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Abstract

The immune system is a vital determinant of cancer and shapes its trajectory. Notably, the immune 

reaction to cancer harbors dual potential for suppressing or promoting cancer development and 

progression. This polarity of the immune response is determined, in part, by the character of the 

interplay between innate and adaptive immunity. On the one hand, the innate immune 

compartment is a necessary proponent of cancer immunity by supporting an immunostimulatory 

state that enables T cell immunosurveillance. However, in the setting of cancer, innate immune 

cells are commonly polarized with immune-suppressive properties and as a result, orchestrate a 

tolerogenic niche that interferes with the cytotoxic potential of tumor antigen-specific T cells. 

Herein, we discuss the role of innate immunity as a positive and negative regulator of adaptive 

immunosurveillance; moreover, we highlight how tumor cells may skew leukocytes towards an 

immunosuppressive state and, as such, subvert the phenotypic plasticity of the immune 

compartment to advance disease progression. These observations establish the precedent for novel 

therapeutic strategies that aim to restore the tumor microenvironment to an immunoreactive state 

and, in doing so, condition and maintain the immunogenicity of tumors to yield deep and durable 

responses to immunotherapy.
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1. Introduction

Cancer is a disease that finds its provenance in the accumulation of stochastic mutations 

which, over time, manifest in the uncontrolled growth of malignant cells.1 However, tumor 

initiation, progression, and metastasis do not unfold in a sequestered, cell-autonomous 

manner; rather, each are dynamic processes that arise from a confluence of tumor cell-

intrinsic and -extrinsic factors.2,3 As such, cancers are influenced by a myriad of heterotypic 

interactions that occur between tumor cells and their local microenvironment.2

The conjecture that the immune system participates in the recognition and elimination of 

malignant neoplastic cells was initially put forth as the cancer immunosurveillance 

hypothesis by Paul Ehrlich and Thomas Burnet.4,5 The immunogenic capacity of cancer has 

since provided the impetus to fuel the development of therapies that seek to harness the 

immune system’s ability to survey and eliminate cancer cells.6,7 However, the lack of a 

universally efficacious response to immunotherapies, such as immune checkpoint blockade 

(i.e. anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and anti-programmed 

death-ligand 1 (PDL1)/programmed cell death protein 1 (PD1)), suggests that multiple 

mechanisms of immune evasion will need to be addressed to broaden the therapeutic 

potential of immunotherapy.8

Tumor cell-driven mechanisms of immune evasion pose, arguably, the greatest barrier to the 

success of T cell-directed immunotherapies. Under conditions of immune pressure, tumor 

cells evolve in tandem to escape immune surveillance.4 This process, known as 

immunoediting (reviewed in detail elsewhere9,10) occurs in numerous ways, such as via the 

downregulation of class I human leukocyte antigen (HLA) expression on malignant cells, 

which allows tumors to circumvent antigen presentation and, by extension, immune 

detection and elimination.10,11 However, tumors may also exploit the immune system to act 

in its favor, most notably via the recruitment of tumor-associated myeloid cells and 

immunoregulatory leukocytes that orchestrate an immunosuppressive and inflammatory 

microenvironment.12–14 Conversely, tumors may instruct an immunological state that is 

deficient in key constituents (e.g. dendritic cells) that are necessary for generation of 

productive anti-tumor immunity. It is key, therefore, to recognize that the tumor-immune 

interaction is defined not only by the orientation (i.e. immunosuppressive or 

immunostimulatory) of the immune response but also its quality, which reflects the 

complexity of the immune reaction and its potential to invoke anti-tumor immunity (Figure 

1). As such, effective immunotherapies must not only enhance the capacity of the immune 

system to eliminate tumors, but also address the regulatory mechanisms by which cancers 

capitalize upon the vulnerabilities of the immune system to enable disease progression.

This review explores the bidirectionality of the tumor-immune interaction, and its 

implications in cancer immunotherapy. We begin with an overview of the mechanisms that 

comprise a favorable immunostimulatory state capable of supporting the elimination of 

malignant cells. We then discuss how these mechanisms are intricately regulated by innate 

immunity which is not only a pre-requisite for productive cancer immunosurveillance but 

also a vital determinant of the anti-tumor immune response. We emphasize that cancer 

immunoediting may jeopardize the maintenance of an immunostimulatory state and as a 
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result, tumors may ultimately evolve mechanisms to escape immune elimination. In essence, 

immune pressure can trigger the evolution of a tolerogenic phenotype that compromises the 

immunogenicity of cancer. With this in mind, we highlight a need for therapies that 

condition tumors for immune elimination, while simultaneously maintaining an 

immunoreactive state within tumors by selectively derailing compensatory and cancer cell-

driven mechanisms of immunosuppression.

2. The innate immune compartment is a critical determinant of T cell 

immunosurveillance in cancer

To unleash a potent T cell-mediated anti-tumor response, several sequential events that 

engage the innate and adaptive arms of the immune compartment must occur. This process, 

often referred to as the Cancer-Immunity Cycle15 consists, in brief, of the following steps: 

(i) uptake of tumor antigens, (ii) cross-presentation of tumor antigens to T cells by antigen 

presenting cells (APCs), (iii) priming and activation of naïve T cells, (iv) trafficking of 

activated T cells to the tumor microenvironment (TME), (v) T cell infiltration into tumors 

and (vi) elimination of malignant cells by activated cytotoxic T cells. In essence, the Cancer-

Immunity Cycle is dependent on T cell priming (Steps i-iv) and effector phases (Steps v-vi) 

(Figure 2). These two phases of immunosurveillance are intricately regulated by innate 

immunity such that the generation of tumor antigen-specific T cells reflects a coordinated 

interaction between the innate and adaptive immune systems. This dynamic interplay is 

guided by the phenotype and function of innate immune cells, which influence and shape the 

biological state of tumor antigen specific T cells (e.g. tolerant or reactive). Herein, we 

discuss the role of innate immunity in promoting or inhibiting T cell priming and effector 

activity.

