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Therapeutic Targeting and Structural Characterization of a

Sotorasib-Modified KRAS G12C-MHC | Complex Demonstrate

Check for
updates

the Antitumor Efficacy of Hapten-Based Strategies

Apurva Pandey', Peter J. Rohweder?, Lieza M. Chan®, Chayanid Ongpipattanakul?, Dong hee Chung?,
Bryce Paolella?, Fiona M. Quimby', Ngoc Nguyen', Kliment A. Verba®, Michael J. Evans',

and Charles S. Craik?

ABSTRA

Antibody-based therapies have emerged as a powerful strategy
for the management of diverse cancers. Unfortunately, tumor-
specific antigens remain challenging to identify and target. Recent
work established that inhibitor-modified peptide adducts derived
from KRAS G12C are competent for antigen presentation via
MHC I and can be targeted by antibody-based therapeutics, of-
fering a means to directly target an intracellular oncoprotein at
the cell surface with combination therapies. Here, we validated
the antigen display of “haptenated” KRAS G12C peptide frag-
ments on tumors in mouse models treated with the FDA-
approved KRAS G12C covalent inhibitor sotorasib using PET/CT
imaging of an **Zr-labeled P1B7 IgG antibody, which selectively
binds sotorasib-modified KRAS G12C-MHC I complexes. Tar-
geting this peptide-MHC I complex with radioligand therapy
using ***Ac- or 'Lu-P1B7 IgG effectively inhibited tumor

Introduction

Targeting tumor-associated antigens is a central tenet of
antibody-based therapies, but truly tumor-specific antigens are ex-
ceedingly rare. One of the most attractive and intuitive classes of
targets is oncoproteins, as they are intrinsically tumor-specific.
However, oncoproteins are typically intracellular, precluding the
development of antibody-based therapeutics that directly target
them at the cell surface. Additionally, oncoproteins differ from their
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growth in combination with sotorasib. Elucidation of the 3.1 A cryo-
EM structure of P1B7 bound to a haptenated KRAS G12C peptide-
MHC I complex confirmed that the sotorasib-modified KRAS G12C
peptide is presented via a canonical binding pose and showed that
P1B7 binds the complex in a T-cell receptor-like manner. Together,
these findings demonstrate the potential value of targeting unique
oncoprotein-derived, haptenated MHC I complexes with radioligand
therapeutics and provide a structural framework for developing next
generation antibodies.

Significance: Radioligand therapy using an antibody targeting
KRAS-derived, sotorasib-modified MHC I complexes elicits an-
titumor effects superior to those of sotorasib alone and provides a
potential strategy to repurpose sotorasib as a hapten to overcome
resistance.

cognate wild-type (WT) proteins by very few mutations, most
commonly a single point mutation, making their specific targeting even
more challenging as distinguishing them from the WT protein must be
achieved based on minor chemical differences. One such potential
oncoprotein target is KRAS, which is mutated in approximately 20% of
all cancers (1, 2). Recently, covalent inhibitors of the KRAS G12C
mutant have been developed and shown efficacy in the clinical man-
agement of G12C mutant cancers (3, 4). By forming an irreversible
bond with the acquired cysteine, these drugs inhibit the mutated KRAS
protein but are unable to react with the WT protein. Because of the
irreversible nature of these inhibitors, the drug-modified cysteine is
maintained through the lifecycle of the protein. Previously, we and
others established that KRAS G12C proteins covalently modified with
irreversible inhibitors can be processed and presented as peptide frag-
ments bearing this covalent modification in MHC I complexes at the
cell surface (5, 6). The antigen presentation process offers a unique
opportunity for therapeutic targeting as it relocates an intracellular
antigen to the cell surface where it is accessible to antibody therapeutics
(7-11). The presentation of inhibitor-modified KRAS G12C peptides
results in a highly unique neoantigen, converting the mutant cysteine
residue into a relatively large and unique chemical epitope, which is
amenable to antibody recognition. This approach repurposes the co-
valent inhibitor as a “hapten,” or a small molecule that is not immu-
nogenic on its own but can elicit an immune response when bound to a
carrier protein (12, 13). Repurposing the preclinical KRAS G12C in-
hibitor ARS1620 as a hapten, we demonstrated that targeting of these
haptenated MHC I complexes with bispecific T-cell engagers resulted in
robust anticancer responses. In order to translate this approach further,
we also identified antibodies that bind to the FDA-approved KRAS
G12C inhibitor sotorasib, including P1B7, an antibody with high

American Association
for Cancer Research

AAC

AACRJournals.org | 329


https://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-24-2450&domain=pdf&date_stamp=2025-1-8
mailto:kliment.verba@ucsf.edu
mailto:michael.evans@ucsf.edu
mailto:Charles.Craik@ucsf.edu
http://dx.doi.org/10.1158/0008-5472.CAN-24-2450
https://aacrjournals.org/

Pandey et al.

affinity and specificity for these sotorasib-modified MHC I complexes
(5). In parallel, others demonstrated that targeting of these sotorasib-
derived MHC I complexes was effective, corroborating the initial study
with the preclinical ARS1620 (6). In both studies, these hapten-targeted
therapies maintained efficacy even in the case of resistance to inhibitor
monotherapy. These results indicate that combination therapies with
inhibitors and hapten-targeted antibodies can offer superior efficacy to
inhibitor monotherapy as well as a means to reclaim therapeutic effi-
cacy in the case of resistance to the covalent inhibitor monotherapy.
Although previous work had focused on the development of T cell-
engaging therapies, clinical development of T cell-based therapeutics
remains challenging for solid tumors due to tumor heterogeneity, poor
tumor penetration of immune effectors, and the immunosuppressive
tumor microenvironment (14, 15). Additionally, MHC I complexes of
a target peptide are presented in low abundance and can be
heterogeneously expressed, making their targeting even more
difficult (16, 17). In exploring alternative therapeutic approaches, we
hypothesized that arming antibodies with therapeutic radioisotopes
could overcome the anticipated challenges with T cell-based
therapeutics. For example a- and B-particles are exquisitely potent

and do not require high receptor copy number (i.e., ~10° per cell) to
confer sufficient genotoxicity for antitumor effects (18). Moreover,
a- and B-particles can deposit ionizations over distances that ex-
ceed one cell diameter, and we hypothesized that crossfire effects
could overcome the heterogeneous expression of peptide-MHC I
complexes within tumors. On this basis, we radiolabeled
P1B7 with actinium-225 (***Ac) or lutetium-177 (*”’Lu), clini-
cally active radioisotopes that produce a- and B-particles, re-
spectively, and tested their antitumor efficacy in vivo. In order to
enable the development of next generation antibodies, we have
also solved the structure of P1B7 bound to the sotorasib-
haptenated A*03:01 MHC I complex using cryo-EM, providing
an atomic understanding of this unique antigen.

Materials and Methods

Lead contact

Further information and requests for resources and reagents
(Table 1) should be directed to and will be fulfilled by the lead
contact, C.S. Craik.

Table 1. Key resources.

Resource Source RRID/identification
Antibodies
P1B7 19G Generated in this study N/A

Bacterial strains
5-alpha E. coli
BL21(DE3) E. coli
Biological samples
Nu/J mice, male
Chemical reagents
KRas peptides (K5, V7)
Fosl peptide
Sotorasib
Adagrasib
Macropa-(PEG)4-TFP
p-SCN-Bn-Deferoxamine
p-SCN-Bn-DOTA
897r(oxalate),
77LuCls
#25Ac(NO3)3
NHS-Fluorescein
Critical commercial reagents and kits
Gold holey carbon 1.2/1.3 400 mesh grids
ExpiFectamine 293 Transfection Kit

Deposited data

P1B7.

