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Enhancing KDM5A and TLR activity improves
the response toimmune checkpoint blockade
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Immune checkpoint blockade (ICB) therapies are now established as first-line treatments for multiple cancers, but
many patients do not derive long-term benefit from ICB. Here, we report that increased amounts of histone 3
lysine 4 demethylase KDM5A in tumors markedly improved response to the treatment with the programmed cell
death protein 1 (PD-1) antibody in mouse cancer models. In a screen for molecules that increased KDM5A
abundance, we identified one (D18) that increased the efficacy of various ICB agents in three murine cancer models
when used as a combination therapy. D18 potentiated ICB efficacy through two orthogonal mechanisms: (i)
increasing KDM5A abundance, which suppressed expression of the gene PTEN (encoding phosphatase and tensin
homolog) and increased programmed cell death ligand 1 abundance through a pathway involving PI3K-AKT-S6K1,
and (ii) activating Toll-like receptors 7 and 8 (TLR7/8) signaling pathways. Combination treatment increased T cell
activation and expansion, CD103"* tumor-infiltrating dendritic cells, and tumor-associated M1 macrophages,
ultimately enhancing the overall recruitment of activated CD8" T cells to tumors. In patients with melanoma,
a high KDM5A gene signature correlated with KDM5A expression and could potentially serve as a marker of
response to anti-PD-1 immunotherapy. Furthermore, our results indicated that bifunctional agents that enhance

to original U.S.
Government Works

both KDM5A and TLR activity warrant investigation as combination therapies with ICB agents.

INTRODUCTION

The treatment of various cancers has been revolutionized by the
development of effective immunotherapies that are now established
as powerful clinical tools (1). Many of these promising immuno-
therapeutic strategies, which lead to strong antitumor responses
and sometimes even long-term remissions, are based on the blockade
of activation of immune inhibitory receptors found on activated
T cells or other immune cells. Such immunotherapeutic targets
currently include cytotoxic T lymphocyte-associated protein 4,
programmed cell death protein 1 (PD-1), and programmed cell
death ligand 1 (PD-L1) (2), among others. Unfortunately, only a
minority of patients respond to any particular immune checkpoint
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blockade (ICB) agent (1). Therefore, it is anticipated that combina-
tion immunotherapies targeting nonredundant immune pathways
will be required to improve upon both the efficacy and response
rates of ICB therapies (3, 4). Efforts to identify combination agents
mostly focused on immune targets.

Tumors often exhibit extensive epigenetic reprogramming,
for example, with tumor cell genomes displaying histone 3 lysine
4 trimethylation (H3K4me3) marks that induce gene transcription
(5). The H3K4 demethylase KDM5A (also referred to RBP2 or
JARID1A) acts on tri- and dilysine 4 of histone H3 (H3K4me3/2)
but does not demethylate monomethylated H3K4 (6, 7). KDM5A is
a potential oncogene in various cancers (8). Because KDM5A
promotes drug resistance in certain cancer cells (9) and is associated
with tumorigenesis and metastasis, this protein represents a potential
therapeutic target for inhibition (7).

Several studies have reported that histone (de-)methylases are
involved in overcoming tumor resistance to PD-1/PD-L1 blockade
(10-12). For example, inhibiting the lysine-specific histone demethylase
1A (also referred to KDM1A) in conjunction with administering
anti-PD-1 antibody triggered antitumor immunity and reduced
tumor growth in a B16 melanoma model (10). Despite the importance
of KDM5A in both normal physiology and disease, it is unknown
whether inhibiting or enhancing KDM5A activity will improve the
response to ICB. Motivated by this emerging understanding of the
potential impact of altered demethylation activity on immunotherapy
outcomes, we explored publicly available RNA sequencing (RNA-
seq) data from two large-scale cancer genomics resources and
published ICB studies. Our analysis suggested that a KDM5A gene
signature might be a potential marker for predicting patients that
would respond to anti-PD-1 therapy.

To explore the relationship between KDM5A and anti-PD-1
responses, we used mouse models of colon cancer and melanoma.
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We showed that overexpression of KDM5A in tumor cells renders
MC38 colon cancer and B16 melanoma more responsive to anti-
PD-1 therapy and provided evidence that this effect of KDM5A
occurred down-regulating PTEN expression, activating the PI3K
(phosphatidylinositol 3-kinase)-AKT-S6K1 (S6 kinase 1) signaling
cascade and increasing the abundance of PD-LI1. Because high
PD-L1 abundance in tumors leads to effective anti-PD-L1 immuno-
therapies (13), we screened for potential combination agents that
increased the abundance of both KDM5A and PD-L1. We found
that a potential drug candidate D18 both increases the abundance
of KDM5A and PD-L1, as well as acts as Toll-like receptors 7 and 8
(TLR7/8) agonist. We also found that the combination of D18 with
various ICB agents suppressed the growth rate of tumors in mice.
The combination treatment increased T cell expansion, infiltration,
tumor-infiltrating CD103" dendritic cells (DCs), and tumor-associated
M1 macrophages, thereby increasing the overall recruitment of
activated CD8" T cells into the tumor microenvironment (TME).

RESULTS

A KDM5A gene signature is associated with therapeutic
response to patients with metastatic melanoma treated

with anti-PD-1 antibody

To obtain mechanistic insights into the function of KDM5A and
further understand the potential role of KDM5A in conferring
clinical response to anti-PD-1 therapy, we analyzed gene expression
microarray data of 703 primary cutaneous melanoma samples from
the Leeds Melanoma Cohort (LMC) (14). We divided the samples
into four quartiles ranked by their expression of KDM5A and iden-
tified the differentially expressed genes between the two quartiles
with the highest and lowest expression (fig. S1A and data file S1A).
Gene set enrichment analysis (GSEA) identified 20 gene signatures
that were positively correlated with higher expression of KDM5A
(data file S1B), among which two established gene signatures reactome
PD-1 signaling (ranking 2nd) and reactome chromatin modifying
enzymes (ranking 11th) were skewed toward high expression of KDM5A
(Fig. 1, A and B). To delineate a KDM5A gene signature, we analyzed
RNA-seq data of 473 cutaneous melanoma samples from The Cancer
Genome Atlas (TCGA) project (15) and identified differentially expressed
genes that were up-regulated in the quartile with the highest expression
of KDM5A. We then integrated 1193 genes from the TCGA skin
cutaneous melanoma (SKCM) cohort and 93 genes from the LMC
that were positively correlated with KDM5A expression. We identi-
fied eight intersecting targets (KDM5A, RIOK1, MVB12B, HMCN],
FAM13C, PDEIA, IKZF3, and ANO3) and defined this eight-gene
set as a KDM5A gene signature (Fig. 1C).

