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CRTAM shapes the gut microbiota and enhances the severity of
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Abstract

Gut lymphocytes and the microbiota establish a reciprocal relationship that impacts the host
immune response. Class I-restricted T cell-associated molecule (CRTAM) is a cell adhesion
molecule expressed by intraepithelial T cells and is required for their retention in the gut. Here we
show that CRTAM expression affects gut microbiota composition under homeostatic conditions.
Moreover, Crtam™~ mice infected with the intestinal pathogen Sa/monella exhibit reduced Th17
responses, lower levels of inflammation, and reduced Sa/monella burden, which is accompanied
by expansion of other microbial taxa. Thus, CRTAM enhances susceptibility to Sa/monella, likely
by promoting the inflammatory response that promotes the pathogen’s growth. We also found that
the gut microbiota from wild-type mice, but not from Crtam™~ mice, induces CRTAM expression
and Th17 responses in ex-germ-free mice during Sa/monella infection. Our study demonstrates a
reciprocal relationship between CRTAM expression and the gut microbiota, which ultimately
impacts the host response to enteric pathogens.
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Introduction

Resident T cells in the gut are key orchestrators of mucosal immunity. Located between
epithelial cells (intraepithelial lymphocytes) and in the lamina propria, these T cells are
comprised of several subpopulations, including CD4* T cells, CD8" T cells, y& T cells,
natural killer T cells (NKT), and a unique population of CD4*CD8* T cells (1, 2). A
consequence of CD4* T cell depletion in gut-associated lymphoid tissue (GALT) is a
disruption of the gut epithelial barrier, a scenario common among human immunodeficiency
virus (HIV)-infected patients (3). As a result, HIV patients exhibit an increased
susceptibility to bacteremia caused by intestinal pathogens such as Sa/monella and
Campylobacter (4-6), indicating that CD4* T cells are required in order to develop an
optimal immune response against enteric pathogens.

Th17 cells are an important subset of CD4* T cells residing in the gut. These cells constitute
a distinct lineage from Th1 and Th2 cells, and are characterized by the production of
interleukin (IL)-17A, IL-17F, and IL-22, collectively known as Th17 cytokines (7). Th17
cytokines are expressed in the intestinal mucosa in response to enteric pathogens such as
Salmonellaand Citrobacter rodentium (8-10), and orchestrate a host response that
strengthens the mucosal barrier and protects from systemic dissemination of these
pathogens. In the mouse model of inflammatory diarrhea, mice deficient in the IL-17A
receptor exhibit higher levels of Salmonellatranslocation from the gut to systemic sites such
as the spleen. Moreover, Th17 deficiency results in a reduction of neutrophil recruitment to
the intestinal mucosa during infection (10), which may explain the increased systemic
dissemination of Sa/monellain the absence of IL-17 signaling. For Citrobacter, the highly
homologous IL-17A and IL-17F (8), and IL-17C (11) are important to reduce the pathogen’s
colonization of the colon. This reduction in colonization is mediated by IL-17A/F-induced
B-defensins (8), and by IL-17C/IL-22-induced proinflammatory cytokines, chemokines, and
antimicrobial proteins including calprotectin, lipocalin-2, RegllIp, and Regllly (11).
Together, these studies underscore the importance of Th17 cells in host defense against gut
pathogens.

Homing and residency of T cells to the gut require the expression of specialized
chemokines, chemokine receptors, and adhesion molecules (reviewed in (12)). For instance,
entry of naive and effector T cells into the intestinal mucosa is mediated by integrin a4p7,
which binds to mucosal vascular addressin cell adhesion molecule-1 (MAdCAM-1)
expressed in the lamina propria venules (13). Integrin agPy is involved in the retention of
effector and memory lymphocytes to the gut epithelium through its interaction with E-
cadherin (14). In addition to the interactions described above, it has been shown that the
interaction between Class I-restricted T cell-associated molecule (CRTAM) in T cells and
Cell Adhesion Molecule 1 (CADM1,; also known as NECL2 and TSLC1) contributes to the
residency and maintenance of T cell populations in the gut mucosa (15).

Located on the cell surface, CRTAM is an Immunoglobulin superfamily member that was
originally identified in activated CD8* T cells and NKT cells (hence its name, Class-I
restricted) (16). Further reports described CRTAM on NK cells (17). More recently, CRTAM
has been described on intraepithelial CD4*CD8a/a™ and CD4* T cells, as well as on CD8*
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T cells of the intestinal mucosa (15). CADML1, the only CRTAM ligand described to date
(17), is a cell-surface molecule of the nectin and NECL families that is expressed on CD8a
dendritic cells (DCs), CD103* DCs, epithelial cells, neurons, and certain tumor cells (18—
21). CRTAM-CADML1 interactions strengthen NK cell and CD8" T cell effector functions
(17, 19, 22, 23). Moreover, it has been proposed that CRTAM is essential for the
establishment of CD4* T cell polarization after TCR engagement. During this process,
CD4* T cell proliferation is blocked, and these cells begin to produce effector cytokines,
including IFN-y, IL-17A, and IL-22 (24). Given CRTAM’s role in mediating T cell
retention to the gut and in the production of effector cytokines, two prior studies investigated
the role of CRTAM during intestinal infection. In this context, CRTAM was found to confer
protection against the parasite 7oxoplasma gondii (15), whereas its role during infection
with Citrobacter rodentium is less clear, as one study showed CRTAM-mediated protection
(24), but a second study did not confirm these results (15).

The intestinal mucosa is the body’s largest immunological organ and is constantly exposed
to antigens from food, pathogens, and commensal microbes. Interactions between
commensal microbes (collectively known as the microbiota) and the intestinal mucosa play a
fundamental role in the induction, education and function of the immune system (25). The
intestinal mucosa, in turn, has evolved to tolerate the microbiota and keep a homeostatic
relationship. To maintain this delicate balance, the gut microbiota and the intestinal immune
system engage in bidirectional interactions, whereby reciprocal signals between the gut
immune system and the gut microbiota are exchanged and mutually shape the immune
system and the composition of the microbiota. Specific members of the gut microbiota shape
different aspects of innate and adaptive immunity in the gut, including the development and
function of particular regulatory and effector T-cell lineages. For example, segmented
filamentous bacteria (SFB), commensals of the phylum Firmicutes, are required for T helper
(Th)17 differentiation, which provides increased resistance to infection with the gut
pathogen Citrobacter rodentium (26).

