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Abstract
Background: The T cell response against different tumors is improved by immunogenic cell death (ICD),
indicating a role for ICD in augmenting antitumor immunity elicited by the anti-checkpoint antibody anti-
programmed death 1 (anti-PD-1).

Methods: The effect of SR-4835 on breast cancer was analyzed by cell proliferation and �ow cytometry.
Calreticulin translocation and HMGB1 and ATP release were detected by �ow cytometry, ELISA and
luminescence assay, respectively. Immunogenicity in vitro was analyzed by co-culturing of SR-4835
treated cancer cells with bone-marrow derived dendritic cells (BMDCs) and rate of maturation of BMDCs
and production of IL-6 in the supernatant were measured. The in vivo antitumor effect was analyzed by
syngeneic mouse model followed by �ow cytometry for TILs.

Results: In the present study, we report a synergistic and durable immune-mediated antitumor response
elicited by the combined treatment of SR-4835, a CDK12/13 speci�c inhibitor, with PD-1 blockade in a
murine model of 4T1 breast cancer. The developed combination therapy elicited antitumor activity in
immunocompetent mouse tumor models. Furthermore, the SR-4835-treated tumor cells exhibited
characteristics of ICD, including the release of high mobility group box 1 (HMGB1) and ATP and the
translocation of surface calreticulin (CRT). This activity led to a significant T-cell dependent regression of
tumors. The enhanced in�ltration of T cells and dendritic cell (DC) activation in the tumors of mice
treated with both SR-4835 and anti-PD-1 indicate that this combination treatment promotes an improved
immune response and suggests a potential mechanism involving anti-PD-1 and SR-4835 activity that
enhances anti-PD-1 effects.

Conclusion: The results of the present study demonstrate the potential of CDK12/13 inhibition combined
with checkpoint inhibition in breast cancer treatment.

Introduction
In women, breast cancer represents nearly one-third of newly diagnosed cancers and is the most common
cancer in women from ages 20 to 59(1). Currently, breast cancer treatments are based on the expression
of biomarkers, such as progesterone receptor (PR), estrogen receptor (ER), and human epidermal growth
factor receptor 2 (EGFR2, also known as HER2)(1, 2). Good clinical outcomes have been observed after
anti-hormonal therapies in tumors expressing ER, although these therapies lead to resistance, limiting the
effectiveness of hormone-based therapy (3). Triple-negative breast cancer (TNBC) is a subtype in which
PR, ER and EGFR2 are not expressed (4–6). With no approved targeted therapy, TNBC is the most
aggressive breast cancer, with the worst prognosis and the highest mortality rates (5). The primary
treatment options for TNBC include radiation- and chemotherapies, and surgical resection, which have
limited e�cacy and are accompanied with severe side effects (4). Thus, it is imperative to identify novel
drugs that can effectively treat and prevent breast cancer, particularly TNBC, with minimum side effects.



Page 3/22

Over the past years, treatments that target and kill cancer cells by using or strengthening the immune
system of patients have been developed (7, 8), with antibodies targeting inhibitory signaling molecules
expressed on immune and tumor cells being commonly used treatment modalities (9, 10). Typical targets
include cytotoxic T-lymphocyte associated protein 4 (CTLA4) and the immune checkpoint proteins
programmed death-1 (PD-1), and PD-1 ligand (PD-L1) (11). Across various cancers, initial treatment using
a monoclonal antibody against anti-PD-1 has been effective clinically, and these successes have driven
the �eld of cancer immunotherapy (12). Upon activation, T lymphocytes express PD-1, and upon
exhaustion, these T cells do not respond to stimulation (13). To prevent excessive in�ammation, PD-1
delivers an inhibitory signal and acts as a regulatory molecule (14). Positive prognostic factors include
the expression of an IFN-γ gene signature as well as neoantigens, PD-1 expression, the presence of tumor-
in�ltrating lymphocytes (TILs), and a high mutational load (15). Tumors lacking intrinsic antigen
presentation or with no T cells that can respond to antigens are remarkably less likely to react to anti-PD-
1 (15, 16). Thus, in tumors that are typically immunosuppressed or immunologically barren, therapies
that create an immunogenic environment can potentially bene�t a greater number of patients from anti-
PD-1 treatment (16).

