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Abstract

Inhibitory receptors expressed on T cells control immune responses while limiting autoimmunity. 

However, tumors can hijack these ‘checkpoints’ for protection from immune attack. Tumor-

specific T cells that exhibit an exhausted, unresponsive phenotype express high levels of inhibitory 

receptors including CTLA4, PD1 and LAG3, among others. Intratumoral regulatory T cells 

promote immunosuppression and also express multiple inhibitory receptors. Overcoming this 

inhibitory receptor-mediated immune tolerance has thus been a major focus of recent cancer 

immunotherapeutic developments. Here, we review how boosting the host’s immune system by 

blocking inhibitory receptor signaling with antagonistic monoclonal antibodies restores the 

capacity of T cells to drive durable antitumor immune responses. Clinical trials targeting the 

CTLA4 and PD1 pathways have shown durable effects in multiple tumor types. Many 

combinatorial therapies are currently being investigated with encouraging results that highlight 

enhanced antitumor immunogenicity and improved patient survival. Finally, we will discuss the 

ongoing identification and dissection of novel T-cell inhibitory receptor pathways, which could 

lead to the development of new combinatorial therapeutic approaches.
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Introduction

Two signals are required to initiate an adaptive immune response by T cells: antigen 

recognition by the T-cell receptor (TCR) and costimulation via an array of receptors 

interacting with cognate ligands on antigen presenting cells (APCs). Under homeostatic 

conditions, signaling via inhibitory receptors (IRs) is necessary to balance costimulatory 

receptor activity to ensure a measured response that, without control, would result in 

exacerbated activation and autoimmunity. However, during cancer progression, tumor-
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specific T cells have been shown to display increased, chronic expression of multiple IRs, 

including, but not exclusive to, PD1, LAG3 and TIM3, which causes their functional 

exhaustion and unresponsiveness [1, 2]. These exhausted CD8+ tumor-infiltrating 

lymphocytes (TILs) fail to proliferate in response to antigen and lack critical effector 

functions such as cytotoxicity and cytokine secretion. The resulting immune tolerance 

creates multiple barriers to tumor elimination, including regulatory T (Treg) cell infiltration 

into the tumor, coinhibitory signaling via IRs, and release of suppressive cytokines such as 

IL-10, TGF-β and IL-35 [3, 4].

Recent immunotherapeutic advances have aimed to target IRs to reverse the exhausted state, 

re-invigorate T cells and promote antitumor immunity. Substantive, early success has been 

achieved with monoclonal antibodies (mAbs) blocking signaling through IRs such as 

CTLA4 and PD1, leading to cancer immunotherapy being highlighted as the “Breakthrough 

of the Year” in 2013 [5]. Although impressive objective response rates (defined as the 

percentage of patients whose tumor burden shrinks or disappears following treatment) for 

both CTLA4- and PD1/PDL1-targeted monotherapies have been observed in multiple tumor 

types, it was the durable responses seen with PD1 blockade in lung cancer patients that have 

substantially increased interest in this class of immunotherapeutics [6, 7]. Multiple IRs are 

expressed on TILs, rather than the tumor cells [8, 9], suggesting that targeted, combinatorial 

mAb blockade may provide improved clinical benefit compared with that of “conventional” 

treatments, such as chemotherapy and radiation, with reduced hypersensitivity reactions 

reported [10].

This review will focus mainly on CTLA4, PD1 and LAG3 (Figure 1); three IRs for which 

blocking mAbs have been approved or are in clinical trials for the treatment of various 

cancer types. Importantly, clinical trials are ongoing or in development to determine the 

optimal combinations of immunotherapeutics with or without the inclusion of 

chemotherapeutic modalities such as gemcitabine/cisplatin and/or radiotherapy for the 

treatment of a large number of tumor types. Additional IRs and their cognate ligands that 

have shown potential in preclinical tumor models will also be discussed as potential 

therapeutic targets. Other novel immunotherapeutic approaches not covered here include 

agonist mAbs targeting costimulatory molecules such as 4-1BB, OX40 and CD40 (reviewed 

in [11]); blocking or depleting mAbs targeting inhibitory populations, such as Treg cells and 

MDSCs (reviewed in [12]); adoptive T-cell therapies using either patient-derived, tumor 

antigen-expanded T cells or lentivirus-transduced T cells expressing chimeric antigen 

receptors (CARs) (reviewed in [13]); and vaccination using genetically-modified dendritic 

cells (DCs) presenting tumor-restricted epitopes (reviewed in [14]). Lastly, this review will 

address some of the remaining critical questions and the challenges ahead in deriving the 

optimal combinatorial therapies for cancer.

Cytotoxic T-Lymphocyte Antigen 4 (CTLA4/CD152)

CTLA4 is an immunoglobulin superfamily member (IgSF) IR that is upregulated on 

activated T cells, and is constitutively expressed on Treg cells, playing a central role in 

maintaining cell-intrinsic immune control and peripheral tolerance (reviewed in [15]). 

Multiple cell-extrinsic mechanisms have been proposed for CTLA4, although controversy 
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remains. In conventional T cells, CTLA4 has been proposed to induce T-cell motility [16, 

17]. CTLA4 overrides a stop signal induced by TCR ligation that would otherwise allow an 

immunological synapse between T cells and DCs to form [16]. Failure of CTLA4+ T cells to 

perform such prolonged interactions with APCs was shown by in vivo imaging studies, thus 

modulating T-cell activation [16]. Another mechanism which limits T-cell activation is 

exhibited by CTLA4-expressing Treg cells, which have been shown to downregulate 

CD80/86 on APCs, a process which can be reversed by addition of anti-CTLA4 mAb [18, 

19]. It has also been suggested that CTLA4 can bind and remove these ligands by a trans-

endocytosis mechanism [20].

