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The emergence of immune ‘checkpoint inhibitors’ such as cytotoxic T-lymphocyte 
antigen 4 (CTLA-4) and programmed death receptor 1 (PD-1) has revolutionized 
treatment of solid tumors including melanoma, lung cancer, among many others. The 
goal of checkpoint inhibitor combination therapy is to improve clinical response and 
minimize toxicities. Rational design of checkpoint combinations considers immune-
mediated mechanisms of antitumor activity: immunogenic cell death, antigen release 
and presentation, activation of T-cell responses, lymphocytic infiltration into tumors 
and depletion of immunosuppression. Potential synergistic combinations include 
checkpoint blockade with conventional (radiation, chemotherapy and targeted 
therapies) and newer immunotherapies (cancer vaccines, oncolytic viruses, among 
others). Reliable biomarkers are necessary to define patients who will achieve best 
clinical benefit with minimal toxicity in combination therapy.
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Background
In the last decade, remarkable progress has 
been made in the clinical application of cancer 
immunotherapies exploiting the immune sys-
tem’s ability to identify and eradicate tumors, 
most notably the emergence of immune 
‘checkpoint inhibitors’ blocking normally 
negative regulators of T-cell immunity such 
as cytotoxic T lymphocyte antigen 4 (CTLA-
4) and programmed death receptor 1 (PD-1). 
The US FDA approval of the CTLA-4 block-
ing antibody, ipilimumab (Bristol-Myers 
Squibb, Princeton, NJ) in melanoma and the 
PD-1 blocking antibodies in the treatment 
of advanced melanoma (pembrolizumab – 
Merck, Kenilworth, NJ; nivolumab – Bristol-
Myers Squibb, Princeton, NJ), lung (pem-
brolizumab and nivolumab) and renal cancer 
(nivolumab) has ushered in great promise in 
treatment of a rapidly expanding spectrum 

of solid tumors also including ovarian can-
cer, bladder cancer, head and neck cancer and 
gastric cancer, among others [1–7].

Single agent PD-1 and CTLA-4 pathway 
blockade has demonstrated positive antitu-
mor activity across multiple tumor types, but 
response rates still remain low and in minor-
ity of patients. There is now much focus on 
combining immunotherapies with conven-
tional (radiation and chemotherapy) and 
other immunotherapies to improve clinical 
response rates and outcomes with combina-
tion therapy.

Rational checkpoint combinations should 
be designed in context of the hallmark 
mechanisms of cancer immunotherapy: 
immunogenic cell death; antigen release and 
presentation; priming of T-cell responses; 
enhancement of T-cell activity; infiltra-
tion into tumor tissues; and depletion of 
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compensatory immunosuppression. Strategies must 
consider the compatibility and synergy of combination 
treatments – whether simultaneously or sequentially 
– to mediate antitumor efficacy or to reduce on-tar-
get side effects  [8], while also tackling the immune-
escape strategies of cancer (Figure 1). In this review, 
we highlight the rationale, evidence and challenges in 
designing synergistic combinations with checkpoint 
inhibitors.

Immune checkpoint molecules & their inhibitors
The clinical development of checkpoint blocking 
antibodies is built upon groundwork of the ‘two sig-
nal’ model of T-cell activation. In signal 1, the T-cell 

receptor (TCR) engages with the major histocompat-
ibility complex (MHC). Signal 2 arises from costimu-
latory signal B7-CD28 on APCs  [9–13]. Both signals 
are required for full T-cell response. Additional basic 
science researches have added layers of complexity to 
the understanding of T-cell activation and regulation: 
it is now understood that a variety of immunomodu-
latory signals, both costimulatory and coinhibitory, 
are needed to orchestrate an optimal antigen-specific 
immune response [13,14].

CTLA-4 monoclonal antibodies: ipilimumab & 
tremelimumab
CTLA-4 is mainly expressed on T helper and Treg cells, 

Figure 1. Building synergistic combinations on the foundation of PD-1 or PD-L1 blockade with both traditional and newer immune 
therapies. Given the clinical success of PD-1–PD-L1 blockade in multiple solid cancers, the PD-1–PD-L1 pathway will probably become 
the foundation for immunotherapy combinations. Combinations of traditional therapies, including radiation and chemotherapy (top) 
and newer immunotherapies (bottom) are under clinical development. In developing combinations, therapies should be considered 
in context of the hallmark mechanisms of cancer immunotherapy: immunogenic cell death via apoptosis or necrosis; activation of 
professional antigen-presenting cells; activation of primed effector T cells to proliferate and exert their functions is counteracted 
by suppressive mechanisms in the tumor microenvironment that include Treg cells and MDSCs; increased a number of effector 
T lymphocytes that recognize tumor antigens; and infiltration of effector and suppressive leukocytes into tumors. Red arrows indicate 
mechanisms of PD-1–PD-L1 and other checkpoint inhibitors; blue arrows represent mechanisms of other immune and nonimmune 
therapy. The number of arrows is a demonstration of the strong potential for synergistic combinations [8,148]. 
MDSC: Myeloid-derived suppressor cell. 
Reproduced with permission from [8] © Nature Publishing Group (2015).
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and acts in the first phase of immune response. Binding 
of CTLA-4 to its ligands B7–1 (also known as CD80) 
and B7–2 (also known as CD86) on APCs [9,10] leads 
to inhibition of T cells. Therefore, CTLA-4 blockade 
can amplify T-cell responses against tumors  [13,14]. 
CTLA-4 blockade may also increase antitumor immu-
nity through other mechanisms, such as partially 
depleting Treg cells in the tumor microenvironment, 
and interfering with the CTLA-4-mediated sequestra-
tion of co-stimulatory ligands [8,15].

The concept of targeting immune checkpoint recep-
tors for cancer therapy was first pioneered by James 
Allison and colleagues in 1996 when CTLA-4 block-
ade was shown to lead to regression of tumors in animal 
models  [16]. Following these studies, human CTLA-4 
blocking antibodies, ipilimumab and tremelimumab, 
have been evaluated in multiple clinical trials, and both 
agents demonstrated durable responses in Phase I and 
II clinical studies in advanced melanoma with a similar 
toxicity profile. In Phase III clinical trials, ipilimumab 
demonstrated overall survival benefits for patients with 
advanced melanoma [17,18], leading to its FDA approval 
in March 2011. Both ipilimumab and tremelimumab 
are currently being evaluated in Phase II and III trials 
in patients with advanced mesothelioma, gastric cancer, 
NSCLC, bladder cancer and prostate cancer [19].

