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SUMMARY

The success of immune checkpoint blockade in patients with a wide variety of malignancies has 

changed the treatment paradigm in oncology. However, combination therapies with immune 

checkpoint blockade will be needed to overcome resistance and broaden the clinical utility of 

immunotherapy. Here we discuss a framework for rationally designing combination therapy 

strategies based on enhancing major discriminatory functions of the immune system that are 

corrupted by cancer – namely, antigenicity, adjuvanticity, and homeostatic feedback inhibition. We 

review recent advances on how conventional genotoxic cancer therapies, molecularly targeted 

therapies, epigenetic agents, and immune checkpoint inhibitors can restore these discriminatory 

functions. Potential barriers that can impede response despite combination therapy are also 

discussed.

Introduction

Prior to the shift in the clinical research landscape brought about by the success of immune 

checkpoint blockade (ICB) in multiple tumor types, chemotherapy, radiation, surgery, and 

molecularly targeted agents were the predominant modalities employed across nearly all 

cancers. These therapies are often effective in early stage cancers but typically are not 

curative in advanced stage disease. Studies that examined response and resistance to 

radiation and systemic therapies focused on tumor cell intrinsic effects (Holohan et al., 
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2013). For instance, both chemotherapy and radiation can induce DNA damage, leading to 

cell cycle arrest or cell death. Thus, improving therapy often focused on enhancing these 

tumor cell intrinsic effects by incorporating agents with unique modes of action, or 

understanding how intrinsic resistance develops. For molecularly targeted agents against 

oncogenic drivers, resistance often develops through mutations in the kinase that prevent 

drug binding or through activation of alternate growth pathways, prompting design of next-

generation drugs or blocking secondary pathways through combination therapy (Rotow and 

Bivona, 2017). Thus, efforts to improve conventional and molecularly targeted cancer 

therapies and how to combine therapies have focused on cell intrinsic modes of action such 

as mutations and/or other genetic influences with little attention to tumor extrinsic factors 

like the immune system.

The study of anti-tumor immune responses has led to the development of numerous 

therapeutic strategies. Among these approaches, antibodies that block “immune 

checkpoints,” negative regulators of T cell function (Topalian et al., 2015), and chimeric 

antigen receptors have now gained FDA approval (Lim and June, 2017). The therapeutic 

antibody ipilimumab, targeting cytotoxic T lymphocyte antigen 4 (CTLA-4), was the first 

checkpoint inhibitor to be approved for clinical use in cancer. CTLA-4 competes with the 

co-stimulatory receptor CD28 for binding to B7 ligands. A second immune checkpoint 

receptor, programmed cell death protein 1 (PD-1), is expressed by activated T cells, while its 

ligands PD-L1 and PD-L2, are expressed by tumor and immune cells. The PD-1 pathway is 

important for driving T cells into a dysfunctional state known as T cell exhaustion (Pauken 

and Wherry, 2015). Blocking either CTLA-4 or PD-1 has led to unprecedented durable 

responses with a generally favorable toxicity profile. However, it is clear from large clinical 

trials that only a fraction of patients respond and many will relapse. As with conventional 

cancer therapies, one way to improve clinical responses with immune checkpoint blockade 

(ICB) is through combination therapy strategies. In fact, extensive clinical efforts are 

currently underway to examine the safety and efficacy of combining ICB antibodies with 

each other, conventional cancer therapies, molecularly targeted agents, and novel 

immunomodulatory treatments. However, unlike with conventional therapies, the target of 

ICB is typically not the tumor cells directly but immune cells. Although the somatic 

mutation burden and cancer genetic mutations are undoubtedly important, as discussed by 

Wellenstein and de Visser in this issue and elsewhere (Schumacher and Schreiber, 2015), the 

nature of the immune infiltration in the tumor (Coussens et al., 2013), expression of PD-L1 

on tumor and immune cells (Herbst et al., 2014; Tumeh et al., 2014), and developmental fate 

of T cells (Pauken and Wherry, 2015), are just some of the tumor cell extrinsic factors that 

influence response. Moreover, emerging evidence indicates that conventional genotoxic 

(e.g., chemotherapy, radiation) and molecularly targeted therapies can have 

immunomodulatory effects. Thus, designing rational combination strategies requires 

expanding our understanding of relevant determinants of response and resistance beyond cell 

intrinsic and genetic mechanisms.

In this review, we discuss tumor cell extrinsic factors, epigenetic properties, and feedback 

inhibition mechanisms important to consider for combination therapy strategies that target 

the anti-tumor immune response. We outline a framework based on the major discriminatory 

functions of the immune system. Within this context we discuss how cancers can corrupt 

Patel and Minn Page 2

Immunity. Author manuscript; available in PMC 2020 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



these discriminatory functions, and how these functions might be restored through 

immunomodulatory effects of conventional therapies, targeted therapies, and other 

approaches.

Discriminatory Functions and Balancing Acts of the Immune System

In the continuous struggle between pathogen and host, the selective pressures that have 

shaped the discriminatory functions of the immune system are manifold. Here, we put forth 

three discriminatory functions that are particularly relevant to cancer and cancer therapy by 

briefly reviewing their contributions to inflammation associated with host-pathogen 

interactions. These three discriminatory functions are: 1) antigenicity, 2) adjuvanticity, and 

3) homeostatic feedback inhibition (Figure 1).

Antigenicity, or the first discriminatory function of the immune system, refers to the ability 

of antigens, typically peptides, to bind to and stimulate T and B cell receptors. Antigenicity 

contributes to self-nonself discrimination (G. Fu et al., 2014). Self-antigens are expressed by 

host tissues, while nonself-antigens are specifically expressed by pathogens and/or are not 

germline encoded. Since T cells bearing T cell receptors that recognize self-antigens are 

eliminated by thymic selection or are tolerized in the periphery, self-antigens generally have 

poor antigenicity. In contrast, nonself-antigens can exhibit strong antigenicity. Reliance upon 

the stronger antigenicity of nonself-antigens for immune activation allows effector cells to 

target pathogens while minimizing risk of autoimmunity. However, this method of self-

nonself discrimination by the adaptive immune system is often not sufficient to generate a 

productive immune response against pathogens. Additional signals besides antigenicity are 

generally required to mount an effective adaptive immune response.

The generation of adaptive immunity often requires that nonself peptides are accompanied 

by adjuvants, which are either pathogen products or agents associated with cellular damage 

(Bonam et al., 2017). Thus, the second discriminatory function of the immune system is 

adjuvanticity: the ability to sense danger or damage and provide context for self-nonself 

recognition. These danger or damage signals are recognized by extracellular and 

intracellular pattern recognition receptors (PRRs) expressed by innate immune cells 

(Takeuchi and Akira, 2010). Major classes of PRRs include the membrane-bound toll-like 

receptors (TLRs), cytoplasmic NOD-like receptors (NLRs), as well as receptors primarily 

dedicated to recognizing nucleic acids such as RIG-like receptors (RLRs), the OAS-like 

receptors (OLRs) that includes cGAS, and AIM2-like receptors (ALRs). Ligands for PRRs 

can be pathogen-encoded and referred to as pathogen-associated molecular patterns 

(PAMPs), which are motifs such as bacterial LPS and viral nucleic acid features. 

Alternatively, endogenous molecules from stressed or damaged cells can bind to PRRs. 

These damage-associated molecular patterns (DAMPs) include extracellular ATP, 

cytoplasmic calreticulin, high mobility group box 1 (HMGB1) proteins, endogenous nucleic 

acids, and many intracellular proteins exposed by damaged or dying cells (Galluzzi et al., 

2016). The cellular context provided by PRR signaling is important because nonself-

antigens accompanied by PAMPs/DAMPs are much more likely to result from pathogen 

invasion rather than an accidental encounter due to failure of central or peripheral tolerance. 

Indeed, when PRRs expressed on macrophages and dendritic cells (DCs) are activated, this 
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sets off a cascade of events to promote adaptive antigen-specific immunity (Banchereau et 

al., 2000). In the case of DCs, multiple proinflammatory cytokines (e.g., TNFα, IL-6, and 

IL-12) and anti-viral interferons (IFNs) are produced. PRR stimulation enables DCs to then 

migrate from tissue to regional draining lymph nodes, process antigen for presentation by 

class I and II MHC, and induce many co-stimulatory molecules needed by antigen-specific T 

cells.

