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Abstract

Renal cell cancer (RCC) is a prevalent and lethal disease. At time of diagnosis, most patients 

present with localized disease. For these patients, the standard of care includes nephrectomy with 

close monitoring thereafter. While many patients will be cured, 5-year recurrence rates range from 

30% to 60%. Furthermore, nearly one-third of patients present with metastatic disease at time of 

diagnosis. Metastatic disease is rarely curable and typically lethal. Cytotoxic chemotherapy and 

radiation alone are incapable of controlling the disease. Extensive effort was expended in the 

development of cytokine therapies but response rates remain low. Newer agents targeting 

angiogenesis and mTOR signaling emerged in the 2000s and revolutionized patient care. While 

these agents improve progression free survival, the development of resistance is nearly universal. 

A new era of immunotherapy is now emerging, led by the checkpoint inhibitors. However, 

therapeutic resistance remains a complex issue that is likely to persist. In this review, we 

systematically evaluate preclinical research and clinical trials that address resistance to the primary 

RCC therapies, including anti-angiogenesis agents, mTOR inhibitors, and immunotherapies. As 

clear cell RCC is the most common adult kidney cancer and has been the focus of most studies, it 

will be the focus of this review.
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2. Resistance to Anti-Angiogenesis Therapies in Renal Cell Carcinoma

2.1 Background

Hanahan and Weinberg outlined over 15 years ago the principles necessary for the 

uncontrolled proliferation of cells causing tumor formation1. Included in their original six 

hallmarks of cancer was angiogenesis, or the formation of new blood vessels. While initially 

small tumor populations may live by simple diffusion of nutrients, data show that tumor 

formation and growth eventually requires neovascularization2. Targeting angiogenesis was 

hypothesized to be especially important in clear cell renal cell carcinoma (RCC), a highly 

vascular tumor, in part due to its molecular hallmark of VHL inactivation. VHL, or the Von-

Hippel Lindau gene, encodes the substrate recognition component of an E3 ubiquitin ligase 

complex3. When considering both gene mutation and promoter hypermethylation, VHL 

function is lost in as many as 90% of clear cell RCC tumors, leading to the accumulation of 

the transcription factor hypoxia inducible factor (HIF)4. HIF triggers an intense hypoxic and 

pro-angiogenic response3. Targeting this pro-angiogenic response heralded a new era in the 

therapy of these cancers, dominated by the use of potent single agent anti-angiogenics. 

While clearly efficacious for many patients in inducing response and establishing disease 

control for a period averaging several months, as many as 10% of patients demonstrate 

intrinsic resistance with lack of response to first-line anti-angiogenics5. These patients have 

a poor prognosis even with subsequent lines of therapy6. For patients that demonstrate an 

initial response to sunitinib and other similar anti-angiogenic therapies, the response is often 

not durable. Potential mechanisms of acquired resistance include activation of alternative or 

compensatory angiogenic pathways and increased tumor invasiveness (Fig. 1)7. In this 

review, we will focus on acquired or adaptive resistance mechanisms and new therapies 

designed to address acquired resistance (Table 1).

2.2 Adaptive Resistance via Compensatory Angiogenesis Pathways

The adaptive resistance that emerges in RCC during anti-angiogenesis therapy is distinct 

among targeted therapies. Most receptor targeted therapies develop emergent resistance 

through an acquired point mutation, such as occurs frequently in targeting EGFR8. These 

resistance mutations alter the protein structure, decrease drug binding, or allow for continued 

receptor signaling via other means. Conversely, resistance to VEGFR TKIs often develop 

alongside continued target inhibition. A straightforward explanation implicates the fact that 

many of the leading VEGFR TKIs, such as sunitinib, most potently target VEGFR2. 

However, other VEGFR proteins exist, specifically VEGFR1 and VEGFR3, which may 

share redundant functions that are likely important in tumor angiogenesis9. Consistent with 

this theory, simultaneous inhibition of multiple VEGFR proteins more potently inhibits 

angiogenesis than inhibition of a single subtype9.

