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Psoriasis is a common chronic inflammatory skin disease with no cure. It is driven by the interleukin (IL)-23/IL-17A axis and type 17
T helper cells; however, recently, group 3 innate lymphoid cells (ILC3s) have also been implicated. Despite being the focus of much
research, factors regulating the activity of ILC3s remain incompletely understood. Immune regulatory pathways are particularly
important at barrier sites, such as the skin, gut, and lungs, which are exposed to environmental substances and microbes. CD200R1
is an immune regulatory cell surface receptor that inhibits proinflammatory cytokine production in myeloid cells. CD200R1 is also
highly expressed on ILCs, where its function remains largely unexplored. We previously observed reduced CD200R1 signaling in
psoriasis-affected skin, suggesting that dysregulation may promote disease. Here, we show that contrary to this, psoriasis models
are less severe in CD200R1-deficient mice due to reduced IL-17 production. Here, we uncover a key cell-intrinsic role for CD200R1 in
promoting IL-23-driven IL-17A production by ILC3s by promoting signal transducer and activator of transcription 3 activation.
Therefore, contrary to its inhibitory role in myeloid cells, CD200R1 is required on ILC3 to promote IL-23-stimulated signal transducer
and activator of transcription 3 activation, triggering optimal IL-17 production.

Mucosal Immunology (2023) 16:167—-179; https://doi.org/10.1016/j.mucimm.2023.01.001

INTRODUCTION

Barrier sites such as the skin, are enriched for immune cells that
can rapidly respond to stimulation by producing large quantities
of proinflammatory cytokines. Innate lymphoid cells (ILCs) are
one such cell type, with group 3 ILCs (ILC3s) responding to inter-
leukin (IL)-23 and IL-18 by producing IL-17A and IL-22." These
cytokines cause changes in epidermal cells, including hyperpro-
liferation, dysregulated maturation, and epidermal production of
cytokines, chemokines, and antimicrobial peptides, which are
critical for protection against extracellular bacterial and fungal
infection.”® However, the IL-23/IL-17 axis can also drive psoriasis,
a common, incurable chronic inflammatory skin disease, as
demonstrated by the efficacy of biologics targeting this path-
way." ILC3s are also implicated in psoriasis because they are a
potent source of IL-17 and are increased in lesions.”® Therefore,
it is crucial to understand how ILC3 activity is regulated to pre-
vent inappropriate activation.

Immunosuppressive pathways are key to maintaining
immune homeostasis and are particularly important in barrier
tissues, where there is constant exposure to environmental stim-
uli and commensal microbes. A key immunosuppressive path-
way in myeloid cells is CD200R1 signaling, which has been
shown to suppress proinflammatory cytokine production, reduc-
ing immune responses against self-antigens,” '° allergens,'’

infectious agents,’” and cancer.”> CD200R1 is a cell surface
receptor, which on engagement with its ligand, CD200, trans-
mits a signaling cascade inhibiting mitogen-activated protein
kinases and suppressing myeloid cell activation. CD200R1 is
expressed on many immune cell types, and in addition to mye-
loid cells, is particularly highly expressed on ILC'*"7; however, its
function on these cells remains underexplored.

We have previously shown that the ligand CD200 is reduced
in nonlesional psoriatic skin'” and we therefore hypothesized
that in healthy skin, CD200R1 signaling prevents inappropriate
inflammation; however, in psoriasis, this is reduced, contributing
to psoriasis susceptibility. To examine this hypothesis, here, we
compare the severity of inflammation in psoriasis models in
wild-type (WT) and CD200R1-deficient mice. This shows that,
surprisingly, global CD200R1 deficiency reduces the severity of
psoriasis-like skin inflammation due to a reduced IL-17A produc-
tion. CD200R1 is highly expressed by ILCs and here, we show
that CD200R1-deficient ILC3s are less able to produce IL-17A.
This is associated with a vastly different transcriptomic profile,
despite the surface phenotype being largely unchanged. We
also demonstrate that the requirement for CD200R1 in ILC3 is
cell-intrinsic. To understand why CD200R1KO ILC3s are unable
to produce IL-17A optimally, signaling downstream of IL-23 stim-
ulation was investigated, demonstrating that CD200R1 is

Manchester Collaborative Centre for Inflammation Research, Manchester, UK. Lydia Becker Institute of Immunology and Inflammation, Division of Infection, Immunity and
Respiratory Medicine, School of Biological Science, Faculty of Biology, Medicine and Health, University of Manchester, Manchester Academic Health Science Centre,

=4 .
Manchester, UK. email: amy.saunders@manchester.ac.uk

Received: 1 January 2023 Accepted 3 January 2023
Published online: 7 January 2023 2023


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mucimm.2023.01.001
mailto:amy.saunders@manchester.ac.uk
http://

H. Linley, et al.

168

required for optimal signal transducer and activator of transcrip-
tion 3 (STAT3) activation in response to IL-23. Therefore, we
describe a critical role for CD200R1 in promoting IL-17 produc-
tion by ILC3 by enhancing IL-23-driven STAT3 activation.

RESULTS

Global CD200R1 deficiency impairs interleukin-17
production in psoriasis models

As we'” and others'® have demonstrated reduced CD200 levels
in samples from patients with psoriasis and CD200R1 signaling
has been shown to dampen immune responses,” > we hypoth-
esized that the absence of CD200R1 would enhance inflamma-
tion in psoriasis models. Contrary to this, global CD200R1
deficiency protected mice from skin thickening in a model
induced by repeated intradermal injection with 1L-23'°
(Figs. 1A and 1B). Total immune cells (CD45") were increased
in IL-23 treated WT mouse skin, but this increase was inhibited
in CD200R1KO mice (Fig. 1C). To determine how CD200R1 pro-
motes inflammation, skin IL-17A levels were measured because
this is a critical cytokine driving inflammation. Enzyme-linked
immunosorbent assay (ELISA) and flow cytometry demonstrated
reduced IL-17A overall in the skin and reduced production by
both ILCs and CD3"" (dermal) y& T cells in CD200R1KO mice
(Figs. 1D-F and gating shown in Fig. 2Q).

