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Abstract

With the clinical impact of CTLA-4 and PD-1/PD-L1 immune checkpoint therapies, widespread 

interest in cancer immunotherapy has been ignited. However, the rate and extent of clinical 

responses to approved therapies are limited and often non-existent in many solid tumors. This is 

partially because immune checkpoint therapies are most effective against T-cell inflamed tumors, 

and non-T-cell inflamed or T-cell excluded tumors remain a significant barrier. New strategies are 

needed to overcome immune resistance mechanisms that arise during tumor development which 

result in T-cell exclusion. Approaches may need to be combined with conventional therapies such 

as chemotherapy, radiotherapy, and molecularly targeted therapy and many clinical trials are 

ongoing. This review discusses the challenge of T-cell exclusion and innate oncologic pathways 

that contribute to this problem, including β-catenin, STAT3, NF-κB, PTEN, and AXL tyrosine 

kinase. The GAS6/AXL pathway is of interest immunologically as it’s targeting can lead to 

greater antitumor immune responses after radiation. In addition, several targeted therapies that are 

selective and non-selective for AXL are in preclinical and clinical development in AML and renal 

cell cancer. There remains much to learn but the future is bright for anti-AXL therapies, though 

effective combinations and their impact may not be realized for years to come.

BACKGROUND

Resistance to Checkpoint Immunotherapy

Checkpoint Immunotherapy is quickly entering first line treatment of metastatic disease for 

multiple malignancies, but single agent responses to CTLA4 and PD1/PDL1 (PDCD1/

CD274) antibodies (Ab) are limited to 10–30% (1–4). It is critical to understand factors that 

limit responses, which may be due to overlapping immune resistance mechanisms or the 

prevention of an initial immune response. Mechanisms of immune resistance after an initial 

immune response include but are not limited to the immunosuppressive role of FoxP3 

transcription factor expressing regulatory T-cells (Tregs), the elevated expression of 

indoleamine-2,3-dioxygenase 1 (IDO1) that suppresses T-cell responses by decreasing 
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tryptophan levels, or engagement of additional inhibitory receptors such as T-cell 

immunoglobulin and mucin-domain containing-3 (HAVCR2 or TIM3) that can be 

overexpressed in PD-1 resistance mediating T-cell exhaustion (5,6). The prevention of an 

initial T-cell mediated immune response can be attributed to deficient dendritic cell 

activation and prevention of a specific T-cell response by suppressive factors or the lack of 

tumor antigens to initiate clonal T-cell response. This results in a tumor microenvironment 

deficient in responsive T-cells commonly referred to non-T-cell inflamed or T-cell exclusion 

(7,8).

Resistant tumors with T-cell exclusion

A predictor of response to PD-1 and PD-L1 therapy is the presence of pretreatment CD8+ T-

cell infiltration within the tumor. Non-responders may have scant infiltrating CD8+ T-cells 

or confinement to the tumor margin (9,10). It is suspected that an important consequence of 

tumor-derived factors resulting in immune resistance is T-cell exclusion, predominantly of 

CD8+ T-cells from the microenvironment (11). This topic is receiving more attention as 

CD3+ and/or CD8+ T-cell infiltrates correlate with prognosis in multiple cancers including 

melanoma, ovarian, and colon cancer (9,12–14). For example, Clark et al. reported that in 

clinical stage I melanoma, the presence of ‘brisk’ infiltrating CD3+ lymphocytes resulted in 

an adjusted odds ratio of 11.3 for survival at 8 years, meaning that patients with infiltrating 

lymphocytes had an 11.3 times higher odds of being alive at 8 years compared to absent 

lymphocytes (12). Recently, Tumeh et al. showed that pre-existing CD8+ T-cells negatively 

regulated by PD-1/PD-L1 have greater responses to anti-PD-1 therapy compared to tumors 

deficient in CD8+ T-cells (9).

Understanding T-cell exclusion will depend upon insight into the evolutionary factors that 

begin early in malignancy, an idea commonly referred to as immunoediting (15). Factors that 

influence this include but are not limited to tumor antigens that develop from somatic 

mutations, classic oncologic pathways that suppress or exploit an immune response to its 

advantage, microenvironmental factors such as hypoxia and aberrant vasculature, and 

additional environmental factors such as exposure to microbes, viruses, or altered 

physiologic states. Though there is interest in each potential mechanism of T-cell exclusion, 

this review will focus on tumor cell-derived oncologic pathways.

Oncologic pathways can coordinate T-cell exclusion

Classic oncologic pathways critical for cellular transformation may be some of the most 

important determinants of T-cell exclusion and suppressing the antitumor immune response. 

