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SUMMARY
Immunotargeting of tumor-specific antigens is a powerful therapeutic strategy. Immunotherapies directed at
MHC-I complexes have expanded the scope of antigens and enabled the direct targeting of intracellular on-
coproteins at the cell surface. We asked whether covalent drugs that alkylate mutated residues on oncopro-
teins could act as haptens to generate unique MHC-I-restricted neoantigens. Here, we report that KRAS
G12C mutant cells treated with the covalent inhibitor ARS1620 present ARS1620-modified peptides in
MHC-I complexes. Using ARS1620-specific antibodies identified by phage display, we show that these
haptenated MHC-I complexes can serve as tumor-specific neoantigens and that a bispecific T cell engager
construct based on a hapten-specific antibody elicits a cytotoxic T cell response against KRAS G12C cells,
including those resistant to direct KRAS G12C inhibition. With multiple K-RAS G12C inhibitors in clinical use
or undergoing clinical trials, our results present a strategy to enhance their efficacy and overcome the rapidly
arising tumor resistance.
INTRODUCTION

Targeting of tumor- or tissue-specific cell surface antigens is a

central tenet of antibody-based (Bargou et al., 2008), cell-based

(June et al., 2018), and chemically mediated cancer immuno-

therapy (McEnaney et al., 2012). While the search for such tu-

mor-specific cell surface antigens has been extensive (Schu-

macher and Schreiber, 2015), few have been identified over

the last 30 years. Oncogenic driver mutations, by contrast, are

very common and are exclusively expressed in tumor cells but

not normal tissues. However, the vast majority of mutant onco-

proteins are intracellular and thus beyond the reach of anti-

body-based therapeutic modalities. Targeting oncogene-

derived peptide fragments (neoantigens) presented by class I

major histocompatibility complex (MHC class I) using T cell re-

ceptor-mimicking antibodies is a promising strategy (Chang

et al., 2017; Dao et al., 2013; Hsiue et al., 2021; Li et al., 2017;

Low et al., 2019), but it is challenging to identify antibodies spe-

cific for a single amino acid substitution in the context of a partic-

ular MHC class I (human leukocyte antigen [HLA]) allele. Somatic

mutations that introduce a cysteine residue, such as KRAS
1060 Cancer Cell 40, 1060–1069, September 12, 2022 ª 2022 The A
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p.G12C, that can be covalently targeted by cell-permeable

drugs provide an opportunity for simplified antibody recognition

of cancer cells. If the covalently modified K-Ras(G12C) oncopro-

tein could undergo antigen processing and presentation, then it

would produce peptide-MHC class I complexes that contain the

drug as a molecular feature (hapten) readily recognizable by

therapeutic antibodies. In addition, the formation of these MHC

class I complexes would benefit from increased MHC class I

expression as a result of K-Ras inhibition (Canon et al., 2019; Ya-

mamoto et al., 2020).

Here, we report that covalent modification of K-Ras(G12C) at

the tumor-specific cysteine results in the presentation of hapten-

ated peptides by MHC class I. Using a naive human Bcell-

derived Fab (fragment antigen binding)-phage library (Duriseti

et al., 2010), we identified a recombinant antibody, P1A4, that

specifically recognizes K-Ras(G12C)-derived peptides modified

by the investigational inhibitor ARS1620. A bispecific T cell en-

gager (BiTE) constructed from this antibody clone selectively

induced a cytolytic T cell response that killed ARS1620-resistant

KRAS G12C mutant cells in vitro. Our study demonstrates that

MHC class I peptides derived from covalently modified
uthors. Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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intracellular proteins provide a unique source of tumor-specific

neoantigens that require the presence of a somatic KRAS

G12C mutation and its modification by a covalent K-Ras

G12C-specific drug. These neoantigens, bearing a distinct

chemical modification, can be readily targeted with an immune

cell killing modality that overcomes tumor resistance to direct

target inhibition.

RESULTS

ARS1620 modified K-Ras G12C peptides are competent
for antigen presentation
KRAS G12C is one of the most prevalent oncogenic driver muta-

tions in lung and colon cancer (Prior et al., 2012). While covalent

inhibitors (e.g., sotorasib/AMG510 [Canon et al., 2019; Fakih

et al., 2019], adagrasib [Papadopoulos et al., 2019], JNJ-

74699157 [Janssen Research & Development, 2020],

LY3499446 [Eli Lilly and Company, 2021], ARS1620 [Janes

et al., 2018]) that specifically react with the acquired cysteine

(Cys12) residue have been reported to rapidly engage cellular

K-Ras(G12C) proteins and drive tumor regression in mouse

models and clinically (Fakih et al., 2019; Janes et al., 2018), not

all patients with a KRAS G12C mutation respond to

K-Ras(G12C) inhibitors (Canon et al., 2019; Fakih et al., 2019).

Clinical resistance to both sotorasib and adagrasib have already

been observed (Awad et al., 2021; Koga et al., 2021; Tanaka

et al., 2021), with various mechanisms including mutations on

the wild-type (WT) KRAS allele in trans. However, most resistant

tumors retain the expression of KRAS G12C (Awad et al., 2021).

Therefore, an immunotherapy that targets the KRAS G12C mu-

tation would likely circumvent these resistance mechanisms

and benefit a large patient population.

We hypothesized that a covalently modified K-Ras(G12C) pro-

tein could be processed by the antigen presentation machinery

to generate tumor-specific neoepitopes. Although MHC class I

presentation of mutant K-Ras peptides has been observed in pa-

tients (Tran et al., 2016; Wang et al., 2016), it remains unknown

whether a covalently attached inhibitor would interfere with anti-

gen processing and subsequent binding to MHC class I com-

plexes. We chose to address this question using the investiga-

tional K-Ras(G12C) inhibitor ARS1620, as it was an advanced

drug candidate with the most published data available at the

time of our investigation (Figure 1A). We focused on two com-

mon MHC class I alleles, HLA-A*02:01 and HLA-A*03:01, for

which K-Ras peptide epitopes containing the mutant cysteine

have been reported in the Immune Epitope DataBase (IEDB).

We synthesized peptides KLVVVGAC*GV (K5-ARS) and

VVVGAC*GVGK (V7-ARS), in which C* denotes the ARS1620-

modified cysteine, by solid-phase peptide synthesis followed

by base-mediated Michael addition to introduce ARS1620 onto

Cys12. These two ARS1620-modified peptides readily formed

functional MHC class I complexes with HLA-A*02:01 and HLA-

A*03:01, respectively, in an in vitroMHC refolding assay (Kristen-

sen et al., 2002) in which complex formation was detected by a

sandwich enzyme-linked immunosorbent assay (ELISA) (Fig-

ure 1B). Furthermore, the K5-ARS peptide stabilized HLA-

A*02:01 expression on the surface of T2 cells, which express

HLA-A*02:01 but are deficient in the transporter associated

with antigen processing (TAP) genes and only form functional
MHC complexes with exogenously supplied cognate peptides

(Stuber et al., 1992, 1994) (Figure 1C). The introduction of

ARS1620 onto the K5 peptide resulted in slightly reduced ther-

mal stability (Tm = 39.2�C) compared to that of the WT

(Tm = 40.8�C), G12D (Tm = 41.3�C), and G12V (Tm = 46.1�C) K5
peptides, as measured by differential scanning fluorimetry

(DSF) with recombinant MHC class I complexes (Figure 1D).

Together, these results confirm that K-Ras peptides can be

bound by two common MHC class I alleles and that inhibitor

modification of the peptide is tolerated by the peptide-binding

cleft in the alleles examined.

