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Lymphoid tissue inducer (LTi)-like cells are tissue resident innate
lymphocytes that rapidly secrete cytokines that promote gut epi-
thelial integrity and protect against extracellular bacterial infection-
s.Here, we report that the retention of LTi-like cells in conventional
solitary intestinal lymphoid tissue (SILT) is essential for controlling
LTi-like cell function and is maintained by expression of the chemo-
kine receptor CXCR5. Deletion of Cxcr5 functionally unleashed LTi-
like cells in a cell intrinsic manner, leading to uncontrolled IL-17 and
IL-22 production. The elevated production of IL-22 in Cxcr5-deficient
mice improved gut barrier integrity and protected mice during in-
fection with the opportunistic pathogen Clostridium difficile. In-
terestingly, Cxcr5~'~ mice developed LTi-like cell aggregates that
were displaced from their typical niche at the intestinal crypt, and
LTi-like cell hyperresponsiveness was associated with the local for-
mation of this unconventional SILT. Thus, LTi-like cell positioning
within mucosa controls their activity via niche-specific signals that
temper cytokine production during homeostasis.

mucosal immunity | innate lymphoid cells | lymphoid tissue |
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ymphoid tissue inducer (LTi)-like cells belong to a family of

tissue resident innate lymphocytes that lack rearranged antigen-
specific receptors and act as a first line of defense at barrier tissues.
LTi-like cells, along with other group 3 innate lymphoid cells (ILC3),
maintain intestinal homeostasis by producing the cytokines IL-22
and IL-17A, which promote gut epithelial cell proliferation, anti-
microbial peptide production, and tight junction protein abun-
dance (1, 2). The conditioning of epithelial cells by these cyto-
kines contributes to balanced interactions between the host and
commensal microbiota under steady-state conditions, and LTi-like
cell-derived IL-22 promotes barrier integrity and protective im-
munity during infection with the enteric pathogenic bacteria (3).

In addition to providing effector functions, LTi-like cells and
their fetal LTi counterparts are required for early steps in lym-
phoid tissue development. Fetal LTi induce lymph node and Peyer’s
patch development during gestation by activating lymphoid tissue
organizer cells at primordial lymphoid organs with lymphotoxin
(LT)-a1p2 (4-6). Similarly, LTi-like cells are required for the post-
natal development of cryptopatches, small lymphoid aggregates in
the intestine that have the potential to mature into isolated lymphoid
follicles (ILF) in response to signals from microbes (7, 8). In line
with their roles in lymphoid tissue organogenesis and maturation,
LTi-like cells in adult mouse intestines preferentially localize in
solitary intestinal lymphoid tissue (SILT). The microenvironments
of these highly specialized niches are expected to support and
regulate LTi-like cells; however, their impact on LTi-like cell be-
havior has not been fully explored.

LTi-like cells express multiple G protein—coupled receptors
that facilitate their migration in tissue (9-12). Among these,
CXCRS has a predominant role in the migration of LTi to de-
veloping lymphoid structures, with Cxcr5~~ mice exhibiting de-
fects in lymph node and Peyer’s patch development (13). Mice
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deficient in CXCRS or its ligand CXCL13 also have delayed cryp-
topatch development and fail to convert cryptopatches to mature
ILF because of impaired recruitment of B cells to these structures
(14-16). Dendritic cells (DCs) have been shown to be a local source
of CXCL13 in SILT (16) and thus likely retain B cells and LTi-
like cells at these structures under homeostatic conditions via the
CXCLI13-CXCRS signaling axis. The retention of LTi-like cells
in SILT is expected to bring these cells in close proximity to
activating and inhibitory signals provided by specialized myeloid
cells, neurons that express the vasoactive intestinal peptide (VIP),
and lymphocyte populations localized at these sites (17-20). How-
ever, the impact of CXCRS5 on functions of LTi-like cells beyond
those associated with lymphoid tissue maintenance and develop-
ment remains unknown.

In the current study, we show that CXCRS expression regu-
lates LTi-like cell function. Deletion of Cxcr5 led to increased
numbers of LTi-like cells in the small intestine (SI) and enhanced
their ability to produce IL-17A and IL-22. Cxcr5 regulated LTi-like
cells via a cell-intrinsic mechanism that did not involve direct
suppression by CXCL13. Heightened LTi-like cell activity in Cxcr5-
deficient mice was associated with the development of abnormal
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LTi-like cell aggregates in the SI that were localized in villus
lamina propria instead of at the intestinal crypt base. Importantly,
augmented production of IL-22 in Cxcr5~~ mice was protective
during acute infection with the opportunistic pathogen Clostridium
difficile. These data reveal that CXCRS5-dependent migration can
control innate type 3 immunity by altering the niche of LTi-like
cells in intestinal lamina propria.