Programmed death-1 monoclonal antibodies: 
pembrolizumab & nivolumab
PD-1 is another key immune checkpoint receptor 
that acts as a negative regulator of T-cell function, 
and is more broadly expressed than CTLA-4. PD-1 
is induced both on activated CD8+ T cells and Treg 
present in tumor microenvironment, and activated 
non-T-lymphocytes including B cells and natural killer 
(NK) cells [1]. PD-1 has two identified ligands: PD-L1 
(also known as B7-H1; also has affinity for CD80) 
and PD-L2 (also known as B7-DC). PD-1 signaling 
contributes to T-cell exhaustion [20], and tumors may 
exploit this pathway, as PD-L1 is expressed on many 
cancers [1,21–22].

In clinical trials, at least two PD-1 blocking antibodies, 
pembrolizumab and nivolumab (Bristol-Myers Squibb), 
have demonstrated clinical activity in melanoma, as 
well as other solid tumors including non-small-cell lung 
cancer (NSCLC), renal cell cancer and head and neck 
cancers [1–6], leading to FDA approval of nivolumab and 
pembrolizumab in metastatic melanoma and NSCLC. 
Nivolumab is also FDA approved for patients with 
renal cell carcinoma. Under investigation are other 
PD-1 inhibitors (pidilizumab [CT-011]); PD-L1-spe-
cific agents (durvalumab [MEDI4736], atezolizumab 
[MPDL3280A] and MSB0010718C [NCT02155647, 
NCT01772004, NCT01943461]); and PD-L2-specific 

agents (rHIgM12B7 [NCT00658892]). The notable 
successes of monotherapy PD-1 and PD-L1 blockade 
suggest that these agents may become the preferred 
building blocks for checkpoint combinations in future 
combination strategies.

Other emerging immune checkpoints: LAG-3 & 
TIM-3
Lymphocyte activation gene 3 protein (LAG3; also 
known as CD223) and other inhibitory receptors are 
progressively expressed on T cells during the effector 
phases of a T-cell response  [23]. It has been demon-
strated that LAG3 can bind to MHC class II mole-
cules and galectin-3 with functional consequences [24]. 
Interaction of LAG3–MHC class II allows inhibition 
of CD8+ effector T cells and enhancement of CD4+ 
Treg cells. LAG3 antibodies that do not block the 
LAG3–MHC class II interaction continue to enhance 
CD8+ effector T cells but do not inhibit Treg cell acti-
vation [25]. The expression of LAG3 on tumor-infiltrat-
ing Treg cells and cytotoxic T lymphocytes (CTLs) 
suggests possible involvement in immune evasion by 
tumors. Blocking LAG3 may therefore reverse T-cell 
exhaustion and enhance antitumor immunity  [23]. 
BMS-986016, a LAG3-specific mAb, is in clinical 
development (NCT01968109 and NCT02061761).

T-cell immunoglobulin and mucin domain-contain-
ing 3 (TIM3; also known as HAVCR2) [26] is expressed 
on T helper 1 cells and CTLs, as well as innate immune 
cells such as dendritic cells (DCs)  [27]. Commonly 
expressed in melanoma  [28,29] and NSCLC, its func-
tion differs depending on the cell type on which it is 
expressed. Expression of TIM3 by tumor-infiltrating 
lymphocytes (TILs) is thought to keep the lymphocyte 
status inactive or even to induce apoptosis upon ligation 
to galectin-9 or other, still undefined, ligands [30].

Both LAG3 and TIM3 are frequently coexpressed 
with PD-1 on anergic or exhausted tumor-specific 
CD8+ T cells, and for this reason, dual blockade 
synergistically reverses anergy in preclinical models [25].

Combination checkpoint inhibition
Both CTLA-4 and PD-1 function as negative regula-
tors, yet each plays a nonredundant role in modulating 
the cancer immune response. CTLA-4 is crucial to the 
attenuation and early activation of naïve and memory 
T cells, ‘priming cancer-specific T-cell immunity’, via 
interactions with ligands CD80 and CD84. In con-
trast, PD-1 plays a more prominent role in modulating 
T-cell activity in peripheral tissues via its interaction 
with PD-L1 and PD-L2. Korman and colleagues first 
explored this nonredundant synergistic combination 
in preclinical mouse models, and demonstrated that 
the combination of PD-1 and CTLA-4 blockade had 
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synergistic antitumor activity in a mouse model of 
colon adenocarcinoma, MC38 [31]. These results were 
also shown by other groups [32].

The differing mechanisms of actions of CTLA-4 
and PD-1 monoclonal antibodies (mAbs) can be bet-
ter understood by defining the differences in chemical 
structure and expression of each immune checkpoint 
inhibitor antibody. Contrary to the most PD-1 and 
PD-L1 mAbs that are human IgG4, ipilimumab is a 
human IgG1 mAb and, for this reason, has a peculiar 
mechanism of action dependent both on agonism and 
cell depletion. Agonistic activity of ipilimumab depends 
on the multimerization of the mAb on the surface of the 
Fc receptor expressing cells, facilitating cross-linking of 
the antigen on the surface of the target cell (i.e., CD4+ 
T helper) and promoting their activation, prolifera-
tion and cytokine production; cell depletion, instead, 
depends on the ADCC principally directed to Treg cells. 
Nivolumab, pembrolizumab and other IgG4 mAbs 
have no agonistic or ADCC activity, and act primarily 
through the blocking of the interactions between ligand 
(PD-L1) and receptor (PD-1) [33].

Given these preclinical findings, clinical explora-
tion was undertaken. In the Phase I clinical trial of 
ipilimumab and nivolumab, patients with metastatic 
melanoma  [34,35] were treated with dose escalation of 
nivolumab added to different doses of ipilimumab. The 
maximum-tolerated dose was declared to have been 
exceeded at 3 mg per kg of each antibody, and impressive 
clinical responses were observed in patients treated with 
lower dose levels, which were selected for further studies. 
For patients who received concurrent ipilimumab and 
nivolumab across all doses, the 1- and 2-year overall sur-
vival rates were notable at 85 and 79%, respectively [35]. 
Combination therapy unfortunately did also lead to an 
increase in the frequency of adverse events (AEs) com-
pared with prior experience with either antibody alone, 
in particular with nivolumab (for example, 61% of 
patients reported grade III AEs in the combination ipi-
limumab–nivolumab group). Interestingly, many of the 
grade III adverse events – in particular, those that led to 
establishing the maximum-tolerated dose – were asymp-
tomatic laboratory abnormalities, such as asymptomatic 
elevation of lipase, amylase, alanine aminotransferase 
and/or aspartate aminotransferase.

