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Type I interferon signaling induces
melanoma cell-intrinsic PD-1 and its
inhibition antagonizes immune checkpoint
blockade
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Alexandra Duplaine1,2,6, Erik Rasbach1,2,3,7, Laure Migayron 1,2,3,
Praveen Singh1,2,3, Edith Statham1,2, Jennifer Landsberg5, Katia Boniface 8,
Julien Seneschal 6,8, Wolfram Hoetzenecker 4, Emma L. Berdan 9,
Shannan Ho Sui 9, Matthew R. Ramsey1,2, Steven R. Barthel 1,2,3,12 &
Tobias Schatton 1,2,3,10,12

Programmed cell death 1 (PD-1) is a premier cancer drug target for immune
checkpoint blockade (ICB). Because PD-1 receptor inhibition activates tumor-
specific T-cell immunity, research has predominantly focused on T-cell-PD-1
expression and its immunobiology. In contrast, cancer cell-intrinsic PD-1
functional regulation is not well understood. Here, we demonstrate induction
of PD-1 in melanoma cells via type I interferon receptor (IFNAR) signaling and
reversal of ICB efficacy through IFNAR pathway inhibition. Treatment of mel-
anoma cells with IFN-α or IFN-β triggers IFNAR-mediated Janus kinase-signal
transducer and activator of transcription (JAK/STAT) signaling, increases
chromatin accessibility and resultant STAT1/2 and IFN regulatory factor 9
(IRF9) binding within a PD-1 gene enhancer, and leads to PD-1 induction.
IFNAR1 or JAK/STAT inhibition suppresses melanoma-PD-1 expression and
disrupts ICB efficacy in preclinical models. Our results uncover type I IFN-
dependent regulation of cancer cell-PD-1 and provide mechanistic insight into
the potential unintended ICB-neutralizing effects of widely used IFNAR1 and
JAK inhibitors.

Immune checkpoint therapies targeting the programmed cell death 1
(PD-1) pathway have revolutionized the clinical landscape for the
treatment of advanced stage cancers1. To date, six therapeutic anti-
bodies (abs) blocking the PD-1 receptor and three recognizing its
major ligand, PD-L1, have been approved by the US Food and Drug
Administration (FDA) for the treatment of patients with metastatic
disease of various etiologies. In patients and preclinical tumormodels,
PD-1:PD-L1 axis blockade stimulates antitumor immunity by increasing
activation and proliferation of tumor-reactive T-cells1–3, including self-

renewing stem-like CD8+ T-cells4. Consequently, most research inves-
tigations of PD-1 immunobiology in the cancer context have focused
on T-cells5. Nevertheless, PD-1 is also critical for maintaining T-cell
homeostasis and tolerance to prevent autoimmunity and dampen
immune hyperactivation6.

Cytokines and growth factor networks are crucial regulators of
immune surveillance and crosstalk in these various scenarios7, in part
through regulation of T-cell-PD-1 expression8. Indeed, the T-cell-PD-1
axis can be induced or modulated by multiple members of the
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interleukin (IL) family of cytokines9,10. Several growth factors, such as
transforming growth factor (TGF)-β, tumor necrosis factor (TNF)-α,
and vascular endothelial growth factor (VEGF) also regulate PD-1
pathway member expression on T-cells11–13.

The interferon (IFN) cytokine family plays a crucial role in reg-
ulating T-cell-PD-1 expression in concert with T-cell receptor (TCR)
stimulation14. It also induces PD-L1 and PD-L2 in cancer cells15,16,
macrophages17, and other immune cell types within the tumor micro-
environment (TME)18 to orchestrate an immunoevasive program.
Consistently, intratumoral IFN signatures and downstream loss-of-
function mutations have been associated with resistance to PD-1
immune checkpoint blockade (ICB)19–21. Conversely, IFNs can stimulate
antitumor T-cell responses and are thus also correlates of cancer cell
immunosurveillance and clinical ICB benefit22–24. Two main classes of
IFNs exist, type I and type II25. The type I IFN family comprisesmultiple
subtypes, including IFN-α and IFN-β, whereas type II IFN consists only
of IFN-γ. Type I IFNs signal through the IFN-α receptor (IFNAR) 1 and 2
heterodimeric complex, while type II IFN binds to the IFN-γ receptor
(IFNGR) 1 and 2 ternary complex25. Type I and type II IFNs activate
overlapping, yet partly distinct, Janus kinase (JAK) signal transducer
and activator of transcription (STAT) effectors to regulate the
expression of diverse target genes, including PD-1 pathwaymembers26.

In a broad range of autoimmune and inflammatory disorders
characterized by aberrant IFN pathway activation, inhibitors of the IFN
signaling axis have produced remarkable clinical benefit27. These
include IFNAR1 blocking abs, such as anifrolumab, which received FDA
approval for the treatment of systemic lupus erythematosus (SLE)28.
Moreover, a panel of inhibitors targeting either JAK1/2, e.g. ruxolitinib
or upadacitinib, or tyrosine kinase (TYK) 2, such as deucravacitinib,
was also clinically approved for the treatment of vitiligo, psoriasis,
atopic dermatitis, and other immunological conditions29–31. Despite
their widespread clinical use and the elevated risk of developing can-
cer in patients with some of these pathologies32, potential IFN pathway
inhibitor effects on T-cell-PD-1 expression and resultant PD-1 ICB out-
comes have not been systematically analyzed.

There is growing recognition that PD-1 expression is not restricted
to T-cells, but is also found on multiple additional TME cell types,
including macrophages, B-cells, NK cells, and even cancer cells5,24,33–36.
Tumor cell-intrinsic PD-1 expression was initially described in
melanoma37–42 but has since also been found in hepatocellular43, non-
small cell lung (NSCLC)44,45, and colorectal carcinomas46,47, amongst
other malignancies36,48,49. Cancer cell-PD-1 exerts growth-inhibitory
activities in NSCLC44,45 and colorectal carcinoma46,47 but promotes
tumorigenesis in melanoma37,39,42 and other cancers36,43,48,49. Accord-
ingly, inhibitionof tumor cell-PD-1 and its downstreamproproliferative
signaling effectors in the latter cancers attenuates growth, including in
T-cell-deficient mouse models37,39,43,48,49. While several molecular
mechanisms governing PD-L1 induction in cancer cells have been
defined15,16, regulation of tumor-intrinsic PD-1 receptor gene and pro-
tein expression and consequent impact on ICB remain poorly
understood.

In this work, we examine cytokine and growth factor regulation of
melanoma cell-intrinsic PD-1 expression and its impact on ICB efficacy,
leveraging knowledge on established modulators of the T-cell-PD-1
receptor pathway. Analysis of a single cell (sc) RNA sequencing (seq)
dataset50 of patient melanomas and assessment of gene expression in
human and murine melanoma lines reveals preferential expression of
IFNAR by PD-1+ versus PD-1- melanoma cell subsets. Treatment with
IFN-α or IFN-β induces PD-1 gene (PDCD1/Pdcd1) and protein expres-
sion inmultiple human andmurine melanoma lines. ATAC-seq reveals
type I IFN-mediated chromatin opening upstream of the PD-1 gene
promoter in melanoma cells, at an enhancer cis-regulatory element
(cCRE) containing annotated STAT1:STAT2 and IFN regulatory factor
(IRF) binding sites. Physical interaction of phosphorylated (p) STAT1/2
and IRF9 at this PD-1 gene enhancer is confirmed by chromatin

immunoprecipitation (ChIP)-qPCR. Inhibition of type I IFN signaling
suppresses melanoma-PD-1 expression and eliminates PD-1 ICB-medi-
ated tumor growth inhibition. Together, our findings identify a tumor
cell-intrinsic type I IFN signaling axis as a pivotal regulator of
melanoma-PD-1 expression and response to PD-1 ICB. Therefore, they
raise concerns that clinically approved IFNAR1 and JAK inhibitors,
currently used in patients with increased susceptibility to cancer32,
might unintentionally disrupt PD-1 ICB benefit by suppressing PD-1
receptor targeting.

Results
The type I interferon heterodimeric receptor is highly expressed
by PD-1+ melanoma cells
We analyzed a single-cell (sc) RNA-seq melanoma patient dataset50 for
tumor cell expression of cytokine and growth factor receptors known
to regulate the PD-1 pathway in T cells, including IFNAR, IFNGR, IL2R,
IL6R, IL7R, IL10R, IL12R, IL15R, IL18R, IL21R, IL27R, TGFBR, TNFR, and
VEGFR. Compared to melanoma-infiltrating T-cells, patient melanoma
cells expressed significantly higher levels of IFNAR heterodimers
(Fig. 1a, b), while most other receptors evaluated tended to be more
prevalent on T-cells (Figs. 1a, S1a, b). Similarly, IFNGR heterodimers
were overrepresented on patient melanoma cells vs. T-cells (Figs. 1a,
S2a). FACS analysis revealed surface protein expression of IFNAR1 and
IFNAR2 by patient tumor-infiltrating lymphocytes (TILs) and cancer
cells, the latter of which expressed a significantly higher level of the
rate-limiting subunit for the type I IFN receptor complex25, IFNAR1
(Figs. 1c, S3a). Similarly, RT-qPCR analysis revealed markedly greater
gene expression levels of IFNAR1 and IFNAR2 (Fig. 1d) as well as IFNGR1
and IFNGR2 (Fig. S2b) in human melanoma cell lines, A2058, A375,
G361, MeWo, MDA-MB-435S, and SK-MEL-2, compared to human
T-cells. Flow cytometric analyses corroborated the expression of
IFNAR (Figs. 1e, S3b) and IFNGR subunits (Fig. S2c) by human mela-
noma lines at the protein level. Similarly, Ifnar1/2 (Fig. 1f) and Ifngr1/2
heterodimer levels (Fig. S2d) by murine melanoma cells, B16-F10,
YUMM1.7, YUMMER1.7D4, YUMM1.G1, YUMM4.1, and YUMM5.2 were
equal to or exceeded those in murine T-cells. Protein expression of
IFNAR and IFNGR subunits by murine melanoma lines was also sub-
stantial (Figs. 1g, S2e, S3c). In contrast, human or murine melanoma
lines did not express or tended to express lower levels of IL2R/Il2r,
IL7R/Il7r, IL10R/Il10r, IL12R/Il12r, IL15R/Il15r, IL18R/Il18r, IL21R/Il21r,
IL27R/Il27r, or TNFR compared to T-cells, consistent with undetectable
and/or minimal expression of at least one receptor heterodimer (Figs.
S4a,b, S5a). Nevertheless, appreciable levels of melanoma-intrinsic
IL6R/Il6r (Figs. S4a, S5a), TGFBR/Tgfbr, Tnfr, and VEGFR/Vegfr subunits
(Figs. S4b, S5b) were detected. To determine if IFNAR and/or IFNGR
might regulate PD-1 receptor levels on melanoma cells, we performed
co-expression analyses by flow cytometry. Indeed, both IFNAR1 and
IFNAR2 proteins were significantly enriched among native PD-1+ versus
PD-1- human (Figs. 1h, S3d) and murine (Figs. 1i, S3e) melanoma cell
subsets. Similarly, PD-1+ melanoma cell fractions co-expressed sig-
nificantly higher levels of the IFNGR1 and IFNGR2 subunits compared
to their PD-1- counterparts (Fig. S2f, g). Consistently, patientmelanoma
cells positive for the PD-1 gene (PDCD1) transcript co-express
both IFNAR subunits in two independent scRNA-seq datasets50,51

(Fig. S6a, b), tended to be enriched in interferon-stimulated genes
(ISG52, Fig. S6c), and in tumors of high versus low immunoscore53

(Fig. S6d). Together, these results demonstrate marked expression of
type I and type II IFN receptors by melanoma cells at levels exceeding
those in T-cells and preferential enrichment of IFNAR and IFNGR
among PD-1+ melanoma subpopulations.

