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Tumor Models Reveals Key Regulators of

Immune Evasion in Melanoma K



https://crossmark.crossref.org/dialog/?doi=10.1158/2159-8290.CD-23-1422&domain=pdf&date_stamp=2025-2-4

ABSTRA Low intratumor heterogeneity correlates with increased patient survival and

immunotherapy response. However, even highly homogeneous tumors are vari-
ably aggressive, and the immunologic factors impacting aggressiveness remain understudied. In this
study, we analyzed the mechanisms underlying immune escape in murine tumors with low intratumor
heterogeneity. We used immunophenotyping and single-cell RNA sequencing to compare the tem-
poral growth of in vivo transplanted, genetically similar, rejected and nonrejected single-cell clones.
Nonrejected clones showed high infiltration of tumor-associated macrophages, lower T cell infiltra-
tion, and increased T cell exhaustion when compared with rejected clones. Comparative analysis of
rejection-associated gene expression programs, combined with in vivo CRISPR knockout screens
of candidate regulators, identified macrophage migration inhibitory factor (Mif) as a major con-
tributor to preventing immune rejection. Mif knockout resulted in smaller tumors and reduced
tumor-associated macrophage infiltration. These results were validated in patients with melanoma.
Overall, our homogeneous tumor system can uncover factors regulating growth variability and
identifies Mif as critical in aggressive melanoma.

SIGNIFICANCE: In this study, we find that Mif expression is associated with tumor growth and
aggressiveness, specifically in tumors with low heterogeneity. These findings could facilitate the
development of new strategies to treat patients with homogeneous, high MIF-expressing tumors

that are unresponsive to immune checkpoint therapy.

INTRODUCTION

Tumors with low intratumor heterogeneity (ITH), as deter-
mined by the number of clones comprising the tumors and
level of genomic clonal divergence, have been associated with
improved survival and better responses to immunotherapy
(1, 2). Although some factors correlate with this effect, why
low ITH improves patient survival remains fundamentally
unclear (3-8). Furthermore, patients bearing low-ITH tu-
mors with aggressive disease show large variability in survival,
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indicating that other factors beyond ITH contribute to tu-
mor aggressiveness and outcome (7, 9, 10). These observa-
tions motivated us to identify the factors contributing to
immune escape in low-ITH tumors.

Tumor-associated macrophages (TAM) and cancer-
associated fibroblasts correlate with an immunosuppressive
tumor microenvironment (TME) and enhanced tumor growth
(11-16). Such cell populations mediate protumorigenic effects
by infiltrating the TME and modulating T cell proliferation
and cytotoxicity (14, 17, 18). Indeed, TAMs inhibit the cyto-
toxic T cell response and promote neoangiogenesis, protu-
morigenic cytokine secretion, and epithelial-mesenchymal
transition (19-23). TAMs also fuel cancer progression by
promoting tumor outgrowth, invasion, and therapy resis-
tance (24). Finally, TAM infiltration is associated with poor
prognosis and tumor progression across cancers, including
melanoma, pancreatic cancer, breast cancer, myeloma, renal
cancer, and bladder cancer (11, 25-31).

However, the mechanisms underlying these correlations re-
main unclear. Genes underlying resistance mechanisms may
explain TME characteristics in aggressive tumors. Although
CRISPR screens and omic analyses have sought to identify
these genes, the results are inconsistent, perhaps because of
confounding effects such as tumor heterogeneity and the in-
clusion of genes that encode secreted factors, and their effects
may be masked. Therefore, homogeneous, highly regulated
systems are needed to identify factors linked to aggressive
growth phenotypes and cell population shifts in the TME.

We hypothesized that the mechanisms responsible for ag-
gressive tumor behavior could be investigated in low-ITH
patients by establishing a novel experimental system that
enables us to tease apart which TME factors play a role in
aggressive tumor growth in low-ITH settings. This system
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builds on an in vivo mouse model [Wolf and colleagues (5)] to
assess ITH effects independent of tumor mutational burden
(TMB). Using this model, we compared the transcriptomic
state of tumor and immune cells in rejected tumors with that
in nonrejected tumors upon transplantation, thus identify-
ing specific factors in homogeneous tumors that explain the
large variability in the survival time of patients bearing low-
ITH tumors. In-depth cellular analyses were performed across
several time points during tumor evolution, followed by func-
tional validation. We found that changes in Miflevels affected
the TME and dictated tumor growth in mice, validating this
association in patient data. Although Mif upregulation is as-
sociated with poor prognosis (32-36), its contribution to tu-
mor aggressiveness and outcomes remains unclear (37, 38).
Our experimental system revealed how MIF shapes the sup-
pressive TME in homogeneous, low-ITH tumors in vivo and
suggests potential approaches to improve immunotherapy
for patients bearing such tumors.

RESULTS
Survival Time Is Variable in Patients with Low ITH

Previous studies indicate that patients with melanoma with
low ITH exhibit improved survival compared with those with
high ITH (1, 2). However, analysis of patients with high- ver-
sus low-ITH melanoma in The Cancer Genome Atlas (TCGA)
revealed higher complexity. Although low-ITH patients had
significantly higher survival than those with high ITH (Sup-
plementary Fig. S1A, two-sided Mann-Whitney test, P = 0.014),
the survival times of low-ITH patients were broadly distrib-
uted (IQR of 2,587 days for low-ITH patients vs. 1,452 days
for high-ITH patients; Supplementary Fig. S1A). Indeed, 40%
of the low-ITH patients exhibited a poor outcome, with lower
survival time than the median survival of high-ITH patients
[termed low-ITH, poor survival (LIPS) patients|. Notably,
there was no significant difference between the survival times
of these LIPS patients and the high-ITH patients (P value = 0.4;
Supplementary Fig. S1B).

To follow up on this large variance in low-ITH patients,
we compared immune characteristics in LIPS patients with
high-ITH patients and assessed their T cell cytolytic scores
(39) using bulk expression data. Cytolytic scores were signifi-
cantly higher for LIPS patients than for those with high ITH
(Pvalue = 0.005; Supplementary Fig. S1C). Furthermore, low-
ITH patients with high T cell cytolytic scores showed a sig-
nificantly higher survival time than those with low cytolytic
scores (Supplementary Fig. S1D).

A Mouse Model to Identify Factors Influencing
Tumor Growth in Low-ITH Settings

The above analysis motivated us to identify factors facili-
tating tumor escape from immune surveillance. Therefore, we
established an in vivo mouse model to identify novel factors
contributing to enhanced low-ITH tumor growth. Wolf and
colleagues (5) previously established a genetically heteroge-
neous cell line and derived low-ITH single-cell clones (SCC).
The SCC-derived tumors showed enhanced CD8" T cell infil-
tration, fewer immunosuppressive CD4* regulatory T cells

(Treg), and higher degranulation and cytotoxicity than high-
ITH tumors. Based on this model, we exposed a mouse mela-
noma cell line (40) to UVB radiation, a key melanoma driver.
This treatment increased ITH levels, creating a highly genet-
ically heterogeneous population. Whole-exome sequencing
(WES) of this UVB-irradiated sample revealed a TMB of 2,799
exonic mutations and variant allele frequency (VAF; defined
as the frequency of a mutation within the population plot-
ted against the probability density function) value of 0.189,
which is lower than 0.25 and therefore highly heterogeneous
(Supplementary Table S1; Supplementary Table Legends;
ref. 41). From this heterogeneous parental line, we generated
40 homogeneous SCCs. WES analysis of SCC mutations
verified that the clones harbored a narrow VAF distribution
with the fraction of clonal single-nucleotide variants ranging
from 0.835 to 0.949, indicating substantially lower ITH levels
than the parental UVB-irradiated sample, and an average TMB
of 1,765 (Supplementary Table S1; Supplementary Table
Legends).

Phylogenetic analysis of data from the heterogeneous
UVB cell line yielded a phylogenetic tree with eight terminal
branches (TB; TB-1 to TB-8; Fig. 1A). We mapped the 40 SCCs
to terminal branches of the tree based on sequence similarity.
TBs were represented by clusters of 2 to 11 SCCs (Fig. 1A).
We focused on TB-3, represented by six SCCs that shared
clonal and subclonal mutations with an overall genetic simi-
larity >80% (Supplementary Fig. S1E). Although five of these
six SCCs showed reproducible growth when inoculated into
immunocompetent C57BL/6 mice, two clones were rejected
(SCC31 and SCC40) within 16 to 20 days of inoculation and
three grew aggressively, escaped immune surveillance, and
remained nonrejected (SCC32, SCC35, and SCC37; Fig. 1B).
The VAF values of the five clones were similar, arguably
because clonality does not explain the distinct phenotypes
(Fig. 1C).

To test whether the growth impairment of SCC31 and
SCC40 depended on the immune system, tumor volume was
monitored after inoculation of these clones into NOD/SCID
gamma (NSG) immunodeficient mice. All SCCs grew and
formed tumors in immunodeficient mice (Fig. 1D), demon-
strating that the immune system mediated tumor rejection.
To confirm rejection, SCC31 cells were inoculated into mice,
and tumor growth was monitored (Supplementary Fig. S1F-
S1H). After tumor rejection, tissues surrounding the inocu-
lation site were harvested and subjected to pathologic analysis
(Supplementary Fig. S1I and S1J). Inflamed scar tissue at
the tumor inoculation site showed a complete pathologic
response, immune infiltration, and a wound healing bed at
the site, confirming rejection. WES data did not uncover
mutations specific to the nonrejected SCCs (Supplemen-
tary Fig. S1K; Supplementary Table S2; Supplementary Table
Legends), suggesting that nongenetic mechanisms, such as
variations in gene expression and pathways in the tumor cells
or TME, accounted for the differences between rejected and
nonrejected clones.

Furthermore, flow cytometry revealed that differences in
MHC class I (MHC-I) and class II (MHC-II) surface levels did
not explain the aggressive phenotype (Supplementary Fig.
S1L). MHC-I immunopeptidomics (42) on all five SCCs and
the parental cell line showed a similar antigenic landscape
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Figure 1. SCCswith the same clonality and >80% genetic similarity show opposite growth phenotypes. A, Phylogenetic tree representing data from
the UVB-irradiated B2905 cell line. The tree depicts the results from mutation-based clustering analysis, which was used to define the distinct sub-
clones present within the UVB cell line. The phylogenetic relationship between subclones is shown; each of the 40 UVB-derived SCCs was mapped onto
the subclonal branch with the highest genetic similarity. Each of the 40 SCCs is depicted as a ball of 100 tumor cells, with the color coding reflecting
the percentage frequency of each branch in each SCC sample. Top, Left boxes show the UVB sample (median and mean variant VAF) as a ball of 100
tumor cells, color-coded to match the subclonal branches. B, Growth curve of nonrejected (top) and rejected (bottom) SCC-derived tumors in vivo in
immunocompetent mice. n=5. C, VAF distribution of parental UVB-irradiated B2905 cells (red), rejected SCC31 (purple), and SCC40 (pink) cells and
nonrejected SCC32 (green), SCC35 (blue), and SCC37 (light-blue) cells in the log, space. VAF > 0.25 (log» =-2) is considered clonal. D, Growth curve of
rejected SCC-derived tumors in vivo in NSG immunodeficient mice. n=3. E, PCA plot based on the TMM-normalized log CPM gene expression of the
rejected (green) and nonrejected (pink) clones across in vitro (day 0; open circles) and in vivo (days 6, 10, 16, and 20; closed circles) time points after
removing outlier samples (“Methods”). Top two PCs are shown, with the percentage of explained total variance labeled on the corresponding axis.

F, T cell function scores and (G) T cell infiltration scores, both computed with the TIDE algorithm in the rejected (green) and nonrejected (pink) clones
across different time points (x-axis). The scores between the rejected and nonrejected clones were compared with a linear model at each time point
(“Methods”), and the corresponding Benjamini-Hochberg adjusted P values are shown. H, GSVA enrichment scores of the IFNy pathway (“Methods”) in
the rejected (green) and nonrejected (pink) clones across different time points (x-axis). Enrichment for the IFNy pathway genes was tested with gene
set enrichment analysis (“Methods”), and the corresponding Benjamini-Hochberg adjusted P values are shown.
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(Supplementary Fig. S2A-S2C), as well as a large overlap of
the source genes between samples (Supplementary Fig. S2D
and S2E). Examination of neoantigen presentation in each
cell line identified three neopeptides, none of which could
provide an explanation for the differences in tumor growth
(Supplementary Fig. S2F-S2I). In light of these immuno-
peptidome analyses, we conclude that the phenotypic differ-
ences between the different tumors are unlikely because of
the higher number of presented neopeptides in the rejected
tumors. Bulk T cell receptor (TCR) sequencing of tumors
derived from rejected, nonrejected, and the parental UVB
cell line at days 6, 10, and 15 (Supplementary Fig. S2J) also
showed no difference in TCR clonality between rejected and
nonrejected tumors (Supplementary Fig. S2K and S2L).

Changes in the TME Immune Composition Explain
Aggressive Tumor Growth in Low-ITH Tumors

To pinpoint changes in immune cell types that may explain
differential aggressiveness in highly clonal tumors, the SCCs
were inoculated separately into immunocompetent mice, and
tumors were harvested at sequential time points (days 6, 10,
and 16 after inoculation for both groups, as well as at day
20 after inoculation for the nonrejected group). Harvested
tissue was dissociated for bulk RNA sequencing (RNA-seq)
alongside SCC cell lines representing day 0. Gene expression
levels were compared across groups to identify differentially
expressed genes and enriched pathways.

