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Merkel cell carcinoma (MCC) is a rare and aggressive skin cancer. Inhibitors targeting the programmed cell death 1
(PD-1) immune checkpoint have improved MCC patient outcomes by boosting antitumor T cell immunity. Here, we
identify PD-1 as a growth-promoting receptor intrinsic to MCC cells. In human MCC lines and clinical tumors, RT-PCR-
based sequencing, immunoblotting, flow cytometry, and immunofluorescence analyses demonstrated PD-1 gene
and protein expression by MCC cells. MCC-PD-1 ligation enhanced, and its inhibition or silencing suppressed, in vitro
proliferation and in vivo tumor xenograft growth. Consistently, MCC-PD-1 binding to PD-L1 or PD-L2 induced, while
antibody-mediated PD-1 blockade inhibited, protumorigenic mTOR signaling, mitochondrial (mt) respiration, and
ROS generation. Last, pharmacologic inhibition of mTOR or mtROS reversed MCC-PD-1:PD-L1-dependent prolifera-
tion and synergized with PD-1 checkpoint blockade in suppressing tumorigenesis. Our results identify an MCC-
PD-1-mTOR-mtROS axis as a tumor growth-accelerating mechanism, the blockade of which might contribute to

clinical response in patients with MCC.

INTRODUCTION

The programmed cell death 1 (PD-1) pathway is a premier cancer
drug target for immune checkpoint inhibitor (ICI) therapy (I). PD-
1 engagement by its ligands, PD-L1 or PD-L2, dampens T effector
functions by suppressing pro-proliferative signaling pathways
downstream of the T cell receptor (2, 3). This T cell regulatory pro-
cess maintains immune homeostasis in healthy tissues by dampen-
ing aberrant T cell activation and consequent inflammation and
autoimmunity. Cancers exploit the PD-1 pathway to evade tumor-
directed T cell immunity to facilitate neoplastic progression (4). Ac-
cordingly, PD-1 axis blockade boosts antitumor T cell responses,
thereby inhibiting tumor outgrowth in preclinical cancer models (5,
6). In the clinic, therapeutic PD-1 and PD-L1 antibodies (Abs) have
shown remarkable survival benefit for patients with advanced stage
cancers of various etiology (I). Consequently, the United States
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Food and Drug Administration (FDA) has approved six PD-1 and
three PD-L1 blocking Ab clones for the treatment of metastatic dis-
ease of diverse origin (7). Nonetheless, clinical benefit varies by in-
dividual patient and tumor entity (8).

Merkel cell carcinoma (MCC) is a highly aggressive neuroendo-
crine carcinoma of the skin that responds exceptionally well to PD-
1-targeted ICI therapy (9, 10). Although relatively rare, MCC
incidence and mortality have been rapidly increasing in recent de-
cades (11). Risk of MCC development increases with advanced age
(9), which also correlates with improved ICI outcomes (12). MCC
occurrence is further linked to genetic mutations induced by ultra-
violet radiation and infection with Merkel cell polyomavirus (9, 13).
Both processes augment tumoral immunogenicity and consequent
recognition by T cells (7), thus potentially contributing to robust
PD-1 ICI benefit in patients with MCC.

Several additional facets of PD-1 immunobiology warrant con-
sideration in interpreting and optimizing ICI efficacy. For example,
tumor immune infiltrates other than T cells are also known to ex-
press PD-1, including B cells, macrophages, and natural killer cells
(14-16). PD-1 inhibition on these cell types suppresses tumor
growth and prolongs patient survival. PD-1 has also been found di-
rectly on cancer cells in several tumor entities (17-26). In preclinical
tumor models, including melanoma, hepatocellular carcinoma, and
glioblastoma, cancer cell-intrinsic PD-1 promotes tumorigenesis,
and its blockade thwarts cancer growth, including in the absence of
functional T cell immunity (17-19, 24, 27). Conversely, tumor PD-1
is growth-suppressive in non-small cell lung and colorectal carci-
noma cells, such that its antagonism promotes disease progression
(21-23, 25, 26). Whether PD-1 is expressed by MCC cells, is recog-
nized by FDA-approved inhibitors, and stimulates or suppresses tu-
mor growth is now unknown. More broadly, the precise signaling
effectors mediating cancer cell-PD-1-dependent tumorigenesis and
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if their targeting synergizes with PD-1 ICI-based growth inhibition
have not been well defined for any cancer type.

Here, we report PD-1 gene and protein expression directly by
MCC cells in several established human lines and patient tumor
biospecimens. MCC-expressed PD-1 is recognized by independent
Ab clones, including the FDA-approved PD-1 clinical inhibitor,
nivolumab. MCC-PD-1 engagement by its ligands, PD-L1 or PD-L2,
promotes in vitro tumor cell growth. Conversely, Ab-mediated
MCC-PD-1 blockade or genetic knockdown (KD) suppresses in vitro
proliferation and in vivo human tumor xenograft growth in immu-
nocompromised nonobese diabetic (NOD)-severe combined im-
munodeficient (SCID) IL-2 receptor y (IL-2Ry) chain-null (NSG)
mice. Consistently, PD-1 receptor ligation induces, while its block-
ade by nivolumab inhibits, phosphorylation of the protumorigenic
mammalian target of rapamycin (mTOR) pathway effectors, mTOR
and proline-rich AKT substrate 40 kDa (PRAS40), as well as down-
stream mitochondrial (mt) respiration and reactive oxygen species
(ROS) generation. Pharmacologic inhibition of mTOR with ra-
pamycin or of mtROS using the antioxidants, N-acetylcysteine
(NAC), or mito-2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) (28-
31) reverses MCC-PD-1-mediated tumor cell growth. Together,
these data establish expression of PD-1 by MCC cells and its recogni-
tion and functional inhibition by an FDA-approved PD-1 blocking
agent, nivolumab. Furthermore, our findings reveal a protumorigenic,
cancer cell-intrinsic PD-1:PD-L1 signaling circuit, mMTOR-PRAS40-
mtROS, the inhibition of which suppresses MCC-PD-1-dependent
tumorigenesis and synergizes with PD-1 checkpoint blockade in
thwarting tumor growth.

RESULTS

MCCs contain PD-1-expressing tumor cells
Immunofluorescence (IF) triple labeling of clinical MCC biospeci-
mens for PD-1 with the MCC marker (32), cytokeratin 20 (CK20),
and the leukocyte common antigen, CD45, revealed PD-1 protein
expression by CK20"CD45~ tumor cells in 11 of the 13 patients with
MCC (Fig. 1A). Flow cytometric analysis of tumor-derived single
cells from clinical MCC specimens additionally confirmed PD-1 ex-
pression by 16.3 + 0.8% of MCC cells (means = SD, n = 3), defined
as CD56YCD45~ (33), and by 26.1 + 0.8% of CD45" tumor-
infiltrating lymphocytes (TILs) using the MIH4 anti-human PD-1
Ab clone (Fig. 1B). The FDA-approved clinical PD-1 blocking Ab,
nivolumab (7), also bound PD-1 on 9.6 + 1.2% of patient MCC cells
and 23.4 + 2.6% of respective TILs (Fig. 1B). CD567CD45™ cell fre-
quency exceeded 90% in the human MCC lines, MKL-1, MKL-2,
MS-1, and WaGea, thereby confirming utility of this marker combi-
nation for MCC cell detection (fig. S1A). Reverse transcription
quantitative polymerase chain reaction (RT-qPCR) demonstrated
PD-1 gene (PDCD1) expression by all four MCC lines at levels sig-
nificantly exceeding those in human A375 melanoma cells (Fig. 1C)
previously shown to express PD-1 (18, 20, 21). In contrast, gene ex-
pression of PD-1 ligands, PD-L1 (CD274 and PDCD1LG]I) and PD-
L2 (PDCDILG2), was substantially lower in MCC versus A375
melanoma cells (fig. S1B). RT-PCR amplification and sequencing of
the full PDCD1I coding sequence further confirmed the PD-1 gene
transcript in all four MCC lines (Fig. 1D). PD-1 protein expression
by MKL-1, MKL-2, MS-1, and WaGa cells was detected by immu-
noblot analysis at the molecular weight corresponding to posi-
tive control T cell-PD-1 (Fig. 1E) and by fluorescence-activated cell
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sorting (FACS) analysis at mean PD-1" cell frequencies ranging
from 21.2 + 2.9% to 42.6 + 4.1% (= SEM; Fig. 1F). Consistent with
the RT-qPCR results above (Fig. 1C and fig. S1B), mean PD-L1 and
PD-L2 surface protein levels were low (<2% positivity) across all
MCC lines (fig S1C). Notably, PD-1 gene expression was markedly
enhanced in MCC tumor xenografts compared to that in respective
in vitro cultures (Fig. 1G). PD-1* MCC cell frequencies in vivo fell
within the already substantial ranges observed in vitro (Fig. 1F and
fig. S1D). Nonetheless, the levels of tumor cell-PD-1 [mean fluores-
cence intensity (MFI)] were significantly increased even further on
WaGa tumor xenografts compared to that on respective cell line cul-
tures (fig S1D), suggestive of MCC-intrinsic PD-1 receptor activity
in tumorigenesis.

