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BALB/c and C57BL/6 Mice Differ in Polyreactive IgA
Abundance, which Impacts the Generation of
Antigen-Specific IgA and Microbiota Diversity
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In Brief

Reduced microbiota diversity has been
associated with several pathologic
conditions. Rescigno et al. show that the
capacity to produce innate IgAs has an
impact on microbiota diversity. IgAs can
mediate the internalization of non-
invasive bacteria and the initiation of a
positive feedback loop of IgA production.
IgA diversity might be a marker of a
healthy condition.
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SUMMARY

The interrelationship between IgAs and microbiota
diversity is still unclear. Here we show that BALB/c
mice had higher abundance and diversity of IgAs
than C57BL/6 mice and that this correlated with
increased microbiota diversity. We show that poly-
reactive IgAs mediated the entrance of non-invasive
bacteria to Peyer’s patches, independently of
CX3CR1* phagocytes. This allowed the induction of
bacteria-specific IgA and the establishment of a pos-
itive feedback loop of IgA production. Cohousing of
mice or fecal transplantation had little or no influence
on IgA production and had only partial impact on
microbiota composition. Germ-free BALB/c, but not
C57BL/6, mice already had polyreactive IgAs that
influenced microbiota diversity and selection after
colonization. (Together, these data suggest that ge-
netic predisposition to produce polyreactive IgAs
has a strong impact on the generation of antigen-
specific IgAs and the selection and maintenance of
microbiota diversity.

INTRODUCTION

Secretory immunoglobulin (slg)A are a major component of the
epithelial barrier and play a pivotal role in maintaining intestinal
homeostasis (Cerutti and Rescigno, 2008; Corthésy, 2013).
Dimeric IgAs are secreted after binding to the polymeric Ig re-
ceptor and are released together with the secretory component
in the intestinal lumen where they bind to the host microbiota
(Brandtzaeg, 2003). (Several functions have been attributed to
IgAs, but the major one is that of immune exclusion (Mestecky
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et al., 1999). IgAs bind to microbial components and affect the
invasive potential of microorganisms by inhibiting their interac-
tion with epithelial cells and their subsequent internalization.
On the other hand, IgAs allow bacteria to attach to the mucus
that they use as an energy source (Corthésy, 2010).

IgA can also shape the microbiota composition. Mice deleted
for activation-induced cytidine deaminase (Aicda) lack IgA and
this leads to the selected expansion of potentially dangerous
microorganisms called pathobionts, such as segmented fila-
mentous bacteria (SFB) (Suzuki et al., 2004). IgAs'can reduce
the expression of inflammatory epitopes on the microbiota,
thus allowing preservation of intestinal homeostasis (Peterson
et al., 2007). Recently, a correlation between diversification of
IgAs, Foxp3* T follicular regulatory cells, and microbiota diversity
was described (Kawamoto et al., 2014).Hence, the induction of
an IgA response to the microbiota is a fundamental step for the
maintenance of immune homeostasis.

Another important function of IgAs is to allow a controlled
microbial entrance in the host. IgAs can bind to the luminal mem-
brane of microfold (M) cells that are scattered in the follicle-asso-
ciated epithelium overlying the Peyer’s patches (PPs) (Mantis
et al., 2002). Trancytosed complexes are then delivered to den-
dritic cells (Kadaoui and Corthésy, 2007), but the outcome of this
interaction is not fully understood.

M cells also express specific receptors such as the glyco-
protein (GP)-2 that mediate the internalization of type I-piliated
bacteria such as Salmonella Typhimurium (Hase et al., 2009).
However, for Salmonella to invade a cell, a type three-secretion
system (TTSS) encoded by the salmonella pathogenicity island 1
(Spi1) is required. The TTSS is like a syringe that allows the de-
livery of effector proteins in the cytoplasm of the infected cells,
leading to cytoskeleton rearrangements and bacterial internali-
zation (Lostroh and Lee, 2001; Marlovits et al., 2004). Indeed,
non-invasive strains of Salmonella do not penetrate the PPs, pre-
sumably because they are unable to enter M cells (Vazquez-
Torres et al., 1999) and do not trigger an IgA response (Martinoli
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Figure 1. C57BL/6 and BALB/c Mice Fundamentally Differ in IgA Abundance

(A) Total IgA was measured by ELISA in serum and feces of C57BL/6 and BALB/c mice (n = 13).

(B) Total IgA measured in feces of mice from different sources (see Experimental Procedures).

(C) Percentage of IgA* cells in PPs and LP of C57BL/6 and BALB/c mice measured by flow cytometry (n = 3) or ELISPOT (n = 9 for PPs, n = 3 for LP).

(D) Absolute numbers of Bla (CD43*CD5*) and B1b (CD45"CD5 ) among CD19* IgM* cells in the spleen, mLNs, peritoneal exudate cells (PECs), and PPs of
C57BL/6 and BALB/c mice (n = 4-5). For percentages see also Figure S1.

(legend continued on next page)
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et al., 2007; Vazquez-Torres et al., 1999). However, they are still
capable of entering the host via the CX3CR1* mononuclear
phagocytes (Hapfelmeier et al., 2008) to reach the mesenteric
lymph nodes (mLNs) and induce an IgG response (Martinoli
et al., 2007). Hence, if the bacteria are not invasive they are un-
able to reach the PPs and trigger an IgA response. How then is
the IgA response to the microbiota induced for strains that are
unable to enter the PPs?

In this study we show a mouse strain dependence in the abun-
dance of polyreactive IgAs, which correlated with microbiota
diversification. We show that IgAs either endogenous (specific
or polyreactive, depending on the analyzed strain and its immu-
nization status) or exogenously provided allowed non-invasive
bacteria to gain access to PPs for the induction of bacteria-spe-
cific IgAs, independently of CX3CR1" mononuclear phagocytes
or the microbiota.