Type I interferons induce melanoma cell-intrinsic PD-1
expression
To directly examine whether IFNAR or IFNGR ligation functionally
induces PD-1 expression by melanoma cells, we treated human
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melanoma cell lines with the type I IFNs, IFN-α or IFN-β, or the type II
IFN, IFN-γ, and assessed PD-1 gene and protein expression. Both IFN-α
and IFN-β induced PDCD1 gene expression up to 16-fold (Figs. 2a, S7a)
and also significantly induced PD-1 protein expression (Fig. 2b) in
human melanoma lines compared to controls. Addition of IFN-γ
induced both PD-1 gene andprotein expression only in A375, but not in
A2058humanmelanomacells (Fig. 2a, b). Consistently, Pdcd1 gene and

PD-1 protein levels were induced up to 42-fold and 5-fold, respectively,
by IFN-α or IFN-β treatment in murine melanoma lines, B16-F10,
YUMM1.7, YUMMER1.7D4, YUMM1.G1, YUMM4.1, and YUMM5.2, while
IFN-γ stimulation variably induced PD-1 across these lines (Figs. 2c, d,
S7b). Treatment ofmelanoma cellswith IL-2, IL-6, IL-7, IL-10, IL-12, IL-15,
IL-18, IL-21, IL-27, TGF-β, TNF-α, orVEGFdidnot inducesubstantial PD-1
gene (Fig. S8a) or protein expression (Fig. S8b), in agreement with
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generally lower overall cognate receptor expression on melanoma
cells (Figs. 1, S1, 4, 5). Consistent with published reports15,16, human and
murine PD-L1 gene (CD274/Cd274) and protein levels were elevated via
IFN-α, IFN-β, or IFN-γ treatment across all melanoma lines examined
(Fig. S9a-d), with type II IFN inducing PD-L1 protein to the greatest
extent (Fig. S9d). These findings identify amelanomacell-intrinsic type
I IFN axis that not only functionally regulates PD-L1, as previously
established15,16, but also PD-1 receptor expression.

Type I interferons promote chromatin opening at a PD-1 gene
enhancer region and consequent STAT-IRF transcription factor
binding in melanoma cells
To dissect type I IFN-mediated PD-1 gene regulatory mechanisms in
melanoma cells, we next performed unbiased ATAC-seq analysis of
YUMM4.1 cells, because they demonstrated the greatest fold-
induction of Pdcd1 transcription by IFN-α or IFN-β among all lines
examined (Figs. 2c, S7b). Principal component (PC) analysis revealed
similar global chromatin accessibility patterns between IFN-α and IFN-
β treatment groups and substantial differences compared to vehicle
control YUMM4.1 cohorts along PC1 (Fig. 3a). Pairwise comparisons of
chromatin accessibility for IFN-α and IFN-β versus vehicle control
showed strong consistency in open chromatin patterns between the
type I IFNs (Fig. 3b, Data S1). Examination of ENCODE candidate cCREs
for the Pdcd1 gene specifically uncovered selective chromatin opening
at the E0446812/enhP enhancer located upstream of the Pdcd1 pro-
moter in response to IFN-α or IFN-β versus vehicle control treatment
(Fig. 3c, d). In contrast, constitutively open chromatin was observed in
other Pdcd1 cCREs in both vehicle and type I IFN treatment conditions
(e.g. enhancers E0446806/enhD or E0446805/enhD) (Fig. 3c). The
E0446812/enhP Pdcd1 enhancer encodes predicted binding sequences
for STAT1:STAT2 and IRF9 transcription factors (TFs, Fig. 3c). Conse-
quently, we performed ChIP-qPCR analyses to directly assess binding
of these TFs to the Pdcd1 enhancer element. IP for p-STAT1, p-STAT2,
or IRF9 revealed significantly increased TF binding to the E0446812/
enhP Pdcd1 enhancer in IFN-α or IFN-β compared to vehicle treated
YUMM4.1 and YUMM1.7 melanoma cells, as quantified by qPCR
(Fig. 3e). These results highlight type I IFN-dependent regulation of
melanoma cell-intrinsic PD-1 gene expression via induction of chro-
matin opening within the E0446812/enhP Pdcd1 enhancer cCRE,
thereby leading to increased binding of the IFN-stimulated gene factor
3 (ISGF3) complex components25, p-STAT1, p-STAT2, and IRF9.

Inhibition of the IFNAR-JAK/STAT signaling axis reverses mela-
noma cell-PD-1 induction
To independently validate the functional involvement of specific IFNAR
pathway members in regulating melanoma cell-intrinsic PD-1, we tar-
geted several distinct signalingmediators using both experimental and
clinically approved IFNAR1 blocking abs28, pharmacological antagonists

of the IFNAR docking proteins25, JAK1 and TYK2, and downstream
STAT1 and STAT2 gene knockdown approaches. Ab-mediated block-
ade of IFNAR1 on murine B16-F10, YUMM1.7, or YUMMER1.7D4 mela-
noma cells significantly reversed IFN-α-induced PD-1 gene and protein
expression down to baseline levels (Fig. 4a). Blockade of human IFNAR1
with the FDA-approved inhibitor, anifrolumab28, also significantly sup-
pressed IFN-α-dependent PD-1 expression by A2058 human melanoma
cells (Fig. 4b), with significantly greater antagonism of PD-1 expression
upon extended IFNAR1 ab treatment (Fig. S10a). Consistently, inhibi-
tion with the clinically approved pharmacologic antagonists targeting
JAK1, ruxolitinib or upadacitinib29,31, or TYK2, deucravacitinib30, sig-
nificantly attenuated the marked induction of PD-1 transcript and
protein by IFN-α in both murine (Fig. 4c) and human (Figs. 4d, S10a)
melanoma cell lines, as above. IFN-α or IFN-β-mediated activation of
downstream STAT1 and STAT2 in melanoma cells was confirmed via
intracellular flow cytometry with abs recognizing phosphorylated (p)-
STATs (Fig. S10b). T-cells, on the other hand, showed selective phos-
phorylation of STAT1 but not STAT2 following type I IFN treatment
(Fig. S10b). Consistent with basal PD-1 expression by unstimulated
murine and human melanoma cells37,38, cell-intrinsic type I IFN effector
molecules, as above, showed some degree of constitutive phosphor-
ylation (Figs. S10c, d, S15) and were enriched among PD-1+ vs. PD-1-

melanoma cell subsets (Fig. S10e, f). To address STAT functional
dependence of IFN-mediated PD-1 regulation in melanoma cells, we
generated stable STAT1 and STAT2 knockdown versus control A2058
tumor variant lines using two independent hairpins each. Silencing of
STAT1 and STAT2 gene and protein (Figs. S10g, S16) expression was
confirmed by RT-qPCR and immunoblotting, respectively. STAT1 and
STAT2 shRNA-mediated knockdown significantly suppressed IFN-α-
dependent PD-1 gene or protein induction compared to scrambled
shRNA controls (Fig. 4e). Together, these findings identify a tumor-
intrinsic type I IFN signaling axis, encompassing IFNAR1 and down-
stream JAK1, TYK2, STAT1, and STAT2 effector molecules, that func-
tionally regulate melanoma cell-PD-1 receptor expression. They also
reveal that clinically approved IFNAR1, JAK1, and TYK2 inhibitors,
developed to antagonize IFN-dependent signaling in immune cells in
patients with various inflammatory disorders, potently suppress PD-1
induction in melanoma cells. Widely used clinical IFNAR1 or JAK inhi-
bitorsmight thus unintentionally disrupt PD-1 ICB efficacy, including at
the level of the melanoma cell, by reducing PD-1 expression and
its recognition by therapeutic PD-1 abs.