MCC-PD-1 ligation promotes and its blockade inhibits
tumor growth

To dissect MCC-PD-1 functions in tumorigenesis, we first exam-
ined whether its ligation modulates tumor cell growth. Addition of
recombinant PD-L1 or PD-L2 immunoglobulin (Ig) to MKL-1,
MKL-2, MS-1, or WaGa cultures significantly increased MCC cell
proliferation by up to 3.2- or 2.3-fold, respectively, compared to
control Ig treatment, as determined by CellTiter-Glo-based lumi-
nescence analysis (Fig. 2A). Neither PD-L1 nor PD-L2 significantly
affected cell viability versus control Ig as determined by annexin V
and propidium iodide (PI) flow cytometric staining (fig S2A), thus
substantiating pro-proliferative as opposed to survival activity of
MCC-PD-1. Incubation of MCC cultures with the PD-1 blocking
Ab, nivolumab, significantly decreased in vitro tumor cell growth
(Fig. 2B) but did not induce cell death relative to isotype-matched
control Ab (fig. S2B). Anti-human PD-1 blocking Ab (J116 or
nivolumab) administration to NSG mice lacking T cells and other
adaptive immune cell subsets significantly inhibited MKL-1, MKL-
2, MS-1, and WaGa tumor xenograft growth compared to respective
isotype-matched control groups (Fig. 2C). Flow cytometric analysis
validated specificity of both PD-1 Ab clones used above for human
MCC and human positive T cell controls, but not murine T cells
(<1% reactivity; fig. S2C), thus supporting an MCC-PD-1-directed
effect. Consistently, short hairpin RNA (shRNA)-mediated KD of
PDCDI1 directly in MKL-1 and WaGa cells, as authenticated by RT-
qPCR, immunoblotting, and flow cytometry (fig. S3, A to C), sig-
nificantly inhibited in vitro proliferation (fig. S3D) and in vivo
tumor xenograft growth compared to respective scrambled control
MCC cells (fig. S3E). In agreement with the more pronounced
growth inhibitory effect of PD-1 blockade on MKL-2 and WaGa
versus MKL-1 and MS-1 xenografts, combined PD-1 and PD-L1
in vivo gene expression levels were highest in the former two com-
pared to that in the latter two tumor types (Fig. 1G and fig. S4A).
MCC-PD-L1 protein levels (MFI) were also substantially elevated
in vivo compared to that in respective in vitro lines (fig. S4B) and
significantly enriched in PD-1" versus PD-1~ tumor xenograft sub-
sets (fig. S4C). Consistent with the negligible expression of PD-L1
on in vitro cultured MCC lines (fig. S1C), treatment of MKL-2 and
WaGa cultures with anti-human PD-L1 blocking Ab did not signifi-
cantly affect in vitro proliferation (fig. S4D). In contrast, administra-
tion of this anti-human PD-L1 Ab to NSG mice significantly
suppressed MKL-2 and WaGa xenograft growth compared to iso-
type control Ab treatment (Fig. 2D), while anti-mouse PD-L1 block-
ing Ab had no significant effect (fig. S4E). Together, these results
identify MCC-intrinsic PD-1 receptor:PD-L1 ligand interactions as
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Fig. 1. PD-1 expression by MCC cells. (A) Representative triple immunofluorescence (IF) staining of a clinical MCC biopsy for PD-1 (red); the MCC marker, CK20 (aqua
marine); and the pan-lymphocyte antigen, CD45 (green). Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Size bars, 50 pm. (B) Representa-
tive flow cytometric analysis of PD-1 surface protein and mean expression (+ SD) by MCC cells (CD56"CD457) versus tumor-infiltrating lymphocytes (TILs; CD45%) in a
single-cell suspension derived from a clinical MCC tumor biospecimen, as determined by the PD-1 Ab clone MIH4 (left) and the FDA-approved inhibitor nivolumab (right).
(C) Relative PDCD1 gene expression (means + SEM) by human MCC lines, MKL-1, MKL-2, MS-1, and WaGa; unactivated (UA) and activated (A) humanT cells; dendritic cells
(DCs); and keratinocytes (KCs) versus human A375 melanoma cells, as determined by real-time quantitative reverse transcription polymerase chain reaction (RT-PCR).
(D) RT-PCR expression analysis of the full-length PDCD1 coding sequence by MCC lines, as in (C), UA and AT cell positive controls; KCs; and A375 melanoma cells. Human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a housekeeping gene. (E) Immunoblot of PD-1 protein expression by cell types as in (D). Human actin
beta (ACTB) served as a loading control. (F) Percentages (means + SEM) and representative flow cytometric histograms of PD-1 surface protein expression by MCC cell
lines. (G) Relative PDCD1 gene expression (fold change, means + SEM) by MCC cells cultured in vitro versus respective MCC xenografts grown in NSG mice. Results are
representative of n = 13 patients with MCC, at least n = 5 mice per experimental group and n = 3 independent experiments each. *P < 0.05; **P < 0.01. See also fig. S1.

Martins et al., Sci. Adv. 10, eadi2012 (2024) 19 January 2024 30f16

202 ‘02 Afenuer uo AlSBAIUN preARH e 610°80Us I0s" MMM/ SO1Y WO} papeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

A
S0 = W Control Ig 150 9 W Isotype control ab
* L @ PD-L11g O Anti—-PD-1 ab
£ '—‘ c 125+ * *
g 400 O PD-L21g £ * *x
8 8 — i
> i > 100 |
T 3004 ) oy
o [ (8]
&) O 754
Q * o
= 200+ % 1 =
[ i O 504
2 =
kS K
° 7] I I I =7
0- T T T T 0- T T T
MKL-1 MKL-2 MS-1 WaGa MKL-1 MKL-2 MS-1 WaGa
C MKL-1 in NSG MKL-2 in NSG
800 150 7
- |sotype control ab & |sotype control ab
= -0- Anti-PD-1 ab __ 159 -0 Anti-PD-1ab
& 600 T
£ £ 100 A
~ % ~ *
[} ¥ [} *
£ [/ £ *
S 400 3 75
[<] o
> >
o o B
g % e " A
2 200 % 2 -
/ 25 A lg_——ﬁ'
—a
0w /DTH:}——-D”'D
0 5 10 15 20 25 30 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 7
Days after tumor cell inoculation Days after tumor cell inoculation
MS-1in NSG WaGa in NSG
200 4 300 -
& |sotype control ab & |sotype control ab
. -0- Anti-PD-1 ab __ %09 -0 Anti—PD-1ab
E E
£ £ 200
Q ()
1S * E ¥
3 3 150 ¥
o o
> >
o o 4
g g ftoo
=] =]
= = %
50
j@%ﬁ*‘?
o, ggEaoatooto-god
0 5 10 15 20 25 30 35 40
Days after tumor cell inoculation Days after tumor cell inoculation
D MKL-2 in NSG WaGa in NSG
140 7 400 4
-& |sotype control ab -& |sotype control ab
7 -0 Anti-PD-L1ab _ -0- Anti—PD-L1 ab
= i T 300 4
£ 100 £
g 80 2 x
2 ¥ 32 200 4
S P
i 40 1 2 100 A ,D'/
20 . Oeee __—_% -
/’,D —-0--0----0 0 T O--——- o--—""" o
O -
0 T T T T T T T T T T T 0 T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35
Days after tumor cell inoculation Days after tumor cell inoculation

Fig. 2. MCC-PD-1 ligation promotes and its blockade inhibits tumor growth. Relative MCC tumor cell growth (means + SEM) of MKL-1, MKL-2, MS-1, or WaGa cultures
treated with (A) PD-L1 Ig or PD-L2 Ig versus control Ig or with (B) anti—PD-1 (nivolumab) versus isotype control Ab, as determined by CellTiter-Glo—based luminescence
analysis. Results are representative of at least n = 3 independent experiments each. (C) Tumor growth kinetics (means + SEM) of MKL-1, MKL-2, MS-1, or WaGa cells grafted
to NSG mice treated with anti-human PD-1 blocking (J116 for MKL-1, MS-1, and WaGa; and nivolumab for MKL-2) versus isotype-matched control Ab (n = 5 to 19 mice per
experimental group) or of (D) MKL-2 or WaGa cells in NSG mice treated with anti-human PD-L1 blocking versus isotype control Ab (n = 6 to 8 mice per group). *P < 0.05;
##P < 0.01; ***P < 0.001. See also figs. S2 to S4.
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growth-promoting mechanisms, the blockade of which suppresses
tumorigenesis.