For example, Hugo et al., reported that melanomas sensitive to anti-PD-1 therapy often 

possess mutations in the DNA repair gene BRCA2, and that resistant tumors have gene 

expression patterns associated with epithelial to mesenchymal transition, cell adhesion, 

matrix remodeling, angiogenesis, and wound healing (16). This study was important in 

providing genetic indicators for biologic resistance mechanisms beyond correlative analysis 

of infiltrating T-cells. Though it did not directly correlate BRCA2 and the various genes 

upregulated in resistance with T-cell exclusion, it can be inferred from Tumeh et al. and 

Herbst et al. that non-responders had greater T-cell exclusion (9,10). More studies will be 
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important to biologically validate these findings and show how they influence an antitumor 

immune response.

A biologic pathway that impacts T-cell exclusion in melanoma recently identified is t β-

catenin (CTNNB1) pathway (7). Following correlative studies with human data, the authors 

used a constitutively active β-catenin tumor model to demonstrate decreased production of 

chemokine’s that are important for recruiting dendritic cells to the microenvironment 

resulting in 3-fold decrease of T-cell infiltration. They suggest that lack of dendritic cell 

recruitment to the tumor microenvironment ultimately prevents development of a T-cell 

mediated antitumor response and results in resistance to anti-PD-L1 and anti-CTLA-4 

checkpoint immunotherapy.

Additional factors that can influence immunosuppression and impact T-cell exclusion 

include signal transducer and activator of transcription 3 (STAT3), p53, NF-κB, and PTEN. 

The epidermal growth factor receptor (EGFR), vascular endothelial growth factor receptor 

(Flt1 or VEGFR1), and other receptors signal through the STAT-3 pathway that serves as a 

transcription activator after cytokine and growth factor receptor signaling. Tumor cell STAT3 

signaling can promote immunosuppression, proinflammatory cytokines, and chemokines 

that recruit Tregs, suppress CD8+ T-cells, reduce neutrophil function, NK cell mediated 

cytotoxicity, and block dendritic cell maturation (17). Loss of STAT3 in a transgenic breast 

cancer model resulted in greater antitumor immune response, suggesting that STAT3 

inhibitors would have immunomodulatory activity (18). In contrast to STAT3, the presence 

of wild-type p53 in tumor cells can lead to innate immune cell mediated antitumor response 

through chemokine signaling. The loss of p53 results in suppression of an antitumor immune 

response (19,20). In the case of NF-κB, reports suggest that tumor necrosis factor alpha 

(TNF) from surrounding tissues can stimulate NF-κB, thus promoting tumor progression. 

Although NF-κB has numerous downstream targets, the immune response induced through 

the NF-κB complex is likely due to chemokine production. However, the immune 

modulatory activity of NF-κB may be different in myeloid cells compared to tumor cells, 

making it difficult to target therapeutically (21,22). PTEN, an important tumor suppressor, 

which is often mutated, can result in decreased T-cell infiltration into tumors and T-cell 

mediated tumor killing through expression of immunosuppressive cytokines (23).

T-cell exclusion and immunosuppressive pathways impact the response to cancer therapy

It is commonly proposed that tumor cell death releases tumor antigens, thereby enabling 

adaptive immune responses. Cell death induced by chemotherapy and radiotherapy can lead 

to immune activation and overcoming T-cell exclusion. Such treatments can release 

molecules including high mobility group protein B1 (HMGB1), danger-associated molecular 

patterns (DAMPS), and ATP that increase dendritic cell antigen presentation and maturation 

(24). However, cell death can induce signals with opposing effects on the immune response 

through the induction of an antitumor immune response commonly referred to as 

immunogenic cell death (ICD) or cell death that fails to activate an immune response, known 

as tolerogenic cell death (TCD)(25). TCD is commonly associated with T-cell exclusion 

because an antitumor T-cell response is not elicited. In addition, various anticancer therapies 

can impact immune cell subsets; examples include the inhibition of Tregs by 
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cyclophosphamide or inhibition of tumor promoting myeloid derived suppressor cells by 

gemcitabine. These and other cytotoxic treatments can temporarily overcome the 

immunosuppressive tumor microenvironment, enabling greater antitumor immune responses 

(26–28). Radiotherapy, can lead to ICD through effects that include the release of tumor 

antigens, exposure of heat shock proteins (HSP) on the cell surface, release of calreticulin, 

and the increased expression of MHCI, intracellular adhesion molecule 1 (ICAM1), and 

lymphocyte function–associated antigen 3 (LFA3)(29). Despite the promise of conventional 

therapies inducing ICD, factors promoting TCD need to be identified and evaluated.

