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Highlights 
• Healthy mice make T-independent IgG2b and IgG3 Abs reactive to mucosal bacteria. 

• Gut microbes elicit anti-commensal IgG antibodies via TLR signalling on B cells.

• Maternal transmission of IgG coordinates with IgA to limit mucosal T cell responses.

• Absence of maternal antibodies triggers a compensatory T-dependent immune response.



Identification of IgG2b and IgG3 Antibodies That 
are Generated against the Microbiota in Healthy Mice 

Figure 1. IgG Antibodies Are Generated against the Microbiota in Healthy Mice
(A) mFLOW analysis of SYBR Green incorporation by intestinal contents of SPF and GFmice. Gate indicates events present in SPF but not GF animals, hereafter

referred to as SYBRhi bacteria.

(B) mFLOW analysis, gated on SYBRhi bacteria, of the fraction of fecal bacteria bound by total IgG, IgM, and IgA in the presence or absence of WT or mMT!/!

serum.

(C) Similar analysis as described in (B), gated on SYBRhi bacteria, performed with secondary antibodies against the indicated mouse IgG isotypes.

(D) mFLOW analysis of IgG2b and IgG3 staining of SYBR+ bacteria following incubation with WT or mMT!/! serum, or mouse IgG2b or IgG3 isotype control

antibodies.

(E) mFLOW analysis of IgG2b or IgG3 binding to pure cultures of commensal bacterial isolates.

(F) mFLOW analysis of IgG2b, IgG3 or IgA staining of SYBRhi microbes from SPF mice following incubation with SPF or GF sera, as indicated.

(legend continued on next page)
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The Sera of Healthy Mice Stains Several Isolated Bacteria Strains

Anti-commensal IgG antibodies are not ‘‘natural’’ 
antibodies observed in mice housed under GF conditions 
in the absence of microbiota.”

No observed binding to pathogenic 
bacteria or non-pathogenic E.coli strain



Similar Anti-commensal Antibody Responses in Inbred 
and Outbred Mouse Strains



our samples. The antibody-bound microbial fractions (both
IgG3+IgA+ and IgG3+IgA!) clustered away from unbound
(IgG3!IgA!) and input populations with little overlap, indicating
that these fractions contain taxonomically divergent species of
microbes (Figure 2C). The sorted and input fractions are best
differentiated by principle component (PC) 1 and PC3, whereas
PC2 seems to account for variation among individual mice.
The microbial species diversity (Shannon diversity index) also
varied between the separate fractions, with an overall decrease
from the input to the selectively bound fractions (Figure S2A).
While there is little variation of microbial composition between
cohoused littermate animals, there can be considerable differ-
ences betweenmice housed in different enclosures (Figure S2B).
Regardless of the input microbiomes, sorting based on antibody
binding consistently segregated unbound bacteria away from
antibody-bound microbes (compare Figure 2C, sort B and Fig-
ure S2C, sort C). IgG3, and by correlation IgG2b, therefore
bind discrete groups of commensal bacteria regardless of differ-
ences in composition of bacteria colonizing the gut.

We examined the breadth of microbes bound by IgG3 anti-
bodies by comparing the relative abundance of bacterial genera

in the sorted fractions. IgG3 antibodies bound genera from all
bacterial orders present in the input samples, indicating that
these antibodies recognize a diverse spectrum of commensals
(Figure 2D). Further, IgG3 antibodies enhanced commensal
recognition beyond that of IgA as demonstrated by the enrich-
ment of genera in the Clostridiales and Desulfovibrionales orders
in the IgG3+IgA! fraction as compared to the IgG3+IgA+ frac-
tion. In a separate sorting experiment using mice colonized
with distinct microbiota (sort C, see Figure S2B) commensal
species bound by IgG3 changed, with OTUs belonging to the
order Bifidobacteriales and Lactobacillales being enriched in
the IgG3+IgA! fraction as compared to the IgG3+IgA+ fraction
(Figure S2D), emphasizing the dynamism of the anti-commensal
IgG response.

Characterization and Localization of IgG2b and IgG3
Antibody-Secreting Cells
We next characterized the B cells producing IgG3 and IgG2b an-
tibodies and found that, like IgA+ B cells, the frequencies and
numbers of IgG2b+ and IgG3+ B cells were elevated in the
mesenteric lymph nodes (mLN) and Peyer’s patches (PP) relative

Figure 2. Broad Recognition of Fecal Microbes by IgG2b and IgG3
(A) mFLOW analyses of IgG2b, IgG3, and IgA binding of SYBR+ fecal microbiota isolated fromWTmice. Numbers in each quadrant indicate themean percentage

of events (± SD) of all samples within the experiment. n = 5.

(B) Pie chart depicting fraction of microbiota bound by indicated antibody isotypes. Fractions shown represent the average of 4 mice.

(C) Unweighted UniFrac PC plot of input and sorted fecal bacterial fractions of cohoused mice. Shapes represent different mice. Colors refer to sorted and input

populations as indicated in legend. Ellipses indicate 2 standard deviations from the mean of the selected data points.

(D) Taxonomic distribution of bacteria in the sorted samples compared with the input (unsorted) fraction is shown. Relative abundances classified at the Order

level are reported for the 10 most abundant taxa.

Data shown are representative of 3–4 independent experiments, with 3–5 mice per group. See also Figure S2.
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IgG Antibodies Recognize a Broad Spectrum of 
Fecal Commensal Microbes



Characterization of Anti-Commensal IgG2b and IgG3 
Response 

Figure 3. Characterization of Anti-Commensal IgG2b and IgG3 Response
(A and B) Frequencies out of CD19+ cells (A) and numbers (B) of IgG2b, IgG3, and IgA expressing B cells in different tissues of WT mice, as measured by flow

cytometry (A) or ELISpot (B).

(C) Representative flow cytometric analysis of indicated marker expression by IgA+, IgG3+, or IgG2b+ CD19+ B cells as compared to IgDhi CD19+ B cells in

different tissues of WT mice.

(D) Frequencies of SYBR+ bacteria bound by IgG2b, IgG3, and IgA antibodies following incubation with serum isolated from WT or Tcrb!/!Tcrd!/! mice.

(E and F) Frequencies of SYBR+ bacteria bound by IgG2b and IgG3 antibodies following incubation (E) with serum isolated from WT or Myd88!/!Trif!/!mice or

(F) with serum isolated from WT, Tlr2!/!, Tlr4!/!, or Tlr2!/!Tlr4!/! mice.

(legend continued on next page)
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Frequencies out of CD19+ cells (A) and numbers (B) of IgG2b, IgG3, and IgA expressing B cells in different tissues of WT mice, as 
measured by flow cytometry or ELISpot



T-cell Independent and TLR Dependent 
Anti-Commensal IgG Antibodies
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(C) Representative flow cytometric analysis of indicated marker expression by IgA+, IgG3+, or IgG2b+ CD19+ B cells as compared to IgDhi CD19+ B cells in

different tissues of WT mice.

(D) Frequencies of SYBR+ bacteria bound by IgG2b, IgG3, and IgA antibodies following incubation with serum isolated from WT or Tcrb!/!Tcrd!/! mice.

(E and F) Frequencies of SYBR+ bacteria bound by IgG2b and IgG3 antibodies following incubation (E) with serum isolated from WT or Myd88!/!Trif!/!mice or
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(legend continued on next page)
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Figure S3. Characterization of Anti-Commensal IgG2b and IgG3 Response, Related to Figure 3
(A) Total numbers of IgG2b, IgG3 and IgA expressing CD19+ B cells in different tissues of WT mice.

(B) ELISpot analysis of IgG3- and IgA-secreting cells within intestinal tissues of WT mice.

(C) Titers of IgG2b and IgG3 in sera of WT and Tcrb!/! mice.

