RESEARCH ARTICLE

The Journal of Clinical Investigation

Dinaciclib induces immunogenic cell death and
enhances anti-PD1-mediated tumor suppression

Dewan Md Sakib Hossain, Sarah Javaid, Mingmei Cai, Chunsheng Zhang, Anandi Sawant, Marlene Hinton, Manjiri Sathe,
Jeff Grein, Wendy Blumenschein, Elaine M. Pinheiro, and Alissa Chackerian

Merck & Co. Inc., Kenilworth, New Jersey, USA.

vaccine and boosting the effects of anti-PD1.

Introduction

Anti-programmed death 1 (anti-PD1) mAb treatment has demon-
strated efficacy across several different cancer types, and these
initial clinical successes have galvanized the field of cancer immu-
notherapy (1-5). PD1 is expressed by T lymphocytes upon cell acti-
vation and on exhausted T cells that are refractory to stimulation
(5-8). PD1 is one of several regulatory molecules that deliver an
inhibitory signal to prevent excessive inflammation (9, 10). In the
context of cancer, blocking the interaction of PD1 with its ligands
PD-L1 and/or PD-L2 prevents this immunosuppressive signal and
allows tumor-specific T cells to remain activated and kill tumor
cells (5, 6, 11-13). While some cancer patients treated with anti-PD1
agents have experienced dramatic tumor regressions, the efficacy
of anti-PD1 is not universal, and it is evident that the preexisting
tumor environment influences the responsiveness to treatment.
Positive prognostic factors include the presence of tumor-infiltrat-
ing lymphocytes (TILs), PD-L1 expression, high mutational load,
expression of neoantigens, and an [FN-y gene signature (2, 14-20).
Tumors that intrinsically lack antigen presentation or are devoid of
T cells that can respond to antigens are significantly less likely to
respond to anti-PD1 (19). Thus, therapies that can create an immu-
nogenic environment within tumors that otherwise are immune
suppressed or immunologically barren have the potential to expand
the number of patients who could benefit from anti-PD1 treatment.
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Blockade of the checkpoint inhibitor programmed death 1 (PD1) has demonstrated remarkable success in the clinic for the
treatment of cancer; however, a majority of tumors are resistant to anti-PD1 monotherapy. Numerous ongoing clinical
combination therapy studies will likely reveal additional therapeutics that complement anti-PD1 blockade. Recent studies
found that immunogenic cell death (ICD) improves T cell responses against different tumors, thus indicating that ICD may
further augment antitumor immunity elicited by anti-PD1. Here, we observed antitumor activity following combinatorial
therapy with anti-PD1 Ab and the cyclin-dependent kinase inhibitor dinaciclib in immunocompetent mouse tumor models.
Dinaciclib induced a type | IFN gene signature within the tumor, leading us to hypothesize that dinaciclib potentiates the
effects of anti-PD1 by eliciting ICD. Indeed, tumor cells treated with dinaciclib showed the hallmarks of ICD including surface
calreticulin expression and release of high mobility group box 1 (HMGB1) and ATP. Mice treated with both anti-PD1and
dinaciclib showed increased T cell infiltration and DC activation within the tumor, indicating that this combination improves
the overall quality of the immune response generated. These findings identify a potential mechanism for the observed benefit
of combining dinaciclib and anti-PD1, in which dinaciclib induces ICD, thereby converting the tumor cell into an endogenous

One approach to elicit this transformation involves the use
of agents that induce immunogenic cell death (ICD) within the
tumor. A limited number of cytotoxic agents (e.g., anthracyclines,
oxaliplatin, radiation therapy, oncolytic viruses) have been shown
to induce ICD (21-28). ICD is characterized by the release or
cell-surface expression of highly immunostimulatory damage-
associated molecular patterns (DAMPs) by the dying tumor cells.
Extracellular release of high mobility group box 1 (HMGB1) and
ATP serves to attract and activate antigen-presenting cells (APCs),
while the display of calreticulin (CRT) on the dying cell’s surface
serves as an “eat-me” cue to phagocytes (25, 27, 29). Additionally,
induction of the cancer cell-intrinsic type I IFN pathway has
been associated with ICD (30). As a result, the dying tumor cell
itself both serves as an endogenous vaccine and attracts immune
cells into the tumor microenvironment or draining lymph node.
Tumor peptides displayed by professional APCs can activate T
cells, which are now licensed to attack the tumor. This principle
is demonstrated in a vaccination scenario, whereby inoculation
of mice with tumor cells killed by ICD-inducing agents prevents
subsequent growth of live tumor cells (22, 27, 28). T cells and
APCs are involved in mediating the antitumor effects of ICD
inducers (31-35). In human breast and colorectal cancer patients
treated with anthracyclines or oxaliplatin, favorable clinical out-
comes were found to be associated with an increased number of
cytotoxic CD8* T cells within the tumor (32, 34, 35). Loss of DC
function was found to be a negative predictor of the therapeutic
response to anthracyclines or oxaliplatin in both clinical and pre-
clinical settings (31, 33). These immunostimulatory properties
make ICD-inducing agents attractive candidates for combina-
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Figure 1. Dinaciclib and anti-PD1 combina-
tion therapy inhibits tumor growth in syn-
geneic mouse tumor models. Dinaciclib was
tested alone and in combination with anti-
PD1mAb in (A and C) C57/BL6), (B) BALB/c,
and (D) Rag71”/~ mice implanted with (A and
D) M(C38, (B) CT26, or (C) MB43 tumor cells.
Tumor volume is represented as the mean +
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tion immunotherapy, and initial results in mice suggest that this
is a viable path forward (16). However, only a limited number of
anticancer drugs have been identified as ICD inducers, and their
approved use is restricted to certain cancer types. The efficacy of
a particular drug is limited because of the genetic diversity, tissue
origin, and local microenvironment of the tumor, thus it is highly
desirable to explore whether other anticancer drugs can increase
cancer cell immunogenicity and subsequently expand the benefit
of anti-PD1 treatment.