Because the interaction between gut T cells and the microbiota plays an important role in
maintaining gut homeostasis, we hypothesized that CRTAM expression modulates the
balance between the gut microbiota and mucosal immunity. Here, we show that CRTAM
shapes the gut microbiota under homeostatic conditions. As gut microbes and intestinal T
cells contribute to host defense against intestinal pathogens, we tested whether CRTAM
plays a role during Sa/monellainfection. We found that Crtam™~ mice exhibit reduced Th17
responses, lower levels of inflammation, decreased intestinal colonization by Salmonella,
and an outgrowth of other microbial taxa. Moreover, germ-free mice colonized with fecal
microbiota collected from Crtam™~ mice exhibited lower expression of CRTAM on T cells,
and a reduced Th17 response, upon Sal/monella infection. Collectively, our data reveal an
interplay between CRTAM expression and the gut microbiota, which ultimately impacts the
mucosal immune system and the host response to enteric pathogens.
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Materials and Methods

Mouse experiments

Mice heterozygous for the Crtam™1{(KOMP)Wtsi glele (referred in the text as Crtam™") were
obtained from the Knockout Mouse Project (KOMP) repository (targeting project 1D
CSD67690) at the University of California, Davis. We obtained these founder mice and
performed the following experiments on their WT and Crtam™" littermate progeny. Male
and female mice were orally gavaged with streptomycin 24 hours before oral gavage with
109 colony-forming units (CFUs) of Salmonella enterica serovar Typhimurium IR715, as
previously described (10, 27). Fecal samples were collected at 24, 48, 72, and 96 hours post-
infection. The cecal content was collected at 96 hours post-infection. Fecal samples and
cecal content were serially diluted and plated on appropriate antibiotic-containing LB agar
plates to determine bacterial counts (CFUSs). Spleen, mesenteric lymph nodes (MLN),
Peyer’s patches and terminal ileum were collected, weighed, homogenized, serially diluted,
and plated on appropriate antibiotic-containing LB agar plates to determine CFUs. All
animal experiments were reviewed and approved by the Institutional Animal Care and Use
Committees at the University of California, Irvine and at the University of California, San
Diego.

Cell extraction from the gut and cell analysis

Terminal ileum, cecum, and colon were collected and kept in IMDM medium supplemented
with 10% FBS and 1% antibiotic/antimycotic solution. Next, Peyer’s patches were removed,
cut open longitudinally, and washed with HBSS supplemented with 15 mM HEPES and 1%
antibiotic/antimycotic. Then, the tissue was shaken in 10 ml of HBSS/ 15 mM HEPES/ 5
mM EDTA/ 10% FBS solution at 37 °C in a water bath for 15 min. Supernatant was
removed and kept on ice. Remaining tissue was cut into small pieces, then digested in a 10
ml mixture of collagenase (Type VII, 1 mg/ml), Liberase (20 pg/ml), and DNAse (0.25
mg/ml) in IMDM medium for 15 min in a shaking water bath at 37 °C. Afterwards, both
fractions were strained through a 70 pum cell strainer, pooled, and then the extracted cells
were stained for analysis by flow cytometry. When indicated, terminal ileum, cecum and
colon were processed separately, and the IEL and LPL fractions were kept separated, and
then the extracted cells were stained for analysis by flow cytometry. Briefly, cells were
blocked with a CD16/32 antibody (eBioscience), stained with the viability dye eFluor780
(eBioscience), then extracellularly stained using the following monoclonal antibodies: CD45
(clone 30-F11), CD3 (clone 17A2), CD4 (clone RM4-5), CD8a (clone 53-6.7) — each from
BioLegend; TCR y& (clone eBio-GL3) and CD25 (clone PC61.5) — each from eBioscience.
After surface staining, cells were fixed and permeabilized according to the manufacturer’s
instructions (“Fix and Perm” kit, eBioscience), then stained intracellularly with anti-1L17
antibody (clone TC11-18H10.1), anti-IFN-y antibody (clone XMG1.2), and anti-IL-10
antibody (clone JES5-16-E3) from eBioscience. Cells were analyzed on an LSRII flow
cytometer (BD Biosciences, San Jose, CA) and analyzed with FlowJo software (TreeStar,
Ashland, OR).
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RNA extraction and gPCR

Total RNA was extracted from mouse cecal tissue using Tri-Reagent (Molecular Research
Center). Reverse transcription of 1 ug of total RNA was performed using the Transcriptor
First Strand cDNA Synthesis kit (Roche). Quantitative real-time PCR (qRT-PCR) for the
expression of Actb, Cxcl1, 111b, 116, 1117, 1122, 1123, Lcn2, and Tgfb was performed using
the LightCycler 480 SYBR Green Master Mix on the LightCycler 480 Il (Roche). Primer
pair sequences are shown in Supplementary Table 1. Gene expression was normalized to
Actb (B-actin). Fold changes in gene expression were relative to uninfected controls and
calculated using the 44-Ct method.

Histopathology

Cecal tissue samples were fixed in formalin, processed according to standard procedures for
paraffin embedding, sectioned at 5 um, and stained with hematoxylin and eosin. The
pathology score of cecal and liver samples was determined by blinded examinations of cecal
and liver sections from a board-certified pathologist using previously published methods
(27). Each cecal section was evaluated for the presence of neutrophils, mononuclear
infiltrate, submucosal edema, surface erosions, inflammatory exudates, and cryptitis.
Inflammatory changes were scored from 0 to 4, according to the following scale: 0=none;
1=low; 2=moderate; 3=high; 4=extreme. The inflammation score was calculated by adding
up all of the scores obtained for each parameter and interpreted as follows: 0-2=within
normal limit; 3-5=mild; 6-8=moderate; >8=severe.

