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and product (Fig. 3). Protonation would be 
consistent with a structural role as an obli- 
gate hydrogen bond donor, rather than an 
acid-base catalyst (22). Presumably, proton 
transfer to and from the 2'-oxygen of nu- 
cleotide -1 is carried out by water. Inves- 
tigation of the importance of the nucleo- 
bases of G8, A9, and A10 using abasic 
ribozyme constructs showed that individu- 
ally, these purines contribute surprisingly 
little to catalytic rate enhancement (23), 
consistent with a role in binding or ri- 
bozyme architecture rather than general ac- 
id-base catalysis. Examination of the effect 
of adenosine base ionization on hairpin ri- 
bozyme activity with the use of nucleotide 
analog interference mapping (24) demon- 
strated that all pH-dependent interferences 
are due to structural destabilization of the 
RNA (25, 26). Our transition state mimic 
and product structures (Fig. 3, B and C) 
suggest that N1 of A38 could have a per- 
turbed pKa, and this functional group could 
also play a role in protonating the leaving 
group during the cleavage reaction. 

Pauling proposed in 1946 that enzymes 
could function by binding more tightly to the 
transition state than to the ground states, thus 
lowering the activation energy (27). The struc- 
tural analysis presented here shows that the 
hairpin ribozyme has evolved to maximize its 
hydrogen bonding interactions with the trigonal 
bipyramidal transition state (Fig. 3) (28). For 
some protein enzymes, catalysis is known to 
result exclusively from binding energy (29). 
Like other RNA catalysts (30, 31), the hairpin 
ribozyme also uses the binding energy of 
groups distant to the active site to accelerate its 
reaction: docking of stems A and B leads to a 
folding transition (5, 32, 33) that aligns the 
substrate within a rigid (16) active site. Precise 
positioning of substrate can effect large rate 
enhancements (34). Recent work on other cat- 
alytic RNAs, such as the ribosome (35), sug- 
gests that the combination of transition state 
stabilization and precise substrate positioning 
used by the hairpin ribozyme may be a catalytic 
strategy frequently used by RNA enzymes. 
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Activation-induced cytidine deaminase (AID) plays an essential role in class 
switch recombination (CSR) and somatic hypermutation (SHM) of immuno- 
globulin genes. We report here that deficiency in AID results in the development 
of hyperplasia of isolated lymphoid follicles (ILFs) associated with a 100-fold 
expansion of anaerobic flora in the small intestine. Reduction of bacterial flora 
by antibiotic treatment of AID-/- mice abolished ILF hyperplasia as well as the 
germinal center enlargement seen in secondary lymphoid tissues. Because an 
inability to switch to immunoglobulin A on its own does not lead to a similar 
phenotype, these results suggest that SHM of ILF B cells plays a critical role in 
regulating intestinal microflora. 
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large number of IgA plasma cells are de- 
rived from precursor B cells in the Peyer's 
patches (PP), which switch from IgM to 
IgA production, with the help of T cells, in 
the microenvironment provided by germi- 
nal centers (GC) (4). Besides PP, the pres- 
ence of distinct organized lymphoid struc- 
tures called isolated lymphoid follicles 
(ILFs) has been reported in the lamina pro- 
pria (LP) of the intestine (5, 6). Although a 
reciprocal relationship clearly exists be- 
tween the intestinal flora and gut-associat- 
ed lymphoid tissue (1), the mechanism by 
which gut-associated lymphoid tissue reg- 
ulates the gut flora remains unclear. 

AID is specifically expressed in GC B 
cells (7), and AID deficiency in mice and 
humans results in a defect in CSR and SHM 
(8, 9). AID-deficient mice display a massive 
accumulation of intestinal IgM plasma cells 
(10) and enlarged GC in all lymphoid tissues, 
even in the absence of deliberate immuniza- 
tion (8). The presence of IgM plasma cells in 
the intestines of AID-/- mice was explained 
by the finding that LP B cells ordinarily 
switch preferentially to IgA and then differ- 
entiate to IgA plasma cells in situ, with the 
help of factors produced by LP stromal cells 
(10). In the absence of AID, this is prevented, 
which leads to IgM accumulation and PP 
enlargement. 