Early studies showed that CTLA4 blockade in murine melanoma models resulted in tumor 

regression, demonstrating the potential of IR modulation as an immunotherapeutic approach 

[21]. CTLA4 was the first IR to be targeted clinically for cancer therapy with Ipilimumab, a 

fully human IgG1 mAb [22]. Ipilimumab thus releases antitumor effector T cells from 

CTLA4-mediated inhibition, although the mechanism of action remains unclear. It has been 

suggested that Ipilimumab mediates FcγR-mediated depletion of Treg cells within the tumor, 

although this remains controversial [23]. It is also worth noting that Tremelimumab, another 

CTLA-4 mAb that has a different isotype which does not bind FcγR, has similar therapeutic 

efficacy [24]. In 2011, Ipilimumab was approved in the USA and Europe for the treatment of 

patients with advanced (Stage III/IV) melanoma [22]. This followed a randomized, 

controlled phase III trial in which the mAb was administered as a monotherapy or with a 

well-utilized glycoprotein 100 (gp100) peptide vaccine, derived from melanoma in order to 

elicit T-cell-mediated immune responses [25]. Patients receiving both Ipilimumab and gp100 

showed a median objective survival (OS) of 10.0 months compared with 6.4 months in 

patients receiving gp100 alone [25]. In this trial, the median OS of patients receiving 

Ipilimumab as a monotherapy was 10.1 months, suggesting that Ipilimumab efficacy was not 

enhanced by the addition of the vaccine. Another large randomized phase III trial showed 

that Ipilimumab administered with dacarbazine, an anti-neoplastic chemotherapy drug acting 

as an alkylating agent, enhanced overall survival of previously untreated melanoma patients 

compared with dacarbazine treatment alone – with median OS rates of 11.2 and 9.1 months, 

respectively [26].

Ipilimumab was the first blocking mAb found to cause significant regression of metastatic 

melanoma, with an overall long-term (3 year) survival rate of 21% and impressive results, 

including complete remission, observed in some patients [27, 28]. However, many immune-

related, grade 4 adverse events (defined as life-threatening) were reported to occur following 

anti-CTLA4 mAb administration, particularly gastrointestinal tract-related complications 

[29]. This may be due to the high frequency of CTLA4+ Treg cells present at mucosal sites 

[30]. Adverse events ranged from mild to moderate with the potential to be life-threatening; 

however, the severity of these side effects was inversely related to patient surveillance and 

most were treatable and reversible if detected early. Primary side effects included rash (20% 

of patients), colitis (15%) and thyroiditis (2–5%) [25, 26]. As pre-metastatic solid 

malignancies are generally spatially restricted, it might be beneficial to target IRs that are 

preferentially expressed on TILs, such as PD1 or LAG3, rather than peripheral T-cell 

subsets, in an attempt to limit toxicity.
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Clinical evaluation of Ipilimumab is ongoing in prostate, pancreatic, non-small cell lung 

cancer (NSCLC), small cell lung cancer (SCLC), gastric and ovarian cancers. There are 

currently over 200 Ipilimumab-containing clinical trials (Phase I-III) (see clinicaltrials.gov), 

with many of these combining conventional chemotherapy or radiation with anti-CTLA4 

blockade. Other trials combining Ipilimumab with mAbs targeting additional IRs will be 

discussed in detail below.

Tremelimumab is another fully humanized anti-CTLA4 mAb but has an IgG2 isotype [24]. 

Phase I/II trials determined that this mAb was safe and that it had antitumor activity against 

melanoma as a monotherapy or in combination with other agents, with a proportion of 

patients showing tumor remission. However, in a recent Phase III trial, Tremelimumab failed 

to statistically improve overall survival of late-stage melanoma patients compared with 

dacarbazine alone [24]. Nonetheless, 20.7% of patients receiving Tremelimumab alone 

survived for at least 3 years, which is almost identical to the observations of patients 

receiving Ipilimumab (20.8%). Administration of Tremelimumab thus shows activity as a 

monotherapy and trials for treatment of malignant mesothelioma and NSCLC in 

combination with an anti-EGFR inhibitor (Gefitinib) are being initiated.

In a murine model of melanoma, anti-CTLA4-driven depletion of tumor-infiltrating Treg 

cells was shown to be FcγRIV-dependent associated with FcγR-expressing macrophages 

that are highly infiltrated within the tumor microenvironment [23]. However, FcγRIV does 

not exist in humans, which challenges the translational implications of these findings [31]. 

Moreover, although only mouse IgG2a and IgG2b anti-CTLA4 mAb isotypes bind to 

FcγRIV to mediate Treg-cell depletion (and mouse IgG1 does not), human IgG1 mAbs (i.e. 

Ipilimumab) do bind to FcyRs at a higher affinity than human IgG2 mAbs (i.e. 

Tremelimumab). This would suggest that Ipilimumab may mediate a more potent FcγR-

dependent Treg-cell depletion by antibody-dependent cellular cytotoxicity (ADCC), however 

this has not been observed in pre-clinical trials [32, 33]. Although further investigation into 

the mechanism of action of anti-CTLA4 is required, as well as the fact that Ipilimumab and 

Tremelimumab remain to be formally tested side-by-side, differences in activity may be due 

to isotype and FcγR-mediated ADCC of Treg cells.

