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Abstract

Background and Purpose: Hypoxia-inducible factor 2α (HIF-2α) is a transcription fac-

tor that mediates the expression of genes critical for cell adaptation and survival in

low oxygen (hypoxic) conditions. In cancer, hypoxic conditions or molecular alter-

ations within cancer cells can lead to HIF-2α accumulation and promote tumour

growth and progression. Inactivating mutations in the von Hippel–Lindau (VHL) gene

disable the oxygen-dependent HIF-2α degradation pathway and cause constitutive

HIF-2α activity. VHL mutations are prevalent in clear cell renal cell carcinoma (ccRCC)

where HIF-2α is a known tumourigenic driver. HIF-2α inhibition was shown to

improve ccRCC patient outcomes clinically, warranting development of next-

generation inhibitors.

Experimental Approach: Pharmacological effects of a novel small molecule allosteric

inhibitor of HIF-2α, AB521 (casdatifan), were evaluated using in vitro cell-based

assays and in vivo mouse models.

Key Results: AB521 inhibited HIF-2α-mediated transcription in cancer cells, endothe-

lial cells, and M2-polarised macrophages. AB521 was selective for HIF-2α, displaying

no activity against HIF-1α, and did not exhibit off-target cytotoxicity. When delivered

orally to mice, AB521 caused dose-dependent decreases in HIF-2α-associated phar-

macodynamic markers and significant regression of human ccRCC xenograft tumours.

AB521 combined favourably with cabozantinib, a standard of care tyrosine kinase

inhibitor, or zimberelimab, a clinical-stage anti-PD-1 antibody, in ccRCC xenograft

studies.

Conclusions and Implications: AB521 is a potent, selective and orally bioavailable

HIF-2α inhibitor, with favourable pharmacological properties, that is being explored

clinically for the treatment of ccRCC.

Abbreviations: ARNT, aryl hydrocarbon receptor nuclear translocator; ccRCC, clear cell renal cell carcinoma; 2-D, two dimensional; FDA, U.S. Food & Drug Administration; HIF, hypoxia-inducible

factor; HUVEC, human umbilical vein endothelial cells; IHC, immunohistochemistry; PBMC, peripheral blood mononuclear cell; PD, pharmacodynamics; PK, pharmacokinetics; PO, given orally;

QD, once daily; TAM, tumour associated macrophage; TKI, tyrosine kinase inhibitor; TME, tumour microenvironment; Zim, zimberelimab.
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1 | INTRODUCTION

Hypoxia-inducible factors (HIFs) are transcription factors that facili-

tate physiological adaptations and survival in low oxygen (hypoxic)

conditions. However, when expressed by cancer cells or cells in the

tumour microenvironment (TME), HIFs can drive tumour growth and

progression through the activation of protumourigenic transcriptional

networks (Yuan et al., 2024). HIFs consist of an oxygen-regulated α

monomer (HIF-2α being the focus of this work) that dimerizes to a

constitutively expressed β monomer (HIF-1β; also known as ARNT) to

become transcriptionally active. When oxygen is abundant (normoxic

conditions), proline residues in HIF-2α are hydroxylated by prolyl

hydroxylase domain (PHD) enzymes using O2 as a substrate. Hydrox-

ylated prolines enable recognition of HIF-2α by the von Hippel–

Lindau protein (pVHL (Alexander, Fabbro, et al., 2023)) and subse-

quent ubiquitination by the pVHL-associated E3-ubiquitin ligase com-

plex, thus marking HIF-2α for degradation by the proteosome

(Ortmann, 2024; Yuan et al., 2024). In hypoxic conditions, hydroxyl-

ation cannot occur, and the canonical degradation pathway is halted.

Newly stabilized HIF-2α translocates to the nucleus to bind to ARNT

and activates target gene transcription. Genetic and epigenetic alter-

ations also can drive molecular changes that mimic hypoxia, causing

HIF-2α to be stabilized and transcriptionally active even when oxygen

is abundant. This ‘pseudohypoxic’ state is commonly driven by a lack

of pVHL, as is the case with inactivating VHLmutations, or an accumu-

lation of citric acid cycle intermediates that inhibit PHD enzymes

(Ortmann, 2024; Yuan et al., 2024).

HIF-2α-driven responses to hypoxia or pseudohypoxia can be

hijacked by cancer cells and cells of the tumour microenvironment to

activate protumourigenic pathways that foster angiogenesis, cell pro-

liferation, metastasis, and survival (Davis et al., 2022; Ortmann, 2024;

Yuan et al., 2024). Preclinical studies support potential protumouri-

genic roles for HIF-2α in renal (Chen et al., 2016; Cho et al., 2016;

Kondo et al., 2003), hepatic (Foglia et al., 2022), colorectal (Ma

et al., 2017; Shay et al., 2014; Xue et al., 2012; Xue et al., 2016), breast

(Fu et al., 2019; Guillen-Quispe et al., 2023; Yan et al., 2022), and

pancreatic cancers (Criscimanna et al., 2013; Garcia Garcia

et al., 2022; Jonasch et al., 2021; Schofield et al., 2018). Additionally,

HIF-2α was shown to promote angiogenic pathways in endothelial

cells (Skuli et al., 2009; Skuli et al., 2012), migration and polarization of

macrophages (Imtiyaz et al., 2010; Takeda et al., 2010), and mobiliza-

tion of tumour associated macrophages (TAMs) by cancer-associated

fibroblasts (Garcia Garcia et al., 2022).

Although HIF-2α was originally considered undruggable, the

discovery of a hydrophobic pocket in the PAS-B domain of HIF-2α

enabled development of small molecule allosteric inhibitors that

interfere with HIF-2α/ARNT heterodimerisation, thus blocking HIF-

2α-mediated transcription (Toledo et al., 2023). Clinically, HIF-2α inhi-

bition has shown compelling safety and efficacy results (Choueiri

et al., 2021; Courtney et al., 2017; Courtney et al., 2020; Jonasch

et al., 2021; Jonasch, Bauer, et al., 2024), leading to the U.S. Food &

Drug Administration (FDA) approval of the HIF-2α inhibitor MK-6482

(PT2977, belzutifan) for the treatment of VHL disease-associated can-

cers (Fallah et al., 2022), advanced ccRCC (U.S. Food & Drug Adminis-

tration, 2023) where inactivating VHL mutations are prevalent

(Büscheck et al., 2020; Young et al., 2009), and most recently pheo-

chromocytoma or paraganglioma (FDA, 2025). Validation of HIF-2α as

a tractable drug target has prompted additional investigations into

combinatorial therapeutic approaches in various indications and devel-

opment of next-generation HIF-2α inhibitors (Nguyen et al., 2024).

Here, we characterize the pharmacology of a novel small molecule

inhibitor of HIF-2α, AB521 (casdatifan) (Hardman et al., 2025; Mata

et al., 2025), which was discovered using a pharmacophore mapping

and structure-based design approach. AB521 potently and selectively

inhibits HIF-2α-mediated transcription, is orally bioavailable with

favourable pharmacokinetic properties, and demonstrates effective

antitumour activity in ccRCC xenograft models both as a single agent

and in combination with other clinically relevant therapeutics.

What is already known

• HIF-2α promotes tumour progression in settings such as

VHL-mutant ccRCC.

• HIF-2α inhibition is an FDA-approved treatment strategy

for select oncology indications.

What does this study add

• Pharmacological evaluation of AB521 shows it is a potent

and orally bioavailable HIF-2α inhibitor.

• Inhibition of HIF-2α by AB521 disrupts protumourigenic

gene transcription in cancer, stromal, and immune cells.

What is the clinical significance

• AB521 is undergoing evaluation in clinical trials as a treat-

ment for cancer.

• Improved tumour control occurs by combining AB521

with a tyrosine kinase inhibitor or anti-PD-1 antibody.

