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back multiple layers of tumor immune suppression while 
at the same time minimizing immune-mediated toxicity. 
As over a dozen T cell immune checkpoints and an addi-
tional dozen more co-stimulatory receptors have now been 
described, the challenge before us is to identify the most 
advantageous combinations of these agents based on the 
knowledge of their underlying biology and preclinical stud-
ies in murine tumor models.
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Abbreviations
CAR	� Chimeric antigen receptor
CSF1R	� Colony stimulating factor 1 receptor
CTLA-4	� Cytotoxic T lymphocyte-associated protein 4
EAE	� Experimental autoimmune encephalomyelitis
FVAX	� B16-Flt3 ligand
ICOS	� Inducible T cell co-stimulator
IFN-γ	� Interferon gamma
IRAE	� Immune-related adverse events
MHC	� Major histocompatibility complex
PBMC	� Peripheral blood mononuclear cells
PD-1	� Programmed death 1
RECIST	� Response Evaluation Criteria In Solid Tumors
TNF	� Tumor necrosis factor
Treg	� Regulatory T cells (CD4+FoxP3+)

Introduction

The concept of immune therapy can be traced as far back as 
Dr. William Coley’s attempts to treat tumors through injec-
tion of a mixture of bacteria known as “Coley’s Toxins” in 
the 1890s. Not long after, Ehrlich first proposed the theory 

Abstract  The discovery that antibody blockade of the 
T cell co-inhibitory receptor cytotoxic T lymphocyte-
associated protein 4 (CTLA-4) can restore tumor immu-
nity against many murine transplantable tumors leading to 
complete rejection of established cancer forever changed 
the field of immunotherapy. In more robust murine mod-
els as well as human cancer, however, CTLA-4 blockade 
alone can slow tumor growth and extend patient survival, 
but is rarely curative. Subsequent studies have revealed a 
large family of T cell immune checkpoint receptors which 
tumors engage to shield themselves from host immunity. As 
with CTLA-4, blockade of one of these additional inhibi-
tory receptors, programmed death 1, has led to remarkable 
therapeutic responses against tumors of multiple lineages. 
Checkpoint monotherapy has demonstrated that durable, 
immune-mediated cures of established metastatic cancers 
are possible, yet the percentage of patients experiencing 
these outcomes remains low due to both redundant mech-
anisms of immune suppression in the tumor and limiting 
toxicity associated with some therapies. Thus, extend-
ing the curative potential of immunotherapy to a larger 
percentage of patients with a broader spectrum of malig-
nancies will likely require combinations of co-inhibitory 
blockade and co-stimulatory activation designed to peel 
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of immune surveillance in a 1,909 manuscript describing 
nascent transformed cells arise continuously in our bodies 
and that the immune system scans for and eradicates these 
transformed cells before they are manifested clinically 
[1]. These early insights were largely lost until Doherty 
and Zinkernagel [2] described the capacity of the T cell 
receptor to recognize peptides derived from foreign pro-
teins displayed on host major histocompatibility complex 
(MHC) molecules and thus discriminate self from non-self. 
With the accompanying realization that tumors constituted 
a substantially altered form of “self,” the field of tumor 
immunology re-emerged to answer the question of why 
the immune system failed to recognize and reject cancer. A 
variety of peptide and viral vaccines were developed which 
could elicit elevated frequencies of T cells specific for 
tumor antigens, yet these approaches yielded few, if any, 
substantive clinical responses [3]. Schreiber and colleagues 
elegantly demonstrated that failure of tumor immunity was 
not due to lack of tumor-specific T cells or to systemic 
immune exhaustion by showing that mice bearing tumor 
expressing a foreign antigen could rapidly reject skin grafts 
which differed only in expression of that same antigen [4].

The landscape of tumor immunotherapy was forever 
changed when Krummel and Allison [5] described how the 
T cell co-stimulatory receptor CTLA-4 actually functioned 
as a potent inhibitor of T cell responses when activated by 
the same B7 molecules which were initially required for 
productive T cell activation by binding to CD28. Strik-
ingly, they showed that antibody blockade of CTLA-4 
restored tumor immunity and, alone, could promote T cell-
mediated rejection of some pre-established transplantable 
murine tumors [6]. These critical findings illustrated that 
the major barrier to immune-mediated tumor rejection was, 
in fact, local tumor immune suppression and provided a 
paradigm whereby mechanisms of T cell dysfunction in the 
tumor microenvironment could be identified, targeted, and 
remedied.