Results

LTi-Like Cells Are Numerically Dysregulated in Cxcr5~'~ Mice. CXCR5
facilitates the migration of fetal and adult LTi-like cells to pri-
mordial lymphoid tissues; the mobilization of ILC3 to these sites
is necessary for lymphoid tissue maturation during embryonic
and postnatal development. To further understand the roles of
CXCRS in ILC3, we examined the innate lymphocyte compart-
ment in adult Cxcr5™~ mice. While the absolute numbers of con-
ventional natural killer cells (cNK), ILC1, and ILC2 were comparable
in the SIs of Cxcr5™~ and wild-type (WT) mice, significantly more
CCR6* LTi-like cells were present in Cxcr5 '~ mice (Fig. 1.4 and B).
Numbers of other ILC3 subtypes (NKp46™ and CCR6"NKp46~
double negative [DN] ILC3) were unaltered by Cxcr5 deletion
(Fig. 1B). Consistent with this differential representation of
ILC3 subsets in its absence, CXCRS5 was expressed by almost all
CCR6" LTi-like cells, about half of DN ILC3 and less than 20%
of NKp46* ILC3 in WT mice (Fig. 1C).

LTi-like cells are typically sustained by a low rate of cell di-
vision in tissue. We next tested whether LTi-like cells proliferated
more in Cxcr5~'~ mice than in WT mice. Higher percentages of
LTi-like cells expressed the proliferation marker Ki67 in Cxcr5™~
intestines than in those of WT controls at steady state (Fig. 1D),
suggesting that the increased abundance of LTi-like cells in
Cxcr5™'~ mice was caused by enhanced cell proliferation within
the gut. DN and NKp46* ILC3 expressed Ki67 at comparable
frequencies in WT and Cxcr5~~ mice.

In addition to being expressed by ILC3, CXCRS is expressed
by T follicular helper (Tth) cells and B cells. To test whether LTi-
like cells in Cxer5~'~ mice were influenced by altered localization of
adaptive lymphocytes, Rag!-deficient mice were examined. Similar
to Cxer5™™ mice that contain B cells and T cells, Cxcr5™~ mice
lacking Ragl had higher frequencies of LTi-like cells than did
Cxcr5-sufficient Ragl ™~ controls (Fig. 1 E and F). Thus, LTi-like
cell dysregulation in Cxcr5-deficient mice is independent of adap-
tive lymphocytes, indicating that CXCRS expression in the innate
compartment regulates the abundance of LTi-like cells in the
intestine.

CXCR5 Regulates Cytokine Production in ILC3. We next tested whether
Cxcr5 deficiency affected the effector functions of LTi-like cells.
ILC3 produce IL-22 and IL-17A, cytokines that have potent effects
on intestinal epithelial cell function. Upon stimulation with IL-23, a
greater proportion of Cxcr5™~ LTi-like and DN ILC3 produced
IL-22 and IL-17A than did their WT counterparts (Fig. 24 and B
and SI Appendix, Fig. S1 A and B). Cxcr5-deficient and WT
NKp46™ ILC3 (relatively few of which express CXCR5) made
equivalent amounts of IL-22. As previously reported, NKp46™
ILC3 did not contribute to the IL-17A response (21, 22). The use
of cohoused animals in these experiments suggested that LTi-like
cell hyperresponsiveness in Cxcr5 '~ mice was not caused by major
shifts in microbiota composition. Indeed, the relative abundance of
segmented filamentous bacteria (SFB), which are associated with
heightened ILC3 activation (23), was comparable in feces collected
from WT and Cxcr5~~ mice (Fig. 2C). To formally test whether
CXCRS expression was required by LTi-like cells in a cell-intrinsic
or -extrinsic manner, mixed bone marrow chimeras were gener-
ated. A greater percentage of Cxcr5~'~ LTi-like cells produced IL-
22 and IL-17A in response to IL-23 than did WT LTi-like cells
within the same host (Fig. 2 D and E), indicating that CXCR5
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expression regulates IL-17A and IL-22 production in LTi-like
cells in a cell-intrinsic manner.

