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Abstract

CXCL17 is a homeostatic chemokine in the mucosa known to chemoattract dendritic cells and
macrophages but can also be expressed elsewhere under inflammatory conditions. Cxc/Z7-/~ mice
have lower numbers of macrophages or dendritic cells in mucosal tissues. CXCL17 is also able to
chemoattract suppressor myeloid cells that can recruit regulatory T cells. To explore a possible
role of Cxcl17 in T cells, we studied T cell populations from Cxc/17-/~ or wild-type (WT)
littermate mice. Cxc/177'~ mice have higher numbers of CD4* and CD8* T cells in spleen and
lymph nodes (LNs). Upon activation, they produce higher levels of several proinflammatory
cytokines and chemokines. Furthermore, a Cxc/17~ mouse developed exacerbated disease ina T
cell-dependent model of experimental autoimmune encephalomyelitis (EAE). By 18 days after
immunization with myelin oligodendrocyte peptide, only 44% of Cxc/17/~ mice were still alive
vs. 90% for WT mice. During EAE, Cxc/177~ mice exhibited higher numbers of lymphoid and
myeloid cells in spleen and LNs, whereas they had less myeloid cell infiltration in the CNS.
Cxcl17~ mice also had higher levels of some inflammatory cytokines in serum, suggesting that
they may be involved in the poor survival of these mice. Abnormal T cell function may reflect
altered myeloid cell migration, or it could be due to altered T cell development in the thymus. We
conclude that CXCL17 is a novel factor regulating T cell homeostasis and function.
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INTRODUCTION

The chemokine superfamily includes 48 human ligands and 20 receptors.12 They are
responsible for the control of migration of many cellular types in the body, including
leukocytes and stem cells.34 Chemokines are involved in the development of inflammatory
responses through their capacity to attract leukocytes to inflamed or damaged tissues, and to
regulate homeostasis and homing of leukocytes.>® Their importance extends beyond
immunology, as several of them, like the CCL25-CCR9 axis, are strongly involved in T cell
development and homeostasis in the thymus,” CCL19/CCL21-CCR7 play an essential role
in the homing of lymphocytes and dendritic cells to secondary lymph nodes (LNs),8 or the
CXCL12-CXCR4 axis, which regulates the homing of hematopoietic stem cells to the bone
marrow.®

Cxcl17 was one of the last chemokines to be identified and characterized. It was originally
described as dendritic cell and monocyte chemokine like protein or vascular endothelial
growth factor (VEGF) correlated chemokine 1 because of its ability to induce VEGF
expression.10:11 Several groups have associated the expression of CXCL17 with tumor
development, because tumor cells overexpressing CXCL17 induce bigger tumors and grow
faster when implanted in mice.1112 Several groups have reported that expression of Cxcl17
is up-regulated in several cancers including esophageal, lung, breast, endometrium, liver, and
pancreas, and CXCL17 expression correlates with poor survival and prognosis.13-16

We originally reported that CXCL17 is a mucosal chemokine with antimicrobial activity that
is strongly expressed in the respiratory tract and digestive system,17:18 and found that it is
strongly up-regulated in several diseases affecting mucosal tissues, including idiopathic
pulmonary fibrosis and Sjégren’s syndrome.17:19.20 Moreover, reflecting its mucosal
expression elsewhere, CXCL17 is also expressed in the female reproductive tract and in the
urethra.2!

We have also characterized a Cxc/Z7~ mouse. This mouse exhibits a paucity of
macrophages in the lung, including alveolar macrophages.1® This phenotype indicates that
CXCL17 plays a role in the recruitment of certain populations of tissue macrophages. We
have reported that GPR35 (G coupled protein receptor 35),22 a G protein-coupled receptor
that is also associated with mucosal tissues, is a receptor for CXCL17. Accordingly, GPR35
is expressed by CXCL17-responsive cells like macrophages and dendritic cells. GPR35 is
also expressed in some breast cancer cell lines that respond to CXCL17.15 However, another
receptor likely exists because GPR35 does not appear to be the receptor through which
CXCL17 signals in THP-1 cells.?3

A recent report described that CXCL17 attenuates inflammation in a mouse psoriasis model
through the recruitment of myeloid derived suppressor cells that can, in turn, recruit
regulatory T cells (Tregs).24

In the present study, we have continued the characterization of a Cxc/177/~ mouse. We
observed abnormalities in the numbers of several T cell populations in both spleen and LNs.
Furthermore, T cells showed significant differences in their ability to produce several
proinflammatory cytokines. These observations prompted us to test a Cxc/Z7~ mouse in an
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autoimmunity model of human multiple sclerosis (experimental allergic encephalomyelitis
[EAE]), because this model is known to depend on T cell responses.2> Importantly,
Cxcl177~ mice show exacerbated disease in this model. We observed that Cxcl17 is
detectable in the CNS during EAE, and that there are significant differences in the leukocyte
populations present in the CNS, LN, and spleen between Cxc/177~ and wild-type (WT)
mice during EAE. Furthermore, we also detected abnormalities in the thymus of Cxc/177/~
mice. We therefore conclude that, in addition to the important role that CXCL17 has in the
homeostasis of myeloid cell populations,1? it is also likely to play an important role in the
homeostasis and function of peripheral T lymphocytes.

2| MATERIALS AND METHODS

2.1| Mice

Cxcl17'!~ mice were obtained from the Knock-out Mouse Project at University of
California, Davis (Genentech ID UNQ473). Cxc/17'/~ heterozygote mice were bred to
generate whole Cxc/17~ mice. WT mice for breeding purposes were purchased from The
Jackson Laboratory (Bar Harbor, ME). All mice were housed in the same facility with a 12-h
dark/light cycle with autoclaved bedding and irradiated food. All animal experiments were
performed in accordance with protocols approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of California Irvine.

2.2| Chemokines

Recombinant mouse Cxcl17 (Cat No. 4270-DM) was purchased from R&D Systems
(Minneapolis, MN).

