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SUMMARY

The histocompatibility barrier prevents the transfer of both normal and tumor cells between individuals; how-
ever, clonally transmissible cancers in dogs, Tasmanian devils, and soft-shell clams can naturally transmit as
allografts. To understand if cancer cells can more generally evolve to escape the histocompatibility barrier,
we have serially passaged a mouse melanoma into increasingly mismatched mouse strains until a transplant-
able tumor emerged. The transplantable melanoma cells are characterized by an antiviral immune signature
and the upregulation of endogenous retrotransposable elements (RTEs), major histocompatibility complex
class | (MHC class I), programmed cell death ligand-1 (PD-L1), and Qa-1 non-classical MHC molecules.
Knockout of the RNA sensor retinoic acid-inducible gene | (RIG-I) reduces expression of PD-L1 and Qa-1,
and antibody-mediated blockade of PD-L1 and Qa-1 induces tumor rejection. Thus, an immune antiviral
signature linked to RTEs upregulation facilitates escape of the melanoma from allogeneic rejection, simulta-
neously making the tumor sensitive to PD-L1 and Qa-1 antagonism. A similar immune signature is found in
human melanomas that respond to PD-L1 blockade.

INTRODUCTION

Early tumor transplantation experiments demonstrated that can-
cer cells could not be transplanted between different mouse
strains, and that this transplantation barrier had a Mendelian in-
heritance pattern.“2 Snell, Dausset, Benacerraff, and others
identified the major histocompatibility complex (MHC) as a cen-
tral component of the barrier to transplantation, called the histo-
compatibility barrier.® Because the MHC is highly polymorphic
and ubiquitously expressed, cells from different individuals
(allografts) are recognized as non-self and rejected, mainly by T
lymphocytes, although monocytes, natural killer (NK), and B
lymphocytes can also contribute.* Additional polymorphic mole-
cules, called minor histocompatibility antigens and not related to
MHC, can also promote T cell-mediated allograft rejection.”
The histocompatibility barrier is challenged by clonally transmis-
sible cancers, which are allografts spreading naturally in dogs (the
canine venereal transmissible tumor or CTVT), Tasmanian devils
(the devil facial tumor disease or DFTD), and soft-shell clams.®

Thus, at least in rare instances, tumors are able to evolve naturally
the capacity to escape allogeneic rejection. This notion is sup-
ported by rare cases described in the literature of accidental
heterologous transplantation of cancer in otherwise healthy indi-
viduals,”® and by the transmission in pregnancy of gestational
choriocarcinoma, a hemi-allograft derived from placental tropho-
blasts that expresses both maternal and fetal antigens.®

The fundamental question, therefore, arises whether cancer
can evolve more broadly to escape allogeneic rejection, and
how this is achieved. The implications are significant and may
help to understand the limits of the allogeneic barrier in cancer
and what mechanisms may lead to the extreme forms of tumor
immune evasion.

Archival samples going back to the founder tumors are not
available for CTVT, DFT1, or DFT2, which limits our understand-
ing of how cancer may adapt to escape the histocompatibility
barrier. Therefore, new experimental models that recapitulate
the evolution of transplantable and transmissible cancers, allow-
ing their systematic analysis, are required.
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Table 1. Tumor passages and accepted transplants

No. of “takes”

No. of (tumors that No. of
Recipient Tumor injected grew in tumors
mouse strain passage mice 2 weeks) dissociated
C57BL/6 FO 17 16 9
F1 (C57BL/6 x F1 13 12 9
BALB/c)
F2 (F1 x F1) F2 17 16 5
N2 (F2 x N2.1 15 6 6
BALB/c)
N2 N2.2 30 14 3
N2 N2.3 6 6 3
BALB/c Balb/c-1 12 9 5
BALB/c Balb/c-2 16 15 5
C57BL/6 B6 6 6 4
CBA/Ca CBA/Ca 10 10 4
FVB/N FVB/N 10 10 4
N2 YUMM1.7 10 0 0
BALB/c YUMM1.7 20 0 0

See also Figures S1-54.

Inbred mouse strains have well-characterized major and minor
histocompatibility antigens haplotypes and are widely used to
study mechanisms of transplant rejection and tolerance.'®
Remarkably, mouse transplantation studies in the 1920s re-
ported the odd emergence of tumors that were transplantable
in adult immunocompetent hosts across different inbred
strains.”""? Similar results were reported by Barrett and Deringer
in 1952, although at the time, no molecular characterization of
the tumors could be performed, preventing any firm conclusions.
More recently, an in vivo serial passaging approach in syngeneic
mice selected melanomas that evolved full resistance to com-
bined immune checkpoint therapy.'® Together, these studies
indicate that experimental models based on the in vivo selection
of tumor cells by serial passaging can be used to discover mech-
anisms of resistance of cancer to immune responses.

We have therefore employed this experimental approach using a
well-characterized primary mouse melanoma that shares key fea-
tures with human melanoma, and serially passaged tumor cells into
progressively more mismatched, fully immunocompetent mouse
strains until we obtained a tumor that was allotransplantable. We
then analyzed the sequential tumor passages to understand the
molecular mechanisms leading to the escape from allogeneic
rejection. We found that tumor escape from allogeneic rejection
developed simultaneously with an antiviral immune signature, the
dysregulation of RTEs, and the upregulation of interferon (IFN)-
induced immune protective molecules PD-L1 and Qa-1, a non-
classical MHC. Thus, our model revealed mechanisms of cancer
escape from strong immune selection and showed that cancer
more broadly can evolve to escape allogeneic rejection.

RESULTS

To select the best conditions for evolving a transplantable tumor,
we adapted the passaging strategy of older tumor transplantation
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studies'""® and used genetic information on CTVT, which was

shown to be transcriptionally similar to melanoma'® and to have
deletions of Cdkn2a and Pten.'® Hence, we used the YUMM1.7
(Yale University mouse melanoma) cells, which were derived
from a male Braf'®°E, Cdkn2a~'~, Pten™'~ C57BL/6J mouse'’;
these melanoma cells form tumors when injected into syngeneic
mice, are not very immunogenic, and do not respond to anti-
CTLA4 and anti-PD-1 antibodies, '® but express detectable levels
of MHC-L."® Furthermore, these cells are clinically relevant
because genetic mutations in PTEN and BRAF are present in
50% of human melanomas, 70%-88% of which are BrafV600E.°

To optimize the experiments, 1 x 10° or 1 x 10° YUMM1.7
cells were injected subcutaneously into the left flank of male
and female C57BL/6 mice, and tumor growth and mouse weight
were monitored at regular intervals. Injection of 1 x 10° cells re-
sulted in 100% (5/5) tumor growth within 1 week, whereas injec-
tion of 1 x 10° cells resulted in 80% (4/5) tumor growth with a
slower kinetic (Figure S1A). No weight loss was observed at
any of the tested conditions (Figure S1B). Therefore, all subse-
quent experiments were conducted with 1 x 108 YUMM1.7 cells.

To adapt YUMM1.7 tumors escape allogeneic rejection, the
following inbred mouse strains and their hybrids were selected:
C57BL/6 (MHC haplotype H-2KP H-2D° H-2L™" |-AP |-E™),
BALB/c (haplotype H-2K® H-2D® H-2L.% I-A? I-EY), F1 generation
(C57BL/6 x BALB/c), F2 generation (F1 x F1), N2 generation
(F2 x BALB/c), CBA/Ca haplotype (H-2K* H-2D* H-2L™" |-AK
I-EY, and FVB/N (haplotype H-2K% H-2D% H-2L9 |-A9 |-E™),
Thus, except for C57BL/6 mice, which were syngeneic, the other
inbred strains were mismatched relative to YUMM1.7 cells for
MHC-I and MHC-Il molecules.”’ The tumor passaging steps
were as follows: C57BL/6 (FO) followed by F1 hybrid, then F2
hybrid followed by N2 hybrid, followed by BALB/c and then
CBA and FVB/N (Figure S2A). The tumor passaging was repeated
three times in the N2 hybrid (hereafter referred to as the N2.1,
N2.2, and N2.3 tumors) and twice in the BALB/c mice (hereafter
referred to as Balb/c-1 and Balb/c-2 tumors) to help adaptation
to the mismatched host. The Balb/c-2 tumor cells were also
injected into C57BL/6 mice to confirm that passaging did not alter
their transplantation potential into the parental strain (Figure S2A).
At each passage, mice were observed daily for up to 3 weeks. Tu-
mors that progressively grew within 2 weeks after injection were
classified as accepted grafts or “takes” and were harvested and
dissociated. Genotyping confirmed that cells from each passage
were all C57BL/6J and, as expected for YUMMA1.7 cells, con-
tained the Cre recombinase gene'” (Table S1).

Freshly dissociated tumors were analyzed by multiparameter
flow cytometry, whereas tumor cells were analyzed following
in vitro cultures by RNA sequencing (RNA-seq) and flow cytometry.
Some tumors were not dissociated and were instead collected for
bulk RNA-seq (Figure S2B). The cells dissociated from the largest
tumors were expanded in vitro for 2-4 passages and injected into
the next mouse strain or hybrid. Two tumor lines were taken for-
ward from the FO to the N2.1 passage, but one of these two lines
was lost at the N2.2 passage. From this single N.2.2 line, two
new lines were generated and taken forward (Figure S3).

There was a high proportion of takes in syngeneic FO mice,
and in F1 mice, which express both parental MHC haplotypes
and can therefore accept grafts from either parent®® (Table 1).
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Figure 1. Expression of MHC-I during tumor passaging
(A) Surface expression levels of H2-D® and H2-KP by flow cytometry in YUMM1.7 cells and each tumor passage.
(B) Percentage of MHC-I* cells.

