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The intestinal microbiota changes dynamically from birth to adulthood. In this study we identified y-Proteobacteria as
adominant phylum presentin newborn mice thatis suppressed in normal adult microbiota. The transition from a neonatal
to a mature microbiota was in part regulated by induction of a y-Proteobacteria-specific IgA response. Neocolonization
experiments in germ-free mice further revealed a dominant Proteobacteria-specific IgA response triggered by the
immature microbiota. Finally, a role for B cells in the regulation of microbiota maturation was confirmed in IgA-deficient
mice. Mice lacking IgA had persistent intestinal colonization with y-Proteobacteria that resulted in sustained intestinal
inflammation and increased susceptibility to neonatal and adult models of intestinal injury. Collectively, these results
identify an IgA-dependent mechanism responsible for the maturation of the intestinal microbiota.

Introduction

The intestinal microbiota is highly dynamic and alters with
age. Humans demonstrate a distinct change in the composition
of bacterial populations from birth to adulthood, after which the
intestinal bacteria remain relatively stable and are characterized by
two dominant phyla, Bacteroidetes and Firmicutes."* The factors
contributing to the establishment of the mature microbiota in
adult humans and mice have largely been attributed to alterations
in the diet and changes in the oxygen content of the intestinal
lumen.? In addition, the involvement of immune mechanisms in
regulation of the gut bacterial composition is suggested by altered
microbiota in genetically modified mice or during experimental
intestinal infections.*> However, the precise innate and adaptive
immune mechanisms regulating the composition of the
microbiota from birth to adulthood are still poorly understood.

On one end of the spectrum, incomplete development of
the immune system in preterm infants is associated with the
development of necrotizing enterocolitis, a disease with high
mortality strongly correlated with aberrant microbiota and
disrupted immune regulation.®® Altered control of intestinal
bacteria in adults can also result in intestinal inflammation and
carcinogenesis.” Mouse models for intestinal inflammation have
revealed several key factors that are involved in maintenance
of homeostatic interactions of the host with intestinal bacteria.
Among the most prominent innate immune factors are TLRs,
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the TLR/IL-IR adaptor protein MyD88 and Nod-like receptors
(NLR)."" Adult mice lacking these proteins harbor altered
microbiota and are very susceptible to intestinal injury caused
by chemicals or intestinal pathogens.”*' In addition, both
B and T cells are indispensable for the regulation of bacterial
communities under steady-state and inflammatory conditions.”
By understanding how innate and adaptive mechanisms control
the transition of the intestinal microbiota into adulthood, we
can identify targets for potential therapies of related diseases. We
therefore hypothesized that innate or adaptive mechanisms are
responsible for regulating the intestinal bacterial composition
from the neonate to the adult.

Results

Proteobacteria dominates in the “immature,” but not the
“mature,” microbiota

The newborn period is marked by neo-colonization of the
gastrointestinal tract. The mature microbiota provides multiple
beneficial effects to the host, but mechanisms determining
composition of the microbiota are poorly understood.'®"” We
first analyzed the dynamics of the microbiota by quantifying
major bacterial phylogenetic groups in newborn and adult mice.
Quantitative analysis of intestinal bacteria by RT-PCR revealed
dramatic dominance of y-Proteobacteria (Fig. 1A), in particular
of Enterobacteriaceae. in newborn mice compared with adult
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mice. The progressive maturation of the intestinal microbiota
was characterized by a significant diminution of the proportion
of this genus over time. This was accompanied by the progressive
expansion of Bacteroides, a phylum that together with Firmicutes
dominates in the luminal colonic contents of adult mice. These
results were confirmed by 454-based DNA pyrosequencing of
16S rRNA libraries from colonic contents (Fig. 1B; Fig. S1 and
S2A and B). Fluorescence in situ hybridization (FISH) analysis
of luminal colonic bacteria in 1-, 3- and 6-week old mice further
demonstrated that Enterobacteriaceae are the major bacteria in
neonatal mice (Fig. 1C and D), which comprised over 75% of
the total commensal bacteria (Fig. 1E). Our results revealed that
overwhelming dominance by Proteobacteria marks the neonatal,
“immature” microbiota, which is in stark contrast to the
composition of the mature microbiota, predominantly consisting
of Bacteroidetes and Firmicutes.

