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Cancer immunotherapy, including immune checkpoint blockade and adoptive CAR T-cell therapy, has clearly established itself as
an important modality to treat melanoma and other malignancies. Despite the tremendous clinical success of immunotherapy over
other cancer treatments, this approach has shown substantial benefit to only some of the patients while the rest of the patients
have not responded due to immune evasion. In recent years, a combination of cancer immunotherapy together with existing
anticancer treatments has gained significant attention and has been extensively investigated in preclinical or clinical studies. In
this review, we discuss the therapeutic potential of novel regimens combining immune checkpoint inhibitors with therapeutic
interventions that (1) increase tumor immunogenicity such as chemotherapy, radiotherapy, and epigenetic therapy; (2) reverse
tumor immunosuppression such as TAMs, MDSCs, and Tregs targeted therapy; and (3) reduce tumor burden and increase the

immune effector response with rationally designed dual or triple inhibitory chemotypes.

1. Introduction

The ultimate aim of immunotherapy is to boost the body’s
immune system to destroy tumor cells and to provide a
durable antitumor immune response. The strategy of using
monoclonal antibodies against two distinct inhibitory recep-
tors on T-cells, PDI, and CTLA-4 is a major breakthrough
in the field of cancer immunotherapy. The efficacy of this
strategy was first established in patients with metastatic
melanoma based on the antitumor immune response and
increased overall survival rates of patients treated with
ipilimumab, a monoclonal antibody targeting human CTLA-
4 [1]. The remarkable antitumor activity of PD-1/PDL-1 inhi-
bition in melanoma, renal cell carcinoma, and NSCLC lead
to regulatory approval of increasing list of anti-PD1/PDL1
antibodies in hematological malignancies and various other
solid cancers [2, 3]. Nevertheless, the efficacy of PD-1/PD-LI
pathway inhibition as a monotherapy has provided benefit to

only some of the patients while a significant fraction does not
respond to this therapy.

Analysis of clinical trial data suggests three types of
patients: (a) those that do not respond (innate resistance);
(b) those that respond initially but fail to respond in later
stages (acquired resistance); and (c) those that respond
initially and continue to respond [4, 5]. Extensive research
has been performed in the past few years to understand the
mechanisms that regulate immune response to cancer, but
obstacles still exist in the field of cancer immunotherapy.
Mechanisms of innate and acquired resistance to PD1/PDLI
blockade have been excellently reviewed before [6, 7]. In
order to generate an eflicient antitumor immune response,
activation and proliferation of antigen experienced T-cells
are required; due to inadequate generation and function of
tumor-reactive CD8 T-cells, patients do not respond to this
therapy [8]. Scarcity of suitable neoantigens and impaired
processing and presentation of neoantigens are other reasons
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that lead to ineffective activation of tumor-reactive T-cells
[5]. Additionally, variability in cancer type, treatment history,
tumor heterogeneity, and the immunosuppressive tumor
microenvironment generated due to tumor-intrinsic and
tumor-extrinsic factors lead to a failure in response to
immune checkpoint inhibitor therapy [4]. The identification
of biomarkers including mutational/neoantigen load [9] and
the PDLI expression on tumor and immune cells [10] might
predict the responders who would benefit from this therapy,
but, in most of the studies, these markers did not show
any correlation with the anti-PDI response [11]. Hence, the
concept of combination therapies that can modulate the
immunogenicity of tumor cells or can block immunosup-
pressive TME or target other inhibitory receptors on T-
cells comes in place to improve the therapeutic efficiency of
checkpoint inhibitors.

The dual checkpoint blockade, using anti-PD1 and anti-
CTLA-4 antibodies, was considered a first combinatorial
approach in cancer immunotherapy [23, 24]. The outstanding
success of the combination of nivolumab (anti-PD1mAb) and
ipilimumab (anti-CTLA-4 mAb) in eliciting an antitumor
response in various clinical trials opened the concept of com-
bining immunotherapy with other therapeutic approaches.
As a result, various combination immunotherapeutic clinical
trials are being conducted nationwide and the outcomes of
these studies suggest that these strategies hold the potential
to increase the number of patients that might benefit from
immunotherapy. Besides CTLA-4 and PD-1, T cells express
several inhibitory coreceptors, namely, TIM3, TIGIT, and
LAGS3 that function as immune checkpoint regulators and
can be targeted to activate antitumor immune response.
Tim 3 is a negative coinhibitory receptor which negatively
regulates T cell responses. Coexpression of TIM3 and PDI
symbols exhausted T cells which leads to loss of function
of CD8+ T cells [25, 26] and hence Tim 3 antagonists
are suggested as excellent partners for PD1/PDLI blockade.
Another inhibitory receptor expressed on activated CD4 and
CD8 T cells is LAG-3 and various studies have suggested
that anti-LAG-3 and anti PD-1 treatment cured mice with
established colon adenocarcinoma and fibrosarcoma tumors
[27]. TIGIT is found on subsets of activated T cells and
NK cells are an emerging target in preclinical development.
Activation of costimulatory receptors, namely, CD27, 4-1BB,
0OX40, and GITR, is an alternative approach to activate
antitumor immune responses and has recently gained much
attention [28]. In addition to inhibitory and costimulatory
receptors on T cells, various therapeutic combinations have
been emerged which include pairing checkpoint inhibitors
with (1) tumor vaccines; (2) IDO inhibitors; (3) oncolytic
viruses; (4) inducers of immunogenic cell death; and (5)
targeted therapy and various other therapies. Various reviews
are available which can provide insight into the combinatorial
approaches recently ongoing in clinical trials [29, 30] and will
not be discussed here.