(C) Histogram plots showing the MFI distributions of H2-DP.

(D) MFI of H2-DP.

(E) Histogram plots showing the MFI distributions of H2-K®.

(F) MFI of H2-KP.

(G) RNA-seq counts (Fragments Per Kilobase of transcripts per Million mapped reads, FPKM) for H2-D1.

(legend continued on next page)
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The proportion of takes in the F2 hybrid was higher than ex-
pected from the Mendelian segregation of MHC genes.?* How-
ever, it has been reported that in the F2 generation, depending
on the genotype of the parent, up to 100% of mouse skin grafts
can survive for 2 weeks, indicating that acute rejection is delayed
or reduced in F2 mice.?® Furthermore, genotyping confirmed that
the injected F2 mice contained a high proportion of the BALB/c
genome (Table S1). A significantly lower proportion of tumor
takes was observed at the first passage in the N2 mouse hybrid
(40% takes in N2.1), which reached 47 % takes in the second N2
passage and 100% in the third N2 passage, indicating full adap-
tation of the tumor to this mouse hybrid (Table 1). A significant tu-
mor rejection rate (25%) was observed when the N2-adapted tu-
mors were injected into BALB/c mice. A second passage in the
BALB/c mice fully adapted the tumors (94% takes). Passaging
of these Balb/c-2 tumors into MHC-mismatched CBA/Ca and
FVB/N mice showed no detectable rejection, and they also
grew in C57BL/6 mice (Table 1). Importantly, no tumor grew
when 10% YUMM1.7 cells were injected directly into either the
N2 or BALB/c mice (Table 1). Thus, the adapted tumors were
able to escape allogeneic rejection, in contrast to the parental
YUMM1.7 cells.

Tumor growth was rapid in the FO passage, with most tumors
becoming detectable by day 6 post-injection, but was slower in
the F1 mouse passage, where most tumors were detected be-
tween day 8 and 10 post-injection (Figures S4A and S4B).
Furthermore, in the F1 passage, half of the tumors grew to a large
size (>80 mm®), and half remained below 50 mm?, suggesting
that some tumors were constrained by immunological or other
mechanisms. A similar split into fast- and slow-growing tumors
was maintained in the F2 passage. N2.3 tumors grew faster
than N2.1 tumors (Figure S4B). Some tumors in the N2 and
BALB/c passages started to grow, then became progressively
smaller and disappeared altogether, usually 14-16 days post-in-
jection, which is consistent with acute rejection.” The few tumors
that grew after injection of YUMM?1.7 cells into N2 and BALB/c
mice were also acutely rejected (Figure S4C).

Changes in MHC-I expression during tumor passaging

A well-established mechanism for tumor immune evasion is loss
of heterozygosity in MHC genes or their downregulation,?* and,
indeed, in CTVT and DFT1, the surface expression of MHC-I mol-
ecules is low.?*?° We therefore hypothesized that tumor adapta-
tion might have resulted in the downregulation of MHC mole-
cules to escape allogeneic recognition. To test this hypothesis,
we measured MHC-I surface expression on each tumor passage
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and parental YUMM1.7 cells by flow cytometry using antibodies
specific for the MHC-I C57BL/6 haplotype (H-2D° H-2KP)
(Figure 1A). The specificity of these antibodies was confirmed
using C57BL/6 and BALB/c splenocytes, in which no cross-
reactivity was found (Figure 1A). Nearly 90% YUMM1.7 cells ex-
pressed the C57BL/6 MHC-I haplotype; about 75% tumor cells
were positive for MHC-I in the FO passage, and this value grad-
ually decreased in the F1 and F2 passages, reaching less than
3% in the N2.1 passage. However, the percentage of MHC-I*
cells started recovering in the N2.3 passage and reached levels
equal to the parental YUMM1.7 cells in Balb/c-2 tumors
(Figures 1A and 1B). Similar results were found by analyzing H-
2DP and H-2KP® levels of expression (mean fluorescence intensity
or MFI) (Figures 1C-1F). This unexpected result indicated that
MHC downregulation was essential to escape the initial strong
rejection in N21 and N2.2 mice, but a different immunological
pressure was exerted at later passages, leading to the selection
of tumor cells re-expressing MHC-I molecules.

We examined the RNA-seq data from isolated tumor cells for
expression of the H2-D and H2-K genes and found that they
were upregulated in the N2 and Balb/c passages (Figures 1G
and 1H). We reasoned that the lack of MHC-I surface expression
despite higher gene expression could be due to its intracytoplas-
mic accumulation, and we measured the level of intracellular
MHC-I by flow cytometry. The levels of H2-KP were higher in
N2.1 and Balb/c-2 tumors compared to YUMM1.7 cells
(Figures 11 and 1J), and similar levels of H2-DP were detectable
in all tumor passages (Figures 1K and 1L). MHC-I fluorescent im-
munostaining showed significant intracellular signal in N2.1 and
Balb/c-2 cells (Figure 1M), which is in agreement with the higher
gene expression. Thus, even if H2-DP and H2-K® were expressed
at the same or higher levels in the N2.1 tumors compared to
parental YUMMA1.7 cells, some defect prevented their efficient
expression at the cell surface. Reduced MHC-I surface expres-
sion in the N2 passages suggested possible defects in its as-
sembly or processing. We therefore used the RNA-seq data to
survey known genes contributing to the MHC peptide loading
complex (PLC), its trafficking and processing®’ (Figure 1N). In
the N2 tumors, we found no evidence of silencing of f2m or ta-
pasins (Tap) (Figure 1N), but we found downregulation of cal-
nexin (Canx), calreticulin (Calr), and ERp57 (Pdia3), which are
key components of the PLC,?® and downregulation of Hspa5
(also called BiP), which is required for correct protein folding in
the endoplasmic reticulum (ER) upon stress?® (Figure 1N). It
seems plausible that the higher ratio of H2-K and H2-D relative
to Pdia3, Canx, Calr, and Hsp5 impaired the assembly of

(H) RNA-seq counts (FPKM) for H2-K1.

(I) Histogram plots showing the MFI distributions of intracellular H2-K®.
(J) MFI of intracellular H2-KP.

(K) Histogram plots showing the MFI distributions of intracellular H2-DP.
(L) MFI of intracellular H2-DP.

(M) Immunocytochemistry to detect H2D® and concanavalin A (ConA). Scale bars, 20 pm.

(N) RNA-seq counts (FPKM) of the indicated components of MHC-I and the peptide loading complex.

In (B), (D), and (F), YUMMA1.7 (n = 3), FO (n = 3), F1 (n = 5), F2 (1 = 3), N2.1 (n = 4), N2.2 (n = 3), N2.3 (n = 3), Balb/c-1 (n = 3), Balb/c-2 (n = 4), CBA/Ca (n = 4), and FVB/
N (n=4).In(J)and (L), YUMM1.7 and N2.1 (n = 3) and Balb/c-2 (n = 4). In (G), (H), and (N), YUMM1.7 (n = 3), FO (n = 4), F1 (h =5), F2 (= 5), N2.1 (n =5), N2.2 (n = 3),
N2.3 (n = 2), Balb/c-1 (n = 4), and Balb/c-2 (n = 3). Statistical analysis was carried out using one-way ANOVA. Each dot represents a different tumor. Data
represented as mean + SEM, except (J) and (L) where data are represented as mean + SD. * Denotes (p < 0.05), ** denotes (p < 0.01), *** denotes (o = 0.001), and

**** denotes (p < 0.0001).
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functional MHC molecules, at least in the N2 tumor cells,
although other mechanisms may also be at play.

Profiling immune infiltration in the different tumor
passages

To examine the tumor immune microenvironment (TIME) at each
passage, freshly dissociated samples were analyzed by multipa-
rameter flow cytometry to identify T cells (CD45" CD3* CD4" or
CD8"), NK cells (CD45" CD3~ NKp46+), dendritic cells (CD45*
CD3~ MHC-II* CD11c"), macrophages (CD45* CD3~ CD11b"*
F4/80%), and granulocytic myeloid-derived suppressor cells
(CD45* CD11b* Gr-1%).°°** The gating strategy is described in
Figure S5. The number of CD45" leukocytes and their relative
percentage were highest in N2.1 tumors, and then decreased
in the Balb/c-2, CBA, and FVB/N tumors, indicating that these tu-
mors were less immunogenic (Figures 2A and 2G; Table S2). We
found more infiltrating CD3* T cells in the N2.1 tumors relative to
the other passages, although their relative proportion was lower
in Balb/c tumors (Figures 2B and 2H). N2.1 tumors also
comprised a greater proportion of NK cells compared to the
other passages (Figures 2B and 2I; Table S2).

N2.1 tumors contained more infiltrating CD8" T cells than the
other passages (Figures 2C and 2J). The greater CD8" T cell infil-
tration in the TIME of N2.1 tumors is consistent with the high
rejection rates observed in this passage and may explain the se-
lection of cells with lower MHC-I expression, a known mecha-
nism of cancer immune evasion.®* There was a trend for more
CD4™ T cells infiltrating N2.1 than FO tumors, which progressively
reduced in later passages (Figures 2C-2K). Furthermore, the
proportion of CD4* T cells expressing activation marker CD44
was lower in the N2.1, Balb/c-2, CBA, and FVB/N tumors than
in FO tumors; in N2.1 tumors, fewer cells expressed activation
and residency marker CD69,°°*° whereas PD-1, a suppressive
marker that is highly expressed on dysfunctional tumor-infil-
trating lymphocytes,®” was upregulated in all the tumor pas-
sages compared to FO (Figures S6A-S6C). Too few CD8*
T cells were recovered from the late tumor passages to allow
robust analyses of CD44, CD69, and PD-1.

