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In brief

T cell-based therapies for cancer rely on

targets that are both presented on

specific HLA molecules and are

immunogenic. Choi et al. establish a

systematic pipeline to evaluate both

aspects sensitively and apply it to

common KRAS mutations to broadly

explore T cell targets from this oncogene.
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MOTIVATION We created a pipeline for the systematic discovery and validation of T cell targets for the
development of targeted cancer immunotherapies. This pipeline addresses the two critical aspects of a
T cell target: presentation on an HLA molecule and immunogenicity. Applying our methodologies to the
comprehensive analysis of common KRAS mutations, we demonstrated the therapeutic potential of our
pipeline to increase patient populations that can be reached with T cell-based therapies.
SUMMARY
Oncogenicmutations in KRAS can be recognized by T cells on specific class I human leukocyte antigen (HLA-
I) molecules, leading to tumor control. To date, the discovery of T cell targets from KRAS mutations has
relied on occasional T cell responses in patient samples or the use of transgenic mice. To overcome
these limitations, we have developed a systematic target discovery and validation pipeline. We evaluate
the presentation of mutant KRAS peptides on individual HLA-I molecules using targeted mass spectrometry
and identify 13 unpublished KRASG12C/D/R/V mutation/HLA-I pairs and nine previously described pairs. We
assess immunogenicity, generating T cell responses to nearly all targets. Using cytotoxicity assays, we
demonstrate that KRAS-specific T cells and T cell receptors specifically recognize endogenous KRASmuta-
tions. The discovery and validation of T cell targets from KRAS mutations demonstrate the potential for this
pipeline to aid the development of immunotherapies for important cancer targets.
INTRODUCTION

Globally, mutations in Ras genes account for around 3.4 million

cancer diagnoses each year (Prior et al., 2020). A recently pub-

lished meta-analysis of the four preeminent cancer genetics da-

tabases (i.e., COSMIC, cBioPortal, ICGC, and TCGA) revealed

that RAS mutations are associated with approximately 19% of

yearly cancer diagnoses in the United States, with KRAS muta-

tions comprising roughly 75% of that total (Prior et al., 2020).

KRAS mutations frequently occur in several common cancers,

including non-small cell lung cancer, colorectal cancer, and

pancreatic ductal adenocarcinoma. Missense mutations at

codon 12 are most common, promoting carcinogenesis through

a gain-of-function action that leads to an increase in cell growth

and survival (Simanshu et al., 2017).

KRAS mutations are detectable in a sizable portion of human

cancers, are tumor specific, and critical to tumor cell biology,

making them attractive therapeutic targets. There have been
Cell Reports
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several attempts to drugmutant RAS proteins since their discov-

ery in the 1980s, with substantial progress being made in recent

years (Bar-Sagi et al., 2020). Small-molecule drugs that target

the cysteine amino acid from the KRAS codon 12 mutation

(KRASG12C) are the most advanced (Hong et al., 2020; Mullard,

2019). While KRASG12C is the most common KRAS mutation in

non-small-cell lung cancer, this mutation is less prominent in

other cancers. Accordingly, there is a significant need to develop

therapies that target KRAS mutations without the limitations

inherent to some small-molecule drug and amino acid

combinations.

Within the past decade, immunotherapies have become an

increasingly effective way to treat cancer, and this therapeutic

modality has been shown to control tumor cells with KRAS mu-

tations. In particular, seminal work from the Rosenberg and Yang

laboratories at the National Cancer Institute established the po-

tential of T cell immunotherapy targeting KRASG12D/V mutations

in the context of specific human leukocyte antigen (HLA)
Methods 1, 100084, September 27, 2021 ª 2021 The Author(s). 1
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molecules (Tran et al., 2016; Wang et al., 2016; Yossef et al.,

2018). Their data demonstrate that HLA molecules can present

KRAS mutant peptides (also known as ‘‘neoantigens’’) at levels

recognizable by T cells and establish a paradigm for the thera-

peutic utility of T cells targeting KRAS mutations.

While important, these discoveries relied on isolating T cells

reactive to KRAS mutations from patient samples, such as pe-

ripheral bloodmononuclear cells (PBMCs) or tumors, or by using

transgenic mouse models, which are only available for a limited

number of alleles. A recent report from Bear et al. (2021) over-

came some of these constraints by using engineered cell lines

and T cell induction assays from healthy donor cells, but only

profiled four HLA-I alleles. Here, we established a systematic

cell-based pipeline to discover and validate therapeutically rele-

vant KRAS T cell targets across any HLA-I allele and applied this

pipeline to 10 HLA-I alleles. We evaluated the HLA-I presentation

of mutant KRAS peptides using targeted mass spectrometry

(MS) to detect peptides isolated from cells engineered to simul-

taneously express four KRAS codon 12 mutations and a specific

class I HLA (HLA-I) molecule. Using a T cell induction protocol,

we generated naive T cell responses against nearly all mutant

KRAS peptides that were detected by MS, confirming their

immunogenicity.

Through this antigen discovery pipeline, we identified 13 un-

published KRASG12C/D/R/V mutation/HLA-I molecule pairs that

have not been reported in the literature, thereby more than

doubling the number of T cell targets from KRAS mutations

that can potentially be targeted therapeutically. Moreover, cyto-

toxicity assays demonstrated that the induced T cells or T cell re-

ceptor (TCR)-transduced T cells could recognize the KRASG12V

neoantigens on target tumor cell lines that naturally express

the KRASG12V mutation. These T cells do not cross-react with

the wild-type KRAS peptide presented on the same HLA-I mole-

cule. We believe that this scalable discovery and validation pipe-

line will help drive the development of focused immunotherapies

for KRAS and other important cancer targets.

RESULTS

Establishment of a pipeline to evaluate KRAS
neoantigens
There have been multiple efforts to discover KRAS neoantigens

through epitope prediction or structural modeling of peptide-

HLA interactions (Bai et al., 2021; Castle et al., 2019; Wu et al.,

2018). However, these primarily leverage affinity-based predic-

tors, which rely on traditional binding assays and a priori knowl-

edge of the peptides to be assayed. As an alternative approach,

we used HLAthena (Sarkizova et al., 2020), anMS-based predic-

tor trained using endogenous ligands processed and presented

by cells. All 8-11mers from KRASG12C/D/R/V with the mutated

amino acid were predicted for the 12 most common HLA-A, B,

and C alleles in the United States population (Data S1). As an

initial evaluation, HLA-I alleles for which there was at least one

KRAS-mutated 9mer or 10mer peptide predicted to bind with a

2% rank or lower were selected for further validation (Table

S1). These included all four HLA-I alleles previously shown to

present at least one KRAS neoantigen (Bear et al., 2021; Dou-

glass et al., 2021; Tran et al., 2016; Wang et al, 2016, 2019).
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To evaluate the predicted HLA-I neoantigens, we established

a systematic pipeline to assess the fundamental criteria of an an-

tigen target for a T cell, including whether the neoantigen is pre-

sented on cells with the mutation and if the neoantigen can elicit

a T cell response (Figure 1). First, we evaluated the presentation

of the reported neoantigens using targeted MS. Next, we used a

T cell induction protocol to elicit naive T cell responses. To expe-

dite the evaluation of these criteria, we engineered the malignant

melanoma-derived A375 cell line to stably express each of

the four most common KRAS codon 12 mutations simulta-

neously and an HLA-I molecule of interest. Together, we gener-

ated multiple double-transduced A375 cell lines containing

KRASG12C/D/R/V mutations and a specific HLA-I allele. For a sub-

set of the neoantigens, we assessed both induced T cell and

cloned TCR functionality using cytotoxicity assays with target

cancer cells that naturally harbor the KRASG12V mutation.

Targeted MS of HLA-I peptides
Parallel reaction monitoring (PRM) is a targeted MS-based data

acquisition approach that utilizes high-resolution mass spec-

trometers to selectively detect predefined peptides in complex

samples (Peterson et al., 2012).WeusedPRM todetect both pre-

viously reported KRAS neoantigens (Bear et al., 2021; Douglass

et al., 2021; Tran et al., 2016;Wang et al, 2016, 2019) and unpub-

lished KRAS neoantigens since profiling-basedMS data acquisi-

tion approaches, such as data-dependent acquisition can miss

low abundance peptides (Peterson et al., 2012). For this, we en-

gineered A375 cells to concurrently and stably express mutant

KRAS gene segments (i.e., KRASG12C/D/R/V) with the first 35

amino acids of each variant, then further engineered the cells to

express individual HLA-Imolecules stably. In the absence of spe-

cific antibodies for each HLA-I allele, we inferred robust expres-

sion either from the expression of HLA-C or from decreased

expression of HLA-A*02:01, which implies out competition for

b2 microglobulin by the transduced allele over the endogenous

(Figure S1A). Formost HLA-I alleles studied, theHLA-Imolecules

contained a biotin acceptor peptide (BAP) affinity tag located on

the heavy chain that facilitated the isolation of the tagged HLA-I

molecule using an approach termed mono-allelic purification

with tagged allele constructs (MAPTAC) (Abelin et al., 2019).