Principal component analysis (PCA) revealed three well-
defined clusters of expression patterns corresponding to (i)
in vitro SCCs from day 0, (ii) in vivo tumors from nonrejected
clones, and (iii) in vivo tumors from rejected clones. Gene ex-
pression differences across samples were only evident in vivo
(Fig. 1E), in which T cell function and T cell infiltration sig-
natures were increased in rejected tumors compared with
nonrejected tumors (Fig. 1F and G), as computed by Tumor
Immune Dysfunction and Exclusion (TIDE; ref. 43). Gene set
enrichment analysis on differentially expressed genes in the
rejected versus nonrejected groups (Supplementary Tables
S3 and S4; Supplementary Table Legends) highlighted genes
encoding IFNy signaling pathway components. Specifically,
Camk2a, Irfl, Ifngr, Statl, Jakl, and Jak2 were consistently en-
riched in rejected clones, both in vitro and across in vivo time
points (Fig. 1H). IFNy plays a central role in antitumor im-
munity by upregulating MHC-I expression and inducing the
immunoproteasome (44). This pathway may thus affect im-
mune responses in patients with melanoma and contribute to
mouse tumor rejection.

To fully decipher differences in the TME of tumors from
rejected and nonrejected SCCs, we performed single-cell
RNA-seq (scRNA-seq) on tumors harvested from mice at
days 0, 6, 10, 16, and 20 after inoculation. Integration of cells
from all tumors and time points revealed several cell type-
specific signatures and highlighted a dominant population
of tumor and stromal cells expressing Vim, Cd81, and Pcbp2
(Fig. 2A; Supplementary Fig. S3A). We also captured the im-
mune compartment, including adaptive immune cells such as
T cells (Cd3e and Cd3g) and NK cells (Nkg7 and Gzma), along
with myeloid populations of monocytes (Cd14 and Fegrl), mac-
rophages (Cd74 and Apoe), and dendritic cells (DCs; H2-Eb1
and Il1b; Supplementary Fig. S3A). Higher proportions of

macrophages were observed in nonrejected SCC-derived tu-
mors, especially at day 10 after inoculation (Fig. 2B; Supple-
mentary Fig. S3B).

To further investigate the distinct immune microenviron-
ment in rejected and nonrejected tumors, we reclustered cells
in the immune compartment (Supplementary Fig. S3C). This
approach resolved the T cell compartment into cytotoxic
CD8* T cells (Nkg7 and Ccl5), CD4* Tregs (Foxp3 and Ctla4),
conventional CD4* T cells (Ifng and Rora), and proliferating
T cells (Mki67; Supplementary Fig. S3D). We measured a
significant decrease in CD8" and conventional CD4* T cell
frequency and a higher exhaustion phenotype in the nonre-
jected tumors (Fig. 2C and D). Furthermore, we used Mki67
expression to separate macrophages into resting and prolif-
erating populations (Supplementary Fig. S3C and S3E). We
found a significantly higher fraction of both populations
in nonrejected tumors at day 10 after inoculation (Fig. 2E).
Indeed, nonrejected tumors contained higher frequencies of
proliferating macrophages by day 6. Thus, the TME of non-
rejected SCCs may induce macrophage proliferation shortly
after tumor formation. Reclustered analysis of the myeloid
compartment also showed significant macrophage enrich-
ment in nonrejected SCCs at days 6 and 10 after inoculation
(Fig. 2E; Supplementary Fig. S3F). When we specifically ana-
lyzed CD14* monocytes and macrophages, we identified six
clusters, with clusters 2 and 5 significantly enriched in nonre-
jected tumors (Fig. 2F and G; Supplementary Fig. S3G). These
two clusters had a high M2 protumorigenic score (Fig. 2H), as
well as high expression of Clga, Clgb, Clqc, and Apoe (Fig. 21,
refs. 45-49). These data further strengthen our observation
that relatively high numbers of protumorigenic macrophages
accumulate in nonrejected compared with rejected SCC-
derived tumors.

Next, we analyzed rejected and nonrejected tumors at days
6 and 10 after inoculation using Opal Multiplex IHC stain-
ing and CODEX multiplexed tissue imaging, respectively.
These data validated the scRNA-seq results, showing signifi-
cantly higher CD206*CD204" protumorigenic macrophages
and lower CD8" T cell infiltration in the nonrejected tumors
(Fig. 3A-D; Supplementary Fig. S4A). The nonrejected SCCs
also contained a significantly higher percentage of exhausted
CD8" T cells, based on TIM3 and LAG3 co-expression (Fig. 3E).
Furthermore, Ki67 staining indicated significantly increased
proliferation of CD45* immune cells and specifically CD8*
T cells in the rejected SCCs (Supplementary Fig. S4B-S4D).

Next, we measured differences in key immunologic and
cell-state markers using cytometry by time of flight (CyTOF)
in SCC-derived tumors. CyTOF analysis corroborated our
scRNA-seq and IHC staining results, showing increased CD8*
T cell infiltration in rejected tumors and increased TAMs
in nonrejected tumors (Fig. 3F and G; Supplementary Fig.
S5A-SSF). Furthermore, CD62L*CD8* T cells were seen in re-
jected tumors, whereas more PD-1*GzmB* CD8* T cells were
identified in nonrejected tumors (Fig. 3F), indicating higher
T cell exhaustion in the latter group. Furthermore, we iden-
tified more CD62L*CD4* T cells in the rejected tumors than
in the nonrejected tumors, which were instead enriched with
PD-1*CD4* T cells (Supplementary Fig. SSD). Increased
levels of CD206" macrophages were found in the nonrejected
tumors, specifically Ki67*CD206" proliferating macrophages,
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sided Wilcoxon test. D, Boxplot of CD8* T cell exhaustion (104) scores in rejected (green) and nonrejected (red) tumors generated from SCCs from day 6
to day 16. The individual points denote T cell exhaustion scores of CD8+ T cells across different replicates of a particular clone. P values were determined
using the Wilcoxon test between rejected and nonrejected SCCs at different time points. E, Boxplot of cell-type proportions in macrophage clusters
within the immune compartment (top) or myeloid compartment (bottom) of rejected and nonrejected SCCs on days 6, 10, 16, and 20 after tumor
inoculation. Statistical testing by the two-sided Wilcoxon test. F-H, Distribution of mono/mac subclusters across rejected and nonrejected groups,
with M2 scores for each subcluster (n=6,563 monocytes/macrophages). I, Gene expression patterns of C1qa, C1gb, C1qc, and Apoe across different
subclusters of monocytes/macrophages. Max, maximum; Min, minimum.
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Figure 3. Opal and CODEX multiplexed tissue imaging data validate increased M2-like macrophage infiltration and T cell exhaustion in the nonrejected
SCCs. A, Representative Opal Multiplex IHC stains for F4/80 (red), CD204 (yellow), and CD206 (green) in tumors derived from SCC31, SCC40, SCC32,
SCC35,and SCC37 on day 10 after inoculation. Four areas from each tumor and three tumors from each SCC were examined. Scale bars, 20 pm. DAPI
staining is not shown. B, Representative CODEX multiplexed tissue images for CD3 (green), CD8 (red), TIM3 (magenta), and LAG3 (cyan blue) in tumors
derived from SCC31, SCC40, SCC32, SCC35, and SCC37 on day 6 after inoculation. Five areas from each tumor and three tumors from each SCC were
examined. Scale bars, 20 pm. C, Quantification of the percentage of F4/80+CD204+CD206* cells described in A. Data are mean + SEM. The rejected and
nonrejected groups were compared using the Wilcoxon rank-sum test; W=456; P=2.55 x 10-8. D, Quantification of the percentage of CD3+CD8* cells
described in B. Data are mean + SEM. P=0.00055; t =-5.27; degrees of freedom (df) =9, unpaired t test. E, Quantification of the percentage of TIM3+LAG3*/
CD3+CD8* cells described in B. Data are mean+ SEM. P=0.02522; t = 2.6798; df =9, unpaired t test. F, Boxplot quantifying the percentage of total cells
for each CD8 cluster identified in CyTOF analysis. G, Boxplot quantifying the percentage of total cells for each macrophage cluster identified in CyTOF
analysis. H, CFSE-based T cell proliferation assay after co-culture for 48 hours with nonrejected SCC35 tumor-derived macrophages isolated 10 days
after inoculation. Representative histogram plot and quantification of CFSE intensity (n=5). CD8+/CD4* T cells isolated from healthy mouse spleens
cultured without macrophages served as the controls. CD8: Kruskal-Wallis 2 test, y2=12.5; P=0.001930454. Pairwise comparison by the Wilcoxon

test with Bonferroni correction is shown in the figure.*, P value < 0.05. CD4: Kruskal-Wallis y? test, z2=12.5; P=0.00193. Pairwise comparison by the
Wilcoxon test with Bonferroni correction is shown in the figure. *, P value < 0.05. ELISA measurement of IFNy in culture media 48 hours after co-culture of
T cells with or without tumor-derived macrophages. n=6. Data are mean + SEM. Kruskal-Wallis x2 test, y?=15.726; P=0.0003847. Pairwise comparison
by the Wilcoxon test with Bonferroni correction is shown. ***, P value < 0.01. MFI, mean fluorescence intensity.
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verifying the higher TAM infiltration found above (Fig. 3G;
Supplementary Fig. SSE). Increased levels of DCs infiltrated
the rejected tumors, as observed by scRNA-seq (Supplemen-
tary Fig. SSF).

Importantly, co-culturing nonrejected SCC tumor-derived
macrophages with carboxyfluorescein diacetate succinimidyl
ester (CFSE)-labeled CD8* or CD4* T cells from naive mouse
spleens inhibited T cell proliferation. Furthermore, nonre-
jected SCC tumor-derived macrophages significantly lowered
IFNy secretion from T cells, indicating decreased cytotoxic
activity (Fig. 3H; Supplementary Fig. SS5G). These findings ar-
gue that macrophages infiltrate highly aggressive tumors and
suppress T cell function, facilitating tumor immune escape.

scRNA-seq Identifies Core Rejection and
Nonrejection Signatures That Stratify Patient
Survival

Next, we examined tumor-intrinsic factors that influence
the dramatic differences in immune cell composition in non-
rejected versus rejected SCC-derived tumors. Although all
tumor populations shared a core identity, expressing genes
such as Vim, Gpx4, and Pcbp2 (Supplementary Fig. S3A), we
found numerous transcriptional differences between the ag-
gressive and nonaggressive tumors. We examined differential
gene expression in the tumor compartment of nonrejected
versus rejected clones at each time point (days 0, 6, 10, and
16 after inoculation). A total of 128 genes were differentially
expressed at day 0 (101 upregulated in nonrejected and 27 up-
regulated in rejected clones), 282 genes at day 6 (123 in non-
rejected and 159 in rejected clones), 169 genes at day 10 (79 in
nonrejected and 90 in rejected clones), and 204 genes at day
16 (100 in nonrejected and 104 in rejected clones; fold change
>1.5; Bonferroni-corrected P value < 0.01, Wilcoxon rank-sum
test; Supplementary Table S5; Supplementary Table Legends;
“Methods”).

To define shared transcriptional programs associated with
tumor aggressiveness, we identified core gene sets that were
upregulated in either all rejected or all nonrejected clones at
each time point. This revealed 4, 11, and 13 core genes that
were overexpressed in both rejected clones at days 0, 6, and
10, respectively (Supplementary Fig. S6A). Additionally, 29,
13, and 11 core nonrejection genes were expressed at days 0,
6, and 10, respectively (Supplementary Fig. S6B). Notably, all
day 0 nonrejected clones expressed higher levels of calreticu-
lin, protein isomerase Pdia3, and members of the S100 protein
family (S100a4 and S100a6), which are genes associated with
tumor progression and increased metastasis (50).

Next, we tested whether core gene sets from days 0 and 6
(Supplementary Fig. S6A and S6B) can stratify patients with
high/low ITH and patients with hot/cold tumor annotations.
On days 0 and 6 (log-rank test, P value = 0.014 and 0.04, re-
spectively), core gene sets significantly stratified patients with
high/low ITH in TCGA by survival. Low ITH and high ex-
pression of the rejection-related gene sets were associated
with higher survival probability (Supplementary Fig. S7A and
S7B). Similarly, on days 0 and 6, core gene sets significantly
stratified patients in TCGA with hot versus cold tumors ac-
cording to survival. A higher expression of the nonrejection-
related gene sets was associated with poor survival for patients

with cold tumor at day 0 (P value = 0.0014), and higher
expression of the rejection-related gene set was associated
with better survival for patients with hot tumor at day 6
(P value = 0.0037; Supplementary Fig. S7C and S7D).

Mif Is Overexpressed in Nonrejected Clones and in
Patients with Melanoma with Poor Survival

Next, we searched for genes that were consistently differ-
entially expressed in clones across time points. A total of 78
genes were upregulated in rejected clones at two or more
time points, including the arginine metabolism enzyme AssI,
which has been linked to tumor suppression and better pa-
tient prognosis in breast cancer and hepatocellular carcinoma
(Fig. 4A; ref. 51). In total, 91 genes were upregulated in non-
rejected tumors at two or more time points, including macro-
phage migration inhibitory factor (Mif), Lgals1, and S100al11
(Fig. 4A). As these genes were consistently upregulated in
nonrejected SCCs, we hypothesized that they may mediate
tumor aggression.

To rationally choose the best targets for further explo-
ration, we performed an in vivo CRISPR screen to identify
genes required for immune evasion. To this end, we created
a pooled CRISPR single-guide RNA (sgRNA) library target-
ing 200 genes that were differentially expressed in the non-
rejected tumors at days 0, 6, 10, or 16 after inoculation. We
also included five nontargeting control guides and a set of
three depletion (e.g., Cd47) and two enrichment control (e.g.,
Pten) genes, based on a previous study (52). We transduced
the nonrejected SCC35 cell line with the sgRNA library and
Cas9 using selective CRISPR antigen removal (SCAR) lenti-
viral vectors to induce per-cell knockouts (KO) in vitro, while
avoiding immune-mediated rejection of CRISPR-Cas9 com-
ponents in vivo (Fig. 4B; refs. 53, 54). The edited SCC35 cell
lines were split into three replicates at day 0 and sequenced to
verify high sgRNA recovery rates, which ranged from 93.5% to
95.6% of the original guide library (Supplementary Fig. S8A).