RESULTS

C57BL/6 and BALB/c Mice Fundamentally Differ in IgA
Abundance

The microbiota plays an important role in the generation of IgA
responses (Round and Mazmanian, 2009) and some bacterial
species, such as SFB, are potent inducers of IgA (Talham
et al.,, 1999; Umesaki et al., 1999). It has been recently shown
that colonization of the mouse gut by Lactobacillus species is
dependent on the mouse genetic background (Buhnik-Rose-
nblau et al., 2011). Therefore, we compared the abundance of
IgAs in the feces and serum of two mouse strains to address
whether there was a relationship between microbiota and IgA
abundance. We found that BALB/c mice had much higher con-
centrations of total IgA in both serum and feces compared to
C57BL/6 mice (Figure 1A). To assess whether the observed
difference in IgA was due to gut microbiota differences associ-
ated with the vendor source, we compared IgA abundance in
C57BL/6 and BALB/c mice from different sources (Figure 1B).
All BALB/c strains had much higher total IgAs than any
C57BL/6 strain, regardless of their source. We also analyzed
samples from C57BL/6 mice known to be SFB positive or nega-
tive. As expected, presumably SFB-positive mice such as
C57BL/6 mice from the National Cancer Institute had much
higher IgAs in their feces compared to mice from other sources.
Similarly, BALB/c mice from Taconic that are known to be SFB
positive (lvanov et al., 2009) had considerable higher IgAs than
other BALB/c strains.

In agreement with the difference in total IgA amounts, we found
that BALB/c mice had higher numbers of IgA* cells in both PPs
and the lamina propria (LP) compared to C57BL/6 mice (Fig-
ure 1C). BALB/c mice also had a higher percentage and/or num-
ber of B1a B cells both in the spleen and PPs as compared to
C57BL/6 mice (Figures 1D and S1), which might contribute to
the high concentration of innate IgAs in BALB/c mice. However,
BALB/c mice also had a much higher percentage of CD4*
T cells with a T follicular helper cell phenotype (CXCR5*ICOS*)

in their PPs, which could indicate also a contribution of T-cell-
dependent IgA induction (Figure 1E). We evaluated the IgA reper-
toire diversity in the small intestinal LP of C57BL/6 and BALB/c
mice, analyzing complementarity determining region-3 (CDR3)
diversity by next generation sequencing approach. The diversity
was measured with the Shannon Index combining the amount of
different CDR3 sequences and their frequency within the reper-
toire. Results show that BALB/c mice IgA repertoire is highly
diversified compared to C57BL/6 mice (Figure 1F). Altogether,
these results indicate that BALB/c mice are characterized by a
higher abundance of IgAs, which are more diversified. This is
independent on the vendor source and reflects an increased
number of IgA* cells in the PPs and LP and a higher abundance
of B1a B cells in the PPs and spleen.

C57BL/6 and BALB/c Mice Respond Differently to
Salmonella Typhimurium

Innate IgAs have been shown to play an important role in con-
trolling Salmonella Typhimurium infection (Wijburg et al., 2006),
so we wondered whether, because of the dissimilar basal quan-
tity of IgAs, the two strains had a different capacity to respond
to a lethal Salmonella infection. We compared the survival in
response to Salmonella infection and found that naive BALB/c
mice were more protected than C57BL/6 mice (Figure 2A).
Consistently, naive BALB/c mice had much higher amounts of
innate IgA antibodies that could bind to Salmonella both in
serum and feces than naive C57BL/6 mice and that might inhibit
Salmonella invasive potential (Figure 2B). We then analyzed the
capacity of the two mouse strains to mount an IgA response to
Salmonella and we used a bacterial strain that is invasive but
that has a metabolic defect in the production of aromatic
amino acids and does not survive within the host (invasive S. Ty-
phimurium aroA). S. Typhimurium aroA induced similar concen-
tration of Salmonella-specific IgA in the feces of C57BL/6 mice
and BALB/c mice, but it induced much less Salmonella-specific
IgA in the serum of BALB/c mice compared to C57BL/6 mice
(Figure 2C). These results suggest that when challenged,
C57BL/6 mice can mount a potent IgA response (even higher
than BALB/c mice).

Besides their exclusion function, IgAs have been shown to
also allow a “controlled” entrance of IgA-coated bacteria in the
PPs (Kadaoui and Corthésy, 2007). We previously described
that a non-invasive strain of Salmonella induces a similar amount
of IgG as compared to the invasive strain but does not allow the
establishment of an IgA response in C57BL/6 mice because it
does not reach the PPs (Martinoli et al., 2007). Given the higher
amount of innate IgAs capable of binding Salmonella in BALB/
¢ mice that could mediate bacterial penetrance in the PPs, we
wondered whether the two mouse strains differed in their ability
of mounting an IgA response to a non-invasive strain of Salmo-
nella (aroAinvA). As expected, both Salmonella strains induced
similar amounts of IgG in the serum of both mice (Figure S2A).
However, we found that after three oral immunizations on
alternate days, S. Typhimurium aroAinvA was able to induce

(E) Percentage of CXCR5*ICOS* cells among CD4* T cells in PPs of C57BL/6 (n = 27) or BALB/c (n = 20) mice measured by flow cytometry analysis. Data were

pooled from three independent experiments.

(F) IgA repertoire diversity as measured by Shannon index of diversity in the small intestine of C57BL/6 and BALB/c mice (n = 6).
All data are expressed as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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Figure 2. C57BL/6 and BALB/c Mice Respond Differently to Salmonella Infection
(A) Naive C57BL/6 and BALB/c mice were challenged orally with 10° CFU WT S. Typhimurium and survival was monitored for 60 days (n = 15). Data were pooled

from two independent experiments.

(B) Quantity of Salmonella-reactive IgA antibodies measured by ELISA in serum and feces of naive C57BL/6 or BALB/c mice (n = 65).

(C) C57BL/6 (n = 10) or BALB/c (n = 18-25) mice received orally 10° CFU S. Typhimurium aroA or aroAinvA on days 0, 2, and 4. After 5 weeks, Salmonella-specific
IgA was measured by ELISA in serum and feces. Data were pooled from four independent experiments. For serum IgG, see also Figure S2A.

(D) C57BL/6 and BALB/c mice (n = 3) received orally 10° CFU S. Typhimurium aroA or aroAinvA. After 62 hr, PPs were isolated and the number of intracellular
bacteria was determined by plating cell lysates after gentamicin treatment. Representative of two independent experiments. See also Figure S2B.

