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Simple Summary: Belzutifan, a hypoxia-inducible factor-2 alpha (HIF-2α) inhibitor, has emerged as
an exciting new treatment option not only for patients with Von Hippel-Lindau (VHL)-related renal
cell carcinoma (RCC) but also for sporadic RCC. While initial clinical data are promising, potential
resistance with HIF-2α inhibitors may occur with increased understanding of this class of therapy.
Potential ways to further increase the antitumor activity of HIF-2α targeting include combination
strategies with immune checkpoint inhibitors and other targeted agents as well as newer generation
HIF-2α inhibitors that are currently under development.

Abstract: Germline inactivation of the Von Hippel-Lindau (VHL) tumor suppressor is the defining
hallmark in hereditary VHL disease and VHL-associated renal cell carcinoma (RCC). However,
somatic VHL mutations are also observed in patients with sporadic RCC. Loss of function VHL
mutations result in constitutive activation of hypoxia-inducible factor-2 alpha (HIF-2α), which leads
to increased expression of HIF target genes that promote angiogenesis and tumor growth. As
of 2023, belzutifan is currently the only approved HIF-2α inhibitor for both VHL-associated and
sporadic metastatic RCC (mRCC). However, there is potential for resistance with HIF-2α inhibitors
which warrants novel HIF-2α-targeting strategies. In this review, we discuss the potential resistance
mechanisms with belzutifan and current clinical trials evaluating novel combinations of belzutifan
with other targeted therapies and immune checkpoint inhibitors which may enhance the efficacy of
HIF-2α targeting. Lastly, we also discuss newer generation HIF-2α inhibitors that are currently under
early investigation and outline future directions and challenges with HIF-2α inhibitors for mRCC.

Keywords: renal cell carcinoma; RCC; kidney cancer; belzutifan; HIF-2α targeting; VHL; von
Hippel-Lindau

1. Introduction

The treatment landscape for metastatic renal cell carcinoma (mRCC) has dramatically
changed over the past few decades with the development of targeted therapies as well as
immune checkpoint inhibitors (ICI). First-line therapy options for mRCC currently include
dual ICI combinations with anti-CTLA-4 and anti-PD-1 inhibitors (e.g., ipilimumab and
nivolumab) and tyrosine kinase inhibitors (TKIs), as well as the combination of ICIs with
TKIs [1]. Despite these therapies, the estimated 5-year survival rate for patients with
mRCC remains low at 15% [2]. Additionally, given the increasing prevalence of ICI-based

Cancers 2024, 16, 601. https://doi.org/10.3390/cancers16030601 https://www.mdpi.com/journal/cancers

https://doi.org/10.3390/cancers16030601
https://doi.org/10.3390/cancers16030601
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-1898-5501
https://orcid.org/0000-0003-4125-603X
https://orcid.org/0000-0003-0798-3188
https://doi.org/10.3390/cancers16030601
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers16030601?type=check_update&version=1


Cancers 2024, 16, 601 2 of 12

therapies in the first-line and adjuvant settings in RCC, emerging prospective data have
questioned the role of ICI rechallenge in patients with mRCC. In the recent CONTACT-03
trial, patients with mRCC who had disease progression on anti-PD-1-based therapies did
not have improved clinical outcomes when immediately re-challenged with atezolizumab,
a PD-L1 inhibitor, in combination with cabozantinib [3]. Thus, newer therapeutic targets
for mRCC are urgently needed to address these unmet areas.

The VHL gene, found on chromosome 3p25, encodes for the VHL tumor suppressor
protein that plays pivotal roles in hypoxia response pathway regulation [4]. Under normal
oxygen conditions, VHL functions as a ubiquitin ligase that ubiquitinates the alpha subunit
of the hypoxia-inducible factor (HIF) transcription factor, resulting in subsequent proteaso-
mal degradation [5]. Inactivating VHL mutations lead to HIF stabilization and constitutive
activation, resulting in enhanced expression of HIF-regulated genes which all contribute to
angiogenesis and tumorigenesis [5–7]. Specifically, HIF induces the expression of VEGF,
PDGF-β, and other angiogenic genes, leading to vascular permeability and endothelial cell
differentiation [8]. In addition, HIF stimulates cellular growth by stabilizing and promoting
the transcriptional activity of c-Myc which also leads to the enhanced expression of growth
signaling genes such as CCND1 [9]. Cyclin D1, encoded by CCND1, ultimately binds to
cyclin-dependent kinase 4/6 (CDK4/6), resulting in downstream phosphorylation of the
retinoblastoma (RB) tumor suppressor protein and subsequent release and nuclear localiza-
tion of the E2F transcription factor that drives cell cycle progression [10]. VHL inactivation
also leads to constitutive phosphorylation and activation of the c-MET receptor tyrosine
kinase which interacts with the PI3K/AKT and RAS/MAPK growth pathways, among
others [8,11]. HIF contributes to tumor immune escape by directly and indirectly (via
c-MET activation) upregulating PD-L1, which inhibits cytotoxic T-cell activation and clonal
expansion [12–14]. Additionally, HIF-2α is associated with diminished tumor-infiltrating
lymphocytes and enhanced immunosuppressive IL-10 and TGF-β signaling [12]. Germline
mutations in VHL lead to Von Hippel-Lindau (VHL) disease, an autosomal dominant
inherited cancer syndrome. Patients with VHL disease have a near 70% lifetime risk of
developing early-onset clear cell RCC (ccRCC), with an average age of RCC diagnosis of
approximately 40 years [15]. Somatic mutations in VHL are found in about half of sporadic
ccRCC cases [5]. Given the emerging data in RCC, the VHL pathway has been explored as
a potential therapeutic target in both VHL-associated and sporadic RCC.

As of 2023, belzutifan is the only HIF-2α inhibitor that is Federal Drug Administration
(FDA) approved for VHL-associated and sporadic RCC. In the phase 2 MK-6482-004 trial,
patients with a confirmed pathogenic germline variant in VHL and localized RCC received
an oral belzutifan dose of 120 milligrams (mg) daily [16]. At a median follow-up of
21.8 months, the study met the primary endpoint with an objective response rate (ORR) of
49% (95% CI 36–62). The progression-free survival (PFS) rate at 24 months was 96% (95%
CI 87–99). Since the study also included patients with VHL-associated RCC and other VHL-
associated tumors, responses were also observed in non-RCC lesions, including pancreatic
neuroendocrine tumors (ORR 91%) and central nervous system hemangioblastomas (ORR
30%). The most common all-grade adverse events (AEs) with belzutifan in the study
included anemia (90%), fatigue (66%), and headaches (41%). Based on the results of this
study, the FDA approved belzutifan in August 2021 for the treatment of VHL-associated
tumors including RCC [17]. Following this landmark approval for VHL-related tumors,
belzutifan has been evaluated in other cancers including sporadic RCC. Ongoing clinical
trials of belzutifan in patients with previously treated sporadic mRCC are underway.
The LITESPARK-013 trial (NCT04489771) is a phase 2 study comparing two belzutifan
doses (120 mg daily vs. 240 mg daily) in patients with sporadic mRCC who previously
received up to three lines of prior therapy. The study showed that there was no significant
difference in the primary endpoint of ORR as well as PFS and OS between either dose
strengths [18]. However, the lower belzutifan dose of 120 mg was associated with less
frequent rates of dose modification or discontinuation due to AEs and may represent the
optimal starting dose [18]. The LITESPARK-005 trial (NCT04195750) is a randomized,
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phase 3 trial comparing belzutifan with everolimus, an mTOR inhibitor, in patients with
sporadic mRCC who have received up to three lines of prior therapy. In the first interim
analysis of 746 patients enrolled, belzutifan led to an improvement in one of the co-primary
endpoints of PFS (HR 0.75, 95% CI 0.63–0.90, p < 0.001) and the secondary endpoint of ORR
(22% vs. 3.5%, p < 0.00001), with more frequent complete response (CR) rates compared
to everolimus [19]. These preliminary results from LITESPARK-005 led to the recent FDA
approval of belzutifan in December 2023 for previously treated sporadic mRCC.