Thus, VEGFR1 and VEGFR3 have emerged as potential functional drivers of resistance and 

thus desirable pharmacologic targets. To this end, axitinib, a potent inhibitor of VEGFR1-3, 
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was compared to sorafenib, a multi-targeted TKI whose predominant VEGFR target is 

VEGFR2, in the AXIS study, a phase III second line clinical trial in clear cell RCC 

patients10. In this study, the axitinib arm had a higher PFS (6.7 versus 4.7 months, one-sided 

p<0.0001) and established the utility of second-generation angiogenesis inhibitors with 

broader activity to overcome sunitinib resistance10. Thus, data support the importance of 

broadly targeting VEGFR1-3 as a strategy to treat acquired anti-angiogenesis resistance.

Tumors, however, also utilize non-VEGFR angiogenesis pathways as resistance 

mechanisms. For example, increased signaling through fibroblast growth factor receptor 

(FGFR) in the context of VEGFR2 inhibition has been associated with decreased PFS 

(p=0.0452) in RCC patients receiving sorafenib11. A recent phase II trial of patients 

progressing after VEGF inhibition compared lenvatinib, a combined VEGFR1-3 and FGFR 

inhibitor, either alone or in combination with everolimus, to everolimus alone12. The 

combination was associated with a longer PFS when compared to everolimus (median PFS 

14.6 months versus 5.5 months, p=0.0005) but not compared to lenvatinib alone (7.4 

months, p=0.12). These results suggest activity for FGFR-targeted drugs in this clinical 

context and led to FDA-approval of the combination for anti-angiogenic resistant patients.

Other pathways likely promote tumor angiogenesis in the context of persistent VEGFR2 

inhibition. Angiopoietin-1/2 are glycoproteins that are implicated in both physiologic and 

tumor angiogenesis13. Trebananib is a fusion protein which disrupts the interaction of 

angiopoietin-1/2 with its receptors, Tie1/2. This agent may have activity in RCC14, though it 

has not been well tested in anti-angiogenesis resistant disease. Another angiogenesis 

pathway of interest is ALK-1, a pro-angiogenic receptor in the TGF-beta family15. An 

ALK-1 ligand trap, dalantercept, is being tested in combination with axitinib in heavily 

pretreated RCC patients (NCT01727336). VEGF, the canonical ligand for VEGFR, 

continues to be investigated as a mediator of anti-angiogenesis resistance with multiple trials 

exploring the VEGF trap aflibercept (NCT02298959)16. Sunitinib resistance has been shown 

to be mediated by specific epigenetic changes, with either increases in sunitinib dosing or 

targeted inhibition of specific histone-modifying enzymes both proving capable of eliciting 

tumor response17. Thus, researchers continue to aggressively target alternative pro-

angiogenic pathways as mediators of anti-angiogenesis resistance.

2.3 Adaptive Resistance via Increased Tumor Invasiveness

Increased invasiveness is an adaptation of cancer cells to decreased angiogenesis that allows 

them to invade into normal tissue and rely on the normal vasculature for metabolic 

demands7. The receptor tyrosine kinase (RTK) MET may be important in this pathway and 

thus a promoter of anti-angiogenesis resistance. A patient-derived xenograft model of 

sunitinib-resistant clear cell RCC was shown to have increased MET expression and 

phosphorylation relative to sunitinib-sensitive models18. Cabozantinib, a TKI whose targets 

include VEGFR and MET, was compared to everolimus in clear cell RCC patients with 

progression on prior VEGFR TKI in the METEOR trial19. Significant improvement in PFS 

(7.4 versus 3.8 months, p<0.001) and ORR (21% versus 5%, p<0.001) was observed in the 

cabozantinib arm. Thus, MET is emerging as an important target in the treatment of anti-

angiogenesis resistance.
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Similarly, the proto-oncogene AXL is a transmembrane RTK to ligand Gas6 that participates 

in mitogenic signaling, cell adhesion, chemotaxis, and angiogenesis and is highly expressed 

in RCC20,21. Similar to MET, increased AXL expression was associated with poor clinical 

outcomes and was over-expressed in pre-clinical models of sunitinib resistance22. Inhibition 

of AXL or MET in these models impaired the invasive, prometastatic behavior of the 

sunitinib-resistant cells and restored sunitinib sensitivity and novel inhibitors of AXL 

signaling are in preclinical development23. Given these observations, important questions 

remain in order to understand the role of AXL and MET in anti-angiogenesis resistant RCC. 