(D) Frequencies of SYBR+ bacteria bound by IgG2b, IgG3 and IgA antibodies following incubation with serum isolated from WT or Tcrb!/!Tcrd!/! mice.

(E) Titers of IgG2b and IgG3 present in the serum of WT and Myd88!/!Trif!/! mice.

(F) mFLOW analysis of SYBR+ microbiota stained with sera from WT (blue) or Myd88!/! (red) mice normalized for concentrations of IgG3.

(G) mFLOW analysis was performed with sera from the indicated mice.

(H) Frequencies of SYBR+ bacteria bound by IgG2b and IgG3 antibodies following incubation with serum isolated from WT or Unc93b1 mutant mice.

(legend continued on next page)

Cell 165, 827–841, May 5, 2016 S3



T-cell Independent and TLR Dependent 
Anti-Commensal IgG Antibodies
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(legend continued on next page)
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(legend continued on next page)
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Flow cytometric analysis of CD19+B220+ B cells in different tissues of 10 weeks old 
mMT-/- mice that received WT or Tlr2/Tlr4 DKO splenocytes at birth.

Frequencies of SYBR+ bacteria bound 
by IgM and IgG antibodies measured by 
mFLOW with sera from adoptively 
transferred mMT-/- mice as in (I)

Serum titers of NP-specific antibodies 
before and 7 days after immunization 
with NP-Ficoll of adoptively 
transferred mMT-/- mice as in (I).  

Figure 3. Characterization of Anti-Commensal IgG2b and IgG3 Response
(A and B) Frequencies out of CD19+ cells (A) and numbers (B) of IgG2b, IgG3, and IgA expressing B cells in different tissues of WT mice, as measured by flow

cytometry (A) or ELISpot (B).

(C) Representative flow cytometric analysis of indicated marker expression by IgA+, IgG3+, or IgG2b+ CD19+ B cells as compared to IgDhi CD19+ B cells in

different tissues of WT mice.

(D) Frequencies of SYBR+ bacteria bound by IgG2b, IgG3, and IgA antibodies following incubation with serum isolated from WT or Tcrb!/!Tcrd!/! mice.

(E and F) Frequencies of SYBR+ bacteria bound by IgG2b and IgG3 antibodies following incubation (E) with serum isolated from WT or Myd88!/!Trif!/!mice or

(F) with serum isolated from WT, Tlr2!/!, Tlr4!/!, or Tlr2!/!Tlr4!/! mice.

(legend continued on next page)
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Determination of the Requirement for TLR Signalling 
on B cells for Anti-commensal IgG Responses 

Figure S3. Characterization of Anti-Commensal IgG2b and IgG3 Response, Related to Figure 3
(A) Total numbers of IgG2b, IgG3 and IgA expressing CD19+ B cells in different tissues of WT mice.

(B) ELISpot analysis of IgG3- and IgA-secreting cells within intestinal tissues of WT mice.

(C) Titers of IgG2b and IgG3 in sera of WT and Tcrb!/! mice.

(D) Frequencies of SYBR+ bacteria bound by IgG2b, IgG3 and IgA antibodies following incubation with serum isolated from WT or Tcrb!/!Tcrd!/! mice.

(E) Titers of IgG2b and IgG3 present in the serum of WT and Myd88!/!Trif!/! mice.

(F) mFLOW analysis of SYBR+ microbiota stained with sera from WT (blue) or Myd88!/! (red) mice normalized for concentrations of IgG3.

(G) mFLOW analysis was performed with sera from the indicated mice.

(H) Frequencies of SYBR+ bacteria bound by IgG2b and IgG3 antibodies following incubation with serum isolated from WT or Unc93b1 mutant mice.

(legend continued on next page)
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Maternal Transmission of Anti-Commensal IgG Antibodies

Finally, we considered that maternal IgA and FcRn-dependent
IgG antibodies might coordinate to regulate mucosal T cell re-
sponses and mask any effect in pups born to FcRn or IgA singly
deficient mice, especially considering the incomplete block in
IgG acquisition in offspring of FcRn-deficient dams. To test
this, we generated dams lacking both FcRn and IgA and bred
these to WT males. We observed significant increases in the fre-

Figure 4. Maternal Transmission of Anti-
Commensal IgG Antibodies
(A) Representative histograms of SYBR+ bacteria

bound by serum IgG2b (upper) or IgG3 (lower) from

WT mice of the indicated age.

(B) mFLOW analysis (upper) of SYBR+ bacteria

bound by IgG2b and IgG3 antibodies following

incubation with serum and total serum titers

(lower) of mice that can or cannot acquire maternal

antibodies at the indicated time points.

(C) mFLOW analysis (upper) of the frequency of

SYBR+ bacteria bound by IgG2b and IgG3 anti-

bodies following incubation with serum and total

serum titers (lower) of mMT+/! and mMT!/! litter-

mate animals at the indicated time points.

Bars on all graphs indicate medians; symbols

represent individual mice. Data are representative

of 2–6 independent experiments with 3–6 mice per

group. See also Figure S4.

quencies and numbers of CD4 Teff and
CD69+Foxp3! activated Th cells in mLN
and PP of mice lacking maternal IgA and
FcRn-dependent IgG compared to pups
of FcRn-deficient mothers at 25 days of
age (Figures 6D, S6E). Importantly, this
rules out any role for maternally acquired
IgM and demonstrates that maternal IgA
and IgG coordinate to limit Th responses
to mucosal antigens.

Compensatory Germinal Center
Responses Restore Homeostasis in
Mice Lacking Maternal Antibodies
We next sought to ascertain the conse-
quences, if any, of this immune dysregula-
tion. Mice born to mMT!/! dams consis-
tently weighed 10%–15% less than pups
born to mMT+/! dams at d25 post-birth,
but this difference resolved in older mice
(Figure 7A, S7A). Similarly, young mice
lacking maternal antibodies showed
slightly elevated levels of inflammatory
serum cytokines and fecal lipocalin-2
when challengedwith dextran sodium sul-
fate, but no difference was observed in
older mice (Figures S7B and S7C) (Chas-
saing et al., 2012). This suggested that
the dysregulation in young animals lacking
maternal antibodies may be transient and
that mechanisms may exist to restore

homeostasis in older mice. Consistent with this possibility, we
observed expansion of activated CD4 T cells only in young mice
(Figure 7B).
To better characterize the Th cell response in mice lacking

maternal antibodies and examine how homeostasis may be
restored, we profiled expression of transcription factors and traf-
ficking receptors on CD4 Teff cells isolated from offspring of
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SYBR+ bacteria bound by serum IgG2b (upper) or IgG3 (lower) from WT mice



Maternal Transmission of Anti-Commensal IgG Antibodies

Finally, we considered that maternal IgA and FcRn-dependent
IgG antibodies might coordinate to regulate mucosal T cell re-
sponses and mask any effect in pups born to FcRn or IgA singly
deficient mice, especially considering the incomplete block in
IgG acquisition in offspring of FcRn-deficient dams. To test
this, we generated dams lacking both FcRn and IgA and bred
these to WT males. We observed significant increases in the fre-

Figure 4. Maternal Transmission of Anti-
Commensal IgG Antibodies
(A) Representative histograms of SYBR+ bacteria

bound by serum IgG2b (upper) or IgG3 (lower) from

WT mice of the indicated age.

(B) mFLOW analysis (upper) of SYBR+ bacteria

bound by IgG2b and IgG3 antibodies following

incubation with serum and total serum titers

(lower) of mice that can or cannot acquire maternal

antibodies at the indicated time points.

(C) mFLOW analysis (upper) of the frequency of

SYBR+ bacteria bound by IgG2b and IgG3 anti-

bodies following incubation with serum and total

serum titers (lower) of mMT+/! and mMT!/! litter-

mate animals at the indicated time points.