2.3 | Genotyping PCR

Tail tissue was collected from 3-week-old mice upon weaning. DNA was extracted using a
kit (Bioland Scientific, Paramount, CA). Primers specific to the Cxcl17 were used in a 35-
cycle conventional PCR to determine the genotype of each mouse. The amplified DNA
products were analyzed on a 1.5% agarose gel. Primers used were as follows: CXCL17
forward: 5 -CTCTTCCGACCACAGTATCC-3'; CXCL17 reverse: 5 -
CTACAGTTGCAGACATGTTGG-3 ; Neo forward: 5 -GCAGCGCATCGCCTTCTATC-3 ;
and Neo reverse: 5 -CTACAGTTGCAGACATGTTGG-3 .

2.4 | Flow cytometry and leukocyte counts
Spleen, LN, and thymus were collected from 2—4 months old WT or Cxc/177~ mice.

For fetal thymus cell population analyses, 18-day gestation mouse fetuses were obtained
from a C57/BI6 mouse timed pregnant female. Fetal thymi were obtained under a dissecting
microscope. Solid organs were mechanically dissociated and passed through 70-mm
strainers and rinsed with 1 x PBS-5% FBS to make single-cell suspensions. A total of 1-5 x
108 cells were transferred to flow cytometry tubes. Fc receptors were blocked using blocking
buffer: 1 x PBS/5% FBS/unlabeled anti-mouse CD16/32 (1 pg/mL). Screening of the
lymphocyte populations was achieved by staining the cells with the following anti-mouse
antibodies: CD45 (clone 30-F11), CD11b (clone M1/70), CD3 (clone 145-2C11), CD8a
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(clone 53-6.7), CD4 (clone GK1.5), CD25 (clone PC61), CD44 (IM7), CD69 (clone
H1.2F3), CD355 (clone 11-5/CRTAM), IA/IE (clone M5/114.15.2), IFN- (clone
XMGL1.2), IL-17A (clone TC11-18H10.1), and FoxP3 (clone MF-14).

For intracellular staining, we used the BD Cytofix/Cytoperm kit (BD Biosciences, Franklin
Lakes, NJ) and followed the protocol as provided by the vendor. Briefly, after cell surface
Ag staining, cells were fixed using 250 L of Cytofix/Cytoperm solution for 20 min at 4°C,
followed by washing cells 2 times using 1 mL in 1 x Perm/Wash solution. Cells were
incubated in Perm/Wash solution for 15 min, pellet by centrifugation and resuspended in 100
4L of Perm/Wash solution containing anti-IFN-y, anti-1L-17A, or anti-FoxP3, at a
predetermined concentration of a fluorochrome conjugated antibody or appropriate negative
control. The samples were incubated at 4°C for 30 min in the dark, followed by washing 2
times with 1 mL of 1 x Perm/Wash and resuspension in staining buffer prior to flow
cytometric analysis. All antibodies were obtained from BioLegend (San Diego, CA), unless
otherwise noted. To determine total numbers of lymphocytes in several tissues, we labeled
cells with CD45, which is a leukocyte marker. Briefly, lymphocytes were identified by being
brightly labeled with CD45 monoclonal antibody and having low side-scatter properties.
CD45™" low side-scatter gates for lymphocytes are assumed to contain > 95% lymphocytes,
so a correction for lymphocyte subset values is not needed. The total number of lymphocytes
was calculated based on the CD3*CD4* or CD3*CD8* subpopulation percentages obtained
through flow cytometry. The samples were processed using a NovoCyte flow cytometer
(ACEA Biosciences, San Diego, CA), and the data were analyzed using FlowJo software
(Tree Star) and GraphPad Prism6.

2.5]| T cell activation and proliferation

CD3* cells were purified from 2—-4 months old mouse spleens using MojoSort cell isolation
kit (BioLegend). T cell activation was performed using low endotoxin, azide-free (LEAF)
purified anti-mouse CD3 (Clone 145-2C11; 5 pg/mL) coated to the plate and LEAF Purified
anti-mouse CD28 (clone 37.51; 2 pg/mL) in complete RPMI media for 24 or 48 h. Cytokine
production was measured by LEGENDplex and confirmed by ELISA.

For T cell proliferation, CD4 T cells were isolated from spleen and LN of 10-week-old mice
using negative selection (StemCell Technologies, Vancouver, Canada). CellTrace CFSE-
labeled T cells were cocultured with anti-CD3/CD28-coated Dynabeads (Life Technologies,
Carlsbad, CA) at 1:1 ratio according to the manufacturer’s protocol in a U bottom 96-well
plate for 96 h in presence of rmIL-2 (30 units/mL).

2.6 | ELISA and cytokine and chemokine quantification

IFN-y and TNF-a levels in cell culture supernatants were evaluated using mouse ELISA
MAX Standard kits (BioLegend). The protocol for the enzyme-linked immunosorbent assay
was followed as suggested by the vendor.

The cytokine and chemokine levels in the mouse serum were measured using the
Legendplex mouse inflammation panel (BioLegend). This technology allowed us to
determine a panel of 13 molecules (CCL-2, GM-CSF, IFN-g, IFN-y, IL-1a, IL-15, IL-6,
IL-10, IL-12 (p70), IL-17A, IL-23, IL-27, and TNF-a). Peripheral blood was collected
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through cardiac puncture following mice euthanasia at days 9 or 17 after the MOG peptide
injection in the EAE experiment model. Mock-injected mice were used as controls. The
protocol was followed as suggested by the vendor.

The chemokine levels in activated splenocytes were measured using the Legendplex mouse
proinflammatory chemokine panel (BioLegend) that allowed us to determine the levels of
CCL2, CCL3, CCL4, CCL5, CCL11, CCL17, CCL20, CCL22, CXCL1, CXCL5, CXCL9,
CXCL10, and CXCL13 in the culture supernatant.