MCC-PD-1 activates downstream mTOR signaling,
mitochondrial respiration, and ROS generation

Because various pro-proliferative signaling pathways, including
mitogen-activated protein kinase (MAPK), phosphatidylinositol
3-kinase (PI3K)/AKT, and mTOR, have been identified as tumor cell-
intrinsic PD-1 receptor targets in other malignancies (17, 18, 23, 26, 27,
34, 35), we next examined whether these pathways are also active in
MCC cells. In contrast to A375 melanoma cells, phosphorylated (p-)
extracellular signal-regulated kinase 1/2 (ERK1/2), AKT, or S6 were
not detected in native MCC cell MKL-1, MKL-2, MS-1, or WaGa ly-
sates by immunoblotting (Fig. 3A). Conspicuously, all four MCC lines
expressed significant levels of the mTOR signaling effectors, p-mTOR,
and p-PRAS40 (Fig. 3A). Compared to control Ig, recombinant PD-L1
or PD-L2 Ig treatment significantly induced phosphorylation of both
mTOR and PRAS40 across all MCC lines (Fig. 3B). Conversely, addi-
tion of the PD-1 blocking Ab, nivolumab, to MCC cultures suppressed
PD-L1- and PD-L2-mediated induction of p-mTOR and p-PRAS40
(Fig. 3C). The mTOR-PRAS40 signaling pathway is known to act in
concert with mtROS to promote tumor growth (36, 37). To thus ex-
amine whether MCC-PD-1 receptor activation triggers downstream
mtROS production and mTOR signaling (Fig. 3), MCC lines were treat-
ed as above with PD-L1 or PD-L2 in the presence or absence of anti-
PD-1 blocking Ab. PD-L1 and PD-L2 significantly induced, while PD-1
blockade antagonized, mtROS generation in MKL-2 and WaGa cells, as
determined by MitoSOX Red-based FACS analysis (Fig. 4A). MCC-
PD-1 ligation did not significantly compromise mitochondrial mem-
brane integrity as assessed by MitoTracker Deep Red labeling (fig. S5A)
or induce cytoplasmic ROS (determined by 2',7'-dichlorodihydrofluore
scein diacetate (H2DCFDA) staining; fig. S5B), of which both processes
have been associated with cell death (38). Consistent with PD-L1- and
PD-L2-mediated mtROS formation in MCC cells and their sup-
pression by nivolumab blockade (Fig. 4A), PD-1 ligands significant-
ly induced mitochondrial respiration [i.e., oxygen consumption rate
(OCR)], while MCC-PD-1 blockade neutralized this pro-growth (38)
effect (Fig. 4B). Glycolysis [measured as extracellular acidification rate
(ECAR; fig. S5C] or uptake of the glucose analog, 2-(7-nitro-2,1,3-
benzoxadiazol-4-yl)-D-glucosamine (2-NBDG) (fig. S5D) was not
significantly affected by MCC-PD-1 receptor ligand engagement. To as-
sess whether mTOR signaling is necessary for MCC-PD-1-mediated
mtROS generation and mitochondrial respiration, MKL-2 and WaGa
lines were stimulated with PD-L1 or PD-L2, as above, with or without
the mTOR small-molecule inhibitor, rapamycin. Pharmacologic inhi-
bition of mTOR significantly reversed PD-1 ligand-induced mtROS
production (Fig. 4C) and OCR (Fig. 4D) in both MCC lines. Consis-
tently, neutralization of downstream mtROS using two independent
mitochondria-targeted antioxidant compounds (28-31), NAC (Fig. 5,
A and B) and mito-TEMPO (Fig. 5, C and D), showed similar inhibi-
tion of PD-1 ligand-induced mtROS generation and OCR as antago-
nism of upstream mTOR in MKL-2 and WaGa cells. Together, these
results identify an mMTOR-mtROS circuit as a major downstream signal-
ing target of the MCC-intrinsic PD-1 receptor.

Inhibition of mTOR or mitochondrial ROS reverses
MCC-PD-1-dependent tumor growth

We next examined whether inhibition of the MCC-intrinsic mTOR-
mtROS pathway blocks MCC-PD-1-dependent tumor cell growth,
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using FDA-approved or investigational agents. mtROS neutraliza-
tion with the antioxidant scavenging agents (28-31), NAC (Fig. 6A)
or mito-TEMPO (Fig. 6B), markedly suppressed MCC culture
growth mediated by PD-L1 or PD-L2. Consistently, in vivo admin-
istration of either antioxidant compound significantly inhibited tu-
morigenesis of MKL-2 or WaGa tumor xenografts in NSG mice
compared to that in vehicle control treatment (fig. S6A). In agree-
ment with herein demonstrated MCC-PD-1-dependent induction
of mtROS and mitochondrial respiration via mTOR (Fig. 4, C and
D), inhibition of mTOR by rapamycin significantly counteracted
PD-1 ligand-stimulated MKL-2 and WaGa proliferation (Fig. 6C).
Combination therapy with nivolumab and rapamycin resulted in
significantly reduced MKL-2 and WaGa tumor xenograft volumes
in T cell-deficient NSG mice compared to those in either inhibitor
alone (Fig. 6D). Therapeutic efficacy in this model was equally ro-
bust, independent of the order of treatment, that is whether
nivolumab or rapamycin was administered first or second relative to
the other (fig. S6B). Together, these findings identify the MCC-
intrinsic PD-1-mTOR-mtROS axis as a tumor growth-accelerating
mechanism, the therapeutic inhibition of which thwarts MCC tu-
morigenesis (Fig. 7).

DISCUSSION

PD-1 is an immune checkpoint receptor predominantly studied in T
cells, owing to its ability to trigger T effector cell exhaustion and
promote tumor immune evasion (4). PD-1 pathway blockade boosts
T cell antitumor immunity and has yielded remarkable benefit for
patients with metastatic disease of diverse origin (7). Accordingly,
PD-1 has emerged as the premier target for ICI-based cancer thera-
pY; as evidenced by the FDA approval of six distinct PD-1 blocking
Abs: cemiplimab, dostarlimab, toripalimab, nivolumab, pembroli-
zumab, and retifanlimab (1), including the latter two for MCC (10).
Using several independent methodologies, such as RT-PCR-based
sequencing, immunoblotting, FACS, and IF analyses, our study now
reveals functional PD-1 expression intrinsic to cancer cells in estab-
lished human MCC cell lines and patient MCC biospecimens at lev-
els approaching those in T cells. Notably, MCC-PD-1 was recognized
not only by research-grade Abs but also by the clinically approved
inhibitor, nivolumab, raising the possibility that cancer cell-PD-1
blockade might contribute to clinical benefit independent of and in
addition to T cell-PD-1 inhibitory effects. Nivolumab-mediated PD-
1 antagonism or PDCDI silencing significantly suppressed both
in vitro proliferation and in vivo tumor xenograft growth of human
MCC lines in NSG mice lacking T cell immunity, supporting such an
MCC cell-directed effect of PD-1 checkpoint blockade.