IFNAR-JAK/STAT pathway inhibition disrupts therapeutic effi-
cacy of PD-1 checkpoint blockade
To directly address the above possibility, we treated melanoma-
bearing mice with PD-1 blocking abs in the presence or absence of
IFNAR1 neutralizing ab or the JAK1 inhibitor, ruxolitinib. Consistent
with previous findings54, administration of anti-PD-1 ab significantly

Fig. 1 | Expression of type I interferon receptors by melanoma cells. Single-cell
RNA-seq analysis of a type I interferon-α/β receptor (IFNAR) and type II interferon-γ
receptor (IFNGR) subunit gene expression shown in units of transcript per million
(TPM)/10 (black bars; mean ± SEM) in patient melanoma cells (left) versus tumor-
infiltrating T-cells (right). Gene expressionof additional cytokine and growth factor
receptor subunits is also shown (gray bars). b Violin plots of IFNAR1 and IFNAR2
gene expression (TPM/10; median, bold white line; top and bottom quartiles, thin
white lines) in patient melanoma (MM) versus tumor-infiltrating T-cells generated
from the single-cell RNA-seq dataset above. c IFNAR1 and IFNAR2 surface protein
expression (percent positivity, mean ± SEM, left) by patient tumor cells and tumor-
infiltrating lymphocytes (TILs), with representative flow cytometric histograms
shown (right). d Relative IFNAR1 and IFNAR2 gene expression (fold change, mean ±
SEM) in human melanoma cell lines (black bars) versus human activated CD3+

T-cells (gray bars) as determined by RT-qPCR. e IFNAR1 and IFNAR2 surface protein
expression (percent positivity, mean ± SEM, left) by human A2058 and A375 mel-
anoma cells, with representative flow cytometric histograms shown for A2058

melanoma cells (right). f Relative Ifnar1 and Ifnar2 gene expression (fold change,
mean ± SEM) in murine melanoma cell lines (black bars) versus murine activated
CD3+ T-cells (gray bars) as determined by RT-qPCR. g IFNAR1 and IFNAR2 surface
proteinexpression (percent positivity,mean±SEM, left) bymurinemelanomacells,
with representative flow cytometric histograms shown for B16-F10 and YUMM1.7
melanoma cells (right). IFNAR1 (left) and IFNAR2 (right) surface protein expression
(percent positivity, mean ± SEM) by PD-1+ versus PD-1- h, human A2058 and A375
and i, murine melanoma cell subsets, with representative flow cytometric histo-
grams shown for A2058 cells. Results represent biologically independent samples
of a, b n = 1252 MM cells (left panel) and 2040 T-cells (right panel), c n = 4, and
biologically independent experiments of d, f, i n = 3, e n = 12, g n = 6, and h n = 7
(A2058) and n = 6 (A375). Statistical analyses included b Mann-Whitney test, two-
sided, c paired t-test, one-sided, and h, i unpaired t-test, two-sided. *p <0.05;
**p <0.01; ***p <0.001;NS, not significant. See also Supplementary Figs. 1–7. Source
data, including exact p-values, are provided as a Source Data file.
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inhibited growth of YUMM1.7 tumors showing IFNAR1 expression and
baseline STAT1phosphorylation (Fig. S11) compared to isotype control
treatment in immunocompetent C57BL/6 mice (Fig. 5a). Combination
therapy with PD-1 ab and either IFNAR1 ab or ruxolitinib completely
abrogated tumor growth suppression from PD-1 checkpoint blockade
(Fig. 5a). Tumor volumes in both IFNAR1 and ruxolitinib treatment
cohorts were significantly larger than those in respective isotype or

vehicle control groups, consistent with the observed reduction in
tumor-infiltrating T-cell frequency (Fig. S12a) and activation (Fig. S12b)
within the former treatment groups. IFNAR1 ab or ruxolitinib admin-
istration significantly reduced PD-1 (Pdcd1) or PD-L1 (Cd274) gene
(Fig. S12c), and/or PD-1 protein expression, as well as levels of ISGs,
Cmpk2, Ifit2, Irf7, Isg20, and/or Oasl, but not p-STAT1 compared to
control YUMM1.7 tumors in C57BL/6 mice (Fig. S12d, e). These results
thus indicate divergent sensitivity to IFN-dependent PD-1 regulation
among distinct TME cell types with varying levels of IFN-α and IFN-β
expression (Figs. S11, S12f). In NSG mice devoid of adaptive immune
cell-PD-1 and therefore comparatively enriched for cancer cell-PD-137,
IFNAR1 inhibition or ruxolitinib treatment significantly suppressed
PD-1 and/or PD-L1 transcript levels (Fig. S12g), PD-1 and p-STAT1 pro-
tein expression (Figs. S12h, S13a), aswell as ISGs (Fig. S12i), indicativeof
tumor cell-intrinsic inhibition of type I IFN signaling and resultant PD-1
downregulation. Consistently, PD-1 monotherapy of YUMM1.7 tumors
in NSGmice significantly reduced tumorigenesis compared to isotype
control treatment, whereas administration of PD-1 ab in combination
with melanoma-PD-1 downregulating agents (Figs. 4, S12c, d, g, h),
IFNAR1 or JAK inhibitors, fully reversed PD-1 therapeutic benefit
(Fig. 5b). Human A2058 melanoma growth in immunocompromised
NSG mice was also significantly abrogated by PD-1 neutralizing ab, as
above, whereas anifrolumab or ruxolitinib treatment reduced human
tumor cell-intrinsic PD-1 and p-STAT1 protein expression (Figs. S13b,
S14a, b) and thwarted PD-1 ICB efficacy (Fig. 5c). Murine IFNs did not
induce PD-1 gene or protein expression by human A2058 melanoma
cells (Fig. S14c). Nevertheless, A2058 cells produced marked in vivo
amounts of IFN-α and IFN-β (Fig. S14d). Tumor-autocrine IFNA, IFNB,
and ISG expression tended to correlate with PD-1 gene level (Fig. S14e,
f), in agreement with IFNAR1 expression and baseline STAT1 phos-
phorylation in A2058 tumors (Fig. S13b). Together, these results
demonstrate that IFNAR1 and JAK inhibitors commonly used in the
clinic can unintentionally disrupt cancer therapeutic benefit when
used in combination with PD-1 ICB regimens, by suppressing IFN
pathway-dependent PD-1 receptor expression and targeting, including
on melanoma cells.

Discussion
Blockade of the PD-1 receptor on tumor-infiltrating T-cells is a crucial
requirement for eliciting robust clinical responses to PD-1 ICB in
patients with cancer1,2. Multiple signaling networks regulate T-cell-PD-1
target expression in the TME5,9 and are thus important for predicting
clinical benefit. The IFN receptor pathway stands out as a prominent
inducer of PD-1 expression on TCR-engaged T-cells14,26 and has also
been strongly associated with PD-1 ICB efficacy22–24. Additionally,

Fig. 2 | Type I interferons induce melanoma cell-intrinsic PD-1 expression.
a Relative PDCD1 gene (fold change, mean ± SEM) and b PD-1 surface protein
(percent positivity, mean ± SEM, top) expression by human A2058 and A375 mel-
anoma cells treated (black bars) versus not treated (NT, gray bars) with human type
I interferons, IFN-α or IFN-β, or type II interferon, IFN-γ, as determined by RT-qPCR
and flow cytometry, respectively. Representative flow cytometric dot plot overlays
of human PD-1 surface protein induction in IFN-α, IFN-β, or IFN-γ treated (red dots)
versus no treatment control (gray dots) A2058 cells are shown (bottom). c Relative
Pdcd1 gene (fold change, mean ± SEM) and d PD-1 surface protein (percent posi-
tivity, mean ± SEM) expression by murine melanoma cells treated (black bars)
versus not treated (NT, gray bars) withmurine IFN-α, IFN-β, or IFN-γ, as determined
by RT-qPCR and flow cytometry, respectively. Representative flow cytometric dot
plot overlays of murine PD-1 surface protein induction in IFN-α, IFN-β, or IFN-γ
treated (red dots) versus no treatment control (gray dots) YUMM1.7 cells are shown
(bottom). Results in (a-d) represent biologically independent experiments of n = 3.
Statistical analyses included the (a,d) unpaired t-test, one-sided, and (b,c) unpaired
t-test, two-sided. *p <0.05; **p <0.01; ***p <0.001; NS, not significant. See also
Supplementary Figs. 6, 8, 9. Source data, including exactp-values, are provided as a
Source Data file.
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type II, and to a lesser extent type I, IFNs upregulate PD-L1 expression
on cancer cells15,16, macrophages17, and other TME cell types18 and
similarly correlate with benefit from PD-1 checkpoint blockade22,23. Of
note, these and several other TME cell lineages can also express
PD-15,24,33–35,37,43,44,46,47, bind clinical PD-1 inhibitors44,46,47, and their TME
prevalence has even been linked to ICB patient response24,34,44. Efficacy
of PD-1 therapymight thus not only rely on targeting of T-cell-PD-1, but

presumably also on antagonism of these additional PD-1-expressing
cell types, the lineage-specific regulation of which is poorly under-
stood. Consequently, dissection of the molecular mechanisms con-
trolling PD-1 expression, not only in T-cells, but also in these other
immune cell subsets and cancer cells could greatly enhance under-
standing of PD-1 ICB response or lack thereof and help optimize
therapy.
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Our studies demonstrate that PD-1 gene and protein expression in
melanoma cells is robustly induced by type I IFN signaling through
IFNAR, JAK1, TYK2, STAT1, STAT2, and IRF9 pathway effectors (Fig. 6).
Melanoma cell-intrinsic PD-1 was also induced by type II IFN, albeit to a
lesser extent and more inconsistently than type I IFNs across human
and murine melanoma cell lines. In contrast, several other established
regulators of T-cell-PD-19,12,13,26, including multiple ILs and growth fac-
tors, did not modulate melanoma-PD-1 expression. This is consistent
with the more pronounced levels of IFN receptors and their STAT
signaling mediators in comparison to other candidate PD-1-regulatory
cytokine receptors in patient melanomas, established human and
murine melanoma lines, relative to T-cells. These results highlight
STAT1 and STAT2 as tumor-intrinsic targets of IFN-α and IFN-β acti-
vation, while IFN-γ only triggers STAT1 phosphorylation. Efficient sti-
mulation of melanoma-PD-1 expression might thus require
downstream signaling through both STATs. Indeed, stable knockdown
of either STAT1 or STAT2 in melanoma cells independently repressed
type I IFN-induced PD-1. In contrast, robust cancer cell-PD-L1 induction
primarily relies on STAT1 only via type II IFN activation, as previously
reported15,16, and consistent with our results. Accordingly, respective
ratios of type I versus type II IFNs in the TME could differentially
modulate the expression of distinct PD-1 pathway members.