For the myeloid compartment, there was an overall greater
infiltration of dendritic cells (DCs) in all tumor passages
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compared to FO, with a peak found in Balb/c-2 tumors
(Figures 2D and 2L). Furthermore, there was a trend for more tu-
mor-associated macrophages (TAMs) (Figures 2E and 2M) and
Gr-1* CD11b* cells (Figures 2F and 2N) in N2.1 and Balb/c-2 tu-
mors compared to the other passages. The low rejection rate
detected in Balb/c-2 tumors suggests that infiltrating DCs
and macrophages might have had a suppressive function, as
previously reported in several types of cancer, including
melanoma.®®

To assess the TIME across tumor passages, bulk RNA-seq
was performed on whole FO, N2.1, Balb/c-2, and CBA tumors
and deconvoluted using Murine Microenvironment Cell Popula-
tion counter (MMCP) and CIBERSORT, which leverage reference
signatures of mouse immune cells to estimate the composition of
immune cell populations within bulk tumors.***° mMMCP analysis
revealed a statistically significant increase in CD8" T cells and
monocytes/macrophages in N2.1 tumors compared to FO tu-
mors, with these increases progressively moderating in Balb/
c-2 and CBA tumors (Figures S6D-S6F). These results align
with flow cytometry data. Similarly, CIBERSORT showed a sig-
nificant increase in CD8" T cells from FO to N2.1, which was
tempered in Balb/c-2 and CBA tumors (Figures S6G and S6H).
Additionally, CIBERSORT identified an increase in NK cell infil-
tration from FO to N2.1 (Figure S6l). CIBERSORT provided spe-
cific signatures for MO, M1, and M2 macrophages,*’ revealing
that M2 macrophages, known for their immunosuppressive
roles, predominated across all passages, with the highest levels
observed in FO and Balb/c-2 tumors (Figure S6J). It is worth
noting that mMCP does not reliably identify dendritic cells or
CD4* T cells,*° precluding direct comparison with flow cytome-
try data for these populations. Moreover, mMMCP did not detect
differences in NK cell infiltration across passages, in contrast
to flow cytometry findings.

In summary, the combined flow cytometry and RNA-seq de-
convolution results of the TIME suggest that CD8* T cells exerted
a strong selective pressure on the N2.1 tumors, likely selecting
for cells with low MHC-I expression, and that tumors have adop-
ted additional strategies to control rejection, including the
recruitment of M2 macrophages and a DC population with pre-
sumably suppressive functions.

Figure 2. Profile of the tumor-infiltrating cells in freshly dissociated tumors

(A) Flow cytometry plots showing the proportion of CD45".
(B) CD3* T cells and NK (CD3~ NKp46™) cells.

(C) CD4* and CD8™" T cells.

(D) DCs (MHC-II* CD11¢*).

(E) Macrophages (F4/80* CD11b") cells.

(F) Neutrophils/MDSCs (Gr-1* CD11b™).

(G) Left: number of CD45" cells/pL; right: the relative percentage of CD45" cells.

(H) Same as in (G) for CD3" cells.
(I) NK cells.

(J) CD4* T cells.

(K) CD8" T cells.

(L) DCs.

(M) Macrophages.

(N) Gr-1"CD11b* cells.

In (G-N), FO (n = 4), N2.1 (n = 6), Balb/c-2 (n = 4), CBA/Ca (n = 4), and FVB/N (n = 4). Statistical analysis was carried out using two-way ANOVA with Tukey’s multiple
comparison correction. Each dot represents a different tumor. Data are represented as mean + SEM. * Denotes (p < 0.05), ** denotes (p < 0.01), *** denotes (p =

0.001), and **** denotes (p < 0.0001). See also Table S2; Figures S5 and S6.
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Gene expression analysis reveals an antiviral immune
signature and RTEs upregulation in the tumor cells

To better understand the evolution of the tumors and the mech-
anisms leading to tolerance, we performed bulk RNA-seq on tu-
mor cells to identify differentially expressed genes (DEGs) from
FO to Balb/c-2 passages, which evaded allogeneic rejection.

PolyA RNA was extracted from dissociated tumor cells after
2-4 passages in vitro. The number of mappable reads was uni-
form across samples, ranging from 3-5 x107 (Figure S7A). To
assess potential contamination of the tumor cells with host im-
mune cells, we determined the number of Ptprc reads (encoding
CD45) and housekeeping ribosomal protein L5 (rpl5) reads,
which demonstrated the lack of detectable sample contamina-
tion with CD45" leukocytes (Figure S7B). Principal component
analysis (PCA) showed poor separation of YUMM1.7, FO, F1,
and F2 tumors; however, N2.1, N2.2, and N2.3 tumors formed
distinct clusters. Balb/c-1 and Balb/c-2 tumors grouped in one
cluster that was distinct from the other clusters (Figure 3A).
One N2.3 sample was an outlier, and subsequent gene expres-
sion analysis indicated that this sample was, in fact, muscle, pre-
sumably due to contamination of the biopsy. PCA suggested
stepwise changes in global gene expression between the early
passages (YUMM?1.7 to F2), the three N2 passages, and the
late passages (Balb/c). The number of DEGs relative to parental
YUMM1.7 cells was low (14 upregulated and zero downregu-
lated, at false discovery rate 5%) in FO, progressively growing
in F1 (272 up and 83 down) and F2 (351 up and 109 down) tu-
mors, and then the same step change observed by PCA was
also detected in the number of DEGs, which increased rather
abruptly in the N2 passages (3030 up and 3025 down) and re-
mained high in the Balb/c passages (Figure 3B; Table S3). We
performed unsupervised hierarchical clustering of the DEGs
(Figure 3C) and detected three clusters of upregulated and three
clusters of downregulated genes, and most changes occurred at
the N2.1 passage.

Using k-means hierarchical clustering, we further identified
clusters 1 and 2, which contained DEGs abruptly upregulated
or downregulated, respectively; cluster 3, which contained
DEGs progressively downregulated; and cluster 4, which con-
tained DEGs progressively upregulated. Clusters 5 and 6 con-
tained DEGs that were modestly down or upregulated, respec-
tively (Figures 3D and S7C). We grouped clusters 1 and 4, and
2 and 3, and performed gene pathway analysis by ingenuity
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pathway analysis (IPA) and gene set enrichment analysis
(GSEA) using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) and gene ontology (GO) databases. Cluster grouping al-
lowed for more robust statistical analysis, even if it meant losing
some resolution of the time of gene activation.

In clusters 2 + 3 (downregulated genes), IPA did not identify
statistically significant pathways, and GSEA showed modest
overlap, including DNA replication and repair and vesicle trans-
port (Table S4). In contrast, gene clusters 1 + 4 showed signifi-
cant pathway enrichment for antiviral responses, responses to
IFN, antigen presentation, and pattern recognition receptor
(PRR) activation, including the RNA cytosolic sensor DDX58
(RIG-1)*? (Figure 3E). There was an excellent overlap between
IPA and GSEA for the upregulated pathways, including RIG-I
signaling (Figures 3F and 3G; Table S4). These results demon-
strated that the tumor cells acquired an antiviral signature, which
was remarkably similar to the signature detected in mouse
melanoma cells selected for their ability to metastasize in
lymph nodes.*® CXCL-10 (IP-10) and CCL5 chemokines were
key components of the antiviral signature; hence, we measured
their expression by ELISA in tissue culture supernatants and
found significantly higher values in Balb/c-2 relative to
YUMM1.7 cells, which supported the GSEA results (Figure 3H).
A hypermetabolic phenotype was previously reported in mela-
noma cells selected in vivo for full resistance to combined im-
mune checkpoint blockade.’® We therefore examined by
GSEA the pathways for cellular response to oxidative stress
(GO:0034599), hypoxia (GO:1900037), oxidative phosphoryla-
tion (OxPhos) (GO:0006119), and glycolytic processes
(GO:0006096). Although hypoxia, OxPhos, and glycolytic pro-
cesses were not in the top 300 hits, the cellular response to
oxidative stress pathway (GO:0034599) was significantly en-
riched in cells after the N2.1 passage (NES 1.69 and p < 0.001)
(Figure S7D). Furthermore, broad upregulation of metabolic
genes was detected at the N2 and later passages (Figure S7E).
Overall, the changes in the metabolic pathways were weaker
than those for the antiviral response pathways.

The antiviral signature detected in the late tumor passages
was unexpected and suggested an ongoing viral infection
or mimicry of viral infection, which would trigger cytosolic
nucleic acid sensing and activation of innate immunity.
Transplantable mouse tumor cell lines often carry infectious ret-
roviruses, derived from recombination between defective

Figure 3. The transcriptional profile of the tumor cells during passaging
(A) PCA using log-transformed counts of each tumor passage and YUMM1.7 cells.
(B) DEGs (red is upregulated and blue is downregulated) at each tumor passage relative to parental YUMM1.7 cells. y axis M = log2(fold change); x axis A = mean

normalized counts.
(C) Unsupervised hierarchical clustering of DEGs in each tumor passage.

(D) k-means hierarchical clustering with k = 6 of log2(fold change) values in each tumor passage relative to YUMM1.7 cells.

(E) IPA after inputting DEGs for cluster 1 + 4.
(F) GSEA plots for Balb/c-2 cells versus YUMMA1.7 cells.
(G) Expression (FPKM) of RIG-/ in the different tumor passages.

