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Resistance to immune checkpoint blockade: Mechanisms,
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Abstract

Immunotherapies seek to unleash the immune system against cancer cells. While a variety of
immunotherapies exist, one of the most commonly used is immune checkpoint blockade, which
refers to the use of antibodies to interfere with immunosuppressive signaling through immune
checkpoint molecules. Therapies against various checkpoints have had success in the clinic across
cancer types. However, the efficacy of checkpoint inhibitors has varied across different cancer
types and non-responsive patient populations have emerged. Non-responders to these therapies
have highlighted the importance of understanding underlying mechanisms of resistance in order to
predict which patients will respond and to tailor individual treatment paradigms. In this review we
discuss the literature surrounding tumor mediated mechanisms of immune checkpoint resistance.
We also describe efforts to overcome resistance and combine checkpoint inhibitors with additional
immunotherapies. Finally, we provide insight into the future of immune checkpoint blockade,
including the need for improved preclinical modeling and predictive biomarkers to facilitate
personalized cancer treatments for patients.

Keywords
Immunotherapy; Checkpoint inhibitors; Resistance; Biomarkers; Cancer

1. Introduction

Cancer immunotherapy seeks to target the immune system against tumor cells and has
garnered significant attention as an alternative to traditional chemotherapies. While a variety
of immunotherapies exist, monoclonal antibodies against immune checkpoint molecules are
among the most successful and popular to date. Two traditional checkpoint molecules, PD-1
and CTLA-4, serve as ideal examples of how these immunotherapies function in patients.

An understanding of the role these molecules play in tumorigenic immunosuppression
began with insight into the importance of T cells in immune surveillance of cancer and
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molecular events mediating T cell responses to antigen. Hints of the potential impact of

the immune system on cancer progression were first seen in clinical reports tying the
spontaneous regression of cancers in patients with autoimmune diseases [1]. Indeed, early
exploratory studies in human patients, such as Halliday et al., suggested the role of T

cells in the spontaneous regression of skin cancers [2]. This was followed by mechanistic
studies further demonstrating the importance of the immune system in cancer biology, as
exemplified by Shankaran et al. who highlighted the role of IFN-gamma and T cells in
cancer immune surveillance [3]. Indeed, Shankaran et al. demonstrated the ability for T cells
and IFN-gamma to protect against the development of carcinogen-induced sarcomas and
epithelial carcinomas [3]. However, research into progressive tumors highlighted the high
incidence of dysfunctional T cells in many cancers [4,5]. This demonstrated the importance
of T cell activation and maintenance biology in immune mediated cancer killing.

The induction of a T cell response includes the recognition and binding of the TCR to

an antigen presented in the major histocompatibility complex (MHC), as well as a second
signal, as mentioned above, which frequently occurs as the binding of B7-1 (CD80) or B7-2
(CD86) to CD28 [6,7]. Subsequent studies demonstrated that activation of the T cell receptor
(TCR) alone is inadequate for the generation of a robust immune response to an antigen.
Rather, second and third signals in the form of costimulation and cytokine support were
discovered to be required for adequate T cell activation [6,7]. Once activated, it became
clear that T cells expressed checkpoint molecules, such as CTLA-4 and PD-1, which work
in the induction and effector phases of a T cell mediated immune response, respectively,

to support normal physiology and avoid issues of autoimmunity [8]. In normal physiology,
CTLA-4 plays an important role in the negative regulation of T cell responses through a
number of potential pathways, including the competitive binding of CD80 and CD86 and
their trans-endocytosis [9]. Indeed, the value of CTLA-4 in normal physiology is highlighted
by the lymphoproliferative disorders seen in mice deficient for CTLA-4 as a result of
uncontrolled T cell activation [10]. After activation, T cells commonly upregulate PD-1
expression which acts as an inhibitory signal when binding its cognate ligand, programmed
cell death 1 ligand 1 (PD-L1) [11]. Similarly, to CTLA-4, PD-1 plays an important role in
the prevention of autoimmunity, with PD-1 receptor deficient mice developing an number of
autoimmune conditions, including autoimmune dilated cardiomyopathy [12].

In cancer, however, these checkpoint molecules are pathologically co-opted by tumor
cells and immunosuppressive tumor infiltrating immune cells to prevent immune mediated
cancer cell clearance. The expression of checkpoint molecules is seen in multiple cancer
types, including brain cancers, breast cancers, melanoma, and lung cancers [13]. Indeed,
checkpoint molecule expression has been correlated with tumor tolerance in a number

of preclinical cancer models [14]. This led to the development of checkpoint inhibitors
(CPIs) in the form of monoclonal antibodies to block these inhibitory interactions and
allow for the induction or continuation of an anti-tumor immune response [15]. CPls

have shown great promise in the clinical setting, with the potential to provide a durable
anti-tumor immune response, leading to a number of clinical trials and use in a variety

of cancers. However, while CPIs have seen incredible and durable success in the clinic

as a potential alternative to traditional chemotherapy and revolutionized the treatment of
multiple different malignancies, their limitations have also become clear as clinicians gain
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experience with their use. Indeed, despite the promise of CPIs, a significant number of
patients with approved cancers do not respond to CPI treatment or respond briefly before
developing resistance, with high variability between cancer types [16]. This has been an area
of incredible frustration for both clinicians and patients hoping to utilize these treatments,
spurring active research into CPI resistance. In this review, we provide a summary of key
mechanisms of CPI resistance, methods to predict responders, overcoming resistance, and
new and upcoming technologies to improve and augment traditional CPIs (Fig. 1).

