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Abstract

PD1 blockade is effective in a subset of patients with B-cell
lymphoma (e.g., classical-Hodgkin lymphomas); however,
most patients do not respond to anti-PD1 therapy. To study
PD1 resistance, we used an isoform-selective histone deace-
tylase inhibitor (HDACi;OKI-179), and amousemature B-cell
lymphoma, G1XP lymphoma, immunosuppressive features
of which resemble those of human B-cell lymphomas, includ-
ing downregulation ofMHC class I and II, exhaustion of CD8þ

and CD4þ tumor-infiltrating lymphocytes (TIL), and PD1-
blockade resistance. Using two lymphoma models, we show
that treatment of B-cell lymphomas refractory to PD1 block-
ade with both OKI-179 and anti-PD1 inhibited growth; fur-

thermore, sensitivity to single or combined treatment required
tumor-derived MHC class I, and positively correlated with
MHC class II expression level. We conclude that OKI-179
sensitizes lymphomas to PD1-blockade by enhancing tumor
immunogenicity. In addition, we found that different HDACis
exhibited distinct effects on tumors and T cells, yet the same
HDACi could differentially affect HLA expression on different
human B-cell lymphomas. Our study highlights the immu-
nologic effects of HDACis on antitumor responses and sug-
gests that optimal treatment efficacy requires personalized
design and rational combination based on prognostic bio-
markers (e.g., MHCs) and the individual profiles of HDACi.

Introduction
Non-Hodgkin lymphomas (NHL) are a heterogeneous group

of malignancies affecting lymphocytes. Collectively, NHL are the
fifth most common cancers in the United States, and more than
90% of NHL are of B-cell origin (1). The standard treatment of
NHL includes cytotoxic chemotherapy (cyclophosphamide,
doxorubicin, vincristine) plus one steroid (prednisone) com-
bined with mAb against CD20 (rituximab; R-CHOP; refs. 2, 3).
For patients with diffuse large B-cell lymphoma (DLBCL), the
most frequent type of NHL, the 10-year progression-free survival
was 36.5% for R-CHOP; the rest of patients endure relapsed and/
or refractory disease (4). PD1 blockade is effective in relapsed or
refractory classical Hodgkin lymphomas and a subset of
DLBCL (5, 6), however, most patients with B-cell lymphoma do
not respondwell to anti-PD1 (7). There are no good experimental
models to study PD1 blockade resistance observed in human B-
cell lymphomas. To address these issues, we employed a mouse
mature B-cell lymphoma model, G1XP (8), which resembles
human B-cell lymphomas, to test therapeutic strategies.

One mechanism mediating PD1 blockade resistance may be
downregulation of MHC class I and II in tumors. MHC class I and
II present peptides derived from self or foreign antigens to CD8þ

andCD4þ T cells, respectively, thus, are essential for cancer cells to
be recognized by antigen-specificCD8þ andCD4þT cells. As such,
down regulating MHCs reduces the immunogenicity of lympho-
mas. DLBCLs frequently harbor mutations or deletions inactivat-
ing b2-microglobulin (b2M; 29% of cases; ref. 9), an essential
component of MHC class I complex, thereby preventing MHC
class I expression on lymphomas. Apart from inactivating b2M,
additional undefinedmechanisms result in the loss ofMHCclass I
expression in >60% of DLBCL, suggesting that its selective loss
during lymphomagenesis may mediate escape from immune
surveillance (9). Diminished MHC class II expression also occurs
frequently in DLBCLs and other types of mature B-cell
lymphomas (10–15). MHC class II loss or low expression corre-
lates with inferior survival in patients of DLBCL or classical
Hodgkin lymphoma (10–12), or with poor prognosis in patients
with DLBCL and primarymediastinal B-cell lymphoma (PMBCL)
following chemotherapies (10, 16–18). Whether MHC expres-
sion influences the sensitivity of B-cell lymphomas to PD1 block-
ade remains unclear.

MHC class I downregulation also occurs in other types of
cancers including colon, lung, and breast cancers (19–23). MHC
class II loss correlated with a decrease of tumor-infiltrating T cells
and an increase of metastatic potential of colorectal cancers (24).
MHC class II expression serves as a favorable prognosticmarker in
colorectal carcinomas (25). Melanoma-specific MHC class II
expression predicts response to anti-PD1/PD-L1 therapy (26). In
contrast, mutations in the MHC class I pathway correlated with
immune checkpoint inhibitor (ICI) resistance (27). Thus, restor-
ingMHC class I and II expression on tumors has been suggested to
benefit chemotherapy and immunotherapy (14, 22, 27). Revers-
ible downregulation of MHC class I and class II, so-called "soft
lesions," can be mediated by epigenetic modifications (23);
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moreover, "soft lesions" dominate MHC class I defects in human
cancers (23, 28, 29). Most "soft lesions" of MHC class II are
mediated by decreased histone acetylation rather than DNA
hypermethylation (23, 28, 29).

Histone acetylation status is regulated by a dynamic equi-
librium between histone acetyl transferases and histone dea-
cetylases (HDAC). HDAC expression is often dysregulated in
solid tumors and hematologic cancers, including B-cell
lymphomas (30–33). Four FDA-approved HDAC inhibitors
(HDACi), vorinostat, romidepsin, panobinostat, and belino-
stat, are used for treating hematologic cancers (34–36). Despite
the success of these HDACis, each has liabilities including poor
isoform selectivity, marginal potencies toward relevant iso-
forms, narrow therapeutic indices, and/or nonoral delivery
routes. These drawbacks have spurred a search for alternatives
with improved biological, physiochemical, and therapeutic
properties. A natural product, largazole, was reported as a
potent class I HDACi (37, 38); however, largazole has relatively
poor physiochemical properties and is not amendable to large-
scale chemical manufacturing. Thus, we initiated a lead opti-
mization program resulting in the discovery of next-generation
largazole derivatives OKI-005 and OKI-179 (39).