Whereas triggering an inflammatory response is important for adaptive immunity, it is 

critical that this inflammatory response be temporally and spatially restricted. Homeostatic 

feedback inhibition, which is the third discriminatory function of the immune system, 

interprets environmental cues during inflammation and tunes immune effector function 

accordingly. This discriminatory function is evident during the resolution of inflammation 

that accompanies wound healing. The initial inflammatory phase of normal wound healing 

begins with the release of proinflammatory cytokines (Enyedi and Niethammer, 2015). 

Neutrophils are among the first innate immune cells that enter the wound to begin clearing 

tissue debris. Additional chemokines such as CCL2 and CCL3 then recruit monocytes to the 

inflamed area, which in turn differentiate into macrophages. These macrophages continue 

the process of phagocytosis and cytokine and chemokine production to recruit lymphocytes, 

but also produce VEGF, PDGF, and TGFβ to initiate angiogenesis and the proliferative 

phase of wound healing (Portou et al., 2015). During this phase, a transdifferentiation 

program called epithelial-to-mesenchymal transition (EMT) is thought to promote re-

epithelialization, which is promoted by TGFβ and proinflammatory cytokines like TNFα 
(Thiery et al., 2009). In pathological situations such as diabetes that result in chronic and 

immune suppressed wounds, these early phases of wound healing fail to resolve. 

Interestingly, hyperactivation of TLRs such as TLR2 and TLR4, which contribute to early 

proinflammatory signals and neutrophil and macrophage infiltration, have been implicated in 

non-healing wounds (Lin Chen et al., 2013; Suga et al., 2014). In contrast, activation of 

TLR3 and TLR9, which recognize nucleic acids PAMPs, can accelerate wound healing (Lin 

et al., 2011; 2012; Sato et al., 2010). Moreover, TLR3 and TLR9 engagement increases 

production of type I IFNs (IFN-I), CXCL9, and CXCL10, all of which are cytokines that 

favor T cell recruitment and activation. Indeed, the recruitment of T cells proceeds innate 

immune cells and peaks during later stage of wound healing (Portou et al., 2015). Thus, 

productive wound healing requires proper timing and coordination of innate and adaptive 

immune populations, mesenchymal transdifferentiation programs, and disparate PRR 

signals. Dysregulation of these processes is associated with non-healing and immune 

suppressed wounds.

Feedback inhibition is also important when pathogens cannot be eliminated, requiring the 

establishment of a host-pathogen stalemate intended to limit immune-mediated pathology. 

This type of feedback inhibition can be controlled by the timing and duration of 

inflammatory signals. A prime example of this is how IFN pathways control host response to 

acute versus chronic viral infections (Snell and Brooks, 2015). Both interferon-gamma 

(IFNG) and IFN-I are critical in controlling acute viral infection (van den Broek et al., 

1995a; 1995b). IFNs increase the expression of MHC-I, promote antigen processing, and 

coordinate both innate and adaptive immunity. Mice lacking IFN signaling rapidly succumb 

to disease or are unable to clear the virus. However, in several examples that include the 
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LCMV model in mice, SIV model in primates, and chronic hepatitis in humans, chronic 

infection and immune suppression is paradoxically associated with high levels of multiple 

IFN-stimulated genes (ISGs). In this setting, persistent IFN-I signaling results in dominant 

suppressive effects attributed to IL-10, PD-L1, and dysfunctional lymphoid architecture. 

Blocking IFN-I signaling in the LCMV model at later times after chronic infection is 

established can decrease viral titers and improve chronic infection, indicating that chronic 

IFN signaling contributes to immune suppression and persistent infection (Sandler et al., 

2014; Teijaro et al., 2013; Wilson et al., 2013). It is thought that these suppressive effects of 

IFNs may serve to minimize immunopathology that can occur with chronic infection.

Although feedback inhibition resulting from chronic infection impacts many types of 

immune cells, the tuning of effector function is particularly important for T cells. Antigen 

persistence or inflammation can result in T cell exhaustion, a dysfunctional state 

characterized by a progressive decline in effector function and cytokine secretion, altered 

metabolism, and eventual deletion (Pauken and Wherry, 2015). Although exhausted T cells 

(TEX) are hypofunctional compared to effector or memory T cells, TEX have important 

functions in controlling pathogens during chronic infection by maintaining a host-pathogen 

stalemate. The importance of PRR signaling for the development of TEX has been suggested 

in viral infection models whereby inadequate PRR signaling and insufficient CD4 T cell 

help promote exhaustion (Y. Wang et al., 2012). Moreover, persistent IFN signaling that can 

accompany chronic viral infection may predispose to “out-of-sequence” IFN signaling on T 

cells relative to T cell receptor engagement, resulting in inhibitory effects on T cell survival 

and proliferation (Crouse et al., 2015; Urban and Welsh, 2014). In fact, compared to other 

signal 3 cytokines such as IL-12, IFN-I is biased toward inducing higher levels of PD-1 on 

activated T cells and subsequent T cell exhaustion (Gerner et al., 2013). As discussed below, 

once these environmental cues favor development of TEX, the exhausted state may be 

difficult to reverse.

In summary, antigenicity, adjuvanticity, and feedback inhibition are critical properties of 

normal immune responses. These discriminatory functions must be closely regulated to 

ensure proper recognition and clearance of pathogens, while maintaining normal tissue 

function. Antigenicity allows recognition of foreign proteins as nonself and is accompanied 

by PRR-driven danger signals, which provide the context for appropriately initiating 

adaptive immune responses. After these inflammatory pathways are initiated, feedback 

inhibition acts as a counterregulatory measure to curb immune function and restore normal 

tissue barriers once the pathogen is cleared. Conceptually, these discriminatory functions 

likely evolved to balance the “cost” associated with immune effector responses – 

specifically, direct detrimental effects of pathogens versus immunopathology from excessive 

immune stimulation (Iwasaki and Medzhitov, 2015). In this way, the immune system can 

maximize host fitness by either eliminating pathogens or drawing a host-pathogen stalemate. 

Below, we describe how cancers disrupt this balance to favor the tumor.

Cancers Corrupt the Discriminatory Functions of the Immune System

Since the discriminatory functions of the immune system have been largely shaped by host-

pathogen interactions and balancing effector function with risk of immunopathology, there is 
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an immense selective advantage for cancers to evolve low antigenicity, PRR signaling with 

poor adjuvanticity, and a tumor microenvironment (TME) that resembles chronically 

inflamed and non-healing tissue (Figure 2). A TME with these features is replete with 

signals that are unfavorable for immune effector function and that promote feedback 

inhibition mechanisms. As with host-pathogen interactions, some of the features of this 

immune suppression may be “locked-in” and difficult to reverse. There are numerous 

strategies tumors use to curtail anti-tumor immune responses by corrupting antigenicity and 

adjuvanticity, or by exploiting feedback inhibition.

Seminal experiments in mouse models and recent genomic evidence from cancer patients 

have firmly established the importance of immunoediting and neo-antigens in cancer 

progression and immunotherapy response. Since this topic is extensively reviewed elsewhere 

(Schumacher and Schreiber, 2015), we will only briefly discuss the critical role of neo-

antigens here. Neo-antigens can be considered “non-self” or “altered-self” given that they 

are not germline encoded and subjected to central tolerance. Tumors arising in Rag2 

knockout mice are more immunogenic than tumors from immunocompetent counterparts 

(DuPage et al., 2012), and the application of whole exome sequencing for neo-antigen 

identification has led to the discovery of relevant mutant proteins (Matsushita et al., 2012). 

Consistent with immunoediting, similar exome sequencing approaches from pre-therapy 

patient tumors show a correlation between ICB response and the number of non-

synonymous somatic mutations or predicted neo-antigens (McGranahan et al., 2016; Rizvi et 

al., 2015; Snyder et al., 2014). After start of therapy, tumors responding to anti-PD-1 show 

loss of predicted neo-antigens and contraction of the subclones that express them (Riaz et 

al., 2017). Alternatively, patients that relapse after anti-PD-1 can have tumors that have lost 

MHC-I expression through mutation of either beta2-microglobulin or JAK signaling 

(Zaretsky et al., 2016). Tumors may also interfere with antigen presentation and priming of 

CD8 T cells by impairing recruitment of DCs (Salmon et al., 2016; Spranger et al., 2015). 

