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Introduction

Epithelia are constantly exposed to environmental carcinogens
and as such epithelial cancers, carcinomas, are the commonest
adult malignancies and cancer-associated mortality. The trans-
formation of epithelial tissues, carcinogenesis, is often a multistep
process arising over many years, during which the cancer evolves
to evade the immune system through immune editing (1).

As the largest organ, skin frequently develops cancers and in
many countries skin cancer incidence eclipses the sum total of all
other cancer types (2, 3). The 3 common skin cancer types account
for over 95% of all skin cancers: malignant melanoma (MM),
squamous cell carcinoma (SCC), and basal cell carcinoma (BCC).
A hallmark of skin cancers is their high mutational burden
and UV light mutational signature, as recently highlighted by
genomic sequencing (4, 5). Although multiple driver mutations are
necessary during SCC carcinogenesis, driver mutations that acti-
vate the MAPK and hedgehog growth factor pathways appear suffi-
cient to promote MM and BCC, respectively (6, 7). Hence, targeted
therapies for both MM and BCC that block the MAPK and hedge-
hog pathways have been developed and licensed, which greatly
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The basis of immune evasion, a hallmark of cancer, can differ even when cancers arise from one cell type such as in the human
skin keratinocyte carcinomas: basal and squamous cell carcinoma. Here we showed that the basal cell carcinoma tumor-
initiating cell surface protein CD200, through ectodomain shedding, was responsible for the near absence of NK cells within
the basal cell carcinoma tumor microenvironment. In situ, CD200 underwent ectodomain shedding by metalloproteinases
MMP3 and MMP11, which released biologically active soluble CD200 into the basal cell carcinoma microenvironment. CD200
bound its cognate receptor on NK cells to suppress MAPK pathway signaling that in turn blocked indirect (IFN-y release)
and direct cell killing. In addition, reduced ERK phosphorylation relinquished negative regulation of PPARy-regulated gene
transcription and led to membrane accumulation of the Fas/FADD death receptor and its ligand, FasL, which resulted in
activation-induced apoptosis. Blocking CD200 inhibition of MAPK or PPARY signaling restored NK cell survival and tumor
cell killing, with relevance to many cancer types. Our results thus uncover a paradigm for CD200 as a potentially novel and
targetable NK cell-specific immune checkpoint, which is responsible for NK cell-associated poor outcomes in many cancers.

reduce the tumor burden but are rarely curative (8-12). In addition,
characterization of immune evasion mechanisms in skin cancer
has led to the identification of targetable immune checkpoints that
are used to treat many cancer types, but with greatest success in
MM and Merkel-cell carcinoma (13-15). Intriguingly, the 2 kerat-
inocyte-derived carcinomas, SCC and BCC, have responded less
favorably to both programmed death receptor 1 (PD-1) and cytotox-
ic T lymphocyte-associated protein 4 (CTLA-4) immune pathway
checkpoint inhibition, despite their high mutational load, implying
alternative mechanisms for immune evasion.

SCC has clinical and molecular hallmarks suggesting suscep-
tibility to systemic immune therapy, including greater incidence
among immunosuppressed transplant recipients, aging, UV light
exposure, and high mutational burden (16-18). Indeed, an effec-
tive immune response is critical to control both SCC development
and progression (19). The SCC tumor microenvironment (TME) is
commonly associated with T cell infiltrates, which are overrepre-
sented by central memory T cells that do not exhibit tumor-spe-
cific T cell receptor rearrangement (20). Moreover, approximately
50% are FOXP3" regulatory T (Treg) cells that express interleukin
10 (IL-10) and transforming growth factor p (TGF-B) and reduced
interferon y (IFN-y). Consistent with an abundance of Tregs, 85%
of SCCs express the CTLA-4 ligand B7-H3, and clinical trials
(ClinicalTrials.gov NCT04620200) with the CTLA-4 immune
checkpoint inhibitor ipilimumab are ongoing (21). T cell activation
is also regulated by PD-1 and is mediated by the interaction with
its ligands, PD-L1 and PD-L2, with PD-L1 expression observed in
25% to 55% of primary human SCC cases and increasing to 70%
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in those associated with metastasis (21, 22). It has been shown that
25% and 50% of SCC patients with advanced locally unresectable
or metastatic SCC respond to PD-1 immune checkpoint inhibitors
pembrolizumab and cemiplimab, respectively (23, 24).

As with SCC, multiple lines of evidence point to the ability of
the host immune system to eradicate BCC. The incidence of BCC
is greater among immunosuppressed individuals, while cessation
of immunosuppressive therapy in transplant recipients can reduce
BCC occurrence (25-27). The BCC TME contains substantial num-
bers of tumor-infiltrating inflammatory cells (CD45"), represent-
ing 13.81% + 10.84% (n = 21) of all cells (28). The BCC immune
response consists of mainly T cells; both CD4* and CD8* T cells
are present in the peritumoral infiltrate in BCC with a CD4'/CD8*
cell ratio of 2:1 (29). Most T cells also express the activation mark-
ers IL-2 receptor (CD25), CD45RO0, and the transferrin receptor.
BCC keratinocytes release the chemokine CCL22 to directly recruit
Tregs that express the cognate receptor CCR4 (30). Relative to the
surrounding normal skin, BCC tumor tissues contain significantly
greater numbers of Tregs, greater than 25% of tumor-associated
CD4" T cells, similar to many cancers, including human SCC (30).
Treg- and BCC keratinocyte-derived IL-10 and TGF- released into
the TME attenuates dendritic cell (DC) and T cell effector responses
(31). IL-10 and the relative lack of IFN-y, TNF-q, IL-2, and IL-12 in
the BCC TME also hinders NK cell recruitment (29, 32). In 20% of
BCC, the antitumor immune infiltrate is sufficient to promote his-
tological regression (33). Local immune stimulation by application
of immunogens, including licensed treatment with the TLR-7 and
-8 agonist imiquimod, or cytokine injection facilitates tumor rejec-
tion (34-36). PD-L1 expression is observed in 22%-90% of prima-
ry human BCC cases, but in locally advanced or metastatic cases,
PD-L1 expression was not enhanced (37-39). Although there are
a number of trials ongoing, a proof-of-principal open-label study
involving 16 cases of advanced BCC treated with pembrolizumab
demonstrated an overall response rate of 38% (39).

To understand the basis for skin cancer immune evasion it is
also important to consider the role of tumor-initiating cancer stem
cells in skin cancer growth, which has been established for SCC and
BCC but remains controversial in MM (28, 40-43). Consistent with
the hierarchical growth pattern of epithelial tissues, including the
skin (44-47), our group has identified small tumor-initiating cell
subpopulations in both keratinocyte carcinomas using a classical in
vivo approach (28, 40). Having established a robust in vivo model,
we determined that within CD133* SCC cells the tumor-initiating
capacity was 1 cell per 400 cells, which represented approximately
1% of the tumor cells, compared with unsorted SCC cells which was
1cell per 1x10° cells (40). Consistent with a hair follicle adult tissue
stem cell of origin, 1% to 3% of BCC cells expressed CD200 (0X-2),
which demonstrates a 1500-fold tumor-initiating-cell enrichment
compared with unsorted cells (28). CD200 is a 45 kDa transmem-
brane immunoregulatory protein of 278 amino acids (aa), which
includes a 30 aa signal sequence, a 202 aa extracellular domain, a
27 aa transmembrane segment, and a 19 aa cytoplasmic domain
(48, 49). It is highly conserved between species, with mouse and rat
CD200 exhibiting 76% homology, even though it is widely but not
ubiquitously expressed, underpinning its importance. Its receptor,
CD200R,isrestricted to both innate and acquired immune cells and
upon receptor-ligand contact initiates a unidirectional inhibitory
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signal (50). Thus, the broad tissue distribution of CD200 and the
immunologically restricted expression of CD200R are consistent
with CD200 possessing an immunoregulatory function. Hence, for
keratinocyte carcinoma, it can be hypothesized that immune eva-
sion is paramount for tumor-initiating-cell survival in order to sus-
tain tumor growth despite their differences. Herein, we have sought
to compare keratinocyte TME immune cell profiles to elucidate
potentially novel cancer immune evasion mechanisms.

