ENTPD1(CD39) expression inhibits ultraviolet radiation-induced DNA damage repair via

purinergic signaling and is associated with metastasis in human cutaneous squamous cell

carcinoma

*Melodi Javid Whitley, !"Jutamas Suwanpradid, >**Chester Lai, 'Simon Jiang, 'Jonathan L.
Cook, “Daniel E. Zelac, >Ross Rudolph, ®David L. Corcoran, 'Simone Degan, "!Ivan
Spasojevic,”Howard Levinson, *Detlev Erdmann, >*Claire Reid, ' !!Jennifer Y. Zhang, '*Simon

C. Robson, >°Eugene Healy, *Wendy L. Havran, and »!%!11415Amanda S. MacLeod

*These authors contributed equally to this work

"Department of Dermatology, Duke University School of Medicine, Durham, NC, USA

?Dermatopharmacology, Clinical and Experimental Sciences, Faculty of Medicine, University of

Southampton, Southampton, UK

3Department of Dermatology, University Hospital Southampton NHS Foundation Trust,

Southampton, UK

“Division of Dermatology, Scripps Clinic and Research Institute, La Jolla, CA

SDivision of Plastic Surgery, Scripps Clinic, La Jolla, CA and Division of Plastic Surgery,

University of California, San Diego, CA (current affiliation)

Center for Genomics and Computational Biology, Duke University School of Medicine,
Durham, NC

"Department of Medicine, Duke University Medical Center, Durham, NC

8Duke Cancer Institute, PK/PD Core Laboratory, Durham, NC



Division of Plastic, Maxillofacial, and Oral Surgery, Department of Surgery, Duke University

School of Medicine, Durham, NC

19Pinnell Center for Investigative Dermatology and Skin Disease Research Center, Duke
University School of Medicine, Durham, NC

"Duke Cancer Institute, Duke University Medical Center, Durham, NC

2Departments of Anesthesia and Medicine, Beth Israel Deaconess Medical Center, Harvard

University, Boston, MA

BDepartment of Immunology and Microbiology, The Scripps Research Institute, La Jolla, CA
“Department of Immunology, Duke University School of Medicine, Durham, NC
SDepartment of Molecular Genetics and Microbiology, Duke University School of Medicine,

Durham, NC

Corresponding Author:

Amanda S. (Biichau) MacLeod, M.D.
Department of Dermatology

Duke University Medical Center
Purple Zone, DUMC 3135

40 Duke Medicine Circle

Durham, NC 27710

Email: Amanda.MacLeod@duke.edu

Phone: 001 919 684 2074

Short Title: ENTPDI expression in cutaneous squamous cell carcinoma



ORCID IDs:

Melodi Javid Whitley: 0000-0002-8163-6881
Jutamas Suwanpradid: 0000-0002-7933-5588
Chester Lai: 0000-0003-2282-5655

Simon Jiang:
Jonathan L. Cook:
Daniel E. Zelac:
Ross Rudolph:
David L. Corcoran:
Simone Degan:
Ivan Spasojevic:

0000-0002-9509-9001
0000-0002-8754-7900
0000-0001-5901-4544
0000-0002-4761-9068
0000-0001-7460-9247
0000-0001-5417-1196
0000-0002-3150-3087

Howard Levinson: 0000-0003-4933-4645
Detlev Erdmann: 0000-0002-3154-9368
Claire Reid: 0000-0002-9044-7572

Jennifer Y. Zhang:
Simon C. Robson:
Eugene Healy:
Wendy L. Havran:
Amanda S. MacLeod:

0000-0002-4485-1750
0000-0001-6374-0194
0000-0001-5591-6970
0000-0002-1932-406X
0000-0001-8139-9110

Abbreviations:

ADO: adenosine

AMP: adenosine monophosphate

ATP: adenosine triphosphate

CLA: cutaneous lymphocyte antigen

cSCC: cutaneous squamous cell carcinoma
DDR: DNA damage repair

DC: dendritic cell

ENTPD1/CD39: ectonucleoside triphosphate diphosphohydrolase 1
HNSCC: head and neck squamous cell carcinoma
IHC: immunohistochemistry

LC: Langerhans cell

NAPIL2: nucleosome assembly protein 1 like 2
NL: non-lesional

Treg: regulatory T cell

UVR: ultraviolet radiation



ABSTRACT

Ultraviolet radiation (UVR) and immunosuppression are major risk factors for cutaneous
squamous cell carcinoma (cSCC). Regulatory T cells (Tregs) promote cSCC carcinogenesis and
in other solid tumors, infiltrating Tregs and CD8" T cells express ENTPDI (also known as
CD39), an ecto-enzyme that catalyzes the rate-limiting step in converting extracellular ATP to
extracellular adenosine. We previously demonstrated that extracellular purine nucleotides
influence DNA Damage Repair (DDR). Here we investigate whether DDR is modulated via
purinergic signaling in cSCC. We found increased ENTPD1 expression on T cells within cSCCs
when compared to T cells from blood or non-lesional skin and accordingly, concentrations of
derivative extracellular ADP, AMP, and adenosine are increased in tumors compared to normal
skin. Importantly, ENTPD1 expression is significantly higher in human cSCCs that metastasize
compared to those that are non-metastatic. We also identify in a mouse model that ENTPD1
expression is induced by UVR in an IL27-dependent manner. Finally, increased extracellular
adenosine is shown to downregulate the expression of NAP/L2, a nucleosome assembly protein
we show to be important for DDR secondary to UVR. Together, these data suggest a role for
ENTPDI1 expression on skin-resident T cells to regulate DDR via purinergic signaling to

promote skin carcinogenesis and metastasis.



INTRODUCTION

Ultraviolet radiation (UVR) causes inflammatory, immunosuppressive and genotoxic responses.
UVR exposure and immunosuppression are major risk factors for cutaneous squamous cell
carcinoma (cSCC), one of the most common cancers in the world (Que et al., 2018). UVR
initiates a cascade of inflammatory events that modify the innate and adaptive immune system in
the skin to allow for tumor initiation, proliferation, invasion, and spread. In human ¢SCC, this
response is characterized by tumor-infiltrating immunosuppressive cells, i.e. tolerogenic T cells
(Lai C, 2015). However, the underlying molecular mechanisms and consequences of such
changes are not known.