We tested the utility of this KDM5A gene signature in predicting
responses to anti-PD-1 therapy in patients with metastatic mela-
noma. We analyzed RNA-seq data from two large published co-
horts for which patients with metastatic melanoma were treated
with anti-PD-1 therapy and clinical response data were available:
the Liu et al. (16) cohort (n = 121) and the Riaz et al. (17) cohort
(n = 32). We evaluated the ability of the KDM5A signature gene
expression to differentiate between responders and nonresponders
by single-sample GSEA using Signature score (S-score) (18).
S-scores revealed that the KDM5A signature was differentially
enriched between tumor groups in both cohorts and most pa-
tients with responding tumors had positive S-scores (Fig. 1D
and fig. S1B).
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We built predictive models of the response to ICB using the KDM5A
gene signature in each cohort and compared their predictive accu-
racy, using area under the curve (AUC) analysis, to models built
from published biomarker gene sets of response, including models
that combined the KDM5A gene signature with the published bio-
marker sets. In addition to tumor mutational burden (TMB) (19),
the gene expression-based biomarker sets that we evaluated were
T cell-inflamed gene expression profile (GEP) (20), chemokine sig-
nature (21), Immunoscore (21), cytolytic activity (CYT) (22), major
histocompatibility complex I (MHC-I) (16), and MHC-II (16) (data
file S2). The KDM5A gene signature alone yielded an overall AUC
accuracy of 0.65 with the Liu et al. (16) melanoma cohort and 0.63
with the Riaz et al. (17) cohort and showed similar or better per-
formance compared to the other published biomarker gene sets (Fig. 1E
and fig. S1C). Combining the KDM5A gene signature with some of the
published biomarker sets improved the predictive accuracy, including
TMB and T cell-inflamed GEP (Fig. 1E and fig. S1C). In addition,
higher expression of KDM5A was associated with higher survival rate
in the Liu et al. (16) cohort of 121 patients with metastatic melanoma,
assessed by both overall survival and progression-free survival (Fig. 1,
F and G). We repeated the analysis of the Liu ef al. (16) cohort using
a subset of the samples for which RNA-seq data were available be-
fore the patients receiving anti-PD-1 antibody treatment. With these
pre-anti-PD-1 tumor samples (n = 104), we observed similar re-
sults for the predictive response value of the KDM5A gene signature
and the positive correlations between overall and progression-free
survival and high KDM5A expression (fig. S1, D to G). Collectively,
our findings suggested that the KDM5A gene signature could
potentially serve as a marker for ICB response.

KDM5A overexpression enhances anti-PD-1 therapy
responses in mouse models of melanoma and colon cancer
Because we found that the KDM5A gene signature is associated
with anti-PD-1 therapy response in melanoma, we explored whether
increasing KDM5A improved the efficacy of anti-PD-1 blockade
immunotherapy in mouse models. We selected the B16 melanoma
model due to its primary resistance to ICB by an anti-mouse PD-1
antibody (23). We inoculated KDM5A-overexpressing B16 cells
into wild-type mice and treated these mice with anti-PD-1 antibody.
Anti-PD-1 antibody reduced tumor volume in mice bearing the
B16 cells overexpressing KDM5A compared with that of mice treated
with immunoglobulin G (IgG) antibody; however, no such reduction
was observed for mice with wild-type B16 tumors (Fig. 1H). Moreover,
we observed a similar effect of KDM5A overexpressing in the MC38
colon cancer model (Fig. 1I and fig. SIH). Thus, the combination of
increased KDM5A and anti-PD-1 antibody outperformed anti-PD-1
antibody monotherapy in two mouse cancer models.

Another way to indirectly increase KDM5A-mediated histone
regulation would be to inhibit the activity of an H3K4 methylase [mixed
lineage leukemia protein-1 (MLL1)]. By preventing methylation, MLL1
inhibition would amplify the cellular consequences of KDM5A activity.
We found that the combination of an anti-PD-1 antibody with
MM102, an inhibitor of MLL1 (24), led to a reduction in the volume
of B16 melanoma tumors in mice compared with tumor volumes of
mice with IgG or either agent individually (fig. S1I, left). Similar results
were observed in the MC38 colon cancer model (fig. S11, right).

We also used the KDM5A inhibitor YUKA-2 (25) to test the role
of KDM5A catalytic activity in augmenting the antitumor effects of
anti-PD-1 antibody treatment. As anticipated, we did not observe
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Fig. 1. A KDM5A gene signature is associated with therapeutic response of patients with metastatic melanoma treated with anti-PD-1 antibody. (A and B) GSEA plots of
reactome PD-1 signaling and reactome chromatin modifying enzymes showing positively correlation with higher expression of KDM5A in the LMC. NES, normalized enrich-
ment score; NOM, nominal; FDR, false discovery rate. (C) Table showing the KDM5A gene signature of eight genes that were significantly up-regulated in the subgroup of
higher expression of KDM5A in both TCGA SKCM and LMCs. The cutoff criteria were log, fold change > 0.75 and an adjusted P <0.05 for the LMC and log, fold change > 1 and
adjusted P <0.05 for the TCGA SKCM cohort. (D) A waterfall plot depicting the KDM5A Signature scores (S-score) for responder (R) and nonresponder (NR) in the Liu et al. (16)
dataset (n =121, Welch two-sample t test, P=0.0004021) (16). Patients whose responses were complete response, partial response, stable disease, or mixed response re-
sponders were classified as responders; patients whose responses were progressive disease were classified as nonresponders. (E) Mean cross-validation AUC scores from
models of the KDM5A gene signature and other published biomarkers used alone or in combination for predicting response to anti-PD-1 immunotherapy in the
Liu et al. dataset (n=121) (16). See data file S2 for genes in the signatures. ROC, receiver operating characteristic. (F and G) The Kaplan-Meier overall and progression-free sur-
vival of patients in the Liu et al. dataset (n=121) (16) that was stratified by high versus low KDM5A S-score (split by the 75% quantile). Statistical significance was deter-
mined by two-sided Kaplan-Meier log-rank test. A number of patients in each KDM5A S-score group are indicated by #High and #Low. (H) Tumor volume of B16 or KDM5A-
overpressing B16 (B16 KMD5A) melanoma subcutaneously inoculated in C57BL/6 mice treated with IgG control antibody or anti-PD-1 antibody as indicated. EV, empty vector.
(1) Tumor volume of MC38 or KDM5A-overpressing MC38 (MC38 KDM5A) colon cancer subcutaneously inoculated in C57BL/6 mice treated with IgG control antibody or
anti-PD-1 antibody as indicated. In (H) and (1), data are presented as the means + SEM from one of two experiments. Tumor volume data were analyzed with two-way ANOVA
(Hand ). *P<0.05, **P < 0.01, and ****P <0.0001. ns, P> 0.05. See data file S3 for raw data for (D), (E), (H), and (l).

any enhanced antitumor effects when mice were treated with the
combination of the KDM5A inhibitor and anti-PD-1 antibody (fig. S1J).
The KDM5A inhibitor had no antitumor effect as a monotherapy. Col-
lectively, these results supported our hypothesis that increasing KDM5A
activity in tumor cells can boost the efficacy of anti-PD-1 blockade.