Tumor cells are antigenic, indicating that their genomes are signi�cantly abundant in somatic mutations
(17). However, these cells have a low propensity to elicit cytotoxic T cell responses because host
immunity activation processes, such as presentation of antigen, function under immunosuppressive
tumor conditions (18). Accordingly, the death of cancer cells can be immunogenic or non-immunogenic
depending on the initiating stimulus (19). Some chemotherapeutics are known to induce the
immunogenic cell death (ICD) of cancer cells, including oxaliplatin, mitoxantrone, and doxorubicin (Dox),
thereby initiating antitumor immune response activation (20). The effect of ICD inducers has been shown
to be adaptive immunity-independent in some spontaneous mammary tumor models, indicating the
insu�ciency of ICD inducers in the induction of effective antitumor immunity (21). Therefore, we
hypothesized that the effective ‘awakening’ of intrinsic tumor immunity may occur through a suitable
combined antitumor immunotherapy using an ICD inducer along with a phagocytosis enhancer to
promote the immunogenic killing of tumor cells.

The cyclin-dependent kinase CDK12 forms a heterodimeric complex with cyclin K, its activating partner,
and modulates various important functions in cells (22). CDK12 harbors different functional domains,
including several arginine/serine (RS) motifs at the N-terminus, a central kinase domain, and a proline-
rich motif (PRM) that can act as a binding site for additional proteins (23). The direct regulation of
transcription by CDK12 involves the phosphorylation of serine residues within heptapeptide repeats
(YSPTSPS) at the RNA polymerase II C-terminal domain necessary for transcriptional elongation (24).
Previous study has shown that CDK4/6 inhibitors sensitizes antitumor effect of anti-PD-1 antibody via
regulating PD-L1 stability (25), or enhancing T cell activation (26). Furthermore, dinaciclib, a CDK2
inhibitor, was found enhances anti-PD1-mediated tumor suppression by inducing immunogenic cell
death(27). Thus, we hypothesis if CDK12/13 inhibitor promotes the antitumor effect of anti-PD1 antibody
and investigated the underlying mechanisms.
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In the present study, we show that CDK12/13 inhibitor-mediated enhancement of tumor immunogenicity
can improve overall anti-PD-1 checkpoint blockade e�cacy in breast cancer.

Materials And Methods
Cell lines

The human breast cancer cell lines MCF-7, T47D, MDA-MB-231 and MDA-MB-468 and mouse 4T1 cells
were obtained from the American Type Culture Collection (ATCC) and were authenticated to be free of
mycoplasma. Cells were cultured in RPMI 1640 medium (Gibco) containing fetal bovine serum (FBS, 10%;
Corning) and 1% penicillin and streptomycin (10,000 U/mL; Life Technologies) at 37 ℃ in a humidi�ed
incubator and under a 5% CO2 atmosphere. DMSO (Sigma) was used to dissolve SR-4835.

The Cell Proliferation Assay

CellTiter 96 AQueous One Solution from Promega was used to assess cell viability. Cells were seeded at
5×103 cells/well in 96-well plates (Corning) and allowed to adhere overnight. Then, after 48 hours, the
absorbance at 490 nm was measured on a microplate reader.

Determination of surface CRT, apoptosis, ATP and HMGB1 release

4T1 cells were grown to 40-50 % con�uence in 6-well plates, washed, and then incubated with increasing
concentrations SR-4835 for one day. Tumor cell death induced by SR-4835 was assessed using an
Apoptosis Detection Kit Annexin V/Propidium Iodide kit (eBioscience), and surface CRT was detected by
�ow cytometry. The supernatants of cells cultured under the same conditions described above were
evaluated for extracellular HMGB1 levels using an ELISA kit (Chondrex). Extracellular ATP was quanti�ed
using an ENLITEN ATP Assay System Bioluminescence Detection Kit (Promega), and chemiluminescence
derived from ATP was detected on a Multi-Mode Plate Reader Analyst HT (LJL BioSystems).

Western blotting

Western blotting was performed as described in previous studies (28, 29). Brie�y, cell lysates were
prepared by suspending harvested cells in cell lysis buffer (50 mM NaCl, 25 mM HEPES, 10% glycerol, 5
mM EDTA, and 1% Triton-X-100) containing protease and phosphatase inhibitors (Mini Protease Inhibitor
cocktail from Roche; 1 μM PMSF, 50 mM sodium fluoride, 50 mM sodium pyrophosphate, and 1 μM
sodium orthovanadate,). The protein concentration of the samples was measured using a BCA Protein
Assay kit from Pierce. The samples were prepared under reducing conditions, loaded into pre-cast 10%
gels and electrophoresed at 200 V. Then, the resolved proteins were transferred on to a PVDF membrane
(Sigma), blocked at room temperature in bovine serum albumin (5%)/PBS-Tween 20 (0.001%) for 60 min,
incubated at 4 ℃ overnight with a primary antibody prepared in BSA/PBS-T (5%) and then incubated
with horseradish peroxidase-conjugated goat secondary antibody for 60 min. Detection of bound
secondary antibody was performed using the Supersignal West Femto Maximum Sensitivity Substrate
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detection system from Pierce, and the signals were analyzed using Image Lab software and a ChemiDoc
Imager (both from Bio Rad).