2.7| EAE induction model

A direct EAE model was induced in 10-week-old WT or Cxc/17-/~ mice by immunization
with the MOG3s_g5 peptide (Hooke laboratories, Lawrence, MA) in complete Freund’s
adjuvant as previously reported.28 Briefly, 200 /1 of emulsion was injected subcutaneously
at 2 sites over the flank region. Each mouse received 200 g of MOG35_g5 peptide
(MEVGWYRSPFSRVVHLYRNGK) emulsified in Complete Freund’s adjuvant.
Additionally, 300 ng of pertussis toxin (List Biologic Laboratories, Campbell, CA) was
injected intraperitoneally on the day of immunization and 48 h later. Mice were assessed
daily in a blinded fashion by the same researcher for the development of clinical signs
according to the following scoring pattern: 0—no signs, 1—tail paresis, 2—hind limb
paresis, 3—hind limb paralysis, 4—tetraplegia, and 5—moribound. Groups were sacrificed
at day 9 or 18, and T cell subpopulations in LN were analyzed by flow cytometry.

2.8| CNStissue digestion and isolation of mononuclear cells from CNS

CNS tissues were removed from PBS-perfused mice and cut into 2-mm pieces prior to
digestion with collagenase D (Sigma Aldrich, San Luis, MO; 2.5 mg/mL) and DNase |
(Sigma Aldrich; 1 mg/mL) in RPMI 1640 media supplemented with 10% FCS, 2 mM L-
glutamine, 100 U/mL penicillin, 100 tg/mL streptomycin, and 50 M 2-mercaptoethanol for
45 min at 37°C. Tissues were then passed through a cell strainer, followed by a Percoll
gradient (70%/37%) and 350 x g centrifugation. Mononuclear cells were removed from the
interphase, washed twice, and resuspended in RPMI 1640 medium supplemented with 10%
(v/v) FCS.

Once the brain and spinal cord were digested, they were passed through a 100-zm nylon
filter to obtain a single cell suspension in RPMI, using a 5 mL syringe plunger to completely
dissociate the tissues. The cells were washed with RPMI and centrifuged at 1500 rpm for 5
min, following by filtration through a 70-zm strainer and wash 1 x with PBS, followed by
centrifugation at 1500 rpm for 5 min. A total of 25 mL of a 37.5% Percoll solution were
added to the pellet, which was gently mixed with a pipette, following by centrifugation for
12 min at 2300 rpm at room temperature (and stopping without brake). The myelin layer was
taken out with a pipette. The mononuclear cells were located in the pellet. To lyse RBC, 1
mL of ACK lysis buffer was added for 30 s, and the cells washed 3 x with PBS followed by
centrifugation at 1500 rpm for 5 min. Cells were then processed for flow cytometry staining.
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29| Statistics

Significance was determined using Prism Version 5.0 software (GraphPad). Statistical
significance of differences was calculated using two-tailed Student’s #tests, or one- or two-
way ANOVA. P< 0.05 was considered significant. All data are presented as mean + SEM
except as noted.

2.10| Immgen database

Levels of expression of Cxcl17 in different subpopulations in thymus were obtained from
the Immgen database (https://www.immgen.org).2’

3| RESULTS
3.1| CXCL17 regulates peripheral T lymphocyte homeostasis

CXCL17 was the last chemokine ligand to be characterized.1% We have reported that it
represents a mucosal chemokine strongly expressed in the respiratory and digestive tracts
and is involved in the recruitment of myeloid cells to various mucosal sites.1” As we
continued the characterization of a Cxc/17/~ mouse, we detected abnormalities in T cell
populations (more CD4* and CD8* T cells) in both the spleen and LNs. To understand
whether CXCL17 has any role in T lymphocyte biology under homeostasis, we analyzed
spleen and skin draining inguinal LNs for frequencies of T cells from 2—4 months old
CXCL177"~ or WT mice. CXCL177/~ mice spleen and LNs contained significantly higher
number of helper (CD4) and cytotoxic (CD8) T cells (Fig. 1A). The difference in CD4 T cell
numbers was more evident than CD8 T cells (50 vs. 25%). Further analyzing the different
subsets of naive (CD44-CD62L™), central memory (CD44*CD62L"), and effector memory
(CD44*CD62L") cells among T cells revealed that CXCL17~/~ mice have significantly
higher number of naive CD4 T cells, coincidentally decreased number of effector memory
CDA T cells, and comparable number of central memory CD4 T cells (Fig. 1B). There were
also differences among the CD8 T cells (Fig. 1A). Taken together, the absence of CXCL17
affects T cell development skewing toward CD4 population and leads to dysregulated
number of T cells in the secondary lymphoid organs.

3.2| CXCL177"" leukocytes exhibit skewed cytokine and chemokine production

T cells from Cxc/177'~ mouse spleen produced higher levels of several proinflammatory
cytokines and of chemokines upon activation with anti-CD3 and anti-CD28. Among these,
were several proinflammatory cytokines (IFN-y and TNF-a; Fig. 2A) and chemokines that
favor Thl responses (CXCL9 and CXCL10, which attract Thl cells that express CXCR3;
Fig. 2B). The higher numbers of T cells in Cxc/17-/~ mice were not due to higher
proliferation rates, because they showed similar proliferative capacity in a CFSE assay
(Supplementary Fig. 1).