In healthy skin, resident immune cells function to protect against environmental damage by
regulating repair functions and providing long-term immune surveillance. UV-induced DNA
damage in cells may be repaired by specialized repair machineries that work in concert with
chromatin-associated elements to access and repair DNA lesions. We and others have previously
shown that skin-resident immune cells are unexpected but relevant contributors to the DNA
damage repair (DDR) response in keratinocytes following acute UVB exposure (MacLeod AS,
2014, Majewski et al., 2010) . This effect is partly attributed to the release of skin immune cell-
derived cytokines that induce DDR genes in keratinocytes. Specifically, we previously
demonstrated that extracellular ATP (eATP) activates murine dendritic epidermal y§ T cells and
human skin-resident T cells to promote epithelial DDR following acute UVB-induced damage
(MacLeod AS, 2014). This protective pathway may become suppressed during skin
carcinogenesis as repeated UVR insults and defective DDR result in genomic instability and a

tumor-promoting microenvironment (Harberts et al., 2015).



Purinergic signaling describes the effects mediated by eATP and derivative metabolites.
Important modulators of purinergic signaling are the ectonucleotidases ENTPD1
(ectonucleotidase triphosphate diphosphohydrolase 1, also known as CD39) and CD73 (5°-
nucleotidase). ENTPD1 and CD73 catalyze the stepwise hydrolysis of ATP to metabolites ADP,
AMP, and adenosine (ADO). ENTPDI is the rate-limiting enzyme in this reaction, scavenging
eATP to limit excessive inflammation. Extracellular ATP is often high in the tumor
microenvironment due to increased release in response to cellular stress. This promotes anti-
tumor immunity via activation of the NLRP3 inflammasome (de Andrade Mello et al., 2017).
Conversely, ENTPD1 and CD73 expression are markers of regulatory T cells and contribute to
their inhibitory function (Deaglio et al., 2007). Furthermore, persistent ENTPD1 upregulation on
tumor infiltrating lymphocytes, which metabolizes eATP leading to increased concentration of
eADO, is often seen in cancer (Canale et al., 2018). Here, immune cells receive excessive
adenosinergic signals that activate A2A-receptors to trigger immunosuppression. This
immunosuppressive function of adenosine has been associated with loss of anti-tumor killing
activities, but putative roles in the regulation of DDR in the setting of carcinogenesis have not
been studied.

Here, we explore the role of ENTPD1 expression by tumor infiltrating immune cells in
regulating DDR via purinergic signaling to promote UVR-induced carcinogenesis. We report
that UVB may activate IL-27 signaling to boost generation of ENTPD1" skin-homing memory T
cells and CD14" myeloid cells. ENTPD1 on these immune cells facilitates metabolism of eATP
and generation of adenosine within human cSCC. We show eADO-mediated downregulation of
DDR, thereby, elucidating the activation and downstream effects of the ENTPD1/CD73 immune

checkpoint in UVR-induced human cSCC.



RESULTS

Increased expression of ectonucleotidases ENTPD1 and CD73 on ¢SCC peritumoral

stromal cells. Human ¢SCC tumors displayed significantly elevated levels of ENTPDI mRNA
and protein expression, when compared to unmatched normal healthy skin derived from plastic
surgery procedures (Figure 1A, B and Figure S1). ENTPD1 expression among tumor-
infiltrating immune cells, as measured by immunohistochemistry (IHC), was higher in tumors
that metastasized compared to those that did not (Figure 1C). ENTPD1 was predominantly
expressed by the CD45" immune cell infiltrate, with minimal expression on CD45 epithelial and
endothelial cells (Figure 1D). Immunofluorescence of human ¢cSCC shows ENTPD1 expression
in the adjacent peritumoral stroma (Figure 1E).

CDA45"ENTPDI1" cells are majorly comprised of two subsets, CD3" T cells and CD14" cells that
represent a heterogeneous population of macrophages and monocyte-derived macrophages
(Figure S2A, B). The frequency of ENTPD17CD3" T cells is significantly higher in cSCC when
compared to adjacent non-lesional (NL) skin and peripheral blood (Figure 1F). The frequency
of ENTPD1*CD14" cells is high among all tissues types (Figure S2C) consistent with previous
reports showing ENTPDI expression on bone marrow derived monocytes (Cohen et al., 2013).
On the other hand, intratumoral expression of the ecto-5’-nucleotidase CD73, which functions
downstream of ENTPDI to generate adenosine, is primarily on endothelial cells with
progressively less expression on CD14" and T cells, respectively (Figure S2D).

In agreement with previous reports, and a reanalysis of microarray gene expression data from
McGovern et al (McGovern et al., 2014) and Haniffa et al (Haniffa et al., 2012), ENTPDI1 is
expressed distinctly by epidermal and dermal dendritic cells (DCs) and macrophage subsets in

healthy skin and we detected high expression of ENTPD1 on Langerhans cells (LCs), i.e.



epidermal CD1a" cells, in healthy skin (Kansas et al., 1991, Mizumoto et al., 2002) (Figure
S3A). However, we also observed a reduction of the CD1a" DC population in several human
cSCCs, in accordance with previously published results (Figure S3B) (Bluth et al., 2009). In
contrast, ENTPD1-expressing CD14" cells were present in all human ¢cSCC analyzed (Figure
S2B, D and S3B). These ¢SCC-associated CD14" cells express variable levels of CD73 and
consistently CD36, CD206, DC SIGN and the cutaneous lymphocyte antigen (CLA) (Figure

S30).

Human ¢SCC are enriched with ENTPD1-expressing skin resident memory T cells. Once

we established that ENTPDI expression was primarily enhanced on peritumoral T cells, we
examined expression of ENTPD1 on distinct T cell subsets. Interestingly, increased ENTPD1
expression in cSCC was observed on CD8" and CD4'FoxP3- effector T cells as well as
CD4FoxP3" regulatory T cells (Tregs), where ENTPD1 expression has been previously reported
(Figure 2A-D) (Borsellino et al., 2007). Across the studied T cell subsets, the expression of
ENTPDI was increased on tumor-adjacent non-lesional (NL) skin and ¢cSCC tumor tissue
compared to peripheral blood. Specifically, we observed a gradient of FoxP3*"ENTPD1™ cell
enrichment when comparing peripheral blood, NL and ¢SCC, respectively (Figure 2E).