Thus, cancers pervasively cripple the self-nonself discriminatory function of the adaptive 

immune system through the survival of tumor clones lacking or unable to present adequate 

neo-antigens.

Tumors also avoid immune surveillance by favoring DAMP signals that promote cancer 

inflammation rather than priming adaptive immune responses. Due to cell intrinsic stress 

such as genomic instability and reactive oxygen species, or extrinsic stress such as metabolic 

limitations, hypoxia, and other harsh conditions present in the TME, cancer cells are 

constantly undergoing cell death (Galluzzi et al., 2016). This cell death may be accidental, 

such as necrosis, or programmed, such as apoptosis or necroptosis. Depending on the mode 

of cell death, various types of DAMPs are released, such as HMGB1, ATP, and adenosine. 

Even if cancer cells do not die, stressed cancer cells still expose DAMPs, such as cell surface 

calreticulin from ER stress or an unfolded protein response. However, despite this DAMP-

rich environment, the TME may not promote anti-tumor immune responses. Rather, the 

cellular stress and/or the constellation of DAMPs liberated from dying cancer cells can favor 

the accumulation of dysfunctional innate immune cells such as dendritic cells (Cubillos-Ruiz 

et al., 2015), macrophages (Ruffell et al., 2014), and tumor-associated neutrophils (Coffelt et 

al., 2015) that facilitate tumor progression rather than generation of immunity.
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Although it is often unclear which forms of cell death predominate in tumors, apoptosis and 

necrosis are likely pervasive. Apoptosis is generally considered immunologically silent 

(Green et al., 2009). Accordingly, apoptotic cells release immunomodulatory molecules and 

DAMPs, such as phosphatidylserine, that promote their clean elimination by acting as 

antiinflammatory and “eat me” signals for phagocytosis (Trahtemberg and Mevorach, 2017). 

Moreover, the immunologically silent nature of apoptosis is maintained by Caspase-

mediated inactivation of Bax, preventing the release of mitochondrial DNA and subsequent 

activation of the endoplasmic reticulum associated signaling protein STING (Rongvaux et 

al., 2014; White et al., 2014). Analysis of cell lines and biopsies from melanoma or colon 

cancers has revealed frequent loss or epigenetic silencing of the cytosolic DNA sensor cGAS 

and/or STING, suggesting that cancers may suppress these pathways for immune evasion 

(Xia et al., 2016). Even necrosis of cancer cells can fail to prime a CD8 T cell response 

(Gamrekelashvili et al., 2014). The ATP that is released by necrosis and then subsequently 

metabolized to adenosine binds to purinergic receptors and interferes with the cytotoxic 

effects of T cells and NK cells, while enhancing regulatory T cells (Tregs) and myeloid-

derived suppressor cells (MDSCs) (Cekic and Linden, 2016). Interestingly, the failure of 

necrotic cells to prime T cells can be rescued by introduction of nucleic acid PAMP 

mimetics (Gamrekelashvili et al., 2014). Thus, despite the prevalence of cell death in 

tumors, the second discriminatory function of the immune system to reinforce recognition of 

non-self with DAMP or PAMP signaling is maladapted: DAMPs released by dying cancer 

cells favor cancer inflammation and tumor progression rather than adjuvanticity that 

supports an anti-tumor immune response. To achieve this, avoidance of strong nucleic acid 

DAMPs and the activation of their corresponding PRRs may be particularly important.

Cancer inflammation is associated with more than simply poorly immunogenic DAMPs 

unfavorable for adaptive immune responses. Tumor cells can also exploit feedback inhibition 

to avoid elimination. For instance, inherent cellular plasticity and chronic inflammatory 

signals associated with non-healing wounds can promote mesenchymal differentiation. In 

the TME, growth factors and morphogens, such as WNT and NOTCH, and numerous 

inflammation-associated cytokines, such as IL-6, IL-8, and TGFβ, can activate the EMT 

program in cancer cells (Sistigu et al., 2017; Thiery et al., 2009). In some cases, these 

growth factors and cytokines are produced by innate immune cells such as MDSCs and 

tumor-associated macrophages (TAMs). Moreover, inflammation associated with adaptive 

immunity may also promote EMT. In a breast cancer model, immunoediting by T cells was 

shown to promote EMT, generate cancer stem-like cells, and enhance therapy resistance 

(Reiman et al., 2010). Thus, inflammation resulting from both innate and adaptive immune 

responses are directly linked to EMT.

In addition to increased stemness, metastasis, and therapy resistance, cancers with 

mesenchymal properties can be highly immunosuppressive. For example, tumors formed 

from either MMTV-PyMT cancer cell lines or sorted subpopulations with epithelial traits 

express MHC-I, are infiltrated with CD8 T cells and M1 macrophages, and respond to ICB. 

In contrast, tumors from mesenchymal populations have lower MHC-I, higher PD-L1, and 

are infiltrated with CD8 T cells expressing multiple inhibitory receptors, Tregs, M2 

macrophages, and MDSCs (Dongre et al., 2017). Accordingly, these mesenchymal tumors 

fail to respond to ICB. Interestingly, the immune suppressive features and ICB response 
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associated with EMT is dominant, as suggested by mixing experiments. Furthermore, 

directly manipulating EMT with transcriptional regulators such as Brachyury (Hamilton et 

al., 2014) or the microRNA mir-200 (Limo Chen et al., 2014) enhances resistance to 

cytotoxic T cells and/or NK cells and increases tumor PD-L1 levels. Recent gene expression 

analysis of tumors from cancer patients show that an EMT signature is associated with 

higher expression of T cell inhibitory receptor pathways and Tregs (Lou et al., 2016; Mak et 

al., 2016). In contrast, there is no association with the somatic mutation burden. Melanoma 

patients treated with anti-PD-1 demonstrate enrichment of mesenchymal-related genes in 

tumors from non-responders, highlighting the potential clinical relevance of inflammation 

and cancer cell plasticity (Hugo et al., 2016). These findings support a potential dominant 

effect of EMT that can mask cancer cells from T cells irrespective of neoantigen repertoire. 

Indeed, tumor intrinsic mutations associated with EMT can actively orchestrate a TME that 

impedes dendritic cell function and T cell infiltration (see separate review in this issue).

Similar to their functions in pathogen infection, IFNG and IFN-I have critical roles in 

generating immunity against cancer. Mice with defects in IFN signaling, particularly in 

immune and stromal cells, exhibit compromised spontaneous and therapy-related anti-tumor 

immune responses (L. Deng et al., 2014; Katlinski et al., 2017; Woo et al., 2014). Disruption 

of IFN signaling in tumor cells can interfere with MHC-I expression1, alleviate IFN-

mediated cytotoxicity, and likewise cause resistance to immunotherapies (Dighe et al., 1994; 

Manguso et al., 2017). In fact, tumors harboring mutations or copy number alterations in 

IFN signaling or MHC-I have been identified in patients that are either resistant or relapse 

after ICB (Gao et al., 2016; Zaretsky et al., 2016). However, activated CD8 T cells produce 

IFNG that increases PD-L1 and IDO1 in the tumor and TME (Spranger et al., 2013). This 

seemingly counter-productive response has been described as “adaptive resistance” (Taube et 

al., 2012) and is a consequence of the third discriminatory function of the immune system to 

provide feedback inhibition. In fact, blocking PD-L1-mediated adaptive resistance is thought 

to be a major mechanism of action for anti-PD-1/PDL therapy. Thus, in both chronic 

pathogen infections and in cancer, IFN drives initial immune stimulatory effects but then 

coordinates feedback inhibition through PD-L1.

Patients and mice with high levels of PD-L1 still often fail to respond to anti-PD-1/PD-L1 

therapy, arguing that IFN may drive additional feedback inhibition pathways (Benci et al., 

2016; Taube et al., 2014). Indeed, in mouse models, persistent IFNG signaling in tumor cells 

results in an altered epigenome/transcriptome and expression of multiple T cell inhibitory 

receptor ligands besides PD-L1 (Benci et al., 2016). This chronic IFNG signaling is 

sufficient to render tumors resistant to ICB. When IFNG and/or IFN-I signaling is blocked in 

ICB-resistant tumors, response is dramatically restored, suggesting that persistent IFN-I or 

IFNG is required to maintain adaptive resistance. Importantly, melanoma patients with high 

levels of ISGs such as IFIT1 and MX1, which are associated with the acquisition of IFN-

driven adaptive resistance in mice, or high levels of serum IFNG prior to therapy are less 

likely to respond to anti-PD-1 (Benci et al., 2016; Huang et al., 2017). Thus, persistent IFN 

signaling in tumor cells that characterizes cancer inflammation can drive PD-L1-dependent 

and PD-L1-independent resistant states. When the latter develops, blockade of PD-1/PD-L1 

may be insufficient to restore anti-tumor immunity.

