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SUMMARY

Type I interferon (IFN-I) and IFN-γ foster antitumor immunity by facilitating T cell responses. 

Paradoxically, IFNs may promote T cell exhaustion by activating immune checkpoints. The 

downstream regulators of these disparate responses are incompletely understood. Here, we 

describe how interferon regulatory factor 1 (IRF1) orchestrates these opposing effects of IFNs. 

IRF1 expression in tumor cells blocks Toll-like receptor- and IFN-I-dependent host antitumor 

immunity by preventing interferon-stimulated gene (ISG) and effector programs in immune cells. 

In contrast, expression of IRF1 in the host is required for antitumor immunity. Mechanistically, 

IRF1 binds distinctly or together with STAT1 at promoters of immunosuppressive but not 

immunostimulatory ISGs in tumor cells. Overexpression of programmed cell death ligand 1 

(PD-L1) in Irf1−/− tumors only partially restores tumor growth, suggesting multifactorial effects of 

IRF1 on antitumor immunity. Thus, we identify that IRF1 expression in tumor cells opposes host 

IFN-I- and IRF1-dependent antitumor immunity to facilitate immune escape and tumor growth.

In brief

Proper lymphocyte activation is required for antitumor immunity. Purbey et al. show that, 

while IRF1 in immune cells is required for antitumor immunity, tumor cell IRF1 suppresses 

Toll-like receptor- and interferon-induced antitumor lymphocyte activation and regulates select 

immunosuppressive and MHC genes in interferon-stimulated tumor cells.

Graphical abstract
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INTRODUCTION

The generation of T cell responses against tumor cells is critical for spontaneous and 

immune checkpoint blockade (ICB)-induced antitumor immunity.1–3 By directly activating 

cytotoxic T cells (CTLs),4 type I interferon (IFN-I) and type II IFN (IFN-γ) are critical for 

activation of antitumor responses.1,4–8 IFN-γ is mainly produced by T helper cells, cytotoxic 

T cells, and natural killer (NK) cells,4,7,9 while IFN-I is typically produced by dendritic 

cells (DCs) within the tumor microenvironment (TME).6,10 Activation of pattern recognition 

receptor (PRRs) pathways, including Toll-like receptors (TLRs)11,12 and cytosolic DNA13,14 

or dsRNA15 sensors, can activate DCs and other TME cells to produce IFN-I spontaneously 

or upon ICB within growing tumors; this IFN-I is critical for enhancing tumor antigen 

presentation and cross-presentation by DCs to prime and activate the endogenous anti-tumor 

T cell-mediated immune pathway.16

While IFNs may directly promote antitumor immunity through immune cell activation, 

tumor-cell-intrinsic IFN signaling may promote immune dysfunction by enhancing immune 

checkpoints on tumor cells, resulting in T cell exhaustion.1,8,17–20 In particular, tumor 

cell loss of the receptor for IFN-γ (IFNγR) and/or IFN-I (IFNAR) allows improved 

clearance of tumors by ICB.21,22 Several factors activated by IFNs have been identified 

that can contribute to how IFN signaling in tumor cells can counteract protective immunity, 

including programmed cell death ligand 1 (PD-L1),21,22 indoleamine 2,3-dioxygenase 1 

(IDO1),23 receptor interacting serine/threonine kinase 1 (RIPK1),24 and non-classical major 
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histocompatibility complex (MHC) I (Qa-1b) through NKG2A/CD94,21,25 but whether an 

IFN-inducible factor can regulate several immunosuppressive genes/functions is unknown.

One candidate interferon-stimulated gene (ISG) that may regulate the effects of IFNs in 

both immune cells and tumor cells is the transcription factor interferon regulatory factor 

1 (IRF1).26 IRF1 is expressed in multiple immune cell types, including antiviral T cells, 

NK cells, and the conventional DC1 (cDC1) subpopulation of DCs.27–30 However, IRF1 is 

also critical for the expression of PD-L1 on cancer cells upon IFN stimulation,31,32 which 

suppresses T cell responses.25,33 Thus, a better understanding of the positive and negative 

effects exerted by IRF1 during an anti-tumor immune response is warranted.

Herein, we dissect the roles of IRF1 defined by its loss in tumor cells or within host 

cells of the tumor microenvironment. We show that tumor cell loss of IRF1 expression 

unleashes antitumor immunity by activating ISG expression and effector programs in tumor-

infiltrating immune cells. Eradication of IRF1-deficient tumors required adaptive immunity, 

TLR signaling, and IFN-I signaling in the host. Surprisingly, enhanced antitumor immunity 

to IRF1-deficient tumors did not require host IRF3- or IFN-γ signaling, but it did require 

host IRF1. Mechanistically, unlike the loss of IFN receptors in tumor cells, which eliminates 

the entire ISG program,21 the loss of IRF1 in tumor cells is more selective, as Irf1−/− cells 

showed reduced expression of ISGs with immune-suppressive but not -activating functions. 

Taken together, these studies demonstrate a novel pathway by which tumor-cell-intrinsic 

IRF1 is a potent suppressor of IFN-I-mediated and IRF1-dependent activation of T cell-

mediated anti-tumor immunity in the TME.

RESULTS

Expression of IRF1 in tumor cells is required for tumor growth

To characterize the role of IRF1 in tumor cells, we generated Irf1−/− clones of highly 

immunogenic (MC38) and less immunogenic (B16F10 and YUMM2.1) tumor cells and 

implanted syngeneic C57BL/6 mice (Figures 1A and 1B). We also mutated Sting in MC38 

cells, as Sting−/− tumor cell lines showed defective IFN-I response, enhanced growth, and 

diminished responsiveness to ICB.34–36 Several Irf1−/− and Sting−/− tumor cell lines were 

generated, and the mutations were verified by sequencing (Figures S1A–S1D). Immunoblot 

confirmed undetectable IRF1 protein in mutant clones (Figure 1B). The in vitro behaviors 

of the WT, Irf1−/−, and Sting−/− MC38 clones were similar with regard to proliferation 

and growth rate (Figure S1E) or sensitivity to radiation-induced cell death and clonogenic 

survival (Figures S1F and S1G).

We next tested whether WT, Irf1−/−, and Sting−/− MC38 clones displayed different in vivo 
growth properties in wild-type (WT) (C57BL/6J) mice following subcutaneous implantation. 

Sting−/− tumors grew to a similar extent as WT tumors (Figures 1C and 1D). However, 

tumor growth of Irf1−/− (I1 clone) MC38 clones was greatly diminished (Figures 1C and 

1D), as previously reported.31 Injection sites of Irf1−/− MC38 injection developed palpable 

tumors initially (typically 6–9 days), which gradually diminished, and many mice displayed 

evidence of complete regression (Figures 1C and 1D).

Purbey et al. Page 4

Cell Rep. Author manuscript; available in PMC 2024 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We next evaluated growth of Irf1−/− B16F10 and YUMM2.1 tumors, which exhibit lower 

tumor mutational burden, basal MHC I expression, and poor immunogenicity (Figures 

S1H and S1I).21,38 Like Irf1−/− MC38, Irf1−/− B16F10 and YUMM2.1 displayed impaired 

tumor growth in WT mice (Figure 1E for B16F10; Figure 1F for YUMM2.1 clones). Thus, 

tumor-cell-intrinsic expression of IRF1 is required for optimal tumor growth across multiple 

tumor types regardless of tumor immunogenicity.

Tumor cell IRF1 expression impairs immune cell recruitment to tumors

We examined histology of tumors 12 days post implantation (Figure 1G). WT MC38 tumor 

cells displayed large tumor islands with rare scattered immune cells at the tumor boundary 

and throughout the tumor center (Figure 1H, left top and bottom panels). Irf1−/− tumors 

displayed small tumor islands with numerous apoptotic tumor cells among large areas of 

fibrotic stroma. Large, dense clusters of immune cells were seen at the tumor boundary and 

within the tumor parenchyma (Figure 1H).

Flow cytometric analysis of tumor-infiltrating immune cells from WT mice revealed 

increased numbers of total CD45+ immune cells in Irf1−/− MC38 tumors compared to WT 

MC38 tumors, confirming the histologic observations (Figure 1I, upper boxplots). Further 

phenotyping showed that CD3+ T cells accounted for most of the increased immune cells 

infiltrating in Irf1−/− MC38 tumors, with greater CD8+ cytotoxic T cells (CTLs) than CD4+ 

helper T cells (TH cells). Small increases in NK1.1+ NK or NK T cells were also noted, 

while myeloid cells showed little difference (Figure 1I).

Since CTL infiltration from the tumor boundary into the tumor parenchyma is critical for 

tumor regression in ICB therapy,39 we next identified the location of CD4+ and CD8+ T 

cells within the tumor. Multiplexed immunofluorescent (IF) histology confirmed that CD4+ 

and CD8+ T cells were present at the tumor boundary of WT MC38 tumors, with sparse 

lymphocytes present at the center of the tumor (Figure 1J, upper two panels). Irf1−/− MC38 

cells displayed pronounced infiltration of CD4+ and CD8+ T lymphocytes at the tumor 

margin and within the center of the tumor (Figure 1J, bottom 2 panels).