Resistance Mechanisms of HIF-2α-Targeted Therapies

Despite the recent advances with belzutifan, the possibility of resistance to HIF-2α
inhibition has emerged. While the MK-6482-004 trial, which led to the initial FDA approval
of belzutifan in VHL-associated tumors, reported an ORR of 49%, two patients in the study
had disease progression with belzutifan, raising the possibility of resistance [16]. Some
potential resistance mechanisms to belzutifan and HIF-2α targeting have been proposed.
In pre-clinical RCC models, including those with VHL alterations, resistance to PT2399
(a preclinical derivative of belzutifan) was associated with lower HIF-2α levels relative
to sensitive cells (23% vs. 83%, p < 0.0001) but higher expression of HIF1A encoding for
HIF-1α, which is another HIF that is activated during hypoxic stress [20,21]. RCC tumor
xenografts developed resistance to PT2399 when treated for over 100 days, which may
be mediated by a G323E mutation in EPAS1 (endothelial PAS domain-containing protein
1) encoding for HIF-2α [20]. Similarly, in a companion analysis of patients enrolled in a
phase 1 study of PT2385, another first-generation HIF-2α inhibitor, patients with disease
progression had the EPAS1 G323E mutation which prevented HIF-2 disassociation, thereby
functioning as a “gatekeeper” mutation which may occur upon treatment or at baseline [22].
In the same study, a mutation in TP53 was also identified at progression, indicating another
potential resistance mechanism to HIF-2α-targeted therapies [22]. However, recent work
has suggested that intact TP53 status is not needed for HIF-2α inhibitor sensitivity [23].
Another proposed resistance mechanism with HIF-2α inhibitors includes alterations in the
HIF-1/ARNT complex [20,24]. While the precise resistance mechanisms with belzutifan
have not been reported, it is possible that similar mechanisms identified in the early gener-
ation of HIF-2α-targeted therapies may be involved. Overall, the potential for belzutifan
resistance underscores the need for novel HIF-2α-targeting strategies and combinatorial
approaches to further enhance efficacy (Table 1).

Table 1. Currently active clinical trials of belzutifan in renal cell carcinoma (RCC) as of October 2023.

Trial Name/NCT
Identifier Phase Treatment Setting Key Primary Endpoint(s)

Monotherapy trials

NCT04846920 1 Belzutifan monotherapy
(dose escalation) Advanced refractory ccRCC

Advderse events; percentage of participants
who discontinue or modify/interrupt
treatment due to adverse event; DLTs

LITESPARK-013
(NCT04489771) 2 Belzutifan (120 mg versus 240 mg) Advanced refractory ccRCC ORR

LITESPARK-005
(NCT04195750) 3 Belzutifan monotherapy Advanced refractory ccRCC PFS and OS (co-primary)

Combinations with targeted therapies

LITESPARK-024
(NCT05468697) 1/2 Belzutifan + Palbociclib Advanced refractory ccRCC

Adverse events; DLTs; number of
participants who discontinue treatment due

to adverse event; ORR (phase 2)
NCT04627064 1/1B Belzutifan + Abemaciclib Advanced refractory ccRCC Maximum tolerated dose and ORR

LITESPARK-003
(NCT03634540) 2 Belzutifan + Cabozantinib Advanced refractory ccRCC ORR

KEYMAKER-U03B
(NCT04626518) 1/2 Belzutifan + Lenvatinib Advanced refractory ccRCC

Adverse events; DLTs; number of
participants who discontinue therapy due to

adverse event; ORR
LITESPARK-011
(NCT04586231) 3 Belzutifan + Lenvatinib Advanced refractory ccRCC PFS and OS (co-primary)
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Table 1. Cont.

Trial Name/NCT
Identifier Phase Treatment Setting Key Primary Endpoint(s)

Combinations with immunotherapy
LITESPARK-022
(NCT05239728) 3 Belzutifan + Pembrolizumab Adjuvant therapy Disease-free survival

LITESPARK-012
(NCT04736706) 3 Belzutifan/Lenvatinib +

Pembrolizumab or Quavonlimab First-line in advanced ccRCC PFS and OS (co-primary)

NCT05899049 (China) 3 Belzutifan + Pembrolizumab +
Lenvatinib First-line in advanced ccRCC PFS and OS (co-primary)

NCT05030506
(China) 1 Belzutifan + Lenvatinib +/−

Pembrolizumab First-line in advanced ccRCC Adverse events; DLTs;
pharmacokinetic/pharmacodynamic profiles

NCT04626479 1/2 Belzutifan +
Vibostolimab/Pembrolizumab First-line in advanced ccRCC Adverse events; DLTs; ORR

Abbreviations: ccRCC, clear cell renal cell carcinoma; DLT, dose-limiting toxicities; NCT, National Clinical Trial;
ORR, objective response rate; OS, overall survival; PFS, progression-free survival

2. Novel Belzutifan Combinations with Targeted Therapies
2.1. Belzutifan in Combination with Cabozantinib

Cabozantinib is an oral multi-targeted TKI with activity against VEGFR, c-MET, AXL,
and RET that is currently approved for the treatment of metastatic RCC as a monotherapy
or in combination with nivolumab [25,26]. HIF-2α notably increases VEGF expression and
regulates angiogenesis [5,6]. The c-MET (MET) receptor tyrosine kinase is activated by the
binding of hepatocyte growth factor (HGF), which results in the downstream cell signaling
of various pathways involved in cellular growth and migration [27]. As discussed earlier,
VHL mutations also lead to increased HGF/MET levels in RCC [28]. Thus, concurrent
targeting of HIF-2α, VEGFR, and c-MET may be an efficacious approach.

The LITESPARK-003 study (NCT03634540) is an ongoing phase 2 study of belzutifan
with cabozantinib in patients with metastatic ccRCC who are treatment-naïve (cohort 1) or
have previously received up to two lines of systemic therapy including prior immunother-
apy (cohort 2). In this study, patients receive oral belzutifan (120 mg daily) with oral
cabozantinib (60 mg daily). In a preliminary analysis of 52 patients enrolled in cohort 2,
the primary endpoint of ORR was 30.8% (95% CI 18.7–45.1), including one patient who
had a CR and fifteen patients who had partial responses (PRs). Hypertension was the most
frequent grade 3–4 AE in 27% of patients [29]. A subsequent update of the LITESPARK-003
study in October 2023 of 50 patients in cohort 1 and the 52 patients in cohort 2 showed an
ORR of 70% (95% CI 55–82) and 31% (95% CI 19–45), respectively [30]. The median duration
of response was 28.6 months and 31.5 months in cohorts 1 and 2. At a median follow-up
of 24.3 and 40 months for cohorts 1 and 2, the reported median PFS was 30.3 months
(95% CI 16-not reached [NR]) and 13.8 months (95% CI 9–19). The median OS was not
reached in cohort 1 and 26.7 months (95% CI 20–41) in cohort 2 [30]. Taken together, a
combination approach with belzutifan and cabozantinib may have synergistic activity by
targeting multiple VHL-associated pathways in ccRCC.

2.2. Belzutifan in Combination with Lenvatinib

Lenvatinib is a multi-TKI targeting VEGFR1-3, c-Kit, FGFR1-4, PDGR-α, and RET
that is currently approved in combination with pembrolizumab for first-line treatment of
patients with mRCC and in combination with everolimus for patients who have previously
received VEGF-targeted therapy [31–33]. The combination of belzutifan with lenvatinib was
previously studied in the B5 arm of the phase 1/2 KEYMAKER-U03B study (NCT04626518).
Preliminary data demonstrated an ORR of 50% (95% CI 29–71) in patients with mRCC who
were previously treated with immunotherapy and VEGF-TKIs [34]. At a median follow-up
after nearly 6 months, the median PFS was 11.2 months (95% CI 4-NR) with a six-month PFS
rate of 55%. The most frequent AEs were anemia, fatigue, and hypertension at a frequency
of 43% each [34]. The LITESPARK-011 trial (NCT04586231) is an ongoing randomized,
phase 3 study of belzutifan with lenvatinib versus cabozantinib monotherapy in patients
with mRCC who previously received immunotherapy [35]. The study has co-primary
endpoints of PFS per blinded independent central review and overall survival (OS).
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2.3. Belzutifan in Combination with CDK4/6 Inhibitors

A previously discussed, loss-of-function VHL mutations lead to constitutive activation
of HIF-2α, resulting in downstream upregulation of CCND1 encoding for cyclin D1, a cell
cycle regulator [7,36]. Cyclin D1 partners with CDK4 or CDK6 to drive cell-cycle progres-
sion through phosphorylation and inactivation of the RB tumor suppressor protein [37]. In
pre-clinical models, treatment with PT2399 and a CDK4/6 inhibitor resulted in synergistic
anti-tumor activity in VHL-deficient ccRCC cell cultures and xenografts [38]. Thus, there is
potential preclinical rationale for the combination of belzutifan with CDK4/6 inhibitors in
metastatic RCC.