Tumor cell-intrinsic PD-1 expression has also been reported in
several additional malignancies, including melanoma (17-21, 39,
40), glioblastoma (24), hepatocellular (27), non-small cell lung (21,
22, 25), and colorectal carcinoma (23, 25, 26). Similar to our find-
ings in MCC, cancer cell-expressed PD-1 promoted tumorigenesis
in the first three cancers, while inhibiting growth in the latter two.
MCC-PD-1 levels markedly exceeded those in melanoma, as di-
rectly demonstrated herein and when compared to published
reports (17, 18, 20, 21, 39, 40), consistent with the more pro-
nounced growth inhibitory effect of PD-1 blockade in MCC- versus
melanoma-bearing (17, 18, 20) NSG mice, particularly for MKL-2 and
WaGa xenografts. These MCC tumors also expressed the highest
levels of PD-L1 in comparison to MKL-1 and MS-1 xenografts, in
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agreement with the demonstrated growth inhibitory effect of MCC-
PD-L1 blockade in vivo but not in vitro and the established associa-
tion of PD-L1 positivity with ICI response and survival in patients
with MCC (41-43) and several other cancers (1). In contrast to ma-
lignancies like melanoma (18, 44), PD-1 ligand expression by MCC
cells was low to absent in vitro but substantially induced in vivo for

some lines, highlighting unique PD-1:PD-L1 intracellular or inter-
cellular interactions, expression patterns, regulation, and functions
among distinct cell lines and cancer types.

The precise downstream signaling effector networks or mecha-
nisms through which cancer cell-intrinsic PD-1 regulates tumori-
genesis have not been previously defined in detail for any cancer
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Fig. 3. The MCC-PD-1 receptor activates downstream mTOR signaling effectors. (A) Immunoblots of phosphorylated (p-) and total (t-) ERK, AKT, S6, mTOR, and PRAS40
in human MKL-1, MKL-2, MS-1, and WaGa MCC versus A375 melanoma cells. (B) Immunoblots of p- and t-mTOR and PRAS40 in MCC lines, as above, treated with PD-L1 or
PD-L2 versus control Ig, (C) with or without anti-PD-1 (nivolumab) versus isotype control Ab. Results are representative of at least n = 3 independent experiments each.
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Fig. 4. MCC-PD-1 promotes mitochondrial ROS production and oxygen consumption. (A) Flow cytometric analysis of mtROS levels (MitoSOX Red MFI, means + SEM)
or (B) respiratory oxygen consumption rate (OCR; pmol/min per normalized unit) determined by Seahorse real-time cell metabolic analysis in MKL-2 (top) or WaGa (bot-
tom) cultures treated with PD-L1 Ig (left) or PD-L2 Ig (right) versus control Ig, with or without anti-PD-1 blocking versus isotype control Ab. (C) Flow cytometric analysis of
mtROS levels or (D) OCR, as determined above, in MKL-2 (top) or WaGa (bottom) cultures treated with PD-L1 Ig (left) or PD-L2 Ig (right) versus control Ig, in the presence
or absence of the mTOR pharmacologic inhibitor, rapamycin versus vehicle control. Results are representative of at least n = 3 independent experiments each. The control
Ig groups were acquired concurrently with PD-L1 Ig and PD-L2 Ig treatment and are thus identical for some cell lines. *P < 0.05; **P < 0.01; ***P < 0.001. See also fig. S5.
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Fig. 5. Mitochondria-targeted antioxidants reverse MCC-PD-1-induced mtROS production and oxygen consumption. (A) Flow cytometric analysis of mtROS levels
(MitoSOX Red MFI, means + SEM) or (B) respiratory OCR (pmol/min per normalized unit) determined by Seahorse real-time cell metabolic analysis in MKL-2 (top) or WaGa
(bottom) cultures treated with PD-L1 Ig (left) or PD-L2 Ig (right) versus control Ig, with or without NAC. (C) Flow cytometric analysis of mtROS levels or (D) OCR, as deter-
mined above, in MKL-2 (top) or WaGa (bottom) cultures treated with PD-L1 Ig (left) or PD-L2 Ig (right) versus control Ig, in the presence or absence of the mitochondria-
targeted antioxidant, mito-TEMPO. Results are representative of at least n = 3 independent experiments each. The control Ig groups were acquired concurrently with
PD-L1 Ig and PD-L2 Ig treatment and are thus identical for some cell lines. *P < 0.05; **P < 0.01; ***P < 0.001.
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type. While tumor cell-PD-1 activates mTOR, PI3K, and/or MAPK
signaling pathways in melanoma and other malignancies as reported
by us and others (17, 18, 23, 26, 27, 34, 35), the functional involvement
of such pathways in cancer cell-PD-1-dependent growth remains
unknown. In contrast to melanoma cells, MCC cells did not show
constitutive phosphorylation of the MAPK or PI3K/AKT/mTOR ef-
fectors, ERK1/2, AKT, or S6, consistent with the absence of melanoma-
associated oncogenic driver mutations (45) in MCC (46). However,
MCC cells at baseline demonstrated activation of the mTOR signaling
mediators, mMTOR and PRAS40. MCC-PD-1 ligation with either PD-
L1 or PD-L2 induced, while nivolumab-based PD-1 blockade inhib-
ited, phosphorylation of these mTOR effector molecules as well as
downstream mtROS production and mitochondrial respiration.
These findings identify a previously unknown protumorigenic, cancer
cell-intrinsic PD-1 signaling circuit, mTOR-PRAS40-mtROS, the in-
hibition of which antagonizes MCC-PD-1-dependent tumorigene-
sis. While induction of mtROS via mTOR/PRAS40 is consistent with
previous reports (36), this is the first demonstration linking oxidative
metabolism to PD-1 receptor signaling in cancer cells.

In T cells, PD-1 ligation induces cytoplasmic but not mtROS pro-
duction (47), of which the former is known to trigger apoptosis (48),
consistent with the immune inhibitory role of the T cell-PD-1 check-
point protein (4). In contrast, MCC-PD-1 elicited pro-proliferative
as opposed to pro-apoptotic activity via mtROS but did not induce
cytoplasmic ROS. mtROS in cancer cells is generally associated with
tumor initiation, progression, and oncogenic pathway activation
(38), including mTOR (36, 49), and also induces PD-L1 expression
(50, 51). Our findings of MCC-PD-1:PD-L1-triggered tumor growth
are thus consistent with such an mtROS-mTOR-PD-L1 circuit. In ad-
dition to modulating mitochondrial respiration, T cell-PD-1 ligation
has also been found to attenuate glycolysis and promote functional

Martins et al., Sci. Adv. 10, eadi2012 (2024) 19 January 2024

exhaustion (52, 53). On the other hand, we found that MCC-PD-1
interactions did not stimulate glycolysis or glucose uptake. These
cell-type-dependent differences in PD-1-associated glucose metab-
olism underscore lineage complexities in PD-1 pathway functions
that require further study.

Our findings using FDA-approved PD-1 checkpoint and pharma-
cologic inhibitors targeting the downstream mTOR-mtROS axis
raise several considerations for clinical translation. For instance,
mTOR antagonism with rapamycin reversed MCC-PD-1-dependent
mitochondrial respiration and resultant proliferation and also
synergized with PD-1 checkpoint therapy in suppressing tumorigen-
esis, thus highlighting the potential promise of mTOR-PD-1 combi-
nation drug regimens to thwart tumor cell-intrinsic PD-1 pro-growth
effects. In further support, mTOR inhibition suppressed tumor cell-
PD-1-dependent hepatocellular carcinoma growth (27). It also im-
proved efficacy of PD-1 immunotherapy by enhancing T cell
responses during the expansion phase (54). One concern is that
mTOR inhibition can antagonize T effector cell immunity (55), espe-
cially during states of functional T cell exhaustion (54), thereby inter-
fering with PD-1 ICI benefit. Hence, mTOR inhibitory strategies
could be designed to specifically target expanding T cells and, in light
of our findings, MCC cells to optimize ICI outcomes. Similar cell-
type-dependent considerations also apply to agents targeting mtROS,
the blockade of which using the growth inhibitory antioxidants, NAC
or mito-TEMPO, reversed MCC-PD-1-dependent tumorigenesis.
These results are consistent with the tumor growth—inhibitory effect
of NAC- and mito-TEMPO-mediated mtROS antagonism in some
malignancies (56-58). In the case of T cells, elevation of mtROS lev-
els is desirable as it boosts proliferation and enhances PD-1 ICI
response (59). This argues in favor of cell-type-directed thera-
peutic strategies that inhibit MCC cell-intrinsic mtROS to block
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proliferation versus T cell-specific mtROS stimulation to enhance T
cell immunity and improve ICI response.