Results
Characterization of the BCC TME. The high mutational burden
exhibited by keratinocyte carcinomas renders them susceptible to
continuous immune editing. As expected, immune cells express-
ing the common leucocyte antigen (CD45) were prevalent within
the BCC (13.11% + 2.88% [n =14]) and SCC (14.42% +1.73% ([n =
26]) TME (Figure 1A), consistent with antitumor immunity (Figure
1B). Within the tumor and surrounding tissue, antigen-presenting
cells were evident, including Langerhans cells (CD207*HLA-DR")
(BCC, 19.08% * 2.83% [n =11] and SCC, 7.85% * 0.69% [n = 5]),
but less than in normal skin (32.22% * 6.89% [n = 5]). CD123"H-
LA-DR* plasmacytoid DCs (pDCs) were more prevalent in BCC
than SCC and normal skin: BCC (23.04% + 5.24% [n = 8]), SCC
(6.07% *+ 6.07% [n = 3]), and normal skin (0.00% + 0.00% [n =
4]). These pDCs expressed the lymph node-homing chemokine
receptor CCR7 (data not shown), which was not evident in normal
skin, consistent with ongoing tumor-antigen presentation.
Consistent with skin tumor immunity, cytotoxic T lymphocyte
(CD8'HLA-DR’) frequency was greater in BCC (36.23% + 6.22%
[n = 8]) than that in SCC (20.16% + 1.70% [P < 0.01, n = 14]) and
normal skin (20.14% * 2.17% [P < 0.05, n = 7]). Likewise, T helper
cell (CD4"HLA-DR") frequency was also greater in BCC (40.68%
+5.05% [n = 8]) than in SCC (33.96% * 3.25% [n = 13]) and normal
skin (26.30% +5.23% [n =5]). Skin-resident macrophages (CD14"H-
LA-DR*) were greater in BCC (42.54% + 8.83% [n = 6]) than normal
skin (20.94% +2.10% [P < 0.05, n =5]), but were also evident with-
in SCC (37.75% + 4.50% [n = 13]). In stark contrast, there was near
absence of NK cells (CD56"HLA-DR") in BCC (1.53% +1.00% [n =
7]) compared with SCC (22.21% + 9.80% [P < 0.01, n = 6]) and nor-
mal skin (8.17% + 2.55% [P < 0.05, n = 4]). Flow cytometric analysis
of dissociated primary BCC from differing body sites confirmed
near absence of NK cells within the BCC microenvironment (0.56%
+0.34% [n =7]), even though normal NK cell numbers were found
to be present in matched patient blood samples (14.54% + 2.31% [P
< 0.01, n = 18]) (Figure 1C). In summary, the BCC TME uniformly
demonstrated a selective absence of tumor-infiltrating NK cells.
CD200 expression blocks NK cell killing activity. In acute
myeloid leukemia, CD200 expression led to impaired NK cell kill-
ing. We therefore sought to determine whether CD200 expression
on epithelial cells could also mediate this NK cell immune evasion.
Since CD200R is expressed on a restricted population of NK cells,
we first identified NK cell lines that expressed CD200R (NK92MI,
herein referred to as NK'®%) and CD200R negative (NKL, herein
referred to as NKM) (Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI150750DS1). Incubation with CD200 peptide led to a 4-fold
reduction in p-ERK1/2 levels, consistent with CD200 signaling
through activation of the MAPK pathway and as an indicator of
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Figure 1. Characterization of skin tumor immune responses. (A) Frequency of immune cells (CD45*) in primary human BCC (n = 14) and SCC (n = 26)
determined by flow cytometric analysis. (B) Determination of individual immune cell populations within normal skin (NS), SCC, and BCC by immunofluo-
rescent labeling with antibodies against CD207 (Langerhans cells), CD123 (plasmacytoid dendritic cells, pDCs), CD8 (cytotoxic T lymphocytes), CD4 (helper
T lymphocytes), CD14 (macrophages), and CD56 (NK cells). (C) Flow cytometric determination of NK cell frequency in primary human BCC tumor (n = 18)
and matched patient PBMCs (n = 7). Data show mean + SEM. All scale bars: 100 um. The 2-tailed Student’s t test was used to determine the difference
between BCC and SCC and between BCC and PBMC. One-way ANOVA was used to determine the difference between BCC, SCC, and NS. Data are presented
as mean * SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 2. CD200 blocks NK cell killing. (A) NK"*> and NK"E¢ cells were stimulated with a CD200 peptide (4 ug/10° cells) for 30 minutes and 1 hour and acti-
vation of ERK was detected by immunoblotting whole-cell lysates for phosphorylated ERK1and 2 relative to GAPDH. (B) Live cell flow cytometric analysis
of HeLa cells transduced with a bicistronic GFP plasmid with and without CD200 lentivirus construct. (C) Time-lapse quantification of viable GFP-HeLa
(target cell) cells in coculture with NKP (effector) cells at an E:T ratio of 5:1(n = 3) over 20 hours; a significant difference was observed after 6 hours (P <
0.01). (D) Addition of a CD200-blocking antibody to HeLaP-NKP°s cocultures restored HeLa cell killing compared with untreated cells after 6 hours (P <
0.01, n = 3). (E) Coculture in 24-well plate at an E:T ratio of 2:1 (3 replicates), in which adherent viable cells were stained and quantified over 1to 4 hours,
with and without CD200 peptide or CD200-blocking antibody, as shown in bottom panels. Data are presented as mean + SD of 3 independent experiments.

*P < 0.05; ***P < 0.001 by 2-tailed Student’s t test.

NK cell activation, in NK*S but not NKNE€ cells, within 60 min-
utes (Figure 2A). Furthermore, when human CD200 peptide was
incubated with CD200R-positive murine neuronal cells there was
also a reduction in p-ERK1/2 levels relative to total ERK, since the
extracellular portion of human and mouse CD200R share 86%
amino acid sequence homology (48) (Supplemental Figure 1, B
and C). Hence, the membrane-bound CD200 and CD200 peptide
similarly led to a reduction in MAPK signaling within NKF°S cells.
To determine whether CD200 expression on epithelial tumor
cells could block NK cell killing activity, we transduced the
cervical keratinocyte cancer cell line HeLa, which does not normal-
ly express CD200, with a bicistronic GFP plasmid with and without
CD200 (hereafter called HeLa"™® and HeLa tS, respectively) and
confirmed cell membrane expression by flow cytometry (Figure 2B).
In an Incucyte time-lapse coculture assay (with NK*°S cells), which

enumerated individual transduced HeLa cells through GFP flu-
orescence levels, we observed a consistently greater reduction in
HeLa ¢ compared with HeLa"® cell numbers (P < 0.05; Figure 2C
and Supplemental Video 1). The findings were similar when NK"®S
cells were cocultured with the cutaneous keratinocyte cell line
HaCaT transduced with a bicistronic GFP plasmid with and without
CD200 (n = 4; Supplemental Figure 1D). However, killing could be
restored in CD200-expressing HaCaT cells if cultured with NKFOS
cells pretreated with CD200R shRNA (Supplemental Figure 1E),
confirming that NK activity was dependent on CD200 ligand-recep-
tor interaction. Increasing the ratio of NK*°S cells to transduced HeLa
cells led to greater killing, but HeLaf® cells consistently demon-
strated less cell death (Supplemental Figure 1F). However, HeLa®®
killing by NKFS cells was reversed by addition of a CD200-block-
ing antibody (P < 0.05; Figure 2D). Reproducibly, 4 hours after
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coculture with NK™S cells, we observed a significant reduction in
HeLa™* confluence compared with baseline (P < 0.01) and com-
pared with HeLa® (P < 0.01; Figure 2E and Supplemental Figure 2A).
Addition of CD200 peptide to HeLa"*¢ and NK"S coculture reduced
killing (P < 0.05), while addition of CD200-blocking antibody to
HeLa’® and NKS coculture led to increased killing (P < 0.05). Thus,
epithelial tumor cell CD200 expression hindered NK cell killing.