These input pools were inoculated into immunocompe-
tent mice. Tumors were then harvested, dissociated, and sub-
jected to sgRNA-seq on day 20 after inoculation (Fig. 4B; Sup-
plementary Fig. S8B). At day 20, we recovered between 40.6%
and 73.6% of sgRNAs in the pooled library, a decrease relative
to the day O input library, likely reflecting in vivo selection
pressures (Supplementary Fig. S8A). Guide enrichment/de-
pletion was assessed in the day 20 library compared with the
day O library using a negative binomial model (“Methods”).
We identified 451 significantly depleted and 397 significantly
enriched guides, and 33 significantly depleted genes and 38
significantly enriched genes (FDR-adjusted P value < 0.05,
absolute log fold change >1). We recovered all four guides
targeting Pten, one enrichment control, at day 20 in both
replicates M4 and MS (4/4 guides significantly enriched at
adjusted P value < 0.05 in M4; 2/4 guides significant in MS5;
Fig. 4C; Supplementary Fig. S8C and S8D). Furthermore,
guides targeting one depletion control, Cd47, were depleted
in all replicates at the guide level (4/4 guides depleted in
M3; 4/4 in M4; 3/4 in MS) and at the gene level (adjusted
Pvalue=0.000171 in M4). Thus, our pooled screen recapit-
ulated known effects of gene KOs on tumor aggressiveness.
Indeed, the most strongly depleted guide in the entire CRISPR
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Figure 4. Mifis overexpressed in nonrejected clones and in patients with melanoma with poor survival. A, Genes that are consistently differentially
expressed across several time points in rejected (top) compared with nonrejected (bottom) clones based on scRNA-seq analysis. Mif is differentially
expressed in the nonrejected clones at 3 time points. B, Schematic of pooled in vivo CRISPR screen for nonrejection genes. C, sgRNA depletion and
enrichment of CRISPR-edited libraries. The score represents the average log fold change of guide counts at day 20 after inoculation and day 0 input
libraries, for the indicated replicates (M3, M4, M5). Highlighted in the left square are the top depleted guides. D, Kaplan-Meier survival curves (time
in years on the x-axis) of deconvolved gene expression (57) in patients with melanoma in TCGA stratified by estimated MIF expression in tumor cells
(MIF high for 226 and MIF low for 228 patients). P values were determined using the log-rank test to compare the overall survival probability between
patients with high (red) and low (blue) estimated MIF expression. E, Kaplan-Meier survival curves (time in years on the x-axis) of deconvolved gene ex-
pression (57) in patients with melanoma in TCGA stratified by four mutually exclusive combinations of (i) TIL patterns based on pathologic annotation
of tumors as being hot or cold in Saltz and colleagues (58) and (ii) deconvolved MIF expression in tumor cells as (TIL = cold, MIF = high: 74; TIL = cold,
MIF = low: 65; TIL = hot, MIF = high: 107; and TIL = hot MIF = low: 118). P values were determined using the log-rank test to compare the overall survival
probability between patients with combinations of hot/cold patterns and high/low estimated MIF expression.
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screen for replicates M4 and MS was Cd47_g2 (M4: log fold
change —8.12, FDR-adjusted P value = 0.02; MS: log fold
change —8.11, FDR-adjusted P value = 0.02; Fig. 4C; Supple-
mentary Fig. S8C).

A guide targeting Mif was strongly depleted (Mif_g2; M4:
log fold change —6.31, FDR-adjusted P value = 0.05; MS5: log
fold change —6.24, FDR-adjusted P value = 0.05; Fig. 4C). In-
deed, Mif expression was also consistently enriched in non-
rejected clones from days 0 to 10 after inoculation (Fig. 4A).
Additionally, Mif was significantly depleted at the gene level
in replicate M4 (median log fold change —2.5, FDR-adjusted
P value =0.0099, Supplementary Fig. S8D).

MIF is a secreted protein that binds to the CD74 receptor,
which is highly expressed on professional antigen-presenting
cells such as macrophages and DCs (55). As tumor cells
secrete MIF, we hypothesized that it may recruit CD74* mono-
cytes and promote differentiation into protumorigenic mac-
rophages, supporting an immunosuppressive environment
and tumor growth (56). This hypothesis is consistent with
increased infiltration of TAMs with a high M2 score and high
Clq and Apoe expression in nonrejected tumors observed by
scRNA-seq (Fig. 2E-I). To test this hypothesis, we performed
CellPhoneDB analysis to infer the cross-talk between cell
types in our data. Indeed, one of the top interactions was
between MIF in tumor cells and CD74 in macrophages and
monocytes (Supplementary Fig. S9A). Comparing the top pairs
from the CellPhoneDB analysis with differentially expressed
genes revealed that Mif came up across time points in both
analyses in nonrejected clones (Supplementary Fig. S9B).

We also performed CellChat analysis to infer differences in
cell-cell signaling pathways. Comparing rejected versus non-
rejected cell-cell communication at each time point revealed
increased MIF signaling in nonrejected clones at days 6 and
10, predominantly from tumor cells to macrophages (Sup-
plementary Fig. S9C-S9F). To verify that tumor cells are the
dominant source of MIF signaling, we evaluated Mif expres-
sion among the clusters identified by scRNA-seq (Fig. 2A).
Although Mif was expressed in many cell types, its expression
was highest in tumor clusters, even when compared with stro-
mal cells [as inferred by copy-number variation (CNV) analy-
sis, Supplementary Fig. SI0A-S10C; “Methods”].

To assess the relevance of our mouse data to human mela-
noma, we examined patient tumor samples using Opal Multi-
plex IHC staining. To examine MIF in specific immune subsets
in the TME, we used three tissue microarrays (TMA) con-
taining melanoma tumors, annotated as immune-inflamed,
immune-excluded, and immune-deserted based on their T cell
infilcration level. We stained the TMAs for MIF, T cells (CD3),
and M2 macrophages (CD163 and CD68) and evaluated
their levels. Biopsies associated with high T cell infiltration
(immune-inflamed) showed the largest percentage of CD3*
cells. Cases lacking T cell infiltration (immune-deserted) were
associated with the lowest percentage of CD3" values, validat-
ing our mouse T cell staining. Immune-deserted samples were
also associated with the largest percentage MIF* signal and
vice versa, showing an opposite trend to CD3* values. High
MIF* tumors were correlated with increased TAM infiltra-
tion, consistent with mouse scRNA-seq and supporting the
relevance of our mouse data in patient samples (Supplemen-
tary Fig. SI1A-S11D).

We examined estimated MIF expression and tumor
aggressiveness across 11 different cell types by analyzing
deconvolved cell type-specific expression data from TCGA
datasets of patients with melanoma [deconvolution done
with CODEFACS (57); Supplementary Fig. S12A]. This
analysis revealed significantly poorer survival of patients
estimated to express high versus low MIF levels in tumor
cells (Fig. 4D; log-rank test, P = 0.00598). Interestingly, we
also observed significantly poorer survival of patients with
high estimated MIF expression in stromal cells, including
endothelial cells (Supplementary Fig. S12B; log-rank test,
P = 0.0943) and fibroblasts (Supplementary Fig. S12C;
log-rank test, P = 0.335). Importantly, we also analyzed
deconvolved gene expression data from melanomas anno-
tated as having a tumor-infiltrating lymphocyte (TIL) pattern
(Supplementary Fig. S12D; log-rank test, P = 1.5e—09; ref. 58).
This analysis accentuated poorer survival for patients bear-
ing both cold tumors and high estimated MIF expression
in tumor cells than those with cold tumors and low MIF
expression (Fig. 4E; log-rank test, P = 0.000661). Our analysis
further highlights MIF/Mif as a possible factor that underlies
immune escape by nonrejected clones.

Mif KO in Aggressive Clones Significantly Reduces
Tumor Growth

To assess whether Mif contributes to aggressive tumor
growth in mice, we knocked out Mif using the CRISPR-
Cas9 system in both nonrejected SCC35 (KO clones 19
and 24) and SCC37 (KO clone 21; Supplementary Fig. S13A).
Mif KO clones showed similar proliferation rates to parental
Mif wild-type (WT) cells in vitro (Supplementary Fig. S13B),
arguably because Mif loss did not reduce the baseline growth
rate. Injecting these KO clones into immunocompetent mice
gave rise to significantly smaller tumors than with parental
Mif WT or control cells, which were transfected with the same
CRISPR-Cas9 vectors, sorted for GFP* phenotype, grown
as SCCs, but found to have Mif WT by Sanger sequencing
(Fig. SA; Supplementary Fig. S13C).

To investigate the effect of Mif clonality on tumor growth,
we injected immunocompetent mice with seven mixtures of
Mif KO and Mif WT cells at different ratios and monitored
tumor growth. When Mif was expressed in 250% of the tu-
mor cells, tumors grew rapidly (Supplementary Fig. S13D).
Conversely, when Mif clonality was low (<25%), tumors
did not grow to large volumes, arguing that Mif clonality
is a key factor mediating tumor growth and denoting MIF
expression as a potential biomarker for tumor aggressive-
ness. Our data suggest that below a certain threshold with a
low number of cells expressing Mif, tumor growth is nonag-
gressive. To validate these experimental findings using pa-
tient data, we examined the survival probability of patients
with varying MIF expression subdivided into four quartiles
(Supplementary Fig. S13E). The survival probability of pa-
tients with melanoma in TCGA decreased gradually from
the lower to higher quartiles of deconvolved MIF expres-
sion in tumor cells. The survival probability is significantly
higher for patients with MIF expression in the lowest quar-
tile than for patients with MIF expression in the higher
third or fourth quartile (Supplementary Fig. S13E).
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Figure 5. Decreased macrophage and increased T cell infiltration of SCC-derived tumors with Mif KO. A, Mif KO using CRISPR in nonrejected SCC35 %
significantly decreased tumor growth. n=3-5. On day 21 after inoculation, the Kruskal-Wallis x2 test shows %2 (degrees of freedom =4) 15.392; P=0.0039. S
(&)

Pairwise comparison by the Wilcoxon test comparing Mif WT clones with Mif KO clones found a significant difference (P=1.1 x 10-°). B, Uniform manifold
approximation and projections (UMAP) of cell types based on scRNA-seq data from SCC35-derived tumors with or without Mif KO. Data show samples
from all tumors and time points aggregated together (n=85,952 cells total). C, UMAP as in (B) overlayed with the cell density of all cells per condition
(control or Mif KO) and time point after tumor injection. D, Boxplot of cell-type proportions in macrophage clusters from control and Mif KO clones at days
6,10, 16, and 20 after tumor inoculation. Statistical testing by the two-sided Wilcoxon test. E, Heatmap of TAM markers among immune cell-type clusters.
F and G, Distribution of monocyte/macrophage subclusters between Mif KO and control groups (n=14,576 monocyte/macrophage cells). H, M2 score for
each subcluster of monocytes/macrophages. I, Expression of C1qa, C1gb, C1qc, and Apoe genes across different subclusters of monocytes/macrophages.
J, Boxplot of cell-type proportions in T cell clusters from control and Mif KO clones at days 6, 10, 16, and 20 after tumor inoculation. Statistical testing

by the two-sided Wilcoxon test. K, Boxplot of general T cell exhaustion (104) scores between Mif KO (green) and control (blue) tumors generated from
SCC35 from day 6 to day 16 (legend as in J). Individual points denote the T cell exhaustion scores of T cells across different replicates of a particular clone.
P values were determined using the Wilcoxon test between rejected and nonrejected tumor cells at different time points. Mreg, regulatory macrophages;
Max, maximum; Min, minimum.
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Next, we assessed whether the TME of Mif KO SCC-derived
tumors exhibited changes compared with tumors established
from nonrejected SCCs. We performed scRNA-seq on tumors
from SCC35-derived Mif KO clones and control SCC35 tu-
mors at days 0, 6, 10, and 16 after inoculation. Integrating
data from all time points and clones revealed that the range
of cell types observed broadly recapitulated our scRNA-seq
data from rejected versus nonrejected SCCs (Figs. 2A and 5B).
More specifically, we captured a large population of tumor/
stromal cells, while the immune compartment was composed
of macrophages, monocytes, DCs, NK cells, and T cells in
both resting and proliferating states (Fig. 5B). We confirmed
that Mifexpression was indeed lower among tumor cells in Mif
KO clones than in control clones (Supplementary Fig. S13F).

To examine the differences in transcriptional profiles be-
tween the Mif KO and control clones, we performed a differ-
ential expression (DE) analysis of the tumor compartment
between the two conditions at each time point (days 0, 6, 10,
and 16 after tumor inoculation). As expected, Mif was one of
the most downregulated genes in the Mif KO tumor cells at all
time points (Supplementary Fig. S13G). The Mif KO tumor
cells upregulated inflammatory genes such as Statl, Ifi2712a,
and Cxcl10 at multiple time points. We performed gene
set enrichment analysis of differentially expressed genes in
Mif KO tumor cells using the Molecular Signatures Data-
base hallmark gene sets. Mif KO tumor cells upregulated
IFN signaling and inflammatory response pathways (Supple-
mentary Fig. S13H), suggesting that Mif KO in nonrejected
SCC35 pushes transcriptional states toward that of rejected
tumor clones.

Unsupervised hierarchical clustering of pseudobulked tu-
mor samples from rejected, nonrejected, Mif KO, and control
clones at days 0, 6, 10, 16, and 20 (Supplementary Fig. S14A
and S14B) revealed that nonrejected SCCs clustered together
with the control samples (which also express Mif), whereas
the rejected SCCs clustered with the Mif KO samples. To fur-
ther investigate whether the Mif KO tumors resemble rejected
tumors, we evaluated the expression of core rejection and
nonrejection signatures (Supplementary Fig. S6) in the Mif
KO tumors. Mif KO tumors expressed lower levels of the core
nonrejected signature at day 6 and higher levels of the core re-
jected signature (Supplementary Fig. S14C), arguing that Mif
KO tumors resemble rejected tumors and that Mif enhances
tumor growth and immune escape in low-ITH tumors.

