n a l l y b e e n c o n d u c t e d using t h e f o l l o w i n g c r i t e r i a :
1. t h e o r i g i n ( p r e f e r a b l y o f h u m a n o r i g i n )
2. s t a b i l i t y t o acid a n d bile t o w i t h s t a n d t h e u p p e r g a s t r o i n t e s t i n a l c o n d i t i o n s a n d
3. a d h e r e n c e to h u m a n i n t e s t i n a l m u c u s a n d m u c o s a
4. a n t i m i c r o b i a l activity against p a t h o g e n i c b a c t e r i a

As t h e c u r r e n t p r o b i o t i c c o n c e p t covers a v a r i e t y o f d i f f e r e n t o b j e c t i v e s n e w c r i t e r i a for selec­
t i o n o f p r o b i o t i c s have t o be a d d r e s s e d by s e l e c t e d t a r g e t - s p e c i f i c p r o b i o t i c s t r a i n s . The key goals
i n c l u d e disease risk r e d u c t i o n in h u m a n subjects, m o d i f i c a t i o n o f g u t f u n c t i o n in a b e n e f i c i a l
m a n n e r a n d safety. The safety issues have been a d d r e s s e d by t h e I n t e r n a t i o n a l D a i r y F e d e r a t i o n
w o r k i n g group,"

Several r e c e n t d e v e l o p m e n t s have p r o v i d e d a m e c h a n i s t i c basis for the p r o p o s e d h e a l t h effects, 10

a n d c l i n i c a l l y p r o v e n h u m a n i n t e r v e n t i o n s t u d i e s have d e m o n s t r a t e d t h a t a s i g n i f i c a n t disease
risk r e d u c t i o n can be achieved t h r o u g h t h e use o f p r o b i o t i c s in specific h u m a n p o p u l a t i o n s . ! ' : "
Thus, s e l e c t i o n c r i t e r i a s h o u l d i n c l u d e i n f o r m a t i o n on t h e t a r g e t p o p u l a t i o n s ' m i c r o b i o t a . R e c e n t
advances in D N A s e q u e n c i n g have made w h o l e g e n o m e s o f p r o b i o t i c b a c t e r i a available a n d a n n o ­
t a t i n g t h e g e n o m e sequences will be i m p o r t a n t in d e f i n i n g t h e c a p a b i l i t i e s o f i n d i v i d u a l p r o b i o t i c
strains. H e n c e , f u t u r e selection criteria will c o n t a i n g e n o m i c i n f o r m a t i o n , w h i c h provides necessary
tools s u c h as D N A m i c r o a r r a y s to aid in p r e d i c t i n g a n d m o n i t o r i n g t h e effects o f p r o b i o t i c s on
the e x p r e s s i o n o f h o s t genes. I n c o r p o r a t i n g m i c r o b i a l g e n o m i c a n d t r a n s c r i p t i o n a l i n f o r m a t i o n
t o g e t h e r w i t h h o s t gene expression data from the e x p o s e d sites may lead to t h e u l t i m a t e u n c o v e r i n g
o f t h e h o s t - m i c r o b e i n t e r a c t i o n s a n d t h e r e b y i m p r o v e t h e s p e c i f i c i t y o f f u t u r e p r o b i o t i c s . We t h u s
p r o p o s e t h e f o l l o w i n g basis for new s e l e c t i o n c r i t e r i a ( T a b l e 1).

Table 1. P r o p o s e d criteria for s e l e c t i n g future p r o b i o t i c bacteria for h u m a n use

1. Clear identification of the microbiota a b e r r a n c i e s in the target population
2. Identification of potential members in healthy microbiota to c o u n t e r a c t the a b e r r a n c i e s
3. Competitive exclusion studies on the model a b e r r a n c i e s and specific strains and their impact

on associated microbiota deviations
4. Impact on metabolic activity and diversity of the target microbiota
5. Assess the a d h e r e n c e of the selected strains in several adhesion models
6. Assess the molecular interaction of the proposed probiotic with the host within

the target popu lation
7. Utilize genomic information to assess impact on target microbiota and target populations
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I m p o r t a n c e o f V i a b i l i t y o f P r o b i o t i c s
The y o g u r t s t r a i n s s. tbermopbilus a n d L . bulgaricus have p r e v i o u s l y been r e g a r d e d as o f l e s s e r

value t h a n p r o b i o t i c s d u e t o t h e i r i n a d e q u a t e survival in vitro acid resistance studies. H o w e v e r ,
r e c e n t s t u d i e s have d e m o n s t r a t e d t h a t these s t r a i n s are able t o survive g a s t r o - i n t e s t i n a l passage in
v i v o . P A c c u m u l a t i n g e v i d e n c e o f the h e a l t h effects o f y o g u r t s t r a i n s have h i g h l i g h t e d t h e i m p o r ­
t a n c e o f v i a b i l i t y a n d t h e p r o b i o t i c p o t e n t i a l o f t r a d i t i o n a l y o g u r t c u l t u r e s . It is n o w clear t h a t also
specific y o g u r t c u l t u r e s r e m a i n viable in the h u m a n g a s t r o i n t e s t i n a l t r a c t a n d can also be i d e n t i f i e d
from fecal samples t h u s i n d i c a t i n g t h a t some y o g u r t c u l t u r e s may also have p o t e n t i a l on h e a l t h
effects a n d m i c r o b i o t a m o d u l a t i o n . "

T r a d i t i o n a l l y p l a t e c o u n t s have b e e n used for t h e e n u m e r a t i o n o f viable b a c t e r i a . H o w e v e r ,
m o d e r n m e t h o d s u s e d to assess v i a b i l i t y o f b a c t e r i a have revealed t h a t in some cases p o t e n t i a l l y
p r o b i o t i c b a c t e r i a may lose t h e i r a b i l i t y to grow on n u t r i e n t agar ( a n d are t h u s t a k e n ' d e a d ' by p l a t e
c o u n t s ) b u t are n e v e r t h e l e s s c o n s i d e r e d viable by o t h e r e n u m e r a t i o n m e t h o d s . These a p p r o a c h e s
take a d v a n t a g e o f a l t e r n a t i v e i n d i c a t o r s o f v i a b i l i t y s u c h as m e m b r a n e i n t e g r i t y , e n z y m e activity,
p H g r a d i e n t , r e s p i r a t i o n a n d m e m b r a n e p o t e n t i a l , " By c o m b i n i n g f l u o r e s c e n t s t a i n i n g a n d flow
c y t o m e t r y , B u n t h o f a n d A b e e ( 2 0 0 2 ) were able to d i s t i n g u i s h a s u b p o p u l a t i o n o f i n t a c t a n d
m e t a b o l i c a l l y active b u t n o t readily c u l t u r a b l e cells in a p o p u l a t i o n o f L. plantarum. 16 A r n o r a n d
c o w o r k e r s ( 2 0 0 2 ) r e p o r t e d s u b l e t h a l i n j u r y a n d t e m p o r a r y n o n c u l t u r a b i l i t y in bile s a l t - s t r e s s e d
b i f i d o b a c e e r i a . ' ? L a h t i n e n a n d c o w o r k e r s ( 2 0 0 5 ) i n v e s t i g a t e d the fate o f Bifidobacterium longum
a n d B. lactis in a f e r m e n t e d p r o d u c t d u r i n g s t o r a g e a n d r e p o r t e d t h a t a s i g n i f i c a n t s u b p o p u l a t i o n
o f B. longum e n t e r e d a ' d o r m a n t ' state in w h i c h t h e cells were n o t able to g r o w on plates, b u t re­
t a i n e d a f u n c t i o n a l cell m e r n b r a n e . V ' I h e s e findings i n d i c a t e t h a t the v i a b i l i t y o f stressed p r o b i o t i c
b a c t e r i a is a c o m p l e x issue a n d reliable d e t e r m i n a t i o n e.g., in f e r m e n t e d p r o d u c t s may r e q u i r e a
m u l t i - m e t h o d a p p r o a c h . 19 This s h o u l d be t a k e n i n t o a c c o u n t in f u t u r e r e g u l a t i o n s a n d l e g i s l a t i o n
c o n c e r n i n g p r o b i o t i c p r o d u c t s . The h e a l t h effects o f so-called d o r m a n t p r o b i o t i c b a c t e r i a are yet
to be d e t e r m i n e d a n d t h e r e is great d e m a n d for f u r t h e r research on this t o p i c .

P r o b i o t i c s A u g m e n t G u t Barrier M e c h a n i s m s
The g a s t r o i n t e s t i n a l t r a c t a n d the g u t - a s s o c i a t e d i m m u n e system have evolved i n t o an i n t e g r a t e d

b a r r i e r b e t w e e n t h e i n t e r n a l e n v i r o n m e n t a n d the c o n s t a n t c h a l l e n g e from a n t i g e n s s u c h as f o o d
a n d m i c r o o r g a n i s m s from t h e external e n v i r o n m e n t . " The gut m i c r o b i o t a is an active c o n s t i t u e n t in
t h e i n t e s t i n e ' s m u c o s a l b a r r i e r a n d t h e r a p e u t i c strategies by p r o b i o t i c s for c o m b a t i n g e n t e r i c infec­
t i o n s as well as allergic a n d i n f l a m m a t o r y c o n d i t i o n s have been s t u d i e d . Lactobacillus rhamnosus
s t r a i n G G , A T C C 5 3 1 0 3 (Lactobacillus G G ) has b e e n d e m o n s t r a t e d to i m p r o v e i n t e s t i n a l b a r r i e r
f u n c t i o n i m p a i r e d by r o t a v i r u s i n f e c t i o n or cow's m i l k a n r i g e n s . " : " M o r e o v e r , t h e c o m b i n a t i o n
o f L. rhamnosus 1 9 0 7 0 - 2 a n d L. reuteri D S M 1 2 2 4 6 has b e e n s h o w n to stabilize t h e i m p a i r e d
i n t e s t i n a l m u c o s a l b a r r i e r in c h i l d r e n w i t h a t o p i c e c z e m a . "

L a c t o b a c i l l i p r o t e c t e d g u t barrier f u n c t i o n against b r u s h b o r d e r lesions caused by d i a r r h e a g e n i c
E. coli a n d t h e c o l o n i z a t i o n resistance was i m p r o v e d by i n h i b i t i o n o f a d h e r e n c e a n d i n v a s i o n o f
p o t e n t i a l p a t h o g e n s . 2

4- 26 This i n b i b i t i o n o f p a t h o g e n s seems to at least p a r t l y be e x p l a i n e d by
s t i m u l a t i o n o f m u c i n s e c r e t i o n . F : " M o r e o v e r , a n o t h e r a n t i m i c r o b i a l p e p t i d e , h u m a n defensin-~2,

was i n d u c e d by l a c t o b a c i l l i a n d E. coli Nissle 1 9 1 7 in i n t e s t i n a l e p i t h e l i a l cells in a t i m e a n d
d o s e - d e p e n d e n t m a n n e r , " VSL#3, a p r o b i o t i c c o m p o u n d o f 4 s t r a i n s o f l a c t o b a c i l l i , 3 s t r a i n s o f
b i f i d o b a c t e r i a a n d Streptococcus tbermopbilus, has also been s h o w n to u p - r e g u l a t e p r o d u c t i o n o f
m u c i n s in i n t e s t i n a l e p i t h e l i a l cells in v i t r o via the M A P K s i g n a l l i n g p a r h w a y . " The same p r o b i o t i c
m i x t u r e was also c a p a b l e to r e d u c e Salmonella-induced a l t e r a t i o n s in t h e cellular c y t o s k e l e t o n o f
t h e i n t e s t i n a l e p i t h e l i u m by m o d u l a t i n g t h e d i s t r i b u t i o n o f t h e i n t e r c e l l u l a r t i g h t - j u n c t i o n p r o t e i n
z o n u l a o c c l u d e n 1. 30

A b u n d a n t i m m u n o g l o b u l i n (Ig) A a n t i b o d y p r o d u c t i o n at m u c o s a l surfaces c o n t r i b u t e s to
t h e i n t e s t i n a l b a r r i e r f u n c t i o n by b i n d i n g a n d e x c l u d i n g h a r m f u l a n t i g e n s . " A d m i n i s t r a t i o n o f
Lactobacillus G G has b e e n f o u n d to e n h a n c e IgA specific a n t i b o d y - s e c r e t i n g cell r e s p o n s e a g a i n s t
r o t a v i r u s in i n f a n t s suffering from the viral d i a r r h e a . F ' I h e same p r o b i o t i c s t r a i n i n c r e a s e d fecal IgA
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c o n c e n t r a t i o n in food allergic i n f a n t s suffering from a t o p i c e c z e m a i n d i c a t i n g t h e strain's p o t e n c y
to b o o s t local p r o t e c t i v e IgA p r o d u c t i o n in the g u t m u c o s a . "

P r o b i o t i c s Have A n t i - I n f l a m m a t o r y P r o p e r t i e s in t h e G u t
C e r t a i n p r o b i o t i c strains have been f o u n d to elicit a n t i - i n f l a m m a t o r y responses in the i n t e s t i n a l

e p i t h e l i a l cells in v i t r o thus f u r t h e r s t r e n g t h e n i n g t h e g u t d e f e n c e barrier. Lactobacillus reuteri was
able to a t t e n u a t e i n t e r l e u k i n (IL )-8 s e c r e t i o n e l i c i t e d by p a t h o g e n i c Salmonella or t u m o u r necrosis
factor a ( T N F - a ) in the p o l a r i z e d T 8 4 c o l o n i c e p i t h e l i a m o d e l . This i m m u n o s u p p r e s s i v e effect
was m e d i a t e d by i n h i b i t i o n o f the p r o i n f l a m m a t o r y NF-KB p a t h w a y , " The same p a t h w a y was
i n h i b i t e d by Lactobacillus easel in Shigella-infected h u m a n i n t e s t i n a l e p i t h e l i a l cells. 3s M i c r o a r r a y
D N A assay d e m o n s t r a t e d t h a t t h i s effect was based on m a n i p u l a t i o n o f t h e u b i q u i t i n / p r o t e o s o m e
p a t h w a y u p s t r e a m o f I K B a .

Lactobacillus G G has been s h o w n to p r e v e n t c y t o k i n e - i n d u c e d a p o p t o s i s in m o u s e a n d hu­
man c o l o n cells in v i t r o via a c t i v a t i o n o f a n t i - a p o p t o t i c Ala a n d p r o t e i n kinase B a n d i n a c t i v a t i o n
o f p r o - a p o p t o t i c p 3 8 M A P K s i g n a l l i n g c a s c a d e . " Recently, effects o f c o m m e n s a l B a c t e r o i d e s
t h e t a i o t a o m i c r o n a n d a m i x t u r e o f p r o b i o t i c s (Streptococcus thermopbilus a n d Lactobacillus aci­
dophilus) on T N F - a - and i n r e r f e r o n - v - i n d u c e d d y s f u n c t i o n in h u m a n i n t e s t i n a l e p i t h e l i a l cells
were c o m p a r e d . " B o t h the p r o b i o t i c c o c k t a i l a n d t h e c o m m e n s a l r e s t o r e d n o r m a l i o n t r a n s p o r t
and reversed a decrease in the t r a n s e p i t h e l i a l resistance a n d an i n c r e a s e in t h e e p i t h e l i a l p e r m e ­
ability i n d u c e d by t h e c y t o k i n e s . O f n o t e , signal t r a n s d u c t i o n was even m o r e widely affected in
t h e p r o b i o t i c - t r e a t c d e p i t h e l i a l cells than the c o m m e n s a l - t r e a t e d c e l l s , " These f i n d i n g s i n d i c a t e
t h a t p r o b i o t i c s m a n i p u l a t e d i f f e r e n t i n t r a c e l l u l a r s i g n a l l i n g p a t h w a y s o f t h e i n t e s t i n a l e p i t h e l i u m
to m a i n t a i n local e q u i l i b r i u m a n d thus s t r e n g t h e n t h e g u t defense barrier.

A t o p i c D i s e a s e is a Target for P r o b i o t i c I n t e r v e n t i o n
Allergic diseases, such as atopic eczema, allergic r h i n i t i s a n d a s t h m a , have r e a c h e d e p i d e m i c

p r o p o r t i o n s in the d e v e l o p e d a n d also in many d e v e l o p i n g c o u n t r i e s . " T h e l p e r (Th) 2 - s k e w e d
i m m u n e response is a h a l l m a r k o f allergic i m m u n e r e s p o n s e a n d a t o p i c disease in t h e g u t a n d o t h e r
organs o f allergic m a n i f e s t a t i o n . Th2 cells p r o d u c e several c y t o k i n e s a n d c h e m o k i n e s t h a t a m p l i f y
allergic i n f l a m m a t i o n by r e s u l t i n g in e o s i n o p h i l i a a n d e n h a n c e d p r o d u c t i o n o f i m m u n o g l o b u l i n E
a n t i b o d i e s against u b i q u i t o u s e n v i r o n m e n t a l a n t i g e n s . " By b i r t h , however, all T - c e l l responses to
e n v i r o n m e n t a l a n t i g e n s are Th2-oriented.40-41 That k i n d o f n a t u r a l i m m u n e r e s p o n s e is a necessity
for successful p r e g n a n c y , " As reviewed in this b o o k by G a r y H u f f n a g l e a n d colleagues, a p p r o p r i a t e
p o s t n a t a l m i c r o b i a l s t i m u l a t i o n is a p r e r e q u i s i t e for a new Th 1 / 1 h 2 o r i e n t a t i o n , o t h e r w i s e 1 h 2 - t y p e
o f i m m u n e responsiveness may persist e n s u i n g d e v e l o p m e n t o f a t o p i c disease. As r e c e n t l y reviewed,
t h e p o s m a t a l T h 2 - s k e w e d i m m u n e responsiveness may be b a l a n c e d by c y t o k i n e s s e c r e t e d by Th 1,
Th3 a n d T r e g u l a t o r y cells, p a r t i a l l y as a r e s u l t o f s t i m u l a t i o n by p r o b i o t i c s . "

A t o p i c eczema, generally the first s y m p t o m o f atopic d i s o r d e r s , is a p r u r i t i c c h r o n i c a l l y relapsing
i n f l a m m a t o r y skin disease t h a t often m a n i f e s t d u r i n g early c h i l d h o o d . The c o m p l e x p a t h o p h y s i o l ­
ogy o f the disease appears to result from an i n t e r p l a y b e t w e e n s u s c e p t i b i l i t y genes, i m p a i r e d b a r r i e r
f u n c t i o n s o f the skin a n d the gut, a b e r r a n t gut m i c r o b i o t a , i m m u n o l o g i c a l d y s r e g u l a t i o n , t o g e t h e r
w i t h b a c t e r i a l a n d viral i n f e c t i o n s a n d o t h e r e n v i r o n m e n t a l factors.44-46 A b e r r a n t b a r r i e r f u n c t i o n s
o f t h e skin e p i t h e l i u m a n d gut mucosa leads to g r e a t e r a n t i g e n t r a n s f e r across t h e m u c o s a l b a r r i e r
a n d the r o u t e s o f t r a n s p o r t are a l t e r e d , t h e r e b y e v o k i n g a b e r r a n t i m m u n e r e s p o n s e s a n d release
o f p r o i n f l a m r n a t o r y c y t o k i n e s w i t h f u r t h e r i m p a i r m e n t o f t h e b a r r i e r f u n c t i o n s . Such i n c r e a s e d
i n f l a m m a t i o n w o u l d lead to f u r t h e r increases in i n t e s t i n a l p e r m e a b i l i t y a n d in a vicious circle o f
increasing allergenic response and sensitizarion, d y s r e g u l a t i o n o f t h e i m m u n e response to u b i q u i t o u s
antigens in g e n e t i c a l l y susceptible i n d i v i d u a l s .

The t a r g e t o f p r o b i o t i c t h e r a p y in a t o p i c e c z e m a may t h u s be c h a r a c t e r i z e d as i m p a i r e d bar­
rier f u n c t i o n s o f t h e s k i n e p i t h e l i u m a n d g u t m u c o s a , i n c l u d i n g t h e role o f l o c a l m i c r o b i o t a in
t h e s e f u n c t i o n s .
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P r o b i o t i c s in C l i n i c a l S t u d i e s w i t h A l l e r g i c D i s e a s e s
To d a t e r a n d o m i z e d p l a c e b o - c o n t r o l l e d trials o f p r o b i o t i c s have mostly focused on p a t i e n t s

w i t h e s t a b l i s h e d a t o p i c eczema a n d cow milk allergy. In the first r a n d o m i z e d c o n t r o l l e d clinical
study, i n f a n t s w i t h a t o p i c eczema and c h a l l e n g e - p r o v e n cow milk allergy were fed an extensively
hydrolyzed whey f o r m u l a w i t h or w i t h o u t Lactobacillus GG.47 There was a significant i m p r o v e m e n t
in the c l i n i c a l course o f a t o p i c eczema c o n c o m i t a n t w i t h a r e d u c t i o n in the fecal c o n c e n t r a t i o n s o f
T N F - a d u r i n g the m a n a g e m e n t w i t h p r o b i o t i c s , Next, i n f a n t s m a n i f e s t i n g atopic eczema d u r i n g
exclusive b r e a s t f e e d i n g were given p r o b i o r i c - s u p p l e m e n t e d , Bifidobactenum lactis or Lactobacillus
GG, extensively h y d r o l y z e d w h e y formulas or the same f o r m u l a w i t h o u t p r o b i o t i c s when f o r m u l a
feedings were n e c e s s i t a t e d , " In parallel w i t h an i m p r o v e m e n t in skin c o n d i t i o n in p a t i e n t s receiv­
ing p r o b i o t i c - s u p p l e m e n r e d formulas, as c o m p a r e d to the u n s u p p l e m e n t e d group, there was a
r e d u c t i o n in the c o n c e n t r a t i o n o f soluble C D 4 in serum and e o s i n o p h i l i c p r o t e i n X in urine after
2 m o n t h s o f therapy, the t o t a l d u r a t i o n o f the i n t e r v e n t i o n b e i n g 6 m o n t h s .

S u b s e q u e n t s t u d i e s in i n f a n t s as well as older c h i l d r e n w i t h t h e c o n d i t i o n have shown similar
effects,49-50 while o t h e r s s h o w e d effects c o n f i n e d to c h i l d r e n w i t h evidence o f I g E - a s s o c i a t e d al­
lergic d i s e a s e . " The i m p o r t a n c e o f viable p r o b i o t i c s was d e m o n s t r a t e d in a trial evaluating viable
versus n o n v i a b l e Lactobacillus G G , w h i c h was p r e m a t u r e l y t e r m i n a t e d due to adverse g a s t r o i n ­
t e s t i n a l effects in the g r o u p receiving the nonviable h e a t - i n a c t i v a t e d strain, while a l l e v i a t i o n o f
g a s t r o i n t e s t i n a l s y m p t o m s has been achieved w i t h viable p r o b i o t i c s . " I d e n t i f i e d m e c h a n i s m s in
these s t u d i e s i n c l u d e c o n t r o l o f i n c r e a s e d i n t e s t i n a l p e r m e a b i l i t y and i n f l a m m a t o r y response, w i t h
a u g m e n t a t i o n o f t h e g u t i m m u n o l o g i c a l barrier. More recently, m o d e r a t e or severe eczema was
t r e a t e d w i t h Lactobacillus .fermentum V R I - 0 3 3 P C C and a s i g n i f i c a n t r e d u c t i o n in eczema scores
was a c h i e v e d w i t h t h e p r o b i o t i c c o m p a r e d to placebo.l"

P r o b i o t i c s a d m i n i s t e r e d pre and p o s t n a t a l l y for 6 m o n t h s to 159 c h i l d r e n at h i g h risk o f atopic
disease r e d u c e d the p r e v a l e n c e o f atopic eczema l a t e r in i n f a n c y a n d c h i l d h o o d to h a l f (23%) as
c o m p a r e d w i t h t h a t in i n f a n t s receiving placebo (46%) and t h e effect e x t e n d e d b e y o n d infancy.ll.53
W h e n p r o b i o t i c s u p p l e m e n t a t i o n was given to the l a e t a t i n g m o t h e r , the a m o u n t o f T G F - j 3 in breast
m i l k c o u l d be p r o m o t e d . r ' suggesting the a n t i - i n f l a m m a t o r y e y t o k i n e n e t w o r k as o n e m e c h a n i s m
and b r e a s t - m i l k as o n e r o u t e o f action.

L o n g - t e r m c o l o n i z a t i o n by p r o b i o t i c s or i m p a i r m e n t o f t h e n a t u r a l diversity o f the gut rnicro­
b i o t a has b e e n a d d r e s s e d w i t h early or p r e n a t a l a d m i n i s t r a t i o n o f p r o b i o t i c s . In a recent follow-up,
p r o b i o t i c a d m i n i s t r a t i o n in the first m o n t h s o f l i f e was safe a n d well t o l e r a t e d and d i d n o t signifi­
cantly i n t e r f e r e w i t h l o n g - t e r m c o m p o s i t i o n or q u a n t i t y o f g u t m i c r o b i o t a . " Moreover, the weights
a n d l e n g t h s o f the p r o b i o t i c - t r e a t e d c h i l d r e n r e m a i n e d i n d i s t i n g u i s h a b l e from n o r m a l . "

P r o b i o t i c s May H a v e A d d i t i v e P o s i t i v e E f f e c t s w i t h I n f a n t D i e t
A Significant i n t e r a c t i o n has been f o u n d b e t w e e n p r o b i o t i c s a n d b r e a s t f e e d i n g on the develop­

m e n t o f h u m o r a l i m m u n i t y in i n f a n t s . " The i m p a c t o f p r o b i o t i c s a n d b r e a s t f e e d i n g on the g u t
m i c r o e c o l o g y a n d h u m o r a l i m m u n e responses was e v a l u a t e d in a d o u b l e - b l i n d p l a c e b o - c o n t r o l l e d
f o l l o w - u p study. The t o t a l n u m b e r s o f I g M - , IgA- and I g G - s e c r e t i n g c e l l s at 12 m o n t h s were h i g h e r
in the i n f a n t s b r e a s t f e d exclusively for at least for 3 m o n t h s and s u p p l e m e n t e d w i t h p r o b i o t i c s as
c o m p a r e d w i t h b r e a s t f e d i n f a n t s receiving placebo. Again, fecalBifidobactenum and Lactobacillus/
Enterococcus c o u n t s were h i g h e r in b r e a s t f e d than f o r m u l a - f e d i n f a n t s a n d s C D 14, a soluble form
o f b a c t e r i a l l i p o p o l y s a c c h a r i d e c o r e c e p t o r , in c o l o s t r u m c o r r e l a t e d w i t h the n u m b e r s o f I g M a n d
IgA cells. 57 This f i n d i n g u n d e r l i n e s the i n t e r a c t i o n s o f b r e a s t - m i l k i m m u n o l o g i c a l factors, g u t
m i c r o b i o t a and d i e t in i n f l u e n c i n g the m a t u r a t i o n process o f g u t i m m u n i t y .

P r o b i o t i c s have also b e e n show to exert d i s t i n c t effects o n a n t i g e n t r a n s p o r t , d e p e n d i n g o n the
food matrix, e.g., the q u a l i r y o f p r o t e i n in the diet. In a r o d e n t m o d e l mucosal t r a n s p o r t o f d e g r a d e d
m a c r o m o l e c u l e s has b e e n f o u n d to be s t i m u l a t e d w h e n Lactobacillus G G is a d m i n i s t e r e d t o g e t h e r
w i t h u n h y d r o l y z e d p r o t e i n , b u t r e d u c e d when a d m i n i s t e r e d w i t h h y d r o l y z e d p r o t e i n (reviewed
in 58). Such p r o t e i n may thus s t i m u l a t e the h u m o r a l i m m u n i t y in t h e gut, but also affect on the
i n d u c t i o n o f oral t o l e r a n c e , as antigen d e g r a d a t i o n is an indispensable c o m p o n e n t in the a c q u i s i t i o n
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o f m u c o s a l t o l e r a n c e . Moreover, p o l y u n s a t u r a t e d f a t t y acids have b e e n s h o w n to affect t h e g r o w t h
and a d h e s i o n o f p r o b i o t i c s a n d the p r o t e c t i v e effect o f p r o b i o t i c s a p p e a r t o evolve in j o i n t a c t i o n
w i t h the d i e t a r y i n t a k e o f p a r t i c u l a r n u t r i e n t s r e d u c i n g t h e risk o f allergic d i s e a s e . "

Taken t o g e t h e r , p r o b i o t i c effects evidently act c o o p e r a t i v e l y w i t h o t h e r n u t r i t i o n a l c o m p o u n d s .
H e n c e , no single s u p p l e m e n t can be e x p e c t e d to resolve t h e e p i d e m i c o f a t o p i c diseases. The chal­
lenge in t e r m s o f r e d u c i n g the risk o f atopic eczema is to i d e n t i f y the m e c h a n i s m s o f t h e disease
to d e t e c t specific t a r g e t s for such d i e t a r y factors and t h e i r o p t i m a l c o m b i n a t i o n s . Similarly, b e t t e r
c o m p r e h e n s i o n o f m e c h a n i s m s o f a c t i o n o f p r o b i o t i c s assists in r e a c h i n g t h a t goal.

N o v e l M o l e c u l a r T e c h n o l o g i e s A i d in U n c o v e r i n g C o m p l e x
H o s t - P r o b i o t i c I n t e r a c t i o n s and C o n s t r u c t i n g P r o b i o t i c s
w i t h N e w P r o p e r t i e s

A p p l i c a t i o n o f n e w m o l e c u l a r t e c h n o l o g i e s r e c e n t l y also in t h e field o f p r o b i o t i c r e s e a r c h
has yielded a s u b s t a n t i a l increase in k n o w l e d g e o f p r o b i o t i c s a n d t h e i r i n t e r a c t i o n w i t h t h e h o s t
(reviewed in 5 9 - 6 0 ) . These studies have d e s c r i b e d v a r i o u s m e c h a n i s m s by w h i c h p r o b i o t i c s have
a d a p t e d themselves to challenges e n c o u n t e r e d in the g a s t r o i n t e s t i n a l t r a c t . These i n c l u d e p a r t i c u l a r
m e c h a n i s m s r e p o n s i b l e for acid a n d bile resistance o f c e r t a i n p r o b i o t i c s t r a i n s . F o u r t e e n genes a n d
gene clusters e n c o d i n g b a c t e r i a l cell envelope f u n c t i o n s were f o u n d to be up- or d o w n - r e g u l a t e d
u p o n e x p o s u r e o f Lactobacillus plantarum W C F S 1 to bile acids i n d i c a t i n g a m a j o r i m p a c t o f bile
acids on t h e i n t e g r i t y o f b a c t e r i a l cell wall." F u r t h e r m o r e , seven o f t h e i d e n t i f i e d genes a n d gene
clusters e n c o d e t y p i c a l stress-related f u n c t i o n s such as t h o s e i n v o l v e d in o x i d a t i v e a n d acid s t r e s s . "
A t w o - c o m p o n e n t r e g u l a t o r y system o f Lactobacillus acidophilus was s h o w n to be i n v o l v e d b o t h
in p r o t e o l y t i c activity o f the s t r a i n a n d its t o l e r a n c e to acid a n d e r h a n o l / "

In a d d i t i o n , d a t a are a c c u m u l a t i n g from in vivo surveys d e m o n s t r a t i n g s i m i l a r d e p e n d e n c e
o f p r o b i o t i c g e n e e x p r e s s i o n o n l o c a l e n v i r o n m e n t a l f a c t o r s in t h e g a s t r o i n t e s t i n a l t r a c t .
Resolvase-based in vivo e x p r e s s i o n t e c h n o l o g y ( R - l V E T ) allows i d e n t i f i c a t i o n o f p r o m o t e r s t h a t
are i n d u c e d w h e n b a c t e r i a are exposed to d i f f e r e n t e n v i r o n m e n t a l c o n d i t i o n s . A s t u d y by B r o n
and coworkers ( 2 0 0 4 ) d e m o n s t r a t e d t h a t 72 Lactobacillus p l a n t arum W C F S 1 genes were i n d u c e d
d u r i n g t h e g a s t r o i n t e s t i n a l t r a c t passage in m i c e . " N i n e o f these genes e n c o d e sugar t r a n s p o r t e r
genes and a n o t h e r n i n e t h o s e involved in a c q u i s i t i o n a n d s y n t h e s i s o f a m i n o acids, n u c l e o t i d e s ,
c o f a c t o r s a n d v i t a m i n s i n d i c a t i n g the strain's ability to utilize local n u t r i t i o n a l resources f o u n d in
the gut. M o r e o v e r , four genes involved in stress-related f u n c t i o n s a n d f o u r genes e n c o d i n g extra­
cellular p r o t e i n s were i d e n t i f i e d , reflecting t h e h a r s h c o n d i t i o n s t h a t L. p l a n t arum e n c o u n t e r s in
the Gl t r a c t a n d its p o t e n t i a l t o be involved in i n t e r a c t i o n w i t h h o s t specific factors. I t is o f n o t e
t h a t a r e m a r k a b l e n u m b e r o f the f u n c t i o n s i d e n t i f i e d in t h e s t u d y have p r e v i o u s l y b e e n f o u n d in
p a t h o g e n s in vivo d u r i n g i n f e c t i o n , suggesting t h a t survival r a t h e r than v i r u l e n c e is t h e e x p l a n a t i o n
for the a c t i v a t i o n o f these genes d u r i n g h o s t residence. I n t e r e s t i n g l y , p r e l i m i n a r y r e p o r t s using
t r a n s c r i p t i o n a l p r o f i l i n g t o s t u d y in vivo gene expression o f L. p l a n t arum i n d i c a t e t h a t d u r i n g
passage t h r o u g h the h u m a n g a s t r o i n t e s t i n a l t r a c t the p r o b i o t i c s t r a i n d e g r a d e c a r b o h y d r a t e s by
d i f f e r e n t m e t a b o l i c p a t h w a y s in small i n t e s t i n e a n d c o l o n . 64 This clearly d e m o n s t r a t e s t h a t s i m i l a r
d e p e n d e n c y o f p r o b i o t i c a c t i o n on local g a s t r o i n t e s t i n a l f a c t o r s p r e v a i l s also in m a n .

Recently, D i C a r o a n d colleagues have used D N A m i c r o a r r a y analysis to e v a l u a t e effects o f
Lactobacillus G G a n d Bacillus clausii on gene expression p r o f i l e o f small b o w e l m u c o s a in p a t i e n t s
w i t h e n d o s c o p i c a l l y p r o v e n esophagitis. 6 5-66They f o u n d t h a t b o t h s t r a i n s a l t e r e d the e x p r e s s i o n
o f over 400 genes, m o s t l y t h o s e involved in i m m u n e r e s p o n s e a n d i n f l a m m a t i o n , cell g r o w t h a n d
d i f f e r e n t i a t i o n , a p o p t o s i s , cell to cell signaling, cell a d h e s i o n a n d s i g n a l t r a n s d u c t i o n . These s t u d i e s
analyzing tens o f t h o u s a n d s o f genes s i m u l t a n e o u s l y clearly i n d i c a t e t h a t p r o b i o t i c s have m u c h wider
i m p a c t on t h e host's gene e x p r e s s i o n than t h o u g h t before t h e era o f m i c r o a r r a y t e c h n o l o g i e s .

Several factors c o n t r i b u t e to effects o f oral c o n s u m p t i o n o f p r o b i o t i c s : t h e p r o b i o t i c s t r a i n
itself, its g e n o m i c s t r u c t u r e and h o w the p r o b i o t i c i n t e r a c t s w i t h f o o d c o n s u m e d . I f a p r o b i o t i c
is a c o m p o n e n t o f the d i e t a r y p r o d u c t , levels o f i n t e r a c t i o n s are even m o r e c o m p l e x . In t h a t case,
o t h e r c o m p o n e n t s o f t h e p r o d u c t , the f o o d matrix, e.g., t h e m o l d in w h i c h t h e f o o d c o m p o n e n t s
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are e m b e d d e d , s t a b i l i t y o f the p r e p a r a t i o n , etc., s h o u l d all be t a k e n i n t o account. In a d d i t i o n ,
various h o s t - r e l a t e d factors i n f l u e n c e the o u t c o m e o f p r o b i o t i c use, i n c l u d i n g the host g e n o t y p e
and its i m p a c t on the i n h a b i t i n g gut m i c r o b i o t a . The c o n c e p t o f n u t r i d y n a m i c s has recently been
i n t r o d u c e d to describe these complex i n t e r a c t i o n s o f factors involved in c o n s u m p t i o n o f f u n c t i o n a l
foods such as p r o b i o t i c s / " By c o m b i n i n g novel molecular m e t h o d s available b o t h in food i n d u s t r y
and b i o t e c h n o l o g y , this h o l i s t i c a p p r o a c h holds a promise for b e t t e r u n d e r s t a n d i n g o f complex
m o l e c u l a r m e c h a n i s m s o f a c t i o n s o f p r o b i o t i c foods.

G e n e t i c m a n i p u l a t i o n o f p r o b i o t i c b a c t e r i a has created a new field o f research. At the begin­
n i n g o f the m i l l e n n i u m , S t e i d l e r a n d his coworkers c o n s t r u c t e d a genetically m o d i f i e d Lactococcus
lactis t h a t was able to secrete ample a m o u n t s o f a n t i - i n f l a m m a t o r y c y t o k i n e IL-IO locally.68 This
e n g i n e e r e d b a c t e r i u m was successful b o t h in t r e a t m e n t and p r e v e n t i o n o f colitis in mice. In
s u b s e q u e n t studies, t h e y have f u r t h e r developed safety and v i a b i l i t y o f t h e p r o d u c t for p o t e n t i a l
f u t u r e use in t h e r a p y o f C r o h n ' s disease. 6 9- 7 ° In parallel, the group has also d e v e l o p e d Lactobacillus
lactis s e c r e t i n g b i o a c t i v e t r e f o i l factors t h a t are c y t o p r o t e c t i v e a n d p r o m o t e g a s t r o i n t e s t i n a l
r e c o n s t i t u t i o n . Again, this i n v e n t i o n has been shown to be t h e r a p e u t i c in a m u r i n e m o d e l o f
c o l i t i s . " Recently, G r a n g e t t e a n d coworkers have d e m o n s t r a t e d t h a t a n t i - i n f l a m m a t o r y capacity
o f an isogenic Lactobacillus p l a n t arum m u t a n t (DIt- m u t a n t ) was greatly e n h a n c e d b o t h in vitro
and in vivo due to its m o d i f i e d t e i c h o i c a c i d s . " The DIt- m u t a n t was deficient in D - a l a n y l a t i o n
w h i c h r e s u l t e d in a l m o s t c o m p l e t e absence o f D - a l a n i n e residues in the p u r i f i e d l i p o t e i c h o i c acid
(LTA). This change in t h e c o m p o s i t i o n o f L T A increased IL-IO p r o d u c t i o n in vitro in p e r i p h e r a l
b l o o d m o n o n u c l e a r cells after exposure to the m u t a n t strain. Remarkably, t h e same kind o f I L - I 0
i n d u c t i o n was o b s e r v e d also in vivo by using a m u r i n e m o d e l o f c o l i t i s . " Similarly, DIt- m u t a n t
was Significantly more p r o t e c t i v e in the m u r i n e colitis than its w i l d - t y p e c o u n t e r p a r t . These find­
ings imply t h a t there are at least two d i f f e r e n t ways to b o o s t n a t u r a l a n t i - i n f l a m m a t o r y effects o f
p r o b i o t i c s by genetic e n g i n e e r i n g : e i t h e r by using t h e m as delivery vehicles o f a n t i - i n f l a m m a t o r y
agents or m o d i f y i n g t h e i r own i m m u n o g e n i c structures.

S u m m a r y
C u r r e n t l y , there is a s u b s t a n t i a l b o d y o f evidence i n d i c a t i n g t h a t p r o b i o t i c bacteria have c e r t a i n

h e a l t h benefits especially in infants. These benefits are s u p p o r t e d by the meta-analysis o f clinical
i n t e r v e n r i o n s . v " t h o u g h in some cases the analysis has been c o n d u c t e d on p r o b i o t i c s in general,
n o t w i t h i n d i v i d u a l s t r a i n s t a k i n g i n t o a c c o u n t the strain specific p r o p e r t i e s . Thus focusing on
b i f i d o b a c t e r i a l p r o b i o t i c s or Lactobacillus strains t h a t p r o m o t e b i f i d o b a c t e r i a l m i c r o b i o t a in the
i n f a n t g u t w o u l d be especially desirable. This p r o p e r t y may be especially i m p o r t a n t in assisting in
the d e v e l o p m e n t a n d m a i n t e n a n c e o f n o r m a l h e a l t h y m i c r o b i o t a d u r i n g early years o f life.

All p r o b i o t i c p r o p e r t i e s are strain-specific and s h o u l d be t e s t e d on t h e i r own in vitro and in
clinical i n t e r v e n t i o n s . As site-specific p r o b i o t i c s for p a r t i c u l a r t a r g e t groups are desired, the mi­
c r o b i o t a o f the h e a l t h y b r e a s t fed i n f a n t may provide o p p o r t u n i t i e s for the search o f new strains
w i t h a n t i - i n f l a m m a t o r y p r o p e r t i e s . In future, novel molecular t e c h n o l o g i e s are expected to f u r t h e r
aid in s e l e c t i o n o f p o t e n t i a l p r o b i o t i c strains for close evaluation, e n g i n e e r i n g new p r o b i o t i c s a n d
u n d e r s t a n d i n g t h e i r exact mechanisms o f action related to d i f f e r e n t clinical c o n d i t i o n s .
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Negative Interactions with the Microbiota:
IBD
N i t a H . S a l z m a n a n d C h a r l e s L. Bevins"

A b s t r a c t

M UCOSal surfaces are c o l o n i z e d by a c o m p l e x m i c r o b i o t a t h a t p r o v i d e s b e n e f i c i a l func­
t i o n s u n d e r n o r m a l p h y s i o l o g i c a l c o n d i t i o n s , b u t is capable o f c o n t r i b u t i n g t o c h r o n i c
i n f l a m m a t o r y disease in susceptible i n d i v i d u a l s . O f t h e mucosal tissues, the m a m m a l i a n

i n t e s t i n e h a r b o r s an especially h i g h n u m b e r o f m i c r o b e s w i t h a r e m a r k a b l e diversity. I n f l a m m a t o r y
bowel disease ( l E D ) is a g r o u p o f c h r o n i c relapsing i n f l a m m a t o r y disorders o f the i n t e s t i n a l mucosa.
Evidence f r o m h u m a n s t u d i e s a n d a n i m a l m o d e l s provides c o m p e l l i n g s u p p o n t h a t i n t e s t i n a l mi­
crobes p l a y a key role in disease p a t h o g e n e s i s . W h i l e the e x i s t e n c e a specific causative p a t h o g e n is
possible, it a p p e a r s m o r e likely t h a t i n t e s t i n a l m i c r o b e s n o r m a l l y p r e s e n t as c o m m e n s a l m i c r o b i o t a
may t r i g g e r i n f l a m m a t i o n a n d p e r p e t u a t e disease in g e n e t i c a l l y s u s c e p t i b l e i n d i v i d u a l s . T h e r e may
be also a s h i f t in t h e m a k e u p o f t h e c o m m e n s a l flora to a n o n p h y s i o l o g i c c o m p o s i t i o n t h a t is m o r e
p r o n e t o disease ( t e r m e d d y s b i o s i s ) , Evidence s u p p o r t s t h a t g e n e t i c s u s c e p t i b i l i t y stems f r o m one
or m o r e d e f e c t s in m u c o s a l i m m u n e f u n c t i o n s , i n c l u d i n g m i c r o b e r e c o g n i t i o n . b a r r i e r f u n c t i o n ,
i n t e r c e l l u l a r c o m m u n i c a t i o n a n d a n t i m i c r o b i a l e f f e c t o r m e c h a n i s m s . It is q u i t e plausible t o imag­
ine t h a t t h e c h r o n i c i n f l a m m a t i o n o f I B D may in some cases be a n o r m a l i m m u n e r e s p o n s e t o an
a b n o r m a l a d h e r e n t invasive m i c r o b i o r a a n d in o t h e r cases an over e x u b e r a n t i m m u n e r e s p o n s e to
an o t h e r w i s e n o r m a l c o m m e n s a l m i c r o b i o t a ,

I n t r o d u c t i o n
The c o m p l e x e c o s y s t e m s t h a t c o l o n i z e m a m m a l i a n m u c o s a l surfaces serve essential b e n e f i c i a l

f u n c t i o n s for t h e h o s t , yet t h e p a r a m e t e r s t h a t define a h e a l t h y m i c r o b i o t a are p o o r l y d e f i n e d . ! "
U n l i k e b a c t e r i a l - h o s t i n t e r a c t i o n s i n v o l v i n g d e f i n e d p a t h o g e n s , negative i n t e r a c t i o n s b e t w e e n
c o m m e n s a l s a n d h o s t are less clear-cut. The p a t h o l o g y may be c a u s e d by an a b n o r m a l m i c r o b i o t a
( d y s b i o s i s ) , i m m u n e d e f e c t s in the h o s t a n d in some i n s t a n c e s a c o m b i n a t i o n o f b o t h (Fig. 1).
Some o f t h e p a t h o l o g i c a l c o n d i t i o n s a s s o c i a t e d w i t h c o m m e n s a l s i n c l u d e t h e following: b a c t e r i a l
vaginosis, w h e r e e v i d e n c e suggests an a s s o c i a t i o n w i t h dysbiosis; e r y t h e m a t o x i c u m n e o n a t o r u m ,
h a i r follicle p e n e t r a t i o n by c o m m e n s a l s , w h i c h may likely reflect an i m m a t u r e i m m u n i t y o f new­
b o r n s ; n e c r o t i z i n g e n t e r o c o l i t i s , a c o m p l e x a n d c a t a s t r o p h i c illness o f p r e m a t u r e i n f a n t s , w h i c h is
likely a s s o c i a t e d w i t h an i m m a t u r e m u c o s a l i m m u n e system" in c o m b i n a t i o n w i t h dysbiosis; cystic
fibrosis, w h i c h is m o r e clearly a h o s t d e f e c t ; celiac disease, in w h i c h t h e presence o f dysbiosis has
b e e n n o t e d ; a n d finally i n f l a m m a t o r y bowel disease ( l E D ) , w h e r e dysbiosis and h o s t i m m u n i t y
likely share a role in p a r h o g e n e s i s . v ' f This c h a p t e r will focus o n the l a t t e r g r o u p o f negative i n t e r a c ­
t i o n s in t h e i n t e s t i n e c h a r a c t e r i z i n g l E D .