Numerous preclinical studies have validated the combination of targeted therapy, 

chemotherapy, or radiotherapy with checkpoint immunotherapy to overcome limited 

responses. Key factors that enable radiation and checkpoint immunotherapy responses 

include highly immunogenic tumors, the induction of an adaptive T-cell mediated response, 

T-cell dependence of tumor eradication, and blocking tumor supporting immune cells (30–

32). Chemotherapy and targeted therapies can augment immune responses similar to 

radiation, but depending upon the mechanism of action can complement or compete with 

immunotherapy (33–35). One example of competition is the finding that MET, a proto-

oncogene often mutated or amplified, is important in the proper function of antitumor 

neutrophils, which limits therapeutic efficacy of targeted therapies against MET (35).

Identifying oncologic targets that influence T-cell exclusion and response to radiation

One approach to identify new targets that influence T-cell exclusion was to evaluate factors 

that impact the immune response to clonal tumors. In the transgenic PyMT breast cancer 

model tumors develop with different inflammatory microenvironments. Two tumor clones 

were evaluated, one clone exhibited a robust immune response with T-cell infiltration that 

was enhanced by radiation and the second clone had T-cell exclusion and was unresponsive 

even after radiotherapy. The receptor tyrosine kinase (RTK) AXL was identified as a 

potential mediator of T-cell exclusion after evaluating differences between the clones. AXL 

belongs to the TAM (TYRO3/AXL/MERTK) family of RTKs and is known to regulate 

epithelial to mesenchymal transition. Though the TAM family is important in the immune 

system in the regulation of macrophages and dendritic cells, AXL had not been identified as 

a mediator of immunosuppression by tumor cells. Genetic deletion of AXL resulted in up to 

twenty fold enhanced T-cell infiltration and sensitization of tumor cells to radiation and 

checkpoint immunotherapy. The mechanism appears to be due AXL’s role in suppressing 

antigen presentation, and producing myeloid supporting cytokines and chemokines, which 

results in a limited adaptive immune response and T-cell exclusion (36).

These data convey one example of how immunoediting can result in the suppression of an 

antitumor immune response and T-cell exclusion. AXL has received much attention for its 

role in invasion, metastasis, therapeutic resistance, and now immunotherapy resistance 

(37,38). A recent study investigating the genomic and transcriptomic profile of tumors 

resistant to PD-1 immunotherapy found that AXL transcript levels were significantly 

correlated with resistance to PD-1 immunotherapy. This was the first human data to suggest 

a biologic link between AXL and resistance to immunotherapies in humans and supports the 

biologic link defined in the PyMT tumors (16).
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In addition to AXL’s immune function in tumor cells, its family member MERTK, the other 

known receptor for the GAS6 ligand, plays an important complementary role in TCD. 

MERTK is a mediator of apoptotic cell clearance by macrophages, promotes M2 anti-

inflammatory cytokine production, suppresses an M1 pro-inflammatory response, and 

results in TCD (39–42). A study recently showed that after radiation, MERTK signaling in 

host myeloid cells leads to anti-inflammatory effects resulting in radiation resistance. 

Tumors became sensitive to radiation when implanted in MERTK knockout mice, though 

there was little effect on tumor growth in the absence of treatment (43). Although the 

investigators did not show that the therapeutic effect from the loss of MERTK resulted a 

greater antitumor T-cell response, it will be an important question to investigate further.

These reports suggest there is much to learn about TAM signaling in the tumor 

microenvironment but building evidence suggests that AXL, GAS6, and MERTK are 

important in supporting tumor growth with a role in cancer cells, infiltrating myeloid cells, 

and in suppressing ICD, thereby preventing dendritic cell licensing and promoting T-cell 

exclusion. Figure 1 depicts a representative tumor microenvironment in the presence and 

absence of AXL or MERTK and the response to radiation therapy. In the presence of AXL 

there is low expression of MHCI, cytokines and chemokines that support macrophages, and 

elevated levels of GAS6. MERTK favors TCD and the absence results in impaired clearance 

of apoptotic particles, which may lead to ICD.