2. Combinatorial Approaches to
Enhance PD1-PDL1 Blockade

In this review, we will focus on strategies that induce tumor
immunogenicity and reverse tumor immunosuppression

Journal of Oncology

thus increasing antitumor immune responses (Figure 1). We
also discuss a novel rational drug design approach to synthe-
size chemotypes that hit multiple oncogenic pathways in the
tumor and reverse myeloid cell-mediated immunosuppres-
sion (Figure 1).

2.1. Strategies to Increase Tumor Immunogenicity. Chemo-
therapy and radiotherapy have long been used as conven-
tional methods to reduce tumor burden. It has been recently
reported that these therapies activate the immune system by
releasing tumor antigens and subverting immunosuppressive
factors [31-33]. These facts provide the rationale to explore
radiotherapy and chemotherapy with other immunothera-
pies as these strategic combinatorial approaches could boost
the effectiveness of immunotherapy by killing tumor cells
and consequently stimulating the immune system and recruit
immune cells to the affected area. In this section, we also
discuss epigenetic therapy which recently emerged as a new
strategy to increase tumor immunogenicity.

2.11.  Chemotherapy. Standard chemotherapeutic drugs
including paclitaxel, cyclophosphamide, gemcitabine, and
cisplatin are reported to modulate tumor immunity at low
doses [34]. At their standard dose and schedule, these drugs
induce immunogenic cell death (ICD) which involves the
release of tumor antigens and the emission of danger signals
by dying cancer cells known as DAMPs, which in turn
elicit tumor targeting immune responses [34]. These drugs
can modulate the immunogenicity of tumor cells through
different mechanisms including (1) increasing the expression
of tumor antigens and enhancing tumor antigen presentation;
(2) upregulating costimulatory molecules (B7-1) and down-
regulating coinhibitory molecules (B7-H1/PDLI) expressed
on the tumor cell surface, which in turn increases effector
T-cell function; (3) increasing T-cell mediated lysis of tumor
cells through granzyme and perforin-dependent mecha-
nisms; and (4) reducing the infiltration of MDSCs and Tregs
in the tumor microenvironment (Figure 2). Various clinical
trials of this combination are ongoing to increase the efficacy
of immunotherapy and some of which are listed in Table 1.
Preclinical and clinical studies have shown that a low dose
of cyclophosphamide or doxorubicin or paclitaxel given one
day before vaccination or immunotherapy depleted Tregs,
increased IFN gamma secreting CD44+ effector memory T-
cells, and enhanced antitumor immune responses in end-
stage cancer patients [35, 36]. Likewise, several clinical
trials have shown that patients who received a low dose of
cyclophosphamide, given 1-3 days before vaccination, showed
an increase in effector T-cell function and higher overall
survival as compared to those who received the vaccine alone
[35, 37]. Based on these reports, a phase 2 clinical study
randomized 68 patients with advanced renal cell carcinoma.
33 patients received a low dose of cyclophosphamide 3 days
before vaccination with multipeptide vaccine, IMA901 + GM-
CSF adjuvant, and 35 patients received vaccination with only
IMA901 + GM-CSF adjuvant [38]. In this trial, patients
who received 300 mg/m? cyclophosphamide 3 days prior to
vaccination with IMA901 + GM-CSF adjuvant had longer
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FIGURE 1: Combination immunotherapy strategies to reduce tumor burden and to activate durable antitumor immune response. Left
panel shows cartoon of strategies to increase tumor immunogenicity, including certain chemotherapeutic drugs, radiotherapy, and epigenetic
modulators which induce immunogenic cell death and release tumor antigens in TME that activate antitumor immune response. Lower panel
shows cartoon of agents targeting Tregs, TAMs, and MDSCs, to block immunosuppression, to skew their polarization to proinflammatory
state and to promote effector T cell function and to convert cold immunosuppressive TME into hot immune-stimulatory type. Right panel
shows novel strategy of rational designing of dual inhibitory chemotypes, e.g., SF2523, dual PI3K/BRD4 inhibitor targeting multiple signaling
pathways to kill tumor cells and simultaneously stimulate immune cells to provide durable adaptive immune response. Middle panel shows
cartoon of checkpoint inhibitor therapy and pairing of combination therapies with anti-PD1/PDLI blockade which may significantly improve

clinical efficacy of cancer immunotherapy.

overall survival (OS) as compared to the ones who received
IMA901 only [38]. Very few reports have examined the
efficacy of immune checkpoint blockade with low doses of
cyclophosphamide. One study in the cervical cancer model
showed that anti-PD1 in combination with a low dose of
cyclophosphamide induced infiltration of CD8+ T-cells in
the tumor and promoted tumor-free survival [39]. In another
study, using the lung adenocarcinoma model, authors showed
that the combined use of immunogenic drugs oxaliplatin and
cyclophosphamide induced antitumor T-cell immunity and
successfully sensitized to checkpoint blockade [40]. These
studies led to a clinical trial utilizing cyclophosphamide and
pembrolizumab (anti-PD1 mAb) in patients with advanced
sarcomas and gastrointestinal stromal tumors [13]. Only
3 out of 50 patients showed clinical benefit in this study
and the infiltration of immunosuppressive macrophages and
activation of the IDO1 pathway were suggested as reasons for
resistance to anti-PDI therapy in this trial.