* C o r r e s p o n d i n g A u t h o r : Charles L. B e v i n s - D e p a r t m e n t o f M i c r o b i o l o g y and I m m u n o l o g y ,
U n i v e r s i t y of C a l i f o r n i a Davis School o f M e d i c i n e , Davis, CA 95616, USA.
Email: c1bevins@ucdavis.edu
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Figure 1. S i m p l e m o d e l for b a l a n c e o f h o s t - m i c r o b e i n t e r a c t i o n s at m u c o s a l surfaces. U n d e r
n o r m a l c o n d i t i o n s , a mature f u l l y f u n c t i o n i n g host d e f e n s e system s t r i k e s b a l a n c e w i t h an
a b u n d a n t and c o m p l e x m i c r o b i o t a . An i m b a l a n c e l e a d i n g to disease may result from e i t h e r
d e f i c i e n c i e s in host factors ( g e n e t i c a l l y i n h e r i t e d , a g e - r e l a t e d , c o n c u r r e n t illness, etc.), or
u n f a v o r a b l e a l t e r a t i o n in the c o m p o s i t i o n of c o m m e n s a l m i c r o b i o t a or via v i r u l e n c e f a c t o r s
of p a t h o g e n s .

IBD
l B D e n c o m p a s s e s at least t w o g r o u p s o f disease e n t i t i e s : u l c e r a t i v e c o l i t i s ( U C ) a n d C r o h n ' s

disease (CD).19 These are c h r o n i c i n t e s t i n a l i n f l a m m a t o r y diseases t h a t a p p e a r to be i m m u n e
m e d i a t e d , b u t are o f largely u n k n o w n etiology.20.22 U C is c h a r a c t e r i z e d by m u c o s a l i n f l a m m a ­
t i o n l i m i t e d to t h e large bowel. Grossly, U C shows a r e g i o n o f c o n t i n u o u s c o l o n i c i n v o l v e m e n t ,
ofien a f f e c t i n g t h e e n t i r e colon. H i s t o l o g i c a l l y , the acute p h a s e is c h a r a c t e r i z e d by c r y p t abscesses
a n d u l c e r a t i o n s t h a t e x t e n d to t h e m u s c u l a r i s m u c o s a a n d is a s s o c i a t e d w i t h a m i x e d i n f l a m ­
m a t o r y i n f i l t r a t e in t h e l a m i n a p r o p r i a . The d e f i n i t i v e t r e a t m e n t for U C involves r e s e c t i o n o f
t h e e n t i r e large b o w e l a n d r e c t u m , w i t h t h e c o n s t r u c t i o n o f an ileal p o u c h - a n a l a n a s t o m o s i s .
Some p a t i e n t s d e v e l o p s i g n i f i c a n t i n f l a m m a t i o n in t h e ileal p o u c h , r e s u l t i n g in a s e c o n d a r y
i n f l a m m a t o r y disease, p o u c h i t i s . P o u c h i t i s is a s s o c i a t e d w i t h t h e c l i n i c a l s y m p t o m s a k i n to
I B D a n d a l t h o u g h its e t i o l o g y is u n c l e a r , p o u c h i t i s is also t h o u g h t to r e p r e s e n t an i m b a l a n c e o f
h o s t - m i c r o b e i n t e r a c t i o n s at the i n t e s t i n a l mucosa, s i m i l a r to l B D . 2

3 C D is c h a r a c t e r i z e d grossly
by d i s c o n t i n u o u s m u c o s a l i n v o l v e m e n t (skip l e s i o n s ) t h a t can o c c u r a n y w h e r e in t h e G l t r a c t
a n d favors i n v o l v e m e n t o f the t e r m i n a l i l e u m . O t t e n C D w i l l i n v o l v e o n l y t h e ileum, b o t h i l e u m
a n d c o l o n , or s o m e t i m e s only t h e c o l o n . H i s t o l o g i c a l l y , i n f l a m m a t i o n is n o t e d to be t r a n s m u r a l ,
u l c e r a t i o n a n d c r y p t abscesses are less p r o n o u n c e d , a n d g r a n u l o m a s are o f i e n p r e s e n t . D e s p i t e
gross a n d m i c r o s c o p i c d i f f e r e n c e s , t h e r e may be c o n s i d e r a b l e o v e r l a p in t h e p r e s e n t a t i o n o f
l B D , o f i e n m a k i n g p r e c i s e c a t e g o r i z a t i o n w i t h i n t h i s g r o u p o f diseases a c h a l l e n g e . " V a r i a t i o n s
in b o t h i n h e r i t e d s u s c e p t i b i l i t y a n d c l i n i c a l p h e n o t y p e s s u g g e s t t h a t n e i t h e r U C n o r C D is a
h o m o g e n e o u s d i s o r d e r , b u t r a t h e r a s p e c t r u m o f diseases.

E v i d e n c e o f B a c t e r i a l I n v o l v e m e n t in I n t e s t i n a l I n f l a m m a t i o n

A n i m a l M o d e l s
The significance o f i n t e s t i n a l bacteria in i n c i t i n g and p e r p e t u a t i n g colitis has b e e n d e m o n s t r a t e d

in a variety o f m u r i n e m o d e l s o f I B D . S p o n t a n e o u s d e v e l o p m e n t o f colitis has b e e n seen in a variety
o f r o d e n t models, i n c l u d i n g the l L - l O k n o c k o u t ( K / O ) m o u s e , l L - 2 K I O mice, T-cell r e c e p t o r
K I O mice a n d H L A - B 2 7 rats w h e n t h e animals are m a i n t a i n e d u n d e r c o n v e n t i o n a l (specific
p a t h o g e n free) c o n d i r i o n s . P ' " W h e n these r o d e n t strains are raised in g e r m - f r e e c o n d i t i o n s , colitis
is e i t h e r a b s e n t or m u c h a t t e n u a t e d . O t h e r m u r i n e colitis m o d e l s , such as t h e S C l D mouse t h a t has
been r e p o p u l a t e d w i t h C D 4 + C D 4 5 R B - h i 'T-cells show i m p r o v e m e n t w i t h a n t i b i o t i c t r e a t m e n t ,
also s u g g e s t i n g the i n v o l v e m e n t o f b a c t e r i a in the d e v e l o p m e n t a n d p e r s i s t e n c e o f c o l i t i s . "

These findings in a n i m a l models s u p p o r t a c u r r e n t h y p o t h e s i s o f C D p a t h o p h y s i o l o g y , where
an i n a p p r o p r i a t e i m m u n e response to i n t e s t i n a l c o m m e n s a l b a c t e r i a is t h o u g h t to fuel m u c o s a l
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i n f l a m m a t i o n in genetically susceptible individuals. The degree to w h i c h each aspect o f this tri­
umvirate scenario ( g e n e t i c susceptibility, i m m u n e reactivity, or b a c t e r i a / e n v i r o n m e n t a l triggers)
c o n t r i b u t e s to pathogenesis and t h e i r relative c o n t r i b u t i o n s to p e r p e t u a t i o n o f i n f l a m m a t i o n are n o t
yet entirely clear. O n e i m p o r t a n t q u e s t i o n is w h e t h e r i n f l a m m a t i o n is the result o f an a b n o r m a l l y
aggressive i m m u n e response to a n o r m a l commensal m i c r o b i o t a , or a n o r m a l i m m u n e response
to an a b n o r m a l m i c r o b i o t a or p a t h o g e n .

H u m a n D i s e a s e
There is a l o n g h i s t o r y o f clinical observations t h a t also s u p p o r t t h e i m p o r t a n c e i n t e s t i n a l

bacteria in the p a t h o g e n e s i s ofIBD.31 For example, diversion o f the fecal stream is effective in
a m e l i o r a t i n g CD.32.33 A l t h o u g h n o t a mainstay o f therapy, a n t i b i o t i c s seem to p r o v i d e a benefit
b o t h in acute flares a n d m a i n t e n a n c e o f remission o f CD. 34-36 In some cases, the b r o a d - s p e c t r u m
a n t i b i o t i c s m e t r o n i d a w l e a n d ciprofloxacin appear t o be as effective in disease exacerbations as
more c o n v e n t i o n a l therapies.34.37.38 In a d d i t i o n , the luminal c o n t e n t s o f the small bowel have been
s h o w n to trigger i n f l a m m a t i o n . 39 There are r e p o r t s o f an increase in mucosal associated b a c t e r i a in
the n e e - t e r m i n a l ileum after ileocecal resection for C D and this increase may be associated w i t h
p o s t o p e r a t i v e r e l a p s e . " A n d finally, T-cell responses against the a u t o l o g o u s bacterial flora have
been o b s e r v e d in C D , where such responses were n o t seen in c o n t r o l s . " Together, these observa­
tions p r o v i d e s u p p o r t t h a t I B D may result from negative or p a t h o l o g i c a l i n t e r a c t i o n s b e t w e e n the
c o m m e n s a l m i c r o b i o t a a n d its host.

P r i m a r y C a u s e - B a c t e r i a ?

P a t h o g e n i c I n f e c t i o n
The p r e s e n c e o f g r a n u l o m a s associated with C D has i n f l u e n c e d a n d s u p p o r t e d the search

for a specific p a t h o g e n as t h e causative agent in this p a t h o l o g i c a l process. In o t h e r diseases, the
discovery a n d i d e n t i f i c a t i o n o f i n d i v i d u a l highly fastidious p a t h o g e n s , such as Tropheryma whip­
plei, the causative agent in W h i p p l e ' s disease, has e n c o u r a g e d this line o f i n v e s t i g a t i o n . 42 Several
d i f f e r e n t b a c t e r i a l p a t h o g e n s have been i m p l i c a t e d in the e t i o l o g y o f C D , p r i m a r i l y E. coli and
Mycobacterium a v i u m paratuberculosis (MAP).

The i m p l i c a t i o n o f M A P is q u i t e controversial, a l t h o u g h p a r t i c u l a r l y enticing, because o f the
g r a n u l o m a t o u s i n f l a m m a t i o n associated with this i n f e c t i o n . In a d d i t i o n , bovine i n f e c t i o n with
M A P results in j o h n e ' s disease, a regional e n t e r i t i s with similar a p p e a r a n c e to the regional ileitis
o f C D . 43 The p r e s e n c e o f e n v i r o n m e n t a l sources o f M A P ( c o n t a m i n a t e d meat a n d water, inad­
equately p a s t e u r i z e d milk) provides o p p o r t u n i t i e s for this o r g a n i s m to i n f e c t humans. As n o t e d ,
this is an area o f s i g n i f i c a n t c o n t e n t i o n , with many conflicting r e p o r t s . Several groups have isolated
M A P from the i n t e s t i n e s , b l o o d a n d breast milk o f p a t i e n t s w i t h CD.44-47 However, several o t h e r
studies have n o t f o u n d e v i d e n c e o f M A P in greater a b u n d a n c e in C D p a t i e n t s w h e n c o m p a r e d
to n o r m a l c o n t r o l s . 48 • 49 In a d d i t i o n t o the difficulty in r e p r o d u c i b l y d e t e c t i n g M A P in mucosal
specimens, some o f t h e weaknesses associated with the t h o u g h t t h a t M A P causes C D i n c l u d e the
correlative n a t u r e o f the s u p p o r t i n g evidence, the absence o f cell m e d i a t e d i m m u n e responses to
M A P in C D p a t i e n t s a n d t h e fact t h a t the i m m u n o s u p p r e s s i v e t h e r a p y t h a t is used to effectively
treat C D s h o u l d result in w o r s e n i n g mycobacterial i n f e c t i o n . The discovery o f n o d 2 / C A R D 1 5
genetic defects in a s u b p o p u l a t i o n o f C D p a t i e n t s (discussed below) c o u l d s u p p o r t the t h e o r y o f
M A P i n v o l v e m e n t in C D . O n e would expect t h a t these p a t i e n t s w o u l d have difficulty clearing
i n t r a c e l l u l a r p a t h o g e n s . However, as m e n t i o n e d , M A P has n o t b e e n f o u n d in greater a b u n d a n c e
in the ileum o f these p a t i e n t s . It is also possible t h a t the presence o f M A P in the i n t e s t i n e s o f C D
p a t i e n t s c o u l d be the result o f the i n f l a m m a t o r y process r a t h e r t h a n t h e cause. R e c e n t work has
d e m o n s t r a t e d some c r o s s - r e a c t i v i t y b e t w e e n M A P a n t i b o d i e s a n d h u m a n self antigens, suggest­
ing an e t i o l o g y o f a u t o i m m u n i t y r a t h e r t h a n i n f e c t i o n a s s o c i a t e d w i t h MAP.50 However, this
s t u d y was correlative, n o t causative; and this line o f work will r e q u i r e more m e c h a n i s t i c studies
to advance t h i s h y p o t h e s i s .



70 GI Microbiota a n d R e g u l a t i o n of the I m m u n e System

Several o t h e r b a c t e r i a l p a t h o g e n s have b e e n i m p l i c a t e d i n C D . I n c r e a s e d m u c o s a l a d h e r e n c e o f
E. coli. as well as r e c o v e r y o f v i r u l e n t E. coli f r o m a s i g n i f i c a n t n u m b e r o f m u c o s a l b i o p s i e s o f C D
p a t i e n t s c o m p a r e d to c o n t r o l s . have s u p p o r t e d a role for E. coli in t h e p a t h o g e n e s i s o f C D Y - 5 3 T h e r e
is also e v i d e n c e t h a t m o n o c y t e s f r o m p a t i e n t s w i t h C A R D I 5 m u t a t i o n s . a g e n e t i c s u s c e p t i b i l i t y t o

I B D d i s c u s s e d below. show a d i m i n i s h e d r e s p o n s e t o E. coli i n f e c t i o n . w h i c h w o u l d c o r r e l a t e w i t h
t h e h y p o t h e s i z e d d e f e c t i v e b a c t e r i a l c l e a r a n c e t h a t w o u l d be e x p e c t e d in t h e s e p a t i e n t s . O n e r e c e n t
s t u d y o f t h e e t i o l o g y o f g r a n u l o m a t o u s colitis in B o x e r d o g s has s h o w n a s t r o n g a s s o c i a t i o n w i t h
a d h e r e n t a n d i n v a s i v e E . coli. 54 A g a i n . as w i t h . M A P , t h e f i n d i n g s are c o r r e l a t i v e a n d t h e p r e s e n c e
o f E. coli c o u l d be as a r e s u l t o f t h e d a m a g e d m u c o s a r a t h e r t h a t t h e cause.

D y s b i o s i s
An a l t e r n a t e t h e o r y has b e e n g a i n i n g a t t e n t i o n , s u p p o r t e d by e v i d e n c e f r o m p a t i e n t s a n d ani­

mal m o d e l s . T h i s t h e o r y suggests t h a t a s h i f t in t h e n o r m a l b a l a n c e o f c o m m e n s a l s , or d y s b i o s i s
leads to t h e c o l o n i z a t i o n o f t h e g u t by b a c t e r i a t h a t is m o r e " p r o i n f l a m m a t o r y " t h a n t h e n o r m a l
m i c r o b i a l e c o s y s t e m . r e s u l t i n g in t h e i n c r e a s e d m u c o s a l i n f l a m m a t i o n a s s o c i a t e d w i t h IBD.55 Early
s t u d i e s t h a t u s e d classical c u l t u r e t e c h n i q u e s to i d e n t i f y b a c t e r i a l species n o t e d i n c r e a s e d n u m b e r s
o f g r a m - n e g a t i v e a n a e r o b e s , n o t a b l y Bacteroides species in t h e feces o f C D . U C a n d p o u c h i t i s .
H o w e v e r . t h e b a c t e r i a l c o m p o s i t i o n o f t h e feces is n o t r e p r e s e n t a t i v e o f t h e b a c t e r i a l c o m p o s i t i o n
o f t h e i n d i v i d u a l s e c t i o n s o f t h e G I t r a c t . n o r is it r e p r e s e n t a t i v e o f t h e c o m p o s i t i o n o f t h e m u c o s a l
a s s o c i a t e d b a c t e r i a . In a d d i t i o n , classical c u l t u r e m e t h o d s are i n a d e q u a t e for t h e i d e n t i f i c a t i o n o f
a large p e r c e n t a g e o f t h e species f o u n d in t h e gut. T h e a p p l i c a t i o n o f m o l e c u l a r t e c h n i q u e s . u s i n g
16S r R N A s e q u e n c e s to e n u m e r a t e a n d i d e n t i f y b a c t e r i a . have a d v a n c e d o u r u n d e r s t a n d i n g o f t h e s e
c o m p l e x e c o s y s t e m s . T h e a p p l i c a t i o n o f these t e c h n i q u e s to fecal s p e c i m e n s f r o m p a t i e n t s w i t h C D
has d e m o n s t r a t e d h i g h b i o d i v e r s i t y w i t h increases in e n t e r o b a c t e r i a . 56 In o n e s t u d y c o m p a r i n g t h e
m i c r o b i o t a o f p a t i e n t s w i t h C D to t h o s e o f n o r m a l c o n t r o l s . C D b i o p s i e s s h o w e d r e d u c e d b a c t e r i a l
diversity. w i t h d e c r e a s e s in Bacteroides. Eubacterium a n d Lactobadllus s p e c i e s . ' ? A n o t h e r s t u d y
also f o u n d d i f f e r e n c e s . b u t c o u l d n o t d i s t i n g u i s h b e t w e e n p a t i e n t to p a t i e n t v a r i a t i o n a n d disease
a s s o c i a t e d c h a n g e s . " W o r k by S w i d s i n s k i et al t h a t i n v o l v e d d i r e c t o b s e r v a t i o n o f t i s s u e s e c t i o n s
f r o m C D a n d n o r m a l biopsies by in s i t u h y b r i d i z a t i o n d e m o n s t r a t e d h i g h n u m b e r s o f a d h e r e n t
b a c t e r i a in C D as c o m p a r e d to n o r m a l c o n t r o l s (Fig. 2). 59 T h e h i g h n u m b e r s o f m u c o s a l a s s o c i a t e d
b a c t e r i a were n o t e d in b o t h i n f l a m e d a n d n o n - i n f l a m e d m u c o s a , s u g g e s t i n g t h a t t h e p r e s e n c e o f
m u c o s a l a s s o c i a t e d b a c t e r i a was n o t as a r e s u l t o f e p i t h e l i a l i n f i a m m a t i o n . t ? A s e c o n d s t u d y by
Seksik et al c o m p a r i n g u l c e r a t e d a n d n o n u l c e r a t e d m u c o s a l b i o p s i e s o f C D p a t i e n t s a g a i n r e v e a l e d
h i g h b i o d i v e r s i t y a n d n o s i g n i f i c a n t q u a l i t a t i v e d i f f e r e n c e s in t h e m i c r o b i a l c o m p o s i t i o n b e t w e e n
u l c e r a t e d a n d n o n u l c e r a t e d a r e a s / " These f i n d i n g s have b e e n c o n f i r m e d a n d e x t e n d e d by a n u m b e r
o f very r e c e n t s t u d i e s . 61.62 This suggests t h a t u l c e r a t i o n o f t h e m u c o s a is n o t d i r e c t l y a s s o c i a t e d w i t h
dysbiosis. T o g e t h e r . t h e s e findings suggest t h a t d y s b i o s i s is m o r e a r e s u l t o f an u n d e r l y i n g m u c o s a l
h o s t i m m u n e d e f e c t . I n v e s t i g a t i o n s in a n i m a l m o d e l s have s u g g e s t e d . in s o m e cases. t h a t specific
subsets o f c o m m e n s a l b a c t e r i a are m o r e effective at i n d u c i n g c o l i t i s in s u s c e p t i b l e a n i m a l m o d e l s
a n d m a n i p u l a t i o n o f t h e m i c r o b i o t a o f t h e s e mice r e s u l t s in m o r e aggressive c o l i t i s , ' ? In t h e I L - l 0
K i a m o d e l . m o n o - a s s o c i a t i o n withE..faecalis was m o r e effective t h a n E . coli at i n d u c i n g c o l i t l s . s v "
O t h e r w o r k has s h o w n t h a t the p r e s e n c e o f Helicobacter c a n i n d u c e c o l i t i s in I L - l O K i a a n d T - c e l l
d e f i c i e n t m i c e / " T a k e n t o g e t h e r w i t h t h e h u m a n d a t a . i t a p p e a r s t h a t an u n d e r l y i n g h o s t d e f e c t or
c o m b i n a t i o n o f e n v i r o n m e n t a l f a c t o r s may r e s u l t in a l t e r a t i o n s in t h e m i c r o b i a l c o l o n i z a t i o n o f
t h e h o s t , o r d y s b i o s i s . We are still left w i t h t h e q u e s t i o n o f w h a t causes t h e dysbiosis a n d w h e t h e r
t h e h o s t i m m u n e r e s p o n s e is a b n o r m a l l y aggressive a g a i n s t t h e d y s b i o t i c m i c r o b i o t a .

P r i m a r y C a u s e - H o s t ?
P r i m a r y h o s t d e f e c t s . p a r t i c u l a r l y t h o s e o f t h e i m m u n e system. have b e e n i m p l i c a t e d as t h e

u n d e r l y i n g cause o f I B D . as well as o t h e r negative i n t e r a c t i o n s b e t w e e n t h e m i c r o b i o t a a n d t h e host.
There is a large b o d y o f w o r k d e t a i l i n g t h e i n v o l v e m e n t o f t h e a c q u i r e d i m m u n e system, p a r t i c u l a r l y
t h e i n v o l v e m e n t o f T - c e l l responses in p e r p e t u a t i n g t h e c h r o n i c i n f l a m m a t i o n ofIBD.20.67 R e c e n t
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Figure 2. M u c o s a l a d h e r e n c e of b a c t e r i a in IBD. A) The a s c e n d i n g c o l o n of an u n t r e a t e d CD
p a t i e n t shows a b i o f i l m c o n t a i n i n g a d h e r e n t Bacteroides fragilis ( v i s u a l i z e d w i t h the Bfra-Cy3
p r o b e ) . The b i o f i l m c o m p l e t e l y covers the mucosal surface. The e p i t h e l i a l tissue is v i s u a l i z e d
due to a u t o f l u o r e s c e n c e . B & C) T r i p l e - c o l o r FISH i d e n t i f i e s organisms present in a d h e r e n t
b a c t e r i a in p a t i e n t s w i t h CD (B) and i r r i t a b l e b o w e l syndrome, a n o n - i n f l a m m a t o r y c o n t r o l (C).
B a c t e r o i d e s fragilis (Bfra-Cy3 probe) appears y e l l o w i s h on a green b a c k g r o u nd; the E u b a c t e r i u m
r e c t a l e g r o u p (Erec-Cy5 probe) appears dark red. O t h e r b a c t e r i a that h y b r i d i z e e x c l u s i v e l y
w i t h the u n i v e r s a l p r o b e ( p r o b e Eub-FITC) appear green. An increase in a d h e r e n t B a c t e r o i d e s
fragilis is d e t e c t e d in p a t i e n t s w i t h IBD c o m p a r e d w i t h c o n t r o l s . Data f r o m S w i d z i n s k i , et al 5 9

w i t h p e r m i s s i o n f r o m the A m e r i c a n S o c i e t y for M i c r o b i o l o g y Journals D e p a r t m e n t .

genetic findings have s t i m u l a t e d greater a t t e n t i o n to aspects o f innate i m m u n i t y as a p r i m a r y trigger
o f I B D . M u t a t i o n s at several genetic loci have been associated w i t h genetic p r e d i s p o s i t i o n to IBD
a n d m a n y o f t h e genes Identified-are involved in h o s t - b a c t e r i a l i n t e r a c t i o n .

The first clear genetic association identified were loss o f f u n c t i o n m u t a t i o n s in nod2 o r C A R D 15.
w h i c h e n c o d e s a p a t t e r n r e c o g n i t i o n r e c e p t o r for muramyl d i p e p t i d e ( M D P ) , a p e p t i d o g l y c a n
c o m p o n e n t f o u n d in b a c t e r i a l cell walls. L i g a t i o n o f this i n t r a c e l l u l a r r e c e p t o r w i t h M D P leads
to a c t i v a t i o n o f t h e N F - k B signaling pathway, resulting in the p r o d u c t i o n o f p r o i n f l a m m a t o r y
c y t o k i n e s a n d s u b s e q u e n t b a c t e r i a l clearance. The biological effects o f t h e n o d 2 / C A R D 1 5 muta­
t i o n s associated w i t h I B D are unclear. The r e c e p t o r has been l o c a l i z e d to m o n o c y t e s a n d P a n e t h
cells. P a n e t h cells are specialized cells t h a t i n h a b i t the small i n t e s t i n a l crypts and p r o d u c e and
secrete a n u m b e r o f a n t i m i c r o b i a l a n d i n n a t e i m m u n e factors, p a r t i c u l a r l y d e f e n s i n s . f Defensins
are b r o a d - s p e c t r u m c a t i o n i c a n t i m i c r o b i a l peptides. The p r o d u c t i o n a n d s e c r e t i o n o f e p i t h e l i a l
a n t i m i c r o b i a l peprides, p r e d o m i n a n t l y defensins, is also i m p o r t a n t in b a r r i e r h o s t defense. 6 9 - 71

These a n t i m i c r o b i a l s have been shown to be essential in defense against e n t e r i c p a t h o g e n s and have
been h y p o t h e s i z e d to have a role in r e g u l a t i o n o f the i n t e s t i n a l m i c r o b i o t a . In a n i m a l models o f
t a r g e t e d nod2 k n o c k o u t s , the animals show decreases in P a n e t h cell defensins and have increased
s u s c e p t i b i l i t y to e n t e r i c i n f e c t i o n w i t h the i n t r a c e l l u l a r p a t h o g e n , Listeria monocytogenes. 6 9

W h i l e t h e m o l e c u l a r c o n n e c t i o n s b e t w e e n nod2 expression a n d P a n e t h cell a - d e f e n s i n expres­
sion are unclear, the results in the m u r i n e Kz'O system are c o n s i s t e n t w i t h findings in h u m a n s with
ileal C D . Studies o f i l e a l biopsies from p a t i e n t s with IBD have d e m o n s t r a t e d significant r e d u c t i o n
in gene a n d p r o t e i n expression o f h u m a n defensin 5 ( H D S ) , the d o m i n a n t a - d e f e n s i n p r o d u c e d
a n d s e c r e t e d by P a n e t h cells,?2.73 D e c r e a s e d H D S expression was n o t e d in b o t h i n f l a m e d and
n o n - i n f l a m e d tissue o f the ileum o f p a t i e n t s with ileal CD,?3Patients who also had the genetic defect
in C A R D 15 s h o w e d even less H D S expression than o t h e r p a d e n t s , " Analysis o f h e t e r o z y g o u s and
h o m o z y g o u s H D 5 t r a n s g e n i c mice s u p p o r t t h a t m o d e s t changes in P a n e t h cell a - d e f e n s i n expres­
sion can alter m i c r o b i o t a (Fig. 3).73 A c u r r e n t hypothesis is t h a t r e d u c e d d e f e n s i n expression and
s e c r e t i o n c o u l d r e s u l t in a change in the bacterial c o m p o s i t i o n o f the m i c r o b i o t a , dysbiosis; and
allow dysbiotic b a c t e r i a closer access to the e p i t h e l i u m . O t h e r s u p p o r t for the role o f defensins
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Figure 3. Reduced expression of intestinal defensins in CD of the ileum may weaken mucosal
defense and lead to dysbiosis. A) Expression of HDS m R N A in ileal specimens from controls and
patients w i t h ileal CD d e t e r m i n e d w i t h q u a n t i t a t i v e r e a l - t i m e RT-PCR using external standards.
Bars represent means (± standard error). B) Q u a n t i f i c a t i o n of HDS p e p t i d e in ileal tissue samples
d e t e r m i n e d by i m m u n o b l o t analysis using serial d i l u t i o n s of r e c o m b i n a n t HDS p e p t i d e on the
same g e l / m e m b r a n e as standard. Bars represent the percentage (± standard error) of HDS peptide
amounts in CD specimens as compared to nondisease c o n t r o l samples, w h i c h was set as 100%.
C) L o c a l i z a t i o n of HDS mRNA in Paneth cells (PCs) of human small intestine analyzed by in situ
h y b r i d i z a t i o n . A r r o w s p o i n t to dense signal that overlie PCs. Counter-stain was H & E. Bar = 20
urn, D) Expression of HDS mRNA in ileal specimens from heterozygous and h o m o z y g o u s HDS
TG mice. Data expressed as mRNA copy n u m b e r per l O n g total RNA d e t e r m i n e d w i t h q u a n t i t a ­
tive real-time RT-PCR. E) Expression and l o c a l i z a t i o n of HDS m R N A in TG mouse small intestine
analyzed by in situ h y b r i d i z a t i o n using an antisense probe (left panel). Sense p r o b e (right panel)
was negative for h y b r i d i z a t i o n signal. Expression in TG mice is similar to that seen in human ileum
(Panel C). F) FISH analysis of luminal microbes in mouse ileum. Representative h y b r i d i z a t i o n analysis
w i t h TR-Bac338 probe (detecting all bacteria) is shown for w i l d t y p e mice (left panel), HDS TG
heterozygote mice (middle panel) and HDS TG h o m o z y g o t e mice (right panel). M o r p h o l o g i c a l l y ,
there is a graded shift in the c o m p o s i t i o n of bacterial r n i c r o b i o t a , from p r e d o m i n a n t l y small bacilli
and cocci in the w i l d t y p e mice (left), to a mixed p o p u l a t i o n of b a c i l l i and fusiform bacterial species
in the heterozygous TG mice (middle) and f i n a l l y a p o p u l a t i o n of p r e d o m i n a n t l y fusiform bacteria
in the h o m o z y g o u s TG mice (right). Data from W e h k a m p et al 7 3 w i t h permission, © 2005 National
Academy o f Sciences USA.
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in IBD have come from h u m a n studies o f C D o f the colon, where low gene c o p y - n u m b e r s a n d
expression o f l3-defensin 2 appears t o p r e d i s p o s e to disease."

A n u m b e r o f o t h e r associated genes appear t o be involved in the m a i n t e n a n c e o f epithelial barrier
integrity, i n c l u d i n g D L G S a n d S L C 2 2 A 4 and M D R U 5 - 79 Loss o f e p i t h e l i a l barrier i n t e g r i t y has
been well d o c u m e n t e d in chronic intestinal i n f l a m m a t o r y diseases.Increased intestinal p e r m e a b i l i t y
has b e e n n o t e d b o t h in p a t i e n t s w i t h C D and some unaffected first-degree r e l a t i v e s " and has been
shown to be a p r e d i c t o r o f disease relapse. 8 1

•
82 Aspects o f barrier loss i n c l u d e the leakiness o f epi­

thelial t i g h t j u n c t i o n s a n d t h e d e r a n g e m e n t o f the expression a n d d i s t r i b u t i o n o f claudins, a m o n g
the critical c o m p o n e n t s c o m p r i s i n g the t i g h t j u n c t i o n . 83 The a l t e r a t i o n s in claudins were only seen
in active I B D , n o t in q u i e s c e n t disease. This suggests t h a t this aspect o f b a r r i e r loss is caused by the
i n f l a m m a t i o n r a t h e r t h a n an i n c i t i n g cause. Nevertheless, leakiness o f the i n t e s t i n a l barrier c o u l d
allow b a c t e r i a a n d a n t i g e n s from the i n t e s t i n a l lumen access to the h o s t i m m u n e system.

A n o t h e r aspect o f b a r r i e r f u n c t i o n is the m a i n t e n a n c e o f t h e p r o t e c t i v e mucus c o a t i n g o f the
i n t e s t i n a l e p i t h e l i u m . T a r g e t e d d e l e t i o n o f muc2, the p r o d u c t o f w h i c h is a c o m p o n e n t o f colonic
mucus, r e n d e r s mice m o r e susceptible to d e x t r a n sodium sulfate (DSS) i n d u c e d c o l i t i s . " This
reiterates t h e i m p o r t a n c e o f each p o r t i o n o f the p r o t e c t i v e mucosal barrier.

M o s t recently, I L 2 3 R , w h i c h encodes a s u b u n i t o f the I L - 2 3 c y t o k i n e receptor, has b e e n
i d e n t i f i e d as an IBD s u s c e p t i b i l i t y g e n e . " The involvement o f this gene in I B D appears complex.
Recent w o r k in m u r i n e m o d e l s has shown a r e q u i r e m e n t for I L - 2 3 in T-cell m e d i a t e d i n f e c t i o u s
and i m m u n e colitis. 86

•
8
? IL-23 is a c y t o k i n e t h a t is primarily s e c r e t e d by m o n o c y t e s , m a c r o p h a g e s

and d e n d r i t i c cells and has b e e n shown t o drive the d e v e l o p m e n t o f T H 17 C D 4 + T-cells. 8 8
- 90 These

T-cells p r o d u c e IL-17, IL-6 a n d T N F - a . , all associated with c h r o n i c tissue I n f l a m m a t i o n . " I L - 2 3
also induces similar i n f l a m m a t o r y eytokine p r o d u c t i o n by m o n o e y t e s a n d m a c r o p h a g e s . " A l t h o u g h
IL- 23 is a m o n g the m o s t recent a d d i t i o n , the involvement o f c h e m o k i n e s and cytokines in mucosal
i n f l a m m a t i o n and negative bacterial-host i n t e r a c t i o n s has been carefully examined, b o t h in humans
and in a n i m a l models (for review see r e f 93). Since one o f the hallmarks o f i n f l a m m a t i o n in I B D
is the r e c r u i r m e n t o f n e u t r o p h i l s , the involvement o f increased I L - I a n d IL-8 have been n o t e d ,
as well as IL-12. The t a r g e t e d deletions o f I L - 2 and IL-IO have already shown the significance o f
these c y t o k i n e s in m u c o s a l i n f l a m m a t i o n as the result o f h o s t - b a c t e r i a l i n t e r a c t i o n .

O n e o f the d o m i n a n t cells p r o d u c i n g i n f l a m m a t o r y c y t o k i n e s , the d e n d r i t i c cell ( D C ) , may
p l a y a c e n t r a l role in m e d i a t i n g the i n f l a m m a t i o n associated w i t h h o s t - b a c t e r i a l i n t e r a c t i o n + .
This is s u p p o r t e d by evidence from the S C I D mouse colitis model, in w h i c h increased n u m b e r s
o f D C s are f o u n d in the colons o f affected mice a n d p r o d u c e d a s t r o n g p r o i n f l a r n r n a r o r y c y t o k i n e
response in l a m i n a p r o p r i a Tscclls."

D C ' s are i n t e g r a l to d i r e c t i n g the type o f mucosal response g e n e r a t e d by the host. L a m i n a
p r o p r i a D C s have b e e n s h o w n to f u n c t i o n by e x t e n d i n g t h e i r processes t h r o u g h the i n t e s t i n a l
e p i t h e l i u m to sample l u m i n a l bacterial c o n t e n t s . " Very exciting a n d r e c e n t work by C h i e p p a et
al has s h o w n t h a t this a n t i g e n sampling can be triggered by i n t e s t i n a l e p i t h e l i a l cell T L R signal­
ing in t h e small i n r e s t i n e . " As m o n o c y t e s d i f f e r e n t i a t e i n t o D C s , t h e y generate d i s t i n c t c y t o k i n e
profiles to d i f f e r e n t c o m m e n s a l bacteria as well as p a t h o g e n s . " : " This implies t h a t D C s drive the
i n f l a m m a t o r y profile o f m u c o s a - a s s o c i a t e d T-cells d e p e n d i n g on the type o f bacteria samples a n d
suggests a m e c h a n i s m by w h i c h dysbiosis triggers and p e r p e t u a t e s c h r o n i c i n f l a m m a t i o n .

C o n c l u d i n g C o m m e n t s
A l t h o u g h there are many clear benefits for the m e t a z o a n h o s t to m a i n t a i n and foster a c o m p l e x

e n d o g e n o u s m i c r o b i o t a at mucosal surfaces, u n d e r some c o n d i t i o n s these c o l o n i z i n g microbes can
assume a p a t h o g e n i c role. In individuals who i n h e r i t one o r m o r e s u s c e p t i b i l i t y genes for I B D , the
i n t e s t i n a l m i c r o b i o t a may fuel the onset and p e r p e t u a t i o n o f mucosal i n f l a m m a t i o n . W i t h an i n t a c t
mucosal i m m u n e system a n d h e a l t h y r n i c r o b i o t a , a b a l a n c e d ecosystem w i l l exist at the i n t e s t i n a l
i n t e r f a c e , m a r k e d by w h a t may be r e g a r d e d as a c o n t r o l l e d state o f p h y s i o l o g i c a l i n f l a m m a t i o n
(Fig. 4, left). This balance may be p e r t u r b e d i f the host i n h e r i t s a weakened mucosal i m m u n e system
(Fig. 4, c e n t e r ) . The b e s t - c h a r a c t e r i z e d example o f such an i n h e r i t e d s u s c e p t i b i l i t y is a m u t a t i o n
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Figure 4. P r o p o s e d m o d e l for the i n t e r p l a y of i n t e s t i n a l b a c t e r i a and m u c o s a l i m m u n e defenses
in h e a l t h and disease p a t h o g e n e s i s of IBD. The h e a l t h y i n t e s t i n a l t r a c t is c h a r a c t e r i z e d by a
d e l i c a t e b a l a n c e b e t w e e n host m u c o s a l defenses and i n t e s t i n a l m i c r o b e s (left). This b a l a n c e
may be d i s t u r b e d by d e f e c t s in m u c o s a l i m m u n e f u n c t i o n s , i n c l u d i n g m i c r o b e r e c o g n i t i o n ,
b a r r i e r f u n c t i o n , i n t e r c e l l u l a r c o m m u n i c a t i o n and a n t i m i c r o b i a l e f f e c t o r m e c h a n i s m s ( m i d d l e ) .
An u n f a v o r a b l e a l t e r a t i o n in the c o m p o s i t i o n of the m i c r o b i o t a , d y s b i o s i s , may fuel c h r o n i c
m u c o s a l i n f l a m m a t i o n (right). Reduced expression o f i n t e s t i n a l d e f e n s i n s may be one m e c h a ­
nism c a u s i n g an a l t e r a t i o n in the m i c r o b i o t a . W i t h f u r t h e r p r o g r e s s i o n o f disease b a c t e r i a l
a d h e r e n c e and m u c o s a l i n v a s i o n c o u l d p r o v o k e the i n f l a m m a t o r y r e s p o n s e .

in n o d 2 / C A R D 15, w i t h defective microbial r e c o g n i t i o n a n d cellular f u n c t i o n . O t h e r possibilities
may include defects in barrier function, faulty intercellular c o m m u n i c a t i o n a n d ineffectual i m m u n e
effector mechanisms. In some cases,weakened defenses may d i r e c t l y alter the m i c r o b i o t a ; such has
been p r o p o s e d for ileal C D where r e d u c e d P a n e t h cell a - d e f e n s i n expression is t h o u g h t to shift
the m i c r o b i o r a unfavorably. In o t h e r cases, an altered r n i c r o b i o t a may be t h e result o f p r o l o n g e d
i n f l a m m a t i o n i t s e l f Regardless o f its e t i o p a t h o g e n e s i s , dysbiosis, t h e a l t e r a t i o n o f the n o r m a l
commensal m i c r o b i o t a t o a less beneficial c o m p o s i t i o n , is e m b o d i e d in l e a d i n g hypotheses on the
p e r p e t u a t i o n o f the c h r o n i c i n f l a m m a t i o n o f I B D (Fig. 4, r i g h t ) . D e f e c t s in any o f multiple genes
key t o m a i n t a i n i n g a healthy, b a l a n c e d ecosystem in the i n t e s t i n e c o u l d , in principle, manifest
similarly as c h r o n i c mucosal i n f l a m m a t i o n with dysbiosis. M u l t i p l e m e c h a n i s m s converging on
a similar disease p h e n o t y p e is c o n s i s t e n t w i t h b o t h a n i m a l m o d e l s o f I B D a n d likely the h u m a n
disease as well. Irrespective, o f the precise etiology, f u r t h e r focus on h o s t - m i c r o b e interplay may
i d e n t i f y b o t h insights on mechanisms o f disease and new t h e r a p e u t i c strategies for IBD.
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D i e t , I m m u n i t y and F u n c t i o n a l Foods
L e s l e y H o y l e s a n d J e l e n a Vulevic*

A b s t r a c t

F u n c t io n al foods (specific n u t r i e n t a n d ! or f o o d c o m p o n e n t s ) s h o u l d beneficially affect one
o r m o r e t a r g e t f u n c t i o n s in the body. The use o f f u n c t i o n a l foods as a form o f p r e v e n t i v e
m e d i c i n e has b e e n t h e s u b j e c t o f m u c h research over t h e last t w o decades. I t is well k n o w n

t h a t n u t r i t i o n plays a v i t a l role in c h r o n i c diseases, b u t it is o n l y r e c e n t l y t h a t d a t a r e l a t i n g to the
effects o f specific n u t r i e n t s or foods on t h e i m m u n e system have b e c o m e available. This c h a p t e r
aims t o s u m m a r i z e t h e effects o f some f u n c t i o n a l foods (e.g., p r e b i o t i c s and m i c r o n u t r i e n t s ) on
the i m m u n e system. It s h o u l d be n o t e d , however, t h a t s t u d i e s i n t o t h e role o f f u n c t i o n a l foods
w i t h r e g a r d t o t h e h u m a n i m m u n e system are still in t h e i r i n f a n c y a n d a great deal o f c o n t r o v e r s y
s u r r o u n d s t h e h e a l t h claims a t t r i b u t e d t o some f u n c t i o n a l foods. C o n s e q u e n t l y , t h o r o u g h s t u d i e s
are r e q u i r e d in h u m a n a n d a n i m a l systems i f we are to move t o w a r d s d e v e l o p i n g a f u n c t i o n a l d i e t
t h a t p r o v i d e s m a x i m a l h e a l t h benefits.

I n t r o d u c t i o n
D i s c o v e r i e s in t h e b i o s c i e n c e s in r e c e n t years have p r o v i d e d e v i d e n c e t h a t , b e y o n d n u t r i t i o n ,

d i e t may also m o d u l a t e v a r i o u s b o d i l y ( i n c l u d i n g i m m u n e ) f u n c t i o n s t h a t are r e l e v a n t t o t h e
host's h e a l t h . These d i s c o v e r i e s are s h i f t i n g n u t r i t i o n a l c o n c e p t s f r o m i d e n t i f y i n g a ' b a l a n c e d ' d i e t
( e n s u r i n g an a d e q u a t e i n t a k e o f n u t r i e n t s while avoiding excessive i n t a k e o f those n u t r i e n t s t h a t
can c o n t r i b u t e t o disease, e.g., fat a n d salt) to an ' o p t i m i z e d ' n u t r i t i o n . The o u t c o m e o f ' o p t i m i z e d '
n u t r i t i o n is t o m a x i m i z e life e x p e c t a n c y a n d q u a l i t y by i d e n t i f y i n g f o o d i n g r e d i e n t s t h a t are able
to i m p r o v e t h e c a p a c i t y to resist disease a n d e n h a n c e h e a l t h w h e n p a r t o f a ' b a l a n c e d ' d i e t a n d
lifestyle. The l a t t e r p r o v i d e s a c o n c e p t o f f u n c t i o n a l foods, w h i c h was i n i t i a t e d in J a p a n in t h e late
1980s as a m a r k e t i n g t e r m ( l i n k i n g m e d i c a l a n d f o o d sciences).

F u n c t i o n a l foods can n o t be c a t e g o r i z e d w i t h a single d e f i n i t i o n due to t h e i r n o v e l t y a n d di­
versity,' A l t h o u g h t h e s c i e n t i f i c w o r k i n g d e f i n i t i o n o f f u n c t i o n a l foods varies across g e o g r a p h i c a l
regions, all are in a g r e e m e n t t h a t f u n c t i o n a l foods (specific n u t r i e n t a n d / o r food c o m p o n e n t s )
s h o u l d b e n e f i c i a l l y affect o n e or more t a r g e t f u n c t i o n s in t h e body. Thus, a general d e f i n i t i o n for
f u n c t i o n a l f o o d s states t h a t 'a f o o d can be r e g a r d e d as f u n c t i o n a l i f i t is s a t i s f a c t o r i l y d e m o n s t r a t e d
to affect b e n e f i c i a l l y o n e or m o r e t a r g e t f u n c t i o n s in the body, b e y o n d a d e q u a t e n u t r i t i o n a l ef­
fects, in a way t h a t is r e l e v a n t t o e i t h e r i m p r o v e d stage o f h e a l t h a n d w e l l - b e i n g a n d ! o r r e d u c t i o n
o f risk o f disease." Q u a n t i t a t i v e e v a l u a t i o n o f m o d u l a t i o n o f these t a r g e t f u n c t i o n s is r e q u i r e d to
s c i e n t i f i c a l l y s u b s t a n t i a t e t h e claims a t t r i b u t e d to a p a r t i c u l a r f u n c t i o n a l f o o d ; this can be d o n e by
m e a s u r i n g c h a n g e s in t h e s e r u m or o t h e r b o d y fluid c o n c e n t r a t i o n o f a specific m e t a b o l i t e , p r o t e i n
or h o r m o n e , a c h a n g e in p h y s i o l o g i c a l p a r a m e t e r s (e.g., b l o o d pressure or g a s t r o i n t e s t i n a l t r a n s i t
time) a n d ! or a c h a n g e in physical or i n t e l l e c t u a l p e r f o r m a n c e . '

* C o r r e s p o n d i n g Author: l e l e n a V u l e v i c - F o o d Microbial Sciences Unit, School of Food
Biosciences, The University of Reading, Whiteknights, PO Box 226, Reading RG6 6Ap, UK.
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F u n c t i o n a l foods have two m a i n uses in terms o f t h e i r a c t i o n u p o n t h e i m m u n e system: (i)
to o v e r c o m e / p r e v e n t t h e effects o f u n d e r n u t r i t i o n a n d (ii) as aids in t h e t r e a t m e n t o f c h r o n i c
clinical c o n d i t i o n s . U n d e r n u t r i t i o n i m p a i r s the i m m u n e system a n d suppresses i m m u n e f u n c t i o n s
t h a t are essential to h o s t p r o t e c t i o n . This state can be t h e r e s u l t o f i n s u f f i c i e n t i n t a k e o f e n e r g y
and m a c r o n u t r i e n t s a n d / o r deficiencies in specific m i c r o n u t r i e n t s . t Thc c o m p o n e n t t h a t makes a
food ' f u n c t i o n a l ' can be e i t h e r an essential m a c r o n u t r i e n t w i t h a specific p h y s i o l o g i c a l effect (e.g.,
omega- 3 fatty acids) or an essential m i c r o n u t r i e n t i f i t s i n t a k e is above t h e daily r e c o m m e n d a t i o n s .
F u r t h e r m o r e , it can be a n o n - e s s e n t i a l food c o m p o n e n t (e.g., p r e b i o r i c s ) or a food c o m p o n e n t
w i t h o u t n u t r i t i v e value (e.g., p r o b i o t i c s or p h y t o c h e m i c a l s ) . W h i l e t h e b e n e f i c i a l effect o f essential
n u t r i e n t s on t h e f u n c t i o n i n g o f t h e i m m u n e system has b e e n well d o c u m e n t e d , the effect on t h e
i m m u n e f u n c t i o n o f n o n - e s s e n t i a l a n d n o n n u t r i t i v e f o o d c o m p o n e n t s is a relatively r e c e n t s u b j e c t
o f i n t e r e s t a n d t h u s is less well d o c u m e n t e d . " It is clear f r o m s t u d i e s c o n d u c t e d in animals, a n d the
l i m i t e d n u m b e r c o n d u c t e d in h u m a n s , t h a t t h e r e are a n u m b e r o f n u t r i e n t s whose a v a i l a b i l i t y at
an a p p r o p r i a t e level is essential i f t h e i m m u n e system is to o p e r a t e efficiently. 3 It is also clear f r o m
r e c e n t s t u d i e s t h a t the i n t r o d u c t i o n o f f u n c t i o n a l foods i n t o t h e d i e t s o f p a t i e n t s w i t h c l i n i c a l
c o n d i t i o n s can help a m e l i o r a t e disease s y m p t o m s . Y

The f o l l o w i n g text describes t h o s e f u n c t i o n a l foods for w h i c h d a t a are available in r e l a t i o n to
t h e i r effects on the i m m u n e system. Special a t t e n t i o n is p a i d to t h e s o - c a l l e d ' c o l o n i c f u n c t i o n a l
foods', w h i c h have b e e n s h o w n t o affect t h e gut's i m m u n e r e s p o n s e . D e t a i l s are also given for some
e m e r g i n g f u n c t i o n a l foods t h a t m a y o r may n o t have i m m u n o m o d u l a t o r y p r o p e r t i e s .

