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SUMMARY

Fibrolamellar carcinoma (FLC) is a liver tumor with a high mortality burden and few treatment options. A
promising therapeutic vulnerability in FLC is its driver mutation, a conserved DNAJB71-PRKACA gene fusion
that could be an ideal target neoantigen forimmunotherapy. In this study, we aim to define endogenous CD8
T cell responses to this fusion in FLC patients and evaluate fusion-specific T cell receptors (TCRs) for use in
cellularimmunotherapies. We observe that fusion-specific CD8 T cells are rare and that FLC patient TCR rep-
ertoires lack large clusters of related TCR sequences characteristic of potent antigen-specific responses,
potentially explaining why endogenous immune responses are insufficient to clear FLC tumors. Neverthe-
less, we define two functional fusion-specific TCRs, one of which has strong anti-tumor activity in vivo.
Together, our results provide insights into the fragmented nature of neoantigen-specific repertoires in hu-
mans and indicate routes for clinical development of successful immunotherapies for FLC.

INTRODUCTION

Fibrolamellar carcinoma (FLC) is a liver tumor with no effective
systemic treatments.’™ It occurs at an annual rate of 0.02 per
100,000 in the US™® and predominantly affects adolescents
and young adults without underlying liver pathology.® Surgical
resection is typically the first line of treatment for FLC and can be
curative for early-stage disease.®'° However, patients with unre-
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sectable tumors or whose tumors recur after resection have a
high risk of fatal outcomes.”? No standard-of-care systemic
therapy is currently available, and FLC is often refractory to
treatments used for other liver cancers.>* Consequently, an esti-
mated 60%-80% of FLC patients will ultimately succumb to the
disease.>® "

Among the most promising potential therapeutic vulnerabil-
ities in FLC is its conserved driver mutation. More than 90% of
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FLC cases share a gene fusion arising from a 400-kb deletion on
chromosome 19 that fuses the first exon of DNAJB1, which en-
codes heat shock protein 40, and the last 9 exons of PRKACA,
which encodes a catalytic subunit of protein kinase A (PKA).'?
This fusion protein is necessary for FLC tumorigenesis and sur-
vival'®'® and retains PKA activity,'® which is believed to underlie
its oncogenic potential.'”~'® However, attempts to directly
inhibit this PKA activity with targeted therapy>® have led to unac-
ceptable on-target toxicities in preclinical models. Targeting
downstream signaling pathways has also been largely unsuc-
cessful; recent clinical trials of the aurora kinase inhibitor
ENMD-2076 (ClinicalTrials.gov: NCT02234986); combination
everolimus, letrozole, and leuprolide therapy (ClinicalTrials.gov:
NCT01642186); and combination neratinib, everolimus, and
anti-PD-1 therapy (ClinicalTrials.gov: NCT01953926) in FLC re-
ported response rates of 3% (1 of 35),°' 0% (0 of 26),*” and
6% (1 of 15),%° respectively.

Although targeting the FLC fusion with small molecules has
not yielded clinical benefits, it could also be targeted using
immunotherapy. Importantly, the DNAJB7-PRKACA fusion
breakpoint occurs in introns,'? resulting in a conserved amino
acid sequence across patients and, therefore, an ideal shared
neoantigen. Neoantigens are novel peptide antigens derived
from genetic mutations, including gene fusions,”*?> which
have been hypothesized to be a superior source of neoanti-
gens.”® T cell recognition of neoantigens is well established to
underlie the efficacy of several types of immunotherapy.?”~>°

Anecdotally, use of immune checkpoint blockade (ICB) to treat
FLC has provided evidence that some FLC patients benefit
from immunotherapy. A recent multicenter retrospective study
considered 19 FLC patients treated with ICB and reported partial
responses in 3 of 19 (15.8%) total patients and 2 of 15 (13.3%)
patients who received ICB alone.®° Notably, two case reports
have also described complete®’ or near-complete®® responses
to combination ipilimumab and nivolumab therapy. Like many
other pediatric cancers, FLC is characterized by a very low tumor
mutational burden (TMB) with a median of 1.85 mutations per
megabase, suggesting a limited number of putative neoantigens
aside from those derived from the fusion.*® We hypothesized
that responses to ICB in FLC might be driven by endogenous
T cell responses to the DNAJB1-PRKACA fusion. However,
these endogenous responses have never been directly
characterized.