To investigate this further, a more complex psoriasis model
was used, in which Aldara cream, (containing the toll-like recep-
tor 7-agonist, imiquimod, and inflammasome activating isosteric
acid) induces inflammation.”® After 4 days of treatment, skin
thickening was similar in WT and CD200R1KO mice, but redness
and scaling were slightly reduced in the absence of CD200R1
(Figs. 1G-1). The absence of CD200R1 reduced the accumulation
of immune cells, in particular neutrophils, within the skin
(Figs. 1J and 1K) and reduced the production of IL-17A by ILCs
and y8 T cells within the skin and lymph node (LN) (Figs. 1L
and 1M).

IL-17 is critical in combating fungal infections; therefore, to
examine if CD200R1KO mice also have altered fungal immune
responses in the skin, a Candida albicans infection model was
performed, which showed CD200RT1KO mice produce less IL-17
in response to fungal skin infection (Supplementary Fig. S1).

CD200R1 is highly expressed by ILCs

Given the reduction in IL-17A production in psoriasis-like skin
inflammation models, the expression of CD200R1 on skin cells
was examined. As anticipated from the literature, CD200R1
was expressed on skin macrophage and dendritic cell subsets

(gated as described previously®') but was absent from nonim-
mune cells and dendritic epidermal T cells (Figs. 2A-D).
CD200R1 was also expressed on a proportion of dermal y& T cells
and on a larger proportion of skin ILCs (Fig. 2D), as previously
described.'” On splitting the ILCs into subsets based on their
expression of lineage defining transcription factors, CD200R1
was shown to be expressed most highly on ILC2 but was also
expressed on ILC3s and GATA3" RORyt™ ILCs (which contain
ILC1, as well as ILCs, which have lost expression of lineage defin-
ing transcription factors®?) in the skin (Fig. 2E). Although dermal
y& T cells are thought to be the dominant drivers of inflamma-
tion in mouse models through their production of IL-17A, ILCs
also produce IL-17A in these models and have been shown to
be important contributors to inflammation.”* Given this, the rel-
atively low level of expression of CD200R1 on dermal y6 T cells,
the higher expression on ILCs, and the evidence that ILC3 con-
tribute to human psoriasis,”® the effect of CD200R1 on ILCs
was examined.

CD200R1 promotes interleukin-17A production by ILCs
To determine if CD200R1 regulates IL-17 production by ILCs in a
more direct manner, outside of the context of skin inflammation,
dorsal skin cells were isolated and stimulated with IL-23 or phor-
bol 12-myristate 13-acetate (PMA) and ionomycin, demonstrat-
ing that CD200R1-deficient ILCs are less able to produce IL-
17A than WT, regardless of the stimulatory agents used
(Figs. 3A-C). IL-22 production was also examined and may be
reduced in CD200R1KO ILCs, but this was not found to be statis-
tically significantly different, potentially due to the relatively low
levels of production (Supplementary Fig. S2A-B). The levels of IL-
22 were reduced in the culture supernatant from CD200R1KO
skin cells relative to WT (Supplementary Fig. S2B), but it is
unclear if this is due to a reduction in IL-22 production by ILCs
or another cell type present. To determine the ILC subtype pro-
ducing IL-17A, IL-17A production was examined in RORyt" and
RORyt™ cells; this showed that it is the RORyt" ILCs, which are
responsible for producing IL-17A in response to IL-23 stimulation
(Fig. 3D). Similarly, to determine if the IL-17A producing cells
could be inflammatory ILC2, which co-express GATA3 and
RORVt, IL-17A production was examined on GATA3* and GATA3"
ILC populations. This showed that the IL-17A-producing cells are
predominantly GATA3™ RORyt" (Fig. 3D) and are therefore ILC3
rather than inflammatory ILC2.

Similar to the skin, gut ILCs from CD200R1-deficient mice
were less able to produce IL-17A after stimulation with IL-23,
or with PMA, ionomycin, and a cocktail of cytokines, regardless

N

»

Fig. 1 CD200R1 promotes IL-17A production in murine models of psoriasis. A-F, WT and CD200R1KO (KO) Ears were intradermally injected
with 1pg IL-23, or phosphate-buffered saline daily for 5 consecutive days. A, Skin thickening measured using a digital micrometer. B,
Hematoxylin & eosin stained skin sections. C, Proportion of live, single cells in skin that are CD45*. D, IL-17A level in media from overnight
cultured skin cells. E, Proportion of skin ILCs (CD45* Lin” CD3” TCRB™ ySTCR Thy1* CD127%) producing IL-17A. F, Proportion of skin CD3'°" y& T
cells producing IL-17A. G-M, Inflammation was induced by topically treating WT and CD200R1KO (KO) littermate ear skin with Aldara cream
daily. G, Skin thickening measured using a digital micrometer. H, Skin redness and scaling scores. |, Hematoxylin and eosin-stained skin
sections. J, Proportion of live, single cells in skin that are CD45". K, Proportion of skin CD45* cells that are neutrophils (CD45* CD11b* Ly6G™"). L,
Proportion and number of skin CD3'" y& T cells or ILCs producing IL-17A. M, Proportion and number of lymph node y& T cells or ILCs
producing IL-17A. Histology scale bars show 100 um. Data shown are pooled from two independent experiments except for (B) and (I)
showing representative histology, (D) showing representative enzyme-linked immunosorbent assay, (H, J, K and M) showing representative
data from one experiment. A, C-F were analyzed by two-way analysis of variance followed by a Bonferroni post hoc test. H, J-M were analyzed
by Student's t test. A, C,E,Fn=9,Dn =5.G, H, J-M n = 5-7. IL = interleukin; ILC = innate lymphoid cell; KO = knockout; PBS = phosphate-
buffered saline; WT = wild-type.
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Fig. 2 CD200R1 is expressed by skin ILCs. Dorsal skin cells were isolated and analyzed by flow cytometry using fluorescence minus one
controls to set the gates. A, Dermal live CD45™ single cells were gated into various monocyte, dendritic cell and macrophage populations. B,
Whole skin live CD45" single cells were gated for Langerhans cells. C, Whole skin live CD45" single cells were gated for T-cell subsets and ILCs.
D, CD200R1 expression on each cell subset. E, Skin ILCs (CD45" Lin" CD3” TCRB™ y& TCR” Thy1* CD127*) were gated for ILC2 (GATA3™), ILC3
(RORyt") and non-ILC2/3 (GATA3" RORyt), and CD200R1 expression was analyzed within each subset. Filled histograms show CD200R1KO data,
lines show wild-type data. All data are representative of two replicate experiments except (E) showing data from two experiments which was
analyzed by one-way analysis of variance. FSC = fetal calf serum; ILC = innate lymphoid cell; KO = knockout; moDC = monocyte-derived

dendritic cells; TCR = T-cell receptor.