Results from the Phase II study comparing ipi-
limumab plus nivolumab with ipilimumab alone were 
reported in 2015  [36]. In a study of 142 patients with-
out prior systemic treatment, objective response rate 
was 61% for combination treatment versus 11% for ipi-
limumab alone. Of the patients with BRAF wild-type 
tumors, 22% experienced a complete remission in the 
combination arm; no complete remissions were observed 
in the ipilimumab-alone arm. Clinical benefit in the 

combination arm was independent of PD-L1 expres-
sion by tumor cells before treatment. Progression-free 
survival (PFS) was 4.4 months in patient who received 
ipilimumab alone, which is not yet reached for patients 
treated with the combination (hazard ratio [HR]: 0.40; 
p < 0.001). The AEs observed in this trial were similar 
to those reported in earlier Phase I trials [34].

These results were further supported in a Phase III 
trial, in which 945 patients were randomized to three 
arms: ipilimumab alone, nivolumab alone or the com-
bination ipilimumab plus nivolumab [37]. The study was 
not statistically powered to compare PFS and response 
rate between nivolumab alone and the combination at 
time of publication. As data mature over the next sev-
eral years, we anticipate comparative overall survival to 
be crucial to understanding the full clinical benefit of 
combination immunotherapy. Treatment-related AEs of 
grade III or above were significantly higher with combi-
nation therapy: 55% in the combination arm, 16% in 
nivolumab alone and 27% with ipilimumab alone [37].

On the basis of these promising results, the FDA 
approved the use of combination of nivolumab and ipi-
limumab in treatment for patients with unresectable or 
metastatic melanoma without a BRAF mutation. The 
combination of ipilimumab and nivolumab is being 
explored in other solid cancers in Phase III studies (renal 
cell carcinoma and NSCLC  [38,39]), and earlier-phase 
clinical trials for various other tumor types (small-cell 
lung, triple-negative breast, pancreatic, gastric and blad-
der cancer). Very promising Phase I and II trials have 
been reported on increased activity of the combination of 
nivolumab and ipilimumab [40], durvalumab and treme-
limumab [41] and pembrolizumab and ipilimumab [42] in 
NSCLC, with an overall response rate (ORR) around 
40% across all the studies; however, in all these trials 
the higher rate of grade 3 and 4 AEs (around 20–30%) 
remains an important issue of the dual blockade.

Table 1 highlights selected key clinical trials in 
checkpoint inhibitor combinations. Combinations of 
PD-1-specific antibodies with other immune check-
point inhibitors such as LAG3 or TIM3 are currently 
undergoing evaluation in preclinical and clinical 
setting [8,15,30,43].

Enhancing tumor antigen release & 
presentation
Combining checkpoint inhibition with 
conventional therapies

Combining checkpoint inhibition with radiation 
therapy
Conventional treatment regimens – such as chemo-
therapy, radiotherapy, targeted therapy and ADCC 
(occasionally mediated by tumor-targeting antibodies) 
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– can induce tumor cell death, allow the release of 
tumor antigens for presentation and thus in theory, 
prime the immune system. Additionally conventional 
anticancer therapies can deplete immunosuppressive 
cells such as Tregs and myeloid-derived suppressor 
cells (MDSC) to enhance a latent antitumor immune 
response  [48,49], thereby providing rationale behind 
checkpoint combination.

In addition to direct cytotoxic effects on cancer 
cells through cell-cycle arrest and apoptosis, radia-
tion has been reported to stimulate antitumor immune 
responses. Proposed mechanisms include the release of 
tumor antigens and damage-associated molecular pat-
terns (DAMPs), facilitation of tumor antigen uptake 
and cross-presentation by DCs and the induction of 
pro-inflammatory cytokines and chemokines which 
mediate the recruitment of T cells and DCs  [44,50]. 
In mouse models, localized radiation therapy when 
combined with systemic checkpoint blockade resulted 
in the inhibition of systemic metastases  [51]. Recently 
published data support the synergistic activity between 
radiation therapy, anti CTLA-4 and anti PD-L1 mAb, 
specifically the diversification of TCR repertoire of 
TILs in melanoma preclinical models [52]. In humans, 
anecdotal case studies demonstrated that patients 
treated with anti-CTLA-4 therapy and localized radia-
tion therapy can result in regression not only of irra-
diated, but also of distant lesions in melanoma and 
lung cancer patients [53,54], a phenomena known as the 
abscopal effect.

Unfortunately, a Phase III study combining local-
ized radiation with systemic CTLA-4 blockade in 799 
patients with metastatic castration-resistant prostate 
cancer demonstrated prostate-specific antigen (PSA) 
declines, but no significant difference between the 
radiation + ipilimumab group and the radiation + pla-
cebo group in terms of overall survival in the primary 
analysis [55,56]. Since radiotherapy was not the experi-
mental question in this trial, however, this trial did not 
formally test whether radiotherapy adds to the efficacy 
of ipilimumab. Trials are currently underway to evalu-
ate radiotherapy in combination with immunotherapy 
including NCT 01689974, NCT 01970527, NCT 
01557114, NCT02107755 and NCT01497808.

Combining checkpoint inhibition with 
chemotherapy
Like radiation, conventional chemotherapies have 
been shown to demonstrate the release of antigens and 
DAMPs, thus triggering immunogenic cell death [57]. 
In addition to direct cytotoxic effects on cancer cells, 
some chemotherapeutic agents can induce immu-
nogenic cell death and activate antitumor immune 
response through other possible mechanisms: DCs 

activation and expression of costimulatory molecules; 
enhancement of cross-priming of CD8+ T cells; pro-
motion of antitumor CD4+ T-cell phenotype; down-
regulation of MDSC and Treg activity; promotion of 
tumor cell death through lytic receptors or pathways 
(i.e.,  Fas, perforin, granzyme); increase in serum 
inflammatory cytokines and proinflammatory changes 
in tumor microenvironment [48,57–59].