Bars on all graphs indicate medians; symbols

represent individual mice. Data are representative

of 2–6 independent experiments with 3–6 mice per

group. See also Figure S4.

quencies and numbers of CD4 Teff and
CD69+Foxp3! activated Th cells in mLN
and PP of mice lacking maternal IgA and
FcRn-dependent IgG compared to pups
of FcRn-deficient mothers at 25 days of
age (Figures 6D, S6E). Importantly, this
rules out any role for maternally acquired
IgM and demonstrates that maternal IgA
and IgG coordinate to limit Th responses
to mucosal antigens.

Compensatory Germinal Center
Responses Restore Homeostasis in
Mice Lacking Maternal Antibodies
We next sought to ascertain the conse-
quences, if any, of this immune dysregula-
tion. Mice born to mMT!/! dams consis-
tently weighed 10%–15% less than pups
born to mMT+/! dams at d25 post-birth,
but this difference resolved in older mice
(Figure 7A, S7A). Similarly, young mice
lacking maternal antibodies showed
slightly elevated levels of inflammatory
serum cytokines and fecal lipocalin-2
when challengedwith dextran sodium sul-
fate, but no difference was observed in
older mice (Figures S7B and S7C) (Chas-
saing et al., 2012). This suggested that
the dysregulation in young animals lacking
maternal antibodies may be transient and
that mechanisms may exist to restore

homeostasis in older mice. Consistent with this possibility, we
observed expansion of activated CD4 T cells only in young mice
(Figure 7B).
To better characterize the Th cell response in mice lacking

maternal antibodies and examine how homeostasis may be
restored, we profiled expression of transcription factors and traf-
ficking receptors on CD4 Teff cells isolated from offspring of

834 Cell 165, 827–841, May 5, 2016



Maternal Transmission of Anti-Commensal IgG Antibodies

Ingestion of maternal antibodies by offspring 

Figure S4. Maternal Transmission of Anti-Commensal IgG Antibodies, Related to Figure 4
(A) Ingestion of maternal antibodies by offspring. ELISA analysis of IgA, IgG2b, and IgG3 antibodies in the stomach and small intestinal contents of mice born to

WT or B cell deficient dams at d14 and d21 of age.

(B) Representative mFLOW analysis of IgG2b and IgG3 bound SYBR+ bacteria isolated from the indicated sites of WT or mMT!/! animals.

(C) Immunofluorescent staining of IgG2b coated colonic microbes from offspring of WT or mMT!/! dams. Scale bars are equivalent to 10 microns. Samples in (B)

and (C) were taken from mice at d14 of age and analyzed without the addition of serum.

(D) mFLOW analysis of SYBR+ bacteria bound by IgM antibodies (left) or total IgM titers (right) from sera of 2- to 8-week-old mice that can or cannot acquire

maternal antibodies.

Bars on graphs indicatemedians; each symbol represents individual mice.With the exception of (C), data are representative of 2–4 independent experiments with

3–6 mice per group. For (C) data are representative of 9 individual samples.
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IgG2b- and IgG3-bound bacteria were 
present in the stomach and intestinal lumen 
of 2-week-old mice in the absence of added 
sera 



No Gross Difference in Immune Cells of WT and B-cell 
Deficient Mice

(legend on next page)
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Regulation of Mucosal T Cell Responses 
by Maternal Antibodies 

maternal antibody sufficient or deficient dams. We observed no
reproducible difference in the proportion of T-bet+ or RORgT+

Teff cells in mice born to antibody-deficient dams as compared
to controls (Figure 7C). Instead we found a marked expansion of
CD4 Teff cells expressing the Tfh markers PD-1 and CXCR5 in
pups devoid ofmaternal antibodies (Figure 7C). T follicular helper
(Tfh) cells reside in the follicles of secondary lymphoid organs
such as the mLN and PP where they provide help to differenti-
ating B cells within germinal centers (GCs), thereby facilitating

the production of high affinity, class switched antibodies (Crotty,
2014). Correlating with increased Tfh cells, we observed more
GC B cells within themLN and PP of maternal antibody-deficient
mice as compared to control offspring (Figure 7D). Expectedly,
the activation of CD4 T cells preceded the expansion of GC
B cells (Figure 7E). Notably, offspring of dams deficient solely
in IgA did not exhibit increased frequencies or numbers of GC
B cells in the mLN and PP (Figures 7F, S7D), consistent with
the lack of Teff cells expansion in these mice (Figure 6A).

Figure 5. Regulation of Mucosal T Cell Responses by Maternal Antibodies
(A) Representative flow cytometric analyses (left) of CD4+Foxp3!CD44hi Teff cells present in the mLN of mice sufficient or deficient in maternal antibodies at d25

of age. Dot plots gated on CD4+CD8! live cells. Graphs display frequencies (middle) and cell numbers (right) of CD4+Foxp3!CD44hi Teff cells present in the mLN

and PP of indicated offspring.

(B) Representative histograms (left) of CD69 expression by gated CD4+Foxp3! live cells present in the mLN of mice as in (A). Graphs display frequencies (middle)

and cell numbers (right) of CD4+Foxp3!CD69hi activated T cells cells present in the mLN and PP of indicated offspring.

(C) Colony forming units (cfu) recovered from the mLN of the indicated offspring d21 post-birth. Dashed line indicates lower limit of detection.

(D) Frequencies of CD4+Foxp3!CD44hi Teff cells present in the mLN and PP of mice cross-fostered withWT or mMT!/! dams at d1 post-birth. Indicated offspring

were analyzed at d25 of age.

Bars on graphs indicate medians; symbols represent individual mice. With the exception of (C), data are representative of 2–10 independent experiments with

4–6 mice per group and statistical significance was determined using two-way ANOVA. Bonferroni post-tests were used for pairwise comparisons. For (C), data

are compiled from 4 independent experiments and statistical significance was determined using a Mann-Whitney test. See also Figure S5.
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Figure 5. Regulation of Mucosal T Cell Responses by Maternal Antibodies
(A) Representative flow cytometric analyses (left) of CD4+Foxp3!CD44hi Teff cells present in the mLN of mice sufficient or deficient in maternal antibodies at d25

of age. Dot plots gated on CD4+CD8! live cells. Graphs display frequencies (middle) and cell numbers (right) of CD4+Foxp3!CD44hi Teff cells present in the mLN

and PP of indicated offspring.

(B) Representative histograms (left) of CD69 expression by gated CD4+Foxp3! live cells present in the mLN of mice as in (A). Graphs display frequencies (middle)

and cell numbers (right) of CD4+Foxp3!CD69hi activated T cells cells present in the mLN and PP of indicated offspring.

(C) Colony forming units (cfu) recovered from the mLN of the indicated offspring d21 post-birth. Dashed line indicates lower limit of detection.

(D) Frequencies of CD4+Foxp3!CD44hi Teff cells present in the mLN and PP of mice cross-fostered withWT or mMT!/! dams at d1 post-birth. Indicated offspring

were analyzed at d25 of age.

Bars on graphs indicate medians; symbols represent individual mice. With the exception of (C), data are representative of 2–10 independent experiments with

4–6 mice per group and statistical significance was determined using two-way ANOVA. Bonferroni post-tests were used for pairwise comparisons. For (C), data

are compiled from 4 independent experiments and statistical significance was determined using a Mann-Whitney test. See also Figure S5.
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(legend on next page)
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• Enhanced T cell activation results from a lack of maternal 
antibodies rather than differences in the composition of the 
inherited microbiota.  

• Acquisition of maternal antibodies post-birth, rather than in 
utero, is required to dampen mucosal T cell activation in 
young mice. 