2. Mechanisms of resistance

The generation of a robust anti-tumor immune response is a complex process whose
mechanisms are still not entirely understood. Anti-tumor immunity likely requires adequate
tumor associated antigens, antigen presentation, co-stimulation and appropriate cytokine
expression, and the dampening of immunosuppressive signaling pathways in the tumor
microenvironment [17]. Perturbations of any of these steps can contribute to CPI resistance.

2.1. Antigen presence and presentation

As previously mentioned, the generation of a robust T cell mediated immune response
requires antigen presentation via the major histocompatibility complexes of antigen
presenting cells. As a result, it is not surprising that the success of CPIs has been correlated
with tumor mutational burden, as an increased mutational burden is also likely indicative

of overall tumor antigen number, providing more “targets” for the immune system [18-22].
This is highlighted well by Samstein et al. who assessed the tumor mutational burden

of 1662 patients with CPI treatment and 5371 without CPI; they found that, for most

cancer histologies, patients with a higher mutational burden had better responses to CPI
treatment, despite inconsistent mutational cut-offs between cancer types. These findings
were replicated by Valero, et al. who performed a similar study using data from 10,223
patients (80 % with CPI, 20 % without) [20]. Finally, in a recent study by Litchfield et

al., whole-exome and transcriptomic data for >1000 CPI-treated patients across seven tumor
types were collected and analyzed to assess markers of CPI responsiveness. They found that
clonal tumor mutational burden followed by total tumor mutational burden best predicted
response to CPI, underscoring the relevance of this topic. [23].

While a higher tumor mutational burden may provide more potential neoantigens for the
immune system to hone in on, there is also evidence that cancers can escape the immune
system though the removal of neoantigens from the tumor microenvironment [24,25]. In
a study of 88 early and untreated non-small cell lung cancers, Rosenthal et al. found
evidence of immunoediting of tumors, with a reduced number of neoantigens overall and
reduced neoantigen load in sparsely infiltrated tumors. When assessing patients who had
received immunotherapy, Anagnostou et al. also identified neoantigen loss in response

to treatment as a potential escape mechanism, highlighting the evolution of tumors to a
lower immunogenicity phenotype that is more resistant to CPI treatment. Interestingly,
Gromeier et al. found that patients with recurrent glioblastoma who had a lower mutational
burden had longer survival after viral or CPI therapy. In this study, tumors with a lower
mutational burden had increased inflammatory gene signals, possibly indicating that even
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though ongoing immune neoantigen-editing is occurring in the tumor, this process may
provide more immune cell substrate for CPI therapy [26]. Additional research in gliomas
has demonstrated the development of hypermutated tumors in response to temozolomide
treatment. However, these hypermutated tumors demonstrated low T cell infiltration, high
intratumoral heterogeneity, and a poor response to anti-PD1 therapy, in contrast to other
cancer types [27]. These results highlight the need for additional research to determine the
relationship between tumor mutational burden and CPI response, including differences in
that relationship between cancer types and over treatment time.

As would be expected given the previous studies highlighting the importance of tumor
mutational burden on CPI response, antigen presentation also plays a critical role in
treatment response. The expression of major histocompatibility complexes, which are vital
in antigen presentation to T cells have been correlated with response to immunotherapy
[28,29]. The beta-2-microglobulin (B2M), which classically stabilizes MHC | in particular
and thus plays an important role in antigen presentation, has been identified as a potential
mediator of CPI treatment outcomes [30-32]. Indeed, Sade-Feldman et al. demonstrated
B2M loss of heterozygosity as being enriched in patients with metastatic melanoma who
were non-responders to CPlI, relative to those patients who responded to treatment [32].
However, a study of microsatellite instability-high (MSI-H) colorectal carcinomas, which
have a high rate of response to immunotherapies but are also associated with B2M
mutations, demonstrated good responses to immunotherapy despite the presence of B2M
mutations, including those leading to loss of expression, highlighting the need for additional
investigation into the role and prognostic value of this gene [33].

microenvironment and tumor mediated immune suppression

Tumor intrinsic signaling pathways have also been implicated in resistance to CPIs through
immunosuppressive changes to the tumor microenvironment [34]. Signaling pathways

that have been implicated in tumor evasion of immunotherapies include the WNT and
PTEN pathways, amongst others [34]. In vitro studies have suggested the WNT signaling
can induce immune suppression through a variety of mechanisms, including increased
expression of the immunosuppressive cytokine IL-10 as well as suppression of dendritic
cells [35]. In addition, the soluble WNT5a ligand has been shown to support the formation
of immunosuppressive dendritic cells, supporting tumor progression [36]. Clinically,

WNT signaling has also been shown to reduce the recruitment of T cells to the tumor
microenvironment, further promoting resistance to CPIs [37,38]. The PTEN signaling
pathway has similarly been implicated as contributing to CPI resistance. Peng et al.
demonstrated that PTEN loss in both preclinical models and in patients was associated with
decreased T cell infiltration and recruitment to the tumor microenvironment. Interestingly,
in patients, PTEN loss was also associated with a reduced response to anti-PD-1 therapy,
highlighting the clinical impact of this genetic alteration [39]. Zhao et al. reported similar
findings in 66 patients with glioblastoma; they found an enrichment of PTEN mutations
associated with immunosuppressive gene signatures in non-responders to CPI treatment,
further implicating PTEN mutations in CPI response.

