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Abstract

Accumulating evidence indicates that the efficacy of tumor targeted therapies relies on the host 

immune response, including targeted small molecule and antibody approaches that were not 

previously thought to have an immune component. Here we review the current understanding of 

how targeted therapies on tumor cells could have a major impact on the immune response, and 

how this relates to the therapeutic efficacy of these approaches. In this context we evaluate 

different strategies that combine targeted therapies with immunotherapy approaches, and discuss 

past and ongoing clinical trials. We highlight gaps in knowledge, and argue that significant 

progress for combined therapies will require a better understanding of the complex interactions 

between immune cells, the tumor and the tumor microenvironment in different cancer settings.

Introduction

More comprehensive understanding of cancer biology has given impetus to molecularly 

targeted cancer therapies in the past decade. Furthermore, large scale mutational analysis of 

human cancer has increased our understanding of cancer etiology, targeting, and drug 

resistance [1, 2]. Many targeted anticancer agents available for clinical use have been 

generated and have shown remarkable clinical responses in most patients [3, 4, 5]. 

Nevertheless, these targeted therapies have limited use due to a high frequency of tumor 

drug resistance [6, 7]. The cell-intrinsic factors by which cancers adapt to grow and evade 

targeted therapy have been considered to be major mechanisms controlling the overall 

response [8, 9, 10, 11]. Therefore, until recently, research and drug development has 

primarily focused on blocking second mutations or compensatory signals [12, 13, 14]. For 

decades, mechanistic studies of targeted therapy in vitro or in xenograft models have 

resulted in inherent long-term ignorance of the immune system, especially the adaptive 

immune system, in response to these therapies. Clinical observations and even trials under 
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such influence in the past has largely ignore the role of therapy-induced adaptive immunity 

for tumor control. Through the utilization of syngeneic mouse tumor models, a pivotal set of 

studies made conceptual progress demonstrating that the mechanisms of tumor progression 

by anti-HER2 monoclonal antibody (mAb) and anti-EGFR mAb require an adaptive 

immune response [15, 16, 17]. Since then, accumulating evidence showed that in addition to 

cell-intrinsic factors, the immune-mediated cytotoxic effects elicited by targeted therapies 

are the determined factor for tumor regression [18, 19, 20, 21, 22]. These recent studies have 

driven tremendous interest in understanding the role of adaptive immunity; approaches that 

combine targeted therapy with immunotherapy are now being developed with a goal to 

achieve better immunity and prolonged duration of tumor control, even, in some cases, 

eradication [22, 23]. Since the immune regulatory mechanism of each targeted therapy could 

be different for different tumors, identifying and understanding how each targeted therapy 

affects the immune system in a specific tumor and host setting are important for optimizing 

combinatorial strategies and for personalized medicine. Here we review the previously 

underappreciated crucial immunomodulatory aspects of targeted therapies, focusing on 

tumor targeting mAbs and small molecule inhibitors, and provide an overview of the recent 

progresses in the integration of immunotherapy and targeted therapy.

Immunomodulatory effects of Ab-based targeted therapies

Antagonists of the oncogenic receptor tyrosine kinases, such as anti-EGFR and anti-HER2, 

block tumor cell growth signaling and trigger apoptosis pathways. mAbs can bind to Fc 

receptors (FcRs) on macrophages, neutrophils, and natural killer cells (NK), and induce cell 

death by activating the complement-dependent cytotoxicity (CDC) or antibody-dependent 

cellular cytotoxicity (ADCC). Targeted antibodies such as trastuzumab and cetuximab are 

clinically efficacious oncogene-targeted treatments with proven survival benefits in some 

patients with HER2 and EGFR tumor mutations, respectively [24, 25]. In addition to the 

established direct cell death mechanisms. We have demonstrated the ability of these mAbs 

to activate the host’s immune system that control tumor growth (Figure 1). Patients who 

were previously treated with trastuzumab exhibited a substantial increase in CD8 T cells and 

NK cells, which was correlated with improved clinical outcomes [26]. In a tumor 

vaccination clinical trial, patients receiving trastuzumab therapy had a significant HER2/neu 

E75 peptide-specific CD8 T cell response compared to the control arm, highlighting a 

positive correlation of the adaptive immune response and clinical benefits [27]. While many 

studies have revealed such a correlation, the mechanism by which the adaptive immune 

responses mediate antibody-mediated tumor control is still unknown.

Anti-HER2/neu antibody therapies have been reported to mediate tumor regression by 

interrupting oncogenic signals and inducing FcR-mediated cytotoxicity for decades. For 

mechanistic studies studying tumor burden after different therapies, xenograft models were 

primarily used with prolonged high dose of antibody. However, using a mouse mammary 

tumor line derived from Her2/neu Tg mice, our team demonstrated that the therapeutic 

effect of anti-HER2/neu antibody depends mainly on both innate and adaptive immunity 

[15]. We observed that both MyD88 and stress protein signaling are required for T cell 

responses and tumor control. Intriguingly, the addition of intensive chemotherapeutic drugs 

after antibody treatment further reduces tumor burden. Intriguingly, if chemotherapeutic 
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drugs were given prior to antibody treatment, the antibody-mediated immunity was 

significantly diminished and tumor burdened was uncontrolled and subjected to relapses. 