Maternal IgG and IgA Cooperate to Limit 
Mucosal T Cell Responses

DISCUSSION

Here we characterize a mechanism that limits immune re-
sponses to newly acquired commensal antigens in neonates.
We report a broad, anti-commensal, TI IgG response, composed
primarily of IgG2b and IgG3 isotypes, that is partially dependent
on TLR2 and TLR4. Maternally acquired IgG and IgA limit
mucosal T cell activation and subsequent T-dependent B cell re-
sponses during early life. At the time of weaning, commensal mi-
crobes localize close to the intestinal epithelium (Rogier et al.,
2014), and maternal antibodies limit bacterial translocation to
the mLN (Figure 5C). In the absence of maternal antibodies,
new commensal antigens induce a compensatory T-dependent
antibody response that appears to restore homeostasis.
Whether such aberrant T and B cell responses lead to other

long-term consequences remains unclear and is an important
topic for further study. Nevertheless, our work shows that control
of T-dependent immunity to gut microbes requires instructional
cues from TI antibodies and the innate immune system.
Commensal-specific IgA and IgGmay work by distinct mecha-

nisms and in discrete anatomical compartments to regulate intes-
tinal immunity. IgAmayentrapmicrobes in the lumen,while IgG2b
and IgG3 antibodies regulate responses to translocated mi-
crobes. Importantly, lumenal IgG can be transported into the sys-
temic circulation, and maternal IgG antibodies present on both
sides of the intestinal epithelium may cooperate to limit mucosal
responses. Coating of bacteria by breast milk-derived IgG
may function similarly to IgA by discouraging bacterial associa-
tion with the intestinal epithelium; IgG could also enhance
bacterial sampling by FcRn-expressing intestinal epithelial cells.

Figure 6. Maternal IgG and IgA Cooperate to Limit Mucosal T Cell Responses
(A) Frequencies of CD4+Foxp3!CD44hi Teff cells (left) or CD4+Foxp3!CD69hi activated T cells (right) present in the mLN and PP of mice born to WT, mMT!/!

or Iga!/! dams at d25 of age.

(B) Same as (A), comparing Fcrn+/! or Fcrn!/! mice born to Fcrn+/! dams with offspring of WT or mMT!/! dams as indicated.

(C) Same as (A) comparing mice born to WT or Fcrn!/! dams.

(D) Same as (A) comparing offspring of Fcrn!/! or Fcrn!/!IgA!/! dams. Bars on graphs indicate medians; symbols represent individual mice. Data are repre-

sentative of 2–10 independent experiments with 4–6 mice per group. Statistical significance was determined using two-way ANOVA. Bonferroni post-tests were

used for pairwise comparisons. See also Figure S6.

836 Cell 165, 827–841, May 5, 2016

Equivalent accumulation of Teff and activated 

CD4+Foxp3-CD69+ T cells in the mLN and PP of 
mice born to either WT or IgA-deficient dams. 

No alterations of T cell responses in the absence of Fcn

• No increase in CD4 Teff and 

CD69+Foxp3 activated Th cells 
in mucosal tissues of pups of 
FcRn-deficient dams compared to 
control offspring 

• Increases of CD4 Teff and 
CD69+Foxp3 activated Th cells 
in mLN and PP of mice lacking 
maternal IgA and FcRn-
dependent IgG compared to pups 
of FcRn-deficient mothers.



Maternal IgG and IgA Cooperate to Limit 
Mucosal T Cell Responses

Figure S6. Maternal IgG and IgA Cooperate to Limit Mucosal T Cell Responses, Related to Figure 6
(A and B) ELISA analysis (A) of IgG2b and IgG3 antibodies in the sera, stomach and small intestinal contents and (B) immunofluorescent staining of colonic

microbes of Fcrn+/! and Fcrn!/! offspring born to Fcrn+/! dams at d14 of age. Histological samples were analyzed without the addition of serum. Scale bars are

equivalent to 10 microns.

(C) ELISA analysis of serum titers of IgG2b and IgG3 in offspring of WT, mMT!/! or Fcrn!/! dams at d14 and d21 of age.

(D and E) Total numbers of CD4+Foxp3!CD44hi Teff cells present in the mLN and PP of mice born to (D) WT or Fcrn!/! dams or (E) Fcrn!/! or Fcrn!/!Iga!/! dams

at d25 of age.

Bars on all graphs indicate medians; each symbol represents individual mice. With the exception of (B), data are representative of 2–10 independent experiments

with 3–6 mice per group. For (B) data are representative of 8 individual samples. Statistical significance was determined using two-way ANOVA. Bonferroni post-

tests were used for indicated pairwise comparisons. n.s. = not significant
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Reduced in the intestinal lumen and blood of pups born to 
FcRn-deficient dams, but the defect was incomplete when 
compared to offspring of muMT-/-dams.



Dysregulation in Young Animals may be Transient

Figure 7. Compensatory Germinal Center Responses in Mice Lacking Maternal Antibodies
(A) Weights of offspring of mMT+/! and mMT!/! littermate dams at d25 post-birth.

(B) Frequencies of CD4+Foxp3!CD44hi Teff cells in the mLN (left) and PP (right) of mice sufficient or deficient in maternal antibodies at the indicated days

post-birth.

(C) Frequencies of CD4+Foxp3!CD44hiT-bet+ (Th1), CD4+Foxp3!CD44hiRORgT+ (Th17) or CD4+Foxp3!CD44hiPD-1+CXCR5+ (Tfh) present in themLN and PP of

mice sufficient or deficient in maternal antibodies at d25 of age. Representative flow cytometric plots (right) of CXCR5 and PD-1 expression by gated live

CD4+Foxp3-CD44hi Teff cells in the PP of the indicated offspring.

(D) Representative flow cytometric analysis (left) of PNA andGL-7 expression by gated live CD19+IgDlo B cells present in themLN ofmice as in (C). Graphs display

frequencies (middle) and numbers (right) of GC B cells present in the mLN and PP of indicated offspring.

(E) Frequencies out of CD19+ cells of CD19+IgDloPNA+GL-7+ GC B cells present in the mLN and PP of mice with or without maternal antibodies at the indicated

days post-birth.

(F) Frequencies out of CD19+ cells of CD19+IgDloPNA+GL-7+ GCB cells present in themLN andPP ofmice born toWT, mMT!/! or Iga!/! dams at d25 of age. Bars

ongraphs indicatemedians; symbols represent individualmice.With theexceptionof (A), dataare representativeof 2–8 independent experimentswith4–6miceper

group, statistical significance was determined using two-way ANOVA, and Bonferroni post-tests were used for pairwise comparisons. For (A), data are compiled

from 4 independent experiments, and statistical significance was determined using an unpaired student’s t test. n.s. = not significant. See also Figure S7.
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Figure S7. Compensatory Germinal Center Responses in Mice Lacking Maternal Antibodies, Related to Figure 7
(A) Weights of offspring of WT and mMT!/! dams at 8–12 weeks post-birth.

(B and C) The relative median weights (±SEM), lipocalin-2 concentrations in feces, and IL-6 and TNF concentrations in sera are shown for maternal antibody

sufficient and deficient mice given 2% dextran sodium sulfate (DSS) in their drinking water at (B) 4 weeks or (C) 10 weeks of age.

(D) Cell numbers of CD19+IgDloPNA+GL-7+ GCB cells present in themLN and PP ofmice born toWT, B cell deficient or IgA-deficient dams at d25 of age.With the

exception of weight graphs in (B, C), bars on all graphs indicate medians; each symbol represents individual mice. With the exception of (A), data are repre-

sentative of 2–3 independent experiments with 4–6 mice per group, statistical significance was determined using two-way ANOVA, and Bonferroni post-tests

were used for pairwise comparisons. For (A), data are compiled from 3 independent experiments, and statistical significance was determined using an unpaired

student’s t test. n.s. = not significant.
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Consistently weighed 10%–15% less than 
pups born to muMT-/- dams at d25 post-
birth, but this difference resolved in older 
mice 

Slightly elevated levels of inflammatory 
serum cytokines and fecal lipocalin-2 

Figure S7. Compensatory Germinal Center Responses in Mice Lacking Maternal Antibodies, Related to Figure 7
(A) Weights of offspring of WT and mMT!/! dams at 8–12 weeks post-birth.