Immunoprecipitation was used to isolate an HLA-I molecule

that did not have a BAP tag and endogenously expressed HLA-

Imolecules of interestwhenpresent.Wealsousedsynthetic pep-

tide standards to confirm each detection by PRM.

Overall, we detected 30 individual KRASG12C/D/R/V neoanti-

gens across HLA-A, HLA-B, and HLA-C alleles by PRM (Table 1).

A list of neoantigens that we did not detect by PRM is also

included in Table S1. These results are notable for several rea-

sons. First, 20 of these discoveries are KRAS neoantigens

presented by common HLA-I alleles that have not been previ-

ously reported. For example, the unpublished KRAS neoanti-

gens include KRASG12V on HLA-A*30:01, HLA-A*68:01, HLA-

C*01:02, HLA-C*03:03, and HLA-C*03:04, at least one of which

is present in roughly one-third of the United States population.

Second, most HLA-I alleles present neoantigens from only one

or two of the four evaluated KRAS mutations, even in cases

where the mutated amino acid resides at a position that is

not expected to strongly affect binding to the HLA-I molecule
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Figure 1. Establishment of a pipeline to discover and validate KRAS neoantigens

Overview of the cell-based systematic pipeline established to discover and validate KRAS neoantigens using targeted MS (top) and an in vitro T cell stimulation

protocol (middle). A375 cells were engineered to simultaneously express four KRASG12C/D/R/V mutations and an HLA-I molecule of interest. After purifying HLA-I

peptides, targetedMSwas used to detect individual KRAS neoantigens (lines with a colored box) in the presence of endogenous peptides that are also presented

by the transduced HLA-I molecules (gray lines). An in vitro stimulation protocol was used to elicit naive T cell responses against the detected KRAS neoantigens.

For a subset of the detected neoantigens (dashed arrows represent expanded pipeline), a cytotoxicity assay was performed to show that induced T cells can kill

tumor cell lines that naturally express the KRASG12V mutation. Cytotoxicity assays were also used to demonstrate that cloned TCRs can kill tumor cells that

naturally present the KRASG12V neoantigen.
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(i.e., anchor residues) (Figure S2). Third, we did not detect KRAS

neoantigens presented on HLA-A*02:01 from any of the evalu-

ated mutations despite a previous publication suggesting

possible presentation of amutant KRAS epitope on this common

allele (Kubuschok et al., 2006). Our evaluation included looking

for HLA-A*02:01 neoantigens in engineered cell lines and tumor

cell lines and is concordant with recent publications (Bear et al.,

2021; Douglass et al., 2021).
To demonstrate that we could detect KRAS neoantigens at

physiological levels by MS, we targeted KRAS neoantigens in

two different cell lines that naturally express KRAS mutations.

Both the SW620 colon cancer cell line and the NCI-H441 lung

cancer cell line naturally harbor the KRASG12V mutation. How-

ever, we engineered the SW620 cells to express the BAP-

tagged HLA-A*11:01 allele, whereas the NCI-H441 cells

endogenously express HLA-A*03:01. Following the isolation of
Cell Reports Methods 1, 100084, September 27, 2021 3



Table 1. Summary of KRAS neoantigens detected by targeted MS

HLA-I KRAS mutation Peptide Peptide length Reference

A*03:01 wild-type *VVVGAGGVGK 10 this article

G12C VVVGACGVGK 10 this article

G12D VVVGADGVGK 10 Wang et al. (2019) and this article

G12R VVVGARGVGK 10 Bear et al. (2021) (9mer) and this article (10mer)

G12V *VVVGAVGVGK 10 Douglass et al. (2021) and this article

G12V *VVGAVGVGK 9 Douglass et al. (2021) and this article

A*11:01 G12C VVVGACGVGK 10 this article

G12D VVVGADGVGK 10 Wang et al. (2016) and this article

G12R VVVGARGVGK 10 Bear et al. (2021) (9mer) and this article (10mer)

G12V V̂VVGAVGVGK 10 Wang et al. (2016) and this article

G12V VVGAVGVGK 9 Wang et al. (2016) and this article

A*30:01 G12R VVVGARGVGK 10 this article

G12R VVGARGVGK 9 this article

G12V VVVGAVGVGK 10 this article

G12V VVGAVGVGK 9 this article

A*68:01 G12C VVVGACGVGK 10 this article

G12D VVVGADGVGK 10 this article

G12R VVVGARGVGK 10 this article

G12V VVVGAVGVGK 10 this article

G12V VVGAVGVGK 9 this article

B*07:02 G12D GADGVGKSAL 10 Bear et al. (2021) and this article

G12R GARGVGKSAL 10 Bear et al. (2021) and this article

C*01:02 G12V AVGVGKSAL 9 this article

C*03:03 G12V GAVGVGKSAL 10 this article

G12V GAVGVGKSA 9 this article

C*03:04 G12C GACGVGKSA 9 this article

G12D GADGVGKSAL 10 this article

G12V GAVGVGKSAL 10 this article

G12V GAVGVGKSA 9 this article

C*08:02 G12D GADGVGKSAL 10 Tran et al. (2016) and this article

G12D GADGVGKSA 9 Tran et al. (2016) and this article

KRAS G12C/D/R/V neoantigens detected by PRM in this article as well as those reported in other publications are indicated (first report referenced). Pep-

tides detected in the NCH-H44I cell line are marked with (*), and the peptide detected in the SW620 cell line is marked with (̂ ).
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HLA-I molecules, we targeted KRASG12V neoantigens in the

SW620A*11:01 and non-engineered NCI-H441 cells. We detected

the KRASG12V neoantigens in both cell lines and a wild-type pep-

tide in NCI-H441 cells (Table 1). Since heavy isotope-labeled in-

ternal standards were spiked into the SW620 and NCI-H441

samples, it enabled us to calculate the amount of each neoanti-

gen that was recovered from sample processing and detected

by MS. We estimate that we detected approximately 124 amol

of the 10mer KRASG12V neoantigen in the SW620 sample and

around 894 and 109 amol of the 10mer and 9mer KRASG12V neo-

antigens from the NCI-H441 sample, respectively (Data S1).

Extrapolating these recovered peptide values, we estimate that

we detected <10 peptides per cell of both the 10mer and 9mer

KRASG12V neoantigens (Data S1), which is consistent with a

recent study for the 10mer KRASG12V peptide in the same cells

(Douglass et al., 2021). Figure 2 shows the spectra for the
4 Cell Reports Methods 1, 100084, September 27, 2021
10mer KRASG12V neoantigen in the engineered A375 cells and

the two cancer cell lines. The mass spectra for all the KRAS neo-

antigen peptides detected by MS and the corresponding syn-

thetic peptides used to confirm the detections are in Data S2

and the extracted ion chromatogram values used to create the

spectral visualizations are included in Data S1. Together, these

data highlight the sensitivity of targeted MS assays that facili-

tated the discovery of KRAS neoantigens predicted to be pre-

sented by specific HLA-I molecules.