Cyclin-dependent kinases (CDKs) are a family of serine/thre-
onine kinases that control cell-cycle progression, and several stud-
ies have identified a role for deregulated CDKs in uncontrolled
proliferation as well as genomic and chromosomal instability of
cancer cells (36). Over the past 20 years, a number of CDK inhib-
itors have been developed and successfully tested in clinical trials
for different tumor types (37). However, a role for CDK inhibitors
in inducing ICD has not been described. Here, we demonstrate
that the CDK inhibitor dinaciclib (also known as MK-7965 and
SCH727965) is capable of eliciting ICD. Dinaciclib is a potent
CDK], -2, -5, and -9 inhibitor that induces apoptosis in different
tumor cells and has been shown to be clinically active in refrac-
tory chronic lymphocytic leukemia (38-46). These CDK targets
regulate the cell cycle (CDKI, -2), control actin polymerization
and neuronal function (CDK5), and regulate RNA-polymerase II
(CDK9), and their repression can affect T cell proliferation and
migration (47). Thus, our finding that dinaciclib enhances, rather
than abrogates, the antitumor efficacy of anti-PD1 Ab in estab-
lished murine syngeneic tumors was unexpected. Further studies
revealed that dinaciclib-treated tumor cells express the hallmarks
of ICD (HMGBI1, ATP, and CRT), stimulate phagocytic activation
of and antigen presentation by DCs, and protect against tumor
growth when used in a vaccine setting. Dinaciclib upregulates type
IIFN response genes within the tumor as well as PD1 expression on
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T cells. When combined with anti-PD1, we saw enhanced recruit-
ment and activation of T cells and APCs in the tumor, resulting in
tumor regression. This study suggests that boosting the immuno-
genicity of the tumor with an ICD inducer such as dinaciclib can
augment the overall efficacy of anti-PD1 checkpoint blockade.

Results

Dinaciclib and anti-PDI1 combination thevapy inhibits established sol-
id tumor growth in immunocompetent mice. The antitumor effect of
dinaciclib and anti-PD1 Ab was tested in 3 murine syngeneic tumor
models with varying responsiveness to anti-PD1 monotherapy.
Mice with large, established s.c. tumors (MC38 at ~150 mm?, CT26
and MB49 at ~100 mm?®) were treated with dinaciclib and anti-PD1
Ab alone or in combination every 4 days. In mice, dinaciclib has a
15-minute half-life after a 5-mg/kg dose (48). To mimic drug expo-
sure in the human clinical setting, in which dinaciclib is given over a
2-hour infusion period, mice were administered 2 doses of dinaciclib
(10 mg/kg), 2 hours apart, on the dosing days. Anti-PD1 mAb was
dosed at 5 mg/kg. In all 3 models, dinaciclib plus anti-PD1 combi-
nation therapy resulted in more tumor growth inhibition (TGI) than
did either treatment alone, with MC38 tumors being the most sen-
sitive to the combination and CT26 tumors showing the biggest dif-
ferential between combination treatment and monotherapy (Figure
1, A-C). Dinaciclib plus anti-PD1 combination treatment completely
eliminated tumors below palpable detection in 25%, 10%, and 20%
of mice bearing MC38, CT26, and MB49 tumors, respectively. No
complete tumor elimination was observed in the dinaciclib or anti-
PD1monotherapy groups. Additionally, no signs of toxicity or weight
loss were observed in any of the treatment groups (Supplemental
Figure 1; supplemental material available online with this article;
https://doi.org/10.1172/JCI94586DS1). The combination benefit
of dinaciclib plus anti-PD1 was dependent on the adaptive immune
response, as we did not observe TGI in Rag-KO (Rag”") mice with
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Figure 2. Dinaciclib and anti-PD1 combination therapy induces immune cell infiltration and activation in tumors. Mice with established CT26 tumors
were treated with dinaciclib and anti-PD1 mAb as described in Figure 1. Tumors were isolated on day 14, and immune cells were analyzed by flow cytometry
(n = 5 mice/group). Shown are the numbers of tumor-infiltrating (A) CD8* T cells, (B) CD4* T cells, and (E) CD11b*CD11c* DCs in the different treatment
groups. Also shown is the activation status of these cell populations as measured by the percentage of CD69* CD4* and CD8* T cells (C and D) and MHCII,
CD80, and CD86 mean fluorescence intensity (MFI) on DCs (F). For functional analysis, TILs were isolated from dissociated tumors using density-gradient
centrifugation. For the detection of intracellular cytokines, harvested TILs were stimulated with PMA and ionomycin in the presence of brefeldin A for 4
hours. Shown are the percentages of (G) IFN-y*, (H) TNF-o*, and (I) GzB* CD8"* T cells. Data represent at least 2 independent experiments. ***P < 0.001,