Among the ENTPD17CD4" and CD8" T cells witin the primary tumor, NL skin, and blood,
expression of CD45RO was overall high, indicating that the majority of ENTPD1-expressing T
cells in ¢SCC patients are memory T cells (Figure 2F, G). Notably, these CD45RO*ENTPD1*
cells were enriched at the primary cSCC site compared to T cells isolated from blood or NL skin
from the same patient (Figure 2H). Among memory T cells, FoxP3 expression was highest in

c¢SCC and lowest in peripheral blood with intermediate expression in NL (Figure 2I). ENTPDI1



expression on CD45RO+ memory T cells however, is relatively independent of tissue type
(Figure 2J).

Normal human skin contains >90% memory T cells, of which almost all express CLA, critical
for skin-homing (Clark et al., 2006). In contrast, CLA is expressed on only 10-25% of circulating
memory T cells in healthy individuals (Clark et al., 2006). Notably, the majority of ENTPD1* T
cells in ¢SCC and healthy or non-lesional skin from ¢SCC patients were CLA", whereas the
majority of ENTPDI1- T cells were CLA" (Figure 3A). Among ENTPD1-expressing CD4" and
CD8" T cell subsets, the majority of T cells present in NL or ¢cSCC skin were CLA™ and this
frequency was significantly higher compared to T cells in the blood of respective cSCC patients

(Figure 3B, C).

PD-1 and ENTPDI1 are co-expressed on FoxP3 - memory T cells within human ¢SCC. Given

that immune-inhibitory molecules often synergize to confer maximal inhibitory functions
(Pardoll, 2012), we tested the possibility that ENTPD1 and PD-1 may be co-expressed. PD-1 and
its two ligands, PD-L1 and PD-L2, have been previously identified in multiple cancers, including
cSCC. We find that PD-1 was expressed by approximately 50% of T cells in human cSCC
(Figure 4A). About 1/5 of T cells within human c¢SCC co-expressed PD-1 with ENTPDI1
(Figure 4B). As expected, the expression pattern of PD-1 was highly distinct between FoxP3-
and FoxP3" T cell subsets. Within the FoxP3- T cell subset, but not within the FoxP3™ T cell
subset, PDI"ENTPD1" T cells were highly elevated in ¢cSCC compared to T cells in NL skin and

blood (Figure 4C).



IL-27 promotes ENTPDI1 and FoxP3 expression on human skin-resident T cells. 1L-27,

comprised of IL-27p28 (IL-27A) and Epstein-Barr Virus-induced gene 3 (EBI3), is produced
abundantly by activated myeloid cells (Mascanfroni et al., 2013) and signals through the IL-27
receptor comprised of IL27RA and IL27RB. The IL-27 receptor complex is widely expressed on
myeloid cells and T cells (Pflanz et al., 2004). IL-27 directly blocks T-cell responses through up-
regulation of IL-10 and ENTPDI1 on dendritic cells and indirectly through induction of PD-L1
and ENTPD1 (Mascanfroni et al., 2013, Sekar et al., 2012). Recent studies highlight that IL-27
enhances Treg accumulation and immunosuppressive function (Sekar et al., 2012, Xia et al.,
2014). We found that IL27A expression is increased in human cSCC compared to normal skin
and co-localized with CD209 (also known as DC-SIGN) expression (Figure SA-D). IL-27A is
sufficient to induce ENTPD1 on human T cells (Figure SE). Furthermore, IL-27A induces
FoxP3 expression, supporting its role as an enhancer of Treg accumulation (Figure 5E).

As described above, we noted that ENTPD1 expression is increased not only in ¢SCCs but also
in chronically sun-exposed NL skin, suggesting that UVR may induce ENTPD1 expression. To
determine the role for IL-27 signaling in UVR-induced ENTPD1 expression, we exposed WT
and IL-27RA”" mice to narrow band UVB (311-312 nm). We found that /L-27RA"" mice have

significantly lower levels of UVB-induced Entpdl compared to control mice (Figure SF, G).

IL.-27 signaling in T cells causes accumulation of UVB-induced DNA damage via ENTPD1.

Once established that UVB induces ENTPDI1 expression in an IL27-dependent manner, and that
this pathway is upregulated in cSCCs, we sought to determine whether this pathway influences
DDR after UVR. Human skin T cells from healthy donors were treated with recombinant human

IL-27, washed twice to remove any remaining IL-27, and re-stimulated with plate-bound anti-

10



CD3 in keratinocyte growth medium. Conditioned keratinocyte medium and control medium
were collected and added to human keratinocyte cultures which were UVB-treated.
Subsequently, DNA damage was measured in keratinocytes by YH2AX accumulation, a
commonly used marker of UV-induced DNA damage (Fernandez-Capetillo et al., 2002, Marti et
al., 2006, Modi et al., 2012, Paull et al., 2000, Rogakou et al., 1998). Notably, quantification of
YH2AX" keratinocytes treated with T cell condition medium revealed that prior priming of skin T
cells with IL-27 resulted in accumulation of epithelial DNA damage, possibly due to a defect in
DDR (Figure 6A). Furthermore, in an in sifu mouse ear model system, which provides a
controlled model system by preventing influx of peripheral immune cells, we found that
treatment of WT mouse ears with recombinant IL-27 strongly attenuated resolution of YH2AX
foci in keratinocytes following UVB-irradiation (Figure 6B). This response was lost in mice
deficient in //27ra or Entpdl. Finally, we found that ENTPDI expression co-localizes with areas
of high DNA damage within ¢cSCCs (Figure 6C) and peritumoral skin (Figure 6C, D and
Figure S4). Together, our data is highly suggestive that IL-27 affects T cells to cause

accumulation of UVB-induced DNA damage via ENTPDI.

Extracellular adenosine downregulates expression of putative keratinocyte DNA repair

protein(s). We then turned our attention to how IL27-mediated UV-induced ENTPD1
expression on skin resident memory T cells may modulate DDR in keratinocytes. ENTPDI
functions to increase the local concentration of extracellular adenosine (eADO). We found that
indeed, the concentration of extracellular ATP metabolites including adenosine is higher in
cSCC samples when compared to normal skin (Figure S5). To determine the effect of eADO on

keratinocyte gene expression, we stimulated keratinocytes with either vehicle or 10 uM
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adenosine, and report the 49 probes with the most significantly different expression after 24
hours (Figure 6E).