2.1. Dendritic cells are the classical drivers of antigen presentation and T cell priming

Dendritic cells (DCs) are a subset of innate immune cells that serve as key mediators of anti-

tumor immunity.16 As APCs in the TME, DCs initiate the Cancer-Immunity Cycle by 

crosspresenting tumor-associated antigens to naive T cells. In mice, conventional dendritic 

cells (cDCs) are critical regulators of T cell priming. cDCs have been classified into two 

functionally distinct lineages: CD103+ cDC1 lineage which are responsible for CD8+ 

cytotoxic T lymphocyte (CTL) priming and the CD11b+ cDC2 lineage which have been 

implicated in priming of helper CD4+ T cells.17 It is noteworthy that despite their relatively 

sparse abundance in tumors, cDC1s are critical to coordinating T cell infiltration into 

tumors. Specifically, in a mouse model of melanoma, CTL recruitment to the TME was 

shown to require Batf3+ CD103+ cDC1s which facilitate T cell recruitment by releasing 

chemoattractants, specifically C-X-C motif chemokine ligand 9/10 (CXCL9/10).18 To this 

end, strategies to expand and activate cDC1s at tumor sites can improve T cell 

immunosurveillance in cancer.19,20 For example, cDC1s are enriched in tumors in response 

to FMS-like tyrosine kinase 3 ligand (FLT3L) which when combined with a TLR3 agonist 

sensitizes tumors to PDL1 immune checkpoint blockade.19,20 Within the tumor bed, this 

small but vital population of CD103+ DCs acquires antigens derived from apoptotic and 

necroptotic tumor cells.19,21 CD103+ DCs possess migratory capacity and traffic from the 

tumor core to secondary lymphoid organs to cross-present antigens to naive T cells.22 In 
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contrast, CD8ɑ+ cDC1s reside in lymph nodes (LNs), where they capture and present 

soluble antigens that drain from tumor lymphatics.23

Recently, the importance of cDC2s in the regulation of immunosurveillance in cancer has 

also been appreciated. cDC2s are a heterogeneous cell population comprising multiple 

subsets and coordinate CD4+ T cell priming.24 Single cell analyses have revealed that cDC2 

subsets are generated by distinct developmental pathways and transcriptional regulators.25 

While defined subsets of cDC2s display similar capacity to support regulatory T cell (Treg) 

differentiation, they demonstrate distinct capacities to promote differentiation of 

conventional CD4+ T cell subsets, suggesting that they may have unique roles in regulating 

anti- and pro-inflammatory immune responses.25 cDC2s are enriched in tumors in response 

to granulocyte-macrophage colony-stimulating factor (GM-CSF).19 In a mouse model of 

melanoma, cDC2 frequency in tumors positively correlated with Treg frequency.24 Notably, 

genetic depletion of Tregs was found to enhance cDC2 migration to tumor-draining lymph 

nodes; promote antigen-specific CD4+ T cell priming; and improve CD4+ T cell 

differentiation in vivo. Further, in patients with newly diagnosed head and neck cancer, 

increased cDC2 frequency along with a decrease in Treg frequency was found to associate 

with improved progression-free survival.24 In melanoma patients, increased cDC2s in 

tumors is seen in responders to anti-PD1 therapy.24 Thus, cross-talk between cDC2s and 

Tregs may shape the immune response to cancer and in doing so, influence outcomes to 

immunotherapy.

Antigen-loaded DCs are, under the right conditions, incredibly potent stimulators of T cell 

activation. However, before they may invoke the expansion of antigen-specific CTLs, DCs 

must undergo a process known as ‘licensing,’ which imbues them with the capacity to prime 

naive T cells.26, 27 The proper licensing of DCs is contingent upon the activation of the 

CD40-CD40L pathway. CD40 is a member of the tumor necrosis factor (TNF) receptor 

superfamily, and is expressed abundantly on APCs, including DCs, macrophages, and B 

cells.28 Upon recognition of their cognate antigen, CD40L-expressing CD4+ T helper cells 

bind to their complementary CD40 receptor on the surface of DCs.29,30 Activation of the 

CD40 pathway increases expression of Major Histocompatibility Complex (MHC) II, CD80 

(B7–1), and CD86 (B7–2) on the surface of DCs, which together support T cell priming.
31–34 Recent literature shows that CD4+ T cell-mediated licensing of DCs also stimulates the 

release of C-C motif chemokine ligand 5 (CCL5), which recruits C-C chemokine receptor 5 

(CCR5) naïve CD8+ T cells to the site of the licensed DCs.35 As such, DCs cooperate with 

cells of the adaptive immune system to coordinate a series of events that culminate in the 

generation of antigen-specific T cells.

2.2. The phenotypic plasticity of macrophages confers them with regulatory properties 
that affect T cell priming

Similar in many ways to dendritic cells, macrophages are a subset of innate immune cells 

with the capacity to promote or hamper the priming of effector T cells. However, 

macrophages comprise the most abundant myeloid-derived immune infiltrate in the majority 

of solid cancers.36 Their functional heterogeneity arises by virtue of their incredible 

phenotypic plasticity, and endows them with the ability to assume a range of distinct 
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activation states. Thus, macrophages are dynamic cells whose functional properties are 

directed by environmental cues that emanate from their surrounding microenvironment.

The unique ability of macrophages to modulate their physiological properties in a context-

dependent manner is a corollary of the opposing roles that macrophages play in the 

maintenance of tissue homeostasis. Macrophage polarity has been studied extensively in 
vitro where distinct stimuli can skew macrophages with either pro- or anti-tumor activity.
37,38 For example, interferon (IFN)-γ and Toll-like receptor (TLR) agonists induce 

macrophages with an M1 phenotype associated with anti-tumor activity. In contrast, 

interleukin (IL)-4 and IL-13 engender macrophages with an M2 phenotype associated with 

pro-tumor activity. This binary M1-M2 schema can be a useful conceptual model, though 

oversimplified, for defining extremes of macrophage polarization.39 For instance, 

‘classically’ activated M1 macrophages primarily coordinate an immune response against 

foreign pathogens.40 As such, M1 macrophages secrete a robust profile of proinflammatory 

cytokines (e.g. IL-6, IL-12, and IL-23) and differentially upregulate the expression of MHC 

II molecules.41,42 In contrast, ‘alternatively’ activated M2 macrophages assist in wound 

healing and secrete anti-inflammatory cytokines, such as IL-4 and IL-10, to regulate the 

immune response and resolve residual tissue damage induced by the M1 response.43 In the 

context of cancer and tumorigenesis, the induction of an M1-like phenotype is typically seen 

to enable adaptive immunosurveillance; whereas polarization toward an M2-like state tends 

to instill macrophages with functional properties that suppress T cell anti-tumor immunity.