Finally, there are currently no biomarkers to predict whether patients will respond to anti-

CTLA4 treatment, although significant increases in Foxp3 and indoleamine 2,3-dioxygenase 

(IDO) expression in the tumor environment have been shown to correlate with improved 

clinical outcomes [34]. However, Treg cells utilize IDO as another immunosuppressive 

mechanism and expression of IDO has been shown to attenuate the efficacy of anti-CTLA4 

monotherapy in mice [35].

Programmed Death-1 (PD1/CD279)

PD1 is constitutively expressed on Treg cells and is induced, upon activation, on effector T 

cells, NK cells, NKT cells and B cells [36]. Enhanced PD1 coexpression with other IRs has 

been observed on CD8+ and CD4+ TILs, correlating with antigen unresponsiveness and 

gradual loss of function including decreased cytokine secretion, proliferation and cytolytic 

capacity [2]. PD1 has previously been shown to be overexpressed on exhausted CD8+ T 
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cells, compared with functional effector and memory T cells, during chronic lymphocytic 

choriomeningitis virus (LCMV) clone 13 infection, and it was in this model that the 

functional and phenotypic relevance of PD1-mediated T-cell exhaustion was established 

[37].

PDL1 (B7-H1/CD274) is the major PD1 ligand, and is constitutively expressed on T cellsT 

cellsT cells, B-cells, DCs, macrophages and a wide variety of non-hematopoietic cell types 

[36, 38]. PDL1 can be found on several solid tumor types (gastric, breast, pancreatic, 

ovarian, lung, prostate, malignant melanoma) and on myeloid cells infiltrating the tumor 

microenvironment, with expression associated with poor prognosis for melanoma, breast and 

ovarian cancer [39–42]. The minor ligand, PDL2 (B7-H2/CD273), exhibits restricted 

expression on DCs and macrophages, as well as in leukemia and B-cell lymphomas [36].

Although initial studies suggested that PDL1 and PDL2 costimulated T cells [43], further 

studies found that ligation with PD1 rather coinhibits pre-activated T cells by suppressing 

TCR signaling through recruitment of Src homology 2 (SH2) domain-containing protein 

tyrosine phosphatase (SHP)-1 and SHP-2 [44]. SHP-1 and SHP-2 decrease the 

phosphorylation status of CD3ζ chain immunoreceptor tyrosine-based activation motifs 

(ITAMs), attenuating ZAP-70 activation and inhibiting downstream signaling and T-cell 

activation [45].

Pembrolizumab (formerly known as Lambrolizumab/MK-3475) is a fully humanized anti-

PD1 IgG4 mAb that obtained FDA approval in September 2014 for the treatment of patients 

with metastatic melanoma in the USA [46]. Pembrolizumab has also shown promising 

activity and tolerability in studies of advanced NSCLC, melanoma, and head and neck 

cancer [47–49]. In a Phase 1b trial, 37% of patients with advanced melanoma had objective 

response rates to Pembrolizumab treatment [47]. Moreover, 38% of patients who were 

previously non-responsive to Ipilimumab responded to Pembrolizumab, suggesting that 

patients who fail one form of IR blockade may be amenable to another IR-blocking mAb 

therapy [47]. Results from a recent randomized trial reported that treatment with 

Pembrolizumab gave prolonged overall and progression-free survival in patients with 

advanced melanoma compared with Ipilimumab, suggesting that anti-PD1 blockade is 

superior to targeting CTLA4 [50]. Moreover, only low-grade toxicities were reported with 

Pembrolizumab including fatigue, rash and diarrhea.

Nivolumab was the second fully human IgG4 anti-PD1 mAb to be approved in the USA (in 

December 2014), which has shown efficacy in targeting multiple cancer types including 

NSCLC, melanoma and renal cell carcinoma (RCC), with reports of rapid and durable tumor 

regression in some patients [6]. In a Phase III clinical trial of patients with advanced 

melanoma receiving Nivolumab, objective responses were seen in 31% of patients with 

tumor shrinkage of at least 30% [6]. Of those that did respond, 45% demonstrated rapid 

tumor regression at 8 weeks and 71% maintained anticancer responses of tumor regression 

for at least 16 weeks after the drug was discontinued [51]. Striking results have also been 

achieved with Nivolumab in pretreated patients with Hodgkin’s lymphoma [52]. Objective 

response rates occurred in 20 out of 23 patients (87%), including four (17%) with a 

complete response and 16 (70%) with a partial response. Like Pembrolizumab, Nivolumab 
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only induced low-grade mild and moderate side effects; however, these were not cumulative 

as observed in the patients that remained on the drug for longer [6]. In fact, severity of 

adverse event rates have been shown to decline for unknown reasons; an encouraging 

scenario for prolonged or combinatorial therapies targeting PD1 [6]. Overall, consistent 

activity is achieved with anti-PD1 mAbs currently in clinical trials with a broad spectrum of 

different cancers responsive to PD1 blockade.

Antibodies targeting PD1’s dominant ligand have also been developed with similar clinical 

observations. For instance, the PDL1 mAb MPDL3280A, a fully human IgG1 mAb that 

inhibits PDL1 binding to both PD1 and CD80, has shown efficacy in clinical trials. This 

mAb contains an engineered Fc domain to minimize antibody-dependent cell-mediated 

cytotoxicity (ADCC) and improve safety. In a Phase I study, patients with previously-treated 

metastatic urothelial bladder cancer, with tumors identified as PDL1-positive, showed a 52% 

response rate after 12 weeks [53]. Adverse events were low-grade effects including fatigue 

and nausea, with no evidence of renal toxicity. Durable response rates were also observed in 

melanoma patients, so MPDL3280A was granted a Breakthrough Therapy designation by 

the FDA. Further study of MPDL3280A is continuing in patients with advanced RCC or 

NSCLC [54, 55]. Trials with Avelumab, another fully humanized IgG1 anti-PD1 mAb, are 

also being initiated for efficacy and safety in patients with metastatic Merkel cell carcinoma 

[56].