To understand how CD200 expression blocked NK cell kill-
ing, we next assessed the effect of CD200 on NK"* cells to deter-
mine release of cytotoxic granules, chemokines, and cytokines. The
release of cytotoxic granules, including granzymes and perforins,
is associated with degranulation-related cell surface expression of
the lysosomal membrane protein Lampl (CD107a) (32). Flow cyto-
metric analysis of NK"S cells stimulated with PMA/ionomycin and
treated with monensin led to a 3-fold increase in CD107a expression
compared with baseline (P < 0.001; Supplemental Figure 2, B and
C). Similarly, coculture of NK*°S cells together with either HeLa“:c
or HeLa"s cells also led to increased intracellular p-ERK and cell
surface CD107a expression over baseline, more so in HeLa ¢ than
HeLal®s cells (P < 0.0001; Supplemental Figure 2D and Figure 3A).
To effect killing, NK cells also release both chemokines and cyto-
kines, notably CCL4 and IFN-y (51). HeLa"®s and HeLa ™ cells were
coincubated as before with NK"S cells and the supernatant was ana-
lyzed for CCL4 by ELISA. CCL4 levels in supernatant were lower in
HeLa®s compared with HeLa¢ cocultures at effector/target (E:T)
ratios of 1:1 (P < 0.01) and 2:1 (P < 0.05) (n = 4; Figure 3B). Addition of
the CD200-blocking antibody to the HeLa™® and NK"S cell cocul-
ture led to a 2-fold increase in CCL4 secretion, reaching significance
ata2:1ratio (P < 0.05; Figure 3C). HeLa® or HeLa“®¢ and NK"°S cell
coculture IFN-y release was assessed by ELISpot assay with an E:T
ratio of 1:10 to ensure individual spots could be enumerated. There
was a significant increase in IFN-y secretion within the HeLa“E¢-NK-
PO coculture when compared with the HeLa?*S-NK'®S coculture (P
< 0.05; Figure 3D). HeLa®-NK"®® coculture IFN-y secretion was
similar to that of NK"S cells alone but increased significantly when
CD200-blocking antibody was added to the coculture (P < 0.05).
HeLaNES-NKPOS cell coculture IFN-y secretion levels were reduced in
the presence of CD200 peptide, although this did not reach signif-
icance (Figure 3D) compared with the significant increase in IFN-y
secretion levels following addition of IL-12 (P < 0.01; Figure 3D). In
conclusion, CD200 signaling led to a reduction in NK cell activation,
degranulation, and chemokine and cytokine release.

Since human CD200 peptide induced murine CD200R signal-
ing, we were able to determine the effect of CD200 expression on the
inflammatory infiltrate within grafted tumor cells. HeLa cells grow
rapidly and reproducibly to form tumors when implanted into nude
mice, which retain NK cells. We grafted 1 x 10° HeLa*S or HeLa"*¢
cellsinto the flank of nude mice (n = 5/cell type) and after only 5 days,
as expected, we observed no difference in tumor volume (data not
shown). Quantification of H&E-stained sections showed that HeL-
aNES compared with HeLa"®® tumors demonstrated reduced number
(cellularity) of tumor cells (1,240 +90.99 vs. 1,952 + 114.80 per mm?
of tissue; P < 0.001), with a greater ratio of necrotic to normal tumor
area (0.36 + 0.07 vs. 0.14 + 0.04; P < 0.05), and greater immune cell
infiltrate (1,551 + 128.60 vs. 1,180 + 77.39 per mm? of tissue; P < 0.05)
(Figure 3E). In vivo, HeLa"®s but not HeLa*® tumors demonstrated
CD200 expression (Supplemental Figure 3). Tumor sections labeled
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with anti-mouse NKI.1 antibody demonstrated reduced NK cell
infiltrate surrounding HeLa"®s tumors when compared with HeLa“®¢
tumors (1,024 + 239.80 vs. 2,085 * 251.90 NK cells/mm? of tumor
tissue, respectively; P < 0.05; Figure 3F and Supplemental Figure
3, A and B). Furthermore, the percentage of NK1.1 cells positive for
cleaved caspase 3 was higher in HeLa"®S tumors when compared with
HeLa™E® tumors (P < 0.05; Figure 3F). The findings were similar when
the human cutaneous BCC cell line, UWBCCI, transduced with a
bicistronic GFP plasmid with and without CD200 (UWBCC1*° and
UWBCCIMES, respectively), was xenografted (n = 10; Supplemental
Figure 3C). Thus, keratinocyte carcinoma CD200 expression, wheth-
er in cervical carcinoma or BCC, promotes tumor growth.

We next determined whether blocking CD200 signaling facil-
itates NK cell-mediated BCC Kkilling. Similar numbers of human
BCC colonies were established in primary culture (n = 3 differ-
ent tumors) in triplicate over a period of 2 weeks using a method
previously published by our lab (28). Enumerated colonies were
then coincubated with NK"° cells alone or together with either
a CD200-blocking antibody or an isotype antibody control for 4
hours. There was a small reduction in colonies after the addition
of NKFS cells with the isotype, but this did not reach significance.
However, there was a 50% reduction in colony numbers following
coincubation with NKS cells that were simultaneously treated with
the CD200-blocking antibody (P < 0.05; Figure 3G). In conclusion,
NK cells could kill BCC cells upon blocking CD200 signaling.

CD200 induced NK cell apoptosis. While using the Incucyte
time-lapse caspase 3 coculture assay, we also observed NK'S cell
apoptosis during 24 hours of coculturing with HeLa"$ compared
with HeLa¥EC cells (Supplemental Video 2). To determine whether
CD200 could indeed sufficiently cause NK cell apoptosis to account
for their absence within the BCC TME, NK"°S cells were incubated
with CD200 peptide in an Incucyte caspase 3 assay (Figure 4A). We
observed NKFS cell apoptosis after 4 hours of incubation with the
CD200 peptide in the caspase 3 assay, with a significant difference
after 11 hours compared with untreated cells (P < 0.05; Figure 4A).
When incubating NKP®S cells with and without CD200 peptide,
there was a reduction in cell numbers relative to untreated cells after
4 hours that reached significance after 8 hours, resulting in 18.8% *
3.93% NK'S cell death at 24 hours (P < 0.01; Figure 4B). Cell pro-
tein lysates taken at various time points from NK"S and NK" ¢ cells
treated with CD200 peptide were probed for poly(ADP-ribose)
polymerase (PARP), as an early indicator of apoptosis. We observed
a progressive increase in cleaved PARP levels after 4 hours with
NK?S cells (Figure 4C), similar in timing to the increase in cell death
observed by the functional assays. However, there was no increase
in PARP observed with NKYE€ cells (Supplemental Figure 4). These
findings suggest that in addition to providing an inhibitory signal,
CD200 also triggered NK cell apoptosis.

To define the mechanism for CD200-mediated NK cell apop-
tosis we performed a time-series Western blot analysis for cleaved
caspase 8 (extrinsic apoptotic pathway) and caspase 9 (intrinsic
apoptotic pathway) on lysates extracted from NK'S and NKNEC
cells incubated with CD200 peptide (Figure 4C). We observed an
increase in the cleavage of caspase 8 from as early as 2 hours, which
continued throughout the time course (P < 0.01), but we observed
no change in cleaved caspase 9. There was no increase in cleaved
caspase 8 or 9 within NKMEC cells (Supplemental Figure 4). As a
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Figure 3. CD200 blocks NK cell activation, degranulation, and cytokine release. (A) Flow cytometric analysis histogram of CD107a expression levels
on CD56* NKP°s cells cocultured with HeLaP s or HeLaNt¢ at an E:T ratio of 5:1for 4 hours. (B and €) CCL4 ELISA of culture supernatant from NKP®S cells
cocultured with HeLa s or HeLa“®¢ at an E:T ratio of 1:1and 2:1 for 4 hours (B), and together with CD200-blocking antibody (C). (D) ELISpot IFN-y deter-
mination from NK®% cells cocultured with HeLa®® or HeLa"“t® at an E:T ratio of 1:10 for 4 hours, together with either CD200 peptide or CD200-blocking
antibody. (E and F) Day 5 tumors from nude mice were grafted with 1 x 10° HeLa"® or HeLa“¢ (n = 5 each). Histological analysis of tumor cellularity,