(H) (i) Expression levels of Cxc/10 (FPKM) in the different tumor passages. (ii) CXCL10 protein levels measured by ELISA in culture supernatants. (i) Expression
levels of Ccl5 (FPKM) in the different tumor passages. (iv) CCL5 protein levels measured by ELISA in culture supernatants. For RNAseq in (G), (H[i]), and (Hliii])
YUMM1.7 (n=23), FO (n = 4), F1 (n =4), F2 (n =5), N2.1 (0 = 5), N2.2 (n = 3), N2.3 (n = 2), Balb/c-1 (n = 4), and Balb/c-2 (n = 3). Statistical analysis was carried out
using one-way ANOVA. For ELISA, YUMM1.7 (n = 3) and Balb/c 2 (n = 3). Statistical analysis was carried out using unpaired t test with Welch’s correction. Data
represented as mean + SEM. * Denotes (p < 0.05), ** denotes (p < 0.01), *** denotes (p = 0.001), and **** denotes (p < 0.0001). See also Tables S3 and S4;
Figures S7 and S8.
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endogenous retroviruses (ERVs), which restore infectivity.**
Typically, restoration of endogenous retrovirus (ERV) infectivity
in C57BL/6 mice involves recombination with Emv2, a single
copy endogenous murine leukemia virus (MLV) on this genetic
background, which provides a functional ecotropic MLV enve-
lope glycoprotein.** We therefore applied an analysis pipeline
for the expression of endogenous MLVs, as well as all other ret-
rotransposable elements (RTEs) in the mouse genome.*®
Expression of ecotropic MLV, reported by Emv2-related se-
quences, or other endogenous MLV provirus, did not appre-
ciably change between YUMM1.7 cell passages, arguing against
the presence of Emv2-based infectious MLVs in these cells
(Figure STF).

In contrast, this analysis identified numerous RTEs, which
were significantly modulated between YUMM?1.7 and Balb/c-2
cells, with a clear switch at the N2.1 passage (Figures 4A and
4B). This clear demarcation at N2.1 was also found for the
DEGs (Figures 4C and 4D), indicating that tumor cells escape
from allogeneic rejection correlated in time with the upregulation
of RTEs and the induction of the antiviral immune signature.
RTEs that were significantly upregulated in late passages
included many intergenic integrations, indicating autonomous
regulation (Figures 4A and 4E). Downregulated RTEs were
mainly intragenic, indicating they were controlled by the gene
within which they had integrated (Figures 4A and 4E). Compared
with RTEs found in the whole genome, LTR/ERVK and LTR/ERV1
subfamilies of the long terminal repeat (LTR) elements, as well as
LINE/L1 elements, were enriched after the N2.1 passage
(Figure 4F). In contrast, expressed short interdispersed nuclear
elements (SINE)/B4, SINE/Alu, and SINE/B2 subfamilies of
non-LTR elements were less diverse after the N2.1 passage
(Figure 4F). Notably, the overall share of transcripts was signifi-
cantly increased for almost all these subfamilies at the N2.1
and later passages (Figure 4G). These results indicated strong
transcriptional induction of diverse LTR and LINE elements, as
well as of the highly specific SINE/Alu, SINE/B2, and SINE/B4
subfamily members. They further suggested that the acquisition
of resistance to allogeneic rejection in this system was accom-
panied by upregulation of independently transcribed RTEs,
rather than emergence of replication-competent MLVs. Given
the established ability of dysregulated RTEs to activate innate
immunity,*® our findings also implicated RTEs in the activation
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of the IFN pathway during tumor passaging, leading to the anti-
viral and inflammatory signature detected in N2 and Balb/c
tumors.

To probe the functional significance of the antiviral and IFN-
response related signature, we examined the expression of a
subset of genes known to be induced by IFN, reduce allograft
rejection, and promote maternal-fetal tolerance or tumor im-
mune evasion*’®" (Figure S8A; Table S3). Relative to the
parental YUMMA1.7 cells, Balb/c-2 tumor cells showed signifi-
cant upregulation of immunosuppressive molecules PD-L1,
Gal-9, B7-H3 and H-2Q, H-2T, and H-2M encoding for the
non-classical MHC molecule Qa-1, the homolog of human
HLA-E.>>*® For several of these genes, this trend was already
detected in the N2 tumors (Figure S8B). Enhanced surface
expression of PD-L1 and Qa-1 was confirmed by flow cytometry
(Figures S8C and S8D). These results indicated that induction of
an inflammatory signature proceeded in parallel with the upregu-
lation of immune-protective molecules in tumor cells.

PD-L1/PD-1 interactions and non-classical MHC are
critical for tumor tolerance

RTEs can be sensed by cytosolic PRRs, including RIG-1,>* trig-
gering an IFN response, and our gene pathway analysis showed
upregulation of RIG-I signaling, pointing to a possible connection
between activated RTEs, RIG-I, and the antiviral signature found
in the transplantable tumor cells. A major RIG-I ligand is RNA po-
lymerase llI-transcribed Alu elements, as these lack the 5’ mod-
ifications that otherwise prevent RIG-I sensing.®® Consistent with
a role for Alu elements in inducing a RIG-I-dependent antiviral
signature, we found increased transcription of SINE/Alu ele-
ments that would be sensed by RIG-I in the late tumor passages
(Figure 4G), coinciding with the induction of the antiviral signa-
ture. To assess the contribution of RIG-I, we knocked it out
(KO) in Balb/c-2 tumor cells by CRISPR-Cas9 using two guide
RNAs (gRNAs) targeting exons 3 and 4 (Figure 5A). Four clones
were selected, but the only clone with KO of both exons showed
poor viability, and so we performed subsequent experiments us-
ing clone 9 (exon 3 KO) and clone 23 (exon 4 KO) (Figure 5B).
Balb/c-2 tumors featured upregulation of MHC-I, PD-L1, and
Qa-1 expression relative to YUMM?1.7 cells, and we, therefore,
tested if RIG-I KO affected the expression of these genes. Anal-
ysis of the two KO clones by flow cytometry detected significant

Figure 4. Analysis of RTEs expression during tumor passaging

(A) Heatmap of repeat expression per cell line measured. Repeats are filtered for a t test between tumor passages before and after N2.1 with a g value < 0.05, fold
change > 2, and SD > 0.39. Heatmap made with z-scores. Intergenic repeats are annotated in yellow, and intragenic repeats are annotated in blue. Balb/c-2-2 is a

repeat of Balb/c-2.
(B) PCA plot of repeat expression as filtered in (A).

(C) Heatmap of z-scores of all genes passing the statistical tests; t test between cell lines before and after N2.1 with a q value < 0.05, fold change > 2, and

SD > 0.39.
(D) PCA of samples using the gene list in (B).

(E) Scaled barplot of the ratios of intergenic and intragenic repeats across the whole genome (all repeats), and those which are upregulated or downregulated as in
(A). * Adjusted Fisher’s exact p = 1.61e-02 and adjusted chi-squared p = 1.79e-02; **** adjusted Fisher’s exact p = 1.67e-39 and adjusted chi-squared p = 1.05e-
42.

(F) Barplot of the —log10 adjusted Fisher’s test p value for the enrichment of each repeat superfamily in upregulated or downregulated repeats as defined by
Fisher’s exact testin (A). Ared dotted line is used to show p = 0.05. A Fisher’s odds ratio > 1 indicates enrichment in passages from N2.1 onwards compared to the
whole genome.

(G) Normalized expression of the indicated subfamilies of RTE at distinct tumor passages. Only RTE subfamilies with significant enrichment and expression
changes between tumor passages before and after N2.1 are shown.
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Figure 5. RIG-I, PD-L1, and Qa-1 regulate tumors’ escape from allogeneic rejection

(A) Schematic depiction of the Ddx58 (RIG-I) exons targeted by the gRNAs in the CRISPR-Cas9 lentiviral vector.

(B) Gel electrophoresis of PCR products specific for Ddx58 exon 1 or 2 after amplification of DNA from four clones.

(C) Surface expression levels of H2Db and H2Kb by flow cytometry in clones 9 and 23, empty vector (EV), and parental Balb/c-2 cells.

(D and E) (D) Histogram plots showing the MFI distributions of H2Db and H2Kb; (E) left: percentage of H2Db* H2Kb™ cells in clones 9 and 23, EV, and Balb/c-2
cells; middle and right panels: MFI of H2Db and H2Kb, respectively.

(legend continued on next page)
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downregulation of H-2KP and H-2D° surface expression
(Figures 5C-5E). In a similar fashion, we detected lower surface
expression of PD-L1 (Figures 5F-5H) and Qa-1 (Figures 5I-5K) in
RIG-1 KO cells compared to the parental Balb/c-2 cells. Notably,
the control empty puromycin resistance-expressing vector (EV)
also reduced somewhat the MHC-I and PD-L1 MFI values and
the percentage of Qa-1* cells, albeit not to the same extent as
the KO cells, suggesting that selection with puromycin or inser-
tion of the retroviral construct might affect expression of these
molecules.

To test if RIG-I KO was sufficient to trigger rejection of Balb/
c-2 tumor cells, we injected BALB/c mice with KO clone 9, clone
23, or EV cells. We detected three takes with KO clone 9, no
takes with KO clone 23, and one take with EV cells. In contrast,
there was a 100% take rate in BALB/c mice injected with the
parental Balb/c-2 cells (Table S5). The rejection of RIG-I KO cells
and EV control cells was likely due to the reduced level of expres-
sion of PD-L1 and Qa-1. To further test the hypothesis that PD-
L1 and Qa-1 were critical to protect the tumor from rejection, we
injected BALB/c mice with Balb/c-2 tumor cells, and when tu-
mors became palpable, mice were administered intraperitone-
ally every 3 days with anti-PD-1 antibodies, anti-Qa-1 anti-
bodies, the two antibodies combined, or isotype control
antibodies. Treated mice were monitored for 14 days, and tumor
growth was measured regularly (Figure 5L). Treatment with either
anti-PD1 or anti-Qal antibodies significantly reduced tumor
growth relative to isotype antibodies, and treatment with a com-
bination of anti-PD1 and anti-Qa1 antibodies induced tumor
regression (Figure 5M; Table S6). These results confirmed that
high expression levels of PD-L1 and Qa-1 were required for allo-
transplantation tolerance, although other molecules not tested
here might also have contributed.