C o l o n i c F u n c t i o n a l F o o d s
The h u m a n b o d y is h o s t to a large n u m b e r o f c o m m e n s a l b a c t e r i a , w i t h m o s t r e s i d i n g in

t h e gut. The large i n t e s t i n e is, by far, the m o s t densely p o p u l a t e d area o f t h e g u t a n d its r e s i d e n t
m i c r o b i o t a plays a key role in n u t r i t i o n and h e a l t h as well as the p r o p e r f u n c t i o n i n g o f t h e i m m u n e
s y s t e m ? The c o m p o s i t i o n o f the r n i c r o b i o t a is i n f l u e n c e d by v a r i o u s e n v i r o n m e n t a l a n d g e n e t i c
factors, w i t h d i e t a r y residues c o n s i d e r e d the m o s t i m p o r t a n t o f these. D i e t a r y s u b s t r a t e s reach­
ing the large i n t e s t i n e are able to i n f l u e n c e the n u m b e r o f b a c t e r i a (in t e r m s o f t o t a l a n d specific
p o p u l a t i o n s ) p r e s e n t a n d m e t a b o l i c b y p r o d u c t s from b a c t e r i a u t i l i z i n g t h e s e d i e t a r y s u b s t r a t e s
can affect t h e g u t - a s s o c i a t e d l y m p h o i d tissue ( G A L T ) - t h e largest c o m p o n e n t o f the i m m u n e
system. C o n s e q u e n t l y , d i e t a r y m o d u l a t i o n o f the i n t e s t i n a l r n i c r o b i o t a is t h e m a i n p u r p o s e o f many
c u r r e n t f u n c t i o n a l foods. This m o d u l a t i o n o f t h e i n t e s t i n a l m i c r o b i o t a by d i e t a r y means is also
the basis for t h e pro, p r e and s y n b i o t i c c o n c e p t s , all o f w h i c h rely u p o n e n h a n c i n g the b e n e f i c i a l
c o m p o n e n t s o f t h e i n t e s t i n a l m i c r o b i o t a , namely t h e b i f i d o b a c t e r i a a n d l a c t o b a c i l l i . W h i l e t h e
p r o b i o t i c c o n c e p t relies u p o n t h e use o f live m i c r o b i a l s u p p l e m e n t s t o m o d u l a t e the m i c r o b i o t a ,
the p r e b i o t i c c o n c e p t relies u p o n the use o f n o n d i g e s t i b l e f o o d i n g r e d i e n t s t h a t selectively s t i m u l a t e
the g r o w t h a n d / o r a c t i v i t y o f beneficial groups o f b a c t e r i a i n d i g e n o u s to t h e c o l o n . 8.9 The s y n b i o t i c
c o n c e p t is a c o m b i n a t i o n o f t h e pre a n d p r o b i o r i c c o n c e p t s .

The first r e c o r d s o f i n g e s t i o n o f live b a c t e r i a by h u m a n s are over 2 0 0 0 years old, b u t it was n o t
u n t i l t h e b e g i n n i n g o f t h e last c e n t u r y t h a t p r o b i o t i c s were given a s c i e n t i f i c basis t h r o u g h the w o r k
o f Metchnikoff.lO,ll He h y p o t h e s i z e d t h a t t h e n o r m a l g u t r n i c r o b i o t a c o u l d e x e r t adverse effects
on the h o s t a n d t h a t c o n s u m p t i o n o f ' ' s o u r e d milks' r e v e r s e d these. Since these early o b s e r v a t i o n s ,
a t t e m p t s have b e e n made, especially in the last 20 years, t o m o d u l a t e t h e g u t m i c r o b i o t a t h r o u g h
the use o f p r o b i o t i c s a n d these r e m a i n the most t r i e d a n d t e s t e d m o d u l a t o r s o f t h e i n t e s t i n a l
m i c r o b i o t a : t h e i r use a n d a c t i o n have been d e s c r i b e d e l s e w h e r e in t h i s b o o k , so t h e y will n o t be
discussed f u r t h e r in this chapter.

P r e b i o t i c s
Any d i e t a r y m a t e r i a l t h a t enters t h e large i n t e s t i n e is a c a n d i d a t e p r e b i o t i c . T h i s i n c l u d e s c a r b o ­

h y d r a t e s such as r e s i s t a n t s t a r c h a n d d i e t a r y fiber as well as p r o t e i n s a n d lipids. However, c u r r e n t
p r e b i o t i c s are c o n f i n e d t o n o n d i g e s t i b l e o l i g o s a c c h a r i d e s ( N D O s ) . These escape e n z y m a t i c diges­
t i o n in t h e u p p e r gut, e n t e r the c e c u m w i t h o u t c h a n g e t o t h e i r s t r u c t u r e a n d c o n f e r the degree o f
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selective f e r m e n t a b i l i t y t h a t is r e q u i r e d . Their c o m p l e t e f e r m e n t a t i o n by the colonic m i c r o b i o t a ,
r e s u l t i n g in the p r o d u c t i o n o f s h o r t - c h a i n fatty acids (SCFAs), lactic acid and energy, is i n d i c a t e d
by the fact t h a t N D O s are n o t e x c r e t e d in the feces.'?

O l i g o s a c c h a r i d e s are sugars c o n s i s t i n g o f b e t w e e n 2 a n d 20 s a c c h a r i d e units. Some o c c u r
n a t u r a l l y in b r e a s t m i l k and c e r t a i n foods such as leek, asparagus, garlic, o n i o n , chicory, wheat, o a t
a n d soybean. H o w e v e r , these n a t u r a l l y o c c u r r i n g oligosaccharides can n o t exert a p r e b i o t i c effect
in t h e i r native state, due to t h e i r low c o n c e n t r a t i o n s , so are p r o d u c e d c o m m e r c i a l l y t h r o u g h the
hydrolysis o f p o l y s a c c h a r i d e s (e.g., d i e t a r y fibers and starch) o r t h r o u g h c a t a b o l i c e n z y m a t i c reac­
t i o n s from lower m o l e c u l a r w e i g h t sugars. C u r r e n t l y , there are over 20 d i f f e r e n t types o f N D O s
on the w o r l d m a r k e t : the m o s t c o m m o n l y used and cited p r e b i o t i c s are listed in Table 1. O f these,
inulin, f r u c t o o l i g o s a c c h a r i d e s ( F O S ) , t r a n s g a l a c t o o l i g o s a c c h a r i d e s ( T O S ) and lactulose have been
the most t h o r o u g h l y i n v e s t i g a t e d and for these a p r e b i o t i c effect has been p r o v e n . "

E f f e c t s o f P r e b i o t i c s o n I m m u n i t y
The idea t h a t p r e b i o t i c s c o u l d help the intestinal defense system o r i g i n a t e d from the observations

that n e w b o r n babies, who have an u n d e r d e v e l o p e d intestinal host defense system, lack an a p p r o p r i a t e
capacity to d e f e n d themselves against i n t e s t i n a l infections. F u r t h e r m o r e , infants c o n s u m i n g their
mother's m i l k were f o u n d to have a greatly reduced risk o f d i a r r h e a l diseases and a lower risk o f
respiratory and o t h e r i n f e c t i o n s . " H u m a n milk contains various p r o t e c t i v e c o m p o n e n t s and active
ingredients, i n c l u d i n g N D O s , w h i c h represent the t h i r d largest c o m p o n e n t o f h u m a n m i l k and have
been identified as the main factors involved in the development o f an a p p r o p r i a t e colonization process
in infants, w h i c h in t u r n stimulates the m a t u r a t i o n o f intestinal h o s t defenses. I 5

A l t h o u g h it is k n o w n t h a t h u m a n milk oligosaccharides can exert a p r e b i o t i c effect, research i n t o
the i m m u n o m o d u l a t o r y actions o f prebiotics is very recent, w i t h most data o r i g i n a t i n g from animal
models. In one study, mice were fed FOS or i n u l i n for 6 weeks a n d t h e n c h a l l e n g e d w i t h various
t u m o r i n d u c e r s a n d e n t e r i c a n d systemic p a t h o g e n s . " It was f o u n d t h a t p r e b i o t i c s u p p l e m e n t a ­
t i o n r e s u l t e d in a s i g n i f i c a n t l y lower i n c i d e n c e o f a b e r r a n t c r y p t foci in the distal c o l o n as well as
r e d u c e d p a t h o g e n - i n d u c e d m o r t a l i t y . It was suggested that the e n h a n c e d i m m u n e f u n c t i o n s were
in response to changes in t h e c o m p o s i t i o n and m e t a b o l i s m o f t h e c o l o n i c m i c r o b i o t a , In a n o t h e r
study, the same g r o u p i n v e s t i g a t e d the effect o f the same p r e b i o t i c s on i m m u n e f u n c t i o n s in mice.
After 6 weeks' s u p p l e m e n t a t i o n w i t h FOS or i n u l i n , increased n a t u r a l killer ( N K ) cell a c t i v i t y a n d
p h a g o c y t i c a c t i v i t y o f p e r i t o n e a l m a c r o p h a g e s were observed. I?

In Min mice (a m o d e l for h u m a n c o l o n cancer), FOS a d m i n i s t r a t i o n significantly r e d u c e d
the i n c i d e n c e o f c o l o n t u m o r s . IS F u r t h e r m o r e , Min mice d e p l e t e d o f CD4+ a n d C D s+ l y m p h o ­
cytes d e v e l o p e d twice as m a n y t u m o r s as i m m u n o c o m p e t e n t mice, suggesting t h a t the r e d u c e d
i n c i d e n c e o f c o l o n i c t u m o r s after FOS s u p p l e m e n t a t i o n was due to an a p p r o p r i a t e f u n c t i o n i n g
o f the i m m u n e s y s t e m . "

Increased IgA s e c r e t i o n a n d p r o d u c t i o n o f I F N - y , IL-lO, IL-S and IL-6 from Peyer's p a t c h (PP)
cells a n d increased size o f PPs in the small intestine were o b s e r v e d in mice after 6 weeks o f FOS
s u p p l e m e n t a t i o n . " The IgA response and polymeric i m m u n o g l o b u l i n r e c e p t o r expression in the
small i n t e s t i n e a n d the c o l o n were observed in a n o t h e r study w h i c h e x a m i n e d the effect o f F O S in
i n f a n t m i c e . " Increased IgA secretion and phagocytic activity o f macrophages were also observed
in rats fed lactulose. 2

2,2 3 In a d d i t i o n , several studies with mice o b s e r v e d a change in PP cellularity in
different regions o f the g a s t r o i n t e s t i n a l tract after a d m i n i s t r a t i o n o f F O S . 1 S . 2 0 . 2 4 T h e s e studies suggest
that p r e b i o t i c f e r m e n t a t i o n in the colon can induce changes in several regions o f the GALT.

Evidence for a d i r e c t effect o f p r e b i o t i c s on the h u m a n i m m u n e system is d o c u m e n t e d o n l y
in o n e trial, in w h i c h frail elderly i n d i v i d u a l s in a n u r s i n g h o m e received 8 g o f F O S daily for 3
w e e k s . " S i g n i f i c a n t increases in the t o t a l l y m p h o c y t e c o u n t a n d t h e n u m b e r o f CD4+ and CDs+
cells were o b s e r v e d , a l o n g w i t h increased n u m b e r s o f b i f i d o b a c t e r i a . R e d u c e d p h a g o c y t i c a c t i v i t y
o f p o l y m o r p h s a n d m o n o c y t e s and the expression o f I L - 6 m R N A in p e r i p h e r a l b l o o d m o n o c y t e s
were also o b s e r v e d a n d a t t r i b u t e d to a general decrease in i n f l a m m a t i o n . However, a n o t h e r s t u d y
showed t h a t a n u t r i t i o n a l s u p p l e m e n t c o n t a i n i n g e i t h e r placebo o r i n u l i n and FOS did n o t a u g m e n t
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the results o f v a c c i n a t i o n w i t h i n f l u e n z a l and p n e u m o c o c c a l antigens in the e l d e r l y , " An i n d i r e c t
i n d i c a t i o n o f i m p r o v e d i m m u n e status after c o n s u m p t i o n o f milk f o r t i f i e d w i t h B i f i d o b a c t e r i u m
lactis ( D R - l OTM) a n d T O S was d o c u m e n t e d in one trial where a r e d u c e d i n c i d e n c e o f d i a r r h e a
and i m p r o v e d n u t r i t i o n a l status o f c h i l d r e n were o b s e r v e d . "

I t is clear from the l i m i t e d n u m b e r o f studies done to date t h a t more h u m a n studies w i t h
p r e b i o t i c s are r e q u i r e d to d e m o n s t r a t e the effect o f these c o m p o u n d s on the i m m u n e system,
especially since a n i m a l models suggest they have a beneficial effect. More studies i n t o t h e effects
o f an a l t e r e d i n t e s t i n a l m i c r o b i o t a on i m m u n e f u n c t i o n are also n e e d e d , as this is also e x p e c t e d
to m o d u l a t e G A L T activity.

M e c h a n i s m s f o r t h e E f f e c t s o f P r e b i o t i c s o n t h e I m m u n e S y s t e m
The u n d e r l y i n g m e c h a n i s m s o f how p r e b i o t i c s m o d u l a t e the i m m u n e system are n o t k n o w n

at p r e s e n t . E x p e r i m e n t a l data, however, suggest t h a t these c o m p o u n d s exert effects in the G A L T
and also p o i n t to a few d i f f e r e n t mechanisms t h a t m i g h t explain these effects:

• Selective changes in bacterial c o m p o s i t i o n and bacterial p r o d u c t s which m o d u l a t e cytokine
a n d a n t i b o d y p r o d u c t i o n ;

• P r o d u c t i o n o f SCFAs and t h e i r i n t e r a c t i o n s with leukocytes;
• M o d u l a t e d m u c i n p r o d u c t i o n ;
• I n t e r a c t i o n w i t h c a r b o h y d r a t e r e c e p t o r s o f p a t h o g e n s i n h i b i t i n g t h e i r a t t a c h m e n t to

e p i t h e l i a l cells as well as receptors on i m m u n e cells.

S e l e c t i v e C h a n g e s i n B a c t e r i a l C o m p o s i t i o n a n d B a c t e r i a l P r o d u c t s
I t is well k n o w n t h a t p r e b i o t i c s increase the n u m b e r o f beneficial b a c t e r i a (i.e., b i f i d o b a c t e r i a

and lactobacilli).28'31 P r o b i o t i c s (usually b i f i d o b a c t e r i a or l a c t o b a c i l l i ) , when a d m i n i s t e r e d orally,
are k n o w n to increase the s e c r e t i o n o f 19A in the small i n t e s t i n e a n d the feces a n d to s t i m u l a t e
PP B l y m p h o c y t e IgA p r o d u c t i o n . 32,24 They are also known to exert effects on systemic i m m u n e
f u n c t i o n s a n d various i m m u n e p a r a m e t e r s in the lungs, spleen and p e r i t o n e a l cells. 3 5· 37

I n t e s t i n a l e p i t h e l i a l cells are involved in b o t h innate and adaptive i m m u n e responses and act
by t r a n s d u c i n g signals from l u m i n a l p a t h o g e n s to adjacent i m m u n e cells o f the i n t e s t i n a l i m m u n e
system, via specific g e r m l i n e - c n c o d e d p a t t e r n - r e c o g n i t i o n r e c e p t o r s , such as Toll-like r e c e p t o r s
( T L R s ) and cytoplasmic r e c e p t o r s . " T L R s are able to discriminate between the n o r m a l commensal
b i o t a a n d p a t h o g e n s a n d i n d u c e t h e t r a n s c r i p t i o n a l activation o f a n u m b e r o f genes m e d i a t i n g
i m m u n e a n d i n f l a m m a t o r y r e s p o n s e s . " P a t h o g e n - a s s o c i a t e d m o l e c u l a r p a t t e r n s (PAMPs) [e.g.,
e n d o t o x i n ( l i p o p o l y s a c c h a r i d e ) , l i p o p r o t e i n s , l i p o p e p t i d e s a n d i r n i d a w q u i n o l i n e s ] p r e s e n t on
diverse m i c r o b e s are i n i t i a l l y r e c o g n i z e d by T L R s and their i n t e r a c t i o n results in the a c t i v a t i o n
o f i n t r a c e l l u l a r signaling pathways, nuclear t r a n s l o c a t i o n o f t r a n s c r i p t i o n factor NF-lCB and the
t r a n s c r i p t i o n o f p r o - i n f l a m m a t o r y c y t o k i n e s . " The changes t h a t o c c u r in the c o m p o s i t i o n o f
the i n t e s t i n a l m i c r o b i o t a due to p r e b i o t i c f e r m e n t a t i o n could p o t e n t i a l l y reduce t h e presence o f
PAMPs a n d t h e r e b y exert a positive effect on the immune system.

P r e b i o t i c s also p r o m o t e an increase in bacterial cell-wall c o m p o n e n t s t h a t are r e c o g n i z e d by
T L R s and in D N A derived from l u m i n a l bacteria that, in t u r n , s t i m u l a t e t h e i n t e s t i n a l i m m u n e
s y s t e m . " C y t o p l a s m i c c o m p o n e n t s and cell-free extracts o f p r o b i o t i c s have also been d e m o n s t r a t e d
to p r o d u c e some o f the same i m m u n e effects (e.g., 19A p r o d u c t i o n by PP a n d m a c r o p h a g e stimula­
t i o n ) as live b a c r e r i a . P - "

P r o d u c t i o n o f S C F A s
The major e n d - p r o d u c t s o f c a r b o h y d r a t e f e r m e n t a t i o n are SCFAs, o f w h i c h acetate, p r o p i o ­

nate a n d b u t y r a t e are q u a n t i t a t i v e l y the most i m p o r t a n t in the h u m a n colon. The p r o d u c t i o n o f
SCFAs in t h e c o l o n averages 400 m m o l day:', w i t h a range o f 150-600 m m o l day-l,42 All SCFAs
are r a p i d l y a b s o r b e d from the large i n t e s t i n e a n d stimulate salt a n d water a b s o r p t i o n : principally,
the g u t e p i t h e l i u m , liver a n d muscle m e t a b o l i z e them, with v i r t u a l l y n o n e a p p e a r i n g in t h e urine
a n d o n l y small a m o u n t s a p p e a r i n g in the feces. The three major SCFAs are t r o p h i c w h e n i n f u s e d
i n t o the c o l o n a n d these t r o p h i c p r o p e r t i e s have i m p o r t a n t physiological i m p l i c a t i o n s in a d d i t i o n
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to m a i n t a i n i n g t h e mucosal defense b a r r i e r against i n v a d i n g o r g a n i s m s . " H o w e v e r , b u t y r a t e ap­
pears t o be the m o s t effective in this regard as it is a p r i n c i p a l e n e r g y s o u r c e for e p i t h e l i a l c e l l s . "
F u r t h e r m o r e , b u t y r a t e is k n o w n to suppress l y m p h o c y t e p r o l i f e r a t i o n , i n h i b i t c y t o k i n e p r o d u c ­
t i o n o f T h l - l y m p h o c y t e s and u p r e g u l a t e IL-IO p r o d u c t i o n ; it also suppresses e x p r e s s i o n o f the
t r a n s c r i p t i o n f a c t o r N F - i l l and upregulatcs T L R e x p r e s s i o n . v " B u t y r a t e is also believed to p r o t e c t
a g a i n s t c o l o n c a n c e r as it i n h i b i t s D N A synthesis a n d i n d u c e s cell d i f f e r e n t l a t i o n . f ' ' "

I n c r e a s e d S C F A p r o d u c t i o n d u r i n g p r e b i o t i c f e r m e n t a t i o n has b e e n c o n f i r m e d in a n u m b e r o f
studies, a l t h o u g h t h e e x t e n t to w h i c h serum S C F A levels are a f f e c t e d f o l l o w i n g p r e b i o t i c c o n s u m p ­
t i o n is n o t k n o w n . 2 8 ,29 , 3 1 However, it has been d e m o n s t r a t e d in a rat m o d e l t h a t s u p p l e m e n t i n g t o t a l
p a r e n t e r a l n u t r i t i o n w i t h a SCFA m i x t u r e results in i n c r e a s e d N K cell activity,"? P h a r m a c o l o g i c a l
doses o f a c e t a t e a d m i n i s t e r e d i n t r a v e n o u s l y to b o t h h e a l t h y i n d i v i d u a l s a n d c a n c e r p a t i e n t s also
i n c r e a s e d N K cell a c t i v i t y and p e r i p h e r a l b l o o d a n t i b o d y p r o d u c t i o n . " In a d d i t i o n , it has b e e n
s h o w n t h a t s e r u m g l u t a m i n e levels are raised f o l l o w i n g Iactulose a d m i n i s t r a t i o n a n d s u g g e s t e d t h a t
i n c r e a s e d S C F A levels were r e s p o n s i b l e for this ( g l u t a m i n e is a p r e f e r r e d s u b s t r a t e for l y m p h a t i c
tissue) Y , 5 2 T h e r e f o r e , S C F A p r o d u c t i o n in the large i n t e s t i n e c o u l d p o t e n t i a l l y r e d u c e t h e require­
m e n t o f e p i t h e l i a l cells for g l u t a m i n e , m a k i n g it available to t h e cells o f t h e i m m u n e s y s t e m . "

M u c i n P r o d u c t i o n
The first line o f defense o f the mucosa against l u m i n a l c o n t e n t s is t h e m u c o u s layer, w h i c h is

m a i n l y c o m p o s e d o f high- m o l e c u l a r - w e i g h t g l y c o p r o t e i n s ( m u c i n s ) t h a t are s e c r e t e d by g o b l e t
c e l l s . " The t h i c k n e s s o f the m u c o u s layer a n d t h e n u m b e r o f g o b l e t cells varies t h r o u g h o u t the
g a s t r o i n t e s t i n a l t r a c t , a n d in the c o l o n it increases distally, w h e r e t h e n u m b e r o f b a c t e r i a is also the
h i g h e s t . 55 In a d d i t i o n , m u c i n in the c o l o n is m o r e s u l f a t e d t h a n in o t h e r r e g i o n s , giving it a s t r o n g
negative c h a r g e a n d m a k i n g it less sensitive t o d e g r a d a t i o n by b a c t e r i a l e n z y m e s (only a b o u t 1 %
o f t h e t o t a l i n t e s t i n a l r n i c r o b i o t a is able to d e g r a d e m u c i n ) . "

Thus far, t h e effect o f prebiotics on mucin p r o d u c t i o n has been r e p o r t e d in only one study, where
it was s h o w n t h a t i n u l i n a d m i n i s t r a t i o n r e s u l t e d in i n c r e a s e d m u c i n p r o d u c t i o n in r a t s . " G r e a t e r
m u c i n p r o d u c t i o n was f o u n d to be a s s o c i a t e d w i t h a lower i n c i d e n c e o f b a c t e r i a l t r a n s l o c a t i o n
across the m u c o s a following d i e t a r y fiber s u p p l e m e n t a r i o n . P ' " F u r t h e r m o r e , S C F A p r o d u c t i o n ,
especially b u t y r a t e , is k n o w n to m o d u l a t e m u c i n synthesis, release a n d gene e x p r e s s i o n . 6 0

•
6 2 It has

been s h o w n in a p e r f u s e d rat c o l o n m o d e l t h a t t h e p r o d u c t i o n o f a c e t a t e a n d b u t y r a t e from t h e
f e r m e n t a t i o n o f d i e t a r y fiber s t i m u l a t e s m u c i n s e c r e t i o n , b u t fibers do n o t have t h e same effect
o n t h e i r o w n . "

H o w e v e r , t h e m u c o u s layer is a d y n a m i c e n v i r o n m e n t a n d t h e r e is still a lack o f u n d e r s t a n d i n g
as to w h a t m u c i n - a s s o c i a t e d b a c t e r i a do and w h e t h e r i n c r e a s e d m u c i n p r o d u c t i o n is a p o s i t i v e or
a negative o u t c o m e . P a t h o g e n s a n d beneficial c o m m e n s a l b a c t e r i a are able t o m o d u l a t e m u c i n
synthesis by r e g u l a t i n g some o f the m u c i n genes. C u r r e n t l y , t h e r e are 16 i d e n t i f i e d m u c i n genes, b u t
f u r t h e r w o r k is n e e d e d t o fully e x p l a i n t h e f u n c t i o n o f e a c h o f t h e m a n d t o i d e n t i f y n e w genes.

C a r b o h y d r a t e R e c e p t o r s
Studies suggest t h a t some p r e b i o t i c s are d i r e c t l y i n v o l v e d in p r o t e c t i n g t h e g u t f r o m i n f e c t i o n

a n d i n f l a m m a t i o n by i n h i b i t i n g the a t t a c h m e n t o f p a t h o g e n i c b a c t e r i a or t h e i r toxins to the c o l o n i c
e p i t h e l i u m / " This a t t a c h m e n t is necessary before p a t h o g e n s can c o l o n i z e a n d cause disease a n d it is
m e d i a t e d by g l y c o c o n j u g a t e s on g l y c o p r o t e i n s a n d lipids p r e s e n t on t h e m i c r o v i l l u s m e m b r a n e . f
C e r t a i n p r e b i o t i c o l i g o s a c c h a r i d e s c o n t a i n s t r u c t u r e s , s i m i l a r to t h o s e f o u n d o n t h e m i c r o v i l l u s
m e m b r a n e , t h a t i n t e r f e r e w i t h the b a c t e r i a l r e c e p t o r s by b i n d i n g t o t h e m a n d t h u s p r e v e n t i n g
b a c t e r i a l a t t a c h m e n t to the same sugar on m i c r o v i l l u s g l y c o c o n j u g a t e s . For example, a - l i n k e d
T O S , p r e s e n t in h u m a n milk, are k n o w n t o have a n t i - a d h e s i v e p r o p e r t i e s a n d be capable o f t o x i n
n e u t r a l i z a t i o n . 6 6 ,67 Recently, a novel T O S m i x t u r e , w h i c h c o n t a i n s an o l i g o s a c c h a r i d e in alpha
a n o m e r i c c o n f i g u r a t i o n , was s h o w n to Significantly decrease t h e a t t a c h m e n t o f e n t e r o p a t h o g e n i c
Escherichia coli ( E P E C ) and Salmonella enterica serovar T h y p h i m u r i u m in v i t r o / "

In a d d i t i o n , i m m u n e cells also express specific c a r b o h y d r a t e r e c e p t o r s w h i c h m e d i a t e various cel­
lular reactions w h e n activated. For example, C - t y p e r e c e p t o r s expressed on p h a g o c y t i c cells, m i n o r
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subsets o f T - and B-Iymphocytes and N K cellsas well as the d e c t i n - l receptor expressedon neutrophils
and macrophages, are k n o w n to be activated by [3-glucans from fungi, plants and yeast. 69 •

70 Recently,
n i g e r o o l i g o s a c c h a r i d e (an a - g l u c a n - d e r i v e d N D O ) was found to stimulate N K cell activity in vitro,
suggesting a d i r e c t effect o f this N D O on N K cells via a specific l e c t i n - t y p e r e c e p t o r , "

M o r e s t u d i e s , however, are r e q u i r e d to d e t e r m i n e w h e t h e r these a p p r o a c h e s will be successful
for o t h e r p r e b i o t i c s .

D i e t a r y Fibers
T h e r e are m a n y d i f f e r e n t types o f d i e t a r y fiber (e.g., gum arabic, p e c t i n , celfur, g l u c o m a n n a n ,

c u r d l a n , guar gum a n d sugar b e e t ) derived from p l a n t material. After i n g e s t i o n , these c o m p o u n d s
pass i n t o t h e large i n t e s t i n e i n t a c t (i.e., are n e i t h e r f e r m e n t e d n o r h y d r o l y z e d ) and are m e t a b o l i z e d
by i n t e s t i n a l m i c r o - o r g a n i s m s . [It s h o u l d be n o t e d t h a t d i e t a r y fibers differ from p r e b i o t i c s in
t h a t t h e y are n o t selectively f e r m e n t e d by the p e r c e i v e d beneficial b a c t e r i a (Le., l a c t o b a c i l l i a n d
b i f i d o b a c t e r i a ) o f the large i n t e s t i n e . ] A n u m b e r o f studies have s h o w n t h a t the f e r m e n t a t i o n
o f these fibers leads to changes in the f u n c t i o n and s t r u c r u r e o f the g u t and the p r o d u c t i o n o f
g u t - d e r i v e d h o r m o n e s . " Several studies have also d e m o n s t r a t e d t h a t d i e t a r y fibers e n h a n c e im­
m u n i t y . H o w e v e r , t o o few d a t a are available to draw c o n c l u s i o n s a b o u t the i m m u n o m o d u l a t o r y
p r o p e r t i e s o f specific d i e t a r y fibers.

A f e e d i n g s t u d y i n v o l v i n g a d u l t dogs s h o w e d t h a t a d d i n g f e r m e n t a b l e fiber (in the form o f a
m i x t u r e o f b e e t p u l p , o l i g o f r u c t o s e p o w d e r a n d gum arabic) to the d i e t led to changes in the type
a n d f u n c t i o n o f cells f r o m d i f f e r e n t parts o f the GALT. The f e r m e n t a b l e fiber c o n t e n t o f t h e d i e t
( e i t h e r 8.3 g/kg o r 8.7 g/kg per day for 2 weeks) significantly a l t e r e d the p r o p o r t i o n o f CD4+ and
CD8+ cells a n d t h e i r in v i t r o r e s p o n s e to m i t o g c n s . ? S w i t c h i n g f r o m the low- to the h i g h - f i b e r d i e t
led to i n c r e a s e d m i t o g e n responses in T-cell tissues ( m e s e n t e r i c l y m p h nodes a n d i n t r a e p i t h e l i a l
l y m p h o c y t e s ) , b u t d e c r e a s e d responses in B-cell tissues ( l a m i n a p r o p r i a and PPs): these effects
were n o t o b s e r v e d w h e n s w i t c h i n g from the high- to the low-fiber diet. S w i t c h i n g to the h i g h - f i b e r
diet also led t o i n c r e a s e d N K cell activity. Studies in w h i c h rats were fed p e c t i n and sugar beet,
respectively, have also d e m o n s t r a t e d an increase in C D 4+ T-cell n u m b e r s in the m e s e n t e r i c l y m p h
n o d e s a n d in CD8+ cell n u m b e r s . " Studies in w h i c h the d i e t a r y fiber a n d / o r its dose were c h a n g e d
have d e m o n s t r a t e d a n u m b e r o f effects on the i m m u n e response: an increase in i m m u n o g l o b u l i n
p r o d u c t i o n ( m e s e n t e r i c l y m p h node, serum and mucosal), an increase in the n u m b e r o f P P s , al­
t e r e d c y t o k i n e p r o d u c t i o n i n t h e m e s e n t e r i c l y m p h nodes and a l t e r e d l e u k o c y t e a n d l y m p h o c y t e
n u m b e r s in the spleen, b l o o d a n d i n t e s t i n a l m u c o s a . " Clearly, m o r e w o r k is n e e d e d to d e t e r m i n e
the doses a n d types o f d i e t a r y fibers t h a t are m o s t beneficial to t h e i m m u n e system.

O t h e r F u n c t i o n a l F o o d s

M i c r o n u t r i e n t s
N u m e r o u s s t u d i e s have s h o w n t h a t m i c r o n u t r i e n t s s u c h as zinc, s e l e n i u m , i r o n , c o p p e r ,

[3-carotene, v i t a m i n s A, C a n d E, and folic acid can influence several c o m p o n e n t s o f t h e i m m u n e
system a n d have roles to play in disease p r e v e n t i o n a n d the p r o m o t i o n o f h e a l t h . Y " C o n s e q u e n t l y ,
many o f these n u t r i e n t s are r o u t i n e l y i n c l u d e d in, for example, b r e a k f a s t cereals, juices a n d d a i r y
p r o d u c t s . The f o l l o w i n g is a b r i e f overview o f the effects that deficiencies o f some o f these m i c r o n u ­
t r i e n t s have o n t h e body. D e t a i l s for the beneficial effects o f these n u t r i e n t s are given in Table 2.

Z i n c
Z i n c deficiency has a m a r k e d effect on the b o n e marrow, decreasing the p r o d u c t i o n o f n u c l e a t e d

cells and o f t h o s e t h a t are l y m p h o i d p r e c u r s o r s . ' In man, e x p e r i m e n t a l or mild zinc deficiency results
in d e c r e a s e d t h y m u l i n activity, N K cell activity, l y m p h o c y t e p r o l i f e r a t i o n , IL-2, IFN-y a n d T N F - a
p r o d u c t i o n a n d d e l a y e d - t y p e h y p e r s e n s i t i v i t y response and a lowered CD4+-to-CD8+ ratio. Zinc
deficiency is also associated w i t h diseases such as sickle cell anemia a n d a c r o d e r m a t i t i s e n t e r o p a t h i c a ,
where N K cell a c t i v i t y is d e c r e a s e d in the former and thymic atrophy, i m p a i r e d l e u k o c y t e develop­
m e n t , fewer CD4+ cells and r e d u c e d responsiveness and delayed-type h y p e r s e n s i t i v i t y are o b s e r v e d
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FunctionalFood
Role(s)

ReportedEffects
on

Immune
System

Glutamine" GI
utarnate"

Arginine" Vitamin
A74

Vitamin
C'.

Vitamin
E3

,75

Indispensable
metabolic

fuelthat
is

fully
oxidized

bythe
epithelial

layerof
themucosa
ofthe
smallintestine

Maintains
intestinal

structure
and

function
by

providing
precursorsfor

anabolic
pathways

Supplieshepatocytes
with

an
optimal

substratemix
Provides

citrulline/arginine
forthe

whole
organism

Suggested
metabolic

substratefor
epithelial

cellsof
the

smallintestine Specific
precursor

forthe
biosynthesisof

glutathione,
arginineand

proline
bythe
mucosaof
thesmall
intestine

Knownto
be

conditionally
essentialin
thesmall
intestine

ofthe
neonateand
for

promoting
intestinalrepair

Hypothesized
tohave
arole
in

promoting
intestinalcell

migration
(asa

nitric
oxidedonator)

Requiredfor
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of
membrane

lipidsfrom
peroxidation

Requiredfor
proper

functioning
ofmany

different
immune

cells
Requiredfor

protection
ofmembrane
lipidsfrom

peroxidation
Playsa

major
and

beneficial
rolein
the

prevention
of

cardiovascular
disease,cancer
andcataract

Requiredfor
protection

ofmembrane
lipidsfrom

peroxidation
Optimizes

oreven
'enhances'the

immune
system

Increasesnumbers
ofmucosal
macrophagesand

intra-epithelial
lymphocytes

inpiglets;
therefore,may
besuitable
inhumans
when

pathologies
develop

inthem
linkedto
alossof
intestinalmucosa

No
information

with
regardto
rolein
gut

inflammation,
butstrong

suspicionthat
itplays
arole
inthis
process

Ina
swineanimal
modelchallenged

with
Escherichia

coli
endotoxin,

increased
production

of
protective

nitric
oxidewas
observedin
the

alimentary
canal(and
severalother
organs)when
theanimals

weregiven
anintravenous
arginine

supplementation
Improved

immune
function

hasbeenobserved
in

vitamin-A
deficient

hostsafter
supplementation

Dietary
supplementation

with
ascorbicacid
hasbeen
shownto

enhancea
number

of
lymphocyte

functions,
most

notably
inthe

elderly Increased
lymphocyte

production,
IL-2

production
and

delayed-type
hypersensitivity

inmice
feda
diet

supplemented
with

vitamin
E

Reductionof
cardiovascular

diseasein
humansassociated

with
high

vitamin
Eintake:may

modulate
atherogenesisthrough
a

number
of

mechanisms(e.g.,reduction
ofthe
interactionof
the

endothelium
with

immune
and

inflammatory
cells)

Enhances
cell-mediated

immunity
inthe

elderly

Decreases
incidence

of
diarrhea

in
malnourished

infants
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Role(s)

Vitamin
D7.-.0

Essential
forbone
health(regulation
ofcalcium
homeostasis)

andimmune
function

Nucleotides'Y'
Serveasnucleic
acidprecursors,
physiologicalmediators,

constituentsof
coenzymesand
sourcesofcellular
energyvia

respiratorypathways Playarole
inthe

growth,
differentiation

andrepair
ofthe

gastrointestinaltract
ininfants

Garlic"
Consumptionreduces
theincidence
ofstomach,
colon,

mammaryand
cervicalcancer

Herbs"
Thoserich
inflavonoids,

vitamin
Corthe
carotenoidsmay

enhanceimmune
function

Mushrooms"
Whole

mushroomsandcomponents,
in

particular
(1-+3)-fl-D­

glucans,
potentially

exert
tumor-inhibitory

effects
Seleniurn'v"

Involvedin
bonehealth
andimmune
function

Deficiency
ofselenium
leadsto

immunocompetence

ReportedEffectson
Immune

System

Increasedintakedecreased
prostate-specificantigen
levels

inmen
withmetastatic
prostratecancer

Invivo
treatmentof
IL-lO

knockout
micewith
activevitamin
D

blockedthe
progressionof
IBDand
preventedtheir
death

Dietary
functional

formof
vitaminD3

(1a,2S-dihydroxyvitamin
D,)

preventedonsetof
EAE,

a
multiple

sclerosis-likediseasewhose
progressionisdriven
byT-cells,
inmice

Enhance
immunity

ininfants:
mechanismof
actionis

unknown,
but

isthought
tobe
dueto

lymphoid
cellsrequiring
anexogenous

supplyof
nucleotidesfor
optimalmetabolism
and

function
Reduceriskof
sepsisininfants

Preparationsofgarlic
havebeenshown
tostimulate
naturalkiller
cell

activity
andincreasethe

proliferation
of

lymphocytes
Hasbeenshown
tobe
ascavengerof
freeradicals
(OHo)

Echinacea
promotesthe

activity
oflymphocytes,
increases

phagocytosisand
inducesinterferon

production
Glycyrrhizin,

amajor
component

oflicorice
root,induces
interferon

activity
andaugmentsnatural
killercell

activity
Thoughtthat
mechanismsofimmune
stimulationinvolve
T-cellsand

macrophages,butfurther
workis
requiredto

confirm
this

Seleniumsupplementation
studiesin
manhaveshown
increased

lymphocyte
proliferation

inresponseto
mitogenand
increased

expressionof
high-affinity

IL-2receptor
Selenium

supplementation
ofhealthy
humanadults

with
marginal

selenium
deficiency

improved
polio

virusclearance
inthese

individuals;the
samestudyalso
demonstratedincreasesin

T-celland
CD4+

cellnumbers
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in the l a t t e r . ' W h i l e zinc deficiency can affect the i m m u n e system, it s h o u l d be r e m e m b e r e d t h a t
excessive zinc i n t a k e also impairs i m m u n e responses: h i g h zinc i n t a k e s can decrease l y m p h o c y t e
and p h a g o c y t e f u n c t i o n s and can result in c o p p e r d e p l e t i o n ( c o p p e r also b e i n g necessary for p r o p e r
i m m u n e f u n c t i o n ) .

D i e t a r y A n t i o x i d a n t s - V i t a m i n s A a n d E
Reactive oxygen species (free radicals) are p r o d u c e d by p h a g o c y t e s as p a r t o f t h e body's defense

against i n f e c t i o n . These species can cause injury t o i m m u n e cells, i m p a i r i n g cell-cell c o m m u n i c a t i o n
and, c o n s e q u e n t l y , i m m u n e responsiveness. In a d d i t i o n to e n d o g e n o u s o x i d a t i v e stress, e x p o s u r e
to o x i d a n t s a n d free radicals in the e n v i r o n m e n t (e.g., c i g a r e t t e smoke, u l t r a v i o l e t l i g h t a n d o z o n e )
can c o n t r i b u t e to the level o f o x i d a n t s in the body," M a n y a n t i - o x i d a n t s are o b t a i n e d from the diet,
b u t a d e q u a t e a m o u n t s o f n e u t r a l i z i n g a n t i - o x i d a n t s are r e q u i r e d t o p r e v e n t d a m a g e t o i m m u n e
cells by p h a g o c y t e - p r o d u c e d reactive oxygen species. I t has l o n g b e e n k n o w n t h a t t h e r e is a l i n k
b e t w e e n diets rich in a n t i - o x i d a n t s and a r e d u c e d i n c i d e n c e o f c a n c e r a n d it is t h o u g h t t h a t this is
due, at least in p a r t , t o a n t i - o x i d a n t s b o o s t i n g t h e body's i m m u n e system a n d h e l p i n g to p r o t e c t it
from t h e toxic p r o d u c t s (i,e., reactive oxygen species) p r o d u c e d by t h e a c t i o n o f p h a g o c y t e s . "

V i t a m i n A affects many d i f f e r e n t types o f i m m u n e cell. A d e f i c i e n c y o f t h i s v i t a m i n can cause
defects in p h a g o c y t i c a c t i v i t y (Le., defective c h e m o t a x i s , a d h e s i o n a n d a b i l i t y t o g e n e r a t e reactive
oxygen m e t a b o l i t e s in n e u t r o p h i l s ) , i m p a i r m e n t o f T - a n d B - c e l l f u n c t i o n a n d r e d u c e d N K activ­
ity, p r o d u c t i o n o f I F N , effectiveness o f fixed fat m a c r o p h a g e a c t i v i t y a n d l y m p h o c y t e response
to s t i m u l a t i o n by m i t o g e n s . " It can also change t h e i n t e g r i t y o f t h e i n t e s t i n a l e p i t h e l i u m , w h i c h
may lead to an a l t e r e d i m m u n e response t h a t allows t r a n s l o c a t i o n o f b a c t e r i a (Le., t h e m o v e m e n t
o f i n t e s t i n a l b a c t e r i a to e x t r a i n t e s t i n a l organs) and, possibly, s y s t e m i c i n f e c t i o n . "

V i t a m i n E is t h e m a j o r l i p i d - s o l u b l e a n t i - o x i d a n t in t h e b o d y a n d is r e q u i r e d for p r o t e c t i o n
o f m e m b r a n e lipids f r o m p e r o x i d a t i o n . ' V i t a m i n E d e f i c i e n c y has b e e n s h o w n t o decrease spleen
l y m p h o c y t e p r o l i f e r a t i o n , N K cell activity and p h a g o c y t o s i s by n e u t r o p h i l s in a n i m a l s . ' V i t a m i n E
deficiency is also k n o w n to increase susceptibility o f animals t o i n f e c t i o u s p a t h o g e n s ; i n d e e d , studies
in chickens, turkeys, mice, sheep, pigs a n d c a t t l e have s h o w n t h a t an i n c r e a s e d i n t a k e o f v i t a m i n
E p r o m o t e s resistance t o p a t h o g e n s . ' I t s h o u l d be n o t e d t h a t t h e effects o f v i t a m i n E d e f i c i e n c y
are more m a r k e d i f animals are fed a diet c o n t a i n i n g a h i g h level o f p o l y u n s a t u r a t e d f a t t y acids.
In a d d i t i o n , t h e a m o u n t o f v i t a m i n E r e q u i r e d for m a x i m a l effect is a g e - d e p e n d e n t (i.e., increases
w i t h age due, in p a r t , t o p r o l o n g e d exposure to free r a d i c a l s ) . As n o t e d for zinc, excessive v i t a m i n
E in the d i e t can i m p a i r i m m u n e f u n c t i o n s : some s t u d i e s have r e p o r t e d t h a t ~ 3 0 0 mg v i t a m i n E
per day can decrease t h e ability o f n e u t r o p h i l s t o u n d e r g o p h a g o c y t o s i s a n d t o kill b a c t e r i a a n d
decrease m o n o c y t e r e s p i r a t o r y b u r s t and IL-l13 p r o d u c t i o n . '

G l u t a m i n e
G l u t a m i n e is d e f i n e d as a c o n d i t i o n a l l y essential a m i n o acid. S t u d i e s have d e m o n s t r a t e d t h a t

the a b i l i t y to s y n t h e s i z e a n d store g l u t a m i n e may be i m p a i r e d i n s o m e i n d i v i d u a l s and may affect
o p t i m a l g r o w t h a n d r e n e w a l o f cells d u r i n g l o n g - t e r m stress, h y p e r c a t a b o l i c a n d h y p e r m e t a b o l i c
states or p r o l o n g e d starvation,"? G l u t a m i n e has been s h o w n t o c h a n g e t h e c e l l u l a r s t r u c t u r e o f t h e
piglet small i n t e s t i n e ( p a r t i c u l a r l y the ileum a n d j e j u n u m ) a n d t o p o s s i b l y r e s t o r e the i n t e s t i n a l
mucosa after t h i n n i n g (e.g., after w e a n i n g ) . " T h e r e f o r e , t h e r e may be a f u t u r e role for g l u t a m i n e
s u p p l e m e n t a t i o n ( e i t h e r via e n r i c h e d foods or p r o d u c t i o n by p r o b i o t i c b a c t e r i a ) in the t r e a t m e n t
o f i n f l a m m a t o r y c o n d i t i o n s in the h u m a n small I n t e s t i n e . "

V i t a m i n D
Very few foods n a t u r a l l y c o n t a i n v i t a m i n D, w h i c h is w h y at t h e t u r n o f t h e 2 0 t h c e n t u r y m o r e

t h a n 80% o f E u r o p e a n a n d A m e r i c a n c h i l d r e n suffered f r o m r i c k e t s . " Nowadays, many foods (e.g.,
dairy p r o d u c t s , o r a n g e juice, cereals a n d b r e a d ) are f o r t i f i e d w i t h v i t a m i n D in t h e US. H o w e v e r ,
only m a r g a r i n e a n d some cereals are allowed t o be f o r t i f i e d in m o s t E u r o p e a n c o u n t r i e s due to
an o u t b r e a k o f v i t a m i n D p o i s o n i n g in the 1940s. 7 8 T h e m a j o r i t y o f p e o p l e ' s v i t a m i n D (in t h e
form o f v i t a m i n D 3 ) r e q u i r e m e n t is o b t a i n e d by e x p o s u r e t o s u n l i g h t . C i r c u l a t i n g levels o f active
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v i t a m i n D in the body mean t h a t it can i n t e r a c t with tissues t h a t have a v i t a m i n D r e c e p t o r (Le.,
skin, colon, p r o s t a t e , breast, h e a r t , skeletal muscle, brain, m o n o c y t e s and a c t i v a t e d T-cells), w h i c h
helps m a i n t a i n cellular g r o w t h and prevents the cells from b e c o m i n g m a l i g n a n t ; therefore, there
is a s t r o n g l i n k b e t w e e n v i t a m i n D deficiency and the d e v e l o p m e n t o f c a n c e r , " Deficiency o f this
v i t a m i n has also been o b s e r v e d in p a t i e n t s with irritable bowel disease ( I B D ) and accelerates the
d e v e l o p m e n t o f e x p e r i m e n t a l IBD in IL-lO k n o c k o u t m i c e . "

N u c l e o t i d e s
N u c l e o t i d e s , like many a m i n o acids, are considered c o n d i t i o n a l l y essential. They have been

a d d e d to i n f a n t formulae for many years in an effort t o improve i m m u n e f u n c t i o n . D u r i n g periods
o f r a p i d g r o w t h or l i m i t e d n u t r i e n t intake, or in certain disease states in w h i c h a loss o f gastroin­
t e s t i n a l mass occurs, i n t a k e o f n u c l e o t i d e s spares the o r g a n i s m from de novo synthesis and may
b r i n g tissue m e t a b o l i c levels t o full w o r k i n g conditions,"?