Semin Cancer Biol. Author manuscript; available in PMC 2022 November 20.
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A major cytokine mediator of anti-tumor immune responses is interferon-gamma (IFN-y)
signaling pathways. In a normal anti-tumor immune response, activated T cells secrete
IFN-y, leading to JAK-STAT mediated signaling in tumor cells and the upregulation of

both MHC I and PD-L1 as well as anti-tumor and proapoptotic effects [40]. Indeed,
preclinical studies have highlighted the importance of IFN-y in immune mediated rejection
of tumor cells [41]. These pathways have also been identified on multiple CRISPR

screens, including Manguso et al. who utilized an in vivo CRISPR screen to identify
mediators of PD-1 CPI resistance [42,43]. They highlighted loss of the gene PTPN2,

which regulates the downstream anti-tumor effects of IFN-y as enhancing response to CPI,
further highlighting the importance of IFN-y signaling [42]. Using cell lines from melanoma
patients, Sucker et al. demonstrated that inactivating JAK1/JAK2 mutations, which can
frequently arise in response to immunotherapy, confer resistance to the proapoptotic effects
of IFN-y and reduce MHC | expression [44]. Clinical studies have also demonstrated

these findings in patients receiving immunotherapies, with JAK1/JAK2 mutations repeatedly
identified [30,45,46]. Indeed, Gao et al. identified copy number alterations in IFN-y
signaling pathways as being significantly increased in both animal models and patients with
resistance to anti-CTLA-4 therapy [46]. Nevertheless, additional investigation into IFN-y
perturbations on the treatment efficacy of CPIs is needed, as well as ways to counteract
immunosuppressive mutations.

Another consideration when discussing mechanisms of tumor escape from CPI is the tumor
microenvironment (TME). The TME consists of the immune and non-immune cells, vessels,
and extracellular environment surrounding a tumor. Immune cells in the TME can contribute
to lack of CPI response through multiple modalities, including effector cell dysfunction

and immunosuppressive cell phenotypes. A number of studies have shown a positive
relationship between T cell infiltration and response to CPlI, highlighting this as a potential
mechanism of resistance in tumors with minimal T cell infiltration [47,48]. Cancers can
also induce severe T cell dysfunction with the expression of multiple immunosuppressive
molecules, adapting to a single checkpoint molecule. Indeed, a study by Koyama et

al. demonstrated an upregulation of TIM-3, an alternative checkpoint molecule in mice

with lung adenocarcinoma treated with anti-PD-1 therapy; blockade of TIM-3 resulted

in improved survival, demonstrating the functional importance of alternative checkpoint
molecule expression. The relatively inflexible epigenetics of exhausted T cells in the TME
has also been implicated in the failure to generate a memory response following CPI

[49]. Infiltration of immunosuppressive immune cells, including myeloid derived suppressor
cells (MDSCs) and tumor associated macrophages (TAMS), in the TME can correspond
with T cell infiltration and can also contribute to a CPI resistant environment [50-56].
Indeed, Peranzoni et al. discovered that in human lung squamous cell cancers macrophages
prevented the infiltration of T cells into the tumor microenvironment via long lasting
trapping [56]. In mice, depletion of macrophages with CSF-1R blockade increased T cell
infiltration into tumors and potentiated anti-PD-1 treatment [56]. As mentioned, additional
myeloid cell populations in the TME also mediate CPI resistance through a variety of
mechanisms. Interestingly, in a cohort of 46 patients with metastatic melanoma undergoing
anti-PD-1 therapy, Chen et al. identified a significantly closer proximity of CD68+ myeloid
cells in non-responders at pre-treatment and on-treatment timepoints, highlighting an
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additional potential role for myeloid cells in CPI resistance [54]. In addition, Lo Russo

et al. demonstrated an enrichment of CD163+CD33+PD-L1+ macrophages with epithelioid
morphology in patients with hyperprogressive disease following CPI treatment, suggesting
myeloid cells may be implicated in this clinical phenomena [52]. In addition to immune

cell infiltration, VEGF expression in the TME has also been identified as associated with
resistance to anti-PD-1 treatment in patients [54]. In fact, blockade of VEGF in combination
with anti-PD-L1 CPI has been shown to increase antigen-specific T-cell migration in
metastatic renal cell carcinoma [57]. This was associated with increased expression of
MHC-I, T-effector markers, and CX3CL1, a potent attractor of T cells [57].

3. Overcoming resistance

Treatments to overcome resistance to CPIs work to generate a robust anti-tumor immune
response by targeting many of the aforementioned mechanisms of tumor treatment escape.
Indeed, combining CPIs with other forms of immunotherapy or chemotherapy holds

great promise for the future of cancer treatment. Current combination strategies include
combinations with chemotherapies, cancer vaccines, oncolytic viruses, alternative CPls, and
small molecule inhibitors.