Studies of endogenous fusion-specific T cell responses in FLC
are critical to inform rational design of immunotherapy for this
disease. The prevalence and extent of these endogenous re-
sponses dictate what proportion of the FLC patient population
may respond to which types of immunotherapy. Furthermore,
identification of even relatively few responses could benefit pa-
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tients by supporting development of cellular therapies using
T cell receptor-transgenic (TCR-T) cells.>***® TCR-T therapy
can both boost the magnitude of ineffective endogenous re-
sponses as well as offer an opportunity to equip engineered
T cells to better survive the hostile tumor microenvironment.®”~°
Finally, investigating the fusion-specific TCR repertoire may also
illuminate general principles of neoantigen recognition that
extend to cancers beyond FLC.

In this study, we aimed to characterize endogenous CD8 T cell
responses to DNAJB1-PRKACA fusion neoantigens in FLC pa-
tients. We first explored the fusion neoantigen landscape in
FLC to investigate how well DNAJB1-PRKACA neoantigens
can be presented to CD8 T cells. We then measured endoge-
nous T cell responses to the fusion in patients naive to immuno-
therapy. Interestingly, our TCR repertoire analyses highlighted
potential differences in how T cells respond to FLC neoantigens
compared with viral antigens, which may partially explain why
endogenous T cell responses are not sufficient to clear tumors.
Last, we evaluated fusion-specific TCRs defined in this study
for potential use in TCR-T therapy for FLC and identified one
TCR with superior anti-tumor activity in vivo. The results of these
studies provide foundational data to inform rational development
of neoantigen-targeted immunotherapies.

RESULTS

T cell infiltration and sustained HLA expression in FLC
tumors

We first investigated the immune microenvironment and likeli-
hood of fusion neoantigen presentation in FLC patients. Others
have previously studied immune cell infiltration in FLC tumor tis-
sue via immunohistochemistry (IHC)*" and observed both CD8
T cells and myeloid cells in patient tumors. Consistent with these
observations, we detected both CD3*CD8™ T cells (21% of CD3™
cells) and CD3*CD8™ T cells (likely CD4* T cells, 79% of CD3"
cells) in patient tumor tissue viaimmunofluorescence (Figure 1A).
These T cells were present in small numbers overall, suggesting
that ex vivo expansion could be necessary for in-depth charac-
terization of tumor-infiltrating T cells in FLC. Also consistent
with previous reports,*” we observed CD68* cells, potentially tu-
mor-infiltrating macrophages (Figure 1A).

Having confirmed that T cells are present in FLC tumor
tissue, albeit in small numbers, we investigated potential neoan-
tigen presentation via human leukocyte antigen (HLA) class | us-
ing publicly available RNA sequencing (RNA-seq) data from 24
FLC patients'®*® (Table S1). Tumor samples were taken from
primary, recurrent (in liver), or metastatic FLC lesions. Four pa-
tients (FLC06, FLCQ9, FLC27, and FLC34) had matched tumor-
adjacent non-malignant liver (NML) samples, and three patients

Figure 1. T cell infiltration and sustained HLA expression in FLC tumors
(A) Immunofluorescence of FLC-SJ5 tumor tissue. Blue, DAPI; red, CD3; green, CD8; white, CD68. Shown is a bar plot quantification of CD3*CD8" T cells vs.

CD3*CD8™ T cells.

(B) HLA expression levels from 24 FLC patients, classified by sample type. NML, tumor-adjacent non-malignant liver; LIV, primary or recurrent liver tumor; MET,
metastatic tumor. Samples from patients with matched samples across types are connected by colored lines, coded by patient ID. A dotted red line shows
median HLA expression for healthy liver tissue reported by the GTEx Portal. Wilcoxon rank-sum test; ns, p,q; > 0.05.