The efficacy of combining ICI with HDACis was tested previ-
ously in animal models or early-stage clinical studies (40–42).
However, there are challenges in translating these observations
into clinically useful therapeutics (43, 44). It remains poorly
understood why combined ICI and HDACi worked in certain
tumors but failed in others and what biomarkers can predict
treatment efficacy. In addition, it remains poorly understood how
HDACis affect the immunogenicity of cancer cells (44). To
address these questions, we need syngeneic immunocompetent
mouse models of B-cell lymphomas with altered immunogenic-
ity. HDACis have been shown to recover or enhance expression of
MHC class I and II in different types of cancers (28, 41, 45–49).
However, it remains unknown whether HDACi sensitizes B-cell
lymphomas to PD1 blockade by regulating MHC expression.
Finally, although HDACi are known to modulate antitumor
immunity, their net effects are dependent on the specific inhibi-
tors used and the HDACs they target (50). It remains unknown
what types of HDACi are suitable for combination with ICI.

In this study, we employed an HDACi (OKI-179) and G1XP
lymphoma (8), created by lineage-specific deletion of a DNA
repair gene, Xrcc4, and Trp53 in germinal center (GC) B cells,
because most human mature B-cell lymphomas are derived from
GC or post-GC B cells (51). We show that G1XP lymphomas
downregulated their MHC expression and resisted anti-PD1. We
dissected the mechanisms by which the HDACi OKI-179 sensi-
tizes the resistant lymphomas to anti-PD1.

Materials and Methods
In vivo treatment of lymphomas, tumor dissociation, and flow
cytometry

Littermate controls of G1XP or BALB/c mice (6–8 weeks)
were injected subcutaneously at both flanks with 1 � 106 G1XP
or A20 lymphoma cells. When tumor size reached 200 to 350
mm3, recipient mice were randomized into 4 groups and
treated three times every other day with vehicle control (intra-
peritoneal injection of PBS and oral gavage of 0.1 mol/L citrate
buffer), anti-PD1 (10 mg/kg/dose; BioXcell) via intraperitoneal
injection, OKI-179 (60 mg/kg/dose) via oral gavage, or both

anti-PD1 and OKI-179. When tumor size reached 2 cm in any
dimension or other humane endpoints were met (e.g., necrotic
tumors), mice were euthanized in accordance with institutional
guidelines. Mice were maintained under specific pathogen–free
conditions in the vivarium facility of University of Colorado
Anschutz Medical Campus (Aurora, CO). Animal work was
approved by the Institutional Animal Care and Use Committee
(IACUC) of University of Colorado Anschutz Medical Campus
(Aurora, CO).

Tumors were harvested from tumor-bearing mice. Tumor
weight was measured before dissociation and tumors were pro-
cessed into single-cell suspension. Tumor-infiltrating lympho-
cytes (TIL) were stained with antibodies against CD45, B220,
CD3, TCRb, CD4, CD8, and CD69. Antibodies used for flow
cytometry were listed in Supplementary Table S1. Dead cells were
excluded by Live/Dead Fixable Green Dead Cell Stain Kit (Invi-
trogen). BD Fix/Permeabilization buffer was used for intracellular
stainingof IFNg andgranzymeB inTILs. Equal numbers of tumors
were cultured in vitro for 6 hours in the presence of 50 ng/mL
phorbol 12-myristate 13-acetate (Sigma-Aldrich), 1 mg/mL iono-
mycin (Sigma-Aldrich), and 5 mg/mL BFA (BioLegend). Datawere
acquired on BD Fortessa or BD FACSCalibur and analyzed with
FlowJo software V10.

Cell culture
G1XP lymphomas were generated, established, and cultured as

described previously (8). A20 lymphoma cells were obtained
from cell line vendor ATCC in 2017. OCI-LY1, OCI-LY3, OCI-
LY7, and SU-DHL-16 were obtained from Dr. Wing C. (John)
Chan (City of Hope Medical Center, Duarte, CA) in 2016 and
cultured as described previously (52). The cell line authentication
and Mycoplasma testing were performed by Molecular Biology
Service Center at the Barbara Davis Center (University of Color-
ado, Anschutz Medical Campus, Aurora, CO) in 2019. The cells
were tested and reauthenticated by PCR assays as described
(http://www.barbaradaviscenter.org/). The number of passages
between thawing and use in the described experiments ranged
from two to five.

Lymphoma cells were cultured at 0.5 � 106/mL and treated
with vehicle control, OKI-005, or OKI-179 at indicated concen-
trations for 24 or 48 hours. Cells in triplicates were treated as
described above, fixed in 70% ethanol, and stained with PI
and anti-pH3 as described previously (52). Cell cycles were
determined by flow cytometry (FL1-H/FL2-A). Splenic T cells
were isolated from wt B6-na€�ve mice by Negative Selection Kit
(Stemcell Technologies), cultured with mouse T-Activator CD3/
CD28 Dynabeads (Thermo Fisher Scientific), and collected
3 days after culture for flow cytometry analysis. Murine primary
B cells were isolated from spleens of syngeneic mice by negative
selection kit (Stemcell Technologies), cultured with mouse IL4
(20 ng/mL) and anti-CD40 (1 mg/mL) as described previous-
ly (53) and collected 4 days after culture for flow cytometry
or OKI-179 treatment. Human primary B cells were isolated from
human cord blood by negative selection kit (Stemcell Techno-
logies), cultured with IL4 (10 ng/mL), IL21 (10 ng/mL), and
anti-CD40 (1 mg/mL) and collected 5 days after culture for flow
cytometry.