Do these RTKs drive anti-angiogenesis resistance via increased invasiveness and promotion 

of an epithelial-to-mesenchymal transition, a process known to be important in RCC anti-

angiogenesis resistance24,25? Alternatively, do AXL and MET drive resistance through 

enhanced angiogenesis, alternative mechanisms, or some combination? Clinically, what is 

responsible for the activity seen for cabozantinib in anti-angiogenesis resistant disease? Not 

only does cabozantinib potently inhibit VEGFR and MET, but it also has activity against 

AXL. A better understanding of such issues is important as investigators continue to seek 

improved therapies and biomarkers for anti-angiogenesis resistant RCC.

2.4 mTOR Inhibitors in the Treatment of Anti-Angiogenesis Resistance

Significant evidence exists supporting the role for mTOR signaling in RCC tumorigenesis. 

AKT/mTOR activation has been seen in preclinical models of RCC anti-angiogenesis 

resistance26. In these studies, pharmacologic inhibition of the AKT/mTOR pathway was 

able to overcome sunitinib resistance. Indeed, the mTOR inhibitor everolimus was shown to 

be superior to placebo in RCC patients who previously progressed on anti-angiogenesis 

therapies27. Furthermore, the combination of lenvatinib and everolimus offered superior PFS 

relative to lenvatinib alone, suggesting that the everolimus is contributing significantly to the 

efficacy of this newly-approved combination12. Whether new generation drugs that target 

multiple components of the PI3K/mTOR pathway will demonstrate increased activity in 

anti-angiogenesis resistant disease remains to be answered.

2.5 Conclusion of Anti-Angiogenesis Resistance

The VEGFR TKIs have dominated RCC therapeutics since their introduction. Given their 

overall tolerability and proven efficacy, they are likely to remain an important component of 

the medical oncologist’s metastatic RCC armamentarium. Thus, understanding how tumors 

thrive in the context of VEGFR inhibition and how to therapeutically target compensatory 

pathways remains an important area of RCC research. New druggable resistance 

mechanisms are emerging that require further exploration, such as sunitinib-induced 

epigenetic changes that, when reversed, may increase sunitinib sensitivity28. As shown, the 

potential mechanisms of resistance are numerous and likely to be distinct for different 

patients29. Even for the individual patient, resistance mechanisms appear to be capable of 

changing over time as evidenced by the marginal success of rechallenge with anti-

angiogenesis agents30. Thus, to maximize the impact in patient care, we need accompanying 

biomarkers that demonstrate activation of the targeted pathways in individual patients.
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3. Renal Cell Carcinoma Resistance to mTOR Inhibitors

3.1 The PI3K/AKT/mTOR Pathway Dysregulation in Renal Cell Carcinoma

The phosphoinositide 3-kinase (PI3K)/AKT/mTOR pathway is a critical driver of cellular 

protein synthesis, cell cycle and metabolism31. Prominent among the many downstream 

targets of PI3K is the serine/threonine kinase AKT. While activated by PI3K, optimal AKT 

activation is achieved by additional phosphorylation by mTOR complex 2 (mTORC2)31 

(Fig. 2). Activated AKT phosphorylates a large number of substrates, including tuberous 

sclerosis complex (TSC) 1/2, which releases inhibition of mTOR complex 1 (mTORC1). 

mTORC1 is involved in critical cellular bioenergetic pathways such as protein synthesis and 

glucose metabolism. The PI3K/AKT/mTOR pathway is commonly dysregulated in human 

cancer including clear cell RCC32. Given these observations, efforts to pharmacologically 

modulate the PI3K/AKT/mTOR pathway in cancer and particularly RCC have been robust 

over the years.