of whether they are cultured unseparated or cultured after flow
cytometric sorting to obtain a purified ILC population (Fig. 3-E).
This reduction in IL-17A production by CD200R1deficient ILCs
was found to be independent of secreted inhibitory factors in
the CD200R1-deficient cell cultures because the co-culture of
WT and CD200R1-deficient cells maintained the impaired
IL-17A production by CD200R1KO ILCs (Fig. 3F). There was
also no increase in known ILC3 inhibitory cytokines, IL-10,
interferon (IFN)-y, and IL-25 in the CD200R1-deficient cell cul-
tures relative to WT cultures (Supplementary Fig. S2C), suggest-
ing that CD200R1 directly affects IL-17A production rather than
modulating the activity of an intermediary cell type in this
in vitro model.

www.elsevier.com

CD200R1 does not affect ILC3 subsets

We hypothesized that the reduced IL-17 production seen in
CD200R1KO ILCs may be due to either a reduction in ILC3s num-
bers or the lack of an ILC3 subset. To test this hypothesis, firstly,
the proportion and numbers of ILC2, ILC3, and ILC lacking
GATA3 and RORyt** were examined in the skin and small intesti-
nal lamina propria. This showed that there was no reduction in
ILC3 in CD200R1KO, which could account for the reduced IL-17
production (Figs. 4A-B). ILC3 are heterogeneous, particularly in
the small intestine, where four main subsets of ILC3s are seen.”*
Natural cytotoxicity receptor (NCR*) (NKp46*) ILC3s are special-
ized in interacting with myeloid and stromal cells, CD4" and
CD4" lymphoid tissue inducer cell-like (CCR6") ILC3s have roles

Mucosal Immunology (2023) 16:167-179


http://
http://

H. Linley, et al.

A skin B E Smallintestine
WT CD200R1KO % WT CD200R1KO 4+
301 4
<1 <1 -~
< £2 1L-23 5
Unstim & \g, ’ ;
= <
5] ° Swoqd) o
e
_— 0
FsC WT KO
30 %%
14.4 1 4.1 9 o* Unseparated
. 1 =20 cells <
123 5 < Stimulation =
= I 10 : . o cocktail =
LML =
_—5
FsC Wr ko !
21.5 5.82 Purified
PMA & < ILCs é
ionomycin Stimulation 4
o cocktail
W RORyt
C o 1L-23 stimulated F 123 wr CD200RKO 25 —*
’ s % 3 «{6.45 [0.29 11— KO 11.5 ] 5.4 Y201 4
& |17 - e 3 0 50.4 | S 1 s "
; * e ;.e d'm %1 WT = ;10 * °
£ 242 i O 405 £ 5% 4
0 w e e 0SWT ko
WI (KO RORyt GATA3 FSC FsC

Fig. 3 CD200R1 is required for efficient IL-17A production by ILCs. Dorsal skin or intestinal lamina propria cells from WT or CD200R1KO (KO)
mice were stimulated in culture and IL-17A production by ILC was measured by flow cytometry. A, IL-17 production by dorsal skin ILCs (CD45*
Lin" CD3" TCRB™ y8 TCR™ Thy1* CD127") stimulated with IL-23, or with PMA and ionomycin for 4 hours. B, IL-17A levels in cell supernatant from
IL-23-stimulated skin cells. C, IL-17 production by dorsal skin ILCs from littermates in response to IL-23. D, IL-17A production in RORyt" and
RORyt™ ILCs, and in GATA3" and GATA3" ILCs in response to IL-23 stimulation. E, IL-17 production by intestinal lamina propria cells, or flow
cytometric sorted intestinal lamina propria ILCs (CD45" Lin” CD3" TCRB" y86 TCR Thy1* CD127%) stimulated with IL-23 alone or PMA, lonomycin,
IL-23, IL-6, IL-2 and IL-13 for 5 hours. F, CD200R1KO dorsal skin cells were labeled with a fluorescent dye before being co-cultured in a 1:1 ratio
with unlabeled WT cells. IL-17A production was analyzed in co-cultured cells stimulated with IL-23 overnight. A (PMA/lonomycin stim) (n = 4),
B (n = 5), E (stimulation cocktail) (n = 3) data shown are from one representative experiment. C (n = 6), E (IL-23 stim) (n = 8-9), F (n = 7) data
from two independent experiments. A (IL-23 stim) (n = 14) data shown are from three independent experiments. Data were analyzed by
Student'’s t test. FSC = fetal calf serum; IL = interleukin; ILC = innate lymphoid cell; KO = knockout; TCR = T-cell receptor; WT = wild-type.

in modulating innate and adaptive immune responses, and NCR They expressed CCR6, Sca-1, and major histocompatibility com-
ILC3s are precursors of the NCR" ILC3 subset. All of these subsets plex class Il, but CD200R1 deficiency does not appear to affect
were observed in CD200R1KO small intestine at similar frequen- the expression of any of these markers (Fig. 5A). In the gut,

cies to WT mice (Figs. 4C-D), showing that the reduced IL-17 the expression of all of the markers was observed; however,
production in CD200R1KO ILCs is not due to a missing major again, CD200R1 deficiency did not affect the levels of these
ILC3 subset. Less is known about the subsets of ILC3 present markers (Fig. 5B), demonstrating that ILC3 from CD200R1-