Patel and Minn Page 8

Immunity. Author manuscript; available in PMC 2020 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



While inflammation and plasticity of the TME allow tumors to passage into an 

immunosuppressive state, the epigenetic inflexibility of TEX that develops from persistent 

antigen and inflammation can galvanize immune suppression. Although PD-1 marks these 

TEX and blocking PD-1 can improve function, recent evidence reveals that exhaustion may 

not be easily reversed. In chronic viral infection or in cancer, PD-1 blockade rewires T cell 

transcriptional programs but does not remodel chromatin features after transitioning from an 

initial plastic state (Pauken et al., 2016; Philip et al., 2017; Sen et al., 2016). Consistent with 

the notion that lack of epigenetic plasticity limits the reversal of T cell exhaustion, TEX do 

not develop into memory T cells (TMEM) after PD-1 blockade but instead re-exhaust 

(Pauken et al., 2016). Furthermore, the TME may also adversely affect TMEM either by 

enriching for an exhaustion-related epigenetic state in pre-existing TMEM pools (Philip et al., 

2017) or by interfering with their development through chronic inflammation and persistent 

IFN signaling (Stelekati et al., 2014). The potential clinical relevance of this epigenetic 

inflexibility and limited ability to reverse exhaustion, is highlighted by findings in melanoma 

and lung cancer patients treated with anti-PD-1. Not only are some of the exhaustion-

associated chromatin features discernible in patient TILs (Philip et al., 2017), but most 

patients demonstrate only a single early proliferative burst in peripheral PD-1+ CD8 T cells 

after PD-1 blockade despite continued treatment (Huang et al., 2017; Kamphorst et al., 

2017a).

In summary, under the selective pressure to avoid immune recognition, cancers have 

developed numerous strategies to corrupt the discriminatory functions of the immune 

system. Decreased antigen presentation or expression of low affinity antigens can limit 

antigenicity. Even when antigens are expressed, tumors can limit the generation of adaptive 

immune responses by interfering with adjuvanticity. Here, tumors can silence PRR signaling 

or subvert PRR signals to favor suppressive inflammatory pathways. Cancers also broadly 

corrupt the discriminatory function of the immune system that interprets environmental cues 

to properly tune immune effector function. In response to inflammatory signals, the 

epigenetic plasticity of cancer cells allows them to adapt an immune suppressive state. 

While for immune cells, cancer inflammation instructs T cells to adopt a dysfunctional and 

epigenetically “locked-in” state. For both cancer cells and immune cells, the timing, 

duration, and magnitude of inflammatory signals such as IFN can potently reinforce an 

overall immune suppressive TME.

Restoring Immunogenic PRR Signaling with Genotoxic Therapies

Since tumors exhibit PRR signaling that favors cancer inflammation and tumor progression 

rather than an anti-tumor immune response, an important consideration in improving ICB is 

to enhance the adjuvanticity of PRR signals in the TME. One approach is to use genotoxic 

agents that are already widely employed in cancer treatment such as chemotherapy and 

radiation. Indeed, this strategy of combining ICB with either chemotherapy or radiation is 

being extensively studied in clinical trials (Garg et al., 2017; Shabason and Minn, 2017). 

Notably, the significance of restoring adjuvanticity is dependent on adequate tumor 

antigenicity. Although genotoxic agents can be mutagenic and potentially alter the neo-

antigen repertoire, the nature of the subclonal mutations generated may have little impact on 

antigenicity (McGranahan et al., 2016). Other reviews discuss tumor antigenicity in detail 
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and cover the challenges and promising approaches to therapeutically enhance it (Lim and 

June, 2017; Schumacher and Schreiber, 2015). Here, we discuss recent developments that 

have shed important insight into how genotoxic agents, targeted therapies, and other 

approaches can enhance adjuvanticity by activating nucleic acid sensing.

In multiple syngeneic transplantation models, tumor response to genotoxic cancer agents can 

be strongly influenced by the adaptive immune system. For example, depletion of CD8 T 

cells or transplanting tumors into immunocompromised mice can result in markedly 

diminished tumor response to certain chemotherapeutic agents or to radiation (Galluzzi et 

al., 2015; Lee et al., 2009). Moreover, vaccination experiments with cancer cells treated in 
vitro show that these agents can generate anti-tumor immunity. Such observations strongly 

argue that determinants of effective tumor response extend beyond cancer cell intrinsic 

effects. Seminal studies have defined that this immunogenic cell death (ICD) can involve the 

release of now familiar DAMPs such as calreticulin, extracellular ATP, HMGB1, and 

ANXA1, followed by the activation of their cognate PRRs (Galluzzi et al., 2015), including 

newly identified PRRs such as formyl peptide receptor 1 (FPR1) (Vacchelli et al., 2015). 

These PRRs promote the uptake of antigens, activate APCs, and facilitate the interaction 

between APCs and damaged cells. Thus, conventional genotoxic cancer therapies can have 

immunogenic effects by enhancing PRR signaling.

The ability of radiation to improve response to ICB was also demonstrated in early studies in 

mice and later suggested in patients based on several case reports (Demaria et al., 2015). In 

mice, combining radiation with anti-CTLA-4 resulted in regression not only of the irradiated 

tumor but improved response of unirradiated (abscopal) tumors as well, confirming a 

systemic anti-tumor effect from radiation (Demaria et al., 2005; Twyman-Saint Victor et al., 

2015). A similar abscopal effect was also observed in a patient undergoing radiation after 

initial anti-CTLA-4 (Postow et al., 2012). In experimental models, radiation has effects 

consistent with improved adjuvanticity, including diversification of the intratumoral T cell 

repertoire (Twyman-Saint Victor et al., 2015), improved antigen processing, and increased 

MHC-I expression (Reits, 2006). Improvements in T cell immune parameters are also 

observed in cancer patients undergoing radiation (Muraro et al., 2017; T. Zhang et al., 2017). 

Moreover, as with spontaneous T cell priming against tumors, the immunogenic effects of 

radiation are dependent on STING activation in dendritic cells and subsequent IFN-I 

production (L. Deng et al., 2014). Similarly, the combination of chemotherapies with 

favorable immunomodulatory properties can also improve tumor control when combined 

with ICB (Pfirschke et al., 2016), and preliminary evidence suggests improvement in 

response rates with certain combinations in patients (Langer et al., 2016). Thus, these 

observations suggest that combining conventional genotoxic therapies with ICB may 

improve the discriminatory function of the immune system to sense damage and evoke 

immunogenic PRR signaling.

For radiation and many chemotherapies, the principle insult is on DNA and disruption of 

genomic integrity. These insults include DNA double-stranded breaks, DNA cross-links, 

chromosome bridges, and other chromosomal abnormalities during mitosis. Surprisingly, 

DNA damage has also been intimately linked to pathogen responses and IFN signaling. For 

example, the serine/threonine kinase ATM, which is the key kinase activated after DNA 
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damage, regulates PRR activation and early IFN-I signaling that can influence viral and 

bacterial defense (Härtlova et al., 2015; Purbey et al., 2017). Recently, several studies have 

described how the DNA damage response and perturbations in genomic integrity are sensed 

to activate nucleic acid PRRs such as cGAS/STING and modulate the immune system.