Palbociclib is a selective CDK4/6 inhibitor that is currently approved for the treat-
ment of hormone receptor-positive, HER2-negative, advanced breast cancer [39]. The
LITESPARK-024 study (NCT05468697) is a randomized phase 1/2 trial comparing the
combination of palbociclib with belzutifan versus belzutifan monotherapy in patients
with metastatic ccRCC who have been treated with at least two lines of systemic therapy
including prior immunotherapy and VEGF-targeted TKIs. The primary endpoint of the
phase 2 portion is ORR with key secondary endpoints of OS, PFS, and safety. Abemaciclib
is another CDK4/6 inhibitor that is approved for patients with advanced breast cancer
and is currently being investigated in combination with belzutifan in a phase 1/1B study
(NCT04627064). In this non-randomized study, patients with advanced ccRCC who have
received at least one prior VEGF-TKI and one prior ICI will receive abemaciclib alone or in
combination with belzutifan. The primary efficacy endpoint for both cohorts is ORR.

3. Belzutifan Combinations with Immunotherapy

As discussed earlier, hypoxic conditions not only stimulate HIF signaling but also
increase PD-L1 expression with cross-talk between both HIF and tumor immune path-
ways [13]. Increased HIF-2α levels are associated with diminished numbers of tumor-
infiltrating CD8+ lymphocytes and promote stem cell factor (SCF) production, which in
turn increases IL-10 and TGF-β secretion that ultimately contributes to an immunosup-
pressive tumor environment [12]. Thus, there are potential synergistic effects of combining
HIF-2α inhibitors with ICIs.

3.1. Triplet Combinations with Belzutifan and Immunotherapy

In recent years, active clinical investigation in mRCC has moved from doublet-based
strategies (e.g., dual ICI regimens and ICI-TKI combinations) to novel triplet therapy
combinations. The COSMIC-313 trial was the first phase 3 study to evaluate a triplet-based
combination in mRCC [40]. In this study, patients with untreated, intermediate/poor-
risk mRCC were treated with the triplet combination of ipilimumab/nivolumab and
cabozantinib versus ipilimumab/nivolumab and placebo. The study met the primary
endpoint of PFS (HR 0.73, 95% CI 0.57–0.94, p = 0.01) in favor of ipilimumab/nivolumab
and cabozantinib; however, the triplet regimen was notably associated with more frequent
grade 3–4 AEs (79%) compared to the control group (59%) [40]. Additionally, no OS data
have yet been reported, and there is a question as to why patients with poor-risk disease
did not derive benefit from triplet therapy in the subgroup analysis compared to patients
with intermediate-risk disease. Nonetheless, this trial was a novel study of triplet therapy
in mRCC.

An ongoing trial is evaluating the triplet combination of belzutifan with lenvatinib and
pembrolizumab (NCT04736706). This phase 3 study will randomize patients with untreated
metastatic ccRCC to either belzutifan/lenvatinib/pembrolizumab, belzutifan/lenvatinib
with quavonlimab (anti-CTLA-4 ICI), or lenvatinib/pembrolizumab [41]. The co-primary
endpoints for this trial are PFS and OS with key secondary endpoints of ORR and toxicity.
Similar trials with the triplet combination of belzutifan with lenvatinib and pembrolizumab
are also ongoing (NCT05899049 and NCT05030506).
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3.2. Belzutifan and Immunotherapy Combinations in the Adjuvant Setting

The data supporting the use of adjuvant treatment for localized RCC have been
mixed. Two studies evaluating the role of adjuvant sunitinib (S-TRAC and ASSURE trials)
demonstrated conflicting results regarding the primary endpoint of disease-free survival
(DFS) in patients with high-risk, localized RCC, although potential differences in patient
selection in both studies could have explained the contradictory outcomes [42,43]. In the
current immunotherapy era, pembrolizumab is the only ICI approved for adjuvant therapy
in patients with ccRCC who have a high risk of recurrence following resection based on
the results of the KEYNOTE-564 trial. This study demonstrated an improvement in DFS
with pembrolizumab compared to placebo [44]. Interestingly, trials of other ICI agents
in the adjuvant setting have yielded negative results [45,46]. Nonetheless, building on
the DFS benefit of adjuvant pembrolizumab, the LITESPARK-022 trial (NCT05239728) is
an ongoing phase 3 study evaluating the combination of pembrolizumab and belzutifan
versus pembrolizumab and placebo as adjuvant therapy in patients with ccRCC following
nephrectomy or metastasectomy who are at high risk of disease recurrence [47]. The study’s
primary endpoint is DFS with secondary endpoints including OS and safety.

3.3. Belzutifan Combination with Anti-TIGIT Therapies

An emerging ICI target is a T cell immunoreceptor with immunoglobulin and an ITIM
domain (TIGIT) which is involved in immune-mediated tumor recognition [48]. Early
phase studies evaluating anti-TIGIT antibodies have demonstrated potential antitumor
activity in a subset of patients with metastatic solid tumors [49–51]. The combination of
vibostolimab, a novel anti-TIGIT agent, with pembrolizumab was investigated in a phase 1
study which showed an ORR of 26% in patients with advanced non-small cell lung cancer
who have not received ICIs [52]. There is an ongoing phase 1b/2 study of a proprietary
co-formulation of vibostolimab and pembrolizumab with the addition of belzutifan as a
first-line therapy for patients with mRCC (NCT04626479).

4. Other Novel HIF-Targeted Therapies in RCC

The clinical success of belzutifan has paved the way for other newer generation HIF-
2α-targeted agents in the drug development pipeline. There are both pre-clinical and
clinical-level agents differentiated from belzutifan that are currently in development for
RCC, with some demonstrating early promise for improved therapeutic outcomes (Table 2).

Table 2. Currently active clinical trials of newer generation HIF-2α inhibitors for mRCC as of
October 2023.

Trial Name/NCT
Identifier Phase Agent Setting Key Primary Endpoint(s)

Novel small molecule inhibitors

NCT04895748 1/1b
DFF332 monotherapy

DFF332 + Everolimus/Spartalizumab +
Taminadenant

Advanced refractory ccRCC

Adverse events; DLTs; number of
participants with dose

interruptions/reductions; dose intensity for
dose escalation/expansion

NCT05119335 1/2 NKT-2152 Advanced refractory ccRCC

DLTs; recommended dose for expansion in
the dose escalation phase (phase 1);

recommended dose for phase 2; ORR
(phase 2)

NCT05935748 2 NKT-2152 + Palbociclib + Sasanlimab Advanced refractory ccRCC DLT and ORR
ARC-20

(NCT05536141) 1 AB521 Advanced refractory ccRCC DLTs and adverse events

NCT05843305 1 BPI-452080 Advanced refractory ccRCC Adverse events

RNA interference (RNAi)
NCT04169711 1 ARO-HIF2 Advanced refractory ccRCC Adverse events

Abbreviations: ccRCC, clear cell renal cell carcinoma; DLT, dose-limiting toxicities; NCT, National Clinical Trial;
ORR, objective response rate

4.1. DFF332

DFF332 is a small-molecule HIF-2α inhibitor that is being studied in a phase 1/1b
study as a monotherapy and in combination with everolimus (an mTOR inhibitor) or
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spartalizumab (an anti-PD-1 ICI), plus taminadenant (an adenosine A2a receptor antago-
nist) in patients with mRCC and other tumors harboring HIF alterations (NCT04895748).
The primary endpoints for this dose escalation and expansion study include safety and
frequency of dose-limiting toxicities, with key secondary endpoints of ORR and PFS [53].