Wang et al., Sci. Transl. Med. 12, eaax2282 (2020) 9 September 2020

KDMS5A binds at the Pten promoter and decreases Pten
transcription to up-regulate PD-L1

Increased PD-L1 improves the efficacy of anti-PD-1 or PD-L1
immunotherapy (26, 27). We therefore examined PD-L1 abundance
in MC38 cells overexpressing KDM5A and observed a significant
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increase in PD-L1 compared to wild-type MC38 cells (P = 0.0036;
Fig. 2A). To investigate how KDM5A enhances PD-L1 abundance,
we performed quantitative proteomics analysis of MC38 cells and
observed that KDM5A overexpression markedly increased the
abundance of 11 proteins and decreased the abundance of five
proteins associated with the PI3K-AKT-S6K1 signaling cascade
(Fig. 2B). Previous studies established that the tumor suppressor
PTEN (phosphatase and tensin homolog) inhibits activity of the
PI3K-AKT-S6KI1 cascade in prostate cancer and this cascade promotes
PD-L1 accumulation (28).

Because KDM5A is a histone demethylase, we performed chro-
matin immunoprecipitation (ChIP) coupled with quantitative PCR
(qPCR) of MC38 cells. We found that KDM5A directly interacts
with the Pten promoter (~3 kb proximal to the transcription start
site) (Fig. 2C). Consistent with this finding, the amount of H3K4me3
was lower in the Pten promoter region in MC38 cells than in
Kdm5a-knockout MC38 cells (Fig. 2C). We also used both qPCR
and immunoblotting to confirm that overexpression of KDM5A
reduced the abundance of PTEN at the transcript and protein levels
in MC38 cells (Fig. 2, D and E). In addition, we analyzed a dataset
from a large-scale ChIP sequencing study of mouse embryonic stem
cells and found consistent evidence to support the direct binding
interaction between KDM5A and the Pten promoter (29).

Previous studies have shown that treatment with PI3K and
AKT inhibitors, or PTEN overexpression, reduces PD-L1 in tumors
(30, 31, 32). We conducted a series of biochemical experiments with
inhibitors of PI3K-AKT-S6K1 signaling proteins. In MC38 cells,
inhibitor of PTEN (SF1670) increased PD-L1 abundance, whereas
each inhibitor of the pathway PI3K (NVP-BKM120), AKT (MK2206),
mammalian target of rapamycin (mTOR) (rapamycin), or S6K1
(PF-4708671) decreased PD-L1 abundance (fig. S2, A and B). The
decrease of PD-L1 in cells exposed to the PI3K inhibitor (NVP-
BKM120) or AKT inhibitor (MK2206) coincided with decreased
activation of AKT and S6K1 (fig. S2C). Collectively, these results
indicated the mechanism through which KDM5A up-regulates
PD-L1: By binding at the Pten promoter, KDM5A decreased Pten
transcription, thereby activating the PI3K-AKT-S6K1 signaling cascade.

D18 is a small molecule that increases KDM5A abundance
for use in combination immunotherapy

Because we found that KDM5A increases the abundance of PD-L1 in
tumor cells, we hypothesized that combining anti-PD-L1 with
agents that increase KDM5A would induce an antitumor effect. We
inoculated wild-type and KDM5A-overexpressing MC38 cells into
mice and treated the mice with or without anti-PD-L1 antibody.
Whereas anti-PD-L1 antibody monotherapy exerted little, if any,
antitumor effect on wild-type MC38 tumors, this monotherapy
caused a significant decrease in the growth of tumors from MC38
cells with increased KDM5A (P = 0.0025; Fig. 3A). There were no
obvious differences in growth between untreated wild-type and
KDMS5A-overexpressing MC38 tumors (Fig. 3A). Thus, increased
KDMS5A, in combination with anti-PD-L1 antibody, slowed MC38
tumor growth.

Consequently, we initiated screens of two chemical compound
libraries. Our first effort sought to identify compounds that in-
creased the amount of both KDM5A and PD-L1 in mouse colon
cancer (MC38) and human colon cancer (HT29) cells. After screening
thousands of compounds (1154 Food and Drug Administration-
approved drugs) by high-throughput RNA-seq-based high-throughput

Wang et al., Sci. Transl. Med. 12, eaax2282 (2020) 9 September 2020

screening (HST2) (33) and further testing by fluorescence-activated
cell sorting (FACS) analysis, we identified that 18 compounds that
increased both KDM5A and PD-L1 in both MC38 and HT29 cells
(fig. S3A). One of the drugs that we identified was palbociclib, a
cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitor (26, 34).
Palbociclib has been tested in numerous clinical trials for various
cancers (35). We observed that palbociclib increased the abundance
of both KDM5A and PD-L1 (fig. S3A). To determine whether
palbociclib exerts a synergistic effect with anti-PD-1 antibody, we
inoculated MC38 cells in mice and treated the mice with the combi-
nation of palbociclib and the anti-PD-1 antibody. We observed that
the combination treatment markedly slowed tumor growth (fig.
S3B). Thus, our data indicated that palbociclib may have multiple
mechanisms of action: By inhibiting CDK4/6, this drug reduces
cancer cell proliferation, and by inducing an increase in PD-L1, this
drug can promote sensitivity to PD-1 blockers.

We had designed a library of small molecules acting as potent
agonists of TLR7/8, and TLR7/8 agonists have shown beneficial
effects when combined with ICB agents in animal cancer models
(36,37). Thus, we decided to conduct a screen using our TLR7/8
agonist small-molecule library to identify pharmacological activators
of KDM5A. In this screen, we found that a pyridopyrimidine deriv-
ative compound, D18, increased the accumulation of both KDM5A
and PD-L1 in MC38 cells (Fig. 3, B and C, and fig. S3, C to E).
Because TLR agonists enhance the efficacy of PD-1 or PD-L1 blockade
in a mouse squamous cell carcinoma model (38), we hypothesized
that D18 simultaneously triggers two independent effects on sepa-
rate cell types: D18 increases the accumulation of both KDM5A and
PD-L1 in tumors and activates TLR7 and inflammatory cytokine-
mediated responses in immune cells.

We confirmed that D18 increased KDM5A demethylation activity
in MC38 cells. Because histone demethylases function in the nucleus,
we characterized the subcellular localization of KDM5A. Treatment
of MC38 cells with D18 caused an increase in the abundance of
KDMB5A in both the cytoplasm and the nucleus (Fig. 3, D and E).
Immunoblotting with antibodies against H3K4me2 and H3K4me3
showed that treatment with D18 reduced the extent of histone
lysine methylation in MC38 cells (fig. S3F). Consistent with the
effects on KDM5A, D18 reduced PTEN abundance and increased
PD-L1 abundance in both human (HT29) and mouse (MC38)
colon cancer cells (Fig. 3F and fig. S3G). We also performed quan-
titative proteomics analysis and found that treatment of MC38 cells
with D18 increased the abundance of 11 proteins associated with
the PI3K-AKT-S6K1 signaling cascade, suggesting that this cascade
was activated (Fig. 3G). We found that D18 attenuated the effects of
PI3K or AKT inhibitors (Fig. 3H) or PTEN overexpression (Fig. 3I),
consistent with D18 activating the PI3K-AKT-S6K1 signaling
cascade. To demonstrate the effect of D18 on PD-L1 depended
on KDM5A regulation of Pten, we tested the efficacy of D18 on
Kdm5a-knockout MC38 cells and observed no obvious reduction in
PTEN abundance nor a strong increase in PD-L1 abundance even
at the highest concentration tested (Fig. 3]), indicating that MC38
cells lacking KDM5A did not respond to D18 treatment. Thus, D18
increased KDM5A, which enhanced PI3K-AKT-S6K1 signaling
and promoted PD-L1 accumulation.