Gemcitabine is another example of standard dose
chemotherapy which demonstrates potent immunomodula-
tory effects as it induces apoptosis, enhances cross-priming of
CD8+ T-cells, and reduces infiltration of MDSCs in preclin-
ical animal models [41-43]. Gemcitabine given before vac-
cination or a CD40 agonist augmented the survival of mice
in preclinical models [44]. In another study, gemcitabine
and cisplatin given after immunotherapy, with an adenoviral

vector expressing IFN alpha (Ad.IFN«), also demonstrated
great antitumor activity compared to chemotherapy or
Ad.IFNa« [45]. These results led to the design of the Telo-
Vac study, a Phase 3 trial for patients with advanced or
metastatic pancreatic cancer. These studies aimed to study
gemcitabine in combination with MHC class 2 telomerase
vaccine, GV1001, given with GM-CSF adjuvant [14]. There
was a failure in the synergy between immunotherapy and
chemotherapy in the Telo-Vac study [14]. In addition to this,
other trials have also shown that chemotherapy does not syn-
ergize with immunotherapy [46]. A Phase 2 trial integrated
pancreas GVAX with standard adjuvant 5-fluorouracil-based
chemotherapy in stage 2 and 3 pancreatic cancer patients
that led to failure [46]. Contrary to these studies, multiple
small trials have shown that concurrent or standard phase
chemotherapy may enhance vaccine-induced immunity in
various cancers [47]. Recent reports suggest the efficacy
of checkpoint inhibitors combined with gemcitabine in the
treatment of pancreatic cancer [15]. In 2017, Phase I and
IT clinical trials were opened to explore gemcitabine with
anti-CD40 antibody, APX005M, or with anti-PD-1 mAb
nivolumab for pancreatic patients (NCT03214250) [15]. In
another clinical trial, gemcitabine was paired with ipili-
mumab for treating patients with stages 3-4 or recurrent
pancreatic cancer that could not be removed by surgery
(NCT01473940).
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FIGURE 2: Mechanisms of inducing immunogenic tumor cell death and decreasing tumor burden by chemotherapy, radiotherapy, and
epigenetic therapy. Upper panel shows how chemotherapeutic drugs induce immunogenic death through release of tumor antigens, secretion
of danger associated signals HGMBI and ATP, and translocation of calreticulin to cell surface. These death-associated molecules bind to
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In addition to cyclophosphamide and gemcitabine, other
standard chemotherapeutic drugs such as paclitaxel, car-
boplatin, and dactinomycin have also been combined with
immune checkpoint inhibitors for treatment of melanoma,
NSCLC, and SCLC [17, 18, 48]. In a recent study, the combi-
nation of local chemotherapy (melphalan and dactinomycin)
and ipilimumab showed better response rates in patients
with advanced melanoma [16]. A Phase 3 trial utilizing
the combination of ipilimumab and dacarbazine showed
better overall survival response in patients compared to the
ones treated with dacarbazine alone [48]. In addition, ipili-
mumab paired with paclitaxel and carboplatin was evaluated
for the treatment of non-small-cell lung cancer (NSCLC)
and small-cell lung cancer [17, 18]. For NSCLC, standard
progression-free survival (PFS) was observed when patients
received phased treatment with chemotherapy followed by
ipilimumab. Alternatively, for SCLC, for the same phased
treatment, immune-related responses were improved, but
no standard PFS was observed. Some of the other clinical
trials combining chemotherapy with checkpoint blockade are
discussed in Table 1. These trials have shown great promise
for treatment of some cancers; however, further investigation
of the dosage and schedule of chemotherapeutic drugs
is essential for effective translation of these combinatorial
approaches in the clinic.

2.1.2. Radiotherapy. Radiotherapy has been known to kill
tumors via DNA damage-induced apoptosis or programmed
cell death, but recent pieces of evidence suggest that it
stimulates tumor antigen release and promotes an immune-
mediated antitumor response [49-52]. Contrary to initiating
an antitumor immune response, radiation therapy can also
promote the generation of immunosuppressive factors that
hinder the activation of dendritic cells and impair the
function of effector T-cells [53, 54]. Radiotherapy has been
reported to promote immunosuppressive tumor microen-
vironment by (1) increasing transcription of HIF 1 alpha
which induces Treg proliferation, MDSC accumulation, and
M2 polarization of TAMs and (2) activating latent TGF-
beta in the tumor that polarizes TAMs into M2 phenotype
and converting CD4+ T-cells into Tregs (Figure 2) [53, 54].
Hence, combining radiotherapy with immune modulators
might provide increased benefit to radiation monotherapy.

Radiotherapy is mostly used in combination with surgery
or chemotherapy and combination regimens involving radio-
therapy and immunotherapies are now emerging treat-
ment regimens [55-58]. These studies suggest that combin-
ing radiotherapy with immunotherapy will boost abscopal
response rates and will extend the use of radiotherapy in
treatment for both local and metastatic disease. The absco-
pal effect is defined as a phenomenon in the treatment
of metastatic cancer whereby localized radiation eradicates
distant metastasis and activates systemic antitumor effects.
Various preclinical studies have been conducted to explore
the role of radiation in combination with immune checkpoint
inhibitors [59, 60]. Deng et al. have shown that radiation,
in combination with a PD-LI checkpoint blockade, reduces
the infiltration of MDSC in the MC38 colon carcinoma
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mouse model [59]. In another study, anti-CTLA-4 antibodies
combined with radiation showed an abscopal antitumor
response in the metastatic 4T1 breast cancer model [60]. In
preclinical intracranial glioma models, the combination of
radiation and anti-PDI showed robust systemic immunologic
memory in surviving mice and long-term survival in treated
mice [61]. Based on the results of these preclinical studies,
several clinical trials have been initiated to assess the efficacy
of combining radiation therapy with checkpoint inhibitors.