**P < 0.01, and *P < 0.05, by 1-way ANOVA with Bonferroni post-test.

established MC38 tumors (Figure 1D). The Rag-KO finding was not
surprising, as anti-PD1 activity is T cell dependent. However, it was
unexpected that dinaciclib, which has the ability to kill both T cells
and tumor cells in vitro, enhanced, rather than abrogated, anti-PD1
activity in the immunocompetent mice.

Treatment with dinaciclib and anti-PDI increases intratumor-
al CD8" T cells and DC activation. To determine whether dinaci-
clib boosts or inhibits anti-PD1-mediated enhancement of T cell
responses, we examined T cell infiltration and activation in the
tumor. We treated BALB/c mice with established CT26 tumors
with dinaciclib and anti-PD1 as before. On day 14 after treatment
initiation (i.e., 2 days after the fourth dose), tumors were harvest-
ed and analyzed by flow cytometry. Compared with dinaciclib and
anti-PD1 monotherapies, we found that combination treatment
increased the number of tumor-infiltrating CD8* and CD4* T cells
(Figure 2, A and B), and we observed a similar increase in the num-
ber of CD8" T cells in the MC38 and MB49 tumor models (Sup-
plemental Figure 2, A and C). Additionally, a higher proportion of
tumor-infiltrating T cells in the treatment groups expressed the T
cell activation marker CD69 compared with the controls, with the
highest proportion seen in the combination treatment group (Fig-
ure 2, C and D). These effects appeared to be limited to the tumor,
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as treatment had no impact on T cell populations in the spleen
(Supplemental Figure 3). To address whether combination treat-
ment enhances T cell function, we performed intracellular cyto-
kine staining on tumor-infiltrating cells isolated from dissociated
tumors. Compared with dinaciclib and anti-PD1 monotherapies,
combination treatment increased the percentage of IFN-y expres-
sion in both CD8* and CD4" T cells (Figure 2G and Supplemental
Figure 4). Combination treatment also increased TNF-o and gran-
zyme-B (GzB) production by tumor-infiltrating CD8* T cells (Fig-
ure 2, H and ). Collectively, these data demonstrate that dinaci-
clib plus anti-PD1 combination treatment augments the number
of functionally active T cells within tumors.

Because dinaciclib can induce tumor cell death, we hypothe-
sized that this in turn could activate local APCs, thereby boosting
antitumor responses. Indeed, we found that dinaciclib and anti-
PD1 combination treatment increased the number of CT26 tumor-
infiltrating CD11c* DCs and that these cells had higher expression
of the activation markers MHC class II (MHCII), CD80, and CD86
when compared with cells from the monotherapy groups (Figure
2, E and F). We observed similar DC activation in the MC38 and
MB49 tumor models after combination treatment (Supplemental
Figure 2, B and D). We also detected increased MHCII and CD80
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Figure 3. Dinaciclib treatment induces a type | IFN signature within tumors. (A) Fluidigm gPCR analysis of MC38, CT26, and MB439 cells treated with
dinaciclib in vitro for 24 hours either continuously or by washing and replacing medium after a 2-hour pulse. Heatmap indicates type | IFN signature genes
with a greater-than 2-fold change (log,, scale) over the untreated control and a P value of less than 0.05. Genes with a FC of less than 2 and a P value of
greater than 0.05 are blacked out. (B and C) Mice bearing 100 mm? MC38 tumors were treated as described in Figure 1. Twenty-four hours after the first
dose, tumors were isolated, and gene expression was analyzed by RNA sequencing (n = 5/group). (B) The top upregulated functional pathways in the
dinaciclib and dinaciclib plus anti-PD1 groups as determined by GO analysis and IPA. (C) Expression of type | IFN response genes is depicted by a heatmap
showing the log,) FC only of genes that were significantly upregulated (>2-fold and P < 0.01) compared with the isotype control group. Genes that were
upregulated by less than 2-fold and that had a P value of greater than 0.01 are blacked out (represented as FC = 0).