S u m m a r y
The examples given in this c h a p t e r d e m o n s t r a t e clearly t h a t a n u m b e r o f foods a n d food com­

p o n e n t s beneficially s t i m u l a t e the i m m u n e system and confer h e a l t h benefits u p o n the consumer.
A l t h o u g h studies i n t o f u n c t i o n a l foods a n d their action on the i m m u n e system are still in t h e i r
infancy, it is an exciting area o f research t h a t may allow the d e v e l o p m e n t o f foods t h a t will obviate
the n e e d for r e s o r t i n g t o m e d i c i n e s for the t r e a t m e n t o f c e r t a i n c o n d i t i o n s . The u l t i m a t e aim o f
these s t u d i e s w o u l d be t h e d e v e l o p m e n t o f a ' f u n c t i o n a l d i e t ' t h a t confers maximal h e a l t h benefits
u p o n the i n d i v i d u a l . ? " However, there may be a need to develop analytical m e t h o d s ( b i o c h e m i c a l
a n d / o r m o l e c u l a r ) t h a t allow t a i l o r i n g o f f u n c t i o n a l foods t o a p a r t i c u l a r individual's needs. It is
i m p o r t a n t , also, t o c o n s i d e r c u l t u r a l and regional aspects when d e v e l o p i n g f u n c t i o n a l d i e t s . "
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C H A P T E R S

Host-Microbe Communication
within the GI Tract
C h r i s t o p h e r A . A l l e n a n d A l f r e d o G. T o r r e s "

A b s t r a c t

T h e g a s t r o i n t e s t i n a l t r a c t is a biologically diverse a n d c o m p l i c a t e d system w h i c h carries
o u t essential p h y s i o l o g i c a l f u n c t i o n s t h a t s u p p o r t h u m a n h e a l t h , while at the same time
m a i n t a i n i n g i t s e l f as an isolated e n v i r o n m e n t to p r e v e n t i n f e c t i o n and systemic disease.

To m a i n t a i n h o m e o s t a s i s in t h e gut, c o m m u n i c a t i o n b e t w e e n the host a n d residing m i c r o b i a l
c o m m u n i t i e s m u s t o c c u r to i d e n t i f y and eliminate p o t e n t i a l p a t h o g e n s w h i c h could colonize and
cause damage t h r o u g h aggressive p r o - i n f l a m m a t o r y responses by t h e mucosal i m m u n e system. To
p r e v e n t such events, a n u m b e r o f host and b a c t e r i a l - m e d i a t e d m e c h a n i s m s are u t i l i z e d to m o n i t o r
the e n v i r o n m e n t a n d i n i t i a t e a p p r o p r i a t e i m m u n e responses to i n v a d i n g p a t h o g e n s . An essential
c o m p o n e n t o f t h i s c o m m u n i c a t i o n process b e t w e e n g a s t r o i n t e s t i n a l m i c r o f l o r a a n d the h o s t
involves d i s t i n g u i s h i n g i n d i g e n o u s species from p a t h o g e n s t h r o u g h l i g a n d - r e c e p t o r i n t e r a c t i o n s
w h i c h lead to various s i g n a l i n g events in host cells. Such events generally result in the d e v e l o p m e n t
o f mucosal i m m u n i t y a n d i m m u n o l o g i c a l tolerance. W h i l e these signaling pathways p r o v i d e a
higWy effective means o f c o m m u n i c a t i o n between the gut m i c r o f l o r a a n d the host, p a t h o g e n s have
d e v e l o p e d m e c h a n i s m s to m a n i p u l a t e these pathways to evade d e t e c t i o n by the i m m u n e system to
persist and cause disease. These a d a p t a t i o n s include cell surface m o d i f i c a t i o n s and the expression
o f various v i r u l e n c e factors in response to different i m m u n o l o g i c a l a n d h o r m o n a l c o m p o n e n t s
p r o d u c e d by the host.

The G a s t r o i n t e s t i n a l T r a c t
The g a s t r o i n t e s t i n a l ( G I ) t r a c t is the largest and most c o m p l e x biological e n v i r o n m e n t in

h u m a n s . The GI t r a c t can be d i v i d e d i n t o four main regions (oral cavity, stomach, small i n t e s t i n e
and large i n t e s t i n e ) a n d h a r b o r s a wide s p e c t r u m o f microbial flora (up to 1,000 species) w h i c h
colonizes a variety o f " m i c r o - n i c h e s " w i t h i n different regions o f the G I tract. M i c r o b i a l loads a n d
diversity e x p a n d d i s t a l l y i n t o regions such as the gastric o u t l e t (10 3

/ ml), the ileocecal valve (10 10
/

ml) a n d the c o l o n (10 12 /rnl). M o s t o f the microbial species c o l o n i z i n g the GI tract are classified as
obligate anaerobes a n d live in a symbiotic state with the host. A m o n g t h e p r e d o m i n a t i n g microbial
genera w i t h i n the GI t r a c t are: Escherichia, Clostridium, Lactobacillus, Bacteroides, Eubacterium,
Peptococcus, Peptostreptococcus, Veillonella, Fusobacterium and Bifidobacterium? C o m m e n s a l bac­
teria p r o v i d e a n u m b e r o f benefits to the host, i n c l u d i n g p r o t e c t i o n from p a t h o g e n i c t r a n s i e n t s ,
n u t r i t i o n a l benefits a n d m a t u r a t i o n o f n o r m a l mucosal immunity. In r e t u r n , the G 1 t r a c t provides
a diverse, n u t r i e n t - r i c h e n v i r o n m e n t in w h i c h c o l o n i z a t i o n is possible for b o t h facultative and
obligate anaerobes.

* C o r r e s p o n d i n g A u t h o r : A l f r e d o G. T o r r e s - D e p a r t m e n t of M i c r o b i o l o g y and I m m u n o l o g y ,
U n i v e r s i t y of Texas M e d i c a l Branch, Galveston, Texas, USA. Email: altorres@utmb.edu
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and Mairi C. Noverr. © 2 0 0 8 Landes Bioscience and Springer Science+ Business M e d i a .
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M a i n t a i n i n g P h y s i o l o g i c a l and I m m u n o l o g i c a l H o m e o s t a s i s
in t h e G u t

The GI t r a c t plays a c r u c i a l " b a l a n c i n g act" by b o t h c o n f i n i n g t h e m i c r o f l o r a in t h e l u m e n ,
p r o t e c t i n g t h e h o s t f r o m p o t e n t i a l disease a n d m a i n t a i n i n g t h e m u c o s a l i m m u n e system in a low
reactive state. To f a c i l i t a t e these f u n c t i o n s , the GI t r a c t relies o n a r e p e r t o i r e o f diverse cells a n d cell
p r o d u c t s . T h e i n t e s t i n a l e p i t h e l i u m o f the g u t consists o f a layer o f i n t e s t i n a l e p i t h e l i a l cells ( I E C s ) ,
s u p p o r t e d by s m o o t h muscle cells, w h i c h f u n c t i o n s as a p h y s i c a l b a r r i e r p r e v e n t i n g t h e passage o f
bacteria a n d b a c t e r i a l p r o d u c t s o u t s i d e o f the l u m e n . The t i g h t j u n c t i o n s w i t h i n the p a r a c e l l u l a r spaces
o f I E C s aid in m a i n t a i n i n g cell p o l a r i t y a n d the s t r i c t r e g u l a t i o n o f d i f f u s i o n b e t w e e n t h e l u m e n a n d
l a m i n a p r o p r i a p r e v e n t i n g the escape o f e n t e r i c p a t h o g e n s o u t s i d e o f t h e l u m e n (Fig. 1). S p e c i a l i z e d
s e c r e t o r y cells w i t h i n t h e i n t e s t i n a l e p i t h e l i a , s u c h as t h e g o b l e t a n d P a n e t h cells, p r o d u c e m u c i n s
a n d a n t i m i c r o b i a l - p e p t i d e d e f e n s i n s , r e s p e c t i v e l y , w h i c h f u n c t i o n t o t r a p a n d s e l e c t i v e l y kill
t r a n s i e n t p a t h o g e n s in t h e l u m e n t h r o u g h c y t o l y t i c a c t i v i t y , " I E C s also e x p r e s s a n t i m i c r o b i a l
f a c t o r s o n t h e i r s u r f a c e w h i c h can act as selective b i o c h e m i c a l b a r r i e r s to p r e v e n t t h e c o l o n i z a ­
t i o n o f u n w a n t e d p a t h o g e n s . For e x a m p l e , t h e r e p o r t e d s u r f a c e - e x p r e s s e d p r o t e i n , b a c t e r i c i d a l !
p e r m e a b i l i t y - i n c r e a s i n g p r o t e i n ( B P I ) , is an a n t i b a c t e r i a l / e n d o t o x i n - n e u t r a l i z i n g m o l e c u l e w h i c h
can act o n G r a m - n e g a t i v e b a c t e r i a by d a m a g i n g cell m e m b r a n e s , n e u t r a l i z i n g l i p o p o l y s a c c h a r i d e
(LPS) a n d f u n c t i o n s as an o p s o n i n for p h a g o c y t o s i s by i m m u n e c e l l s . '

The m u c o s a l i m m u n e system p a r t i c i p a t e s in t h e m a i n t e n a n c e o f g u t m i c r o b i a l c o m m u n i t i e s by
d i r e c t l y m o n i t o r i n g t h e l u m i n a l e n v i r o n m e n t t h r o u g h s a m p l i n g p r o c e s s e s by s p e c i a l i z e d s u r f a c e
M i c r o f o l d cells ( M - c e l l s ) o v e r l y i n g l y m p h o i d follicles a n d d e n d r i t i c cells ( D C s ) r e s i d i n g in t h e
l a m i n a p r o p r i a . M - c e l l s can t r a n s p o r t a n d p r e s e n t m i c r o b i a l a n t i g e n s t o a n t i g e n - p r e s e n t i n g cells
w i t h i n l y m p h o i d follicles while D C s e x t e n d p s e u d o p o d i a - l i k e d e n d r i t e s t h r o u g h t h e t i g h t j u n c ­
t i o n s b e t w e e n I E C s for d i r e c t sampling" (Fig. 1). T h i s c o n s t a n t s a m p l i n g p r o c e s s h e l p s t o m a i n t a i n
a s t a t e o f i m m u n o l o g i c a l t o l e r a n c e t o w a r d s a n t i g e n s f r o m f o o d a n d c o m m e n s a l b a c t e r i a , w h i l e
p r e s e r v i n g t h e a b i l i t y t o i n i t i a t e b o t h i n n a t e a n d a d a p t i v e i m m u n e r e s p o n s e s u p o n d e t e c t i o n o f
m i c r o b i a l p a t h o g e n s . Besides s a m p l i n g t h e l u m e n e n v i r o n m e n t , t h e p r o d u c t i o n a n d s e c r e t i o n o f
g u t - a s s o c i a t e d i m m u n o g l o b u l i n s i n t o t h e l u m e n by p l a s m a cells w i t h i n t h e l a m i n a p r o p r i a aids in
t h e n e u t r a l i z a t i o n a n d c l e a r a n c e o f p a t h o g e n s a n d t h e i r t o x i n s .

H o s t - B a c t e r i a l I n t e r a c t i o n s in t h e G u t
In o r d e r t o m a i n t a i n i n t e r n a l h o m e o s t a s i s in t h e G I t r a c t a n d r e g u l a t e i m m u n e s y s t e m ac­

tivity, c o m m u n i c a t i o n a m o n g c o m m e n s a l flora a n d b e t w e e n f l o r a a n d t h e g u t m u s t o c c u r t o
d i s t i n g u i s h b a c t e r i a l p a t h o g e n s f r o m i n d i g e n o u s flora for t h e e l i c i t a t i o n o f a p p r o p r i a t e i m m u n e
r e s p o n s e s . Q u o r u m s e n s i n g ( Q S ) is a f o r m o f c e l l - t o - c e l l c o m m u n i c a t i o n w h i c h o c c u r s t h r o u g h a
d e n s i t y - d e p e n d e n t r e c o g n i t i o n o f s i g n a l i n g m o l e c u l e s k n o w n as a u t o i n d u c e r s (AIs) t h a t t r i g g e r a
v a r i e t y o f i n t e r - a n d i n t r a - s i g n a l i n g p a t h w a y s a m o n g b a c t e r i a l c o m m u n i t i e s . Q S allows b a c t e r i a l
c o m m u n i t i e s t o f u n c t i o n as a c o l l e c t i v e u n i t (i.e., b i o f i l m ) w h i c h p r o v i d e s a c o m p e t i t i v e e d g e t o
v a r i o u s c o m m e n s a l species w h e n c o m p e t i n g w i t h t r a n s i e n t p a t h o g e n s for c e r t a i n e n v i r o n m e n t a l
n i c h e s s u c h as t h o s e l o c a t e d in d i f f e r e n t r e g i o n s w i t h i n t h e G I t r a c t . S u c h c o m m u n i c a t i o n plays a
p r o t e c t i v e role by c o m m e n s a l species c o l o n i z i n g t h e g u t o f t h e h o s t (Fig. 2). 1

In a d d i t i o n t o Q S , d i r e c t c o m m u n i c a t i o n b e t w e e n b a c t e r i a a n d h o s t cells w i t h i n t h e g u t plays a
m a j o r role in t h e i m m u n o m o d u l a t i o n o f the m u c o s a l i m m u n e system t o p r e v e n t a b e r r a n t p r o - i n f l a m ­
m a t o r y r e s p o n s e s t o w a r d c o m m e n s a l species. An i m p o r t a n t a s p e c t o f t h i s i n t e r a c t i o n is the a b i l i t y to
d i s t i n g u i s h n o n - p a t h o g e n i c a n d p a t h o g e n i c species. To a c c o m p l i s h t h i s process, s p e c i a l i z e d surface
r e c e p t o r s e x p r e s s e d by I E C s k n o w n as Toll-like r e c e p t o r s ( T L R s ) d e t e c t p a t h o g e n - a s s o c i a t e d m o l e c u ­
lar p a t t e r n s ( P A M P s ) a n d d i s t i n g u i s h i n v a d i n g p a t h o g e n s f r o m c o m m e n s a l species. P A M P s i n c l u d e
various m i c r o b i a l p r o d u c t s , such as G r a m - n e g a t i v e b a c t e r i a LPS, G r a m - p o s i t i v e b a c t e r i a l i p o t e i c h o i c
acid a n d b a c t e r i a l flagellin w h i c h are r e c o g n i z e d by d i f f e r e n t T L R f a m i l y m e m b e r s s u c h as T L R 4 ,
T L R 2 a n d T L R S , respectively. The b i n d i n g o f b a c t e r i a l a n t i g e n s to t h e c o r r e s p o n d i n g T L R s will
i n i t i a t e i n t r a c e l l u l a r s i g n a l i n g cascades, l e a d i n g to t r a n s c r i p t i o n a l e v e n t s w h i c h u l t i m a t e l y g e n e r a t e
various p h y s i o l o g i c a l a n d / o r i m m u n e - b a s e d r e s p o n s e s . '
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Figure 1. H o s t and b a c t e r i a l - m e d i a t e d mechanisms to m a i n t a i n homeostasis in the gut. The
presence in the host cell of i n t r i n s i c negative regulators of the TLR4/NFkB cascade ( I R A K - M ,
Toll ip , SIGIRR, A20 and PPARy) helps to c o n t r o l the state o f TLR4 a c t i v a t i o n , F u r t h e r m o r e ,
i m m u n o s u p p r e s s i v e c y t o k ines (TGF-~ and IL-10) i n d u c e p h o s p h o r y l a t i o n s i g n a l i n g cascades
of Smad2/3 and STAT3, r e s p e c t i v e l y , d e c r e a s i n g NFkB a c t i v i t y and i n f l a m m a t o r y processes
in the gut. This c o m p l e x r e g u l a t o r y n e t w o r k helps m a i n t a i n host homeostasis . H o w e v e r ,
i m p r o p e r TLR4 s i g n a l i n g due to a f a i l u r e of the r e g u l a t o r y p r o t e i n s to d o w n - r e g u l a t e signal
t r a n s d u c t i o n leads to a c o n s t a n t a c t i v a t i o n and the s u b s e q u e n t p r o d u c t i o n of i n f l a m m a t o r y
c y t o k i n e s and c h e m o k i n e s , e v e n t u a l l y c u l m i n a t i n g in u n c o n t r o l l e d i n f l a m m a t o r y processes, In
a d d i t ion to this i m p o r t a n t r e g u l a t o r y m e c h a n i s m , other s i g n a l i n g pathways (i.e, o t h e r TLRs) ,
i m m u n e - m e d i a t e d m e c h a n i s m s (DCs, APC , slgAs), or s e c r e t i o n of a n t i m i c r o b i a l p e p t i d e s
(d ef e n si n s), help to m a i n t a i n the host homeostasis and p r e v e n t c o l o n i z a t i o n by p a t h o g e n i c
organ isms (See text for details).
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H o s t - M e d i a t e d R e g u l a t o r y M e c h a n i s m s
O n e o f the m o s t c o m m o n l y k n o w n T L R - b a s e d p a t h w a y s is the NF-KB p a t h w a y w h i c h is acti­

v a t e d u p o n t h e b i n d i n g o f L P S to T L R 4 . A c t i v a t i o n o f t h i s p a t h w a y leads t o t h e t r a n s l o c a t i o n o f
t h e t r a n s c r i p t i o n a l regulator, NF-KB, from the c y t o p l a s m i n t o t h e n u c l e u s a n d t h e t r a n s c r i p t i o n o f
genes e n c o d i n g c y t o k i n e s (Le., T N F - a , IFNy) associated w i t h p r o - i n f l a m m a t o r y i m m u n e responses
(Fig. 1). To p r e v e n t i m p r o p e r a c t i v a t i o n o f T L R pathways, b o t h h o s t a n d b a c t e r i a l - b a s e d i m m u ­
n o m o d u l a t o r y m e c h a n i s m s exist to selectively r e g u l a t e s i g n a l i n g processes. I n t r i n s i c i n h i b i t o r y
molecules (Le., Tollip [ T o l l - i n t e r a c t i n g p r o t e i n ] , S I G I R R [single i m m u n o g l o b u l i n I L - I R - r e l a t e d
molecule], l R A K - M [ I L - I R - a s s o c i a t e d kinase-M] and A l O ) are expressed in I E C s w h i c h i n t e r r u p t
i n t e r a c t i o n s a m o n g key s i g n a l i n g p r o t e i n s w i t h i n s i g n a l i n g c a s c a d e s / ' E l e v a t e d e x p r e s s i o n o f
S I G I R R has been s h o w n in IECs a n d Tollip in I E C s w i t h a t t e n u a t e d r e s p o n s i v e n e s s to LPS. In
a d d i t i o n , t h e NF-KB i n h i b i t o r , p e r o x i s o m e p r o l i f e r a t o r - a c t i v a t e d r e c e p t o r - y ( P P A R - y ) , has been
s h o w n to be p a r t i a l l y r e g u l a t e d by T L R 4 in a n i m a l colitis m o d e l s a n d has b e e n s u g g e s t e d to play
a r e g u l a t o r y role in i n t e s t i n a l i n f l a m m a t i o n . '

W h i l e i n t r i n s i c i n h i b i t o r s exist to f u n c t i o n in a n e g a t i v e f e e d b a c k l o o p f a s h i o n , o t h e r s i g n a l i n g
cascades can "crosstalk" w i t h t h e T L R p a t h w a y to p r e v e n t i m m u n e h y p e r - r e s p o n s i v e n e s s . A m o n g
these i n d e p e n d e n t s i g n a l i n g cascades are t h e pathways i n d u c e d by t h e i m m u n o s u p p r e s s i v e c y t o k ­
ines, I L - I 0 a n d TGF-f3 (Fig. 1). The NF-KB i n h i b i t o r y m o l e c u l e s , STAT3 ( I L - l O p a t h w a y ) a n d
S m a d 2 / 3 (TGF-f3 p a t h w a y ) . are a c t i v a t e d in these p a t h w a y s a n d h e l p d e c r e a s e NF-KB a c t i v i t y t o
m a i n t a i n h o s t h o m e o s t a s i s . " As m i c r o b i a l loads increase d i s t a l l y f r o m t h e small i n t e s t i n e t o w a r d s
t h e c o l o n . an e n h a n c e m e n t in the risk o f c o n s t i t u t i v e T L R s t i m u l a t i o n by c o m m e n s a l species can
develop. Several m e c h a n i s m s exist w h i c h help alleviate this risk. w h i c h i n c l u d e changes in T L R
e x p r e s s i o n a n d l o c a t i o n (Fig. 1). In c o l o n i c e p i t h e l i a . T L R 4 / 2 e x p r e s s i o n is d e c r e a s e d and respon­
siveness is a t t e n u a t e d . while T L R S e x p r e s s i o n is l i m i t e d to t h e b a s o l a t e r a l surface. In a d d i t i o n to
IECs, i m m u n e cells. such as m a c r o p h a g e s associated w i t h t h e l a m i n a p r o p r i a . express low levels
o f T L R 4 1 2 a n d are u n r e s p o n s i v e to LPS in c o n t r a s t t o D C s . w h i c h m a i n t a i n responsiveness to
T L R 3 / 4 l i g a n d s . 6 W h i l e T L R s play an i m p o r t a n t role in the c o m m u n i c a t i o n b e t w e e n l u m i n a l
b a c t e r i a a n d gut e p i t h e l i a to regulate t h e i m m u n e system f u n c t i o n , r e c e n t s t u d i e s have also f o u n d a
role for T L R s to p r e v e n t e p i t h e l i a l injury. Mice deficient in T L R 4 , T L R 2 . or M y D 8 8 ( i n t r a c e l l u l a r
T L R p a t h w a y c o m p o n e n t ) were f o u n d t o have i n c r e a s e d m o r t a l i t y rates c o m p a r e d to w i l d - t y p e
mice w h e n o r a l l y c h a l l e n g e d w i t h t h e s u l f a t e d p o l y s a c c h a r i d e d e x t r a n s u l f a t e s o d i u m (DSS),7
D i r e c t DSS e x p o s u r e is toxic to t h e c o l o n i c e p i t h e l i a o f animals.

B a c t e r i a l - M e d i a t e d R e g u l a t o r y M e c h a n i s m s
W h i l e h o s t m e c h a n i s m s exist to m a i n t a i n h o m e o s t a s i s in t h e gut a n d p r e v e n t aggressive inflam­

m a t o r y responses t r i g g e r e d by r e s i d e n t i a l m i c r o f l o r a , b a c t e r i a l m e c h a n i s m s are also p r e s e n t w h i c h
l i m i t i n f l a m m a t i o n by a c t i n g t h r o u g h t h e NF-KB s i g n a l i n g pathway. D i r e c t i n t e r a c t i o n s b e t w e e n
h u m a n c o l o n i c e p i t h e l i a and. i.e., n o n v i r u l e n t S a l m o n e l l a s t r a i n s have b e e n s h o w n to a t t e n u a t e
s e c r e t i o n o f the p r o - i n f l a m m a t o r y c h e m o k i n e IL-8. This o c c u r s by b l o c k i n g t h e d e g r a d a t i o n o f
t h e i n h i b i t o r I K B - a . w h i c h b i n d s NF-KB in the c y t o p l a s m a n d p r e v e n t s its t r a n s l o c a t i o n i n t o
t h e nucleus to c o m p l e t e the p a t h w a y c i r c u i t a n d s u b s e q u e n t p r o - i n f l a m m a t o r y c y t o k i n e p r o d u c ­
t i o n . t The c o m m e n s a l a n a e r o b e . Bacteroides t h e t a i o t o a m i c r o n , has b e e n s h o w n t o a t t e n u a t e T L R
s i g n a l i n g t r i g g e r e d by b o t h flagellin a n d flagellated p a t h o g e n s t h r o u g h a m e c h a n i s m r e g u l a t i n g
t h e n u c l e o c y t o p l a s m i c d i s t r i b u t i o n o f N F - K B . This m e c h a n i s m involves p r o m o t i n g t h e n u c l e a r
e x p o r t o f the t r a n s c r i p t i o n a l l y active NF-KB s u b u n i t . RelA, w h i c h is d e p e n d e n t on i n t e r a c t i o n
w i t h t h e N F - K B - a s s o c i a t e d nuclear p r o t e i n PPAR-y (Fig. 1).9

The R o l e o f G u t Flora in I m m u n e S y s t e m D e v e l o p m e n t
and I m m u n o l o g i c a l T o l e r a n c e

As p r e v i o u s l y m e n t i o n e d . c o m m e n s a l flora p l a y a c r u c i a l role in b o t h i m m u n e system devel­
o p m e n t a n d i m m u n o l o g i c a l t o l e r a n c e . S t u d i e s using g e r m - f r e e animals have s h o w n t h a t i m m u n e
system d e v e l o p m e n t is greatly h i n d e r e d in t h e absence o f n o r m a l c o m m e n s a l m i c r o f l o r a . These
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changes i n c l u d e the u n d e r d e v e l o p m e n t o f l y m p h a t i c tissues a n d c o m p o n e n t s , delayed m i g r a t i o n
o f a n t i b o d y - p r o d u c i n g cells in response to b a c t e r i a l antigens, r e d u c e d a n t i b o d y d i v e r s i t y a n d
lowered l y m p h o c y t e responsiveness. I n t e s t i n a l c o l o n i z a t i o n w i t h d e f i n e d c o m m e n s a l bacteria or
s t i m u l a t i o n o f T L R s (Le., T L R 2 ) enhances overall i m m u n e system d e v e l o p m e n t and f u n c t i o n . ' ?
A m o n g these d e v e l o p m e n t a l changes were an increase in l y m p h o c y t e i n f i l t r a t i o n o f the gut mucosa,
g e r m i n a l c e n t e r d e v e l o p m e n t w i t h i n Peyer's patches and p r o d u c t i o n and d i f f e r e n t i a t i o n o f anti­
bodies. R e c o n s t i t u t i o n o f micro flora has also been found to c o r r e c t several i m m u n o l o g i c defects
f o u n d in the absence o f a b a c t e r i a l rnicroflora. A d m i n i s t r a t i o n o f b a c t e r i a l polysaccharide from
the s y m b i o t i c b a c t e r i u m Bacteroides fragi/is was shown to c o r r e c t i m m u n e defects in germ-free
animals. I ! In a d d i t i o n to i m m u n e system m a t u r a t i o n , the presence o f m i c r o f l o r a impacts n o r m a l
i n t e s t i n a l s t r u c t u r e a n d physiology. S t i m u l a t i o n o f T L R l on c o l o n i c e p i t h e l i a l cells w i t h b a c t e r i a l
antigens (Le., l i p o p e p t i d e a n d p e p t i d o g l y c a n ) has been shown to i n i t i a t e t i g h t j u n c t i o n develop­
m e n t , i n c l u d i n g apical t i g h t e n i n g / s e a l i n g a n d increased t r a n s e p i t h e l i a l electrical r e s i s t a n c e . " In
the absence o f c o m m e n s a l c o l o n i z a t i o n , increased mucus a c c u m u l a t i o n , water r e t e n t i o n , e x t e n d e d
e p i t h e l i a l cell cycles a n d d e c r e a s e d peristalsis was f o u n d to o c c u r in t h e large i n t e s t i n e o f germ-free
models w h e n c o m p a r e d w i t h c o n t r o l a n i m a l s . '

I m m u n o l o g i c a l t o l e r a n c e in the gut c a n n o t be achieved w i t h o u t t h e assistance o f c o m m e n s a l
i n t e r a c t i o n . I m m u n e responses to n o r m a l flora allow the d e v e l o p m e n t o f r e g u l a t o r y T-cells and the
p r o d u c t i o n and secretion o f I g A (sIgA), b o t h o f which f u n c t i o n as i m p o r t a n t tolerance mechanisms.
R e g u l a t o r y T-cells p r o d u c e i m m u n o s u p p r e s s i v e cytokines, such as IL-lO, which helps a t t e n u a t e
p r o - i n f l a m m a t o r y responses t h a t can o t h e r w i s e p o t e n t i a l l y c o n t r i b u t e to i n f l a m m a t o r y bowel
diseases. D C s play an i m p o r t a n t role in T-cell r e c r u i t m e n t i n t o t h e lumen and in r e g u l a t o r y
T-cell d e v e l o p m e n t . ' T L R signaling in response to commensal a n t i g e n s (Le., LPS) e n h a n c e s the
surface expression o f c h e m o k i n e r e c e p t o r C C R 9 and i n t e g r i n a..f37 for the g e n e r a t i o n o f g u t - t r o p i c
Tvcells.'! I n c r e a s e d expression o f these surface molecules also p r o m o t e s T-cell m i g r a t i o n i n t o
the gut t h r o u g h i n t e r a c t i o n s w i t h gut e n d o t h e l i a expressing mucosal addressin cellular a d h e s i o n
m o l e c u l e - l ( M A d C A M - l ) and i n t e s t i n a l epithelia expressing thymus-expressed chemokine ligand
(TECK).14.1S A n o t h e r m e c h a n i s m t h r o u g h which D C s c o n t r i b u t e to the d e v e l o p m e n t o f imrnu­
nological t o l e r a n c e is t h e selective i n d u c t i o n o f sIgAs. D C s c o n t a i n i n g commensal b a c t e r i a have
been shown to be used as a p r i m i n g tool for the selective i n d u c t i o n o f sIgAs to p r e v e n t mucosal
p e n e t r a t i o n by c o m m e n s a l bacteria, thus i n i t i a t i n g systemic p r o - i n f l a m m a t o r y responses in the
g u t . " C o m m e n s a l - m e d i a t e d T L R signaling has been shown to play an essential r e g u l a t o r y role
based on in vivo studies. S t i m u l a t i o n o f T L R 9 with bacterial D N A has been shown to reduce
i n f l a m m a t i o n in a n i m a l colitis models, while T L R 4 signaling by i n t e s t i n a l flora has b e e n shown
to elicit p r o t e c t i v e effects in a n i m a l models for food a l l e r g i e s . F ' "

C o m m e n s a l B a c t e r i a , M u c o s a l I m m u n i t y a n d D e v e l o p m e n t
o f I n f l a m m a t o r y D i s e a s e

C o m m e n s a l m i c r o f l o r a , at an o p t i m a l c o m p o s i t i o n , p r e v e n t a t t a c h m e n t and m u l t i p l i c a t i o n o f
p a t h o g e n i c b a c t e r i a o n l u m i n a l surfaces and their invasion and spread i n t o gut e p i t h e l i a . " I n t e s t i n a l
m i c r o f l o r a plays an i m p o r t a n t role in resistance to i n f e c t i o n b o t h by d i r e c t i n t e r a c t i o n w i t h p a t h o ­
genic bacteria a n d its influence on the f u n c t i o n and activity o f the i m m u n e system. C o m p o n e n t s o f
i n t e s t i n a l m i c r o f l o r a p l a y a crucial role in the p o s t n a t a l d e v e l o p m e n t o f the i m m u n e system. D u r i n g
the early p o s t n a t a l p e r i o d , t h e i n t e s t i n a l rnicroflora stimulates the d e v e l o p m e n t o f b o t h local and
systemic i m m u n i t y . L a t e r on, these c o m p o n e n t s evoke, on t h e c o n t r a r y , r e g u l a t o r y ( i n h i b i t o r y )
m e c h a n i s m s i n t e n d e d to keep b o t h mucosal and systemic i m m u n i t y in b a l a n c e . '

In the i n t e s t i n e s , c o m m e n s a l bacteria t h a t have the ability to p e n e t r a t e mucins and resist host
a n t i m i c r o b i a l p e p t i d e s , can p o t e n t i a l l y reach close p r o x i m i t y to e p i t h e l i a l cells t h a t line the intes­
tine. In this scenario, T L R s a n d n u c l e o t i d e - b i n d i n g o l i g o m e r i z a t i o n d o m a i n isoforms ( N O D s )
p l a y a crucial role in t h e i r r e c o g n i t i o n by the mucosal i m m u n e system. U p o n the r e c o g n i t i o n o f
specific m i c r o b i a l c o m p o n e n t s , T L R s trigger b o t h innate a n d adaptive i m m u n e responses t h a t
e l i m i n a t e p a t h o g e n s a n d shape the i n t e s t i n a l microflora. A m o n g these i n n a t e i m m u n e responses is
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t h e synthesis o f a n t i m i c r o b i a l p e p t i d e s , p r o - i n f l a m m a t o r y c y t o k i n e s a n d c h e m o k i n e s a n d s e c o n d ­
ary a n t i - i n f l a m m a t o r y responses r e q u i r e d for the r e s o l u t i o n o f i n f l a r n m a d o n . I ' r " T L R s i g n a l i n g
also i m p a c t s s u b s e q u e n t T-cell r e s p o n s e s t h r o u g h a c t i v a t i o n o f D C s . 2 1 T h e N O D p r o t e i n s , w h i c h
localize to t h e h o s t cell c y t o s o l also t r i g g e r b o t h i n n a t e a n d a c q u i r e d i m m u n e r e s p o n s e s f o l l o w i n g
c e l l u l a r u p t a k e a n d r e c o g n i t i o n o f m u r a m y l d i p e p t i d e a n d m e s o - d i a m i n o p i m e l i c acid m o t i f s ,
c o m p o n e n t s o f G r a m - n e g a t i v e a n d G r a m - p o s i t i v e o r g a n i s m s . "

The a b i l i t y o f e p i t h e l i a l cells to m o u n t r a p i d i n n a t e i m m u n e r e s p o n s e s to l u m i n a l p a t h o g e n s
has t h u s far b e e n e x p l a i n e d by r a p i d t r a n s l o c a t i o n a n d / o r i n t e r n a l i z a t i o n o f p a t h o g e n - s p e c i f i c
l i g a n d s a n d m i g r a t i o n to c o g n a t e TLRs.l0 It is well k n o w n t h a t viable m i c r o o r g a n i s m s , as well
as the release o r s e c r e t i o n o f b a c t e r i a l c o m p o n e n t s , are r e s p o n s i b l e for several o f t h e s e i m r n u n o ­
m o d u l a t o r y effects. S o m e o f t h e released b a c t e r i a l c o m p o n e n t s w h i c h p r o d u c e s t r o n g effects on
t h e i n n a t e a n d / o r a d a p t i v e i m m u n i t y i n c l u d e LPS, p e p t i d o g l y c a n , C p G - D N A m o t i f s , h e a t s h o c k
p r o t e i n s a n d s u p e r a n r i g e n s . ! " For example, LPS ( e n d o t o x i n ) , a m a j o r o u t e r surface c o m p o n e n t
p r e s e n t in all G r a m - n e g a t i v e o r g a n i s m s , acts as a s t r o n g s t i m u l a t o r o f t h e i n n a t e i m m u n e system.
W i t h i n m i n u t e s o f r e c o g n i z i n g LPS, an array o f cell types e x p r e s s i n g r e l e v a n t p a t t e r n r e c o g n i t i o n
r e c e p t o r s ( P R R s ; C D 1 4 a n d T L R 4 ) i n i t i a t e defensive a c t i o n s t h a t m e d i a t e p r o t e c t i o n a g a i n s t
m i c r o b i a l p a t h o g e n s , i n c l u d i n g t h e p r o d u c t i o n o f reactive o x y g e n i n t e r m e d i a t e s a n d s e c r e t i o n o f
i n f l a m m a t o r y c y t o k i n e s . C y t o k i n e s i n i t i a t e a cascade o f signals t o cells o f t h e a d a p t i v e i m m u n e
response, p r e p a r i n g t h e m for the d e v e l o p m e n t o f a n t i g e n - s p e c i f i c i m m u n e responses. LPS e x p o s u r e
also results in p r o d u c t i o n o f defensins, w h i c h c o m p r i s e several d i s t i n c t families o f a n t i b a c t e r i a l ,
a n t i f u n g a l a n d a n t i v i r a l p e p t i d e s . "

A n o t h e r b a c t e r i a l c o m p o n e n t t h a t can s t i m u l a t e t h e i m m u n e system a n d i n i t i a t e an i n f l a m m a ­
t o r y r e s p o n s e is t h e flagella f o u n d o n the surface o f several c o m m e n s a l a n d p a t h o g e n i c b a c t e r i a . "
Interestingly, t h e p r e d o m i n a n c e o f f l a g e l l a t e d c o m m e n s a l b a c t e r i a in t h e h u m a n g u t is several o r d e r s
o f m a g n i t u d e h i g h e r t h a n t h a t e n c o u n t e r e d in a t y p i c a l i n f e c t i o n by f l a g e l l a t e d p a t h o g e n s . The
q u e s t i o n t h e r e f o r e arises as t o how the gut a c c o m m o d a t e s such h i g h levels o f flagellin in the absence
o f an i n f l a m m a t o r y r e s p o n s e because m o n o m e r i c flagellin, t h r o u g h its a c t i v a t i o n o f T L R s a n d
NF-KB, is a p o t e n t p r o - i n f l a m m a t o r y l i g a n d . " O n e p o s s i b i l i t y is t h a t p r o - i n f l a m m a t o r y r e s p o n s e s
i n d u c e d by c o m m e n s a l b a c t e r i a are r a p i d l y a t t e n u a t e d , e i t h e r by h o s t systems o r by g u t b a c t e r i a , in
ways a n a l o g o u s t o t h e i m m u n e evasion strategies used by p a t h o g e n i c b a c t e r i a . H o w e v e r , the a b i l i t y
o f c e r t a i n c o m m e n s a l b a c t e r i a to a t t e n u a t e NF-KB has b e e n r e c e n t l y d e m o n s t r a t e d , ' ?

O n c e the b a c t e r i a l c o m p o n e n t has r e a c h e d t h e specific T L R , t h e s i g n a l i n g is carefully r e g u l a t e d
in the h e a l t h y g u t . F o r example, T L R 2 i n d u c e s b o t h p r o - i n f l a m m a t o r y a n d a n t i - i n f l a m m a t o r y cy­
t o k i n e s . " O t h e r h o s t m e c h a n i s m s exist t h a t m o d u l a t e T L R - m e d i a t e d r e s p o n s e s , i n c l u d i n g I L - l 0,
t r a n s f o r m i n g g r o w t h f a c t o r 13 (TGF-I3), S I G I R R , a n t i - i n f l a m m a t o r y T L R 9 Signaling, c y t o s o l i c
N O D 2 , etc., (Fig. 2).10 The g e n e t i c defects in these r e g u l a t o r y systems c a n p r e d i s p o s e s u b j e c t s to
i n f l a m m a t o r y diseases. Specifically, m u t a t i o n s in t h e N O D 2 o r caspase a c t i v a t i o n r e c r u i t m e n t
d o m a i n 15 ( C A R D 15) genes have b e e n l i n k e d to an e n h a n c e d s u s c e p t i b i l i t y to C r o h n ' s disease.
A l t h o u g h w i l d - t y p e N O D 2 is an a c t i v a t o r o f N F - K B , i n t a c t N O D 2 s i g n a l i n g a p p e a r s to i n h i b i t
t h e T L R 2 - d r i v e n a c t i v a t i o n o f N F - K B . 2 5 N O D 2 d e f i c i e n c y a n d t h e C r o h n ' s disease-like C a r d 1 5
m u t a t i o n are a s s o c i a t e d w i t h aggressive Th 1 responses t h a t can p r o m o t e tissue d a m a g e a n d inflam­
m a t o r y d i s e a s e s . " These T h l responses m i g h t be d i r e c t e d t o w a r d s c o m m e n s a l b a c t e r i a l flagellins. 24

Local i m m u n e r e s p o n s e s d i r e c t e d a g a i n s t b a c t e r i a l flagellin m i g h t e x a c e r b a t e t h e d i s r u p t i o n to t h e
n a t u r a l b a l a n c e o f b a c t e r i a l g r o u p s a s s o c i a t e d w i t h i n f l a m m a t o r y b o w e l d i s e a s e . "

N o v e l M e c h a n i s m s for H o s t - P a t h o g e n C r o s s t a l k w i t h i n t h e GI Tract
The h u m a n h o s t restricts the g r o w t h o f i n v a d i n g b a c t e r i a by b o t h i n n a t e a n d adaptive i m m u n i t y .

As i n d i c a t e d above, o n e i m p o r t a n t c o m p o n e n t o f i n n a t e i m m u n i t y is t h e p r o d u c t i o n o f c a t i o n i c
a n t i m i c r o b i a l p e p t i d e s . Bacteria have evolved m e c h a n i s m s to resist k i l l i n g by a n t i m i c r o b i a l p e p t i d e s .
These m e c h a n i s m s have b e e n best c h a r a c t e r i z e d for S a l m o n e l l a enterica s e r o v a r T y p h i m u r i u m b u t
are also p r e s e n t in o t h e r b a c t e r i a l p a t h o g e n s . i " R e s i s t a n c e to a n t i m i c r o b i a l p e p t i d e s is t y p i c a l l y
a c q u i r e d by m o d i f i c a t i o n s o f t h e b a c t e r i a l cell surface, for e x a m p l e , t h e l i p i d A p o r t i o n o f the LP S
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Figure 2 . N o v e l mechanisms for host-pathogen crosstalk w i t h i n the gut and d e v e l o p m e n t of
i n f l a m m a t o r y disease. Several host mechan isms modulate TLR-mediated responses (i.e., IL-10,
TGF-I3, SIGIRR, N O D 2 , CARD1S, etc .,) and help i n maintain ing a state of c o n t r o l l e d i n f l a m m a ­
tion . G e n e t i c defects in these r e g u l a t o r y mechanisms are associated w i t h a d a p t i v e i m m u n e (Th1)
responses that can p r o m o t e tissue damage and i nfl am m at or y diseases. In a d d i t i o n , pathogens
have f o u n d ways to evade both innate and adaptive i m m u n i t y , i.e., p a t h o g e n i c bacteria can
resist the e f f e c t of a n t i m i c r o b i a l peptides by m o d i f i c a t i o n of their cell surface or by i n d u c i n g
expression of v i r u l e n c e factors w h i c h are d e p e n d e n t on the q u o r u m sensing mechanisms .
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(Fig. 2). L i p i d A m o d i f i c a t i o n s , i n d u c e d d u r i n g S a l m o n e l l a i n v a s i o n o f m a c r o p h a g e s , p l a y a role
d u r i n g b a c t e r i a l v i r u l e n c e and, w h e n m o d i f y i n g a v a r i e t y o f G r a m - n e g a t i v e b a c t e r i a , are r e g u l a t e d
by a t w o - c o m p o n e n t system t e r m e d PhoPQ,26.27The S a l m o n e l l a P h o P Q system is a c t i v a t e d in
vivo w i t h i n a c i d i f i e d m a c r o p h a g e p h a g o s o m e s a n d r e p r e s s e d in v i t r o d u r i n g b a c t e r i a l g r o w t h in
h i g h c o n c e n t r a t i o n s o f divalent cations. F u r t h e r m o r e , t h e P h o P Q system is active at low c a t i o n
c o n c e n t r a t i o n s in v i t r o a n d fully i n d u c e d d u r i n g b a c t e r i a l r e p l i c a t i o n in m a c r o p h a g e s . " Because
P h o P Q is essential to p r o t e c t bacteria from a n t i m i c r o b i a l p e p t i d e s , the q u e s t i o n arises as to w h e t h e r
these p e p t i d e s c o u l d serve as signals for P h o Q a c t i v a t i o n . R e c e n t w o r k by B a d e r et al d e c i p h e r e d
a m e c h a n i s m by w h i c h t h e P h o Q sensor kinase o f S a l m o n e l l a is s w i t c h e d o n by h o s t c a t i o n i c
a n t i m i c r o b i a l p e p t i d e s , leading to changes in gene e x p r e s s i o n t h a t enable S a l m o n e l l a to c o m b a t t h e
h o s t i m m u n e r e s p o n s e . " This is the first s t u d y r e v e a l i n g a n o v e l e x a m p l e o f a sensor m e c h a n i s m
from a b a c t e r i a l p a t h o g e n t h a t is a c t i v a t e d by i n n a t e i m m u n e effectors.