Gene Expression Profiling of Cxcr5~'~ LTi-Like Cells. To further ex-
amine how Cxcr5 deficiency impacts ILC3, RNA sequencing
(RNA-seq) analysis was performed on CCR6™ LTi-like cells sort
purified from Cxcr5~~ and WT intestines. A total of 374 genes
were up-regulated, and 806 were down-regulated in Cxcr5~'~ cells,
compared to WT cells (Fig. 34). Notably, the cytokine-encoding
genes 1117 and II2 and the cytokine receptor subunit //72rb] were
more highly expressed in Cxcr5~~ LTi-like cells than in WT cells
(Fig. 34). IL12R-B1 is a cytokine receptor chain shared by IL-23R
and IL-12R (24), suggesting that LTi-like cell hyperresponsivity to
IL-23 in Cxcr5™~ mice may be partially caused by enhanced ex-
pression of its receptor. LTi-like cells have been shown to interact
with neurons in cryptopatches, and a set of genes associated with
neuronal signaling (Nrgn, Bdnf, and the neuropeptide receptors
Nmurl and Vipr2) were differentially expressed in Cxcr5~~ and
WT LTi-like cells, suggesting that cross-talk between ILC and enteric
neurons may be altered in Cxcr5™~ mice (Fig. 34). Cd4 and Thyl,
genes associated with LTi-like cell identity, and Trfsfl1 and Pdcdl,
genes expected to regulate cytokine production, were enriched in
Cxcr5™'~ LTi-like cells (Fig. 3 4 and B). Confirming the RNA-
seq data, CD4, THY1.2, PD-1, and RANKL proteins were more
abundant in Cxcr5~~ cells than in control cells (Fig. 3C).

Genes associated with cell adhesion (Stab2, Itgb2, Clmp, and
Flrt2) and modulation of the extracellular matrix (Mmp9, Adamts2,
and Col24al) were differentially expressed in Cxcr5~/~ LTi-like
cells and WT controls (Fig. 34), suggesting that Cxcr5 deficiency
alters how LTi-like cells interact with other cell types and com-
ponents of the extracellular matrix. Indeed, pathway enrichment
analysis revealed that genes involved in the regulation of cell
adhesion, organization of the extracellular matrix, and chemo-
taxis were among the most differentially expressed groups of
genes (Fig. 3 D and E). Several pathways associated with the
regulation of cell adhesion were listed as both significantly up-
and down-regulated based on distinct sets of differentially expressed
genes, highlighting a drastic shift in cell adhesion properties. Path-
ways involved in cytokine production and proliferation were also
differentially expressed, consistent with the phenotypes observed in
Cxer5™~ LTilike cells.

Cxcr5~'~ Mice Exhibit Disordered LTi-Like Cell Organization Associated
with Heightened Functional Output. We reasoned that altered LTi-
like cell responsiveness in Cxcr5~~ mice could be caused by mech-
anisms that were either dependent or independent of chemotaxis. To
test whether CXCRS signaling could directly suppress LTi-like cell
function, WT cells were stimulated in the presence of the CXCRS
ligand CXCL13. CXCL13 treatment did not suppress IL-22 or IL-
17A production in LTi-like cells (SI Appendix, Fig. S2 A and B), but
rather, a trend toward increased IL-22 production in cells cultured
with the highest doses of CXCL13 was observed (SI Appendix,
Fig. S24). These results indicated that CXCRS signaling does
not suppress cytokine production in LTi-like cells directly and
instead implicated CXCR5-dependent cell migration in the sup-
pression of LTi-like cell function.

During fetal development, Peyer’s patch organogenesis is de-
pendent on the migration of CXCR5* fetal LTi. However,
Cxcr5~'~ neonates and WT controls had comparable numbers of
small intestinal LTi at postnatal day 0 (SI Appendix, Fig. S3 A
and B), indicating that the expansion of CCR6™ ILC3 occurred
during later stages of life. In adult mice, LTi-like cells primarily
reside in SILT, a spectrum of lymphoid organs that span immature
cryptopatches and mature ILF (25). SILT was previously observed
in adult Cxer5~~ mice, although these structures were delayed in
the timing of their development, and they failed to undergo the
transition from cryptopatch to ILF (14). Though Cxcr5~~ mice
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Fig. 1. LTi-like cells are numerically dysregulated in Cxcr5~~ mice. (A) Gating strategy used to identify cNK, ILC1, ILC2, and ILC3 populations in Sls of 8- to 12-wk-old
mice. (B) Total counts of ¢NK, ILC1, ILC2, and ILC3 subsets in WT and Cxcr5~~ SIs (n = 4). (C) Frequencies of LTi-like (CCR6"), DN, and NKp46* ILC3 that express CXCR5 (n =
3). Solid-filled histograms indicate staining of WT cells, and dashed lines indicate staining of Cxcr5~~ cells. (D) Frequencies of Ki67* LTi-like (CCR6"), DN, and NKp46* ILC3
populations in Sls of WT and Cxer5~ mice (n = 4). (E) Representative plots showing LTi-like (CCR6¥), DN, and NKp46* ILC3 in Cxcr5‘"Rag7"‘ and Rag1"‘ Sls. Plots were
pregated on CD45*Lin"RORyt* lymphocytes. (F) Total counts of cNK, ILC1, ILC2, and ILC3 in Cxcr57"Rag1™~ and Rag1~"~ SIs (n = 4). Bar graphs show mean + SEM. *P <
0.05 and ***P < 0.001 (unpaired Student's t test). Data shown are representative of three independent experiments (A and B) or two independent experiments (D-F).