expression among F4/80" macrophages (data not shown). These Dinaciclib induces a type I IFN gene signature in tumor cells. We
data demonstrate that dinaciclib plus anti-PD1 combination thera- ~ next examined dinaciclib-induced gene expression by tumor cell
pyincreases both T cell and APC activation and function withinthe  lines in vitro using a Fluidigm quantitative PCR (qQPCR) array.
tumor microenvironment compared with either treatment alone. Interestingly, dinaciclib upregulated type I IFN response genes in
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all 3 syngeneic tumor lines tested. Specifically, dinaciclib induced
the gene expression of antiviral molecules (Bst2, Ifnbl, IfitM1, -2,
-3, Oasla, Isg20, and Samhdl), receptor and transcription factors
involved in the type I IFN response (Ifnar2, Statl, Jakl, and Myd8s),
T cell costimulatory and MHCI molecules (Cavl, H2-T23, and H2-
DI), and chemoattractant molecules (Ccl5, Cxcl10, and Ccl2) (Fig-
ure 3A and Supplemental Table 1). Importantly, the same genes
were upregulated when tumor cells were treated for 24 hours or
with a 2-hour pulse of dinaciclib, indicating that dinaciclib induc-
es type I IFN response genes, even when the exposure time was
limited to what occurred in vivo (Figure 3A and Supplemental
Table 1). We extended this finding in vivo, performing full RNA
sequencing on tumors isolated from mice 24 hours after treatment
with dinaciclib and anti-PD1 alone or in combination, using the
MC38 model, which is the most sensitive to combination therapy.
Pathway analysis revealed that the top functional gene categories
common for the dinaciclib and combination groups (independent
of the anti-PD1 monotherapy group) were related to the cyto-
kine-mediated immune response and the response to type I [FNs
(Figure 3B). There were 15 type I I[FN-stimulated genes (deter-
mined from pathway analysis) that were significantly upregulated
(>2-fold; P < 0.01) in the dinaciclib and combination groups (Fig-
ure 3C; fold-change in expression over isotype control is shown in
Supplemental Table 2). Similar to the in vitro data, the majority of
these genes, including Ifib1, Oaslg, Oas3, Mx1, Oasla, Irf7, IsGI5,
Xafl, and Rsad2, mediate antiviral immunity, cytokine produc-
tion, and immune cell activation and function (30, 49). None of
these type I IFN response genes was significantly upregulated in
the anti-PD1 monotherapy group (P > 0.01 vs. the control group,
Supplemental Table 2), demonstrating that dinaciclib drives a
type I IFN response within the tumor shortly after treatment and
independently of anti-PD1 treatment. These data correspond with
recent findings showing that type I IFNs are produced by cancer
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cells within 1 to 4 days of anthracycline-based chemotherapy and
mediate immune cell infiltration into the tumor (30). Of note, we
did not observe a dinaciclib-induced type I IFN gene signature in
tumors on day 4, when the drug was no longer detectable in the
circulation (data not shown).

Dinaciclib induces immunogenic cancer cell death and enhances
DC function. The effects of dinaciclib in vivo on both APC activa-
tion and type I IFN response suggested that dinaciclib could poten-
tially induce ICD in the tumor. To test this hypothesis, we looked
for the hallmarks of ICD in dinaciclib-treated tumor cells in vitro.
We observed a dose-dependent induction of apoptosis in tumor
cell lines by dinaciclib (Figure 4A and Supplemental Figure 5A)
that was associated with increased secretion of HMGBI1 and ATP
(Figure 4, B and C, and Supplemental Figure 5B) and expression of
CRT on the cell surface (Figure 4D and Supplemental Figure 5C).
This is similar to what we observed with the known ICD inducer
mitoxanthrone (Supplemental Figure 6, A and B). In addition, we
detected anincrease in cell-surface CRT expression on tumor cells
after in vivo treatment with dinaciclib (Supplemental Figure 5D).

As DCs play the key role in the recognition of DAMPs associat-
ed with ICD and the subsequent uptake and presentation of tumor
antigens, we examined the phagocytosis of dinaciclib-treated tumor
cells by DCs. We treated CT26 cells with dinaciclib and then cul-
tured them with mouse bone marrow-derived DCs (BMDCs). We
found that dinaciclib-treated tumor cells were efficiently phagocy-
tosed by DCs (Figure 5A and Supplemental Figure 6C), resulting in
increased DC maturation, as indicated by the surface expression of
MHCII, CD80, and CD86 (Figure 5, B-D). We also found increased
secretion of IL-1p in the coculture supernatant (Figure 5E). Secre-
tion of IL-1p from DCs in response to purinergic receptor agonists
(ATP) and TLR4 ligands (HMGBI) plays an important role in anti-
tumor T cell priming (33). To test whether antigen presentation was
also enhanced, we cultured DCs with dinaciclib-treated, OVA-ex-
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pressing MC38 tumor cells (MC38-OVA). Along with activation
markers, the DCs had increased expression of the OVA peptide
SIINFEKL presented by the H-2Kb MHCI molecule (Supplemental
Figure 7). Together, these data clearly show that dinaciclib-killed
tumor cells induce DC activation and enhance the processing and
presentation of tumor antigens.

Finally, we studied the immunogenic potential of dinaciclib in
a vaccination setting. We treated CT26 tumor cells with dinaciclib
in vitro and injected them into the left flank of immunocompetent
BALB/c mice. The mice were then rechallenged with live tumor cells
injected into the right flank 10 days later. We observed increased
tumor-free survival among mice immunized with dinaciclib-treated
dead tumor cells compared with freeze-thawed tumor cells (Figure
4E). These results establish dinaciclib as a bona fide ICD inducer.