V7-Sotorasib*A*03:01 cryo-EM structure

Experimental models: Cell lines

H358

UMUC3

Expi293F
Recombinant DNA

Plasmid: P1B7 heavy chain and light chain
Software and algorithms

Amide

GraphPad Prism 10.2.3

SerialEM

CryoSPARC v3.2.0

UCSF ChimeraX

NEB
NEB

Jackson Laboratory

Synthesized in house
Synthesized in house
MedChemExpress
MedChemExpress

Flavell Lab UCSF

Macrocyclics

Macrocyclics

3D Imaging, LLC

Oak Ridge National Laboratory
Oak Ridge National Laboratory
Thermo Fisher Scientific

Quantifoil
Thermo
Fisher Scientific

N/A

ATCC
ATCC
Gibco

Generated in this study, Twist Biosciences

SourceForge

GraphPad

UC Boulder

Structura Biotechnology Inc.
UC San Francisco

Cat. No. C2987H
Cat. No. C2527H

RRID: RIMSR_JAX:002019

N/A

N/A

Cat. No. HY-114277
Cat. No. HY-130149
N/A

Cat. No.B-705
Cat. No.B-205
N/A

N/A

N/A

Cat. No 46409

N/A
Cat. No.A14524

PDB: 8UDR

RRID: CVCL_1559
RRID: CVCL_1783
RRID: CVCL_D615

N/A

RRID: SCR_005940
RRID: SCR_002798
RRID: SCR_017293
RRID: SCR_016501
RRID: SCR_015872
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Table 1. Key resources. (Cont’d)
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Resource Source RRID/identification
Isolde Cambridge Institute for Medical Research RRID: SCR_025577
RosettaScripts Rosetta Commons RRID: SCR_015701
Coot MRC Laboratory of Molecular Biology RRID: SCR_014222
Phenix Lawrence Berkeley Laboratory RRID: SCR_014224
PISA EMBL-EMI RRID: SCR_015749
FlowJo 10.10 BD RRID: SCR_008520
R Software R project RRID: SCR_001905
MotionCor2 UC San Francisco RRID: SCR_016499

Instruments
AKTA pure Cytiva RRID: SCR_023461
Octet RED384 Sartorius RRID: SCR_023267
CytoFLEX Analyzer Beckman RRID: SCR_019627
Syro Il peptide synthesizer Biotage RRID: SCR_025775
SP GeneVac EZ-2 4.0 SP Scientific RRID: SCR_017367
Waters Acquity UPLC Waters RRID: SCR_025677
Waters Xevo G2-XS Waters RRID: SCR_020885
ND-1000 Spectrophotometer Thermo Fisher Scientific RRID: SCR_016517
Micro PET/CT scanner Inveon, Siemens Healthcare N/A
Hidex automatic gamma counter Hidex RRID: SCR_025751
FEI Vitrobot Mark IV Thermo Fisher Scientific RRID: SCR_025773
Titan Krios G2 @ UCSF advanced microscopy core facility Thermo Fisher Scientific RRID: SCR_025781
K3 Camera GATAN RRID: SCR_019937

Materials availability
We will share all expression plasmids upon request and signing of
a material transfer agreement.

Experimental model and subject details
Cell lines

UMUCS3 (bladder, male, RRID: CVCL_1783) and NCI-H358
(lung, male, RRID: CVCL_1559) cells were maintained in DMEM
(Gibco) + 10% FBS (Gibco) + 1 % penicillin (10,000 U/mL) and
streptomycin (10,000 pg/mL, Gibco). NCI-H358 cells were received
from ATCC and reported negative for Mycoplasma by them.
UMUCS3 cells were originally received from ATCC and provided by
the laboratory of Professor Jonathan Chou where they were vali-
dated by short tandem repeat DNA profiling and tested negative for
Mycoplasma (MycoAlert, Lonza) before handoff of frozen stocks.
All cell line experiments were conducted within 6 months and
~20 to 30 passages from obtaining them from the ATCC or after
being thawed from cryopreservation. No further authentication or
Mycoplasma testing was performed.

Animal studies

All animal experiments were approved by the Institutional Ani-
mal Care and Use Committee at University of California, San
Francisco (IACUC protocol n. AN191219-01ZI). Six- to eight-week-
old male Nu/] mice (RRID: RIMSR_JAX:002019) were purchased
from The Jackson Laboratory and housed with free access to the
water and food. Mice were inoculated with either 4 x 10°
UMUCS3 or H358 cells in a mixture of media and Matrigel (Corning;
v/v 1:1, 100 pL) subcutaneously into the left shoulder (imaging) or
left flank (therapy). Imaging/therapy studies were initiated when the
tumor size reached 100 to 150 mm?® 12 to 14 days after inoculation.

Data analysis and statistical considerations
All in vivo PET data were analyzed using open-source Amide
software (amide.sourceforge.net, RRID: SCR_005940). Reported static

AACRJournals.org

(single time-point data) reflects gamma counting of harvested tissues.
An unpaired, two-tailed Student ¢ test was performed in Prism
(v10.2.3, RRID: SCR_002798) to determine statistically significant
differences between two treatment arms in PET imaging studies. To
evaluate if the tumor volume changes across the time and if the tumor
volumes are different across the treatment arms, we used linear mixed
models with log;, transformation of the tumor volume, in which
mouse was considered as the random effect, whereas time and arm
were considered as the fixed effects. The linear mixed model was fit
by using R (version 4.3.2, RRID: SCR_001905). In all cases, P
values < 0.01 were reported as statistically significant.

General methods

All starting materials were purchased from Acros Organics, Alfa
Aesar, Sigma Aldrich, or TCI America and used without further puri-
fication. Sotorasib and adagrasib were purchased from MedChemEx-
press and used without further purifications (HY-114277, HY-130149).
It was formulated in 10% DMSO, 40% PEG-300, and 50% PBS for
administration via oral gavage. Purity analysis of expressed IgGs was
done via chromatography and SDS-PAGE. Purity analysis of all com-
pounds employed in biological experiments was determined by radio
instant thin layer chromatography (iTLC) analysis of the radioactive
complex species. Percent purity as determined by radio iTLC is reported
individually for each compound; representative iTLC traces employed
for purity analysis are provided within the supporting information. iTLC:
iTLC-SG (Gelman Science Inc.). Method A = mobile phase 20 mmol/L
citric acid (pH = 2). Free 8977 Lu/** Ac moves with solvent front, and
bound ¥Zr/"77Lu/**> Ac stays at the origin. Radiolabeling was carried out
using a general protocol for all compounds reported.

Identification of antibodies from Fab-phage display libraries

The antibodies used in this study have been previously reported
and full methodology for their isolation and characterization can be
found in that publication (5, 19). Briefly, we used a previously de-
scribed human naive B-cell phage display library with a diversity of
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4.1 x 10" to identify Fabs against a sotorasib-labeled MHC I
complex. Fabs were isolated using a previously described protocol
(20). Briefly, the antigen (V7-sotorasib A*03:01 MHC I complex)
was immobilized using streptavidin magnetic beads (Invitrogen)
and exposed to the Fab-phage library for four rounds of panning.
Negative selection was done in rounds 3 and 4 with the cognate
V7 WT A*03:01 MHC I complex. After four rounds of selection,
individual clones were screened in an ELISA for binding to the
target antigen. Clones with a positive signal were sequenced and
unique clones were expressed in BL21(DE3) E. coli (NEB) and
purified for further analysis.