2 SCHWEICKERT ET AL.

 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.70075 by Infotrieve, W

iley O
nline L

ibrary on [22/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=1043&objId=3148
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=1043&objId=3148#3148
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3314
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=1023&objId=3204#3204
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=11251


2 | MATERIALS AND METHODS

2.1 | Materials

AB521 (casdatifan) (Hardman et al., 2025; Mata et al., 2025),

MK-6482/PT2977 (belzutifan) (Xu et al., 2019), and PT2385 (Wehn

et al., 2018) were synthesized by Arcus Biosciences and dissolved in

100% DMSO prior to in vitro use and formulated for in vivo studies as

indicated under the mouse xenograft models subsection. For mouse

in vivo studies, purified human anti-PD-1 antibody (zimberelimab,

zim) (Lou et al., 2021; Markham, 2021) was supplied by Arcus Biosci-

ences, whereas purified human IgG4 isotype control antibody

(CrownVivo human IgG4, MBL International) and cabozantinib

(MedChemExpress) were sourced commercially.

2.2 | Cell lines

HEK293T (ATCC CRL-3216, RRID:CVCL_0063), A-498 (ATCC HTB-

44, RRID:CVCL_1056), Hep3B (ATCC HB-8064, RRID:CVCL_0326),

and 786-O (ATCC CRL-1932, RRID:CVCL_1051) cell lines were

obtained from the American Type Culture Collection (ATCC) and cul-

tured in EMEM (A-498), DMEM (Hep3B, HEK293T), or RPMI-1640

(786-O) media supplemented with 10% FBS, 100 U�ml�1 penicillin/

streptomycin, and 1� GlutaMAX (all Gibco). Human Umbilical Vein

Endothelial Cells (HUVECs) were obtained from ATCC and cultured in

EBM-2™ media (Lonza) with EGM-2 BulletKit™ Supplement (Lonza).

Cell lines were authenticated using short tandem repeat DNA profiling

and tested for pathogen contamination including Mycoplasma spp.

(STAT-Myco and IMPACT II testing) via qPCR (IDEXX Bioresearch).

All cell lines were maintained at 37�C, 21% O2, 5% CO2. For hypoxic

culture conditions, cells were incubated in a hypoxia incubator

(Thermo Scientific Heracell™ VIOS 160i) set at 1% O2, 37�C, 5% CO2.

2.3 | Co-immunoprecipitation

Gene sequences of full-length HIF-2α (aa 1–870) with a C-terminal

Flag tag and ARNT (aa 1–789) with a C-terminal Myc tag were synthe-

sized in recombinant expression plasmid pCDNA3.1 by Genscript and

used for co-immunoprecipitation. Co-immunoprecipitation of HIF-2α

with ARNT was performed using similar protocols as reported previ-

ously (Wu et al., 2019). HEK293T cells grown in DMEM containing

10% FBS and 1� GlutaMAX (Gibco) were seeded in 150-mm dishes

and incubated at 37�C with 5% CO2. After 24 h, cells were transfected

with 3 μg of HIF-2α and 6 μg of ARNT plasmids using jetPRIME

reagent (Polyplus) following manufacturer's protocol. After overnight

incubation, medium was replaced with media containing AB521 or

MK-6482 in 0.25% DMSO. The following day, cells were harvested

and sonicated in Lysis Buffer (50-mM Tris pH 7.5, 150-mM NaCl,

1-mM EDTA, 1%Triton X-100, 1� Roche cOmplete Protease Inhibitor

Cocktail). Lysates were clarified by centrifugation at 5000� gravity for

20 min. Supernatants were quantified by BCA. Immunoprecipitation

of 1-mg clarified lysate was performed with 50 μl of ANTI-FLAG M2

affinity gel (Sigma A2220, RRID:AB_10063035) following the manu-

facturer's protocol. Proteins were visualized by immunoblotting using

an anti-FLAG antibody (Sigma F1804, RRID:AB_262044) and anti-

Myc antibody (CST 2278, RRID:AB_490778). Image capture was

performed using an LI-COR Odyssey. Quantification of blots was

performed using LI-COR Image Studio software.

2.4 | 786-O VEGF secretion assay

786-O cells were plated at 1 � 104 cells per well and treated either

with vehicle (1% DMSO), AB521, or MK-6482 at indicated concentra-

tions overnight. The following day, media was replaced with fresh

media containing DMSO or compound for an additional 24 h incuba-

tion. VEGF secretion in the cell supernatant was quantified using

VEGF AlphaLISA™ (Perkin-Elmer). Data were normalised to 100%

activity with DMSO treated cells with 0% activity set to a within-run

standard based on cells treated with 1 μM PT2385.

2.5 | Immunoblots

For in vitro studies, 1 � 106–4 � 106 cells were cultured as indicated

and protein was harvested in 100–200 μl of RIPA buffer (Abcam)

containing phosphatase inhibitors 2 and 3 (Sigma-Aldrich), and

cOmplete™ protease inhibitor cocktail (Roche). For excised xenograft

tumours, flash frozen tumour samples were stored in Omni ceramic

bead tubes (Revvity) and homogenized in 500 μl of RIPA buffer with

phosphatase and protease inhibitors using an Omni International Bead

Ruptor Elite bead mill homogenizer. Lysates were sonicated and then

cleared of debris by centrifugation at 5000� gravity for 10 min at

4�C. Protein was denatured using NuPAGE LDS sample buffer

(Invitrogen) according to the manufacturer's instructions and

samples were run on a 4%–12% Bis-Tris gel (Invitrogen). Gel

transfer to nitrocellulose was performed using an iBlot™ 2 dry transfer

system (ThermoFisher) with iBlot™ 2 nitrocellulose transfer stacks

(LifeTechnologies, 0.2 μm pore size, 100% pure nitrocellulose, protein

binding capacity of 209 μg�cm�2 protein-binding capacity). Nitrocellu-

lose blots were blocked with 5% milk in TBS-T, washed 3� with

TBS-T, then incubated with primary antibodies diluted in 5% milk in

TBS-T: rabbit antihuman HIF-2α (clone D9E3, RRID:AB_10898028 or

clone D6T8V, RRID:AB_2799579, Cell Signaling Technology,

or Abcam clone BL-95-1A2, RRID:AB_2631884, all used at 1:1000),

rabbit antihuman HIF-1α (clone EPR16897, RRID:AB_2941086,

Abcam, used at 1:1000), rabbit anti-ARNT (clone D28F3, RRID:AB_

2783880, Cell Signaling Technology, used at 1:1000) or mouse antihu-

man/mouse β-actin (clone 8H10D10, RRID:AB_2242334, Cell Signal-

ing Technology, used at 1:2000). Blots were washed again with TBS-T

and incubated with goat anti-rabbit HRP (#PI-1000, RRID:AB_

2336198, Vector Labs, used at 1:10,000) and goat anti-mouse

800CW (#NC0824545, RRID:AB_2687825, Li-COR, used at

1:10,000) in 5% milk in TBS-T. Blots were washed once more in
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TBS-T and then visualized using SuperSignal™ West Atto Ultimate

Sensitivity Substrate (Thermo Fisher) on a LI-COR Odyssey. Quantifi-

cation was done using Image Studio™ Lite software.

2.6 | ARNT siRNA and CRISPR/Cas9

For siRNA experiments, 786-0 or A-498 cell lines were rested over-

night in appropriate antibiotic-free media, as indicated previously,

before transfecting with 0.5 μM of nontargeting control or

ARNT-specific siRNA pools, with each pool comprised of four distinct

siRNAs (specified below) using DharmaFECT reagent (Dharmacon) fol-

lowing the manufacturer's standard transfection protocol. Transfected

cells were incubated at 37�C for 48 h in antibiotic-free media and

then another 24 h in media with antibiotics before collecting for

immunoblot analysis. Control siRNA (ON-TARGET plus Non-targeting

Pool) and ARNT-specific siRNA (ON-TARGET plus Human ARNT

siRNA SMARTpool) were purchased from Dharmacon. Non-targeting

siRNA sequences were as follows: siRNA-1: UGGUUUACAUGUCGA-

CUAA; siRNA-2: UGGUUUACAUGUUGUGUGA; siRNA-3: UGGU-

UUACAUGUUUUCUGA; siRNA-4: UGGUUUACAUGUUUUCCUA.