A n o t h e r e x a m p l e o f m e c h a n i s m s used by p a t h o g e n s e x p l o i t i n g changes in t h e h o s t i m m u n e
system o c c u r s d u r i n g Pseudomonas i n f e c t i o n s . Like o t h e r o p p o r t u n i s t i c p a t h o g e n s , P s e u d o m o n a s
a e r u g i n o s a can cause l e t h a l i n f e c t i o n s by i n v a d i n g a h o s t t h a t is b o t h p h y s i o l o g i c a l l y stressed a n d
i m m u n o l o g i c a l l y c o m p r o m i s e d . It has b e e n d e m o n s t r a t e d t h a t w i t h i n t h e i n t e s t i n a l t r a c t o f a
stressed h o s t , t h e l e t h a l i t y o f P. aeruginosa is d e p e n d e n t on t h e e x p r e s s i o n o f t h e a d h e s i n k n o w n
as PA-I l e c t i n , w h i c h causes i n c r e a s e d p e r m e a b i l i t y to its l e t h a l c y t o t o x i n s across t h e i n t e s t i n a l
e p i t h e l i u m . P The expression o f P A - I is d e p e n d e n t o n a QS s i g n a l i n g m e c h a n i s m , a core system
m e d i a t e d by a u t o i n d u c e r molecules t h a t c o n t r o l h o u s e - k e e p i n g a n d v i r u l e n c e genes in b a c t e r i a
(Fig. 2). A l t h o u g h h o s t cells are k n o w n to express r e c e p t o r s t h a t b i n d b a c t e r i a for t h e p u r p o s e o f
a c t i v a t i n g t h e i m m u n e system, it is also feasible to t h i n k t h a t b a c t e r i a themselves m i g h t possess spe­
cialized r e c e p t o r s t h a t in t u r n recognize a n d r e s p o n d t o h o s t i m m u n e a c t i v a t i o n by e n h a n c i n g t h e i r
v i r u l e n c e p h e n o t y p e . R e c e n t w o r k by Wu et al has d e m o n s t r a t e d t h a t h u m a n i n t e r f e r o n - y b i n d s
to an o u t e r m e m b r a n e p r o t e i n in P. aeruginosa, r e s u l t i n g in t h e e x p r e s s i o n o f t h e Q S - d e p e n d e n t
PA-I l e c d n . " This s t u d y provides m o l e c u l a r e v i d e n c e t h a t c e r t a i n o p p o r t u n i s t i c p a t h o g e n s , such
as P. aeruginosa, may have evolved a c o n t i n g e n c y - b a s e d m e c h a n i s m to m o u n t an effective c o u n ­
t e r m e a s u r e t o i m m u n e a c t i v a t i o n by the h o s t . 30

A final e x a m p l e o f novel h o s t - p a t h o g e n c o m m u n i c a t i o n o c c u r s d u r i n g p a t h o g e n i c Escherichia
coli i n f e c t i o n s . It has been p r o p o s e d t h a t QS a u t o i n d u c e r s aid t h e disease process by a l l o w i n g
p a t h o g e n i c b a c t e r i a to a p p r o p r i a t e l y t i m e e x p r e s s i o n o f v i r u l e n c e factors t h a t m i g h t activate a
defensive i m m u n e response before the i n f e c t i o n has p r o g r e s s e d . ' F u r t h e r m o r e , QS m i g h t also
m o d u l a t e h o s t responses t h r o u g h r e g u l a t i o n o f c o m m e n s a l genes i n v o l v e d in g u t c o l o n i z a t i o n
and h o s t s i g n a l i n g . " The first evidence t h a t QS c o u l d be i n v o l v e d in t h e r e g u l a t i o n o f v i r u l e n c e
factors o f g a s t r o i n t e s t i n a l p a t h o g e n s was f o u n d in e n t e r o p a t h o g e n i c E. coli a n d e n t e r o h e m o r ­
rhagic E. coli ( E H E C ) strains. S p e r a n d i o et al f o u n d t h a t Q S is r e s p o n s i b l e for r e g u l a t i o n o f
i n t e s t i n a l c o l o n i z a t i o n factors t h a t play an i m p o r t a n t role in the p a t h o g e n e s i s o f disease caused
by these o r g a n i s m s . " F u r t h e r studies i n d i c a t e t h a t QS is a g l o b a l r e g u l a t o r y m e c h a n i s m for basic
p h y s i o l o g i c a l f u n c t i o n s o f E H E C as well as for v i r u l e n c e f a c t o r s " M o r e recently, it was f o u n d
t h a t E H E C senses a b a c t e r i a l a u t o i n d u c e r k n o w n as A I - 3 ( p r o d u c e d by E H E C a n d t h e n o r m a l
i n t e s t i n a l m i c r o f l o r a ) a n d the h o s t h o r m o n e s e p i n e p h r i n e / n o r e p i n e p h r i n e t o a c t i v a t e e x p r e s s i o n
o f several v i r u l e n c e factors (Fig. 2).33 The discovery t h a t t h e s e m a n u n a l i a n g u t h o r m o n e s m i m i c
a u t o i n d u c e r s i g n a l i n g molecules implies a p o t e n t i a l c r o s s - c o m m u n i c a t i o n b e t w e e n t h e b a c t e r i a l
QS system a n d the e p i n e p h r i n e h o s t signaling system a n d h i g h l i g h t s t h e c o m p l e x i t y o f the b a c t e r i a
a n d h o s t cells crosstalk.
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Host-Microbe Symbiosis:
The Squid-Vibrio A s s o c i a t i o n -
A Naturally Occurring, Experimental Model
o f Animal/Bacterial Partnerships
M a r g a r e t M c F a l l - N g a i *

A b s t r a c t

M an y, i f n o t most, animals have specific s y m b i o t i c r e l a t i o n s h i p s w i t h b a c t e r i a l p a r t n e r s .
R e c e n t s t u d i e s suggest t h a t v e r t e b r a t e s create a l l i a n c e s w i t h h i g h l y c o m p l e x c o n s o r t i a
o f h u n d r e d s t o t h o u s a n d s o f p r o k a r y o t i c p h y l o t y p e s . In c o n t r a s t , i n v e r t e b r a t e s often

have b i n a r y a s s o c i a t i o n s , i.e., r e l a t i o n s h i p s w i t h a p o p u l a t i o n o f a single b a c t e r i a l species. In this
c h a p t e r , t h e a s s o c i a t i o n b e t w e e n t h e H a w a i i a n s e p i o l i d s q u i d E u p r y m n a scolopes a n d the m a r i n e
l u m i n o u s b a c t e r i u m Vibrio Jiseheri is h i g h l i g h t e d . This symbiosis offers a relatively simple, yet
n a t u r a l l y o c c u r r i n g , a s s o c i a t i o n t h a t can be e x p e r i m e n t a l l y m a n i p u l a t e d . S t u d i e s o f this system
are p r o v i d i n g i n s i g h t i n t o the precise m e c h a n i s m s by w h i c h a b e n e f i c i a l a n i m a l - b a c t e r i a l symbiosis
can be e s t a b l i s h e d a n d m a i n t a i n e d .

I n t r o d u c t i o n - T h e C o n t e x t
Researchers in b i o m e d i c i n e are b e c o m i n g increasingly aware t h a t an u n d e r s t a n d i n g o f e v o l u t i o n ­

ary and ecological principals can provide great insight i n t o the u n d e r l y i n g d y n a m i c s o f h u m a n h e a l t h
a n d disease. H u m a n s , as all animals, are p r o d u c t s o f t h e i r e v o l u t i o n a r y h i s t o r y , a basic feature t h a t
will be r e f l e c t e d in all aspects o f t h e i r biology. This n e w f o u n d awareness is likely to i n f l u e n c e few
groups o f b i o m e d i c a l researchers as p r o f o u n d l y as those w h o s t u d y t h e r e l a t i o n s h i p s o f m i c r o b e s
to t h e i r h o s t animals. The e v o l u t i o n o f animals o c c u r r e d relatively late in e a r t h ' s h i s t o r y as a p a t i n a
over the c o n t i n u e d e v o l u t i o n o f t h e m i c r o b i a l world. Specifically, all a n i m a l b o d y plans evolved at
C a m b r i a n e x p l o s i o n 540 m i l l i o n years ago in the c o n t e x t o f m a r i n e e n v i r o n m e n t s w i t h m i l l i o n s o f
b a c t e r i a l cells in each m i l l i l i t e r o f seawater. As such, f r o m t h e b e g i n n i n g t h r o u g h the p r e s e n t day,
animals have b e e n i n t e r a c t i n g w i t h m i c r o b e s in a v a r i e t y o f ways. Thus, it is n o t s u r p r i s i n g to find
t h a t the responses o f p r e s e n t - d a y animals to m i c r o b e s can be a n c i e n t r e s p o n s e s , h i g h l y c o n s e r v e d
over e v o l u t i o n a r y h i s t o r y .

An example o f this c o n s e r v a t i o n can be f o u n d in the f o r m a n d f u n c t i o n o f t h e i m m u n e system.
R e c e n t s t u d i e s o f i n n a t e i m m u n i t y have d e m o n s t r a t e d t h a t all t h r e e m a j o r s u b k i n g d o m s o f t h e
k i n g d o m A n i m a l i a , i.e., t h e D e u t e r o s t o m i a , (e.g., v e r t e b r a t e s , sea s q u i r t s , u r c h i n s ) , Ecdysozoa (e.g.,
f r u i t fly a n d n e m a t o d e w o r m ) a n d t h e L o p h o t r o c h o z o a (e.g., snails, s q u i d s , m a r i n e worms), share
o r t h o l o g o u s p a t t e r n - r e c o g n i t i o n receptors and elements o f response pathways specific t o i n t e r a c t i n g
w i t h the m i c r o b i a l world.' The i n v e r t e b r a t e s are h i g h l y diverse a n d e v o l u t i o n a r i l y successful, yet
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are t h o u g h t to rely chiefly on the activity o f the i n n a t e i m m u n e system to i n t e r f a c e with m i c r o b e s . '
O n the o t h e r h a n d , the g n a t h o s t o m e v e r t e b r a t e s , the divergence o f w h i c h dates back to the very
early d i v e r s i f i c a t i o n o f t h e animals in the Paleozoic, have n o t o n l y the i n n a t e i m m u n e system b u t
also an a d a p t i v e i m m u n e system, the major c o m p o n e n t s o f w h i c h are c o n s e r v e d t h r o u g h o u t all
g n a t h o s t o m e classes o f v e r t e b r a t e , from bony fishes to mammals. I n v e r t e b r a t e s are highly success­
ful, have as a g r o u p every k n o w n life h i s t o r y s t r a t e g y and show no h i g h e r m o r b i d i t y or m o r t a l i t y
to p a t h o g e n i c i n f e c t i o n t h a n v e r t e b r a t e s . These traits suggest t h a t the v e r t e b r a t e adaptive i m m u n e
system is n o t a ' b e t t e r ' i n t e r f a c e w i t h the m i c r o b i a l world, but r a t h e r an a l t e r n a t i v e strategy.

The d i f f e r e n c e s in t h e i m m u n e systems o f i n v e r t e b r a t e s a n d v e r t e b r a t e s have some r e f l e c t i o n in
t r e n d s o f o c c u r r e n c e o f t h e i r i n t e r a c t i o n s with microbes. All a n i m a l cells, o f course, have m i t o c h o n ­
dria, b u t the i n v e r t e b r a t e s very o f t e n have o t h e r binary, i n t r a c e l l u l a r or e x t r a c e l l u l a r symbioses. For
example, a p p r o x i m a t e l y 11 % o f all insects have b a c t e r i o c y r e symbioses w h e r e i n a m o n o c u l t u r e o f
i n t r a c e l l u l a r b a c t e r i a in t h e fat bodies (the liver equivalent) provides essential n u t r i e n t s to the h o s t ; '
also the widely s t u d i e d a s s o c i a t i o n s o f h y d r o t h e r m a l vent a n i m a l s w i t h s u l f u r oxidizing b a c t e r i a
and coral h o s t s w i t h t h e i r u n i c e l l u l a r algae offer o t h e r examples o f ecologically i m p o r t a n t binary,
i n t r a c e l l u l a r symbioses." In c o n t r a s t , v e r t e b r a t e s rarely, i f ever, have beneficial binary, i n t r a c e l l u l a r
symbioses a n d e x t r a c e l l u l a r b i n a r y alliances o c c u r rarely and o n l y a m o n g the fishes (e.g., the lumi­
nous b a c t e r i a - l i g h t o r g a n symbioses in several families o f m a r i n e fishes). R e c e n t evidence suggests
t h a t v e r t e b r a t e s i n s t e a d h a r b o r h i g h l y complex c o n s o r t i a , a c o n d i t i o n t h a t appears to o c c u r rarely
in the i n v e r t e b r a t e s ( e x c e p t i o n s - t e r m i t e s , cockroaches and t h e i r relatives) 5 and t h a t the c o n s o r t i a
o f the v e r t e b r a t e g u t may p r o f o u n d l y affect the activity o f the a d a p t i v e i m m u n e system,"

D e s p i t e t h e s e d i f f e r e n c e s b e t w e e n the i n v e r t e b r a t e s a n d v e r t e b r a t e s , t h e y s h a r e e n o u g h
c o n s e r v e d e l e m e n t s in t h e i r i n t e r a c t i o n w i t h m i c r o b e s to r e n d e r b r o a d c o m p a r a t i v e s t u d i e s o f
a n i m a l - m i c r o b e i n t e r a c t i o n s c o m p e l l i n g . 1 f b i o l o g i s t s are to o b t a i n a reasonably accurate p i c t u r e o f
the very basic m e c h a n i s m s u n d e r l y i n g the dynamics o f a n i m a l - m i c r o b e relations, they m u s t have a
similar s t r a t e g y to t h a t e m p l o y e d by the d e v e l o p m e n t a l biologists, w h e r e i n a variety o f models have
been e x p l o i t e d (e.g., mouse, chick, frog, zebrafish, f r u i t fly, n e m a t o d e , u r c h i n , etc.). Each m o d e l has
key features t h a t have p r o v i d e d and c o n t i n u e to provide, the pieces o f a complex set o f puzzles. In
the f r o n t i e r o f the field o f a n i m a l - m i c r o b e i n t e r a c t i o n s , a wide v a r i e t y o f m o d e l systems have been
a n d are b e i n g d e v e l o p e d . A m o n g the v e r t e b r a t e s , m o s t n o t a b l e are t h e germ-free and g n o t o b i o t i c
systems. The z e b r a f i s h a n d mouse are p a r t i c u l a r l y p o w e r f u l m o d e l s in this group, as the genetics o f
h o s t responses can be studied."? However, these systems are n a t u r a l l y c o n s o r t i a l w i t h h u n d r e d s to
t h o u s a n d s o f m i c r o b i a l p a r t n e r s ; thus, genetic approaches o n t h e m i c r o b e s are likely to be l i m i t e d
in t h e i r a b i l i t y to i n f o r m a b o u t the dynamics o f the i n t a c t set o f c o m m u n i t i e s .

As simpler, b i n a r y associations, i n v e r t e b r a t e symbioses o u g h t to offer limitless o p p o r t u n i t i e s ,
as t h e y are diverse a n d a b u n d a n t . However, many o f these alliances are so t i g h t t h a t one or the
o t h e r p a r t n e r c a n n o t be c u l t u r e d o u t s i d e o f the symbiosis. This p r o b l e m renders many o f the
i n v e r t e b r a t e systems i n t r a c t a b l e as e x p e r i m e n t a l models. H o w e v e r , r e c e n t l y several i n v e r t e b r a t e
symbioses, s u c h as t h e n e m a t o d e , 10-12 leech 13 a n d e a r t h w o r m ' ? a s s o c i a t i o n s w i t h specific b a c t e r i a l
p a r t n e r s , are e m e r g i n g e x p e r i m e n t a l systems t h a t h o l d great p r o m i s e . C o m p a r i s o n s a m o n g these
a s s o c i a t i o n s a n d c o m p a r i s o n s o f these systems w i t h the v e r t e b r a t e c o n s o r t i a l symbioses s h o u l d
p r o v i d e great i n s i g h t n o t o n l y i n t o w h a t is basic or c o n s e r v e d in a n i m a l - m i c r o b e a s s o c i a t i o n s b u t
also i n t o w h a t processes create the diversity o f symbioses.

The r e m a i n d e r o f this c h a p t e r focuses on the s q u i d - v i b r i o symbiosis. The i n t e n t is to p r o v i d e an
example o f w h a t is k n o w n to date a b o u t the degree c o m p l e x i t y t h a t can u n d e r l i e the e s t a b l i s h m e n t ,
d e v e l o p m e n t a n d m a i n t e n a n c e o f a b i n a r y association. S t u d i e s o f this system have been a i m e d at
u n d e r s t a n d i n g h o w the s y m b i o n t s are h a r v e s t e d from the e n v i r o n m e n t , h o w specificity is achieved,
h o w p a r t n e r d e v e l o p m e n t is affected by t h e i r r e c i p r o c a l i n t e r a c t i o n and h o w s t a b i l i t y is a c h i e v e d
o n c e a m a t u r e a s s o c i a t i o n is established. In a d d i t i o n , a key q u e s t i o n asked in this system has been:
h o w does t h e l a n g u a g e o f beneficial i n t e r a c t i o n differ f r o m t h a t o f p a t h o g e n e s i s ?
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The M o n o s p e c i f i c S q u i d - V i b r i o S y m b i o s i s as an E x p e r i m e n t a l S y s t e m
The symbiosis b e t w e e n t h e H a w a i i a n s e p i o l i d squidEuprymna scolopes a n d t h e m a r i n e l u m i n o u s

b a c t e r i u m Vibriofischeri has b e e n s t u d i e d for over 15 years as an u n u s u a l l y t r a c t a b l e e x p e r i m e n t a l
m o d e l for t h e s t u d y o f a n i m a l - b a c t e r i a l i n t e r a c t i o n s at t h e i n t e r f a c e o f e p i t h e l i a l tissues a n d t h e i r
a s s o c i a t e d , c o l o n i z e d l u m i n a . I 5 The p a r t n e r s h i p is h i g h l y specific in t h a t o n l y o n e b a c t e r i a l species.
a g a i n s t a b a c k g r o u n d o f t h o u s a n d s o f o t h e r species in t h e a m b i e n t seawater, is capable o f f o r m i n g a
stable r e l a t i o n s h i p ; i.e., in t h e absence o f V. fischeri. n o o t h e r e n v i r o n m e n t a l b a c t e r i a c o l o n i z e h o s t
l i g h t - o r g a n tissues. T h e b i n a r y n a t u r e o f this symbiosis p r o v i d e s t h e o p p o r t u n i t y to define t h e precise
d i a l o g u e t h a t o c c u r s b e t w e e n t h e p a r t n e r s over t h e t r a j e c t o r y o f t h e i r l o n g - t e r m r e l a t i o n s h i p . As
such, t h i s s y m b i o s i s offers a c o m p l e m e n t t o t h e s t u d i e s o f t h e d y n a m i c s o f s y m b i o t i c a s s o c i a t i o n s
t h a t o c c u r b e t w e e n m a m m a l i a n h o s t s a n d t h e i r d i v e r s e a n d c o m p l e x c o n s o r t i a l r n i c r o b i o t a .

As m e n t i o n e d above, while m a n y animals have b i n a r y a s s o c i a t i o n s w i t h b a c t e r i a , rarely are b o t h
t h e p a r t n e r s easily c u l t u r a b l e o u t s i d e o f t h e symbiosis." M o s t o f t e n , t h e a s s o c i a t i o n is n u t r i t i o n a l l y
b a s e d a n d e i t h e r o r b o t h p a r t n e r s c a n n o t w i t h s t a n d t h e a p o s y m b i o t i c s t a t e (t,e.. o c c u r r i n g in t h e
absence o f t h e n a t i v e s y m b i o n t ) . In t h e s q u i d - v i b r i o system, t h e l i g h t p r o d u c e d by V.fischeri is t h e
p r i n c i p a l p r o d u c t b e n e f i t i n g t h e h o s t ; no e v i d e n c e exists t h a t t h e b a c t e r i a l s y m b i o n t s p r o v i d e nu­
t r i e n t s to t h e h o s t a n i m a l . The m o r p h o l o g y o f t h e l i g h t o r g a n s u g g e s t s t h a t t h e h o s t uses t h e l i g h t
o f t h e b a c t e r i a in a n t i p r e d a t o r y b e h a v i o r c a l l e d c o u n t e r i l l u r n i n a t i o n , in w h i c h t h e h o s t e m i t s l i g h t
as a c a m o u f l a g e . T h u s , u n d e r l a b o r a t o r y c o n d i t i o n s w h e r e n o p r e d a t o r s are p r e s e n t , t h e a b s e n c e o f
t h e s y m b i o n t d o e s n o t n e g a t i v e l y affect t h e fitness o f t h e h o s t .

Several o t h e r c h a r a c t e r i s t i c s o f t h e h o s t a n i m a l r e n d e r it a s u i t a b l e s u b j e c t for s t u d i e s o f sym­
biosis. Male a n d female a d u l t s q u i d s are easily o b t a i n e d f r o m t h e field a n d m a i n t a i n e d in e i t h e r
r u n n i n g o r r e c i r c u l a t i n g seawater systems. A c o l o n y o f 1 2 - 1 5 a d u l t s q u i d s p r o d u c e s in excess o f
5 0 , 0 0 0 j u v e n i l e s q u i d / y e a r t h a t can be used for the e x p e r i m e n t a l analyses o f t h i s symbiosis. Recently,
an E S T d a t a b a s e o f n e a r l y 1 4 , 0 0 0 u n i q u e clusters has b e e n c r e a t e d f r o m j u v e n i l e l i g h t o r g a n tissue
a n d t h e c D N A s have b e e n arrayed. These resources have e x p a n d e d t h e s t u d i e s o f t h e h o s t a n i m a l
to t h e a r e n a o f g e n o m i c analysis.

The m i c r o b i a l l i g h t o r g a n s y m b i o n t V. fischeri, a m e m b e r o f t h e g a m m a p r o t e o b a c t e r i a s u b g r o u p
o f G r a m - n e g a t i v e b a c t e r i a , is a m o n g t h e b e s t - u n d e r s t o o d m a r i n e b a c t e r i a d u e to its roles as a m o d e l
b o t h for b a c t e r i a l l i g h t p r o d u c t i o n a n d for s y m b i o t i c r e l a t i o n s h i p s w i t h a n i r n a l s . P : ' ? These t w o
g e n e r a l facets o f t h e b i o l o g y o f V. fischeri have s p u r r e d active r e s e a r c h p r o g r a m s for a l m o s t t h r e e
d e c a d e s a n d t h e r e s u l t i n g s t u d i e s have, p e r h a p s s u r p r i s i n g l y , c o n v e r g e d in m a n y r e s p e c t s w i t h t h e
field o f p a t h o g e n i c m i c r o b i o l o g y . For example, the p h e n o m e n o n o f q u o r u m s e n s i n g . also k n o w n as
a u t o i n d u c t i o n , w h e r e b y b a c t e r i a i n d u c e expression o f p a r t i c u l a r genes o n l y after a c h i e v i n g a c r i t i c a l
c e l l - d e n s i t y , was first d i s c o v e r e d t h r o u g h s t u d i e s o f V.fischeri l u c i f e r a s e r e g u l a r i o n . " S u b s e q u e n t
to its d i s c o v e r y in V. fischeri. q u o r u m sensing systems w e r e f o u n d in several p a t h o g e n i c b a c t e r i a ,
i n c l u d i n g Pseudomonas aeruginosa, S. typhimurium, Vibrio cholerae a n d Helicobacter pylori, w h e r e ,
at least in s o m e cases, t h e y c o n t r i b u t e to t h e r e g u l a t i o n o f v i r u l e n c e f a c t o r s . 19

•
2o Similarly, t h e in­

t e r a c t i o n s b e t w e e n V.fischeri a n d its a n i m a l h o s t s d i s p l a y several m o r p h o l o g i c a l a n d m e c h a n i s t i c
p a r a l l e l s to h o s t - p a t h o g e n a s s o c i a t i o n s . i ' : "

V.fischeri has also b e e n w e l l - s t u d i e d . in p a r t , b e c a u s e it is a m e n a b l e t o l a b o r a t o r y m a n i p u l a ­
t i o n s . It grows r a p i d l y in l i q u i d or s o l i d c u l t u r e ( o p t i m a l l y d o u b l i n g in < 30 m i n ) , is p r o t o t r o p h i c ,
t o l e r a t e s a w i d e r a n g e o f oxygen levels a n d is a m e n a b l e to c o n j u g a l l y - o r e l e c t r o c h e m i c a l l y - m e d i a t e d
t r a n s f o r m a t i o n . Because g e n e t i c m a n i p u l a t i o n s , p a r t i c u l a r l y m u t a n t analyses, c o n s t i t u t e a p o w e r f u l
t o o l for d i s s e c t i n g the b a c t e r i a l a t t r i b u t e s t h a t c o n t r i b u t e t o t h e s q u i d - v i b r i o symbiosis. b a c t e r i o l o g i s t s
have d e v e l o p e d a n u m b e r o f m o l e c u l a r a n d genetic tools for use w i t h V. fischeri. 2 3

•
26 In a d d i t i o n a l ,

t h e r e c e n t s e q u e n c i n g a n d a n n o t a t i o n o f t h e V.fischeri g e n o m e has p r o v i d e d r e s e a r c h e r s n o t
o n l y w i t h t h e i n f o r m a t i o n o f the full c o m p l e m e n t o f genes in t h e s y m b i o n t , b u t w i t h a v a l u a b l e
s o u r c e by w h i c h t o c o m p a r e g e n o m e s o f V. fischeri w i t h t h a t o f t h e p a t h o g e n i c Vibrio spp., s u c h
as V. cbolerae.

In a d d i t i o n to t h e a b o v e - d e s c r i b e d favorable c h a r a c t e r i s t i c s o f e a c h p a r t n e r , several aspects o f the
symbiosis i t s e l f make i t i d e a l for e x p e r i m e n t a l analysis. These i n c l u d e t h e f o l l o w i n g c h a r a c t e r i s t i c s -
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(i) The time course o f d e v e l o p m e n t o f the symbiosis is relativelybrie£27The animal h o s t is c o l o n i z e d
by the s y m b i o n t w i t h i n h o u r s o f h a t c h i n g and the symbiosis matures w i t h i n a few days following
the i n i t i a l i n o c u l a t i o n o f h o s t tissues. (ii) The infected and u n i n f e c t e d (aposymbiotic) animals can
be c o m p a r e d directly. (ill) The e x t e n t o f bacterial colonization can be q u a n t i f i e d non-invasively and
repeatedly, o n the same a n i m a l by measuring light emission." (iv) The light organ is accessible to
dissection a n d o b s e r v a t i o n d u r i n g d e v e l o p m e n t . The size and a n a t o m i c a l relationships o f the light
organ tissues r e n d e r real-time analysis o f the progression of symbiosis by confocal microscopy an
ideal a p p r o a c h (e.g., see Fig. I). (v) The pores on the surface o f the l i g h t o r g a n e x t e n d i n t o the l i g h t
organ crypts, allowing e x p e r i m e n t a l l y i n t r o d u c e d solutes (e.g., purified LPS, P G N , proteins, anti­
biotics or f l u o r o c h r o m e s ) to diffuse t o the site o f i n f e c t i o n . 2 9. 33 (vi) The juveniles are large e n o u g h
to allow m o l e c u l a r analysis o f the host's symbiotic tissues. And, (vii), the symbiosis can be s t u d i e d
intact, so t h a t all n a t u r a l l y i n t e r a c t i n g systems (e.g.,the epithelia and the innate i m m u n e system) are
f u n c t i o n a l ; therefore, the association provides a powerful c o m p l e m e n t to studies o f host-bacterial
i n t e r a c t i o n s in cell culture.

C o l o n i z a t i o n o f H o s t T i s s u e s by V i b r i o f i s c h e r i and S u b s e q u e n t
S y m b i o n t - I n d u c e d H o s t D e v e l o p m e n t

In t h e m a t u r e symbiosis, V. fischeri resides extracellularly w i t h i n deeply i n v a g i n a t e d e p i t h e l i a l
c r y p t s o f the h o s t squid's l i g h t o r g a n . " S u r r o u n d i n g the b a c t e r i a - r i c h e p i t h e l i a l core are tissues
t h a t serve to d i r e c t a n d diffuse the b a c t e r i a l luminescence, as well as c o n t r o l the i n t e n s i t y o f the
e m i t t e d light. As in m o s t coevolved a n i m a l - b a c t e r i a l symbioses, i n c l u d i n g those o f h u m a n s , the
s q u i d - v i b r i o a s s o c i a t i o n is h o r i z o n t a l l y t r a n s m i t t e d b e t w e e n g e n e r a t i o n s , i.e., the h o s t acquires
the s y m b i o n t p o p u l a t i o n anew each g e n e r a t i o n . D u r i n g e m b r y o g e n e s i s , the h o s t animal develops
a set o f tissues t h a t p r e p a r e s it for i m m e d i a t e i n t e r a c t i o n w i t h e n v i r o n m e n t a l V. fischeri cells w h e n
it h a t c h e s from t h e egg (Fig. 1).35 Specifically, a bilaterally s y m m e t r i c a l n a s c e n t l i g h t o r g a n is de­
v e l o p e d t h a t bears, o n each side, a complex, superficial, c i l i a t e d e p i t h e l i u m . This tissue is involved
in p o t e n t i a t i n g the c o l o n i z a t i o n o f h o s t tissues by the s y m b i o n t s . v In the m i d d l e o f each c i l i a t e d
field, at the base o f t w o e x t e n d e d e p i t h e l i a l appendages, are t h r e e pores, the sites o f e v e n t u a l e n t r y
o f the V. fischeri cells. D u r i n g c o l o n i z a t i o n , the bacteria enter these pores, travel up ducts and invade
t h r e e i n d e p e n d e n t c r y p t spaces. The p o p u l a t i o n o f V. fischeri cells t h a t has e n t e r e d the c r y p t s t h e n
grows to fill the c r y p t spaces w i t h i n twelve h o u r s , " R e s t r i c t e d to these a n a t o m i c a l sites t h r o u g h o u t
the life h i s t o r y o f the h o s t , the b a c t e r i a l s y m b i o n t s i n t e r a c t w i t h two cell types: the c r y p t e p i t h e l i a
and m i g r a t i n g p h a g o c y t e s , or h e m o c y t e s , w h i c h sample the c r y p t spaces. 37.38 The h o s t c o n t r o l s the
s y m b i o n t p o p u l a t i o n by a daily v e n t i n g o f 90-95% o f the b a c t e r i a l c u l t u r e from the l i g h t o r g a n
pores o u t i n t o the s u r r o u n d i n g seawater; g r o w t h o f the r e m a i n i n g 5-10% o f the p o p u l a t i o n over
the s u b s e q u e n t 12 h fully recolonizes the o r g a n each day.38.39

S t u d i e s o f the c o l o n i z a t i o n process in the s q u i d - v i b r i o symbiosis have revealed t h a t h a t c h i n g
i n t o e n v i r o n m e n t a l seawater induces the cells o f this c i l i a t e d e p i t h e l i u m to shed mucus t h a t is
f o c u s e d , by the a c t i v i t y o f the cilia, i n t o masses above the l i g h t o r g a n p o r e s " (Fig. IB a n d C). The
s y m b i o n t s aggregate in this mucus and, after some residence time as an aggregate ( 2 - 3 h ) , m i g r a t e
to p o r e s on the surface o f t h e organ, t h r o u g h the d u c t s a n d i n t o t h e i r final place o f residence in
the c r y p t spaces (Fig. I D - G ) . As V.fischeri aggregates in t h e mucus, a ' w i n n o w i n g ' o c c u r s d u r i n g
w h i c h e v e r - i n c r e a s i n g specificity results in c o m p e t i t i v e d o m i n a n c e o f V. fischeri. 15 Specifically,
w h e r e a s b o t h G r a m - p o s i t i v e and negative bacteria are capable o f i n d u c i n g h o s t mucus s e c r e t i o n ,
o n l y G r a m - n e g a t i v e b a c t e r i a adhere to this mucus and o n l y living G r a m - n e g a t i v e b a c t e r i a form
t i g h t a g g r e g a t i o n s . In t h e absence o f V. fischeri o t h e r G r a m - n e g a t i v e b a c t e r i a will aggregate in the
mucus, b u t w h e n V. fischeri cells are p r e s e n t at t h e i r n o r m a l r a t i o to o t h e r e n v i r o n m e n t a l b a c t e r i a
(Le., 1 : 1 0 , 0 0 0 ) , after a 3-h i n c u b a t i o n p e r i o d , the aggregate c o n t a i n s V.fischeri cells exclusively;'?
These d a t a suggest t h a t V. fischeri is, by some means, a c o m p e t i t i v e d o m i n a n t in the h o s t - s e c r e t e d
mucus. Analyses o f this p h e n o m e n o n have i n d i c a t e d t h a t this facility o f t h e s y m b i o n t is m o s t likely
d u e t o an e n h a n c e d a b i l i t y to occupy sites in the mucus (e.g., to b e t t e r a d h e r e to the m a t r i x or resist
a n t i m i c r o b i a l s u b s t a n c e s in the mucus), r a t h e r than c o m p e t i t i v e d o m i n a n c e fur a resource; g r o w t h
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o f the b a c t e r i a l p o p u l a t i o n is m i n i m a l in the a g g r e g a t e s . f Following the m i g r a t i o n o f an aggregate
i n t o the c r y p t s (Fig. IE a n d F), s u b s e q u e n t aggregates are formed in a similar fashion and c o n t i n u e
to form a n d m i g r a t e i n t o t h e c r y p t s over the first 24 h p o s t h a t c h i n g . " However, b e t w e e n 24 a n d
36 h f o l l o w i n g c o l o n i z a t i o n , V. fischm cells in the crypts cause t h e s e c r e t i o n o f mucus from the
superficial e p i t h e l i u m to cease a n d no a d d i t i o n a l aggregates are formed.

W i t h i n h o u r s o f the i n i t i a l c r y p t colonization, the symbiont cells induce a series o f developmen­
tal changes b o t h in the c r y p t cells w i t h which they directly i n t e r a c t a n d in the r e m o t e superficial
e p i t h e l i a l fields o f t h e o r g a n , w h i c h have facilitated c o l o n i z a t i o n (Fig. 2); for review see." The
most d r a m a t i c o f the d e v e l o p m e n t a l changes is the complete regression o f the superficial field o f
e p i t h e l i a l cells. 27 This process is c h a r a c t e r i z e d by a h e m o c y t e trafficking i n t o the b l o o d sinuses o f
the c i l i a t e d e p i t h e l i a a n d a p o p t o s i s o f the cells o f this field. The ducts change b o t h a n a t o m i c a l l y
and b i o c h e m i c a l l y in response to i n t e r a c t i o n w i t h the symbionts. N i t r i c oxide p r o d u c t i o n , w h i c h
is high in t h e ducts o f a p o s y m b i o t i c animals, is a t t e n u a t e d w i t h the o n s e t o f the symbiosis a n d
changes in t h e a c t i n c y t o s k e l e t o n o f the ducts results in their c o n s t r i c t i o n . The e p i t h e l i a l cells t h a t
line the crypts, i.e., t h o s e cells t h a t will i n t e r a c t w i t h the s y m b i o n t s persistently, exhibit an increase
in the d e n s i t y o f t h e i r microvilli, as well as s w e l l 4 - f o l d in c y t o p l a s m i c volume, in response to the
direct i n t e r a c t i o n s w i t h V. fischeri.

M i c r o b e - A s s o c i a t e d M o l e c u l a r P a t t e r n s o f v: f i s c h e r i and H o s t
R e s p o n s e s t o T h e s e M o l e c u l e s D u r i n g t h e Early S t a g e s
o f t h e S y m b i o s i s

The c o n s e r v e d molecules o f the bacterial envelope, p a r t i c u l a r l y c o m p o n e n t s o f the lipopoly­
saccharide (LPS) o f t h e o u t e r m e m b r a n e a n d the p e p t i d o g l y c a n ( P G N ) o f the cell wall, signal
p l a y a c r i t i c a l role in t h e early stages o f the squid-vibrio symbiosis. The activities o f this class o f
bacteria-specific molecules, examples o f microbe-associated m o l e c u l a r p a t t e r n s ( M A M P s ; 5 3 , 6 2 ) ,
are most o f t e n associated w i t h and best u n d e r s t o o d in the onset a n d progression o f b a c r e r i a - i n d u c e d
diseaseY.43 In t h e p a t h o g e n e s i s , LPS and P G N can work e i t h e r alone or in c o n c e r t 44-47 and are
k n o w n to play c e n t r a l roles in host response (e.g., in the m e d i a t i o n o f septic shock).48.49

The i n f l u e n c e o f M A M P s begins immediately u p o n h a t c h i n g o f the juvenile h o s t . Mucus secre­
tion by cells o f the n a s c e n t l i g h t organ is i n d u c e d by the exposure o f the animal to the P G N t h a t
has b e e n shed by t h e G r a m - p o s i t i v e and Gram-negative e n v i r o n m e n t a l b a c t e r i a . " In a d d i t i o n , the
m o r p h o g e n e t i c process t h a t results in the loss o f the superficial ciliated e p i t h e l i u m is due to the
synergistic a c t i v i t y o f V. f i s c h m - s h e d P G N and LPS d e r i v a t i v e s . " B e g i n n i n g at a b o u t 2 following
i n i t i a l e x p o s u r e to V. fischm, i.e., c o i n c i d e n t with aggregation o f s y m b i o n t cells in h o s t - s e c r e t e d
mucus, t h e m i g r a t i o n o f h e m o e y t e s i n t o the b l o o d sinues o f t h e superficial e p i t h e l i a l field o f cells
occurs in response to a V. fischeri-shed P G N fragment, specifically the t e t r a p e p t i d e f r a g m e n t o f
P G N t h a t has b e e n most widely called ' t r a c h e a l c y t o t o x i n ' o r ' T C T ' . T C T was first d e s c r i b e d in
Bordetella pertussis i n f e c t i o n where it causes the e p i t h e l i a l cell d i s r u p t i o n c h a r a c t e r i s t i c o f t h a t
i n f e c t i o n ( K o r o p a t n i c k a n d McFall-Ngai, Luker et al., 1993 50 . ) . At a b o u t 6 h following i n i t i a l
exposure o f t h e h o s t s q u i d to e n v i r o n m e n t a l V. fischeri, w h e n the s y m b i o n t s are traveling t h r o u g h
the ducts, the first a p o p t o s i s events triggered in the cells o f t h e superficial e p i t h e l i u m in response to
exposure to V. fischm l i p i d A, a c o m p o n e n t ofLPS.32 Early c h a r a c t e r i z a t i o n s o f this p h e n o m e n o n
showed t h a t the n u m b e r s o f h e m o e y t e s trafficking i n t o this field, as well as the numbers o f e p i t h e l i a l
cells u n d e r g o i n g a p o p t o s i s , p e a k at - 1 2 h, b u t the processes c o n t i n u e t h r o u g h o u t t h e regression
process. A r o u n d this 12 h time p o i n t , the l i p i d A and T C T shed by V. fischm in t h e crypts send an
irreversible signal t h a t results in the full regression o f the superficial field, a process t h a t requires 4
d to c o m p l e t e . Specifically, when animals are cured o f s y m b i o n t s before 12 h, or exposed to T C T
and LPS for less t h a n 12 h, t h e field does n o t regress; however, i f they are cured at or after 12 h o f
exposure, t h e f u l l 4 - d p r o g r a m c o n t i n u e s u n a b a t e d . l ' : "

The r e c o g n i t i o n a n d response system to M A M P s is also h i g h l y c o n s e r v e d a m o n g animals
r e s p o n d i n g to p a t h o g e n s a n d recent studies o f the s q u i d - v i b r i o system suggest t h a t these same
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e l e m e n t s are i n v o l v e d in m e d i a t i n g beneficial symbiosis as well. 50-53 E. scolopes shares w i t h o t h e r
animals, i n c l u d i n g v e r t e b r a t e s a n d invertebrates,52.54-57 a series o f b i n d i n g p r o t e i n s and r e c e p t o r s
( ' p a t t e r n r e c o g n i t i o n r e c e p t o r s ' or ' P R R s ' ) , response pathways a n d e f f e c t o r molecules. Analysis o f
the s q u i d l i g h t - o r g a n E S T d a t a b a s e revealed t h a t the light o r g a n expresses d u r i n g early develop­
m e n t t h r e e o r t h o l o g s o f the L P S - b i n d i n g p r o t e i n s (LBPs), four o r t h o l o g s o f the p e p t i d o g l y c a n
r e c o g n i t i o n p r o t e i n s ( P G R P s ) a n d one o r t h o l o g o f a Toll-like r e c e p t o r (TLR).58 Studies o f these
molecules in o t h e r systems have d e m o n s t r a t e d t h a t they can f u n c t i o n as r e c e p t o r s themselves, or
a d a p t o r s t h a t i n t e r f a c e t h e b a c t e r i a l ligand w i t h its cognate r e c e p t o r m o l e c u l e and t h e y can act as
m o n o m e r s , or h o m o - or h e t e r o m u l t i m e r i c c o m p l e x e s . P ' " In a d d i t i o n , some o f these PRRs, most
n o t a b l y c e r t a i n P G R P s a n d LBPs, act as b a c t e r i o s t a t i c or b a c t e r i c i d a l agents. 5 7. 62.63The roles o f
these m o l e c u l e s in m e d i a t i n g specificity o f the squid-vibrio symbiosis and in r e s p o n d i n g to the
b a c t e r i a l M A M P s d u r i n g d e v e l o p m e n t remain to be d e t e r m i n e d .

Biologists have also i d e n t i f i e d several c o n s e r v e d response p a t h w a y s to these r e c e p t o r - l i g a n d
i n t e r a c t i o n s , m o s t n o t a b l y t h e N F - k B , J N K and p38 MAP kinase p a t h w a y and J A K - S T A T p a t h ­
ways.64.65 In each case, t h e r e s p o n s e i n d u c e d by the l i g a n d - r e c e p t o r i n t e r a c t i o n leads to changes in
gene t r a n s c r i p t i o n a s s o c i a t e d w i t h p r o k a r y o t i c - e u k a r y o t i c cell-cell i n t e r a c t i o n , such as genes t h a t
m e d i a t e p r o d u c t i o n o f a n t i m i c r o b i a l agents (e.g., n i t r i c oxide and a n t i m i c r o b i a l p e p t i d e s ) or those
involved in c y t o k i n e p r o d u c t i o n . Thus far, o r t h o l o g s o f p r o t e i n s in t h e N F - k B , p38 M A P kinase
and J A K - S T A T p a t h w a y s have been f o u n d in the E S T database o f the E. scolopes. Expression o f
these genes d u r i n g early d e v e l o p m e n t suggests t h a t they may be involved in response to i n t e r a c t i o n s
w i t h V. fischeri, p e r h a p s w i t h V. fischeri M A M P s . As w i t h the PRRs, an u n d e r s t a n d i n g o f the role
o f these p a t h w a y s in t h i s symbiosis remains to be elucidated. O n e i n t e r e s t i n g avenue will involve
h o w these m o l e c u l e s a n d p a t h w a y s are used to manage a beneficial symbiosis and h o w this differs
from the way this a n i m a l uses these very same elements to c o n t r o l b a c t e r i a l p a t h o g e n e s i s .

L u m i n e s c e n c e - T h e C e n t r a l F e a t u r e o f the S y m b i o s i s
The a p p l i c a t i o n o f m i c r o b i a l genetics has revealed a n u m b e r o f V. fischeri c h a r a c t e r s t h a t are

r e q u i r e d for n o r m a l symbiosis. These i m p o r t a n t aspects o f the a s s o c i a t i o n have recently been
reviewed, so will n o t be m e n t i o n e d here.'" However, one p r i n c i p a l feature o f the symbiosis, i.e.,
l u m i n e s c e n c e , will be covered briefly.

In every symbiosis, the h o s t and s y m b i o n t f s ) have a ' c u r r e n c y ' o f exchange t h a t defines the
p a r t n e r s h i p . I n t h e s q u i d - v i b r i o association, the host provides n u t r i e n t s for the bacteria and, in
exchange, the b a c t e r i a p r o d u c e l i g h t t h a t the h o s t uses in its behavior. O n e m i g h t suspect t h a t the
b a c t e r i a w o u l d ' c h e a t ' a n d n o t do t h e i r p a r t , as l u m i n e s c e n c e p r o d u c t i o n imposes a m e t a b o l i c
cost to the b a c t e r i a l cell. H o w e v e r , studies o f the association have suggested t h a t the h o s t has
m e c h a n i s m s to e n s u r e t h a t t h e b a c t e r i a are l u m i n o u s / " M u t a n t s in the l u x A gene, w h i c h encodes
one o f the s u b u n i t s o f t h e s y m b i o n t ' s Iuciferase, are incapable o f p r o d u c i n g l u m i n e s c e n c e . Such
m u t a n t s can c o l o n i z e t h e l i g h t o r g a n initially, b u t fail to persist, i.e., f o l l o w i n g the first day, t h e i r
n u m b e r s in t h e h o s t l i g h t o r g a n decline. These m u t a n t s also fail to i n d u c e the n o r m a l swelling
o f the l i g h t - o r g a n c r y p t e p i t h e l i a l cells t h a t is i n d u c e d by w i l d - t y p e V. fischeri. E x p e r i m e n t a l ma­
n i p u l a t i o n o f t h e system has i n d i c a t e d t h a t these m u t a n t s are defective in o b t a i n i n g n u t r i e n t s from
the h o s t (E. Ruby, pers. c o m m . ) . A l t h o u g h it has n o t been s h o w n unequivocally, these findings
w o u l d suggest t h a t the h o s t cell-swelling p h e n o t y p e is involved in t h e p r o v i s i o n o f n u t r i e n t s to
the s y m b i o n t p o p u l a t i o n .