In conclusion, we identify PD-1 as an MCC-intrinsic receptor that
promotes tumorigenesis via downstream mTOR:PRAS40:mtROS
signaling. Therapeutic targeting of the MCC-PD-1:PD-L1 axis and
its downstream effectors, including with FDA-approved inhibitors
of PD-1, mTOR, or mtROS, disrupts MCC growth. These results
provide an additional layer of complexity to PD-1 pathway func-
tions in distinct cell lineages and particularly in MCC cells. It also
provides insight for both interpreting and optimizing ICI responses
in this malignancy and potentially others. Accordingly, therapeutic
regimens that optimally stimulate T cell antitumor activity and in-
hibit MCC-PD-1 protumorigenic processes such as mTOR and/or
mtROS might improve PD-1 ICI-based MCC patient outcomes.

MATERIALS AND METHODS

MCC lines and clinical specimens, T cell and DC isolation, and
culture methods

Authenticated, mycoplasma-free human A375 (catalog no. CRL-
1619, RRID:CVCL_0132) and murine B16-F10 (catalog no. CRL-
6475, RRID:CVCL_0159) melanoma cells were purchased from
American Type Culture Collection (Gaithersburg, MD) and cultured
asdescribed (18,40). Thehuman MCC celllines, MKL-1 (RRID:CVCL,_2600),
MKL-2 (RRID:CVCL_D027), MS-1 (RRID:CVCL_E995), and WaGa
(RRID:CVCL_E998), were obtained and cultured in RPMI 1640
medium (Life Technologies, Carlsbad, CA) supplemented with 20%
(v/v) fetal bovine serum (FBS; Sigma-Aldrich, Saint Louis, MO)
and 1% (v/v) penicillin/streptomycin (Life Technologies), as de-
scribed (32). Immortalized normal telomerase reverse transcrip-
tase (N/TERT-1) human keratinocytes (RRID:CVCL_CW92) were
grown in keratinocyte serum-free medium supplemented with bo-
vine pituitary extract (25 pg/ml), calcium dichloride (0.4 mM), epi-
dermal growth factor (0.2 ng/ml), and penicillin/streptomycin [1%
(v/v), Life Technologies], as described (60). All cell lines were used
at low passage and <70% confluency. Single-cell suspensions were
generated from human MCC tumor biospecimens using collage-
nase digestion, as described previously (18). Human peripheral
blood mononuclear cells (PBMCs) were obtained from healthy do-
nors, as described (61). T cells and monocytes were purified from
these PBMC isolates using the RosetteSep Human T cell Enrich-
ment Cocktail (STEMCELL Technologies, Vancouver, Canada) or
CD14 microbeads (catalog no. 130-050-201, RRID:AB_2665482,
Miltenyi Biotec, Gaithersburg, MD), respectively (18, 62). T cells
were resuspended at 1 X 10° to 3 x 10° cells/ml in advanced RPMI
1640 medium supplemented with 1% penicillin/streptomycin, 1%
GlutaMAX 10x, 10 mM Hepes (Thermo Fisher Scientific, Waltham,
MA), 10% FBS, recombinant human (rh) IL-2 (0.02 pg/ml; catalog
no. 589104, BioLegend, San Diego, CA), and ImmunoCult human
CD3/CD28 T cell activator (25 pL/ml; catalog no. 10971 or 10991,
RRID:AB_2827806, STEMCELL Technologies) and cultured for
2 to 3 days before subsequent study. Monocytes were resuspended
at 1 X 10° cells/ml and cultured for 6 days in advanced RPMI 1640
medium supplemented with 10% FBS, 1% penicillin/streptomycin,
2 mM GlutaMAX 10X, recombinant IL-4 (1000 U/ml; catalog no.
574002, BioLegend), and granulocyte-macrophage colony-stimulating
factor (catalog no. 7954-GM-050/CE, R&D Systems, Minneapolis,
MN) to generate dendritic cells (DCs). Murine splenocytes were
isolated by mechanical disruption of mouse spleens derived from
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female C57BL/6 mice (RRID:IMSR_JAX:000664, the Jackson Lab-
oratory, Bar Harbor, ME), as described (63). Briefly, splenocytes
were resuspended at 1 X 10° cells/ml in advanced RPMI 1640 me-
dium containing 1% penicillin/streptomycin, 1% GlutaMAX, 10 mM
Hepes, 10% heat-inactivated FBS, recombinant mouse IL-2 (30 U/ml;
BioLegend), and soluble anti-mouse CD28 Ab (2 pg/ml; catalog no.
553294, RRID:AB_394763, clone 37.51, BD Biosciences, Franklin
Lakes, NJ) and seeded in 96-well plates (Corning, Glendale, AZ)
pre-coated with anti-mouse CD3 Ab (10 pg/ml; catalog no. 553057,
RRID:AB_394590, clone 145-2C11, BD Biosciences). Splenocytes
were activated for 5 days before flow cytometric analyses. MCC
biospecimens were obtained from patients, and blood from healthy
volunteers, in accordance with protocols approved by the Institu-
tional Review Boards (IRBs) of Mass General Brigham under pro-
tocol numbers 2022P002062, 2022P000827, and 2013P001014,
respectively. Informed consent was obtained from all subjects, and
all studies were conducted in accordance with the Declaration
of Helsinki.

Generation of stable PDCD1 KD MCC lines

Because MCC suspension cultures are challenging to transduce and
chemically select, we developed a fluorescence-based cell sorting
approach that avoids antibiotic selection and facilitates highly effi-
cient gene KD. Specifically, single-stranded DNA constructs of 100
bases were synthesized encoding shRNA sequences targeting either
human PD-1 (PDCD1, NM_005018.3) or a scrambled, nontargeting
shRNA control (Life Technologies). Both DNA templates, which
contained Eco RI and Pac I restriction sites flanking respective shR-
NA motifs, were PCR-amplified using the Platinum PCR SuperMix
High Fidelity Kit (Invitrogen, Waltham, MA). Products were digest-
ed with Eco RI and Pac I (New England Biolabs, Ipswich, MA), puri-
fied using the MinElute Gel Extraction Kit (Qiagen, Beverly, MA),
and ligated into the pLKO.3G lentiviral vector (catalog no. 14748,
Addgene, Watertown, MA) encoding enhanced green fluorescent
protein (EGFP) using the Rapid DNA Ligation Kit (Sigma-Aldrich),
and sequences were validated by Sanger sequencing at the Dana-
Farber/Harvard Cancer Center DNA Resource Core (Boston,
MA). The target 21-mer, as previously described (18), was 5'-
GCCTAGAGAAGTTTCAGGGAA-3’ (shRNA, human PDCDI)
and 5-GCGCGATAGCGCTAATAATTT-3’ (shRNA, scram-
bled control). Respective shRNAs were packaged into lentiviral
particles by human embryonic kidney-293 Epstein-Barr virus
nuclear antigen (EBNA) packaging cells (RRID:CVCL_6974)
cotransfected with the viral packaging plasmids pN8e-GagPolA8.1
and pN8e-VSV-g, and viral supernatants were harvested 48 to
72 hours after transfection and filtered as described (18). MCC
lines were stably transduced and flow cytometrically sorted to
>95% purity for EGFP expression at the Beth Israel Deaconess
Medical Center Flow Cytometry Core (Boston, MA). Robust KD
of PDCD1 was confirmed by RT-qPCR, immunoblotting, and flow
cytometry.