The OLR cGAS is a cytosolic DNA sensor and nucleotidyltransferase that produces cyclic 

GMP-AMP (cGAMP) to subsequently activate STING (Qi Chen et al., 2016). STING 

coordinates TBK1-mediated phosphorylation of IRF3/7, IFN-I production, and ISG 

induction. Recent structural studies reveal that cGAS forms dimers that can either 

cooperatively bind to shorter DNA to form ladder-like networks or can recognize longer 

DNA with the assistance of DNA-bending proteins like HMGB1 and TFAM (Andreeva et 

al., 2017). These requirements bias cGAS to recognize structured DNA or DNA that is 

bound to nucleoid proteins. After DNA damage, cGAS/STING is activated in multiple 

cancer cell lines over the course of several days. This delay is attributed to the time needed 

for cells with DNA damage to progress through mitosis and form micronuclei (Harding et 

al., 2017; Mackenzie et al., 2017). These micronuclei contain damaged chromosomal 

fragments with a compromised nuclear envelope. cGAS prominently localizes to 

micronuclei, resulting in STING activation and ISG induction. In mice, this signaling in 

cancer cells is at least partially responsible for the immunogenic effects of radiation when 

combined with anti-CTLA-4 or PD-1/PD-L1 blockade (Harding et al., 2017; Vanpouille-

Box et al., 2017; H. Wang et al., 2017). Indeed, cGAS has a more general role in 

inflammation after tissue damage and in immunosurveillance against cancer (Dou et al., 

2017; Glück et al., 2017). Interestingly, activation of cGAS/STING exhibits a threshold 

effect and can be negatively regulated by the exonuclease TREX1, which presumably 

degrades the DNA that stimulates cGAS (Vanpouille-Box et al., 2017). This threshold effect 

may have therapeutic consequences when trying to exploit cGAS for ICB therapy, since 

such properties may impact optimal radiation or chemotherapy dose and schedule.

The RLR founding member RIG-I is a cytosolic RNA sensor that recognizes short double-

stranded or highly structured RNA typically with a blunt and triphosphorylated 5’ end 

(Schlee and Hartmann, 2016). Like cGAS/STING, the anti-viral response after RLR 

stimulation results from IRF3/7 phosphorylation, IFN-I production, and ISG induction. 

Recent structural studies highlight that a 2-O-methyl cap, which is an RNA modification 

coupled to RNA polymerase II transcription, actively interferes with efficient binding of 

RNA to RIG-I (Devarkar et al., 2016; Schuberth-Wagner et al., 2015). This modification 

biases RIG-I against recognition of typical cellular mRNAs, which are RNA polymerase II 

products, and toward highly structured non-coding RNAs (ncRNAs). Direct introduction of 

RNA ligands to activate RIG-I in cancer models promotes an IFN-I response, DC activation, 

and stimulates innate and adaptive immune cells (Nabet et al., 2017; Poeck et al., 2008). In 

fact, the adjuvanticity of RIG-I ligands for CD8 T cell priming can be particularly strong 

compared to other nucleic acid PRR ligands (Hochheiser et al., 2016). Likewise, radiation of 

cancer cells also activates RIG-I through ncRNAs that accumulate in the cytoplasm. These 

ncRNAs may include U1 snRNA, which is also recognized by TLR3 after UV damage 

(Bernard et al., 2012; Ranoa et al., 2016). Disruption of either RIG-I or TLR3 in tumor cells 

interferes with IFN-I production and response to DNA damage in vitro and in vivo, 

suggesting that RNA sensing in tumor cells can have a cell autonomous role. For all the 
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RNA sensors, how ligand-receptor recognition is regulated after DNA damage is an 

important issue. Although expression of normally silenced transcripts or export of strictly 

nuclear RNA are implicated (Ranoa et al., 2016), recent studies in viral infection and cancer 

indicate additional layers of regulation through RNA binding proteins that mask ncRNAs 

from RIG-I recognition (Chiang et al., 2018; Nabet et al., 2017).

In summary, chemotherapy and radiation are standard cancer therapies that are widely used 

and readily incorporated into combination ICB strategies (Table 1). One of the mechanisms 

by which they improve ICB efficacy in syngeneic mouse models is by stimulating PRR 

signaling upon recognizing endogenous DNA or RNA. Multiple DAMPs and PRRs in 

cancer cells are engaged after chemotherapy or radiation. As with the complexity of PRRs in 

pathogen infection, the integration of these multiple PRR signals and associated regulatory 

mechanisms likely will impact net adjuvanticity and immunomodulatory effects.

Restoring Immunogenic PRR Signaling with Targeted Therapies

In addition to chemotherapy and radiation, other major classes of cancer therapies also 

appear to have immunogenic effects through nucleic acid DAMPs and PRR signaling. In 

mouse models, monoclonal antibodies against HER2 can elicit cytotoxicity that activates 

MYD88-dependent PRR signaling and requires CD8 T cells (Park et al., 2010; Stagg et al., 

2011). More recently, CDK4/6 inhibitors, which are approved for use in hormone-receptor 

positive breast cancer patients and being tested clinically in multiple other tumor types, were 

also shown to have immunomodulatory functions (J. Deng et al., 2017; Goel et al., 2017; J. 

Zhang et al., 2018). These include effects on PD-L1 expression, induction of IFN signaling 

in tumor cells, suppression of Treg proliferation, and enhancement of T cell activation. 

Mechanistically in tumor cells, CDK4/6 inhibition decreases the DNA methyltransferase 

DNMT1, resulting in derepression of endogenous retroviruses (ERV), which are repetitive 

elements that can form dsRNA (Goel et al., 2017). These ERVs then trigger a type III 

interferon response. As expected, direct epigenetic therapy with the DNA methyltransferase 

inhibitor (DNMTi) azacytidine also derepresses ERVs, resulting in TLR- and RLR-mediated 

IFN signaling (Chiappinelli et al., 2015; Roulois et al., 2015). Combining azacytidine with 

anti-CTLA-4 improves responses in mice, suggesting that like with radiation, ncRNAs can 

enhance tumor adjuvanticity and ICB response through nucleic acid DAMPs and PRR 

signaling. These epigenetic therapies may also modulate anti-tumor immune responses by 

decreasing the expression of oncogenes such as MYC (Topper et al., 2017). Interestingly, 

emerging evidence indicates that tumor suppressor and oncogene pathways in the TME 

regulate production of RNA DAMPs (Moroishi et al., 2016; Nabet et al., 2017), providing 

insight into why blocking oncogenic drivers can cause PRR activation and immune-

mediated regression. Overall, these findings suggest that multiple classes of targeted and 

epigenetic therapies can unexpectedly initiate nucleic acid DAMPs and PRR signaling with 

favorable immune consequences.

Another approach to stimulate PRR signaling is to directly introduce attenuated viral 

pathogens. A potential advantage of this approach is that multiple viral PAMPs and cellular 

DAMPs are likely sensed, resulting in PRR signal integration and more robust adjuvanticity 

(Kohlhapp and Kaufman, 2016). Indeed, a recent phase I clinical trial for melanoma 
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combining anti-PD-1 with an attenuated oncolytic virus talimogene laherparepvec 

demonstrated impressive clinical responses of 62%, compared to approximately 30% 

response expected for anti-PD-1 alone (Ribas et al., 2017). Importantly, responses were 

observed in patients with low baseline CD8 T cell infiltration, which has previously been 

correlated with response to anti-PD-1. A more direct, albeit more restricted, method to 

activate PRRs is utilizing direct PRR agonists. In preclinical studies, use of STING agonists 

is effective alone or when combined with cell-based vaccines and PD-1/PD-L1 blockade, 

especially with large established tumors that are difficult to treat with ICB alone (J. Fu et al., 

2015). Similar to how radiation mediates abscopal tumor responses through cGAS/STING, 

STING agonists also elicited tumor responses at distant sites (Corrales et al., 2015). Other 

PRR agonists, particularly RNA-based and a variety of TLR agonists represent a similar 

strategy that is being combined with ICB or immunomodulatory agents (Charlebois et al., 

2017; Kranz et al., 2016; Shekarian et al., 2017). Alternatively, rather than directly 

stimulating PRRs to enhance adjuvanticity, agonists of costimulatory pathways on APCs 

may bypass the need for PRR signaling. Using a mouse pancreatic cancer model, an agonist 

CD40 antibody was shown to bypass the typical requirement for innate sensors, including 

cGAS/STING and TLRs, and mount immune-mediated rejection when combined with 

chemotherapy (Byrne and Vonderheide, 2016).

In summary, in addition to genotoxic cancer therapies, molecularly targeted and epigenetic 

therapies can stimulate nucleic acid PRRs and mediate immunogenic effects (Figure 3). This 

broadens the possible types of targeted cancer therapies that can be effectively combined 

with ICB to improve PRR signaling (Table 1). Oncolytic viruses that intrinsically generate 

multiple PAMP and DAMP signals, direct agonists of nucleic acid PRR pathways, and co-

stimulatory pathways on APCs that bypass PRR requirements all provide novel and directed 

strategies to restore adjuvanticity.