H o w the h o s t cells perceive s y m b i o n t l u m i n e s c e n c e is n o t u n d e r s t o o d . However, the n a t u r e o f
the l u m i n e s c e n c e r e a c t i o n p r e s e n t s two possibilities. In this r e a c t i o n , oxygen is c o n s u m e d and light
is p r o d u c e d a n d all o t h e r s u b s t r a t e s are recycled. 68 This c h e m i s t r y suggests t h a t the h o s t perceives
e i t h e r the l i g h t i t s e l f a n d / o r a c h a n g e in the oxygen t e n s i o n in the crypts. An analysis o f the l i g h t
o r g a n E S T d a t a b a s e r e v e a l e d a s u r p r i s i n g f i n d i n g - t h e organ expresses p r o t e i n s t h a t may perceive
light, i n c l u d i n g the b l u e - l i g h t r e c e p t o r p r o t e i n , c r y p t o c h r o m e , as well as many o f the c o m p o n e n t s
o f the visual t r a n s d u c t i o n cascade, i n c l u d i n g r h o d o p s i n , r h o d o p s i n kinase and arrestin, which are
generally eye specific. The e x p r e s s i o n o f these p r o t e i n s suggests t h a t the l i g h t o r g a n tissue has the
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b i o c h e m i c a l p o t e n t i a l t o perceive b a c t e r i a - p r o d u c e d l i g h t . In a d d i t i o n , a large n u m b e r o f p r o t e i n s
a s s o c i a t e d w i t h t h e a m e l i o r a t i o n o f oxidative stress are also expressed. O b v i o u s l y , n u m e r o u s ques­
tions are raised by these o b s e r v a t i o n s a n d resolving t h e m e c h a n i s m o f l i g h t p r o d u c t i o n w i l l r e q u i r e
extensive f u r t h e r research on the system. However, t h e s e d a t a suggest t h a t an u n r a v e l i n g o f h o w
l u m i n e s c e n c e is c o n t r o l l e d in this symbiosis is w i t h i n reach.

S u m m a r y
S t u d i e s o f t h e s q u i d - v i b r i o a s s o c i a t i o n have revealed t h a t the p a r t n e r s u n d e r g o a very c o m p l e x

r e c i p r o c a l d i a l o g u e t h a t p r o m o t e s the successful c o l o n i z a t i o n o f h o s t tissues. M o s t notably, experi­
ments w i t h t h e system have d e m o n s t r a t e d t h a t many o f the i n t e r a c t i o n s o f this beneficial association
involve features t h a t have been p r e v i o u s l y ascribed p r i n c i p a l l y t o p a t h o g e n e s i s . M o s t notably, the
b a c t e r i a l p a r t n e r p r e s e n t s t o the h o s t cells l i p o p o l y s a c c a r i d e a n d p e p t i d o g l y c a n derivatives, specific
f r a g m e n t s t h a t have b e e n labeled as 'toxins' t h a t d a m a g e a n i m a l cells a n d i n d u c e i n f l a m m a t i o n
in o t h e r systems. H o w e v e r , in t h e dynamics o f the s q u i d - v i b r i o system, these m o l e c u l e s behave as
m o r p h o g e n s . The b a c t e r i a use these molecules to c o m m u n i c a t e to t h e h o s t p a r t n e r t h a t symbiosis
is e s t a b l i s h e d a n d d e v e l o p m e n t can ensue. The d e v e l o p m e n t a l p r o g r a m t r a n s f o r m s t h e o r g a n f r o m
a c o l o n i z a t i o n m o r p h o l o g y to one t h a t associated w i t h t h e m a t u r e , f u n c t i o n a l symbiosis. Also in
c o m m o n w i t h p a t h o g e n e s i s is the i n d u c t i o n in this symbiosis o f a p o p t o s i s a n d c e l l u l a r edema,
as well as t h e i n v o l v e m e n t o f toxic oxygen a n d n i t r o g e n species. Taken t o g e t h e r , these findings
d e m o n s t r a t e t h a t m a n y o f the m o l e c u l a r responses o f a n i m a l s to t h e i r b a c t e r i a l s y m b i o n t s are n o t
only a n c i e n t , b u t also t h a t they can be s h a r e d by b e n e f i c i a l a n d p a t h o g e n i c a s s o c i a t i o n s .
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The "Microflora Hypothesis"
o f Allergic Disease
A n d r e w S h r e i n e r , G a r y B. H u f f n a g l e and Mairi C. Noverr*

A b s t r a c t

P
r e di sp o si t i o n t o allergic disease is a c o m p l e x f u n c t i o n o f an i n d i v i d u a l ' s g e n e t i c b a c k g r o u n d
a n d , as is t h e case w i t h m u l t i - g e n e t r a i t s , e n v i r o n m e n t a l f a c t o r s have i m p o r t a n t p h e n o t y p i c
c o n s e q u e n c e s . O v e r a s p a n o f decades, a d r a m a t i c i n c r e a s e in the p r e v a l e n c e o f allergic

disease in w e s t e r n i z e d p o p u l a t i o n s suggests the o c c u r r e n c e o f c r i t i c a l c h a n g e s in e n v i r o n m e n t a l
p r e s s u r e s . R e c e n t l y , it has b e e n s h o w n t h a t the m i c r o b i o t a (Le, m l c r o f l o r a ) o f allergic i n d i v i d u a l s
differs f r o m t h a t o f n o n - a l l e r g i c ones a n d t h a t d i f f e r e n c e s are d e t e c t a b l e p r i o r to the o n s e t o f atopy,
c o n s i s t e n t w i t h a p o s s i b l e causative role. Features o f the w e s t e r n i z e d lifestyle t h a t are k n o w n to
a l t e r t h e m i c r o b i o t a , s u c h as a n t i b i o t i c s a n d diet, are also a s s o c i a t e d w i t h a l l e r g y in h u m a n s . In this
c h a p t e r , we discuss t h e " M i c r o f l o r a H y p o t h e s i s " for allergy w h i c h p r e d i c t s t h a t an " u n h e a l t h y "
m i c r o b i o t a c o m p o s i t i o n , n o w c o m m o n l y f o u n d w i t h i n w e s t e r n i z e d c o m m u n i t i e s , c o n t r i b u t e s to
the d e v e l o p m e n t o f a l l e r g y a n d conversely, t h a t r e s t o r i n g a " h e a l t h y " m i c r o b i o t a , p e r h a p s t h r o u g h
p r o b i o t i c s u p p l e m e n t a t i o n , may p r e v e n t the d e v e l o p m e n t o f allergy o r even t r e a t existing disease. In
t e s t i n g t h i s h y p o t h e s i s , o u r l a b o r a t o r y has r e c e n t l y r e p o r t e d t h a t mice can d e v e l o p allergic airway
r e s p o n s e s i f t h e i r m i c r o b i o t a is a l t e r e d at the time o f first a l l e r g e n e x p o s u r e .

I n t r o d u c t i o n
A l l e r g i c diseases are m a n i f e s t e d by i n a p p r o p r i a t e i m m u n e r e s p o n s e s to harmless foreign m a t e r i ­

als in t h o s e w i t h a g e n e t i c p r e d i s p o s i t i o n . R e c e n t d e c a d e s have w i t n e s s e d a s u b s t a n t i a l rise in t h e
p r e v a l e n c e o f allergies in W e s t e r n i z e d c o m m u n i t i e s , in c o n t r a s t t o t h e stable, low p r e v a l e n c e com­
m o n in less d e v e l o p e d areas. I This p e r i o d is so b r i e f as t o suggest t h a t fresh e n v i r o n m e n t a l pressures,
as o p p o s e d t o g e n e t i c a l t e r a t i o n s , u n d e r l i e this p h e n o m e n o n . r " Increasingly, e p i d e m i o l o g i c a l d a t a
d e m o n s t r a t e s t h a t t h e c o m p o s i t i o n o f the g a s t r o i n t e s t i n a l r n i c r o b i o r a is a s s o c i a t e d w i t h t h e allergic
p h e n o t y p e . O t h e r s t u d i e s suggest t h a t m u l t i p l e features o f t h e W e s t e r n i z e d lifestyle, i n c l u d i n g
c h a r a c t e r i s t i c d i e t a r y a n d a n t i b i o t i c use p a t t e r n s , affect t h e c o m p o s i t i o n o f the m i c r o b i o t a a n d
may in t h a t m a n n e r c o n t r i b u t e to the i n c i d e n c e o f allergic disease. O u r l a b o r a t o r y has r e c e n t l y
r e p o r t e d t h a t mice can d e v e l o p allergic airway responses to allergens i f t h e i r e n d o g e n o u s m i c r o b i o t a
is a l t e r e d at t h e t i m e o f first allergen exposure. These e x p e r i m e n t a l a n d c l i n i c a l o b s e r v a t i o n s are
c o n s i s t e n t w i t h o t h e r s t u d i e s d e m o n s t r a t i n g t h a t t h e e n d o g e n o u s m i c r o b i o t a plays a s i g n i f i c a n t role
in s h a p i n g t h e d e v e l o p m e n t o f t h e i m m u n e system a n d a c c u m u l a t i n g d a t a t h a t s u p p o r t s a role for
t h e m i c r o b i o t a in m a i n t a i n i n g m u c o s a l i m m u n o l o g i c t o l e r a n c e l o n g after p o s t - n a t a l d e v e l o p m e n t .
To t h a t e n d , t h e r e is c o n s i d e r a b l e i n t e r e s t in t h e r a p i e s t h a t e m p l o y t h e a d m i n i s t r a t i o n o f p r o b i o t i c
b a c t e r i a t h a t p r o v i d e b e n e f i c i a l effects to t h e h o s t , i n c l u d i n g a n t i - i n f l a m m a t o r y p r o p e r t i e s . The
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" M i c r o f l o r a H y p o t h e s i s " states t h a t c r i t i c a l i n t e r a c t i o n s b e t w e e n t h e g a s t r o i n t e s t i n a l m i c r o b i o t a
a n d the i m m u n e system can i m p i n g e u p o n i m m u n o l o g i c a l m e c h a n i s m s r e s u l t i n g in t o l e r a n c e o r
allergy.' We p r e d i c t t h a t an " u n h e a l t h y " m i c r o b i o t a c o m p o s i t i o n , n o w c o m m o n l y f o u n d w i t h i n
W e s t e r n i z e d c o m m u n i t i e s , c o n t r i b u t e s to the d e v e l o p m e n t o f a l l e r g y a n d conversely, t h a t r e s t o r i n g
a " h e a l t h y " m i c r o b i o t a , p e r h a p s t h r o u g h p r o b i o t i c s u p p l e m e n t a t i o n , may p r e v e n t the d e v e l o p m e n t
o f allergy or even t r e a t e x i s t i n g disease.

The U n i t e d States p o p u l a t i o n e x p e r i e n c e d an i n c r e a s e o f 7 5 % in t h e p r e v a l e n c e o f a s t h m a from
1980 to 1994. 1 G e o g r a p h i c a l l y d i s t a n t c o u n t r i e s w i t h similar lifestyles, such as t h e U n i t e d K i n g d o m "
a n d A u s t r a l i a , r e p o r t e d c o m p a r a b l e increases in a s t h m a p r e v a l e n c e d u r i n g this p e r i o d o f time.
C u r r e n t l y , in t h e U n i t e d States, C a n a d a , U n i t e d K i n g d o m , I r e l a n d , N e w Z e a l a n d a n d A u s t r a l i a ,
the p r e v a l e n c e o f allergic airway disease a m o n g 1 3 - 1 4 year o l d c h i l d r e n is a m o n g t h e h i g h e s t in
t h e w o r l d a n d ranges f r o m 22- 32%.7. 8 In response to t h e s e d e v e l o p m e n t s , t h e I n t e r n a t i o n a l S t u d y
o f A s t h m a a n d Allergies in C h i l d h o o d ( I S A A C ) was i n i t i a t e d w i t h a s t a t e d goal t o d e t e r m i n e the
p r e v a l e n c e o f allergic d i s o r d e r s in c h i l d r e n living t h r o u g h o u t t h e w o r l d u s i n g s t a n d a r d i z e d c r i t e r i a ,
i n c r e a s i n g c o m p a r a t i v e value. The Phase I survey o f 4 5 0 , 0 0 0 + c h i l d r e n in 56 c o u n t r i e s r e v e a l e d
s t a r k g e o g r a p h i c d i f f e r e n c e s in prevalences. 9 The p a t t e r n a n d m a g n i t u d e o f v a r i a t i o n t h r o u g h o u t
t h e w o r l d suggest t h a t e n v i r o n m e n t a l factors are c r i t i c a l to t h e d e v e l o p m e n t o f allergies in c h i l d ­
h o o d . U p o n f u r t h e r e v a l u a t i o n o f t h e I S A A C a n d t h e E u r o p e a n C o m m u n i t y R e s p i r a t o r y H e a l t h
Survey ( E C R H S ) o f a s t h m a p r e v a l e n c e in adults, several t r e n d s b e c a m e a p p a r e n t i n c l u d i n g (1) an
increase in a l l e r g y p r e v a l e n c e t h r o u g h o u t t h e w o r l d , (2) a p a t t e r n o f a s t h m a p r e v a l e n c e w h e r e it
is m o r e c o m m o n in W e s t e r n i z e d c o u n t r i e s a n d less c o m m o n in d e v e l o p i n g c o u n t r i e s a n d (3) an
increase in p r e v a l e n c e as c o u n t r i e s W e s t e r n i z e or as c o m m u n i t i e s u r b a n i z e . '

A f t e r c o m p a r i n g a t o p i c d i s e a s e p r e v a l e n c e b e t w e e n w h i t e a n d A b o r i g i n a l f a m i l i e s in
S a s k a t c h e w a n , G e r r a r d a n d c o w o r k e r s s u g g e s t e d in 1 9 7 6 t h a t a t o p i c disease may be the price p a i d
for f r e e d o m f r o m i n f e c t i o u s diseases.'? The "hygiene h y p o t h e s i s " for a l l e r g y g a i n e d w i d e s p r e a d
a t t e n t i o n after S t r a c h a n p r o p o s e d in 1981 t h a t a decrease in t h e e p i s o d e s o f early life i n f e c t i o n s d u e
to i n c r e a s e d c l e a n l i n e s s in the h o m e a n d d e c r e a s e d s i b s h i p may u n d e r l i e t h e i n c r e a s i n g i n c i d e n c e
o f hay fever n o t e d in t h e U K , ' ! This n o t i o n t h a t an early d e p r i v a t i o n o f i n f e c t i o n may lead t o im­
m u n e d y s r e g u l a t i o n was also i n v o k e d as an e x p l a n a t i o n for t h e c o n c o m i t a n t rise in the p r e v a l e n c e
o f a u t o i m m u n e d i s o r d e r s seen in W e s t e r n i z e d c o u n t r i e s d u r i n g r e c e n t d e c a d e s . 12 The d e p t h o f t h e
collective u n d e r s t a n d i n g o f i m m u n e r e g u l a t i o n has b e e n g r e a t l y i n c r e a s e d d u r i n g the i n t e r v e n i n g
p e r i o d t h r o u g h r e v e l a t o r y w o r k o n the b i o l o g y o f r e g u l a t o r y T - c e l l s ( T r e g ) a n d c e r t a i n d e n d r i t i c
cell ( D C ) s u b s e t s w i t h r e g u l a t o r y f u n c t i o n . F u r t h e r m o r e , t h e i d e n t i f i c a t i o n o f p a t t e r n r e c o g n i ­
t i o n r e c e p t o r s ( P R R s ) i n c l u d i n g the Toll-like r e c e p t o r ( T L R ) family has f u r t h e r i l l u m i n a t e d t h e
expansive a b i l i t y o f cells o f the i m m u n e system to i n t e r a c t w i t h t h e m i c r o b i a l w o r l d in o r d e r t o
achieve an a p p r o p r i a t e i m m u n e r e s p o n s e . This type o f i n f o r m a t i o n r e g a r d i n g i m m u n e r e g u l a t i o n
t a k e n t o g e t h e r w i t h a c c u m u l a t e d e p i d e m i o l o g i c a l e v i d e n c e c o n c e r n i n g t h e a s s o c i a t i o n b e t w e e n
e n v i r o n m e n t a l f a c t o r s a n d diseases o f i m m u n e d y s r e g u l a t i o n , has lead t o a r e f a s h i o n i n g o f t h e
o r i g i n a l " h y g i e n e hypothesis". A revised u n d e r s t a n d i n g o f t h e h y p o t h e s i s s h o u l d e n c o m p a s s t h e
idea t h a t a l t e r a t i o n s in c e r t a i n i n t e r a c t i o n s w i t h t h e m i c r o b i a l w o r l d in g e n e r a l a n d n o t i n f e c t i o n s
in p a r t i c u l a r , in W e s t e r n i z e d c o u n t r i e s has lead to i m p r o p e r m a i n t e n a n c e o f i m m u n e r e g u l a t i o n
r e s u l t i n g in an i n c r e a s e in the i n c i d e n c e o f allergic a n d p o s s i b l y a u t o i m m u n e d i s e a s e . P ! "

The focus o f this c h a p t e r is o n an a l t e r n a t i v e i n t e r p r e t a t i o n o f t h e d a t a s u p p o r t i n g t h e " H y g i e n e
H y p o t h e s i s . " The " M i c r o f l o r a H y p o t h e s i s " for allergy p r o p o s e s t h a t p e r t u r b a t i o n s in the g a s t r o i n ­
t e s t i n a l m i c r o b i o t a d u e t o aspects o f t h e m o d e r n lifestyle p e r v a s i v e in W e s t e r n i z e d c o u n t r i e s have
d i s r u p t e d t h e n o r m a l m i c r o b i o t a - m e d i a t e d m e c h a n i s m s w h i c h p r o g r a m i m m u n o l o g i c a l t o l e r a n c e
in the m u c o s a , l e a d i n g t o an increase in the i n c i d e n c e o f allergic disease. O t h e r g r o u p s have f o r m u ­
l a t e d a r g u m e n t s t h a t agree in p r i n c i p l e w i t h t h e c e n t r a l t e n e t o f t h e " M i c r o f l o r a H y p o t h e s i s . " R o o k
a n d B u r n e t suggest t h a t n o n p a t h o g e n i c m i c r o b e s w h i c h have s h a r e d h u m a n ' s e v o l u t i o n a r y p a s t
are r e c o g n i z e d by the i n n a t e i m m u n e system a n d i n s t r u c t t h e d e v e l o p m e n t o f i m m u n o r e g u l a t o r y
responses t h a t i n h i b i t allergic d i s o r d e r s , a u t o i m m u n e disease a n d i n f l a m m a t o r y bowel d i s e a s e . P ' "
B j o r k s t e n c o n t e n d s t h a t no m a j o r risk factors l e a d i n g to t h e d e v e l o p m e n t o f allergies have b e e n
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i n d e n r i f i e d , b u t r a t h e r t h a t r e c e n t evidence indicates a deficit in the p r o t e c t i v e influence o f in­
t e r a c t i o n s w i t h the i n t e s t i n a l m i c r o b i o t a d u r i n g i n f a n c y may be l e a d i n g to the increase in allergic
disease. I? There is a s i g n i f i c a n t a m o u n t o f e p i d e m i o l o g i c a n d clinical d a t a s u p p o r t i n g this a l t e r e d
m i c r o b i o t a h y p o t h e s i s . These i n c l u d e c o r r e l a t i o n s b e t w e e n allergic airway disease and (1) a l t e r e d
fecal r n i c r o b i o t a , (2) a n t i b i o t i c use early in life and (3) d i e t a r y changes over the past two decades
(for a review see 18). O u r l a b o r a t o r y has recently d e m o n s t r a t e d t h a t mice can develop allergic
airway responses to allergens i f t h e i r e n d o g e n o u s m i c r o b i o t a is a l t e r e d at the time o f first allergen
exposure.'? In c o n t r a s t , mice w i t h n o r m a l m i c r o b i o t a do not develop allergic responses u p o n airway
exposure to the allergens. Researchers in F i n l a n d have a c k n o w l e d g e d the role o f the m i c r o b i o t a
in i n f l u e n c i n g allergic disease a n d have focused on the p o t e n t i a l t h e r a p e u t i c effect o f p r o b i o t i c
m i c r o b e s in r e s t o r i n g b e n e f i c i a l i n t e r a c t i o n s b e t w e e n the i m m u n e system and the m i c r o b i o t a . P
Successful p r o b i o t i c t h e r a p y for allergy w i t h single organisms or simple c o m b i n a t i o n s w o u l d make
an i m p o r t a n t " p r o o f o f p r i n c i p l e " d e m o n s t r a t i o n t h a t the m i c r o b i o t a can exert an influence on
allergic disease. O f course m o s t i m p o r t a n t l y , such a d e m o n s t r a t i o n w o u l d provide an exciting,
a l t e r n a t i v e and readily accessible t r e a t m e n t for a collection o f diseases t h a t take an e n o r m o u s toll
a r o u n d the world. P r o b i o t i c t h e r a p y for i n f l a m m a t o r y d i s o r d e r s i n c l u d i n g atopic disease is the
s u b j e c t o f a c h a p t e r by K a l l i o m a k i et al in this book, so it will n o t be discussed in detail here.

The E p i d e m i o l o g i c a l A s s o c i a t i o n b e t w e e n A l l e r g i e s
and M i c r o b i o t a C o m p o s i t i o n

A d i r e c t link b e t w e e n the m i c r o b i o t a c o m p o s i t i o n and atopic disease u n d e r p i n s the "Microflora
H y p o t h e s i s " o f allergy. A n u m b e r o f recent studies directly c o m p a r e d the m i c r o b i o t a b e t w e e n al­
lergic a n d n o n - a l l e r g i c p o p u l a t i o n s (Table 1). Several n o t a b l e findings r e c u r r e d in separate studies.
First, s i g n i f i c a n t differences exist in the m i c r o b i o t a c o m p o s i t i o n b e t w e e n allergic and n o n - a l l e r g i c
i n d i v i d u a l s based o n selective g r o w t h or m o l e c u l a r analysis o f the b a c t e r i a l flora. 2 1

-
3 2 Second, p r o ­

spective s t u d i e s d e t e c t e d differences in the m i c r o b i o t a p r i o r to the d e v e l o p m e n t o f atopy a n d / o r
allergy.22.24 Third, while t h e r e exist numerous differences in the p a r t i c u l a r associations made between
the m i c r o b i o t a a n d allergy in this c o l l e c t i o n o f reports, several c o m m o n findings or themes did
arise. For i n s t a n c e , a n e g a t i v e a s s o c i a t i o n w i t h allergies was f o u n d for lactic acid bacteria such as
Bifidobacteria, while a p o s i t i v e a s s o c i a t i o n was made w i t h C l o s t r i d i a . 2 1 - 2 5 ,2 8 - 3 2

In a series o f p u b l i c a t i o n s , Bjorksten and coworkers describe the analyses o f fecal m i c r o b i o t a w i t h
regard to allergic p h e n o t y p e in p a t i e n t s selected from large s t u d y groups r e c r u i t e d in countries w i t h
a high (Sweden) or low ( E s t o n i a ) prevalence o f allergic disease. W h i l e the Swedish i n f a n t p o p u l a t i o n
had i n c r e a s e d c u m u l a t i v e i n c i d e n c e s o f allergy (atopic d e r m a t i t i s ) a n d a t o p i c s e n s i t i z a t i o n (posi­
tive s k i n - p r i c k test (SPT» d u r i n g the first two years o f life, allergic c h i l d r e n from e i t h e r c o u n t r y
h a d a s i m i l a r m i c r o b i o t a c o m p s i t i o n t h a t differed significantly from the n o n - a l l e r g i c p o p u l a t i o n ,
s u g g e s t i n g t h a t t h e a l t e r a t i o n s o f the m i c r o b i o t a may be the u n d e r l y i n g f a c t o r in allergic disease
regardless o f o t h e r e n v i r o n m e n t a l differences t h a t may exist b e t w e e n these two c o u n t r i e s . i ' r "
Allergic c h i l d r e n h a d r e d u c e d measures o f c o l o n i z a t i o n w i t h lactobacilli a n d bifidobacteria and
i n c r e a s e d c o u n t s o f c e r t a i n aerobes, i n c l u d i n g coliforms or Staphylococcus aureus. In a n o t h e r study,
lower b i f i d o b a c t e r i a c o u n t s were also seen in i n f a n t s w i t h a t o p i c d e r m a t i t i s , however they actually
had lower t o t a l c o u n t s o f aerobes as well w i t h a r e d u c e d f r e q u e n c y o f g r a m - p o s i t i v e s w i t h i n the
aerobic p o p u l a u o n . " I n a d e t a i l e d analysis o f fifty b i f i d o b a c t e r i u m strains, allergic i n f a n t s h a d a
d i s t i n c t p a t t e r n m o r e t y p i c a l o f adults w i t h h i g h e r levels o f Bifidobacterium adolescentis c o m p a r e d
to n o n - a l l e r g i c i n f a n t s t h a t h a d h i g h e r levels o f B. bifidum. 2 3 Similar f i n d i n g s were p u b l i s h e d in a
separate r e p o r t from t h e same a u t h o r s . " A t o p i c (positive S P T ) a n d r e c u r r e n t wheezy (> 3 episodes
in the first year) i n f a n t cases h a d significantly h i g h e r levels o f I g G specific for Clostridium difficile
than t h e i r n o n - a t o p i c , n o n w h e e z y m a t c h e d controls. 31 M o l e c u l a r analysis o f m e t a b o l i c b y p r o d u c t s
d e m o n s t r a t e d t h a t 1 3 - m o n t h - o l d allergic infants h a d significantly h i g h e r levels o f i-caproic acid
t h a t is s t r o n g l y i n d i c a t i v e o f t h e presence o f Clostridium difficile. 30 P r o p o r t i o n s o f b i f i d o b a c t e r i a
were lower a n d c l o s t r i d i a were h i g h e r in allergic S-year-old c h i l d r e n , i n d i c a t i n g t h a t differences
in the m i c r o b i o t a are n o t r e s t r i c t e d to the p e r i o d o f i n f a n c y , " These s t u d i e s and others, i n d i c a t e
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118 GI M i c r o b i o t a a n d R e g u l a t i o n of the I m m u n e System

t h a t a l t e r a t i o n s in the m i c r o b i o t a c o m p o s i t i o n exist in allergic p o p u l a t i o n s . It is also clear t h a t
careful, s o p h i s t i c a t e d e x a m i n a t i o n s o f t h e flora are n e c e s s a r y t o u n c o v e r t h e s u b t l e t i e s o f this
c o m p l e x p o p u l a t i o n in o r d e r to b e t t e r define t h e " u n h e a l t h y " c o m p o s i t i o n t h a t may c o n t r i b u t e
to a t o p i c disease.

The a f o r e m e n t i o n e d s t u d i e s c o m p a r e d t h e m i c r o b i o t a p o p u l a t i o n in h e a l t h y a n d allergic
p o p u l a t i o n s . In o r d e r to explore t h e p o s s i b i l i t y o f a causative role for a l t e r e d m i c r o b i o t a in the
d e v e l o p m e n t o f a t o p i c disease, several groups p e r f o r m e d p r o s p e c t i v e s t u d i e s on t h e flora o f i n f a n t s
p r i o r to the d e v e l o p m e n t atopy or a t o p i c disease. In o n e study, t h e fecal m i c r o b i o t a c o m p o s i t i o n
o f allergic a n d n o n - a l l e r g i c i n f a n t s was m e a s u r e d at various t i r n e p o i n t s in t h e first t w o years o f
life in c h i l d r e n w i t h a clear family h i s t o r y o f allergy." As early as o n e week, d i f f e r e n c e s in the mi­
c r o b i o t a were m e a s u r e d in those t h a t w o u l d a n d w o u l d n o t d e v e l o p allergies l a t e r in life. I n d e e d ,
the a u t h o r s n o t e t h e differences were less p r o n o u n c e d b e t w e e n t h e t w o g r o u p s after t h e first
m o n t h o f life. At one week, the p r e v a l e n c e o f c o l o n i z a t i o n w i t h e n t e r o c o c c i a n d bifidobacteria was
lower in f u t u r e - a l l e r g i c i n f a n t s a n d the d i f f e r e n c e in b i f i d o b a c t e r i a c o l o n i z a t i o n was m a i n t a i n e d
t h r o u g h o u t t h e first year. At 3 m o n t h s , allergic i n f a n t s h a d s i g n i f i c a n t l y h i g h e r c o u n t s o f C l o s t r i d i a .
In a n o t h e r s t u d y o f i n f a n t s at risk o f d e v e l o p i n g a t o p i c disease, a l t e r a t i o n s in t h e fecal flora were
a p p a r e n t b e f o r e a t o p i c s e n s i t i z a t i o n was d e t e c t a b l e . " A t o p i c i n f a n t s h a d an early t r e n d to lower
bifidobacteria a n d a s i g n i f i c a n t increase in c l o s t r i d i a . The c o n n e c t i o n b e t w e e n a l t e r a t i o n s in t h e
flora a n d an allergic i m m u n e response was f u r t h e r e d by a c o r r e l a t i o n b e t w e e n t o t a l s e r u m IgE a n d
c o u n t s o f c l o s t r i d i a . These studies i n d i c a t e differences in t h e m i c r o b i o t a exist b e t w e e n allergic a n d
n o n a l l e r g i c p o p u l a t i o n s very early in i n f a n c y p r i o r t o t h e m a n i f e s t a t i o n o f allergy. Basic research
s t u d i e s will help d e t e r m i n e i f p a r t i c u l a r strains or c o m b i n a t i o n s can p r o m o t e allergic responses
in s u s c e p t i b l e animals.

A s s o c i a t i o n s b e t w e e n F e a t u r e s o f t h e W e s t e r n i z e d L i f e s t y l e
and A l l e r g i c D i s e a s e s

Several features o f t h e w e s t e r n i z e d lifestyle affect t h e c o m p o s i t i o n o f t h e g u t m i c r o b i o t a a n d
may in t h a t m a n n e r c o n t r i b u t e to the m a n i f e s t a t i o n o f allergic disease. The G I t r a c t o f i n f a n t s is
sterile at b i r t h b u t c o l o n i z a t i o n begins u p o n delivery. G I c o l o n i z a t i o n involves a series o f ecological
successions i n f l u e n c e d by d i e t a r y changes a n d h o s t d e v e l o p m e n t (for a review see r e f 35).34 M a j o r
factors a f f e c t i n g the n a t u r e o f the early m i c r o b i a l p o p u l a t i o n s i n c l u d e a n t i b i o t i c use in t h e m o t h e r ,
m o d e o f delivery a n d t y p e o f i n f a n t feeding. R e c i p r o c a l i n t e r a c t i o n s d u r i n g i n f a n c y b e t w e e n the
m i c r o b i o t a a n d h o s t i m m u n e system serve n o t only to g e n e r a t e a " h e a l t h y " m i c r o b i o t a b u t also to
s t i m u l a t e the p r o p e r d e v e l o p m e n t o f the i m m u n e system. U l t i m a t e l y , c o n t r o l o f t h e m i c r o b i o t a
c o m p o s i t i o n d e p e n d s o n m u l t i p l e factors, i n c l u d i n g m i c r o b e - m i c r o b e i n t e r a c t i o n s ( c o m p e t i ­
tive e x c l u s i o n ) , m e t a b o l i c c o m p e t i t i o n , h o s t factors a n d i n n a t e a n d a d a d p t i v e h o s t defenses. 36-38

A n t i b i o t i c s a n d d i e t can d r a m a t i c a l l y affect t h e s t a b i l i t y o f t h e m i c r o b i o t a p o p u l a t i o n s .
The major effects o f a n t i b i o t i c t r e a t m e n t on t h e m i c r o b i o t a are t h e d i r e c t effect o f killing a large

p r o p o r t i o n o f t h e r n i c r o b i o t a a n d the i n d i r e c t effect o f d e c r e a s i n g c o l o n i z a t i o n resistance w i t h i n
t h e GI t r a c t . C o l o n i z a t i o n resistance is a m u l t i - f a c e t e d m e c h a n i s m w h e r e b y o b l i g a t e a n a e r o b i c
m i c r o b i o t a i n h i b i t the o v e r g r o w t h o f p o t e n t i a l l y h a r m f u l e x o g e n o u s or e n d o g e n o u s m i c r o b e s . The
e n d r e s u l t o f a r e d u c t i o n in c o l o n i z a t i o n resistance can e i t h e r be c l i n i c a l l y a s y m p t o m a t i c (lead­
ing only t o an i m b a l a n c e in the r n i c r o b i o t a ) , l o c a l i z e d s y m p t o m a t i c (e.g., d i a r r h e a ) or systemic
s y m p t o m a t i c ( d i s s e m i n a t e d infection).39 I n t e r e s t i n g l y , c h a n g e s in t h e m i c r o b i o t a p o p u l a t i o n s can
persist m o n t h s after cessation a n t i b i o t i c t h e r a p y and can r e s u l t in l o n g - t e r m decreases in b e n e f i c i a l
a n a e r o b i c o r g a n i s m s (Bifidobacterium, Lactobacillus, Bacteroides) a n d i n c r e a s e s in p o t e n t i a l l y
h a r m f u l m i c r o b e s ( g r a m negative aerobic e n t e r i c b a c t e r i a , t h e a n a e r o b e Clostridium dificile and
t h e yeast Candida albicans) (for a review see ref. 18).40-48

N a t i o n a l t r e n d s o f a n t i b i o t i c use vs. i n c i d e n c e o f allergic disease in i n d u s t r i a l i z e d ( h i g h atopy,
h i g h a n t i b i o t i c use) vs. d e v e l o p i n g c o u n t r i e s ( l o w atopy, low a n t i b i o t i c use) suggest a possible
r e l a t i o n s h i p . r " A n u m b e r o f s t u d i e s have i d e n t i f i e d a c o r r e l a t i o n b e t w e e n early a n t i b i o t i c use
in c h i l d r e n a n d t h e s u b s e q u e n t d e v e l o p m e n t o f a l l e r g y / a s t h m a ( T a b l e 2). H o w e v e r , it is n o t
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possible to draw the con elusion from these epidemiological studies that a n t i b i o t i c usc in and o f i t s e l f
c o n t r i b u t e s to d e v e l o p m e n t o f allergic disease, because o t h e r i n t e r p r e t a t i o n s for these data exist. In
p a r t i c u l a r , early s y m p t o m s o f a l l e r g y / a s t h m a may be m i s d i a g n o s e d a n d " t r e a t e d " w i t h a n t i b i o t i c s .
For this reason, a u t h o r s a d j u s t e d odds ratios for p o t e n t i a l c o n f o u n d i n g factors o f t e n t i m e s , includ­
ing p h y s i c i a n c o n s u l t a t i o n b e h a v i o r and r e s p i r a t o r y i n f e c t i o n history. In general p o p u l a t i o n - b a s e d
s t u d i e s w i t h a c u m u l a t i v e t o t a l o f more t h a n 65,000 subjects from Europe, the U n i t e d States a n d
Korea, six d i f f e r e n t g r o u p s r e p o r t e d a significant increase in t h e o d d s ratio for d e v e l o p i n g asthma in
the s u b j e c t s t r e a t e d w i t h a n t i b i o t i c s early in life. 4 9

-
54 A n o t h e r s t u d y f o u n d t h a t a n t i b i o t i c use in the

first year o f life was a s s o c i a t e d w i t h asthma d i a g n o s e d in the s e c o n d year b u t n o t in years 2- 5, lead­
ing the a u t h o r s to c o n c l u d e t h a t a n t i b i o t i c use did n o t c o n t r i b u t e to a s t h m a d e v e l o p m e n t b u t t h a t
a n t i b i o t i c use was m o r e c o m m o n in a s t h m a t i c children. 55 N o s i g n i f i c a n t a s s o c i a t i o n was r e p o r t e d
b e t w e e n a n t i o b i o t i c s a n d a s t h m a in a d i f f e r e n t study, but this g r o u p used subjects t h a t received
less than or e q u a l to o n e c o u r s e o f a n t i b i o t i c t r e a t m e n t as the reference while all o t h e r studies used
s u b j e c t s t h a t received n o n e . 56 A n u m b e r o f r e p o r t s h i g h l i g h t e d a s s o c i a t i o n s b e t w e e n an increase
in the o d d s r a t i o for a s t h m a a n d a greater n u m b e r o f a n t i b i o t i c courses a n d / o r earlier a n t i b i o t i c
t r e a t m e n t s . 4 9 - 52 ,54 ,5 5, 57 A l a c k o f a s s o c i a t i o n b e t w e e n a n t i b i o t i c use a n d a t o p y in five studies t h a t
used s k i n - p r i c k tests t o m o n i t o r atopic s e n s i t i z a t i o n does q u e s t i o n the m a n n e r in w h i c h a n t i b i o t i c
use increases the o d d s o f s u b s e q u e n t asthma d e v e l o p m e n t . 5 o • 5 ! ,5 3. 58,5 9 Still, significant associations
w i t h a t o p i c d e r m a t i t i s (eczema) a n d / o r allergic r h i n i t i s (hayfever) were made as often, as they were
n o t . 4 9 - 5 3 ,57 ,5 8,60 -6 2 We h y p o t h e s i z e t h a t a n t i b i o t i c use may be o n e f a c t o r o f t h e w e s t e r n i z e d lifestyle
t h a t c o n t r i b u t e s to allergies in susceptible i n d i v i d u a l s t h r o u g h it's effects on the m i c r o b i o t a , b u t
m o r e s t u d i e s on those w i t h a p r e d i s p o s i t i o n to allergy are n e e d e d . In o n e study, a n t i b i o t i c use was
a s s o c i a t e d w i t h hay fever d e v e l o p m e n t in c h i l d r e n w i t h a family h i s t o r y o f allergies, b u t this was
n o t t h e case in t w o o t h e r s t u d i e s . 58 ,6 1.6 2 Still, given these data a n d those r e g a r d i n g the association
b e t w e e n allergies a n d t h e m i c r o flora c o m p o s i t i o n , it is plausible t h a t a n t i b i o t i c use does p r o m o t e
the m a n i f e s t a t i o n o f allergic disease in susceptible i n d i v i d u a l s by a l t e r i n g the microflora. This is a
t e s t a b l e h y p o t h e s i s a w a i t i n g f u r t h e r basic i n v e s t i g a t i o n in a n i m a l models.

Some early e x p e r i m e n t s o n the r o d e n t m i c r o b i o t a d e m o n s t r a t e d t h a t it c h a n g e d rapidly u p o n
a l t e r i n g the diet (for a review see r e f 65).63.64 Perhaps even more relevant to the c u r r e n t h e a l t h issues
were l a t e r s t u d i e s d e m o n s t r a t i n g t h a t r o d e n t s fed an e n r i c h e d b r e a d d i e t e x h i b i t e d a significantly
delayed r e c o v e r y o f t h e m i c r o b i o t a ratios following a n t i b i o t i c t r e a t m e n t c o m p a r e d t o r o d e n t s fed
a s t a n d a r d diet. 64 The role o f d i e t in increasing or decreasing the i n c i d e n c e o f allergic airway disease
has b e e n n o t e d in a n u m b e r o f studies. 66 - 7 o W h i l e a n t i b i o t i c use in the M e d i t e r r a n e a n c o u n t r i e s o f
Spain, France, Italy a n d G r e e c e is n o t necessarily different than t h a t in the U K , Ireland or Australia,
the a s t h m a rates n o t e d in the 1998 I S A A C r e p o r t i n d i c a t e d t h a t the i n c i d e n c e o f asthma in these
" M e d i t e r r a n e a n D i e t " c o u n t r i e s is significantly lower," S i g n i f i c a n t a t t e n t i o n has been paid to the
role o f d i e t a r y m e t a b o l i t e s in d i r e c t i m m u n e system i n t e r a c t i o n s d u r i n g allergic responses, b u t the
d i e t also has a s i g n i f i c a n t affect on the c o m p o s i t i o n o f the m i c r o b i o t a . 66 • 67

The role o f f a t t y acids in allergic airway disease is n o t u n d e r s t o o d . T h e r e is a r o u g h association
b e t w e e n n a t i o n a l p o l y u n s a t u r a t e d vegetable oil c o n s u m p t i o n a n d c o r r e s p o n d i n g n a t i o n a l inci­
dence o f a t o p y and a s t h m a . " A n o t h e r s t u d y o f ten E u r o p e a n c o u n t r i e s i n v e s t i g a t e d the association
b e t w e e n d i e t a r y t r a n s - f a t t y acids and the prevalence o f c h i l d h o o d a s t h m a a n d allergies. There was
a positive a s s o c i a t i o n b e t w e e n d i e t a r y trans fatty acids (expressed as p e r c e n t o f energy intake) and
the p r e v a l e n c e o f a s t h m a , allergic r h i n o c o n j u n c t i v i t i s and a t o p i c e c z e m a . " A n o t h e r example is a
s t u d y o f d i e t a r y fat i n t a k e vs. a s t h m a in 4 7 8 men, 68 yrs. o f age, w h o were r a n d o m l y selected from
all the m e n b o r n in M a l m o , Sweden in 1914. The study c o n c l u d e d t h a t m e n w i t h a s t h m a had a
s i g n i f i c a n t l y h i g h e r i n t a k e o f fat than men w i t h o u t asthma." G e n e r a l l y speaking, these studies
and o t h e r s , discuss t h e p o s s i b l e role o f d i e t a r y fats as substrates a n d m o d u l a t o r s o f l e u k o t r i e n e and
p r o s t a g l a n d i n p r o d u c t i o n t h a t w o u l d , in t u m , a u g m e n t allergic responses.

W h i l e d i e t a r y f a t t y acids may d i r e c t l y m o d i f y h o s t responses, d i e t a r y f a t t y acid intake also plays
a s i g n i f i c a n t role in s h a p i n g t h e p o p u l a t i o n dynamics o f the m i c r o b i o t a . For example, a n u m b e r
o f strictly anaerobic bacteria have strict r e q u i r e m e n t s for l o n g - c h a i n fatty a c i d s . " Thus, changes
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in d i e t a r y fats can a l t e r one or more species o f G I m i c r o b e s , w h i c h in t u r n , can alter t h e n w n b e r s
o f o t h e r species o f m i c r o b e s by a l t e r i n g c o m p e t i t i v e e x c l u s i o n d y n a m i c s . H o w e v e r , the a r g u m e n t
c o n t i n u e s to be c i r c u l a r in t h a t the GI m i c r o b i o t a also plays a s i g n i f i c a n t role in the m e t a b o l i s m
o f lipids a n d sterols, i n c l u d i n g b i o h y d r o g e n a t i o n o f s t e r o l s a n d f a t t y acids (for reviews see refs.
73-75). I n t h e end, t h e r e is a t i g h t r e l a t i o n s h i p b e t w e e n d i e t a r y fat i n t a k e a n d m o d u l a t i o n o f G I
m i c r o b i o t a d y n a m i c s . This raises the q u e s t i o n o f w h e t h e r an a l t e r a t i o n o f GI m i c r o b i o t a p o p u l a ­
t i o n s by d i e t a r y fats is an u n d e r l y i n g c o m p o n e n t o f t h e d i e t a r y f a t - a s t h m a a s s o c i a t i o n .

An a s s o c i a t i o n has also been n o t e d b e t w e e n h i g h e r d i e t a r y a n t i o x i d a n t i n t a k e a n d lower inci­
dence o f a s t h m a (for a review see ref. 66). O n e class o f a n t i o x i d a n t c o m p o u n d s i n c l u d e s p o l y p h e n o l s ,
w h i c h are f o u n d in h i g h c o n c e n t r a t i o n in the skin o f raw f r u i t s a n d v e g e t a b l e s . A s t u d y in Italy
d e m o n s t r a t e d a c o r r e l a t i o n b e t w e e n h i g h vegetable c o n s w n p t i o n a n d lower i n c i d e n c e o f a s t h m a . 69

O t h e r s t u d i e s have d e m o n s t r a t e d an a s s o c i a t i o n b e t w e e n l o w f r u i t a n d v i t a m i n C c o n s w n p t i o n
and i m p a i r e d l u n g f u n c r i o n / " W h e n a n t i o x i d a n t s u p p l e m e n t a t i o n was e x a m i n e d as a p r e v e n t a t i v e
t h e r a p y p r e n a t a l l y , d i f f e r e n t i a l results were observed. In a t o p i c w o m e n , v i t a m i n E s u p p l e m e n t a t i o n
was negatively a s s o c i a t e d w i t h a t o p i c disease in i n f a n t s , w h i l e v i t a m i n C was p o s i t i v e l y a s s o c i a t e d
w i t h atopy,?6 H o w e v e r , a separate s t u d y f o u n d t h a t o n l y v i t a m i n C c o n s w n e d as p a r t o f t h e d i e t (as
o p p o s e d to a s u p p l e m e n t ) e n d e d up in breast milk. In this study, results d e m o n s t r a t e d t h a t i n c r e a s e d
v i t a m i n C in b r e a s t m i l k was associated w i t h a r e d u c e d risk o f a t o p y in t h e i n f a n t . It was n o t e d
almost a c e n t u r y ago a n d c o n f i r m e d in n w n e r o u s o t h e r s t u d i e s t h a t t h e r e are s i g n i f i c a n t differences
in the G I m i c r o b i o t a b e t w e e n b r e a s t - f e d a n d b o t t l e - f e d i n f a n t s . 34 • 65 The c h i e f d i f f e r e n c e b e t w e e n
these t w o f e e d i n g regimens is t h a t the m i c r o b i o t a o f b r e a s t -fed i n f a n t s is c o m p o s e d m a i n l y o f lactic
acid bacteria, while t h e m i c r o b i o r a o f b o t t l e - f e d i n f a n t s is m o r e diverse, c o m p o s e d o f a m i x t u r e o f
anaerobicbacteria as well as aerobic s p e c i e s . " Thus, t h e role o f b r e a s t f e e d i n g in p r o t e c t i n g a g a i n s t
atopic disease may also be r e l a t e d to the b e n e f i c i a l effects o n t h e m i c r o b i o r a .