PD1, like other IRs, functions as a negative regulator of effector T-cell responses to prevent 

immunopathological damage by overactive effector T cells. If a tumor expresses PDL1, 

PD1-mediated signaling represses T-cell responses. T-cell effector function can thus be 

rejuvenated when PD1/PDL1 ligation is blocked. Tumors, such as melanoma, have been 

shown to constitutively express PDL1 as an innate resistance mechanism, which inversely 

correlates with disease prognosis [57, 58]. However, PDL1 expression can also be induced 

by IFN-γ, which is produced as part of the ongoing adaptive immune response against the 

tumor [59]. The caveat is that PDL1 expression induced in this manner may be indicative of 

improved survival as PDL1 expression, when associated with TIL infiltration, correlates 

with prolonged OS in metastatic melanoma [60].

Nevertheless, PDL1 expression on tumors is the strongest predictive biomarker to identify 

patients that may be most responsive to anti-PD1/PDL1 immunotherapy [61]. However, in 

other studies, some patients identified as PDL1-negative did respond to anti-PD1/PDL1 

mAb therapy, suggesting against the stratification of patients based solely on PDL1 

expression [6]. It is not clear whether PDL1-negative patients respond to anti-PD1 due to 

misdiagnosis of their PDL1 expression (due to assay insensitivity, heterogeneous expression, 

etc.), or if PD1:ligand interactions with APCs are sufficient to mediate T-cell exhaustion 

[57]. Sensitivity and specificity of PDL1 detection varies between assay types, assay 

suppliers, and staining protocols. Although the use of PDL1 as a predictive biomarker is 

appealing, there are a number of pitfalls and concerns with the assays used to detect PDL1 

expression and further studies to evaluate its usefulness are ongoing.
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Lymphocyte Activation Gene 3 (LAG3/CD223)

LAG3 is an IR that is structurally similar to CD4; it contains four Ig-like domains and binds 

to MHC class II molecules, but with greater affinity than CD4. Like PD1, LAG3 has a broad 

expression profile and is constitutively expressed on Treg cells and induced on activated T 

cellsT cellsT cells and NK cells [62–64]. Unlike PD1, which is expressed on myeloid DCs, 

LAG3 is expressed by plasmacytoid DCs [65]. LAG3 has been shown to negatively regulate 

T-cell activation and proliferation, homeostatic expansion and to control the size of the 

memory T-cell pool in mice [66, 67]. However, its mechanism of action remains unknown. 

LAG3 lacks common inhibitory motifs, although a KIEELE motif in the cytoplasmic tail 

appears to be required for its inhibitory function [68]. LAG3 function also appears to be 

regulated by cell surface cleavage by ADAM10 and ADAM17 disintegrin/metalloproteases, 

although soluble LAG3 appears to have no biological function in mice [69, 70]. Lastly, 

LAG3 is required for maximal suppressive activity of both thymus-derived and peripherally-

derived Treg cells [62, 67].

LAG3 has been shown to be coexpressed on TILs with other IRs, including PD1, and is 

indicative of a highly exhausted T-cell phenotype [71]. Increased expression of LAG3, 

coexpressed with PD1, was also found to correlate with CD8+ TIL dysfunction in patient 

tumor samples, and so clinical trials with a LAG3 mAb (BMS-986016) started in 2013 

which should provide some initial insight into the potential utility of LAG3 blockade. [72].

Combinational therapies with mAbs targeting CTLA4, PD1 and LAG3

Although CTLA4 or PD1/PDL1 blockade as a monotherapy has shown impressive tumor 

regression in a proportion of patients, the overall long-term survival rate needs to improve. 

While it is widely recognized that combinatorial immunotherapy is likely to yield significant 

improvement, there is substantial debate over the optimal combination of 

immunotherapeutic modalities. It is generally perceived that greater efficacy may be 

obtained by combining modalities that target distinct pathways and/or cell types. As anti-

CTLA4 has been shown to target the interface between T cells and DCs (by blocking 

CTLA4:CD80/86 interactions) and as anti-PD1 can also interfere with interactions between 

the tumor and TILs (by blocking PD1:PDL1 ligation, expressed on tumor cells) it was 

suggested that combined targeting of these two pathways might be efficacious. Indeed, 

studies in murine tumor models had previously revealed a synergistic impact on tumor 

growth with a combination of PD1 and CTLA4 mAbs, resulting in complete B16 tumor 

regression in a high percentage of mice [73].

A Phase I clinical trial with CTLA4-targeting Ipilimumab plus PD1-targeting Nivolumab 

was conducted in patients with metastatic melanoma [74]. A rapid and durable regression of 

target lesions was seen with the combination, with the majority of patients responding to 

treatment showing tumor regression at the initial tumor assessment. The objective response 

rate for concurrent Ipilimumab and Nivolumab immunotherapy in this study was 40%, much 

greater than either monotherapy [74]. Combined Ipilimumab/Nivolumab therapy also 

affected an increased frequency of Ki67+ CD4+ and CD8+ T cells in the circulation, which is 

indicative of enhanced cellular proliferation [75]. The majority of patients (62%) 
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experienced some side effects by definition. However, the most common were increases of 

serum amylase and lipase, although these patients were generally asymptomatic and did not 

show signs of pancreatitis, suggesting that these are laboratory anomalies [76]. However, 

~23% of patients did have to discontinue treatment due to adverse side effects, including one 

death due to multi-organ failure following an initial event of colitis related to the treatment. 