Identification and characterization of ARS1620-specific
antibodies
To enable the therapeutic targeting of ARS1620-modified pep-

tide epitopes, we used a naive human B cell-derived Fab-phage

library consisting of 4.1 3 1010 unique clones to discover anti-

body fragments that specifically bind ARS1620-modified pep-

tides (Duriseti et al., 2010). Fab-phage were selected through

binding to an ARS1620-modified, K-Ras(G12C)-derived peptide

with an N-terminal biotin (Biotin-GAC*GVGKSAL) immobilized

on streptavidin-coated magnetic beads. To enrich for binders

that recognize ARS1620, we also performed negative selections

using the unmodified peptide (Biotin-GACGVGKSAL). After 4

rounds of selection, we screened 186 phage clones by ELISA

and Sanger sequenced the binding clones. We identified five

unique Fabs and expressed them recombinantly for biophysical

and biochemical characterization. All 5 clones showed specific

and high-affinity binding to an ARS1620-labeled peptide, with af-

finities ranging from 14 to 51 nM (Figure S1B). One clone, P1A4,

featured a relatively short heavy-chain complementarity-deter-

mining region 3 (CDR3; Figure 2A), aswell as a remarkable selec-

tivity for the S atropisomer of ARS1620 (Figure S1A). We

reasoned that the short CDR3 loopmay create a concave pocket

privileged for hapten recognition and therefore chose this clone

for further study.

P1A4 exhibits similarly high affinities for the ARS1620-modi-

fied K5 peptide (K5-ARS) both as a free peptide (58 nM) and

when presented in the A*02:01 MHC class I complex (62 nM)

(Figures 2B and 2C). P1A4 also showed high affinity for the V7-

ARS A*03:01 MHC class I complex (25 nM), confirming that it

is able to bind ARS1620 in MHC class I complexes without a

reduction in binding potency (Figure 2D). We further confirmed

the specificity of P1A4 for ARS1620 by DSF: P1A4 was stabilized

both by an ARS1620-labeled peptide and by free ARS1620, with

its melting temperature increasing by 5.6�C and 6.2�C, respec-
tively (Figure S1C). Only relatively minor thermal stabilization

(3.5�C) was observed for P1A4, with a peptide labeled with the

R atropisomer of ARS1620, confirming P1A4 makes highly spe-

cific interactions with ARS1620 (Figure S1C). The effect of the

peptide carrier sequence on P1A4 binding was further tested

by biolayer interferometry using a suite of peptides modified

with ARS-1620. P1A4 showed similar affinity to all of the labeled

peptides tested in this assay (Figure S1E). Together, these data

confirm that ARS1620 serves as the major antigenic determinant

of P1A4.

To elucidate the structural details of the interaction between

P1A4 and ARS1620, we solved a 2.0-Å crystal structure of the

P1A4 Fab bound to a reduced, non-electrophilic analog of
Cancer Cell 40, 1060–1069, September 12, 2022 1061
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Figure 1. K-Ras(G12C)-derived peptides covalently modified by the investigational inhibitor ARS1620 form functional complexes with MHC

class I heavy chain and b2-microglobulin

(A) Conjugate addition from the acquired cysteine (Cys12) on K-Ras(G12C) to the acrylamide group in ARS1620 yields a covalent ARS1620-K-Ras(G12C) adduct.

(B) ARS1620-modified peptides form functional complexes with MHC class I heavy chain and b2-microglobulin. Recombinant MHC class I complexes were

prepared by refolding of the indicated heavy chain in the presence of b2-microglobulin and the indicated peptide. For sandwich ELISA detection, the complexes

were captured by the conformation-specific MHC class I heavy-chain antibody W6/32 and detected by an b2-microglobulin-specific antibody (BBM.1) (1-way

ANOVA with Dunnett’s correction for multiple comparisons; ns, not significant, ****p < 0.0001). Individual data points are shown with means ± SDs indicated.

(C) ARS1620-modified peptides stabilize MHC class I on the surface of the TAP-deficient cell line T2 (1-way ANOVA with Dunnett’s correction for multiple

comparisons; ****p < 0.0001). Individual data points are shown with means ± SDs indicated.

(D) Thermal stability of A*02:01 MHC class I complexes loaded with various K5, K-Ras-derived peptides as determined by differential scanning fluorimetry. Data

are represented as means ± SDs of 4 replicates.
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Figure 2. P1A4 is a recombinant antibody that specifically recognizes the K-Ras(G12C) inhibitor ARS1620

(A) Amino acid sequences of the CDRs of 5 unique Fabs identified in the phage display selection.

(B) Biolayer interferometry sensograms of P1A4 Fab binding to the peptide biotin-KLVVVGAC*GV, where the cysteine residue is modified by ARS1620. The

dissociation constant (KD) was determined by fitting the steady-state response to a 1:1 equilibrium binding model.

(C) Biolayer interferometry sensograms of P1A4 Fab binding to the K5-ARS A*02:01 MHC class I complex. Fit as described in (A).

(D) Biolayer interferometry sensograms of P1A4 Fab binding to the V7-ARS A*03:01 MHC class I complex. Fit as described in (A).

(E) X-ray crystallography structure of ARS1620 bound to Fab P1A4 (PDB: 7KKH). The heavy-chain CDRs are shown in blue and the light-chain CDRs in purple.

Ordered water molecules in the pocket are shown as red spheres. Fo-Fc omit map for ARS1620 is shown in mesh, contoured at 1.0 s.

(F) P1A4 IgG detects ARS1620-modified K-Ras(G12C) as a recombinant protein or from ARS1620-treated cell lysates.

(G) Sandwich ELISA of recombinant MHC class I complexes prepared by refolding of the indicated heavy chain in the presence of b2-microglobulin and the indi-

cated peptide. The complexeswere captured by the conformation-specific antibodyW6/32 and detected by an b2-microglobulin-specific antibody (BBM.1) or an

ARS1620-specific antibody (P1A4) (1-way ANOVA with Dunnett’s correction for multiple comparisons; ****p < 0.0001). Individual data points are shown with

means ± SDs indicated.

(legend continued on next page)
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ARS1620 (Figure 2E; Table S1). The CDRs of P1A4 form a deep,

�12 Å pocket between the heavy and light chains that ARS1620

is able to access. With its hydroxyfluorophenyl moiety anchoring

deep in the pocket through hydrogen bonding with Asp99 of the

heavy-chain CDR3, ARS1620 positions its electrophilic acryl-

amide group toward the solvent, making little to no direct contact

with the Fab. This binding pose is consistent with the carrier-

agnostic binding profile of P1A4 and suggests that P1A4 may

be able to bind a wide variety of antigens where ARS1620 is ste-

rically accessible.

Having characterized P1A4 as an ARS1620-binding Fab using

model antigens and X-ray crystallography, we next character-

ized it in the context of drug-modified full-length K-Ras. We ex-

pressed and purified P1A4 as a full-length immunoglobulin (hu-

man IgG1, hereafter referred to as P1A4 IgG). P1A4 IgG readily

detected ARS1620-modified, SDS-denatured K-Ras(G12C)

both as a recombinant protein and in cell lysates, but it did not

cross-react with unmodified K-Ras (Figure 2F), making it a useful

tool to track K-Ras(G12C) target engagement in complex

samples.

We next asked whether P1A4 was specific for ARS1620-

haptenated MHC class I complexes. We repeated the in vitro

MHC-I refolding ELISAs detailed above using a P1A4 IgG-HRP

conjugate for detection. P1A4 was able to bind ARS1620-

labeled, K-Ras-derived MHC class I complexes but showed no

binding to matched unlabeled complexes, further confirming

its specificity for ARS1620 (Figures 2G and S2). P1A4 also bound

T2 cells treated with K5-ARS, the peptide previously identified to

stabilize MHC class I expression on the cell surface, confirming

that P1A4 effectively binds these haptenated MHC class I com-

plexes on cells as well as in vitro (Figure 2H).

KRASG12C cells present ARS1620-modified peptides in
MHC class I
We next turned to KRAS G12C cancer cell lines to test whether

treatment with ARS1620 would result in native processing and

loading of haptenated K-Ras peptides into MHC class I com-

plexes in live cells. We first tested whether ARS1620 could be

detected at the cell surface of ARS1620-treated cells using

flow cytometry. P1A4 binding was minimal with DMSO treat-

ment, and a strong increase in staining was observed upon

ARS1620 treatment, confirming that the inhibitor is present at

the cell surface of treated cells (Figures 3A and 3B). As this signal

could arise both from haptenated MHC class I complexes and

from non-specific direct labeling of membrane proteins, we

used P1A4 to immunoprecipitate ARS1620 in three KRAS

G12C cell lines (H358, Miapaca-2, and SW1573) to measure

the association with MHC class I proteins. Immunoprecipitated

ARS1620 showed association with both b2-microglobulin and

MHC class I heavy chains in all three cell lines (Figure 3C).