We next examined the activity of D18 as a TLR7/8 agonist. We
used HEK-Blue cells expressing specific TLRs and a reporter gene
for nuclear factor kB (NF-kB) activity (a transcription factor
activated by TLR signaling) (InvivoGen) for these experiments
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Fig. 2. KDM5A decreases PTEN abundance and increases PD-L1 abundance. (A) PD-L1 was visualized by flow cytometry on wild-type (WT) or KDM5A-overexpressing
MC38 cells. One representative experiment of three is shown (left), and results of three independent experiments are presented as means + SEM (right). P values were
calculated using two-tailed unpaired t test. **P < 0.01. (B) Heatmap of a hierarchical clustering of the proteins in the “PI3K-AKT-S6K1" cascade in the indicated MC38 cells.
Data are from quantitative proteomic analysis data with proteins in the cascade determined by Proteome Discoverer Searching Algorithm (version 1.4). Cluster analysis
was performed with DAVID bioinformatics resources. (C) Chromatin immunoprecipitation (ChIP) analysis of the Pten promoter in MC38 cells. Left: KDM5A binding. Right:
H3K4me3 in wild-type and Kdm5a knockout (KO) cells. The data are presented as the means + SEM (n = 3) from one of three experiments. (D) qPCR analysis of relative Pten
MRNA expression in wild-type and KDM5A-overexpressing MC38 cells. The qPCR data were normalized to B-actin. Data are means + SEM (n = 3) from one of three exper-
iments. P values were calculated by unpaired two-tailed Student’s t tests. **P < 0.01. (E) Western blot analysis of wild-type and KDM5A-overexpressing MC38 cells with
antibodies against the indicated proteins. Data are representative of one of three experiments. See data file S3 for raw data for (A) to (D).

because these cells enable efficient monitoring of TLR activity using  trol in these experiments. Furthermore, D18 did not activate signal-
NF-kB/activator protein 1 (AP-1)-inducible secreted embryonic  ing in HEK-Blue cells transfected with TLR2 or TLR4 (fig. S3I).

alkaline phosphatase reporter systems. Treatment of the HEK-Blue To confirm that treatment with D18 stimulates the expression of
cells with D18 resulted in activation of both the TLR7 and TLR8 signaling ~ genes encoding inflammatory cytokines, we derived bone marrow-
cascades: The half-maximal effective D18 concentration was 37 nM  derived macrophages from wild-type and Myd88 knockout mice
for TLR7 activation and 16.7 nM for TLR8 activation (fig. S3H). and treated the macrophages with D18. MyD88-deficient macro-
The commercial TLR7 agonist R848 was included as a positive con-  phages are unresponsive to most known TLR ligands in terms of
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Fig. 3. A small-molecule
activator of KDM5A (D18)
increases PD-L1 abundance
by activating PI3K-AKT-S6K1
cascade. (A) Mice bearing MC38
or KDM5A-overexpressing
MC38 cells were divided into
the indicated treatment groups,
and the tumor volumes of
mice treated with IgG con-
trol antibody, anti-PD-L1
monoclonal antibody, D18,
or combined D18 and anti-
PD-L1 antibody were mea-
sured and plotted. Data are
presented as means = SEM
(six to eight mice per group)
from one of two experi-
ments. The tumor volumes
of mice treated with I1gG
control antibody reached
end point at day 23, and
therefore, the mice were
euthanized. Statistical sig-
nificance was determined by
two-way ANOVA. **P <0.01.
ns, P> 0.05. (B) Western blot
analysis of KDM5A abun-
dance in MC38 cells treated
with different concentrations
of D18 (0, 2, 5,and 10 ug/ml).
(C) Western blot analysis
of PD-L1 and PTEN abun-
dance in MC38 cells treated
with different concentra-
tions of D18. (D) Western
blot analysis of KDM5A abun-
dance in the nuclear and
cytoplasmic fractions of
MC38 cells treated with D18
(2 ng/ml) or with dimethyl
sulfoxide (DMSO) as negative
control (NC). (E) Represen-
tative immunofluorescence
images of a single MC38 cell
and D18-treated MC38 cell
stained for KDM5A (red) and
4',6-diamidino-2-phenylindole
(DAPI) (blue). Scale bars, 5 um.
Data are representative of
one from three independent
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experiments. (F) Western blot analysis of the indicated proteins in HT29 cells treated with different concentrations of D18 (0, 2, 5, and 10 ug/ml). (G) Heatmap of
a hierarchical clustering of the proteins in the PI3K-AKT-S6K1 cascade in the indicated MC38 cells. Data are from quantitative proteomic analysis data with proteins
in the cascade determined by Proteome Discoverer Searching Algorithm (version 1.4). Cluster analysis was performed with DAVID bioinformatics resources. (H) Western
blot analysis of the indicated proteins and phosphorylated (p) proteins in MC38 cells treated with PI3K inhibitor (NVP-BKM120; 20 uM), AKT inhibitor (MK2206; 5 uM),
D18 (2 pg/ml), or D18 combined with NVP-BKM120 or with MK2206 for 24 hours. (I) Western blot analysis of the indicated proteins and phosphorylated proteins in
MC38 cells, PTEN-overexpressing (PTEN-OE) MC38 cells, and PTEN-overexpressing MC38 cells exposed to D18 (2 ug/ml for 24 hours). (J) Western blotting analysis
of PTEN and PD-L1 in Kdm5a-knockout MC38 cells treated with different concentrations of D18 for 24 hours. (K) Quantification of flow cytometry data of CD86,
CD80, and MHC-Il abundance on mouse bone marrow-derived dendritic cells (BMDCs) treated with different concentrations of D18. NC is the no treatment
negative control; DMSO is the vehicle control. Data are presented as the means + SEM (n = 3) from one of three experiments. Statistical significance was cal-
culated by unpaired two-tailed Student’s t test. *P < 0.05 and **P < 0.01. Western blot data in (B), (C), (D), (F), (H), (I), and (J) each represent results from one of three
experiments. See data file S3 for raw data for (A), (G), and (K).
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cytokine production (39) and thus serve as a negative control. Wild-
type macrophages treated with D18 expressed increased Ifna, Tnfa,
Il6, and 1112b, whereas the mRNAs for these cytokines were nearly
undetectable in MyD88-deficient macrophages (fig. S3]J). These
results indicated that D18 activates macrophages in a MyD88-
dependent manner. In addition, D18 increased the abundance of
three cell surface activation markers (CD80, CD86, and MHC-II) in
bone marrow-derived DCs (Fig. 3K). However, D18 had no effect
on the abundance of CD80, CD86, or MHC-II in bone marrow-
derived DCs from TLR7-deficient mice (fig. S3K). Collectively,
these results indicated that D18 is a specific TLR7/8 dual agonist
and activates macrophages and DCs, the latter through TLR7 in
mouse.