KRASmutant-specific Tcells can be induced to epitopes
detected via MS
To evaluate whether the epitopes observed via targeted MS

can also elicit naive T cell responses, we used a T cell induction

protocol using healthy human donorswith at least one HLA-I allele

of interest for a subset of MS-observed epitopes (i.e., HLA-



100 200 300 400 500 600 700 800 900

100

50

10

10

50

100

m/z

%
 R

el
at

iv
e 

A
bu

nd
an

ce
Er

ro
r (

pp
m

)

-5
5

100 200 300 400 500 600 700 800 900

-5
5

m/z

A375

100 200 300 400 500 600 700 800 900
m/z

100 200 300 400 500 600 700 800 900
m/z

100 200 300 400 500 600 700 800 900
m/z

100 200 300 400 500 600 700 800 900
m/z

A B C

Synthetic Synthetic Synthetic

Allele Mutation
G12VA*11:01

Transduced Transduced

SW620
Allele Mutation

G12VA*11:01
Transduced Natural

NCI-H441
Allele Mutation

G12VA*03:01
Natural Natural

VVVGAVGVGK VVVGAVGVGKVVVGAVGVGK a2

a2

b2

b2

y2

y2

y3

y3

y4

y4

b4

y5

y5

y6

y6

y7

y7

y8

y8

y9

y9

y1

a2

b2

y2
y3

y4

y5 y6

y7

y8

y9y1

y1

a2

b2

y2

y3

y4

b4

y5
y6

y7 y8

y9y1

a2

b2
y2

y3

y4

y5 y6

y7 y8

y9y1

a2

b2

y2

y3

y4

b4

b4

y5
y6

y7 y8

y9y1

Figure 2. Representative targeted MS data

TargetedMSwas used to detect the 10mer KRASG12V HLA-A3 superfamily neoantigen VVVGAVGVGK in (A) A375 cells engineered to express both the KRASG12V

mutation and HLA-A*11:01, (B) SW620 cells that naturally express the KRASG12V mutation but were engineered to express HLA-A*11:01, and (C) NCI-H441 cells

that naturally express both the KRASG12V mutation and HLA-A*03:01. The top panels specify the KRASmutation and HLA-I molecule present in each sample. The

middle panels contain the mass spectra for the peptide detected in each sample (top), and the mass spectra for the heavy isotope-labeled synthetic peptide

(bottom) used to confirm the detections. The bottom panels showmass error in parts per million (ppm) of the a-ions (purple), b-ions (blue), and y-ions (red) for the

endogenous (top) and heavy isotope-labeled synthetic (bottom) mass spectra. Data from the same heavy isotope-labeled synthetic peptide was used in this

figure. See also Data S2.
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A*03:01,HLA-A*11:01,HLA-A*68:01,HLA-B*07:02,HLA-C*01:02,

HLA-C*03:04, or HLA-C*08:02). T cell responses were evaluated

after one to two rounds of stimulation with minimal epitope pep-

tides and assessed via peptide-HLA-I multimers (Hadrup et al.,

2009). For nearly all KRAS neoantigens tested, we induced T cell

responses in at least one healthy donor (Figures 3A and S3;

Table S2). For KRASG12C on HLA-A*68:01, we did not detect a

T cell response in the one healthy donor tested. Combined with

theMSanalyses, thesedataconfirmthat therearebonafide immu-

nogenic neoantigen targets from all four KRAS mutations studied

on the common HLA-I alleles we tested.

We induced T cell responses in >50% of healthy donors for

most epitopes, except for HLA-A*03:01 (Table S2). For this

HLA-I allele, T cell responses were induced in 20%–55% of

healthy donors. By contrast, we can induce T cell responses

in >75% of HLA-A*11:01+ donors, another commonly expressed

member of the HLA-A3 superfamily. Although the same epitopes

bind to these HLA-I molecules with a strong affinity (most

at <500 nM), the epitopes are more stable on HLA-A*11:01

(Table S3). This increased stability for the same epitopes on

HLA-A*11:01 versus HLA-A*03:01 may explain the increased

response to the former, as the stability of epitopes on HLA-I mol-

ecules has previously been correlated with immunogenicity

(Harndahl et al., 2012).
To evaluate the ability of T cells to distinguish the mutant

epitope from the wild-type version, we performed a kinetic an-

nexin V-based cytotoxicity assay with T cell populations from in-

dependent cell cultures recognizing a KRASG12V neoantigen on

HLA-A*11:01. Using target cells without peptide loading as a

baseline, all the T cell responses tested killed target cells loaded

with KRASG12V mutant peptide, but not with KRAS wild-type

peptide, even at relatively high concentrations (Figure 3B). By

titrating the KRASG12V mutant peptide, we found the half-

maximal effective concentration of all tested responses to be

less than 5 nM (Figure 3B).

To determine if the functional avidities of the TCRs from the

induced T cells are sufficient for recognition of KRAS neoanti-

gens at physiological levels, we performed cytotoxicity assays

with the same two human cell lines that naturally contain

KRASG12V mutations that were used for MS analysis, SW620,

and NCI-H441. Although SW620 cells were transduced to ex-

press HLA-A*11:01, the overall surface expression of HLA-I mol-

ecules is unchanged relative to the parental cell line with minimal

downregulation of the endogenously expressed HLA-A*02,

demonstrating that the transgenic HLA-A*11:01 is expressed

at comparable levels with endogenous HLA-I molecules (Figures

3C and S1B). Significant cytotoxicity of the HLA-A*11:01-ex-

pressing SW620 cells was observed only upon co-culture with
Cell Reports Methods 1, 100084, September 27, 2021 5
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Figure 3. Evaluation of KRAS neoantigen immunogenicity in healthy donors

(A) Flow cytometry plots of pHLA staining of KRAS neoantigens after naive T cell inductions in healthy donors with the appropriate HLA-I molecules. Multimer-

positive populations are circled in red. Naive T cell inductions andmultimer analysis were performed for all neoantigens detected byMS, except for KRASG12C on

HLA-A*68:01. See also Figure S3.

(B) Cytotoxicity assay evaluating the specificity of multiple independent T cell cultures stimulated against KRASG12V on HLA-A*11:01. T cell cultures with

identifiable multimer-positive populations (left) were co-cultured with A375 cells transduced to express HLA-A*11:01 and loaded with increasing amounts of the

KRASG12V/HLA-A*11:01 neoantigens (red dots) or a single concentration of the matching wild-type peptides (blue dots). Data are presented as mean ± SD.

(C–E) Cytotoxicity assay evaluating the ability of a representative T cell culture to recognize endogenously processed and presented KRASG12V neoantigens.

(legend continued on next page)
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a representative T cell induction against KRASG12V on HLA-

A*11:01 (Figure 3D). Importantly, this same T cell population

induced significant cytotoxicity in an A375 cell line engineered

to express HLA-A*11:01 and KRASG12V, but not HLA-A*11:01

and KRASG12D, confirming the specificity for the KRAS muta-

tion/HLA-I molecule pair (Figure S4A). Furthermore, T cells

induced against KRASG12V on HLA-A*11:01 only led to the cyto-

toxicity of SW620A*11:01 cells, but not control SW620 cells

without HLA-A*11:01 (Figure S4B). This confirms the tumor

specificity of this cytotoxicity. An analogous experiment with

the non-engineered NCI-H441 cell line led to target cell cytotox-

icity only upon co-culture with a population of T cells stimulated

to recognize KRASG12V on HLA-A*03:01 (Figure 3E). Together,

these data demonstrate that naive T cells can be induced that

recognize MS-detected KRAS neoantigens. Importantly, these

T cells can distinguish mutant from wild-type epitopes, and the

avidity of their TCRs is potent enough to recognize the natural

level of the neoantigen on tumor cells. This supports the concept

of T cell-based therapies to target a range of KRAS neoantigens.

Characterization of TCRs specific to common KRAS
neoantigens
The 30 peptides detected by targeted MS (Table 1) cover 22

distinct KRAS mutation/HLA-I molecule pairs (i.e., four KRAS

mutations on HLA-A*03:01, HLA-A*11:01, and HLA-A*68:01,

three KRAS mutations on HLA-C*03:04, two KRAS mutations

on HLA-A*30:01 and HLA-B*07:02, and one KRAS mutation on

HLA-C*01:02, HLA-C*03:03, and HLA-C*08:02). Of these 22

KRAS mutation/HLA-I molecule pairs, patient T cell responses

have previously been published for only two (KRASG12V on

HLA-A*11:01 and KRASG12D on HLA-C*08:02) (Tran et al.,

2015, 2016; Cafri et al., 2019). Although these epitopes are

immunogenic in an ex vivo naive T cell induction assay, the

paucity of patient T cell responses reported in the literature

may indicate that responses to KRAS neoantigens are unlikely

to occur without intervention. This supports an approach where

KRAS-specific T cell responses are generated systematically,

such as with vaccination or TCR-T-engineered T cells.