in the skin, but applying similar gating as that used for the small deficient mice have a similar cell surface phenotype to WT. IL-
intestine allowed the presence of CD4 lymphoid tissue inducer 23R was expressed at an extremely low level due to a presumed
cell-like ILC3s and NCR™ ILC3s to be observed. Similar to the small combination of low expression level and the lack of appropriate
intestine, CD200R1 deficiency did not affect these skin ILC3 pop- reagents,”” making interpretation of the effect of CD200R1 on IL-
ulations (Figs. 4E-F). 23R expression problematic. Gut ILC3 are highly heterogeneous;
so, there may be differences in the expression of some of these
CD200R1-deficient ILC3s are transcriptomically very markers on a specific ILC3 subset. However, because the main
different from WT ILC3 subsets are in equal proportions in CD200R1KO and WT
To determine why ILC3s from CD200R1-deficient mice are less mice (Figs. 4B-D), this seems unlikely.
able to produce IL-17A, the cell surface phenotype was analyzed To determine how CD200R1 affects ILC3 function, ILC3s from
by flow cytometry. Skin ILC3s showed undetectable CD4, IL-23R, ~ WT (RORc eGFP) and CD200R1-deficient (CD200R1KO RORc
and ckit and had only low levels of CD25 and CD1d expression. eGFP) mice were sorted from small intestine (total ILC3s isolated,

Mucosal Immunology (2023) 16:167-179 www.elsevier.com
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Fig. 4 CD200R1KO mice do not lack any major subsets of ILC3s. A, The proportion and number of WT and CD200R1KO (KO) skin ILCs (CD45"
Lin® CD3” TCRB” y8TCR Thy1* CD127%) within each subset (ILC2, GATA3"; ILC3 RORyt"; non-ILC2/3, GATA3" RORyt). B, The proportion and
number of small intestinal lamina propria ILCs within each subset. C, The proportion of ILC3s in each subset in WT and CD200R1KO small
intestinal lamina propria. E and F, The proportion of ILC3s in each subset in WT and CD200R1KO skin. A data shown from two independent
experiments (n = 7-9). B-F data are representative of two independent experiments, B n = 3, D and F n = 4. FSC = fetal calf serum;
IL = interleukin; ILC = innate lymphoid cell; KO = knockout; NCR = natural cytotoxicity receptor; TCR = T cell receptor; WT = wild-type.

gating, and purity shown in Supplementary Fig. S3) and RNA
sequencing (RNASeq) was performed. Small intestinal cells were
used to provide a large enough cell population to be isolated.
ILC3s from CD200R1KO mice were found to have 3285 differen-
tially regulated genes, with 2252 of those upregulated, and 1033
downregulated relative to WT (Fig. 5C). Despite there being

www.elsevier.com

more upregulated than downregulated genes in the ILC3s from
CD200R1-deficient mice, there are less highly upregulated genes
(with a log, fold change of > 10) than there are highly downreg-
ulated genes (with a log, fold change < -10) (Fig. 5D). Pathway
analysis revealed many changes in ILC3s from CD200R1-
deficient mice, but the most highly enriched pathway was the
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nuclear factor-erythroid 2-related factor 2 (Nrf2)-mediated oxida-
tive stress response (Figs. 5E-F), which is known to protect
against oxidative stress and reduce reactive oxygen species pro-
duction but also inhibits type 17 T helper cell differentiation,
STAT3 activation, and innate immune cell activation.”®*” Indeed,
other pathways enriched in CD200R1KO ILC3s included STAT3
signaling, as well as others of potential interest, including trans-
forming growth factor-f signaling and embryonic stem cell
pluripotency (Figs. 5E-F). A small number of pathways were
downregulated in ILC3 from CD200R1KO mice, the most signifi-
cantly altered being interferon signaling (Figs. 5G—H). This may
reflect an inability to signal in response to interferons or a reduc-
tion in interferons in CD200RT1KO mice. Overall, these data sug-
gest that |ILC3s from CD200R1-deficient mice are
transcriptomically very different from WT and may have changes
in cytokine signaling pathways; however, because these data are
from global CD200R1-deficient mice, they do not distinguish
between a role for CD200R1 on the ILC3s themselves versus
CD200R1, affecting ILC3s through another cell type.

CD200R1 plays a cell-intrinsic role in promoting interleukin-
17A production by ILC3

In Fig. 3E, we showed that sorted CD200R1KO gut ILC3 are defi-
cient in IL-17A production, and in Fig. 3F, we showed that when
CD200R1KO skin cells were co-cultured with WT skin cells, the
CD200R1KO ILCs were deficient in IL-17A production, ruling
out the effects of CD200R1 deficiency on other cell types in
the cultures. This suggests that the effects of CD200R1 on IL-
17A production by ILC may be cell-intrinsic, but these data do
not exclude effects of CD200R1 on non-ILC influencing ILC activ-
ity long term. These findings only rule out the effect of CD200R1
being mediated by non-ILCs within the time frame of the exper-
iment (24 hours). Therefore, to determine if CD200R1 affects ILC3
activity in a cell-intrinsic or extrinsic manner, chimeric mice were
generated with a mixture of WT and CD200R1KO bone marrow,
and skin inflammation was induced. This revealed that
CD200R1KO ILCs are less able to produce IL-17A than WT ILCs
in the skin (Figs. 6A-C). The overall number of ILCs in skin is
unaffected by the genotype of the host mice or the genotype
of the bone marrow, from which the ILCs are derived. However,
the number of IL-17A-producing ILCs derived from CD200R1KO
bone marrow is reduced relative to those derived from WT bone
marrow in untreated WT and Aldara-treated CD200R1KO hosts
(Fig. 6C). Together, this shows that CD200R1 promotes IL-17 pro-
duction by skin ILC3s in a cell-intrinsic manner.