Expression of P1B7 IgG

Mammalian expression constructs for the heavy and light chains
were synthesized by Twist Bioscience. DNA fragments encoding the
heavy chain of the P1B7 Fab isolated from the phage display library
were appended to the human IgG1 heavy chain sequence and cloned
into a pTIT5 expression vector with a signal peptide
(MKHLWFFLLLVAAPRWYVLS). The light chain sequence was
taken directly from the Fab-phage constructs and cloned into a
pTTS5 vector with a signal peptide (MVLQTQVFISLLLWISGAYG).
Expi293F cells (Gibco, RRID: CVCL_D615) were used as supplied
with no further testing and maintained in Expi293 expression me-
dium. On the day before transfection, cells were diluted to 3.0 x 10°
cells/mL and then diluted again on the day of transfection back to
3.0 x 10° cells/mL. Transfection was performed with ExpiFectamine
(Thermo Fisher Scientific) reagent following the manufacturer’s
instructions using 1 ug plasmid per mL culture (0.5 pg heavy chain—
encoding plasmid and 0.5 pg light chain-encoding plasmid). After
5 days, cells were pelleted by centrifugation (4,000 x g, 5 minutes)
and combined with an equal volume of 1x PBS before filtering the
supernatant through a 0.2-um PES membrane filter. The filtrate
was purified at 4°C using a protein A affinity column (HiTrap
MabSelect Xtra 1 mL) using an Akta pure system (Cytiva, RRID:
SCR_023461). Column was pre-equilibrated with five column
volumes of 1x PBS pH 7.4. Filtrate was then applied to column
at 4 mL/minutes, and column was washed with five column
volumes of 1x PBS pH 7.4. Captured IgG was eluted with
pH 3.0 glycine buffer (100 mmol/L) in three fractions of 3 mL
and immediately quenched with 0.75 mL of 1 mol/L pH 8 Tris
buffer. Quenched elution fractions were pooled and concentrated
to a volume of 1 mL. The sample was applied at 4°C to a pre-
equilibrated (1.2 column volumes 1x PBS) size exclusion chroma-
tography (SEC) column (Superdex200 increase 10-300; CV-24 mL)
by inlet injection. SEC running buffer (1x PBS pH 7.4) flowrate was
0.75 mL/minutes for 1.5 column volumes. Elution was collected in
0.5-mL fractions on a 96-well plate. Purified IgG fractions were
pooled and subjected to SDS-PAGE and DSF analysis.

Binding measurements via Octet

Binding of PIB7 IgG was confirmed using an Octet
RED384 instrument (Sartorius, RRID: SCR_023267) as previously
described (5). MHC I complex (125 nmol/L in 1% BSA/PBS) was
immobilized on Sartorius streptavidin SA biosensors for all assays.
All measurements were performed in 1% BSA PBS pH 7.4 in
384 well plates. P1B7 IgG was qualitatively tested via Octet to
confirm functional protein before and after chelator conjugation
steps as quality control. Full dose response experiments with V7-510
A*03:01 and K5-510 A*02:01 employed IgG ranging from 4 pumol/L
to 0.98 nmol/L using 2x dilutions. Association steps were carried
out for 10 minutes, and dissociation steps were carried out for
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5 minutes. A repeated standard 62.5 nmol/L IgG condition was
done in each run and used to normalize for slight variations be-
tween antigen loading density between consecutive runs. The
binding response (nm) at 120 seconds was plotted against IgG
concentration and fit using a nonlinear reduction in Prism to derive
ECs, values.

P1B7 Fab-phage binding characterization via RAPID flow
cytometry

RAPID flow cytometry was performed using previously described
(21). Brietly, freshly prepared phage displaying P1B7 as a Fab was
chemically labeled with NHS-FITC (Thermo Fisher Scientific). Each
MHC I complex (V7-510 A*03:01, K5-510 A*03:01, FosI-510
A*03:01) was immobilized to SPHERO streptavidin polystyrene
bead particles (3.0-3.9 pm) at 10 nmol/L final concentration per
100 pL of beads in 1%BSA PBS. After 1 hour of incubation, samples
were washed with 1% BSA PBS to remove any nonspecific binding.
Flow cytometry analysis was performed on a benchtop Beckman
Cytoflex Analyzer (RRID: SCR_019627). Single bead populations
were gated with FSC and SSC parameters, followed by gating linear
FSA and FSW. The final histogram analysis was done with FITC-A.

MHC | refolding and purification

MHC heavy chain and -2 microglobulin (B2m) were expressed
and purified following a previously reported protocol and used in
Octet experiments to quality control P1B7 IgG (5, 22). MHC I heavy
chain plasmids containing BirA tags at the C-terminus were trans-
formed into BL21(DE3) E. coli coexpressing for in cellulo bio-
tinylation. BirA refolding reactions were performed with various
peptides of interest in refolding buffer [100 mmol/L Tris pH 8.0,
400 mmol/L L-ArginineeHCl, 5 mmol/L reduced glutathione,
0.5 mmol/L oxidized glutathione, 2 mmol/L EDTA, and complete
protease inhibitor cocktail (Roche)]. Briefly, B2m (2 umol/L) and
peptide (10 pmol/L) were diluted into refolding buffer, and then
denatured heavy chain was added to 1 pmol/L. Reactions proceeded
at 10°C for 72 hours. MHC I complexes were purified by SEC as
described above in Expression of P1B7 IgG using an isocratic method
with a Tris buffer (20 mmol/L, pH = 7.0, 150 mmol/L NaCl). Fast
protein liquid chromatography fractions were tested via SDS-PAGE.
Peptides used for MHC I complexes: V7-510 [VVVGAC(Sotorasib)
GVGK], K5-510 [KLVVVGAC(Sotorasib)GV], and Fosl-510
[VLEAHRPIC(Sotorasib)K].

Peptide synthesis and purification

Peptides were synthesized using a Syro II peptide synthesizer
(Biotage, RRID: SCR_025775) using standard N-(9-fluorenyl)
methoxycarbonyl (FMOC) solid phase synthesis as previously de-
scribed (5). All peptides were synthesized at 12.5 pmol scale using
preloaded Wang resin at ambient temperature. All coupling reac-
tions were done with 4.9 eq of O-(1H-6-chlorobenzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluoro-phosphate, 5 eq of FMOC-
AA-OH, and 20 eq of N-methylmorpholine in 500 pL of N,N-di-
methyl formamide (DMF). Each amino acid position was double-
coupled with 8-minute reactions. FMOC-protected N-termini were
deprotected with 500 pL 40% 4-methypiperidine in DMF for
3 minutes, followed by 500 uL 20% 4-methypiperidine in DMF for
10 minutes and six washes with 500 uL of DMF for 3 minutes.
Biotinylation of the N-terminus as performed on resin using 5 eq
biotin, 4.9 eq O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethy-
luronium hexafluoro-phosphate, and 20 eq N-methylmorpholine
in N-methylpyrrolidone with two couplings of 30 minutes each.

CANCER RESEARCH



Peptides were cleaved off resin using 500 pL of cleavage solution
[95% trifluoroacetic acid (TFA), 2.5% water, and 2.5% triisopro-
pylsilane] with shaking for 1 hour before immediate precipitation
in 45 mL of ice-cold 1:1 diethyl ether:hexanes. Precipitated pep-
tides were pelleted, the supernatants were decanted, and the pellets
were allowed to dry at room temperature overnight. Crude pep-
tides were solubilized in 1:1:1 DMSO:acetonitrile:water with 0.1%
TFA and purified by high-performance liquid chromatography on
an Agilent Pursuit 5 C18 column (5 mm bead size, 150 x 21.2 mm)
using an Agilent PrepStar 218 series preparative high-performance
liquid chromatography suite. The mobile phase consisted of water
(0.1% TFA) and an increasing gradient of acetonitrile (0.1% TFA)
from 20% to 80%. Solvent was removed under reduced atmosphere
using a GeneVac EZ-2 4.0 Personal Evaporator (SP scientific,
RRID: SCR_017367) and 50 mmol/L DMSO stocks were made
based on the gross peptide mass. Purity was confirmed by LC/MS
as detailed below. Stocks were stored at —20°C. Covalent modifi-
cation of peptides with sotorasib was done in solution with pre-
viously purified peptides. A volume of 100 pL of 50 mmol/L
peptide solution was added to 100 pL of 100 mmol/L sotorasib and
15 uL neat diisopropylethylamine in 1.5-mL Eppendorf tubes.
Reaction mixtures were rotated for 1 hour at room temperature,
and reactions were stopped by the addition of 20 uL TFA. Products
were then purified as described above. Generated peptides were
used in MHC I complex generation.