Thus, while efficacy can be enhanced by combining immunotherapies, the possibility of 

increased side effects looms large.

Additional clinical trials combining Ipilimumab and Nivolumab are underway. For instance, 

combined Ipilimumab and Nivolumab treatment of RCC patients has thus far reported 

higher objective response rates than either monotherapy [77]. In another example, the initial 

Phase I safety assessment of the LAG3 mAb, BMS-986016, is patterned on an innovative 

trial design in which an additional arm combining BMS-986016 with Nivolumab is 

included; data on the efficacy of this combination will start to accrue once safety and dose 

tolerability has been determined. This combination is interesting given promising preclinical 

data in the MC38 murine tumor model, in which dual blockade with anti-PD1 and LAG3 

mAbs synergistically limited tumor growth and led to complete tumor clearance in 80% of 

mice, compared with 40% tumor clearance with anti-PD1 blockade alone [71]. Synergistic 

cooperation between blockades of PD1 and LAG3 in controlling tumor growth is also 

supported by observations in PD1/LAG3-deficient mice, which were able to clear high doses 

of B16 and MC38 transplantable tumors, with only delayed tumor growth displayed in the 

respective single knockout mice [71].

Clinical trials combining multiple mAbs against IRs as a cancer therapy strategy are 

summarized in Table 1, but in addition there are a large number of studies ongoing in which 

checkpoint inhibition is being combined with other immunomodulatory approaches. For 

instance, several studies combining CTLA4 blockade with therapeutic vaccines are being 

assessed. Examples include Ipilimumab administered with the gp100 vaccine in advanced 

melanoma [25], or granulocyte macrophage-colony stimulating factor (GM-CSF) gene-

transfected cell vaccine (GVAX) in pancreatic or prostate cancer, which is known to enhance 

tumor immunogenicity by promoting the differentiation and activation of macrophages and 

DCs [78, 79]. In a randomized Phase Ib trial, combinational Ipilimumab and GVAX 

treatment afforded no enhancement in progression-free survival compared with Ipilimumab 

alone, but there was an improvement in overall survival [80]. Interestingly, the toxic effects 

of Ipilimumab were reduced in patients receiving the Ipilimumab/GVAX combination 

compared with Ipilimumab alone [80]. Reduced toxicity was mainly in the pulmonary and 

gastrointestinal tracts. This may be explained by studies in which GM-CSF-deficient mice 

develop colitis and pulmonary disorders, which can be prevented by administration of GM-

CSF to accelerate mucosal repair [81, 82].

Neoantigens are formed by peptides that are completely absent from the normal human 

genome, arising from tumor-specific mutations. Recent evidence suggests that IR checkpoint 

blockade may be most effective in patients with tumors that harbor a high mutational rate, 

which provides newly generated targets for enhanced immune recognition and clearance. 

Indeed, this was shown in a recent genome exome analysis study that selected 25 patients 

who had been previously treated with Ipilimumab [83, 84]. Patients that showed a long-term 
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benefit from Ipilimumab therapy had a greater mutational burden compared with non-/

minimal-responders. Although a strong correlation exists between high mutational burdens 

and response to Ipilimumab therapy, there were also patients with a high mutational load 

that did not respond to Ipilimumab treatment [83, 84]. Nevertheless, this allows candidate 

antigens to be discovered to understand the molecular determinants for responsiveness in the 

neoantigen landscape. Similarly, whole-genome sequencing of NSCLC patients treated with 

Pembrolizumab was performed, which also showed that a higher nonsynomynous 

mutational burden in tumors associated with improved objective responses [85]. For patients 

harboring few or no immunogenic mutations, oncolytic viruses such as Newcastle Disease 

Virus (NDV) could be utilized to induce mutagenesis. NDV does not integrate into the 

human genome and humans do not have pre-existing immunity to the virus [86]. NDV 

readily infects the majority of cancer cells due to the ubiquitous expression of its receptor 

(sialic acid) and thus infectivity is highly restricted to cancer cells. In mice, combining NDV 

administration with anti-CTLA4 was shown to enhance rejection of bilateral tumors and 

improved long-term survival, suggesting that NDV combined with Ipilimumab treatment 

could enhance efficacy in melanoma patients [87].

Other Inhibitory Receptor Targets

While current clinical trials are focusing on CTLA4, PD1 and LAG3, there is a substantial 

pipeline of additional inhibitory molecules that are being assessed for their potential utility 

as immunotherapeutic targets. A few are discussed briefly here.