Abs and biologic reagents

The following Abs and reagents were used for FACS analysis: PerCP-
eFluor710-anti-human PD-1 Ab (clone MIH4, catalog no. 46-9969-42,
RRID:AB_11219075) or PerCP-eFluor710-mouse IgG1 isotype control
Ab (clone P3.6.2.8.1, catalog no. 46-4714-82, RRID:AB_1834453, eBiosci-
ences, San Diego, CA), fluorescein isothiocyanate (FITC)-conjugated
anti-human IgG4 (hIgG4; clone HP6023, catalog no. ab99815,
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RRID:AB_10673905, Abcam, Cambridge, MA), phycoerythrin
(PE)-conjugated anti-human PD-1 (clone J116, catalog no. NBP1-
43107PE, Novus Biologicals, Littleton, CO) or anti-hIgG4 (clone
HP6023, catalog no. ab99819, RRID:AB_10712191, Abcam), al-
lophycocyanin (APC)-conjugated anti-human PD-1 (clone J116,
catalog no. NBP143107]J, Novus Biologicals), FITC-conjugated anti--
human CD45 (clone HI30, catalog no. 304006, RRID:AB_314394) or
mouse IgGl1 isotype control Ab (clone MOPC-21, catalog no. 400110,
RRID:AB_2861401), PE-conjugated anti-human PD-L1 (clone 29E.2A3,
catalog no. 329706, RRID:AB_940368) or PD-L2 (clone 24F.10C12,
catalog n0.329606, RRID:AB_1089019), PE-conjugated mouse I1gG1
(clone MOPC-21, catalog no. 400112, RRID:AB_2847829), mouse
IgG2a (clone MOPC-173, catalog no. 400214, RRID:AB_2800438) or
mouselgG2b(cloneMPC-11,catalogno.400314,RRID:AB_2894969),
APC-conjugated anti-human PD-L2 (clone 24E10C12, catalog no.
329608, RRID:AB_1089013) or anti-mouse PD-L1 (clone 10E9G2,
catalog no. 124312, RRID:AB_10612741), APC-conjugated mouse
IgG1 (clone MOPC-21, catalog no. 400122, RRID:AB_326443), mouse
IgG2a (clone MOPC-173, catalog no. 400222, RRID:AB_2891178) or
rat IgG2b (clone RTK4530, catalog no. 400612, RRID:AB_326556),
PE-cyacine 7 (Cy7)-conjugated anti-human CD56 (clone 5.1H11,
catalog no. 362510, RRID:AB_2563927), anti-human CD3 (clone
HIT3a, catalog no. 300316, RRID:AB_314052), anti-mouse CD3
(clone 17A2, catalog no. 100220, RRID:AB_1732057), mouse 1gG1
(clone MOPC-21, catalog no. 400126, RRID:AB_326448), mouse
IgG2a (clone MOPC-173, catalog no. 400232, RRID:AB_326480) or
rat IgG2b (clone RTK4530, catalog no. 400617, RRID:AB_326559),
Brilliant Violet 605-conjugated anti-human PD-L1 (clone 29E.2A3,
catalog no. 329724, RRID:AB_2565926) or mouse IgG2b (clone
MPC-11, catalog no. 400350), Brilliant Violet 421-conjugated anti-
human PD-L2(clone24E10C12,catalogno.329616,RRID:AB_2716087)
ormouselgG2a(cloneMOPC-173,catalogno.400260,RRID:AB_10960144),
Spark Violet 538-conjugated anti-human CD3 (clone UCHT1, cata-
log no. 300484, RRID:AB_2890733) or mouse IgG1 (clone MOPC-
21, catalog no. 402418), PE/Dazzle 594-conjugated anti-human
CD45 (clone HI30, catalog no. 304052, RRID:AB_2563568) or mouse
IgGl (clone MOPC-21, catalog no. 400176, RRID:AB_2923261),
Zombie NIR Fixable Viability Kit, Human TruStain FcX Receptor
Blocking Solution (catalog no. 422302 or 422301, RRID:AB_2818986),
TruStain FcX PLUS (anti-mouse CD16/32) Ab (catalog no. 156603 or
156604, RRID:AB_2783137), APC annexin V Apoptosis Detection
Kit (catalog no. 640932) (all from BioLegend), CM-H2DCFDA (2',7'-
dichlorohydrofluorescein, catalog no. C6827), MitoSOX Red (mito-
hydroethidium, catalog no. M36008), MitoTracker Deep Red FM
(catalog no. M46753), 4’,6-diamidino-2-phenylindole (DAPI) dyes
(catalog no. 62247) (all from Life Technologies), and 2-NBDG Glu-
cose Uptake Assay Kit (catalog no. AB235976, Abcam).

The following reagents were used for immunoblotting: unconju-
gated mouse anti-human PD-1 (1 pg/ml, clone J105, catalog no.
14-2799-95, RRID:AB_2865050, eBiosciences), mouse anti-human
PD-1(1pg/ml, cloneNAT105,catalogno.ab52587, RRID:AB_881954,
Abcam), mouse anti-actin (1:2500 dilution, clone C4, catalog no.
612657, RRID:AB_399901, BD Biosciences), rabbit anti-phospho (p)
mTOR (Ser2448, clone DIC2, catalog no. 5536S, RRID:AB_10691552)
and total (t-) mTOR (clone 7C10, catalog no. 2983S, RRID:AB_2105622),
rabbit anti-p-PRAS40 (Thr**®, clone C77D7, catalog no. 29978,
RRID:AB_2258110) and t-PRAS40 (clone D23C7, catalog no.
2691S, RRID:AB_2225033), rabbit anti-p-Akt (Ser*”, clone D9E,
catalog no. 4060S, RRID:AB_2315049) and t-Akt (clone C67E7,
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catalog no. 4691S, RRID:AB_915783), rabbit anti—p-S6 (Ser235/236,
clone 91B2, catalog no. 4857S, RRID:AB_2181035) and t-S6 (clone
5G10, catalog no. 2217S, RRID:AB_331355), rabbit anti-p-ERK1/2
(Thr***/Tyr*™, clone D13.14.4E, 4370S, RRID:AB_2315112) and
t-ERK1/2 (clone 137F5, catalog no. 4695S, RRID:AB_390779) (all
used at 1:500 to 1:2000 dilution, Cell Signaling Technology, Dan-
vers, MA), horseradish peroxidase (HRP)-conjugated goat anti-
mouse (catalog no. 1010-05, RRID: AB_2728714) or goat anti-rabbit
IgG Ab (catalog no. 4050-05, RRID:AB_2795955) (all from South-
ernBiotech, Birmingham, AL), and goat anti-rabbit IgG Ab (catalog
no. 7074S, Cell Signaling Technology), all used at 1:2000 or 1:5000
dilution.

The following Abs and/or reagents were used for IF staining: un-
conjugated rabbit anti-human PD-1 (1:20, clone D4WZ], catalog no.
86163S, RRID:AB_2728833, Cell Signaling Technology), biotin-
conjugated goat anti-rabbit IgG (1:200, catalog no. BA-100, Vector
Laboratories, Burlingame, CA), streptavidin-Cy5 (1:50, catalog no.
434316, Life Technologies), rabbit anti-human CK20 (1:200, clone
D9Z1Z, catalog no. 13063S, RRID:AB_2798106, Cell Signaling Tech-
nology), mouse anti-human CD45 (1:100, clone MEM-28, catalog
no. ab8216, RRID:AB_306361, Abcam), Cy3-conjugated goat anti-
rabbit IgG (1:2000, catalog no. A10520, RRID:AB_2534029, Thermo
Fisher Scientific), Alexa Fluor 488 (AF488)-conjugated goat anti-
mouse IgG1 (1:2000, catalog no. A-11001 (also A11001, A 11001),
RRID:AB_2534069, Thermo Fisher Scientific), and ProLong Glass
Antifade Mountant with NucBlue Stain (catalog no. P36983, Life
Technologies).

The following proteins and reagents were used for assessment of
tumor cell proliferation and growth, metabolism, and signaling: rh-
PD-L1 (B7-H1, catalog no. 156-B7-100), PD-L2 (B7-DC, catalog
no. 1224-PL-100), or IgG1 control Fc chimera proteins (catalog no.
110-HG-100, R&D Systems); anti-PD-1 Abs, nivolumab (Opdivo,
Bristol Myers Squibb, New York, NY), and J116 (catalog no. BE0188,
RRID:AB_10950318, Bio X Cell, Lebanon, NH); anti-human PD-L1
(clone 29E.2A3, catalog no. 329746, RRID:AB_2783199, BioLeg-
end); anti-mouse PD-L1 (clone 10F9G2, catalog no. 124339,
RRID:AB_2800597, BioLegend); ultra-LEAF hIgG4 (catalog no.
403702, BioLegend); mouse IgG2b (clone MPC-11, catalog no.
400370, BioLegend); ultra-LEAF rat IgG2b (clone RTK4530, catalog
no. 400672, BioLegend) or mouse IgG1 isotype control Abs (clone
MOPC-21, catalog no. BE0083, RRID:AB_1107784, Bio X Cell). Ra-
pamycin (catalog no. $1039), mito-TEMPO (catalog no. $9733), and
N-acetylcysteine (NAC; catalog no. S1623) were purchased from
Selleckchem (Houston, TX).