Unbiased ATAC-seq analysis revealed chromatin opening at an
enhancer cCRE adjacent to the PD-1 promoter in melanoma cells in a
type I IFN-inducible manner. This enhancer region contains annotated
binding sites for canonical type I IFN signaling mediators, including
STAT1 and STAT2 as well as IRF925. ChIP-qPCR assays confirmed direct
binding of these type I IFN-associated ISGF3 complex members to this
PD-1 gene enhancer element in IFN-α- and IFN-β-stimulated but not
vehicle control-treated melanoma cells. Constitutive exposure of
additional PD-1 proximal gene enhancer regions was even detected
without IFN treatment, in agreement with basal JAK/STAT phosphor-
ylation and PD-1 expression by untreated melanoma cells, as reported
herein and previously37–40,42. IFN-α and IFN-β both recognize the same
receptor, IFNAR25, and promoted similar chromatin accessibility pat-
terns. However, IFN-β tended to more robustly augment melanoma-
PD-1 expression, chromatin opening at the PD-1 promoter-proximal
enhancer, and binding of p-STAT1 and IRF9 compared to IFN-α. These
findings are consistent with higher binding affinity to IFNAR by IFN-β
versus IFN-α variants25,55. Type I IFN treatment also stimulated chro-
matin opening at a PD-L1 gene enhancer region in melanoma cells, in
line with the respective PD-L1 gene (CD274) and protein induction
observed herein. In contrast, type II IFNs are known to trigger chro-
matin opening primarily at theCD274promoter15,16 insteadof enhancer
regions, and resultant promoter binding of the IRF1 TF in cancer cells.
Hence, regulationof tumor cell-intrinsic PD-1 pathwaymembers isfine-
tuned by composition of IFN-α, IFN-β, and IFN-γ in the TME, IFNAR and
IFNGR expression, cell type-dependent activation of downstream
effector molecules, and chromatin accessibility within specific PDCD1
or CD274 gene cCREs.

We leveraged several distinct inhibitory strategies targeting mul-
tiple IFNAR signaling effectors to rigorously validate functional
dependence of melanoma cell-PD-1 regulation on type I IFNs, both
in vitro and in vivo. In vivo administration of either IFNAR1 neutralizing
ab or ruxolitinib fully eliminated inhibition of melanoma growth from
PD-1 checkpoint blockade and also resulted indramatically augmented
tumor volumes independent of PD-1 ICB in T-cell-competent mice.
Notably, both T-cell frequency and activation were markedly reduced
in melanoma grafts in response to IFNAR1 or JAK inhibition compared
to controls, thereby supporting an IFN-neutralizing effect on tumor-
specific T-cell immunity, including in PD-1 ab-treated hosts. However, a
complete reversal of PD-1 ICB efficacy also occurred in T-cell null mice
grafted with either human or murine melanoma cells, thus also illu-
minating tumor cell-intrinsic, type I IFN-dependent regulation of PD-1
target expression and its relationship to PD-1 therapeutic response. In
support, IFNAR1 blockade more robustly perturbed tumoral PD-1 and
p-STAT1 levels in immunocompromisedmice,whereinPD-1 expression
ismore relegated to tumor cells, but not in immunocompetentmice, in
which PD-1 expression predominates on T-cells. Our results reveal that
intact IFN signaling is required for efficient PD-1 ICB response, con-
sistent with a prior report demonstrating that inactivating JAK muta-
tions are enriched among melanoma patients exhibiting primary
resistance to anti-PD-1 immunotherapy20. Loss-of-function alterations
in JAK1or JAK2 alsoarise through chronicT-cell pressure in response to
prolonged PD-1 checkpoint blockade to cause acquired resistance21.
Such disruptions of JAK/STAT signaling impaired tumor cell expres-
sion of PD-L1, as also found herein, as well as major histocompatibility
complex (MHC)-I, thus leading to inefficiency of PD-1 therapy in
patients20,21. In murine melanoma models, JAK antagonism by rux-
olitinib attenuated tumoral PD-L1 levels, in agreement with our results,
and partially reversed anti-PD-L1 ab-induced tumor growth
suppression56. Our findings of complete eradication of PD-1 ther-
apeutic efficacy as a consequence of IFNAR1 or JAK/STAT inhibition
add anextra layer of complexity andmechanistic understanding to PD-
1 ICB escape phenomena, by revealing PD-1 target downregulation at
the level of the cancer cell (Fig. 6).Moreover, they raise concerns about
widely used clinical JAK and IFNAR1 inhibitors in scenarios where
patients might have undiagnosed cancers with active IFN signaling or
are receiving PD-1 inhibitors for already diagnosed malignancies.

Our results further rationalize the possibility for improving PD-1
therapeutic efficacy by accentuating tumor cell-directed PD-1 receptor
targeting via stimulation of the type I IFN pathway. In support, clinical
trials of regimens involving PD-1 ICB in combination with IFN-α cyto-
kine or IFN pathway activation, e.g. through stimulator of IFN genes
(STING) or Toll-like receptor (TLR) agonists, have shown early
success57–59. Such agonistic strategies might have multiple desired
effects, including direct activation of cytotoxic T-cell (CTL) antitumor
functions60 and, in light of our findings, induction of tumoral PD-1
target expression. Indeed, tumors with high autocrine expression of
type I IFNs and ISGs52 are not only enriched in T-cells (immunologically

Fig. 3 | Type I interferons promote chromatin opening and STAT-IRF tran-
scription factor binding to a PD-1 gene enhancer inmelanoma cells. a Principal
component analysis of chromatin accessibility as determined by ATAC-seq of
YUMM4.1 cells treated with IFN-α, IFN-β, or vehicle control. b Heatmap showing a
subset of peaks (~10%) found to be differentially bound between cells treated with
IFN-α or IFN-β versus vehicle control. c, Schematic of open chromatin regions
within the PD-1 gene (Pdcd1) locusof YUMM4.1 cells treatedwith IFN-αor IFN-β (red
boxes) or vehicle control (gray box), as determined by ATAC-seq as above. Geno-
mic locations for individual enhancer cis-regulatory elements (cCREs, yellow),
E0446812/enhP (left), E0446806/enhD (middle), and E0446805/enhD (right) and
gene promoter (green) relative to the Pdcd1 transcriptional start site (TSS, +1, black
arrow) are shown. Annotated STAT1:STAT2 and IRF9 binding sites (black lines)
within the E0446812/enhP enhancer motif as well as for primers used for sub-
sequent ChIP-qPCR analysis (blue arrows) of the 146 base pair (bp) amplicon (blue

box) are also illustrated. Both IFN-α and IFN-β treatment resulted in significantly
increased chromatin opening at E0446812/enhP compared to vehicle control as
shown above by the illustrated open chromatin and by d smoothed conditional
means of read density of normalized counts in 100 base pair bin sizes. The
E0446812/enhP Pdcd1 enhancer location is both represented and labeled as a ver-
tical yellow line. e ChIP-qPCR analysis of E0446812/enhP Pdcd1 enhancer amplifi-
cation (% input, mean ± SEM) in anti-p-STAT1, anti-p-STAT2, or anti-IRF9 versus
control IgG immunoprecipitated (IP) lysates from YUMM4.1 (left) and YUMM1.7
(right) cells treated as above. Results represent biologically independent experi-
ments of a–d n = 2 per treatment group and e n = 12 (IgG1), n = 3 (p-STAT1), n = 6
(p-STAT2), and n = 6 (IRF9) for YUMM4.1 and n = 14 (IgG1), n = 6 (p-STAT1), n = 3
(p-STAT2), and n = 5 (IRF9) for YUMM1.7. Statistical analyses in e included the
unpaired t-test, two-sided. *p <0.05; **p <0.01; ***p < 0.001. See also Supplemen-
taryData 1. Source data, including exact p-values, are provided as a SourceData file.
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Fig. 4 | Inhibitionof the type I Interferon signaling axis reversesmelanomacell-
PD-1 induction.Relative PD-1 gene (fold change,mean ±SEM, left) and PD-1 surface
protein (fluorescence intensity, mean ± SEM, right) expression by IFN-α stimulated
a, murine and b, human melanoma cells pre-treated with either blocking anti-
IFNAR1 (white bars) or isotype control ab (black bars), compared to no IFN-α
treatment controls (gray bars), as determined by RT-qPCR and flow cytometry,
respectively. Representative flow cytometric histograms for a YUMM1.7 and
b A2058 cells are shown (right). Relative PD-1 gene (fold change, mean ± SEM, left)
and PD-1 surface protein (fluorescence intensity, mean ± SEM, right) expression by
IFN-α (white bars) versus vehicle control (black bars) treated cmurine andd human
melanoma cells pre-incubated with FDA-approved small molecule inhibitors tar-
geting the type I interferon pathway mediators, TYK2 (deucravacitinib) or JAK1

(ruxolitinib or upadacitinib), compared to no IFN-α treatment controls (gray bars),
as determined by RT-qPCR and flow cytometry, respectively. Representative flow
cytometric histograms for c YUMM1.7 and d A2058 cells are shown (right).
e, Relative PDCD1 gene (fold change, mean ± SEM, left) and PD-1 surface protein
(fluorescence intensity, mean ± SEM, right) expression by IFN-α treated STAT1 or
STAT2 knockdown (shRNA-1/-2, white patterned bars) versus scrambled control
shRNA (black bars) melanoma A2058 cells, compared to no IFN-α treatment con-
trols (gray bars), as determined by RT-qPCR and flow cytometry, respectively.
Results in a–e represent biologically independent experiments of n = 3. Statistical
analyses in a–e included the one-way ANOVAwith Dunnett post hoc test. *p <0.05;
**p <0.01; ***p <0.001. See also Supplementary Fig. 10. Sourcedata, including exact
p-values, are provided as a Source Data file.
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hot)53 but also in melanoma cell-intrinsic PD-1 frequency. Type I IFN
agonism additionally reverses repression caused by myeloid-PD-
1:tumor cell-PD-L1 engagement found previously to impair CTL
recruitment to the TME24. A potential caveat of sustained type I IFN
stimulation is that itmay facilitate acquired resistance toPD-1 blockade
by enhancing intratumoral accumulation of immunosuppressive reg-
ulatory T-cells and myeloid lineages19. Together, these insights
underscore the complexity of the IFN-PD-1 axis26,61 and thus highlight
therapeutic approaches aimed at accentuating IFN signaling in a cell
type-specific and temporally controlled fashion, including in cancer

cells. This study represents a critical first step in this regard, by unra-
veling tumor cell-intrinsic IFN effects on PD-1 checkpoint regulation
and function that might be of significance for improving ICB therapy.