T-cell immunoglobulin- and mucin-domain-containing molecule-3 (TIM3/

CD366)

TIM3, an IR identified in 2002, is found on CD4+ Th1, CD8+ CTLs, and upregulated on T 

cellsT cells expressing IFN-γ [88]. TIM3 is constitutively expressed on murine Treg cells 

but is only induced upon activation on human Treg cells. TIM3+ Treg cells express higher 

levels of Foxp3 and CTLA4, marking a highly suppressive population compared with 

TIM3− Treg cells [89]. Furthermore TIM3 has been found on functionally exhausted cells in 

both cancer patients (melanoma, NSCLC, follicular B-cell non-Hodgkin’s lymphoma) and 

in preclinical murine tumor models [90–93]. TIM3 is coexpressed with other IRs, most 

notably PD1, identifying the “most exhausted” population of CD8+ T cells within the tumor, 

which fail to proliferate and produce IL-2, TNF and IFN-γ [94]. Blockade of these IRs can 

restore ex vivo T-cell function while enhancing antitumor responses [91, 94]. Combined 

blockade of the TIM3 and PD1 pathways in mice with acute myelogenous leukemia (AML) 

enhances survival and is more effective than PD1 blockade alone [95]. The inhibitory 

function of TIM3 has been recently shown to be controlled by interaction with 

carcinoembryonic antigen adhesion molecule 1 (CEACAM1) [96]. Targeting both TIM3 and 

CEACAM1 was more effective in delaying tumor growth in a mouse model of colorectal 

cancer compared with targeting TIM3 alone. TIM3 is also highly expressed on NK cells 

isolated from melanoma patients, in which overexpression correlated with late stage of 

disease and poor prognosis [97]. TIM3+ NK cells were shown to be functionally impaired, 

with reduced proliferative capacity and cytotoxicity, as well as defects in cytokine 
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production, compared with NK cells isolated from healthy patients [97]. Like with CD8+ T 

cells, in vitro antibody blockade of TIM3 led to the reversal of this exhausted phenotype, 

enhancing proliferation and NK-cell cytotoxicity [97]. Finally, TIM3 was recently shown to 

be upregulated on tumor-infiltrating DCs in murine and human tumors [98]. It is speculated 

that anti-TIM3 blockade could promote pro-inflammatory cytokines from tumor-associated 

DCs in order to prime antitumor immunity.

There are currently no ongoing clinical trials involving blockade of TIM3; however, given its 

expression pattern and the exciting preclinical data, TIM3 is an attractive target for future 

cancer immunotherapy approaches.

CD200

CD200 is a broadly-expressed membrane glycoprotein found on thymocytes, activated T 

cells, B cells and DCs as well as on vascular endothelial cells, CNS neurons and in the eye 

[99, 100]. It serves as a stem cell marker for the hair follicle and various pluripotent stem 

cell types. CD200 also marks a population of squamous cell carcinoma with stem cell-like 

properties and increased tumorigenic potential [101]. It is overexpressed on melanoma, B-

cell chronic lymphocytic leukemia (CLL) and hairy cell leukemia as well as colon, breast, 

brain and prostate cancers [102]. Its expression acts as a poor prognostic indicator in acute 

myeloid leukemia and multiple myeloma [100, 103, 104].

CD200 binds specifically to its receptor, CD200R, an IgSF IR expressed on myeloid cells 

such as granulocytes, macrophages, mast cells and DCs, as well as T cells, B cells and NK 

cells. CD200R ligation regulates Treg-cell induction and macrophage activation as well as 

mast cell degranulation and cytokine production in both humans and mice [105]. While 

inhibition of T-cell effector activity by CD200:CD200R signaling has been largely studied in 

vitro, expression of CD200 on tumor cells has been shown to directly inhibit NK-cell 

cytotoxic and cytokine-producing activity [103].

Multiple studies have explored the manipulation of the CD200/CD200R pathway in mice 

using blocking antibodies or genetic modification. While transgenic tumor cells 

overexpressing CD200 grew more aggressively, blockade of CD200:CD200R signaling led 

to decreased tumor metastases and increased cytotoxic CD8+ T-cell responses in the 

transplantable EMT6 breast cancer model [106], suggesting that the CD200:CD200R axis 

may be a viable therapeutic target in cancer.

T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory 

domain (TIGIT)

TIGIT, like many previously-discussed IRs, is expressed on regulatory, memory and 

activated T cells as well as NK cells. In particular, TIGIT is expressed on both human and 

mouse TILs, and co-blockade of TIGIT with PDL1 enhances T-cell effector function, 

alleviating T-cell exhaustion in both murine tumor and viral models. Co-blockade was 

shown to synergistically mediate a CD8+ T-cell-dependent rejection of the CT26 tumor, 

which was more efficacious than targeting PDL1 alone [107].
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TIGIT binds the poliovirus receptor (PVR/CD155) on DCs and CD112 which is expressed 

on tumor cells [108, 109]. Ligation of TIGIT with CD155 leads to increased IL-10 and 

decreased IL-12 production by DCs, which in turn inhibits T-cell activation and proliferation 

[108]. CD226 also binds to CD155 in humans but delivers a costimulatory signal, inducing 

T-bet and IFN-γ production. However, TIGIT competes with CD226 to bind to CD155 and 

therefore exerts a coinhibitory effect [110]. In melanoma patients, TIGIT coexpresses with 

PD1 on CD8+ TILs, although there was a reduction of CD226 expression, suggesting this 

TIGIT/CD226 imbalance also occurs in humans [111].

In both mice and humans, TIGIT has recently been shown to mark a highly active subset of 

Treg cells producing fibrinogen-like protein 2 (Fgl2), which specifically suppress Th1-cell 

and Th17-cell, but not Th2-cell differentiation and responses [112]. Signaling through 

TIGIT on T cells and NK cells results in a strong inhibition of proliferation and effector 

functions [109, 113]. TIGIT was discovered in 2008 and is not yet in clinical trials [108]. 

However, due to its highly specific expression and activity, and because it inhibits some 

immune responses while leaving others intact, TIGIT represents another attractive target for 

immunotherapeutic blockade.