Although macrophages are more commonly associated with suppression of cancer 

immunity, tumor-infiltrating macrophages can promote the induction of a T cell-mediated 

immune response in cancer. Certainly, migratory and lymphoid-resident DCs comprise the 

major population of APCs, but M1-like macrophages in the TME can also phagocytose 

malignant cells and cross-present tumor antigens to prime CD8+ T cells.44 In addition, 

recent studies show that extra-tumoral tissue-resident macrophages may enhance the ability 

of DCs to prime and activate CTLs. For example, a subset of splenic marginal zone 

macrophages are known to transfer phagocytosed antigens to DCs, which then go on to 

enable an adaptive immune response by inducing the cross-priming of CTLs.35,45,46 

Therefore, under the appropriate conditions macrophages can support anti-tumor activity by 

promoting the proliferation of tumor antigen-specific T cells.

Despite their potential to stimulate cancer immunity, macrophages are usually exploited by 

tumors to suppress adaptive immunosurveillance. For instance, the secretion of IL-10 by 

M2-like macrophages upregulates N-glycan branching on the surface of effector T cells, a 

post-translational modification which impedes T cell activation by disrupting the ability of 

the T cell receptor (TCR) to bind to its CD8 coreceptor.47 Similarly, macrophage-derived 

reactive nitrogen species can nitrate tyrosine residues on the TCR of CD8+ T cells and, in 

turn, disrupt the ability of the TCR to bind peptide-loaded MHC.48 Because the TCR must 

bind its cognate antigen in order to achieve full T cell activation, macrophages mediate 

biochemical alterations that induce T cell tolerance to tumor-associated antigens. In 

addition, tumor-infiltrating macrophages can express multiple immune checkpoint proteins, 

such as PDL1 and B7-H4, which propagate the transduction of inhibitory signals that inhibit 
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T cell activation.49,50 As such, macrophages are potent regulators of T cell biology, and can 

restrain the elaboration of an adaptive immune response against cancer.

Macrophages may also engage in mechanisms of indirect interference that culminate in a 

state of T cell dysfunction. An emerging hypothesis is that macrophages phagocytose and 

withhold tumor antigens from APCs.50 This is of particular consequence in the context of 

the tumor-draining lymph nodes, which house a subset of CD169+ subcapsular sinus (SCS) 

macrophages. SCS macrophages line the marginal zone of the LN, a region which occupies 

the interstitial space between the lymphatic fluid and the lymphoid tissue.51,52 As such, SCS 

macrophages are among the first subsets of immune cells to encounter tumor-associated 

antigens and apoptotic cellular debris contained in the afferent lymphatic fluid.53 In murine 

models, CD169+ splenic marginal zone macrophages (MZMs) promote anti-tumor immunity 

by phagocytosing tumor-associated antigens to cross-present to CD8+ T cells.54 However, 

emerging evidence suggests that CD169+ macrophages may also play a dual role in 

suppressing the adaptive immune response. For example, splenic MZMs can confer 

immunosuppressive effects and protect the host from leveraging a T cell-directed response 

against auto- or self-antigens.55,56 One potential explanation for this finding is that CD169+ 

macrophages capture antigens to prevent them from inducing an immune response. 

Therefore, in the context of cancer, it is possible that SCS macrophages in the LN may 

‘hoard’ tumor-associated antigens and in doing so, prevent their cross-presentation to T 

cells.

2.3. Innate immune cells coordinate formation of T cell inflamed (“hot”) and non-inflamed 
(“cold”) tumors

To eliminate malignant cells, activated tumor antigen-specific T cells must first traverse the 

TME and infiltrate the tumor bed. Therefore, sufficient intratumoral T cell infiltration is a 

prerequisite for T cell effector activity. The immune contexture of the TME can exhibit an 

incredible degree of spatial heterogeneity, and the composition of the immune infiltrate may 

differ markedly both within and across tumors. T cell-infiltrated (or ‘inflamed’) tumors are 

characterized by a robust infiltrate of CD8+ T cells which serve as strong predictors of 

improved prognostic and survival outcomes across several cancer types.57–60 On the 

molecular level, the transcriptomic profiling of T cell-rich tumors indicates that 

immunoreactive tumor beds upregulate the expression of IFN signaling genes.60–62 On the 

contrary, T cell ‘cold’ tumors, which correlate with poor patient survival, are marked by an 

abundance of Tregs and immunosuppressive myeloid cells.63,64 These observations imply 

that the innate immune system regulates the phenotypic plasticity of the TME and may 

dictate the formation of T cell ‘hot’ and ‘cold’ tumors.

Innate immune cells facilitate anti-tumor immunity by promoting the migration of activated 

T cells into the TME. Recent data suggest that cytokines and soluble factors derived from 

innate immune cells are critical to supporting the formation of T cell-inflamed tumors.65 As 

such, the innate immune compartment is an enabler of T cell cytolytic activity by facilitating 

the migration of tumor antigen-specific T cells from secondary lymphoid organs (i.e. the site 

of T cell priming and activation) to the tumor bed. IFNγ stimulation, for instance, induces 

the secretion of CXCL9 by APCs, which in turn promotes the recruitment of CXCR3-
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expressing T cells into tumors.66 Batf3-dependent CD8α+ DCs, aside from their roles in 

antigen presentation and T cell priming, have also been shown to function as a major source 

of CXCL10, the release of which promotes the infiltration of CXCR3+ activated T cells into 

the tumor nest.18,67 As such, myeloid-derived cytokines prime the tumor bed for productive 

anti-tumor immunity by mediating the infiltration of tumor antigen-specific T cells.

However, there is concomitant evidence to suggest that the innate immune compartment may 

also foster the formation of T cell-cold tumors. Clinical studies of patient-derived tissues 

have shown that tumors that are scarce in infiltrating T cells generally possess an enriched 

myeloid infiltrate.68,69 The immune-based phenotyping of tumor tissues collected from 

patients with pancreatic ductal adenocarcinoma (PDAC) shows that an increased density of 

tumor-infiltrating myeloid cells, including CD163+ macrophages and CD66b+ granulocytes, 

is predictive of reduced overall survival and poor response to neoadjuvant immunotherapy.70 

Similarly, myeloid cell infiltration inversely correlates with CD8+ T cell infiltrates in breast 

cancer.71 As such, these correlative observations indicate that the myeloid compartment can 

have a key role in orchestrating T cell exclusion in cancer.