3.2 Targeting Resistance to mTOR Inhibitors in Renal Cell Carcinoma

Everolimus and temsirolimus, the approved rapamycin analogs for RCC, are classically 

considered to be mTORC1-specific33. Not only do the rapamycin analogs not inhibit 

mTORC2, they may relieve mTORC1-mediated suppression of mTORC234. mTORC2 

activation has been shown to increase expression of the clear cell RCC tumor driver HIF-2α 
and thus may promote tumor growth and rapamycin analog resistance35.

In addition, compensatory activation of PI3K and AKT has been observed in the context of 

mTORC1 inhibition36. Thus, PI3K, AKT, and mTORC2 have emerged as candidates for 

mediating resistance to the rapamycin analogs (Fig. 2).

Interestingly, patterns of rapamycin analog resistance may be influenced by the genomics of 

the individual tumor. For example, in a retrospective analysis of RCC patients exhibiting 

durable disease control with rapamycin analogs, somatic mutations in TSC and/or mTOR 
were identified in 3 of 5 patients37. Thus, further work is needed to explore strategies to 

target the late resistance that emerges in some patients with somatic mutations in this 

pathway.

Based on the discussed mechanisms, strategies to prevent and treat mTORC1 inhibitor 

resistance have focused on different members of the PI3K/AKT/mTOR pathway. The AKT 

inhibitor perifosine was evaluated in advanced RCC, but no advantage was observed relative 

to established second line treatments38. In a phase II study in RCC patients who had failed 

prior therapies, the AKT allosteric inhibitor MK2206 was not superior to everolimus, 

however notable responses to MK2206 were seen in a subset of patients39. The role of AKT 

inhibitors in the care of RCC patients therefore remains to be defined.

Combined inhibition of mTORC1 and mTORC2 in addition to mTORC1 would potentially 

prevent reactive mTORC2 signaling, limit reactive AKT and HIF-2α induction, and may 

limit the development of resistance to rapamycin analogs (Fig. 2). A phase II trial comparing 

the dual mTORC and PI3K inhibitor apitolisib to everolimus in VEGFR-TKI resistant RCC 

patients demonstrated superior PFS for everolimus and increased grade 3/4 toxicity for 
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apitolisib40. While informative, this phase II trial had important design flaws that hinder our 

ability to draw definitive conclusions. More work is necessary to understand whether the 

approach of targeting multiple members of the PI3K/AKT/mTOR pathway is safe and 

effective for overcoming resistance.

4. Immunotherapy for Renal Cell Carcinoma: Resistance and Novel 

Therapeutic Approaches

4.1 Regulation of the Anti-Tumor Immune Response in Renal Cell Carcinoma

Evidence continues to accumulate that a patient’s immune system can play an important 

antitumor role leading to the theory that cancers must evade the host immune system in 

order to flourish1. RCC in particular may be capable of eliciting an immune response, thus 

requiring the tumor to develop evasion mechanisms to proliferate. Spontaneous remissions 

of RCC have been observed, suggesting endogenous immune mediated anti-tumor 

response41. Furthermore, it has been observed that higher proliferative capacity of 

intratumoral CD8+ T cells correlates with improved RCC patient survival42. Therapies given 

to patients to either broadly stimulate the host immune response (e.g. high dose 

interleukin-2) or target specific immune evasion pathways (e.g. immune checkpoint 

inhibitors; CPI) have produced responses and thus further strengthen the evidence that RCC 

is capable of eliciting an immune response that can be re-trained for patient benefit43. 

Continuing our focus on drug resistance, we will consider the use of immunotherapy in anti-

angiogenesis resistant disease and RCC that has progressed on prior immunotherapy 

regimens.