LC/MS analysis of synthetic peptides

LC/MS analysis of synthetic peptides was performed as previously
described (5). An aliquot (1 uL) of the peptide solution (typically
10 mmol/L) was diluted with 100 pL 1:1 acetonitrile:water (0.1%
formic acid). The diluted solution (1 pL) was injected onto a Waters
Acquity UPLC BEH C18 1.7 um column (RRID: SCR_025677) and
eluted with a linear gradient of 5% to 95% acetonitrile/water (+0.1%
formic acid) over 3.0 minutes. Chromatograms were recorded with
a UV detector set at 254 nm and a time-of-flight mass spectrometer
(Waters Xevo G2-XS, RRID: SCR_020885).

Bioconjugation of P1B7 IgG

p-SCN-Bn-Deferoxamine (B-705) and p-SCN-Bn-DOTA (B-205)
were purchased from Macrocyclics and directly used for conjuga-
tion to antibody. Macropa-(PEG),-TFP was provided by Kondapa
Naidu Bobba (Flavell Lab, UCSF). Chelator conjugation of
P1B7 IgG was achieved using slight modifications from a previously
published protocol (23-25). Briefly, to 1 mL of P1B7 IgG (2 mg/mL,
1 eq) in PBS, 0.1 mol/L NaHCOj; (200 pL, pH = 9) was added to
adjust the pH of the reaction mixture. p-SCN-DFO (0.040 mg,
4 eq)/ p-SCN-Bn-DOTA (0.548 mg, 60 eq)/Macropa-PEG,-TFP
(0.102 mg, 7.5 eq) dissolved in DMSO was added to the reaction
mixture. The reaction was incubated in an incubator shaker for
2 hours at 37°C. After 2 hours, the reaction mixture was purified
using a G25 desalting column (Cytiva, 28918007). The purified
product was collected in 500-pL fractions and analyzed on a
NanoDrop  spectrophotometer (ND-1000 Spectrophotometer,
RRID: SCR_016517) to calculate the concentration (mg/mL) for
each fraction. The fractions were stored at 4°C until further use.

897r radiolabeling of P1B7 IgG

87r(oxalate), (20 mCi) was received from 3D Imaging, LLC. A
0.1 mol/L Na,CO; solution (50 uL, pH = 9) was added to 897r(oxalate),
(10 mC;j, 50 pL) to adjust the pH to 7. Radiolabeling was performed by
adding 5 mCi (50 pL) **Zr to a reaction mixture of P1B7 IgG (471 pg,
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250 pL, 1.884 mg/mL) in PBS buffer (pH = 7) at 37°C for 1 hour.
Radiolabeling was monitored by radio iTLC using method A. After
1 hour, the reaction mixture was diluted by adding 500 uL PBS and
purified using a PDI0 desalting column (Cytiva, GE17-0851-01). The
isolated ¥Zr-P1B7 IgG (4.56 mCi) was assessed for its purity using radio
iTLC (method A). Purity >99%, RCY = 91%.

77Lu radiolabeling of P1B7 IgG

77LuCl; 75.2 mCi was received from Oak Ridge National Lab-
oratory (RRID: SCR_011475). Radiolabeling was performed by
adding 15 mCi (50 pL) '”’Lu to a reaction mixture of P1B7 IgG (600
ug, 221 uL, 2.715 mg/mL) in NH,OAc buffer (0.2 mol/L, pH = 5.5)
at 37°C for 1 hour. Radiolabeling was monitored by radio iTLC
using method A. After 1 hour, the reaction mixture was purified
using a PD10 desalting column (GE17-0851-01). The isolated '”’Lu-
P1B7 IgG ( 14.25 mCi) was assessed for its purity using radio iTLC
(method A). Purity >99%, RCY = 95%.

2257¢ radiolabeling of P1B7 I1gG

225A¢(NO;); (1 mCi) was received from Oak Ridge National
Laboratory (RRID: SCR_011475) in solid form. A 0.2 mol/L HCI
solution (100 pL) was added to the mother vial to dissolve **Ac(NO3);.
Radiolabeling was performed by adding 45 pCi (10 pL) **Ac to a
reaction mixture of P1B7 IgG (100 pg, 100 pL, 1.001 mg/mL) in
NH,OAc buffer (200 pL, 0.2 mol/L, pH = 5.5) and L-ascorbic acid
(50 pL, 150 mg/mL) at 37°C for 1 hour. Radiolabeling was moni-
tored by radio iTLC using method A. After 1 hour, the reaction
mixture was diluted by adding 200 pL PBS and purified using an
Ultracel 30K centrifugal filtration tube (Millipore) by centrifuging at
10,400 rpm for 5 minutes. PBS (500 puL) was added to the product
and centrifuged at 10,400 rpm for an additional 5 minutes. The
isolated 2**Ac-P1B7 IgG (35 uCi) was assessed for its purity using
radio iTLC (method A). Purity >99%, RCY = 77%.

PET/CT imaging with *°Zr-P1B7 IgG

Mice were treated or untreated with 100 mg/kg sotorasib starting
a day before imaging via oral gavage. A dose of 110 to 120 pCi of
897r-P1B7 IgG (11.77 pg IgG/mouse) in saline was intravenously
injected via tail vein in mice treated or untreated with 100 mg/kg
sotorasib bearing either UMUC3 (RRID: CVCL_1783) or H358
(RRID: CVCL_1559) tumors (n = 4/arm). Mice were imaged on a
micro PET/CT scanner (Inveon, Siemens Healthcare) at 2, 4, 6, 24,
48, 72, 96, and 120 hours after injection. The static scan included
20 minutes of PET data acquisition followed by a 10 minutes CT
acquisition.

Amide (amide.sourceforge.net, RRID: SCR_005940) was used to
analyze the PET/CT scans. Its automated SUV calculation tool was
used by entering decay-corrected injected activity and the animal
weight. For each volume of interest, a spherical VOI (2-3 mm di-
ameter) was drawn and SUV was calculated by VOI statistics.

Biodistribution studies with *°Zr-P1B7 IgG

A dose of 110 to 120 uCi/mouse of *Zr-P1B7 IgG was intrave-
nously injected via tail vein in mice treated or untreated with
100 mg/kg sotorasib bearing either UMUC3 (RRID: CVCL_1783) or
H358 (RRID: CVCL_1559) tumors (n = 4/arm). Mice were sacri-
ficed 120 hours after injection and select organs were harvested.
Radioactivity was counted by using a Hidex automatic gamma
counter (RRID: SCR_025751), and the radioactivity associated with
each organ was expressed as % ID/g.

Cancer Res; 85(2) January 15, 2025 333


http://amide.sourceforge.net/
https://aacrjournals.org/

Pandey et al.

Antitumor assessment studies with 7’Lu-P1B7 IgG

The study was split into four arms (n = 8/arm): saline, sotorasib
(30 or 100 mg/kg), ""Lu-P1B7 IgG (~400 or ~650 uCi/mouse, dosed on
day 1 and 10 or day 1 and 7, respectively), and sotorasib (30 or
100 mg/kg) and """Lu-P1B7 IgG (~400 or ~650 pCi/mouse, dosed on
day 1 and 10 or day 1 and 7, respectively) arm. Mice received either
saline or sotorasib (30 or 100 mg/kg) via oral gavage starting on day
0 and once a day thereafter until the end of dosing on either day 7 or
10. Mice receiving the '””Lu-P1B7 IgG in saline were dosed via tail vein
injection on day 1 and 7 or day 1 and 10. Mice were monitored for
tumor sizes and body weight every other day. Mice were euthanized if
they reached the experimental end point of tumor volume >2,000 mm®
or >20% loss in mouse body weight. Total protein dose was 16.2 pg
IgG/mouse.