3.1. Increasing T cell exposure to antigens

As previously mentioned, T cell exposure to antigens is a critical aspect of generating

an anti-cancer immune response. Therapies that increase T cell exposure to tumor
associated antigens in a favorable manner include cancer vaccinations, oncolytic viruses,
and chemotherapies. Cancer vaccines have been shown to induce systemic antigen specific
T cell responses and increase the infiltration of tumor specific T cells in the TME, making
them attractive candidates for combination with CPIs as they increase the intratumoral
substrate that can be acted upon [58]. Studies investigating the combination of cancer
vaccines with CPI treatment have been promising thus far, demonstrating good safety
profiles and some durable treatment responses in patients [59, 60]. Personalized vaccinations
specific to a patients tumor and with the ability to generate better prime the immune system
against a cancer also represent an exciting future area of investigation in combination with
CPlIs [61]. An additional method of increasing T cell antigen exposure is through the

use of oncolytic viruses. Oncolytic viruses infect and lyse tumor cells, leading to local
inflammation, stimulation of the immune system, and tumor associated antigen release.

As a result, many consider oncolytic viruses as a form of local cancer vaccination [62].
Studies into the combination of oncolytic viruses with CPIs have been promising thus far.
A phase Il clinical trial of the oncolytic virus talimogene laherparepvec plus ipilimumab
versus ipilimumab alone for the treatment of advanced melanoma demonstrated improved
survival in the combination group, with no difference in adverse events; this highlights the
safety, efficacy, and promise of such treatments in patients [63]. Chemotherapies can also
lead to tumor lyses and antigen release, providing additional targets for T cells to hone in
on, with some exciting results in the literature when combined with CPIs. Combining CPIs
with traditional chemotherapies may also allow for doses of both treatments to be lowered,
potentially reducing treatment associated side effects. In fact, a phase 111 clinical trial of
patients with non-small cell lung cancer comparing pembrolizumab and chemotherapy to

Semin Cancer Biol. Author manuscript; available in PMC 2022 November 20.
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standard chemotherapy alone demonstrated significantly increased survival in patients with
combination therapy [64]. Interestingly, preclinical studies have also indicated a potential
negative impact of systemic chemotherapy on the efficacy of CPIs, due to harmful effects

on the bone marrow and subsequent lymphodepletion [65]. This raises the question of which
chemotherapies to combine with CPI treatment and the potential benefit of using local
chemotherapies instead of systemic treatments with CPIs, when appropriate.

3.2. Targeting additional checkpoint molecules

While CTLA-4 and PD-1 were the first checkpoint molecules to be identified and are

the most commonly targeted and studied, additional checkpoint molecules have since

been discovered; these include both inhibitory and stimulatory checkpoints. Additional
inhibitory checkpoint molecules that have been investigated include: LAG-3 (Lymphocyte
activation gene 3), TIM-3 (T-cell immunoglobulin domain and mucin domain 3), and TIGIT
(T cell immunoglobulin and ITIM domain), which can frequently be co-expressed with

PD1 [66,67]. Blockade of these alternative inhibitory checkpoint molecules has shown
significant promise in preclinical models as a monotherapy and in combination with

PD-1 or CTLA-4 treatment. In addition, blocking the cognate ligand of PD-1, PD-L1
(Programmed death-ligand 1, inhibitory molecule), is a target of monoclonal antibodies,
some of which have been approved by the FDA (Table 1) [68]. Clinical trials involving
LAG-3, TIM-3, and TIGIT as mono- and combination therapies are underway [66,67].
Addition inhibitor checkpoint molecules that have been identified include IDO (Indoleamine
2,3-dioxygenase), KIR (Killer Ig-like receptors), and VISTA (V-domain Ig suppressor of

T cell activation). Stimulatory checkpoints that have also been identified include 4-1BB,
OX40, GITR (Glucocorticoid-Induced TNFR-Related), CD40, CD27, CD80, and ICOS
(inducible T cell co-stimulator). Similarly to alternative inhibitory molecules, activation

of these stimulatory checkpoint molecules has seen success in preclinical studies as
monotherapies and in combination with traditional CPIs [69,70]. In fact, using the poorly
immunogenic B16F10 melanoma model, Chen et al. demonstrated an improved treatment
response to anti-PD-1 treatment combined with anti-4-1BB therapy relative to an anti-PD-1
and anti-LAG-3 combination, highlighting the promise of these therapies [70]. However, the
addition of a second checkpoint inhibitor has been shown to increase the rate of serious
autoimmune side effects in some cancers, highlighting the need to balance treatment efficacy
with patient safety [71-73]. Additional investigation into the utility of agonistic treatments
with or without another CPI are underway [69] (Tables 2 and 3).