This observation was later confirmed by another study [16]. Together, both groups showed 

that an increased influx of innate and adaptive immune cells into the tumor 

microenvironment which can be further enhanced by selected immunotherapy, leading to 

increased tumor eradication and resistance to re-challenge [15, 16].

Notably, the key cell crucial for developing a tumor-specific T cell responses could be DC, 

which expresses an array of FcRs for internalization of antigen-antibody complexes and 

antigen presentation for cross priming [28]. Antigen uptake through opsonization of 

apoptotic tumor cells is also associated with enhanced antigen presentation by DCs [29]. 

mAbs can facilitate the uptake of tumor antigens by DCs, which helps to stimulate the 

activation and expansion of CD4+ and CD8+ tumor-specific T cells. In addition, targeted 

therapy mediated cell death can release large amounts of tumor antigens and damage-

associated molecular pattern molecules (DAMPs), which can augment antigen presentation 

by dendritic cells (DCs) to enhance the priming of cytotoxic T lymphocytes (CTLs) [15, 16] 

(Box 1). In accordance with these findings, the effect of anti-HER2 was demonstrated to 

depend on not only FcR-mediated phagocytosis, but also DC cross-priming through a 

MyD88-dependent mode in two distinct immunocompetent murine HER2 breast cancer 

models [15, 16]. Those two studies show that novel immune-mediated effects elicited by 

oncogenic receptor blockade by antibodies is essential for overall tumor control.

Epidermal growth factor receptor (EGFR), another oncogenic receptor over-expressed on 

tumor cells, can lead to more aggressive malignancies. The antitumor effect of cetuximab, 

an FDA approved anti-EGFR antibody, has been also considered to depend on its intrinsic 

oncogenic-signal blockade and antibody dependent cell-mediated cytotoxic effect (ADCC). 

Using a newly developed xenograft model with reconstituted immune cells in Rag mice, it 

was clearly demonstrated that the antitumor effect of cetuximab became more pronounced in 

immune reconstituted mice, and the EGFR(+) human tumor burden was reduced in the 

presence of an adaptive immune system [17, 30]. The EGFR antibody (cetuximab) can 

enhance the capacity of cross-priming by DC and augment the tumor specific T cell 

response [17, 30]. Consistently, utilizing a human colon cancer cell line, cetuximab was 

shown to promote opsonization and phagocytosis of colon cancer cells by human dendritic 

cells (DCs) that are subsequently engaged in antigen-cross presentation and CTL activation 

through both FcR and MyD88 pathways [30]. Notably, the cross-talk between NK mediated 

ADCC effect and DCs mediated antigen presentation can together contribute to activation of 

tumor antigen specific T cells [31, 32]. Cetuximab-activated NK cells promote DC 

maturation and CD8+ T-cell priming, leading to the spreading of tumor antigen and the 

activation of tumor-specific T cells in cetuximab-treated head and neck cancer patients [33]. 

It raises the possibility that the immune-cell cross-talk elicited by these tumor targeted mAbs 

could be essential for rejuvenating the tumor microenvironment and overall anti-tumor 

efficacy.

Bevacizumab, a distinct type of antibody, binds and sequesters vascular endothelial growth 

factor-A (VEGFA), a dominant molecule that is required for blood vessel growth. VEGF, 

produced by most tumors, not only plays an important role in tumor angiogenesis, but also, 
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in a previously underappreciated role, inhibit DCs maturation, and promote the expansion of 

MDSCs and expression of PD-1 or other inhibitory checkpoints involved in CD8+ T cell 

exhaustion [34, 35]. Bevacizumab was shown to facilitate DCs maturation and increase DC 

population in peripheral blood from patients with lung, breast, and colorectal carcinoma 

[36]. In an experimental mouse model, anti-VEGF antibody significantly improved the 

number and function of DCs in draining lymph nodes and spleens of tumor-bearing mice. 

Consistent with these findings, a study carried out in a mouse model of breast cancer found 

that the blockade of VEGF led to increased maturation of DCs and inhibited infiltration of 

immune-suppressive cells like Tregs and MDSCs [37]. In addition, low doses of anti-VEGF 

can inhibit the transition of tumor-associated macrophages from an immune inhibitory M2-

like phenotype toward an immune stimulatory M1-like phenotype to facilitate CD4+ and 

CD8+ T-cell tumor infiltration [38]. In total, these studies have demonstrated how targeted 

anticancer mAbs agents modulate the composition and function of the tumor 

microenvironment (TME) for control of the tumor.

Immunomodulatory effects of small-molecule inhibitors

Besides positive Ab-based targeted therapies, the discovery of mutated kinases as drug 

targets has motivated an intensive effort to develop small molecule kinase inhibitors for 

tumor treatment. Since the first kinase inhibitors were developed in the early 1980s, there 

are now more than 20 small molecule inhibitors approved by FDA and actively pursued as 

promising targeted therapeutics for killing cancer cells [39].