Analysis of the Microbiota

Fecal samples were collected before infection and 96 hours post-infection from littermate
co-housed mice. The samples were snap-frozen in liquid nitrogen, and then DNA was later
extracted using the QlAamp DNA Stool Kit (Qiagen) according to manufacturer’s
instructions with modifications as previously described (28). 16S rDNA (V4 region) was
then amplified by PCR with primers 515F and 806R (modified by addition of barcodes for
multiplexing), then sequenced on an Illumina MiSeq system (UC Davis HMSB Facility).
Sequences were processed and analyzed by employing the SILVA rRNA gene database v123
(29) and the QIIME pipeline v1.9.1 (30) with default settings, except as noted. In brief,
paired-end sequences were joined, quality-filtered, reverse-complemented and chimera-
filtered (usearch61 option; reference file 97_otus_16S.fasta from SILVA v123). Then,
operational taxonomic units (OTUs) were picked de novo at 97% similarity, and taxonomy
was assigned with the RDP classifier (“pick_otus” options: enable_rev_strand_match True,
otu_picking_method usearch61; “align_seqs” option: template_fp
core_alignment_SILVA123.fasta; “filter_alignment” options: allowed_gap_frac 0.80,
entropy_threshold 0.10, suppress_lane_mask_filter True; “assign_taxonomy” options:
assignment_method rdp, confidence 0.8, rdp_max_memory 24000, reference_seqs_fp

97 otus_16S.fasta, id_to_taxonomy_fp consensus_taxonomy 7_levels.txt). Samples were
rarefied to 10,000 reads. Alpha (Shannon index) and beta (unweighted and weighted
UniFrac) diversity were assessed via QIIME. Prism 7 software (GraphPad) was used for
statistical analyses (Mann—Whitney U test).
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Fecal transplant and infection in germ-free mice

Fresh fecal pellets were obtained from WT and Crzam'~ littermate co-housed mice, and
placed in an Eppendorf tube containing sterile PBS supplemented with 10% glycerol. Fecal
pellets were shaken for 20 minutes, then the fecal suspension was strained through a 70 pm
cell strainer to eliminate the fiber present in the fecal pellet. Aliquots of the fecal suspension
were then snap-frozen in liquid nitrogen and stored at —80 °C until the day of the transplant.
For the fecal transplant, 10-week-old Swiss Webster germ-free mice were used. Male and
female germ-free mice were inoculated orally with 100 uL of the fecal suspension at day 0,
day 2, and day 4, then the microbiota was allowed to engraft for 6 days. Mice were then
orally gavaged with streptomycin 24 hours before oral gavage with Sa/monella enterica
serovar Typhimurium (1x10° CFU per mouse). At 96 hours post-infection, tissues were
collected and cell analysis was performed as described above.

Statistical analysis

Results

Statistical significance was determined using unpaired, two-tailed Student’s ¢test on log-
transformed data, or Mann-Whitney U test. Differences were considered statistically
significant if the Pvalue was <0.05.

CRTAM expression impacts the gut microbiota in homeostatic conditions.—
The gut microbiota plays a critical role in gut homeostasis, which in turn influences a wide
variety of host responses, including the immune response. Of particular note, members of
the gut microbiota play a central role in regulating T cell responses in the gut (26, 31, 32).
For instance, the microbiota regulates expression of the homing receptor GPR15, which
contributes to the retention of T cells in specific regions of the intestinal mucosa (33).
Previous studies have shown that CRTAM contributes to the retention of T cells in the gut
(15). To determine whether CRTAM-dependent retention of T cells in the gut has an impact
on the gut microbiota composition, we compared Crtam™~ mice with wild-type co-housed
littermates.

First, we collected the small intestine, large intestine, and spleen from WT and Crtam™~
mice to assess T cell populations. We observed a significant reduction in the frequency of
CD4* and CD8* T cells in the small and large intestine of Crtam™~ mice (Figure 1a, left
panel). As expected, we observed similar frequencies of CD4* and CD8" T cells from the
spleens of Crtam™" mice (Figure 1a, right panel). These findings indicated that CRTAM is
important to retain T cells in the small and large intestine, but not in the spleen, which may
be due to the microbiota activating T cells in the gut to express CRTAM.

Because T cells shape the gut microbiota through different mechanisms, we hypothesized
that the reduced frequency of T cells in the gut of Crtam™~ mice could change the
composition of the intestinal microbiota. To test this hypothesis, we collected fecal samples
from WT and Crtam™" littermate co-housed mice to perform total DNA extraction and 16S
sequencing. The intrasample Eubacterial diversity was slightly increased in Crtam™" mice
(Figure 1b), and the intersample community composition and structure were different in the
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absence of CRTAM (Figure 1c). In general, composition of the gut microbiota reflected
what is usually observed in homeostatic conditions and in the absence of gut inflammation,
with a predominance of the phyla Bacteroidetes and Firmicutes (Figure 1d). Nevertheless,
we observed a significant relative increase of phylum Firmicutes (p < 0.0087) and relative
reduction of Tenericutes (p < 0.039) in Crtam™~ mice. Moreover, deeper taxonomic analysis
revealed significantly altered families and genera in the Crzam™~ mouse. Families with
significantly reduced relative abundance in the absence of CRTAM (Figure 1e) included the
S24-7 Group (Candidatus Homeothermaceae (34)) and Erysipelotrichaceae. Significantly
reduced genera included Romboutsia (family Peptostreptococcaceae) and UCG-014 (family
Ruminococcaceae) (Figure 1e). We also observed a significantly increased relative
abundance of families and genera in Crtam™~ mice, including the families Lachnospiraceae
and vadin BB60 Group, as well as the genera Bacteroides, Parabacteroides, Mucispirillum,
Parasutterella, Ruminiclostridium 9, and the Lachnospiraceae NK4A136 group (Figure 1f).
The analysis of the gut microbiota in WT and Crtam™" littermate co-housed mice indicated
that the absence of CRTAM altered the gut microbial taxonomic composition, a finding that
has potential implications on colonization resistance to pathogens.

CRTAM enhances susceptibility to Salmonella infection.—Members of the gut
microbiota provide colonization resistance to enteric pathogens through mechanisms that
include immune modulation, barrier maintenance, nutrient utilization, and direct growth
inhibition (35, 36). In turn, enteric pathogens have evolved mechanisms to outcompete the
gut microbiota to cause disease. One of the best-studied examples of competition between
an intestinal pathogen and the microbiota is during infection with Salmonella enterica. In
homeostatic conditions, the gut microbiota provides effective colonization resistance to
Salmonella. However, the inflammatory response triggered by Sa/monella in the gut enables
the pathogen to outcompete the gut microbiota by a variety of mechanisms (28, 37-40). For
instance, intestinal inflammation provides Sa/monella with novel electron acceptors and
nutrients to thrive in the inflamed gut (40, 41).