ARS1620 colocalization with MHC class I complexes was further

confirmed via a proximity ligation assay (PLA) in which colocali-

zation of two antigens is identified through a fluorescent signal.

Colocalized ARS1620 and MHC class I complexes were de-

tected in all of the KRAS G12C cell lines but not in a WT KRAS
(H) ARS1620-modified peptide-stabilized MHC complexes on the surface of the T

W6/32 (left y axis) as well as by P1A4 (right y axis) (1-way ANOVA with Dunnett’s

Individual data points are shown with means ± SDs indicated.

1064 Cancer Cell 40, 1060–1069, September 12, 2022
cell line (Figure 3D). The KRASWT cell line 786-O showed no co-

localization in this assay despite having the same A*03:01 allele

as H358, further corroborating that the signal arising from this

assay is from K-Ras(G12C)-derived complexes. Overall, these

results indicate that ARS1620-modified K-Ras(G12C) is natively

processed, and the resulting peptides are presented by cognate

MHC class I complexes in cell lines. Our results suggest that an-

tigen-processing steps such as proteolytic degradation, trans-

porter associated with antigen processing (TAP)-dependent

peptide transport to the endoplasmic reticulum (ER), and MHC

class I binding tolerate the presence of ARS1620-labeled

cysteine residues.

ARS-1620 targeted immunotherapies show efficacy
against KRAS G12C cell lines, including those resistant
to inhibitor monotherapy
Not all KRAS G12C mutant cells are sensitive to direct chemical

inhibition of K-Ras. For example, we and others (Janes et al.,

2018; Misale et al., 2019) have found that the lung alveolar cell

carcinoma cell line SW1573 is notably resistant to ARS1620

treatment (Figure 4A). Although SW1573 cells express

K-Ras(G12C), they have been characterized as partially inde-

pendent of K-Ras by small interfering RNA (siRNA) targeting

(Misale et al., 2019), which may explain the lack of efficacy of

ARS1620. To test whether immunotargeting of a hapten adduct

could be a viable approach to overcome this intrinsic drug resis-

tance, we converted P1A4 into a BiTE that joins a CD3-binding

single-chain variable fragment (scFv, clone L2K-07; Dreier

et al., 2002) and an scFv derived from P1A4 with a short peptide

linker (P1A4xCD3). We first pulse treated SW1573 cells with

10 mM ARS1620 for 4 h, a duration that is sufficient for complete

covalent engagement with cellular K-Ras(G12C) (Janes et al.,

2018; Misale et al., 2019), and after washing out the drug, we

added unstimulated peripheral mononuclear blood cells

(PBMCs) as effector cells (effector:target ratio = 10:1) in the pres-

ence of P1A4xCD3.Whereas the ARS1620 pulse treatment by it-

self inhibited cell growth by 44% ± 7%, inclusion of 10 nM

P1A4xCD3 led to a growth inhibition of 82% ± 4% (Figure 4B).

T cell activation, as analyzed by CD69 expression, was evident

in the PBMCs co-cultured with SW1573 in the presence of

P1A4xCD3, but not those treated with no antibody (Figure 4C).

This cell-killing activity was dependent on the dose of

ARS1620 and effective against all three KRAS G12C mutant

cell lines examined (Figure 4D). To select for a highly resistant

population, we further conditioned SW1573 cells with high con-

centrations of ARS1620 (10 mM) over 14 days. We then removed

the drug and treated the cells with P1A4xCD3 without additional

pulse treatment. These conditioned cells proliferated at a rate

comparable to that of drug-naive cells (Figure S4A) but were effi-

ciently killed (69% ± 9% inhibition) by PBMCs in the presence of

P1A4xCD3 (Figure 4E).

In addition to intrinsic resistance, recent clinical trials of

sotorasib and adagrasib have revealed a multitude of acquired

mechanisms of resistance after patients received K-Ras(G12C)

inhibitor treatment (Awad et al., 2021; Koga et al., 2021;
AP-deficient cell line T2 are detectable by the conformational specific antibody

correction for multiple comparisons; **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 3. ARS1620-modified peptides are

presented by MHC class I on KRAS G12C

mutant cells

(A) H358 cells treated with 10 mM ARS1620 show

increased surface staining by P1A4.

(B) ARS1620 treatment leads to increase surface

staining by P1A4 for 3 KRAS G12C mutant cell

lines (unpaired 2-tailed t test). Individual data

points are shown with means ± SDs indicated.

(C) MHC class I heavy chain and b2-microglobulin

coimmunoprecipitate with ARS1620 in drug-

treated cells.

(D) Proximity ligation assay reveals colocalization

of ARS1620 and MHC class I on the surface of

KRAS G12C mutant cells lines.
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Tanaka et al., 2021; Zhao et al., 2021). For example, in some pa-

tients, a secondary G12V mutation was detected on the trans

allele of KRAS of treatment-resistant tumor cells, which confers

resistance to covalent G12C inhibitors. These tumor cells, how-

ever, retained the expression of K-Ras(G12C) protein (Awad

et al., 2021). To assess whether our approach is effective against

clinically observed drug-resistant mutations, we constructed a

cell line (H358-G12V) that constitutively expresses both the

endogenous KRAS G12C gene and a KRAS G12V gene intro-

duced by stable transfection. Compared to the parent cell line,

H358-G12V was less sensitive to ARS1620 single-agent treat-

ment (Figure S4B). However, treatment of H358-G12V cells by

P1A4xCD3 (10 nM) and PBMCs following an ARS1620 (10 mM)

pulse remained effective, leading to a 77% ± 4% inhibition of

cell growth (Figure 4F).
Cancer Cell
To assess whether we could detect

ARS1620-derived epitopes in KRAS

G12C tumor xenografts, we treated

nude mice bearing xenografts of H358

cells with ARS1620 (200 mg/kg, once

daily) and analyzed dissected tumor tis-

sue after 24 or 72 h. We observed treat-

ment-dependent staining by P1A4 IgG

(Figure 4G), which was selective for

H358 (HLA-ABC+) cells. Minimal P1A4

binding was observed in the murine

(HLA-ABC�) cell population, further con-
firming the requirement for both KRAS

G12C mutation and appropriate MHC

class I haplotype for the presentation

of ARS1620. P1A4 did not stain tumor

cells from mice treated with sotorasib

(AMG510), a US Food and Drug Admin-

istration (FDA)-approved K-Ras(G12C)

inhibitor with a chemical structure

similar to that of ARS1620.

DISCUSSION

It has long been appreciated that MHC

class I molecules can present peptides

bearing post-translational modifications

(glycosylation [Haurum et al., 1999],
phosphorylation [Zarling et al., 2000], among others [Engelhard

et al., 2006]). Peptide neoepitopes resulting from the covalent

modification of self-proteins have been largely studied for their

role in the mechanism of drug hypersensitivity reactions (Pichler,

2003). Our study explores a unique class of tumor-specific anti-

gens, those in which a somatic mutation to cysteine is produced

in an oncogenic driver, K-Ras (G12C) which can be selectively

targeted by a cell-permeable irreversible inhibitor.

While MHC class I-restricted tumor-specific epitopes have

been successfully targeted using recombinant antibodies

(Dao et al., 2013; Hsiue et al., 2021), our study demonstrates

that the scope of therapeutically targetable MHC class I epi-

topes can be expanded to include those modified with covalent

small molecules. In our example, we showed that P1A4 recog-

nizes ARS1620-haptenated MHC class I complexes in the
40, 1060–1069, September 12, 2022 1065
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Figure 4. Bispecific antibodies induce ARS1620-dependent killing of KRAS G12C mutant cells

(A) KRAS G12C mutant cell lines were treated with ARS1620, and cell viability was assessed after 72 h. Data are represented as means ± SDs of 3 replicates.

(B) SW1573 cells stably expressing nucleus-restricted mKate fluorescent protein were pulse treated with ARS1620 and co-incubated with unstimulated PBMCs

at 10:1 effector:target ratio in the presence or absence of P1A4xCD3, and cell viability was monitored by live fluorescence imaging for 72 h (1-way ANOVA with

Dunnett’s correction for multiple comparisons; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Data are presented as viable cell count relative to time 0. In-

dividual data points are shown with means ± SDs indicated.