(E) C57BL/6 and BALB/c mice (n = 5) were immunized orally with S. Typhimurium aroAinvA on days 0, 2, and 4. After 5 weeks, mice were challenged with 107 CFU
WT S. Typhimurium and survival was monitored for 60 days. Representative of two independent experiments. See also Figure S3.

All data are expressed as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.

Salmonella-specific IgA in the feces of BALB/c but not of
C57BL/6 mice (Figure 2C). This suggests that when there are
innate IgAs capable of binding Salmonella, even if the bacterium
is not invasive, it is still capable of inducing an IgA response, pre-
sumably because it reaches the PPs. Consistently, we found that
non-invasive Salmonella was capable of entering the PPs of
BALB/c mice after oral feeding at 14 hr after infection, whereas
hardly any bacteria were found in the PPs of C57BL/6 mice (Fig-
ures 2D and S2B).

To establish whether oral immunization with non-invasive Sal-
monella could induce protective immunity, C57BL/6 and BALB/c
mice received S. Typhimurium three times on alternate days and
were challenged 5 weeks later with wild-type S. Typhimurium
(Figure 2E). All immunized BALB/c mice survived, but about
60% of immunized C57BL/6 mice did not survive the infection,
suggesting that although mice had a similar IgG amounts, only
IgAs confer full protection.
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IgA-Coated Non-invasive Salmonella Typhimurium
Enters Peyer’s Patches and Induces Adaptive Immune
Responses

As mentioned above, we hypothesized that innate Salmonella-
binding IgAs might facilitate the entrance of non-invasive Sal-
monella into the PPs, which triggers a positive feedback loop
of induction of Salmonella-specific IgAs. To verify this hypoth-
esis we tested whether IgA-coated bacteria would indeed
gain more access to PPs in vivo and would trigger an IgA
immune response in C57BL/6 mice. S. Typhimurium aroAinvA
was incubated in vitro with IgA specific for Salmonella (secre-
tory IgA) or left untreated (aroAinvA) and injected into the
duodenum of C57BL/6 mice. The next day PPs, mLNs, and
spleens were collected and the number of intracellular bacteria
was determined by plating of cell lysates after gentamicin
treatment. Mice that received IgA-coated non-invasive Salmo-
nella had much more bacteria in their PPs but less in the mLNs
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Figure 3. IgA-Coated Non-invasive Salmonella Enters PPs and Induces Adaptive Inmune Responses

(A) S. Typhimurium aroAinvA was left untreated (aroAinvA) or incubated with Salmonella-specific Sal4 sIgA (aroAinvA IgA) and injected into the duodendum. The
next day PPs, mLNs, and spleen (SP) were collected and intracellular CFUs were determined by plating.

(B) Mice (n = 5) received 10° CFU S. Typhimurium aroA orally on days 0, 2, and 4. After 5 weeks, mice received orally three times every 48 hr 10° CFU non-invasive
S. Typhimurium-expressing HEL on the cell surface (aroAinvA HEL). 2 weeks later, HEL-specific antibodies were measured by ELISA in serum (IgG and IgA) and
feces (IgA). Control groups (n = 4) received only the first or second immunizations.

(C) C57BL/6 CD45.2 mice (n = 6) received orally three times (days 0, 2, 4) 10° CFU S. Typhimurium aroA. 5 weeks later, mice were injected i.v. with 10 OT-II
CD45.1 CD4* T cells. The next day and 3 and 5 days later, mice received orally 10° CFU non-invasive S. Typhimurium-expressing OVA (aroAinvA OVA). 7 days
after the first booster immunization, PPs were isolated and the percentage of CD45.1*CD4" T cells was assessed by flow cytometry analysis. Control groups
received only the first (n = 3) or second (n = 4) immunizations.

(D) C57BL/6 and BALB/c mice were either left untreated (NT, n = 5) or received orally three times (days 0, 2, 4) 10'° CFU E. coli-expressing OVA (n = 10). 5 weeks

later, OVA-specific IgA response was measured in the serum and feces of the mice.

All data are expressed as means + SEM. *p < 0.05, **p < 0.01, **p < 0.001.

compared to mice that received non-invasive Salmonella
(Figure 3A).

Next we determined whether the increased uptake of
IgA-coated non-invasive Salmonella by PPs would lead to the
production of more Salmonella-specific IgAs. Mice were first
immunized orally with S. Typhimurium aroA to induce the
presence of Salmonella-specific sIgA in the gut. 5 weeks later,
mice were immunized orally with non-invasive S. Typhimurium
aroAinvA expressing hen eggwhite lysozyme (HEL) on the cell
surface. Thus, antibodies against HEL could be induced only
by the non-invasive strain. HEL-specific antibodies were
measured 2 weeks later. We found higher HEL-specific IgA in
the serum of mice that received both bacteria compared to
mice that received only the invasive or only the non-invasive
strains (Figure 3B). A similar trend was observed for HEL-specific
IgA in the feces. As expected, S. Typhimurium aroAinvA HEL
induced similar amounts of HEL-specific IgG in the serum,
whether or not the mice were previously immunized with S. Ty-
phimurium aroA (Figure 3B).

Next we investigated the ability of IgA-coated non-invasive
Salmonella to activate CD4" T cells. C57BL/6 CD45.2* mice
were immunized orally with S. Typhimurium aroA to induce
Salmonella-specific slgA in the gut. After 5 weeks, 10° CD4*
T cells derived from CD45.1* OT-ll mice were adoptively

transferred to the immunized mice and the next day the
mice were orally immunized with S. Typhimurium aroAinvA-ex-
pressing ovalbumin (OVA). 7 days later, PPs were isolated
and analyzed by flow cytometry to determine the percentage
of donor-derived CD45.1* CD4" T cells in the PPs. Mice that
received both immunizations had a significantly higher percent-
age of CD4™ T cells compared to mice that received only the
first or second immunizations, suggesting that the binding of
IgA to OVA-expressing non-invasive Salmonella enabled the
bacteria to activate the expansion of OVA-specific CD4*
T cells in the PPs (Figure 3C).

