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Summary

Physical separation between the mammalian immune system and commensal bacteria is necessary
to limit chronic inflammation. However, selective species of commensal bacteria can reside within
intestinal-associated lymphoid tissues of healthy mammals. Here, we demonstrate that lymphoid
tissue-resident commensal bacteria (LRC) colonized murine dendritic cells and modulate their
cytokine production. In germ-free and antibiotic-treated mice, LRCs colonized intestinal-
associated lymphoid tissues and induced multiple members of the IL-10 cytokine family, including
dendritic cell-derived IL-10 and group 3 innate lymphoid cell (ILC3)-derived IL-22. Notably,
IL-10 limited the development of pro-inflammatory Th17 cell responses, and I1L-22 production
enhanced LRC colonization in the steady state. Furthermore, LRC colonization protected mice
from lethal intestinal damage in an IL-10-1L-10R-dependent manner. Collectively, our data reveal
a unique host-commensal bacteria dialogue whereby selective subsets of commensal bacteria
interact with dendritic cells to facilitate tissue-specific responses that are mutually beneficial for
both the host and the microbe.
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Introduction

Trillions of microorganisms constitutively colonize the mammalian gastrointestinal (GI)
tract and are essential to aid in nutrient metabolism and resistance to pathogen infection, as
well as the development and maturation of the immune system (Belkaid and Hand, 2014;
Honda and Littman, 2012; Hooper et al., 2012). In the healthy intestine, most commensal
bacteria are restricted to the lumen of the Gl tract or found associated with the surface of the
intestinal epithelium and remain physically separated from the immune cells that populate
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the lamina propria and intestinal-associated lymphoid tissues including isolated lymphoid
follicles (ILF), Peyer’s patches (PP) and the mesenteric lymph nodes (mLN) (Chow et al.,
2010; Hooper et al., 2012; Hooper and Macpherson, 2010). Physical separation of
commensal bacteria from immune cells is achieved by multiple physical and biochemical
mechanisms that include epithelial cells that line the intestine, tight junction proteins, and
secretion of anti-microbial peptides, mucus and immunoglobulin A (Chow et al., 2010;
Hooper et al., 2012; Hooper and Macpherson, 2010). Anatomical segregation of commensal
bacteria from the immune system, often referred to as the “demilitarized zone”, is essential
to prevent pathologic immune responses against commensal bacteria (Hooper et al., 2012;
Hooper and Macpherson, 2010). Consistent with this, translocation of commensal bacteria
across the intestinal epithelium can lead to the generation of pro-inflammatory immune cell
responses and are often associated with the pathogenesis of multiple chronic diseases, such
as inflammatory bowel disease, metabolic disorders and HIV/AIDS (Brenchley and Douek,
2012; Manichanh et al., 2012).

Recent studies suggest that a unique subset of commensal bacteria can colonize the interior
of intestinal-associated lymphoid tissues of healthy mammals (Fung et al., 2014; Kunisawa
and Kiyono, 2012; Obata et al., 2010; Sonnenberg et al., 2012). Using 16S rDNA
sequencing and fluorescence in situ hybridization (FISH), one report identified the presence
of multiple species of commensal bacteria in the interior of ILFs, PPs and the mLN of
healthy mice, non-human primates and humans (Obata et al., 2010). These bacteria include
Alcaligenes spp., Achromobacterspp., Bordetellaspp. and Ochrobactrum spp. 16S rDNA
for many of these lymphoid tissue-resident commensal bacteria (LRCs) were found
associated with CD11c* dendritic cells (DCs), suggesting a role for DCs in lymphoid tissue
colonization. In a subsequent study, it was demonstrated that interleukin (IL)-22 and group 3
innate lymphoid cells (ILC3) are important in preventing systemic dissemination of one
LRC, Alcaligenes xylosoxidans, and subsequent induction of systemic inflammation
(Sonnenberg et al., 2012). These data highlight that intestinal-associated lymphoid tissues
are potential sites for colonization by commensal bacteria and innate immune pathways
maintain anatomical containment between LRCs and the systemic immune system. Despite
these findings, the mechanisms by which commensal bacteria colonize immune cell-rich
lymphoid compartments associated with the intestine of healthy mammals, and the
functional significance of this colonization to the host remain undefined.

In this report, we demonstrate that LRCs can colonize murine DCs, modulate DC cytokine
production in a viability-dependent manner and promote local Th17 cell and ILC3 responses
in intestinal-associated lymphoid tissues /n vivo. Further, our data indicate that ILC3-derived
IL-22 enhanced LRC colonization of intestinal-associated lymphoid tissues, and LRC-
induced IL-10 limited pro-inflammatory responses in the steady state and could protect mice
in a model of intestinal damage. Collectively, these data demonstrate that LRCs engage in a
mutualistic dialogue with mammalian hosts by eliciting members of the IL-10 cytokine
family.
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Results

Lymphoid tissue-resident commensal bacteria colonize murine dendritic cells

16S rDNA for several groups of bacteria have been detected in the interior of PPs and the
mLN of healthy mice (Obata et al., 2010; Sonnenberg et al., 2012). These LRCs, including
Achromobacter spp., Alcaligenes spp., Bordetella spp. and Ochrobactrum spp., belong
exclusively to the a- and p-proteobacteria groups, which are not highly represented in
sequence analyses of the luminal contents of the intestine (Belkaid and Hand, 2014; Honda
and Littman, 2012; Hooper et al., 2012). We constructed a phylogenetic tree using in-house
sequenced and publically available reference genomes of a-, -, y-proteobacteria and
Bacteroidia members (Table S1). Phylogenetic analyses indicated that members of the a-
proteobacteria and p-proteobacteria LRCs form two distinct clades from vy-proteobacteria
and Bacteroidia members, which are typically found in the lumen of the intestine and not
associated with intestinal lymphoid tissues in healthy mammals (Figure 1A).