There was differential expression of several genes previously implicated in DDR.
Downregulated genes with known DDR functions included TNFAIP3 (Yang et al., 2018), EGRI
(Thyss et al., 2005), LIF (Liu et al., 2014), NAP1L2 (Gao et al., 2012), and KR723 (Birkenkamp-
Demtroder et al., 2013). Upregulated proteins with known DDR functions included MSH6
(Edelbrock et al., 2013), AKR1B10 (Shen et al., 2015), and HERCS (Sanchez-Tena et al., 2016).
TNFRSF10C, which is a known p53-regulated DNA damage-inducible gene, was upregulated
with adenosine treatment (Sheikh et al., 1999). Interestingly, several genes involved with viral
pathogenesis including PEG10, MX1, I[FI44, and DDX60 were upregulated after treatment with
adenosine (Berard et al., 2015, Kaczkowski et al., 2012). Finally, adenosine treatment induced
the expression of several genes implicated in the interferon gene response (IRF9, MX1, IFITI)
(Gerner et al., 2019).

We further investigated the adenosine-mediated downregulation of NAPIL2, or nucleosome
assembly protein 1 like 2. NAP1L2 is a member of the nucleosome assembly protein (NAP)
family with known functions that include nucleosome assembly, histone transport, histone
eviction, transcriptional regulation and cell cycle progression (Attia et al., 2011). Nucleosome
assembly and histone chaperones are an integral element of nucleotide excision repair, which is
the primary mode of repair for UV-induced cyclobutane pyrimidine dimers and pyrimidine (6-4)
pyrimidone photoproducts (Palomera-Sanchez and Zurita, 2011). Recent studies have also shown
a role for NAP1 in the repair of DNA double strand breaks (Machida et al., 2014) which often

occur secondary to UVA radiation.
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We confirmed adenosine-mediated NAP1L2 downregulation in the A431 SCC cell line. We
found significant downregulation of NAP1L2 at the transcript and protein level when cells were
treated with 10 uM adenosine for 24 and 48 hours, respectively (Figure 6F, G).

To determine whether NAP1L2 expression is necessary for effective repair of UV-induced DNA
damage in keratinocytes, we expressed a siRNA against NAP/L2 in human keratinocytes. The
keratinocytes were UV-irradiated and the extent of DNA damage, as marked by 53BP1
expression, was measured at 2 and 24 hours. We found that detection of 53BP1-positive foci
increased at two hours after UV exposure regardless of NAPIL2 expression. At 24 hours,
however, NAP1L2 knockdown resulted in accumulation of DNA damage, while the cells treated

with control siRNA were able to effectively clear any acute damage (Figure 6F).

Together, our results demonstrated that IL-27-mediated UV-induced ENTPD1 expression and
downstream increase in eADO suppresses DDR. This is directly linked to the capacity of eADO
to downregulate expression of NAP1L2, a putative member of the DNA repair machinery, in
keratinocytes and a cSCC tumor cell line. Notably, T cells in close proximity to human ¢SCC are
characterized by high ENTPDI1 expression, implicating that our identified mechanisms could

also apply to human c¢SCCs.

13



DISCUSSION

The risk factors for developing cSCC are well known and include age, sun exposure, skin type
and immunosuppression (Que et al., 2018). UVB radiation induces DNA damage within
keratinocytes that accumulates with increased sun exposure and age. Importantly, both clinical
and laboratory investigations have revealed an important role for innate and adaptive immunity
in ¢cSCC carcinogenesis (Bottomley et al., 2019).

The current paradigm suggests that cancer cells and the associated microenvironment suppress
immune surveillance function. Currently, it is not well understood whether and how the immune
status can a priori regulate mechanisms of oncogenesis such as UV-induced DNA damage and
DDR. Recently, work from Girardi and colleagues on dendritic cells (Lewis et al., 2015) and our
work on skin T cells has explored this area. Notably, we previously made the discovery that upon
acute UV damage, skin-resident T cells increase epithelial TWEAK and GADDA4S5 to stimulate
early DDR (MacLeod AS, 2014). In contrast, here we report a pathway in which UV radiation
induces expression of ENTPD1 on regulatory T cells to impair DDR.

In this study, we show that ENTPDI1 expression by tumor associated T cells is higher in human
primary cSCCs when compared to normal skin. This phenotype is observed in human tumors
from disparate geographic sites, including both the west and east coasts of the USA as well as the
United Kingdom. We also show here that ENTPDI1 expression may be associated with metastatic
potential of ¢cSCC. This is in line with many studies that have shown tumor-specific increased
expression of ENTPDI in other solid tumors, including head and neck SCC (HNSCC), and
suggest ENTPD1 expression may be associated with worse prognosis (Mandapathil et al., 2018,

Mandapathil et al., 2009, Vigano et al., 2019).
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Importantly, we show that these ENTPD1 expressing T cells have a predominantly CLA",
CDA45RO", FoxP3" phenotype suggesting that these are skin-homing Tregs. Interestingly, we
also observe co-expression with the immune checkpoint molecule PD-1 on FoxP3" T cells.
Although both ENTPDI and PD-1 expression are classically associated with FoxP3"* Tregs,
others have also reported a distinct CD4"ENTPD1"PD-1"FoxP3- phenotype in tumors and
peripheral blood from patients with HNSCC (Schuler et al., 2012). ENTPD1 and PD-1 co-
expression is thought to be a signature of T cell exhaustion (Mohme et al., 2018), emphasizing
the significance of purinergic signaling in mediating the immunosuppressive activity of T cells.
Furthermore, recent studies in mouse models of solid tumors have shown that dual blockade of
ENTPD1 and PD-1 may provide improved tumor growth restriction and control of metastasis
compared to monotherapy (Li et al., 2019, Yan et al., 2020). Investigating this approach in
models of advanced cSCC will be an important next step.