(B and C) The relative median weights (±SEM), lipocalin-2 concentrations in feces, and IL-6 and TNF concentrations in sera are shown for maternal antibody

sufficient and deficient mice given 2% dextran sodium sulfate (DSS) in their drinking water at (B) 4 weeks or (C) 10 weeks of age.

(D) Cell numbers of CD19+IgDloPNA+GL-7+ GCB cells present in themLN and PP ofmice born toWT, B cell deficient or IgA-deficient dams at d25 of age.With the

exception of weight graphs in (B, C), bars on all graphs indicate medians; each symbol represents individual mice. With the exception of (A), data are repre-

sentative of 2–3 independent experiments with 4–6 mice per group, statistical significance was determined using two-way ANOVA, and Bonferroni post-tests

were used for pairwise comparisons. For (A), data are compiled from 3 independent experiments, and statistical significance was determined using an unpaired

student’s t test. n.s. = not significant.
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Compensatory Germinal Center Responses Restore 
Homeostasis in Mice Lacking Maternal Antibodies 

Figure 7. Compensatory Germinal Center Responses in Mice Lacking Maternal Antibodies
(A) Weights of offspring of mMT+/! and mMT!/! littermate dams at d25 post-birth.

(B) Frequencies of CD4+Foxp3!CD44hi Teff cells in the mLN (left) and PP (right) of mice sufficient or deficient in maternal antibodies at the indicated days

post-birth.

(C) Frequencies of CD4+Foxp3!CD44hiT-bet+ (Th1), CD4+Foxp3!CD44hiRORgT+ (Th17) or CD4+Foxp3!CD44hiPD-1+CXCR5+ (Tfh) present in themLN and PP of

mice sufficient or deficient in maternal antibodies at d25 of age. Representative flow cytometric plots (right) of CXCR5 and PD-1 expression by gated live

CD4+Foxp3-CD44hi Teff cells in the PP of the indicated offspring.

(D) Representative flow cytometric analysis (left) of PNA andGL-7 expression by gated live CD19+IgDlo B cells present in themLN ofmice as in (C). Graphs display

frequencies (middle) and numbers (right) of GC B cells present in the mLN and PP of indicated offspring.

(E) Frequencies out of CD19+ cells of CD19+IgDloPNA+GL-7+ GC B cells present in the mLN and PP of mice with or without maternal antibodies at the indicated

days post-birth.

(F) Frequencies out of CD19+ cells of CD19+IgDloPNA+GL-7+ GCB cells present in themLN andPP ofmice born toWT, mMT!/! or Iga!/! dams at d25 of age. Bars

ongraphs indicatemedians; symbols represent individualmice.With theexceptionof (A), dataare representativeof 2–8 independent experimentswith4–6miceper

group, statistical significance was determined using two-way ANOVA, and Bonferroni post-tests were used for pairwise comparisons. For (A), data are compiled

from 4 independent experiments, and statistical significance was determined using an unpaired student’s t test. n.s. = not significant. See also Figure S7.
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group, statistical significance was determined using two-way ANOVA, and Bonferroni post-tests were used for pairwise comparisons. For (A), data are compiled
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Observed expansion of CD4+Foxp3-CD44hi T cells only in young mice 



Compensatory Germinal Center Responses Restore 
Homeostasis in Mice Lacking Maternal Antibodies 

Figure 7. Compensatory Germinal Center Responses in Mice Lacking Maternal Antibodies
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(B) Frequencies of CD4+Foxp3!CD44hi Teff cells in the mLN (left) and PP (right) of mice sufficient or deficient in maternal antibodies at the indicated days

post-birth.

(C) Frequencies of CD4+Foxp3!CD44hiT-bet+ (Th1), CD4+Foxp3!CD44hiRORgT+ (Th17) or CD4+Foxp3!CD44hiPD-1+CXCR5+ (Tfh) present in themLN and PP of

mice sufficient or deficient in maternal antibodies at d25 of age. Representative flow cytometric plots (right) of CXCR5 and PD-1 expression by gated live

CD4+Foxp3-CD44hi Teff cells in the PP of the indicated offspring.

(D) Representative flow cytometric analysis (left) of PNA andGL-7 expression by gated live CD19+IgDlo B cells present in themLN ofmice as in (C). Graphs display

frequencies (middle) and numbers (right) of GC B cells present in the mLN and PP of indicated offspring.

(E) Frequencies out of CD19+ cells of CD19+IgDloPNA+GL-7+ GC B cells present in the mLN and PP of mice with or without maternal antibodies at the indicated

days post-birth.

(F) Frequencies out of CD19+ cells of CD19+IgDloPNA+GL-7+ GCB cells present in themLN andPP ofmice born toWT, mMT!/! or Iga!/! dams at d25 of age. Bars

ongraphs indicatemedians; symbols represent individualmice.With theexceptionof (A), dataare representativeof 2–8 independent experimentswith4–6miceper

group, statistical significance was determined using two-way ANOVA, and Bonferroni post-tests were used for pairwise comparisons. For (A), data are compiled

from 4 independent experiments, and statistical significance was determined using an unpaired student’s t test. n.s. = not significant. See also Figure S7.
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Profiled expression of transcription factors and trafficking receptors on CD4 Teff cells 

• No reproducible difference  

• Expansion of CD4+ Teff cells expressing the Tfh markers 

• More GC B cells within the mLN and PP of maternal 
antibody-deficient mice as compared to control offspring 

• Activation of CD4+ T cells preceded the expansion of GC 
B cells. 

• IgA KO mice did not exhibit increased frequencies or 
numbers of GC B cells in the mLN and PP 
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Highlights 
• Bacteroides fragilis delivers immunomodulatory molecules to immune cells via secretion of outer 

membrane vesicles (OMVs). 

• OMVs require ATG16L1 and NOD2 to activate a non-canonical autophagy pathway during 
protection from colitis.

• ATG16L1-deficient dendritic cells do not induce Treg to suppress mucosal inflammation.

• Polymorphisms in susceptibility genes promote disease through defects in ‘sensing’ protective 
signals from the microbiome. 



Microbiota
Bacteroides fragilis 

• A gram-negative, obligate anaerobic bacteria  
• B. fragilis is a prominent commensal human gut 
• It synthesizes at least eight unique capsular polysaccharide complexes from distinct genomic loci 

• At least two of these polysaccharides (PSA and PSB) have a novel zwitterionic structure (both a positive and 
negative charge within each repeating subunit). 

• PSA consists of a tetrasaccharide repeat unit that forms a polymer of between 30-300 repeats. 
• Packaged in outer membrane vesicles (OVMs)  
• Delivered to intestinal DC to induce IL-10 from Treg 
• Protects from chemically induced intestinal inflammation PSA protects from chemically induced  

intestinal inflammation 

Mazmanian et al, Nature (2008) 
Mazmanian et al. Cell (2005)

Mazmanian et al, Nature (2008)



Gene
ATG16L1 and NOD2

• Close to 200 risk loci have been proposed for CD 
• with several susceptibility genes  
• Genes linked to autophagy (e.g. ATG16L1)  
• Genes linked to microbial sensors that activate autophagy (e.g. NOD2).  