ARNT-targeting siRNA sequences were as follows: ARNT-siRNA-1:

UCAGAUGUCUAACGAUAAG, ARNT-siRNA-2: GGACUUGGCUCU-

GUAAAGG; ARNT-siRNA-3: CCACUGAUGGCUCCUAUAA; ARNT-

siRNA-4: GUAGUGCCCUGGCUCGAAA. For CRISPR/Cas9-mediated

ARNT knockout experiments, multiple gRNAs were designed targeting

Exon 6 of the ARNT gene (sequences listed below). One day before

nucleofection, lyophilized gRNAs were dissolved in TE buffer to a final

concentration of 50 μM. On the day of nucleofection, Cas9 protein

(#1081060, IDT) was diluted to a final concentration of 6.2 μM in

Lonza SF nucleofection buffer (#V4XC-9064, Lonza). All three gRNAs

were combined, and Cas9 protein was added and gently mixed, result-

ing in an approximate 1:5 ratio of Cas9 protein to gRNA. 2 � 105 cells

were added to the ribonucleoprotein complex after 15 min of

incubation at room temperature. 786-O cells were nucleofected using

condition DN-100 and A-498 were nucleofected using condition

DS-138 by the Lonza 4D nucleofection system. Sanger sequencing

was performed to validate knockout efficiency by Synthego's ICE

Analysis tool 3 days post-nucleofection (Conant et al., 2022).

ARNT guide RNA sequences were as follows: guide-1: ACTGGCAA-

CACATCCACTGA; guide-2: TCTCACATGAAGTCCTTGCG; guide-3:

CAAGCTAACCATCTTACGCA.

2.7 | Cell growth and viability assays

Cell growth and viability were measured using either CellTiter-Glo®

2.0 according to the manufacturer's instructions, or by flow

cytometry-based analysis where indicated. For flow cytometry analy-

sis, cells were trypsinized, washed in PBS, and then resuspended in

1� BD Pharmingen™ Annexin V Binding Buffer (#556454, BD Biosci-

ences) containing cell permeable viability dye (1:1000, LIVE/DEAD™

Fixable Near-IR Dead Cell Stain Kit, Invitrogen) and Annexin V stain

(1:20, RRID:AB_2869071, BD Biosciences) and incubated for 15 min

at room temperature protected from light. Cells were then pelleted by

centrifugation (400� gravity for 10 min at 4�C), washed with 1�
Annexin V Binding Buffer, and then fixed (eBiosciences™ IC Fixation

Buffer). Flow cytometry was performed using an LSRFortessa™ X-20

cytometer (BD Biosciences) with subsequent analysis conducted using

FlowJo™ analysis software.

2.8 | 786-O anchorage-independent growth assay

In 12-well culture plates, 786-O cells were suspended at 2.5 � 103

cell per well in 1� supplemented RPMI-1640 with 0.4% agarose, lay-

ered above a 1� supplemented RPMI-1640 with 1% agarose base

layer. A 400 μl per well feeder layer of supplemented RPMI-1640 was

added on top of each well followed by the addition of either DMSO,

AB521, or MK-6482 at indicated concentrations using a D300 digital

dispenser (Hewlett-Packard) with a final DMSO concentration of

0.1%. Cultures were maintained at 37�C, 5% CO2, and medium con-

taining 0.1% DMSO or compound was carefully replaced every 3–

4 days. After 21 days, the medium layer was removed, colonies were

stained using 250 μl per well of a 0.005% crystal violet solution

(Sigma-Aldrich) and incubated for 1 h at room temperature. After

washing thoroughly with water, colonies were quantified using an

inverted microscope. Four 5� magnification fields were analysed for

each well to determine the average number of colonies per field per

well. Five independent experiments, each containing three to four bio-

logical replicates, were performed. For each independent experiment,

colony counts were normalised to the mean vehicle (0.1% DMSO) col-

ony count of that respective experimental iteration.

2.9 | Hep3B and HUVEC gene expression assay

Hep3B or HUVECs were plated at 1 � 105 cells�ml�1 per well in 24-

or 12-well culture plates and incubated at 37�C, 5% CO2 at 21% O2

for 6–8 h. Media was replaced with 1 ml per well of fresh media con-

taining either DMSO or AB521 at indicated concentrations with a

final DMSO concentration of 0.1%. Cells were incubated at 37�C, 5%

CO2 in either 21% or 1% O2 for 20 h and then collected for RNA

extraction and RT-qPCR; see RT-qPCR subsection for procedure

details.

2.10 | Primary human M2-polarised
macrophage assay

Peripheral blood mononuclear cells (PBMCs) were isolated

from healthy donor leukocyte reduction system chambers obtained

from the Stanford Blood Center with informed written consent and

according to IRB-approved human sample guidelines in accordance

with U.S. Common Rule. CD14+ monocytes were isolated using the

EasySep™ Human CD14 Positive Selection Kit (StemCell

4 SCHWEICKERT ET AL.
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Technologies). Monocyte-derived M0 macrophages were generated

by resuspending CD14+ monocytes in 6-well cell culture plates in

RPMI-1640 supplemented with 10% FBS and recombinant human M-

CSF (50 ng�ml�1, R&D Systems) for 6 days. On day 6, 100 μl per well

of IL-4 (final concentration 20 ng�ml�1, Peprotech) was added to each

well along with either DMSO or 1 μM AB521 with a final DMSO con-

centration of 0.1%. Cells were incubated at 37�C, 5% CO2 in either

21% or 1% O2 for 20 h and then collected for RNA extraction and RT-

qPCR.

2.11 | T-cell activation assay

Isolated human T-cells were thawed and rested overnight in RPMI

supplemented with 200 U�ml�1 IL-2 (Peprotech), 10% FBS (Gibco),

1� GlutaMAX (Gibco) and 100 U�ml�1 penicillin/streptomycin

(Gibco). The cells were then labelled with the proliferation tracking

dye (CellTrace™ Violet, Thermo) by incubating 1 � 106 cells�ml�1

resuspended in HBSS with 5 nM of reconstituted dye for 20 min at

37�C with 5% CO2, avoiding exposure to light. Next, five volumes of

cold HBSS + 2% FBS were added to the cells and incubated for

5 min. Cells were washed 3� with HBSS + 2% FBS at 300� gravity

for 10 min. Cells were resuspended in CTS Optimizer medium (Gibco)

and activated using a T-cell activation/expansion kit (Miltenyi Biotec)

with bead-bound anti-CD2, anti-CD3, and anti-CD28 according to the

manufacturer's instructions with a 1:1 bead:cell ratio. After addition of

activation beads and/or HIF-2α inhibitor compounds, cells were cul-

tured for 1 h at 37�C 21% O2, then moved to a hypoxic chamber

(37�C, 1% O2) and cultured for 3 days. The degree of cell proliferation

was then assessed in CD8+ T-cells by flow cytometry based on

changes in CellTrace™ Violet staining, whereas secretion of IFNγ into

the cell supernatant was determined by cytometric bead array

(BD Biosciences).

2.12 | RT-qPCR

RNA was isolated using the RNeasy Mini Kit (Qiagen) and converted

to cDNA using Superscript IV First Strand Synthesis (Invitrogen)

according to the manufacturer's instructions. RT-qPCR was carried

out using Taqman® probes (Thermo Fisher) and a QuantStudio™

7 Pro Real-Time qPCR machine (Applied Biosystems). Relative gene

expression was calculated using the formula 2�ΔCt where ΔCt equals

the cycle threshold (Ct) for the gene of interest minus the Ct for the

reference gene. Probe information is listed in Table S1.

2.13 | Mice

Female 6- to 8-week-old NU-Foxn1nu (Strain #088) mice were pur-

chased from Charles River Laboratories. Female 4- to 5-week-old

NSG-MHC I/II DKO (Strain #025216) mice were purchased from

Jackson Laboratories. Experiments were performed at Arcus

Biosciences in accordance with federal, state, and institutional guide-

lines and were approved by Arcus Biosciences' Institutional Animal

Care and Use Committee. Animal studies are reported in compliance

with the ARRIVE guidelines (Percie et al., 2020) and with the recom-

mendations made by the British Journal of Pharmacology (Lilley et al.,

2020).