RNA-seq, Western blot, and cell-cycle analysis
G1XP, OCI-Ly7, and murine primary B cells were treated

with 500 nmol/L of OKI-179 for 16 hours, respectively, and total
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RNA was isolated by TRIzol (Roche). Isolated RNA was subject
to library preparation and sequenced with Illumina NovaSEQ
6000 platform by the genomic core facility at University of
Colorado Anschutz Medical Campus (Aurora, CO). Primary
antibodies used in Western blot analysis were listed in Sup-
plementary Table S1. Secondary horseradish peroxidase–
conjugated anti-mouse and anti-rabbit were purchased from
Jackson ImmunoResearch. Protein bands were developed by
ECL Western blotting detection reagents (GE Healthcare)
according to kit instructions. Cell cycles were determined as
described previously (52).

B2M knockout by CRISPR-Cas9 and H2-K1 transfection
Guide RNA (gRNA) oligos targeting mouse B2M gene were

designed by online software (http://crispr.mit.edu/). Four gRNA
oligos were synthesized and annealed to generate two DNA
fragments (1-For 50-caccgAGTATACTCACGCCACCCAC-30, 1-Rev
50-aaacGTGGGTGGCGTGAGTATACTc-30; 2-For 50-caccgCG-
TATGTATCAGTCTCAGTG-30, 2-Rev 50-aaacCACTGAGACTGA-
TACATACGc-30). The twoDNA fragmentswere cloned intopX458
vector, respectively, according to the protocol described previous-
ly (54). Both newly constructed pX458 plasmids were cotrans-
fected into G1XP or A20 lymphomas with Nucleofector Kit V
(Lonza). Single clones lacking MHC class I were screened by flow
cytometry with an anti-mouse MHC class I antibodies and con-
firmed by PCR with primers (SF 50-TTATCCAGAGTAGAAATG-
GAACAGGG-30, SR 50-GTATTCTCTAACAATCTCAGTATGC-30).
Deleted fragments were cloned into pGEM-T vector (Promega)
and sequenced by MCLAB. G1XP B2M�/� lymphoma harbored a
deletion on each allele of B2M gene, respectively (deletion on
allele 1: 3211–3219, 3381–3401; allele 2: 3214–3222, 3386–
3406 of B2M genomic DNA, NC_000068.7: 122147687-
122153082, total length of 5396 bp). A20 B2M�/� lymphoma
cells harbored the same deletion on both alleles of the B2M gene
(deletion location: 3394–3571; NC_000068.7:122147687-
122153082, total length of 5396 bp).

Total RNA was isolated from G1XP lymphomas, and used for
cDNA synthesis with a Reverse Transcription Kit (Promega). H2-
K1 cDNA was amplified by PCR with primers (For 50-GACA-
GAATTCATGGTACCGTGCACGCTGC-30; Rev 50-GCAGTCTA-
GATCACGCTAGAGAATGAGGGT-30). The amplifiedH2-K1 frag-
ment was subcloned into pcDNA3.1(þ) vector. The newly con-
structed pcDNA3.1(þ) plasmid was transfected into G1XP
lymphomas using Mouse B Cell Nucleofector Kit (Lonza). After
culturing for 2days, transfected cellswere selectedwith600mg/mL
neomycin until neomycin-resistant foci were identified. Single
G1XP clones with varied MHC class I or II expression were
identified by flow cytometry.

Results
Biochemical profile and pharmacokinetics of OKI-179

Our efforts toward the discovery of a largazole-derived HDACi
were prompted by the lackluster physiochemical properties and
synthetic challenges of largazole (55, 56). These efforts resulted in
the invention of OKI-005 and OKI-179 (39), first- and second-
generation prodrug candidates, respectively, derived from the
same parent thiol congener. IC50 values were obtained with
OKI-179 thiol (the active parent form of OKI-179 and OKI-
005) under cell-free, biochemical assay conditions using purified
enzymes, compared favorablywith otherHDACi (Supplementary

Table S2). OKI-179 thiol inhibits class I, IIb, and IV HDACs
(Supplementary Table S2).

To determine the pharmacokinetics of OKI-179 in vivo, OKI-
179 was administered tomice via oral gavage. OKI-179 converted
to its active metabolite rapidly in murine plasma, with similar
pharmacokinetic profiles observed in both female andmale mice
(Supplementary Fig. S1A–S1D). Maximum concentration (Cmax)
in male and female mice ranged from 337 to 4,980 ng/mL
(Supplementary Fig. S1A). The time to reach Cmax in vivo (Tmax)
was 0.083 hours (for dose of 25 mg/kg) and 0.25 hours (for dose
of 50 mg/kg and 100 mg/kg). The half-life [t1/2(h)] is shown in
Supplementary Fig. S1D. On the basis of Cmax in vivo, we decided
to use the following concentrations of OKI for in vitro treatment:
250 nmol/L, 500 nmol/L, and 1 mmol/L.