Antitumor assessment studies with 22>Ac-P1B7 IgG

The study was split into four arms (n = 8/arm): saline, sotorasib/
adagrasib (30 or 100 mg/kg), *>Ac-P1B7 IgG (~0.5 or ~0.6 pCi/
mouse, dosed on day 1 or on day 1 and 10), and sotorasib/adagrasib
(30 or 100 mg/kg) and ***Ac-P1B7 IgG (~0.5 or ~0.6 uCi/mouse,
dosed on day 1 or on day 1 and 10) arm. Mice received either saline
or sotorasib/adagrasib (30 or 100 mg/kg) via oral gavage starting on
day 0 and once a day thereafter until the end of dosing on either day
7 or 10. Mice receiving the ***Ac-P1B7 IgG were given ~0.5 or ~0.6
uCi dissolved in saline via tail vein injection on day 1 or on day
1 and 10. Mice were monitored for tumor sizes and body weight
every other day. Mice were euthanized if they reached the experi-
mental end point of tumor volume >2,000 mm? or >20% loss in
mouse body weight. Total protein dose was 1.1 pug IgG/mouse.

Cryo-EM sample preparation and data collection

Samples of P1B7 at 26 umol/L and HLA-A*03:01-V7-sotorasib
complex at 29 umol/L were thawed and mixed at a 1:2.5 ratio. Fifty
microliters were injected and purified by SEC with a Superdex
200 increase 3.2/300 column on an AKTA pure (Cytiva, RRID:
SCR_023461) in a buffer containing 20 mmol/L HEPES pH 7.5,
100 mmol/L KCl. The peak fraction was collected and diluted to
0.1 pmol/L. Gold holey carbon 1.2/1.3 400 mesh grids (Quantifoil)
were glow discharged at 15 mA for 30 seconds and coated with
graphene oxide (GO) flakes as described previously (26). Three
microliters of P1B7-HLA-A*03:01-V7-510 sample were added to the
GO-grids, blotted for 6 seconds with blot force zero after a wait time
of 30 seconds at 4°C and 100% humidity in a FEI Vitrobot Mark IV
(Thermo Fisher Scientific, RRID: SCR_025773), and plunged into
liquid ethane.

A total of 3,795 movies were collected with a 3 by 3 image-shift
collection strategy at a nominal magnification of 105,000 (physical
pixel size: 0.835A/pixel) on a Titan Krios G2 (Thermo Fisher Sci-
entific, RRID: SCR_025781) equipped with a K3 camera and a
BioQuantum energy filter (GATAN, RRID: SCR_019937) with a
10 eV energy slit. The collection dose rate was 16 electrons/pixel/
second for a total dose of 45.8 electrons/A% Defocus range
was —0.7 to —2.4 pm. The collection was performed with sem-
iautomated scripts in SerialEM (RRID: SCR_017293; ref. 27).

Cryo-EM image processing and model building

Using MotionCor2 (RRID: SCR_016499), 3,795 movies were motion
corrected and dose-weighted. The dose-weighted summed micrographs
were imported into CryoSPARC(v3.2.0, RRID: SCR_016501; refs. 28,
29). Contrast-transfer function (CTF) parameters and max CTF fit
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resolution were estimated for each micrograph using patchCTF in
CryoSPARC (v3.2.0, RRID: SCR_016501). Micrographs with CTF fit
better than 6 A were selected and subsequently manually curated. Initial
particle picking was carried out with a blob picker, followed by 2D
classification to generate templates. Consequent template-based particle
picking resulted in 760,360 particles, which were sorted via multiple
rounds of 3D classification. Iterative rounds of ab initio reconstruction
and heterogeneous refinement yielded a stack of 288,405 particles. Non-
uniform refinement of these particles lead to a 3.1 A cryo-EM map with
a final applied b-factor of —141.

The P1B7 starting structure was based on a crystal structure of a
human IgG (PDB: 1IMCO; sequence identity 84.17%) for the vari-
able domain and the crystal structure of HPV Ll-directed Fab
(PDB: 7MU4; sequencing identity 72.59%) for the constant domain.
The MHC heavy chain and B2m from the crystal structure of HLA
A*03:01 (PDB: 7UC5) was fit into the density separately and then all
were fit as rigid bodies in ChimeraX (RRID: SCR_015872) into the
cryo-EM map. These IgG structures contained CDR loops mutated
to GS linkers. Both the Fab region and MHC complex were flexibly
fit into the cryo-EM density together using Rosetta (RRID:
SCR_015701) FastRelax mover in torsion space (30). Next, the CDR
loops were mutated to the correct residues in COOT (RRID:
SCR_014222; ref. 31) and then rebuilt into the density using the
iterative fragment sampling Rosetta script (RRID: SCR_015701) to
make 1,920 different models of possible loop conformations (32).
The top 15 of each loop (based on lowest energies and fit) were
manually inspected in ChimeraX (RRID: SCR_015872), and the top
designs from manual examination were selected (29). The P1B7-
V7-sotorasib-A*03:01 complex was further refined in Isolde 1.0
(RRID: SCR_025577) through a plugin for UCSF ChimeraX (RRID:
SCR_015872; ref. 33). At this point, iterative rounds of Isolde,
Rosetta FastRelax (RRID: SCR_015701), and Realspace Refine in
COOT (RRID: SCR_014222) and manual examination were used to
improve the fitting of the model while keeping the geometries re-
alistic. The final structure was validated using phenix.validation_-
cryoem (RRID: SCR_014224; ref. 34). The molecular interfaces and
bond formation were analyzed using the PISA web server (RRID:
SCR_015749; ref. 35). Visualization and figure generation was done
in ChimeraX (RRID: SCR_015872; ref. 29).

Data availability

The three-dimensional cryo-EM density map has been deposited
in the Electron Microscopy Data Bank (EMDB) under accession
number EMD-42151. Atomic coordinates for the atomic model
have been deposited in the RCSB Protein Data Bank (PDB) under
accession number 8UDR. Any additional information required to
reanalyze the data reported in this article is available from the lead
contact upon request.

Results

PET shows sotorasib-dependent tumoral uptake of °Zr-P1B7
lgG in mouse cancer models

P1B7 is an antibody that binds with high affinity to sotorasib-
modified, KRAS G12C-derived MHC I complexes but not cognate
MHC I complexes lacking sotorasib modification (5). P1B7 also shows
cross-reactivity, binding multiple MHC I alleles bearing sotorasib-
modified KRAS G12C peptides with high affinity, including the com-
mon alleles A*02:01 and A*03:01 (Supplementary Fig. S1). To dem-
onstrate antigen display on tumors in vivo and to confirm that
P1B7 localizes to the tumor microenvironment upon sotorasib
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PET/CT study with 8°Zr-P1B7 IgG shows sotorasib treatment augments tumoral uptake of the radiotracer. A, Dosing schema for the study to evaluate the impact
of sotorasib treatment on 8°Zr-P1B7 IgG biodistribution in mice bearing UMUC3 and H358 subcutaneous xenografts. Tumor-bearing male nu/nu mice (n = 4/
arm) were treated with vehicle or sotorasib (100 mg/kg) via oral gavage daily, starting at day 1. Eighteen hours after the first dose, the mice received an i.v.
injection of 8°Zr-P1B7 IgG (day 0). PET/CT studies were conducted at various time points after injection of 9Zr-P1B7 IgG. B, Mean tumoral standardized uptakes
values (SUVean) showing the level of uptake of 897r-P1B7 19G in UMUC3 or H358 xenografts at 48 hours after injection. Sotorasib treatment significantly
increases tumor uptake of 8Zr-P1B7 19G in both UMUC3 and H358 xenografts. *, P < 0.01; unpaired two-tailed Student ¢ test. All data are represented via box and
whisker plots, indicating mean + SD. €, Representative coronal PET/CT images showing the biodistribution of 8°Zr-P1B7 IgG in mice bearing UMUC3 and
H358 subcutaneous xenografts. Arrows, location of the tumor on the left shoulder. Images were acquired at 48 hours after 82Zr-P1B7 IgG injection. 8°Zr-P1B7 IgG
localization is represented by a heatmap of percent injected dose per gram (% ID/g).

treatment, P1B7 IgG was radiolabeled with Zr-89 (zirconium-89)
for PET using established methods (Supplementary Fig. SI; ref.
36). Mice (n = 4/arm) bearing either UMUC3 (human bladder
carcinoma, KRAS GI2C, A*02:01) or H358 (human non-small
cell lung carcinoma, KRAS GI12C, A*03:01) subcutaneous xeno-
grafts were treated with vehicle (saline) or sotorasib (100 mg/kg,
oral gavage) and coadministered **Zr-P1B7 (110-120 pCi/mouse,
IV) according to the schema in Fig. 1A. The first dose of sotorasib
preceded **Zr-P1B7 by 24 hours to ensure that antigen was
present at the time of radiotracer injection. PET/CT acquisitions
at 48 hours after injection showed higher radiotracer uptake in
the tumors of mice treated with sotorasib compared with those
receiving vehicle (Fig. 1B and C). Postmortem analysis of ra-
dioactivity in tumor, blood, and dissected normal tissues showed
that sotorasib treatment only impacted the biodistribution of *Zr-
P1B7 IgG in tumors (Fig. 1B; Supplementary Fig. S2).