16S rDNA for LRCs have been detected in CD11c™ cells from PPs and the mLN of healthy
mice (Obata et al., 2010), suggesting LRCs may colonize DCs. To test this, bone marrow-
derived DCs (BMDCs) were co-cultured with bacteria predicted to be LRCs or
representative intestinal microbes not predicted to be LRCs (non-LRCs), and the ability of
each bacterium to survive in DCs was determined using a gentamicin protection assay. LRCs
and non-LRCs were both internalized by DCs, but the numbers of viable non-LRCs declined
rapidly within the first 3 days of culture, while viable LRCs persisted at high levels on days
2 and 4 (Figure 1B). LRCs but not non-LRCs were also able to colonize primary DCs
isolated from the mLN and spleen (Figure 1C and S1A). Transmission electron microscopy
demonstrated intracellular colonization of DCs by LRCs as noted by the presence of dense
bacterial clusters within intracellular vesicles (Figure 1D), and an immunofluorescence
assay confirmed the presence of intracellular live LRCs on days 2 and 5 post colonization
(Figure 1E-F). Together, these data suggest that, in contrast to luminal-resident commensal
bacteria, LRCs have the ability to efficiently colonize and persist in murine DCs.

Lymphoid tissue-resident commensal bacteria modulate dendritic cell cytokine production
in a viability-dependent manner

Based on the ability of LRCs to colonize and persist in murine DCs, we sought to
characterize DC cytokine induction following exposure to live versus heat-killed LRCs. To
investigate this, genome-wide transcriptional profiling was performed on DCs treated with
PBS, live or heat-killed Bordetella spp., a model LRC isolated from our mouse colony, at 4
days post-colonization. Analysis of canonical DC-derived cytokines revealed that DCs
colonized with live LRCs expressed greater levels of both pro- and anti-inflammatory
cytokines /16, 1123a, 1118, 1112a, 1112b, 1110 and Tgfb2 as compared with PBS-treated DCs
(Figure 2A). Notably, the induction of mMRNA and protein for several of these cytokines,
including IL-1p, IL-6, IL-10, IL-12p40 and IL-23, by live LRCs was detected as early as 24
hours post co-culture (Figure 2B and 2C), and the induction of IL-10 and IL-23 mRNA
(Figure 2A and 2B) and was diminished in DCs exposed to only heat-killed LRCs,
suggesting that viability-dependent factors expressed by LRCs induce selective DC cytokine
responses. Primary splenic DCs exposed to live LRCs also produced IL-1p, IL-6, IL-10 and
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IL-12p40 (Figure S1B). Efficient induction of both viability- (IL-1p, IL-10, IL-23) and non-
viability-dependent cytokines (IL-6, IL-12p40) required MY D88, suggesting a role for Toll-
like receptors (TLRs) in recognition of LRCs (Figure S2A). Consistent with this, production
of IL-1p and 1L-23 was significantly reduced in 7/r47/~ but not 772/~ BMDCs (Figure
S2B). Collectively, these data indicate that LRC colonization of DCs induces distinct pro-
and anti-inflammatory cytokine responses in a viability- and TLR-dependent manner.

Lymphoid tissue-resident commensal bacteria promote tissue-specific Th17 cell

responses

To test whether these LRCs can stably colonize and survive in intestinal-associated
lymphoid tissues, germ-free (GF) mice were monocolonized with Bordetella spp., a model
LRC isolated from our mouse colony. At day 10 post-inoculation, viable LRCs were
consistently detected in the mLN (Figure 3A), PPs (Figure 3B) and fecal contents of the
intestinal lumen (Figure 3C), but not the spleen and liver. However, colonization by LRCs
was not associated with macroscopic or microscopic inflammation in the intestine at 2
weeks post colonization (Figure S3A). These data support the hypothesis that LRCs can
colonize and persist in intestinal-associated lymphoid tissues of healthy mammals.

Based on the ability of live LRCs to elicit IL-15, IL-6, IL-23 and TGFp, we hypothesized
that LRCs may promote Th17 cell responses in colonized lymphoid tissues. To test this, we
analyzed CD4* T cells in the PP, mLN and small intestine lamina propria (SI LP) of
conventionally-housed (CNV), GF, LRC-monocolonized mice, as well as mice
monocolonized with segmented filamentous bacteria (SFB), an epithelial-associated
commensal bacterium which has previously been shown to induce robust Th17 cell
responses (Gaboriau-Routhiau et al., 2009; Ivanov et al., 2009). Consistent with published
reports, GF mice lacked Th17 cells in the mLN (Figure 3D), PP (Figure 3E) and SI LP
(Figure 3F) compared to CNV mice, and SFB was sufficient to promote robust Th17 cell
responses in these tissues. In contrast, LRCs promoted Th17 cell responses in the mLN and
PP (Figure 3D, 3E and 3G) but failed to promote Th17 cell responses in the SI LP,
suggesting tissue-specific modulation of the immune system (Figure 3F-G). Analysis of
LRC-elicited Th17 cells in the PP revealed co-expression of the IL-10 family cytokine,
IL-22 (Figure 3H and 3I). Accumulation of Th17 cells was selective, as LRCs did not
significantly promote IFNy-producing Th1l cell responses in the mLN, PP or SI LP (Figure
S3B). Although significant Th17 cell responses were observed in the PP and mLN of LRC-
monocolonized mice, the magnitude of these responses was lower than that observed in
SFB-monocolonized mice (Figure 3D-F), suggesting that LRCs are less efficient at inducing
Th17 cell responses or are actively supressing Th17 cell responses. Since LRCs could
promote IL-10 by DCs in vitro (Figures 2A—C and S1B) and IL-10 has been shown to
suppress Th17 cell responses (Liu et al., 2011; McGeachy et al., 2007; Ouyang et al., 2011),
we hypothesized that IL-10 may restrain LRC-induced Th17 cells. Consistent with this
hypothesis, Th17 cells were significantly increased in the mLN (Figure 3J and 3K) and PP
(Figure S3C and S3D) of LRC-monocolonized /107~ mice compared to LRC-
monocolonized //70*/* mice. Thus, LRCs selectively promote local Th17 cell responses in
intestinal-associated lymphoid tissues, and the magnitude of these responses is limited by
co-induction of 1L-10.
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Lymphoid tissue-resident commensal bacteria promote tissue-specific ILC3 responses