Experimental studies confirm that innate immune cells can preclude the entry of T cells into 

the tumor nest. In a mouse model of breast cancer, the therapeutic depletion of tumor-

associated macrophages (TAMs) via colony-stimulating factor-1 receptor (CSF-1R) 

blockade significantly increases the proportion of tumor-infiltrating CD8+ T cells.71 This 

suggests that macrophages can promote tumor progression by excluding CD8+ T cells from 

entering the microenvironment and engaging malignant cells. Similarly, the elimination of 

Ly6CloF4/80+ extratumoral macrophages in a murine model of spontaneous PDAC increases 

the infiltration of CD8+ T cells into tumors.72 On a mechanistic level, one means by which 

myeloid cells facilitate T cell exclusion is via the secretion of reactive nitrogen species 

(RNS), which can induce post-translational modifications on T cell chemoattractants.73 For 

instance, the nitration of CCL2 by myeloid-derived RNS restricts T cells to the peritumoral 

stroma and impedes their direct entry into the tumor nest.74 In addition, stromal cells 

adjacent to tumors may release cytokines that exclude T cells from the tumor nest. Recent 

studies have shown that stromal leukocytes, acting in concert with cancer-associated 

fibroblasts, may inhibit T cell entry by initiating the activation of transforming growth factor 

beta (TGF-β) signaling. Notably, pharmacologic inhibition of TGF-β signaling was found to 

provoke T cell entry into tumors in murine models when combined with PDL1 blockade75,76 

Collectively, these findings demonstrate that the innate immune reaction to cancer is a 

critical determinant of the productivity of T cell immunosurveillance. Thus, factors which 

are extrinsic to tumors cells, such as macrophages, granulocytes and dendritic cells, can 

directly shape the immunogenicity of cancer.

3. Tumors evolve mechanisms of immune escape that threaten to 

abrogate productive cancer immunosurveillance

The utility of the Cancer-Immunity Cycle rests upon the premise that tumors possess a 

degree of immunogenicity that is sufficient to yield productive immune surveillance. 

However, an emerging corpus of literature suggests that malignant cells can acquire 
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mechanisms to escape anti-tumor immunity. Two dominant modes have been defined by 

which cancers may evade immune destruction. First, malignant cells can evolve phenotypic 

changes that result in the Darwinian selection of less immunogenic tumor variants.77 

Second, in addition to cell-intrinsic determinants, tumors can resist immune elimination via 

the modulation of the host immune system. Notably, tumor cells can: (i) suppress the 

development and productivity of adaptive immune surveillance, and/or (ii) redirect the 

immune compartment to drive disease progression. Therefore, cancer evolves to selectively 

inhibit the anti-tumor properties of the immune system, while amplifying its tumorigenic 

potential.2 To this end, both neoplastic cells and the host immune compartment are culpable 

in enabling the process of immunoediting.

3.1. Cancers evolve alterations that culminate in less immunogenic tumor variants

To escape immune elimination, tumors cells may evolve properties that render them less 

susceptible to immune recognition.12,13 Phenotypically, this often manifests via deficiencies 

in antigen-presenting machinery (APM), or in the downregulation of MHC class I molecules 

on malignant cells. Indeed, transcriptomic characterization of patient tumors has shown that 

a subset of genes that regulate the assembly of the APM are commonly downregulated in 

several malignancies.78–81 This suggests that neoplastic cells may escape immune 

recognition by functionally disrupting the translocation of intracellular fragments for 

presentation on the MHC complex. In addition, compelling evidence exists to suggest that 

tumors may evade detection due to genetic changes that result in loss of heterozygosity 

(LOH) at the MHC locus.82 The advent of novel bioinformatic tools has made it possible to 

infer these LOH events by quantifying the differences in MHC haplotype-specific copy 

number between germline and tumor genomes captured from a single patient.83,84 

Strikingly, the application of this technology to malignant tissues isolated from 90 treatment-

naïve non-small-cell lung cancer patients has shown that approximately 40% of tumor 

samples exhibit loss of one parental MHC haplotype.83 Because haplotype diversity is 

essential to drive the expression of distinct MHC molecules with differential antigen binding 

affinities, LOH at the MHC locus allows malignant cells to selectively present only the 

neoepitopes that bind most strongly to the conserved haplotype. Consequently, the loss of an 

MHC haplotype may encourage the selection of less immunogenic tumors variants with the 

capacity to evade host immune elimination by downregulating the presentation of tumor-

associated antigens.

3.2. Cancer cell-intrinsic mechanisms suppress the elaboration of T cell immunity

Tumors employ several mechanisms to inhibit adaptive immune surveillance. Because T cell 

priming is a multi-step process that involves a number of cell types, there are several stages 

at which malignant cells can intervene to disrupt the generation of tumor antigen-specific T 

cells. On the level of antigen-presentation, malignant cells can hinder the migration of 

CD103+ DCs into the TME, where they recognize and acquire tumor antigens for cross-

presentation. Consistent with this, in a Pten-negative BRAFV600E model of melanoma, the 

induction of Wnt/β-catenin signaling was found to silence the expression of CCL4 which, in 

turn, impeded the migration of CD103+ DCs into the tumor.85,86 Similarly, the release of 

tumor-derived cholesterol metabolites, such as liver X receptor-ɑ, can downregulate the 

expression of CCR7 on DCs and impede tumor-antigen loaded DCs from migrating into 
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tumor-draining lymph nodes.87 Additional tumor-derived soluble factors have also been 

shown to negatively regulate DC biology. For example, the release of IL-10 and IL-6 by 

tumors promotes the formation of tolerogenic DCs that fail to elicit an adaptive immune 

response against tumor-specific antigens.69 Similarly, the secretion of vascular endothelial 

growth factor (VEGF) inhibits the differentiation of hematopoietic progenitor cells into 

mature DCs.88 Thus, cancer cell-intrinsic mechanisms may drive the functional 

dysregulation of key events within the Cancer-Immunity Cycle.