We tested the expression of several activation markers in T cells from Cxc/177~ or WT mice
either resting or upon activation. Subpopulations of activated T cells from Cxc/17-/~ mice
expressed less CD44 or CRTAM (an activation marker) as shown in Fig. 3.
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3.3| CXCL177~ mice develop exaggerated EAE

These observations indicated abnormalities in both T cell homeostasis and function in
Cxcl177"~ mice, suggesting that a more proinflammatory immune microenvironment is
present in these mice. We therefore decided to test the Cxc/177~ mouse ina T cell-
dependent autoimmune model. To this end, we chose a model of multiple sclerosis
represented by EAE that is known to be T cell dependent.2®> As shown in Fig. 4A, by day 18
following immunization with myelin oligodendrocyte glycoprotein (MOG) peptide, only
44% of Cxcl177'~ mice remained alive vs. 90% for WT littermates (Fig. 4A). Cxcl177~
mice lost more weight than WT mice (Fig. 4B) and their clinical score of the disease was
also significantly higher by day 18 following MOG immunization (Fig. 4C), correlating with
poor survival. Cxcl17 mRNA was readily detectable in the CNS by day 18 after MOG
immunization (Fig. 4D). The study had to be terminated at day 18 because mean maximal
score of Cxc/177~ mice was significantly higher than WT controls (Fig. 4C; Cxcl177/: 3.76
+0.16 vs. WT: 2.95 + 0.18, Mean = SEM). These EAE results indicate that Cxc/17/~ mice
are significantly more susceptible to a T cell-mediated autoimmune disease.

3.4| Altered homing of leukocytes to the CNS in CXCL17~/~ mice during EAE

The pathophysiology of EAE is complex and heterogeneous: presentation of MOG by
dendritic cells in the LN leads to priming and differentiation of Th1l and Th17 cells, which
then traffic out of the LN and enter the CNS using adhesion molecules, LFA-1 and
VLA-4.28.29 The presence of lymphocytic infiltrates in CNS has been well established as a
clinical feature of multiple sclerosis, EAE, and many chronic inflammatory conditions.30-32
CXCL17 is known to be involved in recruiting myeloid cells to the mucosa and we have
recently shown that CXCL17~/~ plays a role in protection against genital herpes by
recruiting effector memory CD8 T cells.2! We therefore sought to investigate whether
CXCL17 plays any role in trafficking of lymphocytes to the CNS during EAE. Estimating
levels in CNS at onset and peak of the EAE in WT mice revealed that Cxcl17 was readily
detectable in the CNS by day 18 after MOG immunization (Fig. 4D). Interestingly, there
were less myeloid cells in the CNS of Cxc/Z77/~ mice by day 18 (Fig. 5A), with a modest
decrease in the frequency of CD4* T cells producing IFN-y in the CNS (Fig. 5B).
Conversely, there were more T cells in LN (both CD4* and CD8™) at day 9 after MOG
immunization (Fig. 6), and increases in T cell and myeloid populations in the spleen of
Cxcl177'~ mice at day 18 following MOG immunization (Fig. 7). Interestingly, the number
of CD4*FoxP3* Tregs was similar in LN from Cxc/177~ or WT mice (Supplementary Fig.
2). However, following induction of EAE, Cxc/17~ mice showed higher numbers of Tregs
in LNs (Fig. 6). These observations suggest that Tregs may be unable to efficiently migrate
into the CNS of Cxc/177~ mice. To address whether CXCL17 regulates trafficking of
leukocytes under noninflammatory conditions, we also investigated possible abnormalities in
blood leukocytes in Cxc/17/~ mice. As shown in Supplementary Fig. 3, we detected
significantly higher numbers of blood monocytes, eosinophils, and neutrophils in older
Cxcl177'~ mice (older than 9 months). There were also less blood lymphocytes in older
Cxcl17”~ mice (Supplementary Fig. 3). These observations are consistent with a role for
CXCL17 in the recruitment of myeloid cells from the circulation to specific tissues, most
likely mucosal.1® Homeostatic accumulation of leucocytes in circulation with age and
decreased but not absent leucocytes in the EAE-CNS with concomitant increase in the
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spleen strongly suggests that CXCL17 plays a role in recruiting leukocytes to the CNS
during ongoing autoimmune neuroinflammation.

Cxcl17 is a regulator of systemic inflammation

During the effector phase of EAE, encephalitogenic T effector cells (Th1 and Th17) home to
the CNS. Subsequently, a secondary wave of T cell activation and amplification takes place
in the CNS, leading to the systemic signs of illness.33 Proposed mechanisms of
demyelination and axonal damage during EAE include: deposition of complement;
antibody-dependent cellular cytotoxicity; phagocytosis; attack of axons by cytotoxic T cells;
secretion of proteases by neutrophils; and apoptosis of oligodendrocytes.34 The increased
severity of EAE in Cxc/177/~ mice despite a decreased number of immune cells in the CNS
could be due to a generalized hyper inflammatory state. We therefore sought to determine
the immune status of EAE mice. To this end, we decided to test the serum at onset and peak
of EAE for inflammatory signatures.

By day 9 after MOG peptide injection, and before animals developed classic EAE signs, we
detected an increase in CCL2, IL-1a, and IFN-y in sera from immunized Cxcl177~ mice
(Fig. 8A and Table 1). By day 18 following MOG injection, when signs of EAE
development were evident and differences between WT and Cxc/7-/~ mice became
apparent, we detected higher levels of I1L-23 in sera from Cxc/17/~ mice (Fig. 8A and Table
1). The levels of IFN-y, a cytokine mainly produced by CD8" or Th1 CD4* cells, were also
higher in sera from Cxc/177~ mice. Alterations in CCL2, IL-1a, and IL-23 (all of which are
mainly produced by myeloid populations) were evident at the systemic level in Cxc/177/~
mice and likely responsible for the development of severe EAE.

We then tested the ability of myeloid populations from Cxc/Z77~ or WT mice to produce
CCL2 or IL-6 upon stimulation with LPS. CCR2* macrophages are believed to be
proinflammatory3 through their ability to modulate CCL2 expression. As shown in Fig. 8B,
peritoneal macrophages from Cxc/17~ mice produced significantly higher levels of CCL2
or IL-6 when stimulated by LPS, suggesting that CXCL17 normally regulates the production
of these mediators by macrophages. We confirmed this hypothesis by testing CCL2
production from WT peritoneal macrophages induced by LPS in the presence or absence of
Cxcl17. As shown in Fig. 8C, addition of Cxcl17 to LPS-stimulated cells inhibited the
ability of peritoneal macrophages to produce Ccl2. Taken together, these data indicate a
strong proinflammatory immune microenvironment in Cxc/Z7-/~ mice, which likely results
in the enhanced susceptibility of the Cxc/17/~ mouse to EAE. These results provide
mechanistic insight into why Cxc/Z77/~ mice experience severe EAE despite a decrease in
the number of CNS homing leukocytes.