Based on the ability of live LRCs to elicit DC-derived IL-1p, IL-6 and IL-23, we
hypothesized that LRCs may also promote ILC3 responses in intestinal-associated lymphoid
tissues. To test this, we measured ILC3 frequencies in the PP, mLN and SI LP of CNV, GF,
SFB-monocolonized and LRC-monocolonized mice. Consistent with published reports, GF
mice have reduced frequencies of ILC3 in the SI LP as compared to CNV mice (Klose et al.,
2013; Satoh-Takayama et al., 2008). Monocolonization by SFB did not significantly alter
ILC3 frequencies in the PP, mLN and SI LP as compared to GF mice (Figure 4A-D). In
contrast, LRC-monocolonized mice revealed a significant increase in ILC3 frequencies in
the PP and mLN (Figure 4A, 4B and 4D) but not in the SI LP as compared to GF mice
(Figure 4C and 4D). However, total numbers of ILC3s in the mLN did not change following
LRC monocolonization (Figure S3E). Notably, ILC3s in the PP of LRC-monocolonized
mice produced IL-22 (Figure 4E). Thus, LRCs modulate tissue-specific Th17 cell and ILC3
responses in healthy mammalian lymphoid tissues.

Lymphoid tissue-resident commensal bacteria promote ILC3-derived IL-22 responses that
enhance tissue colonization

ILC3 and IL-22 responses induce anti-microbial proteins in the intestine (Sonnenberg et al.,
2011; Sonnenberg and Artis, 2015), suggesting that LRCs may induce immune responses
that limit its own colonization or the colonization of other bacteria. To test these
possibilities, we established a mouse model of LRC colonization by treating conventional
C57BL/6 mice with a limited cocktail of antibiotics (ABX) followed by inoculation with an
antibiotic-resistant LRC, Achromobacter (LRCR). We confirmed that, similar to our results
using LRC-monocolonized mice, LRCR could be cultured from the mLN, PPs and intestinal
lumen of LRCR-colonized C57BL/6 mice (Figure 5A-B). Furthermore, analyses of ILC3
responses in LRCR-colonized C57BL/6 mice revealed a significant increase in 1L-22* ILC3
frequencies as compared to ABX-treated controls (Figure S4A). Live LRCR were also
detected in the mLN of LRCR-colonized RagZ™~ mice (Figure 5C), allowing us to
interrogate selective interactions between LRCs and the innate immune system. To
investigate whether DC colonization and cytokine modulation by LRCs also occur in the
absence an adaptive immune system 7 vivo, we measured LRCR 16S rDNA and cytokine
gene expression in CD11c* cells isolated from the mLN of LRCR-colonized RagZ~/~ mice.
LRCR 16S rDNA was detected in CD11c* cells from LRCR-colonized but not in control
ABX-treated mice (Figure 5D). Furthermore, CD11c™ cells from LRCR-colonized mice
expressed increased levels of //1b, 1110 and //123a as compared to CD11c* cells from control
ABX-treated mice (Figure 5E). Induction of //Z1band //23awas associated with an increase
in //17aand //22 expression in the whole mLN but not the small intestine of LRCR-
colonized RagZ™'~ mice (Figure 5F and S4B).

Multiple reports suggest that IL-17A and IL-22 limit intestinal colonization of the
commensal bacterium SFB (Qiu et al., 2013; Shih et al., 2014; Upadhyay et al., 2012).
Therefore, we hypothesized that induction of IL-17A and IL-22 by LRCs would be
important in limiting its own colonization in intestinal-associated lymphoid tissues. To test
this, ABX-treated C57BL/6, //17a7'~ and //227~ mice were inoculated with LRCR and
lymphoid tissue colonization was assessed 10 days later. Based on the requirement for IL-22
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in restricting Alcaligenes dissemination (Sonnenberg et al., 2012), we also predicted that
colonization of //227/~ mice with LRCR would result in systemic dissemination of LRCR.
However, systemic dissemination of LRCR was not observed in the absence of either IL-17A
or IL-22 (Figure S4C). Furthermore, analysis of intestinal-associated lymphoid tissues
revealed an impaired ability of LRCR to colonize the mLN and PPs of //227/~ but not
C57BL/6 or //17a~ mice (Figure 5G and 5H). These data suggest that IL-22 may also
facilitate colonization of lymphoid tissues by commensal bacteria. To test whether innate
cell-derived IL-22 could impact lymphoid tissue colonization by commensal bacteria, we
inoculated ABX-treated Rag1~'~ and Rag1~/~1/227'~ mice with LRCR and measured
lymphoid tissue colonization. Similar to our findings using lymphocyte-sufficient //227/~
mice, inoculation of Ragz~~1/227/~ mice with LRCR did not result in systemic
dissemination of LRCR (Figure S4D), but resulted in impaired LRCR colonization in the
mLN (Figure 5I). Collectively, these results suggest that induction of ILC3-derived IL-22 is
important to facilitate LRC colonization of lymphoid tissues.

The IL-22 receptor is restricted to non-hematopoietic cells and I1L-22-1L-22R signaling
regulates antimicrobial responses in the intestinal lumen and the composition of the
microbiota (Sonnenberg et al., 2011). Therefore, rather than a direct effect on DCs, we
hypothesized that in the absence of IL-22 there may be an expansion of commensal bacteria
that outcompete and limit LRC entry and colonization. To investigate this hypothesis, we
examined luminal colonization in C57BL/6, /227, 11174~ Rag1™!~ and Rag1~'~ 11227~
mice that were treated with a limited ABX cocktail followed by LRCR inoculation. At 10
days post-inoculation, we detected an absence of fecal LRCR in /227~ and Rag1~/~ 11227/~
but not in C57BL/6, RagZ™'~ and //17a7'~ mice (Figure S4E-F). //22*/* littermates raised
under the same conditions as //227/~ mice also had impaired ABX-mediated fecal LRC
colonization, and administration of additional antibiotics including neomycin, metronidazole
and vancomycin, restored fecal LRC colonization in //227/~ mice and //22*/* littermates
(Figure S4G). Furthermore, cohousing /227~ mice with C57BL/6 mice impaired fecal and
lymphoid tissue LRC colonization in C57BL/6 mice (Figure S4H). Altogether, our data
indicate that 1L-22 promotes LRC colonization by limiting competition with other
commensal microbes.