OKI treatment leads to cell-cycle arrest, apoptosis, and growth
inhibition in tumors

HDACi treatment is cytotoxic to cancer cells (57). To examine
whetherOKI-005 orOKI-179 exhibits cytotoxic effects on tumors,
G1XP lymphomas were treated with OKI-005 or OKI-179 in vitro.
Both OKI-005 and OKI-179 inhibited the growth of G1XP lym-
phomas in a dose-dependent manner (Fig. 1A). OKI-179 treat-
ment arrested tumor cells at G0–G1 phases and reduced the
percentage of cells at S-phase (Supplementary Fig. S2A and
S2B). To test the effects of OKI on mitotic entry, we assessed the
phosphorylation of histone3 (pH3), which serves as a marker for
M-phase entry because chromosome condensation requires
H3 phosphorylation. We found that pH3 was reduced upon
treatment of OKI-179 (Fig. 1B and C) and OKI-005 (Supplemen-
tary Fig. S2C and S2D), demonstrating OKI-treated lymphomas
were inhibited forM-phase progression. Finally, cleaved caspase-3
production, a marker for apoptosis, was induced in G1XP lym-
phomas upon treatment of OKI-179 (Fig. 1D–F) and OKI-005
(Supplementary Fig. S2E and S2F). Overall, OKI-005 and OKI-
179 inhibit tumor cell growth by inducing cell-cycle arrest and
apoptosis.

OKI-179 and OKI-005 are congeners because they have iden-
tical drug structures but different prodrug structures. OKI-179 is
designed to have better drug exposure in vivo and better pharma-
ceutical quality in terms of chemistry, manufacturing, and con-
trols.OKI-179was developed on the basis ofOKI-005 and ismore
suitable for in vivo studies. OKI-179 received IND approval from
FDAandentered phase I clinical trials in 2019. Thus,we employed
OKI-179 for subsequent analyses because it will be more trans-
latable to clinical settings.

OKI-179 sensitizes G1XP lymphomas to PD1 blockade
We transplanted G1XP lymphomas (8) into syngeneic wild-

type (WT) recipient mice that developed secondary tumors
approximately 2 weeks after inoculation. We harvested secondary
tumors and analyzed TILs. Both CD8þ and CD4þ TILs upregu-
latedPD1 comparedwith control splenic T cells (Fig. 1G). PD1 is a
coinhibitory receptor associated with T-cell exhaustion, suggest-
ing that G1XP lymphomas might be sensitive to anti-PD1 treat-
ment.We inoculatedWT recipients withG1XP lymphomas, when
tumor size reached about 250 to 350 mm3, we randomized
recipient mice into four groups and treated them with vehicle
control, anti-PD1, OKI-179, or OKI-179 plus anti-PD1 (combo).
We harvested tumors on day 21 after inoculation for TIL analysis
(short-term; Fig. 1H and I) or observed the cohorts for tumor
growth (long-term; Fig. 1J and K). In both scenarios, anti-PD1
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Figure 1.

G1XP lymphomas resisted anti-PD1 and were sensitized by OKI-179 to anti-PD1. A,OKI-005 or OKI-179 treatment inhibited G1XP lymphoma proliferation. Cell
numbers in triplicates were counted. B and C,OKI-179 treatment reduced mitotic entry of G1XP lymphomas. Cells in triplicates were treated as in A, fixed, and
stained with PI and anti-pH3. Cell cycles were determined by flow cytometry. D and E,OKI-179 treatment induced apoptosis of G1XP lymphomas. Cells in
triplicates were treated as in A, fixed, and stained for PI and cleaved caspase-3. The percentage of apoptotic cells were determined by flow cytometry.
F, Apoptosis of G1XP lymphomas upon OKI-179 treatment. Cells were treated as described in A. Caspase-3 was detected byWestern blot analysis and b-actin as
the loading control. Data are representative results of two independent experiments forA–F. G, Immunosuppressive phenotypes of TILs in the transplanted G1XP
lymphomas. Tumors were harvested 15 days after inoculation and TILs or splenocytes (as control) were analyzed by flow cytometry. H and I, Tumor growth of
G1XP lymphomas upon different treatments. G1XP lymphomaswere transplanted into syngeneic recipient mice, and tumor-bearing mice (tumor sizes between
250–350mm3) were randomized into 4 groups and treated with vehicle control, OKI-179, anti-PD1 or both, respectively, on day 15, 17, and 19 after tumor
inoculation. Tumor sizes were measured daily (n¼ 6 per group; H). Tumor weights were measured on day 21 after tumor inoculation (I) and subsequently used
for TIL analysis. J and K, Long-term tumor growth of G1XP lymphomas upon different treatments (J) and relative change in tumor volume (RCTV) on day 22 (K).
Mice were treated as described in H, vehicle (n¼ 12), anti-PD-1 (n¼ 14), OKI-179 (n¼ 16), and OKI-179/anti-PD1 (n¼ 14). Data are representative results of three
independent experiments for G–K. L, Kaplan–Meier curve of G1XP lymphoma-bearing recipients. Mice were treated as described in H. Data are combined from
three independent experiments for L. Statistical significance was calculated with one-way ANOVA, Tukeymultiple comparison test (�� , P < 0.01; ��� , P < 0.001).
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failed to suppress G1XP lymphoma growth (Fig. 1H–K). OKI-179
alone showed an inhibitory effect on G1XP lymphoma growth at
early time points, whereas combo treatment inhibited tumor
growth (Fig. 1H–K). When data were analyzed together from
three independent experiments in which treated recipients were
monitored up to 168days after tumor inoculation, approximately
25% of the recipients from combo group survived, whereas all
other control groups were terminated (according to IACUC
guideline) or died due to tumor growth (Fig. 1L). These data
show that G1XP lymphomas resist anti-PD1, and OKI-179 treat-
ment sensitizes lymphomas to anti-PD1.