The antiviral signature found in Balb/c-2 cells was reminiscent
of a similar profile detected in a subset of human melanomas that
did not respond to first-line treatment with anti-CTLA4 anti-
bodies (ipilimumab) but responded to second-line PD-L1/PD-1
signaling blockage by anti-PD-1 antibodies.® Similarly to Balb/
c-2 tumor cells, GSEA in ipilimumab-experienced melanomas
that responded to anti-PD-1 treatment showed enrichment
for “allograft rejection,” “IFNy,” “IFN response,” “inflammatory
response” pathways, and upregulated MHC-I and MHC-II
genes.”® Notably, despite the inflammatory signature and
MHC-I upregulation, these melanomas were able to grow and
metastasize but became susceptible to anti-PD-1 treatment.
Because of these transcriptional and phenotypic similarities,
we investigated whether the core Balb/c-2 signature, defined
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by clusters 1 and 2 (Figure 3D), could also be detected in the hu-
man melanomas and if this signature increased their susceptibil-
ity to anti-PD-1 treatment. Not only were we able to detect the
Balb/c-2 signature, but we also found that human melanomas
with the Balb/c-2 tumor signature were associated with signifi-
cantly better overall survival odds after anti-PD-1 treatment
than melanomas lacking the signature (Figure 6A), even after
correcting for sex and ipilimumab treatment (Figure S9). Further-
more, the patients treated with ipilimumab and with the Balb/c-2
signature also displayed markedly improved progression-free
survival after PD-1 blockade (Figure 6B). Therefore, the Balb/
c-2 tumor antiviral signature was associated with greater sensi-
tivity to PD-L1/PD-1 blockage. In this respect, the phenotype
observed in patients and the one observed with Balb/c-2 tumors
was similar, reinforcing the notion that the antiviral immune
signature did allow tumor growth, and perhaps even facilitated
it by promoting immune evasion and accumulation of neoanti-
gens, but at the same time, it made tumors more dependent
on PD-L1 signaling for immunological escape.

DISCUSSION

Guided by tumor passaging experiments conducted in the
1920s, we obtained a melanoma that escaped allogeneic
rejection in multiple mismatched mouse strains. A key feature
associated with tumor immune escape was the acquisition of
an antiviral immune signature and simultaneous activation of in-
tergenic RTEs and the RIG-I nucleic acid-sensing pathway. This
occurred rather abruptly at the N2 passage, which showed sig-
nificant rejection of transplanted tumors, supporting a causal
link, whereby tumor cells that evolved those specific features
survived immune attack and expanded. Those tumor cell fea-
tures were maintained in subsequent passages, further support-
ing their critical role.

In our experimental model, the induction of an antiviral signa-
ture facilitated tumor immune evasion, and yet sensing of dysre-
gulated RTEs was previously found to enhance tumor immuno-
genicity.*® Treatment of colorectal carcinoma and melanoma
cells with a combination of DNA demethylating agents and inhib-
itors of histone acetyltransferase was shown to reduce tumor cell
growth in vitro and to make tumors more susceptible to immune
checkpoint therapy. This effect was mediated by the transcrip-
tional upregulation of RTEs, their sensing, and the induction of
an antiviral state.®”~°° Furthermore, loss of epigenetic regulators
controlling RTEs’ expression can hinder tumor growth in
mice,®%°" although this is not always seen in humans.®?

(F) Surface expression levels of PD-L1 by flow cytometry in clones 9 and 23, EV, and parental Balb/c-2 cells.

(G) Histogram plots showing the MFI distributions of PD-L1.

(H) Percentage of PD-L1* cells in clones 9 and 23, EV, and Balb/c-2 (Hi, left) and MFI values (Hii, right).
(I) Surface expression levels of Qa-1 by flow cytometry in clones 9 and 23, EV, and parental Balb/c-2 cells.

(J) Histogram plots showing the MFI distributions of Qa-1.

(K) Percentage of Qa-1* cells in clones 9 and 23, EV, and Balb/c-2 (Ki, left) and MFI values (Kii, right).

(L) Schematic depiction of the experimental set-up for the treatment of mice with anti-PD-1 and Qa-1 antibodies. 1 x 10° Balb/c-2 cells were injected into the
mice, and at day 4, when tumors became palpable, mice were injected intraperitoneally with the antibodies.

(M) Tumor growth curves during treatment with the antibodies, isotype, anti-PD-1, anti-Qa-1, anti-PD-1 + Qa-1 (n = 6).

In (E), (H), and (K), clones 9 and 23, EV, and Balb/c-2 (|

= 3). Statistical analysis was performed using two-way ANOVA with Tukey’s correction. Each dot

represents a different tumor. Data represented as mean + SEM. * Denotes (p < 0.05), ** denotes (p < 0.01), *** denotes (p = 0.001), and **** denotes (p < 0.0001).

See also Tables S5 and S6.
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Figure 6. Human melanomas sharing the antiviral signature of Balb/c-2 cells show better response to anti-PD-1 antibodies
(A) Overall survival after anti-PD-1 treatment for patients who were either previously treated with ipilimumab (post-Ipi) or not (ipi-naive), stratified by the presence

of the Balb/c-2 signature in their tumors.

(B) Progression-free survival after anti-PD-1 treatment for patients previously treated with ipilimumab (post-ipi), stratified by the presence of the Balb/c-2
signature in their tumors. The tables under the Kaplan-Meier curves denote the numbers at risk at selected time points. See also Figure S9.

These apparently contrasting observations can be explained
by the strong selective pressure applied to the tumors in
our model of allotransplantation, in which only cells with highly
effective compensatory mechanisms could survive. One
compensatory mechanism was the upregulation of PD-L1 and
Qa-1. PD-L1, by binding to PD-1 on T cells, inhibits their activa-
tion, proliferation, and survival, and its upregulation is associated
with worse prognosis in patients with cancer.®® Qa-1 and HLA-E
in humans present a limited array of peptides derived from the
leader sequence of classical MHC molecules. The Qa-1-peptide
complex binds to the inhibitory receptor NKG2A/CD94 ex-
pressed on NK cells and subsets of CD8" T cells, effectively
blocking their activation.®**®> We postulate that further inhibition
of NK cells was achieved by the upregulation of MHC-I mole-
cules on the Balb/c-2 tumor cells. Both PD-L1 and Qa-1/
HLA-E are upregulated by IFN,°*®> and their overexpression
was critical to maintain tolerance because their antibody-medi-
ated blockage triggered tumor regression. This suggests that
the antiviral response, paradoxically, by inducing surface
expression of immunomodulatory molecules, may also protect
against attack by infiltrating immune cells, and we speculate
that, in the context of a response to infection, this mechanism
may be important to limit immune-mediated damage to
bystander cells that are not infected by a virus. In support of
this idea, Qa-1/HLA-E were shown to protect tissues from
excessive CD8* T cell activation during virus infection®®

Remarkably, an antiviral signature similar to the one we have
found in the transplantable tumors was described in mouse mel-
anoma cells selected by serial passaging in vivo for high lymph
node metastatic potential,”® indicating a common evolutionary
mechanism for immune evasion. Furthermore, this antiviral pro-

file was also detected in human melanoma, including metastatic
melanoma,®® suggesting that this signature is not always suffi-
cient per se to limit tumor growth or spread in vivo. Nonetheless,
our transplantable tumor was highly sensitive to antibody-medi-
ated blockage of PD-L1 and Qa-1, pointing to the dependence of
the tumor on these immunosuppressive molecules to grow in
mismatched hosts. Thus, while a strong selective pressure
caused the survival and expansion of cells expressing high levels
of immune-protective molecules, these same cells also became
highly dependent on these molecules for their survival in a hostile
environment. Our transplantable tumor, therefore, seems to exist
in a “metastable” state, similarly to CTVT, in which treatment
with vincristine triggers a strong pro-inflammatory immune
signature, leading to tumor rejection.'®

Another protective mechanism evolved by our transplantable
tumor appeared to be the ability to attract significant amounts
of M2 macrophages and DCs in the TIME. M2 TAMs are known
to suppress effector immune cells by the production of soluble
factors such as arginase-1 and interleukin-10, leading to tumor
survival and tolerance.®® DCs are well known to contribute to
anti-tumour immunity and allograft rejection, but there is also ev-
idence for an inhibitory or tolerogenic role of immature and
certain subsets of plasmacytoid DCs, which increase allograft
survival.®”:®® In agreement with earlier studies, we propose that
a chronic inflammatory TIME promotes recruitment of immune
suppressive myeloid cells and facilitates T cell exhaustion.®®
Thus, the chronic pro-inflammatory response induced by dysre-
gulated RTEs appears to contribute to the adaptive immune
resistance that has also been observed in human tumors.®°

The transplantable tumor cells initially downregulated MHC-I
molecules but unexpectedly re-expressed them at later stages
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of passaging. Loss of MHC-I| expression is a hallmark of invasive
tumors,’® and so our results are surprising but have been
previously described in mouse melanomas selected in vivo to
resist immune checkpoint therapy'® and in some human
melanomas.*® One possibility that needs further testing is that
the MHC-I was defective; however, anti-PD-1 antibodies in-
hibited the growth of the transplanted tumor, suggesting that
MHC-I on the cell surface was functional and able to present
tumour-derived antigenic peptides. We therefore favor the
hypothesis that MHC-I re-expression was selected for to
prevent NK-mediated cell killing at a stage when the tumor had
already evolved effective mechanisms to limit cytotoxic T cell
activity.