To further interrogate the role of IL-22 in regulating LRC colonization, we pursued a gain-
of-function approach. Consistent with a role for 1L-22 in promoting lymphoid tissue
colonization by LRCs, exogenous administration of recombinant mouse IL-22 to LRCR-
colonized Ragz~"~ mice significantly enhanced LRCR levels in the mLN (Figure 5J). The
LRCR colonization model requires the use of antibiotics that can eliminates other
commensal bacteria. To test the requirement for IL-22 in LRC colonization in the presence
of a complex microbiota, we measured levels of the endogenous LRC, A/caligenesby FISH
in conventional //227/~ mice and littermate controls. Compared to //22"* littermates,
conventional //227/~ mice have reduced A/caligenes puncta in the PP and mLN (Figure 5K
and 5L). These data demonstrate that IL-22 plays a critical role in enhancing the
colonization of intestinal-associated lymphoid tissues by LRCs in the presence of a complex
microbiota.
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Lymphoid tissue-resident commensal bacteria colonization provides protection from
chemical-induced inflammation and intestinal injury in an IL-10-dependent manner

To test whether there was a benefit to mammalian hosts following LRC colonization, we
employed a model of intestinal damage where administration of the chemical, dextran
sodium sulfate (DSS), induces significant damage to the colonic epithelium. Compared to
CNV mice, mice lacking commensal bacteria or treated orally with a broad-spectrum
cocktail of antibiotics are highly sensitive to intestinal damage induced by DSS and
succumb to disease (Ayres et al., 2012; Kitajima et al., 2001; Maslowski et al., 2009). To test
the functional significance of LRC colonization following DSS treatment, we administered
2% DSS to CNV, ABX-treated alone and LRCR-colonized Ragz~'~ mice for 6-7 days, then
removed DSS, and re-administered normal drinking water. Compared to CNV mice, which
survived throughout the duration of the experiment (21 days), ABX-treated mice exhibited
significant systemic and intestinal morbidity and succumbed to disease by day 10 post DSS
administration (Figure 6A, Figure S5A). In contrast, LRCR-colonized mice were largely
protected from DSS-induced mortality, and demonstrated significantly reduced weight loss
and elevated red blood cell counts as compared to ABX-treated controls (Figure 6A-B,
S5A-B). Further, analyses on day 5 post DSS administration revealed that although CNV
mice did not exhibit significant intestinal damage or inflammation in the colon at this low
dose of DSS, the colons of ABX-treated mice displayed severe loss of crypt architecture and
extensive inflammation (Figure 6C). In contrast, LRCR-colonized mice had visible but
reduced intestinal tissue damage and inflammation (Figure 6C). LRC-conferred protection
from DSS-induced mortality was also observed in gnotobiotic C57BL/6 (Figure S5C) and
RagI1™~ (Figure S5D) mice monocolonized with Bordetel/a spp., suggesting that host
protection can occur in the absence of other commensal bacteria. Collectively, our data
demonstrate that colonization of lymphoid tissues by selective commensal bacteria is host
beneficial in the context of intestinal damage and inflammation.

To investigate whether LRC-induced IL-22 is providing host protection in LRCR-colonized
mice, we administered anti-1L-22 neutralizing antibody to LRCR-colonized RagZ~~ mice
during exposure to DSS. Anti-1L-22-treated mice exhibited comparable weight loss to 1gG-
treated mice (Figure S6B), suggesting that IL-22 is not involved in LRC-mediated host
protection from DSS. As the anti-inflammatory cytokine IL-10 was also induced upon LRC
colonization both in the steady state and during DSS exposure (Figure 2 and Figure S6A),
we interrogated whether innate cell-derived IL-10 is providing host protection in LRCR-
colonized mice. To test this, we administered anti-1L-10R neutralizing antibody to LRCR-
colonized RagZ™~ mice during exposure to DSS. Blockade of IL-10-1L-10R interactions
resulted in increased weight loss and colonic inflammation as compared to 1gG-treated
controls (Figure 6D, S6C-D). ABX-treated RagZ~/~ mice on DSS display elevated levels of
serum IFNy, which was significantly diminished in LRCR-colonized RagZ~~ mice (Figure
6E). Conversely, IL-10R neutralization in LRCR-colonized mice partially restored serum
IFNYy levels observed in ABX-treated mice (Figure 6E). Treatment of ABX-control Ragl~/~
animals with anti-IL-10R during DSS exposure did not result in further weight loss or colon
pathology compared to isotype-treated animals (Figure S6E-F). Collectively, these data
suggest that LRC colonization protects mice from intestinal and systemic inflammatory
responses through induction of innate cell-derived 1L-10.
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Discussion

Our results define a unique host-commensal bacteria dialogue whereby direct interactions
between LRCs and the mammalian immune system orchestrate tissue-specific immune
responses that are mutually beneficial for the host and microbe. While most studies of host-
microbiota interactions to date have focused on populations of commensal bacteria residing
in the intestinal lumen or attached to the intestinal epithelium, here we interrogate an under-
appreciated class of commensal bacteria that has the potential to reside closely associated
with immune cells in the interior of intestine-associated lymphoid tissues. This colonization
pattern is paradoxical to our current understanding of interactions between the immune
system and the majority of other commensal bacteria, which suggests that anatomical
segregation must occur to limit the development of pathologic immune responses (Brenchley
and Douek, 2012; Hooper et al., 2012; Hooper and Macpherson, 2010; Manichanh et al.,
2012). Our data highlighting this unique colonization pattern and selective interactions with
the healthy mammalian immune system represent a key advance in our understanding of
host-commensal bacteria relationships.