Because the absence of CRTAM results in reduced levels of gut-resident T cells and changes
the gut microbiota composition, we tested whether Crtam™~ mice exhibited altered
susceptibility to Salmonellainfection. Here, we infected WT and Crtam™" littermate mice
with Salmonella enterica serovar Typhimurium by using a well-established colitis model
(10, 27, 42). Although we did not observe significant differences in the Sa/monella fecal
burden at 24, 48, and 72 hours post-infection (Figure 2a), we recovered significantly lower
Salmonella numbers from the feces and cecal content of Crtam™~ mice at 96 hours post-
infection (Figure 2b). Moreover, the Salmonellaburden in the terminal ileum, mesenteric
lymph nodes, and Peyer’s patches was also lower in Crtam™~ mice (Figure 2b). By contrast,
there was no difference in the number of Sa/monellarecovered from the spleen of WT and
Crtam™" mice (Figure 2b), which is consistent with our finding of Crtam™~ mice exhibiting
a lower frequency of T cells in the gut, but not in the spleen, relative to WT mice (Figure
1a).

Whereas the 96-hour timepoint corresponds to the peak of inflammation during Sa/monella
infection in WT mice (10, 27), the cecum of Crtam™~ mice at 96 hours showed lower levels
of inflammation (Figure 2c). Taken together, our results are consistent with previous

J Immunol. Author manuscript; available in PMC 2020 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Perez-Lopez et al.

Page 8

findings that intestinal inflammation boosts Sa/monella colonization (38, 40, 43), and that
gut T cells are important to amplify the immune response during Sa/monella infection (44).
Furthermore, our data demonstrates that Crtam™" mice are more resistant to Sa/monella
colonization.

CRTAM impacts the Th17 response during Salmonella infection.—As we
discussed earlier, the CRTAM-CADML1 interaction has a major impact on the residency and
maintenance of T cells, including Th17 cells, in the gut mucosa. Previous studies have
shown that the microbiota shapes Th17 responses in the gut (26), and we have shown that
Th17 responses play a central role during Salmonella infection (10). In light of these
findings, we analyzed the subpopulations of T cells in the gut and in the spleen of WT and
Crtam™" mice 96 hours after Salmonellainfection. We observed that the percentage of some
T cell subpopulations (CD4*CD8a/a* and TCRy8*) is reduced in the gut of Crtam™~ mice
during Sa/monellainfection (Figure 3a). By contrast, there was no difference in the
percentage of TCRy&* T cells in the spleen of WT and Crtam™~ mice infected with
Salmonella (Figure 3b). When we calculated the frequencies of T cell subpopulations
(CD4*, CD8*, CD4*CD8a/a* and TCRy&™), we found a significant reduction of the CD4*,
CD8*, CD4*CD8a/a* T cell subsets, and a trend towards a reduction of the TCRy&*
subset, in the gut of Crtam™~ mice (Figure 3c). No differences among T cell subsets were
observed in the spleen (Figure 3d). As Sa/monella exploits T cell-mediated inflammatory
responses, these results track with our findings of a reduced Sa/monellaburden in the gut
and no reduction in the spleen (Figures 2a and 2b).

To determine whether the reduction in T cell subpopulations in Criam™~ mice could be
ascribed to a specific intestinal region and/or cell fraction, we analyzed the same T cell
subsets from the small intestine, cecum, and colon compartments after separation of
intraepithelial lymphocytes (IEL) and lamina propria lymphocytes (LPL). We found that, in
the small intestine of infected Crtam™/~ mice, CD4* T cells were significantly reduced in
both the IEL and LPL fractions, and that the CD8* and CD4*CD8a/a* T cell subsets were
reduced in the LPL fraction (Figures 3e and 3f). In the infected cecum, we observed a
significant reduction in CD4* and CD8* T cells in the IEL fraction, whereas no significant
changes were observed in the cecal LPL fraction or in the colon IEL and LPL fractions
(Supplementary figure 1a-d). Collectively, these data demonstrate that, during Sa/monella
infection, mice lacking CRTAM exhibit lower frequencies of T cells in the gut, in particular
in the small intestine LPL (CD4", CD8*, CD4*CD8a/a*) and in the cecum IEL (CD4*,
CD8").

Next, we analyzed the IL-17-producing T cells in the gut of WT and Crtam™~ mice 96 hours
after Salmonellainfection. Crtam™~ mice exhibited a significantly lower percentage and
frequency of IL-17A-producing CD4* and CD4*CD8a/a* T cells, but not of 1L-17-
producing CD8* or TCRy&* T cells (Figures 4a and 4b). As we observed a more profound
reduction of T cells in the small intestine of Crtam ™~ mice during Sa/monella infection, we
determined the frequency of IL-17-producing T cells in this compartment. While we found a
general reduction of all IL-17-producing T cell subsets in the small intestine, only IL-17-
producing CD4"* T cells from the LPL fraction were significantly reduced (Figures 4c and
4d).
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In addition to IL-17-producing T cells, we determined whether CRTAM also influences the
abundance of Thl and T regulatory (Treg) cells during Sa/monellainfection. Although we
found a small but insignificant increase in the frequency of IFN-y-producing T cells in Criam
-/~ mice (Supplementary Figure 1e), we did not observe differences in the frequency of
Tregs (CD4*, CD25%, FoxP3* T cells) or IL-10-producing Tregs (Supplementary Figure 1f,
g). Overall, our analysis of cells from the entire gut, and from the cecum, colon, and small
intestine individually, suggest that during Sa/monella infection CRTAM globally impacts the
levels of particular T cell subsets (CD4*, CD8*, CD4"CD8a/a*), and of IL-17-producing T
cells (Figure 3, Figure 4a—d, and Supplementary figure 1). Moreover, our findings indicate
that these alterations are more profound in the lamina propria of the small intestine.

A possible explanation for the lower frequency of 1L-17-producing T cells in Cran™'~ mice
is a reduced expression of Th17-polarizing cytokines (IL-14, IL-6, IL-23, and TGFf
(Reviewed in (45)). Although we did not detect differences in the expression of these
cytokine genes under homeostatic conditions (data not shown), we found that expression of
/116 was significantly reduced in the absence of CRTAM during infection (Figure 4e). We
also evaluated the expression of the Th17 cytokine genes //Z7and //22, as well as of two
genes whose expression is upregulated in response to these cytokines: the CXC chemokine
CXCL-1 (Cxcl1), and the antimicrobial protein lipocalin-2 (Lcn2) (46). In agreement with
our data pointing to diminished Th17 responses in Crtam™~ mice, each of these genes was
highly upregulated in the cecum during Sa/monel/a infection, but was lower in the cecum of
infected Crtam™~ mice (Figure 4f).