bred in our facility also developed CD90* (THY1%) aggregates at  were stained with CD4, a marker of a subset of LTi-like cells. Larger
the crypt base by adulthood, as determined by whole-mount stain-  LTi-like cell-containing SILT was observed in the distal SIs of
ing, we found fewer of these structures in Cxcr5~'~ mice than in WT ~ Cxcr5™'~Ragl™~ mice compared to Ragl ™~ controls (ST Appen-
controls (Fig. 44). To confirm LTi-like cell identity in these crypt  dix, Fig. S44), consistent with previous findings in mice lacking
lymphoid aggregates, sections of SI from CxcrS”"Ragl™~ mice either Cxcr5 or Cxcll3 (14, 16).
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Fig. 2. CXCRS5 regulates cytokine production in ILC3. Representative flow cytometry plots (A) and bar graphs (B) of IL-17 and IL-22 production in CCR6*, DN,
and NKp46* ILC3 stimulated ex vivo for 3 h, with increasing doses of IL-23 as indicated (n = 4). Flow cytometry plots show ILC3 stimulated with 1 ng/mL IL-23.
(C) gPCR analysis showing the relative abundance of SFB in feces collected from WT and Cxcr5~'~ mice (n = 10). (D) Schematic representation of mixed bone
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in vitro (n = 8). Bar graphs show mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (unpaired Student’s t test). Data shown are repre-
sentative of three independent experiments (A and B) or are pooled from two independent experiments (C and E).

SILT organization was further examined in Ragl ™~ mice to
eliminate the effects of B cell localization on the morphology of
these structures. In addition to the development of SILT at the
level of the crypt base, CxcrS”"Ragl ™'~ mice also developed atyp-
ical aggregates of RORyt™ cells that extended up the crypt-villus
axis (Fig. 4B and SI Appendix, Fig. S4B). LTi-like cells were con-
tained within these RORyt* cell aggregates, as determined by the
expression of CD4 (Fig. 4C). In addition to containing LTi-like
cells, atypical SILT clusters also contained CD11c* DCs, similar
to those seen in conventional clusters (SI Appendix, Fig. S4C) (16).
Villus lymph01d structures were frequently found in the proximal
region of CxcrS”"Ragl™~ SIs but rarely in distal regions (Fig. 4B),
indicating that CXCRS expression is required for restricting SILT
development to the crypt base in the proximal SI.

To test whether heightened LTi-like cell activity in Cxcr5-
deficient mice was associated with altered localization along the
crypt-villus axis, lamina propria cells from the proximal and distal
SI were functionally assayed Frequenmes of LT1 like cells were
elevated in both intestinal regions in Ragl ”~Cxcr5~'~ mice, compared
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to Ragl ™~ control mice (Fig. 4D). However, heightened sensitivity to
IL-23 was only observed in Cxcr5-deficient LTi-like cells isolated from
the proximal but not distal SI (Fig. 4 E and F). Thus on a per-cell
basis, enhanced LTi-like cell function in Cxcr5~~ mice correlated
with intestinal regions where lymphoid aggregates were observed in
the villus lamina propria, while the total contribution of LTi-like cell-
derived cytokines was enhanced in all areas of the SI because of an
increased frequency of LTi-like cells in both the proximal and distal
regions (SI Appendix, Fig. S5 A and B).

Although we reasoned that altered localization in the tissue
could potentially enhance the ability of LTi-like cells to access
microbial metabolites that promote their activation, treatment
with broad-spectrum antibiotics did not affect the Cxcr5~/~ LTi-
like cell phenotype. Cxcr5~~ mice treated with a mixture of VNAM
(a mixture of vancomycin, neomycin, amoxicillin, and metranida-
zole) for 4 wk in drinking water still harbored more LTi-like cells,
many with a cytokine hyperresponsive phenotype, than did VNAM-
treated WT mice (SI Appendix, Fig. S6 A and B). Moreover,
heightened surface expression of CD4, PD-1, and RANKL previously
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Fig. 3. Gene expression profiling of Cxcr5/~ LTi-like cells. (A) Volcano plot showing differentially expressed genes (P value adjusted < 0.01 and more than
twofold change in Cxcr5~'~ versus WT LTi-like cells). (B) Heat maps showing Cd4, Pdcd1, Tnfsf11, and Thy1 expression in WT and Cxer5~~ mice (n = 3). (C)
Antibody staining for CD4, PD-1, RANKL, and Thy1.2 in WT and Cxcr5~'~ mice (n = 3 to 4). (D and E) Gene ontology (GO) analysis of up-regulated and down-
regulated differently expressed genes in Cxcr5~'~ LTi-like cells compared to WT cells. Bar graphs show mean + SEM. **P < 0.01 and ****P < 0.0001 (unpaired
Student’s t test). Data shown are representative of two independent experiments (C).

observed in Cxcr5~'~ LTi-like cells were still observed after VNAM
treatment (SI Appendix, Fig. S6C). Thus, although enhanced LTi-
like cell activation in CxcrS~~ mice correlated with altered cell
localization within the tissue, this heightened activity was not due
to increased proximity to signals that are dependent on bacteria.