;

necrosis and inflammatory cell infiltration (E), and paraffin-embedded sections labeled with anti-NK1.1, anti-cleaved caspase 3, and anti-CD200R anti-
bodies by immunohistochemistry to determine NK cell infiltrate, using spleen sections as positive control, and frequency of cleaved caspase 3-positive
and CD200R-positive cells (F). Asterisks show necrotic tissue area. (G) BCC colonies were established in primary culture (n = 3) over a period of 2 weeks
using an irradiated NIH/3T3 mouse fibroblast layer. Colonies were coincubated with NK® cells and treated with either a CD200-blocking antibody or an
isotype antibody control for 4 hours and then enumerated. Data are presented as mean + SD of 3 independent experiments. *P < 0.05; **P < 0.07;
***p < 0.001; ****P < 0.0001 by 2-tailed Student’s t test (A-D) or 2-way ANOVA with Bonferroni's post hoc test (E-G).
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positive control with fluoromethyl ketone-derivatized (FMK-deri-
vatized) peptide Z-VAD-FMK, a cell membrane-permeant irre-
versible pan-caspase inhibitor without cytotoxicity, we observed
reduced cleavage of PARP and caspase 8 (Figure 4D). Also, selec-
tive inhibition of caspase 8 with the Z-IETD-FMK inhibitor reduced
the CD200-mediated cleavage of both PARP and caspase 8 within
NKP"®S cells. However, inhibition of caspase 9 with the Z-LEHD-FMK
inhibitor did not reduce the cleavage of PARP or caspase 8. These
results suggest that the caspase 8-mediated extrinsic pathway was
involved in CD200-mediated NKS cell apoptosis.

As CD200-mediated apoptosis relied on the extrinsic pathway,
with a time delay of 4 hours before apoptosis, we therefore hypoth-
esized that apoptosis was mediated by a transcriptional event
and thus we undertook transcriptomic analysis of 16,192 genes
from untreated and 2- and 4-hour CD200 peptide-treated NK"°S
cells (n = 3 replicates per condition). We chose 2- and 4-hour time
points, even though apoptosis was evident later between 4 and 6
hours, to detect early transcriptional events and avoid the DNA
damage response. Unbiased hierarchical clustering segregated
the differentially expressed genes into 3 groups based on the dura-
tion of CD200 exposure (Supplemental Figure 5A). Gene Ontolo-
gy apoptosis terms (http://geneontology.org/) were enriched at 2
hours (0043653: mitochondrial fragmentation involved in apop-
tosis process, 0042771: intrinsic apoptotic signaling pathway in
response to DNA damage by p53 class mediator, and 0043523:
positive regulation of apoptotic process; all P < 0.05) and 4 hours
(1900118: negative regulation of execution phase of apoptosis,
and 1900117: regulation of execution phase of apoptosis; both P <
0.01). At 4 hours, WikiPathways (https://www.wikipathways.org/
index.php/WikiPathways) identified the term WP254: Apoptosis
(P < 0.01) and Fas ligand (FasL) pathway and stress induction of
heat shock protein (HSP) regulation as enriched (Supplemental
Figure 5B). Gene set enrichment analysis (GSEA; Broad Institute,
https://www.gsea-msigdb.org/gsea/index.jsp) identified the Gene
Ontology term “regulation of extrinsic apoptosis signaling pathway
via death domain receptors” (GO: 1902041) within both the 2- and
4-hour samples, with 39 of the 58 genes within the gene set shown
to be enriched (enrichment score [ES] = 0.26, P = 0.374 and ES =
0.36, P = 0.063, respectively) (Figure 4E). Direct analysis of the 58
genes within the gene set GO: 1902041 demonstrated consistent
increased expression of genes associated with the Fas apoptotic
pathway (FasL, Fas, and FADD) at both 2- and 4-hour time points
(Supplemental Figure 5C). This is consistent with the WikiPath-
ways term WP254: Apoptosis and FasL pathway and stress induc-
tion of HSP regulation (Supplemental Figure 5B) and BioCarta
(https://www.gsea-msigdb.org/gsea/msigdb/human/genesets.
jsp?collection=CP:BIOCARTA) Fas pathway (Supplemental Figure
5D). However, only genes associated with the Fas death receptor
signaling pathway members were concordantly enriched. Since
these early time points may be responsible for the muted ESs, we
sought to confirm enrichment of the FasL/Fas pathway by qPCR
and immunoblotting. Upregulation of FasL, Fas, and FADD genes
was observed after both 2- and 4-hour treatments when compared
with untreated NK'S cells (Figure 4, F and G). As FasL can be
membrane bound or secreted, we undertook an ELISA of culture
supernatants from NK"* cells treated with CD200 peptide. There
was no discernible increase in soluble FasL within the cell culture
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supernatant (Supplemental Figure 5E), suggesting that NK cell
apoptosis predominated through cell-membrane-bound cell-cell
interactions (fratricide). Blocking FasL-Fas interactions with an
anti-Fas monoclonal antibody (clone ZB4) by addition to culture
of NK' cells treated with CD200 peptide prevented cleavage
of PARP and caspase 8 (Figure 4H). Hence, CD200 signaling-
induced apoptosis of the NK"°S cells was mediated by overexpres-
sion of Fas death receptor pathway members.

Intriguingly, WikiPathways analysis of our data set also iden-
tified WP2456: HIF1A and PPARG regulation of glycolysis and
WP1946: Cori cycle gene set enrichment (P < 0.01) (Supplemental
Figure 5B). We also observed enrichment of the KEGG (https://
www.genome.jp/kegg/pathway.html) PPAR signaling pathway
(ES = 0.46, P < 0.05; Supplemental Figure 5F). When assessing
the expression of experimentally verified PPAR target genes from
the 3 PPAR isoforms (52), we found that the PPARy target genes
demonstrated concordant gene expression in our data set (Supple-
mental Figure 5G). Moreover, FasL-mediated apoptosis regulated
by PPARy has previously been described (53). Therefore, as the
MAPK pathway negatively regulates PPARy-regulated transcrip-
tion, we next hypothesized that CD200 signal transduction led to
an increase in PPARy-regulated gene transcription, including FasL
gene expression (53). To determine whether CD200 signaling
induced within the human NKF©S cell line has human physiological
relevance, we next sought to determine whether primary NK cells
subject to CD200 signaling would also undergo apoptosis. NK cells
enriched from human PBMC isolates were treated with human
CD200 peptide for 4 hours and then the CD45'CD3 CD56'C-
D200R' and CD45*CD3 CD56'CD200R  fractions were used for
gene expression analysis or labeled with annexin V to determine
apoptosis frequency (Supplemental Figure 6A). CD200 signaling in
freshly isolated primary CD200OR* NK cells led to increased expres-
sion of apoptotic genes expressing Fas, FasL, and FADD (Supple-
mental Figure 6B) and resulted in an increased rate of apoptosis
when compared with CD200R" NK cells (P < 0.05; Supplemental
Figure 6C). GW9662 is a potent irreversible antagonist of PPARy;
therefore, we treated NK*°S cells with CD200 peptide, ERK inhib-
itor, and GW9662 for 8 hours. As expected, CD200 peptide and
ERK inhibition led to an increase in Fas, FasL, and FADD, whereas
GW9662 treatment dramatically reduced Fas and FADD expres-
sion (Supplemental Figure 6D). Consistent with this, we observed a
decrease in the levels of cleaved PARP induced by CD200 following
GW9662 treatment (Figure 41I). Furthermore, we observed greater
NK cell apoptosis and loss of CD200R-positive cells in CD200-ex-
pressing xenografts (Figure 3F and Supplemental Figure 3). In sum-
mary, CD200 signal transduction in NK cells reduced MAPK sig-
naling that in turn facilitated PPARy gene transcription of the Fas
death receptor family members, leading to time-dependent auto-
regulatory activation-induced NK cell apoptosis (Figure 4]).