Interrogating functional interactions between the host immune system and several species of
LRCs revealed that LRCs but not luminal members of the microbiota could colonize and
persist within murine DCs and modulate selective DC cytokine responses in a viability-
dependent manner, as has previously been shown for IL-1p (Sander et al., 2011).
Constitutive colonization of DCs by LRCs likely maintains expression of viability-
dependent cytokines, including IL-1f, IL-10 and IL-23. This is in direct contrast to luminal-
resident or epithelial-attached commensal bacteria in which viable bacteria belonging to
these groups are not typically found beyond the intestinal epithelium (Hooper et al., 2012;
Hooper and Macpherson, 2010; Obata et al., 2010). Therefore, these commensal bacteria
predominantly influence immune cells through indirect interactions, such as via production
of metabolites or modulation of intestinal epithelial cell responses (Arpaia et al., 2013;
Furusawa et al., 2013; Ivanov et al., 2009; Smith et al., 2013). Furthermore, our data suggest
that induction of tissue-specific immune responses by commensal bacteria is linked to their
anatomical localization in the Gl tract and associated lymphoid tissues. Consistent with this,
SFB, which adheres to the surface of the terminal ileum in mice, induces potent Th17 cell
responses in the underlying SI LP (Gaboriau-Routhiau et al., 2009; Ivanov et al., 2009).
Similarly, Bacteroides fragilis predominantly colonizes the colonic crypts in mice and
promotes robust regulatory T cell responses in the underlying colon lamina propria (Lee et
al., 2013; Round and Mazmanian, 2010). In our current study, we demonstrate that LRCs
colonize and activate DCs to selectively promote Th17 and ILC3 responses within intestinal-
associated lymphoid tissues.

Multiple reports suggest that induction of the ILC3-1L-22 pathway limits host colonization
by pathogenic attaching and effacing bacterial pathogens such as Citrobacter rodentium or
the commensal bacterium SFB (Qiu et al., 2013; Shih et al., 2014; Sonnenberg et al., 2011;
Upadhyay et al., 2012). In contrast, our data demonstrate that I1L-22 facilitates colonization
of lymphoid tissues by LRCs. We demonstrate that /227~ mice harbor intestinal microbes
that limit LRC colonization in the lumen likely through competition for space or nutrients.
This is consistent with IL-22-induced antimicrobial functions on gram-positive commensal
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bacteria (Hooper and Macpherson, 2010; Sonnenberg et al., 2011). These data collectively
suggest that 1L-22 indirectly promotes LRC colonization in multiple contexts by restricting
colonization of competing intestinal microbes. We previously reported that ILC3-derived
IL-22 is a critical pathway that maintains anatomical containment of LRCs in intestinal-
associated lymphoid tissues in healthy mice and that transient loss of this pathway results in
dissemination of Alcaligenesto systemic lymphoid tissues (Sonnenberg et al., 2012). In the
current study, we did not observe systemic dissemination of a distinct but related LRC, but
rather impaired lymphoid tissue entry and colonization in mice deficient in 1L-22. Therefore,
our findings highlight a multifaceted role for IL-22 in maintaining anatomical localization of
LRCs, by both promoting lymphoid tissue colonization and limiting systemic dissemination.

LRC colonization is sufficient to protect mice from lethal intestinal damage, supporting the
hypothesis that host recognition of commensal bacteria provides beneficial microbial
stimulation to limit intestinal damage. It was previously demonstrated that mice lacking the
pattern recognition receptors TLR2, TLR4 or the downstream adaptor molecule MYD88 are
also susceptible to lethal DSS-induced intestinal damage (Rakoff-Nahoum et al., 2004),
suggesting that direct recognition of microbial signals is critical for maintenance of the
intestinal barrier. Despite our understanding of microbial recognition pathways in host
protection from intestinal injury, the downstream signals induced are not fully understood.
Our current data suggest that MY D88-dependent IL-10 induction by LRCs is one pathway
that provides tissue protective functions in the context of intestinal injury and systemic
inflammation. These data are consistent with the anti-inflammatory and tissue protective
roles of 1L-10 in the intestine (Kuhn et al., 1993; Ouyang et al., 2011) and that IL-10
responses in the intestine are dramatically driven by the microbiota (Atarashi et al., 2011;
Chiu and Ching, 2014; Geuking et al., 2011; Ueda et al., 2010). Our data support a model
whereby, following LRC colonization, IL-10 produced by DCs in intestinal-associated
lymphoid tissues has local effects in limiting Th17 cell responses in the steady state, as well
as distal effects on the intestinal epithelium and systemic circulation in the context of
intestinal damage.

Collectively, these findings demonstrate a previously unrecognized and mutually beneficial
dialogue between the host and LRCs. Colonization of lymphoid tissues by commensal
bacteria modulates the host immune system in a tissue-specific manner and confers
protective effects in the context of intestinal damage. From an evolutionary perspective,
there may be multiple beneficial functions for permitting colonization of mammalian
lymphoid tissues by selective commensal bacteria. However, it is likely that a tightly
regulated balance between beneficial, opportunistic and pathologic bacteria colonization
must be maintained in the lymphoid tissues in order to prevent chronic inflammation.
Further interrogation of the role and regulation of LRC colonization in health and disease
will be critical to understand the complex microbial contexts where LRCs will influence
tissue immunity and inflammation, and may reveal novel therapeutic targets for the
treatment of multiple chronic inflammatory diseases.
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Experimental Procedures