RT-PCR and RT-qPCR

Total RNA was extracted from cell lines and tumor xenografts using
the RNeasy Plus Mini Kit (catalog no. 74134, Qiagen, Germantown,
MD), according to the manufacturer’s protocol, as described (18, 39,
61). For RT-qPCR analyses, RNA was converted to cDNA using the
SuperScript VILO cDNA synthesis kit (catalog no. 11754050, Thermo
Fisher Scientific), and samples were assayed in triplicate using the Fast
SYBR Green Master Mix (catalog no. 4385612, Thermo Fisher Scien-
tific) with primer sets, as below, on a QuantStudio 5 Real-Time PCR
system (Applied Biosystems, Waltham, MA). Thermal cycling was
carried out at 94°C for 2 min, followed by 40 cycles at 94°C for 15 s,
60°C for 20 s, and 68°C for 1 min, as described, followed by melt-
curve analysis. Data were normalized to human 18S ribosomal
RNA (rRNA), and relative transcript levels were calculated
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using the delta-delta threshold cycle (Ct) method (18, 39, 61).
Samples with Ct numbers above the water negative control or
those with more than one melt curve were designated as not
detected. The primer sequences used for human PDCDI were
(forward) 5'-GACAGCGGCACCTACCTCTGTG-3’ and (reverse)
5’-GACCCAGACTAGCAGCACCAGG-3',forhuman PDCDI1LGI
were (forward) 5'-TGCCGACTACAAGCGAATTACT-3' and (reverse)
5'-CTGCTTGTCCA GATGACTTCGG-3', for human PDCDILG2
were (forward) 5-CTCGTTCCACATACCTCAAGTCC-3’ and (re-
verse) 5'-CTGGAACCTTTAGGATGTGAGTG-3', and for human
18S rRNA were (forward) 5'-GATGGGCGGCGGAAAATAG-3’
and (reverse) 5-GCGTGGATTCTGCATAATGGT-3'. For RT-
PCR-based sequencing of the full human PDCD]I coding sequence
(NM_005018.3), reverse-transcribed products were amplified
with the Platinum PCR SuperMix High Fidelity Kit (catalog no.
12532016, Life Technologies) using the following primer pair:
(forward) 5'-ATGCAGATCCCACAGGCGCC-3" and (reverse)
5-TCAGAGGGGCCAAGAGCAGTG-3'. PCR-amplified human
GAPDH, (forward) 5-ACCACAGTCCATGCCATCAC-3’ and
(reverse) 5'-TCCACCACCCTGTTGCTGTA-3’, was used as a
loading control. Thermocycling was carried out at 94°C for 2 min,
followed by 40 cycles at 94°C for 15 s, 60°C for 20 s, and 68°C for
1 min. The 867-base PDCDI PCR products were resolved by aga-
rose (1%) gel electrophoresis, images were acquired on an Alpha
Innotech Multilmage Light Cabinet (Alpha Innotech, San Jose,
CA), bands were extracted, and DNA was isolated, as described
(18, 61). The full coding sequences of MCC cell line-expressed
PDCDI1 (NM_005018.3) were submitted to the GenBank database
under the following accession numbers: MKL-1 (0Q594425),
MKL-2 (0Q594426), MS-1 (0Q594427), and WaGa (0Q594428).

Flow cytometry

PD-1 surface protein expression by human MCC lines, cell suspen-
sions derived from MCC tumor xenografts, or MCC patient speci-
mensaswellasbyhuman T cells, A375 melanoma cells, immortalized
N/TERT-1 keratinocytes and murine splenocytes, and B16-F10
melanoma cells was analyzed by multicolor flow cytometry, as de-
scribed (18, 39, 61). To exclude dead cells, staining with the Zombie
NIR Fixable Viability Kit (1:1000) was performed for 10 min at
room temperature in the dark, following the manufacturer’s recom-
mendations. Cells were then blocked with the Human TruStain FcX
Receptor Blocking Solution for 10 min at room temperature and
then stained with fluorochrome-conjugated Abs (20 pg/ml), as de-
scribed (18, 39, 61), or with nivolumab (100 pg/ml) in PBS + 2%
(v/v) FBS, for 30 min at 4°C, followed by subsequent washing.
Nivolumab binding was detected using FITC-conjugated anti-
hlgG4. Isotype control Abs were used, and cell doublets were ex-
cluded for all analyses. Because MIH4 Ab reactivity varied on the
basis of fluorophore and detection equipment, all matched compar-
isons used identical staining approaches and flow cytometric imagers.
Cell death was also measured with the APC Annexin V Apoptosis
Detection Kit (BioLegend), as described (40). For ROS quantifica-
tion, cells were incubated for 15 min at 37°C with CM-H2DCEFDA,
MitoSOX Red, MitoTracker Deep Red FM, and/or DAPI dyes, as
described (59, 64). For glucose uptake assays, cells in glucose-free
RPMI medium were incubated with 2-NBDG (100 pg/ml) for 10 min
and then counterstained with PI according to the manufacturer’s in-
structions. Fluorescence emission was acquired on a FacsCanto (BD
Biosciences) or an Aurora Spectral Viewer (RRID:SCR_019826,
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Cytek, Fremont, CA), and data were analyzed using FlowJo version
10.8.1 (RRID:SCR_008520, TreeStar, Ashland, OR).

Immunoblotting

Cells were lysed in ice-cold radioimmunoprecipitation assay buffer
supplemented with Pierce Protease and Phosphatase Inhibitor Mini
Tablets, EDTA-free (catalog no. A32961) or Halt Phosphatase In-
hibitor Cocktail and Halt Protease Inhibitor Cocktail (100x) (cata-
log no. 78440, Thermo Fisher Scientific) or Protease/Phosphatase
Inhibitor Cocktail (100X, catalog no. 58728, Cell Signaling Technol-
ogy) and vortexed at 4°C for 30 min, as described (18, 61). Protein
concentrations were determined using the Pierce BCA Protein As-
say Kit (catalog n0.23225, Thermo Fisher Scientific), according to
the manufacturer’s protocol. Total proteins were resolved in 7.5% or
4 to 15% SDS-polyacrylamide gel electrophoresis gels and trans-
ferred to Sequi-Blot PVDF membranes (Bio-Rad, Hercules, CA).
Membranes were blocked in tris-buffered saline (TBS)/0.1% (v/v)
Tween 20 (Sigma-Aldrich, -T), containing 5% (w/v) bovine serum
albumin (Sigma-Aldrich or Cell Signaling Technology) for at least 1
hour at room temperature, and then incubated overnight at 4°C
with primary Ab. Subsequently, blots were washed thrice in TBS-T
and incubated with secondary HRP-conjugated Ab for 1 hour at
room temperature. Antigens were visualized using the Lumi-Light
Western blotting substrate (Roche, Indianapolis, IN) on HyBlot CL
Autoradiography Films (Thomas Scientific, Swedesboro, NJ) using a
Kodak Min-R mammography processor (Kodak, Rochester, NY).
For detection of actin and total proteins, blots were stripped with
the Restore Western blot Stripping Buffer (Thermo Fisher Scientific)
according to the manufacturer’s protocol, blocked, and incubated
overnight at 4°C with primary Ab and then with secondary HRP-
conjugated Ab for 1 hour at room temperature. Expression levels of
p-mTOR and p-PRAS40 versus respective t-controls were deter-
mined in MKL-1, MKL-2, MS-1, and WaGa cells, as described (61).
Briefly, MCC cells were cultured in growth medium without serum
for 12 hours at 37°C and then stimulated with rhPD-L1 or rhPD-L2
(20 pg/ml) or hIgG1 for 24 hours (MKL-1), 36 hours (MKL-2 and
MS-1), or 12 hours (WaGa) at 37°C, followed by lysate generation.
For Ab treatment groups, MCC lines were stimulated for 1 hour at
37°C with nivolumab (100 pg/ml) or respective isotype control Ab
in growth medium without serum before stimulation with rhPD-L1,
rhPD-L2, or higG1 (20 pg/ml).