3.3. Combining CPIs with other therapeutic modalities to overcome resistance

In addition to the aforementioned lines of investigation, research into a number of
additional mechanisms to overcome CPI resistance are underway but still in their

relative infancy. These include: reducing intratumoral MDSC populations [74], increasing
immunosurveillance of tumors with low immune cell infiltration [75], targeting therapy-
interfering TAMs [76], and cytokine therapies which can increase T cell activation,
infiltration, and proliferation within tumors [67]. Small molecule inhibitors have also been
explored in combination with CPIs. In a mouse model of non-small cell lung cancer,
Douguet et al. investigated the use of a small molecule modulator of the purinergic P2RX7
receptor in combination with anti-PD-1 treatment, demonstrating a synergistic treatment

Semin Cancer Biol. Author manuscript; available in PMC 2022 November 20.
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response when the two were combined [77]. Similarly, De Henau et al. demonstrated

the efficacy of a PI3Ky inhibitor when combined with a CPI, due to a reduction in
immunosuppressive myeloid cell [78]. Given these promising results, the combination of
this small molecule inhibitor with anti-PD-1 treatment is currently underway in a Phase

I clinical trial involving advanced solid tumors [79]. Cytokine therapies such as IL-15 or
IL-2, that can support effector cell function have also been shown to work synergistically
with CPI treatment [80]. For example, the I1L-15 superagonist RLI has been shown to work
synergistically with anti-PD1 therapy in a preclinical model of colorectal cancer, leading
to increased survival relative to either treatment alone [81]. Promising preclinical data has
led to IL-15 being explored in clinical trials as a combination treatment with nivolumab
[82]. As the popularity of CPIs grows, further lines of investigation into mechanisms to
overcome resistance will undoubtedly be opened. Combination treatments attacking the
immune system in multiple ways and preventing or reversing resistance will likely continue
to see arise in their usage and are the future of CPI treatment.

4. Future directions

The future of cancer treatment with CPlIs is bright and holds great promise for patients
afflicted by cancer. The field has progressed quickly, and there have been a number of
incredible advancements. However, most patients treated with CPI at this time will either

be resistant to or develop resistance to these therapies, highlighting the need for additional
investigation into this topic. Future research in CPI immunotherapy should include improved
preclinical modeling systems as well as a movement towards personalized immunotherapy.

Currently, many preclinical cancer models do not accurately recapitulate the immune-tumor
interface or clinical behavior of cancer in humans. Preclinical models are critical in

quickly identifying the efficacy and pitfalls of treatments. As a result, it is vital that
preclinical models are as close to human cancer as possible. Effort should be focused on
producing accurate preclinical models and validating model accuracy in replicating human
cancer through strict validation modalities. This is highlighted by Pérez-Guijarro et al.

who developed multiple novel preclinical models for melanoma and validated them by
assessing mutational landscapes, transcriptomes and tumor-infiltrating immune cell profiles
while also cross-validation using clinical datasets. This in depth analysis allowed them to
uncover a melanocytic plasticity signature that was predictive of response to CPI [83].
Patient derived organoid models created directly from biopsies of human cancer tissue

can now also be created with an intact immune system, allowing for the assessment of
immunotherapies [84]. These organoid models can facilitate high-throughput evaluation of
CPIs, allowing for the identification of ideal combinations in an expedient fashion. In silico
modeling of the tumor-immune interface may also allow for preliminary investigations into
molecular relationships and ideal treatment combinations prior to proceeding with additional
preclinical investigations. Indeed, Kather et al. demonstrated the promise of such modeling
in colorectal cancer [85]. As the number of CPls and potential combinations increases,
higher throughput methods of testing treatment efficacy in specific will become increasingly
valuable.

Semin Cancer Biol. Author manuscript; available in PMC 2022 November 20.
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In addition to improved preclinical modeling of CPI treatment, it is also critical to identify
those patients that will benefit the most from a specific treatment. As discussed previously,
there are a number of resistance mechanisms that can differ between patients. As a result,
personalized immunotherapy that is targeted against a specific patient’s tumor and resistance
predispositions is critical. Current biomarkers to predict treatment responders consist of
tumor mutational burden, checkpoint molecule expression levels, and profile scoring of the
tumor microenvironment [86]. An interesting recent development in predicting responses to
CPI has been the integration of omics and clinical data to create scoring systems that predict
CPI response [87,88]. This is highlighted by Auslander et al. who created a score based

on transcriptomic data to predict response to metastatic melanoma with an excellent area
under the curve of 0.83 [87]. As larger omics datasets become available, the development

of improved scoring systems utilizing machine learning techniques and artificial intelligence
will likely continue. Additional, more accurate, predictive, and accessible biomarkers are
needed. Ideally, biomarkers would help to inform initial treatment selection and could then
be periodically checked throughout treatment to provide insight into treatment success or
the development of resistance and the need to change or add therapies. Achieving these
advances would enable CPIs to be employed as part of a precision medicine approach in
which treatments are tailored for an individual patient to achieve personalized cancer care.

5. Conclusion

Checkpoint inhibitors represent an exciting treatment for patients with cancer. However,
resistance to checkpoint inhibitor treatment occurs in the majority of patients. Key
mechanisms of resistance include antigen presence and presentation, interferon-gamma
signaling, and the tumor microenvironment and tumor mediated immunosuppression.
Methods to overcome resistance are in development. More accurate preclinical modeling
and improved biomarkers are critical in providing personalized cancer care to patients.
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Cancer
vaccination

Fig. 1. Diagram illustrating mechanisms of resistance to checkpoint blockade and strategiesto
overcomethisresistance.