• NOD2 encodes for an intracellular sensor of bacterial peptidoglycan, and polymorphisms in this gene 
contribute to the largest fraction of genetic risk for CD  

• Disruption of these genes results in defects in microbial clearance. 
• Impaired immune cells for autophagy are hyper-inflammatory



Canonical and Non-canonical Autophagy

a | The hallmarks of canonical autophagosomes are shown.  

b | Group A Streptococcus (GAS) is sequestered by a double-membraned autophagosome that is formed from multiple isolation 
membranes. This is an example of an autophagy-related (ATG)-dependent autophagic pathway with non-canonical structures.  

c | Engagement of Toll-like receptors (TLRs) with their ligand at the cell surface leads to the non-canonical recruitment of ATG proteins to 
the single-membrane bound phagosome.This is an example of an ATG-dependent, non-autophagic pathway.

Codogno et al., 2012, Nature Reviews Molecular Cell Biology



ATG16L1 Signals via a Non-canonical Autophagy Pathway 
during OMV-mediated Treg Induction 

BMDCs of WT and ATG16L1-deficient (Atg16l1fl/flCd11cCre; Atg16L1ΔCD11c) mice were pulsed with OMVs from WT 
B. fragilis or an isogenic mutant lacking PSA, and co-cultured with CD4+ T cells. 

 
  

Fig. 1. ATG16L1 signals via a non-canonical autophagy pathway during OMV-mediated Treg induction. (A) 
ELISA for IL-10 production during DC–T cell co-cultures with WT or Atg16L1∆CD11c BMDCs treated with PBS, B. 
fragilis WT-OMV, ∆PSA-OMV or purified PSA. (B and C) Representative flow cytometry plots (B) and 
frequency (C) of CD4+Foxp3+IL-10+ Tregs from DC–T cell co-cultures with WT or Atg16L1∆CD11c DCs treated with 
PBS, B. fragilis WT-OMV, ∆PSA-OMV or purified PSA. (D) T cell suppression assay analyzing in vitro 
generated Tregs from WT or Atg16L1∆CD11c DCs treated with WT-OMVs. (E) Quantification of LC3-GFP 
accumulation by B. fragilis WT-OMV treatment of Rubicon+/− or Rubicon−/− DCs. Representative flow 
cytometry histogram plot (inset). PBS, grey; WT-OMV, blue. (F) Frequency of CD4+Foxp3+IL-10+ Tregs from 
Rubicon+/− or Rubicon−/− DC–T cell co-cultures treated with PBS, B. fragilis WT-OMV, ∆PSA-OMV or purified 
PSA. Error bars represent SEM * p < 0.05, *** p < 0.001, **** p < 0.0001. Two-way ANOVA, followed by 
Tukey’s post-hoc analysis. Data are representative of at least 2 independent experiments. 
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Fig. S1. Vehicle treatment of WT and Atg16L1ΔCD11c DCs does not induce significant 
production of IL-10 among CD4+Foxp3+ Tregs.  
 
Representative flow cytometry plots of CD4+Foxp3+IL-10+ Tregs from DC–T cell co-
cultures with WT and Atg16L1ΔCD11c DCs treated with PBS (vehicle). Data are 
representative of at least 3 independent experiments. 



Tregs Isolated from Co-cultures with Atg16L1ΔCD11c BMDCs Treated 
with B. fragilis OMVs Exhibit Impaired Suppressive Activity 
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Fig. S2 

 

Fig. S2. Purified PSA does not require ATG16L1 to promote suppressive Treg 
activity.  

(A) Representative histrograms measuring suppression of responder T cell proliferation 
by in vitro generated Tregs from WT or Atg16L1ΔCD11c DCs treated with PBS, B. fragilis 
WT-OMV, ΔPSA-OMV or purified PSA. (B and C) T cell suppression index of in vitro 
generated Tregs from WT or Atg16L1ΔCD11c DCs treated with (B) ΔPSA-OMV or (C) 
purified PSA at various Treg:Teff ratios. Cell proliferation was stimulated with αCD3. 
Error bars represent S.E.M. *p < 0.05. Data are representative of at least 2 independent 
experiments. 

Suppression of responder T cell 
proliferation by in vitro generated 
Tregs from WT or Atg16L1ΔCD11c DCs 

T cell suppression assay analysing in vitro generated Tregs from WT or 
Atg16L1∆CD11c DCs treated with WT-OMV.
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ELISA for IL-10 production during DC–T cell co-cultures with WT or Atg16L1∆CD11c BMDCs treated with PBS, B. 
fragilis WT-OMV, ∆PSA-OMV or purified PSA. (B and C) Representative flow cytometry plots (B) and 
frequency (C) of CD4+Foxp3+IL-10+ Tregs from DC–T cell co-cultures with WT or Atg16L1∆CD11c DCs treated with 
PBS, B. fragilis WT-OMV, ∆PSA-OMV or purified PSA. (D) T cell suppression assay analyzing in vitro 
generated Tregs from WT or Atg16L1∆CD11c DCs treated with WT-OMVs. (E) Quantification of LC3-GFP 
accumulation by B. fragilis WT-OMV treatment of Rubicon+/− or Rubicon−/− DCs. Representative flow 
cytometry histogram plot (inset). PBS, grey; WT-OMV, blue. (F) Frequency of CD4+Foxp3+IL-10+ Tregs from 
Rubicon+/− or Rubicon−/− DC–T cell co-cultures treated with PBS, B. fragilis WT-OMV, ∆PSA-OMV or purified 
PSA. Error bars represent SEM * p < 0.05, *** p < 0.001, **** p < 0.0001. Two-way ANOVA, followed by 
Tukey’s post-hoc analysis. Data are representative of at least 2 independent experiments. 
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B. fragilis OMVs Require Atg5 and Atg7 
to Promote IL-10 Production  
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Fig. S5 
 

 
 

Fig. S5. B. fragilis OMVs require Atg5 and Atg7 to promote IL-10 production from 
Foxp3+ Tregs.  

Proportions of IL-10 expression among CD4+ Foxp3+ Tregs following PBS, B. fragilis 
WT-OMV, ΔPSA-OMV or purified PSA treatment of (A) WT and Atg5fl/fl LysMCre or 
(B) Atg7fl/fl LysMCre BMDCs co-cultured with CD4+ T cells. Error bars represent S.E.M. 
* p < 0.05, **** p < 0.0001. Data are representative of at least 3 independent 
experiments. 



But… doesn’t require classical autophagy genes  
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Fig. S6 
 

 

Fig. S6. B. fragilis OMVs do not require canonical autophagy to promote IL-10 
production in Foxp3+ Tregs.  

The requirement of canonical autophagy was examined using (A) Ulk1-/- , (B) Fip200 fl/fl 
LysMCre or (C) Atg14 fl/fl LysMCre BMDCs treated with PBS, B. fragilis WT-OMV, 
ΔPSA-OMV or purified PSA, then co-cultured with CD4+ T cells. Measurement of IL-
10+ cells among the Foxp3+ Treg population by flow cytometry. Error bars represent 
S.E.M. Data are representative of at least 3 independent experiments. 