CTVT was reported to express low levels of MHC-I, sufficient
to limit NK cell recognition but presumably too low to trigger
cytotoxic T cell killing,”" and this seems different from our
transplantable melanoma, suggesting divergent evolutionary
pathways. It should be noted, however, that CTVT has a
much longer evolutionary history than our adapted tumor, and
that CTVT can escape delayed rejection, which we could not
test in our model. Hence, our model may represent an early
adaptation stage. Notably, DFT2 has maintained MHC-I
expression,’? pointing to a shared evolutionary path in tumors
that only recently became transmissible/transplantable. Similar
to the transplantable melanoma, choriocarcinoma also ex-
presses HLA-I"® and high levels of PD-L17* and non-classical
HLAs,”® including after IFN treatment,”® and is susceptible to
PD-L1 antagonism.”’

Our results revealed that the combination of an antiviral
cellular state, upregulation of PD-L1, MHC-I, and HLA-E is
associated with extreme forms of cancer immune evasion.
In addition, heightened metabolism may also contribute to
the immune evasive phenotype, as previously described.’*
Thus, the transplantation model described here should be
relevant to understanding the general mechanisms of alloge-
neic rejection and cancer resistance to immune attack, a
notion supported by the fact that HLA-E upregulation is de-
tected in many human cancers and that blocking the HLA-E/
NKG2A interaction has shown encouraging clinical re-
sponses.®®’87® Notably, our results also demonstrated that
escape from allogeneic rejection may not be limited to the
known clonally transmissible tumors.

Limitations of the study

Our study has several limitations. We have not identified the ge-
netic and epigenetic mechanisms underpinning the pro-inflam-
matory signature or RTEs’ upregulation. The functional link be-
tween RTEs and the inflammatory signal has been inferred
based on the upregulation of SINE/Alu elements and the results
in the RIG-I KO cells, but we have not pinpointed the specific
RTEs involved. Lastly, we have only examined acute rejection
in one experimental model.
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Materials availability
Cell lines described in this article will be made available upon request, but we
require completing a material transfer agreement.

Data and code availability

o Data: raw and processed RNA-seq data for mouse tumors have
been deposited in the NCBI Gene Expression Omnibus at GEO:
GSE288825 (biopsies) and GSE288897 (cells) and are publicly
available. Raw RNA-seq data for the human melanoma samples
have been previously deposited by Li et al. (https://doi.org/10.1038/
$41591-019-0654-5) at dbGaP (accession number phs000452.v3.p1)
and are publicly available at https://www.ncbi.nlm.nih.gov/projects/
gap/cgi-bin/study.cgi?study_id=phs000452.v3.p1. The accession
numbers are also listed in the key resources table.

® Code: all custom scripts and analysis pipelines used in this study have
been deposited on GitHub and are publicly available at: https://github.
com/secrierlab/Metastatic-melanoma-anti-PD1/. The link is also listed
in the key resources table.

® Other: any additional information required to reanalyze the data re-
ported in this paper is available from the lead contact upon request.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-mouse H-2Db (PerCP/Cy5.5) Biolegend RRID: AB_2565865
Anti-mouse H-2Kb (Pacific Blue) Biolegend RRID: AB_1967103
Anti-mouse CD274/PD-L1 (PE) Biolegend RRID: AB_2073557

Anti-mouse Qa-1(b) (BV510)
Anti-mouse CD45 (BV421)
Anti-mouse CD3 (APC)
Anti-mouse Npk46 (PE)
Anti-mouse CD4 (FITC)
Anti-mouse CD8a (BUV805)
Anti-mouse Gr-1/Ly-6G (BV510)
Anti-mouse CD11b (BV711)
Anti-mouse F4/80 (APC-eFluor)
Anti-mouse MHC Il (I-A/I-E)
Anti-mouse CD11c (PE/Cy7)
Anti-mouse CD45 (Alexa Fluor 700)
Anti-mouse CD3e (BUV395)

BD Biosciences
BD Biosciences
Invitrogen
Invitrogen
Biolegend
BD Biosciences
Biolegend
Biolegend
Biolegend
Invitrogen
Biolegend
Biolegend
BD Biosciences

RRID: AB_2742199
RRID: AB_2651151
RRID: AB_1907372
RRID: AB_1210743
RRID: AB_312690
RRID: AB_2870186
RRID: AB_2562214
RRID: AB_11218791
RRID: AB_2735036
RRID: AB_494009
RRID: AB_493569
RRID: AB_493714
RRID: AB_2738278

Anti-mouse CD4 (PerCP/Cy5.5) Biolegend RRID: AB_893330

Anti-mouse CD44 (APC) Biolegend RRID: AB_312962

Anti-mouse CD69 (APCeFluor780) Biolegend RRID: AB_492844

Anti-mouse PD-1 Biolegend RRID: AB_312962

InVivoPlus anti-mouse PD-1 Bio X Cell RRID: AB_10949053

InVivo Mab anti-mouse Qa-1b Bio X Cell RRID: AB_10949623

InVivoPlus mouse IgG1 isotype control Bio X Cell RRID: AB_1107784

Bacterial and virus strains

One Shot™ StbI3™ Chemically Competent E. coli Invitrogen C737303

eSpCas9-LentiCRISPR v2 Genscript SC1678

Chemicals, peptides, and recombinant proteins

Collagenase IV Sigma-Aldrich C-28-100MG

DNAsel Roche 10104159001

Critical commercial assays

Mouse CXCL10/IP-10/CRG-2 R&Dsystems DY466-05

Mouse CCL5/RANTES R&Dsystems DY478-05

RNAeasy kit Qiagen 74104

Deposited data

YUMM cells RNAseq (all passages) GEO GSE288825

Tumor biopsies YUMM RNAseq GEO GSE288897

Tumor biopsies human melanoma dbGaP Phs000452.v3.p1 (https://www.
ncbi.nlm.nih.gov/projects/gap/
cgi-bin/study.cgi?study_
id=phs000452.v3.p1)

Code GitHub https://github.com/secrierlab/

Metastatic-melanoma-anti-PD1/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

YUMMA1.7 cells ATCC CRL-3362
YUMM?1.7 passages (FO, F1, F2, N2.1, N2.2, This study -
N2.3, Balb-c-1, Balb/c-2, CBA, FVB/N)

Experimental models: Organisms/strains

6-8 weeks old inbred male and female Mouse/C57BL/6 Charles River and Envigo N/A
6-8 weeks old inbred male and female Mouse/BALB/c Charles River and Envigo N/A
6-8 weeks old inbred male and female Mouse/CBA/Ca Envigo N/A
6-8 weeks old inbred male and female Mouse/FVB/N Envigo N/A
6-8 weeks old inbred male and female Mouse/C57BL/6 Charles River and Envigo N/A
6-8 weeks old inbred male and female Mouse/BALB/c Charles River and Envigo N/A
Oligonucleotides

gRNA1 Ddx58 (F: ATA CCG CTT CCA CAA AAG CT) Thermo Fisher Scientific N/A
gRNA1 Ddx58 (R: CCA TGT AGT TCC CTT CCT CC) Thermo Fisher Scientific N/A
gRNA 2 Ddx58 (F: AAG CCA TCG AAA GTT GGG AC) Thermo Fisher Scientific N/A
gRNA 2 Ddx58 (R: AAG GGG GCA ACT TTA ACT GC) Thermo Fisher Scientific N/A
Beta Actin (F: TGA GCT GCG TTT TAC ACC CT) Thermo Fisher Scientific N/A
Beta Actin (R: AAG TCA GTG TAC AGG CCA GC) Thermo Fisher Scientific N/A
Software and algorithms

FlowJo-v10 FlowJo LLC N/A
Prism Graphpad 10 Graphpad N/A
Biorender Biorender N/A
Gene Set Enrichment Analysis v4.1.0 UC San Diego, Broad Institute N/A

Stringtie v1.3.3b (transcript assembly)
FeatureCounts v1.5.0-p3 (gene counts)

QIAGEN IPA (pathway analysis)

RepeatMasker v.4.09 (analysis of repeats)

Qlucore Omics Explorer 3.3 (repeat expression analysis)
GFFUTtils gtf2bed (repeats mapping)

DESeq?2 v1.32.0 (differential gene expression)

BioMart R

Survminer R

Survival R

Ggpubr R

https://ccb.jhu.edu/software/stringtie/
https://bioconductor.org/packages/
release/bioc/html/Rsubread.html
https://digitalinsights.giagen.com/
products-overview/discovery-insights-
portfolio/analysis-and-visualization/
giagen-ipa/?cmpid=QDI_GA_DISC_
IPA&gad_source=1
www.repeatmasker.org
www.glucore.com
github.com/fls-bioinformatics-core/GFFUtils
https://bioconductor.org/packages/
release/bioc/html/DESeg2.html
https://www.ensembl.org/info/data/
biomart/index.html
https://www.sthda.com/english/wiki/
survminer-r-package-survival-data-
analysis-and-visualization
https://doi.org/10.32614/CRAN.
package.survival
https://doi.org/10.32614/CRAN.
package.ggpubr

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples

The human melanoma dataset profiling samples before and after treatment with anti-PD1 antibodies was sourced from Li et al.
(https://pubmed.ncbi.nim.nih.gov/31792460/) and downloaded from cBioportal. Raw sequencing data from the study are publicly
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available in dbGaP (accession number phs000452.v3.p1). RNA-seq and matched clinical data were available for n = 121 patients
(50 females, 71 males). Ancestry, gender and ethnicity were not reported in the original study. Samples were split into groups based
on the presence/absence of a Balb/c-2 signature (see Quantification and Statistical Analyses). Sex did not have an impact on survival
outcomes when modeling group effects with Cox proportional hazards models.