We then evaluated whether we could recapitulate these re-
sults using a physiological non-invasive commensal microbe.
We orally fed both C57BL/6 and BALB/c mice with a commensal
strain of Escherichia coli engineered to express OVA and we
followed the IgA response to OVA over time. Only BALB/c
mice were capable of inducing an OVA-specific IgA response
both in the feces and blood in response to E. coli OVA adminis-
tration (Figure 3D), indicating that the observed results were not
a peculiarity of non-invasive Salmonella. Together, these results
suggest that naive BALB/c mice have high concentrations of
innate IgA antibodies, which mediate the entrance of bacteria
in the PPs and enable the mice to generate a feedback loop of
IgA induction.
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Figure 4. The Entrance of IgA-Coated Bacteria Is Dependent on neither Dectin-1 Expression nor on CX3CR1* Monocytes

(A) S. Typhimurium aroAinvA was left untreated (aroAinvA) or incubated with Salmonella-specific Sal4 sIgA (aroAinvA IgA) and injected into the duodenum of
C57BL/6 mice (WT) or Cx3cr19/9% mice (n = 6). The next day the number of intracellular bacteria in PPs was determined by plating. Data were pooled from two
independent experiments. Data were normalized by dividing each point by the mean of the group with the lowest CFUs (Cx3cr19™/9® 4+ aroAinvA). See also

Figures S4, S5A, and S5B.

(B) BALB/c mice (n = 5) were injected in the duodenum with rat IgG2b or anti-Dectin-1 neutralizing antibody and 6 hr later infected with 10° CFU S. Typhimurium
aroAinvA. 14 hr later, PPs and mLNs were harvested and plated to assess CFU number in organs after gentamicin protection assay. See also Figures S5C

and S5D.

(C) C57BL/6 (n=5), BALB/c (n = 4), and Clec7a~'~ mice on BALB/c background (n = 6) were infected with 10'© CFU S. Typhimurium aroAinvA. 14 hr after infection,

CFU number were assessed in organs.
All data are expressed as means + SEM. *p < 0.05, **p < 0.01.

Increasing the Interval between Immunizations
Enhances the IgA Response toward Non-invasive
Salmonella Typhimurium

As mentioned above, the binding of innate IgA by non-invasive
S. Typhimurium would foster a positive feedback loop of IgA
responses in BALB/c mice. Therefore, we wondered whether
by increasing the interval of bacterial administration from
alternate days to weeks we could trigger an IgA response
also in C57BL/6 mice by creating a positive feedback loop.
The assumption would be that after oral feeding, a low number
of non-invasive bacteria would reach the PPs, allowing the
production of a small amount of Salmonella-specific IgAs
several days later. When the mice receive a second dose of
non-invasive S. Typhimurium 2 weeks later, these IgAs could
bind to the bacteria and allow further entrance of IgA-coated
bacteria in the PPs and more IgA production, generating a
positive feedback loop.

Consistent with our hypothesis, when the intervals between
immunizations with S. Typhimurium aroAinvA were extended
to 14 days, we observed that 2 weeks after the third immuniza-
tion, Salmonella-specific IgA was detectable in the serum and
the feces (Figure S3). As expected, the immunization scheme
of three immunizations on alternate days induced very little
Salmonella-specific IgA and both immunization schemes re-
sulted in equal amounts of Salmonella-specific IgG in the serum
(Figure S3).
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The Entrance of IgA-Coated Bacteria Is Not Dependent
on CX3CR1* Mononuclear Cells nor on Dectin-1
Expression

LP mononuclear phagocytes have been shown to extend pro-
trusions across the epithelium into the intestinal lumen (Rescigno
et al., 2001) (this process is dependent on the expression of the
chemokine receptor CX3CR1 [Niess et al., 2005]) or to send
dendrites through M-cell-specific transcellular pores (Lelouard
et al., 2012). Phagocyte extensions can capture and internalize
non-invasive Salmonella (Chieppa et al., 2006) and are absolutely
required for their internalization (Hapfelmeier et al., 2008). To
investigate whether CX3CR1" cells were responsible for the
uptake of IgA-coated non-invasive Salmonella into PPs, S. Typhi-
murium aroAinvA was left untreated or coated with Salmonella-
specific IgA in vitro. Next, bacteria were injected into the duo-
denum of wild-type C57BL/6 mice or CX3CR1-deficient mice on
a C57BL/6 background. The next day, PPs were isolated and
the number of intracellular bacteria was determined by plating
cell lysates after gentamicin treatment (Figure 4A). We recovered
a lower amount of non-invasive uncoated Salmonella in PPs of
CX3CR1-deficient compared to wild-type mice. However, when
mice received IgA-coated non-invasive Salmonella, no differences
were observed between wild-type and CX3CR1-deficient mice.
Thus, CX3CR1-dependent dendrite extensions seem to be
required for the uptake of non-invasive non-coated, but not
coated, Salmonella into PPs. Consistently, CX3CR1* phagocytes
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Figure 5. IgA Amounts in C56BL/6 and
BALB/c Mice Are Stable after Co-housing
or Fecal Transplantation

(A and B) Naive C57BL/6 and BALB/c mice (n=10)
were kept in separate cages (NT) or co-housed
for 1 month and Salmonella-specific IgA (A) and
total IgA (B) was measured by ELISA in serum and
feces.

(C and D) C57BL/6 and BALB/c mice were left
untreated (NT) or were treated with a mix of anti-
biotics (Abx) for 14 days.

(C) After treatment with Abx, mice received fecal
transplantation with feces from the other (trans-
plant) or the same mouse strain (Abx). After
4 weeks, Salmonella-specific IgA (left) and total
IgA (right) were determined by ELISA in the feces
and compared to untreated mice (NT). For Sal-
monella-specific IgA, feces from each individual
mouse were analyzed (n = 14-16); for total IgA, 2-3
fecal samples from the same group were pooled
(n = 6-8). See also Figure S6.