The roles of distinct immune cell types in mediating anti-tumor immunity are 

underexplored. Effector T (Teff) cells, such as CD8+ cytotoxic lymphocytes, can provide 

specific immunity against infections and tumors44. Proliferation and differentiation of Teff 

cells requires cytokines such as interleukin-2 (IL-2) and can be modulated via “checkpoint” 

pathways such as the programmed cell death-1 (PD-1) signaling pathway45. While IL-2 

directly supports T cell differentiation and effector functions, PD-1 signaling inhibits T cell 

proliferation, cytokine production and suppresses key metabolic pathways46,47. Tumor cells 

often express PD-1 ligand (PDL-1) that activates PD-1 and thus can contribute to tumor 

associated T cell dysfunction48. Contemporary attempts to modulate and improve T cell 

mediated anti-tumor immunity in metastatic RCC have therefore focused on relieving the 

functional exhaustion of anti-tumor T cells through the use of CPIs.

4.2 Immunotherapy for the Treatment of Anti-Angiogenesis Resistant Renal Cell Carcinoma

The net impact of anti-angiogenesis therapies on the anti-RCC immune response remains 

unclear. Liu et al. identified increased T cell infiltration in primary RCC tumors treated with 

anti-angiogenesis therapies49. This T cell infiltration consisted of both cytotoxic CD8(+) 

Teff cells as well as CD4(+)FOXP3(+) regulatory T cells, a population capable of 

suppressing Teff cells. In addition, increased PDL-1 was also observed in anti-angiogenesis 

treated tumors as well as sunitinib-treated RCC cell lines and xenografts. Thus, while anti-

angiogenesis therapies seem to have a positive effect on the anti-tumor immune response by 

stimulating tumor infiltration by Teff cells, this effect may be blunted by concomitant 
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recruitment of immunosuppressive immune cells and up-regulation of tumor cell PDL-1 that 

inhibits Teff cells49.

Strategies targeting the immunosuppressive PD-1/PDL-1 signaling in anti-angiogenesis 

resistant disease in order to relieve Teff cell suppression are emerging. An initial study by 

Brahmer et al. included patients with various tumor types, including RCC. The anti-PD-1 

antibody nivolumab was well tolerated with evidence of anti-tumor activity50. In another 

study, nivolumab produced an ORR of 27% in RCC patients (the majority of whom had 

progressed on prior anti-angiogenesis therapies)51. Several of these responses were durable 

in nature, lasting over 12 months. Another phase II trial with metastatic RCC patients 

previously treated with anti-angiogenesis therapies identified a 20% ORR with nivolumab52. 

A large, phase III trial (Checkmate 025) compared nivolumab with everolimus in 821 RCC 

patients with anti-angiogenesis resistant disease53. Nivolumab treatment resulted in greater 

ORR (25% versus 5%, p<0.001) and longer OS (25.0 months versus 19.6 months, p=0.002) 

compared to everolimus. Nivolumab has now been approved to treat patients with metastatic 

RCC whose disease progressed on prior anti-angiogenic therapy.

Rather than reserving CPIs like nivolumab for patients who are resistant to anti-angiogenesis 

therapies, several investigators are seeking to combine CPIs and anti-angiogenesis drugs in 

an attempt to increase response rates and prevent or delay resistance. Several lines of data 

provide rationale for this innovative combination. The previously referenced study by Liu et 

al. noted an increase in Teff cells in tumors treated with anti-angiogenesis agents. Thus, if 

one could couple this increased Teff cell infiltration with strategies to block the 

immunosuppressive PD-1/PDL-1 signaling, the result could theoretically be synergistic anti-

tumor response49.

VEGFR TKIs may act through multiple pathways to increase the anti-tumor effects of 

immune therapies (Fig.3). As shown by Voron et al., tumor infiltrating Teff cells also express 

VEGFR1 and VEGFR2. VEGF-A produced in the tumor microenvironment signals through 

VEGFR1/2 to enhance expression of PD-1 and other inhibitory receptors involved in Teff 

cell suppression. Moreover, T cell PD-1 expression was decreased after anti-angiogenic 

therapy54. Because VEGFR TKIs may also increase the immune suppressive PD-L1 on 

tumor cells49 their ability to simultaneously decrease PD-1 on Teff cells appears 

paradoxical. However, the direct effects of VEGFR TKI on T cells may strengthen the 

rationale of simultaneous rather than serial treatment of RCC tumors with VEGFR TKI and 

immune therapies. Several clinical trials, detailed below, are testing this hypothesis that 

VEGFR TKIs may augment the immune-stimulating properties of CPIs.