The first small molecule targeted agent, imatinib, was approved for the treatment of a 

chronic myeloid leukemia (CML) patient with the “Philadelphia chromosome (Ph)” 

mutation, which encodes the oncogenic fusion protein BCR-ABL1 [40]. As a tyrosine 

kinase inhibitor (TKI), imatinib was shown as having broader activity that inhibits the 

platelet-derived growth factor receptor-alpha (PDGFRα) and beta (PDGFRβ), and the stem 

cell receptor (c-Kit) [41, 42, 43]. For a long time, the therapeutic effects of imatinib had 

been predominantly attributed to the inhibition of signals for tumor-cell survival and 

proliferation. In a mouse model of spontaneous gastrointestinal stromal tumor (GIST), 

imatinib can relieve c-Kit dependent immunosuppression by Tregs within the tumor via a 

reduction of the immunosuppressive enzyme indoleamine 2,3-dioxygenase (IDO), which in 

turn can expand CD8+ T cells responses[19]. The antitumor effect of imatinib was abrogated 

by deleting CD8+ T cells and was enhanced by cytotoxic T lymphocyte-associated antigen 

(CTLA-4) blockade [19]. In accordance with these results, an imatinib-combined DC-based 

vaccine in an imatinib-resistant BCR-ABL negative lymphoma resulted in fewer metastases, 

with a decreased number of Tregs and increased T cell-derived IFNγ production, compared 

with monotherapy [39]. The complete mechanism for how imatinib for activates the immune 

response to inhibit tumor growth remains to be determined.

Second generation compounds dasatinib and nilotinib are used to treat imatinib-resistant 

CML, and are highly effective in patients who fail to response to imatinib, as well as in 

newly diagnosed patients [44]. Short-term treatment with dasatinib, another wide-spectrum 

TKI drug, can increase levels of tumor antigen-specific T cells which are crucial for its 

antitumor effect [41]. However, prolonged dasatinib treatment did not provide any enhanced 
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antitumor effects or survival benefit compared with short-term dasatinib treatment in lung 

squamous cell cancer. Further studies revealed that antigen- specific T-cell responses can be 

impaired with the continuous presence of dasatinib [41], These studies suggest that the 

optimal dose and timing of dasatinib should be considered in order to avoid the development 

of immunosuppressive side effects.

Ibrutinib, is a confirmed irreversible inhibitor of Bruton’s tyrosine kinase (BTK) with 

outstanding clinical activity in relapsed/refractory CLL and mantle cell lymphoma [45, 46]. 

This drug also inhibits other tyrosine kinases, including interleukin-2-inducible T-cell kinase 

(ITK), an enzyme important for the survival of Th2 T cells [47], suggesting that it might 

have immunomodulatory effects in addition to direct anti-lymphoma effects. Indeed, in 

murine models of B cell lymphoma, intratumoral injection of ibrutinib combined with TLR9 

agonist CpG induce complete tumor regression not only in the injected site, but also at 

distant sites [20]. Transplanting CD4 and CD8 T cells from animals treated with 

intratumoral CpG and ibrutinib to treatment-naive mice can prevent the outgrowth of 

tumors, indicating an essential role of the immune system involved in the therapeutic 

efficacy of ibrutinib [20]. Notably, ibrutinib can sculpt the antitumor T cell response 

mediated by PD1/PD-L1 blockade and lead to impressive therapeutic effects when 

combined with anti-PD-L1 in mouse models of lymphoma [48], This suggests that the 

combination of PD1 blockade and ibrutinib might also be effective even for patients with 

BTK negative tumors.

Analogous to monoclonal antibodies that target HER2, EGFR and VEGF, small molecule 

kinase inhibitors targeting these oncogenes also have important effects on anticancer 

immunity. For example, the dual ERBB1/ERBB2 kinase tyrosine inhibitor lapatinib, either 

alone or combined with doxorubicin, was shown to inhibit the growth of HER2-positive 

breast cancer with intensified tumor infiltration of IFNγ-producing CTLs. Further depletion 

experiments revealed that CD8+ but not CD4+ T cells are required for the antitumor effect 

when both drugs were administered [49]. It remains unclear which one actually induces the 

immune response for tumor regression. FDA-approved EGFR kinase inhibitors gefitinib and 

erlotinib have demonstrated a ~75% response rate for patients whose tumors harbor somatic 

mutations in exons encoding the tyrosine kinase domain of EGFR such as L858R [50, 51, 

52]. In lung cancer cell lines, both gefitinib and erlotinib can strengthen immunosurveillance 

by up-regulating the expression of NKG2D ligands on tumor cells, which in turn enhance 

the susceptibility of malignant cells to NK cell mediated cytotoxicity [53, 54]. Whether the 

innate and adaptive antitumor responses are essential in gefitinib and erlotinib mediated 

tumor control remains to be determined.

Unlike bevacizumab, which targets extracellular VEGF, tyrosine kinase inhibitors sorafenib 

and sunitinib target the intracellular signaling pathways of VEGF receptors. Recently, it has 

been demonstrated that these inhibitors also alter the immune system [55, 56]. In both 

mouse models and RCC patients, sunitinib was shown to inhibit Stat3 in MDSCs, down-

regulate angiogenic gene expression, and reduce tumor infiltrating Treg cells [57, 58]. 