Determination of glucose uptake

Cells were added to 96-wells and treated with SR-4835. Then, after 24 hours, glucose uptake was
evaluated using a Glucose Uptake-Glo™ Assay (Promega) following the manufacturer’s instructions.

Cytokine release, dendritic cell activation, and phagocytosis assays.

The femurs of BALB/c mice were used to harvest BM cells, which were cultured in complete RPMI
supplemented with 50 ng/mL recombinant mouse GMCSF and 25 ng/mL of IL-4 (Peprotech) for one
week to generate CD11c+ DCs (dendritic cells). 4T1 tumor cells were labeled with DiO (Life Technologies)
and treated for 24 hours with SR-4835 before being cultured with DCs at a 2:1 ratio for one day. Then, the
cells were stained with �uorescently labeled antibodies against CD80, CD11c, CD86, CD83 and MHCII
(BioLegend) and analyzed by �ow cytometry. The detection of a CD11c (DC)/DiO (tumor)/double-positive
signal was evaluated for tumor phagocytosis. IL-1β, TNF-α, IL-6 and IL-12p70 levels in coculture
supernatants were detected using a V-PLEX Meso Scale Discovery Assay, and antigen presentation in
tumors by DCs was assessed using anti-H-2Kb-SIINFEKL (BioLegend clone 25-D1.16).

Syngeneic tumor models.

The maintenance of mice and the experiments performed in the present study were approved by the
Animal Use and Care Committee of Sichuan Academy of Medical Sciences & Sichuan Provincial People’s
Hospital, School of Medicine. BALB/c mice (female, 4-6 weeks old) were procured from Charles River
Laboratory. 4T1 cells (5×105 cells) were subcutaneously injected into the right flanks of mice. When the
tumor volume reached 50-100 mm3 (day 0), mice were arbitrarily split into groups and treated with SR-
4835, anti-mouse PD-1, and their combination. Treatments were administered every two days for 30 days.
Every two days, tumor dimensions were measured using a caliper, and the volume was determined as per
the formula: Volume (mm3) =L×W2/2, where L and W indicate the length and width of the tumor (both in
mm), respectively.

BALB/c mice (4-6 weeks old) were used to study CD8 depletion. Upon reaching 50-100 mm3 in volume,
the mice were placed into PBS, CD8 depletion, combination treatment, and CD8 depletion plus
combination treatment groups. Mice in the CD8 depletion group were injected with 200 μg of antibodies
to deplete CD8 (clone 53.6.7; BioXcell).

TIL isolation.

After two treatments, the mice were sacri�ced and the tumors were excised. Then the, tumors were
mechanically disrupted using a GentleMACS Dissociator (Miltenyi Biotec) along with enzymatic digestion
using a Tumor Dissociation kit (Miltenyi Biotec). To stain cytokines within the cells, T cells in PBS were
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analyzed via phospho�ow flow cytometry using a fixable live/dead stain after staining antibody surface
markers of cells in FACS buffer (PBS with 0.1% sodium azide and 0.5% BSA). Then, the cell surface
molecules were stained, after which the cells were fixed and permeabilized (eBioscience) for intracellular
staining. To stain cytokines, cells were stimulated with Cell Stimulation Cocktail (eBioscience) with
PMA/ionomycin and then treated with a protein transport inhibitor prior to staining. The cells were �xed in
formaldehyde (4%) and then permeabilized with methanol (100%) for phosphostaining. Then, the cells
were analyzed by flow cytometry (LSRII; BD Bioscience), with data analysis performed using FlowJo
(TreeStar).

Statistical analysis

GraphPad Prism 7 (GraphPad Software) was used for data analyses. Two-tailed Student’s t-test was used
for statistical analyses. Bonferroni’s post-test was used after one or two-way ANOVA between multiple
treatment groups to assess the signi�cance of the differences. The data are presented as the means ± SD
(standard deviation). Differences were considered signi�cant at P < 0.05.