An understanding of physiologically relevant KRAS neoanti-

gens allows for the focused discovery of physiologically relevant

TCRs. As proof of principle for the discovery of TCRs using our

pipeline, we leveraged the naive T cell responses to KRAS neo-

antigens induced from healthy donors. We sorted antigen-spe-

cific T cells and sequenced the TCRs (Figure S5A). We stably

transduced all TCRs into Jurkat cells expressing the CD8 alpha

chain and characterized the avidity of the TCRs using peptide

titration and co-culture with target cells expressing the relevant

HLA-I alleles. For example, wewere able to isolate TCRs specific

for KRASG12V and KRASG12D on HLA-A*11:01 (Figures 4A and

4C). TCRs specific for these two neoantigens are currently being

tested in clinical trials (Chatani and Yang, 2020). In addition, we
(C) Total HLA-I expression was evaluated on SW620 cells transduced to express H

control-stained cells (orange). See also Figure S1.

(D and E) Cytotoxicity assays used to evaluate the ability of representative T c

neoantigens where (D) T cells were co-cultured with SW620A*11:01 cells and ann

(blue) and (E) T cells were co-cultured with NCI-H441 cells, and annexin V was m

Data are presented as mean ± SD and are representative of two independent ex
isolated TCRs specific for these same mutations on HLA-

A*03:01 (Figures 4B and 4D), the more prevalent member of

the HLA-A3 superfamily in the United States. All four TCRs dis-

played avidities ranging from 10 to 140 nM (Figures 4A–4D).

These TCRs demonstrate no reactivity to wild-type KRAS epi-

topes even at high peptide concentrations (Figure S5B). Some

of these TCRs’ avidities are in the same range as those targeting

KRAS neoantigens isolated from cancer patients, including ones

that elicited an anti-tumor response upon expansion and reinfu-

sion (Sim et al., 2020; Tran et al., 2016). Screening additional

TCRs will be necessary to identify those with therapeutic

avidities for the remaining KRAS neoantigens validated in our

pipeline.

To confirm the potency of the KRASG12V-specific TCRs, we

performed analogous cytotoxicity assays to those performed

with the induced T cell populations with TCR-transduced Jurkat

cells (Figures 4E–4G). We titrated the number of specific effector

cells (T cells expressing the transgenic TCR) to evaluate a range

of effector to target (E:T) ratios. For the TCR specific to

KRASG12V on HLA-A*11:01, we used HLA-A*11:01-transduced

SW620 target cells with endogenous expression of the

KRASG12V mutation as target cells in the cytotoxicity assays.

We observed a decrease in target cell growth based on target

cell GFP expression and an increase in expression of the

apoptotic marker annexin V on target cells starting at a ratio of

1.3:1. Complete target cell killing was observed at a ratio of

2.6:1 (Figure 4E). Furthermore, for the TCR specific to KRASG12V

on HLA-A*03:01, we established that effector cells expressing

this TCR could also kill SW620 cells transduced with HLA-

A*03:01 at a similar E:T ratio of 2.5:1 (Figure 4F). Finally, we as-

sessed whether T cells expressing this TCR could kill the NCI-

H441 target cell line with endogenous expression of a KRASG12V

mutation and HLA-A*03:01. We observed an increase in expres-

sion of annexin V on the target cells at an E:T ratio of 0.8:1,

demonstrating recognition and cytotoxic potential by this TCR

of a natural KRASG12V neoantigen (Figure 4G). Although signifi-

cant, the level of cytotoxicity with this TCR is less substantial

than with the TCR recognizing KRASG12V on HLA-A*11:01,

which is likely due to the weaker functional avidity of the former

(Figure 4A). Characterization of additional TCRsmay yield others

with a stronger functional avidity. Together, these data indicate

that TCRs identified through this pipeline can recognize KRAS

neoantigens at physiological levels.

DISCUSSION

Adoptive T cell therapy targeting KRAS mutations can have a

profound therapeutic effect in the clinic (Tran et al., 2016). How-

ever, only nine validated KRAS T cell targets (KRAS mutation/

HLA-I molecule pairs) have been published (Bear et al., 2021;

Douglass et al., 2021; Tran et al., 2016; Wang et al, 2016,
LA-A*11:01 (red) compared with non-transduced SW620 cells (blue) or isotype

ell cultures to recognize endogenously processed and presented KRASG12V

exin V was measured over time (red) compared with SW620A*11:01 cells alone

easured over time (red) compared with NCI-H441 cells alone (blue).

periments. See also Figure S4.
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Figure 4. Characterization of KRAS-specific

TCRs on common alleles

(A–D) TCRs isolated from healthy donor T cells

stimulated against different KRAS neoantigens were

transduced into JurkatCD8 cells. TCR avidity was

evaluated by titration of each cognate peptide pre-

sented on A375 cells transduced to express the

cognate HLA-I molecule. TCR stimulation was

assessed by IL-2 secretion or CD69 expression,

and half-maximal effective concentration was

calculated. (A) TCR specific for KRASG12V on HLA-

A*11:01. (B) TCR specific for KRASG12V on

HLA-A*03:01. (C) TCR specific for KRASG12D on

HLA-A*11:01. (D) TCR specific for KRASG12D on

HLA-A*03:01. Data are presented asmean ± SD and

are representative of at least two independent

experiments. See also Figure S5.

(E) The TCR from (A) was transduced into PBMCs

and used in a cytotoxicity assay against

SW620A*11:01 across a range of specific effector to

target (E:T) ratios (red). The ratio was calculated

using the number of TCR-transduced CD8+ T cells

in the well. As a control, an equivalent number of

PBMCs transduced with an irrelevant TCR was co-

cultured with SW620A11:01 cells (blue). Both target

cell growth (top) and target cell death (bottom) were

measured. Data are presented as mean ± SD

and are representative of three independent

experiments.

(F) The TCR from (B) was transduced into PBMCs

and used in a cytotoxicity assay against

SW620A*03:01 (red), and cell death of the target cell

was measured. As a negative control, PBMCs

transduced with the TCR from (A) were co-cultured

with SW620A*03:01 (blue). Data are presented as

mean ± SD and are representative of two indepen-

dent experiments.

(G) The TCR from (B) was transduced into

PBMCs and used in a cytotoxicity assay against

NCI-H441 (red), and cell death of the target cell was

measured. As a negative control, PBMCs trans-

duced with the TCR from (A) were co-cultured

with NCI-H441 (blue). Data are presented as

mean ± SD and are representative of two indepen-

dent experiments.

Article
ll

OPEN ACCESS
2019). The systematic pipeline that we established allowed us to

rapidly evaluate many KRAS mutation/HLA-I molecule pairs and

identify additional KRAS T cell targets. Our work substantially in-

creases the number of patients with KRASG12C/D/R/V mutation-

derived cancers that can be targetedwith a T cell-based therapy.

Based on HLA-I frequencies in the United States, approximately

46% of cancer patients with the KRASG12C mutation, 60% of pa-

tients with the KRASG12D mutation, 52% of patients with the

KRASG12Rmutation, and 53%of patients with the KRASG12Vmu-

tation present at least one KRAS neoantigen. When considering

previously reported KRAS neoantigens, our work contributes to

a 10%–20% increase in patients harboring a neoantigen among
8 Cell Reports Methods 1, 100084, September 27, 2021
those with KRASG12D, KRASG12R, and KRASG12V mutations.

Since this is the first report of HLA-I molecules presenting

KRASG12C neoantigens, our work reveals a sizable portion of

cancer patients with these KRAS mutations who may benefit

from targeted immunotherapies.

The increase in the fraction of patients with a validated KRAS

neoantigen emphasizes the importance of a comprehensive

analysis of potential T cell targets (i.e., across more HLA-I mole-

cules) that does not rely on patient samples. Although there is

value in observations of natural KRAS-specific T cell responses

in patient samples because they alone validate the target neoan-

tigen, such responses seem infrequent. For example, in two
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recent publications evaluating the T cell reactivity to KRAS mu-

tations from tumors or peripheral blood, 14 patients had at least

one of the KRAS mutation/HLA-I molecule pairs that we vali-

dated with our pipeline (Cafri et al., 2019; Parkhurst et al.,

2019). Only 3 of 14 patients had T cells that were reactive to

KRAS mutations, as demonstrated by tumor-infiltrating lympho-

cyte analysis and study of the memory T cell compartment from

peripheral blood. These results convincingly confirm these spe-

cific mutation/HLA-I molecule pairs, and they also demonstrate

the inefficiency of this route of target validation. By using a pipe-

line that does not rely on cancer patient samples, we can eval-

uate T cell targets from KRAS mutations systematically, more

rapidly, and with high sensitivity.