Similarly, in vitro experiments proved that sunitinib can increase the apoptosis of MDSCs 

and reverse its immune suppression function [34]. Intriguingly, sunitinib treatment also 

resulted in reduced expression of interleukin (IL)-10, transforming growth factor-beta 
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(TGFβ), and enhanced expression of Th1 cytokine IFNγ, and increased CTL responses in 

isolated tumor-infiltrating leukocytes [34]; therefore, sunitinib may favor an immune 

stimulatory environment. Although sorafenib shares many targets with sunitinib, it displays 

an almost opposite role in immune effects. Sorafenib, but not sunitinib, induced DC 

apoptosis and attenuated primary T cell responses in vivo. Consistently, sorafenib caused an 

irrecoverable inhibition of primary human T cell proliferation by targeting Lck 

phosphorylation, even after drug withdrawal [59]. Interestingly, axitinib, the most specific 

VEGFR inhibitor[60], does not cause the same attenuation of the host immune response as 

in sorafenib-treated hosts [61]. Therefore, axitinib might be the preferred potential candidate 

for exploring combinatorial treatment with immunotherapy.

The activating mutation BRAFV600E was originally reported in melanoma, but has 

subsequently been identified as a driver mutation in several other cancers, such as colon 

cancer and thyroid cancer [62, 63]. Selected targeting inhibitors including vemurafenib and 

dabrafenib have been tested in clinical trials for melanoma since 2008, and demonstrated 

high response rates and a significant prolongation in survival [63, 64]. There is accumulating 

evidence indicating that the therapeutic efficacy of BRAF inhibitors depends on their ability 

to generate a tumor specific immune response. Treatment with a BRAF inhibitor in patients 

with metastatic melanoma has a profound effect on the tumor microenvironment, with 

increased melanoma antigen expression, CD8+ T cell infiltration, and a decrease in 

immunosuppressive cytokines [21, 64, 65]. In murine melanoma tumor models, treatment 

with BRAF inhibitor correlated with reduced numbers of melanoma infiltrating Tregs and 

MDSCs, with a relative increase in CD40L and IFNγ expression on intratumoral TILs [66]. 

The depletion of CTLs and NK cells, or inhibition of IFNγ signaling, resulted in lose of 

tumor control and increased metastatic dissemination.

Supporting these data, line BRAF inhibitor PLX4720, a research analogue of vemurafenib, 

lost antitumor efficacy at controlling a metastatic BRAFV600E mutant melanoma tumor 

growth and metastasis dissemination while depleting CTLs or NK cells and neutralizing 

IFNγ [67]. Although the tumor infiltrating T cells in patients treated with BRAF inhibitors 

demonstrated an activated phenotype, the exhaustion markers Tim-3 and PD-1 were also up-

regulated by treatment. Two weeks of the initiation of BRAF inhibitor treatment, such 

increase in PD-1 expression was coupled with a significant increase in the expression of its 

ligand PD-L1 within the tumor stroma cells [21]. Additional evidence indicated that the up-

regulation of PD-L1 on melanoma may be due to IFNγ production by T cells, which 

represent one of immune events for acquired resistance to BRAF inhibition [68]. These data 

suggest that immune checkpoint blockade (particularly blockade of the PD-1 pathway) 

coupled with BRAF inhibitors may augment antitumor responses (Table 1).

Fine-tuning the immune system: Combination immunotherapies

The breakthrough of checkpoint blockers such as ipilimumab, the mAb blocking cytotoxic T 

lymphocyte-associated protein 4 (CTLA4), and pembrolizumab, the mAb blocking 

programmed cell death 1 (PD1) initiated a new era in cancer research and treatment. Clinical 

success of immune checkpoint blockers regulating T cell response showed long-term 

survival and durable antitumor responses in patients with metastatic melanoma as well as in 

Xu et al. Page 6

Trends Immunol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



patients with several other tumor types [69, 70, 71, 72]. Parallel to these advances in 

checkpoint blockade, the recent successes of chimeric antigen receptor (CAR) T cell therapy 

in lymphoma have reinstated the principle that immunotherapy can induce long-lasting 

responses and extend cancer patient survival [73]. This raises the possibility that proper 

combination of these immunotherapies with current cancer treatments could give a rise to 

long-term tumor control while eliciting active immune effectors that sometimes lead to 

curative responses.

The strengths and weaknesses of targeted agents raise the hypothesis that combining 

immunotherapy with targeted agents might have synergistic effects in cancer treatment. 

There is increasing evidence showing that host immunity contributes to the clinical 

therapeutic outcome of targeted therapies, suggesting the possibility that targeted therapies 

may help to optimize the antitumor immune response (Figure 2). The premise is that the 

rapid release of antigenic debris on tumor cell apoptosis induced by target agents may 

contribute to the enhancement of tumor antigen presentation. The targeted therapies can also 

promote favorable changes within the TME by directly modulating immune responses to 

improve immune-cell function. A number of these combination therapies are currently being 

investigated (Table 2).

In a transgenic mouse model of breast cancer, mice that received a combination of neu-

specific mAbs along with neu-targeted GM-CSF-secreting tumor vaccine had longer 

survival rates than those receiving either therapy alone. Such combined therapy increased 

the uptake of cancer cells by DCs, and enhanced the expression of co-stimulatory molecules 

such as CD40, CD80, and CD86, which contributed to the improvement of HER2-specific T 

cell function [74]. Since many EGFR+ tumors fail to respond to cetuximab, we wonder 

whether the lack of strong oncogenic signaling might limit cetuximab-trigger innate sensing. 

Therefore, extra TLR agonistic might provoke innate responses that link to T cell response. 