(C) HLA expression levels from the patient cohort, plotted by patient and color-coded by sample location.

(D) Correlation between HLA expression and the number of predicted fusion neoepitopes for the patient cohort. R indicates the Pearson correlation coefficient.
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(FLCO6, FLC18, and FLC27) had matched samples from different
tumor sites. We compared expression of HLA-A, -B, and -C
across all samples and observed no significant differences in
HLA expression between any tumor site in comparison with
another tumor site or with NML (Figure 1B). To rule out any effect
of proximity to tumor tissue in the NML data, we compared the
FLC data with the median HLA-A, -B, and -C expression re-
ported for healthy liver tissue in the GTEx Portal (www.
gtexportal.org) (red dashed line in Figure 1B) and found that
the FLC values were comparable with or even higher than those
reported for healthy liver. There was greater variability in HLA
expression in metastatic samples; however, we observed no
trend in expression related to source tissue of the metastatic
sample. Rather, variance in HLA expression appeared to arise
from patient-to-patient variability (Figure 1C). Together, these re-
sults indicate that HLA class | expression in FLC tumors is not
downregulated in comparison with normal liver tissue.

We then determined the HLA types of the 24 patients and pre-
dicted fusion neoantigen binding to their respective class | HLA
alleles. While we might expect greater fusion neoantigen presen-
tation to select for reduced HLA expression, we found no such
correlation between the number of predicted fusion neoepitopes
and HLA expression (Figure 1D). This result is in concordance
with our comparison of expression across tumor and normal liver
samples and, together with our immunofluorescence imaging,
suggests that, while neoantigen-specific CD8 T cells may be pre-
sentin FLC tumors, they do not instigate a sufficient endogenous
response to clear tumors or exert strong selection on tumor
clones.

Fusion-derived neoepitopes can be presented by
diverse HLAs

We next explored potential immunogenicity of DNAJB1-PRKACA
fusion peptides in a broader context. We first predicted binding of
84 peptides (8- to 15-mers, tiling across the fusion breakpoint) to
2,924 class | HLA alleles. 41 (48.8%) of these peptides were pre-
dictedtobind atleast one allele at an affinity <500nM (Figure S1A),
while 1,837 alleles (62.8%) were predicted to bind at least one
fusion peptide at <500 nM (Figure S1B). Notably, some class |
HLA allotypes, including alleles of A24, A68, and B40, were pre-
dicted to bind 200 or more neopeptides. We also predicted binding
of 75 fusion peptides (13- to 22-mers, tiling across the fusion
breakpoint) to 54 class Il HLA alleles. 35 (46.7 %) of these peptides
were predicted to bind atleast one class Il allele at <1,000nM (Fig-
ure S1C), and 15(27.8%) alleles were predicted to bind at least one
fusion peptide at <1,000 nM (Figure S1D).

Due to the greater frequency of putative class I-restricted epi-
topes and higher likelihood of tumor cell neoantigen presentation
via HLA class |, we then focused on two relevant sets of class |
HLAs: alleles for which peptide-HLA multimer reagents are
commercially available and alleles expressed by the above
cohort of 24 FLC patients (Figure 2A). 16 commercially available
alleles were predicted to bind at least one fusion peptide (Fig-
ure S1C; Table S2). We consulted the AlleleFrequencies.net
database™ to determine the reported frequency of these alleles
among US populations (Figure 2B) and biochemically verified 38
fusion neoepitopes that could bind and stabilize these HLA allo-
types (Figures 2C and 2D). Based on reported HLA allelic fre-
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quencies, we estimate that these fusion neoepitopes could
cover over 90% of the US population (sum of mean frequencies
of two most frequent alleles for each class | locus = 99.5%), de-
pending upon ancestry.