The relative infrequency of spontaneous responses to target-

able KRASmutation/HLA-I molecule pairs in patients likely limits

the effect of immune editing during the development of these tu-

mors that has been proposed across multiple oncogenes (Marty

et al., 2017). This also supports a therapeutic approach that sys-

tematically induces T cells that recognize these neoantigens.

Neoantigen vaccines are potent at eliciting T cell responses in

patients (Ott et al., 2017; Sahin et al., 2017). In patients with a

large tumor burden, a cell-based approach, including the use

of KRAS-specific TCRs, may be more effective. In our pipeline,

targeted MS increases the efficiency of T cell target discovery

by providing direct evidence that a predicted KRAS neoantigen

is processed within a cell then presented by an HLA-I molecule.

This removes false positives due to the immunogenicity of pep-

tides that are not processed endogenously (Strønen et al., 2016).

Other groups have overcome this issue through the use of immu-

nogens that have to be processed endogenously (Ali et al., 2019).

However, targeted MS reduces false negatives inherent in all

immunogenicity-based approaches due to inefficient T cell in-

ductions to specific peptides. For example, T cell responses to

KRAS mutations on HLA-A*03:01 were generally less frequent

in our study than on other molecules. By leveraging highly sensi-

tive targeted MS as the first arm of our pipeline, we prioritized

and evaluated MS-detected targets in T cell inductions across

many healthy donors. Weakly immunogenic targets may be

ideal for TCR-T therapies, whereby many healthy donors

can be screened to discover a TCR with preferred clinical

characteristics.

During the preparation of this article, a similar workflow was

published that also focused on discovery and validation of com-

mon KRAS neoantigens (Bear et al., 2021). Applying analogous

technologies, such as epitope prediction, targeted MS, and

immunogenicity assays, the authors reported positive T cell re-

sponses for five KRAS mutation/HLA-I pairs across three com-

mon alleles. Although both studies yielded a few overlapping

findings, the differences in our pipeline enabled the detection

and validation of significantly more KRAS mutation/HLA-I pairs

across seven common alleles. First, our use of affinity pull-

down and MAPTAC technology (Abelin et al., 2019) enabled

the rapid profiling of HLA-I alleles, increasing the breadth of

KRAS mutation/HLA-I pairs that can be analyzed by targeted

MS. The number of alleles profiled in our study is more than

twice what has been reported in the literature and results in the

discovery of 13 unpublished KRAS mutation/HLA-I pairs and

nine pairs already reported in the literature. Second, our targeted
MS workflow incorporated a cysteine modification step that

enabled the discovery of four KRASG12C epitopes across four

unique alleles.We believe our study is the first time that direct ev-

idence of processing and presentation of cysteine-containing

epitopes have been reported. Finally, we leveraged a library of

peptide-HLA-I multimers (pHLA) to sensitively detect T cell re-

sponses after our in vitro immunogenicity assay. This allowed

us to characterize the immunogenicity of these neoantigens

more broadly and deeply, and we were able to evaluate and

detect T cell responses to 16 total KRAS mutation/HLA-I pairs

across seven alleles. By contrast, Bear et al. used IFN-g ELI-

SPOT assays to detect T cell responses after their stimulation

and confirmatory pHLA multimers only in cases where positive

responses were detected in the initial screen. For these reasons,

we detected responses to 11more KRAS neoantigens than Bear

et al., seven that they did not screen and four that they screened

but to which they did not detect responses.

We applied this pipeline to focus on KRAS mutations, but it

can be applied broadly to study other classes of antigens. For

example, other common mutations or even patient-specific mu-

tations can be rapidly evaluated because this pipeline does not

rely on limited patient samples or available animal models. Com-

monmutations, tumor-associated antigens, or viral antigens can

be assessed across various common HLA-I alleles to identify

therapeutically relevant and practical targets. Furthermore, this

systematic pipeline provides an efficient manner to evaluate

less common HLA-I alleles, where the infrequency of the HLA-I

allele compounds the relative infrequency of spontaneous

T cell responses to any given antigen. Overall, this pipeline sup-

ports the ability to discover and validate peptides presented by

HLA-I molecules for any HLA-I allele.

Limitations of the study
The presented pipeline has some limitations. It was primarily

constructed to address whether any given epitope can be pre-

sented on a given HLA-I allele and subsequently immunogenic.

By leveraging engineered cell lines with overexpressed KRAS

mutations, HLA-I alleles, or both, we were able to confirm that

all listed epitopes can be processed and presented, but we

only confirmed that a subset is naturally presented without

overexpression.

The use of targeted MS for validation of processing and pre-

sentation relies on the integrity and accuracy of the initial epitope

prediction. This approach biases the analysis toward targeting

the canonical HLA-I peptide repertoire and potentially misses

neoantigens with atypical binding motifs. In addition, epitope

prediction has the potential to create large numbers of candidate

peptides for targeted MS. Although MS acquisition techniques

have advanced the number of peptides that can be assayed in

a single analysis (hundreds), PRM methods are limited in scope

and rely on upfront assay development with heavy isotopically

labeled peptides.

The immunogenicity assay was used to evaluate whether

T cell responses could be reproducibly generated to these neo-

antigens. Although the T cell responses are specific, they may

not always be sensitive enough to detect the natural levels of

the target neoantigens. Dedicated screens would be required

to generate multiple TCRs per target to identify ones that can
Cell Reports Methods 1, 100084, September 27, 2021 9
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recognize the natural level of the neoantigen. In addition, the

induced T cells or TCR-T cells were not screened inmouse tumor

models to evaluate whether these T cells can recognize the nat-

ural level of the neoantigens during in vivo growth.
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HLA-C-BV711 BD Biosciences Clone: DT-9; Cat# 747594; RRID:AB_2744163
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CD14 MicroBeads, human Miltenyi Biotec Cat# 130-050-201; RRID:AB_2665482

CD25 MicroBeads, human Miltenyi Biotec Cat# 130-092-983
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Human PBMCs from healthy donors AllCells N/A

Chemicals, peptides, and recombinant proteins

Heavy isotope-labeled synthetic peptides Vivitide and BioNTech US Inc.

(in-house)

N/A

FLT3L Cellgenix 1015-050

TNF-a Cellgenix 1006-050

IL-1b Cellgenix 1011-050

PGE1 Cayman Pharma CAS: 745-65-3

IL-7 Cellgenix 1010-050

IL-15 Cellgenix 1013-050

IncuCyte Annexin V red reagent Sartorius 4641

Critical commercial assays

Chromium Single Cell 5’ Library & Gel Bead Kit 10x Genomics PN-1000006

Chromium Single Cell V(D)J Enrichment Kit,

Human T Cell

10x Genomics PN-1000005

Chromium Single Cell A Chip Kit 10x Genomics PN-120236

Chromium i7 Multiplex Kit 10x Genomics PN-120262

PhiX Control Illumina FC-110-3001

MiSeq Reagent Kit v2 (300-cycles) Illumina MS-102-2002

U-PLEX Custom Biomarker (hu) Assays (IL-2,

IFN-g, TNFa)

Meso Scale Diagnostics K15067M-2

Deposited data

Mass spectrometry RAW files https://massive.ucsd.edu/ProteoSAFe/

static/massive.jsp

MSV000087987
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TCR sequences https://www.ncbi.nlm.nih.gov/

nucleotide/

GenBank: MZ819175, MZ819176, MZ819177,

MZ819178, MZ819179, MZ819180, MZ819181,

MZ819182

R code for HLA-I sequence logo generation Zenodo https://doi.org/10.5281/zenodo.5222292

Experimental models: Cell lines

SW620 ATCC Cat# CCL-227; RRID:CVCL_0547

A375 ATCC Cat# CRL-1619; RRID:CVCL_0132

NCI-H441 ATCC Cat# CRM-HTB-174; RRID:CVCL_1561

J.RT3-T3.5 ATCC Cat# TIB-153; RRID:CVCL_1316

Lenti-X 293T Takara Bio Cat# 632180; RRID:CVCL_4401

Recombinant DNA

pCDH-CMV-MCS Lenti vector System Biosciences CD500B-1

pCDH-SFFV-Puro Lenti vector In-house N/A

pCDH-CMV-BSD Lenti vector In-house N/A

pCDH-CMV-Puro Lenti vector In-house N/A

MISSIOM lentiviral packaging plasmid mix Sigma-Aldrich SHP001

Software and algorithms

R The R Foundation Version 4.0.4

RStudio RStudio Version 1.4.1106

GraphPad Prism GraphPad Software Version 9.1.0; RRID:SCR_002798

Excel Microsoft Version 21.03; RRID:SCR_016137

HLAthena Sarkizova et al. (2020) http://hlathena.tools/

Interactive Peptide Spectral Annotator tool Brademan et al. (2019) http://www.interactivepeptidespectralannotator.