4.2. ARO-HIF2 (RNA Interference)

Targeted RNA silencing or interference of gene expression holds promise as a novel
therapeutic mechanism. In pre-clinical models, novel small interfering RNA (siRNA)
against HIF-2α such as ARO-HIF2 were shown to decrease HIF-2α levels and tumor
volume in ccRCC tumorgraft models [54]. More recently, ARO-HIF2 is being evaluated in a
phase 1 study of patients with previously treated mRCC (NCT04169711). This study has
a primary endpoint of safety and secondary endpoints including tumor response. In an
interim analysis of the first 23 patients enrolled, fatigue was the most frequent AE reported
in 39% of patients [55]. Serious AEs were reported in three patients, including hypoxia,
myocarditis, and neuropathy. Efficacy analysis showed a disease control rate (CR, PR,
and stable disease) of 30% [55]. Correlative analysis of enrolled patients who underwent
on-treatment biopsies showed that ARO-HIF2 led to reductions in HIF-2α mRNA and
protein levels. Overall, this initial data showed proof-of-concept of RNA-based therapies
targeting HIF-2α expression, although further clinical investigation is needed to elucidate
its efficacy.

4.3. NKT-2152

NKT-2152 is a novel small-molecule HIF-2α inhibitor under investigation. In cell
culture and mouse models, NKT-2152 was shown to interfere with HIF-2α degradation
and disrupt the HIF-2α/HIF-1β complex, leading to decreased nuclear localization of
HIF-2α and subsequent expression of HIF-2α target genes such as VEGF-A, GLUT1, and
CCND1 (cyclin D1) [56]. A phase 1/2 trial (NCT05119335) of NKT-2152 is currently ongoing
in patients with previously treated mRCC with primary endpoints of identifying the
recommended dose for expansion (phase 1 portion) and ORR (phase 2 portion). Another
phase 2 study (NCT05935748) is investigating the combination of NKT-2152 with palbociclib,
a CDK4/6 inhibitor, with or without sasanlimab, a novel anti-PD-1 ICI, in patients with
previously treated mRCC. The primary endpoints of this study include the frequency of
dose-limiting toxicities and ORR.

4.4. AB521

Another novel HIF-2α inhibitor identified is AB521, which inhibits HIF-2α binding to
HIF-1β and therefore disrupts expression of HIF-2α target genes, which has been investi-
gated in pre-clinical models [57]. In RCC tumor xenograft models, treatment with AB521
resulted in a dose-dependent reduction in tumor size [58]. Furthermore, the combination
of AB521 with cabozantinib resulted in potential synergistic activity in pre-clinical models
compared to either agent alone [59]. In a pharmacokinetic and pharmacodynamic phase 1
study, AB521 was shown to decrease circulating levels of erythropoietin (EPO) in a dose-
dependent manner [60]. There is currently an ongoing phase 1 trial (NCT05536141) that is
investigating the safety and efficacy of AB521 in patients with mRCC who have previously
received anti-PD-1 or TKI therapy, as well as in patients with other advanced solid tumors.

4.5. BPI-452080

BPI-452080 is a selective small-molecule HIF-2α inhibitor that disrupts HIF-2α het-
erodimerization with HIF-1β, leading to decreased transcription of downstream hypoxia-
responsive genes (e.g., GLUT1, CCND1, and CXCR4) and VEGFA secretion in pre-clinical
RCC models [61]. In RCC tumor xenograft models, oral treatment with BPI-452080 led to
a dose-dependent reduction in tumor size [61]. As of early 2023, a phase 1 clinical trial
of BPI-452080 (NCT05843305) is ongoing in China to evaluate the safety and efficacy in
patients with mRCC (including VHL-associated mRCC) and other advanced solid tumors.
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4.6. KD061

Ferroptosis is the process of cellular accumulation of cytotoxic iron-dependent lipid
peroxides that results in programmed cell death, in a manner that is distinct from apoptosis
and autophagy, and may be a potential target in mRCC [62]. KD061 is a recently identified
molecule that targets iron-sulfur cluster assembly 2 (ISCA2), which is involved in ferroptosis
and also decreases HIF-1/2α levels [63]. In pre-clinical RCC models, treatment with KD061
resulted in decreased tumor growth and HIF levels as well as induced ferroptosis [63].
Thus, dual targeting of HIF and ferroptotic pathways may overcome therapeutic resistance
and further increase the efficacy of HIF-targeted inhibition. It will be interesting to see if
KD061 will transition to first-in-human early-phase clinical studies in the future.

5. Broadening the Use of HIF-2α-Targeted Therapies to Other Cancers

While HIF-2α clearly plays critical roles in ccRCC, there is emerging data that HIF-2α
may also be implicated in other cancers such as breast, colorectal, liver, and prostate can-
cers [64–67]. A few prospective studies evaluating the efficacy of belzutifan in other cancers
beyond mRCC are currently ongoing. MK-6482-015 is a phase 2 study (NCT04924075) evaluat-
ing the efficacy of belzutifan in patients with advanced pheochromocytoma/paraganglioma,
neuroendocrine tumors of the pancreas, and gastrointestinal stromal tumors (GIST), among
others. Belzutifan is also being studied in combination with pembrolizumab in patients
with metastatic castration-resistant prostate cancer (NCT02861573) as well as in the neoad-
juvant setting in combination with abiraterone acetate, prednisone, and leuprolide acetate
in patients with regional node-positive prostate cancer (NCT05574712).

6. Conclusions and Future Directions

HIF-2α targeting with belzutifan holds exciting promise and is a welcomed therapeu-
tic addition to the evolving treatment landscape for patients with VHL-associated and
sporadic mRCC. Since most first-line systemic therapy options for mRCC largely include
immunotherapy-based combinations, HIF-2α inhibitors fulfill the need for newer therapies
with novel mechanisms of action for patients who have previously been treated with ICIs,
although clinical trials of HIF-2α inhibitors in the first-line setting are ongoing. As the
treatment of mRCC now enters the era of HIF-2α-targeted therapies, an understanding and
recognition of the potential resistance to HIF-2α inhibitors that may emerge with longer
follow-up will be critical moving forward. Potential combinatorial strategies with HIF-2α
agents and immunotherapy and other targeted therapies may further enhance the efficacy
of HIF-2α inhibitors. Other newer generation HIF-2α inhibitors are also under early phase
clinical investigation, which may lead to additional therapy options for patients with mRCC.
It is currently unknown if newer generation HIF-targeted agents can overcome the EPAS1
G323E resistance mutation. Future HIF-2α inhibitors should be designed to potentially
target this “gatekeeper” G323E mutation and other mediators of resistance within the
VHL/HIF pathway. An additional potential challenge that could emerge is determining the
optimal sequencing of therapies, including HIF-2α inhibitors. Future prospective studies
should evaluate if HIF-2α-targeted therapies and combinations have the greatest clinical
benefit either in the first-line or subsequent settings, as well as investigate if HIF-2α in-
hibitors can be continued or re-challenged at progression. Currently, there are no predictive
biomarkers in clinical practice to select therapies such as immune-based or TKI-based
regimens for patients with mRCC. While VHL alterations are frequent in mRCC, not all
patients with mRCC will harbor VHL-inactivating mutations [4,68]. Thus, an enhanced
selection of patients with mRCC who have VHL pathway alterations or HIF-sensitizing
mutations by incorporating biomarker analysis may be needed to identify the subgroup of
patients that may or may not respond to HIF-2α inhibitors.



Cancers 2024, 16, 601 9 of 12

Author Contributions: Conceptualization, C.B.N., E.O. and A.S.A.; writing—original draft prepara-
tion, C.B.N., E.O. and P.B.; writing—review and editing, C.B.N., E.O., P.B., U.N.V., T.E. and A.S.A.;
supervision, U.N.V., T.E. and A.S.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: Ajjai S. Alva has served as an advisor to AstraZeneca, Bristol-Myers Squibb,
Merck, and Pfizer. He has previously received institutional research funding from Arcus Biosciences,
Astellas, AstraZeneca, Bayer, Bristol-Myers Squibb, Celgene, Genentech, Merck Sharp & Dohme,
Janssen, Mirati Therapeutics, Progenics, Prometheus Laboratories, and Roche. He has also received
travel and accommodation from Bristol-Myers Squibb and Merck. Tobias Else has served as an advisor
to Corcept Therapeutics, HRA Pharmaceuticals, Merck, and Lantheus. Ulka N. Vaishampayan has
served as advisor to Alkermes, Aveo, Bayer, Bristol-Myers Squibb/Medarex, Exelixis, Gilead, Merck,
EMD Serono, Pfizer, and Sanofi. She has received research support from Bristol-Myers Squibb,
Exelixis, and Merck. She has had speaking activities with Bayer, Exelixis, and Astellas. All other
co-authors have no disclosures to report.