Indeed, cetuximab conjugated with CpG for increasing sensing, amplifying cross-priming 

for CTL response inside tumor tissues showed more potent antitumor effect than cetuximab 

alone. Armed cetuximab could lead to complete tumor regression and resistance to tumor re-

challenge [17]. Notably, a recent study revealed that tumor-infiltrating activated CD8+ T 

cells could express VEGFR. Addition of VEGF-A after TCR engagement on CD8+ T cells 

increases expression of inhibitory checkpoints (PD-1, Tim-3, CTLA-4, and Lag-3). In the 

CT26 colon cancer model, a VEGFA antibody combined with anti-PD-1 intensified the 

infiltration of CD8+ T cells and down-regulated the expression of inhibitory receptors on 

CD8+ T cells [35]. Given the immunomodulatory properties of these targeted mAbs, 

incorporating immunotherapeutic strategies into treatment should provide many clinical 

benefits for synergies.

Thus, the development of antibody-based combination therapy or fusion proteins has 

attracted great interest. For example, HER2 positive tumor cells treated with trastuzumab 

up-regulated an inducible costimulatory molecule CD137 expression on human NK cells. 

An agonistic antibody targeting CD137 can synergize with trastuzumab to boost NK 

mediated cytotoxicity and trigger a potent tumor specific immune memory response as 

shown by protection from tumor re-challenge [16, 75]. Notably, the activity of anti-HER2 

and anti-EGFR treatment relies on type I and type II interferon, which in turn promote MHC 
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class I and PD-L1 expression on tumor cells [76]. Blockade of PD1/PD-L1 interaction 

synergizes with anti-HER2 mAb. Partly on the basis of these results, mAbs against HER2 

and EGFR are currently being evaluated in clinical trials in combination with blockade of 

checkpoints CTLA-4 and PD-1, and with immunostimulatory cytokines such as IL-12 

(NCT01860430, NCT02129556, NCT01468896). Although a combinatorial therapeutic 

approach remains promising, systemic administration of cytokines or immunomodulatory 

mAbs usually has severe dose-limiting toxicities, thereby preventing the further use in its 

therapeutically active dose range.

Antibody-based tumor targeting fusion protein with a preferential accumulation inside tumor 

tissue could provide a means to reduce the administered dose and consequently systemic 

side effects [77]. There have been developed several anti-HER2 based fusion proteins. For 

example, anti-HER2/neu–IL-2 caused significant tumor growth inhibition of murine 

intestinal tumor cells expressing human HER2/neu, while antibodies alone had no effect 

[78]. In a syngeneic tumor model, anti-EGFR mAb with IFNβ was more potent than the first 

generation of Ab for controlling Ab-resistant tumors [76]. The underlying mechanism of this 

strategy is that limited type I IFN in growing tumors might hinder antigen presentation 

inside tumor tissues. Ab-IFNβ therapy directly targets intratumoral dendritic cells, which 

reactivates CTL by increasing antigen cross-presentation within the tumor 

microenvironment. Although anti-EGFR-IFNβ achieved a more effective antitumor effect 

than anti-EGFR Ab alone, the host eventually relapsed even after complete regression in 

first 20–30 days, due to increased PD-L1 on tumor cells induced by IFNs. Therefore, 

blocking PD-L1 after Ab-IFN treatment can overcome treatment-acquired resistance and 

completely eradicates established tumors.

Combining immunotherapy to enhance the anti-tumor effect of targeted 

small-molecule inhibitors

Immunotherapy with two agents, interferon (IFN) α and interleukin-2 (IL-2), has shown 

promising activity in cancer therapies, especially in metastatic melanoma treatment [79]. 

Thus, another approach to extend or enhance the efficacy of target therapy for patients with 

BRAFV600 mutant melanoma is to combine immunotherapy such as IL-2 or IFNα with 

BRAF inhibitors such as vemurafenib or nilotinib to maintain the high frequency of tumor 

responses. These responses can be sustained during the entire therapy. Given the potential 

synergy, some phase I/II clinical trials of concurrent administration of vemurafenib or 

nilotinib with IL2 and/or IFNα are being conducted in melanoma patients (NCT01603212; 

NCT01959633; NCT01657604; NCT01866553; NCT02001818; NCT01220648).

Since there is strong preclinical evidence showing that combined therapy with the 

BRAFV600-specific inhibitor vemurafenib and Adaptive T cell transfer (ACT) resulted in 

superior antitumor effects against a fully syngeneic BRAFV600E mutant melanoma, several 

initial phase I/II trials of a combination of vemurafenib with ACT are being conducted 

(NCT02354690; NCT01585415; NCT01659151). Given preclinical reports suggesting that 

dasatinib serves as an effective adjuvant to peptide-based DC vaccination in an M05 

(B16.OVA) melanoma mouse model, a phase I clinical study of dasatinib in combination 

with a DC-cell based vaccine loaded with tumor blood vessel Ag (TBVA) in metastatic 
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melanoma patients is currently ongoing (NCT01876212). A phase I clinical study for 

targeting IDO by a synthetic peptide vaccine in combination with ipilimumab or 

vemurafenib in metastatic melanoma patients was recently completed (NCT02077114). In 

addition, GVAX, a granulocyte-macrophage colony- stimulating factor (GM-CSF) gene-

transfected tumor cell vaccine has been given together with cyclophosphamide and 

cetuximab in treating patients with metastatic or locally advanced pancreatic cancer in a 

phase II trial (NCT00305760). A more complete understanding of the impact of these small-

molecule inhibitors on immune cells regarding optimizing dose, sequence, and timing will 

be helpful when designing and integrating these agents with immunotherapy in clinical trials 

(Box 2).