Immature microbiota is a cause of intestinal inflammation

Clinical studies reveal that the developing intestine is
more prone to inflammation.'® While the precise mechanisms
behind this are incompletely understood, early aberrant
bacterial colonization is thought to play a role.” Our analysis
of proinflammatory cytokines revealed dramatically elevated
levels of MIP-2, TNF-a and IFN-v in 1-week old mice when
compared with adult controls (Fig. 2A). These results were
observed at both the mRNA and protein levels in colonic tissue
(Fig. 2B). To formally examine if the immature microbiota is
responsible for early colonic inflammation, age-matched germ-
free mice, which are microbiologically sterile, were studied in
similar experiments. We found that the lack of intestinal bacteria
in germ-free animals ameliorated the difference seen in newborn
and adult mice (Fig. 2C).

TLR and MyD88 play a limited role in regulation of
intestinal microbiota

Toll-like receptors and the adaptor protein MyD88 play a
major role in the regulation of host-microbial interactions.?
In addition, MyD88 is indispensable for control of commensal
bacteria under steady-state and inflammatory conditions.”” We
therefore investigated the involvement of MyD88 and major
Toll-like receptors involved in bacterial recognition in limiting
the expansion of Proteobacteria. While newborn mice lacking
MyD88 showed an enhanced expression of Proteobacteria 16s
tRNA, the difference was ameliorated by 3 weeks of age (data
not shown). Furthermore, in agreement with previous results,**
no significant variation in composition of adult microbiota was
observed in mice lacking MyD88 when compared with their
wild-type controls (Fig. 2D). Thus, MyD88 is largely dispensable
for limiting Enterobacteriaceae and establishing Bacteroidaceae
in the mature microbiota.

In addition to Toll-like receptors, B-cells are also known to
play a role in the regulation of the microbiota in adult mice.?
In order to investigate if B-cells are involved in establishing the
mature microbiota, we profiled the composition of major bacterial
phyla in the colon of newborn and adult /ghm™ deficient mice
that have arrested B-cell differentiation. Lack of B-cells in adult
mice resulted in an altered phenotype more consistent with the
immature microbiota seen in neonatal WT mice characterized
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by expansion of Proteobacteria spp. (Fig. 2D; Fig. S2C).
These results indicate that B-cells play a role in the control of
Proteobacteria by limiting their expansion in adult mice.

Induction of Proteobacteria-specific IgA in developing
intestine

A major function for B-cells in mucosal tissues is regulation
of commensal bacteria via production of IgA.?”” To determine
interaction of fecal IgA with bacterial antigens, we prepared
antigens from 1-, 3- and 6-week old mice colonic contents.
Whereas we detected greater quantities of total luminal IgA in
colonic fecal contents of 1-week old mice vs. 6-week old mice
(Fig. 3A), there was a limited ability of this antibody to interact
with antigens prepared from intestinal bacteria (Fig. 3B). This
was observed for bacterial antigens prepared from both the
neonatal and adult mice. In contrast, higher antigen reactivity to
commensal bacterial antigens was observed for IgA secreted in the
lumen of adult mice, and that reactivity was highest to antigens
obtained from 1-week old mice (Fig. 3B). To identify bacterial
taxa targeted by B-cell mediated antibody responses, we sorted
highly purified IgA-coated and non-coated bacteria from the
same mice (Fig. 3C) and analyzed their 165 RNA by gPCR. Our
experiments revealed that the majority of IgA-coated bacteria were
Proteobacteria spp. (Fig. 3D), in particular Enterobacteriaceae.
In contrast, Bacteroidetes and Firmicutes were nearly equally
represented among IgA positive and negative bacteria. To
further test if IgA preferentially targets Proteobacteria, we used
a re-colonization model of GF mice utilizing colonic contents
prepared from 1-, 3- and 6-week-old mice. We observed that GF
mice reconstituted with the microbiota prepared from 1 week old,
but not adult mice, triggered IgA secretion that interacted with
Proteobacteria known to be enriched in newborn mice (Fig. 3E).
These results provide an explanation for the higher reactivity
of adult IgA with the immature microbiota. Furthermore, the
induction of IgA by 1-wk-old but not adult commensal bacteria
suggested that Proteobacteria are likely the major inducers of IgA
production by B cells.