MHC downregulation in G1XP lymphomas and OKI-mediated
MHC upregulation

To reveal the mechanisms of PD1 blockade resistance, we
tested whether G1XP lymphomas downregulated their MHCs.
We established several G1XP lymphoma lines and found that
G1XP lymphomas downregulated MHC class I expression
compared with activated primary B cells (Fig. 2A, left), which
were used as controls because they mimic the developmental
stage of G1XP lymphomas. MHC class II expression on G1XP
lymphomas was also reduced compared with activated primary
B cells (Fig. 2A, right). G1XP lymphomas expressed less MHC
class I or class II than other mouse B-cell lymphoma lines, such
as CH12 and A20 (Fig. 2B). We conclude that G1XP lympho-
mas provide a model for studying tumors with reduced
immunogenicity.

MHC downregulation can be reversible or irreversible. We
tested our HDACis, OKI-179 and OKI-005, for their ability to
affect MHC expression on G1XP lymphomas. Lymphomas were
cultured in the presence of OKI-179, OKI-005, or vehicle
control, and both OKI-179 and OKI-005 upregulated MHC
class I and class II expression in a dose-dependent manner in
vitro (Fig. 2C; Supplementary Fig. S3). To test whether OKI-179
treatment affects MHC class I and II expression on G1XP
lymphomas in vivo, we inoculated G1XP lymphomas into
syngeneic recipient mice. Tumor-bearing recipients were ran-
domized into four groups and treated as described above. OKI-
179 or OKI-179/anti-PD1 treatment caused lymphomas to
upregulate MHC class I and class II in vivo (Fig. 2D–F). These
data indicate that OKI-179 increases the immunogenicity of
cancer cells. Downregulation of MHC class I and II in G1XP
lymphomas was reversible; thus, it likely occurs via epigenetic
mechanisms.

OKI-179 and OKI-179/anti-PD1 treatment activated TILs in
G1XP lymphomas

Because of the increasedMHCexpressiononG1XP lymphomas
upon OKI-179 treatment, we tested whether the treatment influ-
ences CD8þ and CD4þ TILs. Tumors were harvested from reci-
pients treated with vehicle control, OKI-179, anti-PD1 or combo,
respectively. We isolated tumors and TILs and performed flow
cytometry analysis 21 days after tumor inoculation. This time
point was chosen because control group usually had to be
terminated due to the size of tumors exceeding institutional
guideline. We also cultured the TILs for 6 hours, then examined
IFNg production in CD4þ and CD8þ TILs and granzyme B in
CD8þ TILs. Combo treatment increased the percentage and num-
ber of CD4þ (Fig. 3A–C) and CD8þ TILs (Fig. 3D–F). Further-
more, combo treatment activated TILs and increased IFNg pro-
duction in bothCD4þ (Fig. 3G andH) andCD8þ TILs (Fig. 3I and

J) and granzyme B production in CD8þ TILs (Fig. 3K and L). OKI-
179 treatment alone also increased IFNg production in both
CD4þ and CD8þ TILs (Fig. 3G and I). Combo treatment also
inducedCD69 expression in bothCD4þ (Supplementary Fig. S4A
and S4B) and CD8þ TILs (Supplementary Fig. S4C and S4D).
Thus, combined OKI-179/anti-PD1 treatment promoted CD4þ

and CD8þ TIL activation.

Sensitivity of G1XP lymphomas to treatment affected by MHC
expression

To determine whether tumor-derived MHC class I is required
for efficacy of combo treatment, we employed the CRISPR/Cas9
technique to delete theB2M gene inG1XP lymphoma.Deletionof
the B2M gene was confirmed by PCR and Sanger sequencing
(Fig. 4A). Consistently, MHC class-I was absent in G1XP B2M�/�

lymphoma (Fig. 4B). WT G1XP lymphoma clone was trans-
planted into recipient mice that were treated as described above
and exhibited sensitivity to single OKI-179 or combo treatment
(Fig. 4C), similar to what was observed in parental G1XP lym-
phomas. However, single OKI-179 or combo treatment did not
inhibit the growth of G1XP B2M�/� lymphomas (Fig. 4D). These
data show that tumor-derived MHC class I is essential for the
efficacy of combo and single OKI-179 treatment.

Next, we investigated whether OKI-179-mediated MHC class I
upregulation is sufficient, namely, whether OKI-179 renders
lymphomas sensitive to anti-PD1 just by upregulating MHC class
I in lymphomas.We ectopically re-expressedMHC class I inG1XP
lymphomas and tested whether tumor's sensitivity to anti-PD1 is
affected by the amount of reintroducedMHC class I.We choose to
ectopically reexpressH2-K1, anMHCclass Ia chain gene, inG1XP
lymphomas, because H2-K1 is one of the most abundantly
expressed MHC class I alleles and OKI-179 significantly upregu-
lated H2-K1 expression in G1XP lymphomas (Supplementary
Fig. S5A). Stable clones were selected that expressed more or less
MHC class I (Fig. 4E).

Comparing with MHC class Ilow clone (E8), MHC class Ihigh

clone (C10) expressed more MHC class I but showed similar
MHC class II expression in vitro and in vivo (Fig. 4E; Supple-
mentary Fig. S5B). However, clone E8 and C10 were equally
insensitive to anti-PD1 (Fig. 4F and G). These data suggest that
upregulation of MHC class I is not sufficient for rendering
tumors sensitive to PD1 blockade. In addition, we compared
the MHC class II expression among different G1XP lymphoma
clones, and found that clone D1 presented more MHC class II
expression than E8 and C10, but low MHC class I expression in
vitro and in vivo (Fig. 4E; Supplementary Fig. S5B). Anti-PD1
treatment significantly inhibited the growth of clone D1
(Fig. 4H). Our data indicate that more MHC class II correlates
with greater tumor sensitivity to PD1 blockade.