All data are expressed as means + SEM. *p < 0.05,
*p < 0.01, **p < 0.001, ***p < 0.0001.
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a3 L
°© mount an IgA response to an invasive
strain of Salmonella, we wanted to assess
- whether the observed difference in IgA

Transplant  Abx NT

were not required to establish an IgA response to Salmonella;
rather, their absence favored it (Figure S4). By contrast, IgA-
coated bacteria could enter PPs via another route, presumably
epithelial cells or M cells. Indeed, we observed that IgA coating
enhanced the uptake of non-invasive Salmonella directly by
epithelial cells in vitro (Figures S5A and S5B).

IgAs can bind to the luminal membrane of M cells that are scat-
tered in the follicle-associated epithelium overlying the PPs
(Mantis et al., 2002), presumably via Dectin-1 receptors that
allow reverse transcytosis of IgA-antigen complexes (Rochereau
et al., 2013). We therefore asked whether Dectin-1 was required
to allow IgA-coated bacterial entrance. We used two ap-
proaches: we either neutralized Dectin-1 with a specific antibody
or used Dectin-1-deficient mice. Using both strategies, we found
that we could not affect the penetrance of IgA-coated bacteria in
the PPs although Dectin-1 seemed to be required to reach the
mLN in Clec7a (the gene for Dectin-1) mice (Figures 4B and
4C). These results suggest that Dectin-1 is dispensable for bac-
terial entrance in the PPs. Consistently we found that epithelial
cells expressed very little amounts of Dectin-1, but nevertheless
they internalized IgA-coated bacteria (Figures S5C and S5D).

These results suggest that IgA-coated bacteria enter the PPs
with an unknown mechanism that is not dependent on CX3CR1*
phagocytes nor on Dectin-1 binding.

IgA Quantities in C57BL/6 and BALB/c Mice Remain
Stable after Co-housing or Fecal Microbiota
Transplantation

Having observed that C57BL/6 and BALB/c mice have different
abundance of IgAs, even though they are equally capable to

Transplant  Abx

response was microbiota driven. C57BL/
6 and BALB/c mice were co-housed for
1 month and polyreactive and total IgA
were measured in serum and feces. There was a slight reduction
in polyreactive IgA in the serum and feces of co-housed BALB/c
mice compared to BALB/c mice that were not co-housed (Fig-
ure 5A). However, co-housing had no effect on total IgA amounts
(Figure 5B).

In a second set of experiments, we depleted the endogenous
microbiota with antibiotics and then swapped the microbiota
across strains. Antibiotic treatment reduced bacteria and total
fecal IgAs in both mice (Figures S6A and S6B). Next, mice
were administered orally feces from the other mouse strain or
the same mouse strain as a control. After 1 month, Salmonella-
specific IgA and total IgA was measured in the feces (Figure 5C).
The treatment had little effect on polyreactive or total IgA. Alto-
gether these results indicate that BALB/c and C57BL/6 mice
differ in the amount of basal polyreactive IgAs and there is no
difference after microbiota exchange or uniformity. However,
at this point we had no proof that cohousing or fecal microbiota
transplantation (FMT) did result in microbiota exchange.

NT

C57BL/6 and BALB/c Mice Harbor a Mouse-Strain-
Specific Microbiota
We analyzed whether we had achieved microbiota exchange
between mice through co-housing or FMT. Feces were collected
8 weeks after co-housing or 4 weeks after FMT. The DNA of
bacteria from feces was extracted and the hypervariable V5-
V6 region of 16S ribosomal RNA (rRNA) was amplified and
sequenced.

As expected, the large majority of identified bacterial species
belonged to the phyla Firmicutes and Bacteroidetes for both
mice (Figure 6A). Co-housing did not affect this difference
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Figure 6. C56BL/6 and BALB/c Mice Harbor a Strain-Specific Microbiota
C57BL/6 and BALB/c mice were housed in separate cages (NT, n = 6) or were co-housed for 8 weeks (Coh, n = 4). The fecal transplant groups (FT, n = 4) received
a mix of antibiotics before fecal transplantation with feces from the other mouse strain and were co-housed with untreated mice from the other strain for 4 weeks.
Genomic bacterial DNA was isolated from fecal samples and the V5-V6 hypervariable region of 16S rDNA was amplified and sequenced.
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(Figure 6A; Tables S1-S8), but fecal transplantation did reduce
the Firmicutes proportion in BALB/c mice, whereas it was
increased in C57BL/6 mice (Figure 6A; Tables S4-S6). Moreover,
we found significant differences in the abundance of numerous
bacterial species between the two mouse strains (Table S7).
For several species these differences also remained after co-
housing or fecal transplantation.

We found that BALB/c mice had more diverse microbial com-
munities than C57BL/6 mice as attested by the Shannon diver-
sity index at species level (Figure 6B). Co-housing had little effect
on diversity but FMT slightly increased diversity in C57BL/6 mice
and decreased diversity in BALB/c mice (Figure 6B). In addi-
tion, BALB/c and C57BL/6 microbiota composition were distin-
guished in a partial least-squares discriminant analysis (PLS-
DA) (Figure 6C). Co-housing or FMT did not seem to significantly
alter microbiota composition in C57BL/6 mice; microbiota from
the different treatments closely clustered in a PLS-DA analysis
(Figures 6B and 6C). However, these treatments did change
bacterial communities in BALB/c mice, although they remained
different from the corresponding C57BL/6 groups. In particular,
FMT of BALB/c mice with C57BL/6 feces rendered the micro-
biota more similar to but still distinct from that of C57BL/6
mice. This suggests that BALB/c mice can restore their original
higher microbial diversity only when they are transplanted with
a more diverse microbiota. If BALB/c mice were transplanted
with feces from the C57BL/6 mice, they tended to reduce the
diversity, presumably because the transplanted feces contain
a less diverse microbiota. By contrast, C57BL/6 mice were
predisposed to reduce the diversity of the microbiota (Figure
6C). Hierarchical representation of microbiota composition re-
vealed that BALB/c mice continued to cluster together regard-
less of their treatment (co-housing or FMT, Figure 6D). The
same was true for C57BL/6 animals except for two mice (Fig-
ure 6D). In the end, the composition of the microbiota of the
treated animals was either more similar to that of the original ge-
netic background or was a new microbiota composition different
from either donor or recipient. This suggests that it is very difficult
in healthy individuals to change the microbiota even after fecal
transplantation.