CD200R1 promotes IL-17 production by ILC3 through
enhancing STAT3 activation in response to IL-23

Because CD200R1KO ILC3s are less able to produce IL-17A in
response to IL-23 and detecting IL-23R using antibodies is

d

problematic,”® we investigated the /I-23r transcript level in our
RNAseq data. This showed that CD200R1KO ILC3 do not have
reduced /I-23r transcript levels (Fig. 6D). STAT3 is a crucial medi-
ator of IL-23 signaling, and the STAT3 signaling pathway was
found to be enriched in CD200R1KO ILC3 (Figs. 5E-F). This enrich-
ment in signaling components may suggest there is an enhanced
response to IL-23, or alternatively, it may reflect the cell compen-
sating for a deficiency in signaling. The RNAseq data were again
examined to determine if the Stat3 expression was affected by
CD200R1. Stat3 levels were also found to be independent of
CD200R1, but in contrast, the CD200R1-deficient ILC3s do have
reduced /-17a transcript levels as expected (Fig. 6D). Because
the IL-23R levels appear to be unchanged in the absence of
CD200R1 (Fig. 6D), we investigated signaling downstream of IL-
23R by examining the phosphorylation of STAT3 (pSTAT3). This
demonstrated that the proportion of pSTAT3-positive cells and
the level of pSTAT3 is reduced in CD200R1-deficient ILC3s
(Fig. 6E), showing that signaling in response to IL-23 is impaired
in the absence of CD200R1. The RNAseq data suggest that STAT3
signaling may be affected by CD200R1 (Figs. 5E-F), which coin-
cides with the reduction in pSTAT3 levels in stimulated ILC3s
(Fig. 6E). To understand this further, the expression of the compo-
nents of the IL-23R signaling pathway were determined in the
RNAseq data. On engagement of IL-23R, JAK2 and TYK2 become
activated and phosphorylate STAT3, allowing its dimerization
and translocation to the nucleus, where it can modulate tran-
scription of target genes.?® Jak2 expression was not affected by
CD200R1; however, Tyk2, which is also activated rapidly in
response to IL-23R engagement, was increased in CD200R1KO
ILC3s (Fig. 6F). TYK2 has been shown to negatively regulate
STAT3 activation,”® perhaps accounting for the reduced STAT3
phosphorylation observed in these cells. NRAS and RRAS mRNA
levels were also reduced in CD200R1KO ILC3s, again showing
that IL-23R signaling is reduced in the absence of CD200R1
(Fig. 6F) and providing an explanation for the reduced IL-17A pro-
duction in the absence of CD200R1.

DISCUSSION
Here, we show that CD200R1 promotes IL-17A production by
ILCs in a cell-intrinsic manner and through the promotion of
STAT3 phosphorylation. This is surprising because the CD200:
CD200R1 pathway has been shown to inhibit proinflammatory
cytokine production by myeloid cells***' and suppress a variety
of immune responses.” "> However, most studies examining the
role of CD200:CD200R1 signaling used exogenous ligand or
blocked CD200R1 using antibodies. Therefore, the role of this
pathway in ubiquitous knockout animals lacking CD200R1 in
all cells has not previously been fully addressed.

We recently examined psoriasis-like skin inflammation in
mice treated with a CD200R1 blocking antibody and found that

N

Fig. 5 CD200R1KO ILC3s are deficient at activating STAT3. WT and CD200R1KO (KO) ILC3s (CD45" Lin~ CD3" TCRR™ y6TCR Thy1* CD127*
RORyt") cell surface marker expression in A, dorsal skin; B, small intestinal lamina propria. C, RNAseq analysis of flow cytometrically sorted ILC3s
from WT (RORyt eGFP) and CD200R1KO (CD200R1KO RORyt eGFP) lamina propria. Log,fold change values are shown for all differentially
regulated genes. D, Volcano plot of the RNAseq data. E, Pathways predicted to be upregulated in KO ILC3 by pathway analysis of the RNAseq
data. F, Heat maps showing z scores for genes in pathways predicted to be enriched in KO ILC3. G, Pathways predicted to be reduced in KO
ILC3 by pathway analysis of the RNAseq data. H, Heat maps showing z scores for genes in pathways predicted to be downregulated in KO ILC3.
A, B. data are from two independent experiments n = 4-8. Data were analyzed by Student’s t test. GFP = green fluorescent protein;
IFN = interferon; IL = interleukin; ILC = innate lymphoid cell; KO = knockout; RNAseq = RNA sequencing; STAT3 = signal transducer and
activator of transcription 3; TCR = T-cell receptor; TGF-f3 = transforming growth factor-f3; WT = wild-type.
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neutrophil accumulation was increased, demonstrating that
CD200R1 limits neutrophil recruitment.'”” Here, we did not
observe effects on neutrophil recruitment in the IL-23 injection
model (data not shown) and only saw a slight decrease in neu-
trophils in the Aldara cream-induced psoriasis model. However,
neutrophil recruitment effects may be masked in CD200R1-
deficient mice due to compensation between the increase in
neutrophil recruitment and the reduction in IL-17A production.

Mucosal Immunology (2023) 16:167-179

Indeed, the skin thickening in response to psoriasis-like inflam-
mation was not changed in CD200R1-deficient mice despite
the reduction in IL-17A, which suggests that there may be an
increase in an alternative inflammatory response in these mice.
The fact that we did not observe a decrease in IL-17A production
when CD200R1 was blocked in an in vitro ILC3 activation model
using adult skin cells'” may suggest that CD200R1 promotes
IL-17A production through the effects on the development or

www.elsevier.com


http://

H. Linley, et al.

176

differentiation of ILC3s, or CD200R1 may be required over a
longer period to affect IL-17A production.

Other work has shown that mice genetically lacking the
ligand, CD200, have reduced suppression, including influenza
and mouse coronavirus infections,'***?* in an experimental
meningococcal septicemia model** and in experimental autoim-
mune encephalitis and collagen-induced arthritis models.*® This
suggests that endogenous CD200 does indeed inhibit diverse
immune responses, which is opposite to the effects that we
describe here for its receptor, CD200R1. However, recent papers
suggest that the CD200:CD200R1 signaling pathway may not act
as a straightforward ligand-receptor pair. The effect of exoge-
nous CD200 is not mirrored by the effect of agonistic antibodies
against CD200R1,%° suggesting that either the agonistic antibod-
ies do not activate CD200R1 in the same way as CD200 or that
CD200 has effects independent from CD200R1. Although there
exists CD200R-like proteins, which appear to have activating
functions and could account for differential effects of CD200,
these do not appear to be capable of CD200 binding®’** and
so probably do not account for these effects. Similarly, viruses
are known to express CD200 homologues, which are proposed
to allow viral evasion of the immune response’’; however, it
has been shown that some of these effects are independent
of CD200R1.*° This again suggests that CD200 has effects inde-
pendent of CD200R1. Conversely, in the gut, other ligands for
CD200R1 have been identified,*’ and it is not yet clear if these
ligands play similar or distinct roles to CD200. In support of
our finding here that CD200R1 can promote inflammation, a
recent report suggests that CD200R1 switches from being sup-
pressive to being stimulatory in the presence of IFN-a.** There-
fore, it is clear that we do not yet fully understand the
different roles played by CD200 versus CD200R1 and how these
effects are mediated. Gaining a better understanding of this
pathway is crucial, particularly as therapeutics are being devel-
oped to target this pathway for the treatment of cancers.*’