Methods
Melanoma cell lines and clinical specimens, T-cell isolation, and
culture methods
Authenticated, mycoplasma-free human A2058 (CRL-3601), A375
(CRL-1619), G361 (CRL-1424), MeWo (HTB-65), MDA-MB-435S (HTB-
129), and SK-MEL-2 (HTB-68), and murine B16-F10 (CRL-6475),

Fig. 5 | Antagonism of the type I interferon signaling pathway disrupts ther-
apeutic efficacy of PD-1 checkpoint blockade. Tumor growth kinetics (mean ±
SEM)ofmurineYUMM1.7 cells inaC57BL/6andbNSGmice, andof c, humanA2058
cells in NSG mice treated with PD-1 blocking versus isotype-matched control abs,
either in the absence (left) or presence of IFNAR1 blocking ab (middle) or the JAK1
inhibitor, ruxolitinib (right), at submaximal dosage (180mg/kg/d, p.o.). Results
represent biologically independent experiments involving a n = 18 mice (left,

middle panels) and n = 28 (right panel), b n = 14 and 16 mice for anti-PD-1 ab and
isotype control ab, respectively (left panel) and n = 14 mice (middle, right panels),
c n = 6 mice (left, middle, and right panels). Statistical analyses in a–c included the
two-way ANOVA with Bonferroni post hoc test. *p <0.05; **p <0.01; ***p <0.001;
NS, not significant. See also Supplementary Figs. 11–14. Source data, including exact
p-values and information on sex, are provided as a Source Data file.
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YUMM1.7 (CRL-3362), YUMMER1.7D4 (SCC243), YUMM1.G1 (CRL-
3363), YUMM4.1 (CRL-3366), and YUMM5.2 (CRL-3367) melanoma cell
lineswereobtained from theAmericanTypeCultureCollection (ATCC,
Gaithersburg, MD) or MilliporeSigma (St. Louis, MO). YUMM1.7
nuclear EGFP-expressing lines were generated as described62 and cul-
tured as above. No commonly misidentified cell lines were used in the
study. All cell lines were used at low passage, <70% confluency, and
were cultured in RPMI-1640 medium (Life Technologies, Carlsbad,
CA) supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS, MilliporeSigma) and 1% (v/v) penicillin/streptomycin (Life
Technologies) as described33,34,57. Single-cell suspensions were gener-
ated from patient tumor biospecimens by collagenase digestion, as
described36,37.

Human peripheral blood mononuclear cells (PBMCs) were iso-
lated from whole blood samples obtained from healthy donors by
Ficoll-Paque PLUS (Cytiva, Marlborough, MA) density gradient cen-
trifugation as described37,62. Human T-cells were activated with
ImmunoCult Human CD3/CD28 T Cell Activator reagent (25 µL/mL,
STEMCELL Technologies, Cambridge, MA) for 2–3 days in Advanced
RPMI 1640 Medium (Life Technologies) supplemented with recombi-
nant human IL-2 (20 ng/ml, BioLegend, San Diego, CA), 1% (v/v) Glu-
taMAX, 10mM HEPES, 1% (v/v) penicillin/streptomycin (all from Life
Technologies), and 10% (v/v) heat-inactivated FBS (MilliporeSigma) in

24-well plates (1–3 × 106 cells/ml) in tissue culture incubators at 37 °C
and 5% CO2 as described

37,62. Informed consent was obtained from all
patients or volunteers, and all studies were conducted in accordance
with the Declaration of Helsinki and approved by the Institutional
Review Board (IRB) ofMass General Brigham, under protocol numbers
2022P002062, 2022P000827, and 2013P001014. Because only anon-
ymous, randomized and de-identified human PBMC or tumor biospe-
cimenswereusedwithout access to individual-level data, it is expected
that such samples would be derived from female and male subjects
across a range of ages.

Murine splenocytes were isolated by mechanical disruption of
C57BL/6 mouse spleens as described38. Red blood cells were hypoto-
nically lysed with the Ammonium-Chloride-Potassium (ACK) Lysing
Buffer (Life Technologies) according to the manufacturer’s instruc-
tions. Splenocytes were resuspended at 1 × 106 cells/mL in Advanced
RPMI 1640 Medium (Life Technologies) supplemented with 2μg/mL
soluble anti-mouse CD28 ab (clone 37.51, BD Biosciences, Franklin
Lakes, NJ), 30U/mL recombinant mouse IL-2 (BioLegend), 1% (v/v)
GlutaMAX, 10mM HEPES, 1% (v/v) penicillin/streptomycin (all from
Life Technologies), and 10% (v/v) heat-inactivated FBS (Milli-
poreSigma), and then cultured in 24-well plates (Corning, Glendale,
AZ) pre-coated with 10μg/mL anti-mouse CD3 ab (clone 145-2C11, BD
Biosciences) for five days as described38. All mice were at least 6 weeks
of age and handled in accordance with the National Institutes of Ani-
mal Healthcare Guidelines under the Brigham and Women’s Hospital
(BWH) Institutional Animal Care and Use Committee (IACUC)-
approved experimental protocol 2016N000112.

Antibodies, recombinant cytokines, and biologic reagents
The following antibodies (abs) were used for flow cytometric analyses
of human cells: Alexa Fluor 647-conjugated (BD Biosciences) or PerCP-
eFluor 710-conjugated anti-human PD-1 (clone MIH4, 20 µg/mL,
Thermo Fisher Scientific, Waltham, MA) and Alexa Fluor 647-
conjugated or PerCP-eFluor 710-conjugated mouse IgG1 isotype con-
trols (clone MOPC-31C, 20 µg/mL, BD Biosciences; clone P3.6.2.8.1,
20 µg/mL, Thermo Fisher Scientific), unconjugated anti-human PD-1
clinical ab, nivolumab (100 µg/mL, Bristol Myers Squibb, Cambridge,
MA) was obtained from the BWH Pharmacy, and Ultra-LEAF unconju-
gated human IgG4 isotype control (clone QA16A15, 100 µg/mL, Bio-
Legend), FITC-conjugated or PE-conjugated anti-human IgG4 (clone
HP6023, 1:50, Abcam,Waltham,MA), PE-conjugated anti-human PD-L1
(clone 29E.2A3, 15 µg/mL, BioLegend) and PE-conjugatedmouse IgG2b
isotype control (clone MPC-11, 15 µg/mL, BioLegend), APC-conjugated
anti-human PD-L2 (clone 24 F.10C12, 15 µg/mL, BioLegend) and APC-
conjugated mouse IgG2a isotype control (clone MOPC-173, 15 µg/mL,
BioLegend), PE-conjugated anti-human IFNAR1 (clone 85228, 20 µg/
mL, Thermo Fisher Scientific) and PE-conjugated mouse IgG1 isotype
control (clone P3.6.2.8.1, 20 µg/mL, Thermo Fisher Scientific) or PE-
conjugated mouse IgG1 isotype control (clone MOPC-21, 20 µg/mL,
BioLegend), Alexa Fluor 750-conjugated anti-human IFNAR1 (clone
85228, 20 µg/mL, R&DSystems,Minneapolis,MN) andAlexa Fluor 750-
conjugated mouse IgG1 isotype control (clone 11711, 20 µg/mL, R&D
Systems), APC-conjugated or APC-Vio770-conjugated anti-human
IFNAR2 (clone REA124, 20 µg/mL, Miltenyi Biotec, Gaithersburg, MD)
and APC-conjugated or APC-Vio770-conjugated human IgG1 isotype
control (clone REA293, 20 µg/mL, Miltenyi Biotec), FITC-conjugated
anti-human IFN-β (clone A1(IFNb)), 5 µg/mL, and FITC-conjugated
mouse IgG1 (clone MOPC-21, 5 µg/mL, Thermo Fisher Scientific), PE-
conjugated anti-human IFN-α[2b] (clone 7N4-1, 1.5 µg/mL) and PE-
conjugatedmouse IgG1 isotype control (cloneMOPC-21, 1.5 µg/mL, BD
Biosciences), FITC-conjugated anti-mouse Interferon alpha (clone
RMMA-1, 50 µg/mL, PBL Assay Science, Piscataway, NJ) and FITC-
conjugated rat IgG1 (clone eBRG1, 50 µg/mL, Thermo Fisher Scientific),
anti-mouse Interferon-beta 1 (clone D2J1D, 75 ng/mL), rabbit IgG iso-
type control (clone DA1E, 75 ng/mL Cell Signaling Technology,

Fig. 6 | Significance of the melanoma cell-intrinsic type I interferon signaling
axis in PD-1 immune checkpoint therapy. The melanoma cell-expressed IFNAR
receptor binds type I interferons, IFN-α or IFN-β, thereby triggering downstream
phosphorylation and activation of JAK/STAT pathway mediators (green arrows,
solid lines). The protein complex containing phosphorylated (p)-STAT1, p-STAT2,
and IRF9, commonly termed IFN-stimulated gene factor 3 (ISGF3), translocates to
the nucleus and binds enhancer elements (gray) upstream of the PDCD1 promoter
exposed upon type I interferon-induced chromatin remodeling. Consequently,
both PD-1 gene (black arrow) and protein expression (green arrow, dashed line) are
increased. Inhibitionof themelanomacell-IFNAR signaling axiswith either blocking
anti-IFNAR1 ab or pharmacological antagonists of JAK pathway effectors, TYK2 or
JAK1 (red, solid lines), reduces PD-1 target receptor expression induced by type I
interferons (red, dashed line) and thus unintentionally disrupts the therapeutic
efficacy of anti-PD-1 immune checkpoint blockade (red, dashed lines) by promoting
tumor growth (green arrows, dashed lines). Figure 6, created with BioRender.com,
was released under aCreativeCommonsAttribution-NonCommercial-NoDerivs 4.0
International License.
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Danvers, MA), and PE-conjugated donkey anti-rabbit IgG (clone
Poly4064, 1.25 µg/mL BioLegend). The following abs were used to
assess expression of JAK-STAT pathway proteins by intracellular flow
cytometry: PE-conjugated anti-phospho (p)-STAT1 (Tyr701, clone
58D6, 1 µg/mL), PE-conjugated or Alexa Fluor 488-conjugated anti-p-
STAT2 (Tyr690, clone D3P2P, 5 µg/mL), and PE-conjugated or Alexa-
Fluor 488-conjugated rabbit IgG isotype control (clone DA1E, 1 and
5 µg/mL, respectively) (all from Cell Signaling Technology), APC-
conjugated anti-p-JAK1 (Tyr1034 and Tyr1035, clone Jak1Y10221023-
F11, 5 µg/mL, Abcam) and APC-conjugated rabbit IgG (clone EPR25A,
5 µg/mL, Abcam).