Matrix metalloproteinases contribute to ectodomain shedding of
sCD200. CD200 mRNA and protein levels were greater in BCC
compared with SCC (Supplemental Figure 7, A and B). Similarly,
transcript levels in BCC were greater than in normal skin, consis-
tent with a greater BCC CD200-expressing population (Supple-
mental Figure 7C). Although CD200 expression in BCC is limited
to a small cancer stem cell population, we observed higher levels
by both qPCR and Western blotting. We next sought to determine

7


https://doi.org/10.1172/JCI150750
https://www.jci.org/articles/view/150750#sd
http://geneontology.org/
https://www.wikipathways.org/index.php/WikiPathways
https://www.wikipathways.org/index.php/WikiPathways
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.gsea-msigdb.org/gsea/msigdb/human/genesets.jsp?collection=CP:BIOCARTA
https://www.gsea-msigdb.org/gsea/msigdb/human/genesets.jsp?collection=CP:BIOCARTA
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.genome.jp/kegg/pathway.html
https://www.genome.jp/kegg/pathway.html
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd
https://www.jci.org/articles/view/150750#sd

RESEARCH ARTICLE The Journal of Clinical Investigation

A B C +CD200 peptide
kba UNT 2h 4h 8h 12h
—®—  NKPOS+CD200 peptide . 116 (e - —Fullength| 55 on
200 — ° NKPOS 2 gg 89 | mrmn e o —Cleaved
2 }gg: g 5 100 081 282 340 239
< 140 - 3815 57 [ e RS B B | — Full-length
8o 120 £ . Caspase
52 100 o 10 5
] gg — %% 5 43 EEEE EEE I g - —Cleaved
@ = — e 0
g g 40— = & 100 499 567 290 388
X5 20 z -
[=4 o -
O TTTTTT T T T I T I T T T ITTTITIT 1] & 10 47| w— — — g— o] — Fulllength
012345678 91011121314151617181920212223 8h 12h 16h 24h Caspase
Time (h) Time (h) 9
37| wes e e s o s|—Cleaved
. - &*_ 100 092 054 066 038
< Q‘( o 37 | e a— - - | — GAPDH
D QO 2 (23‘ E
X ¢ N
kpa 8h & &
1 1 6 — FuII—Iength Enrichment plot: Enrichment plot:
. | PARP GO_REGULATION_OF_EXTRINSIC_APOPTOTIC_SIGNALI ‘GO_REGULATION_OF_EXTRINSIC_APOPTOTIC_SIGNALI
89 o s e | =cleaved NG_PATHWAY_VIA_DEATH_DOMAIN_RECEPTORS NG_PATHWAY_VIA_DEATH_DOMAIN_RECEPTORS
100 067 068 072 Sl N 2h g 4h
—Full-length gou N §o2
Caspase i uf jo
£
—Cleaved 8 & g ‘I\
TN T e Y I
2 : i
47 A - - cngth e il
2 Caspase jom ; “
9 Epe i o st
37 | e 0w s e | —Cleaved e T I e

100 139 105 178 e — s —— R e s i v e ]

37 [ s e | — GAPDH

+CD200 peptide

G +CD200 peptide H Fas Nu Ab
F kba UNT 2h 8h 12h kbDa UNT Ong 10ng 50ng
45 | wow G “ ‘ﬁl - Fas 116 | ———— -FuII—IengthI PARP
89 | W - —Cleaved
o0 5 — —— o9 100 115 111 140 148 T00 052 066
2% 4 - = 4h 57 ~Full-length
Eé 40 [ — — . . g - FasL 9| Caspase
£Z 3 ' 100 170 250 220 3.00 43 . “q—m 8
0% . . . . . . eaved
(o)) .
5% Z‘ﬁ flﬁ ﬁrﬁ 37 | ———— | - CAPDH 1000t
°f L
2 g . Caspase
w
2 - 9
01— - [ -
100 113 114 109 1.1 . .

Fas FasL FADD

- 37 | |—GAPDH
37 [ - C/\PDH —
1 +GW9662 J \ :
kDa ; |
uM  5uM 10uM 50uM 100uM \
AS

116 | W S S S S S S | — Full-length PARP
8O | W W e s s s | = Cleaved

1.00 1.05 0.93 0.60 0.67 074 F
¢ sCD200
T o - o — -l-GAPDH

+CD200 peptide

NK92MI cells

Z-VAD-FMK

F—O ZieTp-FMK

: 1 Degranulation —
{Cytokine production _ J
LI | |
30 min 2h 8h
Time after CD200 stimulation

8 J Clin Invest. 2022;132(21):e150750 https://doi.org/10.1172/)C1150750



https://doi.org/10.1172/JCI150750

The Journal of Clinical Investigation

Figure 4. CD200 induced NK cell apoptosis. (A) Untreated (UNT) and CD200
peptide-treated NK" cells observed for apoptotic events by IncuCyte
caspase 3 assay. (B) Apoptosis frequency between untreated and CD200
peptide-treated NKP® cells was determined as a ratio of viability at 8, 12, 16,
and 24 hours. (C) Immunoblots from untreated and CD200 peptide-treated
NKPOs cells for various time points probed for PARP, caspase 8, caspase 9,
and GAPDH. (D) Immunoblots for PARP, caspase 8, caspase 9, and GAPDH
from untreated and CD200 peptide-treated (8 hours) NKP cells exposed to
caspase inhibitors Z-VAD-FMK (pan), Z-IETD-FMK (caspase 8), and Z-LEDH-
FMK (caspase 9). (E) Gene set enrichment plots obtained from differentially
expressed genes from NK®° cells incubated with CD200 peptide for 2 and 4
hours compared to untreated cells. (F) gPCR of NK?® cells for Fas, FasL,

and FADD genes after 2-hour or 4-hour CD200 peptide incubation relative

to untreated. Expression was normalized to B-actin. Fold change was
calculated relative to untreated NK cells according to the 2% method.

(G) Immunoblots from untreated and CD200 peptide-treated NK cells at
various time points probed for Fas, FasL, FADD, and GAPDH. (H) Immuno-
blots for PARP, caspase 8, caspase 9, and GAPDH from untreated and CD200
peptide-treated (8 hours) NK® cells also exposed to anti-Fas monoclonal
antibody (clone ZB4) at increasing concentrations. (I) Immunoblots for PARP
and GAPDH from untreated and CD200 peptide-treated (8 hours) NK"®
cells also exposed to GW9I662 at increasing concentrations. (J) Schematic
summary of CD200-induced apoptosis. Western blot quantification is shown
as a mean of 3 independent experiments. Data are presented as mean + SD
of 3 independent experiments. **P < 0.01; ****P < 0.0001 by 2-way ANOVA
with Bonferroni’s post hoc test.

whether CD200 in BCC could be released into the TME as soluble
CD200 (sCD200). Using a CD200 ELISA to detect biologically
active sCD200 in culture supernatant, we determined that primary
human BCC exhibited significantly higher levels of sCD200 (291.9
+21.10 pg/10° cells [n = 6]) than primary human normal skin (213.50
+22.31 pg/10° cells [n = 4]; P < 0.05; Figure 5A). Hence, BCC cells
express CD200 and appear to release sCD200 into the TME.

To identify proteases that could cleave and release sCD200
into the BCC TME, we undertook transcriptomic analysis of BCC
(n =4), SCC (n = 3), and normal skin (n = 3). We identified 1,423
and 1,663 differentially expressed genes between BCC and nor-
mal skin and between BCC and SCC, respectively (adjusted P <
0.05). In keeping with the prominent stroma around BCC, a vol-
cano plot (fold change > 2.0 or <-2.0, adjusted P < 0.01) identified
16 of the 24 overexpressed genes in BCC compared with normal
skin that were associated with extracellular matrix remodeling:
collagen genes (COL1Al, -1A2, -1A2, -3A1, -5A1, -5A2, and -6A3),
proteoglycans and glycoproteins (VCAN, FBN3, TNC, CSPG4, and
LUM), other extracellular proteins (SPON2 and CALD1), and pro-
teases (MMP11) (Supplemental Table 1). Unsupervised hierarchical
clustering defined 235 differentially expressed genes (adjusted P <
0.05; Supplemental Figure 7D), from which there was enrichment
of the Reactome (https://reactome.org/) gene set “activation of
matrix metalloproteinases” in BCC compared with normal skin
(ES = 0.81; Figure 5B). Enrichment was observed for metallocar-
boxypeptidase (GO: 0004181; ES = 0.63, P = 0.08), metalloendo-
peptidase (GO: 0004222; ES = 0.62, P = 0.16), metalloexopepti-
dase (GO: 0008235; ES = 0.52, P = 0.14), and metallopeptidase
(GO:0008237; ES = 0.51, P = 0.14) activity in BCC compared with
normal skin (Supplemental Figure 7E). Gene expression analysis of
individual BCC proteases relative to normal skin and SCC identi-
fied MMP3 and -11 as potential candidates for CD200 sheddases
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(Figure 5C and Supplemental Figure 7F, respectively). Only MMP11
was significantly elevated in BCC compared with SCC (P < 0.01;
Supplemental Figure 7F). Likewise, substrates for MMP3 and -11,
but not ADAMs proteases, were increased in BCC compared with
normal skin (Supplemental Figure 7G). Hallmark gene set enrich-
ment also included MMP11 and -3 as genes involved in epithelial
mesenchymal transition, with enrichment in BCC versus normal
skin (ES = 0.77, P < 0.05) and BCC versus SCC (ES = 0.66, P = NS)
(data not shown). gPCR of BCC and normal skin tissues confirmed
the increase in MMP3 (13.1-fold, P < 0.001) and MMP11 (15.9-
fold, P < 0.001) (Figure 5D). There was no significant increase in
the cell-surface-bound proteases, ADAMs, in BCC determined by
microarray and qPCR analyses (Supplemental Figure 7, H and I).