Cxcr5-Deficient Mice Are Protected during Acute Infection with C.
difficile. To test the relevance of CXCRS deficiency in the set-
ting of bacterial infection, we used an acute model of intestinal
infection with the enteric pathogen C. difficile. 1L-22 has been
shown to be protective during infection with C. difficile (26-29), and
CD4* LTi-like ILC3 are the major source of IL-22 in mesenteric
lymph nodes during early infection (26). Cxcr5~~ and WT mice
were treated with antibiotics to induce dysbiosis prior to oral in-
oculation with C. difficile, as previously described (30) (Fig. 54).
Cxcr5™'~ mice were protected against infection, with body weight
loss blunted (Fig. 5B) and clinical scores less severe (Fig. 5C) than
those noted for WT controls. Enhanced protection correlated with
greater frequencies of IL-17A and IL-22 producing LTi-like and
DN ILC3 in Cxcr5-deficient mice than in WT mice, while compa-
rable proportions of NKp46™ ILC3 from Cxcr5~~ and WT mice
produced IL-22 (Fig. 5 D and E).

IL-22 is necessary for the maintenance of intestinal epithelial
integrity, and we next measured intestinal permeability at day 2
of infection by administering FITC-dextran by oral gavage. Cxcry ™/~
mice had less FITC-dextran in the serum than did WT mice, indi-
cating that barrier integrity was preserved in the absence of CXCRS
(Fig. 5F). To determine whether the protective phenotype was due
to heightened amounts of IL-22, an IL-22-blocking antibody was
administered to infected mice (Fig. 5 G and H). Neutralization
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of IL-22 during early stages of infection completely abrogated
protection conferred by lack of CXCRS5 based on both body
weight loss (Fig. 5G) and clinical score (Fig. 5H), indicating that
protection against C. difficile observed in Cxcr5~'~ mice is me-
diated by early secretion of IL-22.

Discussion

Here, we show that SI LTi-like cells are functionally regulated by
their expression of the chemokine receptor CXCRS. LTi-like
cells were increased in number in Cxcr5~~ mice, and a larger pro-
portion produced IL-17 and IL-22 upon stimulation with IL-23 than
did their WT counterparts. Tth cells and B cells, which also express
CXCRS, were not responsible for the hyperresponsive LTi-like cell
phenotype, as demonstrated by experiments using Ragl-deficient
mice. We confirmed that LTi-like cell cytokine production was
regulated by CXCRS expression in a cell-intrinsic manner, which
implicated CXCRS5-dependent migration in the regulation of
LTi-like cell activity.

Among ILC, LTi-like cells are distinct in that they are primarily
found in the intestinal SILT in adult mice. SILT structures develop
prior to weaning age and are located at the crypt base (31, 32).
Consistent with previous findings, we observed that Cxcr5~~ mice
developed SILT at the crypt base by adulthood and that ileal SILT
in these mice were enlarged. Additionally, we found that CXCRS5
deficiency led to the development of atypical LTi-like cell clusters
that were localized in villus lamina propria. These villus LTi-like
cell clusters were primarily observed in the proximal SI; accordingly,
we found hyperfunctional LTi-like cells in the proximal but not distal
SI, linking the enhanced effector functions of Crcr5™~ LTi-like cells
with their displacement from the normal crypt niche. In contrast to
these regional differences in cytokine secretion, LTi-like cell numbers
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Fig.4. Cxcr5~~ mice exhibit disordered LTi-like cell organization. (A) Crypt-level CD90* (THY1*) aggregates quantified by whole-mount staining of Sls (n = 3).

(B) RORyt* aggregates in proximal and distal sections of Cxcr5~/~Rag1~/~

and Rag7~~ Sls. (C) CD4 and RORyt staining in a villus lymphoid aggregate in a

Cxcr57'~Rag1~'~ proximal SI. (D) Frequency of LTi-like cells in the proximal and distal SI (n = 6). (E) Frequency of IL-22- and IL-17A-producing, LTi-like cells
isolated from the proximal (Top) and distal (Bottom) intestine and stimulated with 1 ng/mL IL-23 (n = 6). (F) Fold change of cytokine production from data
shown in E. Bar graphs show mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (unpaired Student’s t test). ns, not significant. Data are

pooled from two independent experiments (D—F).

were increased in both the proximal and distal SI of CXCRS-
deficient mice, indicating that distinct mechanisms control LTi-
like cell abundance and cytokine secretion.