Subsequent studies of the regulation of T cell responses 
both within and without the tumor microenvironment led 
to the identification of large families of both T cell co-
stimulatory receptors and T cell co-inhibitory, or immune 
checkpoint, receptors. Programmed death 1 (PD-1) was 
the second T cell checkpoint receptor discovered after 
CTLA-4 and, when engaged by its ligands PD-L1 and 
PD-L2, was found to potently inhibit T cell effector func-
tion and expansion [7]. PD-1, CTLA-4, and their ligands 
are homologous molecules belonging to the B7 super-
family. While CTLA-4 can be engaged by B7 molecules 
expressed by myeloid cells in the tumor stroma, PD-L1 
was found to be expressed by both stromal cells and, in 
many cases, the tumor cells themselves. As with CTLA-
4, antibody blockade of either PD-1 or PD-L1 promotes 
T cell-mediated tumor rejection. The CTLA-4-blocking 

antibody ipilimumab received FDA approval for treat-
ment of metastatic melanoma in 2011, while the first PD-
1-blocking antibody, pembrolizumab, received approval 
for the same indication in late 2014. Numerous addi-
tional T cell immune checkpoints have been identified 
in the intervening time since the discovery of CTLA-4 
(Fig. 1). Antibodies which block the activity of these novel 
immune checkpoints are in development or being tested 
for their capacity to restore tumor immunity alone and in 
combination.

While blocking the engagement of co-inhibitory recep-
tors on T cells can protect them from attenuation in the 
tumor microenvironment, an alternative approach to restor-
ing tumor immunity involves activating T cell co-stim-
ulatory receptors using agonist antibodies. Not long after 
the therapeutic potential of CTLA-4 blockade was first 
described, Melero et  al. [8] demonstrated that antibodies 
which activated the T cell co-stimulatory receptor 4-1BB 
enhanced proliferation, survival, and effector function of 
CD8 T cells and enhanced anti-tumor immunity. Shortly 
thereafter, Weinberg [9] described a similar potential of 
antibodies which activate the OX-40 receptor for tumor 
immunotherapy. OX-40 and 4-1BB belong to the TNF 
receptor family which includes multiple T cell co-stimula-
tory receptors which have been targeted with agonist anti-
bodies including GITR, CD40, CD27, HVEM, LIGHT, 
APRIL, and TWEAK [10, 11]. The B7 superfamily also 
includes the T cell co-stimulatory molecules CD28 and 
inducible T cell co-stimulator (ICOS) [12, 13]. CD28 is 
a poor target for immunotherapy due to its expression on 
naïve T cells; however, ICOS is induced following T cell 
activation and can promote rejection of established tumors 
when activated.

Fig. 1   T cell co-stimulatory and co-inhibitory receptors. Shown are 
the families of T cell co-stimulatory and immune checkpoint recep-
tors as well as those which affect dendritic cells responsible for T cell 
activation
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Clearly, the evolutionary pressure to control T cell 
immunity and avoid immunity has led to the expansion of 
multiple families of co-stimulatory and co-inhibitory recep-
tors which act to fine-tune immune responses. As tumors 
evolve under immune pressure, they evolve mechanisms 
to locally inactivate T cells through aberrant engage-
ment of these immune checkpoints. Also, to reduce their 
immune visibility they surround themselves with suppres-
sive stromal barriers devoid of T cell co-stimulatory sig-
nals. Numerous checkpoint-blocking and co-stimulatory 
agonist antibodies have already made their way into the 
clinic (Table 1). In addition, advanced preclinical programs 
across multiple companies worldwide promise additional 
agonist antibodies targeting OX-40, 4-1BB, CD40, GITR, 
ICOS, and LIGHT, as well as new co-inhibitory blockers 
aimed at TIM-3, LAG-3, CTLA-4, PD-1, PD-L1, TIGIT, 
and VISTA. The challenge has become to identify the most 
potent combinations which are capable of maximizing ther-
apeutic benefit while minimizing immune-related adverse 
events (IRAE). Here we present examples of how under-
standing of the unique underlying biology of these T cell-
modulating agents informs the assembly of therapeutically 
optimal combination therapies.