References
1. Aldin, A.; Besiroglu, B.; Adams, A.; Monsef, I.; Piechotta, V.; Tomlinson, E.; Hornbach, C.; Dressen, N.; Goldkuhle, M.; Maisch, P.;

et al. First-line therapy for adults with advanced renal cell carcinoma: A systematic review and network meta-analysis. Cochrane
Database Syst. Rev. 2023, 5, CD013798. [CrossRef]

2. Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 2023, 73, 17–48. [CrossRef]
3. Pal, S.K.; Albiges, L.; Tomczak, P.; Suarez, C.; Voss, M.H.; de Velasco, G.; Chahoud, J.; Mochalova, A.; Procopio, G.; Mahammedi,

H.; et al. Atezolizumab plus cabozantinib versus cabozantinib monotherapy for patients with renal cell carcinoma after
progression with previous immune checkpoint inhibitor treatment (CONTACT-03): A multicentre, randomised, open-label, phase
3 trial. Lancet 2023, 402, 185–195. [CrossRef]

4. Cowey, C.L.; Rathmell, W.K. VHL gene mutations in renal cell carcinoma: Role as a biomarker of disease outcome and drug
efficacy. Curr. Oncol. Rep. 2009, 11, 94–101. [CrossRef]

5. Kim, W.Y.; Kaelin, W.G. Role of VHL gene mutation in human cancer. J. Clin. Oncol. 2004, 22, 4991–5004. [CrossRef]
6. Choueiri, T.K.; Kaelin, W.G., Jr. Targeting the HIF2-VEGF axis in renal cell carcinoma. Nat. Med. 2020, 26, 1519–1530. [CrossRef]
7. Zatyka, M.; da Silva, N.F.; Clifford, S.C.; Morris, M.R.; Wiesener, M.S.; Eckardt, K.U.; Houlston, R.S.; Richards, F.M.; Latif, F.; Maher,

E.R. Identification of cyclin D1 and other novel targets for the von Hippel-Lindau tumor suppressor gene by expression array
analysis and investigation of cyclin D1 genotype as a modifier in von Hippel-Lindau disease. Cancer Res. 2002, 62, 3803–3811.

8. Mazumder, S.; Higgins, P.J.; Samarakoon, R. Downstream Targets of VHL/HIF-alpha Signaling in Renal Clear Cell Carcinoma
Progression: Mechanisms and Therapeutic Relevance. Cancers 2023, 15, 1316. [CrossRef]

9. Gordan, J.D.; Bertout, J.A.; Hu, C.J.; Diehl, J.A.; Simon, M.C. HIF-2alpha promotes hypoxic cell proliferation by enhancing c-myc
transcriptional activity. Cancer Cell 2007, 11, 335–347. [CrossRef]

10. Sager, R.A.; Backe, S.J.; Ahanin, E.; Smith, G.; Nsouli, I.; Woodford, M.R.; Bratslavsky, G.; Bourboulia, D.; Mollapour, M.
Therapeutic potential of CDK4/6 inhibitors in renal cell carcinoma. Nat. Rev. Urol. 2022, 19, 305–320. [CrossRef] [PubMed]

11. Nakaigawa, N.; Yao, M.; Baba, M.; Kato, S.; Kishida, T.; Hattori, K.; Nagashima, Y.; Kubota, Y. Inactivation of von Hippel-
Lindau gene induces constitutive phosphorylation of MET protein in clear cell renal carcinoma. Cancer Res. 2006, 66, 3699–3705.
[CrossRef]

12. Wu, Q.; You, L.; Nepovimova, E.; Heger, Z.; Wu, W.; Kuca, K.; Adam, V. Hypoxia-inducible factors: Master regulators of hypoxic
tumor immune escape. J. Hematol. Oncol. 2022, 15, 77. [CrossRef]

13. Shurin, M.R.; Umansky, V. Cross-talk between HIF and PD-1/PD-L1 pathways in carcinogenesis and therapy. J. Clin. Investig.
2022, 132, e159473. [CrossRef] [PubMed]

14. Kammerer-Jacquet, S.F.; Medane, S.; Bensalah, K.; Bernhard, J.C.; Yacoub, M.; Dupuis, F.; Ravaud, A.; Verhoest, G.; Mathieu,
R.; Peyronnet, B.; et al. Correlation of c-MET Expression with PD-L1 Expression in Metastatic Clear Cell Renal Cell Carcinoma
Treated by Sunitinib First-Line Therapy. Target. Oncol. 2017, 12, 487–494. [CrossRef]

15. Maher, E.R.; Neumann, H.P.; Richard, S. von Hippel-Lindau disease: A clinical and scientific review. Eur. J. Hum. Genet. 2011,
19, 617–623. [CrossRef]

16. Jonasch, E.; Donskov, F.; Iliopoulos, O.; Rathmell, W.K.; Narayan, V.K.; Maughan, B.L.; Oudard, S.; Else, T.; Maranchie, J.K.; Welsh,
S.J.; et al. Belzutifan for Renal Cell Carcinoma in von Hippel-Lindau Disease. N. Engl. J. Med. 2021, 385, 2036–2046. [CrossRef]

17. Fallah, J.; Brave, M.H.; Weinstock, C.; Mehta, G.U.; Bradford, D.; Gittleman, H.; Bloomquist, E.W.; Charlab, R.; Hamed, S.S.;
Miller, C.P.; et al. FDA Approval Summary: Belzutifan for von Hippel-Lindau Disease-Associated Tumors. Clin. Cancer Res. 2022,
28, 4843–4848. [CrossRef]

18. Agarwal, N.; Brugarolas, J.; Ghatalia, P.; George, S.; Haanen, J.B.A.G.; Gurney, H.P.; Ravilla, R.; Van der Veldt, A.A.M.; Beuselinck,
B.; Pokataev, I.; et al. 1881O Safety and efficacy of two doses of belzutifan in patients (pts) with advanced RCC: Results of the
randomized phase II LITESPARK-013 study. Ann. Oncol. 2023, 34, S1011. [CrossRef]

https://doi.org/10.1002/14651858.CD013798.pub2
https://doi.org/10.3322/caac.21763
https://doi.org/10.1016/S0140-6736(23)00922-4
https://doi.org/10.1007/s11912-009-0015-5
https://doi.org/10.1200/JCO.2004.05.061
https://doi.org/10.1038/s41591-020-1093-z
https://doi.org/10.3390/cancers15041316
https://doi.org/10.1016/j.ccr.2007.02.006
https://doi.org/10.1038/s41585-022-00571-8
https://www.ncbi.nlm.nih.gov/pubmed/35264774
https://doi.org/10.1158/0008-5472.CAN-05-0617
https://doi.org/10.1186/s13045-022-01292-6
https://doi.org/10.1172/JCI159473
https://www.ncbi.nlm.nih.gov/pubmed/35499071
https://doi.org/10.1007/s11523-017-0498-1
https://doi.org/10.1038/ejhg.2010.175
https://doi.org/10.1056/NEJMoa2103425
https://doi.org/10.1158/1078-0432.CCR-22-1054
https://doi.org/10.1016/j.annonc.2023.09.1111


Cancers 2024, 16, 601 10 of 12

19. Albiges, L.; Rini, B.I.; Peltola, K.; De Velasco Oria, G.A.; Burotto, M.; Suarez Rodriguez, C.; Ghatalia, P.; Lacovelli, R.; Lam, E.T.;
Verzoni, E.; et al. LBA88 Belzutifan versus everolimus in participants (pts) with previously treated advanced clear cell renal cell
carcinoma (ccRCC): Randomized open-label phase III LITESPARK-005 study. Ann. Oncol. 2023, 34, S1329–S1330. [CrossRef]