A very i n t e r e s t i n g e x a m i n a t i o n o f the role o f t h e w e s t e r n i z e d lifestyle in p r o m o t i n g allergic
disease is f o u n d in s t u d i e s on i n d i v i d u a l s w h o live in w e s t e r n i z e d c o m m u n i t i e s a n d have a d o p t e d
an a n t h r o p o s o p h i c lifestyle. Those l e a d i n g an a n t h r o p o s o p h i c lifestyle r e s t r i c t t h e use o f a n t i b i o t ­
ics, pyretics a n d v a c c i n a t i o n s a n d ingest f e r m e n t e d f o o d s c o n t a i n i n g p r o b i o t i c o r g a n i s m s s u c h as
lactobacilli. S t u d i e s o n this p o p u l a t i o n o f i n d i v i d u a l s also n o t e d a d e c r e a s e d i n c i d e n c e o f a t o p y
c o m p a r e d to t h e s u r r o u n d i n g c o m m u n i t y a n d fecal samples c o n t a i n e d h i g h e r levels o f lactic acid
bacteria. O n e s t u d y d e m o n s t r a t e d t h a t c h i l d r e n o f families w i t h an a n t h r o p o s o p h i c lifestyle h a d
a d e c r e a s e d p r e v a l e n c e o f atopy c o m p a r e d to c h i l d r e n in n e i g h b o r i n g a r e a s . " In a d d i t i o n , fecal
samples c o n t a i n e d h i g h e r levels o f lactic acid bacteria. T h e r e is a c o r r e l a t i o n b e t w e e n the n u m b e r
o f c h a r a c t e r i s t i c features o f an a n t h r o p o s o p h i c lifestyle a n d d e c r e a s i n g risk o f d e v e l o p i n g aller­
gies. Several features o f t h e a n t h r o p o s o p h i c lifestyle are likely i n v o l v e d in p r o m o t i n g d e c r e a s e d
rates o f atopy.78 H o w e v e r , a s t u d y i n v e s t i g a t i n g a n t h r o p o s o p h i c c h i l d r e n r e v e a l e d t h a t t h e use o f
a n t i b i o t i c s early in life was significantly associated w i t h d e v e l o p m e n t o f a s t h m a . 57 F u r t h e r m o r e , the
n w n b e r o f courses o f a n t i b i o t i c s d u r i n g the first year was also a s s o c i a t e d w i t h i n c r e a s e d o d d ratios
for a s t h m a . This i n d i c a t e s t h a t a n t i b i o t i c use w i t h i n a c o h o r t o f c h i l d r e n w i t h similar lifestyles
p r e d i s p o s e s t o w a r d s a t o p i c disease. The s t u d y o f a n t h r o p o s o p h i c i n d i v i d u a l s living in w e s t e r n i z e d
c o m m u n i t i e s r e p r e s e n t s a u n i q u e o p p o r t u n i t y to s t u d y t h e w e s t e r n i z e d lifestyle a p a r t from o t h e r
e n v i r o n m e n t a l f a c t o r s in p r o m o t i n g allergy.

R e g u l a t i o n o f M u c o s a l T o l e r a n c e
The m u c o s a l i m m u n e system m o n i t o r s t h e e p i t h e l i u m o f t h e r e s p i r a t o r y , g a s t r o i n t e s t i n a l

and g e n i t o u r i n a r y t r a c t s , where vital i n t e r a c t i o n s w i t h t h e o u t s i d e w o r l d are u n d e r t a k e n . The
mucosal i m m u n e is c h a r g e d w i t h g u a r d i n g the e p i t h e l i a l surfaces to p r o t e c t t h e h o s t against in­
fection, b u t i n a p p r o p r i a t e i n f l a m m a t i o n can damage t h e e p i t h e l i w n a n d i m p a i r i m p o r t a n t physi­
ologic f u n c t i o n s . For this reason, t o l e r a n c e a n d i n f l a m m a t i o n are t i g h t l y c o n t r o l l e d by c o m p l e x ,
m u l t i - l a y e r e d r e g u l a t o r y m e c h a n i s m s along t h e m u c o s a . M a n y features o f t h e mucosal i m m u n e
system c o m m e n s u r a t e w i t h this task have been i d e n t i f i e d , i n c l u d i n g u n i q u e e p i t h e l i a l and i n n a t e
and adaptive i m m u n e cells. Similarities in the s t r u c t u r e a n d f u n c t i o n o f d i f f e r e n t m u c o s a - a s s o c i a t e d
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l y m p h o i d tissues ( M A L T ) have e n c o u r a g e d the c o n c e p t o f a c o m m o n mucosal i m m u n e system
( C M I S ) , b u t differences do exist. A shared p r o p e r t y central to the " M i c r o f l o r a H y p o t h e s i s " is the
p r o p e n s i t y to g e n e r a t e systemic tolerance to antigens e n c o u n t e r e d via the oral, nasal and airway
routes.?9-82 F u r t h e r m o r e , the capacity to develop oral tolerance is d e p e n d e n t on the presence o f the
m i c r o b i o t a . " Passive t o l e r a n c e , the act o f n o t g e n e r a t i n g p r o - i n f l a m m a t o r y signals, is m a i n t a i n e d
as a result o f c o n s t a n t i n t e r a c t i o n with the m i c r o b i o t a . Active tolerance involves suppression o f
i n f l a m m a t o r y reactions a n d is the f u n c t i o n o f r e g u l a t o r y T-cell (Treg) p o p u l a t i o n s . The q u e s t i o n
as to h o w the c o m p o s i t i o n o f the micro b i o t a may affect the o u t c o m e o f t o l e r a n c e or allergy at
d i s t a n t sites is c o n s i d e r e d in this section.

M A L T is o r g a n i z e d i n t o u n i q u e i n d u c t i v e and effector sites. 8 4. 85 I n d u c t i v e sites include special­
ized l y m p h o i d follicles u n d e r l y i n g the e p i t h e l i u m , such as n a s o p h a r y n x - a s s o c i a t e d l y m p h o i d tissue
( N A L T ) in t h e u p p e r airway a n d Peyer's patches (PP) and isolated l y m p h follicles (ILF) in the
gut a n d d o w n s r r e a m l y m p h nodes, i n c l u d i n g cervical and m e d i a s t i n a l LN d r a i n i n g the r e s p i r a t o r y
mucosa and mesenteric L N d r a i n i n g the i n t e s t i n a l mucosa. M A L T effector sites include the epithe­
lium a n d l a m i n a p r o p r i a . Studies o f the organogenesis o f s e c o n d a r y l y m p h o i d s t r u c t u r e s i n d i c a t e
t h a t PP, N A L T a n d p e r i p h e r a l L N all have d i f f e r e n t r e q u i r e m e n t s for d e v e l o p m e n t a l Signaling by
the l y m p h o t o x i n family, t u m o r necrosis factor family, or IL-7 p a t h w a y s . " However, i n t e r a c t i o n s
w i t h t h e m i c r o b i o t a are necessary for the g e n e r a t i o n o f n o r m a l MALT. G e r m - f r e e animals have
h y p o p l a s t i c PP w i t h few g e r m i n a l centers ( G C ) . 86.87 Unlike PP whose organogenesis is i n i t i a t e d
in utero, N A L T a n d ILF organogenesis is i n i t i a t e d after b i r t h in response to s t i m u l a t o r y signals
p r o v i d e d in p a r t by the m i c r o b i o t a . 8 8. 89

A n t i g e n s are a c q u i r e d by L P - r e s i d e n t d e n d r i t i c cells ( D C ) directly by s a m p l i n g the lumen,
or i n d i r e c t l y t h r o u g h t h e a c t i o n o f specialized M i c r o f o l d (M) cells s i t u a t e d in the e p i t h e l i u m
w h i c h t r a n s f e r l u m i n a l a n t i g e n s to D C in u n d e r l y i n g l y m p h o i d tissues i n c l u d i n g N A L T a n d
PP.90·91 I n t e r a c t i o n s b e t w e e n a n t i g e n - l o a d e d D C s and C D 4 + T-cells in the i n d u c t i v e sites deter­
mine t h e n a t u r e o f the e n s u i n g response. In particular, the activation state o f the D C affects the
o u t c o m e o f t o l e r a n c e o r i n f l a m m a t i o n . " Evolutionarily c o n s e r v e d m i c r o b i a l p r o d u c t s , t e r m e d
p a t h o g e n - a s s o c i a t e d m o l e c u l a r p a t t e r n s ( P A M P ) , signal t h r o u g h p a t t e r n r e c o g n i t i o n receptors
(PRR) t h a t are h i g h l y expressed by D C . Signals received t h r o u g h P R R , i n c l u d i n g toll-like recep­
tors ( T L R ) , are s y n t h e s i z e d in complex fashion t h a t depends on the variety and d u r a t i o n o f the
s t i m u l a t i o n . " Mice l a c k i n g f u n c t i o n a l T L R 4 were susceptible to food allergy i n d u c t i o n whereas
w i l d - t y p e c o n t r o l s were n o t . ? ' The f u n c t i o n o f T L R 4 in m a i n t a i n i n g t o l e r a n c e relied on the bac­
terial m i c r o f l o r a because a n t i b i o t i c - t r e a t e d , wild-type mice e x h i b i t e d sensitivity unless the flora
was allowed to r e p o p u l a t e . W h i l e an in d e p t h discussion o f P R R signaling is b e y o n d the scope
o f this chapter, it is f u r t h e r n o t e d t h a t (1) signaling t h r o u g h T L R 9 on D C i n d u c e d Treg activity
in one s t u d y a n d (2) T L R 4 o r T L R 9 signaling to D C a b o l i s h e d T r e g - m e d i a t e d suppression in
a n o t h e r . 9 5. 96 Therefore, i n t e r a c t i o n s w i t h m i c r o b i a l p r o d u c t s can i n f l u e n c e the p r o p e n s i t y for D C
to s t i m u l a t e t o l e r a n c e or i n f l a m m a t i o n .

A c t i v a t e d T -and B-cells rravel t h r o u g h the lymphatics a n d e v e n t u a l l y t h e t h o r a c i c d u c t where
they e n t e r the b l o o d s r r e a m a n d rraffic to effector sites in the l a m i n a p r o p r i a (LP) and e p i t h e l i u m .
It is s u g g e s t e d t h a t l y m p h o c y t e s r e t u r n to the tissue in which they were a c t i v a t e d and PP express
m u c o s a l v a s c u l a r a d d r e s s i n c e l l - a d h e s i o n m o l e c u l e 1 ( M A D C A M I ) whereas N A L T express
p e r i p h e r a l - n o d e a d d r e s s i n . " However, l y m p h o c y t e m i g r a t i o n to M L N relied on a d h e s i o n mol­
ecules t h a t b i n d b o t h m u c o s a l and p e r i p h e r a l n o d e addressins, i n d i c a t i n g t h a t M L N c o u l d serve
an i m p o r t a n t role as a crossover p o i n t for cells activated in the GALT. A c t i v a t e d B-cells u n d e r g o
i m m u n o g l o b u l i n class s w i t c h to IgA in PP and N A L T and are c h e m o t a c t i c a l l y a t t r a c t e d to the
e p i t h e l i u m where they d i f f e r e n t i a t e f u r t h e r i n t o antibody-secreting plasma C e l l s . 98 - 1 OO Mice deficient
in a c t i v a t i o n - i n d u c e d c y t i d i n e deaminase c a n n o t class switch to IgA a n d are defective in somatic
h y p e r m u t a t i o n o f i m m u n o g l o b u l i n genes. As a result, there is a 1 DO-fold expansion in anaerobic
bacteria in the small i n t e s t i n e , i l l u s r r a t i n g t h e critical role o f mucosal i m m u n o g l o b u l i n in regulating
the m i c r o b i o t a . ' ? ' Likewise, "effector m e m o r y " C D 4 + and C D 8 + T-cells and presumably, Treg
also take up residence in the LP. 102.103
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A n t i g e n s e n c o u n t e r e d at m u c o s a l sites p r e f e r e n t i a l l y l e a d t o t o l e r a n c e i n d u c t i o n . As m e n t i o n e d
above, a n t i g e n s d e l i v e r e d via oral, nasal, or a i r w a y r o u t e s can i n d u c e s y s t e m i c u n r e s p o n s i v e n e s s to
t h e p a r t i c u l a r a n t i g e n . O r a l t o l e r a n c e has b e e n r i g o r o u s l y i n v e s t i g a t e d for its t h e r a p e u t i c p o t e n t i a l
in t h e s e t t i n g o f a u t o i m m u n e diseases, w h e r e p r e v e n t i o n o r a m e l i o r a t i o n was seen in m o u s e m o d e l s
o f r h e u m a t o i d a r t h r i t i s , m u l t i p l e sclerosis a n d type I d i a b e t e s . 104-106 O r a l t o l e r a n c e can also i n h i b i t
t h e c a r d i n a l f e a t u r e s o f allergic a i r w a y disease in t h e w e l l - s t u d i e d O V A m o d e l . 107 In h u m a n a d u l t
v o l u n t e e r s , o r a l t o l e r a n c e was d e m o n s t r a t e d after a p r o l o n g e d f e e d i n g r e g i m e n w i t h k e y h o l e l i m p e t
h e m o c y a n i n r e s u l t e d in T-cell, b u t n o t B-cell, s y s t e m i c u n r e s p o n s i v e n e s s . l ' "

S h o r t l y after i n t r a n a s a l i n o c u l a t i o n , fluids, p a r t i c l e s a n d m i c r o b e s i n t r o d u c e d i n t o t h e n a s a l
cavity are largely f o u n d in the G I tract.1090l11 In mice, i n t r a n a s a l i n o c u l a t i o n o f a v o l u m e as small
as 2.5 !AI still largely e n d s up in t h e G I t r a c t . 1 10 Thus, i n h a l e d m i c r o - p a r t i c u l a t e s ( w h i c h c o m p r i s e
t h e vast m a j o r i t y o f a e r o a l l e r g e n s ) are also s w a l l o w e d a n d c o u l d p o t e n t i a l l y i n d u c e t o l e r a n c e
via t h e o r a l t o l e r a n c e m e c h a n i s m . S t u d i e s have d e m o n s t r a t e d t h a t (1) t h e n o r m a l m i c r o b i o t a
is r e q u i r e d for t h e g e n e r a t i o n o f o r a l t o l e r a n c e since it c a n n o t be g e n e r a t e d in g e r m f r e e m i c e
a n d (2) c o n v e n t i o n a l i z a t i o n o f g e r m f r e e mice w i t h n o r m a l m i c r o b i o t a c a n r e s t o r e t h e a b i l i t y to
g e n e r a t e o r a l t o l e r a n c e in these mice, i n d i c a t i n g t h a t t o l e r a n c e c o n t i n u e s t o be r e g u l a t e d by t h e
m i c r o b i o t a l o n g after t h e p o s t - n a t a l p e r i o d . l l 2 o l l 3 T h e r e f o r e , d y n a m i c i n t e r a c t i o n s b e t w e e n t h e
i m m u n e system a n d t h e m i c r o b i o t a are necessary to p r o m o t e the i n d u c t i o n o f t o l e r a n c e to i n h a l e d
a n d i n g e s t e d a n t i g e n s .

T h e m e c h a n i s m s m e d i a t i n g o r a l t o l e r a n c e d e p e n d o n t h e dose o f a n t i g e n a d m i n i s t e r e d . J ' f ' ! "
H i g h doses lead to a n e r g y / d e l e t i o n , b u t for t h i s d i s c u s s i o n t h e a b i l i t y o f l o w d o s e a n t i g e n to in­
d u c e s u p p r e s s i o n is m o s t i n t e r e s t i n g . T h e results o f d e p l e t i o n , r e c o n s t i t u t i o n a n d a d o p t i v e t r a n s f e r
s t u d i e s c o n v i n c i n g l y d e m o n s t r a t e t h a t t o l e r a n c e in t h i s s e t t i n g is m e d i a t e d by C D 4 + r e g u l a t o r y
T-cells (Treg).1l6 0119The m e c h a n i s m s o f T r e g - m e d i a r e d s u p p r e s s i o n are n o t e n t i r e l y k n o w n , b u t
it is clear t h a t Tregs r e q u i r e T - c e l l r e c e p t o r s t i m u l a t i o n a n d t h a t p r o d u c t i o n o f i m r n u n o s u p p r e s ­
sive c y t o k i n e s , I L - I 0 a n d TGFj3, are c r i t i c a l m e d i a t o r s in v i v o . P ? T h u s , Tregs r e q u i r e specific
a c t i v a t i o n b u t can m e d i a t e n o n s p e c i f i c s u p p r e s s i o n in w h a t is t e r m e d " b y s t a n d e r s u p p r e s s i o n . " As
m e n t i o n e d previously, D C - T - c e l l i n t e r a c t i o n s c o n t r o l t h e i m m u n o l o g i c a l o u t c o m e a n d e x p a n s i o n
o f t h e D C p o p u l a t i o n w i t h t h e in vivo a d m i n i s t r a t i o n o f f l t 3 l i g a n d can e n h a n c e t h e i n d u c t i o n o f
o r a l t o l e r a n c e . ' ! ' Similarly, r e p e a t e d a n t i g e n e x p o s u r e in t h e airways leads t o t h e d e v e l o p m e n t o f
d o m i n a n t t o l e r a n c e m e d i a t e d by C D 4 + Treg. 122 D e p l e t i o n a n d a d o p t i v e t r a n s f e r s t u d i e s o f l u n g
D C , i n d i c a t e t h a t t h e s e cells are c r u c i a l t o t o l e r a n c e i n d u c t i o n at t h i s m u c o s a l site as well.123.l24
In h u m a n s , g e n e t i c d e f i c i e n c y in t h e F O X P 3 gene t h a t c o n t r o l s t h e t r a n s c r i p t i o n a l p r o g r a m for
Treg c o m m i t m e n t leads t o a c o m p l e x s y n d r o m e c h a r a c t e r i z e d by severe a u t o i m m u n e a n d allergic
m a n i f e s t a t i o n s . F ' : ' : " M o r e o v e r , d e f e c t s in t h e a b i l i t y o f T r e g f r o m a l l e r g i c p a t i e n t s t o i n h i b i t
a l l e r g e n - s p e c i f i c T h 2 r e s p o n s e s s u p p o r t t h e f u n c t i o n a l role o f t h e s e cells in m a i n t a i n i n g t o l e r ­
ance. l28 ol3 O I t s h o u l d be clear t h a t t h e i n h i b i t o r y D C - T r e g axis is c o r e t o m u c o s a l t o l e r a n c e a n d
h e n c e , t h e " M i c r o f l o r a H y p o t h e s i s . "

E x p e r i m e n t a l E v i d e n c e t h a t A l t e r e d M i c r o b i o t a C a n P r o m o t e
t h e D e v e l o p m e n t o f A l l e r g i c A i r w a y D i s e a s e

T h e yeast C. albicans is t h e m a j o r f u n g a l species in t h e h u m a n m i c r o b i o t a . I t resides in low
n u m b e r s o n a l m o s t all m u c o s a l surfaces ( f o r a review see r e f 1 3 1 ) a n d its n u m b e r s can i n c r e a s e
f o l l o w i n g d i s r u p t i o n o f t h e m i c r o b i o t a ( d i e t , a n t i b i o t i c s ) o r by s p e c i f i c c h a n g e s in o t h e r h o s t de­
fense m e c h a n i s m s ( p h y s i c a l barrier, i n n a t e i m m u n i t y a n d a d a p t i v e i m m u n i t y ) . In h u m a n s , yeast
i n f e c t i o n s o f m u c o s a l sites are o n e o f t h e m o s t c o m m o n side effects o f a n t i b i o t i c therapy.39.47.l32 0l34

T h e a b i l i t y o f t h e b a c t e r i a l m i c r o b i o t a t o c o n t r o l o r p r e v e n t C. albicans c o l o n i z a t i o n is d u e to
b o t h c o m p e t i t i v e e x c l u s i o n o f f a v o r e d n i c h e s a n d by p r o d u c t i o n o f g r o w t h - a l t e r i n g m e t a b o l i t e s
such as s h o r t c h a i n f a t t y acids ( S C F A ) ( f o r a review see 18).135 0

139 S C F A , s u c h as b u t y r i c acid, are
b y - p r o d u c t s o f a n a e r o b i c f e r m e n t a t i o n by t h e n o r m a l p r o b i o t i c m e m b e r s o f t h e r n i c r o b i o t a a n d
also possess a n t i - i n f l a m m a t o r y a c t i v i t y ( f o r a review see 144).14Q.-143 We have r e c e n t l y d e m o n s t r a t e d
t h a t a n u m b e r o f p r o b i o t i c Lactobacillus s t r a i n s c a n i n h i b i t C. albicans h y p h a l t r a n s f o r m a t i o n ,
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w h i c h is a key step for e p i t h e l i a l invasion and c o m m e n s a l - t o - p a t h o g e n s w i t c h . l v Thus, c o n t r o l o f
C. albicans by the n o r m a l m i c r o b i o t a (especially the p r o b i o t i c species) is very i m p o r t a n t .

O u r l a b o r a t o r y has recently d e v e l o p e d a mouse model o f a n t i b i o t i c - i n d u c e d GI m i c r o b i o t a
d i s r u p t i o n t h a t is a c c o m p a n i e d by stable increases in g a s t r o i n t e s t i n a l enteric bacteria and C. albicans
levels. 19

•
146 Using this model, we have addressed w h e t h e r m i c r o b i o t a d i s r u p t i o n can p r o m o t e the

d e v e l o p m e n t o f an allergic airway response to m o l d spore (A. jUmigatus) or o v a l b u m i n challenge
(Fig. 1). These s t u d i e s u t i l i z e d i m m u n o c o m p e t e n t mice and d i d n o t involve previous systemic
a n t i g e n p r i m i n g , typically used for breaking airway t o l e r a n c e to these allergens, b u t i n s t e a d ex­
p l o r e d s e n s i t i z a t i o n after exposure at a n a t u r a l site. There was also no evidence o f m i c r o b i a l g r o w t h
in the lungs or i n f l a m m a t i o n in the GI tract in this model. The p a r a m e t e r s measured i n c l u d e d
p u l m o n a r y e o s i n o p h i l i a , t o t a l serum IgE, lung l e u k o c y t e IL-5, IL-13 and IFN-y a n d goblet cell
metaplasia. All o f these p a r a m e t e r s were significantly elevated in the m i c r o b i o t a - d i s r u p t e d mice.
Mice w i t h u n a l t e r e d m i c r o b i o t a d i d n o t develop an allergic response following i n t r a n a s a l challenge
with e i t h e r m o l d spores or o v a l b u m i n . The response did n o t develop in IL-13 deficient mice or
mice t h a t h a d been d e p l e t e d o f C D 4 T-cells. In a d d i t i o n , vigorous allergic airway responses c o u l d
be g e n e r a t e d in b o t h C 5 7 B L / 6 and B a l b / C mice following m i c r o b i o t a d i s r u p t i o n a n d a n t i g e n
challenge b u t n o t in a n t i g e n - c h a l l e n g e d " n o r m a l microbiota" C 5 7 B L / 6 and B a l b / c mice. The
presence o f C. albicans in the G I tract was r e q u i r e d to break airway tolerance. Thus, these studies
d e m o n s t r a t e e x p e r i m e n t a l l y t h a t a n t i b i o t i c t r e a t m e n t , i n c l u d i n g fungal m i c r o b i o t a g r o w t h , can
break airway t o l e r a n c e to an aero allergen such as m o l d spores o r an e x p e r i m e n t a l n o n f u n g a l al­
lergen such as o v a l b u m i n .

R o o k a n d B r u n e t have p r o p o s e d t h a t i n t e r a c t i o n s with c e r t a i n microbes ( " O l d Friends") are
wired i n t o existing i m m u n o r e g u l a t o r y n e t w o r k s based on t h e i r c o n s t a n t presence in our environ­
m e n t d u r i n g o u r e v o l u t i o n a r y past. 16 In a series o f studies, they d e m o n s t r a t e i n h i b i t i o n o f allergic
airway disease by p r e t r e a t m e n t w i t h heat-killed Mycobacterium oaccae, a u b i q u i t o u s s a p r o p h y t i c
m y c o b a c t e r i u m , e i t h e r by s u b c u t a n e o u s or, most i m p o r t a n t l y for this discussion, by i n t r a g a s t r i c
a d m i n i s r r a r i o n . Y ' ' : " Moreover, t r e a t m e n t p r e v e n t e d Th2 s e n s i t i z a t i o n t h r o u g h s t i m u l a t i o n o f
i n h i b i t o r y D C a n d Treg a n d n o t t h r o u g h a Th 1 response. In a n o t h e r study, oral a d m i n i s t r a t i o n o f
o l i g o d e o x y n u c l e o t i d e s c o n t a i n i n g bacterial C p G motifs, T L R 9 l i g a n d s , i n h i b i t e d some p a r a m e t e r s
o f allergic airway disease in the OVA model.I'" R e s p i r a t o r y exposure to the T L R 4 l i g a n d , LPS, can
a u g m e n t allergic responses in a r a t h e r complex p a t t e r n t h a t is at least in p a r t dose d e p e n d e n r . P ' : " !

Figure 1, v i e w e d on f o l l o w i n g page. Experimental e v i d e n c e that altered m i c r o b i o t a can p r o m o t e
the d e v e l o p m e n t of a l l e r g i c a i r w a y disease. The e f f e c t of e x p e r i m e n t a l m i c r o b i o t a d i s r u p t i o n
(MBD), c o n s i s t i n g o f 5 days a d m i n i s t r a t i o n of the a n t i o b i o t i c c e f o p e r a z o n e in the d r i n k i n g
water (0.5 g / m l ) i m m e d i a t e l y f o l l o w e d by a single oral gavage of live Candida albicans strain
C H N l (10 7 CFU), was e v a l u a t e d on the subsequent response to aeroallergen exposure in
t w o separate mouse m o d e l s . In the first, C57BL/6 u n m a n i p u l a t e d c o n t r o l mice ( - M B D ) and
altered m i c r o b i o t a m i c e ( + M B D ) were c h a l l e n g e d i n t r a n a s a l l y w i t h viable spores of the f u n ­
gus A s p e r g i l l u s fumigatus (10 7 ) on days +2 and +9 after M B D and mice were evaluated 72 hr
after the final dose. In the second model, BALBIc mice - / + M B D were c h a l l e n g e d i n t r a n a s a l l y
w i t h the m o d e l a l l e r g e n O V A (50 ug) on days +2, 5, 9, 12, 16 and +19 after M B D and mice
were e v a l u a t e d 48 hr after the final dose. A) L o w - p o w e r m a g n i f i c a t i o n of H & E - s t a i n e d lung
sections d e p i c t s the e x t e n t of i n f l a m m a t i o n . B) H i g h - p o w e r m a g n i f i c a t i o n h i g h l i g h t s the pres­
ence of e o s i n o p h i l s in + M B D groups. C) Serum t o t a l l g E was measured by ELISA. D) The total
n u m b e r of lung e o s i n o p h i l s was the p r o d u c t of the % e o s i n o p h i l s w i t h i n the lung l e u k o c y t e
p o p u l a t i o n as d e t e r m i n e d by r o u t i n e d i f f e r e n t i a l c o u n t and the total n u m b e r of l e u k o c y t e s
present in the lung tissue r e c o v e r e d by a process of m e c h a n i c a l d i s r u p t i o n , e n z y m a t i c diges­
tion and l e u k o c y t e e n r i c h m e n t by Percoll g r a d i e n t c e n t r i f u g a t i o n . E) The s u p e r n a t a n t from
a 24 hr c u l t u r e of f r e s h l y isolated lung l e u k o c y t e s (5 x 10 6 c e l l s / m l ) was a n a l y z e d for IL-13
by ELISA. For all graphs s h o w n there was a s i g n i f i c a n t d i f f e r e n c e in the - M B D and + M D B
groups as d e t e r m i n e d by a t w o - t a i l e d t test (p < 0.05) w i t h the e x c e p t i o n of IL-13 in BALBIc
+ OVA e x p e r i m e n t (p = 0.0557).
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Figure 1, legend v i e w e d on p r e v i o u s page.

T h e a b i l i t y o f c e r t a i n m i c r o b i a l p r o d u c t s to i n d u c e i m m u n o g i c a l t o l e r a n c e t o a l l e r g e n s has lead
t o c l i n i c a l t e s t i n g for t h e t r e a t m e n t o f allergic r h i n i t i s a n d a s t h m a . P ?

S u m m a r y
C u r r e n t l y , t h e i m m u n e m e c h a n i s m s by w h i c h t h e r n i c r o b i o t a may i n f l u e n c e t h e m a n i f e s t a t i o n

o f a l l e r g y in s u s c e p t i b l e i n d i v i d u a l s are n o t fully e l u c i d a t e d (Fig. 2). It has b e e n s h o w n t h a t t h e
m i c r o b i o t a o f a l l e r g i c i n d i v i d u a l s differs f r o m t h a t o f n o n - a l l e r g i c o n e s a n d t h a t d i f f e r e n c e s are
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Figure 2. Possible g a s t r o i n t e s t i n a l m i c r o b i o t a - d e p e n d e n t r e g u l a t o r y T - c e l l - m e d i a t e d c o n t r o l
of a l l e r g i c a i r w a y responses. This line d r a w i n g d e p i c t s several events that may be i n v o l v e d in
the m i c r o b i o t a - d e p e n d e n t r e g u l a t i o n of a l l e r g i c responses in the a i r w a y . " H e a l t h y " m i c r o f l o r a
p r o m o t e s p r o p e r i m m u n o r e g u l a t i o n and t o l e r a n c e that is m a i n t a i n e d by t o l e r i g e n i c d e n d r i t i c
cells (DC) and r e g u l a t o r y T-cells (Treg). U n d e r these c i r c u m s t a n c e s , e f f e c t o r sites u n d e r l y i n g
the e p i t h e l i u m are p o p u l a t e d by plasma cells (B) p r o d u c i n g slgA and various l e u k o c y t e s , in­
c l u d i n g m e m o r y C D 4 + and C D 8 + T-cells (Trn), poised to respond to p a t h o g e n i c organisms.
" U n h e a l t h y " m i c r o f l o r a i n t e r f e r e s w i t h p r o p e r i m m u n o r e g u l a t i o n and t o l e r a n c e at d i s t a n t sites
i n c l u d i n g the lung. It is p o s s i b l e the Treg, w h i c h are k n o w n to i n h i b i t T h 2 - m e d i a t e d a l l e r g i c
a i r w a y disease, are a l t e r e d in this setting. It is not k n o w n if i n h a l e d allergens, w h i c h are also
s w a l l o w e d , result in the g e n e r a t i o n of a n t i g e n - s p e c i f i c Treg in the gut, or h o w Treg, d e p e n ­
d e n t on the GI m i c r o b i o t a for g e n e r a t i o n or f u n c t i o n , may e v e n t u a l l y e f f e c t the o u t c o m e of
e x p o s u r e to a l l e r g e n s in the lung.
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d e t e c t a b l e b e f o r e t h e o n s e t o f atopy, c o n s i s t e n t w i t h a possible causative role. O t h e r features o f t h e
w e s t e r n i z e d lifestyle t h a t are k n o w n to alter the m i c r o b i o t a , s u c h as a n t i b i o t i c s and diet, are also
a s s o c i a t e d w i t h allergy in h u m a n s . Allergies result f r o m a b r e a k d o w n in t o l e r a n c e , w h i c h is the
typical, h e a l t h y r e s p o n s e to n o n t h r e a t e n i n g materials e n c o u n t e r e d at m u c o s a l sites. D e n d r i t i c cells
are key in the d e v e l o p m e n t o f t o l e r a n c e or i m m u n i t y / a l l e r g y a n d t h e i r p r o p e n s i t y to develop one
or the o t h e r r e s p o n s e d e p e n d s in large p a r t on signals t h e y receive t h r o u g h P R R f r o m m i c r o b i a l
p r o d u c t s . D C in t h e G A L T are r e f r a c t o r y to many P R R s t i m u l i due to c o n s t a n t exposure, b u t
a l t e r a t i o n s in t h e m i c r o f l o r a can increase t h e i r w i l l i n g n e s s t o r e s p o n d . In m a n y i f n o t all situa­
tions, t o l e r a n c e is m e d i a t e d by C D 4 + Tregs. T o l e r a n c e i n d u c e d via m u c o s a l a d m i n i s t r a t i o n is
r o u t i n e l y m a n i f e s t e d at d i s t a n t sites i n d i c a t i n g some f o r m o f c o - o r d i n a t e d r e g u l a t i o n . I n h a l e d
antigens are also swallowed, suggesting the p o s s i b i l i t y o f a s h a r e d m e c h a n i s m for t h e i n d u c t i o n o f
a n t i g e n - s p e c i f i c oral a n d r e s p i r a t o r y t o l e r a n c e . Also, Treg i n d u c e n o n - a n t i g e n - s p e c i f i c " b y s t a n d e r
suppression" d u e to the nonspecific a c t i o n o f various m e d i a t o r s , like I L - I 0 a n d TGF-~. In this way,
t o l e r a n c e c o u l d be m a i n t a i n e d t h r o u g h o u t the c o m m o n m u c o s a l i m m u n e system t h r o u g h local
s p r e a d i n g , or " i n f e c t i o u s tolerance." In t h a t scenario, i n n a t e cells, i n c l u d i n g D C , c o u l d m a i n t a i n
a q u i e s c e n t m u c o s a l i m m u n e system u n d e r p h y s i o l o g i c c o n d i t i o n s , b u t i n d u c e i n f l a m m a t i o n in
response t o a c t i v a t i o n signals t h r o u g h s h o r t - c i r c u i t i n g o f t h e Treg n e t w o r k . Signals f r o m t h e
m i c r o b i o t a feed f o r w a r d t h r o u g h a n t i g e n p r e s e n t a t i o n a n d T - h e l p e r a c t i v i t y t o the level o f sIgA,
w h i c h in t u r n r e g u l a t e s the m i c r o b i o t a . T h e r e f o r e , a l t e r a t i o n s in t h e m i c r o b i o t a , r e s u l t i n g f r o m
a n t i b i o t i c use for i n s t a n c e , c o u l d i n t r o d u c e a lot o f "noise" i n t o t h e system by p e r t u r b i n g i n n a t e
a n d e v e n t u a l l y d o w n s t r e a m adaptive i m m u n e responses t h a t m a i n t a i n h o m e o s t a s i s b e t w e e n t h e
h o s t and t h e m i c r o b i o t a t h a t may take a while to " q u i e t down". E v i d e n c e discussed in this c h a p t e r
i n d i c a t e s t h a t t h i s s i t u a t i o n may pose a risk for the d e v e l o p m e n t o f allergy. This c o u l d o c c u r in an
a n t i g e n - s p e c i f i c m a n n e r if, for i n s t a n c e , i n h a l e d p a r t i c l e s i n d u c e a n t i g e n - s p e c i f i c t o l e r a n c e u p o n
r e a c h i n g t h e g u t t h a t is critical in p r e v e n t i n g allergic r e s p o n s e s to s u b s e q u e n t e n c o u n t e r s in t h e
airways. A l t e r n a t i v e l y , or p e r h a p s a d d i t i o n a l l y , n o n - a n t i g e n - s p e c i f i c c o n t r o l o f systemic i m m u n e
t o l e r a n c e may d e p e n d o n "healthy" i n t e r a c t i o n s w i t h t h e GI m i c r o b i o t a t h a t i n d u c e a c o m p l e x
series o f i m m u n e responses t h a t u l t i m a t e l y lead to p r o p e r i m m u n o r e g u l a t i o n , t o l e r a n c e , o f the
response to n o n p a t h o g e n i c foreign materials e n c o u n t e r e d at t h e m a n y sites where i n t e r a c t i o n s
w i t h the o u t s i d e w o r l d are a feature o f life.

Future P e r s p e c t i v e s
It is clear t h a t p r e d i s p o s i t i o n t o allergic disease is a c o m p l e x f u n c t i o n o f an i n d i v i d u a l ' s g e n e t i c

b a c k g r o u n d . As is t h e case w i t h m u l t i - g e n e traits, e n v i r o n m e n t a l factors have i m p o r t a n t phe­
n o t y p i c c o n s e q u e n c e s . I n f o r m a t i o n on t h e e t i o l o g i e s o f allergic diseases b e n e f i t from s t u d i e s on
genetic p o l y m o r p h i s m s and e n v i r o n m e n t a l exposures t h a t are a s s o c i a t e d w i t h allergic disease in
h u m a n p o p u l a t i o n s . The l i n k b e t w e e n t h e m i c r o b i o t a c o m p o s i t i o n a n d allergies is very i n t r i g u ­
ing. A great e f f o r t is r e q u i r e d to c o n s t r u c t d e f i n i t i o n s o f " h e a l t h y " a n d " u n h e a l t h y " m i c r o b i o t a
in h u m a n p o p u l a t i o n s a s s o c i a t e d w i t h t o l e r a n c e a n d allergy, respectively. H o w e v e r , this type o f
evidence c a n n o t prove t h a t a p a r t i c u l a r c o m b i n a t i o n o f m i c r o b i o t a c o n s t i t u e n t s can cause allergic
disease. Thus, g e n e r a t i n g d i r e c t p r o o f for the " M i c r o f l o r a H y p o t h e s i s " o f allergic disease will rely
largely u p o n e x p e r i m e n t a l a n i m a l models and w e l l - c o n t r o l l e d h u m a n i n t e r v e n t i o n s t u d i e s such
as are n o w b e i n g p r o p o s e d a n d c a r r i e d o u t w i t h p r o b i o t i c t h e r a p i e s in c h i l d r e n . The a c c u m u l a t ­
ing e v i d e n c e also suggests t h a t t h e m e d i c a l e s t a b l i s h m e n t s h o u l d m o r e seriously c o n s i d e r the
role o f d i e t in c h r o n i c disease, t h i n k seriously a b o u t p r e s c r i b i n g l o n g - t e r m a n t i b i o t i c s for n o n l i f e
t h r e a t e n i n g c o n d i t i o n s a n d also c o n s i d e r p r o b i o t i c a n d p r e b i o t i c s t r a t e g i e s for p a t i e n t s c o m i n g
o f f o f a n t i b i o t i c therapy.
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A b s t r a c t

H i st o ri cal a n d m o s t c u r r e n t l y h e l d views o f m i c r o b i a l p a t h o g e n e s i s a n d v i r u l e n c e are
p l a g u e d by c o n f u s i n g a n d imprecise t e r m i n o l o g y a n d d e f i n i t i o n s t h a t r e q u i r e revision
a n d e x c e p t i o n s to a c c o m m o d a t e n e w basic science a n d c l i n i c a l i n f o r m a t i o n a b o u t mi­

c r o b e s a n d i n f e c t i o u s diseases. These views are also i n h e r e n t l y u n a b l e to a c c o u n t for t h e a b i l i t y
o f some m i c r o b e s t o cause disease in c e r t a i n , b u t n o t o t h e r hosts, because t h e y are g r o u n d e d in
singular, e i t h e r m i c r o b e - o r h o s t - c e n t r i c views. The d a m a g e - r e s p o n s e f r a m e w o r k is an i n t e g r a t e d
t h e o r y o f m i c r o b i a l p a t h o g e n e s i s t h a t p u t s f o r t h t h e view t h a t m i c r o b i a l p a t h o g e n e s i s reflects t h e
o u t c o m e o f an i n t e r a c t i o n b e t w e e n a h o s t a n d a microbe, w i t h e a c h e n t i t y c o n t r i b u t i n g to t h e
n a t u r e o f t h e o u t c o m e , w h i c h in t u r n d e p e n d s on the a m o u n t o f h o s t d a m a g e t h a t results from
t h e h o s t - m i c r o b e i n t e r a c t i o n . This view is able to a c c o m m o d a t e n e w i n f o r m a t i o n a n d explain
why i n f e c t i o n w i t h t h e same m i c r o b e can have d i f f e r e n t o u t c o m e s in d i f f e r e n t hosts. This c h a p t e r
describes t h e o r i g i n s a n d c o n c e p t u a l u n d e r p i n n i n g s o f and t h e o u t c o m e s o f i n f e c t i o n p u t f o r t h
in, t h e d a m a g e - r e s p o n s e f r a m e w o r k .

I n t r o d u c t i o n t o t h e D a m a g e - R e s p o n s e F r a m e w o r k
The d a m a g e - r e s p o n s e f r a m e w o r k is a t h e o r y o f m i c r o b i a l p a t h o g e n e s i s t h a t was first p r o p o s e d

in 1999 in an e f f o r t t o a c c o u n t for t h e c o n t r i b u t i o n o f b o t h t h e h o s t a n d t h e m i c r o b e in m i c r o b i a l
v i r u l e n c e a n d p a t h o g e n i c i r y , ' U n t i l t h a t time c o n c e p t s o f m i c r o b i a l p a t h o g e n e s i s were largely
m i c r o b e - o r h o s t - c e n t r i c , in t h a t t h e y a t t e m p t e d t o explain m i c r o b i a l v i r u l e n c e in t h e c o n t e x t o f
m i c r o b i a l p r o p e r t i e s or h o s t s u s c e p t i b i l i t y , respectively. M i c r o b e - c e n t r i c views r e g a r d v i r u l e n c e
a n d p a t h o g e n i c i t y as s i n g u l a r m i c r o b i a l traits, e.g., as the r e s u l t o f t h e a c t i o n o f a m i c r o b i a l fac­
t o r or d e t e r m i n a n t t h a t injures t h e host. H o s t - c e n t r i c views r e g a r d v i r u l e n c e a n d p a t h o g e n i c i t y
as h o s t - d e p e n d e n t o u t c o m e s t h a t r e s u l t f r o m a d e f e c t or d e f i c i e n c y in t h e host. In c o n t r a s t , the
d a m a g e - r e s p o n s e f r a m e w o r k is n e i t h e r m i c r o b e - n o r h o s t - c e n t r i c b u t focuses on t h e o u t c o m e o f
t h e h o s t - m i c r o b e i n t e r a c t i o n a n d emphasizes t h a t h o s t damage is t h e c o m m o n d e n o m i n a t o r t h a t is
relevant t o any h o s t - m i c r o b e i n t e r a c t i o n . The d a m a g e - r e s p o n s e f r a m e w o r k reconciles m i c r o b e - a n d
h o s t - c e n t r i c views by i n c o r p o r a t i n g t h e r e c o g n i t i o n t h a t b o t h t h e m i c r o b e a n d the h o s t c o n t r i b u t e
t o p a t h o g e n i c i t y a n d v i r u l e n c e . It is based on t h r e e t e n e t s t h a t are c o n s i d e r e d to be b o t h obvious
a n d i n c o n t r o v e r t i b l e : (1) t h a t m i c r o b i a l p a t h o g e n e s i s r e q u i r e s t w o e n t i t i e s , a h o s t a n d a m i c r o b e
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a n d t h a t t h e t w o e n t i t i e s must i n t e r a c t ; (2) t h a t t h e h o s t r e l e v a n t o u t c o m e o f h o s t - m i c r o b e i n t e r a c ­
t i o n is d a m a g e to t h e h o s t ; (3) h o s t d a m a g e can o c c u r as a r e s u l t o f m i c r o b i a l f a c t o r s , h o s t f a c t o r s ,
or b o t h . 2 These t e n e t s are r e p r e s e n t e d g r a p h i c a l l y by t h e basic d a m a g e - r e s p o n s e c u r v e , a U s h a p e d
curve t h a t d e p i c t s h o s t d a m a g e o n t h e Y axis as a f u n c t i o n o f t h e h o s t i m m u n e r e s p o n s e , w h i c h
is d e p i c t e d f r o m w e a k to s t r o n g a l o n g t h e X axis. T h e U s h a p e o f t h i s c u r v e i l l u s t r a t e s t h a t h o s t
d a m a g e can be m a x i m a l in t h e s e t t i n g o f a w e a k or a s t r o n g h o s t r e s p o n s e (Fig. 1).