(C) At the end of the experiment in (B), PBMCs were analyzed by flow cytometry.

(D) P1A4xCD3 induces ARS1620-dependent killing ofKRASG12Cmutant cell lines in a dose-dependent fashion (unpaired 2-tailed t test with Holm-�Sı́dák correc-

tion for multiple comparisons; *p < 0.05, **p < 0.01, ***p < 0.001). Individual data points are shown with means ± SDs indicated.

(E) SW1573 cells stably expressing nucleus-restricted mKate fluorescent protein were grown in media containing DMSO or 10 mM ARS1620 for 14 days, co-

incubated with unstimulated PBMCs at 10:1 effector:target ratio in the presence or absence of P1A4xCD3, and cell viability was monitored by live fluorescence

imaging for 72 h (unpaired 2-tailed t test; *p < 0.05, **p < 0.01, ***p < 0.001). Data are presented as viable cell count relative to time 0. Individual data points are

shown with means ± SDs indicated.

(F) H358 cells (H358 Parent) or H358 cells stably expressing K-Ras(G12V) (H358-G12V), each stably expressing nucleus-restricted mKate fluorescent protein,

were pulse treated with ARS1620 and co-incubated with unstimulated PBMCs at 10:1 effector:target ratio in the presence or absence of P1A4xCD3, and cell

(legend continued on next page)
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context of at least two unique MHC class I heavy-chain alleles

(A*02:01 and A*03:01). Importantly, because our approach

does not rely on inhibiting oncogenic signaling, it can retain ef-

ficacy even against cancer cells that are resistant to direct

pharmacological inhibition. This could offer a means to reclaim

the therapeutic efficacy of targeted covalent inhibitors after

resistance develops. A recent study that evaluated resistance

mechanisms in a cohort of patients who were initially respon-

sive to adagrasib treatment indicated a wide variety of resis-

tance mechanisms, including mutation of the WT KRAS allele

in trans to G12V and G12D, secondary mutations to the

KRAS G12C allele reducing inhibitor potency, amplification of

the mutant KRAS G12C allele, and mutations in compensatory

pathways to genes such as NRAS, BRAF, MAP2K1/MEK1, and

EGFR. Critically, the original KRAS G12C mutation was still pre-

sent in 84% of the patient samples evaluated (Awad et al.,

2021). Similar secondary mutations were found in another

study with patients receiving sotorasib (Zhao et al., 2021),

and KRAS G12C was detected in 33/43 patients after treat-

ment. These results indicate that the majority of inhibitor-resis-

tant cancers retained the KRAS G12C allele, suggesting that an

immunotherapy targeting the inhibitor-modified cysteine resi-

due could be a generally feasible approach to combat acquired

resistance to pharmacological inhibition.

The scope of this approach also includes haptens that are not

inhibitors: The approach can theoretically work as long as the

hapten can selectively modify a mutant oncoprotein, even one

without enzymatic activity. Our design strategy and discovery

pipeline may be applicable to many oncogenic mutations for

which covalent ligands can be developed (Visscher et al.,

2016), particularly the recurrent somatic mutations to cysteine

residues such as KRAS G12C, TP53 Y220C, GNAS R201C,

and IDH1 R132C, which together are present in roughly 5% of

all cancers. Our work indicates that hapten-like behavior of co-

valent drugs can be repurposed for the generation of neoanti-

gens amenable to immunotargeting.

Limitations of the study
One important limitation of the current system is that P1A4 binds

free ARS1620 with high affinity, which precludes its further eval-

uation in animal models in which large amounts of circulating

ARS1620 are present (Figure S3). We expect that it is possible

to overcome this limitation with subsequent antibody engineer-

ing – we have recently identified an additional antibody with

improved selectivity for the V7-ARS,A*03:01 MHC class I com-

plex over drug-modified peptide alone, which shows a greatly

reduced sensitivity to free drug competition (Figures S3 and

S5). Another limitation of the present study was performed with

an early-stage investigational drug (ARS1620), the most

advanced K-Ras(G12C) inhibitor at the initiation of our work.

However, our design strategy and discovery pipeline can be

rapidly and directly applied for more advanced drug candidates.

For example, we have recently identified six distinct antibodies

that recognize K-Ras(G12C)-derived epitopes modified by the

FDA-approved drug sotorasib (Figure S6). One of these anti-
viability wasmonitored by live fluorescence imaging for 72 h (1-way ANOVAwith D

****p < 0.0001). Data are presented as viable cell count relative to time 0. Individ

(G) Mice bearing H358 xenografts were treated with covalent K-Ras(G12C) inhib
bodies, P1B7, selectively binds V7-sotorasib,A*03:01 MHC

class I complex with a KD of 15 ± 0.6 nM, but not free sotorasib

or the V7-sotorasib peptide itself (Figures S6B–S6D). These new

antibodies directly address the limitations above and represent

exciting leads for additional investigations on their therapeutic

potential.
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acknowledge André Luiz Lourenço for contributing the graphical abstract.

AUTHOR CONTRIBUTIONS

Z.Z., P.J.R., C.S.C., and K.S.M. designed the studies and wrote the manu-

script. Z.Z. and P.J.R. designed and conducted the biochemistry experiments

and generated the necessary reagents. K.B. and M.-F.B. designed and con-

ducted the structural studies and analysis. C.O. and E.J.D. performed addi-

tional biochemical experiments and generated the necessary reagents. B.H.

and V.S. designed the animal studies and V.S. conducted them. All of the au-

thors read and approved the manuscript.

DECLARATION OF INTERESTS

C.S.C., K.S.M., Z.Z., and P.J.R. are inventors on a provisional patent applica-

tion covering this work and owned by the University of California, San Fran-

cisco (UCSF). K.M.S. is an inventor on patent applications related to this tech-

nology owned by UCSF. K.M.S. is an inventor on patents covering covalent

inhibitors of K-Ras(G12C) owned by UCSF and licensed to Wellspring Biosci-

ences. K.M.S. is a consultant to and shareholder in the following companies:

Revolution Medicines, Black Diamond Therapeutics, BridGene Biosciences,

Denali Therapeutics, Dice Molecules, eFFECTOR Therapeutics, Erasca,

Genentech/Roche, Janssen Pharmaceuticals, Kumquat Biosciences, Kura

Oncology, Mitokinin, Nested, Type6 Therapeutics, Venthera, Wellspring Bio-

sciences (Araxes Pharma), Nextech, Radd, Totus, Vicinitas, Turning Point,

Ikena, Initial Therapeutics, Vevo, and BioTheryX.

Received: December 6, 2021

Revised: May 26, 2022

Accepted: July 11, 2022

Published: August 4, 2022

REFERENCES
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

9E10: anti-myc IgG-HRP Bio-Rad RRID:AB_324087

W6/32: anti-MHC I heavy chain IgG Bio X Cell RRID:AB_1107730

BBM.1 HRP: anti-b2m IgG-HRP Santa Cruz Biotechnology RRID:AB_626748

P1A4: anti-ARS1620 Antibody (Fab, IgG, IgG-HRP, ScFv, BiTE) Generated in this Study PDB: 7KKH