We next determined whether MMP3 and MMP11 could act
as CD200 sheddases. Addition of MMP3 and MMP11 to CD200*
HeLa cells in culture showed a concentration-dependent increase
in sCD200 levels in the supernatant (Figure 5, E and F). When
compared with unstimulated cells, both MMP3 and 11 were shown
to increase the levels of sCD200 in the supernatant at both 50 ng
(269.80+59.24v5.175.80 + 24.87 pg/10° cells and 325.70 £109.70 vs.
140.60 + 24.89 pg/10° cells, respectively) and 500 ng (414.30 + 83.95
vs. 175.80 + 24.87 pg/10° cells and 527.20 +135.80 vs. 140.60 + 24.89
pg/10° cells, respectively) (P < 0.05; Figure 5, E and F). Coincubation
with the tissue inhibitor of metalloproteinases 3 (TIMP3) reversed
sCD200 levels induced by both MMP3 (P < 0.05) and MMP11 (P <
0.01) (Figure 5G). TIMP3 did not affect NK*S cell viability or func-
tion (data not shown). In primary human BCC culture, we found
that MMP11, but not MMP3 (data not shown), had the potential to
increase sCD200 levels in the supernatant when compared with the
untreated control (P < 0.05; Figure 5H). Hence, MMP11 expression
in BCC is responsible for ectodomain shedding of biologically active
sCD200 from cancer stem cells into the surrounding TME.

The CD200 TME targets NK cells. Many different cancers exhibit
diminished NK cell numbers within the TME, while their presence
often denotes good prognosis, and their infusion can be therapeu-
tic (54, 55). To determine whether CD200-mediated dysregulation
and apoptosis of NK cells could influence outcomes in many can-
cers, we analyzed the prediction of clinical outcomes from genomic
profiles data set (PRECOG, http://precog.stanford.edu). Recently,
this data set was analyzed by cell type identification by estimating
relative subsets of known RNA transcripts (CIBERSORT) to assign
outcome z scores for immune cell profiles across 25 cancer types
(56). Using the iPRECOG database (https://precog.stanford.edu),
we determined outcome 2 scores based on CD200 expression and
determined a direct correlation between CD200-based outcomes
and “activated” NK cell outcomes (2= 0.2783, P < 0.01; Figure 6A)
and also a weak inverse correlation with “rested” NK cell outcomes
(r* = 0.1156, P = 0.1124; Figure 6B). Our analysis of CD200 expres-
sion z scores was startling in that 9 of the 31 solid cancers analyzed
had unfavorable outcomes, notably with worse outcomes for solid
cancersthat are associated with abnormal or absent NK cellimmune
responses, including head and neck, esophageal, bladder, and
liver cancers (Supplemental Table 2). Furthermore, other immune
cell phenotypes did not correlate with CD200 z scores (Supple-
mental Figure 8, A-R, and Supplemental Table 3), suggesting that
outcomes associated with CD200 expression were predominantly
mediated via activated NK cells.
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Figure 5. Matrix metalloproteinases contribute to CD200 ectodomain shedding. (A) ELISA determination of active sCD200 per 1 x 10° cells from culture
supernatant of primary human BCC and primary human normal skin after 24 hours. (B and C) Transcriptomic analysis of BCC and normal skin, “activation
of matrix metalloproteinases” gene set enrichment (B), and relative expression of putative proteases (C). (D) gPCR-determined relative MMP3 and -11 gene
expression from primary human BCC and normal skin tissue samples normalized to B-actin. (E-G) ELISA determination of active sCD200 pg per 1 x 10° cells
from culture supernatant of HeLAP® cells either untreated (UNT) or with addition of MMP3 (E) or MMP11 (F) for 24 hours, and together with TIMP3 (G).

(H) ELISA determination of relative active sCD200 per 1 x 10° cells from culture supernatant of primary human BCC after treatment with 500 ng of MMP11
for 24 hours. Data are presented as mean + SD of 3 independent experiments. *P < 0.05; **P < 0.07; ***P < 0.001 by 2-tailed Student’s t test.
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Figure 6. Cancer outcomes associated with CD200 expression and NK cell activation. (A and B) Concordance and differences in prognostic associations
between CD200 expression and activated (A) or inactivated (B) NK cells in acute myeloid leukemia (AML), astrocytoma (AC), B cell acute lymphocytic leu-
kemia (B-ALL), breast cancer (BRC), Burkitts lymphoma (BL), chronic lymphocytic leukemia (CLL), colon cancer (CC), diffuse large B cell lymphoma DLBCL,
lung adenocarcinoma (LAC), Ewings sarcoma (ES), gastric carcinoma (GC), glioblastoma (GB), head and neck carcinoma (HNC), lung large cell carcinoma
(LLCC), lung small cell carcinoma (LSCC), germ cell tumor (GCT), metastatic melanoma (MMET), melanoma primary (MP), multiple myeloma (MM), osteo-
sarcoma (0S), meningioma (M), and ovarian cancer (OC). The r? values for activated NK cells and inactivated NK cells were 0.28 and 0.12, respectively, as

determined using linear regression analysis.

To test whether the establishment of a CD200 TME that specif-
ically targets NK cells was essential for BCC growth, we pretreated
nude mice with an NK cell-depleting antibody before grafting prima-
ry human BCC and SCC cells. A temporary NK cell-depleting anti-
asialo GM1 antibody was administered by intraperitoneal injection
the day before tumor grafting, as previously reported (57). CD200
expression was determined by qPCR before grafting (Supplemental
Figure 9A). SCC grafted cells grew irrespective of anti-asialo GM1
antibody administration. However, mice treated with anti-asialo
GM1 antibody had significantly larger SCC tumors (15.93 + 1.14 mm
[1n = 3]) compared with untreated tumors 8.83 £ 1.90 mm [n = 3]; P
< 0.05) (Figure 7, A and B). In contrast, BCC grafts did not establish
growth in untreated mice, consistent with the susceptibility to NK
cell killing before establishment of a CD200 TME. Pretreatment
with NK-depleting anti-asialo GM1 antibody enabled BCC growth
to occur and thereafter be maintained (n = 3 different primary BCCs;
Figure 7C). The growth characteristics of BCC xenografts after
NK-depleting antibody was similar to that observed previously with
etoposide pretreatment (58, 59). The development of tumor hetero-
geneity prevented CD200* cell detection by immunohistochemistry
in the BCC and SCC xenografts (Supplemental Figure 9B). Next,
we sought to determine whether the level of CD200 expression
within the BCC TME influenced NK cell cytotoxicity. Since NK cell