Combination therapy with D18 and anti-PD-1 antibody is
effective in treating mouse models of multiple cancer types
To evaluate whether treatment with D18 as a monotherapy or in
combination with anti-PD-1 antibody can inhibit tumor growth,
we performed in vivo studies with a syngeneic tumor model in
which mice bearing MC38 tumors were treated with D18. Although
D18 monotherapy did suppress tumor growth, the combination of
D18 and anti-PD-1 antibody caused a more pronounced suppres-
sive effect on tumor growth compared to mice treated with either
single agent, assessed in terms of both tumor size (Fig. 4A) and
animal survival (Fig. 4B). In MC38 tumors, we confirmed that D18
and the combination therapy induced an increase in both KDM5A
and PD-L1 in CD45" cells, which exclude the immune cells and
represent the cancer cells and possibly stromal cells in the tumor
(fig. S4, A and B).

To determine whether the effect involved the ability of D18 to
increase KDM5A and PD-L1 or to activate TLR7 or both, we treated
Myd88 knockout mice bearing MC38 tumors. The combination of
D18 with anti-PD-1 antibody resulted in a stronger antitumor ef-
fect than either single agent (Fig. 4C), consistent with the induction
of PD-LI exerting a critical effect on anti-PD-1 antibody sensitivity.
We also measured PD-L1 on CD45™ cells in Myd88 knockout mice
and found that the increased PD-L1 abundance was induced by
D18 (fig. S4C).

Furthermore, we used three more mouse models of different
cancers to corroborate the efficacy of D18. These included the
B16 (melanoma), 4T1 (breast cancer), and Agl04Ld (non-T cell-
inflamed fibrosarcoma) cancer models. D18 enhanced the efficacy
of anti-PD-1 antibody in the 4T1 mouse model (Fig. 4D), as well
as in the B16 model (Fig. 4E), which is unresponsive to anti-PD-1
monotherapy treatment (40, 41). D18 monotherapy was as effective
as D18 and anti-PD-1 antibody combination therapy in suppress-
ing tumor growth in Agl04Ld (Fig. 4F), suggesting that D18
may be a particularly efficacious agent for noninflamed tumors,
which lack tumor-infiltrating T cells and have a low inflammatory
signature (42).

Combination therapy with D18 and anti-PD-1 antibody
promotes activation of both T helper 1 CD4" T cells

and cytotoxic CD8" T cells

We evaluated how D18 and anti-PD-1 antibody combination treat-
ment affects T cell responses or alters the TME or both. Compared
to anti—-PD-1 antibody or D18 monotherapy, the combination
treatment increased the number of infiltrating CD8" T cells and
raised the ratio of effector to regulatory T cells (CD8" Tef/ Treg) in

Wang et al., Sci. Transl. Med. 12, eaax2282 (2020) 9 September 2020

the three mouse cancer tumors we tested: MC38 (Fig. 5, A and B),
4T1 (fig. S5A), and Agl04Ld (fig. S5B). We characterized in detail
the T cell profiles of the tumor-infiltrating immune cells in MC38
tumors. We detected an increased proportion of IFNy*CD8*
T cells, representing the activated CD8" T cells, in MC38 tumors
from mice treated with the combination treatment, whereas mono-
therapy with either anti-PD-1 antibody or D18 did not increase the
proportion of IFNy"CD8" T cells (Fig. 5C). Compared with either
monotherapy, the combination treatment increased the abundance
of CD107a in CD8" T cells, indicating better cytotoxic T cell response
(Fig. 5D). The combination treatment also markedly increased the
proportion of TNFo"CD8" T cells (Fig. 5E), indicating that the
cytotoxic function of CD8" T cells was activated.

To further confirm that the combination treatment promotes
the activation of cytotoxic CD8" T cells, we performed RNA-seq of
CD8" T cells (CD45*CD3"CD8" cells) isolated from MC38 tumors
from mice treated with anti-PD-1 antibody or with D18 and anti-
PD-1 antibody. We analyzed the expression of the killer lympho-
cyte effector genes and found that the genes encoding granzyme,
interferon-y (IFNY), and tumor necrosis factor (TNF) were up-regulated
by the combination treatment (fig. S5C). In addition, the abun-
dance of T cell exhaustion markers in CD8" T cells, such as PD-1
and T-cell immunoglobulin mucin-3 (TIM-3), was decreased in
MC38 tumors treated with the combination therapy compared to
anti-PD-1 antibody monotherapy (fig. S5, D and E). This suggested
that combination treatment improves the antitumor effects of ICB
therapy by reducing the exhaustion of T cells.

RNA-seq profiling of CD4" T cells (CD45*CD3*CD4"CD25~
cells) showed that both the T helper 1 (Tyl) pathway and IFN
signaling pathway were activated (fig. S6A). To verify this, we
performed FACS analysis and found that MC38 tumors from mice
treated with D18 and anti-PD-1 antibody had increased infiltra-
tion of two types of CD4" T cells (T-bet" cells and CD107a" T cells)
(Fig. 5F). T-bet is a transcription factor required for Ty1 cell differ-
entiation and IFN production (43). CD107a" T cells are a type of
activated CD8" T cells (44). To further confirm the activation of
effector T cells, we performed a Luminex bead assay to profile
serum samples derived from mice bearing MC38 tumors and that
were treated with D18 and anti-PD-1 antibody. We observed an
increase in the amounts of the Tyl cytokines interleukin-2 (IL-2),
IL-6, IL-12, and IFNy and another proinflammatory cytokine IL-17
but a decrease in the amount of the Ty2 cytokine IL-10 (fig. S6B).
Collectively, these results indicated that the combination of D18
with anti-PD-1 antibody activates both Tyl CD4" T and cytotoxic
CDS8" T cells.

Clonal expansion of particular T cell populations can be moni-
tored on the basis of repertoires of T cell receptors (TCRs) (45, 46).
Increasing the number of infiltrating T cells and simultaneously
improving the quality of the intratumoral TCR repertoire would
effectively activate T cell immune responses and thereby benefit
cancer therapy (47). We therefore examined whether combination
treatment with D18 and anti-PD-1 antibody increased the clonality
of tumor-specific T cells by analyzing the TCRp subunit reper-
toires of T cells isolated from MC38 tumors using RNA-seq and
based on a standard clonality index (1-normalized Shannon index).
We found that D18 (0.5137 + 0.0406), anti-PD-1 monotherapy
(0.5820 + 0.0078), and the combination treatment (0.5665 + 0.0091)
each increased the clonality compared with tumors from mice treated
with IgG (Fig. 5, G and H). This suggested that either D18 or
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Fig. 4. Combination therapy with D18 and anti-PD-1 antibody is effective in treating mouse models of multiple cancer types. (A and B) Effect of monotherapy and
combination anti-PD-1 and D18 on tumor-bearing (MC38 cells) mice. Mice were randomly divided into the treatment groups. Tumor volumes of mice treated with IgG
control antibody, anti-PD-1 antibody, D18, or combined D18 and anti-PD-1 antibody (n = 8 mice for each group) were measured and plotted. Survival curves for each
treatment group. Statistical significance was determined by log-rank (Mantel-Cox) test. *P < 0.05 and ***P < 0.001. (C) MC38 tumor volumes from wild-type and Myd88
knockout mice treated with IgG control antibody, anti-PD-1 antibody, D18, or combined D18 and anti-PD-1 antibody. (D) Tumor volume of subcutaneous 4T1 tumors in
mice treated with IgG control, anti-PD-1, D18, or D18 and anti-PD-1 antibody. (E) Tumor volume of subcutaneous B16 tumors in mice treated with IgG control, anti-PD-1,
D18, or D18 and anti-PD-1 antibody. (F) Tumor volume of subcutaneous Ag104Ld tumors in mice treated with IgG control, anti-PD-1, D18, or D18 and anti-PD-1 anti-
body. In (C) to (F), mice were randomly divided into treatment groups. Data are presented as means + SEM of n mice, as indicated on each panel. Statistical significance
was determined by two-way ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001. See data file S3 for raw data for all panels.