Radioligand therapy with 22°Ac-P1B7 IgG displays sotorasib-
dependent antitumor activity

Given the low abundance of peptide MHC I complexes, we first
armed P1B7 with Ac-225, a highly potent a-emitter (18). We chose
to radiolabel the IgG form of P1B7 as we expected the extended
circulation time of the antibody and its high potency would maxi-
mize tumor exposure. Moreover, recent phase II data from patients
with metastatic castration-resistant prostate cancer have shown that
an *Ac-labeled IgG (J591, antiprostate-specific membrane antigen)
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can impart clinical responses with minimal bone marrow suppression
despite a long circulation time (37).

P1B7 IgG was functionalized with the chelator Macropa and
radiolabeled with Ac-225 using an established protocol (Supple-
mentary Fig. S1; refs. 38, 39). Despite having the KRAS G12C allele,
UMUCS is relatively insensitive to sotorasib monotherapy. On this
basis, we established subcutaneous xenografts in mice to test if
225 Ac-P1B7 treatment conferred antitumor effects specifically when
coadministered with sotorasib. Tumor-bearing mice (n = 8/arm)
received (i) saline, (ii) sotorasib (100 mg/kg), (iii) 225A¢-P1B7 IgG
(0.5 uCi/dose), or (iv) sotorasib (100 mg/kg) with ***Ac-P1B7 IgG
(0.5 uCi/dose) according to the treatment scheme outlined in
Fig. 2A. Following cessation of treatment on day 10, xenografts
were followed for a total of 28 days (Fig. 2B). In order to evaluate
significant changes in tumor volumes among treatment arms over
the full duration of the study, we utilized linear mixed models as
described in Materials and Methods. The statistical analysis showed
that coadministering sotorasib with **>Ac-P1B7 significantly
inhibited tumor growth compared with treatment arms receiving
vehicle, sotorasib, or **?Ac-P1B7 alone (P < 0.001). The compara-
tively milder antitumor effects of *Ac-P1B7 monotherapy are
likely attributable to nonspecific background tumor accumula-
tion observed on the PET/CT study (Fig. 1), which may be
driven by the enhanced permeability and retention effect (40,
41). An additional study utilizing a reduced dose of sotorasib
(30 mg/kg) was carried out (Supplementary Fig. S3). Despite this
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The antitumor effects of 22°>Ac-P1B7 1gG are potentiated by treatment of tumors with sotorasib but not adagrasib. A, Schema showing the treatment arms and
dosing schedule for the antitumor assessment study of 2>Ac-P1B7 IgG in mice bearing subcutaneous UMUC3 xenografts. Tumor-bearing male nu/nu mice
(n = 8/arm) received KRAS G12C inhibitor (sotorasib or adagrasib, 100 mg/kg) via oral gavage daily, starting on day O. Eighteen hours after the first inhibitor
dose, mice received 2*Ac-P1B7 IgG (0.5 uCi) intravenously. Inhibitor was dosed daily until day 10 when a second dose of 2*>Ac-P1B7 IgG (0.5 uCi) was given and
all subsequent treatment ceased. B, Tumor volume data from each treatment arm of sotorasib study represented as mean + SD. Coadministration of sotorasib
with 22°Ac-P1B7 resulted in significantly reduced tumor burden when compared with all other treatment arms (linear mixed model). ***, P < 0.001. P values are
shown for cotreatment against all other arms. C, Tumor volume data from each treatment arm of adagrasib study are represented as mean + SD.
Coadministration of 22°Ac-P1B7 with adagrasib did not further suppress tumor growth compared with treatment with adagrasib alone (linear mixed model;
P = 0.951). All data are represented as mean + SD. P values are shown for cotreatment against all other arms. ns, nonsignificant. (A, Created with BioRender.

com.)

reduction in sotorasib dose and treatment with only a single dose
of 2*Ac-P1B7 (0.6 uCi), the combination therapy remained ef-
ficacious, resulting in a statistically significant (P < 0.001) re-
duction in tumor burden compared with all other treatment
arms (Supplementary Fig. S3).

To test the specificity of **Ac-P1B7 IgG, a separate cohort of mice
bearing UMUC3 tumors was treated with the structurally distinct
KRAS GI12C inhibitor adagrasib (4). Mice (n = 8/arm) received (i)
saline, (ii) adagrasib (100 mg/kg), (iii) 225Ac-P1B7 IgG (0.5 uCi/dose),
or (iv) adagrasib (100 mg/kg) with 25 Ac-P1B7 IgG (0.5 pCi/dose)
according to the treatment schedule outlined in Fig. 2A. Following
cessation of all treatment on day 10, xenografts were followed for a
total of 28 days. Due to its increased potency, adagrasib treatment
suppressed tumor growth to a greater extent than the same dose
of sotorasib (Fig. 2C). However, cotreating mice with adagrasib
and ***Ac-P1B7 IgG did not further inhibit tumor growth when
compared with treatment with adagrasib alone (P = 0.951). Due
to the potency of adagrasib monotherapy, these two conditions
both show strong tumor suppression during the period when
adagrasib was administered, but xenografts treated with either
adagrasib condition rapidly rebounded after cessation of inhib-
itor treatment on day 10, in stark contrast to treatment with
223 Ac-P1B7 IgG and sotorasib, which was protective through the
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entire length of the study (Fig. 2B). This result is consistent with
P1B7’s specificity for sotorasib-derived antigens.

177 u-P1B7 IgG inhibits tumor growth by targeting sotorasib-
labeled MHC | complexes

We next evaluated P1B7 IgG labeled with Lu-177 to determine if a
radioisotope with low linear energy transfer would confer antitumor
effects. '”’Lu-P1B7 IgG was synthesized and characterized according
to previously established methods (Supplementary Fig. S1; refs. 23,
36). Mice bearing subcutaneous UMUC3 xenografts (n = 8/arm)
received (i) saline, (ii) sotorasib (100 mg/kg), (iii) 7Lu-P1B7 IeG
(400 pCi/dose), or (iv) sotorasib (100 mg/kg) and 77Lu-P1B7 IgG
(400 uCi/dose) according to the dosing scheme outlined in Fig. 3A.
Following cessation of treatment on day 10, xenografts were followed
for a total of 28 days. Treating mice with either sotorasib or '”’Lu-
P1B7 IgG alone did not inhibit tumor growth (Fig. 3B). However,
cotreatment of '’Lu-P1B7 IgG with sotorasib resulted in significant
inhibition of tumor growth compared with the other treatment arms
(P < 0.001; Fig. 3B; Supplementary Fig. S4).