These studies provide a rationale for the explo-
ration of chemotherapy in combination with anti-
bodies targeting costimulatory and coinhibitory 
receptors  [60]. Ipilimumab and nivolumab have been 
explored in combination with chemotherapy in several 
trials (Table 1)  [18,39,46,61]. An important Phase II trial 
in patients with stage IIIb/IV NSCLC showed that 
carboplatin-paclitaxel could be safely combined with 
ipilimumab. Interestingly a ‘phased regimen’ in which 
immunotherapy began after chemotherapy resulted in 
substantially improved PFS compared with chemo-
therapy alone [46].

Although in some studies the combination of che-
motherapy and immunotherapy appears to be well-
tolerated [18], in others, combinations have been asso-
ciated with increased toxicity, in particular noted in 
combination of nivolumab with platinum-based che-
motherapies in NSCLC, where grade 3–4 treatment-
related AEs were reported in 45% of patients receiving 
checkpoint inhibition  [39]. Potential immunosuppres-
sive effects of chemotherapy render issues of dosing 
and timing critical. Among different schedules, the 
metronomic chemotherapy is the most promising one 
to be associated with checkpoint inhibitors, because of 
its immunomodulatory properties  [62]. Overall, these 
findings suggest that while chemotherapy certainly 
presents an option for exploration in combination with 
immunotherapies, careful consideration needs to be 
given to determine appropriate dosing and sequencing 
of these agents and to establish whether such combina-
tions would be more active and/or tolerable in specific 
cancer subtypes.

Combining checkpoint inhibition with targeted 
therapies
Tyrosine kinase inhibitors
There is accumulating evidence that tyrosine kinase 
inhibitors (TKIs), such as EGFR (erlotinib)- and 
HER2 (lapatinib)-directed therapies, may exert addi-
tional immunomodulatory effects that influence the 
outcome of immunotherapy. In a spontaneous gastro-
intestinal stromal tumor model responsive to therapy 
with imatinib, imatinib reduced tumor cell expres-
sion of indoleamine 2,3-dioxygenase (IDO) which 
was an immunomodulatory effect in addition to its 
direct cytotoxic effect on tumor cells  [63]. This led to 
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favorable changes in the tumor microenvironment, 
with an increase in the infiltrating CD8+ T cells and 
a decrease in Treg. The therapeutic effect of imatinib 
was augmented by combination with CTLA-4 block-
ade  [63]. The same group has also demonstrated that 
imatinib therapy in gastrointestinal stromal tumor leads 
to polarization of tumor-associated macrophages to M2 
phenotype (expected to favor tumor growth), as a result 
of interaction of macrophages with apoptotic tumor 
cells, highlighting a possible immune feedback mecha-
nism that could also be targeted in order to improve the 
efficacy of combined immunotherapies [64].

In EGFR mutant NSCLC, the biologic rationale of 
combination of immune checkpoint inhibitors with 
EGFR inhibitors resides in overlapping antitumor activ-
ity independent from histology or KRAS and EGFR 
mutational status [7]. A growing body of evidence sug-
gests that oncogenes may indirectly influence tumor 
microenvironment, regulating the release of ligands and 
cytokines. A correlation between EGFR activation and a 
composed signature of immunosuppression (manifested 
by the upregulation of PD-1, PD-L1, CTLA-4 and sev-
eral tumor-promoting inflammatory cytokines) was 
reported. Globally considered, these findings suggest 
that concurrent inhibition of PD-1 and EGFR path-
ways may represent a rational and promising approach 
for EGFR-addicted NSCLC  [65,66]. Remarkable clini-
cal data exist about the combination of erlotinib and 
nivolumab in EGFR mutant, chemo-naive NSCLC, in 
a second-line setting after an anti-EGFR TKI (Response 
rate [RR]: 20%, median progression-free survival 
[mPFS]: 30 weeks)  [67]; and this is an area of very rel-
evant ongoing research.

BRAF inhibitors
The rationale for this combination stems from pre-
clinical studies that have demonstrated that RAF inhi-
bition resulted in T-cell activation and proliferation, 
consistent with paradoxical activation of the MAPK 
pathway in BRAF wild-type T cells  [68]. This effect 
was further potentiated by CTLA-4 blockade and 
resulted in the enhancement of antitumor activity of 
CTLA-4 blockade [69]. In a Phase I trial, the combina-
tion of vemurafenib and ipilimumab led to significant 
hepatotoxicity, requiring trial discontinuation  [70,71]. 
Sequencing, as opposed to concurrent administration, 
of these agents may be preferable, but severe cutaneous 
toxicity was reported with patients who received vemu-
rafenib shortly after ipilimumab [72]. Additionally, the 
combination of ipilimumab + dabrafenib + trametinib 
was not felt tolerable, although ipilimumab + dab-
rafenib may be more tolerable  [73]. Until additional 
knowledge is obtained, the combination of ipilimumab 
and BRAF +/- MEK inhibitors is not recommended.

VEGF inhibitors
Tumor vasculature is known to exert immunosuppres-
sive effects through variety of mechanisms, including 
decreasing the influx of lymphocytes and DCs in the 
tumors while increasing the intratumoral (i.t.) frequen-
cies of Treg cells and MDSCs  [74]. In an early phase 
clinical trial, ipilimumab has been combined with the 
VEGF inhibitor, bevacizumab  [47], and demonstrated 
tolerability. The study of 46 advanced-stage melanoma 
patients demonstrated a notable 67% disease con-
trol rate and evidence of activated endothelium and 
increased T-cell tumor immune infiltration in biopsy 
samples. Median overall survival was >2 years. High-
grade toxicity was more common in combination than 
either drug alone (hypophysitis, dermatitis, hepatitis), 
but was manageable in the study patients.

Other targeted agents
Other targeted inhibitors have been investigated in 
combination with immunotherapy. In a dose-escala-
tion study of tremelimumab with sunitinib in meta-
static renal cancer patients, combination therapy 
resulted in significant renal toxicity, requiring trial 
discontinuation  [75]. On the other hand, the combi-
nation of nivolumab with sunitinib or pazopanib had 
durable responses, and although better tolerated, still 
was associated with hepatic and renal toxicities higher 
than single agent alone [76]. Combinations of tremeli-
mumab with androgen deprivation in prostate cancer 
or aromatase inhibition in breast cancer appeared to 
also be well-tolerated with some evidence of prelimi-
nary clinical activity in both diseases [77].