Shown are mechaisms of resistance to checkpoint blockade identified in cancers (left) and
strategies to overcome this resistance that have been proposed and explored to date (right).

Semin Cancer Biol. Author manuscript; available in PMC 2022 November 20.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Haddad et al.

Page 18

Table 1
Approved Checkpoint Inhibitors.
Name & Cancer Type Target Year of Comment
FDA
Approval
Nivolumab PD-1
Melanoma 2014 For advanced or unresectable disease following prior treatment
Squamous Non-Small Cell Lung Cancer 2015 For metastatic disease with progression on or after platinum-based
chemotherapy
Renal Cell Carcinoma 2015 For metastatic disease with prior anti-angiogenic therapy
Classical Hodgkin Lymphoma 2016 For patients who relapsed or progressed after autologous hematopoietic
stem cell transplantation and post-transplantation brentuximab vedotin
Head and Neck Squamous Cell 2016 For recurrent or metastatic disease following prior treatment
Carcinoma
Urothelial Cancer 2017 For locally advanced or metastatic disease with progression on or after
platinum-containing chemotherapy
MSI-H or dMMR Colorectal Cancer 2017 For disease with progression following fluoropyrimidine, oxaliplatin,
and irinotecan
Hepatocellular Carcinoma 2017 For patients previously treated with sorafenib
Small Cell Lung Cancer 2018 For metastatic disease with progression after platinum-based
chemotherapy and at lease one other line of therapy
Esophageal Squamous Cell Carcinoma 2020 For patients previously treated with fluoropyrimidine- and platinum-
containing chemotherapy
Gastric Cancer, Gastroesophageal 2021 In combination with fluoropyrimidine- and platinum-containing
Junction Cancer, and Esophageal chemotherapy for advanced or metastatic disease
Adenocarcinoma
Pembrolizumab PD-1
Melanoma 2014 For advanced or unresectable disease following prior treatment
Non-Small Cell Lung Cancer 2015 For metastatic disease following prior treatment
Head and Neck Squamous Cell 2016 For recurrent or metastatic disease with progression on or after
Carcinoma platinum-containing chemotherapy
Solid Tumor with MSI-H or dAMMR 2017 For unresectable or metastatic disease following prior treatment
Classical Hodgkin Lymphoma 2017 For patients with refractory disease or who relapsed after three or more
prior lines of therapy
Urothelial Cancer 2017 For locally advanced or metastatic disease following prior treatment
Gastric or Gastroesophageal Junction 2017 For locally advanced or metastatic disease following prior treatment
Cancer
Cervical Cancer 2018 For recurrent or metastatic disease with progression on or after
chemotherapy
Large B-Cell Lymphoma 2018 For refractory primary mediastinal disease following prior treatment
Hepatocellular Carcinoma 2018 For patients previously treated with sorafenib
Renal Cell Carcinoma 2019 For first-line treatment in combination with axitinib
Small Cell Lung Cancer 2019 For metastatic disease with progression after platinum-based
chemotherapy and at least one other line of therapy
Esophageal Squamous Cell Carcinoma 2019 For locally advanced or metastatic disease following prior treatment
Endometrial Carcinoma 2019 In combination with lenvatinib for advanced disease that is not MSI-H
or dAMMR following prior treatment
Bladder Cancer 2020 For BCG-unresponsive, non-muscle invasive disease with carcinoma in
situ
Unresectable or TMB-H Solid Tumors 2020 For disease that progressed following prior treatment
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Name & Cancer Type Target Year of Comment
FDA
Approval
Cutaneous Squamous Cell Carcinoma 2020 For recurrent or metastatic disease not curable by surgery or radiation
MSI-H or dMMR Colorectal Cancer 2020 For first-line treatment in unresectable or metastatic disease
Triple Negative Breast Cancer 2020 In combination with chemotherapy for locally recurrent, unresectable,
or metastatic disease
Atezolizumab PD-L1
Urothelial Cancer 2016 For locally advanced or metastatic disease with progression on or after
platinum-based chemotherapy
Non-Small Cell Lung Cancer 2016 For metastatic disease with progression on or after platinum-based
chemotherapy
Bladder Cancer 2017 For locally advanced or metastatic disease
Non-Squamous Non-Small Cell Lung 2018 In combination with bevacizumab, paclitaxel, and carboplatin for first-
Cancer line treatment of metastatic disease
Triple Negative Breast Cancer 2019 In combination with nab-paclitaxel chemotherapy for unresectable
locally advanced or metastatic disease
Small Cell Lung Cancer 2019 In combination with carboplatin and etoposide for first-line treatment
of extensive-stage disease
Hepatocellular Carcinoma 2020 In combination with bevacizumab for unresectable or metastatic
disease in patients who have not received prior systemic therapy
Melanoma 2020 In combination with cobimetinib and vemurafenib for BRAF VV600-
positive advanced disease
Avelumab PD-L1
Merkel Cell Carcinoma 2017 For metastatic disease
Urothelial Cancer 2017 For locally advanced or metastatic disease with progression on or after
platinum-based chemotherapy
Renal Cell Carcinoma 2019 In combination with axitinib for first-line treatment for advanced
disease
Durvalumab PD-L1
Non-Small Cell Lung Cancer 2018 For stage 11 unresectable disease that has not progressed after
chemoradiation
Small Cell Lung Cancer 2020 In combination with etoposide plus either carboplatin or cisplatin for
extensive-stage disease
Cemiplimab PD-1
Cutaneous Squamous Cell Carcinoma 2018 For locally advanced or metastatic disease not curable by surgery or
radiation
Basal Cell Carcinoma 2021 For advanced disease previously treated with hedgehog-pathway
inhibitor or when HHI is not appropriate
Non-Small Cell Lung Cancer 2021 For first-line treatment of locally advanced or metastatic disease
I pilimumab CTLA-4
Melanoma 2011 For late-stage metastatic disease
Nivolumab and I pilimumab PD-1 and
CTLA-4
Melanoma 2016 For unresectable or metastatic disease
Renal Cell Carcinoma 2018 For intermediate- and poor-risk advanced disease
MSI-H or dMMR Colorectal Cancer 2018 For metastatic disease that has progressed following fluoropyrimidine,
oxaliplatin and irinotecan
Hepatocellular Carcinoma 2020 For patients previously treated with sorafenib
Non-Small Cell Lung Cancer 2020 For first-line treatment of metastatic disease
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Name & Cancer Type Target Year of Comment
FDA
Approval
Malignant Pleural Mesothelioma 2020 For first-line treatment of unresectable, malignant, previously-untreated
disease
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Table 2