Collectively, these data indicate that CRTAM favors the retention of T cells in the gut during
Salmonella infection, resulting in an overall increased frequency of gut T cells, and in
particular of IL-17-producing T cells. The increased gut T cell responses exacerbate
intestinal inflammation, creating an environment that enhances Sa/monella colonization of
the gut (38-40, 43). As we recovered similar Sa/monellanumbers in the spleen, our data
suggest that Crtam™~ mice exhibit sufficient inflammation to limit Sa/monella
dissemination. However, due to the lower frequency of T cells in the gut, Crtam™~ mice
have a significantly reduced inflammatory response. Because Salmonella exploits
inflammation to thrive in the intestine, Crtam™~ mice are thus less permissive to maximal
gut colonization by Sal/monella. As such, we hypothesized that Sa/monella’s ability to
outcompete the microbiota would be impaired in Crtam™~ mice.

CRTAM-mediated responses favor the expansion of Proteobacteria in the gut
during infection.—During Sa/monella infection, intestinal inflammation results in a
significant reduction of microbial diversity, dominated by an expansion of Proteobacteria,
the phylum to which Sa/monella belongs (28, 37, 39, 40). We next tested whether the
composition of the gut microbiota differed during Sa/monella infection of WT and Crtam™~
littermate co-housed mice. Consistent with earlier findings, we observed low bacterial
diversity in Sa/lmonella-infected WT mice (Figure 5a). By contrast, bacterial diversity was
significantly increased in Crtam™~ mice upon Salmonellainfection (Figure 5a), and the
intersample community structure was different in mice lacking CRTAM (Figure 5b,
weighted UniFrac).
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At the phylum level, we observed the expected clear predominance of Proteobacteria in
infected WT mice (Figure 5¢). However, the relative abundance of Proteobacteria was
significantly reduced in infected Crtam™~ mice, and a concomitant relative expansion of
phylum Firmicutes was detected (Figure 5c¢). Further analysis showed that the relative
abundance of the family Enterobacteriaceae was higher in infected WT mice when
compared with infected Crzam™~ mice (Figure 5d), which is consistent with the higher
Salmonella burden observed by colony-forming unit assessment of the feces and cecal
content from infected WT mice (Figure 2b).

Although the relative abundance of phylum Firmicutes as a whole was significantly elevated
among Salmonella-infected Crtam™~ mice, the Firmicutes sub-taxa varied from sample to
sample. Nevertheless, members of family Lachnospiraceae (genus Coprococcus) and of
family Streptococcaceae (genus Streptococcus) were significantly elevated in Crtam™~ mice
upon Salmonella infection (Figure 5e). Collectively, these results suggest that CRTAM plays
an important role in the interplay between the host and the gut microbiota, which in turn
shapes the host response and microbial composition during Sa/monella infection.

The microbiota shapes T cell responses and CRTAM expression during
infection.—The gut microbiota sets the immunological tone of the intestine through a
number of feedback loops that exist between members of the microbiota and the mucosal
immune system (47). To determine whether the observed differences in the gut microbiota of
WT and Crtam™" mice influence gut T cell responses, we transplanted germ-free mice (GF)
with a suspension prepared from the feces of either WT or Crtam™" littermate mice. Mice
that received the fecal transplant (ex-germ-free mice) were then infected with Sal/monella or
mock, according to the experimental design shown in Figure 6a.

We did not detect significant differences in the frequency of T cells within the different cell
subpopulations isolated from the gut of mock-infected, ex-germ-free mice transplanted with
the fecal microbiota from either WT or Crtam™"~ mice (Figure 6b—d). However, when the ex-
germ-free mice were infected with Salmonella, we observed significant differences between
the fecal transplant recipients. At 96 h post-infection, we observed a significant increase in
the frequency of CD4* T cells in the gut of ex-germ-free mice transplanted with the gut
microbiota from WT mice, but not in ex-germ-free mice transplanted with the gut
microbiota from Crtam™~ mice (Figure 6b). In the same mice, we did not observe significant
differences in CD8* T cells (Figure 6c), but there was a significant difference in TCRy&* T
cells (Figure 6d).

Because the frequency of CD4* T cells was reduced in the gut of Sa/monella-infected mice
that had been transplanted with the Crfan”~ mouse microbiota, and because CRTAM
contributes to T cell adhesion to the gut mucosa, we next analyzed whether the gut
microbiota influences the expression of CRTAM on the surface of T cells. To this end, the
gut microbiota did not influence the percentage of T cells expressing CRTAM in ex-germ-
free mice (Figure 6e). Moreover, during mock infection, the fecal transplant alone did not
influence the magnitude of CRTAM expression in any of the T cell subpopulations analyzed
(Figure 6f, upper panel). However, during Sa/monella infection, we observed the appearance
of CD4* T cells, CD8" T cells, and TCRy&™ T cells that express high levels of CRTAM, but
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only in the mice transplanted with WT mouse microbiota (Figure 6f, bottom panel). When
we calculated the fold induction of CRTAM expression, we observed that it was significantly
higher in T cells of mice that were transplanted with the WT mouse microbiota (Figure 6g).
Together, these data suggest that the gut microbiota influences CRTAM expression levels on
T cells during Salmonella infection. Therefore, our study provides evidence of crosstalk
between the gut microbiota and cells expressing CRTAM, wherein the presence of CRTAM
influences the gut microbiota composition, and the gut microbiota impacts the expression of
CRTAM.

Because the gut microbiota influences the expression of CRTAM, we next evaluated IL-17
production during Sa/monella infection of ex-germ-free mice transplanted with WT or
Crtam™~ mouse gut microbiota. When we analyzed IL-17 expression by different T cell
subpopulations, we observed a reduction in the percentage of CD4* T cells that produce
IL-17 (Figure 7a). We also observed a significant difference in the frequency of 1L-17-
producing CD4* T cells (Figure 7b), but not of IL-17-producing CD8* or TCRy&* T cells
(Figure 7c and 7d). As we discussed earlier, Salmonella exploits IL-17-dependent
inflammation to thrive in the gut, and we recovered fewer Sa/monella CFUs in Crtam'~
mice, where IL-17 production was lower (Figure 2). We thus hypothesized that the lower
levels of IL-17-producing CD4* T cells in ex-germ-free mice transplanted with Crtam™~
mouse gut microbiota would lead to a reduction in Sa/monella colonization.