Next, we examined TAMs in Mif KO clone-derived tumors
and observed decreased infiltration when compared with the
controls (average frequencies of TAM1/2 at day 6: 2.0% Mif
KO, 5.9% control, Wilcoxon P value = 0.0043; at day 10: 4.7%
Mif KO, 6.8% control, Wilcoxon P value = 0.31; and at day
16: 3.5% Mif KO, 16.0% control, Wilcoxon P value = 0.0022;
Fig. 5B-D). These TAMs exhibited a high M2 score and Clga,
Clgb, Clgc, and Apoe expression (Fig. SE-I; Supplementary
Fig. S14D). Conversely, the myeloid population in the Mif KO
clones was skewed toward the monocyte cluster (Fig. 5C). The
increased abundance of TAMs with high expression of Clga,
Clgb, Clqc, and Apoe observed in macrophage clusters 1 and 4
(Fig. SI) in the control when compared with Mif KO tumors is
consistent with our finding that TAMs with a high expression
of Clqa, Clgb, Clqc,and Apoe (clusters 2 and S in Fig. 2G-I) are
more abundant in nonrejected tumors. We also found that

Mif KO samples exhibited higher T cell infiltration than did
the controls (average frequencies of T cells at day 6: 7.3% Mif
KO, 2.0% control; at day 10: 12.3% Mif KO, 2.2% control; and
at day 16: 10.7% Mif KO, 2.8% control; Fig. 5J).

To further characterize the differences in T cell infiltration
induced by Mif KO, we reclustered the T cell populations (Sup-
plementary Fig. S14E). This separated T cells into a naive/
memory cluster characterized by Cer7 and Tcf7 expression,
and two clusters of CD4* T cells differentiated by Foxp3 ex-
pression (Supplementary Fig. SI4E and S14F). We identified
two clusters of CD8* T cells expressing cytotoxicity markers,
including Gzma, Gzmb, and Nkg7, that were separated based
on the expression of the proliferation marker Mki67 (Supple-
mentary Fig. S14F). We also captured a cluster of T cells ex-
pressing high levels of IFN-stimulated genes such as Ifit] and
Isgl5. By comparing these populations between conditions,
we observed a higher frequency of cytotoxic CD8" T cells in
Mif KO clones as early as at day 6 after inoculation (4.7-fold
increase at day 6; 3.0-fold increase at day 10, and 9.8-fold in-
crease at day 16; Supplementary Fig. S14G). Furthermore, the
frequency of CD8* T cells increased over time in the Mif KO
clones and stayed relatively constant in controls (Supplemen-
tary Fig. S14G). We also observed a higher frequency of Tregs
in the controls by day 16 after inoculation (Supplementary
Fig. S14G). These differences in T cell composition were ac-
companied by a lower T cell exhaustion signature in Mif KO
clones (Fig. SK).

To validate these findings, Opal Multiplex IHC staining
and CODEX multiplexed tissue imaging were performed on
samples from Mif WT or KO SCC35-derived tumors on day 10
after inoculation. Our data revealed decreased CD206"CD204*
macrophage (Fig. 6A and B; Supplementary Fig. S15A)
and increased CD8" T cell infiltration into the KO tumors
(Fig. 6C and D; Supplementary Fig. S15A). In addition, the
CD8* T cells infiltrating the Mif KO tumors were signifi-
cantly less exhausted and characterized by decreased LAG3
and TIM3 expression (Fig. 6C and E; Supplementary Fig.
S15B-S15D).

CyTOF staining of tumors derived from Mif KO and Mif
WT cells revealed that Mif KO tumors were infiltrated by
more CD8" T cells (Supplementary Fig. S1SE and S1SF), cor-
roborating our scRNA-seq, IHC staining, and CODEX data.
Specifically, Mif KO tumors had more CD62L*CD44*CD8*
T cells and more PD-1"GzmB" exhausted CD8* T cells were
identified in Mif WT tumors, indicating a higher T cell ex-
haustion phenotype in Mif WT tumors, thus validating in-
sights from our scRNA-seq data. Furthermore, we identified
significantly more Ki67* proliferating CD4* Treg cells in Mif
WT than in Mif KO tumors (Supplementary Fig. S15E and
S15G). Moreover, CD206* macrophages, and specifically Ki67*
CD206" proliferating macrophages, were significantly ele-
vated in Mif WT tumors, verifying the higher TAM infiltration
found in the experiments above (Supplementary Fig. S1S5E
and S15H). Increased levels of DCs infiltrated the Mif KO tu-
mors, a result that was also observed in scRNA-seq analysis
(Supplementary Fig. S15E and S15I).

To examine how CD8" T cell-mediated antitumor immu-
nity affects the growth of Mjf KO tumors, mice were inocu-
lated with Mif KO clones (SCC35 KO clone 24 and SCC37 KO
clone 21) after CD8" depletion. For both clones, the depletion
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Figure 6. The decreased growth of Mif KO tumors is mediated by CD8* T cells characterized by less exhaustion and high proliferation. A, Representative
Opal Multiplex IHC stains for F4/80 (red), CD204 (yellow), and CD206 (green) in tumors derived from Mif WT or KO SCC35 on day 10 after inoculation.
Four areas from each tumor and three tumors from each SCC were examined. Scale bars, 20 pm. DAPI staining is not shown. B, Quantification of the
percentage of F4/80+CD204+CD206* cells described in A. Data are mean+ SEM. P=0.0012; t =-10.411; degrees of freedom (df) =3.28, unpaired t test.
C, Representative CODEX multiplexed tissue images for CD3 (green), CD8 (red), TIM3 (magenta), and LAG3 (cyan blue) in tumors derived from Mif WT

or KO SCC35 on day 10 after inoculation. Five areas from each tumor and three and four tumors from Mif KO and Mif WT, respectively, were examined.
Scale bars, 20 pm. D, Quantification of the percentage of CD3*CD8* T cells described in C. Data are mean+ SEM. P=0.05732; t =3.8252; df = 4, unpaired

t test. E, Quantification of the percentage of TIM3+* LAG3+/CD3+CD8* T cells described in C. Data are mean + SEM. P=0.004664; t =-6.0229; df =3.759,
unpaired t test. F, Growth curve of tumors derived from Mif KO clones (left: SCC37 KO clone 21; right: SCC35 KO clone 24) in immunocompetent mice,
treated with anti-CD8 antibody or IgG control. n=8-9. Pairwise comparisons using the Wilcoxon rank-sum test. P=2.2 x 10-> and 0.00058, respectively.

of CD8" T cells abolished the tumor-rejecting effects seen in
Mif KO tumors, resulting in increased tumor growth (Fig. 6F;
Supplementary Fig. SI6A-S16C).

Altogether, these data support our hypothesis that Mif ex-
pression and function play a central role in inducing TAM in-
fileration followed by T cell dysfunction, both contributing to
the immunosuppressive microenvironment and, ultimately,
aggressive tumor growth.

DISCUSSION

In this study, we established an experimental system for the
controlled study of factors that affect tumor aggressiveness
in genetically homogeneous tumors. We established cell lines
derived from SCCs that were deeply annotated genetically,
establishing their mutational landscape, clonality, and phy-
logenic relationships. This approach allowed a comparative
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analysis of rejection-associated gene expression signatures.
We validated our findings using in vivo CRISPR KO screens
to assess promising candidates that might influence tumor
aggressiveness, antitumor immunity, and tumor growth. Our
findings in mice suggest that Mif expression is an important
determinant of aggressive tumor growth in low-ITH tumors
in melanoma.

Mif activity increased TAM frequency and decreased cyto-
toxic T cell infiltration into the TME. Infiltrating TAMs are
protumorigenic, leading to elevated expression of comple-
ment Clq subunits along with Apoe (49, 59). These genes are
overexpressed in TAMs in various tumor types, including mel-
anoma, and are generally associated with immunosuppression
and poor prognosis (45, 47, 60). IHC staining localized TAMs
to the tumor core, revealing high levels of CD206*CD204*
macrophages and corroborating reports that these cell types
are frequently found in patients bearing aggressive tumors
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with poor survival in cancers including melanoma (61-67).
Supporting this observation, patient data reveal that higher
TAM infiltration correlates with worse prognosis across
cancers (68), is accompanied by increased CD8" T cell exhaus-
tion, and is connected to increased Treg numbers in the TME
(49). Indeed, our scRNA-seq data revealed reduced T cell in-
filcration and function along with a high exhaustion pheno-
type, which was confirmed using CODEX multiplexed tissue
imaging and CyTOF.

Our comprehensive genomic analysis sought to pinpoint
mechanisms underlying these immune microenvironment
phenotypes. Temporal analysis and CRISPR perturbation of
differentially expressed genes shared by cancer cells in non-
rejected tumors confirmed that Mif is critical for tumor
immune evasion. Our results revealed significantly and con-
sistently higher Mif expression in nonrejected than in rejected
tumors throughout tumor evolution, starting from the in vitro
day 0 samples. Unequivocal evidence that Mif mediates an
aggressive growth phenotype came from Mif KOs in nonre-
jected SCCs; such Mif KO SCCs did not develop an aggressive
phenotype and showed a similar immune infiltration profile
to the rejected tumors.

These findings were confirmed using TCGA data of pa-
tients with melanoma. Overall patient survival was signifi-
cantly higher in tumors with low MIF expression, especially
when considering T cell infiltration. This is consistent with
the detrimental influence of high MIF levels on the human
antitumor immune response (32-35). Future studies should
evaluate whether immune checkpoint blockade (ICB) efficacy
in highly homogeneous tumors correlates with MIF levels.
This analysis is currently impossible because of the low num-
ber of such patients.

We suggest that increased Mif in low-ITH tumors binds to
the CD74 receptor (55, 56, 69), potentially recruiting CD74*
macrophages that differentiate into TAMs and exhibit an M2-
like signature. These TAMs would reduce tumor infiltration
by CD4* and CD8* T cells, thus weakening antitumor immu-
nity through a range of effects manifested by dampening of
TIL cytotoxicity, effector cytokine secretion, proliferation, and a
high T cell exhaustion signature. In contrast, highly homo-
geneous tumors with reduced Mif expression contain fewer
proliferating macrophages, potentially increasing tumor in-
fileration by CD4* and CD8* T cells, elevating effector cyto-
kines, and enhancing immune-mediated tumor rejection.

Although high MIF expression correlates with robust im-
munosuppression, increased tumor growth, and poor out-
come (32-36, 70), Mif has also, paradoxically, been associated
with better prognosis. By focusing on highly homogeneous
tumors using SCC-derived highly clonal tumors, Mif clearly
emerged as a consistent and robust biomarker for tumor
aggressiveness. Our follow-up single Mif KO functional data
support our hypothesis, providing a clear-cut phenotype.
Importantly, Mif and additional targets were likely missed in
previous CRISPR screens because (i) CRISPR screens are per-
formed in heterogeneous tumor settings and (ii) CRISPR also
targets genes encoding secreted factors. As these secreted fac-
tors are provided by neighboring cells, the KO effects will be
weaker and masked by other cells that dilute their phenotypic
effect. Our findings show the value of evaluating resistance
mechanisms in a highly homogeneous system.

Although our experimental system cannot fully recapitu-
late natural tumor evolution, it has revealed a robust role for
high MIF expression, potentially important for treating low-
ITH and high-MIF patients (71). Indeed, MIF inhibitors, in-
cluding ISO-1,1SO-66, CPSI-1306, and IPG1094, can decrease
tumor growth in tumors including melanoma (33, 72-79).
Our highly homogeneous model may thus provide an effec-
tive platform to evaluate how MIF inhibitors affect tumor
growth and immune cell infiltration. In conclusion, we sug-
gest that MIF levels significantly affect the immune response
in highly homogeneous melanomas, highlighting this factor
as a potential target for future therapies.

METHODS
Mice

Animals were maintained in a specific pathogen-free tempera-
ture-controlled (22°C + 1°C) mouse facility on a reverse 12-hour
light, 12-hour dark cycle at the Weizmann Institute of Science. Food
and water were given ad libitum. Mice were handled using proto-
cols approved by the Weizmann Institute Animal Care Committee
(IACUC 05640723-1) in accordance with international guidelines. To
generate syngeneic mouse cancer models, 6-week-old female C57BL/6
(purchased from Envigo, RRID: MGI:2159769) and NSG (The Jack-
son Laboratory, RRID: BCBC_4142) mice were used.

Cell Line B2905

The murine melanoma B2905 cell line (ATCC Cat. #CRL-3476,
RRID: CVCL_BOCG) was derived from a UV-irradiated hepatocyte
growth factor transgenic mouse in a C57BL/6 background (40)
and received under a materials transfer agreement in 2017 from
Dr. Glenn Merlino from the NCI, NIH. The cell line was grown in RPMI
(Biological Industries) containing 10% heat-inactivated FBS (Gibco),
1% L-glutamine (Biological Industries), 1% penicillin/streptomycin an-
tibiotic (Invitrogen), and 12.5 mmol/L 2-[4-(2-hydroxyethyl)piperazin-
1-yl]ethanesulfonic acid (HEPES) buffer (Sigma-Aldrich). All cells
were cultured using standard procedures in a humidified incubator
at 37°C with 5% CO,. Cells were tested monthly for Mycoplasma using a
Mycoplasma EZ-PCR test kit (Biological Industries).

Generation of the Parental UVB-Irradiated Cell Line

Cells of the B2905 mouse melanoma cell line were seeded in 10-cm
plates. After 24 hours, at the confluence of 80%, the cells were exposed
to a single dose of 600 J/m? UVB radiation using a bench XX-15M
302-nm UV lamp. Irradiation was measured using the UVX radiome-
ter (Ultraviolet Products).