Antigen presenting cells (APCs), in particular DCs, play an
important role in the induction of IgA by B-cells.?® We therefore
investigated if APCs are responsible for guiding Proteobacteria-
specific antibody responses. To address this possibility, we sort
purified lamina propria APCs based on the CDl1lc cell surface
marker highly expressed on dendritic cells and intestinal
macrophages.” Pooled APCs from 1-wk, 3-wk and 6-wk-old mice
were analyzed by 454-based DNA pyrosequencing of 16S rRNA.
We observed that despite the high frequency of Bacteroides and
Firmicutes detected in the lumen of adult mice, CD11c+ cells
were enriched for Proteobacterial specific 16S RNA (Fig. 3F;
Fig. §3). At the same time, Bacteriodes specific signals remained
similar in these APCs. Taken together, our results combined with

previously established requirements for DCs*

in the regulation
of antibody responses provide an explanation for the preferential
induction of the Proteobacteria-specific IgA response.
IgA deficiency leads to increased colonization by
Protebacteria and enhanced susceptibility to intestinal damage
To assess the physiological importance of Proteobacteria-

specific IgA seen in adult mice, the composition of the
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are depicted as mean + SEM (* p < 0.05, ** p < 0.01).

Figure 1 (See opposite page). Immature microbiota in newborn mice is characterized by a predominance of Proteobacteria. (A) The relative abundance
of Proteobacteria (red), Bacteroidetes (green) and Firmicutes (black) present in colonic contents of 1, 3, and 6-week-old mice was analyzed by qRT-PCR.
Data are represented as fold change relative to 1-week old mice. (B) The proportion of major bacterial phyla seen in 1, 3, and 6 weeks old mice was
analyzed by 454-pyrosequencing. (C) Fluorescence in situ hybridization detection of Enterobactericeae (green) and Eubacteria (red) or (D) Bacteroidaceae
(green) and Eubacteria (red) in colons of 1, 3, and 6 week old mice. (E) Quantification of the FISH positive cells per 500 um? section from a minimum of 10
sections from 3-4 mice at each age group shown in (C) and (D). The data shown are representative of 3 experiments with 5-7 mice in each group. Data

microbiota in IgA deficient mice was examined in comparison
to their WT counterparts. Lack of IgA resulted in a significant
expansion of Proteobacteria seen in colon of newborn mice
(Fig. 4A). Furthermore, in contrast to WT mice, IgA deficient
animals harbored increased numbers of Proteobacteria even as
adults. These conclusions were established by qRT-PCR and
further confirmed by FISH analysis (data not shown). This
phenotype persisted after co-housing of WT and Igha™'~

with no transmission between groups (Fig. S4A). It appears

mice

that Proteobacteria represents a persistent phylum in the
absence of IgA. Because of the observed association between

Proteobacteria and intestinal inflammation,*3!

we investigated
if the Proteobacteria-enriched microbiota seen in IgA deficient
mice result in elevated levels of colonic pro-inflammatory
mediators. Both WT and /gha”'~ had comparable and elevated
expression of MIP-2, TNF-a and IFN-vy in their colons at
1-week of life likely due to the high frequency of Proteobacteria
seen in both strains of mice (Fig. 4B). In addition, the
persistence of Proteobacteria in 6-week-old Jgha™~ mice resulted
in sustained or enhanced expression of these pro-inflammatory
factors. Thus lack of IgA resulted not only in expansion of
Proteobacteria, but also triggered a persistent and exaggerated
inflammatory phenotype.

To determine if the increased abundance of Proteobacteria
seen in IgA deficient mice would result in increased susceptibility
to inflammatory states, we first utilized a model of DSS-induced
colonic injury in adult mice. IgA deficient mice showed more
severe and extensive colitis than WT mice represented by higher
pathology scores and higher expression of pro-inflammatory
cytokines (Fig. 4C). Additionally, DSS colitis in IgA deficient
mice was further associated with an expansion of Proteobacteria,
in particular Enterobacteriaceae (Fig. 4D), and increased
expression of the pro-inflammatory cytokines MIP-2, TNF-a
and IL1B (Fig. 4E).

Using a different model in which PAF/LPS are administered
to pre-weaned 10-d-old mice, gha”~ pups were also found to be
more susceptible to intestinal injury when compared with their
WT controls (Fig. S4B). These results suggest that Proteobacteria
and its persistence as seen in IgA deficient mice is dysbiotic and
results in enhanced susceptibility to intestinal injury in neonatal
and adult mice.