Although we have shown that CD200R1 promotes IL-17A
production by ILC3s in a cell-intrinsic manner and that
CD200R1 promotes STAT3 activation downstream of IL-23 stim-
ulation, we have not shown that the reduced STAT3 activation in
ILC3s in CD200R1KO mice is due to the lack of CD200R1 on the
ILC3s themselves. Therefore, we cannot rule out the possibility
that the effects of CD200R1 on STAT3 activation are mediated
by another cell type and CD200R1 on ILC3s affects IL-17A pro-
duction through another mechanism. One interesting finding
here is that CD200R1 promotes ILC3 IL-17A production in

d

response to PMA/ionomycin stimulation, which bypasses the
requirement for STAT3 activation. Although we do not yet
understand the mechanism by which CD200R1 acts, given the
large transcriptomic differences, it seems likely that CD200R1
deficiency dysregulates the signaling pathway components
more widely than just the STAT3 signaling pathway.

In Fig. 3, we show 20% of WT ILCs produce IL-17A in response
to PMA/ionomycin stimulation. In the bone marrow chimeras, a
similar proportion (15-20%) of the WT bone marrow-derived
cells produce IL-17A, whereas lower proportions of the surviving
host ILCs and the CD200R1KO bone marrow-derived ILCs pro-
duce IL-17A, indicating reduced activity. The CD200R1KO bone
marrow-derived ILCs are less able to produce IL-17A due to their
deficiency in CD200R1 because this is the only difference
between these cells and the WT bone marrow-derived ILCs.
The residual host ILC's reduced ability to produce IL-17A was
unexpected but may be due to radiation effects or the age of
the mice (at analysis, they were 20-25 weeks old). In contrast
to the idea that this is age-related, transcripts associated with
IL-17 signaling have been shown to be enriched with age in
ILCs.** High-dose localized irradiation has been shown to induce
IL-17 production by y& T cells and ILCs* rather than inhibit IL-
17A production; however, the differences in the radiation dose
and body site targeted may explain this difference. In the case
of targeted radiation, ILCs could be recruited from other skin
or body sites; in contrast, here, where whole body irradiation
was used, ILCs were depleted globally, thus host ILCs cannot
be recruited from other tissue sites. Therefore, it seems likely
that whole body irradiation is responsible for the reduced ability
of host ILC to produce IL-17A either by directly affecting ILC sub-
sets or activity, or indirectly through effects on other cell types.

Here, the IL-17 production capacity of ILC was investigated in
LNs, in addition to the skin. Clearly, the skin is the crucial tissue
to investigate when studying skin inflammation models, but it
has the disadvantage of requiring lengthy enzymatic digestion
procedures to allow the isolation of cells, which can impact on
the cell activity and phenotype. Conversely, isolating cells from
LNs is much more straightforward; however, the contribution
of lymph node derived IL-17 to skin inflammation is not well
understood. Evidence shows that there is very little trafficking
of ILCs from skin to the LN either in other inflammatory skin
models or under homeostatic conditions.’® However, the Aldara
model of psoriasis does involve systemic inflammation, includ-
ing the induction of IL-17 in secondary lymphoid organs.?® Also,
other inflammatory skin models have increased ILC numbers

N

Fig. 6 CD200R1 is required in a cell-intrinsic manner to promote IL-17A production by ILC3. A, Representative plots showing IL-17 production
by ILC in mixed bone marrow (WT and CD200R1KO) chimeric mice which were stimulated in culture with PMA and ionomycin. B-C, IL-17
production by skin ILC in mixed bone marrow (WT and CD200R1KO) chimeric mice. B, numbers and proportion of ILC and ILC3s producing IL-
17A in skin. In the bottom left bar chart, the background FMO value (1.81) was subtracted from each data point. Gray data points show data
less than 2x the background (FMO) which were set to zero. C, Flow cytometry showing the ILC subset producing IL-17. D, /I-23r, Stat3 and Il-17a
expression in gut WT or CD200R1KO ILC3 measured by RNAseq. E, Representative pSTAT3 staining in inguinal, axillary and brachial lymph
node ILCs either unstimulated, IL-23-stimulated WT ILCs or IL-23-stimulated CD200R1KO ILCs relative to the pSTAT3 FMO control. Gated on
ILCs. Lower numbers show the % of ILCs which are RORyt". Upper numbers show the proportion of ILC3s staining for pSTAT3. Bar charts show
the normalized % of ILC3s which are pSTAT3" and the median fluorescence intensity for pSTAT3 in ILC3s. F, Expression of components of the
IL-23R signaling pathway in gut WT or CD200R1KO ILC3 measured by RNAseq. B, E data are from two independent experiments. B n = 4-7, E
n = 4-6. B, C data were analyzed by two-way analysis of variance followed by a Bonferroni post hoc test. D, F data were analyzed by Student’s t
test. E data were analyzed by one-way analysis of variance followed by a Tukey’s post hoc test. BM = bone marrow; FMO = fluorescence minus
one; IL = interleukin; ILC = innate lymphoid cell; KO = knockout; RNAseq = RNA sequencing; pSTAT3 = phosphorylation of signal transducer
and activator of transcription 3; WT = wild-type.
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in skin draining lymph nodes due to increased proliferation and
recruitment from the circulation.’® Therefore, an increase in IL-
17A production in lymph nodes is likely to reflect ongoing
inflammation systemically and probably also cutaneously.

In conclusion, here, we show a crucial novel role for CD200R1
in promoting IL-17A production by ILC3s showing that CD200:
CD200R1 effects are more complex than just inhibiting immune
responses.