Combination blockade of the CTLA‑4 and PD‑1 
pathways

Mice lacking CTLA-4 develop a rapidly progressive 
lymphoproliferative disorder which is fatal within the 
first month of life, emphasizing the indispensable role of 

CTLA-4 regulation in restraining T cell responses [14]. 
PD-1-deficient animals, in contrast, develop a lupus-like 
glomerulonephritis on the C57BL/6 background, but live 
beyond a year of age [15]. On the BALB/C background, 
they manifest antibody-mediated cardiomyopathy that 
claims their lives by 6 months of age [16]. The distinct auto-
immune phenotypes resulting from loss of these immune 
checkpoints demonstrated that the pathways by which they 
restrict T cell responses are largely non-redundant.

As we examined the impact of CTLA-4 blockade on 
T cells infiltrating B16 melanoma tumors, we found that 
both the percentage of effector T cells expressing PD-1 
and the per-cell expression level of PD-1 were significantly 
increased. When we performed the converse experiment, 
we found a similar upregulation of CTLA-4 on tumor-
infiltrating T cells following antibody blockade of PD-1 
[17]. These observations suggested that blockade of either 
of these T cell immune checkpoints alone might transiently 
restore tumor-specific T cell responses; however, if those T 
cells failed to rapidly eliminate the cancer, they might be 
re-tolerized through induction of the other co-inhibitor. We 
thus hypothesized that blockade of both CTLA-4 and PD-1 
might be necessary to achieve immune-mediated rejec-
tion of aggressive, non-immunogenic tumors such as B16 
melanoma.

Combined with an irradiated B16-Flt3 ligand (FVAX) 
vaccine, we found that blockade of either CTLA-4, 
PD-1, or PD-L1 could cure 10–25 % of mice of a moder-
ate challenge of the highly aggressive B16-BL6 clone of 
melanoma. Combination blockade of CTLA-4 and PD-1 
increased the frequency of tumor-free animals to 50  %, 

Table 1   T cell immune 
checkpoint modulating 
antibodies in the clinic

Target Molecule Drug Company Development stage

CTLA-4 Ipilimumab Bristol-Myers Squibb FDA approved

Tremelimumab Medimmune/Astrazeneca Phase III trial

PD-1 Pembrolizumab Merck FDA approved

Nivolumab Bristol-Myers Squibb FDA approved

AMP-514/MEDI0680 Medimmune/Astrazeneca Phase I trial

PD-L1 MPDL3280A Genentech/Roche Phase III trial

MEDI4736 Medimmune/Astrazeneca Phase III trial

MSB0010718C EMD Serono Phase II trial

BMS-936559 Bristol-Myers Squibb Phase I trial

4-1BB Urelumab Bristol-Myers Squibb Phase I trial

PF-05082566 Pfizer Phase I trial

OX-40 MEDI6469 Medimmune/Astrazeneca Phase I trial

MEDI6383 (rOX40L) Medimmune/Astrazeneca Phase I trial

MOXR0916 Genentech/Roche Phase I trial

GITR TRX518 Tolerx Phase I trial

CD27 CDX-1127 Celldex Phase I trial

CD40 CP-870,893 Genentech/Roche Phase I trial

LAG3 BMS-986016 Bristol-Myers Squibb Phase I trial
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and triple co-inhibitory blockade (CTLA-4, PD-1, and 
PD-L1) cured nearly 70 % of the mice [17]. Arlene Sharp 
has described an additional T cell inhibitory interaction 
within the PD-1 circuit consisting of engagement of PD-L1 
expressed on T cells by B7-1 expressed by myeloid cells 
[18]. We hypothesize that the additional efficacy of αPD-L1 
in combination with αPD-1 results from blockade of this 
B7-1/PD-L1 checkpoint. Within the tumor microenviron-
ment, triple co-inhibitory blockade dramatically increased 
the ratios of effector CD8 and CD4 relative to suppressive 
CD4+FoxP3+ regulatory T cells (Treg) relative to untreated 
tumors and to treatment with each monotherapy. These data 
provided a compelling rationale for clinical translation of 
this combination immunotherapy.