We observed that AID-/- mice bred on 
a BALB/c or a C57BL/6 background devel- 
oped not only unusually enlarged PP but 
also a striking number of protruding follic- 
ular structures on their small intestine (Fig. 
1A). These structures were particularly pro- 
nounced on duodenal and jejunal segments 
of small intestines of AID-/- mice (fig. S1, 
A and B), and most protruding structures 
were located on the antemesenteric side. 
These were already visible by 5 weeks of 
age, and their number and size dramatically 
increased with age (Fig. 1, A and B). Im- 
munohistochemical studies revealed that 
protruding structures of the LP had an ar- 
chitecture very similar to that of PP folli- 
cles (11). Thus, they were filled with IgM+ 
B cells within a follicular dendritic cells 
(FDC) network (Fig. 1C, a and b), with T 
cells interspersed between B cells (Fig. 1C, 
c and d) and dendritic cells in a region that 
resembled the subepithelial dome of PP 
(Fig. 1C, e and f). The similarity in orga- 
nization of these structures and ILFs (6) 
(Fig. 1C, a, c, and e) indicates that these 
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represent significant hyperplasia of ILFs. 
Enlargement of ILFs in BALB/c AID-/- 

mice was already detectable at day 9 after 
birth (Fig. 1D, a and b), and the size differ- 
ences were even more pronounced by 21 days 
of age (Fig. 1D, c and d). Surprisingly, at 
these time points there were no obvious dif- 
ferences in size and structure of PP between 
AID-/-, AID+/-, and wild-type mice (Fig. 
ID, g to j). Both LP and PP follicles of older 
AID-/- mice displayed considerable expan- 
sion of GC regions and reduced corona zones 
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(Fig. 1D, f and 1) compared with PP follicles 
in AID+/- mice (Fig. 1D, k). B cell accumu- 
lation was also found in mesenteric lymph 
nodes and spleens of older AID-/- mice 
(Fig. 2A), and B cells isolated from AID-- 
mice appeared to be more activated than 
those from AID+/- mice housed under iden- 
tical conditions (12). Consistent with this, 
more than half of ILF and PP B cells were 
B220+PNA+ cells involved in GC reactions 
(Fig. 2B). The absolute number of GC B cells 
in gut-associated lymphoid tissue as well as 
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Fig. 1. Follicular hyperplasia in AID-/- small intestine. (A) Photograph of small intestine with PP 
(AID+/-) and with PP and LP follicles (AID-/- ) of 20-week-old mice. (B) Number of PP and LP 
follicles (ILFs) in C57BL/6 mixed background and BALB/c AID-/- mice at the indicated ages. (C) 
Serial sections of LP follicles (a, c, and e) and PP (b, d, and f) from 20-week-old AID-/- mice stained 
for IgM (red) and CD21 (green) to detect FDC (a and b), CD3 (green) for T cells (c and d), and CD1 c 
(green) for dendritic cells (e and f). Insets in (a, c, and e) represent sections of ILFs from AID+/- 
mice. Original magnification = 10. (D) Hematoxylin and eosin section staining of LP follicles (a 
to f) and PP (g to 1) from AID+/- (a, c, e, g, i, and k) and AID-/- (b, d, f, h, j, and I) mice. The ages 
of mice were 9 days (upper), 21 days (middle), and 20 weeks (lower). Original magnifications = 
X10 (a to e) and X4 (f to I). 
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Fig. 2. Increased number of highly proliferating 
GC B cells in AID-/- mice. Total number of B220+ 
cells (A) and absolute number of GC B cells (C) in 
20-week-old mice. Data represent mean ? SE 
(n = 12) for each mouse type. (B) Representative 
flow cytometric profiles of cells isolated from 
pooled protruding ILFs and all PP cells, stained for 
B220 and peanut agglutinin (PNA). Most B cells in 
ILFs and PP were B220+PNA+, involved in GC 
reactions. (D) Percentage of BrdU+ cells in 
B220+PNA+ cells in AID/- (white bars) and 
AID-/- (black bars) mice. Twenty-week-old mice 
received 0.6 mg of BrdU intraperitoneally every 
12 hours for 6 days and were analyzed at day 7. 
Data represent mean ? SE (n = 3; unpaired 
Student's t test). (E) Total number of 
B220+PNA+ cells in popliteal lymph nodes of 
20-week-old AID+/- (black line) and AID-/- (red 
line) mice, before and after food pad immuniza- 
tion with NP-CGG/alum (mean + SE; n = 3). (F) 
No significant differences in B cell proliferation 
and survival in de novo induced GC, as shown by 
percentages of labeled cells pulsed with BrdU for 
6 days and then chased for another week 
(mean ? SE; n = 3). MLN = mesenteric lymph 
node, LPL = LP lymphocytes. 
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in spleen was drastically increased in AID-/- 
mice compared with the number in control 
mice (Fig. 2C). 