Increased PDI expression restrains the antitumor effect of dinac-
iclib. Despite ICD induction, the antitumor activity of dinaciclib
as a monotherapy was limited, and only in combination with
anti-PD1 Ab did dinaciclib enhance tumor suppression (Figure 1,
A-C). Recent studies have shown that the induction of PD1 and
PD-L1 expression on tumor and associated immune cells can sup-
press radiation- or chemotherapy-induced immune responses
(50, 51), and type I IFN signaling plays an important role in medi-
ating PD1 expression on T cells in tumor (52-54). Similarly, we
found increased expression of PD1 on tumor-infiltrating CD8* T
cells after in vivo dinaciclib treatment (Figure 6A) and increased
expression of PD-L1 on tumor cells after in vitro treatment (Sup-
plemental Figure 8). Thus, to test whether the PD1 signaling axis
restrains the antitumor effect of dinaciclib, we compared the
effect of dinaciclib monotherapy on the growth of established
C57BL/6 MB49 tumors in WT versus PD1-KO mice. As expect-
ed, we observed reduced overall tumor growth in PD1-KO mice.
Treatment of KO mice with dinaciclib further enhanced TGI,
whereas dinaciclib had no significant effect in WT mice (Figure
6B). These results are in harmony with our initial findings with
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Figure 5. Dinaciclib-treated tumor cells enhance DC function. DiO-
labeled CT26 cells were treated with the indicated concentrations of
dinaciclib for 24 hours and then cocultured with BMDCs for an additional
24 hours. (A) The percentage of CD11c* DCs with engulfed tumor cells was
assessed by flow cytometry, as was the expression of (B) MHCII, (C) CD86,
and (D) CD80 on CD11c* DCs after coculture. (E) Secretion of IL-1B into the
coculture supernatant was determined by MSD assay. Data represent the
mean value + SEM of 3 to 4 replicates from 1 representative experiment.
**¥P < 0.001, **P < 0.01, and *P < 0.05, for comparisons between indi-
vidual dinaciclib dose groups and the untreated group (0 uM). Statistical
data obtained via 1-way ANOVA with Bonferroni post-test.

combined anti-PD1 Ab and dinaciclib treatment and suggest that
the downstream antitumor effects of dinaciclib-mediated ICD are
limited by expression of PD1 and/or PD-L1.

Discussion

These results establish the CDKI1, -2, 5, and -9 inhibitor dinaciclib
as a bona fide ICD-inducing agent and describe a potential mech-
anism, whereby combination therapy with anti-PD1 Ab results in
enhanced antitumor activity in several murine syngeneic tumor
models. In vitro, we found that dinaciclib elicited DAMP expres-
sion by tumor cells, which enhanced the phagocytic activity and
subsequent processing and presentation of tumor antigens by
APCs. Vaccination with dinaciclib-killed tumor cells established
a productive immune response and prevented subsequent tumor
growth. In vitro and in vivo treatment with dinaciclib stimulated
the early expression of type I IFN response genes. Despite these
immunogenic properties, dinaciclib had very little effect on tumor
growth when dosed as a monotherapy, potentially because of the
induction of PD1 expression on T cells or PD-L1 on the tumor.
However, when combined with anti-PD1, dinaciclib enhanced
T cell and APC activation within the tumor and significantly
improved antitumor efficacy.

Several properties of dinaciclib correspond with its immuno-
genic property. ER stress is a major feature of ICD and can lead to
the expression of immunostimulatory DAMPs, including surface
CRT, ATP, and HMGBI1 (29). Dinaciclib represses transcription
via CDK9 inhibition, and one target of this repression is the short-
lived antiapoptotic protein MCL1, which normally protects cells
from ER stress and inhibits cell death (55, 56). It is interesting to
note that anthracyclines, the prototypical ICD-inducing agents,
also downregulate MCL1 through transcriptional repression (57).
Additionally, dinaciclib has been shown to inhibit cytoprotective
components of the IRE1 arm of the unfolded protein response
through CDK1 and CDKS5 inhibition (58). Through these mecha-
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Figure 6. Dinaciclib induces PD1 expression and is efficacious in PD1-KO mice. (A) CT26, MB49, and MC38 tumor-bearing mice were treated as described in
Figure 1. Tumors were isolated on day 14, and PD1 expression on D8’ T cells was analyzed by flow cytometry (n = 5 mice per group). (B) WT or PD1-KO mice
with established MB43 tumors (~100 mm?) were treated with dinaciclib or vehicle as described in Figure 1. Tumor growth is represented as the mean tumor
volume + SEM. Data represent at least 2 independent experiments. Arrows indicate the treatment time points. *P < 0.05 and ***P < 0.001, by unpaired t test
(A) applied to calculate 2-tailed P value to estimate statistical difference between vehicle and dinaciclib treatment groups and 2-way ANOVA with Bonferroni

post-test (B) applied to assess differences in tumor growth kinetics.

nisms, dinaciclib probably renders target cells more susceptible
to ER stress-mediated apoptosis. Accumulation of apoptotic cells,
combined with the expression of DAMPs within the tumor, is
important for myeloid cell infiltration, activation, tumor antigen
presentation, and T cell priming. Our results are consistent with
this scenario, as dinaciclib-induced apoptosis led to increased DC
activation and function.