Comparable to what we observed during Sa/monella infection of WT and Crzam™~ mice
(Figure 2a), we found no difference in fecal Sa/monellanumbers at 24, 48 and 72 h post-
infection of ex germ-free mice transplanted with WT or Crtani/~ gut microbiota (Figure
7e). In line with our hypothesis, Sa/monella colonization was significantly reduced in the
cecal content of ex germ-free mice transplanted with Crzam™'~ microbiota (Figure 7f). All in
all, this finding is in agreement with our results showing that absent (in Crtam™~ mice) or
reduced (in ex-germ-free mice transplanted with Crtam ™/~ mouse microbiota) expression of
CRTAM results in a reduced frequency of gut T cells and in a diminished Th17 response
during Sa/monellainfection.

Discussion

The gut microbiota influences a wide variety of host responses, including the immune
response. In the gut, members of the microbiota have been found to regulate a variety of T
cell responses (26, 31, 32); for instance, the gut microbiota regulates expression of the
homing receptor GPR15, which contributes to the recruitment of T regulatory cells in
specific regions of the intestinal mucosa (33). As a previous study showed that CRTAM
contributes to the retention of T cells in the gut (15), we sought to determine whether
CRTAM impacts the composition of the gut microbiota. Although we did not observe
differences in the expression of antimicrobial peptides (lipocalin-2, Regllly, calprotectin)
between WT and Crtam'~ mice in homeostatic conditions (data not shown), we did detect
changes in the gut microbiota of Crtan7/~ mice. In the absence of CRTAM, there was a
relative increase of phylum Firmicutes with a concomitant reduction of Tenericutes. In a
deeper taxonomic analysis, we found an increased relative abundance of genus Bacteroides
(phylum Bacteroidetes) in Crtam™~ mice. It is known that some species of Bacteroides

J Immunol. Author manuscript; available in PMC 2020 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Perez-Lopez et al.

Page 12

modulate the immune response in the gut; for example, polysaccharide A (PSA), a capsular
polysaccharide from Bacteroides fragilis, has been shown to promote immunological
tolerance (48). Additionally, lipopolysaccharide (LPS) from Bacteroides dorei was shown to
inhibit the immunostimulatory activity of £. coli LPS (49). The genus Parabacteroides, a
member of the family Porphyromonadaceae (phylum Bacteroidetes), was also increased in
Crtam™" mice relative to WT mice. Members of this latter family have been shown to
provide protection against Sa/monella-induced colitis (50). Taken together, we hypothesized
that changes in the gut microbiota of Crtani’~ mice could influence colonization resistance
to pathogens.

Colonization resistance comprises the set of mechanisms by which the microbiota prevents
pathogen colonization (reviewed in (36)). These mechanisms involve direct interactions
between the microbiota and the pathogen, as well as microbiota-dependent stimulation and
development of the mucosal immune system (36). Nevertheless, pathogens have evolved
mechanisms to subvert colonization resistance and cause disease. On this front, the intestinal
pathogen Sal/monella employs specific virulence factors to trigger inflammation in the
intestinal mucosa. This inflammatory environment alters the intestinal lumen and favors
growth of Salmonella over its competitors by generating new nutrients for the pathogen and
by creating a generally inhospitable environment for competing commensal microbes (38—
41, 43). Thus, intestinal inflammation confers a competitive advantage to Sa/monella over
the gut microbiota.

Increased gut Th17 responses exacerbate intestinal inflammation, creating an environment
that enhances Sa/monella colonization (38-40, 43). Here, we show that CRTAM is required
to induce a robust Th17 response during infection and to promote intestinal colonization by
Salmonella. The changes observed in the gut microbiota composition of Crzam™~ mice,
together with the decreased Th17 responses, likely contribute to the Crtam’~ mouse’s
increased colonization resistance to Sa/monella. Of note, both WT and Crtam™'~ mice
exhibited similar levels of SFB in the gut, both in homeostatic conditions and during
Salmonella infection (data not shown). Due to the lower frequencies of T cells in the gut,
Crtam™" mice exhibit a significantly reduced inflammatory response (Figure 4), which
hampers Sa/monella’s ability to outcompete the microbiota (Figure 5), and results in reduced
gut colonization by the pathogen (Figure 2b). Nevertheless, our data demonstrate that Crtam
~~mice still exhibit sufficient inflammation to limit Sa/monella dissemination, as we
observed comparable Sa/monella colonization of the spleen in WT and Crtam™'~ mice
(Figure 2b).

Analysis of the gut microbiota in WT mice during infection revealed a bloom of
Proteobacteria, the phylum to which Sa/monellabelongs. By contrast, the relative abundance
of phylum Firmicutes predominated in Crtam™~ mice. These results are in line with
previous studies showing that Sa/monella requires an inflammatory environment to
outcompete gut anaerobes, including Firmicutes, and thus establish maximal colonization of
the gut (39, 40, 42). In our study, we found that the relative abundance of Coprococcus and
Streptococcus was increased in infected Crtam™~ mice (Figure 5e). These members of the
gut microbiota have been implicated in mediating colonization resistance and in the
regulation of immune responses. For example, an increase in the relative abundance of
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Coprococcus is associated with resistance to Campylobacter and Salmonella infection in
humans (51), and Coprococcus also plays a role in colonization resistance against
Clostridium difficile infection (52). In addition, Coprococcus is an active producer of short-
chain fatty acids (SCFAS) (53), metabolites that are known to have anti-inflammatory effects
(54) and to provide colonization resistance to Sa/monellaby maintaining a hypoxic
epithelium (55). For genus Strepfococcus, some members isolated from the human small
intestine have been shown to have immunomodulatory properties, including the ability to
downregulate NF-xB in human intestinal cells (56). Therefore, the higher relative abundance
of Coprococcus and Streptococcusin Crianm™~ mice likely helps the host to control
Salmonella infection by enhancing colonization resistance. These findings strongly suggest
that CRTAM plays an important role in the interplay between the host and the microbiota,
which in turn shapes the host response and microbial composition during Salmonella
infection.