Discussion

In our studies here, we extensively characterized the dynamics
of bacterial composition in newborn and adult mice. We
established that the microbiota in newborn mice was dominated
by y-Proteobacteria, mostly consisting of Enterobacteriaceae. We
observed that the transition of this “immature” to a more “mature”
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microbiota in adult mice was characterized by replacement
of Enterobacteriaceae with Bacteroidetes and Firmicutes.
Upon investigation of the mechanisms regulating this unique
transition, we established that, while TLR/MyD88 played a role
in the maturation of the intestinal microbiota, B cells, and in
particular IgA, were indispensable for this process. Analysis of IgA
specificity in conventional adult mice colonized with commensal
intestinal bacteria revealed that IgA was largely directed toward
Enterobacteriaceae. We found that lamina propria (LP) CDl11c+
antigen-presenting cells preferentially sample Enterobacteriaceae.
Furthermore, experiments with neocolonization of germ-
free (GF) mice with immature and adult microbiota revealed
a potent IgA response targeting Enterobacteriaceae. Finally,
examination of IgA-deficient mice strongly supported a major
role for IgA in restricting Enterobacteriaceae in adult mice. Lack
of IgA resulted in incomplete transition to a mature microbiota
and greatly enhanced susceptibility in both neonatal and adult
models of intestinal injury. Taken together, these results reveal
that a targeted IgA response against Enterobacteriaceae is crucial
in regulating maturation of the intestinal microbiota and in
limiting Proteobacteria-associated colonic inflammation.

The transition of the microbiota in humans from the neonate
to the adult is unique and follows a consistent pattern, with slight
variations based on diet and mode of delivery at birth.*>** The
role of immune mechanisms in the regulation of the microbiota
has only recently become the subject of investigation. In this
study, we identified an IgA-dependent mechanism responsible
for the establishment of the “mature” microbiota in adult mice.
While the microbiota of newborn mice, which we defined as
“immature,” was dominated by y-Proteobacteria, the intestinal
bacteria of adult mice were dominated by Bacteroidetes and
Firmicutes. We as well as others have shown that the pre-weaned
murine intestine is pro-inflammatory.>>*® This proinflammatory
environment has been shown to produce nitrate, which
consequently confers a growth advantage to members of the
Enterobacteriaceae genus, including E. coli?"’ We show here that
genus-specific IgA production is important in limiting expansion
of Enterobacteriaceae. Failure to produce IgA resulted in abnormal
composition of the intestinal bacteria in adult mice that was
reminiscent of the immature microbiota, resulting in enhanced
colonic inflammation. A major role for immature microbiota
in driving inflammation is implicated by marked decreased in
production of proinflammatory cytokines as Proteobacteria were
progressively replaced by Bacteroidetes and Firmicutes in adult
mice. The finding of non-age-dependent lower levels of intestinal
pro-inflammatory cytokines during the neonatal period in germ-
free mice strongly supports the concept that bacterial colonization
is essential for colonic inflammation. Collectively, our findings
argue in favor of a major role for Proteobacteria in driving colonic
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Figure 2. B cells restrict the immature microbiota responsible for early intestinal inflammation. Quantification of MIP-2, TNF-a and IFN-y by (A) gRT-PCR
and (B) ELISA. Data represented as fold change relative to 1-week old mice. (C) Comparative expression of colonicinflammatory cytokines in conventional
and GF mice was analyzed by qRT-PCRin 1 and 6 week old mice. (D) qRT-PCR-based quantification of Enterobacteriaceae and (E) Bacteroidaceae in adult
WT, Myd88-, and Ighm~- mice. Data represented as fold change relative to WT adult mice. The data shown are representative of 3 experiments for

conventional and 2 experiments for GF mice, with 5-7 mice in each group

inflammation, which is particular relevant in neonatal mice
colonized with the immature microbiota.

Our studies show that, in conventionally raised neonatal
mice, the development of selective induction of IgA against
Proteobacteria resulted in the gradual loss of this phylum. The lack

. Data are depicted as mean + SEM (* p < 0.05, ** p < 0.01).