BALB/c and C57BL/6 Germ-free Mice Differ in IgA
Abundance and Capacity to Diversify the Microbiota

An important issue that we were unable to control in the previous
experiments was that the treated animals had already been
exposed to a microbiota and the antigen specificity of the IgAs
might impact microbiota selection after its manipulation. In addi-
tion, we could not exclude that during antibiotic treatment we
were selecting a population of antibiotic-resistant bacteria. To
overcome these limitations, we decided to carry out FMT in
germ-free naive mice. 5-week-old BALB/c and C57BL/6 germ-
free mice were transplanted with feces from SPF BALB/c and
C57BL/6 mice. At baseline, 2, 4, 6, and 8 weeks after transplan-

tation, mice were bled for serum IgA analysis and feces were
collected for microbiota and IgA assessments. The first observa-
tion we did was that BALB/c mice had already a considerable
number of innate IgAs in their serum and feces at baseline, sug-
gesting that this was genetically and not microbiota driven (Fig-
ures 7A and 7B). Second, we observed that during colonization,
the number of IgAs increased in both mouse strains independent
of microbiota composition till week 4 in blood and 6 in feces. At
these time points the amount of IgA increased more in BALB/c
mice when transplanted with BALB/c-derived feces (4-fold
compared to BALB/c transplanted with C57BL/6 feces), sug-
gesting that this microbiota can further promote IgA production
in this mouse strain. This increase was significant but modest,
probably due to the very low abundance of SFB in the inoculum.

By contrast, the capacity to produce IgA in the C57BL/6 back-
ground was driven by the microbiota but was independent of the
complexity of the transplanted microbiota and remained well
below that of BALB/c mice.

Regarding microbiota diversity, we confirmed that C57BL/6
mice had a less diverse microbiota than did BALB/c mice (inoc-
ulum, Figure 7C). In BALB/c mice that had already a conspicuous
amount of IgA, selection of the microbiota began already at
2 weeks after FMT, generating higher variation in BALB/c mice
receiving either BALB/c or C57BL/6 feces. By contrast at the
same time point, C57BL/6 mice having low IgA did not diversify
microbiota deriving from the same background although they
displayed more variability in individual mice when transplanted
with BALB/c inoculum. This result was quite unexpected. How-
ever, when we tested the amount of IgA-coated bacteria by
dot-blot and cytofluorimetry in the inoculum used for FMT, we
found that microbiota from BALB/c mice was more intensely
bound to IgAs than microbiota from C57BL/6 mice (Figures
S7A and S7B). This suggests that when the microbiota is already
coated with IgAs, it is immediately selected in mice, creating
more variation among individual mice. At 8 weeks, we observed
a situation similar to the one observed during FMT in SPF mice,
with BALB/c mice receiving BALB/c inoculum having greater
diversity as compared to all the other groups (Figure 7C). Consis-
tent with our hypothesis that IgA abundance correlates with
increased microbiota diversity, we could observe a correlation
between IgA quantities and microbiota diversity. By pooling all
the samples, we observed a slight but statistically significant
correlation between the alpha diversity (Shannon index) calcu-
lated on all operational taxonomic units (OTUs) detected by
QIIME pipeline (Palm et al., 2014) and IgA concentration in serum
(0.35; p value 3.311 x 104 and feces (0.4; p value 4.559 x 1079)
(Figure 7D). Of note, differently from what we observed with FMT
in SPF mice, germ-free C57BL/6 mice transplanted with BALB/c
microbiota clustered closer to BALB/c mice transferred with the
same microbiota in a PLS-DA analysis at 8 weeks (Figure 7E). By
contrast, BALB/c or C57BL/6 mice transplanted with C57BL/6
microbiota remained separated (Figure 7E). A representation of

(A) The average percentage of reads for the six experimental groups. Phyla and most prevalent bacterial species are indicated.

(B) Box-plot representation of the Shannon index of diversity relative to species. Error bars represent SEM. *p < 0.05.

(C) Discrimination of mice groups based on microbial composition. Score scatter plot of partial least-squares discriminant analysis (PLS-DA) (predictability
parameter [Q2cum] = 0.4, goodness-of-fit parameter [R2Y] = 0.68) of microbial profiles classified as BL/6 NT, BALBc NT, BL/6 Mix, BALB/c Mix, BL/6 FT, and

BALB/c FT.

(D) Heatmap of hierarchical clustering (euclidean distance) of microbiota composition of all mice at the species level.
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Figure 7. C57BL/6 and BALB/c Germ-free Mice Differ in IgA Amount and Capacity to Diversify the Microbiota

C57BL/6 and BALB/c germ-free mice at 5 weeks of age were orally gavaged for 3 consecutive days with the feces of the same (groups BALB/c_BALB/c and BL/
6_BL/6) or the other (groups BALB/c_BL/6 and BL/6_BALB/c) mouse strain (n = 4).

(A and B) Total IgA concentrations in the serum (A) and feces (B) of the mice was assessed by ELISA at baseline, 2, 4, 6, and 8 weeks after transfer. Metagenomic
analysis on the two pooled inoculi (BL/6 and BALB/c) and on samples at 2, 4, and 8 weeks on V5-V6 hypervariable region of 16S rDNA was performed with the
lllumina MiSeq platform.

(legend continued on next page)
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the composition of microbiota at family level of mice trans-
planted with the different microbiota is shown in Figure 7F.

Altogether, these results suggest that C57BL/6 mice are genet-
ically driven to have a reduced amount of IgAs. This correlates
with a reduced diversification of the microbiota, independent of
the microbiota to which they are exposed. By contrast, BALB/c
mice have a greater capacity to diversify their microbiota, which,
however, is limited by the microbiota they are exposed to.|[Hence,
if the microbiota is more diverse, they have an increased Shannon
index; if it is less diverse, they cannot diversify it more.