In examining ENTPDI1 expression on tumor infiltrating lymphocytes, we observed a gradient of
expression, with enriched ENTPD1 within the perilesional NL skin compared to peripheral
blood. Increased ENTPDI expression may lead to an accumulation of UV-induced DNA
damage as we and others have shown that peritumoral normal skin harbors many UV-induced
oncogenic mutations (Albibas et al., 2018, Chitsazzadeh et al., 2016). Furthermore, several
studies demonstrate that the mutational burden increases along the oncogenic march from actinic
keratosis to cSCC (Borden et al., 2019, Chitsazzadeh et al., 2016). As Dlugosz, Merlina, and
Yuspa summarized in 2002, pre-malignant lesions such as actinic keratoses often harbor
evidence of UV-induced DNA damage while genomic instability is a hallmark of frank
carcinoma (Dlugosz et al., 2002). Thus, increased ENTPD1 expression and subsequent down

regulation of DDR may contribute to the genomic instability that characterizes cSCC. UVR has
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also been shown to create a locally immunosuppressed microenvironment, specifically by
inducing Tregs (Toda et al., 2011). Lai et al showed that Tregs accumulate in premalignant
lesions, further supporting the role for immunosuppression in tumor initiation (Lai et al., 2016).
Our work supports a role for UV-mediated induction of ENTPD1 expression in the tumor
microenvironment, including cutaneous Tregs and other cell types. Others have shown induction
of ENTPDI expression by Tregs in the blood after extracorporeal UVA photophoresis (Schmitt
et al., 2009). Specifically, we show that UVB-mediated ENTPDI1 induction is likely mediated by
IL-27 expressed by dermal myeloid cells. Previous studies have demonstrated that UVR induced
keratinocyte damage results in the release of double stranded RNA that can act as a damage-
associated molecular pattern to active the innate immune response via the toll-like receptor 3
(Bernard et al., 2012). We have previously published that activation of the toll-like receptor 3
with double stranded RNA results in potent stimulation of [L27 expression by dermal myeloid
cells (Yang et al., 2017). The murine studies presented here demonstrate that UV induction of
ENTPDI1 expression is dependent on the presence of a functional IL27 receptor. Importantly, in
2013 Mascanfroni et al showed that IL27 is a potent inducer of ENTPDI, resulting in decreased
extracellular ATP (Mascanfroni et al., 2013). Together, these data demonstrate that 1L.27-
mediated ENTPD1 induction is an important mechanism of UV-induced immunosuppression.
We go on to show that ENTPD1 expression localizes to areas of DNA damage to impair DDR.
ENTPDI is the rate-limiting step in generating adenosine that signals through cell surface
receptors to promote regulatory T cells and suppress effector T cell function (de Andrade Mello
et al., 2017). Here we show a novel mechanism by which purinergic signaling may regulate

DDR to promote cSCCs.
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Interestingly, others have proposed a role for purinergic signaling in DDR following ionizing
radiation. Tsukimoto and others have shown that extracellular ATP may signal through P2X and
P2Y receptors to result in accumulation of DNA damage (Tsukimoto, 2015). ADO on the other
hand, signals through the G-protein coupled receptors A1R, A2aR, A2sR and A3R to result in
accumulation of cyclic AMP and downstream suppression of T-cell responses. Recently, it has
been shown that HNSCC tumor cells express A2aR and that this molecule may serve as a
therapeutic target (Vogt et al., 2018). This strongly suggests an important role for ADO receptor
signaling in cSCC oncogenesis to be explored in future studies.

Here, we show that extracellular adenosine modulates the expression of several DDR-implicated
genes including NAPI1L2. NAP1L2 has been shown to serve as a H2A/B chaperone
(Mazurkiewicz et al., 2006). NAPs facilitate incorporation of histone H2A/H2B dimers to
complete nucleosome assembly and play critical roles in DNA repair. Furthermore, adenosine
can activate caspase-3, which sub-lethally promotes persistent DNA damage and oncogenic
transformation (Wen and Knowles, 2003). A recent study by Rokunohe et al, suggests that
caffeine, a known adenosine receptor antagonist (Peleli et al., 2017), may reduce the burden of
UV-induced mutations (Rokunohe et al., 2019), further supporting a role for purinergic signaling
in regulating DDR. Given that we identified a pathway by which IL-27-induced ENTPD1
signaling promotes genomic instability in the skin, ongoing studies are underway to determine
how this pathway may be therapeutically targeted in skin cancer. Our studies may also provide
important insight into other cancers characterized by high ENTPD1 expression.

The experiments shown here primarily support a role for UV-induced ENTPDI1 expression in
promoting early events in cSCC carcinogenesis, however, we also show ENTPD1 expression to

be higher in tumors that metastasize. Although this may ultimately reveal a distinct pathway of
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ENTPDI function, defective DDR and mutational status have also been implicated in the
aggressiveness of SCC (Inman et al., 2018).

In conclusion, we propose a model in which UV radiation induces ENTPDI1 expression on skin-
resident T cells, increasing levels of extracellular adenosine which downregulates the expression
of NAPIL2 within keratinocytes leading to the accumulation of DNA damage and subsequent

oncogenesis.

MATERIALS AND METHODS

Human tissue and cells. All human samples for this study were obtained according to protocols

approved by the IRB at Duke University, University of Southampton (UK), and Scripps
Research Institute, CA and as described in the supplemental materials and methods. Written
informed consent was received from patients as required by the relevant protocols.

Normal human keratinocytes were purchased from (Cascade Biologics) and the A431 cell line
were purchased from ATCC with experimental conditions as described in supplemental materials
and methods.

Mouse experiments. All mice were bred and studies performed at Duke University and The

Scripps Research Institute according to protocols approved by Institutional Animal Care and Use
Committees (IACUC) guidelines and described in the supplemental materials and methods.

Ultraviolet Irradiation. Mice and cells were irradiated with an EB-280C/12 UVB lamp (100

mJ/cm?, Spectroline, predominant emission 312 nm, 270-390 emission range).

Immunofluorescence. For histological analysis of epidermal ear sheets, monolayer human

keratinocytes and frozen skin section, tissues and cells were paraformaldehyde-fixed and

incubated in a blocking solution of PBS containing 2.5% normal goat serum (Jackson Immuno
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Research), 2.5% normal donkey serum (Jackson Immuno Research), 1% bovine serum albumin
(Calbiochem), 2% fish gelatin (Sigma), and 0.1% Triton-X100 for 1 hour at room temperature
before overnight incubation with primary antibodies or appropriate IgG controls at 4°C. Primary
antibodies used were NAP1L2 (Thermo), YH2AX (Active Motif), IL27A (LifeSpan
Biosciences), ENTPD1/CD39, CD207 and CD209. Secondary antibodies were Alexa Fluor 555
(Invitrogen), Alexa Fluor 488 (Invitrogen) or Cy3-conjugated (Jackson ImmunoResearch
Laboratories). After washing, sections were mounted with Prolong Gold antifade containing
DAPI (Invitrogen) or Hoechst staining (Life Technologies). To quantify CD39 expression,
representative images of the cSCC peritumoral immune infiltrate were obtained. The total
number of immune cells and the number of ENTPD1" immune cells were counted in five high
power fields per sample using technology-assisted image analysis.