Mice

C57BL/6 and RagZ™'~ mice were purchased from Jackson Laboratories and used at 6-12
weeks of age. Conventional mice used as controls in gnotobiotic mice experiments were
purchased from Jackson Laboratories and co-housed with mice bred in our conventional
animal facility for at least 7 days before use. C57BL/6 and RagZ~'~ mice used as controls for
knockout mice were either bred in the same animal facility as the knockout mice, purchased
from Jackson Laboratories and co-housed with mice bred in our SPF animal facility for at
least 7 days or littermates as indicated to normalize for microbiota differences. All
conventional mice were maintained in specific pathogen-free facilities at Weill Cornell
Medical College. Germ-free and gnotobiotic C57BL/6 and RagZ~/~ mice were maintained
within sterile vinyl isolators at Weill Cornell Medical College Gnotobiotic Mouse Facility
and monitored for germ-free or gnotobiotic status by weekly aerobic and anaerobic
culturing. Germ-free and gnotobiotic //Z0"* and /10"~ mice were maintained at the
National Gnotobiotic Rodent Resource Center (University of North Carolina, Chapel Hill).
Additional microbiology testing was performed on feces from mice under experimentation
and at the endpoint of the experiment to confirm germ free or monocolonization status. DSS
experiments using gnotobiotic mice were performed in a biosafety cabinet, and the
gnotobiotic status of mice was confirmed by microbiology testing. Germ-free C57BL/6 mice
were monocolonized with the mouse LRC isolate Bordetella spp., or SFB by oral gavage or
cohousing with soiled bedding from previously monocolonized mice for at least 10 days. To
establish LRC colonization in ABX-treated mice, conventional mice were treated in the
drinking water with a limited ABX cocktail of ampicillin (1 mg/ml, Sigma) and gentamicin
(1 mg/ml, Gemini Bio-Products) for C57BL/6, //227/~ and //17a7"~ mice or ampicillin (1
mg/ml), gentamicin (1 mg/ml) and neomycin (0.25 mg/ml, Sigma) for RagZ~'~ and Rag1/~
112271 for 3 days and then orally gavaged with the LRC isolate (LRCR). Neomycin (0.25
mg/ml), metronidazole (0.5 mg/ml, Sigma) and vancomycin (0.25 mg/ml, Chem-Impex
International) were added to the limited ABX cocktail as indicated. Antibiotic cocktails were
supplemented with 1 packet of artificial sweetener (Sweet’N Low) per 250 ml. For cytokine
treatments /n vivo, rmlL-22 or PBS control (kindly provided by Pfizer) was injected i.p. at
25 pg/mouse every 2 days for 1 week and control- or IL-22-Fc (kindly provided by Pfizer)
was injected i.p. at 50 pg/mouse every 3 days for 1 week. First injections were administered
1 day prior to LRCR colonization. All mice were used at least 10 days post LRCR
colonization. All animals used are on a C57BL/6 background with the exception of /107~
and //10'"* germ free mice, which are on a 129S6/SVEv background. All experiments were
performed according to the guidelines of the Weill Cornell Medical College Institutional
Animal Care and Use Committee.

Microbiology

The LRC strain, Bordetella spp., used to colonized BMDCs or monocolonize germ-free
mice was originally isolated from the spleen of an anti-CD90.2 mAb treated conventional
Rag1~'~ mice using a previously defined protocol (Sonnenberg et al., 2012). £. coli (human
isolate) and Ochrobactrum spp. used to colonize BMDCs and the ABX-resistant (ampicillin,
gentamicin, neomycin) LRC (LRCR), Achiromobacter used to colonize antibiotic-treated
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mice were human clinical isolates kindly provided by Kaede V. Sullivan (Children’s
Hospital of Philadelphia). Bacterial identities were determined by genomic sequencing
(Wellcome Trust Sanger Institute) and confirmed by genus-specific 16S rDNA primers. £.
coli R9 (ATCC 35328), Enterobacter cloacae (ATCC 13047) and gentamicin-sensitive
Achromobacter spp. (ATCC 31444) used to colonize BMDCs were purchased from
American Type Culture Collection. Feces from SFB-monocolonized mice were obtained
from Dr. Yoshinori Umesaki and Dr. Tatsuichiro Shima (Yakult). All bacterial strains used to
colonize GF mice and for /n vitro DC assays were grown in LB broth and incubated at 250
RPM, 37°C for 16-20 hours. For enumeration of tissue and fecal CFUs, the spleen, liver,
feces, mesenteric lymph nodes (mLN) and Peyer’s patches (PP) were isolated, homogenized
in sterile PBS and plated on Brain Heart Infusion agar supplemented with 5% defibrinated
horse blood. When culturing LRCR from tissues and feces, BHI blood agar plates were
supplemented with 25 pg/ml ampicillin.

Bone marrow-derived and primary dendritic cell assays

Bone marrow-derived DCs were generated by culturing bone marrow cells in the presence of
20 ng/mL GM-CSF for 8-10 days. Culture media was replaced with fresh media every 3
days. Frequencies of CD11c* cells were = 95%. To prepare primary splenic and mLN DCs,
C57BL/6 mice were first injected subcutaneously in the right flank with 5 x 10° cells GM-
CSF-expressing B16 melanoma (kindly provided by Jedd D. Wolchok, MSKCC). 10 days
later, CD11c* cells were purified from Liberase TL (Roche)-digested spleen and mLN using
CD11c positive selection beads (Miltenyi Biotec). Cell purities in the spleen were
approximately 90% CD11c* CD11b* of non-T and B cells. For intracellular bacterial
survival assays, BMDCs were seeded on 6-well plates at 5 x 108 cells/well in antibiotic-free
media and co-cultured with bacteria at an MOI of 50 for 2 hours, harvested and washed 3
times with sterile PBS. BMDCs were then plated in media containing gentamicin (100
ug/mL) at 200,000 cells/well on 48-well plates and lysed with sterile water every 48 hours to
enumerate CFUs. For ELISA and gPCR, BMDCs were co-cultured with bacteria at an MOI
of 50 for 2 hours and then gentamicin-treated to kill extracellular bacteria. Culture
supernatants and cell lysates were harvested for ELISA and qPCR, respectively, 24 hours
later. Heat killing was performed by incubating bacterial suspensions at 70°C for 60 mins.
For transmission electron microscopy, BMDCs colonized with Bordetella spp. for 5 days
were harvested, processed and imaged using the Jeol-1010 transmission electron
microscope. For microarray analysis, BMDCs were co-cultured with bacteria for 2 hours,
washed extensively with PBS, incubated in media containing gentamicin (100 pg/mL) and
lysed in TRIzol on day 4. All cell incubations were performed at 37°C and 5% CO,.

Immunofluorescent detection of intracellular bacteria

BMDC-bacteria co-cultures were harvested on days 0, 2 and 5 and transferred to glass slides
via cytospin. BMDCs were fixed with 4% PFA for 30 minutes at room temperature and
stained with the Live/Dead BacLight Bacterial Viability Kit according to the manufacturer’s
instructions (Invitrogen). Cells were mounted with VectaShield mounting medium
containing DAPI (Vector Laboratories) and imaged on the Nikon Eclipse Ti Fluorescence
Inverted Microscope. PFA fixation did not affect the ability of the bacterial viability kit to
distinguish between live and dead bacteria.
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Gene expression profiling and quantitative real-time PCR

RNA was isolated using TRIzol reagent (Life Technologies) according to the manufacturer’s
instructions. cDNA was generated using Superscript reverse transcriptase Il (Invitrogen).
Quantitative real-time PCR was performed using SYBR green chemistry (Invitrogen) and
QuantiTect Primer Assays (Qiagen) on the ABI 7500 real-time PCR system (Applied
Biosystems). Samples were normalized to 3-actin and displayed as fold change over PBS-
treated BMDCs or antibiotic-treated mice. For microarray analysis, BMDCs colonized with
the LRC, Bordetella spp., for 4 days were lysed directly in TRIzol. RNA was isolated,
amplified, reverse-transcribed to cDNA and hybridized to an Affymetrix GeneChip (Mouse
Gene 1.0ST). Relative expression data was normalized by Z score transformation.