Previous studies have revealed several ways in which LTi-like
cells undergo cross-talk with other cells resident in SILT. LTi-
like cell activation is regulated by RANKL-dependent inhibitory
cell-cell interactions and by diet-induced secretion of the neural
peptide VIP by enteric neurons that innervate SILT (17, 19, 20).
IL-23—producing myeloid cells have also been shown to localize to
these structures (18). Recently, LTi-like cells were shown to pro-
gram a specialized DC population in SILT (CIA-DC) to secrete
IL-22 binding protein (IL-22BP) via direct cell-contact interactions
that activate LT-p receptor (LT-pR) signaling (33). Therefore, the
appropriate microlocalization of LTi-like cells within tissue restricts
IL-22 availability through at least one additional indirect mecha-
nism, which promotes the sequestration of secreted IL-22. Our
data show that CD11c* DCs were present in the atypical Cxer5™~
SILT clusters. The nature of the interactions between DCs and
LTi-like cells in these villus structures remains to be determined.
LTi have also been shown to activate epithelial cells via LT-a1p2
to secrete CCL20 (34, 35), a chemokine that is expressed by SILT
and is required for their maturation (7, 36). In line with altered
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interactions between LTi-like cells and their environment, gene
ontology enrichment analysis revealed that several groups of genes
associated with cellular adhesion and extracellular matrix organi-
zation were among the most differentially expressed in Cxcr5™~
and WT LTi-like cells. Additional studies will be necessary to de-
termine how specific cellular interactions between LTi-like cells
and other SILT components are controlled by expression of CXCRS
and other G protein—coupled receptors.

The cytokine IL-22 is required for maintenance of the epi-
thelial barrier integrity and for protective immunity against extra-
cellular bacteria in the intestine. Here, we tested the physiologic
relevance of increased total IL-22—producing ILC3 in Cxcr5™/~
mice using an acute model of infection with C. difficile. In this model,
innate cells and IL-22 mediate protective immunity (26-29). ILC3
are major innate producers of IL-22 and have been shown to be
required for protection during C. difficile infection in studies
using ILC3-deficient Rorc““Ah#™" mice (27). In the present
study, we show that Cxcr5~'~ mice exhibit improved barrier integrity
during C. difficile infection. Accordingly, C. difficile-infected Cxcr5 ™~
mice were protected from weight loss and had better clinical scores
than did WT mice; moreover, this protection was dependent on IL-
22. These data suggest that interventions that enhance ILC3 activity
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Fig. 5. Cxcr5-deficient mice are protected during acute infection with C. difficile. (A) Schematic showing timeline of C. difficile infection protocol. Body
weight variation (B) and clinical score (C) of WT and Cxcr5~'~ mice infected with C. difficile (n = 11). (D and E) Frequencies of cytokine-producing, LTi-like, DN,
and NKp46* ILC3 that were isolated from Sis of C. difficile-infected WT and Cxcr5~'~ mice on day 2 of infection and stimulated in vitro with 1 ng/mL IL-23 (n =
4). (F) FITC-dextran in serum of infected mice at day 2 of infection. Mice were bled 4 h after FITC-dextran administration by oral gavage (n = 4). Percentage of
initial body weight (G) and clinical scores (H) of infected WT and Cxcr5~ mice treated with either anti-IL-22-blocking antibody or isotype control (n = 6 to 8).
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may be suitable strategies to prevent acute and recurring C.
difficile infections.

Taken together, our data reveal that CXCRS controls the ef-
fector functions of LTi-like cells via cell localization—dependent
mechanisms. ILC3 have been reported to exit SILT during colitis
induced by anti-CD40 agonistic antibodies (37), and whether this
cell behavior enhances tissue inflammation will require further
evaluation. Importantly, other ILC3 subtypes do not preferentially
localize in SILT and thus are expected to be regulated through
unique mechanisms. Indeed, CXCR6-dependent cell localization in
tissue has been implicated in the production of IL-22 by NKp46*
ILC3 but not LTi-like cells (38). Defining how the localization of
different ILC3 subsets in tissue impacts their effector activities will
be crucial for understanding how these cell types collectively reg-
ulate gut epithelial function. Future studies will be necessary to
understand how the balance of signals from different chemokine
receptors expressed by LTi-like cells and other ILCs control their
activity under physiologic and pathologic settings.

Materials and Methods

Animals. C57BL/6J, Cxcr5"PP”  (Cxcr5~7) (13), B6.sjl-Ptprc®Pepc®/Boy)
(CD45.1), and Rag1™™'™°™” (Rag1~'") mice were obtained from The Jackson
Laboratory and were maintained in specific pathogen-free facilities at
Washington University in Saint Louis. Experiments were conducted with 8-
to 14-wk-old mice that were cohoused from birth. All mice were backcrossed
to the C57BL/6 background. Experiments were carried out in accordance
with the Animal Studies Committee of Washington University in Saint Louis.