A20 lymphoma response to treatment requires tumor-derived
MHC class I

To further test whether treatment efficacy of OKI-179 or anti-
PD1 is dependent on MHC class I, we employed the A20
lymphoma model known to express high amounts of both
MHC class I and II (Fig. 2B). We transplanted A20 lymphomas
into syngeneic recipient mice (WT Balb/c) and found that
CD8þ and CD4þ TILs upregulated PD1 compared with control
splenic T cells (Fig. 5A). Single OKI-179 or anti-PD1 treatment
significantly increased recipient survival (Fig. 5B) and inhibited
tumor growth (Fig. 5C). Although combo treatment appeared
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to be more effective, no significant differences were detected
between single and combo treatment (Fig. 5B and C). Thus, our
data suggest that the high immunogenicity of A20 lymphomas
correlates with high sensitivity to monotherapies or combo
treatment.

To test the role of MHC class I in A20 lymphoma model, we
generated B2M-KO A20 lymphomas using CRISPR/Cas9
approach (Supplementary Fig. S6A). A20 B2M�/� lymphoma

cells harbored the same deletion on both alleles of the B2M
gene (Supplementary Fig. S6A). Because of saturated expression
of MHC class I and II on A20 lymphoma, OKI-179 had no effect
on MHC class I and II expression (Supplementary Fig. S6B).
OKI-179 was unable to induce the expression of MHC class I on
A20 B2M�/� lymphoma (Supplementary Fig. S6C). A20 B2M�/

� lymphomas were transplanted into syngeneic recipient mice
that were treated as described above. In contrast to A20 WT
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lymphomas, A20 B2M�/� lymphomas were resistant to single
or combined treatment of OKI-179 and anti-PD1 (Fig. 5D
and E). These data demonstrate that the sensitivity of tumor
cells to OKI-179 or anti-PD1 treatment requires tumor-derived
MHC class I expression. OKI-179 treatment inhibited prolifer-
ation and mitotic entry of A20 WT and B2M�/� lymphomas

(Supplementary Fig. S7A–S7F), and induced apoptosis of A20
WT lymphomas (Supplementary Fig. S7G). However, the treat-
ment effects of OKI-179 were abolished in A20 B2M�/� lym-
phomas (Fig. 5E), demonstrating that OKI-179's efficacy
depends on its immunoregulatory effects instead of direct
cytotoxic effects.
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Combined treatment of OKI-179/anti-PD1 increased and activated CD4þ and CD8þ TILs in G1XP lymphomas. Tumor-bearing recipients were treated as indicated,
on day 15, 17, and 19 after tumor inoculation. Tumors were harvested on day 21 after inoculation (n¼ 8 per group). A–F, Cells were stained and analyzed by flow
cytometry. Numbers (A), percentages (B), and representative plots (C) of CD4þ TILs in G1XP lymphoma. Numbers (D), percentages (E), and representative plots
(F) of CD8þ TILs in G1XP lymphoma. G–L, Harvested tumors were stimulated with PMA/ionomycin for 6 hours in vitro and analyzed by flow cytometry.
Percentages (G) and representative plots (H) of IFNgþCD4þ T cells in total CD4þ TILs. Percentages (I) and representative plots (J) of IFNgþCD8þ T cells in total
CD8þ TILs. Percentages (K) and representative plots (L) of granzyme BþCD8þ T cells in total CD8þ TILs. Data were combined from two independent
experiments. Statistical significance was calculated with one-way ANOVA, Tukey multiple comparison test (�� , P < 0.01; ��� , P < 0.001).
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Variable effects ofHDACi on T-cell proliferation andMHC class
I induction

To test whether different HDACi have varied effects on T-cell
proliferation and activation, we purified T cells and stimulated
them with anti-CD3/anti-CD28 beads in the presence of vehicle
control or increasing concentration of HDACi for 3 days in vitro.
OKI-179 and vorinostat did not affect the proliferation of CD4þ

or CD8þ T cells (Fig. 6A and B; Supplementary Fig. S8A). How-

ever, panobinostat inhibited both CD4þ and CD8þ T-cell prolif-
eration (Fig. 6C and D). OKI-179 and vorinostat had no effect on
IFNg production by CD4þ or CD8þ T cells (Supplementary Fig.
S8B and S8C).

To determine whether other HDACi also induce MHC class I,
we compared vorinostat with OKI-179 at the same dose range,
and found that no induction of MHC class I occurred with
vorinostat up to 1 mmol/L, whereas OKI-179 had a steady
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dose-dependent increase (Fig. 6E). Vorinostat induced less expres-
sion of MHC class II than OKI-179 (Fig. 6F). This is probably due
to the fact that vorinostat is not as potent in HDAC inhibition as
OKI-179 (Supplementary Table S2). Panobinostat has a compa-
rable class I HDAC inhibition potency to OKI-179 (Supplemen-
tary Table S2) and it can induce MHC class I and II expressions
similarly toOKI-179 (Supplementary Fig. S8D).We conclude that
different HDACi exhibit variable effects on T cells and tumors,

suggesting that not all HDACis are suitable for combination with
PD1 blockade.