B and T lymphocyte attenuator (BTLA/CD272)

BTLA exhibits structural and functional similarity to CTLA4 and PD1, although unlike 

other IRs, its expression is induced on CD4+ T cells during activation and reduced with total 

CD8+ T-cell differentiation [114]. BTLA is also expressed on naïve T cells, Th1 cells, T 

follicular cells, DCs, macrophages, NK cells, NKT cells and B cells [114–116]. In addition, 

BTLA is strongly expressed on B-cell CLL and other hematologic malignancies [114, 116]. 

BTLA binds herpes virus entry mediator (HVEM/CD270), which unlike other IRs of the 

IgSF, is a TNF-receptor superfamily member which is constitutively expressed on naïve 

CD4+ and CD8+ T cells, but is downregulated upon T-cell activation [117]. HVEM is also 

expressed on immature DCs, monocytes, NK cells, as well as on several types of 

malignancies [115]. BTLA:HVEM ligation decreases T-cell proliferation and cytokine 

production, although BTLA-deficient mice display increased generation of memory T cells 

and memory responses [118]. BTLA and PD1 are highly coexpressed on dysfunctional 

CD8+ T cells in the tumor microenvironment, suggesting that signaling through BTLA may 

inhibit the function of tumor antigen-specific CD8+ T cells [119, 120]. This inhibition can at 

least be partially relieved ex vivo by anti-BTLA mAb blockade [121]. There are currently no 

clinical trials involving BTLA modulation, but it may be a suitable candidate because of its 

coexpression with other IRs and the large fraction of cells (i.e., tumor-specific, fully-

differentiated TILs) that remain BTLA-positive following Melan-A/MART-1 peptide 

vaccination [114].

BTLA also binds CD160, a glycophosphatidylinositol (GPI)-anchored protein found on 

cytolytic cells such as NK cells, NKT cells and CD8+ T cells [122]. Its expression is also 

induced upon activation of CD4+ T cells, in which engagement of CD160 strongly inhibits 

T-cell responses by dampening proliferation and cytokine secretion. While CD160 is not 

found on myeloid cells or B cells, it is highly expressed on multiple types of leukemia, 

lymphoma and B-cell malignancies [123]. This highly restricted expression pattern suggests 
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it may be a good target for cancer immunotherapy. Preclinical studies showed that active 

immunization combined with blockade of the BTLA:HVEM/CD160 pathway induces 

regression of large, established tumor masses in a genetically-engineered murine thyroid 

adenocarcinoma model [124].

B7 family members: B7-H3 (CD276), B7-H4 (B7S1/B7x) and V-domain Ig 

suppressor of T-cell activation (B7-H5/VISTA)

B7-H3 is a B7 family member whose transcripts are ubiquitously expressed in many healthy 

tissues; however, expression of the protein is induced on T cells, NK cells, activated DCs 

and monocytes [125]. The receptor for murine B7-H3 is Triggering receptor expressed on 

myeloid cells (TREM)-Like Transcript-2 (TLT-2), which is constitutively expressed on 

CD8+ T cells, NK cells, B cells, DCs, macrophages, neutrophils and is induced upon CD4+ 

T-cell activation [126]. While B7-H3:TLT-2 serves a costimulatory role in mice, the role of 

B7-H3 in humans is controversial as there is no evidence for an interaction with TLT-2 

[126]. Expression of B7-H3 is associated with enhanced survival and frequency of CD8+ 

TILs for patients with gastric cancer, yet expression is correlated with poor prognosis in 

NSCLC, prostate, breast, colorectal, ovarian and pancreatic cancers [126, 127]. B7-H3 

expression on circulating endothelial cells has been correlated with tumor progression, 

metastases, and decreased TIL numbers in many of these malignancies [128]. In NSCLC 

patients, it has been suggested that B7-H3 suppresses cancer immune surveillance by 

differentiating monocytes into suppressive tumor-associated macrophages (TAMs) 

contributing to an anti-inflammatory phenotype by promoting IL-10 secretion [129].

Despite contrasting effects in different tumor types, blocking mAbs targeting B7-H3 are in 

clinical development. Radioimmunotherapy using a 131Iodine-labelled anti-B7-H3 mAb 

(clone 8H9), which specifically targets the 4Ig isoform, showed efficacy in neuroblastoma 

patients with CNS metastases, as B7-H3 was found to be expressed on brain cancer but not 

healthy CNS tissues [130]. A second anti-B7-H3 mAb, MGA271, is being investigated in a 

Phase I safety study in refractory prostate carcinoma, melanoma and glioblastoma to 

evaluate safety, efficacy and how long the mAb remains in the patient’s blood [131]. Given 

the expression of B7-H3 on primary tumor samples and tumor cell lines, it is hoped that 

such targeted immunotherapy will be effective in malignancies outside the CNS [130].

B7-H4 is another B7 superfamily member exhibiting a broad mRNA distribution on mouse 

and human peripheral tissues but with limited protein expression induced on T cells, B cells, 

TAMs and APCs [132, 133]. B7-H4 is also found on tumor cells of NSCLC, melanoma, 

gastric, pancreatic and gynecologic cancers (cervical, uterine, ovarian and breast) [134–137]. 

Engagement with an as-yet-unknown ligand inhibits T-cell effector activity including 

proliferation, cytokine secretion and cytolytic activity by cell cycle arrest [132]. B7-H4 

expression on tumor cells and TAMs correlates with increased disease progression, poor 

prognosis and decreased patient survival, as well as decreased infiltration of T cells into 

tumors [136, 138, 139]. While there are currently no clinical trials targeting B7-H4 in 

cancer, an anti-B7-H4 single-chain variable fragment was recently shown to inhibit antigen-
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specific T cells in vitro and exhibited in vivo efficacy in a humanized ovarian cancer model 

[140].