Concluding remarks

The outcome of the targeted therapy is dictated by not only cell-intrinsic effects, but also by 

cell-extrinsic immune-mediated cytotoxic effects. The complex interplay between cell 

intrinsic and extrinsic effects will ultimately dictate the magnitude of the tumor response to 

targeted therapy. First, therapy-mediated tumor cell death releases DAMPs and tumor 

antigens that could be presented by APC to drive tumor-specific adaptive immune 

responses. Interestingly, recent evidence established an unexpected and essential role of type 

I IFN signaling in multiple therapies. One mechanistic study revealed that DNA or RNA 

derived from tumor tissue could be the source driving type I IFNs production for bridging 

innate and T cell responses. However, the regulation, function, and importance of the type I 

IFNs pathway in targeted therapy is largely unknown and need to be dissected.

Targeted therapy can also alter the immunosuppressive cytokines milieu of tumor cells and 

enhance infiltration of immune effector cells. One example is that BRAF inhibition reduced 

the immunomodulatory cytokines IL-10, VEGF, and IL-6. In this case, CTLs could be 

actively recruited to tumor tissue. However, oncogenic programs, such as BRAF, can still 

evade immunesurveillance through PDL1 expression. Tumor samples from patients treated 

with BRAF inhibitors with increased T-cells infiltration also showed increase expression of 

T cell exhaustion markers like TIM3, PD-1 and PD-L1. It is possible that BRAF inhibitors 

activate the c-JUN and STAT3 signaling pathway for PD-L1 expression. These 

immunosuppressive pathways or molecules like PD-L1 can allow tumor cells to escape 

immune detection. It is worth noting that high dosing of target therapy could exert 

deleterious effect on T-cell function. Therefore, it is important to consider the optimal dose, 

order of treatments and timing of targeted therapy when designing clinical trials for 

combinational therapy in order to maximize the overall antitumor efficacy and minimize the 

toxicity profiles. Among these factors, the administration schedule or timing may be the 

major determinant for overall antitumor effect and more mechanistic studies in animal 

models and clinical trials are needed to fully generate effective antitumor responses. It is 

worth noting that high dosing of target therapy could exert a deleterious effect on T-cell 

function. Therefore, the important parameters regarding optimizing dose, sequence, and 

timing of targeted therapy should be considered when designing clinical trials for 

combinational therapy, in order to maximize the overall antitumor efficacy and minimize the 

toxicity profiles. Among these factors, the administration schedule or timing may be the 
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major determinant for overall antitumor effect and more mechanistic studies in animal 

models
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Glossary

HER2/neu A tyrosine kinase related to the epidermal growth factor receptor, t has a 

role in the pathogenesis of breast cancer and is a target of treatment (with 

the monoclonal antibody trastuzumab and the small molecule inhibitor 

lapatinib) in 25 percent of patients with breast cancer in which HER2/neu is 

overexpressed. Overexpression of HER2/neu is associated with disease 

recurrence and worsen prognosis. HER2 is so named because it has a 

similar structure to human epidermal growth factor receptor (HER1). neu is 

so named because it was derived from a neuroglioblastoma cell line. ErbB 

belongs to the EGFR receptor family. erbB1 (EGFR/HER-1), erbB2 

(HER-2), erbB3 (HER-3), and erbB4 (HER-4) are the four members that 

comprise this receptor family

EGFR Also known as HER-1, EGFR (epidermal growth factor receptor) belongs to 

a family of receptors – HER-2 HER-3, HER-4 are other members of the 

family – and binds to the EGF TGF-α, and other related proteins, leading to 

the generation of proliferative and survival signals within the cell. It also 

belongs to the larger family of tyrosine kinase receptors and is generally 

overexpressed in several solid tumors of epithelial origin

TKI Molecules that inhibit the activity of tyrosine kinase receptors. They are 

small molecules developed to inhibit the binding of ATP to the cytoplasmic 

region of the receptor (eg, gefitinib), thus further blocking the cascade of 

reactions that is activated by the pathway

Somatic 
mutation

A change in the genotype of a cancer cell. This is distinguished from a 

germline mutation, which is a change in the genotype of all the normal cells 

in a patient's body. Germline mutations may be passed to offspring, but 

somatic mutations may not

BRAF 
V600E

V600E is the most common oncogenic mutation of BRAF in cancer. A 

V600E amino acid change results in constitutive activation of the BRAF 

kinase and promotes cell transformation

PI3K-
PTEN-
AKT 
pathway

Signal transduction pathways involving the signaling molecules 

phosphatidylinositol-3 kinase (PI3K), PTEN, and Akt. PI3K generates 

phosphorylated inositides at the cell membrane, which are required for the 

recruitment and activation of the serine kinase Akt. PTEN is a lipid 

phosphatase which counteracts the effect of PI3K. Accordingly, mutated 

PI3K and AKT act as dominant oncogenes, while PTEN is a tumor
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BRAF BRAF is an isoform of RAF. RAF proteins (Raf-1, A-Raf, B-Raf) are 