We found that more B220+PNA+ cells 

incorporated bromodeoxyuridine (BrdU) in 

AID-/- than in AID/- mice (Fig. 2D). To 
examine whether the enhanced proliferation 
of GC B cells in AID-/- mice was due to 
intrinsic defects in AID-deficient B cells, we 
studied the kinetics of de novo GC formation 

by immunization. We chose popliteal lymph 
nodes because of a very small number of GC 
in nonimmunized mice (Fig. 2E). The total 
numbers of B220+PNA+ B cells in popliteal 
lymph nodes of both AID-/- and AID+/- 
mice gradually increased at days 3, 6, and 9 
after immunization. Therefore, we assumed 
that the large majority of GC (a 10-fold in- 
crease by day 9) was induced de novo and 
had developed in a synchronized manner 

(Fig. 2E). We found no significant differenc- 
es of B cell proliferation and survival in 
induced GC, as determined by BrdU labeling 
in a pulse-chase experiment (Fig. 2F), in 

agreement with our in vitro data (8). Thus, 
the increased uptake of BrdU in nonmanipu- 
lated AID-deficient mice is likely due to an 
intense antigenic stimulation with constant 
induction of GC formation. 

We next examined whether gut flora 

might be disregulated in the absence of IgA 
switching and/or SHM. When 20-week-old 
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Fig. 4. Repertoire diversity of ILF B cells. (A) 
Combinatorial diversity in IgM B cells isolated 
from four protruding ILFs, all PP (n = 8) and 
spleen (Spl) from 56-week-old AID-/- and 
AID+/- mice, as calculated by the frequency of 
transcripts of a given in-frame VDJ rearrange- 
ment. Two mice were analyzed for each geno- 
type. Each color represents a unique VDJ rear- 
rangement. (B) Different predominant VH 
genes among B cells isolated from five individ- 
ual ILFs isolated from duodenal, jejunal, and 
ileal segments of 56-week-old AID-/- mice, 
shown as frequency of the indicated genes in 
sequenced clones. 

mice housed under specific pathogen-free 
conditions were analyzed, a 100-fold increase 
in the number of anaerobic bacteria was ap- 
parent in the small intestines of AID-/- mice 
(Fig. 3A). In contrast, the small intestine 
microbiota of age-matched AID+/- mice 
were dominated by aerobic bacteria and only 
0.1% of microflora were composed of anaer- 
obes (Fig. 3A). The total number of bacteria 
in the small intestine was comparable in 
AID-/- and AID+/- mice (1.9 x 108 and 
3.3 X 108 bacteria per g of intestinal con- 
tents, respectively). However, unlike normal 
mice, which contain anaerobes predominant- 
ly in cecal fluid and the large intestine (1), the 
anaerobic expansion observed in AID-/- 
mice was generalized throughout the small 
intestine (fig. S1C). The complexity of mi- 
crobiota and the total numbers of bacteria 
found in upper and middle segments of the 
small intestine of AID-/- mice were very 
high, although less than in cecum, and com- 
parable with that of lower segments (fig. 
S1D). No significant changes could be de- 
tected in the flora of the large intestine of 
AID-/- mice (12). 