VEGF signaling in cell populations that are able to modulate Teff activation, such as 

dendritic cells or myeloid-derived suppressor cells (MDSCs) may also influence the 

outcome of therapies combining VEGFR inhibition and immunomodulation (Fig.3). 

Interestingly, VEGF-mediated dendritic cell dysfunction may be important in metastatic 

cancer patients55. In addition, VEGFR TKI therapy has the potential to modulate antitumor 

immunity by reversing MDSC-mediated immunosuppression56. MDSCs are elevated in the 

blood of metastatic RCC patients and sunitinib treatment nearly normalized their levels. The 

decline of MDSCs was associated with improved T cell function and reduced numbers of 
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immunosuppressive T regulatory cells. In vitro treatment of human MDSCs with sunitinib 

blocked their suppressive function56. While the molecular mechanisms of VEGF on tumor-

associated immune cells remain underexplored, these results suggest that the combination of 

anti-angiogenic agents with CPIs may be complementary in RCC.

Several ongoing clinical trials are evaluating combination regimens that include CPIs and 

anti-angiogenesis therapies. A combination treatment of nivolumab with either pazopanib or 

sunitinib is currently being evaluated in a phase I trial for untreated metastatic RCC patients 

(NCT01472081). Preliminary data show a manageable toxicity profile and encouraging anti-

tumor activity with both combinations57. Specifically, the response rate by the first 

assessment (6 weeks) was 41% in the sunitinib arm and 56% in the pazopanib arm. Other 

combinations of CPIs and anti-angiogenesis therapies are also being investigated 

(NCT01984242, NCT02420821). While many trials target untreated patients, others are 

testing this combination of anti-angiogenesis therapies and CPIs in anti-angiogenesis 

resistant disease (NCT02298959). Results from this innovative treatment strategy are 

eagerly anticipated.

4.3 Treatment of Renal Cell Carcinoma after Progression on Prior Immunotherapy

With the increased utilization of immunotherapies, an important question arises about 

“cross-resistance” of immunotherapies. Hypothetically, RCC tumors that progressed on prior 

immunotherapy may have developed immune escape mechanisms that predispose to failure 

of a subsequent immunotherapy. On the other hand, combination immunotherapy could lead 

to greater efficacy. As promising as CPIs and other new cancer therapies appear, resistant 

disease is likely to persist as a major cause of mortality in RCC. Thus, understanding the 

biology and treatment options for these patients is a high priority.

Returning to the cytokine era, it was observed that interferon-α patients were less likely to 

respond to HD-IL243. However, while some degree of cytokine cross-resistance may exist, 

the data suggest that cross-resistance among cytokines and CPIs is less likely. For example, 

in a phase II trial of nivolumab in metastatic RCC, approximately 25% of patients had 

previously progressed on HD-IL252. Conversely, a case report documents a metastatic RCC 

patient who failed CPI but had a near-complete response to HD-IL258. Thus, while ideally 

prospective studies would address the issue of cross-resistance between CPIs and cytokines, 

the available evidence suggests CPIs have activity in cytokine-resistant disease and 

contemporary CPI trials are proceeding without prior cytokine therapies as an exclusion 

criterion (NCT01472081, NCT02089685).

New antibodies targeting PD-1, PDL-1, and CTLA-4 are being rapidly developed. In 

addition, blockade of other T cell immunoregulatory receptors, such as TIM3 or LAG3, are 

being investigated in pre-clinical and clinical studies59. Therefore, a pressing question is 

emerging: can resistance to one CPI be overcome by administration of a different CPI either 

in monotherapy or combination? This issue is difficult to address, as prior T cell modulating 

antibody therapy is a common exclusion criterion in RCC immunotherapy trials. However, 

as additional CPIs become approved, more patients are likely be exposed to sequential CPIs, 

which will lend to our collective experience in this arena. For now, most of the data are 

found in the melanoma literature. Several melanoma trials have documented responses in 
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patients who had previously progressed on ipilimumab by switching to a different CPI or 

CPI combination60,61. Thus, the melanoma experience suggests that patients that progressed 

on CPI therapy may benefit from the use of a subsequent CPI, which is a paradigm worthy 

of testing in RCC.