Results
SR-4835 promotes ICD induction in breast cancer cells

4T1 cells treated with SR-4835 were assessed for cell death. The results showed a reduction in 4T1 cell
viability (Figure 1A) and an increase in apoptosis (Figure 1B) upon SR-4835 treatment in a dose-
dependent manner. Similar results were obtained in human breast cancer cells with differences in
hormone epidermal growth factor receptor 2 (HER-2), estrogen receptors (ER), and progesterone receptor
(PR) expression, including MCF-7, T47D, MDA-MB-231 and MDA-MB-468 cells (Figure 1C and 1D). Based
on previous research, not every cell death modality is immunogenic and causes anti-tumor effects (19, 30,
31) , with in vitro ICD identi�cation primarily depending on the detection of damage-associated molecular
patterns (DAMPs) (32). Therefore, we assessed 4T1 cells with respect to the role of plasma on the
viability of cells and the effects of DAMP signaling, including ATP secretion and CRT translocation.

The surface exposure of CRT regulates the immunogenicity of dying cancer cells (33) . Although present
on the ER membrane, CRT sends an ‘eat me’ DAMP signal on the cell surface that triggers the APC-
mediated identi�cation, engulfment, and processing of tumor cells (34) . After one day of SR-4835
treatment, the presence of CRT on the surface was measured. Anti-CRT antibodies were used to label
intact cells, which were then stained with secondary �uorescent antibodies and evaluated by �ow
cytometry. We observed a dose-dependent increase in CRT levels on the surfaces of 4T1, T47D and MDA-
MB-231 cells, indicating that the immunogenicity of these cells increased due to the SR-4835 treatment
(Figure 1E-1F). An important molecule for metabolism is ATP, which is secreted by cells during the
process of ICD (35) . ATP secretion even involves pathways that intersect with CRT externalization (35).
ATP is involved in ICD once it reaches the extracellular space and acts as a ‘�nd me’ DAMP signal to
promote the engagement and activation of APCs (36) . To assess this DAMP secreted by SR-4835-
exposed cells, the cell culture supernatant was collected 10 minutes post-treatment and assessed for
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extracellular ATP levels, which were observed to increase (Figure 1G and 1H). Furthermore, the secretion
of HMGB1 by SR-4835-treated 4T1 cells also increased (Figure 1I and 1J). Taken together, these results
suggest that ICD is induced by SR-4835 in breast cancer cells.

SR-4835 induces endoplasmic reticulum (ER) stress through metabolic changes

The ER plays a major role in intracellular signaling pathways that induce ICD (37). The ER stress
response begins after initiation eIF2α, a eukaryotic translation factor, becomes phosphorylated, and this
protein has also been put forward as an ICD marker (38). Thus, we assessed the level of eIF2α
phosphorylation in SR-4835-treated 4T1 cells and observed enhanced eIF2α phosphorylation at serine 51
(Figure 2A). In addition to eIF2α, inositol-requiring enzyme 1 (IRE1), another ER protein acting as a sensor
of ER stress, mediates the unfolded protein response (UPR) (39) . Similar to the activation of eIF2α, an
increase in the phosphorylation of IRE1 was observed in SR-4835-treated 4T1 cells (Figure 2A). In
addition, we also observed p-PERK and BIP upregulation upon SR-4835 treatment (Figure 2A), and the
upregulation of p-eIF2α, IRE1, p-PERK, and BIP levels was also observed in T47D and MDA-MB-231 cells
after SR-4835 treatment (Figure 2B and 2C). Thus, our �ndings suggest SR-4835 initiates the ER stress
response, which is associated with ICD in breast cancer cells.

ER processes rely on sources of extrinsic energy provided through glycolysis or oxidative phosphorylation
(40) . Therefore, we explored if changes in glucose metabolism have a role in extracellular ATP increase.
Glucose uptake is the first important step in glucose metabolism, and glucose uptake was observed to be
significantly decreased in 4T1, T47D and MDA-MB-231 cells after SR-4835 treatment (Figure 2D-2F). This
decrease may be due to the dysregulation of several metabolic steps, such as a decrease in glucose
transport. Therefore, we subsequently evaluated the levels of glucose transporters, in these treated cells
and observed a significant decrease in GLUT3 protein levels (Figure 2G-2I). Therefore, the induction of ER
stress due to SR-4835 occurs possible via ATP secretion, which results from reduced glucose transporter
levels, ultimately causing reduced glucose uptake.