Common Checkpoint Molecules.

Checkpoint
Role

Molecule

Description

Inhibitor

Stimulator

PD-1
(CD279)

CTLA-4
(CD152)

LAG-3
(CD223)

TIM-3

TIGIT

IDO

KIR

VISTA

0X40

(CD134)

GITR

CD28

CD80

ICOS
(CD278)

Programmed cell death protein 1 (PD-1) is found on B cells and T cells and has a role in immune self-tolerance.
Ligands are PD-L1 and PD-L2. PD-1 activation can reduce T cell receptor (TCR) signaling, trigger apoptosis
of T cells, and reduce apoptosis of regulatory T-cells (Tregs). PD-1 has been implicated in other roles including
regulation of CD8"* T cell exhaustion [89-91].

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) is expressed by activated T cells and Tregs. CTLA-4
likely binds to ligands CD80 and CD86 on antigen-presenting cells (APCs), outcompeting the stimulatory
molecule CD28, regulating the activation of T cells. CTLA-4 may promote T-cell anergy through activation of the
PI3K/Akt pathway [9,92].

Lymphocyte-activation gene 3 (LAG-3) is expressed on several immune cells including B-cells, activated T cells,
and natural Killer (NK) cells. Ligands include Gal-3 and MHC I, the latter of which LAG-3 binds to with higher
affinity than CD4. LAG-3 may regulate proliferation, granzyme production, and cytokine expression of T cells.
LAG-3 may also increase differentiation of lymphocytes into Tregs and reduce CD8* T cell function [93,94].

T-cell immunoglobulin and mucin domain-3 (TIM-3) is a transmembrane protein expressed on CD4* T cells,
CD8" T cells, and myeloid cells. The most common ligand activating TIM-3 is soluble Gal-9, with this
interaction shown to induce T cell apoptosis. TIM-3 has also been implicated in CD8" T cell exhaustion and
the expression of Th1 and Th17 cytokines [95].

T cell immunoreceptor with 1g and ITIM domains (TIGIT) is expressed primarily on activated T cells, Tregs,
and NK cells. Ligands include CD155 and CD112. Interaction with CD155 has been found to downregulate T
cell and NK cell functions. TIGIT has been implicated in T-cell cytokine expression and regulation as well as the
regulation of dendritic cells (DCs) [96,97].

Indoleamine-pyrrole 2,3-dioxygenase (IDO) is a rate-limiting enzyme in the kynurenine pathway, metabolizing
tryptophan. IDO has been implicated in the suppression of effector T cells, suppression of NK cells, activation of
Tregs, and activation of myeloid-derived suppressor cells (MDSCs). Trp depletion and kynurenine accumulation
may be the mechanism of immunosuppressive IDO, as well as potential enzyme-independent effects [98,99].

Killer-cell immunoglobulin-like receptors (KIRs) are transmembrane proteins expressed by NK cells and a subset
of T cells. KIR ligands are HLA Class | molecules (MHC 1) on nucleated cells. KIR genes have high allelic
diversity, with some haplotypes such as KIR2DL1-3 being implicated as checkpoint inhibitors [100,101].

V-domain Ig suppressor of T cell activation (VISTA) is transmembrane immune regulator expressed on tumor-
infiltrating lymphocytes, Tregs, MDSCs, and APCs. VISTA has been show to act as a co-inhibitory receptor and
as a ligand on T cells. VISTA has also been implicated in suppressing macrophage and activated T cell activity as
well as differentiation of Tregs [102].

Tumor necrosis factor receptor superfamily member 4, also known as OX40, is expressed on activated T cells

as well as a number of other cell types. OX40 binds to OX40 ligand (OX40L), which is expressed by APCs

and other cell types. OX40 has been implicated in extending the duration of effective immune responses and in
immune memory response, as well as having a critical role in inflammatory response. OX40 has been show to be
a prominent costimulatory receptor for activity, clonal expansion, and activation of T cells. OX40 is a member of
the tumor necrosis factor (TNF) receptor superfamily along with CD27, CD40, 4-1BB, and GTIR [103,104].