We next addressed whether Irf1−/− YUMM2.1 tumors also display enhanced immune cell 

infiltration upon deletion of Irf1. WT and Irf1−/− YUMM2.1 tumors were isolated from 

WT mice 14 days after implantation (Figure S2A). Flow cytometry revealed decreased 

immune cell infiltrates in WT YUMM2.1 tumors when compared to WT MC38 tumors 

(Figure S2B, top left panel, vs. Figure 1I, top left panel). Like MC38 tumors, however, 

Irf1−/− YUMM2.1 tumors displayed enhanced infiltration of many immune cells, including 

total CD45+ immune cells, total T cells, TH cells, CTLs, NK, and NK T cells, when 

compared to WT YUMM2.1 tumors (Figure S2B), while myeloid cells (CD11b+ Ly6Chi) 

were unchanged. IF staining of YUMM2.1 tumors revealed lymphocytes were present in 

higher quantities at both the tumor boundary and tumor center in the Irf1−/− YUMM2.1 

tumors, similar to MC38 Irf1−/− tumors (Figure S2C).
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Tumor-cell-intrinsic IRF1 expression impairs antitumor immunity and ICB responses

Next, WT and Irf1−/− mutant tumors were grown in immunodeficient mice (Figures 2A and 

2B, left panels). In contrast to WT mice, the most immunodeficient mouse strains, Rag2−/

−γC−/− and NOD/Scid mice, displayed similar growth of WT and Irf1−/− MC38 tumors 

(Figure 2A, right panel). Growth of Irf1−/− MC38 tumors in Rag1−/− and Cd8−/− mice was 

intermediate to WT mice and Rag2−/−γC−/− or NOD/Scid mice, indicating that both CD8 T 

cells and NK cells contribute to the generation of enhanced antitumor immunity (Figure 2B).

To determine whether Irf1−/− tumors generate adaptive immune memory, we tested whether 

mice that cleared Irf1−/− tumors could reject WT tumors in an antigen-specific manner. 

Indeed, we found that all mice that previously received and cleared Irf1−/− MC38 tumors 

rejected WT MC38 tumors (0 out of 10) implanted 2 months later, whereas all WT 

YUMM2.1 tumors grew normally in the mice that previously cleared Irf1−/− MC38 tumors 

(11 out of 11).

Mouse colorectal cancer cell lines (MC38) possess a high tumor mutation burden and 

express high levels of MHC I molecules, which make them amenable to ICB therapy 

(Figures S2D and S2E).21,40 ICB with anti-PD-1 antibody resulted in modestly decreased 

tumor size, while anti-CTLA-4 antibody led to complete clearance of about half of the WT 

MC38 tumors and reduced the size of the tumors that grew (Figures 2C–2E). To assess 

whether loss of IRF1 in tumors can result in enhanced ICB responses, we doubled the 

number of Irf−/− tumor cells injected to form mutant tumors, prior to treating mice with 

ICB antibodies. Either anti-PD-1 or anti-CTLA-4 therapy was able to completely eradicate 

Irf1−/− MC38 tumors despite the larger number of cells injected to initiate tumors (Figures 

2D and 2E). These findings indicate that the presence of IRF1 in tumor cells suppresses 

adaptive immunity to tumors and limits the effectiveness of ICB responses.

Tumor-cell-intrinsic IRF1 expression suppresses activation and effector T cell programs

Prior studies suggested that IRF1 loss in tumor cells does not affect numbers or subtypes of 

infiltrating T cell populations but does result in increased cytotoxicity by CTLs.31 However, 

our flow cytometry and IF analyses of MC38 and YUMM2.1 tumors revealed greater 

numbers of adaptive immune cells with different infiltration patterns in the Irf1−/− tumors 

compared to WT tumors. We performed single-cell (sc)RNA-seq analysis from tumors 

to gain greater insight into how loss of tumor cell IRF1 alters the antitumor immune 

response.41,42 Seurat-based integrated analysis and uniform manifold approximation and 

projection (UMAP) revealed 15 cell clusters (Figure S3A), which were further refined into 

12 cell types (Figure S3B) based on marker gene expression.43,44 Quantitative analysis of 

distinct cell populations from WT and Irf1−/− tumors showed that WT tumors displayed 

an increased percentage of cancer cells and fibroblasts, while Irf1−/− tumors displayed the 

greatest increases in CD8T-NKT (2.14-fold) and NK (1.5-fold) populations (Figures 3A and 

3B).

Broadly, Irf1−/− tumors showed enhanced expression of ISGs in almost all cells of the 

TME (Clcl5, Pdl1, Gbp5, Irf1, Irf8, Irf7, etc., Figure 3C). Additionally, within the CD8T-

NKT cluster from Irf1−/− tumors, 866 of the 884 differentially expressed genes (DEGs) 
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were overexpressed in the Irf1−/− tumors, corresponding to Gene Ontology (GO) pathways 

involved with T cell/lymphocyte activation and T cell differentiation.45 Several effector 

molecules, including Cd8, Prf1, Gzmb, Tnf, and Ccl5, were observed in a higher percentage 

of cells than in the same cluster from WT tumors (Figures 3C–3E).

The CD8-NKT cluster also showed increased expression of many of the genes representing 

T cell effector, proliferation, and memory functions (Gzmb, Gzmk, Prf1, Ccl5, Fasl, Satb1, 

Pdcd1, Irf7, etc.) in Irf1−/− tumors (Figures 3D and 3E). Cells within the CD8T-NKT cell 

cluster and the DC cluster expressed higher levels of several ISGs, while DCs also expressed 

higher levels of Ciita, Ccl5, and Il12b in Irf1−/− tumors (Figures 3C and 3E). These results 

suggest that tumor-cell-intrinsic IRF1 expression suppresses the overall activation state of 

multiple immune cell types, including innate and adaptive immune cells, in growing tumors.

To better understand the difference in T cell states between WT and Irf1−/− tumors, 

we projected our data to the T cell reference cell atlas, which was created using in 
silico purified T cell scRNA-seq data from many mouse tumors (Figure S3C, detailed in 

STAR Methods).46 Briefly, the reference T cell atlas defines nine T cell states (Figure 

S3C), including CD8_Tex (CD8+ terminally exhausted effector cells, characterized by 

expression of granzymes and inhibitory receptors, including Pdcd1, Ctla4, Lag3, Tigit, and 

Havcr2), CD8_Tpex (CD8+ precursor-exhausted cluster, with co-expression of Tcf7, Pdcd1, 

Ctla4, and Tox but low expression of Havcr2 or granzymes), CD8_NaiveLike (naive-like 

CD8+ T cells, which consist of naive as well as central memory cells), CD4_NaiveLike 

(naive-like CD4+ T cells co-expressing Tcf7 and Ccr7 but lacking cytotoxic/activation 

molecules including Pdcd1 and Tnfrsf9), CD8_EffectMemory (effector memory CD8+ T 

cells, co-expressing Tcf7 and granzymes, most prominently Gzmk, with low to intermediate 

expression of Pdcd1; an “early-activation” state of CD8+ T cells), Th1 (CD4+ Th1-like cells, 

expressing Ifngr1 and Fasl), Tfh (CD4+ follicular-helper population expressing Cxcr5, Tox, 

and Slamf6), and Treg (regulatory T cells expressing Foxp3). We projected WT and Irf1−/− 

tumor scRNA-seq data onto the T cell reference cell atlas, which revealed the presence 

of higher proportions of total T cells in Irf1−/− tumors (16.13%) compared to WT tumor 

(7.57%) (Figure S3D). Relative to WT tumors, Irf1−/− tumors showed a dramatic increase 

in CD8_EffectMemory (224%), CD8_naive like cells (200%), and Tfh (195%), as well as a 

moderate increase in Th1 (120%) cells (Figures 3F and 3G).46,47 In contrast, a substantial 

decreased percentage of Treg and CD8 early activated cells was observed in Irf1−/− tumors 

(Figures 3F and 3G).

Additionally, the aforementioned CD8_EffectMemory cluster showed increased expression 

of T cell activation genes (Figures S3E–S3G), including Pdcd1 (PD-1, programmed cell 

death protein 1), Lgals3, Isg20, Litaf, Klrk1 (NKG2D), Gzmb, and Fasl (Figure S3E) in 

Irf1−/− tumors.48–51 Similar proportions of CD8_Tex cells were found in WT and Irf1−/− 

tumors though these cells displayed increased expression of activation markers and ISGs in 

Irf1−/− tumors (Figure S3H).

In contrast to DEGs in immune cell clusters, DEGs in the tumor cell cluster suggested 

that loss of IRF1 in tumor cells resulted in decreased expression of IFN-I and IFN-γ 
inducible programs and genes involved in antigen presentation, while genes involved in 
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ECM matrix remodeling were upregulated (Figures S3I and S2J). While slightly decreased, 

PD-L1 expression in Irf1−/− tumor cells was not identified as a DEG statistically (Figure 

3C). These results demonstrate perturbation of a subset of ISGs due to loss of IRF1 in the 

cancer cells in vivo (Figures S3I and S3J).

Together, these results provide evidence that the Irf1−/− tumors impact IFN signatures 

in tumor-infiltrating cells. Thus, tumor cell expression of IRF1 impairs IFN-mediated 

activation of multiple populations of tumor-infiltrating immune cells including DCs, effector 

memory CD8+ T cells, and exhausted CD8+ T cells. Since both type I and II IFNs drive T 

cell-mediated antitumor immunity,4,5 these findings suggest that IRF1 expression in tumor 

cells impairs IFN-driven antitumor immune pathways.

Host IFN-I, but not IFN-γ, is critical for enhanced control of Irf1−/− tumors

We next wished to determine more directly whether IFN-I and/or IFN-γ were required for 

the enhanced regression of Irf1−/− tumors. Indeed, implanted Irf1−/− tumors in Ifnar−/− mice 

displayed largely restored growth when compared to those implanted in WT mice (Figures 

4A and S4C). However, to our surprise, neither Ifngr−/− mice nor IFNγR blocking antibody 

restored Irf1−/− tumor growth (Figures 4A, S4C, and S4A). Treatment of Ifngr−/− mice 

with a blocking antibody against IFNAR restored Irf1−/− tumor growth (Figure S4A, right 

panel). Blockade of IFN-I in Ifngr−/− mice resulted in growth of Irf1−/− tumors that was 

similar to WT tumors implanted into WT mice (Figure S4A, right panel), suggesting a major 

non-redundant role of IFNAR signaling and a supporting role of IFN-γ in control of highly 

immunogenic Irf1−/− tumors.