We also considered the possibility that the abnormal T cell phenotype observed in Cxc/17/~
mice could be due to abnormal T cell development in the thymus. To investigate this, we
phenotyped the thymus of day 18 fetal Cxc/Z7/~ mice. As shown in Supplementary Fig. 4,
Cxcl177'~ mice also exhibit abnormally high numbers of CD4* thymocytes, suggesting that
abnormal T cells in mice may arise through defects in T cell development.
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These results support the conclusion that Cxc/Z7~'~ mice experience stronger inflammatory
responses than WT mice. Overall, our results indicate a novel immunoregulatory role for
Cxcl17.

DISCUSSION

CXCL17 is a mucosal chemokine that exhibits homeostatic expression in mucosal tissues
such as the respiratory and digestive systems, and the vagina; however, it can be expressed
under inflammatory conditions elsewhere.17:20 It was the last chemokine described.1? This
study also pointed out that the structure of CXCL17 is not typical of other chemokines. It is
among the largest chemokines (13.8 KDa), and contains 6 cysteines instead of the typical 4
characteristic of this superfamily.® It also contains motifs not found in other chemokines.1°
These observations suggest that it may not only mediate typical chemokine functions such as
chemotaxis, but may also mediate other immune functions. For example, CXCL17 displays
broad antimicrobial activityl” and has been reported to have anti-inflammatory properties.36
The antimicrobial activity is not restricted to CXCL17; other chemokines including CXCL9,
CXCL10, CXCL11, CXCL14, CCL25, and CCL28 have been shown to kill pathogens
including gram-negative and gram-positive bacteria, parasites, and/or fungi.3’-3% We should
note, however, that the antimicrobial properties of mucosal homeostatic chemokines
(CXCL14, CCL28, CCL25, and CXCL17) appear to be unique because they exhibit both
prominent wide-spectrum antimicrobial activity and also antifungal activity (especially
against Candida albicans).18 This suggests that these mucosal chemokines have mucosal-
specific functions.

We have documented that CXCL17 is, along with CCL2, one of the most powerful
macrophage chemoattractants of the chemokine superfamily,1® operating mainly in the
mucosa. For example, administration of Cxcl17 intraperitoneally in mice causes a mean
increase in the number of macrophages in the peritoneal exudate of more than 20% after 24
h (data not shown). In support of this conclusion, Cxc/17//~ mice exhibit a paucity of
macrophages in the lung.1® CXCL17 also shows the highest expression (among several
mucosal chemokines) in the healthy mouse vagina and may play a role regulating the
microbiome there.21 Another important observation from that study was that CXCL17 is
important to control immune responses against herpesvirus in the vagina, which are
depended on recruitment of GPR35*CD8* effector memory cells and this depends on the
recruitment of activated CD8* effector T cells.?! These observations strongly suggest that
one of the homeostatic functions of CXCL17 is to recruit certain myeloid cell populations to
the normal mucosa.

During the characterization of a Cxc/17~ mouse,1° we noticed significant abnormalities in
T cell populations (Fig. 1), which were also able to produce higher levels of
proinflammatory cytokines and chemokines upon activation than corresponding cells from
WT mice (Fig. 2). The alterations in T cell function may be explained by alterations in
myeloid cell populations (already documented in Cxc/17-/~ micel®) and in the present study
(Supplementary Fig. 3). However, an alternate explanation would be alterations in T cell
development. There is precedent for important roles of chemokines in T cell development.
For example, CCL25 is produced in the thymus and the expression of its receptor (CCR9) is
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induced in thymocytes following successful g selection of thymocytes at the DN3 stage of
thymocyte differentiation.? This allows the thymocytes that successfully rearranged the 8
chain of the T cell receptor to continue their differentiation and become CD4+*CD8"*
thymocytes that will undergo positive and negative selection.! The role of CXCL17in T
cell development or function has not been studied. As shown in Supplementary Fig. 4, we
detected higher numbers of CD4* thymocytes in the thymus of Cxc/Z77/~ mice. This is
potentially very interesting. In support of this, the Immgen database?” indicates that
medullary epithelial cells (MECs), which are involved in positive selection in the thymus,
41,42 express Cxcl17 (data not shown). This raises the possibility that positive selection of T
cells in the thymus of Cxc/Z7~ mouse may be abnormal, suggesting that it may be uniquely
susceptible to autoimmunity.

To fully understand the role of CXCL17 in T cell biology, we set out to test the Cxc/17//~
mouse in an autoimmune model. We used the classic EAE model (injecting the MOG3s_s55
peptide) that in C57BL/6 mice normally lasts 25 to 30 days and is known to be dependent on
T cells.?5 Importantly, in the absence of Cxcl17, this period was reduced to 18 days, at
which time most Cxc/17/'~ mice exhibited either severe symptoms, had already died (Fig.
4A), or had to be sacrificed due to their very poor clinical score (66%) (Fig. 4C). No data are
currently available about a role for Cxcl17 in the CNS, and its possible role in autoimmunity
is poorly understood. CXCL17 is a mucosal chemokine under homeostatic conditions and is
not expressed in the normal CNS, but it is expressed in the CNS during EAE (Fig. 4D).
Furthermore, CXCL17 has been shown to be up-regulated in the CNS by inflammatory
mediators.*3 These observations indicate that CXCL17 is an inflammatory chemokine in the
CNS. The markedly worse outcome of Cxc/Z7~ mice in the EAE model (Fig. 4A) indicates
that Cxcl17 plays a major role in controlling the pathology of the disease. As shown in Fig.
8, by day 9 following MOG peptide immunization (a day normally considered to represent
the onset of the disease in WT mice), the levels of several chemokines and cytokines
(CCL-2, IL-1a, and IFN-y) were markedly higher in sera from Cxc/17-/~ mice (compared
to WT), and the higher levels of these cytokines and chemokines correlated with a worse
outcome.