MATERIALS AND METHODS

Mice

All animal experiments were locally ethically approved and were
performed in accordance with the UK Home Office Animals (Sci-
entific Procedures) Act 1986. C57BL/6 mice were obtained from
Charles River Laboratories, Wilmington, MA, USA. CD200R1KO
mice™® (provided by Prof. Tracy Hussell), RORc eGFP?’ (provided
by Prof. Gerard Eberl), CD45.1*® (B.6SJL-Ptprca Pep3b/BoyJ)-Ly5.1
mice, provided by Prof. Andrew MacDonald), CD200R1KO
CDA45.1, and CD200R1KO RORc eGFP mice (generated by cross-
ing CD200R1KO with CD45.1 or RORc eGFP mice, respectively)
were bred and maintained in specific pathogen-free conditions
in house. Mice were 7-14 weeks old at the start of procedures,
unless otherwise stated.

Skin inflammation models

The mice were anesthetized and ear thickness was measured
daily using a digital micrometer (Mitutoyo UK, Andover, UK).
Redness and scaling were scored daily. For the IL-23 intradermal
injection model, the ears were injected intradermally with 1 pg
of IL-23 (eBioscience, Waltham, MA, USA) or phosphate-buffered
saline (PBS) daily for 5 consecutive days.'® For the Aldara cream
model,*° the ears were treated topically with 20 mg of Aldara
cream (Meda Pharmaceuticals, Bishops Stortford, UK) (contain-
ing imiquimod and isosteric acid) daily for 4 days.

Hematoxylin and eosin staining

Ear tissue was fixed in 10% neutral buffered formalin (Sigma
Aldrich, Gillingham, UK), then embedded in paraffin and cut to
5 um. Hematoxylin and eosin staining was carried out using
an automated Shandon Varistain V24-4 (Waltham, MA, USA).
Images were acquired using a 3D HISTECH Pannoramic-250
microscope slide-scanner (3D HISTECH, Budapest, Hungary).
Snapshots were taken with Case Viewer software (3D HISTECH,
Budapest, Hungary).

Cell isolation

Skin and LN

The ears were split in half and floated on 0.8% w/v trypsin
(Sigma Aldrich, Gillingham, UK) at 37°C for 30 minutes; then,
the epidermis was removed and both epidermis and dermis
were chopped and digested in 0.1 mg/ml (0.5 Wunch units/
ml) Liberase TM (Roche, Basel, Switzerland) at 37°C for 1 hour.
Subcutaneous fat was removed from dorsal skin before floating
on trypsin, as above. Tissue was chopped and digested with 1
mg/ml Dispase Il (Roche, Basel, Switzerland) at 37°C for 1 hour.
Digested skin tissue suspensions or inguinal, brachial, and axil-
lary lymph nodes were passed through 70-um cell strainers
(Starstedt, Numbrecht, Germany) and the cells were counted.

Small intestinal lamina propria cells

The cells were isolated, as detailed previously.*® Briefly, the small
intestines were excised and Peyer’s patches were removed.
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Intestines were sliced open, washed with PBS, cut into segments,
and shaken in Roswell Park Memorial Institute 1640 Media
(RPMI) with 3% fetal calf serum, 20 mM HEPES, and 1% penicillin
streptomycin (Sigma Aldrich, Gillingham, UK). The tissue was
transferred to prewarmed RPMI supplemented with 3% fetal calf
serum, 20 mM HEPES, 1% penicillin streptomycin, 2 mM
ethylenediaminetetraacetic acid (Fischer Scientific), and 14.5
mg/ml dithiothreitol (Sigma Aldrich, Gillingham, UK) and incu-
bated at 37°C for 20 minutes with agitation. The tissue was sha-
ken three times in prewarmed RPMI supplemented with 20 mM
HEPES, 1% penicillin streptomycin, and 2 mM ethylenedi-
aminetetraacetic acid and then was washed with PBS. Tissues
were minced, then digested with 0.1 mg/ml Liberase Ther-
molysin Low (TL) (Roche, Basel, Switzerland) and 0.5 mg/ml| DNa-
sel (Sigma Aldrich, Gillingham, UK) in RPMI for 30 minutes at 37°
C. Cell suspensions were passed through 70-um and 40-um cell
strainers (Starstedt, Numbrecht, Germany), then washed in com-
plete RPMI [RPMI supplemented with 10% heat inactivated FBS,
1% penicillin streptomycin solution, 2 mM L-glutamine, 1 mM
sodium pyruvate, 20 mM HEPES, 1X nonessential amino acid
solution, 25 nM 2-mercaptoethanol (Sigma Aldrich, Gillingham,
UK)1.

Bone marrow cells

Fibulas and tibias were removed, and bone marrow cells were
isolated using a needle and syringe and PBS. Red blood cells
were lysed using ammonium-chloride-potassium lysis buffer
(Lonza, Basel, Switzerland), and cells were washed and counted.

Flow cytometric analysis

Cells were incubated with 0.5 pg/ml anti-CD16/32 (2.4G2, BD
Bioscience, Franklin Lakes, NJ, USA) and near infrared dead cell
stain (Invitrogen, Waltham, MA, USA) before staining with fluo-
rescently labeled antibodies. Cells were fixed with Foxp3/tran-
scription factor buffer staining set (eBioscience, Waltham, MA,
USA) between 30 minutes and 16 hours at 4°C.

For cytokine analysis, 10 mM of Brefeldin A was added to cell
cultures for 4 hours before staining for the cell surface markers,
as described previously. After overnight fixation, cells were per-
meabilized with Foxp3/transcription factor buffer staining set
(eBioscience, Waltham, MA, USA) and were stained with intracel-
lular markers or cytokines. Cells were analyzed on a BD Fortessa
or LSR Il flow cytometer. Data were analyzed using FlowJo
(TreeStar, Ashland, OR, USA). Antibodies are detailed in Supple-
ment Table S1.