com/PeptideAnnotator.html

Xcalibur Thermo Scientific Version 2.1.1565.23, 3.1.2412.25, or 3.3.2782.34;

RRID:SCR_014593

Skyline-daily University of Washington Version 19.1.1.283 or newer; RRID:SCR_014080

Qual Browser Thermo Xcalibur Thermo Scientific Version 4.0.27.42

FreeStyle Thermo Scientific Version 1.6.75.20

FlowJo BD Biosciences Version 10.6.1; RRID:SCR_008520

Cell Ranger 10x Genomics Version 2.0.2; RRID:SCR_017344

Loupe V(D)J Browser 10x Genomics Version 2.0; RRID:SCR_018555

FACSDIVA BD Biosciences Version 8.0.1; RRID:SCR_018555

IncuCyte S3 Sartorius Version 2018C; RRID:SCR_019874

MiSeq Control Software Illumina Version 2.6.2.1; RRID:SCR_016379

Meso Scale Discovery Meso Scale Diagnostics Version 4.0.12.1
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Lead contact
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Juneja (vikram.juneja@biontech.us).

Materials availability
All newly generated materials associated with this paper are available from the lead contact with a completed Materials Transfer

Agreement.

Data and code availability
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(GenBank: MZ819175, MZ819176, MZ819177, MZ819178, MZ819179, MZ819180, MZ819181, MZ819182). Remaining data is

available in the supplemental information.

d This paper does not report original code; however, we deposited the R code used to generate HLA-I sequence logos in Zenodo.

The DOI is listed in the key resources table.

d 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 culture
SW620 (ATCC), Lenti-X 293T (Takara Bio), and A375 (ATCC) cell lines were cultured in DMEMmedia containing 10% FBS, penicillin,

and streptomycin. NCI-H441 (ATCC) and Jurkat that has the TCR beta-chain-deficient mutant (J.RT3-T3.5, ATCC) were cultured in

RPMI-1640 containing 10% FBS, penicillin, and streptomycin.

Generation of double-transduced A375 cells or single-transduced 293T cells
The A375 cell line (ATCC) was used to generate cells that contained KRASG12C/D/R/V mutations and individual HLA-I molecules (i.e.,

HLA-A*03:01, HLA-A*11:01, HLA-A*30:01, HLA-A*68:01, HLA-B*07:02, HLA-C*01:02, HLA-C*03:03, HLA-C*03:04, or HLA-C*08:02).

One pCDH-CMV-BSD lentivirus vector encoded KRASG12C/D/R/V segments and a second pCDH-CMV-Puro lentivirus vector

encoded each BAP tagged HLA-I molecule (HLA-A*68:01 was not BAP tagged). A375 cells were co-transduced with the

KRASG12C/D/R/V lentivirus followed by each HLA-I lentivirus. In one instance, 293T cells were transduced with a KRASG12R lentivirus,

and the endogenous alleles including HLA-A*02:01 andHLA-B*07:02, were evaluated. The double-transduced A375 cells weremain-

tained in complete media and selected under 5 g/L blasticidin (to select for KRASG12C/D/R/V expressing cells) and 1 g/L puromycin (to

select for HLA-I expressing cells) in complete media for more than seven days. The single-transduced 293T cells were maintained in

complete media and selected under 5 g/L blasticidin (to select for KRASG12R expressing cells). Cells were harvested with 0.5%

trypsin then washed twice with cold PBS. 5 x 105 cells were used for HLA-I expression analysis while the rest of the cells were

pelleted, frozen in a dry ice and 70% ethanol slurry, then stored in -80�C prior to HLA-I pull-down.

T cell inductions against KRAS neoantigens in healthy donors
Human PBMCs from healthy donors (HLA-A*03:01, HLA-A*11:01, HLA-A*68:01, HLA-B*07:02, HLA-C*01:02, HLA-C*03:04, and/or

HLA-C*08:02)were isolated using Ficoll separation fromapheresismaterial (AllCells). A total of 28 healthy donorswere used (22males

ranging in age from 22-56 and 6 females ranging in age from 21-55). Naive T cell inductions were performed with somemodifications

as previously described (Lissina et al., 2016). In brief, CD14+ and CD25+ cells were depleted and the negative fraction was resus-

pended in AIM V media with serum (FBS or Human Serum) and cultured in the presence of FLT3L (Cellgenix), then loaded with

9-10mer KRAS neoantigen peptides (2 mM) matched to the healthy donor HLA-I alleles. APCs in the culture were matured with

TNF-a (Cellgenix), IL-1b (Cellgenix), PGE1 (Cayman Pharma), and IL-7 (Cellgenix) and further T cell growth was promoted through

the addition of IL-7 and IL-15 (Cellgenix). Cells were restimulated after two weeks with an identical cell culture at a 1:1 mix and

continued to be supplemented with IL-7 and IL-15. KRAS neoantigen peptides were synthesized using SPPS on a computer-

controlled high-throughput peptide synthesizer. The peptides were assembled on resins by employing Fmoc chemistry. The chem-

ical cleavages of peptides from the resins were performed by using TFA solution containing scavengers followed by peptide precip-

itation and washes with diethyl ether. Crude pellets were resuspended in acetonitrile and water and dried on a parallel centrifugal

evaporator. When necessary peptides were resuspended in DMSO and purified via automated prep HPLC systems equipped

with UV and MS detectors. The HPLC fractions that met the molecular weight (MW) and purity criteria based on UPLC-UV/MS

analysis were combined and dried using either parallel centrifugal evaporators or lyophilized. Crude or purified peptides were

reconstituted in DMSO at a final concentration of 20 mM.

Transfection and lentivirus production
Lenti-X 293T cells (Takara Bio) were cultured in DMEM culture media (DMEM containing 10% FBS) to produce lentivirus. The day

before transfection, 2.3x105 293T cells were plated per well of six-well plate. The culture media was replaced with DMEM media

without FBS at the day of transfection. 0.5 mg of lentiviral construct plasmid and 4.6 mL of the MISSION lentiviral packaging plasmid

mix (Sigma-Aldrich) were mixed in Opti-MEM (Thermo Fisher Scientific). The mixture was combined with 10 mL of FuGENE HD

(Promega) and added directly to the cells. 24 hours later, the media was replaced with fresh RPMI-1640 contained 10% FBS. The

supernatant contained lentivirus was harvested at 72 hours after transfection and was concentrated 10x by the Lenti-X concentrator

(Takara Bio). The concentrated lentivirus supernatants were stored in -80�C.

CD8 transduced Jurkat cells
The TCR beta-chain-deficient mutant Jurkat cell line (J.RT3-T3.5, ATCC) was cultured in complete RPMI-1640media contained 10%

FBS, 10 unit/mL penicillin and 10 mg/ml of streptomycin. 5x105 of the cells were plated per well in a six-well plate in 1.5 mL of
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RPMI-1640 containing 6 mg/mL polybrene before 0.5 mL of CD8 lentiviral supernatant was added. The CD8 transduced Jurkat (CD8-

Jurkat) cells were sorted one week after transduction and maintained in complete RPMI-1640 media.

Recombinant TCR transduced CD8-Jurkat cells or PBMCs
5x105 of CD8-Jurkat cells or PBMCs (activated by Dynabeads Human CD3/CD28 (Gibco) in 100 mL of RPMI-1640 contained 6 mg/mL

polybrene and 10% FBS) were plated per well in 96-well plate, and 25 mL of concentrated lentivirus was added. The cells were centri-

fuged at 2,400 rpm for 1 hour and incubated in a CO2 incubator. The cells were transduced again in fresh media with polybrene and

FBS and 25 mL of concentrated lentivirus. The media was replaced with RPMI-1640 containing 10% FBS and penicillin and strepto-

mycin at 24 hr after second transduction. Puromycin treatment started at day four after transduction as 1 mg/mL concentration.