DISCUSSION

The inter-relationship between IgAs and the microbiota has been
an open question. Even though recent publications have shown
that IgAs can participate to microbiota diversification (Kawa-
moto et al., 2014) and thatthe microbiota can drive IgA produc-
tion'in'a T=cellFindependent manner (Macpherson et al., 2000), it
was still unclear how the two were interacting and influencing
each other. Here we have shown that genetically distinct mouse
strains have different predisposition to diversify the microbiota
and that this depends on the abundance and repertoire diversity
of innate IgAs. Germ-free naive BALB/c mice already have a
conspicuous amount of innate IgAs independent of microbiota
colonization. This indicates that there are genetic drivers that
regulate IgA production independent of microbial triggers. The
finding that BALB/c mice have more abundant B1 B cells, partic-
ularly of the B1a subtype, might be responsible for this basal
production. We also demonstrated that innate IgAs are required
to induce an IgA response to non-invasive bacteria and that this
correlated with microbiota diversity. Indeed, we found that IgA
coating allowed bacterial penetration in the PPs, which is a pre-
requisite to induce IgA responses to non-invasive bacteria
(Martinoli et al., 2007). This might explain why PPs are absolutely
required to induce an IgA response to non-invasive E. coli as
recently reported (Lécuyer et al., 2014). We have also shown
that the presence of bacteria-binding IgAs (be they innate or
antigen-driven) favors the induction of antigen-specific IgAs
through a positive feedback loop.

Indeed, IgA-coated bacteria penetrated the PPs and mice
immunized with an invasive strain of Salmonella—that have
Salmonella-specific IgAs in the feces—could mount an IgA
response to antigens expressed only by non-invasive bacteria
during a second immunization. By contrast, if C57BL/6 mice
were not preimmunized, three administrations of non-invasive
bacteria at short time intervals did not elicit an antigen-specific
IgA response.

However, mice on a different genetic background (BALB/c),
having higher abundance of polyreactive innate IgAs, could
induce an IgA response also with the short time interval schedule

of vaccination in response to non-invasive pathogenic and
commensal bacteria.

Gut mononuclear phagocytes can extend protrusions across
the intestinal lumen for direct bacterial uptake (Farache et al.,
2013; Niess et al., 2005; Rescigno et al., 2001). CX3CR1* mac-
rophages have been shown to be absolutely required for the
internalization of non-invasive bacteria (Hapfelmeier et al.,
2008). Indeed, we found that these cells contributed to bacterial
internalization in mice that lacked IgAs cross-reactive to Salmo-
nella, because in the absence of CX3CR1™ cell protrusions, non-
invasive Salmonella could not reach the PPs in C57BL/6 mice.
However, these cells were not required for the internalization of
IgA-coated bacteria nor for the initiation of an IgA response.
Rather, in their absence the IgA response was higher, indicating
a negative role of these cells in IgA induction. Indeed, we previ-
ously described that CX3CR1* cells after antigen uptake deliver
their cargo to CD103* dendritic cells that then migrate to mLNs
to induce Treg cell differentiation (Mazzini et al., 2014).

Therefore, we are suggesting that when the bacteria are
coated with IgAs (either polyreactive during the first stages of
life or delivered by the mother during lactation), the bacteria enter
through receptor-mediated endocytosis via M cells and are
delivered to the right type of antigen-presenting cells, capable
of inducing IgA responses. However, we excluded that IgA-
coated bacterial entrance is dependent on Dectin-1, a receptor
shown to be involved in the reverse trancytosis of IgA-antigen
complexes (Rochereau et al., 2013).

Our results support the hypothesis that microbiota diversity is
genetically and environmentally driven and depends on the
amount and diversity of innate IgAs present at birth, which re-
lates to genetic predisposition, lactation, and the type of micro-
biota that is inherited. The observation that BALB/c mice have an
increase in B1a B cells would support the innate nature of IgAs,
and the recent finding that also IgAs derived from Bia B cells
undergo somatic hypermutation (Roy et al., 2013) would support
the generation of a more diverse repertoire of innate IgAs. We
also observed an increase in T follicular helper cells in BALB/c
mice as compared to C57BL/6 mice. T follicular helper cells
together with T follicular regulatory cells are fundamental to con-
trol the quality of the IgA response and microbial diversity (Kawa-
moto et al., 2014). (Along the'same'lines; it has' been shown that
during lactation, mother-derived IgAs shape the composition of
offspring microbiota (Rogier et al., 2014). (Offspring that receive
milk from mothers that cannot release IgAs have a different
microbiota and are more susceptible to experimental colitis as
adults, suggesting that early exposure to affinity-matured IgAs
is fundamental for selecting a healthy and protective microbiota.

We decided to swap the microbiota either via co-housing the
animals or after antibiotic depletion of the microbiota and subse-
quent fecal transplantation with the microbiota of the other

(C) Box plot representing the Shannon diversity index relative to species.

(D) Matrix representation of the observed correlation between the alpha diversity (Shannon index) calculated on all OTUs detected by QIIME and IgA concen-
tration in serum (0.35; p value 3.311 x 107 and feces (0.4; p value 4.559 x 1075).
(E) Discrimination of mice groups based on microbial composition. Score scatter plot of partial least-squares discriminant analysis (PLS-DA) (predictability

parameter [Q2cum] = 0.3, goodness-of-fit parameter [R2Y] = 0.56)

(F) Dynamics of the relative contribution of different microbial groups (family level) to the total microbiota in the feces of BALB/c and BL/6 mice at different time

points after conventionalization.
See also Figure S7.
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strain. We found in both cases only a minor effect on IgA abun-
dance. When we analyzed the composition of the microbiota
after manipulation, we found that the recipient mice did not
display a microbiota of the donor, but rather their microbiota
was a new and different microbiota that was, however, more
similar to their own original microbiota. This indicates that in
healthy mice the microbiota composition is quite stable and
manipulations will end up with a microbiota that is more similar
to the original one. Hence, caution should be taken because
co-housing or fecal transplantation does not necessarily mean
uniformity of the microbiota. This is probably due to an already
defined repertoire of IgAs that controls the colonization and
composition of the microbiota and that restores the original mi-
crobiota after manipulation. This is supported by a recent report
showing that there is a memory pool of IgAs that is restored after
plasma cell elimination (Lindner et al., 2012). In addition, we
found that C57BL/6 germ-free mice transplanted with a BALB/c
microbiota clustered more closely in a PLS-DA analysis to
BALB/c mice transplanted with the same microbiota than with
C57BL/6 microbiota. This is different from what happens in
SPF mice and is probably related to the absence of preformed
IgAs that might reselect the original microbiota, or it might also
be due to the higher amount of IgA-coated bacteria in the
BALB/c microbiota. Indeed, germ-free C57BL/6 mice trans-
planted with BALB/c microbiota showed already at 2 weeks an
increased variability in diversity among the individual mice as
compared to mice transplanted with C57BL/6 microbiota. This
isin line with the finding that there is very little overlap of the poly-
clonal IgA repertoires in individual mice (Lindner et al., 2012),
confirming that when bacteria are coated with IgAs, they drive
a feedback loop of IgA production and this might be stochasti-
cally induced in individual mice.