Flow cytometry and fluorescence-activated cell sorting. Antibodies and appropriate IgG

controls were conjugated to FITC, AF488, PE, PerCP-Cy5.5, Pe-Cy7, Pacific blue, AF780,
APC-Cy7, BV421, or APC. Antibodies to mouse Vy3 (536), TCRB (H57-597), CD4 (GK1.5)
and pan-ydTCR (GL-3),Thyl.2 (53-2.2), CD3 (HIT3a, 17A2 and 145-2C11), CD45 (HI30), IL-
17A (ebio64DEC17), CD8 (53-5.8) and CD69 (H1.2F3) were purchased from TONBO,
eBioscience, Biolegend, and BD Bioscience. Antibodies to human CD45, CD3, CD4, CDS,
CD45R0, CLA, ENTPDI1, CD73, CD11b, CD11¢, CD206, DC-SIGN, PD-L1, PD-L2, PD-1,
vOTCR, FoxP3, IL17A were purchased from TONBO, eBioscience, Biolegend, R&D and BD
Bioscience. For detection of intracellular IL-17A, human skin T cells were stimulated with IL-27
(100 ng/ml) and were re-stimulated with PMA (2 ng/ml) and ionomycin (1uM) in the presence
of brefeldin A (5ul/ml) and monensin (eBioscience, 1:1000), before cells were fixed and

permeabilized with cytofix and cytoperm reagents from BD Bioscience. Cells were acquired on a
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LSRII and analyzed with FlowJo software (Tree Star, Inc.). For some experiments, human
myeloid cells were purified by FACS-sorting.

Real-Time PCR. Total RNA was isolated from cells using RNeasy Micro Kit (Qiagen) or from

tissue using TRIzol (Invitrogen). RNA was reverse transcribed using the iScript cDNA Synthesis
Kit (BioRad) and resulting cDNA was amplified using FastStart Universal SYBR Green Master
Mix (Roche). Fold induction of gene expression was normalized to housekeeping gene and
calculated using the 244¢Y method.

Liquid chromatographyv — electrospray tandem mass spectrometry (LC-ESI-MS/MS).

ATP, ADP, AMP, and ADO measurement was performed by the Duke Cancer Institute PK/PD
Core laboratory using LC-ESI-MS/MS. Pure standards of ADO, ADO13C5, AMP, ADP, ATP
(Sigma-Aldrich) and ATP15NS5 (TRC) were of analytical purity. Methods from Goutiera et al.
(Goutier et al., 2010) were modified as described in supplemental methods to accommodate
additional metabolites and available instrumentation.

Microarray data analysis. Microarray datasets from Padilla et al. (GSE2503) (Padilla et al.,

2010), Haniffa et a/ (GSE35457) (Haniffa et al., 2012) and McGovern et al (GSE60317)
(McGovern et al., 2014) were downloaded from the Gene Expression Omnibus. For the two
Illumina array datasets (Haniffa et a/ and McGovern et al), we applied quantile normalization
from the preprocessCore Bioconductor package to eliminate systematic differences across the
samples. Differential expression across groups within each dataset was calculated using an
empirical Bayes’ moderated test statistic using the limma Bioconductor package in the R
statistical programming environment. The false discovery rate (FDR) was used to correct for
multiple hypothesis testing. Human Affymetrix microarray datasets were processed and

normalized using the affy and limma Bioconductor packages from the R statistical programming
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environment. Raw data was first normalized to eliminate systematic differences across samples
using the robust multi-array average approach and differential expression between ADO treated
and control samples was calculated using a linear model with an empirical Bayes’ estimation of
the test statistic. The FDR was used to correct for multiple hypothesis testing. For display of
expression in the different heatmaps, the expression values were z-score transformed across
samples and genes were clustered using a correlation distance with complete linkage.

Statistics. Data in graphs are presented as means and error bars are standard error of the mean
unless otherwise indicated. Statistical significance was measured using two-tailed Student t-test,
matched pairs t-test, or Turkey’s Multiple Comparison Test as indicated. A P value of <0.05 was
considered significant.

Data Availability Statement. Datasets related to this article can be found at

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE 165222, hosted at the NCBIs Gene

Expression Omnibus (Edgar et al., 2002) with GEO Series accession number GSE165222.
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FIGURE LEGENDS

Figure 1. ENTPD1 expression is increased within human ¢SCC and correlated with

metastasis.

Measurement of ectonucleotidase triphosphate diphosphodydrolase 1 (ENTPD1) expression in
unmatched human normal skin (NS) and cutaneous squamous cell carcinoma (cSCC) by (A)
qpCR for ENTPDI mRNA (nns=8, nscc=10) and (B) detection of ENTPD1" cells by flow
cytometry of fresh tissue (nns=11, nscc=13). (C) Analysis of human primary SCC for ENTPD1
expression among peritumoral immune cells via immunohistochemistry (IHC) in tumors that
metastasized ((+) met, n=54) vs those that did not ((-) met, n=51). (D) ENTPD1 expression
within CD45" and CD45" populations of cells by flow cytometry of fresh tissue (nns=11,
nscc=13). (E) In vivo expression of ENTPD1 within the stroma of ¢cSCC. Dotted lines indicate
the epidermal-dermal junction (scale bar = 200 um). (F) ENTPD1 expression by CD3* T-cells
(n=13) isolated from human cSCC, peritumoral non-lesional (NL) and blood. Each data point

represents one patient sample. P values determined by unpaired ¢ test.

Figure 2. Human ¢SCCs are enriched for ENTPD1" memory T cells.