The following abs and/or reagents were used for flow cytometric
analyses of murine cells: PE/Cyanine 7-conjugated or BV785-
conjugated anti-mouse CD3 (clone 17A2, 10 µg/mL, BioLegend) and
PE/Cyanine 7-conjugated or BV785-conjugated rat IgG2b isotype con-
trol (clone RTK4530, 10 µg/mL, BioLegend), Pacific Blue-conjugated or
BV650-conjugated anti-mouse CD8a (clone 53-6.7, 10 µg/mL, BioLe-
gend) and Pacific Blue-conjugated or BV650-conjugated rat IgG2a
isotype control (clone RTK2758, 10 µg/mL, BioLegend), BV711-
conjugated anti-mouse NK-1.1 (clone PK136, 10 µg/mL, BioLegend)
and BV711-conjugated mouse IgG2a isotype control (clone MOPC-173,
10 µg/mL, BioLegend), BV570-conjugated anti-mouse CD11c (clone
N418, 10 µg/mL, BioLegend) and BV570-conjugated armenian hamster
IgG isotype control (clone HTK888, 10 µg/mL, BioLegend), BV605-
conjugated anti-mouse CD45 (clone 30-F11, 10 µg/mL, BioLegend) and
BV605-conjugated rat IgG2b isotype control (clone RTK4530, 10 µg/
mL, BioLegend), Pacific Blue-conjugated anti-mouse CD31 (clone 390,
10 µg/mL, BioLegend) and Pacific Blue-conjugated rat IgG2a isotype
control (clone RTK2758, 10 µg/mL, BioLegend), PE/Dazzle 594-
conjugated anti-mouse CD140a (clone APA5, 10 µg/mL, BioLegend)
and PE/Dazzle 594-conjugated rat IgG2a isotype control (clone
RTK2758, 10 µg/mL, BioLegend), PE/Dazzle 594-conjugated or APC-
eFluor 780-conjugated anti-mouse CD4 (clone GK1.5, 10 µg/mL,
Thermo Fisher Scientific) and PE/Dazzle 594-conjugated or APC-eFluor
780-conjugated rat IgG2b isotype control (clone eB149/10H5, 10 µg/
mL, Thermo Fisher Scientific), APC-eFluor 780-conjugatedMHCClass I
(H-2Kb, clone AF6-88.5.5.3, 5 µg/mL, Thermo Fisher Scientific), APC-
eFluor 780-conjugated MHC Class I (H-2Kd, clone SF1-1.1.1, 5 µg/mL,
Thermo Fisher Scientific) and APC-eFluor 780-conjugated mouse
IgG2a isotype control (clone eBM2a, 5 µg/mL, Thermo Fisher Scien-
tific), Alexa Fluor 700-conjugated anti-mouse CD19 (clone 1D3/CD19,
25 µg/mL, BioLegend) and Alexa Fluor 700-conjugated rat IgG2a iso-
type control (clone RTK2758, 25 µg/mL, BioLegend), RB705-
conjugated rat anti-mouse CD11b (clone M1/70, 1.25 µg/mL, BD Bios-
ciences) and RB705-conjugated rat IgG2b isotype control (clone R55-
38, 1.25 µg/mL, BD Biosciences), PE/Cyanine 7-conjugated anti-mouse
F4/80 (clone BM8, 10 µg/mL, BioLegend) and PE/Cyanine 7-conjugated
rat IgG2a (clone RTK2758, 10 µg/mL, BioLegend), FITC-conjugated,
APC-conjugated, PE-conjugated, PerCP/Cyanine 5.5-conjugated or
Brilliant Violet 421-conjugated anti-mouse PD-1 (clone 29 F.1A12, 20 µg/
mL, BioLegend) andFITC-conjugated, APC-conjugated, PE-conjugated,
PerCP/Cyanine 5.5-conjugated or Brilliant Violet 421-conjugated rat
IgG2a isotype control (clone RTK2758, 20 µg/mL, BioLegend), PE-
conjugated anti-mouse PD-L1 (clone 10 F.9G2, 20 µg/mL, BioLegend)
and PE-conjugated rat IgG2b isotype control (clone RTK4530, 20 µg/
mL, BioLegend), PE-conjugated anti-mouse IFNAR1 (clone MAR1-5A3,
20 µg/mL, BioLegend) and PE-conjugated mouse IgG1 isotype control
(clone MOPC-21, 20 µg/mL, BioLegend), PE-conjugated or APC-
conjugated anti-mouse IFNAR2 (clone Q9D1R7, 20 µg/mL, R&D Sys-
tems) and PE-conjugated or APC-conjugated goat IgG isotype control
(20 µg/mL, R&D Systems). Flow cytometric analyses additionally
included the following reagents: Human TruStain FcX (Fc Receptor
Blocking Solution, 1:20), TruStain FcX PLUS Antibody (anti-mouse
CD16/32, clone S17011E, 2.5 µg/mL), Zombie NIR Fixable Viability Kit,

Zombie Aqua Fixable Viability Kit, and Zombie Green Fixable Viability
Kit (all from BioLegend, 1:1000).

The following abs were used for Western blotting: anti-phospho
STAT1 (Tyr701, clone 58D6, 1:1000), anti-STAT1 (clone D1K9Y, 1:1000),
anti-STAT1 (cloneD4Y6Z, 1:1000), anti-phospho STAT2 (Tyr690, clone
D3P2P, 1:1000), anti-STAT2 (clone D9J7L, 1:1000), anti-phospho JAK1
(Tyr1034/Tyr1035, clone D7N4Z, 1:1000), anti-JAK1 (clone 6G4,
1:1000), anti-phospho Tyk2 (Tyr1054/Tyr1055, clone D7T8A, 1:1000),
anti-Tyk2 (clone D4I5T, 1:1000) (all from Cell Signaling Technology)
anti-β-actin (clone C4, 1:10000, BD Biosciences), and horseradish
peroxidase (HRP)-conjugated anti-rabbit or anti-mouse (Cell Signaling
Technology). The following abs from Cell Signaling Technology were
used for chromatin immunoprecipitation and quantitative polymerase
chain reaction (ChIP-qPCR): anti-p-STAT1 (Tyr701, clone 58D6,
0.59 µg), STAT2 (clone D9J7L, 0.77 µg) and anti-IRF9 (clone
D9I5H, 1.33 µg).

The following abs and/or pharmacologic reagents were used for
in vitro and/or in vivo inhibition experiments (concentrations shown
under ‘Recombinant cytokine treatment’ and/or ‘In vivo tumor-
igenicity studies’, respectively): InVivoMAb anti-human PD-1 (clone
J116, Bio X Cell, Lebanon, NH) and InVivoMAb mouse IgG1 isotype
control (clone MOPC-21, Bio X Cell), anti-human IFNAR1 clinical ab,
anifrolumab (MedChemExpress, Monmouth Junction, NJ), and Ultra-
LEAFPurifiedhuman IgG1 isotype control (cloneQA16A12, BioLegend),
Ultra-LEAF Purified anti-mouse PD-1 (clone 29 F.1A12, BioLegend) and
Ultra-LEAF Purified rat IgG2a isotype control (clone RTK2758, BioLe-
gend), Ultra-LEAF Purified anti-mouse IFNAR1 (clone MAR1-5A3, Bio-
Legend) and Ultra-LEAF Purified mouse IgG1 isotype control (clone
MOPC-21, BioLegend). Pharmacologic inhibitors of JAK1/2, ruxolitinib
(INCB18424), and JAK1, upadacitinib (ABT-494), were from Med-
ChemExpress, and the TYK2 inhibitor, deucravacitinib (BMS-986165),
was from Selleckchem (Houston, TX).

The following recombinant human proteins were used to treat
humanmelanoma cells in vitro: human type I interferons (IFN), IFN-α2
(IFN-α) and IFN-β (both at 60 ng/mL and from BioLegend or R&D
Systems, Minneapolis, MN), human type II IFN, IFN-γ (5 ng/mL, R&D
Systems), human interleukin (IL)-2 (BioLegend), human IL-6 (10 ng/mL,
BioLegend), human IL-7 (10 ng/mL, BioLegend), human IL-10 (10 ng/
mL, BioLegend), human IL-12 (10 ng/mL, BioLegend or Peprotech,
Cranbury, NJ), human IL-15 (10 ng/mL, BioLegend), human IL-18 (10 ng/
mL, BioLegend or R&D Systems), human IL-21 (10 ng/mL, BioLegend),
human IL-27 (10 ng/mL, BioLegend), human transforming growth fac-
tor (TGF)-β1 (TGF-β, 10 ng/mL, BioLegend), human tumor necrosis
factor (TNF)-α (10 ng/mL, BioLegend), and human vascular endothelial
growth factor-165 (VEGFA, VEGF, 30 ng/mL, BioLegend). The following
recombinant murine proteins were used to treat mouse melanoma
cells in vitro: mouse IFN-α (60 ng/mL, BioLegend) or mouse IFN-α2
(IFN-α, 60 ng/mL, Thermo Fisher Scientific), mouse IFN-β1 (IFN-β,
60 ng/mL, BioLegend), and mouse IFN-γ (5 ng/mL, BioLegend).

RT-qPCR
TotalRNAwas isolated using theRNeasyPlusMini Kit (Qiagen, Beverly,
MA), according to themanufacturer’s protocol. RNAwas subsequently
converted to cDNA using the SuperScript VILO cDNA synthesis
kit (Thermo Fisher Scientific). Samples were assayed using the Fast
SYBR Green Master Mix or TaqMan Fast Advanced Master Mix (both
Thermo Fisher Scientific) with gene-specific primer sets recognizing
human (Supplementary Tables 1 and 2) or mouse (Supplementary
Tables 3 and 4) transcripts or TaqMan specific primers for Cd3 or Actb
(Thermo Fisher Scientific), on a QuantStudio 5 Real-Time PCR System
(Thermo Fisher Scientific). Thermal cycling was carried out as
described35,36,57 at annealing temperatures shown in Supplementary
Tables 1–4, followed by subsequent melt-curve validation. Data was
normalized to human 18 s rRNA or human or murine β-actin. Relative
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transcript levels were calculated using the delta-delta-Ct method as
described37,38,62.