We next performed scRNA-seq of Irf1−/− and WT MC38 tumors in Ifnar−/− mice and 

directly compared these data to scRNA-seq data from WT and Irf1−/− tumors in WT mice 

(described in Figure 3A). UMAP projection of Irf1−/− tumor cells in Ifnar−/− mice shows a 

similar pattern of cellularity as WT MC38 tumor cells grown in WT mice, demonstrating 

that the loss of IFNAR signaling impairs effector cell recruitment in Irf1−/− tumors (Figures 

S4B and 4B).

Quantitative analysis of Irf1−/− tumor cells in Ifnar−/− mice demonstrated a decrease in the 

percentage of CD8T-NKT cells and NK cells compared to Irf1−/− mutant tumors in WT 

mice (Figure 4B). In addition, the CD8T-NKT cluster possessed fewer cells expressing 

cytotoxicity effector genes, Nkg7, Ifng, Prf1, Gzmb, Ccl5, etc. (Figure 4C). Irf1−/− mutant 

tumors in Ifnar−/− mice displayed impaired ISG induction, including Irf1, Irf7, and Ccl5, 

in nearly all cell types when compared to Irf1−/− tumors in WT mice (Figure 4C). Further 

analysis showed a reduced percentage of T cells in Irf1−/− tumors from Ifnar−/− mice 

(9.7%) compared to Irf1−/− tumors from WT mice (16.1%) (Figures 4D and 4E). The 

CD8_EffectMemory cell cluster was most affected (7.5-fold decrease) in Irf1−/− tumors 

from Ifnar−/− mice (15.2% vs. 2%, Figure 4F). In contrast, an increase in regulatory T cells, 

CD8 naive-like cells, and Tfh and Th1 cells was observed in Irf1−/− tumors from Ifnar−/− 

mice compared to Irf1−/− tumors from WT mice (Figure 4F). This analysis supports a model 

whereby tumor cell IRF1 expression opposes IFN-I signaling that drives adaptive antitumor 

immunity.
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TLR signaling is required for enhanced immunity to Irf1−/− tumor cells

Production of IFN-I by DCs is critical for antitumor immunity, and many PRR pathways 

may contribute to initiating this pathway, including cGAS-Sting (cytosolic DNA), RIG-I-

MAVS (cytosolic dsRNA), or TLR-MyD88/TRIF (extracellular dsRNA, ssRNA, or DNA). 

STING, MAVS, and TRIF activation culminate in the activation of the transcription factor 

IRF3 to induce a robust IFN-I response. Unexpectedly, Irf1−/− tumors were strongly 

controlled in Stinggt/gt (Figure 4G, middle panel; Figure S4D, left panel) and Irf3−/− (Figure 

4G, right panel; Figure S4D right panel) mice similarly to WT mice, suggesting that 

IRF3-dependent programs are dispensable for enhanced clearance of IRF1-deficient tumors 

(Figures 4G and S4D).

We next evaluated whether TLRs contribute to antitumor immune responses to Irf1−/− 

tumors. The TLR family uses two adaptors, MyD88 and TRIF, to signal activation. Thus, the 

role of multiple TLRs can be investigated by implanting Irf1−/− MC38 tumors in Myd88−/

− or Trif−/− mice, respectively. Implanted Irf1−/− tumors in MyD88−/− or Trif−/− mice 

demonstrated a partial restoration of tumor growth, with Trif−/− mice showing a somewhat 

greater effect (Figure 4H, middle panel). Next, we tested whether both pathways worked 

together to control tumor growth using MyD88−/−/Trif−/− double knockout mice. Indeed, 

Irf1−/− tumors implanted in MyD88−/−/Trif−/− mice showed growth restoration to similar 

levels as WT mice, revealing that both adaptors work in concert to suppress tumor growth 

(Figure 4H, right panel). Even WT tumors grew larger in MyD88−/−/Trif−/− mice than in WT 

mice (Figure 4H, right panel), revealing that TLR signaling is critical for controlling WT 

tumor growth as well. Notably, we cannot explain why TRIF but not IRF3 (IRF3 is usually 

a key transcription factor target of TRIF signaling) contributed to the clearance of Irf1−/− 

tumors, but one possible explanation is redundancy between IRF3 and the closely related 

IRF7 family member in this setting.52–54

IRF1 in the host microenvironment is required for tumor control

Although IRF1 can be activated by TRIF signaling, its expression and activity are also 

induced by IFN-I and IFN-γ, and it is one of the key downstream regulators of antiviral 

immunity in CTLs.27,28 We therefore evaluated the immune response to WT and Irf1−/− 

tumors in Irf1−/− mice. Indeed, Irf1−/− mice displayed dramatically enhanced growth of both 

WT and Irf1−/− tumors, demonstrating a key role of IRF1 in promoting antitumor immunity 

in the TME. Notably, this role is in direct opposition to IRF1’s role in tumor cells in driving 

the suppression of IFN-I signaling in the TME and the antitumor immune responses that 

depend on IFN-I signaling in the TME. (Figure 4G, right panel).

The striking difference of tumor growth in Irf1−/− and WT mice suggests that IRF1 plays 

a larger role in antitumor immunity than its previously recognized role in regulating cDC1 

activation in tumors.29 Indeed, IRF1 plays a critical role in cytotoxic T cell-mediated 

antiviral immunity and participates in IFN-I and IFN-γ signaling.27,28 Thus, we wished 

to evaluate immune cell recruitment in tumors implanted in Irf1−/− mice. Profiling of tumor-

infiltrating lymphocytes (gating scheme shown in Figures S5A and S5B) revealed a 5-fold 

decrease in CD8+ T cells and a 10-fold decrease in NK cells without significant change in 
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CD4+ T cells and NK T cells in tumors (Figures 5B–5E) and spleen (Figure S5C and S5D) 

isolated from Irf1−/− mice versus WT mice.

Given the severity of the adaptive immune defect in clearance of syngeneic tumors, we 

assessed Irf1−/− mice for their ability to clear an allogeneic tumor. Both Irf1−/− and WT 

(C57BL/6J) mice rejected fibrosarcoma (FSA) tumors (C3H), while FSA tumors grew in 

NOD/Scid mice (Figures 5F–5H). These studies reveal that host IRF1 expression is critical 

for traditional antitumor immunity to tumor antigens, rather than causing a more severe, 

SCID-like defect.

IRF1 selectively regulates MHC class I and immunosuppressive ISGs in tumor cells

We next returned to the tumor cells and evaluated potential mechanisms by which tumor 

cell IRF1 regulates the suppression of antitumor immunity and IFN-I responses in the TME. 

Binding of IFNα/β to IFNAR or IFN-γ to IFNGR mainly results in activation of STAT and 

IRF transcription factors to induce the transcription of ISGs. Past studies of IFN-γ-treated 

cells have shown that IRF1 participates in the regulation of PD-L1, MHC molecules, and 

the antigen processing machinery.31,32,55–57 Consistent with previous reports, MC38 tumor 

cells express higher cell surface MHC I when compared to YUMM2.1 (Figure S2D). Basal 

PD-L1 expression was comparable in all cell lines tested regardless of IRF1 expression 

(Figure S6A). Upon IFN-γ stimulation, PD-L1 showed complete IRF1 dependence, whereas 

MHC I displayed only partial dependence (Figures S6A and S2E). We next performed 

RNA-seq to identify basal and IFN-γ-induced IRF1-regulated genes in tumor cells (Figures 

S6B, S2E, and 6A). We chose a 2-h time point for IFN-γ stimulation of cells based on 

the activation and protein induction profiles of STAT1 and IRF1, respectively, and to avoid 

genes that may be indirect targets of these factors.

To identify basal IRF1-dependent genes, we compared RNA-seq data from 3 WT to 2 Irf1−/− 

clones of unstimulated MC38 cells. We found 39 upregulated genes and 45 downregulated 

genes (reads per kilobase per million mapped reads [RPKM] > 1, fold change [FC] > 

3, p value < 0.05) in the Irf1−/− clones at basal level (Figure S6B). GO analysis of the 

downregulated genes in Irf1−/− cells revealed enrichment for MHC I antigen presentation 

(Figure S6B and S6C), including the known IFN-γ-induced Psmb8, Psmb9, and Tap2 
genes,32 which could contribute to decreased basal MHC I protein expression in Irf1−/− 

cancer cells. The genes expressed more strongly in Irf1−/− clones at baseline displayed 

enrichment in epithelial to mesenchymal transition (Figure S6B and S6D).

Upon IFN-γ stimulation, we identified 71 IFN-γ-induced genes that include immune cell 

activators (Cxcl9 and Cxcl10) and suppressors (Pdl1) across all three WT cancer cell types 

(RPKM > 2, average FC > 3, p-adj < 0.05, Figure 6B), similar to previous studies.31,32 We 

classified twenty-eight (~40%) of the 71 IFN-γ-induced genes as IRF1 dependent (mean 

expression is <33% in Irf1−/− compared to that of the WT; Figure 6C). Six genes (blue) out 

of the remaining 43 induced genes showed >2-fold stronger induction in Irf1−/− over WT 

tumor cells. Indeed, several genes shown to negatively affect tumor growth were identified 

as positively regulated by IRF1, including Pdl1, Ido1, Nos2, Tnfsf10 (encodes TRAIL), and 

Tmem140 (Figures 6C, 6D, and S6E).58,59
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In contrast, the expression of key IFN-inducible chemokines that signal through the CXCR3 

receptor60 were either little influenced by IRF1 (Cxcl10 and Cxcl11) or were negatively 

regulated by IRF1 (Cxcl9) (Figures 6C and 6D). The expression of the death receptor, Fas, 

was negatively regulated by IRF1.61 Thus, Irf1−/− tumor cells exhibit selectively reduced 

expression of immunosuppressive ISGs with limited effects on key ISGs that can affect 

immune cell recruitment or effector pathways.