SR-4835 enhances DCs function in 4T1 cells

Because DCs play an important role in recognizing ICD-associated DAMPs followed by tumor antigen
uptake and presentation (41) , we examined the phagocytosis of SR-4835-treated tumor cells by DCs. We
cultured SR-4835-treated 4T1 cells with mouse bone marrow-derived DCs (BMDCs) and observed e�cient
DC phagocytosis of the treated tumor cells (Figure 3A), which caused enhanced maturation of DCs, as
shown by MHCII, CD86, CD80 and CD83 surface expression (Figure 3B-3E). Furthermore, the coculture
supernatant exhibited increased IL-1β, TNF-α, IL-6 and IL-12p70 levels (Figure 3F-3I). Thus, our �ndings
indicated that SR-4835 promotes DC activation in cancer cells.

Finally, the immunogenic potential of SR-4835 was assessed in a vaccine setting. Immunocompetent
BALB/c mice were injected with 4T1 tumor cells treated with SR-4835 in vitro. Ten days later, the mice
were challenged again by injecting live tumor cells, and the mice immunized with SR-4835-treated dead
tumor cells exhibited enhanced tumor-free survival compared with those injected with tumor cells that
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were freeze-thawed (Figure 3J). Taken together, these results suggest that SR-4835 promotes ICD
induction in this model.

αPD-1 and SR-4835 combination therapy elicits 4T1 tumor rejection.

We next assessed if αPD-1 therapy is synergized by CDK12/13 inhibition in vivo. To this end, mice were
randomized and inoculated with 4T1 tumor cells, and the growth of tumors was assessed every two days
(Figure 4A). Tumor growth did not decrease signi�cantly in the 4T1 model by SR-4835 treatment alone,
although the median survival was indeed extended. Moreover, there was no effect of anti-PD-1 alone on
the survival or growth of the tumor. However, SR-4835 and anti-PD-1 combined led to significant
regression of tumors, with complete regression in 50% of tumors observed during the time of the study.
On day 8, a remarkable difference in tumor size was observed after treatment, and the survival increased
significantly in the combination and control treatment groups (Figure 4B-4E).

E�cacy of the combination treatment depends on CD8+ T cells.

Next, we explored the role of CD8+ T cells as the crucial T-cell component mediating the synergistic effect
of combined SR-4835 and αPD-1 on durable tumor regression. CD8+ T-cell ablation was performed in
mice bearing 4T1 tumors by depleting antibodies prior to and when combination treatment was done
(Figure 5A) and was con�rmed by peripheral CD8+ depletion after �ve days through FACS. No tumor
rejection was observed after combination treatment when the cells were depleted of CD8+ T cells (Figure
5B and 5C). Ten days post-treatment, the combination group showed an increase in mean tumor volume
together with the depletion of CD8 compared with the tumor volume observed in the non-depleted group.
CD8 depletion also significantly decreased survival and had few damaging effects compared with the
control in terms of survival and the growth of tumors. This result suggests that CD8+ T-cell-mediated
immunity at baseline levels serve to limit the growth of 4T1 under basal conditions. Thus, the synergy of
SR-4835 with αPD-1 was dependent upon adaptive immunity mediated by CD8+ T cells in this model.

SR-4835 and anti-PD-1 treatment enhance DC activation and intertumoral CD8+ T cells.

To assess the ability of SR-4835 to in inhibit or facilitate an increase in T cell responses mediated by anti-
PD-1, we investigated in�ltration and activation of T cells in the tumor. To this end, BALB/c mice with
established 4T1 tumors were treated as before with SR-4835 and anti-PD-1. Exactly two weeks after
treatment initiation, �ow cytometry analysis of tumors was performed after harvesting tissues. Compared
with the SR-4835 and anti-PD-1 treatments alone, the number of CD4+ and CD8+ T cells that in�ltrated the
tumors were increased in combination-treated cells (Figure 6A-6C). Moreover, the expression of the T cell
activation marker was higher in tumor-in�ltrating T cells compared with that observed for the controls,
with the combination treatment group exhibiting the highest proportion (Figure 6D and 6E). To address
whether T cell function was enhanced by combination treatment, the dissociated tumors were subjected
to intracellular cytokine staining for isolated tumor-in�ltrating cells. Compared with the SR-4835 and anti-
PD-1 monotherapies, we observed enhanced expression of IFN-γ in CD8+ T cells in the combination
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treatment (Figure 6F), which also increased the production of granzyme-B (GzB) by CD8+ T cells that
in�ltrated tumors (Figure 6G). Thus, the above data demonstrate that the combination treatment of SR-
4835 and anti-PD-1 antibody increased the functionally active T cell numbers in the tumors.