OKI-179 enhances expression of PD-L1 and human HLA on
tumor cells

PD-L1þ cancers might be more sensitive to PD1 block-
ade (58, 59), such as Hodgkin lymphomas with PD-L1 amplifi-
cation (6, 60, 61), suggesting that PD-L1 upregulation may serve
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Sensitivity of A20 lymphomas to treatment requires MHC class I. A, Immunosuppressive phenotypes of TILs in the transplanted A20 lymphomas. WT BALB/c
mice were injected with A20 lymphomas. Tumors were harvested 15 days after inoculation and TILs or splenocytes (as control) were analyzed. B, Kaplan–Meier
curve of recipient mice inoculated with A20 lymphomas. Tumor-bearing mice were randomized into 4 groups and treated with vehicle (n¼ 12), OKI-179 (n¼ 12),
anti-PD1 (n¼ 13), or both (n¼ 12) on day 9, 11, and 13 after tumor inoculation (tumor size�200mm3). Data were combined from two independent experiments.
Log-rank (Mantel–Cox) test, vehicle versus anti-PD1: P < 0.001; vehicle versus OKI-179: P < 0.001; anti-PD1 versus combo: P¼ 0.3544; OKI-179 versus combo:
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as a biomarker to predict PD1 blockade sensitivity. Our RNA-Seq
data showed that OKI-179 treatment also upregulated PD-L1
expression in both G1XP and OCI-Ly7 lymphomas (Fig. 7A and
B). However, OKI-179 had no effect on PD-L1 expression in
activated primary mouse B cells (Fig. 7C). Furthermore, PD-L1

expression was upregulated in G1XP lymphomas byOKI-179 in a
dose-dependent manner (Fig. 7D). In contrast, the expression of
costimulatory factors, including CD83, CD86, OX40L and
CD137L, were not altered by OKI-005 or OKI-179 (Supplemen-
tary Fig. S9A–S9D). OKI-179 inhibited the growth of human B-
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Different HDACi exhibit distinct effects on T cells and tumors. A–D, Effects of OKI-179 and panobinostat on T-cell proliferation. CFSE-labeled T cells were
activated with anti-CD3/anti-CD28 in the presence of vehicle control or OKI-179 (A and B) or panobinostat (C and D) for 72 hours. Panobinostat inhibited T-cell
proliferation at higher concentrations, whereas OKI-179 did not affect T-cell proliferation. Proliferation index was calculated using FlowJo proliferation analysis
program for CD4þ and CD8þ T cells treated with vehicle or OKI-179 (B) or panobinostat (D). Representative data are shown from three independent experiments
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(F) for 48 hours. Cells were stained and analyzed by flow cytometry. Representative MFI data are shown from two independent experiments.
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cell lymphoma lines in a dose-dependent manner (Supplemen-
tary Fig. S10).

To establish a general concept of OKI-179-mediated MHC
upregulation, we treated various human B-cell lymphoma lines
withOKI-179. HumanOCI-Ly7 lymphomas downregulated their
HLA-A, B, and C but not HLA-DP, DQ, and DR compared with
humanprimary B cells (Fig. 7E).OKI-179 treatment enhanced the
expression of HLA-A, B, and C in OCI-Ly3 and OCI-Ly7, whereas
OKI-179 had no effect onOCI-Ly1 and little effect on SU-DHL-16
cell line (Fig. 7F). OKI-179 upregulated HLA-DP, DQ, and DR in
OCI-Ly3 cells, but not inOCI-Ly1, OCI-Ly7, and SU-DHL-16 cells
(Fig. 7G). Thus, we conclude that different human B-cell lym-
phoma lines respond differently toOKI-179 treatment in terms of
MHC upregulation.

Discussion
We tested the therapeutic efficacy of combined OKI-179/

anti-PD1 treatment and found that: (i) OKI-179 sensitizes
G1XP lymphomas to anti-PD1 by enhancing tumor immuno-
genicity; (ii) sensitivity to single or combined treatment
required tumor-derived MHC class I and positively correlated
with MHC class II expression in tumors; (iii) the durable
antitumor effects of OKI-179 depend on antigen-specific CD8þ

T-cell-mediated immune responses; and (iv) different HDACis
exhibited distinct effects on tumors and T cells, yet the same
HDACi could differentially affect HLA expression in different
human B-cell lymphomas. Thus, our studies highlight immu-
nologic effects of HDACis on antitumor responses and suggest
that optimal treatment efficacy requires personalized design
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transcription of PD-L1 in G1XP and OCI-Ly7 lymphomas upon OKI-179 treatment. G1XP lymphomas (A), OCI-Ly7 (B), and activated primary B cells (C) were
cultured with vehicle control or OKI-179 for 16 hours. D, Upregulation of PD-L1 in G1XP lymphoma upon OKI-179 treatment. G1XP lymphomaswere cultured with
vehicle control or OKI-179 for 48 hours. Cells were stained and analyzed by flow cytometry. E, Downregulation of HLA-A, B, and C in OCI-Ly7 lymphoma
compared with activated human primary B cells. F and G, Different regulations of HLA in human B-cell lymphomas upon OKI-179 treatment. Various human B-cell
lymphoma lines were cultured with vehicle control or OKI-179 for 24 hours. Lymphomas were stained and analyzed by flow cytometry. Representative data are
shown from two independent experiments. Statistical significance was calculated with unpaired t test (�� , P < 0.01; ��� , P < 0.001).
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and rational combination based on prognostic biomarkers
(e.g., MHCs) and individual profiles of HDACis.