B. fragilis WT-OMVs Activate the LAP pathway

 
  

Fig. 1. ATG16L1 signals via a non-canonical autophagy pathway during OMV-mediated Treg induction. (A) 
ELISA for IL-10 production during DC–T cell co-cultures with WT or Atg16L1∆CD11c BMDCs treated with PBS, B. 
fragilis WT-OMV, ∆PSA-OMV or purified PSA. (B and C) Representative flow cytometry plots (B) and 
frequency (C) of CD4+Foxp3+IL-10+ Tregs from DC–T cell co-cultures with WT or Atg16L1∆CD11c DCs treated with 
PBS, B. fragilis WT-OMV, ∆PSA-OMV or purified PSA. (D) T cell suppression assay analyzing in vitro 
generated Tregs from WT or Atg16L1∆CD11c DCs treated with WT-OMVs. (E) Quantification of LC3-GFP 
accumulation by B. fragilis WT-OMV treatment of Rubicon+/− or Rubicon−/− DCs. Representative flow 
cytometry histogram plot (inset). PBS, grey; WT-OMV, blue. (F) Frequency of CD4+Foxp3+IL-10+ Tregs from 
Rubicon+/− or Rubicon−/− DC–T cell co-cultures treated with PBS, B. fragilis WT-OMV, ∆PSA-OMV or purified 
PSA. Error bars represent SEM * p < 0.05, *** p < 0.001, **** p < 0.0001. Two-way ANOVA, followed by 
Tukey’s post-hoc analysis. Data are representative of at least 2 independent experiments. 
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Frequency of CD4+Foxp3+IL-10+ Tregs 
from Rubicon+/-  or Rubicon-/- DC–T 
cell co-cultures treated with PBS, B. 
fragilis WT-OMV, ∆PSA-OMV or 
purified PSA 

• OMVs utilize the non-canonical autophagy pathway,  
• LC3-associated phagocytosis (LAP) is specifically activated by microbial ligands delivered as particles rather than soluble molecules. 
• LAP activation requires RUBICON, which represses canonical autophagy. 
• RUBICON is upstream of ATG16L1 signaling.
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Fig. S7 
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Fig. S7. B. fragilis WT-OMVs activate the LAP pathway.  
 
Quantification of LC3-GFP accumulation upon 2h treatment of BMDCs with PBS, B. 
fragilis WT-OMV, ΔPSA-OMV or purified PSA in Rubicon+/- or Rubicon-/- DCs. Error 
bars represent S.E.M. **** p < 0.0001. Data are representative of 3 independent 
experiments. 

Quantification of LC3-GFP accumulation 
upon 2h treatment of BMDCs with PBS, 
B. fragilis WT-OMV, ΔPSA-OMV or 
purified PSA in Rubicon+/- or Rubicon-/- 

DCs  



B. fragilis OMVs Require ATG16L1 in CD11c+ DCs 
for Protection from Colitis 

Mice were initially treated by oral gavage with WT-OMVs for 7 days and afterwards, were treated with 2,4-dinitrobenzenesulfonic acid (DNBS)

  
  

Fig. 2. B. fragilis OMVs require ATG16L1 in CD11c+ DCs for protection 
from colitis. (A and B) Weight loss (A), colon length and gross pathology 
(B) of WT and Atg16L1∆CD11c mice orally treated with PBS or B. fragilis WT-
OMV during DNBS colitis. Sham groups were treated with ethanol. (C) 
Colitis scores by a blinded pathologist using a standard scoring system, 
and representative H & E images. Scale bar represents 100 µm. (D and E) 
Mesenteric lymph node (MLN) lymphocytes isolated post-DNBS analyzed 
for IL-10 (D) and IL-17A (E) production among CD4+Foxp3+ Tregs, as 
assessed by flow cytometry. Error bars represent SEM * p < 0.05, *** p < 
0.001, **** p < 0.0001. Two-way ANOVA, followed by Tukey’s post-hoc 
analysis. Data are representative of at least 3 independent experiments, 
with 3-9 mice/group. 
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Fig. S8  
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Fig. S8. B. fragilis OMV-mediated protection from colitis requires ATG16L1 in 
DCs.  
 
(A) Survival cure of WT and Atg16L1ΔCD11c mice orally treated with PBS or B. fragilis 
WT-OMV during DNBS colitis. Data are representative of at least 6 independent 
experiments, with 4 - 10 mice/group. * p < 0.05, Gehan-Breslow-Wilcoxon test. (B) 
MLNs isolated post-DNBS analyzed for Il10/Il12 transcripts, as assessed by quantitative 
real-time RT-PCR. Transcripts were normalized to β-actin. (C) cLP lymphocytes isolated 
post-DNBS analyzed for IL-10 production among CD4+Foxp3+ Tregs. Error bars represent 
S.E.M. * p < 0.05. Data are representative of at least 2 independent experiments, with 3-5 
mice/group. 
 

  
  

Fig. 2. B. fragilis OMVs require ATG16L1 in CD11c+ DCs for protection 
from colitis. (A and B) Weight loss (A), colon length and gross pathology 
(B) of WT and Atg16L1∆CD11c mice orally treated with PBS or B. fragilis WT-
OMV during DNBS colitis. Sham groups were treated with ethanol. (C) 
Colitis scores by a blinded pathologist using a standard scoring system, 
and representative H & E images. Scale bar represents 100 µm. (D and E) 
Mesenteric lymph node (MLN) lymphocytes isolated post-DNBS analyzed 
for IL-10 (D) and IL-17A (E) production among CD4+Foxp3+ Tregs, as 
assessed by flow cytometry. Error bars represent SEM * p < 0.05, *** p < 
0.001, **** p < 0.0001. Two-way ANOVA, followed by Tukey’s post-hoc 
analysis. Data are representative of at least 3 independent experiments, 
with 3-9 mice/group. 
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Fig. 2. B. fragilis OMVs require ATG16L1 in CD11c+ DCs for protection 
from colitis. (A and B) Weight loss (A), colon length and gross pathology 
(B) of WT and Atg16L1∆CD11c mice orally treated with PBS or B. fragilis WT-
OMV during DNBS colitis. Sham groups were treated with ethanol. (C) 
Colitis scores by a blinded pathologist using a standard scoring system, 
and representative H & E images. Scale bar represents 100 µm. (D and E) 
Mesenteric lymph node (MLN) lymphocytes isolated post-DNBS analyzed 
for IL-10 (D) and IL-17A (E) production among CD4+Foxp3+ Tregs, as 
assessed by flow cytometry. Error bars represent SEM * p < 0.05, *** p < 
0.001, **** p < 0.0001. Two-way ANOVA, followed by Tukey’s post-hoc 
analysis. Data are representative of at least 3 independent experiments, 
with 3-9 mice/group. 
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Fig. S9 

 

 

 
Fig. S9. B. fragilis OMV-mediated protection is not due to an overall defect in Treg 
development in Atg16L1ΔCD11c mice under naïve conditions.  
 
Proportions of CD4+Foxp3+ T cells in (A) spleen, (B) MLNs and (C) cLP of WT and 
Atg16L1ΔCD11c naïve mice. Error bars represent S.E.M. ns, not significant. Data are 
representative of at least 2 independent experiments, with 3-5 mice/group. 

No Defects in Treg Development in KO Mice
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Fig. S10 

 

 

 
Fig. S10. B. fragilis OMV-mediated protection is not due to an overall defect in Treg 
development in Atg16L1ΔCD11c mice during colitis.  
 
Proportions of CD4+Foxp3+ T cells in (A) MLNs and (B) cLP of WT and Atg16L1ΔCD11c 
mice orally treated with PBS or B. fragilis WT-OMV during DNBS colitis. Error bars 
represent S.E.M. ns, not significant. Data are representative of at least 3 independent 
experiments, with 3-5 mice/group. 