Opposing the argument for clinical combination block-
ade of CTLA-4 and PD-1, however, was the reality of IRAE 
associated with these therapies [19]. CTLA-4 blockade 
causes a spectrum of sometimes high grade autoimmune-
like side effects including colitis, hypophysitis, hepatitis, a 
variety of rashes, and others. PD-1 blockade also causes a 
partially overlapping spectrum of IRAE, the most severe of 
which is pneumonitis. Thus, while CTLA-4 and PD-1 elic-
ited IRAE can be managed with steroids and tumor necro-
sis factor alpha (TNF-α)-blocking antibodies, the concern 
was that the combination of the two might elicit IRAE with 
an acute severity which defied management by established 
interventions.

Aided by their own preclinical CTLA-4/PD-1 block-
ade studies performed by Alan Korman and colleagues, 
Bristol-Myers Squibb decided that the potential benefits 
of this combination checkpoint blockade outweighed the 
associated risks. In this Phase I trial, concurrent administra-
tion of the CTLA-4-blocking antibody ipilimumab (3 mg/
kg) and the PD-1-blocking antibody nivolumab (1 mg/kg) 
achieved Response Evaluation Criteria In Solid Tumors 
(RECIST) responses (>30  % tumor volume rejection) in 
53 % of patients suffering from metastatic melanoma [20]. 
As compelling as these responses were, the speed with 
which they occurred (41  % of patients achieved >80  % 
reduction in tumor volume) was unprecedented in compari-
son to CTLA-4 or PD-1 monotherapy in which most clini-
cal responses develop slowly over many months. According 
to the 2008 AJCC Melanoma Staging Database, the 2-year 
survival rate for Stage IV melanoma was under 25 % with 
a <1  % cure rate. In contrast, 88  % of patients receiving 
combination checkpoint blockade in this trial are alive at 
2 years and a substantial percentage are likely permanently 
cured [21]. In contrast to prior studies, this trial yielded 
large cohorts of near-complete responders, partial respond-
ers, and non-responders, making it an ideal patient popu-
lation in which to search for biomarkers associated with 
clinical responsiveness.

The detailed mechanistic studies of CTLA-4 and PD-1 
combination blockade previously performed in mice sug-
gested biomarkers with which to begin assessing responses 
in patients. In mice, increases in CTLA-4/PD-1 dou-
ble-positive effector T cells within the tumor correlated 
with increased therapeutic efficacy and cure rates [17]. 
In an untreated tumor, few effector T cells can be identi-
fied which express both co-inhibitory molecules as these 
are rapidly inactivated and lost. In contrast, when CTLA-
4-, PD-1-, and PD-L1-mediated negative signals are all 
shut down, up to 80  % of CD8 T cells in the tumor are 
CTLA-4/PD-1 positive. One week after combination ipili-
mumab/nivolumab therapy, an increased percentage of 
CTLA-4/PD-1-positive effector T cells becomes apparent 
in patient peripheral blood mononuclear cells (PBMC) and 
can be observed to persist throughout the 12-week moni-
toring period in some patients who experience complete 
responses, while it is lost in many who do not. Further 
studies will be required to determine any predictive signifi-
cance of these changes.

Also, combination CTLA-4 and PD-1 blockade was 
shown in multiple murine models to increase proliferation 
of tumor-infiltrating T cells [17, 22]. Callahan et  al. [23] 
from Memorial Sloan-Kettering Cancer Center discovered 
unprecedented increases in the proliferation of CD4 and 
CD8 effector T cells, measured as Ki67 upregulation, in the 
peripheral blood of patients treated with the ipilimumab/
nivolumab combination as early as 7  days following the 
first combined infusion of antibody. While the capacity of 
ipilimumab to induce proliferation of effector T cells in 
patient PBMC had been previously observed [24], concur-
rent combination-treated patients exhibited frequencies of 
proliferating cells which were as much as tenfold greater 
than those reported for ipilimumab alone (i.e., 1.5–3.5  % 
Ki67+ vs. 15–35  % Ki67+). It remains to be determined 
whether the degrees of proliferation seen in these patients 
predict later outcomes.