METHOD DETAILS

HLA-I epitope prediction
Mutant KRASG12C/D/R/V peptides were predicted using the HLAthena tool (Sarkizova et al., 2020) (http://hlathena.tools/). An input file

containing the first 25 amino acids of each mutant KRAS protein was uploaded to HLAthena, then HLA-I epitope predictions were

made for the top-12 most abundant HLA-A, HLA-B, and HLA-C alleles in the United States population. Default query parameters

were used for the predictions: peptides were assigned to alleles by ranks, the threshold was set to 0.1, and the aggregate by peptide

setting was set to yes. Both 9mer and 10mer neoantigens with %2% rank scores were targeted by MS in engineered or natural cell

lines with relevant HLA-I alleles. Three predicted neoantigens that did not meet our criteria were targeted in cells engineered to

express all four neoantigens. Those peptides are marked as ‘‘extrapolated’’ in Table S1.

Validation of HLA-I transduction
The HLA-I transduced A375 cells were stained with an HLA-ABC-APC antibody (W6/32; BioLegend), an HLA-A02-PE (BB7.2;

Invitrogen), and an HLA-C BV711 antibody (DT-9; BD Biosciences). The stained cells were analyzed using a LSRFortessa Flow

Cytometer (BD Biosciences) and analyzed with FlowJo software (BD Biosciences).

HLA-I sequence logo generation
Sequence logos were created using R software (version 4.0.4) with filtered peptide lists that were detected frommonoallelic cell lines

reported by Sarkizova et al. (2020) in Table S1E. The sequence logos were generated using unique 9mer peptide sequences. Letter

heights are proportional to the frequency of the amino acid at that position, and positionswith the lowest variation (lowest entropy) are

colored. The different colors loosely correspond to amino acid properties.

Isolation of HLA-I peptide complexes
HLA-I-bound peptides were isolated as described in Abelin et al. (2019). Frozen cell pellets expressing either untagged or biotin

acceptor peptide (BAP)-tagged HLA molecules were thawed on ice for 20 min. Cells were gently lysed by hand pipetting in cold

lysis buffer [20 mM Tris-Cl pH 8, 100 mM NaCl, 6 mM MgCl2, 1.5% (v/v) Triton X-100, 60 mM octyl B-D-glucopyranoside, 0.2 mM

of 2-Iodoacetamide, 1 mM EDTA pH 8, 1 mM PMSF, 1X complete EDTA-free protease inhibitor cocktail (Roche)] at a ratio of

1.2 mL lysis buffer per 50x106 cells. Lysates were incubated end-over-end at 4�C for 15 min with Benzonase nuclease (Millipore-

Sigma) at a ratio ofR250 units Benzonase per 50x106 cells to degrade DNA and RNA. Lysates were then cleared of insoluble cellular

debris by centrifugation at 15,000 x g at 4�C for 20 min. For samples containing a BAP tagged HLA-I molecule (i.e., HLA-A*03:01,

HLA-A*11:01, HLA-A*30:01, HLA-B*07:02, HLA-C*01:02, HLA-C*03:03, HLA-C*03:04, and HLA-C*08:02), cleared supernatants

were transferred to new tubes, and the BAP tag was biotinylated by incubating the samples with 0.56 mM biotin, 1 mM ATP, and

1 or 3 mM BirA biotin ligase end-over-end at room temperature for 10 min. Biotinylated HLA complexes were enriched by incubation

with Pierce High-Capacity NeutrAvidin Agarose (Thermo Fisher Scientific) at a ratio of 200 mL resin slurry per 50x106 cells at 4�C for

30 min.

Antibody immunoprecipitation was used to isolate HLA-A*02:01, HLA-A*68:01, andHLA-B*07:02molecules. For this, GammaBind

Plus Sepharose Beads (GE Healthcare) were pre-charged with the BB7.2 anti-HLA-A2 antibody (Abcam, ab74674) or W6/32 anti-

HLA-I antibody [produced in-house (ATCC HB-95 hybridoma) or purchased from Abcam (ab22432)] at a ratio of 75 mL of resin

and 10 or 15 mg of antibody per 50x106 cells. Following the cell lysis and centrifugation described above, cleared supernatants

were added to the antibody-loaded beads and incubated end-over-end at 4�C for 3 hr.

HLA-I-peptide filtration and desalting
HLA bound peptides were purified and desalted as described in Abelin et al. (2019) or by using a high-throughput 96-well plate

purification approach adapted from Chong et al. (2018). When using the plate workflow, individual wells in a customized 96-well filter

plate (Agilent) were rinsed and conditioned with 2 x 1 mL of methanol, 1 mL of acetonitrile, and 1 mL of 1% (v/v) formic acid. HLA-

bound resin was transferred from tubes to the plate, washed four times with 1 mL of cold wash buffer [20 mM Tris-Cl pH 8, 100 mM
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NaCl, 60 mM octyl B-D-glucopyranoside, 0.2 mM of 2-Iodoacetamide, 1 mM EDTA pH 8], then rinsed four times with 1 mL of cold

10 mM Tris-Cl pH 8. All washes and rinses were performed on a customized Positive Pressure-96 Processor (Waters) manifold with

nitrogen gas applied at 3-5 PSI.

Peptides were eluted directly into a pre-conditioned 96-well AcroPrep Advanced 10Kmolecular weight cut-off (MWCO) filter plate

(Pall). Prior to use, the MWCO filter plate was passivated with 1% (v/v) of BSA in PBS for at least 1 hr, rinsed with 2 x 400 mL of water,

then acidified with 400 mL of 10% (v/v) acetic acid. Peptides were eluted fromHLA-bound beads by incubating with 2 x 200 mL of 10%

(v/v) acetic acid for 5 min per round. During the first round of acetic acid elution, 100 fmol Pierce Retention Time Calibration Mixture

was added to each sample as a loading control. The beads were then rinsed with 200 mL of 1.5M Trizma base solution (Sigma), and

the rinse was pooled with the eluate in the MWCO filter plate. Elutions were pushed into the MWCO plate by applying nitrogen gas at

1-3 PSI. The MWCO filter plate was stacked on top of a 2 mL Protein LoBind 96-well collection plate (Eppendorf) and peptides were

filtered by centrifuging at 2,100 x g for 30 min. An additional 400 mL of 1.5M Trizma base solution was added to the retentate in the

MWCO plate and filtered into the same collection plate by centrifuging at 2,100 x g for 30-60 min.

Filtered peptides were reduced with 5 mM of Bond-Breaker TCEP Solution (Thermo Fisher Scientific) at 60�C for 30 min while

shaking at 1,000 rpm in a ThermoMixer. Reduced thiols were alkylated with 15 mM 2-Iodoacetamide at room temperature for

30 min in the dark min while shaking at 300 rpm. The alkylation reaction was quenched with an additional 5 mM of TCEP for

15 min at room temperature in the dark. Samples were acidified by adding 100 mL of 100% formic acid. For samples that were

not reduced and alkylated, 1% (v/v) formic acid replaced the 1.5M Trizma base used in the bead rinsing and MWCO filtration steps

above.

Filtered peptides were desalted on a 10mg Sep-Pak 37-55mmparticle size tC18 96-well mElution plate (Waters). Unless otherwise

noted, all desalting steps were performed on a positive pressure manifold at 6 PSI. The C18 plate was activated with 2 x 500 mL of

methanol followed by 250 mL of 99.9% (v/v) acetonitrile/0.1% (v/v) formic acid. The C18 plate was then washed 4 x 500 mL of 1% (v/v)

formic acid, and acidified peptide samples were loaded at �3 PSI. After sample loading, the collection plate was rinsed with 2 x

500 mL of 1% (v/v) formic acid and loaded onto the C18 plate. The C18 plate was then washed with 4 x 500 mL of 1% (v/v) formic

acid. Peptides were eluted into hard-shell low-profile thin-wall 96-well skirted PCR plate (Bio-Rad Laboratories) using a step gradient

of 20 mL 15% (v/v) acetonitrile/1% (v/v) formic acid followed by 2 x 20 mL cuts of 50% (v/v) acetonitrile/1% (v/v) formic acid. The elution

steps were performed by centrifugation at 300 x g at room temperature for 1 min. Eluted peptides were then frozen and dried in a

vacuum centrifuge.