Because SR-4835 induces tumor cell death, we hypothesized that this activity would lead to the activation
of local APCs, thereby enhancing antitumor responses. We indeed observed that combination treatment
using SR-4835 and anti-PD-1 enhanced the 4T1 tumor-in�ltrating CD11c+ DC cell numbers, which also
had increased levels of the activation markers CD80, MHC class II (MHCII), and CD86 in comparison to
the cells in the monotherapy groups (Figure 6H-6K). Therefore, these results suggest that therapy
combining SR-4835 and anti-PD-1 increases the activation and function of T cells and APC in the tumor
microenvironment compared with the single treatments.

Discussion
A signi�cant milestone in anticancer immunotherapy is the discovery of checkpoint inhibition using
monoclonal antibodies targeting CTLA-4 and PD-1/PD-L1(42). Pronounced responses have been
observed in clinical trials for several advanced cancers for which there are no alternative treatments (43).
It is also apparent that a good e�ciency of immunotherapy using single molecules is only observed in a
small number of patients, not even for inherently immunogenic tumors (44). Survival was shown to
substantially increase when anti-PD-1 was combined with αCTLA-4 blockade, but this treatment also led
to a high prevalence of adverse events related to autoimmunity (43). To fully harness the potential of
checkpoint immunotherapy, it is important to logically combine and target non-redundant αPD-1/PD-L1
resistance pathways with a concurrent reduction in autoimmunity.

Therapies using small molecules in combination with blockade of the immune checkpoint is an area
gathering remarkable interest (45). In pre-clinical studies, the synergistic potential of Bruton’s tyrosine
kinase inhibitors, αPD-1 blockade combined with indoleamine 2,3-dioxygenase (IDO) inhibitors, and MAP
kinase inhibitors, among others, has been observed (46). To the best of our knowledge, this is the �rst
report demonstrating the enhancement of immune-mediated antitumor activity due to pharmacologic
inhibition of CDK12/13 in combination with αPD-1 blockade.

Inhibition of CDK12 and 13 disrupts the expression of both kinases and a limited set of genes. These
kinases are known to phosphorylate the Ser2 residue of the heptad repeat with RNA Pol II CTD and
participate in transcription and co-transcriptional processes (47). According to recent studies, the
enhanced transcriptional rate and suppressed cleavage at internal polyadenylation sites is carried out by
CDK12, and is also required to facilitate key HR repair protein production (48). In the present study, SR-
4835, a CDK12/13 inhibitor that is orally bioavailable and when tested across a panel of 460 kinases,
was shown to exhibit outstanding isoform selectivity with only a few off-target interactions (49). SR-4835
exhibits strong anti-TNBC activity in vivo and enhances the anti-cancer activity of olaparib, irinotecan and
cisplatin, which are standard TNBC molecules (49).
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We observed increased breast tumor cell proliferation and increased in vitro cell death due to inhibition of
CDK12/13. Apoptotic cell death is not able to stimulate an immune response and is immunologically
silent (50). Nevertheless, cell death can be induced using speci�c chemotherapeutic agents via the ICD
mechanism (50). Speci�c molecules of the DAMP family are released by SR-4835-mediated ICD
induction, including HMGB1 release into the extracellular space, cell-surface exposure of calreticulin, and
ATP secretion. The innate and adaptive immune responses are activated by the immune system which is
in turn alerted by DAMPs(32). The induction of ICD is well reported, and an important role is played by ER
stress in bringing about ICD that involves three sensors, ATF6 (activating transcription factor 6), PERK
(PKR-like ER-localized eIF2α kinase), which is pathognomonic for ICD, and IRE1 (37). In the present study,
we showed that the phosphorylation of IRE1 and eIF2α increased due to SR-4835 treatment. Depletion of
ATP may cause ER stress because of the energy requirement for protein assembly, folding, and
glycosylation (35). We also observed that CDK12/13 inhibition led to the depletion of intracellular ATP,
likely because of a decrease in glycolysis due to decreased glucose uptake. SR-4835 also possesses
immunogenic properties.