P2B2: anti-V7ARS A*03:01 Antibody (Fab, IgG-HRP) Generated in this Study N/A

EPR3255: Rabbit anti-Ras IgG Abcam RRID:AB_10891004

Mouse anti-GAPDH IgG Proteintech RRID: AB_2107436

EMR8-5: HLA Class 1 ABC antibody Abcam RRID: AB_1269092

Rabbit Anti-beta 2 Microglobulin Monoclonal Antibody,

Unconjugated, Clone EP2978Y

Abcam RRID: AB_1523204

PE anti-human CD69 Biolegend RRID: AB_314841

APC anti-human CD3 Biolegend RRID:AB_1937212

PerCP/Cyanine5.5 anti-human CD8 Biolegend AB_2044010

PE/Cyanine7 anti-human CD4 Biolegend RRID:AB_571959

anti-HLA-ABC-APC Thermo Fisher Scientific RRID:AB_10733389

ARS1620-specific antibodies (Fabs): P1C1, P2F10, P2F11,

P1H6, P1C10

Generated in this Study N/A

AMG510-specific antibodies (Fabs): P1B7. P1H4, P2B6, P2E3,

P1E5, P2C1

Generated in this Study N/A

Bacterial and virus strains

TG1 E.coli Lucigen Cat. No. 60502

BL21(DE3) E.coli NEB Cat. No. C2527H

Biological samples

Human Peripheral Blood Mononuclear Cells, Frozen Stemcell Tenchonologies 70025.2

Chemicals, peptides, and recombinant proteins

KRas peptides (K5, V7) Synthesized in house N/A

ARS1620 Synthesized in house N/A

Critical commercial assays

LightningLink-PE Expedeon/Abcam Cat. No. ab102918

LightningLink-HRP Expedeon/Abcam Cat. No. ab102890

LightningLink-Dylight 800 Expedeon/Abcam Cat. No. ab201806

Duolink� In Situ PLA� Probe Anti-Mouse PLUS Sigma-Aldrich DUO92001

Duolink� In Situ PLA� Probe Anti-Human MINUS Sigma-Aldrich DUO92021

Duolink� In Situ Detection Reagents Red Sigma-Aldrich DUO92008

CellTiter-Glo Luminescent Cell Viability Assay Promega G7572

Deposited data

P1A4$ARS1620 crystal structure N/A PDB: 7KKH

Experimental models: Cell lines

H358 ATCC CRL-5807

Miapaca-2 ATCC CRL-1420

SW1573 ATCC CRL-2170

786O ATCC CRL-1932

T2 (174 x CEM.T2) ATCC CRL-1992

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

Plasmid: pcDNA3.1-3xFLAG-KRAS-G12V Generated in this Study N/A

Plasmid: All reported Fabs and their derivates (ScFv, BiTE, IgG) Generated in this Study N/A

Software and algorithms

FlowJo 10.7.1 BD https://www.flowjo.com/

Prism 9.0 GraphPad https://www.graphpad.com/

ImageJ 2.3.0/1.53f Schneider et al., 2012 https://imagej.nih.gov/ij/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Charles S.

Craik (Charles.craik@ucsf.edu).

Materials availability
We will share all expression plasmids upon request and signing of an MTA.

Data and code availability
Atomic coordinates have been deposited in the PDB (7KKH). Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
NCI-H358,Miapaca-2, SW1573, and 786-O cells were obtained fromATCC andmaintained in DMEM (Gibco) + 10%heat-inactivated

fetal bovine serum (FBS, Axenia Biologix) supplemented with 4 mM L-glutamine, 100 U/mL penicillin and 100 U/mL streptomycin

(Gibco). T2 cells (174 x CEM.T2) were obtained from ATCC and maintained in IMDM (ATCC) + 20 % heat-inactivated FBS supple-

mented with 100 U/mL penicillin, 100 U/mL streptomycin (Gibco) and 55 mM b-mercaptoethanol (ATCC). Human PBMCs were pur-

chased from StemCell Technologies, which were collected from healthy donors with institutional review board approval. All cell lines

were tested mycoplasma negative using MycoAlert� Mycoplasma Detection Kit (Lonza).

Mice
Six-to seven-week-old female nude mice (NCr-Foxn1nu) were purchased from Taconic Biosciences and housed with ad libitum food

and water on a 12-h light cycle at the UCSF Preclinical Therapeutics Core vivarium. All animal studies were performed in full accor-

dance with UCSF Institutional Animal Care and Use Committee (IACUC protocol n. AN179937).

METHOD DETAILS

Identification of fabs from phage display libraries
We used a previously described human naı̈ve B-cell phage display library with a diversity of 4.1 3 1010 to identify Fabs against

ARS1620 (Duriseti et al., 2010). Fabs were isolated using a previously described protocol (Kim et al., 2011). Briefly, the antigen

(K-Ras-derived peptide Biotin-GAC(ARS1620)GVGKSAL, MHC I complex V7-ARS1620 A*03:01, or MHC I complex V7-510

A*03:01) 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 K-Ras peptide without ARS1620 modification in the

case of peptide-based panning or with the cognate V7 WT MHC I complex in the case of MHC I-based panning. 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 and purified for further analysis.

ELISA screen for fab identification
Two 96-well plates loaded with 150 mL of 2xYT AG media (100 mg/mL ampicillin, 2% glucose) were inoculated with individual

Fab-phage TG1 colonies and grown overnight at 37�C. The following day, a 96-pin replicator was used to inoculate overnight cultures

into 160 mL of 2xYT with 100 mg/mL ampicillin and 0.1% glucose in 96 well plates, and cultures were grown at 37�C to OD600 =�0.6.

Fab expression was induced through addition of 40 mL of 2xYT with 100 mg/mL ampicillin and 5mM IPTG to eachwell and expression

proceeded overnight at 30�C. The following day, the cultures were spun at 2,000 x g for 10 min to pellet cells and crude supernatants
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were combined with 5%BSA PBS to a final concentration of 1%BSA and used directly for ELISA analysis (referred to as Fab expres-

sion supernatant below). 50 mL of streptavidin (5 mg/mL in PBS) was added to each well of a clear Maxisorp 96-well plate (Nunc) and

the plate was incubated overnight at 4�C. The following day, the wells were washed 2 times with PBS and blocked with 370 mL of 2%

BSA PBS at RT for 1 h. Wells were washed 3 times with PBS, biotinylated antigen (K-Ras peptide: 1 mM in 2%BSA PBS, MHC I com-

plexes: five ug/mL in 1%BSAPBS)was added, and the plate was incubated at RTwith shaking for 45min.Wells were washed 3 times

with PBS, 50 mL of the Fab expression supernatant in 1% BSA PBS was added, and the plate was incubated at RT with shaking for

1 h. Wells were then washed 3 times with 0.05% Tween 20 in PBS, and 50 mL of the anti-myc HRP conjugate (clone 9E10, Bio-Rad

Cat# MCA2200P, RRID:AB_324087) in 1% BSA. PBS was added and the plate was incubated with shaking for 1 h at RT. Wells were

then washed 3x with 0.05% Tween 20 in PBS, and 1x with PBS before addition of 50 mL Pierce Turbo TMB to each well. Plates were

shaken at RT for 15 min before quenching with 15 mL of 2.5 M H2SO4. Absorbance was measured at 450 nm on a BioTek Synergy H4

plate reader.

Fab expression
50 mL of 2xYT AG media (100 mg/mL ampicillin, 2% glucose) were inoculated with transformed BL21(DE3) E. coli colonies. and the

cultures were grown overnight at 30�C. Starter cultures were diluted to OD600 �0.05 in 1 L of 2xYT +0.01% glucose + ampicillin (100

ug/mL) and grown at 37�C to an OD600 of 0.6. Protein expression was induced with 1 mM IPTG, and the culture was shaken at 20�C
overnight. The periplasmic protein fraction, which contains the expressed Fabs, was isolated via an osmotic shock protocol. Briefly,

E. coli cultures were centrifuged at 6,500 x g for 10min, and the pellets were resuspended in 20mL ice-cold TES buffer (0.2MTris, pH

8.0, 0.5 mM EDTA, 0.5 M sucrose) and incubated on ice for 15 min before addition of 20 mL of ice-cold MilliQ water supplemented

with protease inhibitors (cOmplete protease inhibitor cocktail, EDTA-free, Roche) and gentle rocking for 30 min. Cells were pelleted

by centrifugation and supernatants taken for purification via HisPur� Ni-NTA Resin following manufacturer’s protocols. Ni-NTA pu-

rified Fabs were dialyzed in PBS and further purified via size exclusion FPLC on an AKTA autopurification system (General Electric)

using a Superdex 200 10/300GL column using an isocratic PBS mobile phase. Fractions were analyzed with SDS-PAGE in reducing

and non-reducing conditions and concentrations determined by absorbance at 280 nm using calculated extinction coefficients

(https://web.expasy.org/protparam/).