Reports by Postow et al. and Hiniker et al. have shown
that melanoma patients treated with the combined regimen
of ipilimumab and radiation showed a systemic complete
response [62, 63]. In a case report for a patient with NSCLC,
concurrent treatment with radiation and ipilimumab led to
an abscopal response [64]. In another Phase I/II clinical study,
Solvin and his colleagues found that ipilimumab and radi-
ation induced a great response in patients with metastatic,
castration-resistant prostate cancer [65]. In a small cohort of
patients with skin and kidney cancer, stereotactic body radio-
therapy with high dose IL2 showed better tumor response
rates over that of IL2 alone [19]. There are several Phase I
and 2 clinical trials ongoing in patients with NSCLC for eval-
uation of radiotherapy with PD-PDL] immune checkpoint
inhibitors, pembrolizumab, and nivolumab [20], outlined in
Table 1.

In head and neck cancer, the application of anti-PDI
therapies has shown promising results and, during the
last two years, several clinical trials have been initiated
to combine immunotherapy with radiation [66], some of
which are listed in Table 1. In a randomized Phase 2 clinical
trial opened in 2018, pembrolizumab and radiation have
been combined for metastatic head and neck squamous
cell carcinoma (HNSCC) (NCT03386357). In 2018, another
Phase 2 clinical trial was opened to treat locally advanced
HNSCC with double checkpoint blockade (durvalumab and
tremelimumab) and radiotherapy dependent on intratumoral
CD8+ T-cell infiltration (NCT03426657).

2.1.3. Epigenetic Therapy. The epigenetic mechanisms in
immune responses have recently gained significant atten-
tion because of their potential as therapeutic targets [67-
69]. Epigenetic modulators, such as histone deacetylase and
DNA methyltransferase (DNMT) inhibitors, increase expres-
sion of tumor-associated antigens that lead to improved
immunologic recognition of cancer cells and enhanced anti-
tumor response in various tumor models (Figures 1 and
2). HDAC inhibitors, vorinostat and panobinostat, showed
robust antitumor activity in colon adenocarcinoma and
leukemia model by inducing signs of ICD [70]. HDAC
inhibitors are also known to increase expression of HLA
class molecules in cancer cells [71] and promote recog-
nition and lysis of cancer cells by activated NK cells
[72]. Likewise, DNMT inhibitors are known to promote
antitumor responses by upregulating expression of HLA
class molecules [73] and tumor-associated antigens [74]
in different tumor models. Various studies highlight the
combinatorial approach of epigenetic therapy with immune
checkpoint blockade in mouse models and human patients
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as discussed in this review [75]. Epigenetic modulators
in combination with checkpoint inhibitors are known (1)
to increase T-cell infiltration in TME, (2) to reduce MDSC
infiltration in TME, and (3) to enhance surface expression
of immune checkpoints [75]. Recently, other epigenetic
modulators such as bromodomain inhibitors and histone
demethylase inhibitors have also been reported to increase
antitumor response. JQl is a selective BET/bromodomain
inhibitor that is reported to block the interaction between
multiple BET proteins (BRD2/3/4) and acetylated histones
[76]. Recently JQ1 was reported to suppress PD-L1 expression
in ovarian cancer cells, leading to enhancing cytotoxic T-cell
responses [77]. Another report by Wang et al. also showed
that JQI increases the immunogenicity of lymphoma cells
by increasing expression of PDLI [78]. JQI has additionally
been reported to enhance T-cell persistence and function
in various models [79]. JQI in combination with anti-PD1
therapy increased antitumor response in a murine model of
lung cancer [80]. There are several ongoing clinical trials
combining immune checkpoint inhibitors with epigenetic
modulators; some of them are shown in Table 1.

2.2. Strategies to Reverse Tumor Immunosuppression. The
composition of stromal cells in the tumor microenviron-
ment plays an important role in predicting the response
of cancer immunotherapy agents. It is now clearly estab-
lished that tumor-associated macrophages (TAMs), myeloid-
derived suppressor cells (MDSCs), and regulatory T-cells
(Tregs) are the major mediators of tumor-induced immuno-
suppression and play a major role in suppressing normal
functions of effector T-cells. Hence, they serve as hurdles
that limit the therapeutic potential of cancer immunothera-
pies [81]. These immunosuppressive immune cells limit the
activation of CD8+ T-cells through various mechanisms such
as (1) blocking T-cell function by the production of anti-
inflammatory cytokines, (2) depleting metabolites needed for
T-cell proliferation, and (3) engaging with T-cell inhibitory
receptors to block cytotoxic T-cell activity. Hence, targeting
these immunosuppressive immune cells will increase the
efficacy of checkpoint inhibitors.

2.2.1. Macrophage-Targeted Therapy. TAMs are major orches-
trators of cancer-related inflammation as they promote tumor
growth, angiogenesis, metastasis, tissue remodeling, and
immunosuppression. A detailed description of macrophage
phenotypes and their function can be found in other reviews
[82, 83]. TAM-targeting therapy has recently emerged as a
promising novel strategy for the treatment of cancer [84]
as these cells possess poor antigen presentation capabilities
and suppress the immune response of T-cells by releasing the
following factors: arginase, TGF-p, and IL10. To overcome
the immunosuppressive and protumoral functions of TAMs,
current therapies are majorly focused on three aspects: (a)
the blockade of macrophage recruitment, (b) the depletion
of existing macrophages, and (c) the reprogramming of
macrophages into antitumor phenotypes. In this section, we
also discuss toll-like receptor agonists in clinical trials and
their potential pairing with checkpoint inhibitors.