Generation of SCCs

For SCC generation, cells were plated in 96-well plates, ata 1 cell/
well concentration. After 10 days of initial plating, cells were mon-
itored, and wells that showed more than one focal clone were excluded.
Single clones were passaged to establish cell lines. The number of
passages was controlled and documented, and low-passage cells were
used for tumor inoculation. Cells were used in the described experi-
ments within a maximum of 2 weeks from thawing.

MHC Flow Cytometry

All SCCs were stained separately for assessment of the expression
of MHC-I (BioLegend, Cat. #114607, RRID: AB_313598) and MHC-
II (BioLegend, Cat. #116405, RRID: AB_313724) using flow cytome-
try. Cells were washed twice with PBS, passed through a 70-um filter
(Falcon), and incubated for 30 minutes in magnetic-activated cell
sorting (MACS) buffer (Miltenyi Biotec) in the presence of staining
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antibodies. Cells were then washed twice, resuspended in MACS buf-
fer, and acquired on a CytoFLEX flow cytometer (Beckman Coulter).
For analysis, Kaluza Analysis Software (Beckman Coulter) was used.

In Vitro Proliferation

For in vitro proliferation assays, cells were seeded in six replicates
(500 cells per well) in 96-well plates and incubated for 7 days. Sam-
ples were analyzed every 24 to 48 hours by lysing the cells in 50 mL
0.2% SDS/well and incubating at 37°C for 30 minutes. Following in-
cubation, 150 mL/well of SYBR staining solution [1:750 SYBR Green
I (Invitrogen), diluted in water] was added, and the plates were incu-
bated at room temperature in the dark for 10 minutes. Fluorescence
intensities were measured for each well using a FLUOstar OPTIMA
BMG LABTECH reader.

Tumor Inoculation

For transplantation to C57BL/6 WT mice or NSG immunocom-
promised mice, 5 x 10° cells in 100 pL PBS were subcutaneously
injected into the right lower flank. Tumors were measured using cal-
ipers. Tumor volume was calculated using the formula 7/6 x (small-
est diameter)? x (largest diameter). Tumors were excised for genomic
DNA or RNA purification, at days 6, 10, 16, and 20 after inoculation.
Tumor-derived SCCs that were rejected within the 33 days of moni-
toring were designated as “rejected,” whereas the others designated
as “nonrejected.”

Pathologic Analysis to Confirm Tumor Rejection

To confirm the rejection, SCC31 cells were inoculated into immu-
nocompetent mice, and tumor growth was monitored. Following
tumor rejection, tissues surrounding the inoculation site were har-
vested, fixed in 4% (w/v) paraformaldehyde (PFA) for 24 hours, and
restored in 1% PFA until embedded in paraffin. Samples were subject-
ed to hematoxylin and eosin staining followed by histologic analysis.

T cell Suppression Assay

Splenocytes were isolated from C57BL/6 mice, enriched for CD8*
and CD4" T cells using CD4/CD8 (TIL) MicroBeads (Miltenyi Bio-
tec), and labeled with CFSE (5 M, BioLegend). In a 96-well plate
precoated with anti-mouse CD3g (1 pg/mL, SouthernBiotech, Cat.
#1535-01, RRID: AB_2794818), 1 x 10° cells in 100 pL per well were
plated. Tumors were harvested from mice at day 10 after inoculation
and dissociated using gentleMACS and Tumor Dissociation Kit,
mouse (Miltenyi Biotec). F4/8* macrophages were isolated from these
tumors using Anti-F4/80 MicroBeads UltraPure (Miltenyi Biotec)
and co-cultured with stimulated T cells (1 x 10° cells per well) for 48
hours. The dilution of CFSE was evaluated by flow cytometry.

IFNy ELISA

To measure IFNy secretion by T cells co-cultured with the tumor-
derived macrophages in the media of the T cell suppression assay, we
used Quantikine ELISA Mouse IFNy Immunoassay (R&D Systems,
cat. #MIF00-1) according to the manufacturer’s instructions. The su-
pernatant samples were taken after 48 hours and subjected to 1:100
dilution. Each sample was tested in duplicate.

Mif KO Using CRISPR/Cas9

Mif expression was abolished in the nonrejected SCCs using
CRISPR-Cas9. Two sgRNAs were designed: “GACGTCAGACTACGT
CCCAA” and “AGCCAAGGTGTGCCGGCGGG.” Guide RNAs were
chosen using the following tools: the MIT CRISPR design tool (80)
and sgRNA Designer (81), in their Benchling implementations (www.
benchling.com), SSC (82), and CRISPOR (83). Each guide was cloned
into a pSpCas9(BB)-2A-GFP vector (RRID: Addgene_48138) and

transfected into cells of the nonrejected SCCs. GFP* cells were sorted
after 2 days, and each cell was seeded in a separate well of a 96-well
plate. After 2 weeks of clonal expansion, the KO was confirmed
using Sanger sequencing, and SCCs that had WT Mif served as con-
trols for the SCCs that had complete KO of the gene, which was later
validated using Western blotting as well (Abcam, clone EPR12463,
Cat. #ab175189).

In Vivo CD8+ T cell Depletion

To deplete CD8" T cells, immunocompetent mice were treated with
250 pg of anti-CD8a depleting antibody (Bio X Cell, Cat. #BE0061,
RRID: AB_1125541) or IgG2b isotype control (Bio X Cell, Cat.
#BE0090, RRID: AB_1107780) intraperitoneal injections, at day —3
(before tumor cell inoculation) and day 0, following flow cytometry
validation of definitive depletion of CD3*CD8" cells. For flow cy-
tometry validation, blood was obtained from the animal facial vein
and stored in ice-cold heparin (Sigma-Aldrich), followed by the re-
moval of blood cells with ACK Lysing Buffer (Gibco). Cells were then
stained for FITC anti-mouse CD3 (BioLegend, Cat. #100203, RRID:
AB_312660), PE anti-mouse CD4 (BioLegend, Cat. #100511, RRID:
AB_312714), and APC anti-mouse CD8 (BioLegend, Cat. #100711,
RRID: AB_312750). The mice were further injected with 200 pg of
depleting antibody/isotype control routinely at days 3, 7, 10, 14, and
17. At day 20, flow cytometry CD3*CD8* depletion validation was
performed as described above.

MHC-I Immunopeptidomics

Cell pellets (n = 3) were subjected to MHC-I purification as previ-
ously described (84, 85). Briefly, cell pellets consisting of 2 x 108 cells
were homogenized and lysed with lysis buffer [containing 0.25%
sodium deoxycholate, 0.2 mmol/L iodoacetamide, 1 mM EDTA,
protease inhibitor cocktail (Sigma-Aldrich), 1 mmol/L phenylmeth-
ylsulfonylfluoride, and 1% octyl-B-D-glucopyranoside in PBS] and
incubated at 4°C for 1 hour. Lysates were cleared by centrifugation
at 4°C, 48,000 g for 45 minutes and passed through a preclearing
column containing Protein G Sepharose beads (GenScript). MHC-I
molecules were immunoaffinity-purified from the cleared lysate
using a 1:1 ratio of anti-mouse H-2Db (UNLB, SouthernBiotech,
Cat. #1910-01, RRID: AB_2795489) and anti-mouse H-2Kb (Y-3,
Bio X Cell, Cat. #BE0172, RRID: AB_10949300) antibodies that
were covalently bound to Protein G Resin (GenScript; same beads
were used at the preclear step). The MHC-peptide complexes were
eluted with 1% trifluoroacetic acid (TFA), followed by purification
of the peptides by using a Sep-Pak tC18, 100 mg Sorbent per well,
96-well plate (Waters). Elution of the peptides was done with 28%
acetonitrile in 0.1% TFA. In preparation for LC/MS-MS analysis,
MHC-peptides were dried by vacuum centrifugation and resolubi-
lized with 0.1% formic acid. For Orbitrap MS-MS experiments, the
peptides were separated using reversed-phase chromatography using
the nanoACQUITY system (Waters), with a symmetry trap col-
umn (180 x 20 mm) and HSS T3 analytic column (0.75 x 250 mm;
Waters), with mobile phase A: H,O + 0.1% formic acid and mobile
phase B: acetonitrile + 0.1% formic acid. The peptides were separat-
ed with a linear gradient over 2 hours from 5% to 28% B, 28% to 35%
in 15 minutes, and 35% to 95% in 15 minutes and maintained at
95% for 10 minutes and back to initial conditions, at a flow rate of
0.35 pL minute . The LC was connected online via a nanoelectro-
spray ionization source (Flexion, Thermo Fisher Scientific) using an
emitter (Fossil) to either a Quadrupole-Orbitrap mass spectrometer
(Q Exactive HF, Thermo Fisher Scientific) or a Tribrid mass spec-
trometer (Fusion Lumos, Thermo Fisher Scientific). Data were ac-
quired using a data-dependent method, fragmenting the peptides
by higher-energy collisional dissociation. On the Q Exactive HF,
full-scan mass spectrometry spectra were acquired at a resolution
of 120,000 at 200 m/z with automated gain control (AGC) value of
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3 x 106 ions, mass range of 300 to 1,800 Th, and a maximum injec-
tion time of 100 ms. MS-MS scans were acquired with an AGC target
value of 10° with a maximum injection time of 150 ms and isola-
tion of 1.7 Th, and normalized collision energy was set to 30% and
MS-MS resolution was 15,000 at 200 m/z. Fragmented m/z values
were dynamically excluded from further selection for 20 seconds.
On the Fusion Lumos, full-scan MS spectra were acquired at a res-
olution of 120,000 at 200 m/z with an AGC value of 200%, mass
range of 300 to 1,800 Th, and maximum injection time set to auto.
MS-MS scans were acquired with an AGC target value of 100% with
a maximum injection time of 150 ms and isolation of 1.7 Th; nor-
malized collision energy was set to 27%, and MS-MS resolution was
15,000 at 200 m/z. Fragmented m/z values were dynamically exclud-
ed from further selection for 20 seconds. For timsTOF experiments,
the peptides were resolubilized with 0.1% TFA and S mmol/L tris
(2-carboxy-ethyl)-phosphin-HCI before LC/MS-MS analysis. Using
nanoElute 2 (Bruker) liquid chromatography, 5 mL of each sample
was loaded. Mobile phase A was 0.1% formic acid in water. Mobile
phase B was 0.1% formic acid in acetonitrile. Peptides were separat-
ed using the Aurora Ultimate C18 nano column, 0.075 x 250 mm
(IonOpticks), using a gradient of 2% B to 29% B in 80 minutes, then
0.5 minutes to 95% B, and maintained at 95% B for 2.9 minutes at a
flow of 300 nL/minute. The column was placed in the column toast-
er and connected to a CaptiveSpray electrospray ionization source.
The column was maintained at 50°C. Data were acquired with a
timsTOF Pro (Bruker) in a data-dependent acquisition, parallel ac-
cumulation-serial fragmentation mode with the following parame-
ters: capillary voltage of 1,600 V, temperature of 180°C, mass range
of 100 to 1,700 Th, ion mobility of 0.6 to 1.57 1/K0, TIMS ramp
time of 300 ms, number of parallel accumulation-serial fragmenta-
tion MS-MS scans of 10, target intensity of 20,000 with a threshold of
2,500, charge range of 0 to 5, and a collision energy of 20 at 0.6 1/KO
and 59 at 1.6 1/K0. MS data were analyzed using MaxQuant soft-
ware (RRID: SCR_014485), with 5% FDR. Peptides were searched
against the mouse UniProt data UP000000589. Binding affinity of
every mutant peptide was predicted using the NetMHCpan server
(RRID: SCR_018182; ref. 86). Subsequently, only neoantigens with
a predicted binding affinity of <500 nmol/L were extracted.

Single-cell RNA Library Generation

Tumors were dissociated using Tumor Dissociation Kit and
gentleMACS (Miltenyi Biotec) according to the manufacturer’s
protocol. Single-cell suspensions were hashed using TotalSeq-C
anti-mouse Hashtags 1-8 (BioLegend) and stained with propidium
iodine (#P3566, Invitrogen). Live cells were then sorted, washed, re-
suspended in PBS containing 0.04% BSA, and counted using Trypan
blue staining. Hashed samples were combined and loaded onto the
Chromium Controller (10x Genomics) with a targeted cell recovery of
20,000 cells per library. For the nonrejected versus rejected samples,
single-cell gene expression and hash libraries were prepared using the
Chromium Single Cell 5" V(D)J v1.1 Kit with Feature Barcode tech-
nology (10x Genomics) according to the manufacturer’s protocol.
Samples were sequenced on an Illumina NovaSeq using a 150 (read 1)
x 8 (index 1) x 150 (read 2) sequencing configuration. For the SCC35
Mif KO samples, single-cell gene expression and hash libraries were
prepared using the Chromium Single Cell 5" Reagent Kit v2 (Dual
Index) with Feature Barcode technology (10x Genomics) according
to the manufacturer’s protocol. Samples were sequenced using the
Ilumina NovaSeq system with a 150 (read 1) x 10 (index 1) x 10
(index 2) x 150 (read 2) sequencing configuration.

sgRNA Pool Design and Cloning

The sgRNA pool was constructed using the previously published
protocol for cloning into SCAR vectors [mKate sgRNA backbone
(Addgene, #162076, RRID: Addgene_162076), pSCAR_Cas9-blast_GFP

(Addgene, #162074, RRID: Addgene_162074), pLX_EFS-Cre_ppt-
del (Addgene, #162073, RRID: Addgene_162073), and psPAX-D64V
(Addgene, #63586, RRID: Addgene_63586); ref. 53].