The numbers of T cells found in the CNS at day 18 after induction of EAE were slightly
lower in Cxc/77'~ mice than in WT mice (Fig. 5). Conversely, we found higher numbers of
T cells in spleen and LNs of Cxc/177/~ mice compared to WT mice (Figs. 6 and 7). This
could be explained by decreased migration of T cells from LN and spleen to the CNS, for
example, through altered expression of chemokine receptors. However, we did not find
changes in the expression of GPR35, one of the proposed receptors for CXCL1722 (data not
shown). Lack of CD44 expression has also been correlated with a worse outcome of mice in
the EAE model,** possibly due to cytokine production associated with Th17 cells. We
detected a population of T cells with low or no expression of CD44 in Cxc/177~ T cells
upon activation. This observation may be related to a worse outcome in the EAE model, and
could also account for lack of T cell migration to the CNS. Stronger T cell activation in the
form of cytokine production was observed not only in vitro, but also in vivo. These results
suggested intrinsic abnormalities in T cells from Cxc/17/~ mice. This observation suggests
that the enhanced susceptibility of Cxc/177~ mice in the EAE model may be due to a failure
to control inflammation at the systemic level.
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In the EAE model, the absence of Cxcl17 reduced but did not eliminate the number of
macrophages in the CNS compared to WT littermates. The difference between outcomes in
the EAE model of Cc/2”/~ mice (resistance) vs. Cxc/Z77'~ mice (susceptibility) suggests that
the function of the macrophage subpopulation(s) chemoattracted by each of these
chemokines may be different. Our data strongly suggest that Cxcl17 is responsible for
recruiting a population of macrophages to the mucosa, which may mediate a tolerogenic
function to limit inflammation.

IL-23 is a critical cytokine that plays an important role in amplifying neuroinflammation in
EAE inflammation by stabilizing pathogenic Th17 cells.> One of the cytokines observed to
change more in Cxc/177~ mice is IL-23. The serum levels of IL-23, 18 days after
MOG3s_55 immunization, were almost 3 times higher than in WT littermates (Fig. 8A). At
that time, more than 50% of Cxc/Z7-/~ mice had died. IL-23 is a cytokine that drives the
differentiation of a pathogenic Th17 subpopulation.#® Taken together, these data suggest that
changes in the CD4 and CD8 T cell numbers, as well as IFN- production, could be related
to the IL-23 axis. Signaling through IL-23 also supports the higher production of IL-17A
observed by CD4* T cells from Cxc/17~ mice (Fig. 6). The EAE survival and EAE clinical
score results are consistent with this observation, because the EAE mouse model is known to
depend on Thi and Th17 responses.2> We should note, however, that we did not observe
significant macroscopic differences in the appearance of brains of Cxc/177~ or WT mice
(data not shown). This observation suggests that the susceptibility of Cxc/17/~ mice in the
EAE model may be due to non-CNS events like a peripheral cytokine storm.

Kara et al.4’ reported that during EAE development, there are 2 types of reactive Th17 cells
that migrate to the CNS. The first one expresses high levels of CCR6 and is more abundant
in the early phases of EAE. The second one is more “inflammatory” and may (or may not)
express CCR6 but does express CCR2. The expression of the latter receptor is known to
increase during the chronic phase of disease. This group also showed that the development
and homing of reactive Th17 cells is controlled by IL-23 in the chronic phase following
EAE induction.#” These observations support the results shown in Fig. 8B. We hypothesize
that the higher production of the proinflammatory cytokines IL17A and IFN-y by CD8 and
CDA4 T cells in Cxc/177'~ mice (Fig. 6) and accumulation of CD4 and CD8 lymphocytes in
LN and spleen (Figs. 6 and 7) correlate with the observed higher levels of CCL2 (ligand for
CCR2) and IL-23.

However, we did not observe higher levels of IL-17A in serum of Cxc/177~ vs. WT mice
with EAE (Table 1). CCL2 is known to be essential to recruit activated monocytes and bone
marrow-derived macrophages to the CNS. Cc/2”~ mice show a reduction of up to 80% of
migration to the CNS and marked resistance to EAE induction using MOG3s_ss injection.
48,49 |EN- » serum concentrations at day 9 following MOG injection were significantly
higher in WT mice compared with Cc/2/~ mice.#850 Actually, in mice, antibodies against
CCL2 have been shown to control the phenotype and relapses of EAE.*8 CCL2 has also
been implicated in the pathogenesis of diseases like rheumatoid arthritis, atherosclerosis, and
psoriasis, therefore the Ccl2 levels in serum from Cxc/Z7-/~ mice help explain the poor
survival and worse prognosis we observed. Interestingly, we observed that Cxcl17 appears to
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be able to directly influence the ability of macrophages to produce Ccl2, suggesting a cross-
regulation between these cytokines (Fig. 8C).

An unexpected result, however, was that the numbers of T cells found in the CNS at day 18
after induction of EAE were lower in Cxc/17~ mice than in WT mice (Fig. 5). Conversely,
we found higher numbers of T cells in spleen and LNs of Cxc/17/~ mice compared to WT
mice (Figs. 6 and 7). This could be explained by decreased migration of T cells from LN and
spleen to the CNS, for example, through altered expression of chemokine receptors. We have
compared the expression of CCR5, CCR7, and CXCR4 in T cells from Cxc/177'~ and WT
mice and found no differences (data not shown). Furthermore, we did not find changes in the
expression of GPR35, one of the proposed receptors for CXCL1722 (data not shown).