We next used a library of gene expression data of 43 human melanoma cell lines stimulated 

with IFN-γ to determine whether IRF1 affects gene expression similarly in human cancer. 

Many human orthologs of mouse ISGs, including IRF1, were expressed (n = 44, maxRPKM 

~ 1) and induced (n = 42) by IFN-γ in most human melanoma cell lines (Figure 6E).62 

We observed potent induction of 120 genes by IFN-γ in a representative human-melanoma-

derived cell line, M238 (Figure 6F). Importantly, CRISPR deletion of Irf1−/− in the M238 

line showed diminished expression of a similar small subset of ISGs, including Pdl1 (Figure 

6G). These findings demonstrate that IRF1 regulates a subset of ISGs in mouse and human 

tumor cells upon stimulation with IFN.

Unique and co-operative binding of IRF-1 and STAT1 at promoters determines regulation of 
a distinct set of ISGs

Given the selective regulation of a subset of genes, we hypothesized that IRF1 may 

be uniquely required for the expression of these genes through selective engagement at 

their promoters and the activation of transcription. Since STAT1 and IRF1 can bind IFN-

stimulated response elements (ISREs and GAS elements) and unique IRF1 binding motifs,63 

we performed chromatin immunoprecipitation sequencing (ChIP-seq) for STAT1 and IRF1 

transcription factors with untreated and IFN-γ-treated WT and Irf1−/− MC38 cells (Figures 

7 and S7A). Genome-wide binding of both IRF1 and STAT1 increased strongly upon IFN-γ 
treatment of WT MC38 cells (Figure 7A). In Irf1−/− cells, most STAT1 binding sites were 

retained (Figure 7A, lower left panel). Although co-occupancy of genomic regions by IRF1 

and STAT1 was frequently observed, most binding sites for each protein were unique 

(Figure 7B).

Pdl1, Tmem140, Cxcl11, and Fas were among the small number of genes whose promoters 

were bound by both IRF1 and STAT1 in WT cells, with Tnfsf10 serving as an example 

of an IRF1-dependent gene whose promoter was bound only by IRF1 (Figures 7C, S7C, 

and S7D). Importantly, IRF1 deficiency led to the loss of STAT1 binding at the promoters 

of the IRF1-dependent Pdl1 and Tmem140 genes (Figure 7D), suggesting that IRF1 and 

STAT1 collaborate to activate these genes in WT cells. In contrast, IRF1 deficiency led to 

moderately increased STAT1 binding at the promoters of the Fas, Cxcl11, and Cxcl9 genes, 

which are expressed at moderately increased levels in the absence of IRF1. These data 

suggest that IRF1 is a direct activator of several key IRF1-dependent genes, including Pdl1, 

Tmem140, and Tnfsf10, working in collaboration with STAT1 in some but not all instances. 

However, IRF1 may serve to limit STAT1-mediated activation of other genes, such as Fas, 

Cxcl11, and Cxcl9. These findings may help explain IRF1’s biological role in positively 

or negatively regulating key genes that suppress (Pdl1, Trail, Ido1, and Nos2) or promote 

(Cxcl9, Cxcl10, Cxcl11, and Fas) antitumor immunity, respectively.
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Immune checkpoint PD-1/PD-L1 interaction is only partially required for the tumor-cell-
intrinsic role of IRF1

Finally, as PD-L1 is a key immune checkpoint ligand that is selectively regulated by 

IRF1, we assessed whether IRF1 regulation of PD-1/PD-L1 signaling can explain the tumor-

cell-intrinsic effects of IRF1 on tumor growth (Figure 7E). Unlike what was observed in 

tumor cells stimulated with IFN-γ in vitro, cell surface (Figure 7F) and mRNA (Figure 

3C) expression of PD-L1 was only minimally impaired in Irf1−/− MC38 tumor cells 

compared to WT tumor cells by day 12 after mouse implantation. This finding suggests 

that compensatory pathways may lead to PD-L1 expression in growing tumors in vivo in the 

context of a robust host intratumoral immune response64 and that the critical role of IRF1 

in regulating PD-L1 transcription observed early after IFN-γ stimulation in vitro may not 

entirely represent the mechanism by which tumor cell IRF1 expression regulates antitumor 

immunity in a complex tumor microenvironment in vivo.

To better understand the relevance of PD-L1 for our findings, we examined the impact 

of IRF1 deficiency in tumor cells implanted into Pdcd1−/− mice. WT MC38 tumors 

were significantly smaller in Pdcd1−/− mice (Figure 7G), consistent with an important 

role for the PD1-PDL1 interaction in limiting antitumor immunity. However, WT tumors 

grew larger in Pdcd1−/− mice than Irf1−/− tumors grown in WT mice. Moreover, Irf1−/

− tumors were strongly controlled in Pdcd1−/− mice (Figure 7G). Given that Irf1−/− 

tumors retained enhanced immunogenicity when PD-L1-PD-1 signaling was eliminated, 

additional mechanisms other than IRF1’s regulation of PD-L1 expression may be involved 

in regulating antitumor immunity.

We next examined the extent to which stable overexpression of PD-L1 in Irf1−/− MC38 cells 

could allow enhanced tumor growth. For these experiments, a PD-L1 lentiviral expression 

plasmid was transduced into WT and Irf1−/− MC38 cells, resulting in PD-L1 expression 

levels comparable to those observed in IFN-γ-stimulated WT cells (Figure 7H). Consistent 

with prior experiments performed with IRF1-deficient B16F10 tumor cells,31 PD-L1 

overexpression enhanced tumor growth (Figures 7I and S7E). However, these tumors were 

much smaller than those observed in WT MC38 cells with or without PD-L1 overexpression 

(Figure 7I), adding further support to a model in which both PD-L1-dependent and PD-

L1-independent pathways are responsible for IRF1’s critical role in suppressing antitumor 

immunity.

DISCUSSION

While IRF1 promotes cytotoxic T cell and NK cell function, tumor-cell-intrinsic expression 

of IRF1 can contribute to T cell exhaustion by regulating the key checkpoint gene, PD-L1.31 

Our study provides additional insights into these opposing roles of IRF1 in the tumor cells 

and TME. The presence of IRF1 in tumor cells blocks a powerful IFN-I and antitumor 

immune response capable of triggering effector lymphocyte-mediated tumor regression. 

Host TLR and IFN-I signaling, but not IFN-γ or IRF3, are required for optimal activation of 

antitumor immunity to WT and Irf1−/− tumors. In contrast, IRF1 expression in host cells is 

a critical driver of antitumor immunity, regardless of expression status of tumor cell IRF1, 

largely by regulating tumor-infiltrating lymphocytes.
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The expression of IRF1 in tumor cells impairs IFN-dependent and effector programs in 

multiple immune cell types of the TME including DCs, effector memory T cells, and 

exhausted T cells. Mechanistically, loss of IFN-I signaling prevents adequate effector 

lymphocyte activation within the TME, including CD8+ T and NK cell subsets. While 

TLR signaling and IFN-I signaling participate in immunity to WT tumors, these signals 

are critical drivers of enhanced tumor regression observed in Irf1−/− tumors, promoting an 

outsized impact of these pathways in Irf1−/− versus WT tumors. Surprisingly, enhanced 

Irf1−/− tumor regression does not require host STING or other IRF3-activating pathways, 

pathways required for ICB responses in tumors that ordinarily express IRF1.13,14,65,66 

Indeed, signaling through the NF-κB-IRF1 pathway in CD8α+/cDC1 was critical for 

activation of T cell-dependent antitumor immunity.6,29 Our results suggest that in Irf1−/− 

tumors, this NF-κB-IRF1 pathway in DCs activated directly by or in conjunction with TLR 

signaling may induce IFN-I that promotes lymphocyte-mediated tumor regression.

Unlike IFN-I, host IFN-γ signaling was not required for eradication of Irf1−/− tumors. 

This suggests the activation of TLR-mediated NF-κB and IFN-I was sufficient to generate, 

recruit, and activate T cells and NK cells with sufficient capacity to kill tumor cells. These 

findings differ from the findings of others demonstrating an important role of IFN-γ, such as 

in carcinogen-induced tumors and in the setting of ICB in advanced tumors.4,21,22,67,68 The 

increased tumor burden in those models may partially explain the differences observed on 

the requirement of IFN-γ. In our Irf1−/− tumor model, tumor cells lack Irf1 at the time of 

implantation, and tumor cells do not have time to develop mechanisms to evade immunity. 

However, in advanced tumors with large tumor burden, multiple immunosuppressive 

compensatory mechanisms exist, thus making host IFN-γ production necessary to overcome 

these immune evasion mechanisms.