Our results further show that the CDK12/13 inhibitor SR-4835 is a con�rmed agent that induces ICD. We
showed that ICD induced by SR-4835 led to enhanced DC activity. We also described a possible
mechanism, whereby SR-4835 and anti-PD-1 Ab combination therapy causes an increase in antitumor
activity in synergic murine tumor models. An effective immune response was established and
subsequent tumor growth stalled upon vaccination with tumor cells killed by SR-4835. SR-4835 enhanced
APC and T cell activation within the tumor when combined with anti-PD-1 and improved antitumor
e�cacy. Additionally, SR-4835 may modulate checkpoint inhibitors and regulatory mechanisms
associated with the tumor and immune cell-intrinsic immunosuppression. Speci�cally, T cells depend on
CDK activity, and they are also affected by the antiproliferative activity of SR-4835. Thus,
immunostimulatory events associated with ICD may be activated even by a short exposure to SR-4835
without deleteriously affecting the proliferating T cells.

Considering these �ndings, it will be interesting to assess the promotion of an antitumor immune
response via ICD induction mediated by additional CDK inhibitors. Recently, abemaciclib, a CDK4 and
CDK6 inhibitor, was shown to enhance antitumor immunity as well as the e�ciency of checkpoint
blockade, although this occurred through a mechanism different from that used by SR-4835. In tumor
cells, abemaciclib appears to induce senescence (and not apoptosis) and initiates a type III IFN response,
causing direct MHCI antigen presentation by the tumor cell and repression of PD-1 by CD8 + T cells (51).
Therefore, while both abemaciclib and SR-4835 enhance tumor antigenicity, SR-4835 takes a potentially
more-controlled and less direct approach via PD-1/PD-L1 axis upregulation and antigen cross-
presentation. Thus, it would be worthwhile to determine the interaction of CDK inhibitors of varying
selectivity with the immune response.

Intuitively, it makes sense to combine immune checkpoint blockade and ICD-inducing agents, particularly
to treat tumors lacking a functional immune response. The antitumor response to radiation therapy that
induces ICD is enhanced by checkpoint blockade. Various ongoing clinical trials are evaluating the effect
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of combined checkpoint inhibitors with ICD inducers, and these combinations will hopefully bene�t an
increasing number of patients, broaden the range of the number of treatment indications with existing
chemotherapeutics, and reduce their side effects by dose reduction (52, 53). The outcomes of these
clinical trials will determine the validity of ICD induction along with immune checkpoint blockade for
cancer.

Conclusion
The results of the present study show that an immune-mediated anti-tumor response can be enhanced by
pharmacologically targeting CDK12/13 in a combination with checkpoint inhibition using SR-4835. Thus,
the results of this study carry signi�cant translational potential, and the combination treatment of SR-
4835 with PD-1 blockade should be evaluated in breast cancer treatment.
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Figure 1

SR-4835 induces cell death, CRT translocation, ATP secretion and HMGB1 release in breast cancer cells.
(A) Cell viability was analyzed in 4T1 cells treated with SR-4835 at indicated concentration for 48 hours.
(B) Apoptosis was analyzed by �ow cytometry in 4T1 cells treated with SR-4835 at indicated
concentration for 24 hours. (C) Cell viability was analyzed in indicated cells treated with 100nM SR-4835
for 48 hours. (D) Apoptosis was analyzed by �ow cytometry in indicated cells treated with 100nM SR-
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4835 for 24 hours. (E) CRT translocation was detected by �ow cytometry in 4T1 cells treated with SR-
4835 at indicated concentration for 24 hours. (F) CRT translocation was detected by �ow cytometry in
indicated cells treated with 100nM SR-4835 for 24 hours. (G) ATP content was detected in the media of
4T1 cells treated with SR-4835 at indicated concentration for 24 hours by a chemiluminescent kit. (H)
ATP content was detected in the media of indicated cells treated with 100nM SR-4835 for 24 hours by a
chemiluminescent kit. (I) HMGB1 content was detected in the media of 4T1 cells treated with SR-4835 at
indicated concentration for 24 hours. (H) ATP content was detected in the media of indicated cells treated
with 100nM SR-4835 for 24 hours. The results were expressed as the means ± SD of three independent
experiments. *, P<0.05; **, P<0.01; ***, P<0.001.