Another key feature of ICD is the elicitation of a type I IFN
response. Type I IFN promotes antigen presentation and prim-
ing of antitumor T cells, and expression of type I IFN genes has
been linked to positive prognosis in response to chemotherapy and
radiation (30, 59, 60). ICD-inducing agents, including anthracy-
clines, radiation therapy, and oncolytic viruses, have been shown
to upregulate type I IFN response genes within the tumor cell (30,
50, 60-64). Induction of the type I IFN response can be protec-
tive in preclinical tumor models, and combination treatment with
anti-PD1 has been shown to significantly prolong survival over
monotherapy (65, 53). Recently, induction of a type [ IFN response
via radiation therapy was shown to overcome tumor resistance to
anti-PD1 (64). However, persistent type I IFN signaling can be
immunosuppressive and lead to checkpoint blockade resistance
(52). We found that dinaciclib treatment stimulates the transient
expression of type I IFN response genes in whole tumors, both
when given as a monotherapy or dosed in combination with anti-
PD1. This pulse of type I IFN gene expression initiated by dinac-
iclib may be enough to stimulate the immune response without
leading to IFN-mediated immunosuppression.

Dinaciclib may additionally regulate tumor and immune
cell-intrinsic immunosuppressive mechanisms via modulation of
checkpoint inhibitors. Through CDK9 inhibition, dinaciclib has
been shown to downregulate the expression of the oncogene My,
and several studies have demonstrated that Myc-driven tumors
are especially sensitive to dinaciclib (43, 66, 67). Recently, Myc
inactivation in tumor cells has been linked to downregulation of
PD-L1 and CD47, molecules that normally would suppress both
adaptive and innate antitumor responses (68). Similarly, CDK5
can phosphorylate Myc, and disruption of CDK5 has been linked
to the downregulation of PD-L1 expression on medulloblastoma
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cells, leading to an enhanced immune response in the tumor (69,
70). Conversely, some ICD inducers appear to increase the expres-
sion of checkpoint inhibitors and their ligands. The expression of
these immunosuppressive molecules, including PD1 and PD-L1, is
upregulated on tumor cells or immune cells following radiother-
apy, ICD chemotherapy, and type I IFN induction (51, 53, 65, 71-
73). We found that dinaciclib induced PD-L1 expression on tumor
cells in vitro, even after a short exposure to the drug. Additionally,
PD1 was induced on tumor-infiltrating CD8* T cells by dinaciclib
monotherapy. This suggests a mechanism whereby dinaciclib
treatment leads to PD1- and PD-Ll-mediated immunosuppres-
sion. Consistent with this hypothesis, dinaciclib monotherapy
was more efficacious in PD1-KO mice than in WT mice. Further
studies are warranted to more closely examine the regulation by
dinaciclib of immunosuppressive mechanisms on both the tumor
and the infiltrating immune cells.

It is interesting to consider how dinaciclib exerts proapoptot-
ic effects on tumor cells and yet does not appear to significantly
inhibit the generation of an antitumor immune response in vivo.
T cells rely on CDK activity in order to expand, and they are not
excluded from the antiproliferative effects of dinaciclib (ref. 74
and our unpublished observations). CDK1 is the major driver of
cell-cycle progression, CDK2 has been shown to be essential for
optimal T cell activation and differentiation, and the CDK9 target
MCLI1is required for the survival of activated T cells (75, 76). Inhi-
bition of CDK2 through p27%!, a cell-intrinsic inhibitor of CDKs
thatis expressed in T cells, has been linked to PD1 and CTLA4 sig-
naling, T cell peripheral tolerance, and CD8 T cell memory, high-
lighting the importance of CDKs in the maintenance of an active
immune response (75, 77-79). Yet we observed enhancement of
antitumor immunity in our studies and no apparent drop in the
number of T cells. It is possible that dinaciclib may have differ-
ential effects on tumor-specific effectors compared with conven-
tional T cells. The CDK2, -5, -7, -9 inhibitor roscovitine has been
shown to differentially affect the proliferation of alloreactive ver-
sus pathogen-specific and leukemia-specific effector T cells (80,
81). Another possible explanation may lie in the pharmacological
properties of dinaciclib itself. In humans, dinaciclib is rapidly elim-
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inated following a 2-hour i.v. infusion, with a terminal half-life of
approximately 2 to 3 hours (41, 58, 74). In mice, the elimination of
dinaciclib is even more rapid, with a half-life of less than 1 hour
(48, 58). In both humans and mice, the direct pharmacodynam-
ic effects of dinaciclib, including inhibition of MCL1, induction
of PARP cleavage, and inhibition of PHA-stimulated lymphocyte
proliferation, are transient and correlate with plasma drug concen-
tration (58, 74, 82). In our study, dinaciclib-dependent changes in
type I IFN gene expression within the tumor were observed at 24
hours, but not 4 days after dosing (not shown). In vitro, tumor cells
were more susceptible to dinaciclib-induced apoptosis than were
activated T cells after a 2-hour pulse (Supplemental Figure 9).
Thus, a short exposure to dinaciclib may be enough to trigger the
immunostimulatory events associated with ICD, without having
an overly deleterious effect on the proliferating T cells.