2.14 | Mouse xenograft models

Athymic nude mice were anaesthetized by exposure to 3–4% isoflur-

ane (Piramal Critical Care) delivered via a vaporizer (Vetequip) in an

enclosure for 5 min and then injected subcutaneously (s.c.) on the

right flank with 4 � 106 786-O or A-498 cells in 100 μl of 1:1 solution

of PBS:Matrigel (Corning). For single agent efficacy, mice were ran-

domised based on an average tumour volume of �200 mm3 (786-O)

or �250 mm3 (A-498) and treated with vehicle (PEG400:Kolliphor

HS15 70:30) or AB521 orally (PO) once-daily (QD). For combination

efficacy of AB521 with cabozantinib, mice were randomised based on

an average tumour volume of �550 mm3 and treated with saline,

cabozantinib, vehicle, or AB521 PO QD. For studies using PT2385,

the compound was formulated in 10% EtOH, 30% PEG400, 60% MCT

(0.5% methylcellulose, 0.5% Tween 80). For all xenograft studies,

tumour volume was monitored with digital callipers and calculated

using the formula: (length � width2)/2. Experiments were not blinded

because the same operators performed drug delivery and collected

tumour measurements.

2.15 | Humanized peripheral blood mononuclear
cell (PBMC) A-498 ccRCC xenograft mouse model

Female NSG-MHC I/II DKO mice were anaesthetized by exposure to

3–4% isoflurane (Piramal Critical Care) delivered via a vaporizer (Vete-

quip) in an enclosure for 5 min and then inoculated s.c. on the right

flank with 4 � 106 A-498 cells in 100 μl of 1:1 ratio of PBS:Matrigel.

Once tumours were established, mice were again anaesthetized as

before and injected intravenously with 2 � 107 human PBMCs. Seven

days later, blood was collected to check the engraftment of human

CD45-positive cells. Mice were randomised based on human CD45+

engraftment and tumour volume prior to treatment. Vehicle or

30 mg�kg�1 AB521 were given orally (PO) once-daily (QD), whereas

10 mg�kg�1 of human IgG4 isotype or human anti-PD-1 antibody

(zimberelimab, zim), both in HBSS, were given interperitoneally (i.p.)

every 3 days (Q3D) to the indicated cohorts. Donor PBMC and

tumour cell HLA matching was not performed.

2.16 | Pharmacokinetic (PK) and
pharmacodynamic (PD) assessments in mice

For PK assessment, plasma was collected at 0, 2, 6, 10, 18, and 24 h

after a single PO dose of drug and drug levels were measured by
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liquid chromatography-mass spectrometry (LC–MS). For PD assess-

ment, 786-O, or A-498 tumours were collected and snap-frozen 24 h

either after vehicle or AB521 PO dosing. RNA was extracted and RT-

qPCR was performed. For measurement of VEGF protein, plasma was

isolated from the blood of 786-O or A-498 tumour-bearing mice 12 h

after the last dose of vehicle or AB521 (mice were dosed PO twice

daily [BID] for 10 days). VEGF protein levels were measured by cyto-

metric bead array using human VEGF Flex set (BD Biosciences). For

measurement of mouse erythropoietin (EPO) protein, plasma was iso-

lated from blood of C57BL/6 mice 8 h after a single PO dose of vehi-

cle or AB521. EPO protein levels in the plasma were measured by

ELISA (mouse EPO ELISA, R&D).

2.17 | Immunohistochemistry (IHC)

Formalin fixed and paraffin embedded tissues were processed and

sectioned at 4 μm thickness using standard histological procedures.

Staining of the slices was carried out using a Leica BOND RX Auto-

stainer (Leica Biosystems). Briefly, slices were dewaxed and rehy-

drated on the autostainer using BOND Dewax Solution, 100%

Alcohol, and BOND Wash Solution (Leica Biosystems). Antigen

retrieval was performed either using low pH (ER1) or high pH (ER2)

buffer at 95�C for 20 min depending on the primary antibody (see

Table S2 for antibody details and buffer conditions). Slices were

stained using components that are part of the Leica Bond Polymer

Refine Detection System (#DS9800) using default IHC protocol

(Protocol F) with primary antibody incubation adjusted to 30 min.

Stained slices were rinsed with distilled water and later dehydrated,

and coverslipped using the DAKO coverstainer (Agilent Technologies).

Slides were scanned using a 3DHistech Panoramic MIDI II Scanner

(3DHISTECH), and images were analysed using HALO image analysis

software (Indica Labs).

2.18 | Data and statistical analysis

The methods and analysis performed comply with British Journal of

Pharmacology recommendations and requirements on experimental

design and analysis (Curtis et al., 2018; Curtis et al., 2022). Where

immunoblotting or IHC was conducted, the experimental detail pro-

vided conforms with British Journal of Pharmacology guidelines

(Alexander et al., 2018). Studies were designed to generate groups of

equal size, where group size represents independent values (donors,

animals, or independent repeats). Statistical analyses were completed

using Prism (GraphPad) or R. Statistical analysis was undertaken only

for studies where each group size was at least n = 5. Experiments

with n < 5 were included in some instances and are marked accord-

ingly as qualitative comparisons. IC50 values were calculated using a

nonlinear four-parameter fit of log10 transformed data. In multigroup

studies with parametric variables, post hoc tests were conducted only

if F in ANOVA (or equivalent) achieved the necessary level of statisti-

cal significance and no significant difference in homogeneity was

observed, or for instances where homogeneity differed between

groups a Brown–Forsythe and Welch's ANOVA was performed. For

repeat measures, ANOVA sphericity was not assumed and a Geisser–

Greenhouse correction was applied. Outliers were included in all data

analysis and presentation. Data normalisation was performed on the

VEGF secretion assay and anchorage-independent growth assay, as

noted elsewhere in the Methods section, as a way of anchoring the

data to a commonly run reference or control to adjust for cross-

experiment differences in output, with Y axis labelled accordingly as

the percent of the control value. For all statistical tests, P values <0.05

were considered significant.

2.19 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in https://www.guidetopharmacology.org and are

permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander et al., 2021; Alexander, Kelly, et al., 2023).

3 | RESULTS

3.1 | AB521 potently and selectively inhibits HIF-
2α-dependent transcription

A pharmacophore mapping and structure-based design approach was

used to create the novel small-molecule HIF-2α inhibitor, AB521, also

known as casdatifan (Hardman et al., 2025; Mata et al., 2025)

(Figure 1a). AB521 was designed to bind the PAS-B domain of HIF-2α,

effectively inhibiting HIF-2α-ARNT complex formation and HIF-2α-

mediated transcription. Disruption of HIF-2α-ARNT dimerisation by

AB521 was confirmed by co-immunoprecipitation using an overex-

pression system in which Flag-tagged HIF-2α and Myc-tagged ARNT

were co-transfected into HEK293T cells. The amount of ARNT

protein immunoprecipitated with HIF-2α was reduced in a

concentration-dependent manner when the cells were treated with

AB521 or MK-6482 (belzutifan, PT2977) (Choueiri et al., 2024; Xu

et al., 2019) (Figure 1b). Further characterization of AB521 was per-

formed using the 786-O ccRCC cell line, which does not express func-

tional pVHL or HIF-1α (Shinojima et al., 2007), and for which HIF-2α is

known to be a cell-intrinsic driver of 786-O xenograft growth (Kondo

et al., 2003). Because 786-O cells lack functional pVHL, and therefore

exist in a pseudohypoxic state, activity of AB521 was assessed in nor-

mal oxygen conditions (21% O2). Treatment of 786-O cells with

AB521 or MK-6482 caused a marked reduction in HIF-2α protein

(Figure 1c), a finding that has been reported with other HIF-2α inhibi-

tors (Cho et al., 2016; Yan et al., 2022). Notably, the reduction in HIF-

2α caused by either AB521 or MK-6482 cannot be directly attributed

to disruption of HIF-2α-ARNT heterodimerisation, because HIF-2α

expression was not reduced when ARNT was made unavailable by

depletion using siRNA or CRISPR/Cas9 approaches (Figure S1). Taken

together, these data show that AB521 can block HIF-2α-ARNT

6 SCHWEICKERT ET AL.
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complex formation and reduce HIF-2α protein, although the mecha-

nism of this latter observation has not been fully elucidated.