Tumor-intrinsic expression of IRF1 was previously suggested to suppress CD8+ T cell-

mediated antitumor immunity in WT hosts by regulating PD-L1, a key immunosuppressive 

ISG.31 In our studies, the effects of tumor-intrinsic IRF1 expression on suppressing host 

immunity only partially depended upon PD-L1, suggesting that other IRF1-dependent 

factors contribute to its ability to suppress antitumor immunity. Indeed, using a tumor cell 

culture model stimulated with IFN-γ, we find that due to differential requirements for IRF1 

and STAT transcription factors at promoters, IRF1 controls several genes that may directly 

impact how tumor cells interact with immune cells. These genes include MHC I, genes 

associated with MHC I antigen presentation, and a subset of IFN-inducible genes shown 

to contribute to immune suppression, including Pdl1, Nos2, Trail, and Ido1. Expressions of 

key pro-immunogenic chemokines (Cxcl9, Cxcl10, and Cxcl11) and death receptors (Fas) 

were maintained upon IFN stimulation of Irf1−/− cancer cells. Reduced expression of IDO-1 

in Irf1−/− cancer cells may impair IDO-1-mediated depletion of tryptophan in tumor cells 

that is shown to directly impair antitumor immunity.69,70 Similarly, reduced expression of 

NOS2 in Irf1−/− cancer cells can allow CD8+ T cell penetration into tumor epithelium.71 

Maintained and elevated expression of Cxcl9–11 and Fas, respectively, in Irf1−/− cancer 

cells can allow effective recruitment and antitumor potency of antitumor T cells.60,61 

Future studies are needed to determine whether these potential mechanisms identified using 

Irf1−/− tumor cells cultured in vitro with IFN-γ, including transcriptional regulation of 
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Pdl1, contribute to the mechanisms by which tumor-cell-intrinsic IRF1 expression regulates 

antitumor immunity in vivo in growing tumors.

Finally, our studies support a key role of IRF1 in immune cells of the TME in cancer. 

The expression of IRF1 was identified in gene signatures of patients’ tumors with 

responses to immunotherapy and is correlated positively with improved survival in TCGA 

datasets.29,32,72 Importantly, a CD8 T cell-specific deletion of IRF2, a negative regulator 

of IRF1, was shown to limit T cell exhaustion and improve ICB responses in mice.30 We 

find that IRF1 in the host is required to control WT or Irf1−/− tumors, likely because of 

the function of IRF1 in regulating the development and function of immune effector cells 

including CD8+ T, NK, and cDC1 cells.73,74 Thus, our data suggest that decreasing IRF1 

expression in tumor cells while maintaining IRF1 expression in the TME may represent a 

viable strategy to enhance antitumor immunity and improve ICB.

Limitations of the study

In this study, we highlight how IRF1 expression in tumor cells directly suppresses a key 

immune response pathway whereby TLR- and IFN-I-dependent activation of cytotoxic T 

cells and NK cells induces tumor cell regression, while IRF1 in the TME is required for 

optimal recruitment of effector lymphocytes to tumor. While we demonstrate that PD-L1 is 

partially responsible for the immunosuppressive role of tumor-intrinsic IRF1, further work is 

needed to identify mechanisms by which tumor cell IRF1 impairs antitumor immunity. Our 

in vitro model identified several possible targets downstream of IRF1 that could be targeted 

to improve immunotherapy. Finally, models of inducible deletion of IRF1 in tumor cells and 

cell-specific deletion of IRF1 in host immune cells could further refine the role of IRF1 in 

tumor-host interactions and feasibility of therapeutic targeting of IRF1 in immunotherapy 

settings.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for all reagents and resources 

should be directed to and will be fulfilled by the lead contact, Philip O. Scumpia 

(pscumpia@mednet.ucla.edu).

Materials availability—All unique reagents (e.g., recombinant DNA and knockout cell 

lines) generated in this study are available by contacting the lead contact.

Data and code availability

• All RNA-seq, ChIP-seq and single-cell RNA-seq data have been deposited at 

GEO and are publicly available on 1st May 2024 or on the date of publication. 

Accession numbers are listed in the key resources table. Microscopy data 

reported in this paper will be shared by the lead contact upon request.

• This paper does not report new or original codes. Code that has been used for 

analysis is publicly available, referred to and listed in the references section.
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• Any additional information needed to reanalyze the data reported in this paper is 

available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice—All animal experiments were performed according to the protocols approved 

by UCLA Animal Research Committee (ARC) and Institutional Animal Care and Use 

Committee (IACUS). WT C57BL/6, StingGt/Gt, NOD Scid, Irf1−/−, Rag2−/− gC−/−, Rag1−/

−, Cd8−/−, Ifngr−/−, Pdcd1−/−, Irf3−/− mice were obtained from Jackson Laboratory. Irf3−/

− and Ifnar−/− mice were obtained from G. Cheng (UCLA), and Myd88−/− Trif−/− mice 

from G. Barton (UC Berkley). All the mutant strains used in this study were backcrossed 

except Rag2−/− γC−/−, and NOD Scid to a C57BL/6 background as stated by Jackson 

inventory. Both male and female mice, age between 8 and 16 weeks were used in the 

experiments. Gender was matched and age difference among mice were not more than 

1 week when compared multiple mutants. Catalog numbers and specific source of the 

mice are provided in the key resources table. Mice were bred and kept under defined-

flora pathogen-free conditions at the AALAC-approved animal facility of the Division of 

Experimental Radiation Oncology, UCLA. These rooms were supplied with autoclaved 

cages and irradiated feed. The mice were continuously monitored by the UCLA Division of 

Laboratory Animal Medicine.

Cell lines—Mouse cancer (MC38, YUMM2.1, B16-F10) and human melanoma (M238) 

cell lines were obtained from A. Ribas lab, UCLA. YUMM2.1, B16-F10 and MC38 

cell lines were cultured in Dulbecco’s modified MEM (DMEM) media (Corning, NY) 

supplemented with 10% fetal bovine serum (Omega, CA) and 1X Penicillin/streptomycin 

(Gibco, #15140–122). MC38 cell line was maintained in DMEM with 10% fetal bovine 

serum, 2mM L-glutamine (Gibco, #25030–081), 0.1 mM non-essential amino acids (Gibco, 

#11140–050), 1 mM sodium pyruvate (Gibco, #11360–070), 10 mM HEPES (Gibco, 

#15630–080), and 1X pen/strep (Gibco, #15140–122).

METHOD DETAILS

Generation of Knock-out Tumor Cell lines using CRISPR/Cas9—Gene targeting 

of IRF1 and STING were carried out using CRISPR/Cas9 method as described by Zhang 

lab.1 Briefly, appropriate single guide RNAs (sgRNA) sequences (listed in the key resources 

table) for murine Irf1 and Tmem173 (Sting) were designed using Benchling tools (https://

benchling.com). Briefly, the designed single guide RNAs (sgRNA) were cloned into pX459-

V2.0 plasmid (Addgene Plasmid #62988). The confirmed guide RNA containing plasmids 

were used to transfect MC38, YUMM2.1, and B16-F10 cell lines using lipofectamine 3000 

(Invitrogen). The transfected cells were transiently selected (48h) with 4ug/ml puromycin 

in the cell culture media. After brief selection, single cells clones were expanded in 

96 well plates. The positive clones were confirmed by sanger sequencing followed by 

sequence analysis using manual curation, Synthego, and CRISPOR online tools. Expression 

of proteins was confirmed by immunoblot using specific antibodies against IRF1 (Cell 

Signaling #8478S) and STING (Cell Signaling #13647). Human IRF1 was mutated in M238 

melanoma cell line by its electroporation (Neon, Invitrogen) with Cas9/Irf1 targeting guide 

RNA complex (Synthego).
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In vitro proliferation and radiosensitivity—Three thousand cells of indicated Wt and 

mutant clones were seeded in 4 replicates in 4 independent micro plates on day 1 and 

MTS assay was performed on day2 (24h), day3 (48h), and day4 (72h) as per manufacturer 

instruction (Promega CellTiter 96 Aqueous, #G3582). To monitor radiosensitivity of clones, 

three thousand cells of indicated clones were seeded in 4 replicates in 4 independent micro 

plates on day 1. Three Plates were irradiated with 10GY of X-ray the next day and MTS was 

performed every 24h.

Clonogenic assay—Cells were irradiated at a dose rate of 1.705 Gy/min using an x-

irradiator (Gulmay, 300 kV, HVL = 3mm Cu, 10 mA). Following irradiation (2 Gy, 4 Gy 

and 6Gy), a known numbers of cells were plated in triplicate in 100 mm tissue culture plates 

and incubated for 11 days in a humidified 5% CO2 atmosphere at 37C. The cells were fixed 

and stained using 0.5% crystal violet in a 70% ethanol solution. Colonies were enumerated; 

only colonies with at least 64 cells were counted. The experiments were repeated at least ten 

times.

In vivo mouse model—Tumor cells (0.5 × 106 or 1 × 106) were injected s.c. into 

the flanks of mice as indicated. Tumors were allowed to grow for about 2–3 weeks or 

longer depending on the experimental setup. Tumor volumes were measured along two 

axes (Length and width) and calculated as tumor volume = (width2 x length) x0.52, where 

width represents the shortest dimension and length represents the longest dimension.2 At the 

termination of the experiments, mice were humanely sacrificed, and tumors were excised, 

weight were also reported in most of the experiments. All WT and mutant mice were housed 

and bred in the same facility to maintain the microflora of the animals. Age and gender 

matched WT mice were used whenever mutant mice were tested for tumor growth.

Histologic evaluation of tumors—Tumors were fixed in 10% neutral buffered formalin 

(Fisher Scientific) for 24 h at room temperature followed by dehydration and embedding in 

paraffin. Tissue sections of 5uM were cut and mounted on slides for staining procedures. 

Hematoxylin and eosin (H&E) staining was performed according to standard procedures by 

the Translational Pathology Core Laboratory (TPCL) at UCLA and histologic evaluation 

was performed by a dermatopathologist (P.O. Scumpia) blinded to the identity of the 

samples.