20. Chen, W.; Hill, H.; Christie, A.; Kim, M.S.; Holloman, E.; Pavia-Jimenez, A.; Homayoun, F.; Ma, Y.; Patel, N.; Yell, P.; et al.
Targeting renal cell carcinoma with a HIF-2 antagonist. Nature 2016, 539, 112–117. [CrossRef]

21. Majmundar, A.J.; Wong, W.J.; Simon, M.C. Hypoxia-inducible factors and the response to hypoxic stress. Mol. Cell 2010,
40, 294–309. [CrossRef]

22. Courtney, K.D.; Ma, Y.; Diaz de Leon, A.; Christie, A.; Xie, Z.; Woolford, L.; Singla, N.; Joyce, A.; Hill, H.; Madhuranthakam, A.J.;
et al. HIF-2 Complex Dissociation, Target Inhibition, and Acquired Resistance with PT2385, a First-in-Class HIF-2 Inhibitor, in
Patients with Clear Cell Renal Cell Carcinoma. Clin. Cancer Res. 2020, 26, 793–803. [CrossRef]

23. Stransky, L.A.; Vigeant, S.M.; Huang, B.; West, D.; Denize, T.; Walton, E.; Signoretti, S.; Kaelin, W.G., Jr. Sensitivity of VHL mutant
kidney cancers to HIF2 inhibitors does not require an intact p53 pathway. Proc. Natl. Acad. Sci. USA 2022, 119, e2120403119.
[CrossRef]

24. Chen, Y.; Cattoglio, C.; Dailey, G.M.; Zhu, Q.; Tjian, R.; Darzacq, X. Mechanisms governing target search and binding dynamics of
hypoxia-inducible factors. eLife 2022, 11, e75064. [CrossRef]

25. Choueiri, T.K.; Hessel, C.; Halabi, S.; Sanford, B.; Michaelson, M.D.; Hahn, O.; Walsh, M.; Olencki, T.; Picus, J.; Small, E.J.; et al.
Cabozantinib versus sunitinib as initial therapy for metastatic renal cell carcinoma of intermediate or poor risk (Alliance A031203
CABOSUN randomised trial): Progression-free survival by independent review and overall survival update. Eur. J. Cancer 2018,
94, 115–125. [CrossRef]

26. Motzer, R.J.; Powles, T.; Burotto, M.; Escudier, B.; Bourlon, M.T.; Shah, A.Y.; Suarez, C.; Hamzaj, A.; Porta, C.; Hocking, C.M.; et al.
Nivolumab plus cabozantinib versus sunitinib in first-line treatment for advanced renal cell carcinoma (CheckMate 9ER):
Long-term follow-up results from an open-label, randomised, phase 3 trial. Lancet Oncol. 2022, 23, 888–898. [CrossRef]

27. Organ, S.L.; Tsao, M.S. An overview of the c-MET signaling pathway. Ther. Adv. Med. Oncol. 2011, 3, S7–S19. [CrossRef]
28. Oh, R.R.; Park, J.Y.; Lee, J.H.; Shin, M.S.; Kim, H.S.; Lee, S.K.; Kim, Y.S.; Lee, S.H.; Lee, S.N.; Yang, Y.M.; et al. Expression of

HGF/SF and Met protein is associated with genetic alterations of VHL gene in primary renal cell carcinomas. APMIS 2002,
110, 229–238. [CrossRef] [PubMed]

29. Choueiri, T.K.; McDermott, D.F.; Merchan, J.; Bauer, T.M.; Figlin, R.; Heath, E.I.; Michaelson, M.D.; Arrowsmith, E.; D’Souza, A.;
Zhao, S.; et al. Belzutifan plus cabozantinib for patients with advanced clear cell renal cell carcinoma previously treated with
immunotherapy: An open-label, single-arm, phase 2 study. Lancet Oncol. 2023, 24, 553–562. [CrossRef] [PubMed]

30. Choueiri, T.K.; Bauer, T.; Merchan, J.R.; McDermott, D.F.; Figlin, R.; Arrowsmith, E.; Michaelson, M.D.; Heath, E.; D’Souza, A.A.;
Zhao, S.; et al. LBA87 Phase II LITESPARK-003 study of belzutifan in combination with cabozantinib for advanced clear cell renal
cell carcinoma (ccRCC). Ann. Oncol. 2023, 34, S1328–S1329. [CrossRef]

31. Capozzi, M.; De Divitiis, C.; Ottaiano, A.; von Arx, C.; Scala, S.; Tatangelo, F.; Delrio, P.; Tafuto, S. Lenvatinib, a molecule
with versatile application: From preclinical evidence to future development in anti-cancer treatment. Cancer Manag. Res. 2019,
11, 3847–3860. [CrossRef]

32. Choueiri, T.K.; Eto, M.; Motzer, R.; De Giorgi, U.; Buchler, T.; Basappa, N.S.; Mendez-Vidal, M.J.; Tjulandin, S.; Hoon Park,
S.; Melichar, B.; et al. Lenvatinib plus pembrolizumab versus sunitinib as first-line treatment of patients with advanced renal
cell carcinoma (CLEAR): Extended follow-up from the phase 3, randomised, open-label study. Lancet Oncol. 2023, 24, 228–238.
[CrossRef] [PubMed]

33. Motzer, R.J.; Hutson, T.E.; Glen, H.; Michaelson, M.D.; Molina, A.; Eisen, T.; Jassem, J.; Zolnierek, J.; Maroto, J.P.; Mellado, B.; et al.
Lenvatinib, everolimus, and the combination in patients with metastatic renal cell carcinoma: A randomised, phase 2, open-label,
multicentre trial. Lancet Oncol. 2015, 16, 1473–1482. [CrossRef]

34. Albiges, L.; Beckermann, K.; Miller, W.H.; Goh, J.C.; Gajate, P.; Harris, C.A.; Suarez, C.; Peer, A.; Park, S.H.; Stadler, W.M.; et al.
Belzutifan plus lenvatinib for patients (pts) with advanced clear cell renal cell carcinoma (ccRCC) after progression on a PD-1/L1
and VEGF inhibitor: Preliminary results of arm B5 of the phase 1/2 KEYMAKER-U03B study. J. Clin. Oncol. 2023, 41, 4553.
[CrossRef]

35. Motzer, R.J.; Schmidinger, M.; Eto, M.; Suarez, C.; Figlin, R.; Liu, Y.; Perini, R.; Zhang, Y.; Heng, D.Y. LITESPARK-011: Belzutifan
plus lenvatinib vs cabozantinib in advanced renal cell carcinoma after anti-PD-1/PD-L1 therapy. Future Oncol. 2023, 19, 113–121.
[CrossRef]

36. Bindra, R.S.; Vasselli, J.R.; Stearman, R.; Linehan, W.M.; Klausner, R.D. VHL-mediated hypoxia regulation of cyclin D1 in renal
carcinoma cells. Cancer Res. 2002, 62, 3014–3019.

37. VanArsdale, T.; Boshoff, C.; Arndt, K.T.; Abraham, R.T. Molecular Pathways: Targeting the Cyclin D-CDK4/6 Axis for Cancer
Treatment. Clin. Cancer Res. 2015, 21, 2905–2910. [CrossRef] [PubMed]

38. Nicholson, H.E.; Tariq, Z.; Housden, B.E.; Jennings, R.B.; Stransky, L.A.; Perrimon, N.; Signoretti, S.; Kaelin, W.G., Jr. HIF-
independent synthetic lethality between CDK4/6 inhibition and VHL loss across species. Sci. Signal. 2019, 12, eaay0482.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.annonc.2023.10.090
https://doi.org/10.1038/nature19796
https://doi.org/10.1016/j.molcel.2010.09.022
https://doi.org/10.1158/1078-0432.CCR-19-1459
https://doi.org/10.1073/pnas.2120403119
https://doi.org/10.7554/eLife.75064
https://doi.org/10.1016/j.ejca.2018.02.012
https://doi.org/10.1016/S1470-2045(22)00290-X
https://doi.org/10.1177/1758834011422556
https://doi.org/10.1034/j.1600-0463.2002.100305.x
https://www.ncbi.nlm.nih.gov/pubmed/12076276
https://doi.org/10.1016/S1470-2045(23)00097-9
https://www.ncbi.nlm.nih.gov/pubmed/37011650
https://doi.org/10.1016/j.annonc.2023.10.089
https://doi.org/10.2147/CMAR.S188316
https://doi.org/10.1016/S1470-2045(23)00049-9
https://www.ncbi.nlm.nih.gov/pubmed/36858721
https://doi.org/10.1016/S1470-2045(15)00290-9
https://doi.org/10.1200/JCO.2023.41.16_suppl.4553
https://doi.org/10.2217/fon-2022-0802
https://doi.org/10.1158/1078-0432.CCR-14-0816
https://www.ncbi.nlm.nih.gov/pubmed/25941111
https://doi.org/10.1126/scisignal.aay0482
https://www.ncbi.nlm.nih.gov/pubmed/31575731