Briefly, an sgRNA pool was designed with four guides per gene
using constructs from the Brie mouse CRISPR Knockout Pooled Li-
brary (81). The pool contained 200 nonrejection genes of interest that
were significantly upregulated in nonrejected clones compared with
rejected clones with an adjusted P value < 0.01 and fold change >1.5
at any time point (219 genes in total; 200 of which were present in
the Brie library), S nontargeting control guides, as well as 3 depletion
controls (Cd47, Adar, and Cd274), and two enrichment controls (Pten
and Ccarl) selected based on previous literature (Supplementary Ta-
ble S6; Supplementary Table Legends; ref. 52). The oligonucleotides
were annealed and then ligated into pSCAR_sgRNA_puro-mKate-
lox2272 that had been digested with the enzyme BsmB1. Amplifica-
tion was performed via electroporation, and guide representation was
confirmed by sequencing.

Bulk TCR Sequencing

Genomic DNA was isolated from tumors of mice implanted with
rejected, nonrejected, or parental tumor cell lines at day 6, 10, or 15
after implantation. Bulk TCR sequencing was performed by Adap-
tive Biotechnologies (immunoSEQ mmTCRB Service, Deep, RRID:
SCR_014709). Processed data were analyzed using R (v4.3.1). We fil-
tered only in-frame TCR rearrangements and calculated Gini indices
for each sample using the R package ineq.

Lentivirus Production

Lentivirus was generated as previously described (53). Briefly, in-
tegrating lentivirus for both Cas9 and sgRNA was generated by over-
night transfection of adherent HEK293 cells (RRID: CVCL_0063)
with either the Cas9 or sgRNA vector and the packaging vectors
psPAX (Addgene, #12260, RRID: Addgene_12260) and pMD2g
(Addgene, #12259, RRID: Addgene_12259). Integrase-deficient lenti-
virus was generated by transfecting HEK293 cells with the Cre vector,
pMD2g, and a variant of the integrase-deficient psPax-D64 (Addgene,
#63586, RRID: Addgene_63586). Lipofectamine (Thermo Fisher Sci-
entific) was used as the transfection reagent. The virus was collected
at 48 and 72 hours after transfection and then filtered via a 0.45-pm
fileration unit (Millipore). The filtered virus was concentrated using
the Lenti-X Concentrator (Takara) at 1,500 g for 45 minutes. The
concentrated supernatant was subsequently aliquoted, flash-frozen,
and stored at =80°C until use.

Generation of CRISPR-Edited Cell Lines

Edited SCC lines were generated following the protocol as de-
scribed by Lane-Reticker and colleagues (54). In brief, plated SCCs
were infected with pSCAR_Cas9-blast_GFP lentivirus along with
4 pg/mL of polybrene. The transduction rate was determined by flow
analysis of the GFP marker after 48 hours. Once the transduction rate
was confirmed to be sufficient, the edited cells were selected with blas-
ticidin for 6 days or until Cas9-expressing cells were >90% of the pop-
ulation. Cas9-expressing cells were then infected with lentivirus for
the pSCAR library and underwent selection with puromycin after 48
hours. Cells were selected for 10 days or until edited cells were 290%
of the population. After 10 days, the cells were infected twice with
IDLV-Cre lentivirus in media with polybrene. Using the same process
as the other lentivirus infections, cells were monitored for 10 days via
flow cytometry for the loss of mKate2 and GFP. After 10 days, >90% of
the population was double-negative for fluorescent reporters.

Tumor Inoculation for In Vivo CRISPR Experiments

CRISPR-edited SCC cells were collected and then washed in PBS.
A measure of 0.5 million cells in 100 pL of PBS were injected subcu-
taneously into the left flank of C57BL/6 mice (one tumor per mouse)
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and measured every 3 days starting at day 6 after injection. On day 20
after injection, tumors were collected, weighed, and then minced into
small pieces. The minced tumors were dissociated using the Miltenyi
Tumor Dissociation Kit and a gentleMACS Octo Dissociator with
the soft/medium tumor program and then subjected to red blood
cell lysis. The resulting cell suspension was then passed through a
70-pm filter and incubated in FACS buffer (PBS supplemented with
1% BSA and 2 mmol/L EDTA) in the presence of Fc block (Bio-
Legend, Cat. #156604, RRID: AB_2783138) and staining antibody
(BioLegend, Cat. #103116, RRID: AB_312981). Live CD45 tumor cells
were then isolated by FACS before proceeding to library preparation
and sequencing.

sgRNA Library Preparation and Sequencing

Genomic DNA was extracted using a commercially available kit
(Zymo Research, Cat. #D3025). sgRNA libraries were prepared for
sequencing as previously described (87). Briefly, a standard three-
step amplification was performed using the PS5 and P7 primers
listed in Supplementary Table S7 and Supplementary Table Legends.
First, sgRNAs were amplified from genomic DNA in 100 pL re-
actions, with up to 4 pg of gDNA being used per reaction for 22
cycles. For sequencing of plasmid pools, the first PCR was skipped.
For the second PCR, 0 to 7 bp offset was added to the library using
pooled stagger primers to increase the diversity of the library, with
PCR 2 primers targeting sites nested inside of PCR 1 products.
Finally, libraries were indexed and then sequenced in dual-indexed
1 x 75 bp format on an Illumina NextSeq sequencer.

WES and RNA-seq Data Processing

Genomic DNA was extracted from cell lines of the SCCs
using the QIAGEN DNeasy Blood & Tissue Kit. Exome capture
was performed using the SureSelect XT Mouse All Exon Kit
(Agilent Technologies). Mapping of WES FASTQ reads to the
mouse genome (GRCm38, mm10) was implemented using BWA
mem (88). Sorting and indexing of the BAM files were performed
using SAMtools v1.8 (RRID: SCR_002105; ref. 89). Subsequently,
the Picard MarkDuplicates module was applied. SAMtools mpile-
up (89) and bceftools v1.3 (RRID: SCR_005227; ref. 89) were used
for variant calling. Mouse SNP filtering was applied to the VCF
files based on normal mouse spleen and kidney SNPs derived
from the injected mouse strain. Furthermore, SNPs obtained
from the B2905 parental cell line were removed. RNA was extract-
ed from cell lines and tumors of the rejected and nonrejected SCCs
at days 0, 6, 10, 16, and 20 after inoculation, followed by bulk
MARS-seq library preparation (90). Sequencing was done using
an Illumina NextSeq 500 sequencer using the NextSeq High Out-
put V2 (150 cycles) sequencing kit (Illumina, 150 bp, single reads).
RNA-seq bulk sequencing data (from MARS-seq) were analyzed
using the User-friendly Transcriptome Analysis Pipeline (UTAP)
tool (91).

PCA of Bulk Gene Expression Data

The RNA-seq read count data were trimmed mean of M values
(TMM)-normalized and log counts per million (CPM)-transformed
with the edgeR package (RRID: SCR_012802; ref. 92) and then
subjected to PCA by applying variable standardization. The sam-
ples were visualized on a PCA plot showing the top two princi-
pal components (PC), and after visual inspection, several outlier
samples were identified (including “scc35dayl6¢c,” “scc31day6c,”
“scc31day10c,” “scc40day10c,” “scc32day20a,” “scc40day6a,” “sc-
c32day6a,” “scc37day6e,” “scc35day6b,” and “scc35day0b”) and
excluded from the final PCA plot and further analysis. These iden-
tified outliers have potential quality issues with higher Ct values
and are from the same pool of RNA library preparation.

Analysis of Somatic Mutation Data

VEP (RRID: SCR_007931; ref. 93) was used to annotate the called
variants with the reference genome GRCm38 from Ensembl. From
the VEP annotation, we extracted information on the gene transcripts
mapped to each mutation, as well as the effect of the mutation at the
protein level (e.g., amino acid changes, if any). Nonsilent mutations,
as described in the main text, were defined as a DNA-level variant with
an annotated amino acid change or annotated as a splicing site vari-
ant in any of its associated transcripts.

VAF

For each somatic mutation that survived the above-described
filtering, the VAF was calculated. This is defined by the number of
reads in support of the somatic mutation divided by the total number
of reads covering the position of the mutation. The distribution of
VAFs was plotted using the probability density function. A threshold
of VAF = 0.25 was set to separate clonal from subclonal mutations
similar to the definition of Williams and colleagues (41). The term
low ITH refers to a VAF value, and a value >0.25 is considered low
ITH (homogeneous). Importantly, a low-ITH sample is characterized
by a low number of subclonal mutations rather than a low rate of
point mutations.

DE and Pathway Enrichment Analysis of Bulk Gene
Expression Data

DE analysis comparing the rejected and nonrejected clones was
performed with the limma-voom method (94). The DE test was made
at each time point, and we also tested for the average DE across all
in vivo time points (i.e., after transplantation); the tests were con-
ducted using nested design models taking into consideration repli-
cated samples of each clone. We note that we did not use edgeR for
testing (although we used edgeR’s TMM normalization to obtain
a normalized expression matrix as input to several other analyses,
e.g., PCA) because it was not able to handle the more flexible nested
design model we used for across in vivo time points. Gene set en-
richment analysis (95), implemented in the fgsea package (RRID:
SCR_020938; bioRxiv 2021.02.01.060012), was used for pathway en-
richment analysis based on DE log fold-change values, with pathway
definitions taken from the Reactome database (96). The Benjamini-
Hochberg method was used for multiple hypothesis corrections of
P values (97). For visualizing the pathway enrichment more intui-
tively, gene set variation analysis (RRID: SCR_021058; ref. 98) was
used to compute per-sample pathway activity score (i.e., the GSVA
enrichment score) using the TMM-normalized log CPM expression
values, and these scores were used in various plots (but they were
not directly used for statistical testing).

Phylogenetic Analysis of Mouse UVB and SCCs

WES data for the UVB-exposed sample (n = 1) and individual
SCCs (n = 40) were used for joint clustering to infer the subclones
present across this combined set of samples. MAF files containing
somatic copy-number alterations (SCNA), generated using CNVkit
(RRID: SCR_021917; ref. 99), were used as input to the SciClone
algorithm (100). SciClone is a computational method that identi-
fies the number and genetic composition of subclones by analyzing
the VAFs of somatic mutations and SCNAs. The method identifies
the fraction of cells containing specific mutations and clusters
them into subclonal populations. To ensure high confidence, clonal
markers were used, and the following variant filters applied: (i) a
minimum alternative read depth of >5 was used, (ii) indels and tri-
allelic sites were excluded, and (iii) only variants present in >2 sam-
ples were retained (i.e., private mutations only in one sample were
excluded). This latter criterion of filtering out private variants was
implemented to minimize the impact of technical artifacts, which
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are known to be a potential issue in ITH analyses (101), as well as
the fact that variants found only in one sample offered minimal
utility in inferring the overall cross-sample phylogeny. SciClone
was run with copyNumberMargins = 0.5, maximumClusters = 30,
and minimumDepth = —1 (variants were already prefiltered for a
minimum depth of >5 alternative reads during MAF file creation).
The clustering solution from SciClone was manually reviewed,
and any obvious poor-quality clusters was removed (e.g., clusters
defined by <10 mutations; clusters present in every sample but
with low VAF values (<25%); and duplicated clusters). The clus-
tered mutations were then inputted to the R package CloneEvol
(82) to generate the phylogenetic tree and representative sample
tumor diagram. Individual SCCs were mapped to terminal clones/
branches (from the overall clustering solution) based on the clos-
est fitting VAF (102).

Rational for SCC Selection and Growth Phenotype Definition

Our aim was to establish a highly controlled model system that
uses highly homogeneous SCCs with reproducible growth of both
rejection and nonrejection phenotypes that would allow us to com-
pare the two groups and identify the differences contributing to
this phenomenon. To better define aggressive versus nonaggressive
SCCs, we assessed the growth kinetics of each SCC by calculating
the difference in tumor volume between days 6 and 20 after inoc-
ulation and comparing it with the UVB-irradiated parental line,
which is highly heterogeneous and forms large tumors when inject-
ed into immunocompetent mice. Significant differences were found
only between UVB and SCC31 or SCC40, which were thus defined
as nonaggressive, in comparison with SCC32, SCC35, and SCC37,
which had similar growth kinetics as the UVB cell line. These were
therefore defined as aggressive. To establish the model system, we
searched for a terminal branch that contains more than six SCCs
to have a sufficient number of cell clones to examine. Only two ter-
minal branches had more than six SCCs, TB-2 and TB-3. Although
TB-3 contained both rejected and nonrejected SCCs (Fig. 1B), the
SCCs in TB-2 showed a uniform phenotype of cell growth, which
only started at day 25 and, therefore, did not contain both cases of
rejected and nonrejected SCCs. In addition, when computing the dif-
ference in tumor volume between days 6 and 20 after inoculation for
SCCs clustered to TB-2 and calculating the change in tumor growth
for each SCC, there was no significant difference between the SCCs,
except for two pairs, SCC10 with SCC17 (P value = 0.018) and
SCC10 with SCC38 (P value = 0.0038), suggesting that the growth
of almost all SCCs in this branch is similar. Indeed, no representa-
tion of the two sought growth phenotypes (rejected and nonreject-
ed) was found. Given these results, we decided to focus our studies
on the SCCs found in TB-3.

DE of Rejected versus Nonrejected Tumor Clones

To characterize differences between rejected and nonrejected
SCCs, DE analysis was performed on tumor cells at each time point
(days 0, 6, 10, and 16 after inoculation) separately using the Wilcoxon
rank-sum test. Significantly differentially expressed genes were de-
fined as those with a 1.5-fold difference in mean log-normalized
expression between the rejected and nonrejected group and a
Bonferroni-corrected adjusted P value < 0.01. Core rejection and
nonrejection signatures were defined per time point (days 0, 6,
and 10 after inoculation) by averaging the expression of signifi-
cant genes per SCC, scaling the averaged expression values across
all SCCs, and identifying genes that displayed a consistent pattern
among all rejected or nonrejected SCCs, respectively (i.e., the core
nonrejected signature includes genes for which the z-score is >0.1 in
all nonrejected SCCs and is <0 for all rejected SCCs). The core signa-
ture analysis was not performed for the day 16 time point because
there was only one rejected clone (SCC40) present.