4.4 Conclusion

The RCC CPI era is in full motion with the approval of nivolumab for RCC patients who 

had progressed on prior anti-angiogenesis therapies53. Currently, there is an explosion of 

basic, translational, and clinical research focusing on the optimal utilization of this new class 

of T cell modulators. As progress continues, CPIs are likely to move past the treatment of 

anti-angiogenesis resistance and into the arena of first line therapies. However, as the use of 

these new therapies expands, one can expect that resistance to CPIs will also become a more 

pressing clinical issue. New strategies are emerging to address this emerging clinical need, 

including new agents and combinations. The goal of these investigative strategies is to 

optimize CPI therapy and target resistance mechanisms.

5. Summary

Tumors, in particular renal cell carcinomas, are complex systems with great molecular and 

genetic heterogeneity62. Furthermore, by their very nature, cancers are genetically unstable. 

Collectively, these factors likely contribute to the remarkable ability of cancers to adapt, 

evade, and resist efforts to cure patients. Resistance is likely to continue to be an important 

issue in the medical oncology clinic for the foreseeable future. As we have demonstrated, 

numerous resistance mechanisms exist, even among patients treated with the same 

medications. This malleability of the tumor is enhanced by the polyclonal molecular, 

genomic, and epigenetic nature of RCC, which theoretically facilitates tumor evolution when 

faced with a selective pressure (i.e. therapy). Future efforts should focus on identifying the 

relevant resistance pathways in the individual patient through the use of novel biomarkers so 

as to personalize treatment plans. Such work will improve our ability to understand, 

therapeutically target, and even prevent resistance mechanisms that emerge in these ever-

adapting tumors.
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Highlights

• Therapeutic resistance is a common problem in the treatment of kidney cancer

• Resistance mechanisms are diverse, even among patients treated with the 

same drugs

• Therapies for relapsed patients should be tailored to the resistance mechanism
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Figure 1. Mechanisms of anti-angiogenesis resistance
Tumors are capable of continued survival, growth, and proliferation in the setting of 

persistent VEGFR2 inhibition by several mechanisms including a) activating alternative, 

compensatory pathways that can continue to support tumor neovascularization and b) 
reprogramming tumor cells so that they become more invasive, invade deeper into normal 

tissue, and thus survive using the normal, physiologic vasculature. Ang = angiopoietin, 

VEGF = vascular epithelial growth factor, VEGFR = vascular epithelial growth factor 

receptor, TKI = tyrosine kinase inhibitor, HGF = hepatocyte growth factor.
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Figure 2. Regulation of the PI3K/AKT/mTOR Pathway
The PI3K/AKT/mTOR pathway is critical to multiple cellular functions and is thus tightly 

regulated under a) physiologic conditions. However, this pathway becomes dysregulated 

through a variety of mechanisms in tumors. b) While sometimes an effective anti-tumor 

maneuver, inhibiting mTORC1 with rapamycin analogs typically leads to resistance through 

a variety of mechanisms including loss of inhibition of mTORC2, feedback activation of 

PI3K and AKT, and up-regulation of HIF-2 alpha. RAPA = rapamycin analogs.
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Figure 3. Impact of VEGF on Anti-Tumor T Cell Function
Vascular epithelial growth factor (VEGF) produced in the tumor microenvironment has 

multiple influences on the anti-tumor immune response including a) inhibition of dendritic 

cell function and enhancing PD-1 expression on T lymphocytes. b) Evidence suggests that 