Tandem Mass Tag zero (TMTzero) reagent (Thermo Fisher Scientific) was used to facilitate the detection of specific peptides that

were not retained on C18 columns in their native unmodified form. When TMTzero labeling was performed, the above protocol was

modified as follows: Prior to peptide elution, the HLA-bound resin was rinsed three times with 1 mL of cold water to remove residual

Tris buffer that could interfere with TMTzero labeling. Furthermore, 1% (v/v) formic acid replaced the 1.5 M Trizma base used in the

bead rinsing and MWCO filtration steps. Following MWCO filtration, samples were transferred to a 1.5mL tube and vacuum centri-

fuged to dryness. Dried peptides were solubilized in 15 mL of 50mMHEPES buffer pH 8.5, combinedwith 5 mL of 6.67 mg/mL TMTzero

diluted in 100% anhydrous acetonitrile, and incubated at 25�C for 1 hr while shaking at 400 rpm. The TMTzero labeling reaction was

quenched by adding 1 mL of 100 mM Tris-Cl pH 8. After labeling with TMTzero, reduction, alkylation, and desalting were performed

as described above.

HLA-I-peptide sequencing by MS
PRM analyses on the RAS peptides employed the liquid chromatography separation conditions described below. Peptides were

separated using an EASY-nLC 1200 System (Thermo Fisher Scientific) fitted with a PicoFrit 75 mm inner diameter and 10 mm emitter

nanospray column (New Objective) packed at �1,000 PSI to �30 cm with ReproSil-Pur 120Ǻ C18-AQ 1.9 mm packing material (Dr.

Maisch GmbH) and heated at 60�Cduring separation. The columnwas equilibrated with 10X bed volume of solvent A [3% (v/v) aceto-

nitrile/0.1% (v/v) formic acid], samples were loaded in 3% (v/v) acetonitrile/5% (v/v) formic acid, and peptides were eluted with linear

gradients of 0-30% or 0-40% or 6-40% Solvent B [80% (v/v) acetonitrile/0.1% (v/v) formic acid] over 84 min or 95 min. Linear gra-

dients were run at a flow rate of 200 nL/min or 250 nL/min. Peptides were eluted into an Orbitrap Fusion Lumos Tribrid Mass Spec-

trometer (Thermo Fisher Scientific) equipped with a Nanospray Flex Ion source (Thermo Fisher Scientific) with a positive spray

voltage set at 2.4 or 2.5 kV. A full-scan MS was acquired at a resolution of 50k or 60k with an automatic gain control (AGC) target

of 4e5 and either 50 millisecond or 86 millisecond maximum injection times. Each MS scan was followed by targeted MS/MS scans

according to mass lists comprising the calculated monoisotopic ion masses of the targeted peptide epitopes and their predicted

charge states. We included additional m/z values for peptides if they met the following criteria: i) multiple charge states were ex-

pected due to presence of one or more basic residues in the sequence and/or ii) cysteine and methionine residues were expected

to be modified during sample processing. Maximum injection times varied to maintain cycle times of approximately 3 seconds. MS/

MS scans were acquired at a resolution of 15k or 30k from using an isolation width of 0.4 m/z, 0.7 m/z, or 1 m/z, normalized HCD

collision energy of 34 or 38, and an AGC target of 1e5. In some instances, heavy synthetic peptides were spiked into samples to

simplify data analysis and facilitate the relative quantification of endogenous peptides.
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MS data analysis
Data analysis was performed using Skyline-daily software (version 19.1.1.283 or newer), and spectral visualizations were generated

using the Interactive Peptide Spectral Annotator tool (Brademan et al., 2019) with extracted ion chromatogram (XIC) data exported

using Qual Browser Thermo Xcalibur software (version 4.0.27.42) or Thermo FreeStyle software (version 1.6.75.20). Both Skyline and

the Peptide Spectral Annotator tool were used to confirm endogenous peptide detections by comparing endogenous and synthetic

peptide spectra. In some instances, the same synthetic peptide spectra were used to confirm endogenous peptide detections.

Combicoding multimer analysis and sorting
pHLAmultimers were used to measure peptide-specific T cell expansion in the immunogenicity assays. Mulitmers were prepared as

previously described, with the exception that the HLA monomers were purified by anion exchange chromatography instead of gel

filtration chromatography (Hadrup et al., 2009). For the assessment, multimers are added to 1x106 cells in PBS. Cells were incubated

at 37�C in the CO2 incubator for 15 min. hCD4-AF700, hCD8-FITC, hCD14-AF700, hCD16-AF700, and hCD19-AF700 antibodies (BD

Biosciences) were added to the cells then incubated at 4�C for 30 min. Cells were washed and resuspended with cold FACS buffer.

Cells were acquired on a LSRFortessa Flow Cytometer (BD Biosciences) and analyzed with FlowJo software (BD Biosciences). For

isolation of TCR sequences, the tetramer positive and CD8+ cells were sorted by use of FACSAria Fusion (BD Biosciences) to analyze

single cell TCR sequences.

Barcoding singles by 10X genomics and sequencing by MiSeq
The sorted T cells were immediately washed with PBS and 0.04% FBS. Single cell barcoding was performed on a Chromium

Controller (10X Genomics) according to the manufacturer’s protocol. The generating library for paired TCR alpha and beta sequence

analysis was processed according to Chromium Single Cell V(D)J reagent kit (10X Genomics). 4 nM of the library was denatured with

0.2 NNaOH andmixedwith 1%PhiX control (Illumina). The library sequencing was conducted using aMiSeq system according to the

manual (Illumina). Single cell TCR V(D)J sequences were analyzed using the Cell Ranger (v2.0.2) and Loupe V(D)J Browser v2.0 (10X

Genomics) software to process multiplexing, barcoding, and gene counting. The dominant TCR paired alpha and beta sequences

were codon optimized and designed for the lentiviral construct.

Recombinant TCR lentiviral vector construction
The lentiviral construct, pCDH-SFFV-Puro vector, was utilized to insert TCR alpha and beta variable region sequences linked with

mouse TCR alpha and beta constant region sequences after codon optimization by gene-synthesis service (Genscript). The TCR

Lentiviral vector contained a furin-cleave site (RIKR), a spacer (SGSG), and a F2A sequence in between the TCR beta and TCR alpha

sequences followed by T2A and a Puromycin sequence. The CD8a (NCBI reference sequence NM_001768.5) gene was cloned into

the pCDH-CMV-MCS vector (System Biosciences) for lentivirus production.

Cytotoxicity assay
5x104 of target cells per well were seeded in 100 mL of culture media on 96-well flat bottom plate and cultured for overnight in an

incubator set at in 37�C with 5% CO2. 50 mL of fresh media containing IncuCyte Annexin V red reagent (Sartorius) with or without

antigen peptides were added on the target cells. 1-2x105 of effector cells, TCR transduced PBMCs, or peptide induced PBMCs,

were co-cultured with target cells. The co-cultured cells were incubated and monitored using an IncuCyte system (Sartorius).

IL-2 release assay and CD69 assay
5x104 of target cells and 2.5x105 of effector cells per well were seeded and cultured with or without antigen peptides on a 96-well

plate and cultured for 48 hr in an incubator set a 37�C with 5% CO2 incubator. The 50 mL supernatants of co-culture were harvested

and assessed IL-2 concentration with V-PLEX Human IL-2 assays according to the manufacturer’s protocol (Meso Scale Discovery).

The cells of co-culture were harvested and stained with mTCRb-PE (H57-597; BD Biosciences), hCD8-FITC (SK1; BioLegend) and

hCD69-BV786 (FN50; BD Biosciences) antibodies. Cells were acquired on a LSRFortessa Flow Cytometer (BD Biosciences) and

analyzed with FlowJo software (BD Biosciences). CD69 positivity was assessed on hCD8 positive and mTCR positive cells.

Peptide affinity and stability measurements
Peptide affinity for specific HLA-I molecules wasmeasured as previously described (Sidney et al., 2013). Peptide stability on specific

HLA-I molecules was measured as previously described (Harndahl et al, 2011).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
All statistical analyses, including EC50 calculations, were performed with GraphPad Prism (Version 9.1.0). Data in Figures 3B, 3D, 3E,

4, S4, and S5B are presented as mean ± SD as denoted in the figure legends. All data presented are representative of two or more

independent experiments.
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Peptide abundance calculations
The abundance of KRAS peptides detected in the HCI-H441 and SW620 samples was calculated using fragment ion abundances

exported from Skyline. For this, the fragment ion signal for each peptide was summed, and the ratio of endogenous peptide to syn-

thetic peptide was multiplied by the amount of synthetic peptide added to the sample (Data S1). Peptide per cell calculations were

performed by multiplying the amount of detected endogenous peptide by Avogadro’s number, followed by dividing the number of

calculated peptide molecules by the number of cells used in the IP (Data S1).
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