Kinetic measurements via octet
Kinetic constants for Fabs were determined using an Octet RED384 instrument (ForteBio). For screens, a single concentration of Fab

(100 nM) was tested, and for kinetic characterization Fabs were tested at several concentrations, as noted in the relevant figure. Bio-

tinylated peptides (1 mM in 1% BSA/PBS) or biotinylated MHC-I complexes (200 nM in 1% BSA/PBS) were immobilized on ForteBio

streptavidin SA biosensors for all assays. All measurements were performed in 1% BSA PBS pH 7.4 in 384 well plates. Data were

analyzed using a 1:1 interaction model with global fitting on the ForteBio data analysis software (9.0.0.6). KD values were determined

by the fitting of either equilibrium or maximum response (nm) as a function of Fab concentration.

MHC-I refolding and purification
MHC heavy chain and beta-2 microglobulin (B2m) were expressed and purified following a previously reported protocol (Rodenko

et al., 2006). Refolding reactions were performed with various peptides of interest in refolding buffer (100 mM Tris pH 8.0,

400 mM L-Arginine,HCl, 5 mM reduced glutathione, 0.5 mM oxidized glutathione, 2 mM EDTA, and cOmplete protease inhibitor

cocktail (Roche)). Briefly, B2m (2 mM) and peptide (10 mM) were diluted into refolding buffer, then denatured heavy chain was added

to 1 mM. Reactions proceeded at 10�C either overnight for ELISA assays or for 72 h for large-scale preparations. In the latter case,

MHC-I complexes were purified by size exclusion chromatography as described above in Fab expression using an isocratic method

with a Tris buffer (20 mM, pH = 7.0, 150 mM NaCl). FPLC fractions were tested via SDS-PAGE and an anti-MHC-I ELISA,

described below.

MHC-I ELISAs
Black, 384 well Nunc Maxisorp plates were coated with 50 mL of the anti-heavy chain antibody W6/32 (Bio X Cell Cat# BE0079, RRI-

D:AB_1107730) at 5 ug/mL in PBS overnight. The plate was washed twice with PBS (100 mL) and blocked with 3%BSA PBS (120 mL)

for 1 h at RT. Plates were then washed 3x with 0.05% Tween 20 PBS (PBST) (100 mL). Refolded MHC complexes (crude or FPLC

purified) were diluted 10x into 1% BSA PBS and 50 mL added to wells in quadruplicate. Plates were incubated at RT with shaking

for 1 h, then washed 3x with 1% BSA PBS (100 mL). Complexes were detected with either the anti-B2m HRP conjugate (Santa

Cruz Biotechnology Cat# sc-13565, RRID:AB_626748) to measure total MHC-I complexes, or with a P1A4 IgG-HRP conjugate to

detect targetable ARS1620 in these complexes. For both antibodies, 50 mL of 1 mg/mL antibody solution in 1% BSA PBS was added

to eachwell. Plates were incubated RTwith shaking for 1 h. Plates were thenwashed 3xwith PBST and 3xwith PBS. 50 mL of the HRP

substrate QuantaBlu (Thermo Fisher Scientific) was then added and activity measured continuously for 45 min at 325/420 nm in a

BioTek Synergy H4 plate reader. Endpoint fluorescence readings were also taken after 1 h of development.

Competition ELISA with ARS1620 and AMG510
The competition ARS1620 ELISAwas carried out as described abovewith the addition of free ARS1620 to the P1A4 or P2B2 antibody

incubation step. Free ARS1620 was combined with P1A4 or P2B2 IgG-HRP and exposed to immobilized, refolded complexes for
e3 Cancer Cell 40, 1060–1069.e1–e7, September 12, 2022
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1.5 h at RT. Free ARS1620 concentration ranged from 0.4 nM to 1 mM for P1A4 and 24 nM to 25 uM for P2B2. All other steps are as

described above. The competition AMG510 ELISA was carried out as described above with the following changes: The plate was

coated with streptavidin (5 ug/mL, PBS) overnight at 4�C. Recombinant, biotinylated V7-510 A*03:01 MHC I complex (5 ug/mL,

1%BSA PBS) was added in triplicate to blocked, streptavidin-coated wells. Binding to MHC I complex was determined with the indi-

cated clones in Fab format, at their respective KD’s and detected with an anti-myc IgG-HRP conjugate (clone 9E10, Bio-Rad Cat#

MCA2200P, RRID:AB_324087) in 1% BSA. Fabs were preincubated with free AMG510 with concentrations from 50 uM to

0.05 nM prior to addition to captured MHC I complex. All other steps are as described above.

Peptide synthesis
Peptides were synthesized using a Syro II peptide synthesizer (Biotage) using standard Fmoc solid phase synthesis. All peptides

were synthesized at 12.5 mmol scale using preloaded Wang resin at ambient temperature. All coupling reactions were done with

4.9 eq. of O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-phosphate (HCTU), 5 eq. of Fmoc-AA-OH

and 20 eq. ofN-methylmorpholine (NMM) in 500 ml ofN,N-dimethyl formamide (DMF). Each amino acid position was double-coupled

with 8-minute reactions. Fmoc protected N-termini were deprotected with 500 ml 40% 4-methypiperidine in DMF for 3 min, followed

by 500 ml 20% 4-methypiperidine in DMF for 10 min and six washes with 500 ml of DMF for 3 min. Biotinylation of the N-terminus was

performed on resin using 5 eq biotin, 4.9 eq HCTU, and 20 eq NMM in N-methylpyrrolidone (NMP) with two couplings of 30 minutes

each. Peptides were cleaved off resin using 500 ml of cleavage solution (95% trifluoroacetic acid (TFA), 2.5% water 2.5% triisopro-

pylsilane) with shaking for 1 hour before immediate precipitation in 45mL of ice-cold 1:1 diethyl ether:hexanes. Precipitated peptides

were pelleted, the supernatants were decanted, and the pellets were allowed to dry at RT overnight. Crude peptides were solubilized

in 1:1:1 DMSO:acetonitrile:water with 0.1% TFA and purified by high-performance liquid chromatography on a Agilent Pursuit 5 C18

column (5 mmbead size, 150 3 21.2 mm) using an Agilent PrepStar 218 series preparative high-performance liquid chromatography

suite. The mobile phase consisted of waster (0.1% TFA) and an increasing gradient of acetonitrile (0.1% TFA) from 20% to 80%. Sol-

vent was removed under reduced atmosphere using a GeneVac EZ-Bio Personal Evaporator and 50 mM DMSO stocks were made

based on the gross peptide mass. Purity was confirmed by liquid chromatography-mass spectrometry as detailed below. Stocks

were stored at�20 �C. Covalent modification of peptides with ARS1620 and AMG510 were done in solution with previously purified

peptides. 100 ul of 50 mM peptide solution was added to 100 ml of 100 mM ARS1620 or AMG510 and 15 ml neat diisopropylethyl-

amine (DIEA) in 1.5 mL Eppendorf tubes. Reactions mixtures were rotated for 1 h at RT and reactions were stopped by the addition

of 20 mL TFA. Products were then purified as described above.

LC-MS analysis of synthetic peptides
An aliquot (1 mL) of the peptide solution (typically 10 mM) was diluted with 100 mL 1:1 acetonitrile:water. 1 mL of the diluted solution

was injected onto a Waters Acquity UPLC BEH C18 1.7 mm column and eluted with a linear gradient of 5–95% acetonitrile/water

(+0.1% formic acid) over 3.0 min. Chromatograms were recorded with a UV detector set at 254 nm and a time-of-flight mass spec-

trometer (Waters Xevo G2-XS).

Differential scanning fluorimetry
All DSF measurements were made on a Bio-Rad C1000 qPCR system in FRET mode. Fab (2 mM) was added to either DMSO or an-

tigen (50 mM) with 5x SYPRO dye and plated in triplicate in a white, 96 well PCR plate in PBS. MHC-I complexes (2 uM) were com-

binedwith 5x SYPRO dye in Tris buffer (20mM, pH = 7.0, 150mMNaCl) and plated in quadruplicate in a white, 96 well PCR plate. The

temperature was initially kept at 23�C for 5 min before slow ramping in 0.5�C increments every 30s. Raw data was normalized from

0 to 1 before fitting as described above.