Histological sections

Tissues from the small and large intestines were fixed with 4% PFA, embedded in paraffin,
and 5 um sections were cut and stained with H&E.

DSS-induced intestinal damage

Mice were administered 2% DSS (MW 36,000-50,000, MP Biochemicals) in their drinking
water ad libitum for the number of days indicated and then placed on regular drinking water.
Disease severity was cumulatively scored based on rectal bleeding (out of 2), fecal
consistency (out of 2), general appearance (out of 4), weight loss (out of 4) and rectal
temperature (out of 4). For antibody treatments during DSS, mice were administered i.p. 500
ug/mouse of rat 1gG, anti-1L22-01 (mouse neutralizing antibody developed by Pfizer) or
anti-1L-10R (clone 1B1.3A, Bio X Cell) 1 day prior to DSS treatment, then on days 2, 5 and
7. Mice were sacrificed on day 8.

Statistical analyses

Results represent mean = SEM and statistical analyses were performed by unpaired
student’s t-test, one- or two-way ANOVA with or without multiple comparisons tests as
indicated in figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Lymphoid-resident commensal bacteria (LRCs) colonize intestinal lymphoid
tissues

LRCs promote tissue-specific Th17 cell and ILC3 responses in intestinal tissues
IL-22 enhances LRC colonization of intestinal lymphoid tissues

LRCs provide host tissue protection during DSS in an IL-10R-dependent
manner eTOC blurb
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Figure 1. Lymphoid tissue-resident commensal bacteria colonize bone marrow-derived and

primary dendritic cells

(A) Maximum-likelihood tree of 47 bacterial genomes based on 40 universal single copy
marker genes. Red symbols indicate published reference genomes. Blue symbols and text
indicate in-house sequenced genomes. Scale bar indicates number of substitutions per site.
(B) Bone marrow-derived dendritic cells (BMDCs) were co-cultured with representative
LRCs or luminal-resident commensals and bacterial survival was measured at 0, 48 and 96
hours. 1.0.d., limit of detection. Data are representative of at least 2 independent
experiments. (C) Primary DCs isolated from the mesenteric lymph node (mLN) of C57BL/6
mice were co-cultured with the mouse-derived LRC, Bordetella spp. or luminal-resident
commensal, £. coli ATCC 35328, and bacterial survival was measured at 0 and 96 hours.
l.o.d., limit of detection. Data representative of 2 independent experiments (D) Bordetella-
colonized BMDCs were analyzed at day 5 post co-culture by transmission electron
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microscopy. Images are representative of 10 individual bacteria-containing DCs. (E)
Bordetella- and E. coli-colonized BMDCs were analyzed at day 0, 2 and 5 post-co-culture
by immunofluorescence. Scale bar — 5 pum. Data representative of 2 independent
experiments. (F) Percentage of BMDCs containing live (green) bacteria was quantified
across 7-16 distinct fields of view. Infection efficiency (BMDCs containing live or dead
bacteria/total BMDCs) on day 0 was approximately 15% for Bordetella spp. and 30% for £.
coli. Data are represented as mean = SEM. Statistics shown were performed using unpaired,
two-tailed, student’s t test. ***, p< 0.0001. ND, not detectable. See also Figure S1 and
Table S1.
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Figure 2. Lymphoid tissue-resident commensal bacteria modulate cytokine responses in bone
marrow-derived dendritic cells in a viability-dependent manner

(A) Genome-wide transcriptional profiling was performed on BMDCs co-cultured with live
or heat-killed Bordetella spp. for 4 days. Numbers in colored legend represent Z scores. (B)
BMDCs co-cultured with live or heat-killed Bordetella spp. for 24 hours were analyzed for
cytokine gene expression by gPCR. (C) BMDCs co-cultured with live or heat-killed
Bordetella spp. for 24 hours were analyzed for cytokine protein secretion by ELISA. gPCR
and ELISA data were representative of at least 2 independent experiments. Data are
represented as mean + SEM. Statistics shown in B and C were performed using unpaired,
two-tailed, student’s t test. *, p< 0.05; **, p< 0.01; ***, p< 0.001; ****, p< 0.0001. See
also Figure S2.
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Figure 3. Colonization of intestinal-associated lymphoid tissues by lymphoid tissue-resident
commensal bacteria modulates local Th17 cell responses

(A) Mesenteric lymph nodes (mLN) homogenates, (B) Peyer’s patches (PP) homogenates
and (C) small intestinal lumen contents from GF and Bordetella spp. (LRC)-monocolonized
mice were cultured determine bacterial CFUs. Data in (A) and (B) are representative of at
least 2 independent experiments. (D) mLN, (E) PP and (F) small intestine lamina propria (SI
LP) of conventionally-housed (CNV), GF, SFB-monocolonized and LRC-monocolonized
mice were analyzed for frequencies of IL-17A* and IFNy" CD4" T cells by flow cytometry.
(G) Frequencies of Th17 cells in CNV, GF, SFB-monocolonized and LRC-monocolonized
mice. Values represent frequencies of IL-17A* cells among CD4* T cells. One-way
ANOVA, mLN and SI LP - ****5 < (0.0001; PP - **p < 0.01 (H and I) PPs of CNV, GF,
SFB-monocolonized and LRC-monocolonized mice were analyzed for frequencies of 1L-22-
producing Th17 cells by flow cytometry. Values represent frequencies of IL-22* cells of
IL-17A* CD4* T cells. One way ANOVA, mLN - ****p< 0.0001; PP - **p < 0.01; SI LP -
*p < 0.05. Data are pooled from 2 independent experiments for a total of 6-8 mice per
group. (J and K) Frequencies of Th17 cells (gated as CD3*CD4*RORyt*FOXP3™) in the
mLN of LRC-monocolonized //Z0"* or //107~ mice. Data representative of 2 independent
experiments with 2-5 mice per group using /20"~ monocolonized mice or C57BL/6
monocolonized mice with anti-IL-10R treatment (500 pg/mouse i.p. every 3 days, analyzed
on day 7). One-way ANOVA, ****5 < 0.0001. Cells in all flow cytometry plots are gated as
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live, CD3* and CD4"*. Data are represented as mean = SEM. Statistics shown in panels G, |
and K were performed using one-way ANOVA with unpaired, two-tailed, student’s t test
with no correction for multiple comparisons. *, p< 0.05; **, p< 0.01; *** p<0.001. ND,
not detectable. See also Figure S3.
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Figure 4. Colonization of intestinal-associated lymphoid tissues by lymphoid tissue-resident
commensal bacteria promotes local ILC3 responses