Human B-cell lymphomas often downregulate MHC
expression (9–15) and resist anti-PD1 (7). Lacking proper
models hinders our effort to understand the underlying
mechanisms of these observations. G1XP lymphoma is a syn-
geneic mouse model for mature B-cell lymphoma that down-
regulates MHCs and resists anti-PD1. This model provides an
opportunity to elucidate how altering lymphoma immunoge-
nicity influences cancer immunotherapy outcome. Different
lymphomas responded differentially to single anti-PD1 treat-
ment, with a correlation to their MHC expression. For instance,
MHC high–expressing A20 lymphomas are sensitive to anti-
PD1, whereas MHC low–expressing G1XP lymphomas resist
anti-PD1. Consistently, acquired resistance to PD1 blockade
associates with deletional mutation in the B2M gene in a
relapse sample of a patient with melanoma (62). PD1 block-
ade–resistant tumors downregulated MHC class I in a murine
lung cancer model (63). Although tumor-derived MHC class I is
essential for sensitivity to single or combo treatment, increasing
MHC class I alone did not render tumors sensitive to anti-PD1.
In contrast, higher expression of tumor-derived MHC class II
correlated with increased sensitivity to anti-PD1. Studies show
that therapeutic effects of PD1 blockade correlate with the
expression of MHC class II but not MHC class I in patients
with melanoma (26, 64). Collectively, these studies suggest
that sensitivity to PD1 blockade needs high MHC class II
expression.

MHC downregulation in G1XP lymphomas is reversible and
rescued by epigenetic agents, such as HDACi. However, OKI-179
is unable to restore irreversible MHC class I downregulation in B-
cell lymphomas. When tumor-derived MHC class I is removed
genetically, the therapeutic effects of single OKI-179 or combo
treatment were abolished. Thus, we consider OKI-179 to be a
personalized drug suitable for treating tumors with reversible
MHC downregulation. We suggest that MHC expression might
serve as a predictive biomarker for treatment efficacy of OKI-179.
Aside from classical MHC class I, B2M is also required for
expression of other nonclassical MHC molecules such as H2-
M5 (65), involvement of which we cannot rule out. However, our
RNA-seq data did not detect changes in the B2M-associated
molecules upon OKI-179 treatment, suggesting that these non-
classical MHC class I molecules are not necessary for mediating
responses to OKI-179.

HDACis modulate antitumor immunity (43). For instance,
anticancer effects of vorinostat require immune system (66, 67).
However, not all HDACis are created equal and their net effects
are dependent on the specific inhibitors used and the HDACs
they target (44, 50). Typically, inhibitors are developed on the
basis of on-target activity; however, off-target activity could
result in undesirable side effects or toxicity. For example,
panobinostat and romidepsin are potent HDACis but are also
toxic. The narrow window for therapeutic success makes such
HDACis unsuitable for combined therapies with ICIs. Pan-
HDACi such as vorinostat target all 11 HDACs, which is
problematic because class IIa HDACs have opposing functions
to class I HDACs in modulating immune responses (e.g., Treg;
ref. 68). In addition, not all HDACis are equally potent at
reprogramming cancer epigenome. For example, vorinostat did
not upregulate MHC class I in G1XP tumors. A large dose of
vorinostat will be needed to achieve MHC class I induction in

vivo, quite a challenge given its poor drug metabolism and
pharmacokinetics profile. Thus, when interpreting the immu-
nologic effects of HDACis, we must be aware of the dose,
cellular context, and selectivity of agents, and the impact of
HDACi on both tumors and T cells.

OKI-179 has favorable properties compared with previously
reportedHDACis,with its selectivity, oral availabilitywith abroad
therapeutic window, direct inhibition of B-cell lymphoma pro-
liferation, and no toxic effects on T-cell proliferation and activa-
tion, providing improved therapeutic effects due to its potent
immune-enhancing activity. OKI-179 can also effectively inhibit
HDAC3, which has been implicated in regulating MHC class II
expression in B-cell lymphomas (69). Thus, OKI-179 is a prom-
ising agent for treating cancers with reversible MHC downregula-
tion, such as B-cell lymphomas.

OKI-179 upregulates PD-L1 in G1XP and human B-cell lym-
phomas. PD-L1 interacts with PD1 expressed onCD4þ and CD8þ

TILs, thereby leading to inhibition of effector functions and
exhaustion of T cells (70). To overcome the detrimental effects
of OKI-179–mediated PD-L1 upregulation on antitumor immu-
nity, anti-PD1 needs to be employed together with OKI-179.
Indeed, combo treatment more effectively inhibits B-cell lym-
phomas, providing a rationale for developing combinatorial
therapy using epigenetic agents and ICIs. HDACis also upregulate
PD-L1 and augment therapeutic efficiency of PD1 blockade in
melanoma (71) or lung cancers (42), suggesting the applicability
of such combined strategies to other types of cancers.

PD-L1þ cancers might be more sensitive to PD1 block-
ade (58, 59). PMBCL and Hodgkin lymphomas harbor recurrent
chromosomal translocations or amplifications of PD-L1 and PD-
L2, leading to overexpression of PD-L1 and PD-L2 (60, 61).
Consistently, Hodgkin lymphomas are very sensitive to PD1
blockade. Clinical trials of PD1 therapy showed promising results
in PMBCL (6, 72). These data suggest that PD-L1 upregulation
may serve as a biomarker to predict combo treatment sensitivity.
Prior studies show that tumor-derived PD-L1 is not required for
the efficacy of anti-PD-L1 treatment because host cells still express
PD-L1 (73). It remains to be determined whether altering tumor-
derived PD-L1will affect the efficacy of combo treatment in our B-
cell lymphomamodel. On the other hand, HDACi-mediated PD-
L1 upregulation may explain why these agents generally fail to
treat cancers as a single agent. Our studies may provide insights
intowhyHDACis alone failed andwhy there should be a renewed
emphasis on the effects of HDACi on PD-L1 upregulation.
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