Interfering with Feedback Inhibition Imposed by Immune Cells

Proper tuning of immune effector function to maximize fitness of the host is an important 

regulatory function of the immune system, which is dysregulated in cancer by skewing 

feedback inhibition to maximize fitness of the tumor. Thus, despite the importance of 

therapeutically enhancing PRR signaling to augment the adjuvanticity of cancer, effectively 

addressing feedback inhibition mechanisms is a key step for successful combination 

strategies. The importance of blocking feedback inhibition is highlighted by the success of 

anti-PD-1/PD-L1 agents in the clinic. In fact, adaptive resistance through PD-L1 may be one 

of the first tactics employed by cancer to regain an advantage once the immune system 

begins gaining ground (Minn and Wherry, 2016). In mice and patient tumors treated with 

radiation combined with anti-CTLA-4, increased PD-L1 expression occurs and either 

promotes or associates with relapse or resistance (Twyman-Saint Victor et al., 2015). PD-L1 

is similarly increased in mouse models after radiation plus anti-TGFβ or after combination 

therapy employing STING agonists (J. Fu et al., 2015; Vanpouille-Box et al., 2015). 

Consistent with anti-CTLA-4 failure enriching for PD-1/PD-L1-driven exhaustion, TEX-

related genes expressed in the tumor may be preferentially predictive in melanoma patients 

previously treated with anti-CTLA-4 compared to naïve patients (Riaz et al., 2017). Even 

molecularly targeted therapies such as CDK4/6 inhibitors, which promote PRR activation, T 
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cell function, and immune-mediated cytotoxicity, can increase tumor PD-L1 expression due 

to the coupling of cell cycle progression to PD-L1 expression. Here, CDK4/6 inhibitors 

increase PD-L1 by antagonizing the ability of Cyclin D-CKD4 to regulate PD-L1 stability 

through the Cullin-3 E3 ligase and its adaptor protein SPOP (J. Zhang et al., 2018). Thus, 

early adaptive resistance mediated by PD-L1 is an argument for using PD-1/PD-L1 blockade 

as a cornerstone for combination strategies. Nonetheless, even combinations that block 

PD-1/PD-L1 and augment PRR signals will often be insufficient. Emerging evidence 

provides potential strategies to more broadly combat feedback inhibition affecting immune 

cells.

In chronic viral infection models, the severity of exhaustion is progressive and leads to co-

expression of multiple T cell inhibitory receptors in addition to PD-1 (Pauken and Wherry, 

2015). In this setting, multi-agent ICB blockade is superior to anti-PD-1 alone at improving 

TEX function (Blackburn et al., 2008). Given that anti-tumor T cells in patients are also 

enriched for T cells co-expressing multiple T cell inhibitory receptors (Gros et al., 2014), 

this motivates the notion that multi-agent ICB may also be superior to monotherapy in 

cancer. Lending support to this strategy, recent evidence suggests that combination CTLA-4 

and PD-1 blockade is more clinically effective than monotherapy (Larkin et al., 2015; 

Postow et al., 2015). These two immune checkpoints are thought to be largely non-

redundant both spatiotemporally and in their immune effects (Topalian et al., 2015; Wei et 

al., 2017); however, recent interactions through CD28 have been uncovered that implicate 

potentially more mechanistic overlap than previously appreciated (Kamphorst et al., 2017b; 

“T cell costimulatory receptor CD28 is a primary target for PD-1,” 2017).

Lack of deep mechanistic insight and the sheer number of permutations makes it a challenge 

to find ICB combinations with potent rather than marginal benefit (Baumeister et al., 2016), 

a criterion that is important given that combination ICB can markedly increase immune-

related toxicities (Larkin et al., 2015; Postow et al., 2015). One approach is to use 

combination ICB to target distinct TEX populations that are either most critical for the 

reactivation effects of ICB or are the most dysfunctional (Table 2). For example, a PD-1+ 

TIM3− CXCR5+ population of T cells are responsible for the proliferative burst observed 

after PD-1 blockade (He et al., 2016; Im et al., 2016; Utzschneider et al., 2016), while a 

PD-1+ TIM3+ subset enriches for particularly dysfunctional TEX (Singer et al., 2017). 

Indeed, co-blockade of TIM3 and PD-1 is more effective than individual therapy in mouse 

tumor models (Sakuishi et al., 2010), and higher levels of TIM3 are observed on PD-1+ T 

cells in mice and patients exhibiting adaptive resistance after anti-PD-1 therapy (Koyama et 

al., 2016). A second approach is to integrate additional ICBs with distinct mechanisms of 

action. Again, using TIM3 as an example, structural studies reveal that TIM3 is a receptor 

for phosphatidylserine, a DAMP found on apoptotic cells and associated with immune 

tolerance (DeKruyff et al., 2010). Interfering with TIM3 may antagonize both the T cell 

inhibitory function of TIM3 and a toleragenic DAMP signal. A third approach to designing 

effective combination ICB strategies is to broaden the relevant immune cell types targeted. 

For example, the Ig superfamily member VISTA is expressed not only on T cells but on 

macrophages, dendritic cells, Tregs, and NK cells. In mouse models, VISTA synergizes with 

PD-1 to promote T cell activation, and anti-VISTA plus anti-PD-1/PD-L1 improves multiple 

immune parameter and tumor response (Liu et al., 2015; L. Wang et al., 2011). 
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Combinations can also be designed to broaden coverage by using one agent that selectively 

targets an important population like Tregs. For example, modified antibodies against CD25 

can potently deplete Tregs and improve PD-1 blockade especially against large established 

tumors (Arce Vargas et al., 2017). Finally, rather than blockade of immune checkpoints, co-

stimulatory agonists that can decrease multiple inhibitory receptors may offer functionally 

similar benefits. Lack of CD4 T cell help promotes CD8 T cell exhaustion and either 

improving CD4 help or recapitulating the help using CD27 agonists can decrease multiple 

CD8 T cell inhibitory receptors (Ahrends et al., 2017; Sanmamed et al., 2015).

Even with the blockade of multiple T cell inhibitory receptors, a critical unresolved issue is 

the extent to which this strategy can overcome “locked-in” epigenetic features of TEX. As 

previously discussed, TEX adopt an inflexible epigenetic state that is distinct from effector or 

memory T cells (Figure 4), and this dysfunction may occur early during tumorigenesis 

(Pauken et al., 2016; Philip et al., 2017; Schietinger et al., 2016; Sen et al., 2016). Although 

anti-PD-1 improves TEX function, the inability to convert TEX into effector T cells places a 

limit on the ability of reinvigorated TEX to handle antigen load, while the failure to convert 

into memory T cells may compromise long-term durable response. The notion that TEX have 

limited function despite ICB is evident in both mice and patients. For example, despite 

improving TEX function, the effectiveness of even combination therapy utilizing radiation 

and blockade of PD-L1 and/or CTLA-4 rapidly falls off if the TEX burden is high – a finding 

observed in mouse models and suggested by patient data (Twyman-Saint Victor et al., 2015). 

In comprehensive studies of melanoma and lung cancer patients, most patients treated with 

anti-PD-1 demonstrate only a single early proliferative burst in PD-1+ CD8 peripheral T 

cells (Huang et al., 2017; Kamphorst et al., 2017a). Thus, the degree to which combination 

ICB will significantly improve TEX function given epigenetic constraints is an outstanding 

question. However, recent proof-of-principle studies in mice demonstrate that interfering 

with the DNA methyltransferase DNMT3A, which controls some of the epigenetic changes 

that occur in TEX, antagonizes TEX development and dysfunction (Ghoneim et al., 2017). 

Furthermore, combining decitabine, a DNMTi, with PD-1/PD-L1 blockade in a mouse 

prostate cancer model increases proliferation of tumor antigen-specific T cells and improves 

ICB response. Similarly, DNMTi combined with a HDACi decreases exhaustion-associated 

genes expressed by TILs in a lung adenocarcinoma model (Topper et al., 2017). Notably, 

durable responses have been observed in non-small cell lung cancer patients initially treated 

with DNMTi and HDACi prior to ICB (Juergens et al., 2011). Thus, epigenetic therapies 

may hold promise to improve TEX function by interfering with loci that maintain exhaustion.