Multiplex immunofluorescence—Formalin fixed tumors were sectioned and 

deparaffinized at 60°C followed by 3 times xylene washes (10 min each), then rehydrated 

in a gradient ethanol series for multiplex immunofluorescence (mIF). Antigen retrieval 

was performed with AR6 buffer (Akoya Biosciences) 97°C for 20 min. Endogenous 

peroxidases were blocked with 2.5% hydrogen peroxide in methanol for 30 min. The 

staining was performed with the OPAL-7 color manual kit following the manufacturer’s 

instructions (Akoya Biosciences) by trained technician at UCLA’s Translational Pathology 

Core Laboratory (TPCL). Briefly, A hydrophobic barrier pen was used to completely 

surround the tissue section on the slide and non-specific antigens were blocked by covering 

the tissue section with blocking buffer (PerkinElmer antibody diluent buffer) to cover 

the tissue section and incubation in a humidified chamber at room temperature for 10 
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min. Tissue sections were covered with primary antibodies at 1:200 dilution against CD8 

(eBioscience, Rabbit, Cat #14–0808); and CD4 (Abcam, Rat, Cat # AB183685); and 

then were counterstained with the nuclear stain 4′,6-diamidino-2-phenylindole (DAPI) 

at room temperature. Sections were incubated sequentially with secondary antibodies at 

room temperature for 15 min, followed by tyramide-based labeling for 10 min, and the 

process repeated for each antibody. The slides were mounted with ProLong Gold Antifade 

(Invitrogen). The mIF images were acquired using a Vectra Polaris microscope (Akoya 

Bioscience) at 20× magnification.

In vitro stimulation of cells—WT and IRF1 mutant cells were treated with 100 units/ml 

of IFN-γ (mouse IFN-γ cat # 315–05 from Peprotec, human IFN-γ cat # rcyec-hifng, from 

Invivogen) for various time points before harvesting for RNA or protein isolation.

RNA-seq—Total RNA from cultured tumor cell lines was prepared using RNAeasy kit 

(QIAGEN). Strand-specific libraries were generated using 400 ng of total RNA using the 

Illumina TruSeq stranded RNA Sample Preparation Kit as described previously.3 cDNA 

libraries were single-end sequenced (50bp) on Illumina HiSeq 3000 machine.

ChIP-seq—ChIP-seq was performed as previously described3 with anti-IRF1 antibody 

(Cell Signaling, 8478S), anti-STAT1 antibody (Cell Signaling, 9172). Briefly, about 10 

million cells from indicated conditions were used for cross-linking with 1mM DSG for 

45 min and 1% formaldehyde for 10 min. Chromatin shearing was performed in a 

Covaris M220 Focused/Ultrasonicator with 15% duty factor, 300 cycles for 20 min to 

obtain chromatin fragment size range between 200 and 600 bp. Chromatin lysate were 

pre-cleared by incubating for 1h with magnetic protein G beads (Dynabeads protein G, 

Thermo Fisher #1004D) on a nutator followed by overnight incubation at 4°C with either 

anti-IRF1 or anti-STAT1 antibodies. Antibody bound chromatin were pooled using magnetic 

protein G beads by incubating for 4h in a nutator at 4°C. After multiple wash, antibodies/

bead bound chromatin was de-crosslinked and digested with Proteinase K and RNase A 

for overnight at 60°C in a thermomixer. The digested DNA was purified using phenol 

chloroform and precipitated with sodium acetate, linear acrylamide (Invitrogen #AM9520) 

and absolute alcohol. 1ng of purified DNA was used for ChIP-seq libraries preparation 

using KAPA HyperPrep Kits (Roche) and barcode indices from NextFlex (PerkinElmer) as 

per manufacturer instructions. ChIP-seq libraries were sequenced in Illumina Hiseq 3000 

machine at UCLA’s TCGB core.

PD-L1 over-expression in IRF1 mutant MC38 Cell—The coding region of the murine 

PD-L1 (PD-L1) gene was PCR amplified from cDNA of bone marrow derived macrophages’ 

RNA (C57BL/6J) using Pfu-phusion (NEB #E0553L), and mPD-L1 forward and reverse 

gateway cloning primers (listed in the key resources table). The procedure to clone using 

Gateway Technology (Invitrogen/Life Technology) is detailed in the manufacturer’s manual 

(Document Part Number 250522, Life technology). Briefly, the PCR amplified mPD-L1 

was first clones into pDONR 221 plasmid using BP clonase enzyme mix (Invitrogen 

# 11789020). Sanger Sequencing confirmed clone was used for transfer the gene into 

pLenti-DEST plasmid (A lenti-viral plasmid, Addgene Plasmid #17452) using LR clonase 
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enzyme mix (Life technology, # 11791020). Virus were produced in 293T max cell line 

by transfecting the PD-L1 construct and helper plasmids (VSVG, pMDL, pRSV-REV). 

Wild-type and IRF1 mutant MC38 cells were transduced with lentivirus, followed by 

selection with puromycin (5ug/ml) for 5 days. Cells were maintained in puromycin free 

media for about 4 days and the surface PD-L1 over expression was confirmed to be high 

and comparable in wild-type and Irf1−/− cells by flow cytometry using PE conjugated 

anti-mPD-L1 antibody (Biolegend, #124307-BL).

Tumor digestion for single Cell suspensions—MC38 and YUMM2.1 tumors were 

harvested from mice at defined time points. Tumors weight were noted followed by 

chopping into small pieces (2–4 mm size) and digestion with Miltenyi’s gentle MACS 

enzyme mix (mouse tumor dissociation kit, # 130–096-730) in a Miltenyi GentleMACS 

Octo Dissociator (Miltenyi Biotec Inc., San Diego, CA) as per manufacture’s recommended 

procedure (37C_mTDK_1). Cells were subsequently passed through a smart strainer (70uM) 

and washed with PBS and counted.

Flow cytometry analysis—Approximately 1 million cells were aliquoted into 2 tubes 

to stain with 2 panels of antibodies cocktails for 30 min on ice followed by 2 times 

wash and resuspension in 300 μl FACS buffer (1% FBS in PBS). Panel1 for T and NK 

cell include CD45_PerCPcy5.5, CD3_APC, CD4_APC-PE780, CD8_FITC, NK1.1_PE, 

PD1_421. 2nd panel for myeloid cells include Cd45_APC, Cd11b_APC-Alexafluor 750 

(APC-Cy7), Cd11c_PE, Ccr2_BV785, Ly6C_PE/Dazzle594, Ly6G_FITC. Details of the 

antibodies are also provided in Key Resource Table. Live/dead cell discrimination was 

performed using Live/Dead Fixable Viable Stain 510 (BD Horizon). All cell events were 

collected on a flow cytometer (BD LSR II) and the total number of events of a given 

immune cell type were divided by the weight of the tumor.

For analysis of cell lines grown in vitro, sub-confluent cells either untreated or treated for 

18 h with 100 ng/mL of IFNG (PeproTech) were harvested and single-cell suspensions were 

prepared before staining with antibodies anti-PD-L1-PE and anti-MHC-I_Alexa-Fluor-647.

Single Cell RNA-seq—Wt and Irf1−/− MC38 tumors (pooled 4–6) grown in WT mice or 

WT and Ifnar−/− mice from two independent clones of each type of tumor were harvested 

on day 12 were chopped into small pieces (2–4 mm size) with a scalpel before dissociation 

with Miltenyi’s gentle MACS enzyme mix (mouse tumor dissociation kit, # 130–096-730) 

in a Miltenyi GentleMACS Octo Dissociator (Miltenyi Biotec Inc., San Diego, CA) with 

pre-set 37C_mTDK_1 protocol. After dissociation, the cell suspension was filtered through 

70uM MACS smart strainer and dead cells were removed using dead cell removal kit 

(Miltenyi Biotec Inc.). Cells were counted using Countess II Automated Cell Counter 

(Thermo Fisher Scientific) and hemocytometer for cell concentration and viability using 

Trypan Blue stain 0.4% (Invitrogen). Single cell gene expression libraries were created 

using Chromium Next GEM Single Cell 3’ (v3.1 Chemistry) (10x Genomics), Chromium 

Next GEM Chip G Single Cell Kit (10x Genomics), and Single Index Kit T Set A (10x 

Genomics) according to the manufacturer’s instructions. Briefly, cells were loaded to target 

10,000 cells to form GEMs and barcode individual cells. GEMs were then cleaned cDNA 

and libraries were also created according to manufacturer’s instructions. Library quality was 

Purbey et al. Page 18

Cell Rep. Author manuscript; available in PMC 2024 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



assessed using 4200 TapeStation System and D1000 ScreenTape (both from Agilent) and 

Qubit 2.0 (Invitrogen) for concentration and size distribution. Samples were sequenced using 

Novaseq S1 (Illumina) using 100 cycles (28 + 8+91). 200 M reads for each sample with 

about 50,000 reads per cell were targeted.

QUANTIFICATION AND STATISTICAL ANALYSIS

Tumor volume and weight Group difference analysis—Tumor volumes were 

determined by caliper measurements. Tumor volumes were measured along two axes 

(Length and width) and calculated as tumor volume = (width2 x length) x0.52, where 

width represents the shortest dimension and length represents the longest dimension.2 To 

quantify the precision of tumor volume means, we calculated the standard error of the 

mean (SEM) using Microsoft Excel. This involved deriving the sample standard deviation 

with the STDEV.S function, determining the sample size with the COUNT function, and 

dividing the standard deviation by the square root of the sample size, using the formula = 

STDEV.S(range)/SQRT(COUNT(range)). The SEM was presented alongside mean values 

as error bars. The significance of all two-way comparisons for volumetric and weight 

difference was determined by a two-sample two-tailed t test, or by a one-tailed t test 

when appropriate. For non-parametric data, a Mann-Whitney U (also known as Wilcoxon 

rank-sum) test was used in R package. If data had tied values, approximate instead of exact 

Wilcoxon test was performed by providing “exact = FALSE”.