Lack of CD44 expression has also been correlated with a worse outcome of mice in the EAE
model,* possibly due to cytokine production associated with Th17 cells. We detected a
population of T cells with low or no expression of CD44 in Cxc/177/~ T cells upon
activation (Fig. 3). This observation may be related to a worse outcome in the EAE model,
and could also account for lack of T cell migration to the CNS.

Stronger T cell activation (in the form of cytokine production) was observed not only in
vivo, but also in vitro (Fig. 2). These results suggested intrinsic abnormalities in T cells from
Cxcl177~ mice.

The alterations in T cell function may be explained by alterations in myeloid cell
populations (already documented in Cxc/Z7-/~ micel®) and in the present study
(Supplementary Fig. 3). However, an alternate explanation would be alterations in T cell
development. There is precedent for important roles of chemokines in T cell development.
For example, CCL25 is produced in the thymus and the expression of its receptor (CCR9) is
induced in thymocytes following successful g selection of thymocytes at the DN3 stage of
thymocyte differentiation.*0 The role of CXCL17 in T cell development or function has not
been studied. As shown in Supplementary Fig. 4, we detected higher numbers of CD4*
thymocytes in the thymus of Cxc/177/~ mice. This is potentially very interesting. In support
of this, the Immgen database?’ indicates that MECs, which are involved in positive selection
in the thymus,#142 express Cxcl17. This raises the possibility that positive selection of T
cells in the thymus of Cxc/177~ mouse may be abnormal, suggesting that it may be uniquely
susceptible to autoimmunity. In support of this, we have observed that older Cxc/17-/~ mice
(> 9 months of age) often exhibit inflammatory lesions including enlarged livers and other
lesions, which are not observed in WT littermates of the same age (data not shown).

Taken together, we conclude that CXCL17 is a novel regulator of T cell homeostasis/
function. We hope that our observations will stimulate future studies that will aim to
determine the potential role of CXCL17 in autoimmunity, and in general, its role in T cell
homeostasis/function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Cxcl17~/~ mice show abnormalities in T cell populations in spleen and LNs.
(A) The number of CD3* CD4* and CD3* CD8* T cells is increased in spleen and inguinal

LNs from Cxc/177~ mice. (B) Naive (CD44~CD62L") and effector (CD44*CD62L") T
cells subpopulations are also affected in the CD4* T cell population from Cxcl177/~ mice,
with the number of naive T cells higher, while the effector subpopulation is decreased in
comparison with WT littermates. The numbers of central memory (CD44*CD62L") T cells
were not significantly different. Student’s £test was performed. All values are means +
SEM. Means with asterisks are significantly different (*£< 0.1, **£< 0.01, ***£< 0.001).
Data are representative from 3 or more individual experiments
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FIGURE 2. Leukocytes from Cxcl 177"~ mice produce higher levels of proinflammatory
cytokines.

In vitro activation of splenocytes from Cxc/Z7~ mice or WT littermates revealed higher
production of key activation cytokines by Cxc/177~ leukocytes including (A) IFN-, TNF-
a, and IL-2 and (B) CXCL9, CXCL10, CCL3, and CCL4 chemokines. Student’s £test was
performed. All values are means + SEM. Means with asterisks are significantly different (*P
<0.1, **P<0.01). Data are representative from 3 or more individual experiments
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FIGURE 3. Activated CD3 T cells from Cxcl17~/~ mice express lower levels of CD44 and

CRTAM activation markers.
T cell activation markers (CD44, CRTAM, CD69, and CD25) were measured in resting or

activated T cells from Cxc/177~ or WT littermate mice by flow cytometry. A subpopulation
of T cells from Cxc/17~ mice show an impairment in the expression (mean fluorescence

intensity) of the activation and migration molecule CD44 in both resting and activation
conditions. An impairment in the expression of CRTAM was also observed in a

subpopulation of T cells from Cxc/17/~ mice. No significant changes were observed in the

expression of CD69 or CD25 activation markers. Data are representative from 3 or more
individual experiments
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FIGURE 4. Cxcl17~ mice develop an exacerbated disease in the EAE model.
After18 days of immunization with MOG peptide, Cxc/Z7~ mice show (A) lower survival

(44 vs. 90%) and (B) more pronounced weight loss than WT mice. (C) EAE clinical score in
Cxcl17~ mice was significantly higher than in WT mice at day 18. (D) Cxcl17 is expressed
in the CNS of WT mice at day 18 following MOG peptide immunization. Survival and Area
Under the Curve analyses were performed to determine the differences between WT and
Cxcl17~ groups. Student’s test was performed to determine differences in weight loss.
Two-way ANOVA was performed to determine differences in the expression of Cxcl17
during the EAE time course. All values are means = SEM. Means with asterisks are
significantly different (*£< 0.1, **P < 0.01). Data are representative from 2 or more
individual experiments, using 6 to 10 animals per group

J Leukoc Biol. Author manuscript; available in PMC 2021 July 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hernandez-Ruiz et al.

A Total leukocytes Myeloid cells
4. ok _ : *k 6\
) ¢ 2 40/ <
< 39 x s
g |.[. 2 <
@ 2- 2 =
+ =
% 14| *9 . 'L +
- =]
[a) o - «Q
2 ) o il
04— - —LL
¢ £ ¢ A
bc\Q & bvéQ o
N N
B Lymphoid cells
2.0- 2.0+ 10+
g | © Sl o
< 1.5 x 1.5 = "
) Qa
i T £ Z 6-
@ 1.0 . + 1.0 @
i T 2 o
& d _— J +
§ 0.5 * 08 0.5 i 3 2
(&
(&]
0.0 : 0.0 T ot :
¢ & ' & &
SH S SIS
& oF N & o