VNAM Treatment. For microbiota depletion, 12-wk-old mice were provided
with a mixture of broad-spectrum antibiotics (VNAM: 0.5 mg/mL vancon-
comycin, 1 mg/mL neomycin, 1 mg/mL amoxicillin, and 1 mg/mL metroni-
dazole) in drinking water for 4 wk. The VNAM mixture was provided ad
libitum and was replaced weekly to ensure proper antimicrobial activity.

Mixed Bone Marrow Chimeras. CD45.1/CD45.2 recipient mice were irradiated
once with 1,100 Rads and within 24 h were injected intravenously with 6 x 10°
donor bone marrow cells. Donor cells consisted of Cxcr5~~ and CD45.1 cells
mixed at a 1:1 ratio. Mice were analyzed 8 wk after transfer.

Tissue Dissociation to Obtain Single-Cell Suspensions. SIs were flushed to
remove luminal contents, opened lengthwise, and gently agitated for 20 min
in a solution of Hank’s balanced salt solution (HBSS) (Gibco) containing 1 M
Hepes (Corning), 10% BCS (HyClone), and 0.5 M EDTA (Corning). Intestines
were vortexed before subjected to a second round of gentle agitation and
vortexing in fresh HBSS/BCS/EDTA buffer to remove remaining epithelial
cells. The tissue was then rinsed with HBSS prior to digestion with 100 U/mL
Collagenase IV (Sigma) in complete RPMI for 40 min at 37 °C under agitation.
Digests were filtered through 100-um mesh, washed in HBSS, and subjected
to density gradient centrifugation using 40 and 70% Percoll (GE Healthcare)
solutions. For experiments that involved CXCR5 surface staining, intestines
were digested in 1 mg/uL collagenase D (Roche) for 25 min to prevent pro-
teolytic cleavage of cell surface CXCR5. For experiments comparing different
segments of the intestine, cells were isolated from 10 cm of the most
proximal or most distal SI regions. In experiments with neonatal tissue, Sls
were flushed, cut open lengthwise, gently agitated in HBSS/BCS/EDTA so-
lution for 20 min, and then vortexed for 10 s. Sls were then minced and
digested with 100 U/mL Collagenase IV in complete RPMI for 40 min at 37 °C.

Cell Culture and Stimulation. Cells were cultured at 37 °C under 5% CO, at-
mosphere in complete RPMI (RPMI 1640 [Sigma] supplemented with sodium
pyruvate [Corning], kanamycin sulfate [Gibco], glutamine [Gibco], nones-
sential amino acids [Corning], f-mercaptoethanol [Sigma], and 10% of BCS
[HyClone]). Cells were stimulated immediately after isolation with 10, 1, or
0.1 ng/mL recombinant IL-23 (Biolegend) as indicated. All stimulations were
carried out for 3 h in the presence of GolgiPlug (BD Biosciences).

Flow Cytometry. Single-cell suspensions were incubated with CD16/32 anti-
bodies for 10 min and then stained with antibodies for cells surface markers
for 20 min at 4 °C. For detection of cell surface RANKL or CXCR5, cells were
cultured in complete RPMI at 37 °C for 2 h prior to staining for 20 min at
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room temperature. Dead cells were excluded using a Live/Dead Fixable Cell
Stain Kit (Thermo Fisher Scientific). Intracellular proteins were stained using
the following Fixation/Permeabilization Kits: Cytoperm/Cytofix (BD Biosci-
ences) or FOXP3/Transcription Factor staining buffer set (eBioscience). Cells
were run on an FACSCanto Il or LSRFortessa (BD Biosciences) and were an-
alyzed using FlowJo (FlowJo LLC). Cells counts were conducted with count-
ing beads (eBioscience). ILCs were identified as live, CD3e"CD57B220°CD19~
lymphocyte-sized cells that were either GATA3" (ILC2), RORyt* (ILC3), or
RORyt’GATA3i"‘NKp46+ (ILC1+cNK). cNK cells were distinguished from ILC1
based on the expression of Eomes. For intracellular cytokine staining ex-
periments, ILC3 were identified as CD3e"CD5"B220~CD197CD90.2"'CD45™
live lymphocytes.