Tumors may also induce immune tolerance by inhibiting effector T cells that infiltrate the 

TME. A major mode by which this occurs is via the activation of canonical immune 

checkpoint pathways. For instance, PDL1 on tumor and myeloid cells directly inhibits T cell 

effector activity by engaging its complementary receptor, PD1, on the surface of activated T 

cells.89 Interestingly, recent work reveals that tumor-derived exosomes captured from 

patients with metastatic melanoma contain PDL1, which suggests that tumor-derived cellular 

cargo may further compound this immunoregulatory response.90 Tumors can also alter the 

biochemical milieu of the TME to stimulate T cell dysfunction. To this end, expression of 

indoleamine 2,3-dioxygenase (IDO) by tumor cells and myeloid cells catalyze the 

breakdown of the amino acid, tryptophan, to its metabolite, kynurenine.91 This disruption of 

the nutritional homeostasis at the level of the TME suppresses T cell function, which 

requires tryptophan to retain proliferative capacity.92 In addition to disrupting the metabolic 

state of a tumor, tumor cells and myeloid cells collectively secrete a range of cytokines that 

impinge upon T cell cytolytic effector activity. For instance, tumor-derived TGF-β 
transcriptionally silences genes that regulate the expression of perforin and granzyme, two 

proteins which cooperate to induce T cell-mediated cytotoxicity.93 Both tumor cells and 

myeloid cells can also produce chemokines that engage the recruitment of CCR2+ and 

CSF1R+ macrophages as well as CXCR2+ granulocytes which together instruct a vicious 

cycle of immune suppression with tumors. As such, innate immunity along with tumor cells 

share roles in instructing the TME to wield an incredibly diverse arsenal of mechanisms with 

potent capacity to suppress T cell immunity.

3.3. Cancer cells enable immune-mediated mechanisms of tumorigenesis

In leveraging its tumorigenic capacity, cancer cells commandeer the immune system to 

advance tumor growth. This occurs primarily via the recruitment of selective populations of 

myeloid cells which, in the context of the TME, potently suppress adaptive 

immunosurveillance and intensify the proliferative capacity of cancer. Tumors, therefore, 

exploit the plasticity of the TME to establish a permissive niche, or site of ‘immune 

privilege,’ that shelter cells from immune elimination.12,13,94,95

Tumors establish an immunotolerant environment via the recruitment of suppressive 

immune cells. This process is highly dependent on paracrine signaling mechanisms wherein 

malignant cells secrete a repertoire of cytokines (e.g. CXCL1, granulocyte-macrophage 

colony-stimulating factor (GM-CSF), IL-1β, IL-4, and IL-13) to lure selective immune cells 

into the tumor core.96, 97 In a genetic model of pancreatic cancer, tumor-derived GM-CSF 

promotes the infiltration of a heterogeneous population of CD11b+Gr1+ myeloid cells.98 

CD11b+Gr1+ cells, which may include neutrophils and monocytes, among other innate 

Chang and Beatty Page 9

J Leukoc Biol. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immune cells, encourage tumorigenesis in several ways. For example, the release of 

arginase-1 by CD11b+Gr1+ neutrophils catalyzes the catabolic degradation of arginine and 

in doing so, depletes the microenvironment of essential nutrients.98 In turn, this scarcity of 

arginine impairs the proliferative capacity of T cells and downregulates the expression of 

CD3ζ, a critical component of the TCR that is necessary to induce T cell activation.99–101 

Moreover, CD11b+Gr1+ myeloid cells can sculpt an inflammatory milieu that supports 

tumor initiation and growth. For instance, preclinical work has shown that IL-1β, a pro-

inflammatory cytokine, not only recruits myeloid cells, but also promotes the initiation of 

gastric neoplasia via the activation of NF-κB signaling in CD11b+Gr1+ cells.102 Recently, it 

was also shown that TLR4 activation in epithelial cells drives activation of the NLRP3 

inflammasome leading to release of IL-1β and the formation of an immunosuppressive 

microenvironment in mouse models of pancreatic cancer.103 Immune cells within tumors 

can also react to signals, such as ATP, that are released by tumor cells undergoing cell death. 

Extracellular ATP (eATP) is a damage-associated molecular pattern (DAMP) that incites 

inflammation by acting as a chemoattractant for circulating neutrophils.104–108 eATP is also 

processed by ectonucleotidases, including CD39 and CD73, to generate adenosine which 

promotes immunosuppression.109 The immunosuppressive functions of adenosine are 

mediated by adenosine A2 receptors which when triggered by adenosine, impair T cell 

biology109 and support the immunosuppressive properties of myeloid cells.110 Thus, cancer 

cells coordinate a TME that empowers innate immunity to suppress adaptive 

immunosurveillance and to give rise to a host of pleiotropic effects that collectively 

stimulate tumor growth.

In addition to recruiting immunosuppressive cells, tumor-induced alterations in the cytokine 

profile of the TME may impart immune cells with pro-tumorigenic properties. This applies 

particularly to macrophages which comprise, arguably, the most pliable and phenotypically 

heterogeneous subset of innate immune cells. Tumor-derived cytokines such as IL-4, IL-13, 

CCL2, and colony-stimulating factor (CSF), can polarize macrophages with functional 

attributes that tumor cells co-opt to support disease progression.111,112 TAMs have been 

extensively shown to suppress anti-tumor immunity. For example, in a murine model of 

mammary carcinoma macrophage-derived IL-10 abrogates the elaboration of an adaptive T 

cell response by inhibiting the production of IL-12 in DCs.113 TAMs can also potentiate the 

metastatic outgrowth of tumors by stimulating neovascularization.114 In response to TGFβ 
and hypoxic conditions in the TME, tumor-infiltrating macrophages upregulate their 

expression of VEGF protein, a key mediator of angiogenesis.115,116 Thus, in addition to 

suppressing T cell immunity, TAMs may also supply tumors with the essential growth 

factors needed to further nourish their growth.

4. The coevolution of tumor immunoediting necessitates a novel approach 

to cancer immunotherapy

To escape immune recognition and subsequent elimination, tumor cells can decrease their 

antigenicity (i.e. expression and presentation of tumor antigens), reduce their 

immunogenicity (i.e. potential to alert tumor-specific immunity), form an 

immunosuppressive microenvironment, and impair the functional capacity of the immune 
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system (i.e. the ability of the immune system to produce anti-tumor activity). These 

hallmarks of immune escape (reviewed in detail elsewhere12) undermine T cell 

immunosurveillance in cancer. One cancer that exemplifies each of these hallmarks is 

pancreatic cancer, which is characterized by few mutated neo-proteins (i.e. limited 

antigenicity)117,118, a poor T cell response (i.e. weak immunogenicity)70,119–121, an 

immunosuppressive microenvironment directed by myeloid cells, fibroblasts, and 

Tregs122,123, and a systemic inflammatory reaction that associates with T cell dysfunction.
124 Based on this biology, it is perhaps unsurprising that T cell-directed immunotherapies, 

such as single-agent and even dual ICB, have failed to trigger significant regressions in 

pancreatic cancer.119,125,126 Similar findings have been seen in other classically T cell ‘cold’ 

tumors such as glioblastoma where immunotherapy has yet to produce durable and 

significant clinical outcomes.127,128 The failure of immunotherapy in these T cell “cold” 

cancers, though, implies that distinct mechanisms of immune resistance, such as the 

immunological state of the TME, are critical to defining the therapeutic potential of 

immunotherapy.