(a) Blockade of Recruitment of Macrophages in the Tumor
Microenvironment. Chemokines have long been known
to promote the infiltration of myeloid cells in the tumor
microenvironment [85]. Chemokine-cytokine mediated
infiltration of macrophages can be blocked by targeting
CCR2 receptors that bind to ligands, CCL2, CCL8, and
CCLI6. Inhibition of CCL2 with specific antibodies reduced
tumor growth in different experimental models such as
prostrate, melanoma, breast, liver, and lung cancer [86-88].
In the Phase I clinical trial, administration of anti-CCL2
IgGlk mADb, carlumab (CNTO 888), was well tolerated and
showed greater efficacy in patients with solid tumors, while
there was no response of this antibody in the Phase II clinical
trial that involved patients with castration-resistant prostate
cancer [21, 22]. Few preclinical studies demonstrate enhanced
antitumor responses when carlumab was administered in
combination with chemotherapeutic drugs [86]; however,
combining carlumab with a chemotherapy regimen did
not show the significant antitumor immune response in a
clinical trial conducted on patients with solid tumors [89].
By contrast, the combination of novel CCR2 antagonist,
PF-04136309, with cytotoxic cocktail, FOLFIRINOX, showed
an improved antitumor response in a clinical trial conducted
on pancreatic adenocarcinoma patients (NCT01413022) [90].
There is only one report illustrating that the blockade of
CCL2 enhanced the immunotherapeutic effect of anti-PD1
in lung cancer [91]. However, therapeutic efficacy of this
combination has yet to be tested in clinical trials.

(b) Reduction of TAMs by Depleting TAMs or Their Precursors.
CSF-1 receptor is expressed by most of the cells of the
monocytic lineage and is a direct target to block monocytic
precursors directly and indirectly. CSF-1, commonly known
as MCSE is used as a differentiation factor for cells of
monocyte or macrophage lineages. Antagonists or antibod-
ies to CSFIR have been developed and tested in various
preclinical models (e.g., cervical cancer, pancreatic can-
cer, and glioblastoma) in combination with chemotherapy,
radiation therapy, and checkpoint inhibitors whereby they
depleted immunosuppressive macrophages and increased the
CD8/CD4 ratio in the tumors [92]. Clinical trials combining
the use of CSFI-R inhibitors and chemotherapy have been
initiated for the treatment of various cancers based on initial
preclinical data in mouse breast cancer models where a CSFIR
blockade increased the efficiency of paclitaxel [93]. RG7155
(Emactuzumab) is a humanized monoclonal antibody that
blocks CSFIR activation. A Phase I clinical trial of RG7155
in patients with diffuse-type giant cell tumors (Dt-GCT)
showed measurable clinical responses, with the disintegration
of tumor mass in one patient. This data is also correlated
with the depletion of TAMs from tumor biopsies and a
substantial increase in CD8+ T-cell infiltration [94]. Pexidar-
tinib, an inhibitor of CSF-1R, augmented antitumor immune
responses when combined with radiotherapy in glioblastoma
models [95]. BLZ 945, another potent and selective inhibitor
of CSF-1R, blocked recruitment of bone marrow-derived
macrophages and tumor progression in glioma models [96].
Currently, there are several ongoing clinical trials to combine
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these CSF1-R inhibitors with PD-1/PD-L1 inhibitors as listed
in Table 1.

Trabectedin, which was originally recognized for its
ability to induce cell cycle arrest and death, was found
to cause a partial depletion of circulating monocytes and
TAMs in cancer patients [97]. Trabectedin-induced TAM
reduction was associated with decreased angiogenesis in
murine tumors and human sarcomas [98]. Based on the effi-
ciency of trabectedin in the selective killing of mononuclear
phagocytes from tumors in preclinical mouse models, it has
been translated to numerous clinical trials either as a single
agent or in combination with other drugs to study safety
and efficacy in human tumors. To date, two Phase III clinical
trials, mentioned in Table 1, have confirmed the therapeutic
advantage of trabectedin. These observations open up the
option to combine trabectedin with checkpoint blockade
inhibitors.

(c) Reprogramming of Macrophages into Antitumor Pheno-
type. Macrophages are highly plastic cells and can change
their phenotype in accordance with environmental cues. In
response to various signals produced by tumor and stromal
cells, proinflammatory macrophages shift to an immunosup-
pressive phenotype that blocks antitumor immunity [99].
Hence, targeting the molecular pathways/signaling nodes
in the macrophages that regulate the transition of pro-
tumorigenic M®s into antitumorigenic M®s will activate
the immune response in cancer [100]. Various preclinical
studies identified signaling pathways or key genes such as
the jumonji domain, containing proteins (JMJD3), STAT3,
STAT6, Myc, Rac2, PI3Ky, Btk, etc. which play a crucial
role in stimulating alternative activation of macrophages
and promoting tumor growth [101-105]. Recent studies have
provided evidence that targeting PI3Ky in macrophages can
polarize macrophages into immunostimulatory phenotypes,
promote CD8+ T-cell cytotoxicity, and augment the tumor
suppressive effects of anti-PDI antibody in mouse models
[101, 103, 106]. These studies have led to the clinical trial
of PI3Ky inhibitor IPI549 in combination with nivolumab
for advanced solid tumors [106, 107]. In another preclin-
ical study in pancreatic cancer model, Bruton’s tyrosine
kinase (BTK) inhibitor ibrutinib repolarized macrophages
into the M1 phenotype and promoted cytotoxic CD8+ T-
cell activity [108]. This strategy is under consideration for
the opening of a clinical trial to study ibrutinib in com-
bination with checkpoint inhibitors for pancreatic cancers
[108].