Figure 2

SR-4835 induces ER stress in breast cancer cells. (A) Western blotting of indicated protein in 4T1 cells
treated with SR-4835 at indicated concentration for 24 hours. (B) Western blotting of indicated protein in
T47D cells treated with SR-4835 at indicated concentration for 24 hours. (C) Western blotting of indicated
protein in MDA-MB-231 cells treated with SR-4835 at indicated concentration for 24 hours. (D) Glucose
uptake of indicated protein in 4T1 cells treated with SR-4835 at indicated concentration for 24 hours. (E)
Glucose uptake of indicated protein in T47D cells treated with SR-4835 at indicated concentration for 24
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hours. (F) Glucose uptake of indicated protein in MDA-MB-231 cells treated with SR-4835 at indicated
concentration for 24 hours. (G) Western blotting of GLUT3 in 4T1 cells treated with SR-4835 at indicated
concentration for 24 hours. (H) Western blotting of GLUT3 in T47D cells treated with SR-4835 at indicated
concentration for 24 hours. (I) Western blotting of GLUT3 in MDA-MB-231 cells treated with SR-4835 at
indicated concentration for 24 hours. The results were expressed as the means ± SD of three independent
experiments. *, P<0.05; **, P<0.01; ***, P<0.001.

Figure 3

SR-4835 promotes DC cells activation. DiO-labeled 4T1 cells were treated with the indicated
concentrations of SR-4835 for 24 hours and then cocultured with BMDCs for an additional 24 hours. (A)
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The percentage of CD11c+ DCs with engulfed tumor cells was assessed by �ow cytometry. (B) MHCII, (C)
CD86, (D) CD80, (E) CD83 of CD11c+DC cells after coculture were analyzed by �ow cytometry. Secretion
of (F) IL-1β, (G) TNF-α, (H) IL-6, (I) IL-12p70 into the coculture supernatant was determined by MSD assay.
(J) 4T1 cells either treated in vitro with SR-4835 or freeze-thawed were inoculated s.c. into mice. After 10
days, mice were rechallenged with live 4T1 cells. Shown is the percentage of tumor-free mice pooled from
2 independent experiments. The results were expressed as the means ± SD of three independent
experiments. *, P<0.05; **, P<0.01; ***, P<0.001.

Figure 4

SR-4835 enhances PD-1 blockade activities in syngeneic mouse model. BALB/c mice were inoculated
with 5×105 4T1 cells subcutaneously in the right thoracic flank. When tumors reached between 50 and
100mm3, mice were then randomized to four treatment groups and treated with SR-4835 (20mg/kg), anti-
PD1 antibody (200μg/mice), or their combination. (n=8). (A) A schematic view of the treatment plan. (B)
Tumor growth curves measured every 2 days. (C) Individual tumor volume over time. (D) Kaplan-Meier
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survival curves for each group. (E) Plots of mice weight measured every 2 days. Data represent at least 2
independent experiments. ***, P < 0.001; **, P < 0.01.

Figure 5

SR-4835 and PD-1 blockade induced tumor suppression in a CD8+ T cell-dependent manner. BALB/c
mice were inoculated with 5×105 4T1 cells subcutaneously in the right thoracic flank. When tumors
reached between 50 and 100mm3, mice were then randomized to four treatment groups and treated with
anti-CD8 antibody and the combination of SR-4835 and anti-PD1 antibody. (n=8). (A) A schematic view of
the treatment plan. (B) Tumor growth curve measured every 2 days. (C) Kaplan-Meier survival curves for
each group. Data represent at least 2 independent experiments. ***, P < 0.001; **, P < 0.01.
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Figure 6

SR-4835 and PD-1 blockade induces immune cell in�ltration and activation in tumors. Mice with
established 4T1 tumors were treated with SR-4835 and anti-PD-1 Ab as in Figure 4. Tumors were isolated
on day 10, and immune cells were analyzed by �ow cytometry (n=6 mice/group). Shown are the
population of tumor-in�ltrating (A) CD3+ T cells in CD45+ cells, (B) CD8+ T cells in CD45+ cells, (C) CD4+
T cells in CD45+ cells. (D) CD69+ T cells in CD8+ cells, (E) CD44+ T cells in CD8+ cells. For the detection
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of intracellular cytokines, harvested TILs were stimulated with PMA and ionomycin in the presence of
brefeldin A for 4 hours. Shown are the population of (F) IFN-γ+ and (G) GzmB+ in CD8+ T cells. For the
detection of DC cells activation. Shown are the population of (H) CD11c+ cells in CD45+ cells, (I) CD86+,
(J) MHCII+, and (K) CD80+ cells in CD11c+ cells. The results were expressed as the means ± SD of three
independent experiments. *, P<0.05; **, P<0.01; ***, P<0.001.