VEGF transcription is regulated by HIF-2α in 786-O cells (Cho

et al., 2016; Sowter et al., 2003; Wallace et al., 2016) and was

therefore used to evaluate in vitro potency of AB521. AB521 inhib-

ited VEGF secretion with an IC50 value of 28.9 ± 3.6 nM, with MK-

6482 displaying an IC50 value of 31.6 ± 19.4 nM (Figure 1d). Although

turnover rates vary by protein, these data illustrate that HIF-2α

F IGURE 1 AB521 inhibits HIF-2α-dependent transcription and anchorage-independent growth in HIF1A and VHL mutated 786-O ccRCC
cells. (a) The chemical structure of AB521 (casdatifan). (b) Immunoblots from HEK293T cells transfected with Flag-tagged HIF-2α and Myc-tagged
ARNT. Anti-Flag (HIF-2α) immunoprecipitates (Flag-IP) and whole-cell extracts (Input) blotted for Flag (HIF-2α) and Myc (ARNT) are shown.
Quantification of the HIF-2α/ARNT signal ratio from the Flag-IP blot relative to the first vehicle control is shown below the lowest blot image.
(c) Immunoblots showing HIF-2α protein expression from 786-O or A-498 cell lysates following overnight treatment with either AB521 or MK-
6482 at 2 μM or 10 μM. Quantification of the HIF-2α/β-actin ratio normalised to the vehicle control group is provided between blot images.
(d) Endogenously expressed and secreted VEGF was measured in media from 786-O cell cultures after incubation with either AB521 or MK-6482
for 24 h. Results show representative data from a single experiment presented relative to controls. AB521 (n = 11, IC50 = 28.9 ± 3.6 nM), MK-
6482 (n = 13, IC50 = 31.6 ± 19.4). (e) Anchorage independent colony formation of 786-O cells was quantified following a 21 day culture period.
Graph shows mean ± standard deviation (SD) of data from n = 5 independent experiments with n = 3–4 biological replicates per experiment.
Colony counts from each independent experiment were normalised to the mean vehicle (0.1% DMSO) count from that experimental iteration,
and results are shown as percent of the DMSO control group (dotted line). Example images of 786-O colony growth in the vehicle (0.1% DMSO),
10 μM AB521, and MK-6482 treated samples are shown. Arrows indicate multi-cellular colonies, scale bar = 200 μm.
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inhibition can have acute effects on HIF-2α-regulated gene expression

at the protein level. To evaluate the functional impact of AB521 on

ccRCC growth in vitro, 786-O cells were cultured with either AB521

or MK-6482. Neither compound altered 786-O cell growth in stan-

dard 2-dimensional (2-D) culture, even when used at concentrations

up to 10 μM (Figure S2), in agreement with previous findings examin-

ing HIF-2α inhibition on cell growth in 2-D cultures (Cho et al., 2016;

Kondo et al., 2003; Wallace et al., 2016; Zimmer et al., 2004). How-

ever, several studies indicate that HIF-2α can promote anchorage

independent, or 3-D spheroid, growth of cancer cells (Cho

et al., 2016; Cimmino et al., 2016; Hallis et al., 2023; He et al., 2019;

Hoefflin et al., 2021; Kitajima et al., 2018; Lachance et al., 2014;

Stransky et al., 2022), a property often attributed to tumour initiating

cells or tumour stem cells (Qureshi-Baig et al., 2017). Indeed, AB521

inhibited 786-O anchorage independent growth in a soft agar colony

formation assay (Figure 1e).

The selectivity of AB521 against the other predominant HIF-α

transcription factor, HIF-1α, was evaluated in Hep3B hepatocellular

carcinoma (HCC) cells. In addition to expressing both HIF-1α and HIF-

2α, Hep3B cells also express pVHL and therefore stabilisation of HIF-

α proteins only occurs in hypoxic conditions (Figure 2a). As with

786-O and A-498 cells, treatment of Hep3B cells with AB521 led to a

reduction in HIF-2α protein, whereas HIF-1α was modestly increased

(Figure 2a). When exposed to hypoxia (1% O2), Hep3B cells up-

regulated HIF-1α-dependent (PDK1 and PGK1) and HIF-2α-dependent

(EPO and SERPINE1) target genes (Geis et al., 2015; Kim et al., 2006;

Lu et al., 2011; Rankin et al., 2007; Wallace et al., 2016) (Figure 2b,c).

Overnight treatment of hypoxic Hep3B cells with AB521 resulted in

concentration-dependent inhibition of HIF-2α-mediated transcription,

based on decreased EPO and SERPINE1 expression (Figure 2d),

whereas HIF-1α target gene expression was unaffected (Figure 2e).

No AB521-dependent changes in target gene expression were

observed when Hep3B cells were cultured in normoxia (Figure S3A,B),

and AB521 had no impact on Hep3B cell viability, indicative of a lack

of off-target cytotoxicity (Figure 2f, S3C). Together, these data con-

firm that AB521 potently and selectively inhibited HIF-2α in both

pseudohypoxic (VHL-mutated) and hypoxic (pVHL-expressing) cancer

cells in vitro.

F IGURE 2 AB521 selectively inhibits HIF-2α and not HIF-1α. (a) Immunoblots showing HIF-1α and HIF-2α protein expression in Hep3B cells
after overnight culture in normoxic (21% O2) or hypoxic (1% O2) conditions treated with 0.1% DMSO (control) or 1 μM AB521. Quantification of
the HIF-α/β-actin ratio normalised to the hypoxia vehicle control group is provided between blot images. (b) HIF-2α (EPO, SERPINE1) and (c) HIF-
1α (PDK1, PGK1) target gene expression in Hep3B cells after overnight culture in 21% or 1% O2, as measured by RT-qPCR. The effect of AB521
treatment on (d) HIF-2α or (e) HIF-1α target gene expression in hypoxic (1% O2) Hep3B cells was quantified by RT-qPCR. (f) Cell viability of
AB521 treated hypoxic Hep3B cells was quantified using CellTiter-Glo®. Dotted line represents viability using a cytotoxic 20% DMSO treatment.
Bars or lines and error represent the mean ± SD. Graphs show representative data from n = 5 independent experiments.
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3.2 | AB521 inhibits endogenous HIF-2α-
dependent gene transcription in primary human cells

Based on the reported roles for HIF-2α in primary cell types relevant

to the tumour microenvironment (TME), namely, macrophages

(Imtiyaz et al., 2010; Takeda et al., 2010) and endothelial cells (Skuli

et al., 2009; Skuli et al., 2012), the ability of AB521 to inhibit HIF-2α-

mediated gene transcription was assessed using respective in vitro

model systems: CD14+ monocyte-derived M2-polarised macrophages

and human umbilical vein endothelial cells (HUVECs). Importantly,

both cell types demonstrated hypoxia-inducible HIF-2α protein accu-

mulation (Figure S4A,B). As an aside, although HIF-1α protein expres-

sion was hypoxia-dependent in HUVECs (Figure S4B), M2 polarised

macrophages showed no distinct increase in HIF-1α protein quantity

upon hypoxic culture, but rather displayed a higher molecular weight

migration shift in the immunoblot (Figure S4A). The presence of

detectable HIF-1α in the M2 polarised macrophages in normoxia was

unexpected, but could be related to IL-4 treatment, which has been

shown to cause HIF-1α stabilization in macrophages (Li et al., 2018).

Additionally, the reason for the molecular weight shift of HIF-1α is

unclear, but could be the result of oxygen-dependent post-

translational modification to HIF-1α (Albanese et al., 2021).

Using M2 macrophages derived from 10 healthy donors, the

effects of AB521 on gene transcription were evaluated. HIF-2α target

genes of interest were previously identified in publicly available data-

sets and relevant publications (Courtney et al., 2020; Downes

et al., 2018; Florczyk et al., 2011; White et al., 2004) and were con-

firmed internally to be HIF-2α-dependent in M2 macrophages. AB521

significantly blocked transcription of hypoxia-dependent HIF-2α-

regulated genes involved in angiogenesis (ADM, NDRG1), extracellular

matrix remodelling (SERPINE1, PDGFB), and myeloid cell recruitment

(CXCL8) (Figure 3a). Because HIF-2α functions in a cell-type specific

manner (Smythies et al., 2019), HIF-2α regulated genes relevant to

HUVECs, as opposed to macrophages, were identified based on a

publicly available endothelial cell transcriptomics study (Downes

et al., 2018) and confirmed internally. In HUVECs, AB521 significantly

inhibited hypoxia-dependent increases in HIF-2α-regulated transcrip-

tion of genes involved in angiogenesis (ADM, DLL4, AKAP12) and gly-

colytic metabolism (SLC2A1, SLC2A3) (Figure 3b). Notably, preliminary

analysis showed no impact of AB521 on HUVEC cell growth and via-

bility in vitro (Figure S4C,D). Taken together, these results demon-

strate the ability of AB521 to block hypoxia-driven HIF-2α-dependent

gene transcription in TME-relevant cell types such as human macro-

phages and endothelial cells.