Another example of macrophage targeting comes from
the administration of the anti-CD40 antibody in a preclinical
model of pancreatic cancer. This study showed that use of
the anti-CD40 antibody repolarized M2-like macrophages
into an Ml-like phenotype leading to a reduction in tumor
growth [109]. This preclinical data lead to the clinical trial
of human CD40 agonist with gemcitabine in advanced pan-
creatic cancer patients which showed partial responses [109].
RO7009789 is another CD40 agonist which has been tested
in combination with chemotherapy and immunotherapy in
solid tumors and are listed in Table 1.
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(d) Toll-Like Receptor Agonists. Toll-like receptors (TLRs), as
the most important pattern-recognition receptors in innate
immunity, play a critical role in the defense against infection
and disease including cancer. TLRs are expressed in a wide
range of immune cells including monocytes, macrophages,
and dendritic cells. Certain TLRs have been shown to
enhance DC maturation and antigen presentation leading
to effective antitumor effects. Thus, the agonists of TLR
signaling are explored as anticancer agents or vaccines to
induce effective immune reactions against tumor antigens. A
study by Bald et al. has shown that TLR-3 activation induces
type I interferon and synergizes with anti-PD1 therapy in
the melanoma model [110]. Poly-IC-LC, a TLR 3 ligand,
has been used in combination with pembrolizumab for the
treatment of colon cancer (NCT02834052). Furthermore,
TLRY agonists are reported to increase T-cell infiltration
and to induce CD4 and CD8 T-cell antitumor immunity in
various mouse models [111]. In a lymphoma mouse model, a
TLR9Y agonist (intratumoral CpG) in combination with anti-
0X40 and anti-CTLA-4 cured large and systemic lymphoma
tumors without the need for chemotherapy [112]. A recent
report by Sato-Kaneko et al. suggests that TLR7 and TLR9
agonists in combination with anti-PD1 mAb increased Ml
to M2 macrophage ratio and increased infiltration of IFN
gamma secreting CD8+ T-cells in head and neck cancer
models [113]. There are several ongoing clinical trials to test
the combination of TLRY agonist with anti-PD1 therapy in
various cancers. DV281, a TLR9 agonist, has been used in
combination with anti-PD1 antibody in Phase I clinical trial
including NSCLC patients (NCT03326752).

2.2.2. MDSCs Targeted Therapy. Myeloid-derived suppressor
cells are immature myeloid cells that expand in patho-
physiological conditions like inflammation and cancer and
suppress T-cell activity [114, 115]. They play an important
role in mediating immunosuppression and are considered
a promising target to be paired with check point blockade.
Similar to macrophage targeted therapy, MDSC targeted
therapy can also be divided into three sections based on the
strategies to block its accumulation, recruitment, and reversal
of MDSC-mediated immunosuppression.

(a) Blocking Accumulation of MDSCs and Their Differentiation
into Macrophages or Dendritic Cells. In order to reduce the
accumulation of MDSCs, the process of myelopoiesis has to
be normalized and the strategies to differentiate them into
normal macrophages or dendritic cells has to be stimulated.
Various studies have suggested that a blockade of retinoic
acid signal transduction by all-trans-retinoic acid (ATRA)
promotes the differentiation of MDSCs into macrophages
and dendritic cells in mouse and human samples [116]. ATRA
is a vitamin A derivative and is an FDA approved drug for
the treatment of acute promyelocytic leukemia (APL) [117].
ATRA has been applied to two clinical trials, in combination
with immunotherapy, to target MDSCs in cancer patients.
The first clinical trial was in patients with metastatic renal
cancer [118] and the second trial was in patients with small
lung cancer [119]. Both trials resulted in reductions of MDSC
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accumulation and improved patient survival. In another
Phase 2 clinical trial, ATRA was combined with ipilimumab
to treat stage IV melanoma patients (NCT02403778). Similar
to ATRA, vitamin D3 differentiates immature MDSCs into
macrophages and dendritic cells. A small clinical study
involving 17 HNSCC patients showed that treatment with
vitamin D3 reduced the number of infiltrating MDSCs,
increased the number of mature tumor-infiltrating dendritic
cells, and an improved antitumor immune response [120].

Recent studies have shown that anti-VEGF antibody,
bevacizumab—which is used to treat VEGF-mediated angio-
genesis, can also be used to decrease circulating immature
myeloid cells in cancer patients. VEGF is a key mediator
of tumor-induced angiogenesis [121] and plays an important
role in inhibiting the maturation of myeloid cells [122]. A
small clinical trial involving 19 metastatic, colorectal patients
showed that bevacizumab decreased immature MDSCs and
improved the stimulatory capacity of DCs isolated from
treated patients [123]. Based on this clinical trial, Phase I and
2 clinical trials enrolled 62 patients with advanced renal cell
carcinoma for treatment with bevacizumab, entinostat, and
atezolizumab.

(b) Blockade of Recruitment of MDSCs. MDSCs are recruited
in the tumor site to promote immunosuppression and
this process is mediated by chemokines that have been
secreted by chemokine receptors found on MDSCs in the
tumor microenvironment. The roles of CCL2, CCL5, CCL7,
and CXCLS8 and their receptors, CCR2 and CCR4, in the
recruitment of MDSCs are well described [124]. A study
by Highfill et al. has shown that anti-CXCR2 plus anti-
PD-1 mAb blocked MDSC recruitment and enhanced anti-
PD1 efficacy [124]. In another study, the combination of a
CCRI inhibitor (CCX9588) and PD-LI inhibitor increased the
antitumor effects in a murine model of breast cancer [125].
Yet another clinical trial in melanoma patients is utilizing
the combination of pembrolizumab with MDSC targeting
by SX-682, a small molecule dual inhibitor of C-X-C-motif
chemokine ligands 1 and 2 (NCT03161431). RTA-408, an
anti-inflammatory drug, is also explored within melanoma
patients.