After transplantation of the gut microbiota into germ-free mice, and then infection with
Salmonella, we observed a reduction in the frequencies of T cells (in particular, CD4* T
cells) in mice transplanted with the Crtam™~ mouse gut microbiota in comparison to mice
transplanted with the WT mouse gut microbiota (Figure 6). Moreover, we found that ex-
germ-free mice transplanted with the gut microbiota from WT mice exhibited significantly
more CRTAM on the T cell surface, which was accompanied by increased production of
IL-17 upon infection and by higher Sa/monella colonization (Figures 6 and 7). By contrast,
these responses were not observed in ex-germ-free mice transplanted with the Crtam™~
microbiota. Our data thus indicate that the gut microbiota modulates CRTAM expression,
and consequently IL-17 production. These results are consistent with a prior study showing
that naive Crtam™'~ CD4+ T cells, when activated and cultured in Th17 differentiation
media, produce less IL-17 than WT CD4+ T cells (24). Another finding that could be linked
to differences in the gut microbiome is the reduced expression of the /b gene in Crian!~
mice during infection (Figure 4). IL-1p is a cytokine required for Th17 cell differentiation
(57), and IL-1p production is influenced by the gut microbiome (58). Taken together, these
results suggest a reciprocal modulation between the gut microbiota, CRTAM expression, and
the host response to Sa/monella infection in the gut.

The mechanism by which CRTAM is induced /n vivo remains to be elucidated. Prior
analysis of the Crtam promoter has shown that the transcription factor AP-1, an important
regulator of inflammatory responses, positively regulates Criam expression (59). As
microbiota-dependent AP-1 activity is required for the expression of genes including //16,
116, and Reg3g (60), it is possible that the gut microbiota regulates Crtam expression in gut T
cells by a similar mechanism. In accordance with this idea, during infection, we observed a
microbiota-dependent induction of CRTAM expression, which was enhanced in ex-germ-
free mice transplanted with microbiota from WT mice, but not from Crtan™'~ mice (Figure
6). Future studies are needed to identify the underlying mechanisms, including the specific
microbe(s) that modulate CRTAM expression in gut T cells.

Our study is consistent with prior studies showing that CRTAM is a key regulator of the host
response against gut infections. While CRTAM is protective against 7oxoplasma gonadii (15),
CRTAM’s role is controversial during Citrobacter rodentium infection. One report showed
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that CRTAM protects the host against this intestinal pathogen (24), while another showed
that CRTAM does not have a role (15). In contrast to these studies, we show that CRTAM
confers higher susceptibility to Sa/monella gut infection. Because expression of CRTAM
shapes the gut microbiota and influences T cell responses, the outcome observed in each of
these infections is different, as it also depends on the pathogen’s susceptibility to CRTAM-
dependent responses. In this sense, we have shown that CRTAM is required for the induction
of a robust Th17 response in the gut during Sa/monella infection. The enhanced Th17
response, in turn, exacerbates gut inflammation that enables Sa/monellato outcompete the
gut microbiota and to grow to high levels.

Collectively, our study demonstrates a previously unknown reciprocal interplay between
CRTAM and the gut microbiota, which ultimately impacts colonization resistance to
Salmonella.
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Key points:

The presence of CRTAM impacts the gut microbiota during homeostasis and
infection

CRTAM-mediated responses enhance Sa/monella gut infection

Transplanted gut microbiota modulates CRTAM expression in ex-germ-free
mice
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Figure 1. Composition of the gut microbiota is modulated by CRTAM.
Composition of the gut microbiota is modulated by CRTAM. (a) Frequency of T cells

per million live cells analyzed for CD4* (CD3*CD4*) and CD8* (CD3*CD8*) T cells in the
gut (left panel) or in the spleen (right panel) of WT (black bar) or Crtam™~ (white bar) mice
(=3 per group). Data displayed are representative of two independent experiments. (b)
Alpha diversity (Shannon index) in the gut microbiota of WT (black circles) or Crtam™~
(white squares) mice. (c) PCoA (principal coordinate analysis) plot based on the unweighted
(left panel) or weighted (right panel) UniFrac metric. (d) Bar chart of phylum relative
abundance within each sample. (e, f) Relative abundance (as a fraction of 1) of eubacterial
taxa that exhibited a statistically significant change in Crtam™" mice relative to WT mice;
either (e) diminished relative abundance or (f) increased relative abundance (ND, not
detected); n7 per group is indicated in the figure. For (d-f), only taxa present at >0.1% relative
abundance in at least one sample were considered. (a, b, e, f) Bars represent the mean
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standard error; a significant change (t-test in (a), Mann-Whitney-U in b, e, f) relative to WT
control is indicated by * (P< 0.05) or ** (P< 0.01).
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Figure 2. Colonization of Salmonella in WT and Crtam™'~ mice.
WT mice (black circles) and Crzam™" mice (white squares) were treated with streptomycin,

then 24h later were infected with wild-type Salmonella enterica serovar Typhimurium
(STm). Colony-forming units (CFU) in (a) feces at the indicated time points, (b) feces, cecal
content (CC), terminal ileum, Peyer’s patches, mesenteric lymph nodes, and spleen were
determined at 96h post-infection. (a, b) Data shown comprise four independent experiments
(WT =14, Crtam™~ n=13). Bars represent the geometric mean =+ standard error. n.s. = not
significant. A significant change (Mann-Whitney-U) relative to WT control is indicated by *
(P=<0.05), ** (P<0.01), or *** (P<0.001). (c) Overall pathology score of cecum collected
from STm-infected WT or Crtam™~ mice (WT /=5, Crtam™~ =5). PMN =
polymorphonuclear leukocytes. The grey region indicates moderate to severe inflammation.
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Figure 3. T cells in the gut of WT and Crtam™~ mice during Salmonella infection.
T cell subsets (gated on live, CD3* cells) from the (a) gut or (b) spleen were analyzed by

flow cytometry. (a, b) Representative contour plots of CD4*, CD8" and CD4*CD8" cells
(upper panel) and TCRy&™ cells (lower panel) obtained from S. Typhimurium-infected WT
or Crtam™" mice are shown. (c, d) Frequency of each T cell subpopulation per million live
cells obtained from the (c) gut or (d) spleen of S. Typhimurium-infected WT (black circles)
or Crtam™~ (white squares) mice (/=7-9 mice per group). Data shown comprise two
independent experiments. (e, f) Cells from small intestine were fractionated into (e)
intraepithelial lymphocytes (IEL) and (f) lamina propria lymphocytes (LPL). T cell subsets
were analyzed by flow cytometry and frequency of each T cell subpopulation per million
live cells was determined. Data represent the mean * standard error. n.s. = not significant. A
significant difference (t-test) is indicated by * (P< 0.05) or ** (P< 0.01).
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Figure 4. 1L-17 production during Salmonella infection in WT and Crtam™~ mice.