Expression of P1A4 IgG
DNA fragments encoding the light chain and heavy chain of the P1A4 Fab were cloned into pTT5 expression vector. The vector was

previously engineered to contain an artificial signal peptide sequence (METDTLLLWVLLLWVPGSTG), as well as the human IgG1

constant region, which can be removed with appropriate enzymes for constructing the light chain expression plasmid. Expi293 cells

(Gibco) were maintained in Expi293 Expression Medium. On the day before transfection, cells were diluted to 2.0 3 106/mL. Trans-

fection was performed with ExpiFectamine reagent following the manufacturer’s instructions using 1 mg plasmid per mL culture

(0.5 mg heavy chain-encoding plasmid and 0.5 mg light chain-encoding plasmid). After 7 days, cells were pelleted by centrifugation

(4,000 x g, 5 min) and the culture supernatant was filtered through a 0.2-mm PES membrane filter. The filtrate was incubated with

Protein A agarose beads (50% slurry, 0.05mL settled beads per mL culture) at 4�C for 12 h. The beads were collected in a disposable

plastic column (Bio-Rad) while the unbound proteins were collected in the flowthrough fraction. The beads were washed with 20 mL

1x TBS, then was eluted with 5.0 mL 100mMGlycine pH 2.6. The eluted fraction was immediately neutralized with 1 mL 1M Tris 8.0.

After concentrating to �1 mL in volume, the eluted IgG was purified by size exclusion chromatography (Superdex200, PBS 7.4).

Expression of P1A4 BiTE
A DNA fragment encoding the variable regions of P1A4 heavy chain and light chain linked by a flexible linker (ASSGGSTSG

SGKPGSGEGSSGSARDIVMS) was constructed by overlap extension PCR. An anti-CD3 scFv sequence (clone L2K-07) was synthe-

sized as a gene fragment (Twist Bioscience). These two fragments were joined by a GGGGS linker and cloned into pcDNA3.4 vector
Cancer Cell 40, 1060–1069.e1–e7, September 12, 2022 e4
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by Gibson assembly. Expi293 cells (Gibco) were maintained in Expi293 Expression Medium. On the day before transfection, cells

were diluted to 2.03 106/mL. Transfection was performed with ExpiFectamine reagent following the manufacturer’s instructions us-

ing 1 mg plasmid per mL culture. After 7 days, cells were pelleted by centrifugation (4,000 x g, 5 min) and the culture supernatant was

filtered through a 0.2-mmPESmembrane filter. Imidazole was added to 5mM, and the filtrate was incubated with Co-TALON agarose

beads (50% slurry, 0.05 mL settled beads per mL culture, pre-washed with 20 column volumes of PBS +5 mM imidazole) at 4�C for

1 h. The beads were collected in a 1.5 3 12 cm disposable plastic column (Econo-Pac, Bio-Rad) while the unbound proteins were

collected in the flowthrough fraction. The beads were washed with 20 mL PBS +5 mM imidazole, then was eluted with 5.0 mL

PBS +300 mM imidazole. After concentrating to �1 mL in volume, the eluted BiTE was purified by size exclusion chromatography

(Superdex200, PBS 7.4).

Antibody conjugation
Fluorophore- or HRP-conjugated antibodies (P1A4-HRP, P1A4-PE, P1A4-Dylight800, and P2B2-HRP) were prepared using

LightningLink antibody conjugation kit (Expedeon Inc.) following the manufacturer’s instructions.

Cell culture
NCI-H358,Miapaca-2, SW1573, and 786-O cells were obtained fromATCC andmaintained in DMEM (Gibco) + 10%heat-inactivated

fetal bovine serum (FBS, Axenia Biologix) supplemented with 4 mM L-glutamine, 100 U/mL penicillin and 100 U/mL streptomycin

(Gibco). T2 cells (174 x CEM.T2) were obtained from ATCC and maintained in IMDM (ATCC) + 20% heat-inactivated FBS supple-

mented with 100 U/mL penicillin, 100 U/mL streptomycin (Gibco) and 55 mM b-mercaptoethanol (ATCC). Human PBMCs were pur-

chased from StemCell Technologies, which were collected from healthy donors with institutional review board approval. All cell lines

were tested mycoplasma negative using MycoAlert� Mycoplasma Detection Kit (Lonza). When indicated, cells were treated with

drugs at 60-80% confluency at a final DMSO concentration of 1%. At the end of treatment period, cells were placed on ice and

washed once with PBS. Unless otherwise indicated, the cells were scraped with a spatula, pelleted by centrifugation (500 x g,

5 min) and lysed in RIPA buffer supplemented with protease and phosphatase inhibitors (cOmplete and phosSTOP, Roche) on

ice for 10 min. If lysates were to be used for immunoprecipitation, cells were lysed in Co-IP Lysis Buffer supplemented with protease

and phosphatase inhibitors (cOmplete and phosSTOP, Roche) on ice for 30 min. Lysates were clarified by high-speed centrifugation

(19,000 x g, 10 min). Concentrations of lysates were determined with protein BCA assay (Thermo Fisher) and adjusted to 2 mg/mL

with additional RIPA buffer. Samples were mixed with 5x SDS Loading Dye and heated at 95�C for 5 min.

Generation of H358-KRAS(G12V) stable transfectant
NCI-H358 cells (3 3 106) were transfected with 20 mg BglII-digested pcDNA3.1-3xFLAG-KRAS-G12V plasmid using Lipofectamine

3000 (Invitrogen) following themanufacturer’s instructions. Stable transfectants were selected with G418 (500 mg/mL). Selection was

deemed complete when amock-treated plate of cells had completely died (about 3 weeks). The selected cells were pooled and used

in subsequent assays. The ectopic expression of the K-Ras(G12V) was confirmed by immunoblotting.

Immunoprecipitation
Antibodies were crosslinked to Protein G beads as follows. Protein Gmagnetic beads (NewEngland Biolabs) were washed twice with

Co-IP lysis buffer (100 mL/wash). 20 mg antibody was diluted in 100 mL Co-IP Lysis Buffer and added to the washed Protein G beads.

The mixture was incubated at 23�C with constant end-to-end mixing for 30 min. The beads were washed twice with Co-IP Lysis

Buffer and once with PBS (100 mL/wash). The beads were resuspended in 400 mL 5 mM BS-30 dissolved in PBS and incubated at

23�C with constant end-to-end mixing for 30 min. The reaction was quenched by addition of 50 mL 1.0 M Tris 7.5 and incubation

was continued for 10 min. The beads were washed three times with Co-IP Lysis Buffer and resuspended in 100 mL. For each immu-

noprecipitation reaction, antibody-crosslinked Protein G beads were washed three times with 50 mL Co-IP Lysis Buffer and captured

on amagnetic stand. Supernatant was removed and 500 mL lysate (1 mg/mL) was added to the beads. The mixture was incubated at

23�C for 30 min with constant end-to-end mixing. Beads were washed twice with Co-IP Lysis Buffer (200 mL) and bound protein was

eluted with 50 mL 1x LDS Loading Buffer at 95�C for 5 min.

Gel electrophoresis and western blot
Unless otherwise noted, SDS-PAGEwas run with Novex 4–12%Bis-Tris gel (Invitrogen) inMES running buffer (Invitrogen) at 200V for

40 min following the manufacturer’s instructions. Protein bands were transferred onto 0.45-mm nitrocellulose membranes (Bio-Rad)

using a wet-tank transfer apparatus (Bio-Rad Criterion Blotter) in 1x TOWBIN buffer with 10% methanol at 75V for 45 min. Mem-

branes were blocked in 5%BSA–TBST for 1 h at 23�C. Primary antibody binding was performed with the indicated antibodies diluted

in 5% BSA–TBST at 4�C for at least 16 h. After washing the membrane three times with TBST (5 min each wash), secondary anti-

bodies (goat anti-rabbit IgG-IRDye 800 and goat anti-mouse IgG-IRDye 680, Li-COR) were added as solutions in 5% skim milk–

TBST at the dilutions recommended by the manufacturer. Secondary antibody binding was allowed to proceed for 1 h at 23�C.
The membrane was washed three times with TBST (5 min each wash) and imaged on a Li-COR Odyssey fluorescence imager.
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T2 MHC stabilization assay
T2 cells were washed once with Aim V medium and resuspended at 1e6/mL. Peptides were prepared as 200 mM solutions in Aim V

medium. For each replicate, 100 mL cells were mixed with either 100 mL peptide solution in 96-well U-bottom plates (Nunc). The cells

were incubated at 37�C for 18 h. Cells were pelleted (500 x g,5 min) and washed with 200 mL FACS Buffer, then stained with P1A4-PE

(prepared in house) or W6/32-APC (Thermo Fisher Scientific Cat# 17-9983-42, RRID:AB_10733389) at 23�C for 30 min. Cells were

washed once with 200 mL FACS Buffer, resuspended in 100 mL FACS Buffer, and analyzed on BD Canto II flow cytometer. Mean

Fluorescence Intensity was calculated in FlowJo (10.6.2, BD) and processed in Prism 8.0 (GraphPad).