Cancers 2024, 16, 601 11 of 12

39. Cristofanilli, M.; Turner, N.C.; Bondarenko, I.; Ro, J.; Im, S.A.; Masuda, N.; Colleoni, M.; DeMichele, A.; Loi, S.; Verma, S.; et al.
Fulvestrant plus palbociclib versus fulvestrant plus placebo for treatment of hormone-receptor-positive, HER2-negative metastatic
breast cancer that progressed on previous endocrine therapy (PALOMA-3): Final analysis of the multicentre, double-blind, phase
3 randomised controlled trial. Lancet Oncol. 2016, 17, 425–439. [CrossRef] [PubMed]

40. Choueiri, T.K.; Powles, T.; Albiges, L.; Burotto, M.; Szczylik, C.; Zurawski, B.; Yanez Ruiz, E.; Maruzzo, M.; Suarez Zaizar, A.;
Fein, L.E.; et al. Cabozantinib plus Nivolumab and Ipilimumab in Renal-Cell Carcinoma. N. Engl. J. Med. 2023, 388, 1767–1778.
[CrossRef]

41. Choueiri, T.K.; Plimack, E.R.; Powles, T.; Voss, M.H.; Gurney, H.; Silverman, R.K.; Perini, R.F.; Rodriguez-Lopez, K.; Rini, B.I.
Phase 3 study of first-line treatment with pembrolizumab + belzutifan + lenvatinib or pembrolizumab/quavonlimab + lenvatinib
versus pembrolizumab + lenvatinib for advanced renal cell carcinoma (RCC). J. Clin. Oncol. 2022, 40, TPS399. [CrossRef]

42. Ravaud, A.; Motzer, R.J.; Pandha, H.S.; George, D.J.; Pantuck, A.J.; Patel, A.; Chang, Y.H.; Escudier, B.; Donskov, F.; Magheli, A.;
et al. Adjuvant Sunitinib in High-Risk Renal-Cell Carcinoma after Nephrectomy. N. Engl. J. Med. 2016, 375, 2246–2254. [CrossRef]
[PubMed]

43. Haas, N.B.; Manola, J.; Dutcher, J.P.; Flaherty, K.T.; Uzzo, R.G.; Atkins, M.B.; DiPaola, R.S.; Choueiri, T.K. Adjuvant Treatment for
High-Risk Clear Cell Renal Cancer: Updated Results of a High-Risk Subset of the ASSURE Randomized Trial. JAMA Oncol. 2017,
3, 1249–1252. [CrossRef] [PubMed]

44. Choueiri, T.K.; Tomczak, P.; Park, S.H.; Venugopal, B.; Ferguson, T.; Chang, Y.H.; Hajek, J.; Symeonides, S.N.; Lee, J.L.; Sarwar,
N.; et al. Adjuvant Pembrolizumab after Nephrectomy in Renal-Cell Carcinoma. N. Engl. J. Med. 2021, 385, 683–694. [CrossRef]

45. Motzer, R.J.; Russo, P.; Grunwald, V.; Tomita, Y.; Zurawski, B.; Parikh, O.; Buti, S.; Barthelemy, P.; Goh, J.C.; Ye, D.; et al. Adjuvant
nivolumab plus ipilimumab versus placebo for localised renal cell carcinoma after nephrectomy (CheckMate 914): A double-blind,
randomised, phase 3 trial. Lancet 2023, 401, 821–832. [CrossRef]

46. Pal, S.K.; Uzzo, R.; Karam, J.A.; Master, V.A.; Donskov, F.; Suarez, C.; Albiges, L.; Rini, B.; Tomita, Y.; Kann, A.G.; et al.
Adjuvant atezolizumab versus placebo for patients with renal cell carcinoma at increased risk of recurrence following resection
(IMmotion010): A multicentre, randomised, double-blind, phase 3 trial. Lancet 2022, 400, 1103–1116. [CrossRef]

47. Choueiri, T.K.; Bedke, J.; Karam, J.A.; McKay, R.R.; Motzer, R.J.; Pal, S.K.; Suarez, C.; Uzzo, R.; Liu, H.; Burgents, J.E.; et al.
LITESPARK-022: A phase 3 study of pembrolizumab + belzutifan as adjuvant treatment of clear cell renal cell carcinoma (ccRCC).
J. Clin. Oncol. 2022, 40, TPS4602. [CrossRef]

48. Chauvin, J.M.; Zarour, H.M. TIGIT in cancer immunotherapy. J. Immunother. Cancer 2020, 8, e000957. [CrossRef]
49. Kim, T.W.; Bedard, P.L.; LoRusso, P.; Gordon, M.S.; Bendell, J.; Oh, D.Y.; Ahn, M.J.; Garralda, E.; D’Angelo, S.P.; Desai, J.; et al.

Anti-TIGIT Antibody Tiragolumab Alone or with Atezolizumab in Patients With Advanced Solid Tumors: A Phase 1a/1b
Nonrandomized Controlled Trial. JAMA Oncol. 2023, 9, 1574–1582. [CrossRef]

50. Cho, B.C.; Abreu, D.R.; Hussein, M.; Cobo, M.; Patel, A.J.; Secen, N.; Lee, K.H.; Massuti, B.; Hiret, S.; Yang, J.C.H.; et al.
Tiragolumab plus atezolizumab versus placebo plus atezolizumab as a first-line treatment for PD-L1-selected non-small-cell
lung cancer (CITYSCAPE): Primary and follow-up analyses of a randomised, double-blind, phase 2 study. Lancet Oncol. 2022,
23, 781–792. [CrossRef]

51. Mettu, N.B.; Ulahannan, S.V.; Bendell, J.C.; Garrido-Laguna, I.; Strickler, J.H.; Moore, K.N.; Stagg, R.; Kapoun, A.M.; Faoro, L.;
Sharma, S. A Phase 1a/b Open-Label, Dose-Escalation Study of Etigilimab Alone or in Combination with Nivolumab in Patients
with Locally Advanced or Metastatic Solid Tumors. Clin. Cancer Res. 2022, 28, 882–892. [CrossRef] [PubMed]

52. Niu, J.; Maurice-Dror, C.; Lee, D.H.; Kim, D.W.; Nagrial, A.; Voskoboynik, M.; Chung, H.C.; Mileham, K.; Vaishampayan, U.;
Rasco, D.; et al. First-in-human phase 1 study of the anti-TIGIT antibody vibostolimab as monotherapy or with pembrolizumab
for advanced solid tumors, including non-small-cell lung cancer. Ann. Oncol. 2022, 33, 169–180. [CrossRef]

53. Toledo, R.A.; Jimenez, C.; Armaiz-Pena, G.; Arenillas, C.; Capdevila, J.; Dahia, P.L.M. Hypoxia-Inducible Factor 2 Alpha
(HIF2alpha) Inhibitors: Targeting Genetically Driven Tumor Hypoxia. Endocr. Rev. 2023, 44, 312–322. [CrossRef]

54. Ma, Y.; Joyce, A.; Brandenburg, O.; Saatchi, F.; Stevens, C.; Toffessi Tcheuyap, V.; Christie, A.; Do, Q.N.; Fatunde, O.; Macchiaroli,
A.; et al. HIF2 Inactivation and Tumor Suppression with a Tumor-Directed RNA-Silencing Drug in Mice and Humans. Clin.
Cancer Res. 2022, 28, 5405–5418. [CrossRef]