of IgA specificity to Proteobacteria despite a significant amount
seen in l-week-old mice may be attributable to non-specific IgA
from breast-milk. Whether specificity to Proteobacteria develops
in breast milk as well or solely as an intrinsic response warrants
investigation. We further showed that lack of IgA prevented the
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suppression of Proteobacteria and resulted in dysbiosis associated
with
examining mouse mutants lacking secretory immunoglobulins

have identified an altered microbial profile in the small
24-26

increased intestinal inflammation. Previous studies

intestine. While these studies did now show an increase in
Proteobacteria, the microbiota in the small and large intestine
are known to be unique®® and differences in the mouse models
can alter the microbiota based on the presence or lack of IgM
and IgG. Of note, there appears to be a reciprocal decrease in
Bacteroidetes in mice that show an expansion of Proteobacteria,
we can speculate that this is due to competition or inhibition
by Proteobacteria, however the precise mechanism is unknown
and is being investigated. Neo-colonization experiments in germ-
free mice with intestinal bacteria isolated from 1, 3, and 6 weeks
old mice further support the role of Proteobacteria in inducing a
specific IgA response. An equivalent response could potentially
be triggered at a later time point in mice colonized with mature
microbiota as a result of lower baseline IgA producing plasma
cells. However, the fact that a robust response is seen at 5 d with
the Proteobacteria-rich “immature” microbiota highlights the
importance of this phylum in triggering the adaptive immune
system.

It appears that IgA deficiency predisposed these mice to a high
susceptibility to colonic damage. These results are of significance
sinceIgA deficiencyisoneofthe most common immunodeficiencies
seen in humans and there is an increased susceptibility to colitis in
these individuals.® Of particular note, 10-15% of IgA deficient
individuals are susceptible to inflammatory and autoimmune
gastrointestinal disorders including Crohn disease and ulcerative
colitis.*” Mouse models of immunoglobulin deficient mice have

shown altered transcriptome profiles,

indicating compensation
by other immune mechanisms of defense. This may explain the
mild baseline phenotype seen in IgA deficient mice but could
also contribute to the enhanced susceptibility when challenged
with DSS. It is also interesting that there is a reduced incidence
of NEC in preterm infants supplemented with breast milk which
is rich in IgA.*" An association of NEC with Proteobacteria®’
suggests that IgA specific to Proteobacteria play a role in
preventing NEC. In our studies, IgA deficiency did not result
in spontaneous colitis, but there was an increased susceptibility
to intestinal injury seen in both adult and newborn gut injury
models. Furthermore, compared with control mice, some aging
IgA deficient mice developed spontaneous rectal prolapse (our
unpublished observation). Our data support the hypothesis that
complete or relative insufficiency in IgA against Proteobacteria,
as seen in newborns, results in a persistence of Proteobacteria and
increased susceptibility to inflammation and injury.

Utilizing FISH staining, Tsuruta et al. have shown that
Enterobacteriaceae have preferential coating of IgA in 9-week-
old mice.” Our study further shows that this specificity develops
over time and with exposure to Proteobacteria, as seen in the
experiments with specific re-colonization of germ-free mice. The
mechanism of production of Proteobacteria-specific IgA appears
to be mediated by the selective uptake of these bacteria by DCs.
The mechanisms by which DCs take up this more invasive
phylum could include phagocytosis.? Proteobacteria-specific IgA
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antibodies may then act to establish the normal microbiota in adult
mice by steric hindrance or as a potent neutralizer of mitogenic
activity.* The precise molecular mechanism of IgA induction
to Proteobacteria may be T-cell dependent or independent® and
warrants further investigation. The lack of histologically evident
colonic inflammation in non-stressed IgA deficient mice may be
due to compensation by other immunoglobulins, in particular
IgM and IgG, since it has been found that IgM levels in IgA
deficiency are increased* and IgM plays a role in restricting
colonic bacteria.’

In summary, our study highlights the importance of IgA
in establishing a beneficial commensal bacterial population
via selective suppression of Proteobacteria needed for reducing
susceptibility to colonic injury and inflammation.

Materials and Methods

Mice

C57BL/6 mice were obtained from the University of Texas
Southwestern (UTSW) Medical Center Mouse Breeding
Core Facility. Germ-free C57BL/6 mice have been described
previously.”*® Igha™'~ mice were initially purchased from Jackson
Laboratory and bred for 3 generations in our animal facility prior
to experimentation to ensure a stable microbiota composition
within the environment of our animal facility. Myd88- mice
were generously provided by S. Akira and have been described
previously in experimental colitis studies’ All mice were
maintained at the American Association of Laboratory Animal
Care-accredited animal facility at the UTSW Medical Center.
All of the animals that were used were age and sex-matched. All
mice except GF animals were maintained in the same animal
room.