F IGURE 3 AB521 inhibits HIF-2α-dependent gene expression in primary human macrophages and endothelial cells. Cells were treated with
either vehicle (0.1% DMSO) or 1 μM AB521 and incubated in normoxia (21% O2) or hypoxia (1% O2) for 20 h. Target gene expression was
measured by RT-qPCR for (a) human CD14+ monocyte-derived M2 polarised macrophages or (b) human umbilical vein endothelial cells (HUVEC).
(a) Bars and error represent the median ± range. Each symbol represents a different donor; n = 10 donors total. Analysed by repeated-measures
ANOVA followed by Dunnett's multiple comparisons test. (b) Bars and error represent mean ± SD with symbols showing biological replicates
(n = 6) from two independent experiments. Analysed by one-way ANOVA followed by Dunnett's multiple comparisons test. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
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3.3 | AB521 blocks HIF-2α-mediated gene
transcription in vivo and inhibits tumour growth

When given to mice via oral gavage, AB521 demonstrated favourable

pharmacokinetics (PK) (Figure S5), showing oral bioavailability and

enabling assessment of in vivo pharmacodynamic (PD) effects

and antitumour efficacy of AB521 using oral dosing once-daily

(PO QD). Circulating concentrations of EPO, a HIF-2α target expressed

by interstitial fibroblasts in healthy kidney tissue (Haase, 2010), were

evaluated as a peripheral PD biomarker. EPO levels were significantly

decreased relative to vehicle-treated mice following a single oral dose

of AB521 at either 30 or 100 mg�kg�1 (Figure 4a).

The effects of AB521 on the expression of tumour-associated PD

markers were assessed using 786-O and A-498 VHL-mutant ccRCC

xenograft models. Tumour-bearing mice were treated with various

doses of AB521 and plasma samples and tumour lysates were col-

lected for analysis 12 h after the final AB521 dose. Circulating levels

of tumour-derived human VEGF-A were generally lower in AB521

treated animals, although this did not reach statistical significance

(Figure 4b). Analysis of HIF-2α target gene expression in tumour tis-

sue lysates showed statistically significant and dose-dependent

decreases in VEGFA, CCND1, and CXCR4 expression following AB521

treatment (Figure 4c,d), signifying effective HIF-2α inhibition within

the tumour tissue. Indeed, a direct correlation was observed between

the reduction in HIF-2α target gene mRNA and the corresponding

plasma concentrations of AB521 (Figure 4e).

Antitumour efficacy of AB521 was evaluated using 786-O and

A-498 xenograft models. Both xenograft models have been previously

shown, and confirmed here, to be sensitive to HIF-2α inhibition using

the first-generation inhibitor PT2385 (Wallace et al., 2016)

(Figure S6). Mice bearing established tumours were treated with

AB521 covering a range of concentrations and tumour volume was

measured over time. In both tumour models, and at all dose levels

tested, AB521 significantly reduced tumour burden relative to the

vehicle control groups (Figure 5).

To further investigate the intratumoural effects of AB521, 786-O

and A-498 xenograft tumours were harvested after 5 days of AB521

dosing, when the impact of AB521 on tumour growth was beginning

to take effect (Figure 6a,b). Similar to the effect of HIF-2α inhibition

in vitro (Figures 1c and 2a), HIF-2α protein from tumour lysates was

significantly decreased with AB521 treatment (Figure 6c,d), a finding

also reported for PT2385 (Wallace et al., 2016). Histological evalua-

tion by IHC revealed a significant decrease in cell proliferation based

on Ki-67 staining (Figure 6e,f). The level of Ki-67 reduction appeared

reflective of the degree of tumour growth inhibition, with 786-O

showing a greater reduction in both tumour volume and Ki-67 staining

upon AB521 treatment compared with A-498 cells. The degree of

tumour vascularization was assessed by CD31 staining and showed a

modest but significant decrease with AB521 treatment in A-498

tumours, but not 786-O tumours (Figure 6e,f). Finally, cleaved

caspase-3 (CC3) and phosphorylated histone (γ-H2AX) were evalu-

ated as apoptosis markers. No change in either CC3 or γ-H2AX was

observed in the 786-O tumour samples (Figure 6e). The A-498

tumours showed a significant decrease in CC3 upon AB521 treat-

ment, and a modest, but not significant, decrease in γ-H2AX

(Figure 6f), although notably the frequency of CC3 positive cells was

extremely low in the A-498 samples, corresponding to < 1% of the

total cells analysed.

Taken together, AB521 demonstrated a clear PK-PD relationship

with dose-dependent inhibition of multiple HIF-2α-mediated PD

markers in both naïve and tumour bearing mice and significantly

decreased tumour burden in two ccRCC xenograft models. Evaluation

of tumour samples after acute dosing with AB521 showed a distinct

decrease in HIF-2α protein and a significant reduction in the number

of proliferating tumour cells.

3.4 | Combination of AB521 with a tyrosine kinase
inhibitor (TKI) or an anti-PD-1 antibody reduces
ccRCC xenograft growth

Given the myriad of factors that influence tumour growth and pro-

gression, effective therapeutic interventions often consist of treat-

ment combinations that target multiple pathways and cell types. In

frontline ccRCC, broad targeting VEGF receptor (VEGFR) TKIs, such

as cabozantinib, and immune checkpoint targeting therapies, such as

nivolumab (anti-PD-1) and ipilimumab (anti-CTLA-4), are the standard

of care (Motzer et al., 2022). Cabozantinib suppresses angiogenesis

and inhibits metastasis and tumour growth by targeting multiple tyro-

sine kinases, having the strongest potency for VEGFR2 and c-MET

(Yakes et al., 2011). AB521, to an extent, also targets angiogenic path-

ways (Befani & Liakos, 2018) (Figure 3), in addition to the hundreds of

other HIF-2α-regulated genes associated with metabolism, survival,

epithelial-mesenchymal transition, and more (Davis et al., 2022;

Downes et al., 2018; Ortmann, 2024). In combination, these agents

should provide a robust multifaceted antiangiogenic activity while also

targeting unique, inhibitor-specific pathways critical for ccRCC tumour

growth and progression. To evaluate the combinatorial effects of

AB521 with cabozantinib, both inhibitors were tested using the

A-498 ccRCC xenograft model. As single agents, both AB521

(100 mg�kg�1) and cabozantinib (30 mg�kg�1) caused tumour growth

arrest, whereas vehicle-treated animals showed uncontrolled tumour

growth and most did not proceed beyond the study midpoint

(Figure 7a,b). When used in combination, AB521 with cabozantinib

caused A-498 tumour regression and showed a statistically significant

improvement in tumour growth control compared with vehicle or sin-

gle agent treatment arms. Notably, while the lower dose of cabozanti-

nib (10 mg�kg�1) only moderately delayed tumour progression as a

single agent, it too caused enhanced tumour regression when used in

combination with AB521.