55. Brugarolas, J.; Beckermann, K.; Rini, B.I.; Vogelzang, N.J.; Lam, E.T.; Hamilton, J.C.; Schluep, T.; Yi, M.; Wong, S.; Gamelin, E.;
et al. Initial results from the phase 1 study of ARO-HIF2 to silence HIF2-alpha in patients with advanced ccRCC (AROHIF21001).
J. Clin. Oncol. 2022, 40, 339. [CrossRef]

56. Lu, J.; Wei, H.; Sun, W.; Geng, J.; Liu, K.; Liu, J.; Liu, Z.; Fu, J.; He, Y.; Wang, K.; et al. Abstract 6330: NKT2152: A highly potent
HIF2α inhibitor and its therapeutic potential in solid tumors beyond ccRCC. Cancer Res. 2022, 82, 6330. [CrossRef]

57. Lawson, K.V.; Sivick Gauthier, K.E.; Mailyan, A.K.; Fournier, J.T.; Beatty, J.W.; Drew, S.L.; Kalisiak, J.; Gal, B.; Mata, G.; Wang, Z.;
et al. Abstract 1206: Discovery and characterization of AB521, a novel, potent, and selective hypoxia-inducible factor (HIF)-2α
inhibitor. Cancer Res. 2021, 81, 1206. [CrossRef]

58. Sivick Gauthier, K.E.; Piovesan, D.; Cho, S.; Lawson, K.V.; Schweickert, P.G.; Lopez, A.; Liu, S.; Park, T.; Mailyan, A.; Fournier,
J.T.A.; et al. Abstract P206: AB521 potently and selectively inhibits pro-tumorigenic gene transcription by Hypoxia-Inducible
Factor (HIF)-2α in vitro and in vivo. Cancer Res. 2021, 20, P206. [CrossRef]

https://doi.org/10.1016/S1470-2045(15)00613-0
https://www.ncbi.nlm.nih.gov/pubmed/26947331
https://doi.org/10.1056/NEJMoa2212851
https://doi.org/10.1200/JCO.2022.40.6_suppl.TPS399
https://doi.org/10.1056/NEJMoa1611406
https://www.ncbi.nlm.nih.gov/pubmed/27718781
https://doi.org/10.1001/jamaoncol.2017.0076
https://www.ncbi.nlm.nih.gov/pubmed/28278333
https://doi.org/10.1056/NEJMoa2106391
https://doi.org/10.1016/S0140-6736(22)02574-0
https://doi.org/10.1016/S0140-6736(22)01658-0
https://doi.org/10.1200/JCO.2022.40.16_suppl.TPS4602
https://doi.org/10.1136/jitc-2020-000957
https://doi.org/10.1001/jamaoncol.2023.3867
https://doi.org/10.1016/S1470-2045(22)00226-1
https://doi.org/10.1158/1078-0432.CCR-21-2780
https://www.ncbi.nlm.nih.gov/pubmed/34844977
https://doi.org/10.1016/j.annonc.2021.11.002
https://doi.org/10.1210/endrev/bnac025
https://doi.org/10.1158/1078-0432.CCR-22-0963
https://doi.org/10.1200/JCO.2022.40.6_suppl.339
https://doi.org/10.1158/1538-7445.AM2022-6330
https://doi.org/10.1158/1538-7445.AM2021-1206
https://doi.org/10.1158/1535-7163.TARG-21-P206


Cancers 2024, 16, 601 12 of 12

59. Lawson, K.V.; Sivick Gauthier, K.E.; Piovesan, D.; Mailyan, A.; Mata, G.; Fournier, J.T.; Yu, K.; Liu, S.; Soriano, F.; Jin, L.; et al.
46P AB521, a clinical-stage, potent, and selective Hypoxia-Inducible Factor (HIF)-2α inhibitor, for the treatment of renal cell
carcinoma. Ann. Oncol. 2022, 33, S21. [CrossRef]

60. Liao, K.; Foster, P.; Seitz, L.; Cheng, T.; Gauthier, K.; Lawson, K.; Jin, L.; Paterson, E. HIF-2α inhibitor AB521 modulates
erythropoietin levels in healthy volunteers following a single oral dose. Eur. J. Cancer 2022, 174, S20. [CrossRef]

61. Wang, P.; Yang, R.; Sun, Y.; Ju, X.; Zhao, J.; Liu, Y.; Liu, X.; Zou, Z.; Ren, J.; Wang, M.; et al. Abstract 494: BPI-452080: A potent and
selective HIF-2α inhibitor for the treatment of clear cell renal cell carcinoma, von Hippel-Lindau disease, and other solid tumors.
Cancer Res. 2023, 83, 494. [CrossRef]

62. Yang, L.; Fan, Y.; Zhang, Q. Targeting ferroptosis in renal cell carcinoma: Potential mechanisms and novel therapeutics. Heliyon
2023, 9, e18504. [CrossRef]

63. Koh, M.Y. The identification of a novel orally available ferroptosis inducer for the treatment of clear cell renal carcinoma.
Oncologist 2023, 28, S10. [CrossRef]

64. Bai, J.; Chen, W.B.; Zhang, X.Y.; Kang, X.N.; Jin, L.J.; Zhang, H.; Wang, Z.Y. HIF-2alpha regulates CD44 to promote cancer stem
cell activation in triple-negative breast cancer via PI3K/AKT/mTOR signaling. World J. Stem Cells 2020, 12, 87–99. [CrossRef]

65. Singhal, R.; Mitta, S.R.; Das, N.K.; Kerk, S.A.; Sajjakulnukit, P.; Solanki, S.; Andren, A.; Kumar, R.; Olive, K.P.; Banerjee, R.; et al.
HIF-2alpha activation potentiates oxidative cell death in colorectal cancers by increasing cellular iron. J. Clin. Investig. 2021,
131, e143691. [CrossRef]

66. Zhao, J.; Du, F.; Shen, G.; Zheng, F.; Xu, B. The role of hypoxia-inducible factor-2 in digestive system cancers. Cell Death Dis. 2015,
6, e1600. [CrossRef] [PubMed]

67. Pavlakis, D.; Kampantais, S.; Gkagkalidis, K.; Gourvas, V.; Memmos, D.; Tsionga, A.; Dimitriadis, G.; Vakalopoulos, I. Hypoxia-
Inducible Factor 2a Expression Is Positively Correlated With Gleason Score in Prostate Cancer. Technol. Cancer Res. Treat. 2021, 20,
1533033821990010. [CrossRef] [PubMed]

68. Buscheck, F.; Fraune, C.; Simon, R.; Kluth, M.; Hube-Magg, C.; Moller-Koop, C.; Sarper, I.; Ketterer, K.; Henke, T.; Eichelberg,
C.; et al. Prevalence and clinical significance of VHL mutations and 3p25 deletions in renal tumor subtypes. Oncotarget 2020,
11, 237–249. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.annonc.2022.01.055
https://doi.org/10.1016/S0959-8049(22)00856-5
https://doi.org/10.1158/1538-7445.AM2023-494
https://doi.org/10.1016/j.heliyon.2023.e18504
https://doi.org/10.1093/oncolo/oyad216.015
https://doi.org/10.4252/wjsc.v12.i1.87
https://doi.org/10.1172/JCI143691
https://doi.org/10.1038/cddis.2014.565
https://www.ncbi.nlm.nih.gov/pubmed/25590810
https://doi.org/10.1177/1533033821990010
https://www.ncbi.nlm.nih.gov/pubmed/33752529
https://doi.org/10.18632/oncotarget.27428
https://www.ncbi.nlm.nih.gov/pubmed/32076485

	Introduction 
	Novel Belzutifan Combinations with Targeted Therapies 
	Belzutifan in Combination with Cabozantinib 
	Belzutifan in Combination with Lenvatinib 
	Belzutifan in Combination with CDK4/6 Inhibitors 

	Belzutifan Combinations with Immunotherapy 
	Triplet Combinations with Belzutifan and Immunotherapy 
	Belzutifan and Immunotherapy Combinations in the Adjuvant Setting 
	Belzutifan Combination with Anti-TIGIT Therapies 

	Other Novel HIF-Targeted Therapies in RCC 
	DFF332 
	ARO-HIF2 (RNA Interference) 
	NKT-2152 
	AB521 
	BPI-452080 
	KD061 

	Broadening the Use of HIF-2-Targeted Therapies to Other Cancers 
	Conclusions and Future Directions 
	References