That said, although some anti-VEGFR TKIs, like 
sunitinib or pazopanib, through decreasing STA3 sig-
naling, are able to downregulate Treg cells and pro-
mote the formation of effector T helper 1 cells, not all 
the anti-VEGFR TKIs exert the same functions on 
immune system. For example, sorafenib seems to have 
immunosuppressive properties related to its inhibitory 
effects on MEK signaling [78].

Priming T-cell response
Combining with cancer vaccine therapy
Several different vaccination approaches have been 
explored to enhance the efficacy of immune check-
point blocking antibodies. These include simple vac-
cine preparations consisting of specific peptides and 
proteins [79,80], as well as more complex strategies, such 
as engineered cellular vaccines, DC vaccines  [81–83], 
virus-vectored vaccines  [84,85] and oncolytic viruses. 
While combination of model antigen peptide vaccines 
with immunomodulatory antibodies in animal models 
led to robust induction of CTL responses [80,86], thera-
peutic efficacy was not seen in humans [17]. At present 
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it is thus unclear whether peptide vaccination is suf-
ficient to enhance the efficacy of immunomodulatory 
antibodies. Combination strategies are being directed 
to explore optimization via use of appropriate vaccine 
preparations and adjuvants, specifically the agents act-
ing on the innate immunity such as DCs and TLR 
agonists [79,87].

In an attempt to bypass in vivo antigen processing, 
DC vaccines have been explored as a possible strategy 
to enhance the efficacy of immunomodulatory anti-
bodies. In animal models, vaccination with peptide-
antigen-loaded DCs, in combination with systemic 
CTLA-4 blockade, demonstrated increased efficacy 
than either treatment alone  [81–83]. Another study 
explored a different strategy, where immature DCs 
were used for in situ vaccination by injection directly 
into irradiated tumor, in combination with systemic 
CTLA-4 blockade  [88], resulting in the inhibition of 
distant tumor growth and improved animal survival. 
A Phase I trial of combination of MART-1 peptide-
pulsed DC and tremelimumab has shown objective 
and durable tumor responses at the higher range of the 
expected response rate with either agent alone [89].

The synergistic efficacy of autologous modified 
tumor cellular vaccines with immunomodulatory 
antibodies  [90–92] has also been explored in clinical 
trials. In these studies, allogeneic cancer cells trans-
fected with GM-CSF (GVAX) have been evaluated 
in patients with metastatic pancreatic cancer and hor-
mone-refractory prostate cancer in combination with 
ipilimumab  [93]. In a prostate cancer trial, combina-
tion therapy resulted in 4 out of 16 patients achiev-
ing evidence of clinical benefit, as measured by PSA 
response or stabilization  [94]. In the pancreatic cancer 
study, patients who received GVAX with ipilimumab 
demonstrated evidence of clinical benefit, three out 
of 15 patients having prolonged disease stabilization, 
and 7 out of 15 patients experiencing tumor marker 
declines  [93]. These results warrant further clinical 
exploration.

Several studies have explored virus-vectored vac-
cines, as a means to augment the immune response to a 
specific antigen [84,85]. In preclinical models, combina-
tion of the recombinant vaccinia vector carrying the 
genes for CEA, B7.1, ICAM-1 and LFA-3 (rV-CEA-
TRICOM) and recombinant fowlpox-boosted vac-
cines with systemic CTLA-4 blockade led to enhanced 
antitumor immunity  [95]. In a Phase I trial of combi-
nation of poxviral-based PSA-TRICOM vaccine with 
ipilimumab in patients with metastatic castration-
resistant prostate cancer [96], the use of the vaccine was 
not associated with increased rate of AEs and had some 
evidence of activity with PSA declines in 58% of the 
chemotherapy-naive patients [96].

Other studies have undertaken approaches combin-
ing immunomodulatory antibodies with activators of 
innate immune response, such as TLR agonists  [97] 
and peginterferon alpha-2b  [98], with marked efficacy 
seen in different tumor models. Intratumoral therapy 
with TLR agonists has shown promising results in the 
enhancement of therapeutic efficacy of immunomodu-
latory antibodies such as anti-CTLA-4, anti-PD-1 and 
anti-OX40  [99,100]. In a Phase I study, subcutaneous 
administration of TLR9 agonist in combination with 
tremelimumab in patients with melanoma and other 
advanced solid tumors  [97] demonstrated good toler-
ability, with durable partial responses in 2 out of 17 
melanoma patients [97].

Combining checkpoint inhibition with oncolytic 
viruses (T-VEC)
With the recent FDA approval of talimogene laher-
parepvec (T-VEC), a herpes simplex virus type 
1-derived cancer vaccine for advanced melanoma 
patients, there is a renewed interest in oncolytic viruses 
in combination with checkpoint blockade. In both 
preclinical and clinical studies, it is clear that a robust 
and specific infection of tumor bed oncolytic viruses 
is achievable after intravenous infusion or i.t. injec-
tion using various platforms [101–103]. I.t. injection with 
oncolytic viruses in melanoma patients generated a sys-
temic tumor antigen-specific T-lymphocyte response, 
as well as downregulation of Treg, suppressor CD8+ T 
cells and myeloid-derived suppressor cells in patients 
with clinical benefit [104,105].

T-VEC is the first oncolytic immunotherapy to dem-
onstrate therapeutic and durable benefit in advanced 
solid cancers patients in a randomized study [106], and 
was just recently FDA approved in patients with unre-
sectable melanoma. To date, most recent clinical trials 
with T-VEC have demonstrated a good safety profile in 
combination with chemotherapy, radiation, low-dose 
cyclophosphamide and targeted therapy  [107–109]. In 
the clinic, the combination of ipilimumab and T-VEC 
is currently being tested in a Phase III trial to treat 
advanced metastatic patients (NCT01740297).

In an analogous study also performed in patients 
with advanced melanoma, intralesional injection of 
another oncolytic virus, coxsackievirus A21, simi-
larly led to responses in the virus-injected and distant 
tumors [106]. The use of oncolytic viruses thus presents 
a highly attractive strategy for in situ vaccination, since 
this approach allows for potential immunization against 
multiple cancer antigens within the context of virus-
induced proinflammatory microenvironment charac-
terized by the release of pathogen-associated molecu-
lar patterns and DAMPs, necessary for efficient APC 
maturation and antigen presentation  [110]. Checkpoint 
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inhibitor combinations with oncolytic viruses is a prom-
ising strategy that remains to be tested fully.