IF staining

PD-1/CK20/CD4S5 IF triple labeling of clinical MCC patient speci-
mens (n = 13) was carried out as described previously (18, 32, 61).
Briefly, formalin-fixed, paraffin-embedded sections were baked for
30 min at 56°C, deparaffinized in xylene for 10 min, and rehydrated
with successive 2 min baths of 100, 95, and 75% (v/v) ethanol. Sec-
tions were then submerged in a Target Antigen Retrieval solution
(pH 6.0; Dako, Carpinteria, CA) and pressure-cooked in a decloak-
ing chamber (Biocare Medical, Pacheco, CA) at 110°C for 15 min to
retrieve antigens. Subsequently, sections were blocked with 10%
(v/v) goat, avidin-blocking, and biotin-blocking sera (Vector Labo-
ratories) and lastly incubated with anti-human PD-1 Ab (1:20 dilu-
tion) at 4°C overnight. Sections were washed thrice with TBS-T for
5 min, incubated for 1 hour at room temperature with biotin-
conjugated goat anti-rabbit IgG (1:200), washed three times, and
incubated at room temperature for 1 hour with strepatividin-Cy5
(1:50). After blocking with 10% goat serum, sections were incubated
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with rabbit anti-human CK20 and mouse anti-human CD45 (1:200
and 1:100, respectively) at 4°C overnight. After blocking with 0.1%
(v/v) Sudan Black B solution (Sigma-Aldrich) and rinsing with
TBS-T, sections were incubated for 1 hour at room temperature with
Cy3-conjugated goat anti-rabbit IgG and AF488-conjugated goat
anti-mouse IgG1 (1:2000) and mounted with ProLong Glass Anti-
fade Mountant with NucBlue Stain (Thermo Fisher Scientific). IF
was analyzed on an EVOS FL Auto 2 Imaging system microscope
(Thermo Fisher Scientific). Images were processed using Image]
(National Institutes of Health, Bethesda, MD).

Cell proliferation assays

MCC cell proliferation was assessed via the Promega CellTiter-
Glo2.0 Assay (catalog no. G9242, Promega, Madison, WI), accord-
ing to the manufacturer’s instructions, using a Promega GloMAX 96
microplate luminometer. To that end, cells were seeded in 96-well
microplates with white flat bottoms (Corning, Corning, NY), treated
with nivolumab (100 pg/ml) versus hIgG4 control Abs with or with-
out anti-human PD-L1 or mouse IgG2b Abs (100 pg/ml) for 5 days
or thPD-L1, rhPD-L2, or hIgGl (20 pg/ml) for 3 days, following
pretreatment with or without 50 nM rapamycin (30 min), 0.1 pM
mito-TEMPO (2 hours), or 10 pM NAC (2 hours).

Metabolic profiling

OCRs and ECARs of MCC cells were measured using the Seahorse
XFe96 Analyzer (Agilent Technologies, Santa Clara, CA), according
to the manufacturer’s guidelines. Specifically, MCC cells were plated
in 96-well Seahorse XF96 cell culture microplates (catalog no.
102601-100, Agilent) coated with Corning Cell-Tak Cell and Tissue
Adhesive (22.4 pg/ml; catalog no. CB40240, Corning) in RPMI
without L-glutamine with 1% penicillin/streptomycin (Life Tech-
nologies). Cells were starved overnight and then stimulated for
24 hours with rhPD-L1, rhPD-L2, or hIgG1 (20 pg/ml) in the pres-
ence or absence of nivolumab (100 pg/ml) or respective isotype con-
trol Abs, with or without rapamycin (10 to 50 nM), 0.1 pM
mito-TEMPO, or 10 pM NAC. Measurements of OCR were per-
formed, as described (64), after sequential injections of 10 mM oli-
gomycin [adenosine 5’-triphosphate (ATP) synthase inhibitor,
catalog no. 75351-5mG], 100 mM 2,4-DNP (mitochondrial uncou-
pler, catalog no. D198501-5G), 10 mM rotenone (mitochondrial
complex I inhibitor, catalog no. R8875-1G), and 10 mM antimycin
A (mitochondrial complex IIT inhibitor, catalog no. A8674-100MG).
ECAR changes were measured after three sequential injections of
glucose (20 g/liter; catalog no. A2494001, Life Technologies), 10 mM
oligomycin (ATP synthase inhibitor), and 50 mM 2-deoxy-glucose
(Hexokinase inhibitor, catalog no. D8375-5G, Sigma-Aldrich), as
described (64).

In vivo tumorigenicity studies

NOD/SCID/IL—Zry_/_ (NSG) mice (RRID: IMSR _JAX:005557)
were purchased from the Jackson Laboratory, maintained, and
housed at the Brigham and Women’s Hospital (BWH) animal facil-
ity, as described (18, 32, 61). All mice were female, at least 6 weeks of
age, and used in accordance with the National Institutes of Animal
Healthcare Guidelines under the BWH Institutional Animal Care
and Use Committee (IACUC)-approved experimental protocol
2016 N000112. The study is reported in accordance with Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.
Human MCC cell lines were injected subcutaneously (1 x 107 cells
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per inoculum for MKL-1 wild-type, PDCDI KD, and scrambled
shRNA control cells, MS-1, and WaGa; 5 x 10° cells per inoculum
for WaGa PDCDI KD and scrambled shRNA control cells; and
1 x 10° cells per inoculum for MKL-2) into the flanks of recipient
NSG mice, as described (18, 32, 61). Mice were randomly assigned
to experimental groups and injected intraperitoneally with 200 pg of
blocking anti-human PD-1 Ab clone J116 (MKL-1, MS-1, and
WaGa) or nivolumab (MKL-2 and WaGa), anti-human PD-L1 Ab
(Bio X Cell) clone 29E.2A3 (MKL-2, WaGa), anti-mouse PD-L1 Ab
(Bio X Cell) clone 10E.9G2 (MKL-2, WaGa), or respective isotype
control Abs, including mouse IgG1 clone MOPC-21, hIgG4 clone
QA16A15, mouse IgG2b clone MPC-11, or rat IgG2b clone
RTK4530 (all from BioLegend) every 3 days starting 1 day before
tumor cell inoculation, with tumor formation/growth assessments
by investigators not blinded to the experimental treatment, as de-
scribed (18). For mTOR and ROS inhibition studies, mice were fed
submaximal doses of either rapamycin (5 mg/kg per day) or NAC
(200 mg/kg per day) along with vehicle control incorporated into
rodent chow (Research Diet Inc.) or injected intraperitoneally with
mito-TEMPO (1.25 mg/kg) or vehicle control every 2 days for the
duration of experiments (28-31, 65). In some experiments where
indicated, mice were treated concurrently with both nivolumab and
rapamycin, with nivolumab alone for the first 3 weeks followed by
rapamycin alone, or with rapamycin alone for the first 3 weeks fol-
lowed by nivolumab alone until the experimental endpoint. Tumors
were harvested 5 to 10 weeks after tumor cell graftment unless ex-
cessive tumor size or disease state required protocol-stipulated eu-
thanasia earlier. Sample sizes of at least n = 6 to 10 mice per
experimental group were used on the basis of previous studies con-
ducted by our laboratories that consistently yielded sufficient power
to detect statistically significant differences (18).

Statistical analysis

Statistical differences between groups were compared using the un-
paired Students ¢ test, the nonparametric Mann-Whitney test (com-
parison of two experimental groups), one-way analysis of variance
(ANOVA) with Dunnett posttest, repeated-measures two-way
ANOVA, or mixed model followed by the Bonferroni correction
(comparison of three or more experimental groups). Data were test-
ed for normal distribution using the D’Agostino and Pearson omni-
bus normality test. A two-tailed value of P < 0.05 was considered
statistically significant (18, 32, 61). All statistical analyses were per-
formed using the PRISM 10.0.2 software (RRID:SCR_002798,
GraphPad, San Diego, CA).

Study approval

All studies involving human specimens were approved by the Mass
General Brigham IRBs, under protocol numbers 2022P002062,
2022P000827, and 2013P001014. Written informed consent was ob-
tained from all subjects, and all studies were conducted in accor-
dance with the Declaration of Helsinki. All animal experiments
were conducted under protocol number 2016 N000112 approved by
the IACUC of BWH, Boston, MA.

Supplementary Materials
This PDF file includes:
Figs. S1to S6
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