Animal experiments

All experiments with mice, handling and euthanasia were performed in accordance with UK Home Office regulations, project license
number PP2330953 and number PC79FA7AB under study approval and supervision from the Biological Safety Unit at UCL in accor-
dance with the 3R (Replacement, Reduction, Refinement) Principles. 6-8 weeks old inbred C57BL/6J and BALB/c mice were ac-
quired from Charles River and Envigo, CBA/Ca and FVB/N mice were acquired from Envigo. Mice were maintained in conventional
colonies and housed in individually ventilated cages. Mice health was monitored daily for general signs of health, including activity,
appearance, weight loss, clinical signs such as diarrhea and dehydration, and whether there were changes to the mouse body con-
dition i.e.,: apparent skeletal structure changes or loss of muscles before and after tumor injections. For breeding, 2 males and 2
females’ breeders were set to get litters for the required mouse strains or hybrids: F1 (C57BL/6 x BALB/c), F2 (F1 x F1) and N2
(F2 x BALB/c). 6-8 weeks old male and female mice were randomized for tumor implantation studies in equal ratios. The experimental
set up and data analysis were not designed to detect sex-specific effects because tumor allograft rejection is observed at equal rates
in adult male and female mice."'~"**° Mouse genotyping was done using the Mini Mouse Universal Genotyping Array (MUGA) plat-
form by Transnetyx on spleen cells (Table S1).

Tumor cell transplantation

Tumor cells were grown in-vitro for 2 to a maximum of 4 passages. Cells were suspended in sterile PBS at 10 million cells/ml and
prepared for injection. Mice were anesthetized, weighted, ear clipped, shaved at the site of injection and injected in the left flank
area with 1 million cells in 100 pL PBS. Mice were monitored daily for tumor growth and their general health was assessed using
the BSU scoring system. Mice weights were monitored and recorded on a bi-daily basis. Tumors were measured by a caliper at reg-
ular intervals and when tumors reached 15mm in diameter, the mice were culled, and tumors and spleens were collected for analysis.

In-vivo neutralizing antibodies treatment

Mice were injected in the left flank with 1 million Balb/c-2 tumor cells in 100 pL sterile PBS. After tumors became palpable, mice
weights were measured, and mice were injected intraperitoneally with antibodies (5mg/Kg) every three days for 4 times. Mice
were monitored daily, and tumor volumes recorded. Mice were injected with the following neutralizing antibodies: Anti mouse
PD-1 (RMP1-14, BioXcell), anti-mouse Qa-1b (4C2.4A7.5H11, BioXcell), and mouse IgG1 isotype control (MOPC-21, BioXcell)
were prepared in pH 7.0 Dilution Buffer (bioXcell).

Cell lines

Parental YUMM1.7 were obtained from the American Tissue Culture Collection (CRL-3362). They are derived from an adult male
C57BL/6 mouse with Braf'®°°E/wt (knock in conditionally activated Braf allele), Cdkn2a~'~ Pten™'~ (conditionally inactivated) and
the Tyrosinase:CreERT2 transgene. YUMM1.7 and dissociated tumor cells were grown in DMEM F-12 media (Gibco) supplemented
with 10% FBS (Labtech), 1% non-essential amino acids (Gibco), and 1% penicillin/streptomycin (Gibco). Cells were passaged every
2-3 days at 70-80% confluency. Cell lines were authenticated by genotyping using the Mini Mouse Universal Genotyping Array
(MUGA) platform by Transnetyx (Table S1). The cell lines were regularly tested for mycoplasma contamination.

METHOD DETAILS

Tumor and spleen dissociation

The tumor dissociation methods has been previously described.®' Tumors were dipped in 70% ethanol very briefly and then rinsed in
Hank’s buffer (HSS) + pen/strep. In a bijou, tumors were minced on ice for 10 min with two pairs of small scissors into small pieces
(1 mm or less) in 1mL Hank’s buffer +200U/ml Collagenase IV + pen/strep (filter sterilised). After DNAsel addition (1 mg/mL final), the
samples were incubated for 25 min at 37°C with gentle shaking. Samples were washed in 10 mL cold Hank’s buffer, digested with
1 mL of 0.05% Trypsin-EDTA for 5 min at 37°C and filtered through a 70 um nylon mesh adding HSS to prevent clogging. Samples
were diluted in 30 mL HSS + pen/strep, centrifuged at 1,500 rpm in a benchtop centrifuge for 5 min and resuspend in the appropriate
buffer. Mouse spleens were filtered through a 70 pm nylon mesh, then RBCs were lysed using RBC Lysis Buffer (Biolegend). Cells
were washed then resuspended in FACS buffer.

In-vitro cell surface staining and flow cytometry

Cells were grown in media until around 100% confluent. Then cells were washed, trypsinised and centrifugated. Cells were resus-
pended in FACS buffer and aliquoted in FACS tubes. For ex vivo staining: dissociated tumor cells were resuspended in FACS buffer
and aliquoted in FACS tubes. For in vitro staining: cells were stained with the following antibodies: H2Db (PerCP/Cy5.5, Biolegend),
H2Kb (Pacific Blue, Biolegend), PD-L1 (PE, Biolegend) and Qa-1(b) (BV510, BD Bioscience). For ex vivo staining dissociated cells
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were stained with the following antibodies: CD45 (BV421, BD Bioscience), CD3 (APC, Invitrogen), NKp46 (PE, Invitrogen), CD4 (FITC,
Biolegend) CD8a (BUV805, BD Bioscience), Gr-1 (BV510, Biolegend), CD11b (BV711, Biolegend), F4/80 (APC-eFlour780, Invitrogen),
MHC Il (I-A/I-E) (Alexa Flour 700, Invitrogen), CD11c (PE/Cy7, Biolegend), CD45 (Alexa Flour 700, Biolegend), CD3 (BUV395, BD
Bioscience), CD4 (PerCP/Cy5.5, Biolegend), CD44 (APC, Biolegend), CD69 (APC-eFlour780, Biolegend), PD-1 (BV711, Biolegend),
and Live/Dead (live dead blue, ThermoFisher). Antibodies were diluted 1:100 in FACS buffer containing the cells and incubated for
30 min at 4°C in the dark. Cells were washed with 2 mL PBS, resuspended in 200 pL FACS buffer +200 pL 4% paraformaldehyde
(PFA) and analyzed using BD Fortessa flow cytometers. Absolute count was calculated using CountBright Absolute counting Beads
(Invitrogen) following the manufacturer instructions. To assist with gating in the 16-color panel, fluorescence minus one control was
used, then the gating strategy obtained from FMO was applied on ex vivo tumor samples. The gating method to identify population of
cells was created by comparing stains with and without a certain antibody.

In-vitro intracellular MHC-I staining

Cells were grown in media until around 100% confluent. Then cells were washed in PBS, trypsinised and centrifugated. Cells were
fixed in 500 pL fixation buffer for 20 min at room temperature in the dark. Cells were centrifugated at 350X g for 5 min and resus-
pended in 200 L permeabilization/wash buffer, then centrifugated at 350X g for 5 min. Supernatant was decanted, cells were resus-
pended in 200 pL prem/wash buffer and centrifugated at 350X g for 5 min. After decanting the supernatant, the cells were stained with
the antibodies at 1:100 dilution in the permeabilization/wash buffer and incubated for 20 min in the dark at 4°C. Cells were washed
2 times with perm/wash buffer and centrifugated at 350X g for 5 min. Cells were resuspended in 200 puL FACS buffer and analyzed
using BD Fortessa flow cytometers.

Fluorescent ICC staining

Cells were grown in media on top of a coverslip coated with 0.1% gelatin. Then cells were washed with PBS. Cells were stained with
H2Db (1:100, Biolegend) and Concanavalin A (50 ug/mL, Invitrogen) for 30 min in the dark at room temperature. Cells were washed
the fixed with 4% paraformaldehyde. Coverslips were transferred to slides on top of nuclear stain with mounting media (DAPI, Invi-
trogen). Slides were imaged on Nikon C2 confocal microscope.

RIG-I KO by Crispr/Cas9

To produce Rig-l KO Balb/c-2 cells, 293T cells were transfected using FUGENE transfection reagent with 3 plasmids 1- eSpCas9-
LentiCRISPR v2 with gRNAs targeting Ddx58 gene (gRNA1: ATGTCTTATCAGATCCGACA, gRNA2: ATCCGAATGTTTGATTAATC)
or Empty vector (GenScript). 2- pCMV-VSV-G envelope. 3- and pCMV-Gag/Pol packaging vectors as previously described.®” After
24 h, media was changed. The virus-containing supernatants were collected 48 and 72 h after transfection. Balb/c-2 cells were in-
fected with the lentivirus in the presence of 8 pg/mL Polybrene. Forty-eight hours after infection, fresh media containing puromycin
(2 pg/mL) was added and clones were selected by limiting dilution. DNA was extracted from different clones and control samples
using phenol/chloroform. PCR amplification was performed with the following primers: gRNA1 Ddx58 (F: ATA CCG CTT CCA
CAA AAG CT, R: CCA TGT AGT TCC CTT CCT CC) gRNA 2 Ddx58 (F: AAG CCA TCG AAA GTT GGG AC, R: AAG GGG GCA
ACT TTA ACT GC) Beta Actin (F: TGA GCT GCG TTT TAC ACC CT, R: AAG TCA GTG TAC AGG CCA GC).