Enhancing T-cell activity
Combining checkpoint inhibitors with 
immunostimulatory mAbs
T-cell dysfunction is characterized by general unre-
sponsiveness to tumor antigens and is mediated in part 
through the upregulation of immune inhibitory recep-
tors such as PD-1 and LAG-3, and is also potentially 
amenable to immunostimulatory mAbs. Several pre-
clinical studies suggest that combination of checkpoint 
blocking antibodies with agonists of T-cell costimula-
tory receptors may act in a synergistic manner [92].

CD137 (also known as 4-1BB and TNFRSF9) is a 
T-cell and NK-cell costimulatory receptor, expressed 
at the cell surface following lymphocyte activation [15]. 
Upregulation of CD137 signaling has been shown to 
improve cytotoxic antitumor responses and T-cell sur-
vival  [111]. Agonistic CD137-specific mAbs may also 
further enhance NK-cell-mediated ADCC  [112]. A 
Phase I–II trial is underway to evaluate a combination 
of PD-1-blocking agents with CD137-specific mAbs, 
urelumab (NCT02253992). PF-05082566 is another 
agonistic CD137-specific mAb under evaluation in 
several malignancies. Although CD137-specific and 
PD-1-specific mAbs are well-tolerated as single agents, 
these studies will still need to be followed carefully for 
synergistic autoimmune toxicities.

Glucocorticoid-induced TNF receptor family-
related protein (GITR; also known as TNFRSF18) is 
a costimulatory molecule that activates proliferation of 
CD4+ and CD8+ T cells and reverses Treg cell-medi-
ated suppression of T cells [113]. Activating GITR may 
reverse Treg cell-mediated suppression, overcome self-
tolerance and ultimately enhance antitumor immune 
responses  [114]. Phase I evaluation of agonistic GITR-
specific mAbs TRX518 and MK-4166 is ongoing 
(NCT01239134 and NCT02132754).

OX40 (also known as TNFRSF4) is a costimulatory 
receptor expressed primarily on activated CD4+ and 
CD8+ T cells. By promoting T-cell proliferation and 
survival, it enhances antitumor immune responses [115]. 
In preclinical mouse models, OX40 agonists have been 
shown to inhibit Treg cells, promote T-cell survival, 
thereby enhancing antitumor immunity  [116]. While 
GITR is constitutively expressed on Tregs and is upregu-
lated on CD4+ and CD8+ T cells after activation, OX40 
is expressed only on activated T cells [8]. This different 
expression could explain also why anti-GITR mAbs can 
be tested as monotherapy or in combination with other 
immune checkpoint inhibitors, whereas an anti OX40 
mAb should be preferably tested in combination with 
other immune checkpoint inhibitors able to activate 

effector T cells and induce OX40 expression [33]. Several 
trials are ongoing in patients with advanced-stage solid 
tumors to evaluate the combination of OX40-specific 
mAbs with checkpoint inhibitors (MEDI6469) plus 
tremelimumab or MEDI4737 (NCT02205333), and 
that of lirilumab with nivolumab (NCT01714739) or 
ipilimumab (NCT01750580).

Other costimulatory molecules under evaluation 
include CD40 (also known as TNFRSF5), as well as 
inducible costimulator, a costimulatory member of Ig 
receptor superfamily, which has been shown to signifi-
cantly enhance the efficacy of CTLA-4 blockade in 
animal models [117].

Current knowledge of the crosstalk among coinhibi-
tory and costimulatory receptors is limited. Multiple 
mechanisms for synergy are evident but the potential 
for increased AEs is also real: checkpoints inhibitors 
and costimulatory molecules often work on the same 
target cells. It is difficult to predict whether – and, if 
so, how – efficacy and safety of combinations in mouse 
models would translate to the human patients. Care-
ful clinical monitoring of patient safety and toxicity 
is of paramount importance as these combinations are 
investigated in early phase clinical trials.

Targeting compensatory immune inhibitory 
mechanisms
Immune cells within the tumor microenvironment 
such as Tregs and MDSCs exert immunosuppression 
through a variety of mechanisms [103], and thus it has 
been proposed that depletion of such populations can 
work synergistically with checkpoint blockade.

Combining checkpoint inhibition with IDO 
inhibitors
IDO has been demonstrated to inhibit immune 
responses through several mechanisms, which include 
depletion of the essential amino acids and promotion of 
differentiation of FoxP3+ Tregs  [118,119]. Expressed by 
many cancers, high levels of IDO expression have been 
associated with poor prognosis [120]. Holmgaard et al. 
demonstrated that upregulation of the IDO in the 
tumor microenvironment is a possible mechanism 
of resistance to anti-CTLA-4 immunotherapy  [121]. 
In murine models, combination of small molecule 
inhibitors of IDO with CTLA-4-blocking antibodies 
resulted in significant enhancement of therapeutic effi-
cacy; an effect that was also associated with significant 
increase in tumor-infiltrating lymphocytes [121]. Evalu-
ation of combinations of IDO inhibitors and ipilim-
umab and pembrolizumab is currently being pursued 
in clinical trials, with preliminary data indicating 
promising activity of the combination in patients with 
metastatic melanoma [122,123].
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Combining checkpoint inhibition with Treg 
depleting antibodies (anti-CD-25 antibodies, 
anti-CCR4 antibody)
CD25 is expressed on activated T effector lymphocytes, 
and depletion of Treg with CD25-targeting agents such 
as anti-CD25 antibody daclizumab [124] has a potential 
to target effector T cells as well. Sutmuller et al. demon-
strated preclinically that the combination of CTLA-4 
blockade and depletion of Treg with anti-CD25 anti-
body resulted in improved therapeutic efficacy of 
CTLA-4 blockade [125]. An alternative strategy has been 
suggested through the use of an anti-CCR4 antibody, 
which has been demonstrated to selectively deplete Treg 
from humans  [126]. A Phase I study of the anti-CCR4 
antibody mogamulizumab in patients with solid tumors 
is currently ongoing (NCT01929486), and a Phase II 
study has been reported for patients with relapsed T-cell 
lymphoma where clinical efficacy was seen [126].