ENTPDI1 expression among (A) CD8+, (B) CD4+ FoxP3-, and (C, D, E) CD4+ FoxP3+ T-cells
isolated from human SCC, perilesional skin (NL), and blood (n=13). % positive cells shown by
flow cytometry in A-C, E and mean fluorescence intensity (MFI) by flow cytometry shown in D.
Percentage of CD45RO+ cells among ENTPD1+ populations of (F) CD4+ and (G) CD8+ T cells
isolated from human SCC, perilesional skin (NL), and blood (n=7). (H) CD45RO+ENTPDI1+
cells are enriched among CD4+FoxP3+ T cells in cSCC compared to NL and blood (n=7). (L, J)

Representative flow cytometry analysis of CD45RO, FoxP3 and ENTPD1 expression in cells
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isolated from human SCC, perilesional skin (NL), and blood. P values determined by Tukey’s

multiple comparisons test.

Figure 3. ENTPD1+ T cells express cutaneous lvmphocyte antigen (CLA).

(A) Representative flow cytometry of analysis of total T cells isolated from human cSCC
showing CLA expression within the ENTPD1* vs ENTPD1" populations. CLA expression
among (B) CD4+ ENTPD1+ and (C) CDS8+ENTPDI1+ T cells isolated from human SCC,
perilesional skin (NL), and blood (n=12). P values determined by Tukey’s multiple comparisons

test.

Figure 4. ENTPD1 and PD1 are co-expressed on FoxP3- T Cells.

(A) PD1 expression and (B) coexpression with ENTPD1 among T cells isolated from human
cSCC (SCC, n=8), perilesional skin (NL, n=5)), and blood (n=3). (C) PD1 and ENTPD1 co-
expression within FoxP3- and FoxP3+ populations among T cells isolated from human SCC,

perilesional skin (NL), and blood. P values determined by Tukey’s multiple comparisons test.

Figure 5. UV-induced ENTPD1 expression is I1.-27-dependent.

(A) Representative flow cytometric analysis of IL-27A expression in CD14+ cells in healthy
normal skin (NS) and SCC. Representative immunoflourescence microscopy of IL-27A
expression in (B) NS and (C) SCC (scale bar = 500 um). (D) Representative co-staining for IL-
27A and CD209 in a human SCC sample (scale bar = 200 um). (E) Relative expression of
ENTPD1 and FoxP3 in human skin-derived T cells from healthy donors after stimulation with

rhIL-27. (F) ENTPDI expression by qPCR of mouse skin harvested from WT and IL-27RA”
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mice 18 hours after UVB exposure. (G) %ENTPD1" cells by flow cytometry in mouse skin
harvested from WT and IL-27RA”- mice one day after UVB exposure (nwr, mock=2, DwT, UVB=3,
NIL27RA-/-, mock=3, NIL27RA--, UvB=2). Error bars represent SEM. P value determined by unpaired t

test.

Figure 6. UV-induced DNA damage is potentiated by IL-27/ETNPD1 and may be mediated

by NAP11.2.

(A) Human keratinocytes were cultured with acellular medium (n=3), anti-CD3 stimulated skin-
resident T cells (n=4), or IL-27A primed (100 ng/ml) and anti-CD3 stimulated skin-resident T
cells (n=3) followed by UVB irradiation and measurement of DNA damage by quantification of
yYH2AX after 24 hours. (B) Epidermal sheets isolated from the ears of WT, ENTPD17, and
IL27ra” C57BL/6 mice were exposed to UVB irradiation with or without recombinant IL-27A
treatment followed by quantification of YH2AX" after 24 hours (nwt, uvs=4, Nwrt, UVB+iL27=3,
NENTPD1-/-, UVB=3, NENTPD1-/-, UVB+L27=3, NIL27RA-/-, UVB=23, NIL27RA-/-, UVB+IL27=3). Co-localization of
ENTPD1" and YH2AX" cells in (C) ¢SCC (representative of n=7) and (D) nonlesional skin by
immunofluorescence microscopy (scale bar = 1 mm and 200 pum for low and high power images,
respectively). (E) Heat map of the top 49 most significant probes in normal human keratinocytes
treated with vehicle or 10 uM adenosine for 24 hours. Normalized gene expression has been z-
score transformed. Samples and genes were each clustered using correlation distance with
complete linkage. Measurement of NAP1L2 expression in A431 SCC cell line treated with
vehicle or 10 pM adenosine via (F) gPCR for NAPI/L2 mRNA (n=3) at 24 hours or (G)
immunohistochemistry for NAP1L2 protein at 48 hours (scale bar = 20 um). (H) Measurement

of DNA damage via %yH2AX" cells at 2, 24, and 36 hours after UVB irradiation of
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keratinocytes with or without siRNA knockdown of NAP1L2 (n=3 distinct NHEK donors
depicted by distinct symbols). Error bars represent SEM. P value determined by unpaired t test in

A, B, F and paired t test in H.
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SUPPLEMENTAL FIGURE LEGENDS

Supplementary Figure 1. ENTPD1 expression is increased within human ¢SCC compared

to normal skin
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Representative example of ENTPD1 expression in unmatched human normal skin (NS, n=11)

and cutaneous squamous cell carcinoma (SCC, n=13).



Supplementary Figure 2. ENTPD1 and CD73 expression among T cells and macrophages

in cutaneous squamous cell carcinoma, peritumoral skin, and peripheral blood.
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(A, B) Representative example of CD45" ENTPD1™ cells from human ¢SCC that are composed
of CD3" T-cell and CD14" macrophage populations. (C) ENTPD1 expression by CD14"
macrophages (n=9) isolated from human cSCC (SCC), peritumoral non-lesional (NL) skin and
blood. (D) Representative expression of CD73, a different ectonucleotidase, among different

peritumoral cell types. P values determined by Tukey’s multiple comparisons test.



Supplementary Figure 3. ENTPD1 and CD73 expression by epidermal and dermal

dendritic cells and macrophages.
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(A) Heat map showing several target genes encoding innate immunity genes including Toll-like

receptors (TLR), cytokines and their receptors. Normalized gene expression data was z-score

transformed. Datasets from Schlitzer et al. (GSE35459) and McGovern et al. (GSE60317) were

downloaded from GEO. (B) Flow cytometry analysis of CD1a and CD14 expression on

epidermal and dermal cell suspensions from healthy normal skin and cSCC skin. (C) Flow

cytometry analysis of CD14+ cells isolated from human ¢SCC express ENTPDI and various

surface markers. IgG controls depicted in grey. Results representative of 3-4 patient samples.