The bacterial species that were different in abundance be-
tween C57BL/6 and BALB/c mice and also remained different
after co-housing or fecal transplantation mainly belonged to
groups of bacteria known to interact closely with the host,
such as Akkermansia, Lactobacilli, and Bifidobacteria. These re-
sults suggest that host genetics play a role in determining which
bacteria colonize the gut and this might impact the induction of
an immune response (Gaboriau-Routhiau et al., 2009). Other
studies have also suggested that host genetics affect micro-
biota composition (Spor et al., 2011). Another study reports
that bacteria belonging to Sutterella are involved in the degrada-
tion of the secretory component and the stability of IgAs (Moon
et al., 2015). We observed that C57BL/6 mice inoculated with
microbiota from either BALB/c or C57BL/6 mice displayed an
increase in the genus Parasutterella, which might contribute to
reduce IgA abundance in C57BL/6 mice.

The finding that IgA coating can specify colitogenic bacteria
isolated from colitis-prone mice or inflammatory bowel disease
patients (Palm et al., 2014) suggests that these bacteria might
have a higher probability to colonize the gut and might therefore
set the bases for inflammation in predisposed individuals. It
would be interesting to know the effect of colonizing mice with
IgA-coated bacteria from healthy individuals.

In conclusion, our results indicate a correlation between
microbiota diversity and the abundance of polyreactive IgAs
(Whose number is genetically driven). Higher abundance of
IgAs would increase the probability of having a cross-reactive
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antibody that will allow bacterial internalization in the PPs and
the loop of microbiota-specific IgA amplification. This might
explain difficulties in colonizing the gut of a healthy adult with
probiotics.

EXPERIMENTAL PROCEDURES

Mice

C57BL6/J and BALB/c mice were purchased from Harlan. Germ-free
C57BL6/J and BALB/c mice were purchased from Clean Mouse Facility,
Department of Clinical Research, University of Bern (Switzerland). Other strain
sources are listed in the Supplemental Experimental Procedures. All experi-
ments were performed in accordance with the guidelines established in the
Principles of Laboratory Animal Care (directive 86/609/EEC).

Flow Cytometry

Cells were incubated with anti-FcR antibody (clone 24G2, BD Biosciences) for
15 min on ice. Next, cells were incubated with the antibodies of interest for
30 min on ice. DAPI was added before acquisition to exclude dead cells.
Samples were acquired with the FACSCanto Il or FACSCalibur (BD Biosci-
ences) and analyzed with FlowdJo (Treestar). Antibodies used are listed in the
Supplemental Experimental Procedures.

454 Sequencing of IgA-Immunoglobulin and Sequence Analysis
Murine IgA repertoire was obtained as described previously (Lindner et al.,
2012). For diversity estimation, Shannon indexes were calculated as described
in the Supplemental Experimental Procedures.

Immunization and Infection Experiments

All Salmonella Typhimurium strains were on a SL1344 background and have
been described previously (Martinoli et al., 2007). For infection experiments,
108-10” CFU wild-type SL1344 were administered. For immunization experi-
ments, 10° CFU metabolically defective S. Typhimurium (aroA) was adminis-
tered or 10° CFU metabolically defective and non-invasive S. Typhimurium
(aroAinvA). Clec7a-deficient mice were infected with 10'° CFUs of non-inva-
sive S. Typhimurium.

In some experiments the following strains were used: aroAinvA Salmonella-
expressing HEL on the cell surface or OVA under transcriptional control of the
promoter of the /acZ gene and E. coli DH5q-expressing OVA (10° CFU).

Specific IgA and IgG in serum and feces were detected with ELISA assays as
described in the Supplemental Experimental Procedures.

For in vivo Dectin-1 neutralization, BALB/c mice were intraduodenally
injected with 200 pg of rat anti-mouse Dectin-1 (clone 2A11, AbD Serotec)
or rat IgG2b (Isotype Control, AbD Serotec) and infected with 10° CFU S. Ty-
phimurium aroAinvA. After 14 hr, PPs and mLNs were collected for gentamicin
protection assay. In vivo binding of anti-Dectin-1 antibody to cells derived from
PPs compared to isotype control was measured by ELISA (data not shown).

Gentamicin Protection Assay

To determine CFUs in organs, cells were incubated 30 min at 37°C with
50 pg/ml gentamicin to kill extracellular bacteria. Next, cells were lysed with
0.5% sodium deoxycholate and plated on TB-agar plates containing appro-
priate antibiotics to exclude bacteria other than Salmonella.

Microbiota Analysis
C57BL/6 and BALB/c mice were housed in separated cages or were co-
housed for 8 weeks. The fecal transplant groups were treated with antibiotic
mix and then received transplantation with feces from the other mouse strain
or the same mouse strain as a control. BALB/c and C57BL/6 germ-free mice
received fecal transplantation for 3 consecutive days with feces from SPF-
raised mice of the other mouse strain or the same mouse strain as a control.
For metagenomic analysis, feces were collected and genomic bacterial
DNA was isolated with the G’'NOME kit (BIO101) as previously described
(Furet et al., 2009). The V5-V6 hypervariable region of 16S rRNA gene was
sequenced with the lllumina MiSeq platform as described (Manzari et al.,
2014). For detailed description of the fecal transplantation and bioinformatic
analysis, see the Supplemental Experimental Procedures.
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