In light of these findings, it will be interesting to determine
whether additional CDK inhibitors are able to promote an antitu-
mor immune response through ICD induction. Of note, a recent
study found that the CDK4 and CDK6 inhibitor abemaciclib
increases antitumor immunity and enhances the effectiveness of
checkpoint blockade, but through a different mechanism than that
used by dinaciclib (83). Abemaciclib appears to induce senescence
in the tumor cell (rather than apoptosis) and triggers a type II1 IFN
response, which leads to MHCI antigen presentation directly by
the tumor cell and PD1 downregulation by CD8* T cells (83). Thus,
both dinaciclib and abemaciclib enhance the antigenicity of the
tumor, but dinaciclib takes a less direct and potentially more-con-
trolled approach via antigen cross-presentation and upregulation
of the PD1/PD-L1 axis. Further studies to determine how CDK
inhibitors with different selectivities might interact with the
immune response would certainly be worthwhile.

Combining ICD-inducing agents and immune checkpoint
blockade makes sense intuitively, especially in the context of
tumors that lack an existing immune response, and this concept is
rapidly gaining traction. It was recently demonstrated that autoch-
thonous tumors in mice, which are nonresponsive to immune
checkpoint inhibition, could be sensitized to anti-PD1 and anti-
CTLA4 by coadministering the ICD-inducing chemotherapeu-
tics oxaliplatin and cyclophosphamide (16). Similarly, checkpoint
blockade increases the antitumor response to ICD-inducing radi-
ation therapy (73, 84). Several clinical trials that combine check-
point inhibitors with ICD inducers are ongoing, and the hope is
that these combinations will increase the number of patients who
can benefit from checkpoint inhibitor therapy, expand the number
of indications for treatment with existing chemotherapeutics, and
reduce the side effects of chemotherapeutics through dose reduc-
tion. Clinical outcomes in these trials will determine whether ICD
induction plus immune checkpoint blockade is a valid treatment
strategy for cancer. Dinaciclib is currently being tested in combina-
tion with the anti-PD1 Ab pembrolizumab in patients with hemato-
logical malignancies or advanced breast cancer (ClinicalTrials.gov
identifiers NCT02684617 and NCT01676753).

Methods

Mice and reagents. Six- to eight-week-old female mice were obtained
from The Jackson Laboratory (C57BL/6] strain) and Taconic (BALB/
cAnTac and C57BL/6NTac strains). Recombinase-activating gene 1-
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deficient C57BL/6 (Ragl”") mice were originally obtained from the
DNAX Research Institute and bred in-house. PD1-KO mice on a
C57BL/6NTac background were generated by deletion of exons 2 and
3 from the Pdcdl gene (NCBI gene ID: 18566) via Cas9-mediated gene
editing at Taconic Artemis, and the founder animal had perfect end
joining at the joining site.

Anti-PD1 (muDX400) was generated by Merck & Co., Inc., and is
amurinized version of a rat anti-mouse PD1 Ab with a mutated D265A
mouse IgG1 Fe. The isotype control Ab mouse anti-hexon IgG1 27F11
was generated by Merck & Co., Inc.. Dinaciclib was generated by Mer-
ck & Co. Inc. and formulated in the vehicle 20% hydroxypropyl p cyclo-
dextrin (Sigma-Aldrich). Mitoxanthrone was obtained from Tocris.

The MC38 cell line (C57BL/6 mouse colon adenocarcinoma)
was obtained from the Developmental Therapeutics Program Tumor
Repository (Frederick National Laboratory). The MB49 cell line
(C57BL/6 mouse urothelial carcinoma) was obtained from Michael
O’Donnell (University of ITowa, lowa City, IA, USA). The CT26 cell line
(BALB/c mouse colon adenocarcinoma) was obtained from ATCC.
The OVA-expressing MC38 tumor cell line MC38-OVA was generated
by Merck & Co., Inc. Cell lines were cultured in DMEM with 10% FBS.
All cell lines were verified as being free of microbial contamination
using an IMPACT I PCR test and genetically authenticated via Cell-
Check (IDEXX Laboratories).

Detection of apoptosis, surface CRT, and release of ATP and HMGBI.
Tumor cell lines were grown to 70% to 80% confluence in 6-well
plates, washed, and incubated with increasing concentrations of
dinaciclib for 24 hours. Dinaciclib-induced tumor cell death was
assessed using the Annexin V-Propidium Iodide Apoptosis Detection
Kit (eBioscience), and detection of surface CRT is outlined below.
Under the same experimental conditions, the collected culture super-
natant was assayed for extracellular HMGBI using an ELISA Kit
(Chondrex). Extracellular ATP was quantified using an ENLITEN
ATP Assay System Bioluminescence Detection Kit for ATP (Promega),
and ATP-derived chemoluminescence was detected on an Analyst HT
Multi-Mode Plate Reader (LJL BioSystems).