CLINICAL-TRANSLATIONAL ADVANCES

Clinical advances in radiation and immunotherapy as an approach to overcome T-cell 
exclusion

With the discovery of immune activating responses after chemotherapy or radiotherapy there 

is growing interest in combining these treatments with immune checkpoint therapy to 

enhance tumor responses. A dramatic, but uncommon example of the stimulating effects of 

radiation was highlighted in the case report by Postow et al. who showed widespread 

response to metastatic disease after palliative radiation to a single site in a young woman 

who was progressing on anti-CTLA-4 therapy Ipilimumab (44). In recent trials, there has not 

been convincing evidence that combining radiation and immunotherapy leads to greater 

systemic responses, and it remains unknown if radiation can consistently enhance 

immunotherapy (45–49). It may be that the combination is only synergistic in tumors with T-

cell infiltration or a preexisting adaptive immune response. An example supporting this was 

demonstrated in a preclinical mouse model where tumors with T-cell exclusion and elevated 

levels of AXL had minimal response to radiation, checkpoint immunotherapy, and the 

combination. Sensitivity to the combination of therapies was attained in AXL knockout 

tumors by overcoming T-cell exclusion (36). The number of ongoing clinical trials with 

radiation and immunotherapy registered at clinicaltrials.gov is increasing, many of which 

were highlighted in recent reviews (50,51). Time will tell if a particular approach will offer 

more encouraging results than the early studies and whether barriers can be identified. But 

for now the true clinical benefit remains unknown and may depend upon the method of RT 

delivery, the timing, the disease targeted, the immunotherapeutic approach, or unidentified 

factors.
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We are concerned that many cancers will prove to be resistant to the immune activating 

effects of radiation due to T-cell exclusion and suppressive factors such as GAS6/AXL. 

Clinical trials with RT and T-cell modulating therapeutics with sophisticated biologic 

analysis could provide insight into whether the combination therapy is more efficacious in T-

cell infiltrated tumors compared to T-cell excluded tumors. We suspect that combination 

therapy will have minimal to no impact in tumors with T-cell exclusion. If this is the case, it 

will confirm the need to validate and translate therapies targeting drivers of immune 

resistance and T-cell exclusion such as AXL, etc.

A coming of age for targeted therapies for AXL and TAM RTKs in cancer

In recent years there have been efforts to develop a wide range of therapies targeting AXL 

and MERTK in cancer (37,52). These developments have complemented our growing 

understanding of their biology, role in cancer progression, and now their role immune 

resistance and T-cell exclusion. Most strategies are focused on small molecule inhibitors 

with a variety of specificities for AXL and other tyrosine kinases. The recently reported 

phase III study of Cabozantinib, which primarily targets VEGFR2, MET, and AXL (IC50 of 

1.3, 0.035, and 5.2 nM respectively), nearly doubled median progression-free survival from 

3.8 to 7.4 months in patients with advanced renal-cell carcinoma (53,54). A more specific 

AXL inhibitor by BerGenBio (BGB324) is currently being evaluated in early phase studies 

for acute myeloid leukemia with promising initial results showing tolerability and anti-

leukemic activity (55). It has an IC50 of 14 nM and biochemical selectivity over Tie-2, MER, 

TYRO3, RET and FLT-4 of 3, 16, 14, 9, and 5.5 fold, respectively (56). Other AXL targeting 

approaches include blocking antibodies and a high affinity soluble AXL ‘decoy receptor’ 

that binds GAS6, which have shown promising results in animal models of metastasis 

(57,58).

The clinical impact and extent of therapeutic applications remains to be determined, but 

there is reason to be optimistic about drugs targeting TAM RTKs especially with their 

emerging role in immuno-oncology. However, it is becoming clear from the preclinical data 

that drugs and biologics targeting AXL may have a greater impact when combined with 

radiation, chemotherapy, and/or immunotherapy.

Future studies should be focused on preclinical determination of the optimal combination of 

cytotoxic and immune modulatory therapies, initiating innovative trials to test the most 

promising combinations, and evaluating the efficacy and toxicities of these therapeutic 

approaches. There is an excellent opportunity for anti-AXL therapies combined with 

radiotherapy and/or immunotherapy. With the potential to target the epithelial to 

mesenchymal transition, stimulate antigen presentation, and block immune suppressive 

macrophage recruitment to the tumor microenvironment clinically significant responses may 

be achieved.
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Figure 1. Loss of AXL or MERTK in the tumor microenvironment results in an antitumor 
immune response to radiation
Both AXL and MERTK play key roles in immunosuppression. Tumors with high AXL 

expression can be resistant to therapy through decreased MHCI expression, increased GAS6 

production, and release of myeloid supporting cytokines and chemokines. Radiation results 

in tolerogenic cell death with GAS6 mediated signaling through MERTK and a limited 

adaptive immune response (Left). In the absence of AXL tumors are more immunogenic 

with evidence of an adaptive T-cell response and radiation further enhances the antitumor 

immune response (Center). Upon loss of MERTK there is a decrease in macrophage 

mediated phagocytosis and tolerogenic cell death is limited, which seems to result in a 

greater antitumor immune response after radiation (Right).
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