Proximity ligation assay
Cells were plated on 4-cell EZSlide chambers (EMD Millipore) at 2e5/mL, 0.5 mL/chamber and treated with DMSO or 10 mM

ARS1620. After 4 h, the media were removed, cells were washed twice with PBS, and fresh drug-free media were added. After

16 h, cells were washed once with PBS. Cells were fixed with 4% paraformaldehyde for 20 min at 23�C, and washed sequentially

with PBS (3 3 5 min), 15 mM glycine (1 3 10 min), 50 mM ammonium chloride (2 3 10 min), PBS (3 3 5 min). Blocking, primary

and secondary antibody binding and rolling circle amplification were performed using the following reagents: DuoLink Blocking So-

lution (Sigma-Aldrich), P1A4 (produced in house) and W6/32 (Bio X Cell Cat# BE0079, RRID:AB_1107730), DuoLink Anti-Human

Minus (Sigma-Aldrich) and DuoLink Anti-Mouse Plus (Sigma-Aldrich), and DuoLink In Situ Detection Reagent Red (Sigma-Aldrich).

All binding, wash and development steps were performed according to manufacturer’s instructions. Slides were mounted with a

coverslip using a minimal volume of DuoLink In Situ Mounting Medium with DAPI (Sigma-Aldrich). Images were taken on a Zeiss

LSM900 Spinning Disk Microscope at 203 Objective and processed in Fiji. Image acquisition parameters and data processing pa-

rameters were the same for all treatment conditions.

BiTE-mediated cell killing assay
Target cell lines were engineered to constitutively express a nucleus-restricted red fluorescence protein (mKate2) by lentiviral trans-

duction (IncuCyte NucLight Red Lentivirus Reagent). Target cells were seeded in 96-well plates at 3,000 cells/well. (3 3 104/mL,

100 mL/well). Cells were allowed to attach overnight (16 h). Meanwhile, PBMCs were thawed from frozen aliquots and allowed

rest overnight (16 h) in RPMI +10% FBS. Solutions of ARS1620 at 2x the final concentration were prepared in RPMI+10% FBS,

and 100 mL of the 2x drug solutions were added to each well of the target cell plate. The mixture was incubated for 4 h, and then cells

were gently washed three times with RPMI+10% FBS (200 mL/wash). In the last wash, only 100 mL of the wash solution was removed.

PBMCs were diluted to 1.2 3 106/mL. Antibody solutions were prepared at 4x the final concentration (40 nM) in RPMI +10% FBS.

50 mL of PBMCs (63 104 cells) and 50 mL 4x antibody solutionwere added sequentially to eachwell. Cell growthwas IncuCyte live cell

imaging system (Essen Bioscience) every 2 h for a total of 72 h. At the end of the monitoring period, cells were transferred into a

96-well U-shaped plate and pelleted by centrifugation (500 x g, 5 min). Cells were washed once with FACS Buffer and stained

with a cocktail of the following antibodies at 23�C for 30 min: anti-hCD3-APC (clone OKT3, BioLegend, RRID:AB_1937212), anti-

hCD8-PerCP-Cy5.5 (clone SK1, BioLegend, AB_2,044,010), anti-hCD4-PE-Cy7 (clone OKT4, BioLegend, RRID:AB_571959), anti-

hCD69-PE (clone FN50, BioLegend, RRID: AB_314841). Cells were washed twice with FACS Buffer, resuspended in 150 mL

FACS Buffer and analyzed on an Attune NxT flow cytometer.

Animal studies
Six-to seven-week-old female nude mice (NCr-Foxn1nu) were purchased from Taconic Biosciences and housed with ad libitum food

and water on a 12-h light cycle at the UCSF Preclinical Therapeutics Core vivarium. All animal studies were performed in full accor-

dance with UCSF Institutional Animal Care and Use Committee (IACUC protocol n. AN179937).

H358 xenografts were established by subcutaneous injection into the right flanks of mice with H358 cells (53 106 cells in 100 mL of

serum-free mediummixed 1:1 with Matrigel). Tumor size was assessed biweekly by 2D caliper measurement and volume was calcu-

lated according to the volume of an ellipsoid ((width)2 x length x 0.52). H538 tumor-bearing mice were randomized into control and

treatment groups when tumors reached a size range of 100–120 mm3 (n = 5 mice per group), and single or triple dosing of ARS1620

(200mg/kg in Labrasol), single dosing of AMG510 (100mg/kg in Labrasol), or vehicle control (Labrasol) was administered daily by oral

gavage. After 24 h (for single treatment groups) or 72 h (for triple treatment group), tumors were harvested for subsequent analysis.

Flow cytometry
Cultured cells were dissociated by scraping in the presence of ice-cold PBS (with 5 mM EDTA) and passing through a 40-mm cell

strainer. Dissected tumor tissues were dissociated into single cell suspensions using Collagenase IV and DNase I following a pub-

lished protocol (Leelatian et al., 2017). Cells were washed twice with FACS buffer (3% BSA in PBS, 5 mM EDTA) and stained with

appropriate antibodies at four�C for 1 h. The cells were then resuspended in FACS buffer supplemented with SYTOX Blue viability

stain and analyzed on a Attune NxT flow cytometer. The following antibodies were used: anti-HLA-ABC-APC (Thermo Fisher Scien-

tific Cat# 17-9983-42, RRID:AB_10733389), anti-ARS1620-PE (clone P1A4, prepared in house).

X-Ray crystallography
The protein solution was prepared by mixing a 1:3 M ratio of P1A4 Fab, at 15 mg/mL in 25 mM TRIS-HCl (pH 7.5), 150 mMNaCl, and

the saturated ASR1620 in 50% DMSO, 25 mM TRIS-HCl (pH 7.5), 150 mM NaCl. Crystals of the complex were grown at room
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temperature by hanging-drop by mixing 100 nL of the protein solution with 100 mL of the crystallization condition (0.1 M HEPES pH

7.5, 70% MPD) by TTPLabtech Mosquito Nanoliter Dropsetter. Crystals were harvested �1 week after setup by flash-freezing in

liquid nitrogen without a cryogenic solution. Data were collected at Lawrence Berkeley National Laboratory Advanced Light Source

beamline 8.3.1. Diffraction images were processed using Xia2 with the Dials pipeline (Winter, 2010). Molecular replacement was per-

formed using Phaser. The resulting structure models were refined over multiple rounds of restrained refinement and isotropic

B-factor minimization with Phenix(Adams et al., 2010).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative data acquired by instruments was recorded as presented by the measuring device with the uncertainty equal to the

smallest increment, unless specified by the manufacturer. Error propagation was performed when data was transformed. In

dose-response experiments, concentration values were assumed to be accurate. IC50 values were determined by least-squares

regression in GraphPad Prism 8.0, and 95% confidence intervals, when available, were reported. Melting temperature values in dif-

ferential scanning fluorimetry experiments were determined using the first derivative method and reported as mean ± SD. Kinetic

constants (kon and koff) and dissociation constants (KD) in biolayer interferometry experiments were determined by a proprietary

regression algorithm (Forte Bio Octet Data Analysis 9.0), and their values and errors were reported as presented by the software.

Statistical tests were performed using unpaired two-tailed Student’s t test with Holm-�Sı́dák correction for multiple comparisons or

unpaired one-way ANOVA test with Dunnett’s correction for multiple comparisons. T tests for cell killing assays were performed

assuming two-tailed distribution because there is no definite reason for the treatment to decrease cell growth. The detailed method

is specified in the figure legend of each experiment. Exact p values R 0.0001 were provided in the figure or in the figure legend. All

tests were performed using GrapdhPad Prism 9.
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