Studies from the Sharma laboratory at MD Anderson 
Cancer Center identified sustained expression of ICOS on 
CD4 effector T cells as a positive biomarker of response 
to ipilimumab [25, 26]. Follow-up studies in mice showed 
that ICOS expression is actually functionally correlated 
with the efficacy of CTLA-4 blockade and that overexpres-
sion of ICOS ligand (B7h) could augment tumor immunity 
in the context of checkpoint blockade [27, 28]. In patients 
receiving combination blockade of CTLA-4 and PD-1, 
ICOS levels rose dramatically both in peripheral CD4 
effector T cells and, in contrast to most patients treated 
with monotherapy, in CD8 T cells. ICOS is unusually com-
pelling as a potential biomarker in these studies because 
of its mechanistic association with therapeutic efficacy. In 
addition, multiple therapeutic ICOS agonist antibodies are 
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in clinical development suggesting a possible avenue for 
future combination studies.

Guided by a strong rationale rooted in basic tumor 
immunology data and mechanistic preclinical stud-
ies, blockade of CTLA-4 and PD-1 in combination has 
emerged as a potentially transformative immunotherapy 
for melanoma patients. Studies are ongoing in multiple 
tumor types including renal cell carcinoma, both non-small 
cell and small cell lung cancer, gastric cancer, pancreatic 
adenocarcinoma, colon cancer, triple-negative breast can-
cer, and a variety of hematologic malignancies to assess the 
therapeutic breadth of this potent immunotherapy. While 
the individual IRAE observed in combination-treated mela-
noma patients was no more severe than in patients receiv-
ing ipilimumab or nivolumab alone, the rate of Grade III/
IV adverse events was very high (53  %). Thus, CTLA-4/
PD-1 combination therapy will likely provide an important 
base for developing broadly curative immunotherapy regi-
mens for the future; however, one goal in the field of immu-
notherapy is to identify combination therapies which offer 
similar efficacy but reduced toxicity.

4‑1BB activation and CTLA‑4 blockade: a perfect 
partnership

Activation of the TNF receptor superfamily member 
4-1BB (CD137) on T cells augments tumor-specific T cell 
responses, particularly cytotoxic CD8s, against tumors of 
a variety of lineages [29]. In response to 4-1BB activation, 
T cells significantly elevate interferon gamma (IFN-γ) and 
TNF-α production, proliferate robustly, and demonstrate 
extended survival and memory potential [30]. Early obser-
vations also indicated a capacity of 4-1BB activation to 
elicit higher levels of tumor-specific cytotoxicity; however, 
no detailed mechanism to explain this effect was described 
[31]. In subsequent studies of 4-1BB agonist antibody, we 
found that α4-1BB induced a novel, highly cytotoxic phe-
notype of both CD8 and CD4 T cells driven by the T-box 
transcription factor eomesodermin which we termed ThEO/
TcEO. Compared to Th1-/Tc1-polarized tumor-infiltrating 
T cells, these ThEO/TcEO cells expressed highly elevated 
levels of multiple granzymes, perforin, and Fas ligand and 
killed tumor cells with significantly enhanced potency [32]. 
This capacity of 4-1BB activation to enhance T cell expan-
sion and effector function was counterbalanced, however, 
by the reality that these T cells remained subject to attenu-
ation due to their expression of the co-inhibitory receptors 
CTLA-4 and PD-1.

Multiple groups, including ours, have demonstrated 
cooperative and even synergistic therapeutic benefit to 
combining CTLA-4 blockade with 4-1BB agonist antibody 
for tumor immunotherapy [33–35]. Freed from the confines 

of CTLA-4-mediated attenuation, 4-1BB can promote 
higher levels of proliferation and effector cytokine pro-
duction in tumor-specific T cells which are likely to enjoy 
greatly extended persistence in the tumor microenviron-
ment. Whereas CTLA-4 blockade alone can protect T cells 
from being inactivated, it does little to change their polar-
ity and only modestly increases effector function. In com-
bination, then, CTLA-4 allows unfettered expansion and 
survival in the tumor while 4-1BB drives enhanced effector 
function and promotes a highly tumoricidal polarity in both 
CD4 and CD8 effector T cells. The unique advantage of the 
αCTLA-4/α4-1BB combination, however, extends beyond 
this therapeutic synergy.