TNF receptor superfamily member 18 is also known as Glucocorticoid-induced TNFR-related protein (GITR).
GTIR is expressed on most immune cells with higher levels on Tregs and potentially naive T cells. GTIR ligand
(GTIRL) is found on endothelial cells and APCs. GTIR has been implicated in allowing CD4* T-effector cells
to avoid suppression by Tregs. It may also increase proliferation of all CD4* T-cell populations. It may also be
critical to inflammatory response and play a role in CD8* T cell activation [105,106].

CD28 is expressed on CD4* and CD8* T cells. CD28 binds to CD80 and CD86, with these ligands mostly
found on APCs. The co-stimulatory signals of CD28 have been shown to be critical for T cell activation and
survival. CD28 binding is also linked to upregulation of specific lymphokines and cytokines in T cells. CD28 is
a member of the CD28 family of receptors along with the positive regulator ICOS and the negative regulators
PD-1, CTLA-4, and BTLA [107,108].

CDa80 is present primarily on APCs, but can be expressed by activated B cells, T cells, and monocytes. CD80
exhibits costimulatory activity in binding to CD28. Stimulation by CD80 may cause CD8* cell to activate, or
CD4* cells to preferentially differentiate into Type 1 helper T cells. Interactions of MHC 1l on DCs with CD4*
T cells may lead to dendritic cell licensing and upregulation of CD80. CD80 can also bind to CTLA-4 for
attenuation of immune response [109-111].

Inducible T-cell Costimulator (ICOS) is expressed on the surface of activated T cells and is CD28 family receptor.
1COS expression has been shown to have a strong role in T cell cytokine secretion. ICOS also likely has a role in
the activity of memory T cells and effector T cells during immune response. ICOS ligand (ICOS-L) is expressed
on professional APCs such as DCs, macrophages, and B cells. ICOS may also have a role in interactions between
T cells and B cells through the CD40/CD40L pathway [112-115].
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Checkpoint
Role

Molecule Description

CD40 TNF receptor superfamily member 5, also known as CD40, is a costimulatory protein expressed on the surface
of a wide range of cells including B cells, DCs, macrophages, and other APCs. The cognate ligand, CD40L
(CD154), is expressed primarily on the surface of CD4+ T-cells, as well as activated B cells. CD40 has been
implicated in a variety of downstream responses including T-cell dependent immunoglobulin class switching and
memory B cell development. CD40 also plays a role in cellular and adaptive immunity [116].

4-1BB TNF receptor superfamily member 9, also known as 4-1BB, is expressed on activated CD4* and activated CD8*

(CD137) T cells. 4-1BB ligand (4-1BBL) is expressed on APCs. Activation of 4-1BB has been linked to proliferation and
survival of CD8* T cells. 4-1BB has also been implicated in increases of T cell cytolytic activity and changes in T
cell cytokine expression. 4-1BB activation may also play a role in CD4* T cell activation [117-119].
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Table 3
Combination Therapies.
Combination Specific Example Clinical Trials.
Category Combination gov ldentifier
Antigen exposure Cancer Vaccine + CPI RO7198457 + Anti-PD-L1 [120] NCT03289962
Oncolytic Virus + CPI Ad-RTS-hIL-12 + Anti-PD-1 [121] NCT03636477
Chemotherapy + CPI Pemetrexed and Platinum Chemotherapy + Anti-PD-1 [122] NCT02578680
Additional Checkpoint Inhibitory Checkpoint + CPI Anti-TIM-3 + Anti-PD-1 [123] NCT03961971
Molecules Stimulatory Checkpoint + CPI Anti-GITR + Anti-PD-1 [124] NCT04225039
Other Modalities
Cytokine Treatment + CPI IL-15 + Anti-PD-1 [125] NCT03388632
Small Molecule Inhibitor + CPl  ALX148 (CDA47 Blockade) + Anti-PD-1 [126] NCT03013218
Adoptive Cell Therapy + CPI CD19 CAR-T Expressing IL7 and CCL19 + Anti- PD-1 NCTO04381741

[127]

Semin Cancer Biol. Author manuscript; available in PMC 2022 November 20.


https://clinicaltrials.gov/ct2/show/NCT03289962
https://clinicaltrials.gov/ct2/show/NCT03636477
https://clinicaltrials.gov/ct2/show/NCT02578680
https://clinicaltrials.gov/ct2/show/NCT03961971
https://clinicaltrials.gov/ct2/show/NCT04225039
https://clinicaltrials.gov/ct2/show/NCT03388632
https://clinicaltrials.gov/ct2/show/NCT03013218
https://clinicaltrials.gov/ct2/show/NCT04381741

	Abstract
	Introduction
	Mechanisms of resistance
	Antigen presence and presentation
	Tumor microenvironment and tumor mediated immune suppression

	Overcoming resistance
	Increasing T cell exposure to antigens
	Targeting additional checkpoint molecules
	Combining CPIs with other therapeutic modalities to overcome resistance

	Future directions
	Conclusion
	References
	Fig. 1.
	Table 1
	Table 2
	Table 3