anti-PD-1 monotherapy or the combination increased the frequency
of common TCR clones and contribute to T cell expansion.
Because stimulated immunological memory can lead to a pro-
longed antitumor response and prevent relapse in patients with
cancer (47, 48), we next assessed immune memory responses in the
MC38 colon cancer and Ag104Ld non-T cell-inflamed fibrosarcoma
models. We isolated the CD8" T cells from the spleen of mice

Wang et al., Sci. Transl. Med. 12, eaax2282 (2020) 9 September 2020

bearing the tumors and administered monotherapy or combination
therapy. Within the splenic CD8" T cell population, combination
treatment with D18 and anti-PD-1 antibody increased the proportions
of both CD8" T cells and central memory cells (CD44"CD62L") but
did not alter the proportion of effector memory T cells (Fig. 51
and fig. 36, C and D). Antigen-specific CD8" T cell clones derived
from central memory T cells, but not those derived from effector
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Fig. 5. Combination therapy
with D18 and anti-PD-1 anti-
body promotes activation
of both Ty1 CD4* T cells
and cytotoxic CD8* T cells.
(A) Representative flow cytom-
etry analysis and quantifica-
tion of CD8™ T cells and the
ratio of CD8"/T,eq (CD4*CD25*
FoxP3*) in CD45" tumor-
infiltrating lymphocytes (TILs)
in MC38 tumors at day 33 of
treatment: IgG control, anti-
PD-1 antibody (200 ug per
mouse), D18 (25 g per mouse),
and D18 and anti-PD-1 anti-
body. n=4to 6. (B) Immuno-
fluorescence images of CD8*
T cells in MC38 tumors ana-
lyzed by confocal microscopy.
Representative images are
shown. Scale bars, 50 um.
(C to F) Quantification by
flow cytometry analysis of the
indicated CD8* and CD4"*
TILs in MC38 tumors with the
indicated treatments as de-
scribed in (A). Symbols show
data for each tumor (n=4),
and means + SEM are indi-
cated. (G) Representative TCR
repertoire clonalities of T cells
isolated from MC38 tumor-
bearing mice with the indicat-
ed treatments as described
in (A). The x and y axes show
the combination of V and J
genes (TRAV and TRAJ families),
and the z axis shows their
frequency of usage. (H) Clon-
ality index of T cells in MC38
tumors from mice with the
indicated treatments as indi-
cated. Clonality index is shown
as the 1-normalized Shannon
index with higher values rep-
resenting TCR clonal expan-
sion. Data are means + SEM
from three tumors per con-
dition as described in (A).
() Representative flow cytom-
etry analysis and quantifica-
tion of double-negative T cells
(Tpn) (CD447CD62L7), naive
T cells (Ty) (CD44°CD62LY),
effector memory T cells (Tgw)
(CD44*CD62L7), and central
memory T cells (Tcy) (CD44"
CD62L") populations on the
CD8" T cells of spleens of
MC38 tumor-bearing mice
with the treatments as indi-
cated. Symbols show data
for each tumor (n=4), and
means + SEM are indicated.
For (A) to (1), statistical signif-
icance was determined by
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memory T cells, can persist for a particularly long duration in vivo
(49). Thus, our data indicated that combination treatment increases
central memory T cells and thereby generates memory antitumor
immune responses. We conducted rechallenge experiments using
the MC38 colon cancer and Agl04Ld non-T cell-inflamed fibro-
sarcoma models with D18 and anti-PD-1 antibody combination
therapy and found that tumor-free survivor mice were resistant to
tumor reimplantation (fig. S6, E and F). These results suggested that
this combination therapy can confer long-lasting adaptive immunity.

Combination therapy with D18 and anti-PD-1 antibody
increases tumor-infiltrating CD103* DCs and

M1 macrophages

Because we observed an increase in tumor-infiltrating T cells,
we examined the abundance of positive and negative regulators
of T cell recruitment. Activation of B-catenin signaling reduces the
infiltration of T cells to the tumor, whereas the chemokines CXCL9
and CXCL10 have the opposite effect (50, 51). We measured their
abundance at the protein and mRNA levels in MC38 tumors.
Immunohistochemistry and immunofluorescence staining showed
that D18 and anti-PD-1 antibody combination treatment de-
creased B-catenin but increased the chemokines CXCL9 and
CXCL10 (Fig. 6, A and B). We observed a similar effect at the
mRNA level (Fig. 6C).

Aberrant B-catenin signaling inhibits the expression of the gene
encoding CCL4, a chemokine that mediates trafficking of CD103"
DCs to tumors (50). Therefore, it was expected that we detected
increased CCL4 protein and transcript abundance in MC38 tumors
with combination treatment (Fig. 6, A and C). As key antigen-
presenting cells, DCs are important for stimulating of tumor-
infiltrating T cells. Thus, we performed FACS analysis to measure
the DC populations in three mouse cancer models (colon cancer,
breast cancer, and non-T cell-inflamed fibrosarcoma). We found
that D18 monotherapy and the D18 and anti-PD-1 antibody com-
bination increased the proportion of CD103" tumor-infiltrating
DCs in MC38 (Fig. 6D) and Ag104Ld tumors (fig. S7A) but not
in 4T1 tumors (fig. S7B). RNA-seq analysis of CD103" DCs isolated
from MC38 tumors demonstrated that the combination treatment
increased the expression of IFN-related and antigen-presenting
machinery-related genes, consistent with the FACS findings
(fig. S7C).

We also evaluated the macrophage cells (CD11b*F4/80") in the
tumors from each of the three mouse cancer models. M1 macro-
phages suppress tumor growth by phagocytosis and by secreting
inhibitory factors (52), whereas M2 macrophages promote tumor
progression (53). In all three models, we found that the combina-
tion treatment expanded the inflammatory M1 macrophage popu-
lation (CD11b*F4/80*MHC-I1*CD206") (Fig. 6E, left, and fig. $7,
D and E). In the MC38 tumor model, we observed reduced M2
macrophages (CD11b"F4/80"MHC-II"CD206") in response to the
combination therapy (Fig. 6E). Thus, it appeared that combination
treatment with D18 and anti-PD-1 antibody reprograms M2 mac-
rophages into M1 macrophages, a finding consistent with studies
reporting an M2-to-M1 shift in response to a TLR7 agonist (38, 54).