J Clin Invest. 2022;132(21):e150750 https://doi.org/10.1172/)C1150750

cytotoxicity is dependent on expression of activation receptors, we
examined NCR1-3 and KLRK1 expression in a microarray data set
of 21 BCCs (60). The BCC samples were defined based on CD200
expression, by determining the upper (CD200 high) and lower
(CD200 low) quartiles, which yielded a 2-fold difference in CD200
expression (Supplemental Figure 9C). Acknowledging the low sam-
ple numbers, we found that CD200-high BCC tissue samples had
lower expression of the NK activation markers NCR3 (NKp30, P
= 0.18), NCR2 (NKp44, P = 0.02), and NCR1 (NKp46, P = 0.04).
Noteworthily, comparing resistant (n = 9) and sensitive (z = 4) BCC
samples similarly reflected increased CD200 expression and lower
expression of NK cell receptors (Supplemental Figure 9D). Finally,
we sought to determine whether administration of a CD200-block-
ing antibody would be sufficient to restore NK cytotoxicity in vivo.
UWBCCI1"* and UWBCCI® cells were grafted into the flank of
mice and allowed to establish tumor growth for 4 weeks, when
tumors were approximately 10 mm in diameter, and intraperito-
neal CD200-blocking antibody was administered daily for 7 days.
A further 7 days after treatment, larger UWBCC1"° tumors after
CD200-blocking antibody treatment demonstrated reduced cellu-
larity (P < 0.05) from increased immune cell infiltrate (P < 0.05) and
tumor necrosis (P < 0.05) (Figure 7D). In summary, BCC cells are
susceptible to NK cell killing, but are protected once they establish
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Figure 7. NK depletion facilitates skin cancer growth. (A-C) Dissociated primary human SCC (A and B) and BCC (C) cells were grafted into the subcuta-
neous tissues of nude mice treated without and with intraperitoneal injection of NK cell-depleting antibody anti-asialo GM1 (50 pL) 1day prior to tumor
graft. (A and B) SCC growth was enhanced in the NK-depleting antibody cohort. (C) BCC growth only occurred with NK-depleting antibody pretreatment.
Scale bars: 100 um. (D) Day 7 tumors from nude mice were grafted with 1x 10 UWBCC17%S or UWBCC1N® cells (n = 5 each) treated daily with intraperitoneal
administration of anti-CD200 antibody: histological analysis of tumor cellularity, inflammatory cell infiltration, and necrosis. Data are presented as mean
+ SD of 3 independent experiments. *P < 0.05; **P < 0.01 by 2-tailed Student’s t test.

a CD200 TME that precludes NK cell infiltration by inducing NK
cell dysfunction and apoptosis. Hence, the CD200 microenviron-
ment appears to be essential for BCC growth.

Discussion

In the face of a competent immune system, tumor tissues with
mutant protein expression undergo remodeling to escape both innate
and adaptive immune detection. Tumor cells escape immune recog-
nition by (a) expression of immune modulatory proteins, (b) selec-
tion of less immunogenic clones, or (c) through the induction and
recruitment of immunosuppressive immune cells within the TME
(61). Clonal selection is evident in many cancers, wherein certain
clones demonstrate preferential expansion (62). In the case of hierar-
chical cancer growth it is essential that specifically cancer stem cells
evade immune detection, which in the case of BCC may account for
the slow tumor growth with reduced metastatic potential.

NK cell activation-induced cell death represents an important
mechanism for both homeostatic regulation of NK cell numbers
and peripheral tissue tolerance. Fas and FasL activation-induced
cell death has been reported as a mechanism for peripheral T cell
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tolerance (63). Yet NK cell regulation has only been regarded as
a balance between stimulatory and inhibitory signals determin-
ing NK cell activation, without consideration of NK cell num-
bers beyond recruitment (64-66). Among the potential regula-
tory mechanisms, soluble HLA class I molecules have also been
shown to induce autoregulatory FasL- and Fas-mediated NK cell
apoptosis (67). Poggi et al. reported up to 80% Fas-induced time-
dependent apoptosis of primary blood-derived NK cells when
cocultured with a variety of cancer cell lines for 48 hours (68).
Hence, deregulation of activation-induced NK cell death may
account for the absence of NK cells within the antitumor immune
infiltrate observed in many cancers, including BCC.

CD200 is a highly conserved type 1 membrane glycoprotein
that is expressed primarily by the brain, smooth muscle, cardiomy-
ocytes, neural cells, placenta, testis, and human hair follicle bulge
keratinocyte stem cells (69,70). CD200 is expressed in a number of
malignancies and has been associated with poor outcome, includ-
ing melanoma, acute myeloid leukemia, multiple myeloma, chronic
lymphocyticleukemia, renal carcinoma, bladder cancer, ovarian car-
cinoma, and colon carcinoma (28, 71-75). Yet for many cancer types

https://doi.org/10.1172/JC1150750


https://doi.org/10.1172/JCI150750

The Journal of Clinical Investigation

CD200 expression is limited to a subset of tumor cells, notably BCC
where its expression is restricted to a small cancer stem cell popu-
lation (76). CD200 is also liable to ectodomain shedding by shed-
dases via a process that similarly releases many functionally active
cytokines, chemokines, cytokine receptors, and other immunoreg-
ulatory molecules (77). The extracellular portion of CD200 once
cleaved is released into the extracellular matrix as bioactive sSCD200
(78). Circulating levels of sCD200 have also been found to correlate
with disease severity in a number of inflammatory diseases, such as
systemic lupus erythematosus, endometriosis, and bullous pemphi-
goid (49,79, 80). ADAM28 has previously been shown to be respon-
sible for sCD200 release in chronic lymphocytic leukemia (78). In
hematological malignancies where sCD200 is shed directly into the
circulation, sCD200 levels directly correlate with disease stage and
patient prognosis (81). Circulating sCD200 has also been observed
in patients with glioblastoma multiforme, with the highest levels in
those patients demonstrating tumor progression despite treatment
(82). Hence, tumors that release sCD200 can influence the antitu-
mor immune response throughout the TME.

Activation of the cognate CD200R on lymphocytes, myeloid,
and NK cells leads to suppression of the immune response via
recruitment of inhibitory effectors such as RasGAP, SHP, and Csk
that reduce intracellular MAPK signaling (83-86). Our findings
from analysis of the PRECOG and iPRECOG databases has found
that cancer patient adverse outcomes related to CD200 expression
levels are directly tied to NK cell activation. As mediators of MAPK
signaling, ERKs phosphorylate PPARy on Ser82 and Ser112, leading
to ubiquitination and sumoylation of PPARy to block transactiva-
tion (87). In addition, MEK1 causes nuclear export of PPARy, where
in the cytoplasm it is targeted for proteasomal degradation (88).
Hence, CD200 signaling relinquishes PPARy to transactivate gene
expression, which includes FasL, Fas, and FADD genes (53). The
PPARy agonists, thiazolidinediones, are known to induce apoptosis
in a number of different cell lines, including cancer cell lines (89-
93). Intriguingly, use of pioglitazone, an antidiabetes glitazone, has
also been associated with a dose-dependent increased incidence
of bladder cancer, leading to an FDA label warning (94). Further-
more, there is an increase in prostate cancer with over 9.5 years of
pioglitazone use; however, the association has not reached statisti-
cal significance (95). Similarly, endogenous, weak PPARy agonists
such as fatty acids and eicosanoids have long been associated with
an increased incidence of cancer, and their effect may be circum-
vented by COX2 inhibitors (96). In contrast to COX2 inhibitors, a
select group of nonsteroidal antiinflammatory drugs, including ibu-
profen, are PPARy agonists and may account for the difference in
cancer incidence with their prolonged use in susceptible tissues (97,
98). Here we have shown that inhibition of PPARy transactivation
alone is sufficient to block CD200-induced NK cell apoptosis.

In addition to T lymphocytes, early experimental tumor mod-
els also demonstrated increased cancer burden and metastasis in
mice with NK cell deficiencies, suggesting that NK cells may also
be important in tumor immune evasion (32, 99-102). Abnormal
or absent NK cell immune responses have now been observed in a
number of cancers supported by improved TME immune cell pro-
filing techniques, including acute myeloid leukemia and bladder,
liver, head and neck, and lung cancers (103-109). Moreover, the
absence of NK cell signatures has been linked to poor-prognosis z
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scores in an analysis of the Stanford PRECOG database of 30,000
transcriptomes from 166 cancers, encompassing 39 distinct malig-
nancies, using CIBERSORT-defined tumor-associated immune cell
profiles (56). Many cancer types therefore demonstrate an abnor-
mal or absent NK cell immune response.