intermediate to Ras and MAPK in the cellular proliferative pathway. Raf 

proteins are typically activated by Ras via phosphorylation, and activated 

Raf proteins in turn activate MAPK via phosphorylation. However, Raf 

proteins may also be independently activated by other kinases

VEGF VEGF (vascular endothelial growth factor) is a cytokine that mediates 

numerous functions of endothelial cells including proliferation, migration, 

invasion, survival, and permeability. VEGF naturally occurs as a 

glycoprotein and is critical for angiogenesis. Many tumors overexpress 

VEGF, which correlates to poor prognosis. VEGF-A, -B, -C, -D, and -E are 

members of the larger family of VEGF-related proteins

KIT A member of the PDGFR family, c-kit is a tyrosine kinase receptor that 

dimerizes following ligand binding and is autophosphorylated on 

intracellular tyrosine residues

PDGFRA 
and 
PDGFRB

The receptor for PDGF exists distinctly as the dimeric αα or ββ form. All 

dimer combinations of PDGF A and B signal through PDGFR-αα. PDGF 

BB signals through PDGFR-β. PDGF CC signals through the αα and αβ 

receptors. PDGF DD signals through the ββ and αβ receptors.

BCR-ABL BCR-ABL is a constitutively activated tyrosine kinase that arises from the 

formation of the Philadelphia chromosome. This enzyme is a characteristic 

molecular abnormality present in almost all cases of chronic myeloid 

leukemia

CML Chronic melanoma leukemia CML is a cancer of the white blood cells. It is 

a form of leukemia characterized by the increased and unregulated growth 

of predominantly myeloid cells in the bone marrow and the accumulation of 

these cells in the blood. CML is a clonal bone marrow stem cell disorder in 

which a proliferation of mature granulocytes (neutrophils, eosinophils, and 

basophils) and their precursors are found. It is a type of myeloproliferative 

disease associated with a characteristic chromosomal translocation called 

the Philadelphia chromosome

GIST Gastrointestinal stromal tumors (GISTs) are the most common 

mesenchymal neoplasms of the gastrointestinal tract. GISTs arise in the 

smooth muscle pacemaker interstitial cell of Cajal or similar cells. They are 

defined as tumors whose behavior is driven by mutations in the KIT gene 

(85%), PDGFRA gene (10%), or BRAF kinase (rare). 95% of GISTs stain 

positively for KIT (CD117).

BTK Bruton's tyrosine kinase (abbreviated Btk or BTK), also known as tyrosine-

protein kinase, BTK is an enzyme in humans that is encoded by the BTK 

gene. BTK is a kinase that plays a crucial role in B-cell development. BTK 

contains a PH domain that binds phosphatidylinositol (3,4,5)-trisphosphate 

(PIP3). PIP3 binding induces Btk to phosphorylate phospholipase C, which 
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in turn hydrolyzes PIP2, a phosphatidylinositol, into two second 

messengers, inositol triphosphate (IP3) and diacylglycerol (DAG), which 

then go on to modulate the activity of downstream proteins during B-cell 

signaling

ITK Tyrosine-protein kinase ITK/TSK, also known as interleukin-2-inducible T-

cell kinase, or simply ITK, is a protein that in humans is encoded by the 

ITK gene. ITK is a member of the TEC family of kinases and is highly 

expressed in T cells

GVAX GVAX is a cancer vaccine composed of whole tumor cells genetically 

modified to secrete the immune stimulatory cytokine, granulocyte-

macrophage colony-stimulating factor (GM-CSF), and then irradiated to 

prevent further cell division. The product exists as both autologous (patient 

specific) and allogeneic (non-patient specific) therapy
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Box 1. Danger associated molecular patterns (DAMPs) signaling in targeted 
therapy

Targeted agents interrupting oncogenic ignals may lead to cellular stress or cell 

apoptosis. This in turn results in the release of DAMPs and activates their corresponding 

pattern recognition receptors (PRRs). Multiple DAMP signal activation seems to be 

necessary to trigger an adaptive immune response. For example, active ATP secretion 

recognized by purinergic receptors P2Y2 and P2X7 have wide-ranging 

immunostimulatory functions across DCs, natural killer cells, macrophages, and T cells. 

High-mobility-group box 1 (HMGB1) release activates Toll-like receptor 2 (TLR2) and 

TLR4, which in turn triggers downstream MYD88 signaling in DCs and increased 

production of inflammatory cytokines. Nucleotide acids including DNA and RNA could 

also facilitate innate sensing of stressed tumor cells, which promote the production of 

type I interferon and increase cross-priming.
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Box 2. Timing parameters of specific targeted therapies when combining 
with immunotherapies

The optimal timing and sequence of combination therapy is essential for better clinical 

outcome. Targeted agents that can boost antigen presentation and initiate T cell priming 

should be administered before vaccines or checkpoint blockade. Transient drug delivery 

should be considered if the drug has a deleterious effect on effector T cell functions. 