Interfering with Feedback Inhibition Co-opted by Cancer Cells

Even if TEX can be reversed or avoided to allow for anti-tumor effector T cell development, 

the insidious ability of cancers to remodel tumor cells and stroma may enforce a dominant 

immune suppressive microenvironment. Indeed, adoptively transferred anti-tumor effector T 

cells can remain functionally inert due to a TME that excludes T cells (Spranger et al., 

2017). In addition, aforementioned mixing experiments between epithelial and mesenchymal 

cancer cells also suggest that immunosuppression by the TME exhibits a dominant effect 

(Dongre et al., 2017). Promising options for disabling these dominant suppressive effects 
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span from interfering with chromatin-level changes, blocking extracellular and intracellular 

signals, to aggressive cytoreduction (Figure 4).

The ability of chronic inflammatory signaling such as various proinflammatory cytokines, 

TGFβ, mitogens, or prolonged IFN signaling to drive cancer cells into mesenchymal states 

or states associated with adaptive resistance, suggests epigenetic regulation. Recent studies 

have examined the notion that mesenchymal or stem cell-like properties gained by tumor 

cells may suppress their expression of TH1-type cytokines (Peng et al., 2015). Indeed, 

epigenetic therapy using an inhibitor to EZH2, which trimethylates histone H3 at lysine 27, 

combined with DNMTi restores expression of CXCL9 and CXCL10 in mouse models. This 

results in enhanced T cell infiltration and response to either anti-PD-L1 or to adoptive T cell 

transfer. In models of non-small cell lung cancer, DNMT and HDAC inhibition depletes 

MYC, a known transcriptional regulator of EMT, and reverses multiple immunosuppressive 

features of the TME (Topper et al., 2017). This includes a decrease in TAMs mirrored by an 

increase in tumor-infiltrating CD8 T cells. Direct manipulation of MYC results in similar 

immune consequences to the TME (Kortlever et al., 2017). Here, MYC activation in mouse 

lung adenomas conversely leads to expulsion of T, B, and NK cells and an influx in 

macrophages – effects attributed to IL-23 and CCL9. Tumor regression induced by 

decreasing MYC expression in this model was NK cell dependent. These experimental 

findings elucidated by genetic manipulation of MYC have relevance to EMT associated with 

cancer inflammation. MYC is a potent driver of EMT and is a downstream transcription 

factor of multiple inflammatory cytokine pathways such as IL-6 and STAT3 (Hirano et al., 

2000). Apart from altering the epigenetic landscape of tumor cells, epigenetic agents such as 

class IIa HDAC inhibitors can reprogram suppressive stromal immune cells by recruiting or 

favoring the development of anti-tumor TAMs (Guerriero et al., 2017). Thus, targeting 

chromatin-level regulators of the epigenetic state of tumor cells or stromal cells, like with 

TEX, may antagonize how cancers co-opt chronic inflammation to expel favorable adaptive 

and innate immune cells from the TME (Table 2).

Direct targeting of inflammatory cytokines and the associated signaling pathways that 

cancers use to enforce immunosuppression offers another strategy for combination therapy. 

Although there are many therapeutic opportunities, several intriguing combinations are 

notable. Emerging evidence that mesenchymal features are associated with anti-PD-1 

resistance make pathways such as TGFβ, AXL, HGF/c-MET, JAK/STAT, and WNT 

attractive targets (Dongre et al., 2017; Hugo et al., 2016). Some of these pathways such as 

TGFβ and AXL can be inhibited by selective agents (e.g., galunisertinib) to either block 

extracellular EMT stimuli (i.e., TGFβ, WNT) or intracellular EMT signals (i.e. AXL) 

(Marcucci et al., 2016). In addition to its role in EMT, recent evidence from mouse models 

and analysis of patient samples suggests that TGFβ may be particularly relevant in immune 

excluded tumors. In a genetically engineered mouse model of metastatic colon cancer, TGFβ 
inhibition cooperates with PD-L1 blockade to promote T cell-mediated clearance of liver 

metastases (Tauriello et al., 2018). Similarly, in metatastatic urothelial carcinoma, an 

increased TGFβ signature is associated with resistance to PD-L1 blockade specifically in 

patients with immune excluded tumors (Mariathasan et al., 2018). In T cell inflamed tumors, 

JAK/STAT signaling can contribute to immunotherapy resistance. For example, the 

production of IFNγ by intratumoral T cells drives PD-L1-dependent and PD-L1-
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independent resistance pathways on tumor and immune cells (Benci et al., 2016; Spranger et 

al., 2013), including promoting immunosuppressive properties of recruited neutrophils 

(Glodde et al., 2017). In mouse models, pharmacological JAK1/2 inhibition can interfere 

with resistance mechanisms associated with chronic IFN signaling and restore response of 

ICB-resistant tumors (Benci et al., 2016). However, like in the setting of chronic viral 

infection (Ng et al., 2015; Sandler et al., 2014; Wilson et al., 2013), improving ICB requires 

delayed JAK inhibitor administration to preserve favorable attributes of IFNs (e.g., antigen 

processing and early immune cell activation), while selectively blocking the suppressive 

effects of persistent signaling. Alternatively, a potentially less complex approach is to target 

the pathways that the suppressive properties of JAK/STAT signaling impact. For example, 

reactive tumor-infiltrating neutrophils that acquire suppressive features upon IFNγ 
stimulation rely upon HGF/c-MET signaling for recruitment. Thus, the selective c-MET 

inhibitor capmatinib can improve ICB in mouse models (Glodde et al., 2017). Similarly, 

inhibitors of PI3Kγ or CSF/CSF1R can interfere with suppressive myeloid and macrophage 

features of the TME to improve response to checkpoint blockade (De Henau et al., 2016; 

Kaneda et al., 2016; Y. Zhu et al., 2014). Finally, small molecular inhibitors targeting IDO1, 

an immunosuppressive metabolic factor regulated by IFN signaling, are being combined 

with ICB (Prendergast et al., 2017). Thus, targeting extracellular and intracellular signaling 

pathways associated with cancer inflammation may improve immunotherapy by 

antagonizing EMT or suppressive immune features of the TME (Table 2).

As cancer outcomes improve, aggressive surgery or radiation is increasingly utilized in 

patients with limited metastatic disease. Since the TME exerts a dominant 

immunosuppressive effect and/or tumor antigen load can overwhelm the limited function of 

reactivated TEX, incorporation of strategies that involve significant tumor cytoreduction may 

have merit as an approach to combat feedback inhibition imposed by tumor and immune 

cells. In mouse models of viral infection, higher antigen load facilitates T cell exhaustion 

(Zuniga and Harker, 2012), and in cancer models, the effectiveness of ICB rapidly 

diminishes when tumor burden increases (Benci et al., 2016). Indeed, the restricted 

proliferative burst of TEX in metastatic melanoma patients after anti-PD-1 is associated with 

clinical response when overall tumor burden is low (Huang et al., 2017). In contrast, patients 

with an unfavorable ratio of reinvigorated TEX to tumor burden are not likely to respond. 

These observations suggest that therapeutically decreasing tumor burden in the metastatic 

setting may address a barrier that can limit ICB efficacy. Alternatively, moving combination 

therapies to earlier stage and non-metastatic disease settings is another strategy. Under these 

circumstances, not only is tumor burden generally lower but all gross tumor is typically 

treated deliberately for cytoreduction. In the non-metastatic setting, the overall tumor-

immune microenvironment may also be more favorable. Recent examination of multiple 

metastases that evolved in different organs in an ovarian cancer patient revealed the co-

existence of heterogeneous tumor-immune microenvironments (Jiménez-Sánchez et al., 

2017). These metastases differed in T cell infiltration, PD-L1 status, and genomic features. 

Such observations suggest obtaining complete responses in patients with widespread 

metastases can be a challenge due to increased likelihood that some metastatic lesions 

harbor an immunosuppressive TME. Indeed, evidence from autochthonous mouse models 

support how diverse TMEs can influence immunotherapy response and the importance of 
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having model systems to capture this diversity (J. Zhu et al., 2017). Consistent with a 

potential benefit of using ICB in non-metastatic and lower tumor burden settings, an 

unusually impressive improvement from anti-PD-L1 therapy has been observed in stage III 

(non-metastatic) lung cancer patients first treated with concurrent chemotherapy and 

radiation to all gross disease (Antonia et al., 2017). Thus, incorporation of aggressive 

cytoreduction into combination therapy can be a readily employed strategy to address 

feedback inhibition mechanisms imposed by tumor and immune cells.