To determine the potential involvement 
of gut microbiota in the induction of follic- 

REPORTS 

ular hypertrophy in LP of AID-/- mice, we 
decreased the intestinal flora by oral ad- 
ministration of large-spectrum antibiotics, 
which covered both aerobic and anaerobic 
bacteria (11). After 2 weeks of treatment, 
protruding follicles were either absent or 
very strongly reduced along the small in- 
testine. This corresponded with a decrease 
in the number of anaerobes in the small 
intestine below the limits of detection (12). 
This was also reflected in a dramatic reduc- 
tion of B220+PNA+ GC B cells and 
B220+IgM+ GC B cells, especially in the LP 
of treated AID-/- mice (Fig. 3, B and C). 
Strikingly, antibiotic treatment (metronidazole) 
directed against anaerobic bacteria decreased B 
cell activation in all lymphoid tissues, as shown 
by a marked reduction in the number of GC B 
cells (Fig. 3C), thus emphasizing the impact of 
exacerbated numbers of intestinal anaerobes on 
the nonmucosal immune system. 

To confirm that the massive expansion of 
B cells in AID-/- mice resulted from anti- 
genic stimulation, we sequenced and com- 
pared the repertoire of the variable region of 
immunoglobulin heavy-chain (VH) genes 
from IgM B cells in older AID-/- and 
AID+/- mice. The repertoire of spleen or 
lymph node B cells in aged mice was oligo- 
clonal in the absence of external stimulation 
but became polyclonal after in vitro lipopoly- 
saccharide (LPS) stimulation (13). We found 
that, in AID-/- mice over 50 weeks of age, 
the repertoire of B cells isolated from hyper- 
plastic follicles was diverse, consisting of 
many kinds of VH genes and their combina- 
torial VDJ sequences (Fig. 4A). By compar- 
ison, the repertoire of B cells in PP of older 
AID-/- mice was less complex (24 VDJ per 
38 clones sequenced) than in LP follicles (52 
VDJ per 60 clones) (Fig. 4A) and was com- 
parable to the diversity of PP B cells from 
age-matched AID+/- mice (30 VDJ per 40 
clones) (Fig. 4A). The repertoire of B cells in 
spleens of AID-/- mice was also diverse, 
contrasting with an oligoclonal expansion of 
spleen B cells in AID+- mice (Fig. 4A). 
Interestingly, the representation of the pre- 
dominant VH gene was different in each in- 
dividual follicle (Fig. 4B), suggesting that 
selection and expansion of B cells was likely 
to have taken place in situ, possibly depend- 
ing on the prevailing antigenic diversity of 
local bacteria. 

The evidence presented here supports 
the proposal that ILF B cells play a major 
role in maintaining gut homeostasis. In the 
absence of both CSR and SHM, anaerobic 
bacteria were able to expand and induced 
hyperplasia of ILF and overstimulation of 
the nonmucosal immune system and enor- 
mous expansion of GC B cells. Important- 
ly, IgA-deficient mice do not develop ILF 
hyperplasia in the small intestine (14) de- 
spite a similar accumulation of IgM in 

place of IgA and well-developed PP with 
enlarged GC in these animals (15). Because 
SHM is completely abrogated in the ab- 
sence of AID expression (8) but not in 
IgA-/- mice, the significantly more severe 
phenotype in AID-/- mice indicates the impor- 
tance of SHM in the gut. In this respect, SHM 
would enhance the diversity of local B cells, 
and this may be a critical feature for homeo- 
static control of gut bacteria. 

The follicular phenotype we described for 
AID-/- mice resembles nodular lymphoid 
hyperplasia, a lymphoproliferative disorder 
associated with common variable immunode- 
ficiency syndrome (16). Strikingly, patients 
with common variable immunodeficiency 
syndrome manifesting nodular lymphoid hy- 
perplasia have not only extremely low levels 
of IgA, or IgG, but also a dramatic reduction 
in SHM of IgV genes (17). Although the 
cause of the development of follicular hyper- 
plasia in humans remains unknown, it was 
suggested to occur as a result of local im- 
mune responses to the gut antigens (18). We 
showed that, at least in mice, this extreme 
hyperplasia of ILF was due to a disregulation 
of the commensal bacteria and that appropri- 
ate antibiotic treatment could abolish this 
phenotype. Our analysis of AID-/- mice 
thus opens new perspectives for clinical stud- 
ies on mucosal immune diseases. 
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