For pSTAT3 staining, inguinal, axillary, and brachial LN cells
were stained for surface markers, then stimulated with 100 ng/
ml of IL-23 (Biolegend, San Diego, CA, USA) for 15 minutes. Cells
were fixed with Phosflow Fix Buffer | (BD Biosciences, Franklin
Lakes, NJ, USA)) at 37°C for 10 minutes before permeabilization
at 4°C in Phosflow Perm Buffer Il (BD Biosciences, Franklin Lakes,
NJ, USA) for 30 minutes, staining with phycoerythrin-conjugated
PSTAT3 (pY705) (BD Bioscience clone 4/P-STAT3) at room tem-
perature for 30 minutes. Data were normalized to the mean
stimulated WT data.

ILCs were gated as live, single cell, CD45™, Lin™ (Ter119, F4/80,
CD11b, CD11¢, FceRla, Gr1, CD19), CD3’, T-cell receptor (TCR)B,,
TCRyS, CD90.2%, CD127".

In vitro innate lymphoid cell activation assay

Mouse dorsal skin cells were stimulated in culture with 40 ng/ml
IL-23 (Biolegend, San Diego, CA, USA) alone or in combination
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with 40 ng/ml of IL-13 (eBioscience, Waltham, MA, USA) over-
night. Supernatants were retained for cytokine analysis and cells
were cultured with 10 mM Brefeldin A (Sigma Aldrich, Gilling-
ham, UK) for 4-5 hours before staining for flow cytometric anal-
ysis. Alternatively, cells were stimulated with 50 ng/ml PMA and
500 ng/ml ionomycin (Sigma Aldrich, Gillingham, UK) and 10
mM Brefeldin A for 4 hours before staining for flow cytometric
analysis. Similarly, small intestinal lamina propria cells were stim-
ulated with 20 ng/ml IL- 23, IL-6, IL-2 (Biolegend, San Diego, CA,
USA), and IL-18 in the presence of 10 uM Brefeldin A for 2 hours
before PMA (50 ng/ml) and ionomycin (500 ng/ml) was added
for a further 3 hours.

For co-culture of WT and CD200R1KO cells, dorsal skin cells
were isolated and either the WT or CD200R1KO cells were
labeled with 10 uM eF450-conjugated cell proliferation dye
(eBioscience, Waltham, MA, USA) for 10 minutes in the dark at
37°C, then were washed and co-cultured with the unlabeled
cells.

Enzyme-linked immunosorbent assay

Levels of IL-17A, IL-10, IFN-y, and IL-25 were measured using
Ready-SET-Go! enzyme-linked immunosorbent assay kits (eBio-
science, Waltham, MA, USA), following the manufacturer’s
instructions. Data plotted are the mean of at least two technical
replicates for each individual sample.

Flow cytometric cell sorting

Cells were isolated from the small intestinal lamina propria and
labeled with fluorescent antibodies as detailed previously before
sorting on a BD FACSAria (BD Biosciences, Franklin Lakes, NJ,
USA) Cell Sorter to a typical purity of > 95%.

RNA sequencing

ILC3s [live, single cell, CD45%, Lin™ (Ter119, F4/80, CD11b, CD11c,
FceRla, Gr1, CD19), CD3,, TCRB™, TCRyS, CD90.2*, CD127, GFP*]
were sorted from RORc eGFP (WT) and CD200R1KO RORc eGFP
(KO) small intestinal lamina propria, keeping cells from each
mouse separate. RNA was isolated using the RNeasy Micro kit
(QIAGEN, Hilden, Germany), following the manufacturer’s
instructions. Contaminating genomic DNA was removed using
gDNA eliminator columns. The quality and integrity of the RNA
samples were assessed using a 2200 TapeStation (Agilent Tech-
nologies, Cheadle, UK), and libraries were generated using the
TruSeq® stranded mRNA assay (lllumina, Inc.,, California, USA),
according to the manufacturer’'s protocol before sequencing
with an lllumina HiSeq 4000 instrument. The output data were
demultiplexed (allowing one mismatch) and BCL-to-Fastq con-
version was performed using lllumina’s bcl2fastq software, ver-
sion 2.17.1.14. Reads were quality trimmed using
Trimmomatic_0.36 (PMID: 24695404), then mapped against the
reference  mouse genome, version mm10/GRCm38 using
STAR_2.4.2 (PMID: 23104886). Counts per gene were calculated
with HTSeq_0.6.1 (PMID:25260700) using annotation from GEN-
CODE M12 (http://www.gencodegenes.org/). Normalization and
differential expression were calculated with DESeq2_1.12.3
(PMID:25516281) and edgeR_3.12.1 (PMID:19910308). Ingenuity
Pathways Analysis (QIAGEN, Hilden, Germany) was used to
determine differentially regulated pathways.

Generating bone marrow chimeric mice

Male WT (C57BL/6) and CD200R1KO mice (both CD45.2) were
exposed to a split dose of 10.5-11 Gy irradiation. Bone marrow
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was isolated from male WT (CD45.1 or CD45.1 x C57BL/6 F1)
and CD200R1KO (either CD45.1 or CD45.1 x CD200R1KO F1)
mice and donor T cells were removed using CD90.2 microbeads
and LS MACS columns (Miltenyi Biotech, Bergisch Gladbach, Ger-
many). Cells were counted and mixed at a 1 : 1 ratio before
being adaptively transferred intravenously into the irradiated
hosts. A total of 10-12 weeks after reconstitution, skin inflamma-
tion was induced by topical Aldara cream application daily (as
described previously) for 6 days. A day after the final treatment,
the mice were euthanized, and the cells analyzed by flow cytom-
etry after stimulation with PMA and ionomycin to ensure cyto-
kine production was detectable.

Statistics
Data were analyzed for normality using the Shapiro-Wilk test.
When comparing two independent groups, a Student’s t test
(for normally distributed data) was used. For three or more
groups, data were analyzed by one-way analysis of variance
(as normally distributed), or to determine the effects of two inde-
pendent variables on multiple groups, a two-way analysis of vari-
ance was used, followed by a Bonferroni post hoc test. All
statistical tests were performed using Prism Software (v8.4.2,
GraphPad Software Inc., La Jolla, CA USA). A p value < 0.05
was considered significant. Error bars show standard deviation.
All experiments were performed at least twice (except for the
RNAseq analysis), with at least three independent samples per
group. Each data point represents an individual animal.
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