Managing combination-associated toxicity
Clinical toxicities associated with CTLA-4 or PD-1 
pathway blockade have been well-described and 
include a constellation of autoimmune or immune-
related AEs (irAEs) [127,128]. Toxicities affect a variety of 
organ systems including the GI tract (colitis, diarrhea), 
lung (pneumonitis), endocrine system (hypophysitis, 
thyroiditis), liver (hepatitis) and skin (rash, pruritus), 
among others. While skin and gastrointestinal events 
usually appear within 1–2 cycle of dual blockade, hep-
atitis, pneumonitis and endocrine side effects are later 
irAEs. In the Phase III trial testing the combination of 
nivolumab and ipilimumab in melanoma patients, it 
was reported that median onset for treatment-related 
irAEs ranged from 5 weeks for skin AEs to 15 weeks 
for renal AEs [37].

In the Phase III study of the combination of ipi-
limumab and nivolumab in advanced melanoma  [37], 
observed toxicities were within the already described 
spectrum of irAEs for monotherapy CTLA-4 or PD-1 
checkpoint blockade. No distinctly new toxicities were 
described. However, frequency of irAEs and the num-
ber of patients with multiple irAEs were notably higher 
than previously described for either single checkpoint 
inhibitor alone. In some cases, toxicities may be severe 
and potentially life threatening in rare cases [129].

As with single therapy CTLA-4 and PD-1 blockade, 
irAEs are reversible when managed according to stan-
dard algorithms that make use of immunosuppressive 
medications such as steroids, or if refractory, infliximab 
for diarrhea (not hepatitis) or mycophenolate mofetil 
(hepatitis). Long-term effects of combination therapy, 
and whether a different range of immune-mediated 
toxic effects will manifest with chronic exposure are 
yet to be observed. Additional details about specific 

irAEs and management strategies have been recently 
reviewed [127]. Studies of combined PD-1 and CTLA-4 
blockade in melanoma and other tumor types suggest 
that with sufficient clinical experience and appropriate 
management, immune checkpoint inhibitors can be 
safely given in combination to patients [38,39].

Biomarkers for predicting clinical benefits of 
checkpoint inhibitors in combination
Although immune checkpoint inhibitors have shown 
promising safety and efficacy, to date only a fraction of 
patients achieve long-term survival, with severe irAEs 
occurring on occasion. Identification of ‘baseline’ (pre-
treatment) and on-treatment biomarkers is needed to 
enable physicians to select individualized treatments 
for their patients, thereby maximizing clinical ben-
efits and minimizing toxicities. At this time, no single 
immunologic or tumoral characteristic in a patient has 
been found to solely determine response to an immu-
notherapeutic agent, but several biomarkers are under-
going evaluation.

PD-L1 expression
Most biomarker investigations for PD-1/PD-L1 check-
point inhibitors have focused on the tumor microen-
vironment, specifically immunohistochemical (IHC) 
expression of one of the ligands for PD-1 and PD-L1. 
In many tumor types including bladder cancer and 
melanoma, patients whose tumors express PD-L1, as 
detected by IHC, have numerically higher response 
rates to PD-1/PD-L1 blockade than patients who do 
not express PD-L1 [1,4,130].

However, many unresolved issues surround PD-L1 
as a possible biomarker of response for anti-PD-1 and 
anti-PD-L1 antibodies  [131], and variations exist with 
different tumors types. In RCC, higher levels of PD-L1 
expression have been associated with poorer survival in 
renal cell cancer (RCC), but not necessarily treatment 
benefit; rather the relationship between PD-L1 expres-
sion and outcomes after treatment with nivolumab 
appears to depend on tumor type and histologic class. 
In nonsquamous NSCLC, PD-L1 has a predictive role 
for second-line nivolumab with an association between 
PD-L1 expression and benefit from anti-PD-1 treat-
ment  [132]. In squamous NSCLC, the expression of 
PD-L1 was neither prognostic nor predictive for ben-
efit with nivolumab  [4]. Patients who do not express 
PD-L1 can still have good responses to PD-1 therapy. 
It remains unclear whether differential expression lev-
els of PD-L1 among various tumor types account for 
the somewhat different response rates observed.

Notably also, the value of predictive markers may 
change markedly with combination therapy. For 
instance, in melanoma biopsy samples taken from 
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patients before treatment, PD-L1 expression was not 
predictive of overall response rate in patients undergo-
ing concomitant CTLA-4 and PD-1 blockade [34,36–37]. 
It must be emphasized that testing PD-1 and PD-L1 
expression in pretreatment biopsy samples provides 
only a single static evaluation of immune expression, 
and fails to capture dynamic changes that inevitably 
occur with immunotherapy treatment. Using biomark-
ers to guide the clinical management of combinations 
is an area that still needs to be more well-defined and 
warrants further study [8].

Tumor-infiltrating lymphocytes
The presence of TILs is associated with an ongoing 
immune response [133,134], and may predict a response 
to immunotherapy with PD1-specific or PD-L1-spe-
cific antibodies [135]. Clinical studies have shown that 
CTLA-4 inhibition increases the number of TILs in 
the tumor microenvironment, as assessed by IHC [136] 
and gene expression profiling  [137]. These studies 
also showed possible associations with clinical activ-
ity relative to baseline biopsies in TILs, expression 
of immune-related genes and CD8+ T-cell/FOXP3+ 
T-cell ratios  [136–138]. As only associations have been 
identified, however, these studies do not constitute 
identification of a definitive biomarker.

Biomarkers related to immunosuppression
Other immune cell types recruited to the tumor can 
suppress an anti-tumor immune response. Tumors are 
rendered resistant to attack owing to the expression 
of PD-L1 and the production of TGFβ, indoleamine 
2,3-dioxygenase 1 (IDO1) and other immunosuppres-
sive compounds and molecules (FOX-P3) by tumor-
associated macrophages, immature tumor-associated 
DCs, Treg cells, IL-10-producing regulatory B cells, 
MDSCs and tumor cells themselves  [139]. IHC and 
genetic profiling of the tumor microenvironment may 
therefore be used to categorize cancers according to 
their immunosuppressive mechanisms and thus may 
ultimately be used to explore agents targeting these 
immunosuppressive elements.