RNA-seq Analysis. LTi-like cells were sort purified from Sls of Cxcr57~ and WT
controls using an FACSAria Il (BD Biosciences) as live, lymphocyte-sized, and
singlet CD90.2" CD45™ CCR6* cells that were negative for CD3e, CD5, CD19,
CD11b, CD11¢, NK1.1, Gr-1, B220, KLRG1, and NKp46. Total RNA was
extracted from sorted samples using an RNeasy Micro Kit (Qiagen). Total
RNA integrity was determined using Agilent Bioanalyzer or 4200 TapeSta-
tion. Library preparation was performed with 10 ng total RNA with a Bio-
analyzer RNA integrity number score greater than 8. Double standard
complementary DNA (cDNA) was prepared using the SMARTer Ultra Low
RNA kit for lllumina Sequencing (Takara-Clontech) per manufacturer’s pro-
tocol. cDNA was fragmented using a Covaris E220 sonicator using peak in-
cident power 18, duty factor 20%, and cycles per burst 50 for 120 s. cDNA
was blunt ended, had an A base added to the 3’ ends, and then had Illumina
sequencing adapters ligated to the ends. Ligated fragments were then
amplified for 12 to 15 cycles using primers, incorporating unique dual index
tags. Fragments were sequenced on an lllumina HiSeq. Basecalls and
demultiplexing were performed with lllumina’s bcl2fastq software and a
custom Python demultiplexing program with a maximum of one mismatch
in the indexing read. RNA-seq reads were then aligned to the Ensembl re-
lease 76 primary assembly with Spliced Transcripts Alignment to a Reference
version 2.5.1a. Gene counts were derived from the number of uniquely
aligned unambiguous reads by Subread:featureCount version 1.4.6-p5 (39).
Aligned gene counts were processed using the DESeq2 package with R
(version 3.5) (40). Genes with fewer than 10 counts among all of the samples
were excluded. Following differential expression analysis, differentially
expressed protein-coding genes were filtered by false discovery rate < 0.05
and log2 Fold Change > 1. Gene ontology pathway enrichment analysis of
separate lists of statistically significant up- and down-regulated genes was
conducted using Metascape (41).

Whole-Mount Staining. Total numbers of crypt-level SILT in Cxcr5~~ and
cohoused WT controls were quantified by whole-mount staining of Sls, as
previously described (42).

Immunofluorescence Staining. Sis were fixed in 4% PFA for 2 h, washed in
phosphate-buffered saline (PBS) overnight, treated with 30% sucrose for
24 h prior to being frozen in optimal cutting temperature compound, and
sectioned. Then, 8-um frozen sections of SI were incubated with anti-CD16/
32 antibodies, rat serum, and mouse serum before incubation with RORyt,
CD4, CD11¢, and CD326 antibodies. Sections were stained with DAPI to vi-
sualize nuclei. Images were taken using a Zeiss Axio Imager M2.

C. difficile Infection. The C. difficile VPI 10463 strain was cultivated in brain
heart infusion blood agar plates at 37 °C in jars using the AnaeroGen Oxoid
system (Thermo Fisher Scientific) to generate an anaerobic atmosphere. In-
fections were performed by pretreating mice with a mixture of antibiotics
(0.4 mg/mL kanamycin, 0.035 mg/mL gentamicin, 0.035 mg/mL colistin,
0.215 mg/mL metronidazole, and 0.045 mg/mL vancomycin [all from Sigmal)
in drinking water for 4 d, followed by a single intraperitoneal (i.p.) injection
of clindamycin (10 mg/kg, Sigma) to exacerbate dysbiosis. One day after
treatment with antibiotics, mice were infected with 108 colony forming units
of C. difficile by oral gavage and monitored daily for changes in body weight
and clinical score, as previously described (43). To measure intestinal per-
meability, mice were gavaged with a 250 mg/kg suspension of 70 kDa FITC-
dextran (Sigma) on day 2 of infection. Around 4 h after gavage, mice were
bled, and the FITC-dextran concentration in serum was measured by fluo-
rescence analysis in a Multimode Microplate Reader (Synergy H1) at 485/
528 nm excitation/emission. A standard curve was prepared with serial di-
lutions of FITC-dextran in PBS.
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IL-22 Neutralization In Vivo. C. difficile-infected mice were injected i.p. with
an anti-mouse, IL-22-neutralizing antibody (6 mg/kg; clone 8E11; Genentech)
or an equivalent amount of isotype control IgG2a (BioXcell) on days 1 and 3
postinfection. Mice were clinically evaluated until the fourth day of infection.

SFB Quantification. The relative abundance of SFB was determined by qPCR
using SYBR Green Super Mix (Bio-Rad) and the specific primers SFB_736F, 5'-GAC
GCT GAG GCA TGA GAG CAT-3/, and SFB_844R, 5-GAC GGC ACG GAT TGT TAT
TCA-3'. DNA used for quantification was extracted from fecal pellets of Cxcr5~~
and WT cohoused controls using a QlAamp fast DNA stool mini kit (Qiagen). For
relative quantification, the ACT values were compared to the averages of val-
ues obtained for the WT group. The mass of bacterial DNA used per reaction
was normalized using primers for Eubacteria (EUB_1275: 5-CCA TTG TAG CAC
GTG TGT AGCC-3’ and EUB_1114: 5-CGG CAA CGA GCG CAA CCC-3).

Statistical Analysis. Data were analyzed with PRISM 7 (GraphPad Software)
using unpaired Student’s t tests.
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