DC activation, cytokine release, and phagocytosis assays. BM cells
were harvested from the femurs of BALB/c mice and cultured in com-
plete RPMI containing mouse recombinant GMCSF (50 ng/ml) and IL-4
(25 ng/ml) (Peprotech) for 7 days to generate CD11c* DCs. CT26 tumor
cells were labeled with DiO (Life Technologies, Thermo Fisher Scien-
tific) and treated with dinaciclib or mitoxantrone for 24 hours. Treated
tumor cells were then cocultured with the DCs at a 2:1 ratio for an addi-
tional 24 hours. Cell cultures were stained with fluorescence-labeled Abs
against CD11c (catalog 117343), MHCII (catalog 107616), CD8O (cata-
log 104731), and CD86 (catalog 105037) (BioLegend) and analyzed by
flow cytometry. Tumor cell phagocytosis was detected via analysis of
DiO (tumor)/CD11c (DC) double-positive signal. IL-1B production was
detected in coculture supernatants via a V-PLEX MSD Assay (Meso Scale
Discovery). Tumor antigen presentation by DCs was assessed using anti-
H-2Kb-SIINFEKL (clone 25-D1.16; BioLegend).

In vivo experiments. Six- to eight-week-old mice were injected s.c.
with MC38 (1 x 10%), CT26 (0.3 x 109), or MB49 (0.5 x 10°) cells into
the lower right flank. Dinaciclib and anti-PD1 treatment commenced
when the average tumor size reached 150 mm?® for MC38 and 100
mm?® for CT26 and MB49 tumors. Dinaciclib was administered as 2
i.p. injections of 10 mg/kg, dosed 2 hours apart every 4 days. Anti-PD1
was dosed at 5 mg/kg every 4 days. For the immunization study, 3 x 10°
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CT26 cells, either freeze-thawed 3 times on dry ice or treated with 1
mM dinaciclib, were inoculated s.c. into the lower left flank of BALB/c
mice. After 10 days, 0.3 x 10° live CT26 cells were inoculated into the
right flank, and tumor progression was monitored. Tumor volume was
calculated using the formula: 0.5 x length x width? where the length
was the longer dimension. TGI was calculated using the formula:
[(C,-C)-(T,-TYl/(C,~-C, x 100, where C, = the mean tumor vol-
ume of the control group at time (#); C, = the mean tumor volume of
the control group at ¢ ; T, = mean tumor volume of the treatment group
att; and T, = mean tumor volume of the treatment group at ¢,.

Ex vivo tumor analysis. For analysis of immune cell populations,
isolated tumors were first weighed and then dissociated by gentle-
MACS (Miltenyi Biotec) and filtered through 70-uM cell strainers to
generate single-cell suspensions. After counting viable cells, the sam-
ples were incubated with FeyIII/IIR-blocking Ab and then stained with
fluorochrome-labeled Abs against CD45 (catalog 103128), CD4 (cat-
alog 100546), CD8 (catalog 126610), CD69 (catalog 104530), PD1
(catalog 109110), CD11b (catalog 101242), CD11c (catalog 117343),
MHCII (catalog 107616), CD80 (catalog 104731), and CD86 (cata-
log 105037) (BioLegend). Fluorescence data were acquired on a BD
LSRFortessa Flow Cytometer and analyzed using FlowJo software.
The number of cells within a subset per gram of tumor was calculat-
ed using the following formula: (percentage of cells in a subset x total
number of viable cells) /(100 x tumor weight). For functional analysis,
TILs were isolated from dissociated tumors using density-gradient
centrifugation and stimulated with PMA and ionomycin in the pres-
ence of brefeldin A (BD) for 4 hours. For intracellular staining, cells
were fixed, permeabilized, and stained with Abs against IFN-y (cata-
log 554412), TNF-a (catalog 554420), and GzB (catalog 563389) (BD
Biosciences). For detection of CRT surface expression by flow cytom-
etry, dinaciclib-treated CT26 cells were stained with fixable viability
dye (eBioscience), fixed with 0.25% paraformaldehyde, stained with
anti-CRT Ab (catalog ab2907; Abcam) at 1:100 dilution, and then
stained with goat anti-rabbit IgG-AF488 (Life Technologies, Thermo
Fisher Scientific), with washing between each step.

For analysis of gene expression, tumors were snap-frozen in
liquid nitrogen, and tissues were homogenized into RNA STAT-
60 (Tel-Test) using a polytron homogenizer, extracting total RNA
according to the manufacturer’s instructions. After isopropanol pre-
cipitation, total RNA was re-extracted with phenol/chloroform/iso-
amyl alcohol (25:24:1) (Sigma-Aldrich) using phase-lock light tubes
(5 Prime; Thermo Fisher Scientific). Libraries for RNA sequencing
were prepared by Beijing Genomics Institute (BGI) using 100 ng
purified total RNA and the TruSeq Stranded Total RNA RiboZero
Library Preparation Kit (Illumina; RS-122-2201), strictly following
the manufacturer’s instructions (Sample Prep Guide 15031048 E).
The resulting library products were quantified with the Agilent 2100
Bioanalyzer and sequenced using an Illumina HiSeq 4000 for a total
of 4 GB of 50-bp paired-end reads per sample. Alignment and tran-
script quantitation were performed using Omicsoft Array Studio,
version 7.2.2.29. Briefly, cleaned reads were aligned to the mouse
B38 genome reference using the Omicsoft Aligner, with a maximum
of 4 allowed mismatches. Gene level counts were determined by the
RSEM algorithm as implemented in Omicsoft Array Studio and using
RefGene transcript annotation, prepared March 21, 2014. Upper
quartile-normalized fragments per kilobase of transcript per mil-
lion