(c) Reversal of MDSC Mediated Immunosuppression. Phos-
phodiesterase-5 inhibitors are known to inhibit the immuno-
suppressive function of MDSCs by decreasing IL-4c expres-
sion. There are three PDE-5 inhibitors in clinical trials:
sildenafil, tadalafil, and vardenafil. In preclinical mouse
models, sildenafil has reduced tumor growth by blocking
the immunosuppressive function of MDSCs and enhanced
the activation and infiltration of T-cells [126, 127]. Tadalafil
has been applied to patients with head and neck squamous
carcinoma and melanoma where it showed improved clinical
outcome due to a reduction in tumor-infiltrating MDSCs
(128, 129].

Recent studies have shown that PI3Ky plays an important
role in the trafficking of MDSCs and their polarization into an
immunosuppressive phenotype [101, 130]. PI3K§/y inhibitor,
IPI-145, in combination with anti-PDLI antibodies resulted
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in the inhibition of MDSC activity, increased CD8+ T-cell
infiltration, and improved survival in head and neck tumor
models [131].

2.2.3. Treg Targeted Therapy. Tregs are highly immunosup-
pressive fractions of CD4+ T-cells and are known to play a
major role in maintaining self-tolerance. Treg cells exhibit
their suppressive activity via several mechanisms including
inhibition of APC maturation through the CTLA-4 pathway;
secretion of inhibitory cytokines such as IL10, TGF beta,
and IL35; and expression of granzyme and perforin which
kills effector T-cells. There are several potential therapies
that target Treg cell suppression either directly or indi-
rectly including candidates targeting CD25, CTLA-4, OX-
40, GITR, and CCR4. In this section, we will discuss IDO
inhibitors and TGF beta inhibitors.

(a) CCR4 Inhibitors. It has been previously reported that
tumor cells and macrophages produce CCL22 which chemo-
tracts Treg cells expressing the CCR4 receptor. This antibody
is reported to deplete CD25+ Tregs and promote antitumor
immune responses in human patients [132]. Hence, anti-
CCR4 is an attractive target to combine with checkpoint
inhibitors. Currently, the anti-CCR4 antibody is being tested
in combination with nivolumab (NCT02705105) or dur-
valumab (NCT02301130) in patients with advanced solid
tumors.

(b) IDO Inhibitors. IDO is a metabolic enzyme which cat-
alyzes the cleavage of L-tryptophan to its metabolites, result-
ing in the generation of Kynurenine [133]. IDO is expressed
by tumor cells and MDSCs in response to interferon gamma
[134]. Recent studies have provided evidence that IDO
activity is critical to support the activity of FoxP3 Tregs [135]
and MDSCs [136], leading to suppression of the activity of T-
cells and NK cells [137]. IDO has been reported to promote T-
cell resistance to anti-CTLA 4 therapy in murine melanoma
models [138]. Recent reports have shown that combined
inhibition of IDO and immune checkpoint inhibitors (CTLA-
4, PD1, and PD-L1) synergize in melanoma mouse models.
Based on the impressive preclinical data in melanoma model,
several IDO inhibitors are explored in combination with
CTLA-4 and PD-1 inhibition [139]. There are several IDO
inhibitors in a clinical trial with epacadostat (INCB024360),
which has been explored in clinical trials mostly in combi-
nation with immune checkpoint inhibitors. A Phase I trial
combining epacadostat and ipilimumab (anti-CTLA-4) was
well tolerated in patients of metastatic melanoma [140].
Pembrolizumab and the epacadostat were recently reported
to show promising response rates in NSCLC and melanoma,
which lead to a Phase III clinical trial of this combination
in melanoma patients [141]. Very recently, this Phase III trial
has been expanded to NSCLC; head and neck cancer; and
renal and bladder cancers [142]. Indoximod is another IDO
inhibitor in clinical trials [143]. A Phase 2 study combining
indoximod with ipilimumab or anti-PD1 (pembrolizumab or
nivolumab) is currently ongoing (NCT02073123).
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(¢c) TGFp Inhibitors. Transforming growth factor- (TGEp)
is a cytokine that plays a crucial role in mediating immuno-
suppression in the tumor microenvironment by stimulat-
ing Tregs [144]. A study in preclinical melanoma mod-
els (BRAFV600EPTEN-/-) has shown synergy combin-
ing TGF-p receptor kinase inhibitor I with anti-CTLA-4
antibodies [145]. Recently, clinical trials have been ongo-
ing to test the combination of TGF-f inhibitor (galu-
nisertib) [146] and PD-1/L1 checkpoint blockade (durval-
umab or nivolumab) in patients with pancreatic cancer
(NCT02734160) and hepatocellular carcinoma; NSCLC; and
glioblastoma (NCT02423343).