We next tested if '”’Lu-P1B7 could inhibit the growth of tumors
exposed to a lower dose of sotorasib. A cohort of mice bearing
UMUCS3 tumors as treated with (i) saline, (ii) sotorasib (30 mg/kg),
(iii) "’Lu-P1B7 IgG (650 uCi/dose), or (iv) sotorasib (30 mg/kg)

CANCER RESEARCH


http://BioRender.com
http://BioRender.com

A
. Sotorasib 77Lu-P1B7 IgG
Vehicl
@ Vehicle ® o mg/kg) L (400 uCi)
N
>
>

Time(daysy 0 1 2 3 4 5 6 7 8 9 10

B -@-Saline -4 Sotorasib
177 y-P1B7 ~#-'""Lu-P1B7 + sotorasib
2,000 -
&
€
£ 1,500
[0)
€
> 1,000
*
g % z ¥
— *
o 4
e 500
=]
|_
0 T T T T T 1
0 5 10 15 20 25 30
Day
Condition P value
Saline <0.001
77Lu-P1B7 <0.001
Sotorasib <0.001

Figure 3.

Targeting of Sotorasib-Modified KRAS G12C-MHC |

. Sotorasib 77Lu-P1B7 IgG
Vehicle
e ® (30 mg/kg) ® e
. »
>
@ >
Time(daysy 0 1 2 3 4 5 6 7
D -®-Saline -&Sotorasib
W-177) (- —=177] - i
2500 Lu-P1B7 Lu-P1B7 + sotorasib
T
g 2,000 A
2 1,500
=2
S 1,000 .
5 ek
* *
£ 5001 J;
'_
0 T T T 1
0 5 10 15 20
Day
Condition P value
Saline <0.001
177Lu-P1B7 <0.001
Sotorasib <0.001

The antitumor effects of 7’Lu-P1B7 IgG are sotorasib-dependent. A, Schema showing the treatment arms and dosing schedule for antitumor assessment study
of 7Lu-P1B7 I19G in mice bearing UMUC3 xenografts. Tumor-bearing male nu/nu mice (n = 8/arm) received sotorasib (100 mg/kg) via oral gavage daily for
11 days, starting at day O. Eighteen hours after the first dose and on day 10, mice received "7’Lu-P1B7 IgG (400 uCi) intravenously. B, Plot showing the impact of
treatments on UMUC3 xenograft volume. All data are represented as mean + SD. Cotreatment with "7’Lu-P1B7 IgG and sotorasib resulted in significantly reduced
tumor burden when compared with all other treatment arms (linear mixed model). ***, P < 0.001. P values are shown for cotreatment against all other arms. C,
Schema showing the treatment arms and dosing schedule for antitumor assessment study of '’’Lu-P1B7 I9G in mice bearing UMUC3 xenografts. Tumor-bearing
male nu/nu mice (n = 7/arm) received sotorasib (30 mg/kg) via oral gavage daily for 8 days, starting at day 0. Eighteen hours after the first dose and on day 7,
mice received "7Lu-P1B7 IgG (650 uCi) intravenously. D, Plot showing the impact of treatments on UMUC3 xenograft volume. All data are represented as mean +
SD. Cotreatment of mice with sotorasib and "7’Lu-P1B7 IgG resulted in significantly reduced tumor burden when compared with all other treatment arms (linear
mixed model). ***, P < 0.001. P values are shown for cotreatment against all other arms. (A and C, Created with BioRender.com.)

and '""Lu-P1B7 IgG (650 puCi/dose) according to the dosing scheme
outlined in Fig. 3C. Following cessation of treatment on day 7, mice
were followed for a total of 18 days. As expected, treatment with
sotorasib or '’’Lu-P1B7 IgG alone was ineffective, but combination
therapy significantly inhibited tumor growth compared with the
other treatment arms (P < 0.001; Fig. 3D; Supplementary Fig. S4).

To evaluate the efficacy of the '”"Lu-P1B7 RLT in another biological
replicate, we carried out an antitumor assessment study in male nu/nu
mice bearing subcutaneous H358 xenografts using the study design
detailed in Supplementary Fig. S5. Combination therapy with sotorasib
and ""Lu-P1B7 IgG significantly inhibited tumor growth compared
with all other treatment arms (P < 0.001), although the slower overall
growth rate and greater sotorasib sensitivity of H358 xenografts resulted
in less well-resolved cohorts relative to the UMUC3 xenograft model
(Supplementary Fig. S5B). Collectively, these results demonstrate that
sotorasib-derived MHC I complexes are an appropriate target for RLT
and that cotreatment of a P1B7 RLT with sotorasib results in superior
therapeutic benefit to treatment with inhibitor alone.

Structural characterization of the P1B7:V7-sotorasib
A*03:01 MHC | complex with cryo-EM

Having demonstrated P1B7’s efficacy as a RLT, we next sought to
understand its binding mode through structural elucidation with cryo-
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EM. P1B7 shows exquisite specificity for the inhibitor-modified MHC I
complex (Fab Kp = 15 nmol/L) over the cognate WT MHC I complex
(binding not detected, Fab Kp > 1 umol/L), implying that the sotorasib
moiety is critical for its binding (5). To better understand the molecular
determinants of P1B7s specificity toward the V7-sotorasib
A*03:01 MHC I complex, we solved a 3.1 A cryo-EM structure of the
complex (Fig. 4; Supplementary Figs. S6-S9; Supplementary Table S1).
The resulting structure captures key elements of our therapeutic design
approach. P1B7 binds the complex at the interface of the MHC I
protein and the presented, sotorasib-modified peptide, much like a
T-cell receptor (TCR; Fig. 4A). The sotorasib-modified KRAS G12C
peptide V7 [VVVGAC(Sotorasib)GVGK] binds to the A*03:01 MHC I
complex via a canonical binding pose, positioning valine-7 and valine-8
as N-terminal anchors in the A and B pockets and lysine-16 as a
C-terminal anchor in the F pocket (Fig. 4B; ref. 42). This binding pose
is consistent with the crystal structure of the WT V7 peptide in A*03:01,
indicating that the drug modification does not significantly shift the
binding of the peptide backbone to the A*03:01 MHC I complex
(Supplementary Fig. S8A-S8C; ref. 43). This positioning of the cargo
peptide is similar to what is typically observed in MHC I structures,
corroborating a large body of work showing that post-translational
modifications on peptides are well-tolerated in MHC I complexes (44,
45). There is a clear coulombic potential density branching from the
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Cryo-EM structure of P1B7 bound to V7-sotorasib A*03:01 MHC | complex (PDB 8UDR). A, A 31-A cryo-EM map and resulting structural model of PIB7 bound to the
A*03:01 MHC | complex presenting the covalently modified KRAS peptide V7-sotorasib [VVVGAC(Sotorasib)GVGK]. B, Zoomed-in view of V7-sotorasib peptide
superimposed with cryo-EM density illustrating the MHC | protein (purple) binding the V7-sotorasib peptide (orange) via a canonical binding pose, using N-terminal
(V7 and V8) and C-terminal (K16) anchor residues. The sotorasib-modified cysteine side chain protrudes above the MHC | peptide binding cleft. C, P1B7 binds sotorasib
(orange) at the interface of its heavy (dark green) and light chain (light green) via two small pockets that accommodate the 2-fluoro-6-hydroxyphenyl and 2-isoproyl-4-
methyl- pyridin-3-yl groups of sotorasib. Additionally, sotorasib is hydrogen bonded with R75 of the PIB7 heavy chain. D, Top view of the A*03:01 MHC | complex (surface
representation) shown in gray, with P1B7 contacting residues colored by corresponding CDR loops. E, Zoomed-in view of P1B7 and MHC interface (dashed black box in A)
highlighting intermolecular polar interactions between the CDR loops of PIB7 and the MHC a-helix I. Additionally, sotorasib is hydrogen bonded with R75 of the

P1B7 heavy chain CDR1 loop.