Estimating Cytolytic Activity from RNA-seq Data

The gene expression levels in the units of reads per kilobase of
transcript per million mapped reads (RPKM) of the 330 patients
with melanoma with corresponding survival information were
downloaded from TCGA portal (103). The cytolytic activity of TILs
in patient tumors was estimated from the geometric mean of the
expression levels of GZMA and PRF1.

In(GZMA +1) + In(PRF1 + 1)]
2

CYT =exp[

wherein CYT is the cytolytic activity.

Computation and Analysis of T cell Function and T cell
Infiltration Scores Using Bulk Gene Expression Data

The TIDE (43) algorithm was applied to the bulk RNA-seq data to
compute measures of T cell function from gene expression. We used
the offline TIDEpy package with default normalization and parame-
ters. TIDE was initially used to predict ICB therapy response via com-
puting two different scores for each sample: a T cell “dysfunction”
score and a T cell “exclusion” score. In principle, these scores can be
used to reflect antitumor immune function, and we used TIDE for this
alternative purpose. The cell infiltration score that we describe in this
study is the negative of the “exclusion” score from TIDE. The “dys-
function” score from TIDE is higher in ICB responders and thus seems
to be a misnomer because this score positively correlates with T cell
function. Therefore, we call it the T cell function score in this study.
The differences in these scores between the rejected and nonrejected
clones were tested with a linear model at each time point; the tests
were conducted using nested design models, taking into consider-
ation the replicated samples of each clone. The Benjamini-Hochberg
method was used for multiple hypothesis corrections of P values.

T cell Exhaustion Score Analysis

A T cell exhaustion signature (a plastic dysfunctional state from
which T cells can be rescued) of 25 genes from Philip and colleagues
(104) was used to score the exhaustion of individual CD8* T cells in
each clone.

Data Processing of Hashed scRNA-seq Libraries

Reads from single-cell RNA expression libraries were aligned to
mouse genome assembly GRCm38 (mm10) and quantified using the
Cell Ranger count (10x Genomics, version 6.0.0). The filtered feature-
barcode matrices containing only cellular barcodes were used for further
analysis. Single-cell gene expression matrices were imported into R (ver-
sion 4.2.0) and analyzed using Seurat (version 4.3.0; RRID: SCR_016341;
ref. 105). Cells with a number of genes captured between +2 SDE per
library were kept. Additionally, cells with >10% mitochondrial RNA
reads were excluded from subsequent analyses. Libraries were demulti-
plexed using HTODemux() with a positive quantile of 0.99. Only cells
that were identified as a singlet were kept for downstream processing.
For each library, log normalization and variable feature selection based
on variance-stabilizing transformation were first performed on each
sample individually. Then anchors between samples were identified
using FindIntegrationAnchors() and integrated using IntegrateData()
with 30 dimensions. The integrated expression matrix was then scaled
and centered for each feature. Next, linear dimensional reduction was
performed on the integrated scaled data using PCA. For visualization,
uniform manifold approximation and projections were calculated using
the first 30 PCs. To identify clusters based on gene expression profiles, we
performed shared nearest neighbor modularity optimization clustering.

Calculation of M2 Macrophage Score

Cell-cluster/type compositions are plotted using the dittoBar-
Plot() function from the dittoSeq package (106). The annotation of
M1 and M2 macrophages is based on the Tumor Immune Single-cell
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Hub (59) annotation for the BRCA_GSE114727_inDrop dataset
published by Azizi and colleagues (107). The top 100 marker genes for
each cell type were downloaded from the Tumor Immune Single-Cell
Hub and used to calculate the M1 and M2 scores for each cell using
the Seurat AddModuleScore() function. Violin plots of gene signature
scores were calculated using the Seurat VInPlot() function.

Gene Expression Pattern Analysis

Expression patterns of the C1q subunit and Apoe genes are plotted
using the Seurat FeaturePlot() function.

Tumor CNV Prediction

Tumor cells were distinguished from nonmalignant stromal cells
by predicting CNVs using the infercnv R package (v1.18.1; RRID:
SCR_021140). scRNA-seq raw count matrices were used as input,
with a minimum average count cutoff of 0.1 per gene. Single cells
were grouped by cell-type cluster annotations, using all cells from
immune clusters as a reference group. CNV prediction was then run
using the six-state i6 hidden Markov model.

Hierarchical Clustering of Tumor Clones

To assess the transcriptional similarity between rejected, non-
rejected, Mif KO, and control tumor cells, scRNA-seq data were
subsetted to cells belonging to tumor clusters. Pseudobulk tran-
scriptional profiles were generated for each condition replicate by
averaging normalized expression values. PCs were computed using
the top 2,000 most variable genes across all samples. We observed
that the first two PCs corresponded to scRNA-seq experimental
batch and time point, respectively. To avoid these technical factors
influencing the clustering, we omitted these first two components
and performed hierarchical clustering on PCs 3 to 30 for each time
point separately using Euclidean distance and Ward D2 agglomer-
ative clustering.

Differentially Expressed Gene and Pathway
Analysis

DE analysis of Mif KO and control tumor cells was performed at
each time point using the Wilcoxon rank-sum test with Bonferroni
correction. Significantly enriched Molecular Signatures Database
hallmark gene sets in each condition were defined with a Benjamini-
Hochberg adjusted g-value < 0.05 and computed using the cluster-
Profiler package (v3.14.3; RRID: SCR_016884; ref. 108).

Opal Multiplex IHC Staining of Mouse Samples

For Opal Multiplex IHC staining, tumors were excised at day 10
after inoculation, fixed in 4% (w/v) PFA for 24 hours, and restored in
1% PFA until embedded in paraffin for histologic analysis. IHC was
performed on deparaffinized and rehydrated 4-pm-thick paraffin-
embedded sections using xylene and a decreasing concentration of
ethanol (100%, 96%, and 70%). Endogenous peroxidase activity was
blocked with 3% H,O, and 1% HCI in methanol for 30 minutes, fol-
lowed by heat-induced antigen retrieval in Tris-EDTA (pH = 9). For
nonspecific binding, sections were blocked with 20% normal horse
serum (NHS, VectorLabs, S-2000) and 0.1% Triton. In case a secondary
biotinylated antibody was used, an additional step of biotin blocking
kit (VectorLabs, SP-2001) was performed. Primary antibodies, diluted
in 2% NHS and 0.1% Triton, were incubated overnight (Supplementa-
ry Table S8; Supplementary Table Legends). The samples were
stained with F4/80 (Cell Signaling Technology, Cat. #70076, RRID:
AB_2799771), CD206 (Abcam, Cat. #ab64693, RRID: AB_1523910), and
CD204 (Cell Signaling Technology, Cat. #98215, RRID: AB_3665150).
Incubation with secondary horseradish peroxidase antibodies (Jackson
ImmunoResearch Labs, Cat. #711-035-152, RRID: AB_10015282)

was followed by fluorescently labeled Opal reagents. Antibodies were
removed by 10 minutes of microwave treatment with Tris-EDTA
(pH =9), and then the protocol repeated from the blocking step.

CODEX Multiplexed Tissue Imaging

For CODEX multiplexed imaging, tumors were excised at day 6
after inoculation, fixed in 4% (w/v) PFA for 24 hours, and restored
in 1% PFA until being embedded in paraffin for histologic analysis.
The tissue was pretreated by heating the slides in an incubator for
70°C for 1 hour to melt the paraffin and improve tissue attachment
to the slide. IHC was performed on deparaffinized and rehydrated
4-pm-thick paraffin-embedded sections using xylene and a decreas-
ing concentration of ethanol (100%, 95%, 80%, and 70%). For antigen
retrieval, the slides were heated in antigen retrieval buffer (pH = 9)
in a PT Module, followed by washing steps with ddH, O and
tris-buffered saline with tween 20 (TBST) and blocking with CODEX
formalin-fixed, paraffin-embedded (FFPE) blocking solution for 1 hour
at room temperature in a humidity chamber. The tissue was incu-
bated overnight at 4°C with the antibody mix diluted in FFPE block-
ing solution (Supplementary Table S9; Supplementary Table Legends).
The samples were stained with CD3 (Abcam, Cat. #Ab251607, RRID:
AB_3662950), CD8 (Cell Signaling Technology, Cat. #60168, RRID:
AB_2756376), TIM3 (Abcam, Cat. #Ab242080, RRID: AB_2888936),
LAG3 (Abcam, Cat. #Ab251606, RRID: AB_3094609), CD45 (Cell
Signaling Technology, Cat. #98819, RRID: AB_2799780), and Ki67
(BD Biosciences, Cat. #556003, RRID: AB_396287). Oligoconjugated
primary antibodies were prepared 50 pg at a time, precisely as detailed
by Black and colleagues (109). The next day, the tissue was fixated
with three fixation steps. First, the antibodies were fixed with PFA
fixation solution, followed by treatment with ice-cold methanol for
the precipitation of proteins, removement of lipids from cells and
clearing fluorescent reporters with the cell membranes, and finally
the incubation with the final fixative solution (BS3 in PBS) for
maintaining CODEX antibodies bound to the tissue for the hy-
bridization and stripping cycles during imaging. Until the run of
the experiment, the specimens were stored in CODEX staining
buffer (S4) solution at 4°C. Using the Experiment Designer, all
PhenoCycler Reporters were assigned to a cycle number, and the
cycles were associated with specific wells. For each cycle, a reporter
master mix was prepared by diluting each reporter in a buffer plate,
and for each run, two blank cycles with the buffer plate were pre-
pared. During the PhenoCycler run, in each cycle, the instrument
withdrew the reporter master mix from one well of the 96-well plate.
After antibody labeling, a flow cell was affixed to the tissue slide.
Then the slide was mounted into the stage carrier and placed into
the PhenoCycler-Fusion Phenolmager (Akoya Biosciences), and
multicycle imaging was initiated using 20x magnification.

Multiplex Fluorescence Imaging

Multispectral imaging was performed using Phenolmager at
20x magnification (Akoya Biosciences, RRID: SCR_023772) accord-
ing to the manufacturer’s instructions. Later, the multispectral ac-
quired images were loaded into inForm software for unmixing and
background subtraction (inForm v.3.0; Akoya Biosciences, RRID:
SCR_019155). In inForm software, an unstained slide [without
4',6-diamidino-2-phenylindole (DAPI) and Opal staining| was loaded,
and regions with high autofluorescence signals were marked for
processing. After processing, image tiles were stitched using QuPath
software (RRID: SCR_018257) with the “merge multiple TIFF fields”
script.

Image Processing

To detect and quantify the macrophages (F4/80*, CD204', and
CD206%) and T cells (CD3* and CD8"), cell segmentation and classi-
fication were applied to the fluorescent marker-stained images using
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QuPath (v0.4.3; ref. 110). The nuclei were segmented from the DAPI
channel using StarDist (111) and further inflated to have approxi-
mated cell segmentation. The cells were then classified as positive or
negative for each of the stains, and the total number of double- or
triple-positive cells and their respective ratios were quantified with-
in five representative regions of 500 x 500 pm for each tumor. To
improve nuclei segmentation, a new StarDist model was trained
using the ZeroCostDL4Mic (112) StarDist notebook with examples
that were not perfectly segmented by the provided model. Positive/
negative Random Trees cell classifiers were trained for each stain in-
dependently on multiple image regions representative of the tissue
characteristics and experimental conditions. The classifiers were then
combined together to detect double- and triple-positive cells. The
classifiers were then applied to selected representative areas of the tu-
mors based on a threshold classifier to quantify the total number of
double- (CD3* and CD8* T cells) and triple-positive (F4/80*, CD204*,
and CD206" macrophages) cells and their respective ratios to the to-
tal number of cells per tissue regions of interest.