B7-H5/VISTA is the newest member of the B7 family and was discovered in 2011, 

expressed on both CD4+ and CD8+ T cells in mice and humans, but not on tumor cells [141, 

142]. Its extracellular Ig domain shares significant sequence homology with PDL1 and 

PDL2, however it has a different structure than other B7 family members. The receptor for 

VISTA in both mice and humans has not yet been identified. VISTA mRNA in both systems 

is expressed mostly in hematopoietic tissues such as the thymus, spleen and bone marrow 

whereas VISTA protein is highly enriched on CD11b+ macrophages and DCs [142]. VISTA 

signaling was shown to inhibit T-cell, but not B-cell proliferation and cytokine production in 

vitro and accordingly, anti-VISTA blockade enhanced in vitro T-cell proliferation [141]. 

Anti-VISTA monotherapy was shown to suppress tumor growth in melanoma models by 

increasing effector T-cell infiltration and activity, and was also shown to synergize and 

enhance efficacy of a peptide-based tumor vaccine, consisting of anti-CD40 mAb and TLR 

agonists [143, 144]. While approaches targeting VISTA are not yet in clinical trials, it has 

been proposed as a target for cancer immunotherapy due to its structural similarity to 

PDL1/L2 and promising pre-clinical data.

Future Directions and Perspectives

There is now considerable interest in integrating immunotherapy into the standard of care for 

a wide range of tumor types, in large part due to the considerable progress made in targeting 

IRs in the clinic [5]. Durable responses have been observed with multiple therapies targeting 

CTLA4 and the PD1/PDL1 axis in a growing list of tumor types. The most striking 

observations have been in NSCLC, as this is a tumor type that was previously thought to be 

intractable. However, treatment with immune modulators is not without consequence. While 

most adverse events experienced with immunotherapy, such as dermatologic effects and 

mild gastrointestinal complications, are manageable in advanced clinics, it remains to be 

seen if these can be effectively managed in more regional hospitals where expertise might be 

more limited.

While remarkable progress has been made, many questions and challenges remain. First, 

although combinatorial immunotherapy is likely to yield significant therapeutic 

improvement, there is substantial debate over the optimal combination of 

immunotherapeutic modalities. This will be particularly relevant as we try to combine IR 

blockade with therapeutic vaccines or agonists for costimulatory receptors (e.g. 4-1BB, 

OX40, CD40). Alternatively, chemokine receptor-specific antibodies such as 

Mogamulizumab, targeting CCR4, could be used in combination with IR blockade. 

Mogamulizumab has been approved in Japan to treat refractory adult T-cell leukemia and 

lymphoma, targeting CCR4+ Treg cells from migrating into tumors [145]. It is also unclear 

how we should optimally integrate these new therapies with conventional and targeted 

chemotherapy and radiotherapy. While there may be some basic paradigms that apply to all 

malignancies, it is possible that this will need to be determined empirically for each tumor 

type.
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Second, IR blockade can result in spectacular tumor shrinkage and remission in only a 

proportion of patients. It is critically important to understand why. While a number of 

factors, such as IR ligand expression and the brevity and immunogenicity of neoantigen 

expression, could contribute, there may be many other factors that remain unknown. 

Determining these factors and identifying biomarkers that can predict responsiveness to each 

immunological modality will be critical. Indeed, it seems likely that cancer care in the future 

will incorporate immunological as well as genetic analysis of an individual patient’s tumor 

leading to a personalized treatment plan to maximize efficacy. In this regard, developments 

towards incorporating Immunoscore, a project designed to include the analysis of 

immunological biomarkers when evaluating patient tissue samples, into current tumor 

boards will likely be required to predict optimal treatment combinations, prognosis and 

response to immunotherapy [146, 147].

Third, while the current immunotherapies in clinical trials represent a significant step 

forward, it remains important to continue the rapid development of new targets in the 

pipeline that may be critical components of future combinatorial approaches. This is 

especially valid if new modalities are similarly efficacious but have reduced adverse events. 

It is also important to continue to identify new potential immunotherapeutic targets and 

mechanism, and novel delivery platforms.

In summary, while many unknowns, questions and challenges remain, most agree that we 

are at the dawn of a new age in cancer immunotherapy.
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Figure 1. 
Recognition of MHC class II-presented antigen by the T-cell receptor on CD8+ T cells 

initiates a signaling cascade necessary to generate an adaptive immune response. Cytotoxic 

T-lymphocyte Antigen 4 (CTLA4), Programmed Death-1 (PD1) and Lymphocyte Activation 

Gene 3 (LAG3) are inhibitory receptors expressed on the surface of T cells, and which 

interact with their cognate ligands expressed on antigen presenting cells (APCs) or tumor 

cells to control overt activation. CTLA4 competes to bind to CD80/86, preventing ligation of 

these ligands with CD28 (depicted by X). This induces T-cell motility attenuating T-cell 

activation. PD1 binds Programmed Death Ligand-1 (PDL1) and PDL2, recruiting Src 

homology 2 domain-containing protein tyrosine phosphatase (SHP)-1 and SHP-2 that 

inhibits downstream signaling and T-cell activation. LAG3 binds to MHC class II molecules 

and negatively regulates T-cell activation by an unknown mechanism. Together, these 

inhibitory receptors act as checkpoints to control immune responses and limit autoimmunity.
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