Most solid cancers do not respond to immunotherapy. As such, it may be necessary to first 

“condition” tumors with an immunostimulatory state prior to implementing immunotherapy 

that is designed to trigger the generation of tumor-specific T cells and to enhance their 

functional capacity. Given the propensity of tumors to adapt to immune pressure, strategies 

that seek to “maintain” tumor immunogenicity may also be necessary to achieve durable 

responses. In this regard, we propose a biphasic approach to the application of 

immunotherapy in cancer, which we discuss in detail in subsequent sections (Figure 3). The 

first phase, which we call the ‘conditioning’ phase, consists of converting the TME from a 

tolerogenic to immunostimulatory state. The priority of this act of conditioning is to 

sensitize tumors to immunotherapy. Conditioning may be achieved through multiple 

mechanisms such as (i) the depletion or inhibition of tumor-associated myeloid cell 

populations and (ii) re-polarization of immune cells with anti-tumor properties.129 The 

second phase, or ‘maintenance’ phase, involves the inhibition of potential mechanisms of 

acquired resistance to prevent tumors from shifting their TME to an immunosuppressive 

state. The productiveness of this approach may be sequence-dependent and, as such, the 

maintenance phase may need to be initiated after implementing T cell-directed 

immunotherapy. This framework of ‘conditioning’ and ‘maintenance’ phases may potentiate 

novel combinatorial strategies by which to increase the clinical utility of immunotherapy. 

However, it should be noted that not all tumors may require this approach of applying 

‘conditioning’ and ‘maintenance’ regimens. For example, for many patients with melanoma, 

incorporation of ICB is sufficient to trigger a productive and durable anti-tumor immune 

response.7,130,131 This observation implies that in melanoma, sufficient antigenicity is often 

present and that T cells have ample capacity to be invigorated with anti-tumor activity. In 

addition, it suggests that the immunological state of the TME that surrounds cancer cells in 

melanoma is receptive to immunotherapy. Nonetheless, this scenario is atypical and most 

patients with solid cancers do not respond to T cell-directed immunotherapies (e.g. anti-

PD1/PDL1 and anti-CTLA-4) with deep and durable tumor regressions. Thus, for most 

cancers, strategies to sensitize tumors to immunotherapy will be needed. Here, we discuss 
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potential strategies for conditioning and maintaining tumors in an immunostimulatory state 

as an approach for broadening the potential of immunotherapy.

4.1. Depletion of immunosuppressive myeloid cells can sensitize tumors to 
immunotherapy

The immunosuppressive state of cancer is governed by a variety of mechanisms of which 

myeloid cells play a significant role. Inhibiting the recruitment of pro-tumorigenic myeloid 

cells offers a means by which to shift the immunological state of the TME from 

immunosuppressive to immunostimulatory.132 Immunosuppressive myeloid cells may 

physically exclude T cells from the tumor bed, or directly compromise their cytolytic 

capacity in the TME.133 Thus, myeloid cells are key orchestrators of a tolerogenic niche. To 

this end, disrupting the trafficking of these cells into the TME should, in theory, increase not 

only T cell infiltration but also enhance the quality (i.e., effector function) of infiltrating T 

cells. For example, in a murine model of PDAC, the administration of a monoclonal 

antibody (mAb) against CSF-1R has been shown to trigger depletion of TAMs and 

subsequent, accumulation of tumor-infiltrating T cells.134 Remarkably, in this study CSF-1R 

mAb treatment sensitized pancreatic tumors to CTLA-4 blockade in a CD8+ T cell-

dependent manner. Similarly, in a mouse model of melanoma, CSF-1R inhibition was shown 

to sensitize tumors to combined anti-CTLA-4 and anti-PD1 treatment.135 These findings 

show that anti-CSF-1R-mediated TAM depletion can shift the TME to an immunoreactive 

state which supports the infiltration of tumor-reactive T cells and sensitizes tumors to 

immune checkpoint blockade.

Disrupting the activity of myeloid chemoattractants is a common approach being explored to 

convert the immunological state of a tumor from immune-suppressive to -stimulatory. For 

example, CCL2 derived from tumor and stromal cells is a potent regulator of CCR2+ 

monocyte recruitment into the TME. In a model of hepatocellular carcinoma (HCC), CCL2 

blockade depletes TAM recruitment, increases T cell infiltration, and induces tumor 

regression in a T cell-dependent manner.136 In addition to CCL2, tumors are often rich in 

CXCR2-ligands, including CXCL1, CXCL2, and CXCL5, which are chemoattractants for 

neutrophils.137 In a mouse model of PDAC, the concomitant delivery of a CXCR2 inhibitor 

and anti-PD1 was shown to significantly prolong survival and augments the therapeutic 

potential of immunotherapy.138 Similarly, in a mouse model of rhabdomyosarcoma, anti-

CXCR2 mAb therapy inhibited the recruitment of suppressive myeloid cells to tumors and in 

turn, conditioned tumors for increased responsiveness to anti-PD1 therapy.139 Together, 

these findings indicate that conditioning the TME with myeloid-depleting agents can convert 

tumors from treatment-resistant to -sensitive.