The contribution of the TME in immune evasion represents an
emerging hallmark of cancer (110). The importance of the TME in
sustaining BCC growth has intrigued researchers for many decades.
Experiments conducted in the early 1960s showed that autotrans-
planted human BCC tumor tissue growth required concurrent
transplantation of the TME (111). The BCC TME is supported by
platelet-derived growth factor as a transcriptional product of hedge-
hog-signaling-driven tumor growth (112). Transcriptional profiling
of BCC herein identified many genes involved in tissue remodeling,
including collagens, proteoglycans, and metalloproteinases. But
ultimately it may be the immunological barrier created by sCD200
in the TME that is fundamental for BCC growth. In the absence of
an intact TME BCC cell engraftment in immunosuppressed mice,
which still possess NK cells, is dependent on prior NK cell depletion
with anti-asialo GM1 antibody (described herein), etoposide, or sple-
nectomy and antilymphocyte serum (113, 114). These findings sug-
gest that an established BCC TME is responsible for NK cell immune
evasion. Although CD200 is expressed by less than 4% of BCC cells,
which exhibit a cancer stem cell phenotype, MMP11 facilitates high
levels of sSCD200 secretion into the TME. Our findings suggest that
sCD200 in the BCC TME leads to activation-induced NK cell death,
resulting in a near absence of NK cells within the tumor infiltrate,
and this mechanism may readily apply to other cancer types.

Methods

Further information can be found in Supplemental Methods.

Experimental models

Mouse xenografting. Since they still have a robust NK cell response,
NU(NCr)-FoxnI™ mice (6- to 8-week-old females; Charles River)
were used to study the impact of CD200 expression on in vivo tumor
growth. Mice were anesthetized with isoflurane and 1 x 10¢ CD200*
(n=5) and CD200" (n = 5) HeLa cells were injected into the flank and
allowed to establish over 5 days, after which mice were culled and har-
vested. PBMCs were extracted from the blood for flow cytometry and
tumors were fixed and embedded in paraffin for assessing CD45" and
NK1.1* immune cell infiltration into the TME.

Tumor cell lines. The cervical adenocarcinoma cell line HeLa
(CCL-2) and the NK cell line NK92-MI (CRL-2408) were obtained
from the American Type Culture Collection (ATCC). The IL-2-depen-
dent NK cell line (NKL) was provided by Michael Robertson (School
of Medicine, Indiana University, Bloomington, Indiana, USA) (115).
The BCC cell line (UWBCC1) was provided by Vladimir Spiegel-
man (Pennsylvania State University, Hershey, Pennsylvania, USA)
(116). HeLa cell lines were maintained in a T75 flask with RPMI 1640
plus L-glutamine, 10% FBS, and 1% penicillin-streptomycin (P-S) at
37°C in a 5% CO, incubator. The NK92MI cell line was maintained
in a T150 flask with RPMI 1640 plus L-glutamine, 10% heat-inac-
tivated FBS, 10% heat-inactivated horse serum, and 1% P-S at 37°C
in 5% CO,. The IL-2-dependent NKL cell line was maintained in a
T75 flask with RPMI 1640 plus 10% FBS, IL-2 (1000 U/mL), and 1%
P-Sat37°Cin5% CO,.
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Methods details

Generation of CD200* and CD200~ HeLa cell lines. Complementary
DNA for CD200 was provided by the .M.A.G.E. Consortium (clone
ID 5299899), and subsequently subcloned into the PINCO retrovi-
ral expression vector, which coexpresses GFP from an internal CMV
promoter (constructed in-house using an expression vector gifted to
Alex Tonks by Pier Pelicci, European Institute of Oncology, Milan, Ita-
ly (117). The expression levels of CD200 were confirmed in both the
CD200*and CD200" HeLa cell lines through flow cytometry.

HeLa and NK cell coincubation. HeLa cells were detached using
Versene (Gibco) and seeded (20,000 cells/well) into a white-walled
96-well plate and allowed to adhere overnight. The following day,
cells were detached and counted to determine the number of cells
in each well. NK92MI cells were added to the HeLa cells at different
E:T ratios (described in figure legends). Coincubations were left for 4
hours, after which the suspended NK cells and the supernatant were
removed and the remaining tumor cells at the bottom of the well were
washed thoroughly with PBS. Tumor cell death was measured relative
to untreated tumor cell wells using the CellTiter Glo assay as described
in the Supplemental Methods.

CD200 peptide treatment of NK92MI cells. NK92MI cells
were plated in either a 96- or 24-well plate. A CD200-Fc chime-
ric protein (R&D Systems), containing Gln31-Gly232 of CD200
(QVQVVTQDEREQLYTPASLKCSLQNAQEALIVTWQKKKA-
VSPENMVTFSENHGVVIQPAYKDKINITQLGLQNSTITFWNITLE-
DEGCYMCLFNTFGFGKISGTACLTVYVQPIVSLHYKFSEDHL-
NITCSATARPAPMVFWKVPRSGIENSTVTLSHPNGTTSVTSILHIK-
DPKNQVGKEVICQVLHLGTVTDFKQTVNKG) that includes the
ectodomain, was added to the cells at a concentration of 4 pg/10° cells
for indicated time points, after which cell viability was determined
and/or protein and RNA was extracted. Various inhibitors were added
to the cocultures as described throughout.

Cell-conditioned media of cocultures. HeLa cells were seeded in a
96-well plate and coincubated with 200 pL of either an effector cell
line (NK92MI) or with CD200 peptide as described above. Cells were
coincubated for the indicated periods of time, after which the sus-
pended NK92MI cells and the conditioned media/supernatant were
transferred to a 96-well round-bottom plate. The plate was centri-
fuged at 200g for 5 minutes to pellet the NK92MI cells at the bottom
of the well and supernatant removed.

Immunofluorescence. Inmunofluorescence was performed on either
frozen OCT-embedded or paraffin-embedded sections (28). Primary
and secondary antibodies used can be found in Supplemental Table 4.

Immunohistochemistry. Immunohistochemistry was performed
on paraffin-embedded sections as previously described (28). Primary
and secondary antibodies used can be found in Supplemental Table 4.

Flow cytometry. HeLa cells in culture were detached using Versene.
Cells were washed with FACS buffer (0.05% sodium azide and 0.5%
BSA in PBS) before primary antibody staining (Supplemental Table
4). All antibody incubations were carried out for 30 minutes at 4°C.
Unbound antibodies were removed by washing with FACS buffer
twice by centrifugation. All centrifugations were performed at 250g
for 5 minutes at 4°C. Samples were gated on the basis of forward and
side scatter. Doublets and dead cells were excluded. Single-stained
samples were used as compensation controls and an isotype control
antibody was used to determine background fluorescence. Data were
processed using Flow]o analysis software (Flow]Jo, LLC).
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Microarray of primary human tissue samples and the NK92MI cell line
RNA for microarray was extracted and RNA quality was assessed as
described in Supplemental Methods. RNA was amplified and ¢cDNA
was prepared using the Illumina TotalPrep RNA Amplification Kit,
which was used to generate biotinylated amplified RNA for hybridiza-
tion with Illumina Sentrix arrays. Samples were applied to the Illumi-
na HumanHT-12 v4 Expression BeadChip, which provided genome-
wide transcriptional coverage of well-characterized human genes.
Nine NK cell samples (3 untreated NK, 3 with 2-hour treatment, and
3 with 4-hour treatment with CD200 peptide; accession number
E-MTAB-12035) and 10 tissue samples (4 BCC, 3 SCC, and 3 normal
skin; accession number E-MTAB-12034) were applied to the chip using
the Direct Hybridization assay protocol. A full protocol and reagent list
can be found on the Illumina website.

Statistics

Statistical tests are described in the figure legends and were performed
using GraphPad Prism v8. A P value of less than 0.05 was considered
significant. NS, nonsignificant; *P < 0.05; **P < 0.01; ***P < 0.001;
P < 0.0001. For each experiment, n represents the number of
experimental replicates.

Study approval

Animals. All animal experiments carried out in this study were per-
formed in accordance with a UK Home Office Licence (Project
License 30/3382).

Patient samples. BCC, SCC, normal skin, and blood samples were
obtained after a UK NHS R&D and Local Research Ethics Commit-
tee study approval (protocol number 09-WSE-02-1). Patients were
recruited from Hywel Dda and Cardiff and Vale University Health
Boards after informed written consent.
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