Jedek

Page 20

ety

(8
- © 10
O s
44 g
o
2 i
©
(7=
>
-
0+ 0
@ X
QS N
\\b +° .\b
Q <o K\
& 2.0- & 61 & 2.5+
I = x 2.0
s1s1 1 2, g*
e o ™ 0 15
% -t 3 = 1.5
1.0 o o
. * o © 1.0
i N~ 24 a
- x
Z 0.5 5 5
+
<< < -4
Sooll 1L 1 §o 8 0.0
N
« & S

FIGURE 5. Cell subpopulations in CNS at day 18.
Leukocytes were evaluated in the CNS at day 18 after MOG immunization. (A) Total

number of leukocytes shows a significant decrease in Cxc/17/~ mice compared to WT
littermates. From the myeloid subpopulation evaluated, a significant reduction in CD11b*
cells and F4/80* MHC-11* was observed. (B) Except for the CD8* IFN-»* subpopulation,
similar numbers of pathogenic and regulatory FoxP3* T cells were present in the CNS at day
18 following EAE induction. Student’s #test was performed to determine significance. All
values are means + SEM. Asterisks indicate significant differences (*£< 0.1, **P< 0.01,
***P < 0.001). Data are representative from 2 or more individual experiments, using a
minimum of 6 to 10 animal per group
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FIGURE 6. Cxcl17~/~ mice exhibit higher numbers of leukocytes and pathogenic cells in LNs.
(A) The cells in inguinal LNs, the closest to the site of MOG injection, were evaluated at day

9 after EAE induction. The total number of leukocytes, represented as CD45* cells, was
significantly increased in LN from Cxc/17-/~ mice, as well as total CD4* and CD8* T cells.
(B) The total number of pathogenic T cells producing proinflammatory cytokines (CD8*
IFN-y*, CD4*, CD4* IFN-»*, and CD4" IL-17A%), as well as protector CD4* FoxP3* cells,
was higher in LN from Cxc/77/~ mice. The differences were larger in CD4* T cell
subpopulations. All values are means £ SEM. Means with asterisks are significantly
different (*P< 0.1, **P<0.01, ***P < 0.001). Data are representative from 2 or more
individual experiments
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FIGURE 7. Cxcl177/~ mice exhibit higher numbers of leukocytes and pathogenic cells in spleen.
(A) At day 18 after the EAE induction, higher total numbers of CD45*, CD4", and CD8*

lymphocytes are present in the spleen of Cxc/Z7/~ mice. (B) The number of cells from
myeloid subpopulations CD11b*, F4/80 MHC-II*, and Ly6G* was also significantly
increased. Student’s #test was performed. All values are means + SEM. Means with
asterisks are significantly different (*£< 0.1, **P< 0.01). Data are representative from 2 or

more individual experiments
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FIGURE 8. Cxcl17 is a regulator of inflammation.
(A) Measurement of a panel of inflammatory cytokines and chemokines in mouse sera

revealed that several were affected during the EAE time course. Statistically significant
differences between Cxc/17-/~ and WT mice were observed in CCL2, IL-1a, IFN-, and
IL-23 production, with all of these showing levels in Cxc/177~ mice. (B) Higher
concentrations of the innate proinflammatory molecules CCL2 and IL-6 were also observed
in supernatants of peritoneal macrophages from Cxc/17~ mice stimulated in vitro with
LPS. (C) CXCL17 inhibits LPS-induced production of CCL2 in the macrophage cell line
Raw 264.7. Two-way ANOVA was performed to determine differences in cytokines and
chemokines levels during the EAE time course, and CCL2 production in macrophages
stimulated with LPS in presence or absence of CXCL17. Differences in the production of
innate cytokines by peritoneal macrophages were evaluated through Student’s #test. All
values are means + SEM. Means with asterisks are significantly different (*£< 0.1, **P<
0.01, ***P < 0.001). Data are representative from 2 individual experiments, using 6 to 10
animals per group, or 3 independent experiments for in vitro results
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Proinflammatory panel during EAE

Inflammatory panel
1L-23

CCL2

IL-1a

IL-6

IL-10

TNF-a

IL-12p70

1L-27

IFN-y

IL-17a

TABLE 1
wT Cxcl177-
Days after EAE Mean (pg/mL) SEM  Mean (pg/mL) SEM
Control 727 173 5.84 1.73
9 9.98 0.84 8.08 1.56
18 5.24 0.83 20.35 2.45
Control 547 126 406 0.84
9 10.38 1.29 25.57 5.83
18 9.63 1.16 9.35 2.99
Control 7.18 246 5.91 1.34
9 3.45 0.51 7.11 1.20
18 4.14 0.88 8.86 3.55
Control 185 018 233 072
9 29.83 5.67 28.36 4.05
18 6.58 1.10 9.64 2,77
Control 331 0.69 2.80 0.89
9 4.26 1.47 22,78 10.19
18 3.19 0.81 3.96 1.55
Control 2.43 0.98 0.86 0.32
9 8.51 2.49 5.59 2.22
18 2.45 0.64 1.19 0.39
Control 115 0.06 1.02  0.02
9 1.08 0.04 1.33 0.19
18 1.28 0.13 131 0.15
Control 2041 791 17.70  11.50
9 29.51 14.06 3537 1252
18 21.60 9.80 2.00 0.00
Control 1.90 029 136 0.14
9 56.31 7.17 17483 25.53
18 15.70 3.15 11.30 2.58
Control 1.38  0.07 124  0.05
9 5.03 0.70 8.13 2.17
18 2.92 0.53 3.67 1.65
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*
Several molecules are up-regulated at day 9 after the EAE induction in both WT and CX(:/.Z7'/_ mice (CCL2, IL-6, TNF-a, IL-27, IFN-y, and
IL-17A) however only CCL2, IL-1a, and IFN-y showed significant higher production in Cxcl1771~ mice. At day 18, most of the molecules

reduced its production to basal levels, except IL-23 in Cxc/17™ /= mice. Student’s £test was performed. All values are means + SEM. Asterisks
indicate statistical significance (P< 0.1,

Aok

*
P<0.001). Results are representative from at least 2 individual experiments.
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