VEGFR tyrosine kinase inhibitors (TKIs) may promote some aspects of the anti-tumor 

immune response by reducing PD-1 expression on lymphocytes, reversing VEGF-induced 

dendritic cell inhibition, and inhibiting myeloid-derived suppressor cell function. These pro-

immune properties of VEGFR TKIs though are balanced by evidence that these drugs can 

increase PDL-1 expression on tumor cells. Clinical trials are underway to evaluate the 

combination of VEGFR TKIs and PD-1/PDL-1 check point inhibitors.
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Table 1

Clinical Strategies for Acquired Resistance in Renal Cell Carcinoma

Mechanism of
Resistance

Therapeut
ic Target

Design / Results Reference

Compensatory
Angiogenesis
Pathways

VEGFR1-3 Axitinib with superior PFS relative to
sorafenib in sunitinib-resistant
disease

Rini et al.,
2011

VEGFR/F
GFR +
mTOR

Lenvatinib + everolimus improved
PFS relative to everolimus alone

Motzer et
al., 2015

ALK-1 +
VEGFR

Dalantercept + axitinib in heavily
pretreated RCC patients

NCT01727
336

VEGF VEGFR TKI refractory patients had
stable disease on aflibercept

Pili et al.,
2015

Increased Tumor
Invasion

MET/AXL Cabozantinib improves PFS and
ORR compared to everolimus

Choueiri et
al., 2015

Persistent AKT
Activation

AKT AKT allosteric inhibitor MK2206 not
superior to everolimus

Jonasch et
al., 2013

Compensatory
mTORC2 Signaling

mTORC1
&
mTORC2

Apitolisib more toxic, no
improvement in PFS compared to
everolimus

Powles et
al., 2016

Immune
Suppression

PD-1 Nivolumab improved survival for
VEGFR TKI refractory clear cell
RCC patients compared to
everolimus

Motzer et
al., 2015

PD-1 +
VEGF

Pembrolizumab + aflipercept in
VEGFR TKI refractory RCC patients

NCT02298
959

PD-1 +
CTLA-4

Pembrolizumab + interferon alpha-
2b or ipilimumab in refractory clear
cell RCC

NCT02089
685

VEGFR = Vascular Epithelial Growth Factor Receptor. FGFR = Fibroblast Growth Factor Receptor. ALK-1 = Activin Receptor Like Kinase.

VEGF = Vascular Epithelial Growth Factor. PFS = Progression Free Survival. RCC = Renal Cell Carcinoma. TKI = Tyrosine Kinase Inhibitor.

MET = Hepatocyte Growth Factor Receptor. AXL = AXL Receptor Tyrosine Kinase.

ORR = Overal Response Rate. AKT = AKT Serine/Threonine Kinase.

mTORC = Mammalian Target of Rapamycin. PD-1 = Programmed Cell Death 1. PDL-1 = Programmed Death Ligand 1. CTLA-4 = Cytotoxic T-
Lymphocyte Associated Protein 4.

Urol Oncol. Author manuscript; available in PMC 2018 March 01.


	Abstract
	2. Resistance to Anti-Angiogenesis Therapies in Renal Cell Carcinoma
	2.1 Background
	2.2 Adaptive Resistance via Compensatory Angiogenesis Pathways
	2.3 Adaptive Resistance via Increased Tumor Invasiveness
	2.4 mTOR Inhibitors in the Treatment of Anti-Angiogenesis Resistance
	2.5 Conclusion of Anti-Angiogenesis Resistance

	3. Renal Cell Carcinoma Resistance to mTOR Inhibitors
	3.1 The PI3K/AKT/mTOR Pathway Dysregulation in Renal Cell Carcinoma
	3.2 Targeting Resistance to mTOR Inhibitors in Renal Cell Carcinoma

	4. Immunotherapy for Renal Cell Carcinoma: Resistance and Novel Therapeutic Approaches
	4.1 Regulation of the Anti-Tumor Immune Response in Renal Cell Carcinoma
	4.2 Immunotherapy for the Treatment of Anti-Angiogenesis Resistant Renal Cell Carcinoma
	4.3 Treatment of Renal Cell Carcinoma after Progression on Prior Immunotherapy
	4.4 Conclusion

	5. Summary
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1