RT-PCR

Total RNA was purified using TRIZOL reagent and
subjected to first-strand cDNA synthesis by using SuperScript I11
(Invitrogen). Real-time PCR was performed using Ssofast PCR
Master Mix (Biorad) and the MylQ real-time PCR machine
according to the manufacturer’s instructions. For colonic
cytokines, data were analyzed by the C_threshold cycle method
with normalization for starting template performed using a
housekeeping gene, SRP-14. For bacterial 16S rRNA analysis,
sampleswere normalized to Eubacteria. Primersequenceswere used
as follows: Murine SRP-14 5-AAGTGTCTGT TGAGAGCCAC
GGAT-3" and 5-CTGTCACTGT GCTGGTTTGC TCTT-

3'; MIP2  5-CTCTCAAGGGCGGTCAAAAAGTT-3'
and 5'-TCAGACAGCG AGGCACATCA GGTA-
3'; TNF-a 5'-CCACCACGCTCTTCTGTCTAC-3'
and  5"TGGGCTACAG  GCTTGTCACT-3’;  IFN-y

5-AACGCTACAC ACTGCATCT-3' and 5-GAGCTCATTG
AATGCTTGG-3;1L-1B 5'-CCTTCCAGGATGAGGACATG
A-3" and 5“TGAGTCACAG AGGATGG-GCTC-3'. Bacterial
primers used are as follows: Eubacteria 5-ACTCCTACGG
GAGGCAGCAGT-3"and5-ATTACCGCGGCTGCTGGC-3;
v-Proteobacteria 5" TAACGCTTGG GAATCTGCCT
RTT-3' and 5-CATCTRTTAG CGCCAGGCCT TGC-3%;
5-GTGCCAGCMG CCGCGGTAA-3’

Enterobacteriaceae
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Figure 3 (See opposite page). Preferential induction of Proteobacteria specific IgA. (A) Quantification of total colonic IgA in 1 and 6 week old mice by
ELISA. (B) Detection of bacterial antigen specific IgA in 1 and 6 week old mice by ELISA. Bacterial antigens were prepared from colonic contents of 1, 3,
and 6- week old mice by sonication as described in the Materials and Methods section. (C) Cell-sort based purification of IgA positive and IgA negative
bacteria and their post sort analysis. The percentages shown indicate purity of IgA positive and negative populations achieved. (D) gRT-PCR analysis of
IgA positive and negative Enterobacteriaceae (red), Bacteroidaceae (green) and Firmicutes (black) shown as ratio of IgA positive to IgA negative bacteria.
(E) Total IgA measured in GF mice gavage fed with 1-, 3-, or 6-week microbiota measured on day 5 post-recolonization (left). Enterobacteriaceae-specific
IgA in the recolonized GF mice was measured by flow-cytometry in the same sample (right). (F) Proportion of major bacterial phyla seen in pooled
APCs from 4 mice per group isolated from lamina propria in 1, 3, and 6 week old mice were analyzed by 454-pyrosequencing. The data shown are
representative of three experiments with 4-6 mice in each group. Data are depicted as mean + SEM (* p < 0.05 and ** p < 0.01).

and  5-GCCTCAAGGG  CACAACCTCC  AAG-3';
Bacteroidetes 5-GGTTCTGAGA GGAGGTCCC-3'
and 5-GCTGCCTCCC  GTAGGAGT-3';  Firmicutes
5-GGAGYATGTG GTTTAATTCG AAGCA-3" and
5'-AGCTGACGAC AACCATGCAC-3".

454-based DNA pyrosequencing

Colonic contents were extracted and genomic DNA isolated
using DNA stool kit (QIAGEN). Sort purified lamina propria
CDllc* cells pooled from 4 mice per age group were used to
prepare bacterial DNA using DNeasy Blood and Tissue Kit
(QIAGEN). DNA prepared was further purified and cleaned
using a DNA clean-up kit (MoBio). Bacterial Tag-Encoded
FLX 454-Pyroseqencing was performed using bar-coded primers
28F-519R for the V1-V3 region of the 16S rRNA gene by
the Research and Testing Laboratory (Lubbock, TX). Three
thousand reads per sample were obtained. FASTA formatted
sequences were analyzed for quality and sequences that had low
quality tags, primer, ends or that failed to be at least 250 bp in
length were excluded from the analysis.

Once FASTA formatted sequences pass quality-controlled
checks as described above, the identity of each remaining
sequence was first sorted such that the FASTA formatted file
contained reads from longest to shortest. These sequences were
then clustered into OTU clusters with 96.5% identity (3.5%
divergence) using USEARCH. For each cluster the seed sequence
was put into a FASTA formatted sequence file. This file was
then queried against a database of high quality sequences derived
from NCBI using a distributed .NET algorithm that utilizes
BLASTN+ (KrakenBLAST, www.krakenblast.com). Using a
NET and C# analysis pipeline the resulting BLASTN+ outputs
were compiled and data reduction analysis performed.