In contrast to checkpoint blockade which can worsen 
autoimmunity and engender IRAE, 4-1BB agonist antibod-
ies actually ameliorate autoimmune diseases such as exper-
imental autoimmune encephalomyelitis (EAE) [36]. The 
first insight into the mechanism underlying this paradoxical 
capacity to promote tumor immunity but suppress autoim-
munity was the discovery that 4-1BB agonist antibodies 
suppressed Th17 responses [37]. We later confirmed this 
Th17 suppression and showed that Eomesodermin upregu-
lation in T cells and IL-27 induction in myeloid cells were 
the likely downstream mechanisms mediating this effect 
[32]. Kocak et  al. [35] elegantly demonstrated that auto-
immune suppression by 4-1BB antibodies also extended 
to suppression of autoimmunity elicited by persistent 
CTLA-4 blockade. Knowing the mechanism of α4-1BB-
induced IRAE suppression (i.e., reduction in Th17) in mice 
strongly suggests that, in the clinic, 4-1BB agonist anti-
bodies will also be able to suppress αCTLA-4 toxicity as 
colitis in ipilimumab-treated patients has been linked to 
elevation in serum IL-17 [38]. While inflammatory liver 
IRAE caused by 4-1BB and CD40 agonist antibodies can 
be induced and studied in animal models with kinetics and 
pathology closely mimicking their clinical presentation, the 
autoimmune-like adverse events elicited in disparate tis-
sues by checkpoint blockade cannot be faithfully replicated 
in pathogen-free mice. Measuring anti-dsDNA antibodies 
induced by persistent CTLA-4 blockade as demonstrated 
by Kocak et al. can be used effectively, however, to study 
whether various combinations either exacerbate or amelio-
rate CTLA-4-induced IRAE. More recent mouse models 
using antigen-exposed “pet store” mice or humanized mice 
may prove more capable of modeling the detailed patholo-
gies of clinical IRAE [39].

4-1BB antibodies entered clinical trials before PD-1 and 
PD-L1 antibodies, yet have not advanced much beyond 
Phase I trials while the latter are already reaching FDA 
approval. Unfortunately, treatment with 4-1BB agonist 
antibody causes life-threatening hepatitis in a minority of 
patients which has stalled the progress of these promising 
drugs in trials [40]. Again, Kocak et  al. [35] were among 
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the first to demonstrate liver pathology in α4-1BB-treated 
mice; however, they also showed that co-administration of 
CTLA-4-blocking antibody substantially ameliorated this 
hepatitis. Remarkably then, α4-1BB blocks the autoim-
munity elicited by CTLA-4 blockade, and αCTLA-4 dra-
matically reduces the hepatitis resulting from 4-1BB ago-
nist antibody treatment.

Evidence continues to accumulate in preclinical mod-
els that 4-1BB agonist and CTLA-4-blocking antibodies, 
when given in combination, not only synergize thera-
peutically in promoting immune-mediated tumor rejec-
tion, but also reduce or eliminate one another’s adverse 
events. In patients, this combination has the potential to 
increase efficacy across a variety of malignancies rela-
tive to either antibody alone, allow these antibodies to 
be administered at higher doses than are currently pos-
sible, reduce or eliminate IRAE associated with therapy 
relative to each monotherapy, and expand the pool of 
patients eligible to receive and remain on immunother-
apy for their disease.

Outside of the box: checkpoint blockade and other 
therapies

Antibodies that modulate the activity of tumor-specific T 
cells by blocking co-inhibitory or activating co-stimulatory 
receptors have ushered in a new era of cancer therapy. In 
contrast to chemotherapy or targeted therapies, immuno-
therapy has demonstrated the capacity to truly cure dissem-
inated solid tumors and ward against their return, albeit in 
a minority of patients (Fig. 2a). Moving forward, the over-
arching goal is to find combination therapies which allow 
a greater percentage of patients suffering from a broader 
range of malignancies to experience durable, anti-tumor 
immunity. While this article focuses on the identification 
of optimal combinations of immune checkpoint antibodies, 
combinations of these with other types of interventions will 
be necessary to substantially extend the efficacy of immu-
notherapy (Fig. 2b).