Agents promoting T cell memory or enhancing T cell function should be given after T 

cell priming, and continued throughout treatment to amplify the antitumor immune 

response. Agents mitigating the tumor suppressive microenvironment should be 

administrated before immunotherapy and continued throughout treatment.
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Trend Box

• The adaptive immune system can play an essential role in the efficacy of 

targeted therapies.

• Promotion of DCs/NKs maturation and activation by targeted therapies that 

inhibit oncogenic pathways can positively impact the generation of effective 

tumor-reactive CTLs

• Current targeted oncology therapies can synergize with immunotherapy 

approaches aimed at activating or re-activating tumor-reactive T cells.

• Different targeted therapies have varied effects on immune cells in the tumor, 

and in some cases have systemic impact on the patient’s immune system.

• The treatment course for cancer patients should be considered to prevent 

adversely promoting immunosuppression and/or dampening antitumor immune 

responses.

• The immune system could play a role in the emergence of resistance to targeted 

therapies
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Outstanding Questions

• What is the contribution of DAMPs released by cancer cells after targeted 

therapy to the overall anti-tumor immune response? What PRRs detect these 

DAMPs, and what are the cell types involved?

• How can one avoid severe toxicity upon treating patients with combinations of 

targeted therapies and immunotherapy? Can administration of low-dose targeted 

therapy prior to immunotherapy reduce or avoid toxic side effects? The optimal 

timing and sequence of combination therapies may be essential for improved 

clinical outcome.

• What roles IFNs play in the response to targeted therapies?

• Does the dose of specific targeted therapies impact the function of T cells, both 

systemically and at the tumor site? Can high doses of specific targeted therapies 

result in deleterious effects on T cells, and if so, what are these doses?

• How can the anti-tumor immune response to combination therapies be 

monitored in real-time in individual patients, to inform treatment decisions?

• What mechanisms underlie resistance to immunotherapies? Are these cell-

intrinsic mechanisms or do they rely on changes to the tumor 

microenvironment?

• Do immunosuppressive cells such as MDSC and Treg cells influence the 

outgrowth of tumors resistant to targeted therapies?
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Figure 1. The effect of Ab-based targeted therapy on immune responses
The immune modulatory effects of antibody-based targeted therapies include enhancing 

macrophage phagocytosis, NK cytotoxicity, promoting DC priming, and stimulating tumor-

specific T cells. For example, monoclonal antibodies against EGFR and HER2 promote 

macrophage phagocytosis and DC cross-presentation of tumor antigens through FcRs. FcR-

dependent opsonization also elevates the expression of co-stimulatory molecules such as 

CD40, CD80, and CD86 on the DC surface, increasing TCR signaling and promoting T cell 

activation.
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Figure 2. The effect of small molecule inhibitors on tumor microenvironment
Targeted therapies have been shown to alter the TME in multiple ways, including direct and 

indirect effects. Some agents could reverse the immunosuppressive environment by 

inhibiting the function and infiltration of MDSCs and Tregs. Numerous therapies increase 

the expression of tumor antigens on the tumor cell surface, increasing cross priming of DCs 

for enhanced T cell activation. Therapies also can increase expression of NK cells 

expressing member D (NKG2D) ligands, which serve as co-stimulatory molecules for CTLs, 

as well as activators of NK cells, which also increase the cytotoxicity of NK cells.
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Combination ClinicalTrials.gov Identifier Combination ClinicalTrials.gov Identifier

Target therapy and checkpoint blockade Targeted Therapy and 
Cytokine Therapy

Dabrafenib+/Trametinib+lpilimumab (NCT01767454;NCT01940809;
NCT01673854;NCT02200562)

Vemurafenib+High-dose IL-2 (NCT01754376;
NCT01683188)

Nivolumab + Wunitinib,
Pazopanib, or Ipilimumab

(NCT01472081) Vemurafenib+IL-2 (infusional 96
hour)+IFN-α

(NCT01603212)

Dabrafenib+Trametinib
followed by
Ipilimumab+Nivolumab
or vice versa

(NCT02224781) Vemurafenib+Pegylated IFN (NCT01959633)

Vemurafenib+Anti−PD-Ll (NCT01656642) Nilotinib+ Peginterferon α2b (NCT01657604;
NCT01866553;
NCT02001818;
NCT01220648)

Dabrafenib+Trametinib+Anti−PD-1 (NCT02130466) Vemurafenib+High-dose IFN-α2b (NCT01943422)

Trametinib+/− Dabrafenib+Anti−PD-
   L1

(NCT02027961) Pegylated IFN-alpha 2B+ 
Dasatinib

(NCT01725204;
NCT01872442)

Imatinib mesylate+lpilimumab (NCT01738139)

lpilimumab+Cetuximab+/− Intensity-
   Modulated Radiation Therapy

(NCT01935921)

Sunitinib +Nivolumab (NCT02400385)

Pembrolizumab +Axitinib in
   advanced RCC

(NCT02133742)

Dasatinib+lpilimumab (NCT01643278)

Targeted Therapy and Cytokine Therapy

Vemurafenib+Tumor-infiltrating
Lymphocytes

(NCT00338377; NCT01585415; CT01659151)

Dasatinib+DC vaccine (NCT01876212)

Vaccine-peptide derived from the
protein IDO (IDO Long)+lpilimumab+
vemurafenib)

(NCT02077114)

Cetuximab+ GVAX+ Cyclophosphamide (NCT00305760)
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