Immune cells from the gut of infected mice were isolated, then stimulated with PMA and
ionomycin in the presence of brefeldin-A. After 6 hours of stimulation, cells were stained
for intracellular IL-17, then analyzed by flow cytometry. (a) Representative contour plots of
CD3*CD4*IL-17* and CD3*CD4*CD8*IL-17* cells obtained from the gut of S.
Typhimurium-infected WT (7=12) or Crtam™~ (7=11) mice are shown. (b) Frequency of
IL-17-producing cells per million live cells was calculated for each T cell subset. Data
shown comprise three independent experiments. (c, d) Cells from the small intestine were
fractionated into (c) intraepithelial lymphocytes (IEL) and (d) lamina propria lymphocytes
(LPL), then treated as mentioned above. Frequency of IL-17-producing cells per million live
cells was calculated for each indicated T cell subset. (b, c, d) Each black circle (WT) or
white square (Crtam™") represents a mouse, and bars represent the average of each group.
(e) Relative expression levels (qPCR) of //1b, 116, 1123, and Tgfb in the cecum of WT (black
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bars, /7=8) or Crtam™"~ (white bars, 7=11) mice at 96h post-S. Typhimurium infection,
compared to uninfected controls. (f) Relative expression levels (QPCR) of /17, 1122, Lcn2,
and Cxc/1 in the cecum of WT (black bars, 7=10) or Crtam™" (white bars, /7=8) mice at 96h
post-S. Typhimurium infection, compared to uninfected controls. Expression of Actbwas
used as a housekeeping control. Data represent the mean + standard error. Data shown
comprise three independent experiments. n.s. = not significant. A significant difference (t-
test) is indicated by * (P< 0.05) or ** (P< 0.01).
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Figure 5. Gut microbiota composition in WT and Crtam™~ mice following Salmonella infection.
WT and Crtam™" mice (from the microbiota analysis in Figure 1) were treated with

streptomycin, then infected 24h later with wild-type S. Typhimurium (STm). Fecal samples
were collected 96h post-infection for DNA sequence analysis. (a) Alpha-diversity (Shannon
index) of the gut microbiota from WT (black circles) or Crtam™~ (white squares) mice. (b)
PCoA (principal coordinate analysis) plot based on the unweighted (left panel) or weighted
(right panel) UniFrac metric. (c) Bar chart of phylum relative abundance within each sample.
(d, e) Relative abundance (as a fraction of 1) of eubacterial taxa that exhibited a statistically
significant change in Crtam™" mice relative to WT mice; either (d) diminished relative
abundance or (e) increased relative abundance (ND, not detected); 7 per group is indicated in
the figure. For (c-¢), only taxa present at >0.1% relative abundance in at least one sample
were considered. (a, d, e) A significant (Mann-Whitney-U) change relative to WT control is
indicated by * (P< 0.05) or ** (P<0.01).
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Figure 6. The gut microbiota influences gut T cell abundance in ex-germ-free mice.
Germ-free mice were transplanted with the gut microbiota from either WT (black circles) or

Crtam™" (white squares) mice by oral gavage of a fecal suspension, and then infected with
wild-type S. Typhimurium according to the scheme presented in (a). (b-d) Flow cytometry
analysis was performed to determine the absolute number of T cell subpopulations in the gut
of the aforementioned microbiota-transplanted mice that were either mock-infected or
infected. Frequency of (b) CD4* T cells, (c) CD8* T cells, or (d) TCRy&* T cells per
million live cells are shown. (e) Percentage of CRTAM™* cells among either CD4*, CD8* or
TCRy&* T cells in the gut of ex-germ-free mice that had been transplanted with microbiota
from WT mice or Criam™~ mice, then infected with S. Typhimurium for 96h. (f)
Representative histograms showing expression of CRTAM on the surface of either CD4™,
CD8* or TCRy&* T cells from ex-germ-free mice transplanted with microbiota from WT
(black histogram) or Crtam™" (grey histogram) mice, which were mock-infected (upper
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panel) or infected with S. Typhimurium (lower panel). (g) Fold induction of CRTAM
expression (as a ratio of mean fluorescence intensity) on T cell subpopulations from the gut
of mice in (f) (infected transplanted mice divided by mock-infected transplanted mice; WT
microbiota = black circles, Crtam™~ microbiota = white squares). Data shown are
representative of two independent experiments. Each circle or square represents a mouse,
and bars represent the average (/7=3—4 per group). n.s. = not significant. (b-d, g) A
significant difference (#test) is indicated by * (P< 0.05), ** (P< 0.01), or *** (P< 0.001).
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Figure 7. The gut microbiota of Crtam ™~ mice influences I1L-17 production in ex-germ-free mice.
Germ-free mice were transplanted with the gut microbiota from either WT (black circles) or

Crtam™~ (white squares) mice by oral inoculation of a fecal suspension, then infected with
wild-type S. Typhimurium (STm). IL-17-producing T cells were then analyzed by flow
cytometry. (a) Representative contour plots of IL17-producing CD4*, CD8* or TCRy&* T
cells from S. Typhimurium-infected (96h post-infection), ex-germ-free mice previously
transplanted with WT (upper panel) or Crtam™~ (lower panel) microbiota. (b-d) Frequency
per million live cells of the indicated IL-17-producing T cell subpopulations was
determined. (e, f) Colony-forming units (CFU) in (e) feces at the indicated time points, and
(f) cecal content at 96h post-infection, were determined. Data shown comprise two
independent experiments. Each circle or square represents a mouse, and bars represent the
average of each group (/7=6-7 per group). n.s. = not significant. A significant difference (t-
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test for IL-17-producing cells or Mann-Whitney-U for bacterial CFU) is indicated by * (P<
0.05).
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