Homeostasis

Colitis



WT-OMVs Require ATG16L1 within DCs to Induce IL-10 
Expression and to Suppress Intestinal Inflammation

Mice were initially treated by oral gavage with WT-OMVs for 7 days and afterwards, were treated with 2,4-dinitrobenzenesulfonic acid (DNBS)

  
  

Fig. 2. B. fragilis OMVs require ATG16L1 in CD11c+ DCs for protection 
from colitis. (A and B) Weight loss (A), colon length and gross pathology 
(B) of WT and Atg16L1∆CD11c mice orally treated with PBS or B. fragilis WT-
OMV during DNBS colitis. Sham groups were treated with ethanol. (C) 
Colitis scores by a blinded pathologist using a standard scoring system, 
and representative H & E images. Scale bar represents 100 µm. (D and E) 
Mesenteric lymph node (MLN) lymphocytes isolated post-DNBS analyzed 
for IL-10 (D) and IL-17A (E) production among CD4+Foxp3+ Tregs, as 
assessed by flow cytometry. Error bars represent SEM * p < 0.05, *** p < 
0.001, **** p < 0.0001. Two-way ANOVA, followed by Tukey’s post-hoc 
analysis. Data are representative of at least 3 independent experiments, 
with 3-9 mice/group. 
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Fig. S8. B. fragilis OMV-mediated protection from colitis requires ATG16L1 in 
DCs.  
 
(A) Survival cure of WT and Atg16L1ΔCD11c mice orally treated with PBS or B. fragilis 
WT-OMV during DNBS colitis. Data are representative of at least 6 independent 
experiments, with 4 - 10 mice/group. * p < 0.05, Gehan-Breslow-Wilcoxon test. (B) 
MLNs isolated post-DNBS analyzed for Il10/Il12 transcripts, as assessed by quantitative 
real-time RT-PCR. Transcripts were normalized to β-actin. (C) cLP lymphocytes isolated 
post-DNBS analyzed for IL-10 production among CD4+Foxp3+ Tregs. Error bars represent 
S.E.M. * p < 0.05. Data are representative of at least 2 independent experiments, with 3-5 
mice/group. 
 

cLP lymphocytes isolated post-DNBS analyzed 

for IL-10 production among CD4+Foxp3+ Tregs 

Mesenteric lymph node (MLN) lymphocytes 
isolated post-DNBS analyzed for IL-10 (D) and 
IL-17A (E) production among CD4+Foxp3+ Tregs 
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Fig. S13 
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Fig. S13. Commensal and pathogen-derived OMVs differentially utilize ATG16L1 
in CD11c+ BMDCs. 
 
Frequency of (A) CD4+Foxp3+IL-10+ Tregs, (B) CD4+Foxp3+IL-17A+ T cells and (C) 
CD4+IFN-γ+ T cells from DC–T cell co-cultures with WT or Atg16L1ΔCD11c DCs treated 
with PBS, B. fragilis WT-OMV, ΔPSA-OMV, Bt-OMV, Bv-OMV, or S.Tm OMVs. 
Error bars represent S.E.M. *** p < 0.001, **** p < 0.0001. Data are representative of 3 
independent experiments. Bt, Bacteroides thetaiotamicron; Bv, Bacteroides vulgatus; 
STm, Salmonella enterica serovar Typhimurium. 
 

Commensal and Pathogen-derived OMVs Differentially 
Utilize ATG16L1 in CD11c+ BMDCs 

Bf, B. fragilis 
Bt, Bacteroides thetaiotamicron 

Bv, Bacteroides vulgatus 
STm, Salmonella enterica serovar Typhimurium 

BMDCs of WT and ATG16L1-deficient (Atg16l1fl/flCd11cCre; Atg16L1ΔCD11c) mice were pulsed with OMVs 
from other enteric bacteria and co-cultured with CD4+ T cells. 



Abrogation of Treg responses by ATG16L1-deficient DCs is 
likely due to increased pro-inflammatory cytokine production  

 

24 
 

  
Fig. S15 
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Fig. S15. Atg16L1ΔCD11c DCs display a hyper-inflammatory cytokine profile.  
 
Quantitative RT-PCR of (A) Il1b, (B) Il6, and (C) Tnfa in WT or Atg16L1ΔCD11c BMDCs 
treated with PBS, WT-OMV or ΔPSA-OMV, relative to the β-actin. Error bars represent 
S.E.M. * p < 0.05, ** p < 0.01, and *** p < 0.001. Data are representative of at least 4 
independent experiments. 

Stimulation with OMVs results in an increase of transcription of multiple pro-inflammatory cytokines 
in Atg16L1ΔCD11c DCs compared to WT cells.



NOD2 is Required for OMV-mediated Tregs Induction and 
Protection from Colitis 

 
  

Fig. 3. NOD2 is required for OMV-mediated Tregs induction and 
protection from colitis. (A and B) Representative flow cytometry plots 
(A) from WT-OMV (left) and ∆PSA-OMV (right) treated BMDCs co-
cultured with CD4+ T cells, and frequency (B) of CD4+Foxp3+IL-10+ Tregs 
from DC–T cell co-cultures. (C and D) Weight loss (C), colon length and 
gross pathology (D) of WT or Nod2−/− mice treated with PBS or B. fragilis 
WT-OMV during DNBS colitis. Error bars represent SEM * p < 0.05, ****p 
< 0.0001. Two-way ANOVA, followed by Tukey’s post-hoc analysis. Data 
are representative of at least 3 independent experiments, with 3-5 
mice/group. 
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Fig. S17 
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Fig. S17. TLR2 and NOD2 are involved in OMV-mediated induction of reactive 
nitrogen species (ROS), a feature of LAP.  
 
WT, Tlr2-/-, or Nod2-/- BMDCs were pulsed with WT-OMVs for 2h and ROS production 
was assessed by dihydroethidium (DHE), as measured for flow cytometry. Error bars 
represent S.E.M.  ** p < 0.01, *** p < 0.001, **** p < 0.0001. Data are representative of 
3 independent experiments. 

TLR2 and NOD2 are Involved in OMV-mediated 
Induction of ROS 

WT, Tlr2-/-, or Nod2-/- BMDCs were pulsed with WT-OMVs for 2h and ROS production was assessed by 
dihydroethidium (DHE)



 

Fig. 4. The T300A risk variant of ATG16L1 in human cells is unable to support OMV responses. (A 
and B) MoDCs with either the protective (A) or risk (B) allele were treated with PBS, B. fragilis WT-
OMV, ∆PSA-OMV or purified PSA, washed and co-cultured with syngeneic CD4+ T cells. IL-10 
expression was analyzed by flow cytometry among CD4+Foxp3+ Tregs. Human samples were processed 
and analyzed in a blinded fashion. CTL, control subjects; CD, Crohn’s Disease subjects. Error bars 
represent SEM * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns, not significant. One-way 
ANOVA, followed by Tukey’s post-hoc analysis. 
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The T300A Risk Variant of ATG16L1 in Human Cells is 
Unable to Support OMV Responses. 

• Responses to OMVs by immune cells 
carrying the CD-associated variant of 
ATG16L1. 

• T300A variant leads to protein instability 
and altered cellular responses 
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Table S1 
Sample ID Disease Status Genotype Sex Age Medications

CTL01 Normal T300 (AA) F 32 N/A
CTL02 Normal T300 (AA) F 40 N/A
CTL03 Normal T300 (AA) F 63 N/A
CD04 CD T300 (AA) M 57 N/A
CD05 CD T300 (AA) M 53 N/A
CD06 CD T300 (AA) M 39 N/A
CTL07 Normal T300A (GG) F 44 N/A
CTL08 Normal T300A (GG) F 68 N/A
CD09 CD T300A (GG) F 28 mercaptopurine (Purinethol); mesalamine (Apriso)

CD10 CD T300A (GG)
F 27

adalimumab (Humira); Bifidobacterium infantis (Align); multivitamin; 
Noreth A-ET Estra/FE Fumarate(Lo Loestrin FE PO), Omega-3 Fatty 
Acids-Vitamin E (fish Oil); Resveratrol

CD11 CD T300A (GG) M 37 N/A
CD12 CD T300A (GG) M 23 N/A

 
Table S1. Human subjects. 
 
Sample ID, disease status, ATG16L1 genotype, sex, age, and medications taken at time of 
blood collection. CTL, control; CD, Crohn’s disease; F, female; M, male.  
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