ELISA

Tumor cells were grown in-vitro in 6 well plates until almost 100% confluent. Supernatant was collected, then centrifugated briefly to
remove debris and CXCL10 and CCL5 were detected using the solid phase sandwich Quantikine ELISA R&D systems kit according to
the manufacturer’s instructions. Optical density was determined by using a microplate reader at 450nm (Thermo Scientific).

In-vivo neutralizing antibodies treatment

Mice were injected in the left flank with 1 million Balb/c-2 tumor cells in 100 pL sterile PBS. After tumors became palpable, mice
weights were measured, and mice were injected intraperitoneally with antibodies (5mg/Kg) every three days for 4 times. Mice
were monitored daily, and tumor volumes recorded. Mice were injected with the following neutralizing antibodies: Anti mouse
PD-1 (RMP1-14, BioXcell), anti-mouse Qa-1b (4C2.4A7.5H11, BioXcell), and mouse IgG1 isotype control (MOPC-21, BioXcell)
were prepared in pH 7.0 Dilution Buffer (bioXcell).

RNA extraction

Total RNA was extracted using the RNAeasy kit following the manufacturer’s instructions. Briefly, cells were trypsinised and washed
with PBS. Biopsies and cells were lysed with RLT buffer until totally homogenized. 1 volume of 70% ethanol was added, and the
lysate was mixed and moved to the Rneasy spin column and centrifugated. The Flowthrough was discarded. The column was
washed with RW buffer, then RPE buffer twice. RNA was eluted with nuclease free water and stored at —80°C.

Library preparation for transcriptome sequencing

The RNAseq library was prepared by Novogene (Cambridge, UK). Messenger RNA was purified from total RNA using poly-T oligo-
attached magnetic beads. After fragmentation, the first strand cDNA was synthesized using random hexamer primers, followed by

Cell Reports 44, 116288, September 23, 2025 21




¢? CelPress Cell Reports

OPEN ACCESS

the second strand cDNA synthesis using either dUTP for directional library or dTTP for non-directional library. For the non-directional
library, it was ready after end repair, A-tailing, adapter ligation, size selection, amplification, and purification for the directional library,
it was ready after end repair, A-tailing, adapter ligation, size selection, USER enzyme digestion, amplification, and purification. The
library was checked with Qubit and real-time PCR for quantification and bioanalyzer for size distribution detection. Quantified li-
braries will be pooled and sequenced on lllumina platforms, according to effective library concentration and data amount.

Clustering and sequencing

The clustering of the index-coded samples was performed according to the manufacturer’s instructions. After cluster generation, the
library preparations were sequenced by Novogene on a NovaSeq platform at 150 bp paired-end reads. Sequences with a Q score <5
over 50% of the nucleotides or with N > 10% were discarded.

Quality control

Raw data (raw reads) of fastq format were firstly processed through in-house perl scripts. In this step, clean data (clean reads) were
obtained by removing reads containing adapter, reads containing ploy-N and low-quality reads from raw data. At the same time, Q20,
Q30 and GC content the clean data were calculated. All the downstream analyses were based on the clean data with high quality.

Reads mapping to the reference genome

Sequences were mapped to the mouse transcriptome from build GRCm38 (aka mm10), obtained from Ensembl, using the aligner
HiSat2 v2.0.5,%° assembled into transcripts with Stringtie v1.3.3b,%* and summarised into gene counts with featureCounts
v1.5.0-p3.%° On average 45 million sequence paired ends were obtained, ranging between 35 and 57 million per sample.

Annotation of intergenic and intragenic repeats

Lists of inter and intragenic repeats were created by analysing the intersection of bed files of gene and repeat loactions. A bed file of
gene locations from GRCm38.78 was prepared from the GTF using GFFUtils gtf2bed (github.com/fls-bioinformatics-core/GFFUtils).
A second bed file was generated from the GTF of repeats using the same method. The intersection of these bed files was found using
BEDtools Intersect.®® Qlucore annotation text files of lists of gene intersecting and non-gene-intersecting repeats were then made
and used to annotate heatmaps. The lists were also used for enrichment analysis in R. Both the chi-squared and fisher’s exact
test results are reported.

Graphical lllustrations
Graphical lllustrations were performed using Biorender.

QUANTIFICATION AND STATISTICAL ANALYSIS

Phenotypic analysis of the tumor cells

Statistical analysis for samples of more than 3 groups was performed using GraphPad Prism v10 and 1-way Anova or two-way
ANOVA with Tukey correction for multiple comparisons, p values of 0.05 or less were considered significant. Statistical analysis
for samples of less than 3 groups was carried out using unpaired t test with Welch correction. The statistical details including the
statistical tests used and exact value of n are all specified in the figure legends.

Quantification of gene expression level

featureCounts v1.5.0-p3 was used to count the reads numbers mapped to each gene. And then FPKM of each gene was calculated
based on the length of the gene and reads count mapped to this gene. FPKM, expected number of Fragments Per Kilobase of tran-
script sequence per Millions base pairs sequenced, considers the effect of sequencing depth and gene length for the reads count at
the same time, and is currently the most commonly used method for estimating gene expression levels.

Differential expression analysis

Normalisation and differential expression analysis was performed with DESeqg2 v1.32.0%” using the raw gene counts as input, with
"YUMM17” as a reference. The function ’lfcShrink’ was applied in order to shrink toward zero the logFoldChange of genes with
low counts and high variability. Wald test p-values were adjusted for multiple testing using the default Benjamini-Hochberg method,
which returns the false discovery rate (FDR). Genes with an FDR below 5% were considered differentially expressed (DE). The log2
(foldchange) values were subjected to k-means hierarchical clustering with k = 6, and the result was displayed as a heatmap using the
R package 'pheatmap’ v1.0.12 (https://CRAN.R-project.org/package=pheatmap).

Enriched pathway analysis

DE genes from each comparison (each passage against reference YUMM17) were combined, resulting in 7282 genes. The log2FC
values were subjected to k-means hierarchical clustering with k = 6, and the result was displayed as a heatmap using the R package
‘pheatmap’ v1.0.12 (https://CRAN.R-project.org/package=pheatmap). Each row represents one gene. Functional analysis for any
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group of genes of interest (clusters, or Balb/c-2 vs. FO) was performed using Gene Set Enrichment Analysis (GSEA)®® implemented as
a Java tool GSEA v4.1.0 (https://www.gsea-msigdb.org/gsea/index.jsp) using normalised counts and the following parameters:
’meandiv’ normalisation, geneset permutation, n = 1000 permutations per test, metric Signal2Noise, and weighted enrichment sta-
tistic. We queried functional genesets at the MSigDB database (https://www.gsea-msigdb.org/gsea/msigdb/index.jsp) based on
Gene Ontology terms Kegg and GOBP and identified those with an FDR <5%.

Ingenuity pathway analysis

Significantly differentially expressed genes were used in QIAGEN IPA core analyses. The following details were loaded into the input
table describing the outcome of a differential gene expression analysis: Genome ID, the significance of the impact size is described
by the mean expression across all samples, the log2 fold change ratio of the gene expression between the two groups, and the
P-value/FDR of the differential-expression test between the two groups.

Analysis and quantification of repeats

Repetitive regions were annotated as previously described.*® In brief, the mouse genome (GRCm38.78) was masked using
RepeatMasker (RepeatMasker v.4.09, www.repeatmasker.org) configured with nhmmer®® in sensitive mode using the Dfam 2.0 li-
brary (v150923). RepeatMasker annotates long terminal repeat and internal regions separately, complicating the summation of reads
that span these divides. Tabular outputs were therefore parsed to merge adjacent annotations for the same element and to produce a
gene transfer format (GTF) file compatible with popular read-counting programs. Read pairs were aligned with HISAT2°? and primary,
stranded mappings were counted with featureCounts (Subread® using standard GTF files for annotated genes and the curated
RepeatMasker GTF files for repeat regions. For accuracy and to prevent ambiguity, only reads that could be uniquely assigned to
a single feature were counted. Those reads remaining were normalized to account for variable sequencing depth between samples,
using DESeq2.%” All downstream differential expression analyses and visualization were carried out using Qlucore Omics Explorer
3.3 (Qlucore). Analysis of repeat expression was performed using the Qlucore Omics Analysis platform (www.glucore.com). Scores
below 0.1 were discarded and the data was logged to base 2. Repeats were filtered using a t test for all samples before N2.1, and all
samples after N2.1 inclusive. Filters were set at SD > 0.34, g < 0.05, and fold-change >2. This was used to produce a heatmap, and 3D
PCA plot. Repeats passing this threshold were exported from glucore. R was used to examine the enrichment of repeat families.
Fisher’s exact tests were used to test for enrichment of repeat families in the up- and down-regulated repeat lists, compared to
all repeats in the mouse genome. Benjamini Hochberg correction was applied to the resulting p-values to account for multiple testing.
The same list of repeats was also tested for enrichment of inter or intragenic status of the repeats.

Analysis of human anti-PD1 treated human melanoma dataset

RNA-seq profiles of 121 samples from patients with metastatic melanoma before treatment with anti-PD1 and linked clinical data as
reported by Liu et al.”® were downloaded from cBioPortal.”’ The RNA-seq data were TPM transformed and Z score normalised. Out
of 121 samples, 47 were treated with Ipilimumab. Mouse gene symbols were mapped to human gene symbols using the biomaRt R
package. To identify human tumors presenting the pro-inflammatory Balb/c-2 signature, we subtracted the average expression of
cluster 2 genes (strongly downregulated) from the average expression of cluster 1 genes (highly upregulated), and samples with re-
sulting values greater than 0 were deemed Balb/c-2 signature positive. Survival analysis, including Cox proportional hazards
modeling, was performed using the survival and survminer R packages and Kaplan-Meier curves were generated using the ggpubr
R package.
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