D18 enhanced the antitumor effects when combination

with both anti-PD-1 and anti-TIM-3 antibodies

To determine whether D18 can enhance the efficacy of any other
ICB therapies, we tested anti-TIM-3 antibody in combination with

Wang et al., Sci. Transl. Med. 12, eaax2282 (2020) 9 September 2020

D18. A previous study reported that dual targeting of both PD-1
and TIM-3 had a synergistic effect on reducing tumor growth (55).
We therefore treated both MC38 and B16 tumor models with six
different dual- or triple-combination treatments involving D18,
anti-PD-1 antibody, and anti-TIM-3 antibody. We observed that
D18 consistently increased the antitumor efficacies of these ICB
antibodies (Fig. 7, A and B). We analyzed tumor-infiltrating lym-
phocytes in MC38 tumors. The triple therapy of D18, anti-PD-1
antibody, and anti-TIM-3 antibody expanded the population of
CD8" T cells (Fig. 7C). Although the triple therapy did not affect the
population of the Ty, cells (CD3"CD4*CD25 "Foxp3"), it increased
the Teg/ Treg ratio (Fig. 7C). In addition, the triple therapy increased
CD103" DCs and M1 macrophages (Fig. 7, D to E). Thus, D18 can
be combined with different ICB agents to improve their therapeutic
effects.

DISCUSSION

Our study demonstrated that increased KDM5A in tumor cells sup-
presses the expression of Pten and thereby increases the abundance
of PD-L1, which, in turn, improves the efficacy of a variety of ICB
drugs in mouse models of colon cancer and melanoma. We also
showed that the small-molecule D18, which both increases KDM5A
activity and is a TLR7/8 agonist, promotes antitumor T cell immu-
nity and sensitizes tumors to PD-1 blockade. Our findings indicated
a complex effect of D18 on both cancer cells and the tumor immune
cell environment that enhances the efficacy of ICB agents (fig. S8).
These findings suggest the enticing possibility that D18 may convert
noninflamed tumors into inflamed tumors (56).

Our GSEA and predictive model analysis of two published cohorts
also suggested that a KDM5A gene signature (eight-gene set) could
serve as a potential marker of clinical response to anti-PD-1 therapy
in melanoma. We also experimentally validated that increased
KDMS5A in tumor cells had no effect on tumor growth and rendered
both B16 and MC38 tumors more responsive to anti-PD-1 antibody
therapy. We propose that KDM5A gene expression or protein
abundance may also be a marker of response to anti-PD-1/PD-L1
therapy in multiple cancers. With additional data, KDM5A abun-
dance could also serve as a readout for screening small molecules
for potential combination therapy with ICB agents.

KDMS5A may have multiple mechanisms for promoting PD-L1
abundance. We showed that KDM5A increased the abundance of
PD-L1 in tumor cells through a pathway suppression of PTEN
expression and induction of PI3K-AKT-S6K signaling. How other
H3K4 (de)methylases regulate PD-L1 abundance remains less clear.
A study reported that the H3K4 methyltransferase MLL1 directly
decreases the H3K4me3 amount in the Cd274 (PD-L1-encoding
gene) promoter and thereby decreases PD-L1 expression in pancre-
atic cancer cells (57). We believe that H3K4 (de)methylation might
regulate PD-L1 abundance through different mechanisms in differ-
ent cell types. Further studies are needed to establish how the
epigenetic regulatory functions of H3K4me3 (de)methylases lead to
changes in the abundance of proteins that are not encoded by direct
gene targets of the demethylases.

In clinical trials, most progressing patients with on-treatment
biopsies showed a lack of PD-L1 up-regulation in tumors with little
or no infiltrated effector T cells (58, 59). Thus, there is a correlation
between clinical response and PD-L1 abundance in tumors. Our data
suggested that the abundance of PD-L1 on tumor cells is essential
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Fig. 6. Combination therapy with D18 and anti-PD-1 antibody increases M1 macrophages and tumor-infiltrating CD103* DCs. (A) Immunohistochemistry analysis
of CCL4 and B-catenin in MC38 tumors from mice receiving IgG control, anti-PD-1, D18, or D18 and anti-PD-1 antibody as described in Fig. 5A. (B) Immunofluorescence
analysis of CXCL9 and CXCL10 in MC38 tumors from mice receiving the indicated treatments as described in Fig. 5A. Representative images are shown. Scale bars, 100 um.
(C) qPCR analysis of Ccl4, B-catenin, Cxcl9, and Cxc/170 mRNA in MC38 tumors from mice receiving the indicated treatments as described in Fig. 5A. The qPCR data were
normalized to Gapdh. Each treatment group contained four to six mice. (D) Quantification of flow cytometry results of CD103* DCs in MC38 tumors from mice receiving
the indicated treatments as described in Fig. 5A. (E) Quantification of flow cytometry results of M1-type macrophages (CD11b*F4/80"MHC-1I"CD2067) and M2-type
macrophages (CD11b*F4/80"MHC-1I"CD206") in MC38 tumors from mice receiving the indicated treatments as described in Fig. 5A. (C to E) Shown symbols represent
individual tumors from a single mouse, along with means + SEM. Statistical significance was calculated by unpaired two-tailed Student’s t tests. *P < 0.05, **P < 0.01,
and ****P < 0.0001. See data file S3 for raw data for (C).

for PD-1/PD-L1 blockade immunotherapy. We found that increas- (58, 59). However, we cannot definitively exclude the possibility
ing PD-L1 abundance confers sensitivity to ICB agents in murine that PD-L1 on immune cells contributes to the efficacy of PD-1/
cancer models, which is consistent with the clinical observations PD-L1 blockade (13, 60, 61). It has been reported that the MHC-I
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Fig. 7. D18 enhanced the antitumor effects of anti-PD-1 and anti-TIM-3 antibody combination therapy. (A) Tumor volume of subcutaneous B16 or MC38 tumors
from mice receiving anti-TIM-3 (200 pg per mouse) and/or anti-PD-1 (200 ug per mouse) in combination with D18 (25 ug per mouse) or IgG control. Data are presented
as means + SEM for the indicated number of mice per treatment. Statistical significance was determined by two-way ANOVA. ***P < 0.001. (B) Survival at day 50 for
B16 and day 70 for MC38 from mice receiving the indicated treatments as described in (A). Statistical significance was determined by log-rank (Mantel-Cox) test for the
indicated number of mice per treatment. **P < 0.01 and ***P < 0.001. (C) Quantification of flow cytometry results of CD8" T cells in MC38 tumors on day 21 from mice re-
ceiving the indicated treatments as described in (A) (n=3 to 5 mice). (D) Quantification of flow cytometry results of CD103* DC in MC38 tumors on day 21 from mice re-
ceiving the indicated treatments as described in (A) (n =3 mice). (E) Flow cytometric analysis of expression of MHC-II (M1) in CD11 b*F4/80" cell populations on day 21
from mice receiving the indicated treatments as described in (A) (n=3). In (C) to (E), data are presented as means + SEM of the indicated number of mice per group. Sta-
tistical significance was determined by unpaired two-tailed Student’s t tests. *P < 0.05, **P < 0.01, and ***P < 0.001. See data file S3 for raw data for all panels.

B.-microglobulin-negative phenotype was associated with lack of
PD-L1 tumor expression in patients with advanced non-small cell
lung cancer (62) and that MHC-I mediated the cytosolic or endogenous

neoantigen presentation to increase the tumor immunogenicity (63).
To further identify the precise role of KDM5A or PD-L1 of tumor
cells on cancer immunotherapy, first, answering how KDM5A or
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PD-L1 expression regulates MHC-I expression on tumor cells is import-
ant, and additional investigation will be needed to resolve this issue.