middle of the peptide, which is well accounted for by the covalently
attached sotorasib, indicating that the drug modification is pointed up
toward solvent where it is accessible for binding by P1B7. The drug is
nestled in a shallow pocket at the interface between the variable do-
mains of the heavy and light chains of P1B7 using the residues of
complementarity-determining regions CDR2 (Y73, R75, and Y79) and
CDR3 (P127) of its heavy chain and CDR3 (H113 and T118) of its light
chain (Fig. 4C). P1B7 directly contacts the presenting MHC I protein
predominantly at its a-1 helix (Fig. 4D). The PIB7-MHC I binding is
driven by polar interactions through the light chain CDR1 (N53 and
R88) and CDR2 (D72), whereas the heavy chain CDRI1 (R75) forms a
hydrogen bond with the sotorasib adduct (Fig. 4E). The V7-sotorasib
peptide accounts for approximately 38% of the buried surface area of
P1B7’s epitope, contributing slightly more binding surface than what is
typically observed with peptides in TCR-MHC I complex structures in
the RCSB Protein Data Bank (~29%; ref. 46). Particularly interesting is
the positioning of P1B7 relative to the MHC I complex as it binds the
complex at an angle of 30° from perpendicular, approaching from the
C-terminal side of the presented peptide (Fig. 4D; Supplementary
Fig. S8D). This is considerably different from most previously solved
TCR-MHC I structures where the approach of the TCR is perpen-
dicular to the plane of the peptide binding cleft and typically contacts
the middle of the peptide cargo (Supplementary Fig. S8D and S8E;
ref. 46). This unique binding pose is most similar to TCR recognition
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of lipid-presenting MHC I complexes (Supplementary Fig. S8E; refs.
47, 48). Compared with TCRs, which are evolutionarily selected for a
standard binding pose, engineered MHC I-binding antibodies are
unrestricted and more diverse in their binding approach. This is
demonstrated by the comparison of P1B7’s binding mode to that of
R023, another antibody that binds the V7-sotorasib A*03:01 MHC I
complex (49). Despite binding the same antigen, these two antibodies
approach from opposite sides of the MHC I complex, although both
binding angles are more extreme than what is typically observed for
TCR-MHC I structures (Supplementary Fig. S9). Overall, this cryo-
EM structure provides an atomic-level understanding of the binding
of a sotorasib-modified KRAS peptide to the A*03:01 MHC I com-
plex and of P1B7’s recognition of this unique composite surface. This
structure serves as a roadmap for structure-guided development of
next-generation antibodies with optimized binding properties to
haptenated peptide-MHC I complexes.

Discussion

The results of this study demonstrate that sotorasib-modified
MHC I complexes can be targeted with radioligand therapeutics,
offering superior antitumor effects to treatment with sotorasib
alone. Using P1B7, we were able to specifically target a sotorasib-
modified, KRAS G12C-derived MHC I complex in xenograft
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models of KRAS GI12C tumors. Cotreatment of ***Ac-P1B7 with
adagrasib, a structurally unique inhibitor of the same target protein,
did not result in the same tumor-suppressive effects as cotreatment
with sotorasib. These data support that the therapeutic efficacy of
the combination was the result of specific binding to sotorasib-
derived antigens rather than a simple additive effect of KRAS G12C
inhibition and nonspecific accumulation of radiolabeled IgG in the
tumor microenvironment. Critically, this approach was effective
even when xenografts were treated with sublethal doses of inhibitor.
Roughly half of all patients treated with sotorasib and adagrasib
display innate resistance to inhibitor monotherapy despite KRAS
GI12C mutational status, and responsive patients typically develop
resistance within 6 to 12 months, dramatically reducing the clinical
benefit of these breakthrough therapeutics (4, 50). Despite this high
rate of resistance, most patients retain the original KRAS GI12C
mutation, achieving resistance through amplification of compensa-
tory pathways rather than mutation of the mutant cysteine used for
covalent inhibition (51). Because of this conservation of mutant
KRAS G12C protein expression, our approach offers the potential to
not only improve the efficacy of inhibitor monotherapy but also a
means to reclaim the therapeutic efficacy of sotorasib in the case of
acquired and innate resistance by repurposing sotorasib as a hapten.

The somewhat unexpected finding that low abundance peptide
MHC I complexes can be targeted for RLT may help to reframe the
ongoing discussion about the ideal properties of an RLT target.
Indeed, much of the clinical renaissance in nuclear medicine has
been driven by the design choice to prioritize low molecular weight
RLTs that rapidly exit the bloodstream to minimize bone marrow
suppression. Committing to rapidly clearing targeting agents in turn
necessitates that the protein drug target has exceptionally high ex-
pression (>10> copies per cell) and a domain evolved for high af-
finity interactions with ligands (Kp < nmol/L). Relatively few targets
in biology have met these criteria. Moreover, none of the high-
profile targets for RLT (e.g., prostate-specific membrane antigen,
fibroblast activated protein a, and carbonic anhydrase 9) are tumor
specific, and on-target, off-tissue binding limits the injectable dose
and can undermine the antitumor efficacy of RLTs. Interestingly,
the efficacy of the P1B7 IgG-based radioligand therapies is com-
parable to previous work targeting CDCP1, an antigen with ~10°
copies per cell in the xenograft models tested despite the fact that
individual MHC I complexes are typically presented on the order of
~10" to 107 copies per cell (36, 52). We are optimistic that our data
may stimulate interest in studying more tumor specific candidates,
such as oncoprotein-derived MHC I complexes, regardless of their
copy number per cell. Meanwhile, the emerging clinical data with
Ac-225-]abeled IgGs like J591 showing efficacy at tolerable doses are
timely, as an IgG format may be necessary to achieve the level of
tumor exposure required to confer antitumor effects against low
abundance targets (37).

It has long been appreciated that MHC I complexes can bind
and present noncanonical and post-translationally modified
(PTM) peptides as part of the adaptive immune system, but the
limits of tolerance for unique peptide presentation remain open-
ended. A growing body of work has elaborated on a subset of these
unique peptide-MHC I complexes—those modulated not by en-
dogenous PTMs but by xenobiotics (5, 6, 53, 54). The comparison
of our sotorasib-modified MHC I structure to the structures of
other  MHC 1 complexes in the PDB indicates that the
A*03:01 complex accommodates this inhibitor-modified peptide
via a standard binding pose, using the same binding mode seen in
a structure of the cognate WT peptide presented by the same
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A*03:01 allele despite the relatively large sotorasib modification on
the mutant cysteine (43). Interestingly, the same V7-sotorasib
A*03:01 MHC I complex bound by a different antibody shows the
sotorasib-modified cysteine residue pointing in the opposite di-
rection, demonstrating that although the binding pose of anchor
residues buried in the MHC I complex is typically conserved, the
positioning of solvent-exposed side chains can be quite flexible
(49). P1B7 binds this V7-sotorasib A*03:01 complex in a non-
canonical manner relative to native TCR-MHC I complexes, being
positioned at a considerably different angle than what is typically
observed. The standard TCR-MHC I binding pose is well-
conserved and previous work has indicated that changes to the
binding pose can have strong effects on downstream signaling
competency (55). PIB7’s unique binding pose may restrict its
signaling competency in T cell-based applications.

The results presented herein demonstrate the potential value of
targeting these unique oncoprotein-derived, haptenated MHC I
complexes with radioligand therapeutics. The cryo-EM structure
suggests that these covalently modified peptides are well-
tolerated by MHC I complexes and that other PTM- or cova-
lent inhibitor-modified peptide fragments are likely capable of
forming stable MHC I complexes as well. These highly unique,
tumor-specific antigens could be appropriate targets for thera-
peutic development. Although acquired cysteines on oncopro-
teins are relatively rare, this approach could be applied to
additional systems, such as conserved cysteines whose chemical
reactivity is altered by oncogenic mutations, like in the case of
third generation EGFR inhibitors that target the T790M-resistant
mutant via a WT cysteine residue, or even to systems where the
chemical entity is only an alkylator and not an inhibitor of en-
zymatic activity (56, 57). This potential flexibility in hapten
character and the results presented herein suggest that this
hapten-based therapeutic strategy could serve as a general, plat-
form approach to therapeutic development.
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