Flow cytometry
Surface protein expression by established melanoma lines, cell sus-
pensions derived from patient tumor biospecimens, or melanoma
tumor xenografts was determined by multi-color flow cytometry as
described37,38,62. Single-cell suspensions were generated from patient
tumor biospecimens and melanoma tumor xenografts using col-
lagenase digestion, as described36,37. Nonviable cells were excluded
using the Zombie NIR Fixable Viability Kit (1:1000), Zombie Aqua Fix-
able Viability Kit (1:1000) or Zombie Green Fixable Viability Kit
(1:1000), as per the manufacturer’s recommendations by staining for
10min at room temperature (RT) in the dark. Cells were then blocked
with Human TruStain FcX (Fc Receptor Blocking Solution, BioLegend)
for 10min at RT or TruStain FcX PLUS (anti-mouse CD16/32) Antibody
(BioLegend) for 10min at 4 °C. Cells were subsequently stained with
fluorochrome-conjugated abs (20μg/ml) or unconjugated abs,
including nivolumab (100μg/ml), in PBS + 2% (v/v) FBS, for 30min at
4 °C, and then washed. Nivolumab binding was detected with FITC-
conjugated or PE-conjugated anti-human IgG4 as described37,38,62. For
analyses of p-STAT, p-JAK1 and p-Tyk2 proteins by intracellular flow
cytometry, cell suspensions or humanmelanomacells or PBMCs either
not treated or stimulated with recombinant IFNs as described below
were fixed in 4% (v/v) paraformaldehyde for 15min at 37 °C, permea-
bilizedwith True-Phos PermBuffer (BioLegend) and stained at RTwith
PE-conjugated anti-p-STAT abs as described above at the following
concentrations: anti-p-STAT1 (1 μg/ml), anti-p-STAT2 (5 μg/ml), anti-p-
JAK1 (5 μg/ml) and respective isotype control (1 or 5 μg/ml). For
intracellular flow cytometric analyses of IFN production, cells incu-
batedwith Fc receptor blocking solutionwerefixed and permeabilized
using the BD Cytofix/Cytoperm Fixation/Permeabilization kit (BD
Biosciences) and stained with anti-murine or anti-human IFNα and
IFNβ abs for 30min at 4 °C in the dark. In all flow cytometric experi-
ments and analyses, isotype-matched control abs were employed and
cell doublets excluded. Fluorescence emissions were acquired on an
Aurora Spectral Analyzer (Cytek, Fremont, CA) and data analyzed with
FlowJo software v10.10 (TreeStar, Ashland, OR).

Recombinant cytokine treatment
Melanoma lines were plated in RPMI-1640 medium containing
10% (v/v) heat-inactivated FBS and 1% (v/v) penicillin/streptomycin
(complete media) in either 6-well plates, 60mm cell culture dishes, or
cell culture flasks at 37 °C, 5% CO2. For analyses of cytokine-dependent
induction of either PD-1 gene expression by RT-qPCR, chromatin
accessibility by ATAC-seq, or DNA-binding factors by ChIP-qPCR, cells
were serum-starved for 6-12 hrs in RPMI-1640 medium containing 1%
(v/v) penicillin/streptomycin and devoid of FBS and L-glutamine prior
to addition of recombinant cytokines. For experiments of PD-1 surface
protein expression, cells were first cultured in complete media for
3 days until reaching the desired confluency of approximately 70% and
then serum-starved overnight as above. Serum-starved cells were
treated with recombinant human ormurine cytokines for 3, 6 or 12 hrs
for gene expression studies by RT-qPCR, 3 hrs for ATAC-seq or ChIP-
qPCR analyses, or 72 hrs or 14 days for protein expression assays, with
respective cytokines freshly added each day. Recombinant cytokine
concentrations were: IFN-α (60 ng/ml), IFN-β (60 ng/ml), and IFN-γ
(5 ng/ml), with all other cytokines or growth factors used at 10-60 ng/
ml. In experiments involving inhibitors, cells were pretreated prior to
cytokine stimulation for 2 hrswith clinical anti-human IFNAR1blocking
ab (anifrolumab, 10 µg/ml), anti-mouse IFNAR1 blocking ab (clone
MAR1-5A3, 10 µg/ml), or respective isotype-matched control abs
(10 µg/ml), deucravacitinib (1 µM), ruxolitinib (1 µM), or upadacitinib
(1 µM). For analyses of p-STAT protein levels by intracellular flow
cytometry, serum-starved human melanoma cells at 70% confluency,

or human PBMCs were treated for 15min at 37 oC with IFN-α, IFN-β, or
IFN-γ as above.

Generation of stable STAT1 and STAT2 knockdown
melanoma cells
STAT1and STAT2 knockdown (KD)A2058melanomavariant cells were
generatedusing lentiviral-basedplasmids encoding short hairpinRNAs
(shRNA) targeting humanSTAT1 or STAT2 (MilliporeSigma). A plasmid
encoding a non-targeting scrambled shRNA (Addgene) was used as a
control. The above shRNAs were packaged into lentiviral particles by
HEK293 EBNA packaging cells co-transfected with the viral packaging
plasmids pN8e-GagPolΔ8.1 and pN8e-VSV-G, viral supernatants were
collected 48–72 hrs after transfection, and then filtered as described2.
The target 21mers were (5’-3’): CTGGAAGATTTACAAGATGAA (shRNA-
1) and CCCTGAAGTATCTGTATCCAA (shRNA-2) for human STAT1, and
TGTCTTCTGCTTCCGATATAA (shRNA-1) and TAGGACTGAGGATC
CATTATT (shRNA-2) for human STAT2. Human A2058melanoma cells
were infected with the respective lentiviral supernatants above and
transductants selected in 1μg/ml puromycin (Thermo Fisher Scien-
tific) as described62. Knockdown of STATs was confirmed by RT-qPCR
and immunoblotting.

Immunoblotting
Cells were lysed in ice-cold RIPA buffer supplemented with Protease/
Phosphatase Inhibitor Cocktail (Cell Signaling Technology) and vor-
texed for 30min at 4 °C. Protein concentrations were determined
using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific),
according to the manufacturer’s protocol. Lysates were resolved by
SDS-PAGE gel electrophoresis and transferred to PVDF membranes
(Bio-Rad) as described. Membranes were blocked in tris-buffered sal-
ine (TBS)/0.1% (v/v) Tween-20 (TBS-T, MilliporeSigma), containing 5%
(w/v) bovine serum albumin (BSA, MilliporeSigma or Cell Signaling
Technology) for at least 1 hr at RT. Membranes were incubated over-
night at 4 °C with anti-phospho (p)-STAT1 (clone 58D6), anti-STAT1
(clone D4Y6Z), anti-STAT1 (clone D1K9Y), anti-p-STAT2 (clone D3P2P),
anti-STAT2 (clone D9J7L), anti-p-JAK1 (clone D7N4Z), anti-JAK1 (clone
6G4), anti-p-TYK2 (cloneD7T8A), anti-TYK2 (cloneD4I5T), horseradish
peroxidase (HRP)-conjugated anti-β-actin (clone D6A8) (all from Cell
Signaling Technology, 1:1000), or anti-β-actin clone C4 (1:10,000, BD
Biosciences) in TBS-T containing 5% (w/v) BSA or non-fat dry milk.
Membranes were washed thrice in TBS-T and incubated with horse-
radish peroxidase (HRP)-conjugated secondary ab for 1 hr at RT.
Antigens were visualized using the Lumi-Light Western Blotting Sub-
strate (MilliporeSigma) on HyBlot CL Autoradiography Films (Thomas
Scientific, Swedesboro, NJ) via a Kodak Min-R mammography pro-
cessor (Kodak, Rochester, NY) or a ChemiDoc Imaging System
(Bio-Rad).

ATAC-seq
Serum-starved murine YUMM4.1 melanoma cells were treated with or
without recombinant mouse IFN-α (60 ng/ml) or IFN-β (60 ng/ml) for
3 hrs as described above. Cells were harvested, washed twice in ice-
cold PBS, centrifuged at 700 g for 5min at 4 °C, and cell suspensions
(~1 ×106, > 90% viability) cryopreserved according to GENEWIZ ATAC-
seq sample preparation guidelines (Azenta Life Sciences, South Plain-
field, NJ). ATAC-seq library preparation and DNA sequencing were
conducted at Azenta Life Sciences as described63. In brief, cell samples
were thawed, washed, and genomic DNA contamination was removed
by DNase I (Thermo Fisher Scientific) treatment. Cell number and
viability were quantified on a Countess Automated Cell Counter
(Thermo Fisher Scientific). Cells were lysed, cytosolic fractions
removed, nuclei treated with Tn5 transposase (Illumina, Hayward, CA)
for 30min at 37 °C, and tagmented DNA was purified using the MinE-
lute PCR Purification Kit (Qiagen). Subsequently, tagmented DNA was
barcoded using theNextera Index Kit v2 (Illumina), PCR-amplified, and
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cleaned using solid-phase reversible immobilization (SPRI) beads to
generate purifiedDNA libraries. Sequencing librarieswere clusteredon
a flow cell, loaded onto an Illumina HiSeq instrument (model 4000 or
equivalent) according to the manufacturer’s instructions and samples
sequenced using a 2×150 bp Paired End (PE) configuration. Image
analysis and base calling were conducted using Control Software (CS).
Raw sequence bcl data files were converted to fastq files and de-
multiplexed using bcl2fastq v2.17 conversion software (Illumina). One
mismatch was allowed for index sequence identification.

Data was processed using the ATAC-seq pipeline implemented in
bcbio-nextgen v1.2.9-8eb78b7. ATAC-seq data was evaluated for
quality using FASTQC. Reads were filtered and trimmed with Atropos.
High-quality reads were mapped to the Mus musculus genome (build
mm10) using Bowtie2. After filtering reads from mitochondrial DNA,
properly paired reads with high mapping quality (MAPQ score >10,
non-duplicates, qualified reads) were retained using Sambamba for
further analysis. The alignmentSieve function of Deeptools and the
sort and index functions of Samtools were used to isolate fragments in
nucleosome free regions (NFRs). Reads were shifted by 9 bp (+4 in
positive and -5 in negative strand) to account for thedimeric bindingof
the Tn5 transposase that results in insertion of two adaptors separated
by 9 bp. To call the peaks with unique reads, we used MACS2. ATAC-
seq data qualitywas assessed using ataqv. CPM-normalized bigwig files
(bin size=20) were visualized using IGV. Qualitative assessment of the
data indicated that sample untreated 1 had fewer peaks called (15,939)
compared to all other samples (range 91,542-103,254), higher pro-
portions of mono- and di-nucleosomal fragments, and lower TSS
enrichment. However, assessment of the peak overlap between the
replicates untreated 1 and untreated 2 with ChIPpeakAnno v3.32.0
revealed that 69% of peaks called in untreated 1 overlappedwith peaks
called in untreated 2. Replicate data sets were thus merged using the
bam files with Samtools v.1.14 to create pseudoreplicates using
the (https://gist.github.com/brianhill11/7aeeeb6d94edfb868e5595aac
04a0dd6) custom script. Peaks with unique reads were called using
MACS2. Diffbind v3.4.11 was implemented in R 4.1.2 to generate a
normalized count matrix for all samples. These count matrices were
used in principal component analyses for all samples using the degPCA
function from the DEGReport R package v.1.34.0. Differential accessi-
bility was also assessed with Diffbind using DESeq2. Peaks were con-
sidered differentially enriched at FDR <0.05. The initial count matrix
was subset to only include differentially accessible regions and then a
random subsample (3000 sites) was used to generate a heatmap with
the pheatmap R package 1.0.12. Variability in read density of the Pdcd1
and Cd274 genes was examined and counts generated for 100bp bins
using the multiBamSummary function from deepTools. Counts were
manually normalized by library size and smoothed conditional means
plotted using the geom_smooth function from the R package ggplot2.
Identical genomic regions were plotted using the gviz package
implemented in R. Predicted STAT1, STAT2, and IRF9 binding sites
were identified from the JASPAR database.