In addition to evaluating cancer cell-intrinsic mechanisms for
improving ICB agent responsiveness, we also examined tumor
immune cell profiles (T cells, DCs, and macrophages) in mice treated
with D18. We found an increase in both T-bet"CD4" cells and
CD47CD107a" T cells, in MC38 tumors from mice treated with D18
and anti-PD-1 antibody treatment. These results are consistent
with studies, showing that T-bet is a master regulatory transcription
factor involved in promoting the development of Tyy1 CD4" T cells
and inhibiting the Ty2 program (64, 65). We also showed that D18
increases the numbers of DCs in the TME. DCs in tumors might
present tumor antigens and thus contribute to activating T cells, but
the precise functional relationship between antigen presentation of
DCs and D18 is unknown. It will be interesting to determine whether
D18 enhances antigen presentation of DCs, thus expanding the
T cell immune response, and whether the D18-induced increase in
KDM5A is involved.

M1 macrophages, positive for both MHC-I and MHC-II mole-
cules and secreting high amounts of proinflammatory cytokines,
are considered immunostimulatory inhibit tumor growth (66). Our
data showed that D18 monotherapy increased M1 macrophages in
the TME and decreased tumor size, an effect that was enhanced
when combined with anti-PD-1 antibody in multiple cancer models
(colon cancer, breast cancer, and non-T cell-inflamed fibrosarcoma).
These findings are consistent with those from other studies, showing
that improved patient survival is associated with increased numbers
of M1 macrophages (67). We speculate that D18 promotes M2-
to-M1 macrophage switching by enhancing the histone demethyla-
tion activity of KDM5A. High KDM5A expression by macrophages
has been reported (68, 69).

Regarding the limitations of this study, we have not ascertained
how D18 increases KDM5A protein abundance or if D18 affects the
abundance of other chromatin-modifying enzymes. Our ongoing
efforts to address this question have included, for example, quanti-
tative proteomics analysis of MC38 and D18-treated MC38 cells.
D18 increased the abundance of 20 proteins and decreased the
abundance of one protein associated with KDM5A expression.
Another limitation is that we only investigated the KDM5A epigenetic
target Pten. Other genes are likely targets of KMD5A-mediated
histone demethylation, and other nonhistone proteins could also be
KMD5A targets. We are performing experiments to determine the
direct target proteins and genes of KDM5A.

In summary, our study establishes an empirical basis for devel-
oping the bifunctional small-molecule D18 as a combination agent
for cancer therapies with anti-PD-1, anti-PD-L1, or anti-TIM-3.
Given the ability of D18 to increase both KDM5A and PD-L1 abun-
dance, its ability to induce TLR7/8 activation, and our data showing
that this small molecule is an effective combination agent for use
with multiple ICB agents, we propose that D18 represents an effective
addition to cancer immunotherapy. In addition, increased KDM5A
expression and the KDM5A gene signature could serve as potential
markers for anti-PD-1 therapy response in melanoma patients.

MATERIALS AND METHODS

Study design

Our objective was to develop a combination agent with ICB for
cancer therapy. Using analysis of publicly available RNA-seq data
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for tumors and cancer mouse models, we determined that elevated
KDMS5A in tumors improves the efficacy of anti-PD-1 treatment.
We elucidated the mechanism of how KDM5A up-regulates PD-L1
expression in MC38 cells. We screened and identified a small
molecule (D18) that can simultaneously increase KDM5A expres-
sion and activate TLR7/8. Last, we demonstrated the efficacy of D18
combined with anti-PD-1 antibody in mouse models of different
cancers and the underlying immunologic mechanism. In all experi-
ments, mice were randomly assigned to treatment groups after
tumors were established. To ensure statistical power, 4 to 10 mice
were included in each group, which enabled us to statistically
distinguish tumor sizes and survival rates across groups. The samples
size and statistical tests are described in each figure legend. Data
include all outliers. Researchers were not blinded during treatment
but were blinded during data collection and evaluation of the
in vivo experiment. Experimental replicates were variable for each
experiment and are indicated in the figure legend.

In vivo mouse studies

All mice were housed according to the guidelines of Tsinghua
University Laboratory Animal Research Center and Animal Care and
Use Committee. All animals were maintained under pathogen-free
conditions and cared for in accordance with the International
Association for Assessment and Accreditation of Laboratory Animal
Care policies and certification. Six-week-old female C57BL/6 mice
were purchased from Vital River (China).

Six-week-old C57BL/6 female mice were subcutaneously injected
in the right flank with tumor cells (1 x 10° cells for the MC38 model,
2 x 10° for the B16 model, 2 x 10° for the 4T1 model, and 2 x 10’ for
the Ag104Ld model). Mice were pooled and randomly divided into
different groups with a comparable average tumor size of 100 mm’
(1/2ab?, where a represents long diameter and b represents short
diameter of tumor). D18 (25 pg per mouse) was administered once
each week. IgG isotype control antibody, anti-PD-1 antibody, or
anti-PD-L1 antibody (200 ug per mouse) was injected intraperito-
neally twice each week. Palbociclib (100 mg/kg; diluted in 50 nM
sodium p-lactate) was administered daily by oral gavage. Tumors
were measured every 3 to 4 days. Mice that had no visible or pal-
pable tumors that could be measured on consecutive measurement
days were considered as “complete regressions.” Animals were
euthanized if they exhibited signs of distress or when the total tumor
size reached 2500 mm”. For the rechallenge study, tumor-free mice
(complete regression) from the D18 and anti-PD-1 antibody group
were rechallenged by subcutaneous intraperitoneal injection of
1 x 10° MC38 cells or 2 x 10° Ag104Ld cells on the contralateral side
(left side). Wild-type C57BL/6 mice without subcutaneous intra-
peritoneal injection of tumor cells were used as negative controls.
Tumor size was measured as described above.

Statistical analysis

To estimate the statistical significance of differences between two
groups, we used unpaired Student’s ¢ tests to calculate two-tailed
Pvalues. A two-way analysis of variance (ANOVA) was performed when
more than two groups were compared. Survival analysis was performed
using Kaplan-Meier curves and evaluated with log-rank Mantel-Cox
tests. Error bars indicate the SEM, unless otherwise noted. P values
are labeled in the figures. P values were denoted as follows: *P < 0.05,
**P <0.01, ***P < 0.001, and ****P < 0.0001. Statistical analyses were
performed by using GraphPad Prism (version 7.0).
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All roads lead to antitumor immunity

Immune checkpoint blockade immunotherapy for cancer has been achieving increasing prominence in
recent years, but, unfortunately, it still only works for a subset of patients and tumor types. Wang et al. found that
higher expression of lysine demethylase KDM5A in tumors correlates with their responses to immune checkpoint
inhibition. The authors then found a way to take advantage of this mechanism using a compound that increased
both KDM5A and a key immune checkpoint protein. At the same time, this compound also activated Toll-like
receptor signaling, further stimulating antitumor immunity in multiple mouse models.
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