CyTOF Sample Preparation and Data Acquisition

Antibodies were obtained preconjugated to heavy-metal iso-
topes from Fluidigm or IONpath, or conjugated via the MIBItag
Conjugation Kits (IONpath). The samples were stained with TIM3
(Standard BioTools, Cat. #3162029, RRID: AB_2687841), CD8
(Standard BioTools, Cat. #3153012B, RRID: AB_2885019), Cx3crl
(Standard BioTools, Cat. #92]J020155, RRID: AB_3665151), CD62L
(Standard BioTools, Cat. #3160008, RRID: AB_2687840), TCRf
(Fluidigm, Cat. #3143010B, RRID: AB_3665159), CD3 (Standard
BioTools, Cat. #3152004, RRID: AB_2687836), CTLA-4 (Fluidigm,
Cat. #3154008B, RRID: AB_3665152), PD-1 (Standard BioTools,
Cat. #3159024, RRID: AB_2687839), CD44 (Standard BioTools,
Cat. #3171003B, RRID: AB_2895121), GrnzB (Standard BioTools,
Cat #3173006B, RRID: AB_2811095), Lag3 (Standard BioTools, Cat.
#3174019B, RRID: AB_3665154), ICOS (Fluidigm, Cat. #3176014B,
RRID: AB_3665155), CD4 (Standard BioTools, Cat. #3145002B,
RRID: AB_2687832), CCR7 (Standard BioTools, Cat. #92J015163,
RRID: AB_3665153), CD25 (Standard BioTools, Cat. #3151007B,
RRID: AB_2827880), Foxp3 (Standard BioTools, Cat. #3165024,
RRID: AB_2687843), MHC-II (Standard BioTools, Cat. #3209006B,
RRID: AB_2885025), iNOS (Standard BioTools, Cat. #3161011B,
RRID: AB_2922920), CD80 (Fluidigm, Cat. #92]023158, RRID:
AB_3665158), F480 (Standard BioTools, Cat. #3146008B, RRID:
AB_2895117), CD11b (Standard BioTools, Cat. #3148003B, RRID:
AB_2814738), Ly6C (Standard BioTools, Cat. #3150010B, RRID:
AB_2895118), CD206 (Standard BioTools, Cat. #3169021B, RRID:
AB_2832249), CD86 (Standard BioTools, Cat. #3172016B, RRID:
AB_2922923), and Ki67 (Standard BioTools, Cat. #3168007B, RRID:
AB_2800467). Targets were allocated to specific heavy-metal iso-
topes following the sensitivity of the mass cytometer (e.g., placing
lower abundance targets on higher sensitivity channels) and to
avoid potential spillover. Briefly, the tumors were harvested and dis-
sociated using collagenase IV and DNasel for 40 minutes at 37°C
and gentleMACS (Miltenyi Biotec). All individual samples were in-
cubated with mouse TruStain FcX (anti-mouse CD16/32, BioLeg-
end, Cat. #101301, RRID: AB_312800) for 15 minutes on ice. To
eliminate technical variability during staining or acquisition, indi-
vidual samples within one experiment were barcoded with a unique
combination of cadmium-tagged CD45 antibodies (Fluidigm; ref.
113) for 30 minutes on ice, washed, and combined into a composite
sample. Cell surface antibody master mix was added to the compos-
ite sample. After incubation for 30 minutes on ice, cells were washed
once prior to being labeled with Cell-ID Cisplatin viability stain ac-
cording to the manufacturer’s instructions. To enable intracellular
staining, True-Nuclear Transcription Factor Buffer Set (BioLegend)
was used according to the manufacturer’s instructions. Cells were

fixed for 1 hour at room temperature, washed with permeabiliza-
tion buffer, and intracellular antibody master mix that was diluted
in permeabilization buffer was added to the composite sample and
incubated for 30 minutes at room temperature. Cells were washed
with permeabilization buffer and then Maxpar Cell Staining Buffer.
After washing, composite samples were incubated overnight in 4%
formaldehyde (Thermo Fisher Scientific) in Maxpar PBS at 4°C.
The following day and prior to acquisition, the samples were in-
cubated with Cell-ID Intercalator-Ir for 30 minutes, washed twice
with Maxpar Cell Staining Buffer, and resuspended in Maxpar PBS.
The samples were then processed via the MARS Sample Preparation
system (Applied Cells), to enrich for single cells, according to the
manufacturer’s instructions, and then washed twice with Maxpar
Cell Acquisition Solution Plus. The composite sample was then
resuspended in Cell Acquisition Solution Plus containing 1:10 EQ
Four Element Calibration Beads (Fluidigm), filtered through a cell
strainer (BD) of 35 pm pore size, and acquired on a Helios CyTOF
system (Fluidigm).

CyTOF Data Preprocessing

Raw CyTOF data were first bead-normalized to remove acquisition
sensitivity-related influences on marker expression by using Flui-
digm’s software (RRID: SCR_021055). Normalized data were upload-
ed to the FlowJo analysis platform (RRID: SCR_008520) to identify
single, live cells by excluding the remaining beads (}*°Ce and !*Eu)
and gating on DNA (1%*Ir) and viability (**Pt) channels. Next, barcod-
ed cells were assigned back to their initial samples using their unique
cadmium barcode combination with the MATLAB single-cell debar-
coder (113). Data were subsequently imported into FlowJo software
(BD) for downstream analysis.

CyTOF Data Analysis

Immune populations were manually gated (CD8 T cells: CD3*
TCRB*CD8'CD4-; CD4 T cells: CD3*TCRB*CD4*CD8™; and macro-
phages: CD11b*F480"), and then Leiden community detection was
performed using CellEngine (CellCarta, RRID: SCR_022484) soft-
ware. Leiden clustering parameters were 90 neighbors and 0.15 res-
olution. CD8 T cells were clustered using the markers TIM3, CCR?7,
CD25, CD8, Cx3crl, CD62L, TCRB, CD3, CTLA4, PD-1, CD44,
GrnzB, Lag3, and ICOS. CD4 T cells were clustered using the mark-
ers TIM3, CCR7, CD25, Cx3crl, CD62L, Foxp3, TCRB, CD4, CD3,
CTLA-4, PD-1, CD44, GrnzB, Lag3, and ICOS. Macrophages were
clustered using the parameters MHCII, iNOS, Cx3crl, CD80, F480,
CD11b, Ly6C, CD206, and CDS6.

Opal Multiplex IHC Staining of Human Samples

TMAs 256, 257, and 258 were created using Imm punches from
FFPE blocks of patients diagnosed with stage III and IV metastatic
melanoma, who were treated at the University Hospital of Ziirich
following ethics approval KEK-ZH-Nr 2014-0425. The TMAs in-
clude samples of immune-inflamed, immune-excluded, and immune-
deserted tumors. T cell infiltration was assessed using CD3 staining in
whole-tumor slides. For tumors with multiple biopsies, samples were
taken from both the tumor core and margin. Specifically, we stained
for MIF (Atlas Antibodies, Cat. #HPA003868, RRID: AB_1079290),
T cells [CD3 (Agilent, Cat. #IS50330-2, RRID: AB_2732001)], M2
macrophages [CD163 (Leica Biosystems, Cat. #CD163-L-CE, RRID:
AB_2920861) and CD68 (Cell Signaling Technology, Cat. #76437,
RRID: AB_2799882)|, and tumor cells [S100 (Leica Biosystems,
Cat. #NCL-L-S100p, RRID: AB_564003) and MelanA (Novus, Cat.
#NBP1-30151, RRID: AB_1987285); Supplementary Table S10; Sup-
plementary Table Legends]. The staining protocol was run on the
Leica Biosystems BOND RX, followed by multispectral imaging with
the Vectra Polaris (RRID: SCR_025508). Image processing and analysis
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were conducted using QuPath software v0.4.3 (RRID: SCR_018257).
The TMA tissue cores were selected using the TMA dearrayer, and the
nuclei were segmented from the DAPI channel using StarDist and
further inflated to have approximated cell segmentation. To improve
nuclei segmentation, a new StarDist model was trained using the
ZeroCostDL4Mic StarDist notebook with examples that were not
perfectly segmented by the provided model. The cells were then clas-
sified as positive or negative for each of the stains, and the total num-
ber of single or double cells and their respective ratios were quantified
within each tumor. Positive/negative Random Trees cell classifiers
were trained for each stain independently on multiple image regions
that were representative of the tissue characteristics and experimen-
tal conditions. The classifiers were then combined to detect double-
positive cells. The classifiers were then applied to each TMA to quantify
the total number of MIF* cells, CD3* T cells, double-positive CD68*
CD163* M2 macrophages, and double-positive S100* MelanA* tu-
mor cells and their respective ratios to the total number of cells per
TMA tissue core.

Statistical Analysis of TMA of Biopsies from Patients with
Cancer

TMAs 256, 257, and 258 were used for the analysis. For each biop-
sy, the number of positive detections were divided by the total num-
ber of detections (for CD3, MIF, and CD68/CD163 individually).
The percentages obtained were categorized into three groups based
on the level of T cell infiltration. Samples lacking information on
T cell infiltration were discarded. For CD3-positive plot, 242 biop-
sies from 126 patients were analyzed. In the MIF-positive plot, 243
biopsies from 129 patients were analyzed. The distribution of values
for the biopsies was plotted using R version 4.1.0. Statistical signifi-
cance was not calculated because information on cancer heterogene-
ity of the samples was not available to be included in the statistical
model. The correlation between %MIF-positive and %CD68 and
CD163 double-positives was calculated using the Pearson correlation
and significance calculated. This analysis includes 248 samples asso-
ciated with 129 patients.

CRISPR Pooled Screen Data Analysis

sgRNA libraries from the pooled CRISPR screens were analyzed
using the MAGeCK pipeline (RRID: SCR_025016; ref. 114). Briefly,
sgRNA counts are first computed per library using the MAGeCK
count and median normalized in order to adjust for library sizes and
read count distributions. Then sgRNA libraries sequenced on day 20
after tumor inoculation were compared with the input guide library
using the MAGeCK test to identify enriched and depleted guides and
genes.

Cell-Cell Communication and Signaling Pathway Analysis

To infer cross-talk between tumor and immune cell types, cell-cell
communication analysis was performed with CellPhoneDB v2.0.0
(RRID: SCR_017054). First, the rejected versus nonrejected scRNA-
seq data were downsampled to 500 cells per cell-type cluster. Normal-
ized scRNA-seq counts and cell-type cluster identities per cell were
used as the input to the statistical method of CellPhoneDB for
1,000 iterations. Interaction pairs with statistical significance at
a P value threshold 0.05 were then ranked by interaction scores
(means).

To identify differential cell-type communication between reject-
ed and nonrejected tumors, the signaling pathway analysis was per-
formed with CellChat v2.1.2 (RRID: SCR_021946). Using the mouse
CellChat database of “cell-cell contact” and “secreted signaling”
ligand-receptor interactions, cell-cell communication networks were
inferred for rejected and nonrejected clones at each time point (days
6, 10, and 16) separately. For each SCC phenotype and time point,

overexpressed ligand-receptor interactions in each cell-type group
were computed using default parameters. Communication prob-
abilities between cell types were then computed via a permutation
test using the “trimean” robust mean method (which approximates
25% truncated mean). Interactions were then aggregated to the level
of signaling pathways. To identify the cell types that were involved
in each signaling pathway, dominant sender or receiver populations
were identified by computing the degree of outgoing and incoming
signaling interactions within each cell type. Differential signaling
strength between nonrejected and rejected tumors was then com-
puted by taking the difference in total interaction weights for each
cell type-cell type communication pair.

Quantification and Statistical Analysis

Statistical analysis not described elsewhere was performed using
GraphPad Prism 10 software (GraphPad, RRID: SCR_002798) and
the software environment R, using RStudio (RRID: SCR_000432).
All data are presented using SEM. Pvalues are depicted in all figures,
and selected P values with exceptional significance to the article are
also briefly described in the main text. Samples sizes (n), means, and
SEM are depicted in the figures and/or figure legends. Sample size
values were either depictions of the number of mice used for experi-
ments or the number of patients.

TCGA Survival Analysis

ITH for individual TCGA samples was previously computed us-
ing CHAT (115) incorporating somatic variant call data and SCNAs.
The ITH calculation using CHAT on input TCGA data was described
previously by Wolf and colleagues (5). From the TCGA data access
portal, we downloaded level 2 SNP array and germline + somatic vari-
ant call data (*.byallele.copynumber.data.txt, *.oxoG.snp.capture.
tega.vef.) for 432 skin cutaneous melanoma tumor and matched nor-
mal samples. Across all 432 patients, we applied CHAT with default
settings to estimate tumor purity followed by estimation of cellular
abundance of CNVs and somatic mutations from the SNP array and
variant call data, respectively.

Given that tumor evolution is characterized by a series of clonal
expansion events, we often find that mutations and CNVs detected
from a bulk tumor sample group into clusters that are laid out on the
tumor’s evolutionary tree. The number of these clusters or clones is
interpreted as the ITH. Using CHAT, we derived two estimates of the
number of clones by clustering cellular abundances of somatic mu-
tations (ITH1) or clustering cellular abundances of CNVs (ITH2).
Both estimates convey important information of the underlying
clonal structure at different resolutions. Hence, we set the overall
ITH of a sample as

ITH = max(ITH1, ITH2)

Given the limitation of a single bulk tumor sample per patient
for inference, the above estimate is lower bound and correlated with
tumor purity (Spearman p = 0.232, P value = 2.09E-5).

To test for an association between MIF expression and overall pa-
tient survival in TCGA, we used previously deconvolved data by cell
type (57); deconvolution means that we computationally partitioned
the expression of many genes, including MIF, in each sample by cell
type after estimating the proportions of different cell types in each
sample. The deconvolution of TCGA data was done prior to this study
and made available in conjunction with Wang and colleagues (57), so
we do not specify the methods here. In doing the survival analysis, we
used the estimated MIF expression in tumor cells as the independent
variable and the overall survival time as the (outcome) dependent
variable. We further checked for the combination of TIL patterns (58)
within high/low MIF expression for 377 patients with melanoma in
TCGA and observed the effect on overall patient survival. Accord-
ing to Saltz and colleagues (58), pathologists annotated tumors as
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“hot” with TILs scattered throughout at least 30% of the tumor’s area
or immune responses formed band-like boundaries that border
the tumor at its periphery. Tumors were annotated as “cold” when
loosely scattered TILs were present in <30% but >1% area of the
tumor. To assess the immune cell infiltration extent within these
annotated cold tumors in patients with melanoma in TCGA, we
compared the enrichment of the immune cell infiltration signature
of four genes (GCHI, GZMA, RARRES3, and PSMBS), as published by
Zhu and colleagues (116), in tumors annotated as hot and in those
annotated as cold. We fit Kaplan-Meier survival curves for each group
to test for any significant survival differences between the groups
using the log-rank test. R packages “survival” and “survminer” were
used to perform all the survival analyses (117).

To assess whether the identified core rejection and nonrejection
gene sets from days 0, 6, and 10 can be used to stratify patients
with high/low ITH and patients with tumors of hot/cold anno-
tations, we used 76 human orthologous genes, identified from
among 78 mouse genes for the union of the gene sets from the
three time points. We specifically identified 4, 10, and 12 human
genes for days 0, 6, and 10, respectively, from the corresponding
mouse core rejection gene sets and 26, 13, and 11 human genes for
days 0, 6, and 10, respectively, from the corresponding mouse core
nonrejection gene sets.

Data Availability

All scRNA-seq datasets generated in this study have been deposited
in NCBI Gene Expression Omnibus and are publicly accessible under
accession number GSE247059. CyTOF data are available via Mendeley
Data (https://data.mendeley.com/datasets/hkhvksr37m/1).
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