C o n c e p t u a l O r i g i n o f t h e D a m a g e - R e s p o n s e F r a m e w o r k
The d a m a g e - r e s p o n s e f r a m e w o r k o r i g i n a t e d as a t e a c h i n g t o o l i n t h e g r a d u a t e m i c r o b i a l

p a t h o g e n e s i s c o u r s e at t h e A l b e r t E i n s t e i n C o l l e g e o f M e d i c i n e in t h e m i d - 1 9 9 0 s . W h i l e t e a c h i n g
we f o u n d it very d i f f i c u l t to convey to s t u d e n t s t h e c o n c e p t t h a t s o m e m i c r o b e s were p a t h o g e n i c
o n l y in c e r t a i n h o s t s u s i n g t h e t h e n e x i s t i n g t r e a t i s e s o n p a t h o g e n i c i t y a n d v i r u l e n c e . T h e i n a b i l i t y
o f e i t h e r m i c r o b e - c e n t r i c or h o s t - c e n t r i c views to a c c o u n t for t h e l a t e 2 0 t h c e n t u r y e m e r g e n c e o f
diseases c a u s e d by m i c r o b e s p r e v i o u s l y c o n s i d e r e d to be n o n p a t h o g e n s a n d t h e e m e r g e n c e o f t h e
diseases c a u s e d by t h e s e m i c r o b e s in i n d i v i d u a l s w i t h i m m u n e i m p a i r m e n t was t h e c a t a l y s t for
p r o p o s i n g a d i f f e r e n t a p p r o a c h to t h e p r o b l e m . l Thcse m i c r o b e s i n c l u d e d Candida albicans a n d
Staphylococcus epidermidis, w h i c h e m e r g e d as l e a d i n g causes o f b l o o d s t r e a m i n f e c t i o n s w h e n t h e y
h a d l o n g b e e n h e l d to be n o n p a t h o g e n s . v ? The late 2 0 t h c e n t u r y w i t n e s s e d an u n p r e c e d e n t e d
i n c r e a s e in i n d i v i d u a l s w i t h i m m u n e i m p a i r m e n t d u e to p r e d o m i n a n t l y 4 f a c t o r s : (1) t h e use
o f p l a s t i c c a t h e t e r s t o deliver i n t r a v e n o u s fluids a n d m e d i c a t i o n s i n t h e h o s p i t a l s e t t i n g ; (2) the
rise in a n t i b i o t i c use, overuse a n d misuse," (3) t h e d e v e l o p m e n t a n d use o f i m m u n o s u p p r e s s i v e
t h e r a p i e s for m a l i g n a n c y and to c o m b a t o r g a n r e j e c t i o n in t h e s e t t i n g o f o r g a n t r a n s p l a n t a t i o n ;
a n d (4) t h e H I V / A I D S p a n d e m i c (Fig. 2). E a c h o f t h e s e f a c t o r s l e d t o t h e e m e r g e n c e o f d i s t i n c t
p o p u l a t i o n s o f i n d i v i d u a l s w i t h i m p a i r e d i m m u n i t y a n d it was a m o n g t h e s e i n d i v i d u a l s t h a t m a n y
m i c r o b e s p r e v i o u s l y c o n s i d e r e d to be n o n p a t h o g e n s were a s s o c i a t e d w i t h disease. T h e o b s e r v a t i o n
t h a t m i c r o b e s p r e v i o u s l y c o n s i d e r e d t o be n o n p a t h o g e n i c c o u l d be p a t h o g e n s led to t h e c o n c e p t
o f m i c r o b i a l ' o p p o r t u n i s m ' ? an u n f o r t u n a t e t e r m t h a t i n t r o d u c e d t h e a n t h r o p o m o r p h i c view
t h a t t h e s e m i c r o b e s were s o m e h o w t a k i n g a d v a n t a g e o f t h e h o s t t o cause disease. In fact, m a n y o f
t h e p a t h o g e n s l a b e l e d as o p p o r t u n i s t i c were c o m p o n e n t s o f t h e n o r m a l m i c r o b i a l flora, s u c h as
Candida albicans a n d Staphylococcus epidermidis. T h e c o n v e r g e n t e m e r g e n c e o f diseases c a u s e d by
m i c r o b e s l o n g h e l d to be n o n p a t h o g e n s a n d newly e m e r g e n t p o p u l a t i o n s o f i m m u n o c o m p r o m i s e d
i n d i v i d u a l s b r o u g h t to t h e fore t h a t i n f e c t i o u s diseases c a n o n l y o c c u r in s u s c e p t i b l e i n d i v i d u a l s .
A l t h o u g h t h e v e r a c i t y o f this s t a t e m e n t is i m m e d i a t e l y o b v i o u s , t h i s n o t i o n is d i s t i n c t l y a b s e n t
in m i c r o b e - c e n t r i c views w h i c h r e g a r d m i c r o b i a l v i r u l e n c e as a m i c r o b i a l p r o p e r t y . T h e v e r a c i t y
o f t h i s s t a t e m e n t is f u r t h e r u n d e r s c o r e d by t h e fact t h a t diseases c a u s e d by v a c c i n e - p r e v e n t a b l e
m i c r o b e s , eg s m a l l p o x , d o n o t o c c u r in i m m u n e i n d i v i d u a l s a n d t h a t t h e c l i n i c a l m a n i f e s t a t i o n s
o f i n f e c t i o u s diseases ofien reflect t h e h o s t i n f l a m m a t o r y r e s p o n s e , i n s o m e cases, even in t h e
a b s e n c e o f t h e c a u s a t i v e m i c r o b e . These p o i n t s , w h i c h are l a r g e l y a g r e e d u p o n by t h e i n f e c t i o u s
diseases a n d m i c r o b i a l p a t h o g e n e s i s fields, issue a s e r i o u s c h a l l e n g e to p r e v a i l i n g d e f i n i t i o n s o f
p a t h o g e n i c i t y a n d v i r u l e n c e , since t h e same m i c r o b e c o u l d be e i t h e r a p a t h o g e n o r n o n p a t h o g e n ,
d e p e n d i n g o n t h e h o s t .

The L e x i c o n o f t h e D a m a g e - R e s p o n s e F r a m e w o r k
A c e n t r a l f e a t u r e o f t h e D a m a g e - r e s p o n s e f r a m e w o r k is a simple, s e l f e x p l a n a t o r y l e x i c o n t h a t

d o e s n o t r e q u i r e e x c e p t i o n s or c o r o l l a r i e s to d e f i n e t h e c o m p o n e n t s o f m i c r o b i a l p a t h o g e n e s i s a n d
v i r u l e n c e . T h e key to u n d e r s t a n d i n g t h e l e x i c o n is t h a t a c c o r d i n g to t h e d a m a g e - r e s p o n s e frame­
work, t h e e s s e n t i a l c o m p o n e n t s o f m i c r o b i a l p a t h o g e n e s i s r e d u c e to t w o e n t i t i e s , h o s t s a n d m i c r o b e s
a n d t h e d a m a g e t h a t o c c u r s in t h e h o s t as a r e s u l t o f t h e i r i n t e r a c t i o n . F u r t h e r m o r e , t h e o u t c o m e
o f t h e i n t e r a c t i o n can c h a n g e as a f u n c t i o n o f t i m e d e p e n d i n g o n t h e a m o u n t o f d a m a g e t h a t oc­
curs in t h e h o s t . T h e d a m a g e - r e s p o n s e f r a m e w o r k d o e s n o t view p a t h o g e n s a n d n o n p a t h o g e n s as
i n t r i n s i c a l l y d i f f e r e n t ; b a s e d on i n c o n t r o v e r t i b l e e v i d e n c e t h a t t h e same m i c r o b e can be a p a t h o g e n
or n o n p a t h o g e n , d e p e n d i n g on t h e host. H e n c e , t h e t e r m s ' p a t h o g e n ' a n d ' n o n p a t h o g e n ' o n l y have
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Figure 1. The d a m a g e response curve. H o s t damage is d e p i c t e d as a f u n c t i o n of the host
response a l o n g a c o n t i n u u m from w e a k to strong. A) The solid U shaped c u r v e d e m o n s t r a t e s
that c e r t a i n host- m i c r o b e i n t e r a c t i o n s c o n f e r a host b e n e f i t . The a r r o w (C) i l l u s t r a t e s that the
c u r v e can s h i f t u p w a r d s . The arrows at each side of the c u r v e (A, B) i l l u s t r a t e t h a t the c u r v e
can s h i f t d o w n w a r d and to the l e f t and right. B) D a m a g e - r e s p o n s e curves t h a t r e f l e c t the
o u t c o m e of d i f f e r e n t host- m i c r o b e i n t e r a c t i o n can be d e r i v e d from the basic c u r v e . Examples
of m i c r o b e s t h a t result in these types of curves are as f o l l o w s : Type l - S t a p h y l o c o c c u s epider­
midis; Type 2 - H e p a t i t i s A virus; Type 3 - A s p e r g i l l u s spp.; Type 4 - H i s t o p l a s m a capsulatum;
Type 5 - S A R S c o r o n a v i r u s ; Type 6 - H e l i c o b a c t e r pylori.
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Figure 2. The s p e c t r u m of i n f e c t i o u s diseases 1 9 0 0 - 2 0 0 0 . The p r e v a l e n c e of disease due to
the i nd i c at e d m i c r o b e s is s h o w n on the Y axis as a f u n c t i o n of t i m e and the i n n o v a t i o n s and
factors d e p i c t e d on the X axis .

m e a n ing in t h e c o n t e x t o f a given h o s t . The d a m a g e - r e s p o n s e f r a m e w o r k d e f i n e s a p a t h o g e n as a
m i c r o b e w i t h t h e p o t e n t i a l to cause d a m a g e in a h o s t .t T h i s d e f i n i t i o n a v o i d s l i n k i n g t h e n a t u r e
o f a p a t h o g e n to m e c h a n i s m s b y w h i c h it causes d i s e a s e a n d e n c o m p a s s e s m i c r o b i a l d i v e r s i t y ,
w h i c h e x t e n d s f r o m m i c r o b e s t h a t i n v a d e h o s t cells to t h o s e t h a t d o n o t . o r are m a c r o s c o p i c , s u c h
as Shigella sp a n d Vibrio cholera a n d Ascaris lumbroides , r e s p e c t i v e l y . t o t h o s e t h a t have a n o r m a l
n i c h e . s u c h as Candida albicans a n d Staphylococcus epidermidis, t o t h o s e t h a t are e n c o d e d by t h e
h o s t . s u c h as p r i o n s . V i r u l e n c e is d e f i n e d as t h e relative c a p a c i t y o f a m i c r o b e t o cause d a m a g e in a
host .t The t e r m ' r e l a t i v e ' is n e c e s s i t a t e d by the fact t h a t . at p r e s e n t . d a m a g e c a n n o t be fully q u a n t i ­
fied ; b e c a u s e p r e c i s e r e a d o u t s o f h o s t d a m a g e r e m a i n l i m i t e d a n d a v a i l a b l e t o o l s a n d p l a t f o r m s are
i n s u f f i c i e n t for q u a n t i f i c a t i o n . F u r t h e r m o r e . v i r u l e n c e has b e e n a n d c o n t i n u e s t o be a r e l a t i v e t e r m
since any m e a s u r e m e n t o f v i r u l e n c e is relative to a c o n t r o l c o n d i t i o n o r s t r a i n . D e s p i t e t h i s gap .
t h e r e is l i t t l e d i f f i c u l t y in i d e n t i f y i n g o r a g r e e i n g u p o n c u r r e n t l y a v a i l a b l e r e a d o u t s o f h o s t d a m a g e .
W h e n h o s t d a m a g e s u r p a s s e s a t h r e s h o l d t h a t m a i n t a i n s h o s t h o m e o s t a s i s . c l i n i c a l disease o c c u r s .
W i t h t h e s e d e f i n i t i o n s . t h e D a m a g e - r e s p o n s e f r a m e w o r k d i s p e n s e s w i t h i m p r e c i s e a n d c o n f u s i n g
t e r m s , s u c h as n o n p a t h o g e n , p a r t i a l p a t h o g e n . p r i m a r y p a t h o g e n . o p p o r t u n i s t i c p a t h o g e n , c o m ­
m e n s a l a n d s a p h y r o p h y t e . The p r o b l e m s o f i m p r e c i s e a n d s h i f t i n g t e r m i n o l o g y are i m m e d i a t e l y
a p p a r e n t w h e n o n e c o n s i d e r s a m i c r o b e s u c h as Candida albicans w h i c h is c o n s i d e r e d a c o m ­
m e n s a l in m o s t h o s t s . an o p p o r t u n i s t i c p a t h o g e n in p a t i e n t s w i t h i m p a i r e d i m m u n i t y a n d even a
p r i m a r y p a t h o g e n in w o m e n w i t h n o o b v i o u s i m m u n e d e f i c i t t h a t s u f f e r f r o m c a n d i d a l v a g i n i t i s .
The d a m a g e - r e s p o n s e f r a m e w o r k d e f i n e s t h e t e r m i n f e c t i o n as t h e a c q u i s i t i o n o f a m i c r o b e . r a t h e r
t h a n t o d e s c r i b e an illness or c o n d i t i o n . This e n a b l e s a m o r e p r e c i s e u n d e r s t a n d i n g o f m i c r o b i a l
p a t h o g e n e s i s t h a t is c o n s i s t e n t w i t h t h e fact t h a t i n f e c t i o n w i t h a m i c r o b e i s n o t s y n o n y m o u s w i t h
i t c a u s i n g d a m a g e o r disease .

T h e D a m a g e R e s p o n s e C u r v e
The U s h a p e d d a m a g e - r e s p o n s e c u r v e i l l u s t r a t e s t h e c o m p l e x o r i g i n s o f h o s t d a m a g e by d e p i c t i n g

i t o n t h e Y axis as a f u n c t i o n o f t h e h o s t r e s p o n s e a l o n g a c o n t i n u u m f r o m w e a k t o s t r o n g on t h e X
axis (Fig . 1) . T h e c u r v e is U s h a p e d . bec au se h o s t d a m a g e can o c c u r i n t h e se t t in g o f e i t h e r a w e a k
or a s t r o n g h o s t r e s p o n s e . The h o s t r e s p o n s e e n c o m p a s s e s t h e full r a n g e o f h o s t i m m u n i t y s u c h t h a t
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weak and s t r o n g responses lack essential c o m p o n e n t s t h a t are r e q u i r e d for the normal, or a p p r o p r i ­
ate, response, w h i c h results in a m i n i m u m a m o u n t o f damage, m o s t likely due to c o u n t e r b a l a n c i n g
responses. For example, t h e response to a microbe ofien p r o d u c e s an i n i t i a l i n f l a m m a t o r y response,
w h i c h is l a t e r c o u n t e r b a l a n c e d by a d a m p e n i n g o f the response. The absence o f an a p p r o p r i a t e
i n i t i a l or a c o u n t e r b a l a n c i n g r e s p o n s e can each result in h o s t damage. D a m a g e in the s e t t i n g o f a
weak h o s t r e s p o n s e o f t e n reflects m i c r o b e - m e d i a t e d damage, such as t h a t caused by the a c t i o n o f
m i c r o b i a l factors a n d d a m a g e in the s e t t i n g o f a s t r o n g host r e s p o n s e o f i e n reflects h o s t - m e d i a t e d
damage, such as t h a t c a u s e d by excessive i n f l a m m a t i o n . M i c r o b i a l factors t h a t cause host damage
i n c l u d e capsular p o l y s a c c h a r i d e s , toxins, p r o t e a s e s a n d c o m p o n e n t s t h a t are toxic to host cells.
M o s t o f these factors cause more damage in the s e t t i n g o f weak responses. H o s t factors t h a t cause
h o s t d a m a g e i n c l u d e i m m u n e complexes, cytokines, c h e m o k i n e s a n d m i c r o b i c i d a l p e p t i d e s . The
r e c o g n i t i o n t h a t h o s t d a m a g e can o c c u r at the extremes o f t h e h o s t r e s p o n s e underscores t h a t the
o u t c o m e o f m i c r o b i a l i n f e c t i o n is an i n t e r a c t i o n , whereby s i n g u l a r h o s t responses are insufficient
to p r e v e n t or m i n i m i z e h o s t damage and an i n t e r p l a y t h a t achieves a b a l a n c e d response is most
successful at d a m a g e c o n t r o l . The d a m a g e - r e s p o n s e curve is i n h e r e n t l y flexible and can be used to
p l o t any h o s t - m i c r o b e i n t e r a c t i o n .

T h e S t a t e s o f I n f e c t i o n
In a d d i t i o n to d e p i c t i n g h o s t damage as a f u n c t i o n o f the h o s t response, the d a m a g e - r e s p o n s e

f r a m e w o r k also d e p i c t s h o s t damage as a f u n c t i o n o f time. H e n c e , damage is a f u n c t i o n o f the
h o s t r e s p o n s e at a given time (Fig. 1) and damage is a f u n c t i o n o f t i m e for a given h o s t response
(Figs. 3 , 4 ) . A c c o r d i n g to this schema, t h e r e are 5 o u t c o m e s o f m i c r o b i a l i n f e c t i o n : e l i m i n a t i o n ;
c o l o n i z a t i o n , c o m m e n s a l i s m , disease a n d latency (Fig. 3).3,10 C o l o n i z a t i o n , commensalism, disease
a n d l a t e n c y are d i s t i n g u i s h a b l e by the a m o u n t o f h o s t damage over time. Changes b e t w e e n these
states occur, usually as a r e s u l t o f a change in the h o s t i m m u n e r e s p o n s e (Figs. 3 , 4 ) .

C o l o n i z a t i o n is a state in w h i c h the a m o u n t o f h o s t damage is p o t e n t i a l l y measurable, b u t
less t h a n the disease t h r e s h o l d . " A l t h o u g h the m e t h o d o l o g y for m e a s u r i n g damage in states o f
c o l o n i z a t i o n does n o t c u r r e n t l y exist we n o t e t h a t this state is o f i e n a s s o c i a t e d w i t h the develop­
m e n t o f an i m m u n e r e s p o n s e w h i c h may reflect the o c c u r r e n c e o f some degree o f damage t h a t is
less t h a n t h a t w h i c h t r a n s l a t e s i n t o disease. For most m i c r o b e s , c o l o n i z a t i o n is a t r a n s i e n t state,
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Figure 3. The f i v e o u t c o m e s o f m i c r o b i a l i n f e c t i o n . The i n t e r r e l a t i o n s h i p s b e t w e e n c o l o n i z a t i o n ,
c o m m e n s a l i s m , disease and l a t e n c y are d e p i c t e d by a r r o w s b e t w e e n the r e l e v a n t o u t c o m e s .
Factors t h a t i n d u c e c h a n g e f r o m one state to a n o t h e r i n c l u d e i m m u n o s u p p r e s s i o n , r e d u c e d
b a r r i e r i m m u n i t y (due to the i n s e r t i o n o f v a s c u l a r catheters), c y t o t o x i c agents and t h e r a p y .
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Figure 4. The a c q u i s i t i o n of the m i c r o b i o t a and t r a n s i t i o n s b e t w e e n c o m m e n s a l i s m , c o l o n i z a ­
t i o n and disease. The r e l e v a n t state is d e p i c t e d by a s o l i d line, the p o s s i b l e t r a n s i t i o n states are
d e p i c t e d by dashed lines. The t r a n s i t i o n s from i n f e c t i o n to c o l o n i z a t i o n (A) and from c o l o n i z a ­
t i o n to c o m m e n s a l i s m (B) o c c u r e a r l y in life. The t r a n s i t i o n f r o m c o m m e n s a l i s m to c o l o n i z a t i o n
or to disease, d i r e c t l y or i n d i r e c t l y , can o c c u r w h e n the m i c r o b i o t a is d i s r u p t e d or e l i m i n a t e d
due to i n v a s i o n of skin or m u c o s a l surfaces w i t h c a t h e t e r s or surgery, a n t i b i o t i c or c y t o t o x i c
therapy, or i m m u n o s u p p r e s s i o n , or w h e n host f a c t o r s c o m p r o m i s e its f u n c t i o n i n g (C).

d u r i n g w h i c h the m i c r o b e can be i s o l a t e d f r o m t h e h o s t a n d may be e v i d e n c e o f a h o s t i m m u n e
response. The types o f h o s t responses or d a m a g e t h a t a c c o m p a n y c o l o n i z a t i o n i n c l u d e s e r o l o g i c a l
evidence o f i n f e c t i o n , c e l l u l a r responses t h a t r e s u l t in tissue r e s p o n s e s , s u c h as g r a n u l o m a s or g i a n t
cells a n d i m m u n e r e s p o n s e s t h a t r e s u l t in i n f l a m m a t i o n a n d c e l l u l a r r e c r u i t m e n t . W h e t h e r t h e
s t i m u l u s for such i m m u n e responses is m i c r o b e - m e d i a t e d d a m a g e is u n c e r t a i n at this t i m e . The
state o f c o l o n i z a t i o n can lead to e l i m i n a t i o n o r t r a n s i t i o n to c o m m e n s a l i s m o r disease. E l i m i n a t i o n
can r e s u l t f r o m i m m u n e m e c h a n i s m s , e.g., by an i m m u n e r e s p o n s e to a r e s p i r a t o r y m i c r o b e , such
as Streptococcus pneumoniae, or i n t e r v e n t i o n , such as a n t i m i c r o b i a l agents. C o l o n i z a t i o n t r a n s i ­
t i o n s to disease w h e n t h e a m o u n t o f d a m a g e exceeds t h e d i s e a s e t h r e s h o l d . This o c c u r s w h e n h o s t
m e c h a n i s m s o r i n t e r v e n t i o n fail to l i m i t h o s t damage. The failure o f h o s t m e c h a n i s m s o f i e n reflects
weak o r i n a p p r o p r i a t e i m m u n e responses, such as t h o s e t h a t p r e d i s p o s e i n d i v i d u a l s w i t h a n t i b o d y
a n d B-cell d e f e c t s t o disease w i t h Streptococcus pneumoniae, o r i n d i v i d u a l s w i t h defects in c e l l u l a r
i m m u n i t y to disease w i t h Cryptococcus neoformans. C o l o n i z a t i o n c h a n g e s t o c o m m e n s a l i s m fol­
l o w i n g m i c r o b i a l a c q u i s i t i o n s o o n after b i r t h .

C o m m e n s a l i s m is a u n i q u e state in w h i c h h o s t - m i c r o b e i n t e r a c t i o n t h a t e i t h e r p r o v i d e s a h o s t
b e n e f i t or no o u t c o m e , r a t h e r t h a n r e s u l t i n g in h o s t d a m a g e . l ? T h e r e is no h o s t d a m a g e in the
state o f c o m m e n s a l i s m . The state o f c o l o n i z a t i o n b e c o m e s i n d i s t i n g u i s h a b l e f r o m c o m m e n s a l i s m
w h e n t h e a m o u n t o f h o s t d a m a g e a t t r i b u t a b l e to c o l o n i z a t i o n is n e g l i g i b l e . H e n c e , Staphylococcus
aureus in t h e nares o f a c h r o n i c a s y m p t o m a t i c c a r r i e r may be i n d i s t i n g u i s h a b l e f r o m a c o m m e n s a l
m i c r o b e , w i t h t h e caveat t h a t in aggregate, some o f t h e m i c r o b e s t h a t assume t h e state o f com­
m e n s a l i s m i m p a r t a h o s t b e n e f i t . The h o s t is g e n e r a l l y d e f i n e d as t h e e n t i t y t h a t m i c r o b e s i n h a b i t .
However, t h e n u m b e r o f m i c r o b e s t h a t i n h a b i t the h u m a n b o d y exceeds t h e n u m b e r o f h u m a n



The Damage-ResponseFramework o f Microbial' Pathogenesis and Inftctious Diseases 141

cells, c a l l i n g i n t o q u e s t i o n t h e d e f i n i t i o n o f host. The g a s t r o i n t e s t i n a l t r a c t is i n h a b i t e d by more
t h a n 1013 m i c r o b e s , w i t h m o r e t h a n 100 times the n u m b e r o f genes as t h e h u m a n g e n o m e . ' !
H e n c e , t h e s t a t e o f c o m m e n s a l i s m provides a h o s t h a b i t a t for vast a n d c o m p l e x m i c r o b i a l com­
m u n i t i e s . These c o m m u n i t i e s collectively referred to as the m i c r o b i o t a i n c l u d e m i c r o b e s o r i g i n a l l y
t h o u g h t to be a c q u i r e d s o o n after b i r t h . However, an e m e r g i n g b o d y o f e v i d e n c e suggests t h a t t h e
h u m a n m i c r o b i o t a is even m o r e diverse t h a n p r e v i o u s l y s u s p e c t e d a n d i n f l u e n c e d by a myriad o f
h o s t f a c t o r s . " The d i v e r s i t y a m o n g s t a n d the r e g u l a t o r y a n d i m m u n o m o d u l a t o r y roles t h a t the
h u m a n m i c r o b i o t a play has o n l y r e c e n t l y b e g u n to be unraveled, I I p r i n c i p a l l y t h r o u g h t h e use o f
i n n o v a t i v e t e c h n i q u e s t h a t allow for t h e i d e n t i f i c a t i o n o f u n c u l t u r a b l e m i c r o b e s . " In a d d i t i o n to
u n c u l t u r a b l e microbes, scores o f c u l t u r a b l e G r a m negative and G r a m positive, anaerobic and aerobic
b a c t e r i a a n d C a n d i d a a l b i c a n s i n h a b i t t h e h u m a n h o s t . The a c q u i s i t i o n o f these m i c r o b e s can be
a s s o c i a t e d w i t h d a m a g e a n d disease, such as n e c r o t i z i n g e n t e r o c o l i t i s a n d d i s s e m i n a t e d c a n d i d i a s i s
in i n f a n t s . H o w e v e r , in m o s t i n s t a n c e s , the a c q u i s i t i o n o f these a n d o t h e r m i c r o b e s is n o t associ­
a t e d w i t h disease. M i c r o b e s t h a t i n h a b i t the g a s t r o i n t e s t i n a l t r a c t are t h o u g h t to c o n t r i b u t e to the
d e v e l o p m e n t arid m a i n t e n a n c e o f n a t u r a l i r n m u n i t y . l v " A l t h o u g h t h e m i c r o b i a l d e t e r m i n a n t s
a n d m e c h a n i s m s t h a t s t i m u l a t e i m m u n i t y r e m a i n to be fully u n d e r s t o o d , t h e i m p o r t a n c e o f the
m i c r o b i o t a for n o r m a l i m m u n i t y is s u p p o r t e d by evidence t h a t h o s t d a m a g e ensues w h e n there is a
failure t o a c q u i r e or d i s r u p t i o n o f t h e m i c r o b i o t a , W h e n this occurs, t h e r e is a t r a n s i t i o n from t h e
state o f c o m m e n s a l i s m t o t h e s t a t e o f c o l o n i z a t i o n or o f disease. The m i c r o b i o t a can be d i s r u p t e d
by s u r g i c a l i n t e r v e n t i o n , a n t i m i c r o b i a l therapy, c y t o t o x i c agents a n d r a d i o t h e r a p y . In a d d i t i o n
t o c o n t r i b u t i n g t o n a t u r a l i m m u n i t y , t h e m i c r o b i o t a play an i m p o r t a n t role in m a i n t a i n i n g t h e
i n t e g r i t y o f h o s t tissues, t h r o u g h t h e e l a b o r a t i o n o f p r o t e c t i v e s u b s t a n c e s a n d via c o l o n i z a t i o n
resistance, i n c l u d i n g m e c h a n i s m s r e s u l t i n g in i n h i b i t i o n o f o t h e r m i c r o b e s w i t h a g r e a t e r p o t e n t i a l
t o i n d u c e d a m a g e f r o m g a i n i n g access to h o s t r e c e p t o r s and tissues.

D i s e a s e is a s t a t e w h e r e h o s t d a m a g e exceeds t h e t h r e s h o l d for c l i n i c a l s y m p t o m s . The state o f
disease can c h a n g e t o e l i m i n a t i o n w i t h i n t e r v e n t i o n or i f h o s t i m m u n e m e c h a n i s m s are sufficient
to r e d u c e t h e a m o u n t o f d a m a g e to b e l o w the disease t h r e s h o l d . An i n a b i l i t y to r e d u c e damage
b e l o w t h e disease t h r e s h o l d can reflect a failure o f h o s t i m m u n e m e c h a n i s m s or an i n t e r v e n t i o n t o
e l i m i n a t e a m i c r o b e or c o n t r o l damage, or b o t h . I n t e r v e n t i o n s for i n f e c t i o u s diseases e n d e a v o r to
t r e a t or p r e v e n t t h e s t a t e o f disease. M o s t available i n t e r v e n t i o n s focus on m i c r o b i a l e l i m i n a t i o n ,
b u t s u c h t h e r a p i e s o f i e n do n o t c o n t r o l t h e h o s t response, because t h e s t a t e o f disease o f t e n reflects
aspects o f t h e h o s t r e s p o n s e t h a t i n d u c e i n f l a m m a t i o n a n d e n h a n c e t h e i n f l a m m a t o r y response.
The s t a t e o f disease can c h a n g e to latency, a state in w h i c h t h e m i c r o b e r e m a i n s in t h e h o s t a n d
vital, b u t i n d u c e s d a m a g e t h a t is b e l o w t h e disease t h r e s h o l d . The i n a b i l i t y to reduce d a m a g e in
t h e s t a t e o f disease u l t i m a t e l y results in c h r o n i c disease or d e a t h .

L a t e n c y is a state t h a t is c h a r a c t e r i z e d by a m i c r o b i a l presence, w h e r e b y survival o f t h e m i c r o b e
p r o d u c e s an a m o u n t o f d a m a g e t h a t is below t h e disease t h r e s h o l d . " L a t e n c y does n o t have an
o b v i o u s h o s t b e n e f i t a l t h o u g h it is conceivable t h a t changes t o the i m m u n e system by c o n t i n u e d
s t i m u l a t i o n w i t h m i c r o b i a l a n t i g e n s forestalls t h e d e v e l o p m e n t o f o t h e r c o n d i t i o n s , such as allergic
diseases (e.g., 'hygiene h y p o t h e s i s ' ) . " For example, h e l m i n t h i n f e c t i o n s have been a s s o c i a t e d w i t h
p r o t e c t i o n a g a i n s t t h e d e v e l o p m e n t o f a s t h m a " a n d p a t i e n t s w i t h p o s i t i v e t u b e r c u l i n reactions
i n d i c a t i v e o f l a t e n t M y c o b a c t e r i u m tuberculosis i n f e c t i o n had r e d u c e d atopy;'? L a t e n c y is a state in
w h i c h a m i c r o b e survives in h o s t cells in a m a n n e r t h a t prevents it from e l i m i n a t i o n , o f i e n due to
factors t h a t allow it t o escape h o s t i m m u n e surveillance. M e c h a n i s m s t h a t enable l a t e n c y i n c l u d e
the c a p a c i t y for i n t r a c e l l u l a r survival a n d persistence, such as for H e r p e s a n d o t h e r viruses, the
i n d u c t i o n o f tissue responses t h a t c o n t a i n a n d c o n t r o l g r o w t h o f t h e m i c r o b e , such as g r a n u l o m a s
for M y c o b a c t e r i a a n d f u n g i a n d residence in s e q u e s t e r e d sites, such as for H I Y . The state o f l a t e n c y
can t r a n s i t i o n t o disease w i t h a change in the i m m u n e status o f t h e h o s t . M a j o r risk factors for this
t r a n s i t i o n are diseases a n d i n t e r v e n t i o n s t h a t i m p a i r host i m m u n i t y , such as i m m u n o s u p p r e s s i v e
agents given for m a l i g n a n c y , i n f l a m m a t o r y diseases a n d stem a n d o r g a n t r a n s p l a n t a t i o n a n d H I Y .

In s u m m a r y , t h e o u t c o m e s o f h o s t - m i c r o b e i n t e r a c t i o n r e s u l t in 4 states, w h i c h differ only in
the a m o u n t o f h o s t d a m a g e , or b e n e f i t . The states are n o t fixed by t h e m i c r o b e , b u t by t h e a m o u n t
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o f damage t h a t ensues from a h o s t - m i c r o b e r e l a t i o n s h i p . Since t h e o u t c o m e o f a h o s t - m i c r o b e
i n t e r a c t i o n d e p e n d s on h o s t and m i c r o b i a l factors, k n o w l e d g e o f t h e n a t u r e o f the h o s t i m m u n e
response. h o s t i m m u n e status and m i c r o b i a l factors makes it p o s s i b l e to p r e d i c t t h e likely state
for a given h o s t a n d m i c r o b e .

The U t i l i t y o f t h e D a m a g e - R e s p o n s e F r a m e w o r k
The u t i l i t y o f the D a m a g e - r e s p o n s e f r a m e w o r k is r e f l e c t e d in its flexibility, ability to i n c o r p o r a t e

n e w i n f o r m a t i o n a n d explain previous i n f o r m a t i o n t h a t c o u l d n o t be a c c o u n t e d for by o t h e r views
o f p a t h o g e n e s i s a n d virulence. For example, the d a m a g e - r e s p o n s e f r a m e w o r k is able t o a c c o u n t for
why p r e v i o u s l y rare diseases. such as those caused by Cryptococcosis neoformans a n d Pneumocystis
pneumonia o c c u r r e d in e p i d e m i c p r o p o r t i o n s in i n d i v i d u a l s w i t h H I V i n f e c t i o n . Similarly, t h e
d a m a g e - r e s p o n s e f r a m e w o r k is able to a c c o u n t for t h e e m e r g e n c e o f Candida albicans as a m a j o r
h u m a n p a t h o g e n in i m m u n o c o m p r o m i s e d hosts. In a d d i t i o n to a c c o u n t i n g for diseases in weak
hosts, t h e d a m a g e - r e s p o n s e f r a m e w o r k can also a c c o u n t for diseases w i t h excessive h o s t responses.
such as toxic s h o c k s y n d r o m e . Kawasaki disease. allergic aspergillosis a n d m e d i a s t i n a l fibrosis. An
i m p o r t a n t c o r o l l a r y o f the d a m a g e - r e s p o n s e f r a m e w o r k is t h a t i n f e c t i o u s diseases can only o c c u r in
s u s c e p t i b l e h o s t s . This c o n c e p t is c e n t r a l t o u n d e r s t a n d i n g w h e t h e r t h e o u t c o m e o f h o s t - m i c r o b e
i n t e r a c t i o n results in h o s t damage, is n e u t r a l or b e n e f i c i a l .

A p p l i c a t i o n s o f the D a m a g e - R e s p o n s e F r a m e w o r k

E d u c a t i o n
The d a m a g e - r e s p o n s e f r a m e w o r k has p r o v e n to be a u s e f u l e d u c a t i o n a l t o o l for t e a c h i n g mi­

c r o b i a l p a t h o g e n e s i s , i n f e c t i o u s diseases, m i c r o b i o l o g y a n d i m m u n o l o g y to g r a d u a t e a n d m e d i c a l
s t u d e n t s . The a d v a n t a g e s o f t e a c h i n g these d i s c i p l i n e s b a s e d on a t h e o r e t i c a l c o n s t r u c t is t h a t it
leads to the use o f a m o r e universal lexicon, w h i c h e n h a n c e s c o m m u n i c a t i o n a n d s h a r p e n s the
rigor a n d s o p h i s t i c a t i o n o f research q u e s t i o n s .

D e t e r m i n i n g the Weapon P o t e n t i a l o f a M i c r o b e
The lists used t o categorize p o t e n t i a l m i c r o b e - b a s e d w e a p o n s lack g r o u n d i n g in p r i n c i p l e s o f

m i c r o b i a l p a t h o g e n e s i s . The c o n c e p t s o f p a t h o g e n i c i t y a n d v i r u l e n c e p u t f o r t h in the d a m a g e - r e ­
sponse f r a m e w o r k were used to derive a s t a n d a r d i z e d f o r m u l a to d e t e r m i n e t h e w e a p o n p o t e n t i a l
o f m i c r o b e s b a s e d on t h e t r a n s m i s s i b i l i t y o f the m i c r o b e , t h e i n o c u l u m r e q u i r e d to cause disease
a n d t h e t i m e to disease. 2 o

, 2 1 This f o r m u l a p r o v i d e s a r a t i o n a l l y b a s e d a p p r o a c h to assessing the
p o t e n t i a l t h r e a t t h a t a m i c r o b e c o u l d pose as a b i o l o g i c a l w e a p o n . In view o f the c o r o l l a r y o f
t h e d a m a g e - r e s p o n s e f r a m e w o r k t h a t i n f e c t i o u s diseases can o n l y o c c u r in s u s c e p t i b l e hosts, the
d a m a g e - r e s p o n s e f r a m e w o r k - b a s e d f o r m u l a for w e a p o n p o t e n t i a l p r o v i d e s a s t r a t e g y for c o u n t e r ­
a c t i n g the t h r e a t o f m i c r o b i a l agents o f b i o t c r r o r b a s e d o n b o l s t e r i n g h o s t i m m u n i t y .

P r o v i d i n g G u i d a n c e on the D e v e l o p m e n t o f N e w T h e r a p i e s
The D a m a g e - r e s p o n s e f r a m e w o r k p r o v i d e s a c o n c e p t u a l basis for t h e d e v e l o p m e n t o f n e w

approaches to p r e v e n t i n g and t r e a t i n g infectious diseases. 22,23 The f u n c t i o n a l o u t c o m e o f therapies for
infectious diseases is t h a t they prevent or ameliorate the h o s t damage t h a t results in the state o f disease.
Some diseases are caused by m i c r o b e - m e d i a t e d damage. w h i l e o t h e r s are caused by h o s t - m e d i a t e d
damage a n d o t h e r s may result from damage due to t h e lack o f m i c r o b i a l l y p r o d u c e d factors. Some
diseases c a n n o t be t r e a t e d in hosts w i t h i m p a i r e d i m m u n i t y a n d t r e a t m e n t o f some diseases w i t h
a n t i m i c r o b i a l agents fails to a m e l i o r a t e h o s t damage. The r e c o g n i t i o n t h a t h o s t damage can o c c u r
at the extremes o f t h e h o s t response issues a challenge to t h e d e v e l o p m e n t o f t h e r a p e u t i c s , since
a p p r o a c h e s t o c o u n t e r a c t i n g the damage caused by m i c r o b i a l factors are i n h e r e n t l y d i f f e r e n t t h a n
a p p r o a c h e s to c o u n t e r a c t i n g damage caused by h o s t factors. T r e a t m e n t o f d a m a g e due to m i c r o b i a l
factors r e q u i r e s a focus on e n h a n c i n g the ability o f t h e h o s t to e l i m i n a t e the m i c r o b e or n e u t r a l i z e
its c o m p o n e n t s . whereas t r e a t m e n t o f damage due to h o s t factors r e q u i r e s a focus on r e d u c i n g the
i n f l a m m a t o r y response. Each o f these c o n d i t i o n s lies o n a d i f f e r e n t p a r t o f the d a m a g e - r e s p o n s e
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curve (Fig. 5). As such, i n t e r v e n t i o n for a p a t i e n t w i t h damage caused by an insufficient response
c o u l d r e q u i r e e n h a n c e m e n t o f the host response w i t h adjuvants, c y t o k i n e s or i m m u n o s t i m u l a n t s .
In c o n t r a s t , i n t e r v e n t i o n for a p a t i e n t w i t h damage caused by an excessive response c o u l d r e q u i r e
r e d u c i n g the h o s t response w i t h steroids, i m m u n o m o d u l a t o r s or i m m u n o s u p p r e s s i v e agents. The
d i c h o t o m o u s origins o f h o s t damage in m i c r o b i a l p a t h o g e n e s i s and infectious diseases provide the
basis for a r a t i o n a l a p p r o a c h to the use o f i m m u n o t h e r a p e u t i c agents for infectious diseases.

R e v e a l i n g N e w P a r a d i g m s i n H o s t I m m u n i t y
The D a m a g e - r e s p o n s e f r a m e w o r k was used to re-examine the long h e l d view t h a t i m m u n i t y

to i n t r a c e l l u l a r m i c r o b e s is m e d i a t e d by the cellular arm o f the i m m u n e system and i m m u n i t y
to e x t r a c e l l u l a r m i c r o b e s is m e d i a t e d by the h u m o r a l / a n t i b o d y arm. 24 A new view was p u t f o r t h
t h a t a n t i b o d y i m m u n i t y can c o n f e r p r o t e c t i o n against a myriad o f i n t r a c e l l u l a r and e x t r a c e l l u l a r
m i c r o b e s by classical a n d novel m e c h a n i s m s t h a t p r o m o t e damage c o n t r o l .

U n d e r s t a n d i n g t h e R o l e o f t h e H o s t M i c r o b i o t a i n H e a l t h a n d D i s e a s e
Given t h a t t h e d a m a g e - r e s p o n s e f r a m e w o r k does n o t view m i c r o b e s as i n h e r e n t l y p a t h o g e n i c

or n o n p a t h o g e n i c , it views the complex m i c r o b i o t a associated w i t h the h u m a n h o s t in t h e con­
text o f t h e o u t c o m e o f t h e i r i n t e r a c t i o n . H e n c e the i n t e r a c t i o n b e t w e e n a h e a l t h y h o s t a n d the
h o s t - a s s o c i a t e d r n i c r o b i o t a is essential for the normal development o f the i m m u n e system and fur host
n u t r i t i o n a n d h o m e o s t a s i s . In h e a l t h , the h o s t - a s s o c i a t e d m i c r o b i o t a also provides a c e n t r a l layer
o f h o s t defense by o c c u p y i n g a n i c h e and p r e v e n t i n g o t h e r m i c r o b e s from e s t a b l i s h i n g themselves.
This c o m m u n i t y i n t e r a c t s w i t h the i m m u n e system and may be r e g u l a t e d by i m m u n e responses t o
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Figure S. Use of t h e d a m a g e - r e s p o n s e c u r v e to d e v e l o p a p p r o a c h e s to t h e r a p y and p r e v e n ­
tion of i n f e c t i o u s d i s e a s e s . Host d a m a g e c a n o c c u r in the s e t t i n g of e i t h e r w e a k or s t r o n g
host r e s p o n s e s . A r a t i o n a l a p p r o a c h to t h e r a p y for d i s e a s e s that o c c u r in the s e t t i n g of a
w e a k r e s p o n s e is to e n h a n c e the host r e s p o n s e , as s h o w n by t h e d a s h e d a r r o w s l e a d i n g to
the d a s h e d c u r v e . A r a t i o n a l a p p r o a c h to t h e r a p y for d i s e a s e s that o c c u r in the s e t t i n g of a
s t r o n g r e s p o n s e is to r e d u c e the host r e s p o n s e , as s h o w n by the solid a r r o w s l e a d i n g to the
solid c u r v e .



144 GI Microbiota a n d R e g u l a t i o n o f t h e I m m u n e System

i n d i v i d u a l m i c r o b e s o r c o m p l e x i n t e r a c t i o n s w i t h the m i c r o b i a l c o m m u n i t y . C o n s e q u e n t l y , h e a l t h
is a c o n d i t i o n w h e r e b y t h e r e is no disease. The state o f no disease de facto i n c l u d e s m i c r o b e s in b o t h
c o m m e n s a l a n d c o l o n i z i n g states, b u t the d a m a g e r e s u l t i n g f r o m t h e h o s t - m i c r o b e i n t e r a c t i o n s
is below the disease t h r e s h o l d . H o w e v e r , the same m i c r o b e - h o s t i n t e r a c t i o n s t h a t are a s s o c i a t e d
w i t h h e a l t h can lead to disease in s i t u a t i o n s o f e i t h e r a w e a k o r excessive i m m u n e response. W h e n
an i n d i v i d u a l d e v e l o p s a c q u i r e d i m m u n e deficiency, t h e same r e s i d e n t m i c r o b e s w i t h w h i c h t h e y
i n t e r a c t e d in a state o f n o r m a l i m m u n i t y a n d h e a l t h no l o n g e r s u b j e c t to i m m u n e r e g u l a t i o n or
c o n t r o l a n d i n t e r a c t i o n s w i t h t h e m can n o w cause disease. At t h e o t h e r e n d o f t h e s p e c t r u m , an
excessive i m m u n e response t r i g g e r e d by loss o f i m m u n e r e g u l a t i o n , or p e r h a p s t r a n s i e n t i n t e r a c t i o n
w i t h a m i c r o b e or allergen, c o u l d cause disease by d a m a g i n g tissues in r e s p o n s e to the p r e s e n c e
o f m i c r o b i a l a n t i g e n s . F u r t h e r m o r e , i m m u n e r e s p o n s e s t o c e r t a i n m i c r o b e s can cause q u a l i t a t i v e
a n d q u a n t i t a t i v e c h a n g e s in the i m m u n e r e s p o n s e t h a t p r e d i s p o s e t o allergic diseases. For example,
e x p e r i m e n t a l C. n e o f o r m a n s i n f e c t i o n in rats does n o t cause c l i n i c a l disease a t t r i b u t a b l e to the
fungus b u t elicits an i m m u n e r e s p o n s e t h a t p r e d i s p o s e s to allergic a i r w a y d i s e a s e . "

The s i m p l i c i t y a n d flexibility o f t h e d a m a g e - r e s p o n s e f r a m e w o r k allows it t o coexist easily w i t h
o t h e r views o f i m m u n i t y such as the 'danger'26 a n d 'hygiene' I ? h y p o t h e s e s . A l t h o u g h we n o t e t h a t the
d a m a g e - r e s p o n s e f r a m e w o r k does n o t d e p e n d o n t h e s e h y p o t h e s e s for its a b i l i t y t o a c c o m m o d a t e
t h e i r views, its a b i l i t y to i n c o r p o r a t e t h e m p r o v i d e s a m e a s u r e o f r e a s s u r a n c e for its veracity. In this
regard, we n o t e t h a t s o m e types o f h o s t d a m a g e are a n a l o g o u s to t h e ' d a n g e r signals' p o s t u l a t e d to
elicit i m m u n e r e s p o n s e s by M a t z i n g e r , " O n the o t h e r h a n d , t h e d a m a g e - r e s p o n s e f r a m e w o r k view
t h a t h e a l t h is f o u n d at t h e v e r t e x o f t h e p a r a b o l a ( V - c u r v e ) w h i c h c o r r e s p o n d s t o the n a d i r o f h o s t
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Figure 6. Use of the d a m a g e - r e s p o n s e curve to i l l u s t r a t e h y p o t h e t i c a l o u t c o m e s of human
h o s t - m i c r o b i o t a i n t e r a c t i o n s . Host damage is p o r t r a y e d as a f u n c t i o n of the host response, w h e r e b y
health is represented by an aggregate host response that c o n t r o l s m i c r o b i o t a - m i c r o b i o t a and
m i c r o b i o t a - h o s t i n t e r a c t i o n s to p r o v i d e a host b e n e f i t (A). H o s t damage o c c u r s w h e n the host
response b e c o m e s m o r e singular, e i t h e r w e a k due to an i n s u f f i c i e n t response to the m i c r o b i o t a
or the loss, d i s r u p t i o n or d y s r e g u l a t i o n o f h o s t - m i c r o b i o t a or m i c r o b i o t a - m i c r o b i o t a r e l a t i o n ­
ships (6), or excessive due to a d i s p r o p o r t i o n a t e l y strong response to the m i c r o b i o t a or the loss,
d i s r u p t i o n or d y s r e g u l a t i o n of h o s t - m i c r o b i o t a or m i c r o b i o t a - m i c r o b i o t a r e l a t i o n s h i p s (e).
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d a m a g e is e c h o e d by t h e ' h y g i e n e h y p o t h e s i s ' w h i c h posits t h a t h e a l t h requires l o n g s t a n d i n g a n d
c o n t i n u e d i n t e r a c t i o n s w i t h m i c r o b e s to forestall t h e d e v e l o p m e n t o f allergic a n d a t o p i c diseases.
Since t h e h u m a n h o s t is in c o n t a c t w i t h t h o u s a n d s o f m i c r o b e s a n d for each h o s t - m i c r o b e i n t e r a c ­
t i o n t h e r e is an a p p r o p r i a t e d a m a g e - r e s p o n s e curve, one can easily i m a g i n e t h a t the n e t aggregate
o f these r e s p o n s e s g r a v i t a t e s t o w a r d s a mean o f m i n i m u m d a m a g e t o t h e h o s t . H e n c e , we p o s i t t h a t
the aggregate c u r v e o f all t h e i n d i v i d u a l h o s t - m i c r o b e i n t e r a c t i o n s b e t w e e n an i n d i v i d u a l a n d its
a s s o c i a t e d r n i c r o b i o t a is a L l - s h a p e d curve w i t h the c o n d i t i o n o f h e a l t h r e q u i r i n g many types o f
i m m u n e r e s p o n s e s w h i c h serve to c o n t r o l the m i c r o b e s a n d to b a l a n c e one a n o t h e r (Fig. 6).
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