Supplementary Figure 4. ENTPDI1 expression co-localizes with YH2AX" cells in ¢cSCC and

nonlesional skin.
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ENTPDI expression co-localizes with areas of high DNA damage as measured by YH2AX"
within ¢SCCs and peritumoral nonlesional (NL) skin. ENTPD1 expression is higher within the

lesional tissue.



Supplementary Figure S. Extracellular ATP metabolites including adenosine are increased

in human cutaneous squamous cell carcinoma.
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Measurements of adenosine diphosphate (ADP), adenosine monophosphate (AMP), and
adenosine (ADO) from supernatants of SCC and normal skin (NS) by tandem-mass

spectrometry. *P<0.05 as determined by two-tailed Student’s t-test.



Supplementary Figure 6. UV radiation-induced ENTPD1 expression in cutaneous

squamous cell carcinoma inhibits DNA damage repair via purinergic signaling and is
associated with metastasis. UV radiation induces keratinocyte damage and IL27-mediated
upregulation of ENTPDI1 expression on cells, including regulatory T cells, which results in the increased
concentration of extracellular adenosine. Our studies show that increased extracellular adenosine
downregulates expression of NAP1L2, inhibiting effective DNA damage repair and thereby promoting

tumorigenesis. We also show that ENTPD1 expressing tumors are more likely to metastasize.
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SUPPLEMENTAL MATERIALS AND METHODS

Human tissue and cells. All human samples for this study were obtained according to protocols

approved by the IRB at Duke University, University of Southampton (UK), and Scripps
Research Institute, CA. Written informed consent was received from patients as required by the
relevant protocols.

Normal skin samples were obtained from otherwise discarded tissue from procedures performed
at Duke University, Scripps Green Hospital, and Scripps Clinic Ambulatory Surgical Center,
Carmel Valley. SCC samples were collected following excision performed at Duke University,
Scripps Clinic, and University of Southampton. Peripheral blood mononuclear cells were
isolated from venous patient blood by centrifugation with Lymphoprep (Axis-Shield).

Normal human keratinocytes were purchased from (Cascade Biologics) and grown in serum-free
EpiLife cell culture medium containing 0.06 mM Ca2+, EpiLife Defined Growth Supplement, 50
U/ml penicillin and 50 mg/ml streptomycin, maintained for up to five passages, and used at
approximately 75-80% confluence for experiments. A431 SCC cell line cells were purchased
from ATCC (CRL-1555) and grown in DMEM with 10% FBS. For some experiments, cells were
stimulated in 2-4 well chamber slides (Lab-Tek) with cell-free supernatants from anti-CD3-
activated skin-resident T cells (T cell supernatants, TC sups) and were irradiated with 10 mJ/cm?
UVB before immunohistochemical analyses. For some experiments, cell culture medium was
collected from from either UVB-treated or non-treated keratinocytes and used for stimulation of
human skin-resident T cells. Tissue samples from normal donors were used to obtain skin-
resident T cell explant cultures as previously described (MacLeod AS, 2014) with the exception
that cells were kept in complete RPMI 1640 medium with 10% FCS without cytokines. For

experiments where T cell supernatants were used, T cells were stimulated in keratinocyte EpiLife



medium (Cascade Biologics). Anti-CD3 (OKT3, Biolegend) was immobilized to individual wells
of 96-well flat-bottom plates. In some experiments, cells were treated with 10 uM adenosine

(Sigma) diluted in growth media.

Mouse experiments. All mice were bred and studies performed at Duke University and The

Scripps Research Institute according to protocols approved by Institutional Animal Care and Use
Committees (IACUC) guidelines.
For some experiments, mice were irradiated with an EB-280C/12 UVB lamp (100 mJ/cm,

Spectroline, predominant emission 312nm, 270-390nm emission range) after removing their

back hair.

Epidermal, dermal and whole skin cell suspensions were freshly isolated from mouse skin as
previously described (MacLeod AS, 2014) and were cultured in complete RPMI 1640

containing 10% FCS.

For analyses of YH2AX in mouse ears, ears were excised, separated into dorsal and ventral ear
halves as previously described (MacLeod AS, 2014, MacLeod et al., 2013), and were floated
epidermis side-up in complete DMEM (Dulbeccos) with 10% FCS and were irradiated with 100
mJ/cm? UVB. Sections were visualized using a Nikon Eclipse E800 microscope and digital

images were acquired with a Zeiss AxioCam HRc camera.

Liquid chromatographyv — electrospray tandem mass spectrometry (LC-ESI-MS/MS).

ATP, ADP, AMP, and ADO measurement was performed by the Duke Cancer Institute PK/PD
Core laboratory using LC-ESI-MS/MS. Pure standards of ADO, ADO13C5, AMP, ADP, ATP
(Sigma-Aldrich) and ATP15NS5 (TRC) were of analytical purity. Methods from Goutiera et al.

(Goutier et al., 2010) were modified to accommodate additional metabolites and available



instrumentation. Briefly, 100 uL of cell-free supernatants from SCC in NaCl was combined with
200 pL of mobile phase A (described below) and 10 puL of 10 uM of solution of ADO13C5 and
ATP15NS5 internal standards in mobile phase A, vortexed, and 10 pL directly injected into the
LC-ESI-MS/MS system. Chromatographic separation was accomplished on a Shimadzu 20A
series HPLC (LC) equipped with ZIC® -pHILIC (5 pm, 150x4.6 mm) column (SeQuant, AB,
Sweden). Mobile phase A consisted of 10 mM ammonium bicarbonate buffer adjusted to pH 9.4
with ammonium hydroxide in 20% acetonitrile in HPLC grade water. Mobile phase B was
acetonitrile. Flow rate was 0.8 mL/min. Electrospray ionization tandem-mass spectrometry (ESI-
MS/MS) detection was performed on an Applied Biosystems/SCIEX API 4000 QTrap
instrument. The following m/z MS/MS transitions were followed: 266/133.8 (ADO), 271/133.8
(ADO13C5, used as internal standard for ADO and AMP), 346/150.8 (AMP), 426/158.8 (ADP),
506/158.8 (ATP) and 511/158.8 (ATP15NS5, used as int. std. for ADP and ATP). Calibration
samples containing each analyte in the range of 3.9 nM (LLOQ) - 1 uM were run before and
after each batch of study samples. Linear relationship signal (analyte/int.standard) versus

nominal concentration was confirmed for all the analytes and used for quantification.
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