4.2. Educating myeloid cells with anti-tumor properties can augment cancer 
immunosurveillance

Despite its ability to fuel tumorigenesis, the myeloid compartment is also an indispensable 

mediator of cancer immunity. As such, myeloid cells can be polarized with anti-tumor 

properties and harnessed to sensitize the TME to immunotherapy. Recent work has shown 

that activation of select innate immune signaling pathways can impart myeloid cells with 

attributes that enable cancer immunosurveillance. For example, in a mouse model of 
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pancreatic cancer, CD40 stimulation in combination with chemotherapy produces tumor 

regression by augmenting the cross-presentation of tumor antigens by Batf3+ DCs.140 In this 

case, the addition of chemotherapy is thought to enhance the ability of CD40-activated DCs 

to prime T cells by inducing an immunogenic form of tumor cell death and, by extension, 

the release of tumor-associated antigens that serve to fuel DCs for the priming of T cells.141 

CD40 agonists have also shown to combine synergistically with immune checkpoint 

blockade to promote T cell dependent anti-tumor immunity in mouse models of colon and 

pancreatic cancer.142,143 The therapeutic potential of CD40 agonists, though, extends 

beyond promoting tumor-specific adaptive immunity. For instance, CD40 agonists can also 

invoke a systemic immune reaction that triggers anti-tumor responses that are independent 

of T cells and dependent on innate immunity.122,144 To this end, treatment with a CD40 

agonist was found to imbue macrophages with the capacity to eliminate tumor cells and 

degrade the fibrotic stroma that surrounds tumor cells in a model of pancreatic cancer.122,144 

In addition, systemic CD40 activation was shown to condition tumors for enhanced 

sensitivity to chemotherapy144, thereby demonstrating the potential to shift the biological 

state of tumors from treatment-resistant to treatment-sensitive.

Other myeloid agonists have also been studied for their potential to leverage the myeloid 

reaction to cancer for therapeutic benefit. For instance, Toll-like receptor (TLR) agonists 

constitute an approach by which to engender the myeloid compartment with anti-tumor 

potential. Bacterial or fungal-derived moieties, which express shared motifs called pathogen-

associated molecular patterns, induce TLR signaling to initiate an innate immune response 

to foreign infection.145 Notably, the activation of TLR signaling polarizes macrophages to an 

M1-like state.146 In this regard, the induction of TLR signaling with synthetic ligands has 

been shown to educate macrophages with immunostimulatory properties that are conducive 

to the elimination of tumor cells.147 For example, in ICB-naïve patients with metastatic 

melanoma, intratumoral injection of a TLR9 agonist combined with PD1 blockade was 

shown to induce tumor regression and increase the number of tumor-infiltrating T cells 

relative to baseline.148 Similarly, in a mouse model of pancreatic cancer, partial activation of 

CD11b using a small molecule agonist was found to polarize tumor-associated macrophages 

with immunostimulatory capacity and in turn, render tumors sensitive to immune checkpoint 

inhibitors.149

However, not all tumors appear to respond to myeloid agonism implying that in some 

settings additional mechanisms may exist that lock tumors into an immunosuppressive state. 

For example, tumor-secreted factors including CXCL1, IL-1β and GM-CSF that are released 

by tumors may endow their surrounding microenvironment with an immune privileged status 

that must be undone before the benefit of immunotherapy can be realized.97,98,103,150 For 

example, CXCL1 released by tumor cells abrogates the efficacy of a CD40 agonist in 

combination with immune checkpoint blockade in a mouse model of pancreatic cancer.97 

Similarly, IL-1β produced by tumor cells in response to TLR activation of the NLRP3 

inflammasome can establish a microenvironment that resists immunotherapy.103 EPHA2 

signaling in tumor cells and subsequent expression of cyclooxygenase-2 has also been 

shown to restrict the activity of immunotherapy in a mouse model of pancreatic cancer.151 

Thus, tumor-intrinsic factors can shape the immunoreactive state of the TME and in doing 

so, impede the efficacy of immunotherapy.
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4.3. Overcoming acquired immune resistance by maintaining tumors in an 
immunoreactive state

Although immunotherapy has produced complete tumor remissions for some patients with 

cancer, achieving a universally durable response remains an elusive goal. One plausible 

explanation for this sobering epidemiological observation involves the activation of 

treatment-induced mechanisms of acquired resistance. The immune system is an 

extraordinarily complex network, and one that exhibits an exceptional degree of functional 

redundancy. To that end, selectively targeting one feature of immunity can inadvertently 

trigger the elaboration of compensatory mechanisms to re-establish a state of biological 

equilibrium.

For many solid cancers especially gastrointestinal cancers, the treatment approach is 

grounded in conventional cytotoxic chemotherapy delivered until disease progression. 

However, this paradigm is now being challenged with the advent of less toxic strategies that 

can maintain and even consolidate responses produced after a short induction phase of 

chemotherapy. For example, PARP inhibitors are now approved as a form of maintenance 

therapy for patients with BRCA1/2-mutant PDAC who have not progressed after 4 months 

of platinum-based chemotherapy.152 This concept of sequencing therapies is particularly 

amenable to immunotherapy which can provoke compensatory mechanisms of immune 

resistance which limit therapeutic efficacy. For example, depletion of immunosuppressive 

CXCR2+ neutrophils sensitizes pancreatic tumors to chemotherapy.68 Interestingly, though, 

this synergistic effect subsides as the inhibition of CXCR2+ neutrophils triggers an increase 

in the recruitment of CCL2+ monocytes. To circumvent this resistance, dual inhibition of 

CXCR2+ neutrophils and CCL2+ monocytes has been shown to maintain the 

immunoreactive state of the tumor and further enhance the efficacy of chemotherapy.68 A 

similar effect is seen with depletion of CCL2+ macrophages in a model of breast cancer. For 

instance, whereas anti-CCL2 therapy shows capacity to restrain mammary tumor growth, 

cessation of therapy triggers a surge in the mobilization of bone marrow-derived myeloid 

cells which, in turn, drives pulmonary metastasis in an IL-6 and VEGF-dependent manner.
153 In this case, it is possible that cessation of CCL2 inhibition causes the immune 

compartment to overshoot and recruit an immense number of TAMs to compensate for the 

prolonged period of monocyte depletion. Nonetheless, these unprecedented consequences of 

CCL2 blockade illustrate that it is profoundly difficult to modulate the immune system in an 

insular manner.