RNA-seq analysis—Reads were aligned to the mouse genome (NCBI37/mm9 build) or 

human genome (GRCh37/hg19) with Hisat2 by allowing reads to be aligned once with up to 

two mismatches per read. SeqMonk (Babraham Bioinformatics) was used to quantify against 

the exons of Refseq genes and RPKM values for genes were calculated as described.3 

Briefly, RPKM equals the number of reads mapped to exons of a gene divided by the 

exon length in kb times the total number of mapped reads in the dataset (in millions). All 

RPKMs used for the analysis represent averages of two to three independent biological 

replicates. Genes were called expressed if the RPKM reached 2 at least in one sample. 

Initially, we focused on the potently induced genes indicated by fold induction level 3-fold, 

and the induced expression level was consistently different from the basal level (p < 0.01), 

as determined by the DESeq2 package in R Bioconductor.4 DE genes were displayed 

using EnhancedVolcano plot package in R5. To determine the impact of Irf1−/− loss on 

the expression of a IFN-y induced gene, the maximum RPKM in the Irf1−/− samples was 

converted to a percentage after considering the WT maximum RPKM to be 100%.

ChIP-seq analysis—Reads were aligned to the mouse genome (NCBI37/mm9 build) with 

Hisat2. Uniquely mapped reads were used for peak calling over input as ref. 6. Peaks were 

called if the normalized signal was enriched more than 4-fold over input with a poison p 
value lower than 1e-4 and false discovery rate of 0.01. All peaks were annotated to Refseq 

genes based on the closest TSS using HOMER. Homer (makeUCSCfile command line) 

was used to generate bedgraph files of uniquely mapped reads for UCSC genome browser 

visualization. Pie chart (in Microsoft Excel) was used to represent genomic distribution of 

peaks and Venn diagram was used to represent overlap between IRF1 and STAT1 bound 

peaks. For comparative analysis of peaks, a master probe was generated with BEDTools7 to 
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quantify reads in the peak regions in SeqMonk (The Babraham institute). Then RPKMs were 

generated using raw reads from SeqMonk normalized to the size of the peak (in kbps) and 

the depth of sample sequencing (in million reads). Position weight matrix motif for IRF1 

and STAT1 were used from Jasper TF motif database.

Single Cell RNA-sequencing data analysis—Sequencing data were demultiplexed in 

Basespace and mapped, barcode collapsed, and filtered in the Cell Ranger software (10x 

Genomics). Reads were mapped to the mm10 Refseq mouse reference transcriptome. The 

output from Cell Ranger, a raw sparse matrix with digital expression of cell barcodes 

by genes, was used for downstream analysis. Using Seurat 4.1 in R (https://github.com/

satijalab/seurat),8 quality control measures were imposed, where cells with fewer than 200 

detected genes or more than 20% mitochondrial reads were excluded. To identify and 

remove doublets, the cell matrix was processed by DoubletFinder (https://github.com/chris-

mcginnis-ucsf/DoubletFinder).9 The filtered dataset underwent normalization and scaling 

using the SCTransform method within the Seurat package (version 4.1), which stabilizes 

variance across features. Integration of multiple scRNA-seq datasets was carried out by 

employing the Harmony algorithm. The RunHarmony function was invoked with dims = 

1:50 to perform the integration on the scaled and normalized expression data of the selected 

3,000 features. Post-integration, we conducted principal component analysis (PCA) on the 

harmonized data, followed by the construction of a shared nearest neighbor (SNN) graph 

with the top 20 principal components. Clusters were identified using the Louvain algorithm 

with a resolution of 0.5 (optimized after trying several resolution). For visualization, 

we employed the Harmony embedding technique, which facilitated the creation of a 

Uniform Manifold Approximation and Projection (UMAP) plot to display the data in a 

two-dimensional space. Clusters were annotated based on expression of known cell type-

specific markers using literature and various databases (PanglaoDB,10 Enrichr,11 human 

protein atlas12) and differentially expressed genes in distinct clusters. Genes were considered 

differentially expressed based on Wilcoxon rank-sum test with an adjusted p-value <0.05. 

Final analysis and plots were mostly created using R, Bioconductor packages and the 

libraries in ggplot2. Cluster profiler4.0 was used to show gene set enrichment for selected 

cell subsets. Interferome database13 (http://www.interferome.org) was used to categorize 

type-I and IFN-y induced gene program in CD8_Effectormemory cluster (Figure S3G). Data 

shown in all figures related to scRNA-seq experiments were data from one representative 

WT and one representative Irf1−/− clone as both pairs of clones sequenced generated nearly 

identical results.

ProjecTILs T cell subtype Classification and Annotation—To understand the 

difference in T cells’ states between Wt and Irf1−/− tumors, we projected our tumors’ 

single cell RNA-seq data to T cell reference atlas generated from mouse tumors (mouse 

TILs atlas) in ProjecTILs R package.14 The TILs atlas was created using mouse tumors’ 

single cell RNA-seq data. The reference T cell atlas defines 9 T cells states (Figure 

S3C), including CD8_Tex (a CD8+ terminally-exhausted effector cluster, characterized by 

high expression of granzymes, multiple inhibitory receptors, such as Pdcd1, Ctla4, Lag3, 

Tigit, Havcr2/TIM-3, etc. and Tox), CD8_Tpex (CD8+ precursor-exhausted cluster, with 

co-expression of Tcf7, Pdcd1, Ctla4, Tox but low expression of Havcr2 or granzymes), 
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CD8_NaiveLike (a naive-like CD8+ T cells, which may consist of naive as well as 

central memory cells),CD4_NaiveLike (a naive-like CD4+ T cells co-expressing Tcf7 

and Ccr7 while lacking cytotoxic molecules and activation features such as Pdcd1 and 

Tnfrsf9/4–1BB), CD8_EffectMemory (effector-memory CD8+ T cells, co-expressing Tcf7 

and granzymes “most prominently Gzmk”, with low to intermediate expression of Pdcd1; an 

“early-activation” state of CD8+ T cells), Th1 (a cluster of CD4+ Th1-like cells, expressing 

IFN-gamma receptor 1 “Ifngr1” and Fasl), Tfh (a CD4+ follicular-helper population with a 

pronounced expression level of Cxcr5, Tox, and Slamf6), and Treg (a cluster of regulatory 

T cells, identified by Foxp3 expression). Briefly, a normalized expression matrix post 

doublet removal (Seurat logNorm data) was provided as input and non-T cells were filtered 

using TILPRED-1.0 before alignment and batch-effect correction. Additional parameters 

for “make.projection” were kept as the default. Cell states were predicted for each cell 

using a nearest-neighbor algorithm (ProjecTILs “cellstate.predict”) and overlaid onto the 

original mouse UMAP with TILPRED filtered cells. Projection of our data over the 

reference in UMAP space was plotted using “plot.projection” function with default setting in 

ProjectTILs. The contour lines display the density of projected query cells onto the reference 

map (Figures 3F and 4D). Relative percent distribution of various T cell subtypes/states in 

terms of reference T cell subtypes was plotted using “plot.statepred.composition” function in 

with parameter metric = “Percent” in ProjectTILs package in R.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• IRF1 expression in tumor cells or the TME governs tumor progression or 

regression

• Tumor cell IRF1 blocks host IFNAR and TLR activation of antitumor 

adaptive immunity

• Tumor cell IRF1 controls only an immunosuppressive gene program induced 

by IFN-γ

• IRF1 controls distinct IFN-γ-induced genes by binding promoters alone or 

with STAT1
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Figure 1. Increased infiltration of adaptive immune cells is associated with growth impairment of 
immunogenic Irf1−/− tumor
(A) Schematic representation of syngeneic tumor model.

(B) Immunoblot using anti-IRF1 antibody (top panel) anti-β-tubulin (bottom panel) loading 

control showing loss of IRF1 expression in various CRISPR-Cas937 mutant tumor clones.

(C) Upper panel shows growth kinetics of a representative experiment of WT (C1), Irf1−/− 

(I1), and Sting−/− (S3) MC38 clones in wild-type (C57BL/6J) hosts. Lower panel represents 

weight of tumors at termination of experiment in upper panel.
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(D) Upper panel shows tumor growth kinetics (average tumor volume) of additional WT 

(C3), Sting−/− (S1), and Irf1−/− (I3 and I4) MC38 clones in wild-type (C57BL/6J) hosts. 

Lower panel shows weight of tumors from panel above on day 21.

(E) Upper panel shows growth kinetics of one each of WT and Irf1−/− B16F10 clones. 

Lower panel represents weight of tumors on day 18 from the experiment shown above.

(F) Upper panel shows growth kinetics of one WT and two Irf1−/− YUMM2.1 clones. Lower 

panel represents weight of tumors on day 32 from the experiment above. For (C)–(F), p 
values were determined. Error bars represent mean ± standard error. *p ≤ 0.05; **p < 0.01; 

***p < 0.001; ****p < 0.0001 by Mann-Whitney U/Wilcoxon rank-sum test or Student’s 

paired t test as appropriate.

(G) Schematic representation of experimental approach for (H)–(J).

(H) Histology of tumor center and tumor boundary from WT (top left, bottom left) and 

Irf1−/− (top right, bottom right) from WT (bottom left) and Irf1−/− (bottom right) MC38 

tumors grown in WT mice.