Concluding Remarks

The clinical efficacy and durability of responses seen with ICB has spurred a dramatic 

change in the approach to the treatment of cancer, driving interest in understanding how to 

extend the impact of ICB to more patients across additional cancer types. This goal requires 

an understanding of how inherent properties of cancer cells influence therapy response, how 

cancer cells program the TME to alter the immune system, and how immune cells 

reciprocally react to these tumor intrinsic and extrinsic effects. The overall impact on 

antigenicity, adjuvanticity, and feedback inhibition is of particular importance in reactivating 

an anti-tumor immune response. Therefore, maximizing each of these three discriminatory 

functions of the immune system should be considered when rationally designing 

combination strategies. However, given the potential for added toxicity from combination 

therapies, biomarkers that assess the sufficiency of each of these discriminatory functions for 

a given patient are needed. Some methods such as predicted neo-antigen load and PD-L1 

status already provide some information about these functions, while other stratification 

schemes such as “immune cell exclusion”, “immune desert”, and “inflamed tumors” 

represent important phenotypes that need more granular molecular explanation. 

Development of multivariate classifiers using multidimensional tumor and immune features 

will help to match rational combinations that improve immune discriminatory functions with 

properly selected patients.

Antigenicity is a critical and largely inherent property of cancer cells. Addressing poor 

antigenicity with vaccines, adoptive cell therapies, and CAR T cells can pose challenges in 

clinical deployment; however, when successful these approaches result in clear responses. In 

contrast, addressing adjuvanticity can be accomplished with conventional genotoxic 

therapies that are in widespread clinical use; however, since adjuvants rarely cause immune 

effects on their own, the effectiveness of these interventions when combined with ICB is 

often unclear. Mechanistically, chemotherapy and radiation can impact adjuvanticity by 

activation of PRRs that sense endogenous DNA and RNA. Surprisingly, multiple classes of 

cancer therapies also appear to engage these nucleic acid PRRs with favorably immune 

effects. However, how and to what extent therapy-induced activation of nucleic acid PRRs 

and numerous other PRRs enhance adjuvanticity to improve ICB response requires further 

investigation. Since genotoxic therapies and many other diverse therapies that potentially 

impact adjuvanticity are readily available in the clinic, a solid understanding of mechanism 

(and limitations) could quickly result in rational adaptation and meaningful clinical impact.

Perhaps the most daunting discriminatory function to therapeutically skew toward an anti-

tumor immune response is feedback inhibition. The immune system is wired to balance 
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potent effector function with the risk for immune-mediated pathology or poor restoration of 

barrier integrity. Cancers exploit a variety of these homeostatic feedback mechanisms to tip 

the balance toward immune suppression. This includes programming the TME to resemble 

the immune contexture of non-healing wounds, activation of T cell inhibitory receptor 

pathways, and transitioning into immune suppressive mesenchymal states. Thus, 

combination strategies to combat feedback inhibition consist of blocking signals that enforce 

suppressive innate immune cells, antagonizing exhaustion-related T cell inhibitory receptors, 

and interfering with epigenetic changes and chronic signaling needed to maintain 

immunosuppressive tumor states. On the immune side, T cells have evolved to “lock-in” the 

consequences of feedback inhibition pathways. A lack of epigenetic plasticity once T cells 

become exhausted may be a principle mechanism for this inflexibility. Currently, it is 

unclear the extent to which these tumor and immune feedback mechanisms can and need to 

be targeted in order to perpetuate durable anti-tumor immunity. Nonetheless, incorporating 

epigenetic strategies to force TEX plasticity, ways to compensate for the limited function of 

reactivated TEX, or methods to prevent TEX altogether may hold promise for successful 

combination therapies.
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Figure 1: Three discriminatory functions of the immune system, antigenicity, adjuvanticity, and 
feedback regulation, are critical for promoting anti-tumor immunity.
T cells recognize tumor associated antigens (TAA), which can be generated by mutations in 

tumor cells, when presented in the context of class I MHC. The presence of non-self 

antigens must be accompanied by danger signaling to activate the innate immune system, 

promote dendritic cell (DC) maturation, and T cell activation. Normal homeostatic feedback 

mechanisms then curb the immune response to limit immunopathology after clearance of 

pathogens.
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Figure 2: Cancers corrupt the discriminatory functions of the immune response to evade 
elimination.
A. Decreased expression of class I MHC or genetic loss of β2-microglobulin prevent cell 

surface presentation of TAAs. Immunoediting leads to selection of tumor cells with 

decreased antigenicity, often by genetic loss or decreased expression of antigens. B. Tumors 

may inhibit cell intrinsic activation of pattern recognition receptor (PRR) signaling by 

genetic loss or silencing of pathways such as cGAS/STING. PRR signaling in the tumor 

microenvironment can also be corrupted to promote suppressive inflammatory signaling 

through activation of regulatory T cells, myeloid derived suppressor cells and macrophages, 

rather than dendritic cells. C. Feedback mechanisms that curb normal immune responses can 

be co-opted by tumor cells. Chronic inflammation (e.g., IFN signaling) mediated 

upregulation of immunosuppressive factors such as PD-L1 and IDO1 can impair T cell 

function. Persistent antigen and engagement of multiple T cell inhibitory receptors (TCIRs) 

can lead to epigenetic changes in effector T cells (Teff) that are only partially reversed by 

PD-1 blockade. TGFβ can have direct immunosuppressive effects as well as influence tumor 

cell fate.

Patel and Minn Page 33

Immunity. Author manuscript; available in PMC 2020 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Activation of pattern recognition receptors by conventional and targeted therapies can 
promote innate immune signaling.
Radiation and genotoxic agents can lead to activation of the cGAS/STING pathway 

intrinsically in tumor cells as well as in dendritic cells. Altered cell cycle machinery in 

tumor cells allows progression through mitosis despite DNA damage, leading to the 

accumulation of cGAS positive nuclei. Epigenetic therapy with DNA methyltransferase 

inhibitors (DNMTi) and histone deacetylase inhibitors (HDACi) can derepress endogenous 

retroviruses (ERVs) in a mechanism termed virus mimicry. Targeted therapies such as 

CDK4/6 inhibitors have also been shown to promote interferon signaling through this 

mechanism. Changes in RNA binding proteins can lead to unshielding of dsRNA, allowing 

RIG-I activation. Chemotherapy, such as adriamycin, can activate TLR3 signaling to 

promote anti-tumor immune responses. Oncolytic viruses have multi-faceted effects on 

innate immune signaling through activation of PRR and promotion of immunogenic cell 

death (ICD). Direct STING and TLR agonists are also being developed.
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Figure 4: Targets to interfere with feedback inhibition mechanisms from immune cells and the 
tumor microenvironment.
Naïve T cells (TNAIVE) undergo different cell fates depending on the nature of the antigen 

and the course of inflammation (above dashed line). After T cell priming, persistent antigen 

and chronic inflammation, which typifies cancer, results in T cell exhaustion as a mechanism 

to limit immune-mediated pathology. In contrast to effector T cells (TEFF) that differentiate 

into memory T cells (TMEM), these exhausted T cells (TEX) have poor effector function that 

may be epigenetically “locked-in”. Targeting multiple co-expressed T cell inhibitory 

receptors can improve TEX function. In contrast to TEX, the tumor microenvironment (TME) 

generally demonstrates plasticity (below dashed line). Instructed by aberrant environmental 

cues and feedback signals associated with chronic inflammation and non-healing wounds, 

cancers can acquire various immune-TME phenotypes (boxed in black). DC and T cell 

recruitment favor response to PD1–1/PD-L1 blockade. However, tumors that transition into 

mesenchymal states by inflammatory cytokines or oncogenic signals exhibit an immune-

TME that excludes T cells and supports suppressive TAMs and MDSCs. Chronic cytokine 

signals such as IFN can exacerbate immune suppression through various mechanisms, which 

can contrast with their typical stimulatory roles during productive immune responses that 

resolve. When multiple immune suppressive mechanisms dominate, resistance or relapse to 

anti-PD-1/PD-L1 typically occurs. Potential targets for combination ICB therapy is indicated 

in red and include the epigenetic state of tumor and immune cells, intracellular and 
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extracellular signaling pathways, suppressive cytokines, and non-redundant T cell inhibitory 

receptor pathways. See Table 2 for examples of agents against these targets.
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