Based upon the above BLASTn+ derived sequence identity
percentage the sequences were classified at the appropriate
taxonomic levels based upon the following criteria. Sequences
with identity scores, to well characterized 16S sequences, greater
than 97% identity (< 3% divergence) were resolved at the species
level, between 95% and 97% at the genus level, between 90%
and 95% at the family and between 85% and 90% at the order
level, 80 and 85% at the class, and 77% to 80% at phyla. Any
match below this percent identity was discarded. In addition, the
HSP was at least 75% of the query sequence or it was discarded,
regardless of identity.

After resolving based upon these parameters, the percentage
of each organism was individually analyzed for each sample
providing relative abundance information within and among the
individual samples based upon relative numbers of reads within
each. Evaluations presented at each taxonomic level, including
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percentage compilations represent all sequences resolved to their
primary identification or their closest relative.

ELISA

Each colon sample was weighed, cut longitudinally, washed
extensively with PBS and incubated overnight in cell culture
media (RPMI + 10% FBS). MIP-2, TNF-q, IL-1B and IFN-vy
concentrations in the supernatants were determined with
ELISA kits from eBioscience according to the manufacturer’s
instructions.

To detect unbound IgA in colonic contents, colonic contents
were obtained and normalized by weight of stool. Samples were
then vortexed and passed through a 0.22 pm filter with a vacuum
(Millipore, Steriflip). Samples were then spun at 13 000 RPM
and the supernatant obtained. The amount of IgA was measured
by ELISA (Bethyl Laboratories). To prepare antigens from colonic
contents for ELISA, stool from 1-week, 3-week, and 6-week old
mice was normalized by weight. Samples were initially vortexed
for 5 min and then spun down. The pellet was then resuspended
in PBS, sonicated for 10 min and spun down for 15 min at
maximum RPM. Supernatant was taken and protein measured
using the Bradford assay. ELISA plates were coated with 1 mg/ml
of antigen for specific age groups. IgA from colonic contents were
loaded at 1:10 dilution in triplicates. Anti-IgA Biotin and HRP-
Conjugated Streptavidin were used to detect binding of IgA.

Isolation of IgA positive bacteria

Fecal colonic contents were disrupted in PBS by vortexing for
5 min, and insoluble material was removed by filtering through
a 20 pm filter (Millipore). The bacteria were washed twice in
PBS with 5 mM EDTA and 2% FBS before resuspension in
Alexa 488-conjugated anti-IgA monoclonal antibodies (BD
Biosciences). Commensal bacteria-specific IgA were assessed by
staining luminal bacteria for 30 min on ice. Bacterial sorting
was then performed using MoFlo High Speed Sorter (Beckman
Coulter) for IgA positive and IgA negative bacteria.

Histopathology and in situ hybridization

Portions of the colon were fixed in the Carnoy fixative,
embedded in paraffin and stained with hematoxylin and eosin
(H&E). For in situ hybridization, fixed colon samples were
deparaffinized and rehydrated in hybridization buffer. The colon
sections utilizing specific bacterial probes conjugated to Alexa-
532, EUB338 general bacteria probe for a bacterial 16S rRNA
gene (5'-GCT GCC TCC CGT AGG AGT-3') and Alexa-488
for Enterobacteriaceae, ENTBAC (5'-CAT GAA TCA CAA
AGT GGT AAG CFC C-3') or Bacteroides, BAC303 (5'-CCA
ATG TGG GGG ACC TT-3"). Counting of bacterial cells was
performed using Image ] software with background correction
for Eubacteria present. Histological changes were analyzed in a
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Figure 4. For figure legend, see page 37.
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Figure 4 (See opposite page). IgA deficiency leads to persistence of Proteobacteria and enhanced susceptibility to DSS colitis. (A) Quantification of
Enterobacteriaceae and Bacteroidaceae in the colonic contents of 1- and 6- week old IgA deficient mice by gRT-PCR in comparison to their WT controls.
The data are represented as fold change from 1-week-old WT mice. (B) Expression of MIP-2, TNF-a, and IFN-+ in colon of 1- and 6-week old WT and IgA
deficient mice. (C) WT and IgA deficient mice were treated with 2% DSS in their drinking water for 10 d. Representative images of colons from control
and DSS treated WT and IgA- deficient mice (left) and their respective colitis scores (right) are shown. (D) Relative expression of Enterobacteriaceae and
Bacteroidaceae in Naive and DSS exposed mice. (E) Expression of pro-inflammatory cytokines from colon in DSS treated mice. The data shown are
representative of three experiments with 4-6 mice in each group. Data are depicted as mean + SEM (* p < 0.05 and ** p < 0.01).