(A) mLN, (B) PP and (C) SI LP of CNV, GF, SFB-monocolonized and Bordetella (LRC)-
monocolonized mice were analyzed for frequencies of ILC3 cells by flow cytometry. Cells
in (A) were gated as live, lineage™ (CD3™, CD57, CD8a, CD11b™, B2207, NK1.17). Cells in
(B) and (C) were gated as live, CD45" and lineage™ . (D) Quantification of ILC3 frequencies
in the mLN, PP and SI LP of CNV, GF, SFB-monocolonized and LRC-monocolonized mice.
mLN ILC3 values represent frequencies of CD45*RORyt* of lineage™ cells. PP and SI LP
ILC3 values represent frequencies of CD90*RORyt* of lineage™ cells. One-way ANOVA,
mLN - ****p5 < 0.0001; PP - *p< 0.05; SI LP - **p< 0.01. (E) PPs of CNV, GF, SFB-
monocolonized and LRC-monocolonized mice were analyzed for frequencies of 1L-22*
ILC3 cells by flow cytometry. Cells are gated as live, lineage™, CD90* and RORyt*. Data are
pooled from 2 independent experiments for a total of 6-8 mice per group. Data are
represented as mean + SEM. Statistics shown in panel D were performed using one-way
ANOVA with uncorrected Fisher’s LSD test. *, p< 0.05; **, p< 0.01; ***, p<0.001.
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Figure 5. Lymphoid tissue-resident commensal bacteria colonize antibiotic-treated mice and
elicit innate immune responses that enhance colonization

Bacterial CFUs were determined in antibiotic (ABX)-treated control and ABX-resistant
Achromobacter (LRCR)-colonized C57BL/6 PP and mLN homogenates (A and B) or
Rag1~ mLN homogenates (C). Data representative of at least 2 independent experiments.
(D) LRCR 16S rDNA was measured in sorted CD11c* cells from ABX-treated control or
LRCR-colonized Ragz~/~ mLN. (E) Expression of /16, //10and //23awas measured in
sorted CD11c* cells from ABX-treated control or LRCR-colonized RagZ~/~ mLN. Data
pooled from 2 independent experiments for a total of 6 mice per group. (F) mLNs of CNV,
ABX-treated and LRCR-colonized were analyzed for expression of //17aand //22. Data
pooled from 2 independent experiments for a total of 6-8 mice per group. One-way
ANOVA, //17a—****p< 0.0001; //22—-**p< 0.01. (G and H) mLN and PP homogenates
from LRCR-colonized C57BLS6, //17a/~ and //227/~ mice were cultured to determine CFUs.
(1) mLN homogenates from LRCR-colonized RagZ~~ and Rag1™'~ 1/227/~ mice were
cultured to determine CFUs. Data pooled from 2 independent experiments for a total of 5-6
mice per group. (J) mLN homogenates from control or recombinant mouse 1L-22 (rIL-22)-
treated RagZ~'~ mice were cultured to determine CFUs. Data representative of 2 independent
experiments using recombinant mouse I1L-22 or IL-22-Fc. (K and L) Whole PP and mLN
were stained with Alcaligenes-specific 16S FISH probes ALBO (red) and BPA (green), and
wheat germ agglutinin (blue). Data representative of 2 independent experiments with 2-5
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mice per group. Number of puncta per mm? of tissue was quantified. Data are represented as
mean + SEM. Statistics shown in panels E, F, J, K and L were performed using unpaired,
two-tailed, student’s t test (E, J, K and L) and one-way ANOVA with uncorrected Fisher’s
LSD test (F). *, p< 0.05; **, p< 0.01; ***, p< 0.001. ND, not detectable. See also Figure
S4.
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Figure 6. Lymphoid tissue-resident commensal bacteria promote IL-10R-dependent protection
from DSS-induced intestinal tissue damage and mortality

CNV, ABX-treated and ABX-resistant Achromobacter (LRCR)-colonized-colonized Ragz™~
mice were administered 2% DSS in their drinking water for 6 to 7 days and then placed on
regular drinking water. Mice were monitored for survival (A) and weight loss (B) for up to
21 days. Data in panel A are pooled from 2 independent experiments for a total of 8-9 mice
per group. (C) Mice were sacrificed on day 6 and analyzed for colon tissue pathology and
inflammatory infiltrate by H&E. Data in panel C are representative of 2 independent
experiments. Scale bar — 100 pm. (D and E) ABX control, 1gG- or anti-IL-10R-treated
LRCR-colonized RagZ™~ mice were administered 2% DSS for 8 days. Percentage of starting
weight on day 7 (D) and serum IFNy on day 8 are quantified (E). One-way ANOVA, D and
E - **p < 0.01. Data in panel D are pooled from 3 independent experiments for a total of 12—
13 mice per group. Data in panel E are pooled from 3 independent experiments for a total of
8-12 mice per group. Data are represented as mean + SEM. Statistics shown in B were
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performed using unpaired, two-tailed, student’s t test. Statistics shown in panels D and E
were performed using one-way ANOVA with uncorrected Fisher’s LSD test. *, p < 0.05; **,
p<0.01; *** p<0.001. See also Figures S5 and S6.
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