Genetic analysis with whole-exome 
sequencing, gene expression profiling
Emerging data, both in model systems and in patients, 
suggest that mutation-derived tumor antigens may serve 
as the primary targets of T cells activated by immune 
checkpoint blockade and vaccine therapy [140–143]. The 
molecular identity of antigens can be expressed by malig-
nant cells, and recognized by host T cells is well-estab-
lished  [144]. However, it is also becoming increasingly 
clear that many of these shared antigens are expressed 
in the tumor microenvironment and also at some level 

by self-tissues, either in peripheral cells or in the thymus. 
This can lead to immunologic tolerance for the highest-
avidity interactions between peptide and MHC–TCR 
complex, and limit therapeutic efficacy.

Gene expression profiling of the tumor samples has 
shown that patients with clinical activity had higher 
baseline expression of immune-related genes than those 
without clinical activity  [2,145]. Ongoing whole-exome 
sequencing studies are also investigating whether mutant 
antigens are relevant to immunotherapy outcomes [146].

Conclusion & future perspectives
The emergence of checkpoint blockade in the last 
decade has ushered in great promise in the treatment of 
a rapidly expanding spectrum of solid tumors includ-
ing NSCLC, renal cell cancer, ovarian cancer, bladder 
cancer, head and neck cancer and gastric cancer. How-
ever, even with immune checkpoint blockade, a sub-
stantial proportion of patients fails to derive clinical 
benefit. Combination strategies with conventional and 
immunotherapies are needed to increase clinical ben-
efit and minimize adverse toxicities.

On the basis of currently available efficacy data, it 
is likely immunotherapy combinations will be built 
on the foundation of checkpoint inhibition in particu-
lar PD-1–PD-L1 blockade. Combinations should be 
developed in context of the hallmark mechanisms of 
immunotherapy: induction of immunogenic cell death 
in strategies of in situ vaccination as well as radiation 
and chemotherapy; priming of T-cell responses includ-
ing vaccines and adoptive T-cell therapy directed to 
neoantigens presented by tumor cells; enhancement 
of T-cell activity with costimulatory and/or local pro-
inflammatory agents; and targeting of compensatory 
immunosuppression in T-cell anergy and/or exhaus-
tion. Best strategies will consider the compatibility and 
synergy of combination treatments – whether simulta-
neously or sequentially – to mediate antitumor efficacy 
and minimize toxicity.

The decision to move new combinations into the 
clinic should be informed by preclinical data in ani-
mal models and mechanistic immunologic evidence. 
The main issues regarding the ideation and conduc-
tion of clinical trial for immunotherapy are the choice 
of adequate end points, the use of modified statistical 
methods and search for predictive biomarkers [147], and 
are currently undergoing investigation. The art of find-
ing synergistic combinations with checkpoint inhibi-
tion requires a dialogue between scientists in preclini-
cal and clinical investigation for the next-generation of 
immune-oncology agents. By understanding the immu-
nobiology present in specific patients, immune-related 
biomarkers may allow us to tailor immune therapies and 
combinations to achieve best clinical benefit.
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Executive summary

•	 Immune ‘checkpoint inhibitors’ block negative regulators of T-cell immunity such as cytotoxic T-lymphocyte 
antigen 4 (CTLA-4) and programmed death receptor-1 (PD-1) and ligand 1 (PD-L1), unleashing an antitumor 
immune response.

•	 The US FDA has approved several checkpoint inhibitors in the treatment of a variety of solid cancers including 
to date:

–– CTLA-4 blocking antibody, ipilimumab (Bristol-Myers Squibb) in melanoma;
–– PD-1 blocking antibodies in advanced melanoma (pembrolizumab – Merck; nivolumab – Bristol-Myers 

Squibb), lung (pembrolizumab and nivolumab) and renal cancer (nivolumab).
•	 Single-agent PD-1 and CTLA-4 checkpoint blockade has demonstrated antitumor activity across multiple 

solid tumor types, but responding patients are still in the minority, underscoring the need for combination 
strategies to increase clinical benefit and reduce toxicities.

•	 Rational design of checkpoint inhibitor combinations considers potential synergy with different hallmark 
mechanisms of cancer immunotherapy including immunogenic cell death; antigen release and presentation; 
priming and activation of T-cell responses; reversal T-cell dysfunction; lymphocytic infiltration into tumors; 
and depletion of compensatory immunosuppression.

•	 Great successes of checkpoint blockade, particularly of the PD-1–PD-L1 pathway, suggest that PD-1 inhibitors 
may become the preferred building blocks for future checkpoint combinations.

•	 The FDA has approved the use of checkpoint combination nivolumab and ipilimumab in treatment for patients 
with unresectable or metastatic melanoma, and this combination anti-PD-1 and CTLA-4 blockade is being 
explored in other solid cancers such as renal cell carcinoma and NSCLC in Phase III studies.

•	 Other potential synergistic combinations in ongoing investigation include:
–– Checkpoint blockade with ‘traditional’ therapies inducing immunogenic cell death (radiation, 

chemotherapy and targeted molecular therapies);
–– Combinations with agents that prime the immune response (cancer vaccines, oncolytic viruses);
–– Combinations with immunostimulatory monoclonal antibodies (CD137 [4-IBB], CD357 [GITR], among 

others);
–– Combinations with agents that reverse immunosuppression (indoleamine 2,3-dioxygenase inhibitors, anti-

CD-25 antibodies and anti-CCR4 antibody).
•	 Until additional knowledge is obtained, some checkpoint combinations are not recommended:

–– ipilimumab and BRAF +/- MEK inhibitors are not recommended due to significant hepatotoxicity observed;
–– Tremelimumab and sunitinib in metastatic renal cancers due to significant nephrotoxicity.

•	 Toxicities related to combination CTLA-4 and PD-1 blockade are similar to that of (but in higher frequency 
compared with) single agent checkpoint blockade, and include a constellation of tissue-specific inflammatory 
events referred to as immune-related adverse events, including colitis, pneumonitis, among others.

•	 Immune-related adverse events are reversible when managed according to standard algorithms that make use 
of immunosuppressive medications such as steroids or if refractory, infliximab for diarrhea (not hepatitis) or 
mycophenolate mofetil (hepatitis).

•	 No single immunologic or tumoral characteristic in a patient has been found to solely determine response to 
an immunotherapeutic agent, but several biomarkers are undergoing evaluation, including PD-L1 expression, 
tumor-infiltrating lymphocytes and gene expression profiling.
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