ChIP-qPCR
Chromatin immunoprecipitation and quantitative polymerase chain
reaction (ChIP-qPCR) was performed as described64. Melanoma
YUMM4.1 or YUMM1.7 cells (1 × 106) were seeded in 10-cm dishes
(Corning) in normal growth media and either untreated or treated the
following day with 60 or 180 ng/ml IFN-α or IFN-β (BioLegend) in
media without serum for 3 hrs in a tissue culture incubator at 37 oC, 5%
CO2. Samples were crosslinked with 1% (v/v) formaldehyde (Milli-
poreSigma) for 20min at room temperature and quenched with
125mM glycine (MilliporeSigma) for 5min. Cells were washed twice in
ice-cold PBS, pulse-centrifuged, and cell pellets resuspended in RIPA
lysis buffer (200mMTris-HCl, pH 7.5, 130mMNaCl, 10% (v/v) glycerol,
0.5% (w/v) sodiumdeoxycholate (DOC), 0.1% (w/v) SDS, 1% (v/v)NP-40)
containing Complete ULTRA Protease Inhibitor tablets (Roche, Basel,

Switzerland) and rotated for 1 hr at 4 °C. Chromatin was sonicated
using the BioRuptor Sonicator (Diagenode, Denville, NJ) under the
following settings: power = high, on interval = 30 s, off interval = 30 s, 7
cycles, 5 times. Cells were lysed in RIPA buffer for an additional 15min
at 4 °C. Chromatin was purified from cellular debris by centrifugation
at 10,000 x g for 10min at 4 °C. Supernatant fractions (10% of total)
were removed and stored at −20 °C for subsequent use as input con-
trols. Remaining supernatant fractions (90% of total) were incubated
withpre-washedDynabeads Protein A (ThermoFisher Scientific)under
constant rotation for 45min at 4 °C. Samples were pulse-centrifuged,
and abs (10μl/sample, Cell SignalingTechnology) recognizingp-STAT1
(clone 58D6, 0.59 μg), STAT2 (clone D9J7L, 0.77 μg), IRF9 (clone
D9I5H, 1.33 μg), or Normal Rabbit IgG control (2729, input amount
matched accordingly) were added to supernatants along with Dyna-
beads Protein A (30 μl). Samples were rotated overnight at 4 °C and
then chromatin-ab complexes washed in the following order: first,
ChIP digestion buffer (50mM Tris pH 8.0, 25mM EDTA, 1.25% SDS),
second, TSE-150 (20mM Tris pH 8.1, 150mM NaCl, 2mM EDTA, 0.10%
SDS, 1% Triton X-100), third, TSE-500 (20mM Tris pH 8.1, 500mM
NaCl, 2mM EDTA, 0.20% SDS, 1% Triton X-100), fourth TSE-150, and
fifth, ChIP digestion buffer. Sampleswere eluted in buffer consisting of
1% (w/v) SDS and0.1MNaHCO3 under continuous shaking for 15min at
room temperature, with the elution step repeated once. Samples were
treatedwith 10 μg RNAseA (Thermo Fisher Scientific) and crosslinking
reversed by overnight incubation on a desktop shaker set to 600 rpm
in 5mMNaCl at 65 °C. Samples were treated on a desktop shaker set to
800 rpm with 20 or 100 μg Proteinase K (New England Biolabs, Ips-
wich, MA) for 2.5 hrs at 55 °C. After centrifuging at 10,000 x g for
10min at 4 °C, supernatants were transferred to fresh tubes, and the
DNA purified using the ChIP DNA Clean & Concentrator kit (Zymo
Research, Irvine, CA). Relative DNA levels were quantified by qPCR
using the QuantStudio5 Real-Time PCR System via the following
cycling program: 95 °C for 2min, 40 cycles of (95 °C for 30 s, 56 °C
for 30 s, and 72 °C for 60 s), and 72 °C for 2min. Threshold cycle
values were normalized to input control sample values. The following
primer set was used for qPCR amplification of a 146 base pair
fragment located 1014 bases upstreamof the Pdcd1 gene (5’-3’, Fig. 3d):
forward primer, TGGCTAGTCATTTCTGGGGC, and reverse primer,
CGGGCTGCCTATTTTAGGGT.

In vivo tumorigenicity studies
Wildtype C57BL/6 and immunodeficient nonobese diabetic/severe
combined immunodeficiency (NOD/SCID) IL-2Rγ(-/-) KO (NSG) mice
were purchased from The Jackson Laboratory (Bar Harbor, ME) and
maintained at the BWH animal facility. Housing conditions for mice
consisted of a dark/light cycle of light from 7 am to 7 pm, dark from
7pm to 7 am, an ambient temperature range of 20–24 °C (68–75 °F),
and a humidity level of 35-65%. All mice were female or male, at least
6 weeks of age, age-matched between experimental groups, and
treated in accordancewith theNational Institutes of AnimalHealthcare
Guidelines under the BWH IACUC-approved experimental protocol
2016N000112. Human A2058 or nuclear EGFP-expressing62 murine
YUMM1.7melanoma lineswere injected subcutaneously into the flanks
of recipient mice at 5 × 105 cells/inoculum for A2058 cells in NSGmice,
2 × 105 cells/inoculum for YUMM1.7 in NSG mice, or 1 × 106 cells/
inoculum for YUMM1.7 in wildtype C57BL/6 mice as described37,62. For
PD-1 ab targeting studies, mice were injected intraperitoneally with
200μg blocking InVivoMAb anti-human PD-1 (clone J116, Bio X Cell) or
blocking Ultra-LEAF anti-mouse PD-1 (clone 29F.1A12, BioLegend)
versus respective isotype-matched control ab as described above
every three days starting on the day of tumor cell inoculation for the
duration of the experiment. For IFNAR1 ab targeting studies, animals
were injected intraperitoneally with 500μg blocking anti-human
IFNAR1 clinical ab (anifrolumab, MedChemExpress) or blocking
Ultra-LEAF anti-mouse IFNAR1 ab (clone MAR1-5A3, BioLegend) versus
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respective isotype-matched control ab as described above on the day
before, day of, and day after tumor cell inoculation, with abs (200 μg)
subsequently administered every three days for the duration of the
experiment. For JAK targeting studies, mice were fed a submaximal
single daily dose (SD, 180mg/kg/d, p.o.65) of the JAK inhibitor, rux-
olitinib (MedChemExpress), or vehicle control incorporated into
PicoLab Rodent Diet 20 5053 (Research Diets, New Brunswick, NJ) for
the duration of the experiment. The SD was calculated per the fol-
lowing formula:DD= (SD xBW)/FI,wherediet dose (DD) = 1285.714mg
compound/kgdiet, bodyweight (BW) = 25 gBW/animal, anddaily food
intake (FI) = 3.5 g diet/day. Tumor formation/growth was measured
once per week by determination of tumor volume (TV) according to
the established formula [TV (mm3) =π/6 × 0.5 × length × (width)2] until
either the experimental endpoint or excessive tumor burden or dis-
ease state required protocol-stipulated euthanasia as described37,62.
Maximal tumor size/burden permitted by the BWH IACUC is 2 cen-
timeters (cm) at the widest point. These limits were not exceeded in
any experimental instance herein. Tumor ulceration or moribund
condition also require euthanasia. These additional IACUC criteria
were also met for all tumorigenicity experiments.

Statistics and reproducibility
Statistical differences between two experimental groups were
determined using the paired or unpaired Student’s t-test or Mann-
Whitney test, or in the case of three or more experimental groups,
one-way ANOVA with Dunnett, Bonferroni, or Tukey post hoc test,
two-way ANOVA with Bonferroni or Fisher’s Least Significance Dif-
ference (LSD) post hoc test, or Friedman test with Dunn’s post hoc
test. In a few instances comparing control versus two experimental
groups, a t-test was used to compare controls to either experimental
condition when data was collected over different time periods. A
one-sided or two-sided value of p < 0.05 was considered statistically
significant. Pearson correlation coefficients were calculated to assess
correlative trends between genes. All statistical analyses were per-
formed using PRISM 10.2.3 software (GraphPad, San Diego, CA).
Group and sample sizes were adjusted accordingly based on stan-
dard deviations and statistical assessments and/or prior studies
conducted by our laboratories that yielded sufficient and repro-
ducible power to detect statistically significant differences. Investi-
gators were not blinded to group allocation during data collection or
analysis because both experimental setups and analyses were gen-
erally performed by the same person(s).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Murine ATAC-seq raw data have been deposited into the Gene
ExpressionOmnibus (GEO) database under accession codeGSE253179.
The scRNA-seq publicly available data used in this study are also
available in the GEO database under accession codes GSE72056 and
GSE185386. The remaining data are available within the Article, Sup-
plementary Information or Source Data file. Source data are provided
as a Source Data file, which is also publicly availablewithin the Harvard
Dataverse under the following link: https://doi.org/10.7910/DVN/
JRJUMR.

Code availability
Code used for this manuscript has been made available in the Github
repository under the following link: https://github.com/hbc/HBC04813_
Schatton_mouse_ATACseq/tree/main. Methodological details on para-
meters used are available in the Methods section of this manu-
script. Source data are provided with this paper.
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