double-blind fashion using a 17-point scale as follows: For crypt
integrity: 0, normal; 1, irregular crypts; 2, mild crype loss; 3,
severe crypt loss; 4, complete crypt loss with an intact epithelial
cell layer; 5, complete loss of crypts and surface epithelium
(<10 crypt width); and 6, complete loss of crypts and surface
epithelium (>10 crypts). For infiltration of inflammatory cells
into the mucosa: 0, normal; 1, mild; 2, modest; and 3, severe.
For infiltration of the submucosa: 0, normal; 1, mild; 2, modest;
and 3, severe. For infiltration of the muscle: 0, normal; 1, mild;
2, modest; and 3, severe. These scores were added, resulting in a
total scoring range of 0 to 15.

Isolation of intestinal antigen presenting cells

Isolation of LP cells was performed as follows. The small
intestine was removed and carefully cleaned of mesentery and
the Peyer patches were excised. The intestine was then opened
longitudinally, washed of fecal contents, cut into smaller
sections and subjected to 2 sequential incubations in PBS with
5 mM EDTA and ImM DTT at 37°C with agitation to remove
epithelial cells. The solution was discarded between incubation
steps and replaced. The remaining tissue was agitated in PBS
and then filtered through a 100-pm strainer. The tissue was
then incubated for 30 min with gentle agitation in 0.4 mg/ml of
Collagenase D and 50 mg/ml of DNase I at 37C. The samples
were then washed through a strainer (100 wm). LP cells were
then stained with CD45, CD11c and CD11b and sort purified
using MoFlo for CD45 and CDlIc positivity. Consistent sort
purification of approximately 93% was obtained.

Experimental design

Colonization of germ free (GF) mice with age-specific microbiota

Fecal colonic contents were vortexed for 5 min and then spun
down. The pellet was then resuspended in PBS and insoluble
material removed by filtering through a 20 pwm filter (Millipore).
The bacteria were washed twice in PBS and GF mice were colonized
by gavaging 200l (107 CFUs) of colonic contents prepared as
described above on day 0 from 1, 3 and 6-week-old conventional
C57BL/6 mice. Mice were sacrificed after 5 d. Fecal colonic
contents from recolonized and control GF mice were analyzed for
the presence of total IgA by ELISA. To detect Enterobacteriaceae-
specific IgA, E. coli were isolated from 1 wk old conventional
C57BL/6 mice on selective Chromagar plates. Bacterial colonies
were expanded and used as antigen in the FACS-based assay.
Specifically, 3 x 10° of isolated bacteria were incubated with
unbound IgA prepared from gavage fed recolonized and control
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GF mice for 30 min at 4°C. Samples were then spun at 1500 RPM
for 5 min, washed twice and stained with FITC conjugated anti-
IgA for analysis by flow cytometry. The data were analyzed with
FlowJo software (TreeStar). Two experiments were performed
with a total of 4—6 mice in each group.

Adult DSS-colitis model

Adult mice were treated with 2% (w/v) DSS (MP Biomedicals)
in their drinking water for 10 d as described previously.” Control
animals were treated with regular water without DSS. After
10 d, mice were sacrificed and colonic samples obtained for RNA
isolation, ELISA and histological analysis.> 3 experiments were
performed with 4-6 mice in each group.

Neonatal PAF/LPS model of intestinal injury

Gut mucosal injury was induced in 12-14 d mouse pups by
intraperitoneal administration of platelet-activating factor (PAF,
50 pg/kg) and LPS (1 mg/kg).“' Mice were sacrificed 2 h after
PAF and LPS administration and mucosal injury was graded
in a blinded-fashion using a scale as described previously®* and
below. Three experiments were performed with 4—6 mice in
each group.

Statistical analysis

Statistical differences were analyzed by ANOVA and ttest
using Prism 6 GraphPad Software, Inc. (San Diego, CA). Values
are expressed as mean + SEM, with statistical significance
identified as a p value < 0.05.
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