It is important to realize that checkpoint blockade does 
not create tumor-specific T cell responses out of nothing. 
In a patient who is completely immunologically ignorant 
of their tumor, CTLA-4 and/or PD-1 blockade will do very 
little to foster tumor rejection. In addition to its capac-
ity to protect effector T cells from attenuation by CTLA-4 
engagement, CTLA-4 blockade can also enhance T cell 
priming. While one study demonstrated the capacity of 
CTLA-4 blockade to elevate undetectable T cell responses 
against a variety of melanoma tissue-specific and cancer-
testis antigens to measurable levels, the patients studied 
were a selected subset with likely preexisting immune 
recognition of their tumors [41]. The Gajewski laboratory 
at the University of Chicago has shown that only restora-
tion of antigen presentation, not checkpoint blockade, can 
restore tumor-specific T cell responses to entirely unrecog-
nized, non-infiltrated melanomas [42]. Also, it is becoming 
increasingly clear that the relevant T cell responses that are 
targeted by checkpoint blockade to mediate tumor rejection 
are specific to mutated proteins individual to each patient’s 
tumor [43, 44]. It has also been theorized that the relative 
fraction of a patient’s active T cells which recognize the 
tumor versus other antigens will reflect in the extent that 
patient experiences tumor regression versus IRAE when 
given checkpoint blockade. In this context, therapeutic 
interventions which increase the abundance of tumor-
specific T cells are likely to synergize with checkpoint 
blockade and/or co-stimulatory agonist antibody therapy 
and may even lower the incidence of IRAE. Some tradi-
tional chemotherapies and some targeted therapies which 
cause tumor cells to die in an immunologic context could 
certainly play this role. Also, vaccines which augment the 
frequency of tumor-specific T cells could provide a fertile 
base of effectors for checkpoint blockade to expand and 
protect as they engage the tumor. Finally, adoptive transfer 
of large numbers of tumor-specific T cells, whether they be 
expanded TIL, chimeric antigen receptor (CAR)-transduced 
T cells, or expanded, tumor-specific PBMC, may prove the 
most potent partner for combination immunotherapy. In 
this latter incidence, however, caution must be exercised to 

Fig. 2   Strategies for immune checkpoint combinations. a Shown is 
the current goal of the field of immunotherapy to increase the per-
centage of patients experiencing durable, complete responses through 

combination therapy approaches. b Different classes of therapeutic 
approaches which have synergistic potential for future combination 
immunotherapies are depicted
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avoid exacerbating existing toxicities associated with these 
approaches such as cytokine release syndrome.

Even when high-potency, tumor-specific T cell responses 
can be mobilized in the periphery, they provide little thera-
peutic benefit if they either are excluded from entry into 
the tumor or prove incapable of survival in the face of the 
hostile metabolic nature of the microenvironment. Here, 
drugs which modulate angiogenesis in order to facilitate 
T cell entry into the tumor stroma will likely prove to be 
synergistic partners for immunotherapy. Also, drugs which 
combat hypoxia and its associated tumor-promoting sign-
aling would also be of potential benefit when combined 
with checkpoint blockade. The web of suppressive myeloid 
cells which dominate in most tumors also presents a formi-
dable barrier to T cell-driven immunotherapy. Agents such 
as colony stimulating factor 1 receptor (CSF1R) inhibitors 
and antibodies which diminish this burden will likely dem-
onstrate synergistic benefit in combination with checkpoint 
blockade.

The potent immunotherapeutic combinations discussed 
here provide illustrative examples of how basic tumor 
immunology and preclinical studies of individual agents in 
mice can reveal optimal immunotherapy combinations for 
translation into the clinic. By pursuing combinations within 
and without the field of T cell immunotherapy, there is 
hope that more and more patients will experience the thera-
peutic impact which these agents have had in the treatment 
of metastatic melanoma.
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