Combining HIF-2α inhibition with an immuno-oncology agent

such as anti-PD-1 could also be beneficial because each treatment

offers distinctive mechanisms of action: inhibition of cancer cell-

intrinsic and TME-related protumourigenic pathways in the case of

AB521 and enhancement of antitumour immunity in the case of anti-

PD-1. Prior to assessing combinatorial activity between AB521 and
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F IGURE 4 AB521 inhibits expression of HIF-2α PD targets in vivo. (a) Mouse EPO levels in plasma of nontumour bearing C57BL/6 mice 8 h
after a single oral dose of 30 or 100 mg�kg�1 AB521. Results were confirmed in an independent repeat study using the 100 mg�kg�1 dose.
(b) Human tumour-derived VEGF-A in the plasma of 786-O or A-498-tumour bearing mice 12 h after the final dose of AB521 following 10 days
of twice-daily (BID) PO dosing. (c,d) Expression of HIF-2α target genes (CCND1, CXCR4, VEGFA) in tumour lysates harvested from (c) 786-O or (d)
A-498 xenograft bearing mice. Tumours were excised 24 h after initiating either a single dose of AB521 (786-O) or two doses given 12 h apart
(A-498). (e) Relationship between AB521 plasma concentrations 24 h post-dosing compared with normalised HIF-2α target gene expression. Data
collected from mice across two independent studies of 786-O tumour-bearing mice after 1 or 2 doses of 10, 30, or 100 mg�kg�1 AB521. Pearson
correlation coefficient (r) and associated P-value are reported. (a–d) Bars and error represent median ± range. Data shown are representative
results from at least two independent experiments, unless otherwise indicated, with n > 5 animals per group. Ordinary one-way ANOVA with
Dunnett's multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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anti-PD-1, the impact of HIF-2α inhibition alone on human T-cell acti-

vation and functionality was assessed in vitro. Primary human CD8+ T

cells showed detectable HIF-1α when cultured in hypoxia, which

increased in expression when the cells were activated by anti-CD3/

anti-CD28 co-stimulation (Figure S7A), a finding that has been

reported previously (Nakamura et al., 2009). By contrast, HIF-2α was

detectable only in activated CD8+ T-cells cultured in hypoxia

(Figure S7A), and as observed in other cell types (Figures 1c and 2a),

HIF-2α protein levels decreased with AB521 treatment (Figure S7A),

whereas HIF-1α expression was unaffected. Treatment of CD8+ T

cells with AB521 did not alter cytokine secretion or proliferation in

normoxic or hypoxic settings (Figure S7B), indicating that HIF-2α inhi-

bition with AB521 did not impede the fundamental behaviour of

these cells.

To assess the combinatorial activity of HIF-2α inhibition with an

immune-modulating agent, a humanized mouse model was employed.

Immunodeficient (NSG-MHC I/II DKO) mice with established A-498

xenograft flank tumours (>200 mm3) were engrafted with human

peripheral blood mononuclear cells (PBMCs). One week after PBMC

injection, peripheral blood was collected to monitor human immune

cell engraftment, and mice were randomised into four groups based

on two variables: human CD45+ engraftment percentage and tumour

size (Figures 8a and S8). High levels of engraftment in this model

(�20%–30% of live singlets) are not typically observed until 4 weeks

post cell injection, hence the modest number of cells in the peripheral

blood at day 7. Following randomisation, mice were treated with

AB521 and a human PD-1 blocking antibody, zimberelimab (zim), as

single agents or in combination. Zim treatment was modestly effective

on its own, producing a complete response (defined as no measurable

tumour mass) in one of the five treated animals (Figure 8b). By con-

trast, AB521 as a single agent led to considerable tumour regression

in all treated animals, but tumour growth resumed when AB521 treat-

ment was stopped. The combination of AB521 and zim caused more

rapid tumour regression than either monotherapy. This combinatorial

response from AB521 and zim was sustained in the majority of ani-

mals when treatment was halted, with 60% of mice showing a com-

plete response. Together, these results demonstrate that HIF-2α

inhibition by AB521 can be effectively combined with other standard

of care therapeutic strategies for ccRCC, such as TKIs or checkpoint

blockade, to enhance antitumour responses.

F IGURE 5 AB521 inhibits ccRCC xenograft tumour growth. (a) 786-O and (b) A-498 xenograft tumour growth measurements from mice
treated with vehicle or various doses of AB521 PO QD. Summary graphs (left) show mean tumour volume ± SEM (n = 9–10 animals per group),
individual tumour growth measurements also are shown (right). The dosing start date is marked on the x-axis. Two-way ANOVA with Dunnett's
multiple comparisons, significance at study endpoint is denoted, **P < 0.01; ***P < 0.001; ****P < 0.0001.
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F IGURE 6 Decreased intratumoural HIF-2α and Ki-67 expression in ccRCC xenografts after 5-days of AB521 treatment. Tumour growth
curves for (a) 786-O and (b) A-498 xenografts treated for 5 days with AB521 (30 mg�kg�1 PO QD) (n = 5 animals per group). Tumours were
excised for subsequent immunoblot and tissue staining analyses. (c,d) Immunoblots showing HIF-2α protein expression from tumour lysates of
(c) 786-O and (d) A-498 xenografts after 5 days of AB521 treatment. Quantification shown as mean ± SD with each symbol representing an
individual mouse tumour sample. (e,f) IHC performed on fixed tumour samples from (e) 786-O and (f) A-498 xenograft tumours staining for Ki-67,
CD31, cleaved caspase-3 (CC3), and γ-H2AX. Representative images are shown (scale bar = 100 μm). Quantification shown as mean ± SD with
each symbol representing an individual tumour. Unpaired t-test with Welch's correction, *P < 0.05, **P < 0.01, ****P < 0.0001.
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4 | DISCUSSION

The first clinical trial evaluating HIF-2α inhibition as a therapeutic

approach to treat ccRCC was initiated in 2014 (NCT02293980) using

the first-generation small molecule HIF-2α inhibitor PT2385 (also

known as MK-3795). PT2385 was later replaced by a structurally-

related second-generation inhibitor, belzutifan (MK-6482/PT2977),

featuring improved potency and PK properties (Xu et al., 2019) that is

now approved for the treatment of adult patients with pheochromo-

cytoma or paraganglioma (FDA, 2025), advanced RCC (Choueiri

et al., 2024) and VHL disease (Jonasch et al., 2021). Statistically signif-

icant and clinically meaningful results provided the proof-of-concept

for therapeutic targeting of HIF-2α in disease, particularly VHL

mutation-driven cancers, increasing enthusiasm to develop next-

generation HIF-2α inhibitors. Indeed, in addition to AB521, two other

small molecule inhibitors of HIF-2α, NKT2152 and DFF332, have

been tested in Phase 1 clinical trials in patients with ccRCC

[NCT05119335 (Jonasch, McGregor, et al., 2024) and NCT04895748

(Pal et al., 2024), respectively], and a tumour-directed siRNA approach

has been explored as well [ARO-HIF2/zifcasiran, NCT04169711

F IGURE 7 AB521 in combination with the TKI cabozantinib enhances A-498 ccRCC xenograft tumour regression. Cabozantinib (10 or
30 mg�kg�1) and/or AB521 (100 mg�kg�1) were delivered orally once daily (PO QD) at the indicated doses to mice bearing established A-498
xenograft tumours. (a) Tumour volume measurements are shown as mean ± standard error of the mean for each treatment group (n = 9/group).
Statistical analysis was performed in R using a linear model on square root transformed data with paired t-test follow-up with exact Tukey for
control of multiple comparisons (vehicle vs. each treatment arm, AB521 vs. each combination group, cabozantinib vs. same concentration
combination group). (b) Tumour volume measurements for individual animals are shown. The dosing start date and a break in the cabozantinib
treatment (due to compound unavailability) are marked on the x-axis. *P < 0.05, **P < 0.01, ****P < 0.0001.
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(Brugarolas et al., 2024)]. Both small molecules exhibited extraordi-

narily long half-lives (�85 days for DFF332 and �38 days for

NKT2152), negating the utility of dose reductions or drug discontinu-

ations to manage any adverse events. Perhaps for this reason, the

DFF332 study was halted before dose optimisation was completed.

Development of the HIF-2α-targeting siRNA, ARO-HIF2, also was

halted due to low clinical response rate and off-target neurotoxicity

(Brugarolas et al., 2024). The clinical success of belzutifan, paired with

the unique difficulties hindering the advancement of other HIF-2α

inhibitors, provided an opportunity for next-generation HIF-2α inhibi-

tor development. Here, we describe the potential therapeutic benefit

of HIF-2α inhibition by a novel, potent, and selective HIF-2α inhibitor,

AB521 (casdatifan) (Hardman et al., 2025; Mata et al., 2025), that is

suitable for once-daily oral dosing in humans. We note that AB521

was effective at reducing xenograft ccRCC tumour growth, both as a

single agent and in combination with relevant TKI or checkpoint inhib-

itor approaches, and we highlight the potential for HIF-2α inhibition

to act on both cancer and non-cancer cells to combat protumourigenic

signals and progression.