For many cancers, achieving deep and durable remissions may require sequential 

administration of immune therapeutics. This approach may allow for coaxing tumors into a 

state of immune vulnerability that is permissive for complete remission.154 For example, in a 

mouse model of lung cancer, treatment with PD-1 blockade induces initial disease control 

but ultimately, tumors adapt with upregulation of alternative immune checkpoint molecules 

including TIM-3.155 Notably, sequential treatment with anti-PD-1 with subsequent addition 

of anti-TIM-3 was found to prolong survival thereby illustrating the potential to sequence 

immune checkpoint blockade for improved outcomes. Additionally, in a subset of patients 

with metastatic melanoma, PD-1 blockade has been shown to induce the expansion of CD8+ 

effector memory T cells which associates with response to therapy.156 This finding suggests 
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that development of long-term immunological memory may be fundamental to achieving 

complete and durable remissions.157

The appropriate sequencing of myeloid directed therapies may also improve treatment 

responses. For example, in a mouse model of pancreatic cancer, a CD40 agonist delivered 

prior to cytotoxic chemotherapy produces transient anti-tumor activity. However, introducing 

a maintenance phase of myeloid inhibition using an inhibitor of focal adhesion kinase after 

the CD40 agonist produces prolonged disease control.158 Importantly, the sequence of 

combining myeloid agonists with myeloid inhibitors may be particularly critical. In this 

regard, delivery of a CSF1R inhibitor prior to treatment with a TLR9 agonist has been 

shown to abrogate TLR9-dependent anti-tumor activity.159 Taken together, the immune 

compartment is a highly dynamic and inter-dependent network. As such, the induction of 

even a single alteration may unintentionally trigger the dysregulation of an array of 

seemingly disparate pathways. Thus, future therapies must identify ways in which to 

proactively inhibit these treatment-induced mechanisms of immune-suppression. To this end, 

incorporating rationally designed treatment phases (e.g. conditioning and maintenance 

phases) offers an approach for enhancing and sustaining a productive anti-tumor immune 

response.

5. Concluding remarks

The TME functions, in many ways, as the nexus between the immune system and tumor 

cells. As such, the remarkably complex bidirectional interactions that transpire between the 

immune compartment and malignant cells in the space of the TME can regulate the course 

of disease. In this review, we discussed the interplay between innate and adaptive immunity 

and the impact of this interaction on the immunoreactive state of cancer which can either 

support or inhibit cancer growth. We highlight that tumors leverage the tumorigenic 

potential of the immune system and, in doing so, alter the phenotypic landscape of the TME 

in a manner that suppresses productive adaptive immunosurveillance. We also propose that 

leveraging the inherent plasticity of the TME is a means by which to overcome cancer cell-

driven mechanisms of resistance. As such, future treatment paradigms may need to focus not 

only on identifying modes by which to condition the landscape of the TME for improved 

immunotherapy efficacy but also on strategies to maintain the initial immune response to 

overcome mechanisms of acquired resistance that emerge in the face of cancer 

immunotherapy.
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APC antigen presenting cell

APM antigen-presenting machinery
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cDC conventional dendritic cell

CCL C-C motif chemokine ligand

CCR C-C chemokine receptor

CSF colony-stimulating factor

CSF-1R colony-stimulating factor-1 receptor

CTL cytotoxic T lymphocyte

CTLA-4 cytotoxic T-lymphocyte-associated protein 4

CXCL C-X-C motif chemokine ligand

CXCR C-X-C motif chemokine receptor

DAMP damage-associated molecular pattern

DC dendritic cell

eATP extracellular ATP

FLT3L FMS-like tyrosine kinase 3 ligand

GM-CSF granulocyte-macrophage colony-stimulating factor

HCC hepatocellular carcinoma

HLA human leukocyte antigenIDO, indoleamine 2,3-dioxygenase

IFN interferon

IL interleukin

LN lymph node

LOH loss of heterozygosity

MHC major histocompatibility complex

MZM marginal zone macrophage

LN lymph node

mAb monoclonal antibody

PD1 programmed cell death protein 1

PDL1 programmed death-ligand 1

PDAC pancreatic ductal adenocarcinoma

RNS reactive nitrogen species

SCS subcapsular sinus
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TAM tumor-associated macrophage

TCR T cell receptor

TGF-β transforming growth factor beta

TLR toll-like receptor

TME tumor microenvironment

TNF tumor necrosis factor

Treg regulatory T cell

VEGF vascular endothelial growth factor
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Figure 1. The orientation and quality of the immune reaction defines the sensitivity of tumors to 
immunotherapy.
The immune reaction to cancer is determined by the orientation of the immune response, 

which refers to its inclination to support (i.e. immune stimulatory) or inhibit (i.e. immune 

suppressive) T cell activation, and the quality of the immune response, which refers to its 

ability to mediate T cell-dependent anti-tumor immunity. The quality of the immune 

response is dependent on multiple factors (e.g. dendritic cell infiltration and T cell 

chemoattractants) which determine the degree of T cell infiltration. T cell infiltration can 

range from “cold” (i.e. poor infiltration) to “hot” (i.e. brisk infiltration). Together, the 

orientation and quality of the immune response influence the likelihood of response to 

immunotherapy.
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Figure 2. Adaptive immunity in cancer is defined by priming and effector phases.
T cell immunosurveillance in cancer is dependent on steps (1–4) that support T cell priming 

and activation (Priming Phase) and steps (5–6) which involve T cell effector activity 

(Effector Phase). Steps associated with the Priming Phase include (1) the release of tumor 

antigens which are captured by antigen presenting cells (APCs), (2) cross-presentation of 

tumor antigens to T cells by APCs in tumor-draining lymph nodes, (3) priming and 

activation of naïve T cells by antigen-loaded APCs, and (4) trafficking of T cells from lymph 

node into the blood stream and to tumors. Steps associated with the Effector Phase include 

(5) T cell infiltration into tumors and (6) T cell recognition and elimination of tumor cells.
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Figure 3. A biphasic approach to cancer immunotherapy.
(a) Conceptual model displaying two phases of immunotherapy. In the first phase, tumors 

are “conditioned” with sensitivity to immunotherapy. In the setting of immunotherapy, tumor 

cells may then adapt to immune pressure (i.e. acquired resistance) which undermines the 

success of immunotherapy. As such, the second phase incorporates strategies to “maintain” 

tumors as immune sensitive and to prevent their reversion to immune resistant. (b) 
Correlation plot showing the relationship between the likelihood of responding to 

immunotherapy and the quality of the immune reaction to cancer. The “conditioning” phase 

of therapy aims to shift an immune resistant tumor (blue circle) to immune sensitive (orange 

circle). However, tumors may also acquire therapeutic resistance (e.g. recruitment of 

immune suppressive cells) which abate a productive immune response. The “maintenance” 
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phase of therapy aims to prevent this shift to a state (grey circle) of decreased likelihood of 

response to immunotherapy.
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