(I) Flow cytometry analysis of tumors for CD8+ and NK cells in the Irf1−/− MC38 tumors 

from WT (C57BL/6J) mice. Upper and lower panels represent immune cells/gram tumors 

and percent tumor CD45+ cells, respectively. p values were determined by a Mann-Whitney 

U/Wilcoxon rank-sum test or Student’s paired t test as appropriate. *p ≤ 0.05; **p < 0.01; 

***p < 0.001; ****p < 0.0001.

(J) Representative immunofluorescence photomicrographs of tumor boundary (top panel) 

and tumor center (bottom panel) of WT (upper) and Irf1−/− (lower) MC38 tumors in WT 

mice.
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Figure 2. Generation of adaptive immune memory and ICB control of Irf1−/− tumors
(A) Schematic representation (top left panel) and of experimental design and table (bottom 

left panel) of immunological defects in indicated immunodeficient mice. Growth kinetics of 

WT and Irf1−/− MC38 tumors in Rag2−/− γC−/− (middle panel) and NOD/Scid (right panel) 

mice.

(B) Experimental schema (top left panel) and table of immune deficiencies (bottom left 

panel). Right panel shows weight of WT and Irf1−/− MC38 tumors in various mouse strains 

after 21 days.
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(C) Experimental scheme for panels (D) and (E).

(D) Effect of anti-PD-1 treatment on WT and Irf1−/− MC38 tumors.

(E) Effect of anti-CTLA4 treatment on WT and Irf1−/− MC38 tumors. For (A)–(E), *p ≤ 

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by Mann-Whitney U/Wilcoxon rank-sum 

test.
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Figure 3. Enhanced effector T cell response in Irf1−/− tumors
(A) UMAP showing 12 distinct cell populations in WT and Irf1−/− tumors.

(B) Percentage of indicated cell populations in WT and Irf1−/− tumors.

(C) Dot plot showing expression of select cell-type-specific and immune activation genes in 

cells from WT and Irf1−/− tumors.

(D) Differential expression (DE) of genes enriched in the CD8-NKT cell cluster.

(E) Gene Ontology analysis of cells in the CD8-NKT cluster from Irf1−/− tumors.
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(F) Projection of T cells (black profile) from WT and Irf1−/− tumor scRNA-seq onto 

reference T cell atlas (colored distinct T cell states) from ProjectTILs.

(G) Proportion of various T cell states in WT and Irf1−/− tumors as defined by the reference 

T cell atlas. All data were generated by comparison of scRNA-seq data pooled from 4 WT 

and 6 Irf1−/− mouse tumors.
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Figure 4. Responsiveness to type I but not the type II interferon (IFN-γ) mediates Irf1−/− tumor 
control
(A) Experimental design (left) for test the role of host IFN-I and IFN-II in WT and Irf1−/− 

MC38 tumors. Right dot plot represents weight of WT and Irf1−/− MC38 tumors from mice 

on day 20.

(B) Proportion of indicated cell populations among WT MC38 tumor grown in WT mice and 

Irf1−/− MC38 tumor grown in WT or Ifnar−/− mice.

(C) Dot plot showing expression of activation markers and ISGs in distinct cell types from 

Irf1−/− MC38 tumor grown in WT or Ifnar−/− mice.
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(D) Projection of scRNA-seq data of T cells (black profile) from indicated tumors onto 

reference T cell atlas (colored distinct T cell states) from ProjectTILs.

(E) Percentage of T cells mapped to reference T cell states in the scRNA-seq data from 

indicated tumors.

(F) Proportion of various T cell states in the scRNA-seq data from the indicated tumors.

(G) Left side shows the experimental scheme of upcoming experimental testing. Middle 

boxplot shows weight of WT and Irf1−/− MC38 tumor from WT and Stinggt/gt mice, and 

right boxplot shows weight of WT and Irf1−/− tumors in indicated mice.

(H) Left side shows scheme of testing host TLR pathways in Irf1−/− tumors. First two dot 

plot panels show weight of WT (1st dot plot, day 23) and Irf1−/− (2nd dot plot, day 31) MC38 

tumors in WT, Myd88−/−, and Trif−/− mice. Last boxplot shows weight of WT and Irf1−/− 

MC38 tumor in WT and Myd88−/−Trif−/− (double mutant) mice on day 17. For (A), (G), 

and (H) plots, *p ≤ 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by Mann-Whitney 

U/Wilcoxon rank-sum test.
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Figure 5. IRF1 expression in the host microenvironment is required for the clearance of Irf1−/− 

tumors
(A) Experimental scheme for (B)–(E).

(B) Left panel shows total CD45+ cells/gram of tumors, and right panel displays 

CD45+CD3+, CD3+CD4+, and CD3+CD8+ T cells/gram of WT tumors in WT or Irf1−/− 

mice.

(C) Frequency of CD4+ and CD8+ T cells relative to CD3+ cells in WT tumors grown in WT 

(n = 3) and Irf1−/− mice (n = 4).

(D) Infiltration of “total NK1.1+,” “NK,” and “NKT” cells per gram of WT tumors from WT 

and Irf1−/− mice.

(E) Frequency of “total NK1.1”, “NK” and “NKT” cells relative to CD45+ cells infiltrated in 

WT tumors grown in WT (n = 3) and Irf1−/− (n = 4) mice.

(F) Left panel: schematic representation of experimental setup to monitor for (F)–(H). Right 

panel: weight of Irf1−/− MC38 (syngeneic; first 3 columns) and FSA (allogeneic; last 3 

columns) subcutaneous tumors grown in WT (C57Bl6/J), NOD/Scid, or Irf1−/− mice for 22 

days.

(G) Images of Irf1−/− MC38- or FSA-tumor-bearing mice (left panel) and harvested tumors 

(right panel) on day 16 in NOD/Scid mice.

Purbey et al. Page 37

Cell Rep. Author manuscript; available in PMC 2024 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(H) Images of tumor-bearing mice (left panel) and harvested tumors (right panel) on day 22 

in Irf1−/− mice. For (B)–(F) plots, *p ≤ 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by 

Mann-Whitney U/Wilcoxon rank-sum test.
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Figure 6. IRF1 positively regulates a subset of IFN-γ-inducible genes that can promote the tumor 
progression
(A) Scheme of in vitro model of WT and Irf1−/− tumor cells, IFN-γ stimulation, and 

RNA-seq data analysis.

(B) Volcano plot of expressed genes in MC38, B16F10, and YUMM2.1 cell lines induced 

with IFN-γ for 2 h (RPKM > 2, isoform removed, n = 11,502). Top-right quadrant shows 

71 induced genes (red and gold dots are genes induced more than 3-fold; p < 0.05 from 5 

control and 5 IFN-γ-treated datasets).
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(C) Dot plot display of average percent expression of IFN-γ-induced genes in Irf1−/− mutant 

clones relative to WT clones: red dotted line shows <30% expression and purple dotted 

line shows >200% expression in IFN-γ-stimulated Irf1−/− vs. WT tumor cells considered 

IRF1-dependent genes. Important IRF1-regulated genes (both up and down) are labeled.

(D) Table detailing known function of important IFN-γ-induced genes and how they are 

regulated by IRF1.

(E) RPKM distribution of basal and IFN-γ-stimulated genes from 43 human melanoma cell 

lines (5 ng/mL IFN-γ for 6 h).

(F) Volcano plot of all the expressed genes in a representative human melanoma line (M238) 

induced with IFN-γ for 6 h (average RPKM > 2, isoform removed, n = 9,768). The 

top-right quadrant (red dots) shows genes induced >3-fold (n = 120) with p < 0.05 from two 

IFN-γ-treated datasets.

(G) A dot plot display of average percent expression of IFN-γ-induced genes in Irf1−/− 

M238 (human melanoma cell line) relative to WT M238 cells.
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Figure 7. ChIP-seq highlights distinct and co-operative binding of IRF-1 and STAT-1 at 
promoters to regulate distinct set of ISGs
(A) Bar graph represents number of genome-wide (left panels) and promoter (promoter = ±1 

kb of transcription start site [TSS], right panels) ChIP-seq peaks for IRF1 (top graphs) and 

STAT1 (bottom graphs) in MC38 cells.

(B) Venn diagram showing overlap of IRF1 and STAT1 binding in IFN-γ-stimulated cells at 

genome-wide (left) and promoter regions (right).
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(C) Scatterplot shows the distribution of IRF1 (Y axis ChIP-seq peak score) and STAT1 (X 

axis ChIP-seq peak score) promoter binding strength at IRF1-dependent (Pdl1, Trail, and 

Tmem140) and -independent (Cxcl9, Cxcl11, and Fas) genes.

(D) Scatterplot showing dependence of gene expression (Y axis) and STAT1 binding (X 

axis) on IRF1 for a subgroup of ISGs that showed promoter STAT1 binding in IFN-γ-

stimulated WT MC38 cells highlighting the dependence of STAT1 binding on IRF1 in the 

expression of IRF1-dependent (Pdl1, Tmem140, etc.) and -independent (Cxcl9, Cxcl11, Fas, 

etc.) genes.

(E) Cartoon depicting context of PD-L1 in T cell function.

(F) Dot plot showing surface expression of PD-L1 on cancer cells from WT (n = 8) and 

Irf1−/− (n = 8) tumors on day 12 (red horizontal bar = mean).

(G) Dot plot showing weight of WT and Irf1−/− MC38 tumors in NOD/Scid, WT, or Pd1−/− 

mice.

(H) Top panel shows the expression of PD-L1 at baseline (control) and post-IFN-γ 
stimulation. Middle and bottom panels show stable overexpression of PD-L1 in the WT 

and Irf1−/− MC38 cells.

(I) Boxplot showing weight of tumors on day 23 from WT hosts injected with GFP or 

PD-L1 overexpressing WT and Irf1−/− MC38 cells. For (F), (G), and (I) plots, *p ≤ 0.05; **p 
< 0.01; ***p < 0.001; ****p < 0.0001 by Mann-Whitney U/Wilcoxon rank-sum test.
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