Hypoxic conditions are frequently present within the heteroge-

nous microenvironment of solid tumours and can influence the

behaviour of cancer, stromal, and immune cells (Davis et al., 2022;

Steinberger & Eubank, 2023). Inhibition of endogenous HIF-2α-

regulated targets by AB521 was demonstrated in in vitro cell systems

intended to model cell types and phenotypes present in the TME. In

786-O ccRCC cells, AB521 treatment decreased VEGF protein secre-

tion (Figure 1c), illustrating that inhibition of HIF-2α by AB521 could

directly alter endogenous protein expression in an acute time frame,

and highlighting the potential for AB521 treatment to rapidly reduce

protumourigenic signals within the tumour milieu. In the Hep3B HCC

cell line, AB521 selectively inhibited HIF-2α, but not HIF-1α, depen-

dent gene transcription (Figure 2d,e), demonstrating selectivity

between these two HIF-α isoforms. Moreover, several reports have

identified protumourigenic roles for HIF-2α within stromal and

immune cells. The biology of HIF-2α is well studied in the context of

angiogenesis, and deletion or knockdown of HIF-2α in endothelial

cells can impair tumour vascularization and tumour growth (Skuli

et al., 2009; Skuli et al., 2012; Yamashita et al., 2008). HIF-2α expres-

sion also has been observed in TAMs within multiple tumour types

(Talks et al., 2000), and macrophage expression of HIF-2α was shown

to influence macrophage polarization and to promote tumour growth

through enhanced TAM migration and tumour site infiltration (Imtiyaz

et al., 2010; Takeda et al., 2010). Indeed, using human endothelial cells

to model tumour vascular cells and M2-polarised macrophages to

F IGURE 8 AB521 combined with human anti-PD-1 antibody, zimberelimab, enhances tumour control in a humanized PBMC ccRCC tumour
growth model. (a) Schematic of the experimental design. NSG-MHCI/II DKO mice were injected with A-498 tumour cells, engrafted by
intravenous injection with human PBMCs, and treated with 30 mg�kg�1 AB521 orally once daily (PO QD) and/or 10 mg�kg�1 anti-PD-1
(zimberelimab) by intraperitoneal injection every 3 days (IP Q3D). (b) Tumour volume measurements from each treatment group (n = 5 animals
per group) are shown. Each line represents an individual tumour. The AB521 and zimberelimab treatment start (On Tx) and stop (Off Tx)
timepoints are annotated and horizontal dotted lines serve as reference points for comparison across treatment groups.
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model protumourigenic TAMs, we observed hypoxia-induced tran-

scription of genes involved in angiogenesis, extracellular matrix remo-

delling, myeloid cell recruitment, and glycolytic metabolism (Figure 3).

The expression of these genes was effectively blocked by AB521,

underlining the ability of HIF-2α-inhibition to alter the transcriptome

of non-malignant cells to dampen protumourigenic signals. Taken

together, these findings reinforce the notion that HIF-2α inhibition

may target multiple cellular compartments leading to direct changes in

cancer cell growth and cross-talk, while also acting on stromal cells to

dismantle the protumourigenic microenvironment.

The functional consequences of HIF-2α inhibition on cancer

cells was assessed in vitro and showed that AB521 potently inhib-

ited anchorage-independent growth of 786-O cells in a concentra-

tion dependent manner (Figure 1e). Similar reliance on HIF-2α for

colony formation or spheroid growth has been observed by others

(Cho et al., 2016; Cimmino et al., 2016; Hallis et al., 2023; He

et al., 2019; Kitajima et al., 2018; Lachance et al., 2014), while cell

proliferation in standard 2-D settings was unencumbered by HIF-2α

inhibition or loss as observed here and in agreement with published

findings (Cho et al., 2016; Kondo et al., 2003; Wallace et al., 2016;

Zimmer et al., 2004). Anchorage-independent growth is a hallmark

of transformed cells and a trait of tumour-initiating or cancer stem

cells (CSCs). Notably, hypoxia and HIF-2α have been shown to pro-

mote CSC phenotypes in several settings (Hallis et al., 2023;

Myszczyszyn et al., 2015; O'Reilly et al., 2019; Yan et al., 2022),

and CSCs are regarded as critical targets for cancer treatment due

to their involvement in metastasis, therapy resistance, and post-

treatment relapse (Turdo et al., 2019; Zhou et al., 2021). Our results

are in line with these findings and support the potential for HIF-2α-

inhibition to obstruct the malignant capacity of these difficult-

to-target cells.

In vivo characterization of AB521 revealed favourable PK proper-

ties and oral bioavailability in mice (Figure S5), enabling once-daily

dosing to achieve significant changes in PD markers. PD assessments

included monitoring decreases in the serum hormone EPO, a known

HIF-2α target that is used clinically to confirm HIF-2α inhibitor activity

(Courtney et al., 2017; Courtney et al., 2020; Marathe et al., 2024; Xu

et al., 2019), as well as HIF-2α-dependent human genes expressed by

the ccRCC xenograft tumours (Figure 4). Importantly,

AB521-dependent tumour growth control was observed in our 786-O

and A-498 xenograft studies (Figure 5), thus demonstrating efficacy

of AB521 as a monotherapy in these models. Acute treatment with

AB521 in these models also resulted in a significant reduction of cell

proliferation (as measured by Ki-67) within the tumours (Figure 6e),

which also has been observed with PT2385 treatment (Wallace

et al., 2016). While these studies demonstrate the acute effects of

HIF-2α inhibition on ccRCC tumours, it is important to note that com-

ponents of the tumour microenvironment are missing from these

models due to the necessary use of immunocompromised mice. It

would be interesting in future studies to evaluate the effects of HIF-

2α inhibition in a syngeneic ccRCC model that better recapitulates the

totality of the TME, but to date no HIF-2α-sensitive syngeneic models

have been developed (Stransky et al., 2024).

Reduction in HIF-2α protein caused by AB521 treatment, both

in vitro (Figures 1c and 2a) and in vivo (Figure 6c,d), may ultimately

provide a secondary mechanism to block HIF-2α activity beyond dis-

ruption of HIF-2α-ARNT dimerisation (Figure 1b). This phenomenon is

consistent with past reports profiling other HIF-2α small molecule

inhibitors (Cho et al., 2016; Wallace et al., 2016; Yan et al., 2022). The

exact reason for this inhibitor-dependent loss of HIF-2α protein is not

well understood, although cycloheximide experiments demonstrated

that PT2385 treatment caused a reduction in HIF-2α protein half-life

(Cho et al., 2016), suggesting HIF-2α protein destabilization in the

presence of inhibitor. Alternatively, if HIF-2α stability was dependent

on an ability to dimerize with ARNT, it would explain why small mole-

cule inhibitors that disrupt the HIF-2α-ARNT complex also cause a

reduction in HIF-2α protein. However, no decreases in HIF-2α protein

were observed in siRNA and CRISPR/Cas9 ARNT depletion experi-

ments (Figure S1), indicating that ARNT binding does not influence

HIF-2α stability or protein levels in these cells. Thus, the precise

mechanism(s) by which HIF-2α protein levels are altered in the pres-

ence of inhibitor remains an active area of focus.

In vivo HIF-2α inhibition was evaluated in combination with

either the standard-of-care TKI (cabozantinib) or an anti-PD-1

antibody (zimberelimab), because these are relevant therapeutic

approaches for RCC. Importantly, HIF-2α inhibition did not appear to

impede T-cell functionality (Figure S7), lending credence to the idea

that this targeted therapy does not pose a risk of impairing immune

cell function and may serve as an appealing combination partner for

T-cell-modulating agents. We observed improved tumour control with

both combination strategies (Figures 7 and 8), supporting the poten-

tial advantage of utilizing standard of care approaches in combination

with HIF-2α inhibition. These data also revealed that AB521 could be

beneficial in instances of sub-optimal TKI inhibition (Figure 7), an

important consideration given the need for drug holidays or dose

reductions due to adverse effects associated with broad TKI

inhibition.

Altogether, the results reported here indicate that AB521 is a

potent and selective HIF-2α inhibitor with the ability to effectively

impair HIF-2α-dependent gene transcription and cancer cell growth,

both as a single agent and in combination with two of the most

widely used treatment strategies for ccRCC. AB521, casdatifan, is

currently undergoing clinical evaluation for the treatment of ccRCC

(NCT05536141).
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