2.3. Strategies to Design and Synthesize Novel Dual or Triple
Inhibitory Chemotypes That Can Block Multiple Pathways.
Concomitant inhibition of multiple pathways required for
tumor progression has recently been established as an
innovative strategy to improve targeted therapies in can-
cer [147-151]. The “dual- or triple-targeted single agent”
strategy could provide similar benefits as multiple combi-
nation therapies do, with minimal convolutions observed
in combination approach including drug toxicities, lengthy
clinical investigations, and high treatment costs. SF1126 is
the first PI3K/BRD4 inhibitor reported by SignalRx Pharma-
ceuticals, Inc., blocking tumor growth in various preclinical
mouse models [152-155]. SF1126 blocked tumor angiogenesis
and metastasis, as well as increasing the M1 to M2 ratio
in various preclinical mouse models [101]. Based on the
promising preclinical results, various clinical trials of SF1126
were opened. A Phase I clinical trial of SF1126 enrolled
44 patients with advanced solid tumors and B cell malig-
nancies at 9 dose levels (90-1110 mg/mz/day) (155). SF1126
was well tolerated in patients with stable disease (SD) as
the best response in patients with advanced malignancies.
Based on this convincing data, Phase 1 clinical trials of
SF1126 were opened for patients with relapsed or refrac-
tory neuroblastoma (NCT02337309) or those with advanced
hepatocellular carcinoma (NCT03059147). The combination
of SF1126 with anti-PD1/PDLI inhibitors is in the planning
stages for treating advanced solid tumors. In addition to
SF1126, various other multikinase inhibitors such as BI-2536
(clinical PLK1) and TG-101348 (JAK2/FLT3 kinase inhibitor)
are reported to have BRD4 activity and are suggested as
dual kinase/bromodomain inhibitors [156]. Another report
by Weinstock et al. has demonstrated the selective dual
inhibition of cancer-related deubiquitinating proteases, USP7
and USP47, and has shown in vivo activity against multiple
myeloma and B cell leukemia [149].

Morales et al. have recently reported the synthesis of a
5-morpholino-7H-thieno [3,2-b] pyran-7-one (TP scaffold)
system to design novel inhibitors having improved potency
towards PI-3K [157]. SF2523 is a dual PI3K/BRD4 inhibitor
generated from the TP series, which orthogonally hit PI3K
and BRD4 to block expression, activation, and stabilization
of Myc, leading to reduced tumor growth and metastasis
in various preclinical models [158-160]. Unpublished results
by Joshi et al. suggest that SF2523 is an immunoonco-
logical inhibitor that hits tumor cells, increases the ratio
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of M1 to M2, and increases the infiltration of cytotoxic
CD8+ T-cells in various tumor models. This molecule
has PI3Ka and BRD4 activity which blocks tumor growth
by inducing apoptosis and cell cycle arrest, suppressing
PDLI expression on tumor cells; and simultaneously this
molecule blocks myeloid cell-derived immunosuppression
and provides a durable antitumor immune response in
various tumor models due to its potent PI3Ky and PI3Ké
activity. Using this TP scaffold and computational meth-
ods, novel dual or triple PI3K/BRD4/CDK4/6, PI3K/PARP,
PI3K/BRD4/HDAC, PI3K/MEK, and PI3K/IDO inhibitory
chemotypes are engineered by SignalRx Pharmaceuticals
[161]. These rationally designed chemotypes are highly selec-
tive and potent against their targets. SRX3177 is a “first
in class” triple PI3K-BRD4-CDK4/6 inhibitor, for combi-
natorial inhibition of three oncogenes promoting cancer
cell growth: phosphatidylinositol-3 kinase (PI3K), cyclin-
dependent kinases 4 and 6 (CDK4/6), and the epigenetic
regulator BRD4 [162] in a single molecule. This chemotype
showed potent in vitro and in vivo activity in mantle cell
lymphoma, neuroblastoma, and hepatocellular carcinoma
tumor models [162]. Another report suggests the develop-
ment of rationally designed, pazopanib based, HDAC and
VEGFR, dual inhibitors that target cancer epigenetics and
angiogenesis simultaneously, and this chemotype has shown
antitumor efficacy in human colorectal carcinoma models
[150]. This rational drug design strategy has recently gained
significant attention resulting in a number of dual or triple
inhibitory chemotypes for the treatment of cancer. This
strategy of rationally designing novel dual or triple chemo-
types which can effectively kill tumor cells and, at the same
time, activate immune cells will be an effective combination
regimen to explore with immunotherapy. Although most of
these chemotypes are not yet explored in clinical trials, there
is strong hope that these rationally designed chemotypes will
show a durable antitumor immune response when combined
with immunotherapy.

3. Conclusions

In summary, the durable antitumor response generated by the
application of checkpoint inhibitors has revolutionized the
field of cancer immunotherapy. Very soon it will be realized
that the clinical benefit obtained from the immune check-
point blockade is limited to only a small subset of patients
and that most patients do not respond to this therapy. The
combination of immune checkpoint blockade with several
other anticancer treatments has shown remarkable success
in various cancers and provided hope for the patients who
do not respond to checkpoint inhibitor monotherapy. We
have summarized the therapeutic potential of checkpoint
inhibitors with drugs that increase tumor immunogenicity,
reduce tumor burden, and reverse tumor-mediated immuno-
suppression, leading to an effective and durable antitumor
immune response. In the end, we provided a novel approach
to rationally design dual or triple inhibitory chemotypes that
can concomitantly hit several tumor-promoting pathways
and increase the immune effector response by blocking


https://clinicaltrials.gov/ct2/show/NCT02734160
https://clinicaltrials.gov/ct2/show/NCT02423343
https://clinicaltrials.gov/ct2/show/NCT02337309
https://clinicaltrials.gov/ct2/show/NCT03059147

Journal of Oncology

myeloid cell-mediated tumor immunosuppression. This
novel approach is early in its development stage, but the
promising antitumor results generated so far by use of dual
or triple inhibitor chemotypes in different cancer models
provide a rationale to continue exploring these agents with
immune checkpoint inhibitors.
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