Next, we returned to our FLC patient cohort and classified
each patient’s predicted fusion neoepitopes using the results
of our peptide-HLA binding assays (Figure 2E). 22 of the 24 pa-
tients (91.7%) were predicted to present at least one fusion pep-
tide, with some patients predicted to present 10 or more. Predic-
tions for 20 of the 24 patients (83.3%) included at least one fusion
peptide verified to bind HLA in our biochemical assays, including
predictions of verified strong binders in 13 patients (54.2%).
Together, these data indicate that a majority of FLC patients ex-
press class | HLA alleles that can bind to DNAJB1-PRKACA
fusion-derived peptides and that this fusion could therefore be
immunogenic in many patients.

To directly test whether predicted fusion neoantigens are pre-
sented by class | HLA allotypes, we chose three HLA alleles that
are highly represented in US populations (A*11:01, A*24:02, and
C*07:02) and two alleles with high numbers of predicted fusion
neoepitopes (A*68:02 and B*40:01) for validation via immuno-
peptidomics. A total of 19,095 peptides were identified among
HLA class | eluates across monoallelic K562 cell lines stably ex-
pressing each of these HLAs and the DNAJB1-PRKACA fusion
(Figure S2A). The identified peptides followed a canonical class
I length distribution of 8—-12 amino acids (Figure S2B) and agreed
with reported consensus binding motifs for each HLA allotype
(Figures S2C-S2G).**

Peptide elution data were also interrogated for the presenta-
tion of peptides from the DNAJB1-PRKACA fusion. Notably, a
10-mer peptide (EIFDRYGEEV) spanning the fusion junction
was identified exclusively in the cell line expressing HLA-
A*68:02 (Figure 2F). This neopeptide matched the binding motif
of A*68:02 (Figure S2E; Asn at P1 and Val at P9). No additional
bound fusion peptides were detected on the remaining four
HLA alleles. Together, these data provide compelling evidence
for presentation of A*68:02-EIFDRYGEEYV, in agreement with re-
ports from Bauer et al.,*® who also detected this peptide in
similar experiments.

Endogenous anti-fusion T cell responses are a source of
rare fusion-specific TCRs

We then asked whether FLC patients could mount functional
T cell responses to predicted neoantigens derived from the
DNAJB1-PRKACA fusion. Having defined a bona fide fusion
neoepitope presented on HLA-A*68:02, we began our studies
using samples from A*68:02+ patient FLC-SJ1 (Figure 3A;
Table S1). We predicted seven fusion neopeptides for this pa-
tient’s class | HLA alleles. Stimulating expanded tumor-infil-
trating lymphocytes (TILs) with EIFDRYGEEV peptide, the
same as detected by immunopeptidomics, resulted in robust
interferon y (IFN<y) and tumor necrosis factor alpha (TNFa) pro-
duction by CD8" TILs (Figure 3B), while none of the other pep-
tides, including 13- to 15-mer peptides that could be presented
by HLA class I, elicited functional responses in either CD8* or
CD4* TILs (Figure S3D). These results confirm that FLC pa-
tients can mount endogenous T cell responses against the
DNAJB1-PRKACA fusion.
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Figure 2. Fusion neoantigens bind to diverse HLAs and can be detected among eluted HLA-bound peptides

(A) Frequency of class | HLAs expressed by 24 FLC patients.

(B) Frequency of 16 class | HLA alleles predicted to bind fusion neoepitopes, as reported by AlleleFrequencies.net for US populations, separated by six major
racial/ethnic groups.

(C) Representative data from the biochemical HLA binding assay for fusion neoantigens predicted for HLA-A*68:02.

(D) Summary of biochemical binding assay results across all 16 HLAs. See also Figure S1C.

(E) Number of fusion neoepitopes predicted for each patient in the cohort, color coded by results of the biochemical binding assay.

(F) Fragmentation spectrum of the EIFDRYGEEV peptide eluted from the A*68:02 K562 cell line. See also Figure S2.
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Figure 3. Functional responses and TCRs directed against A*68:02-EIFDRYGEEV among FLC patient TILs and PBMCs

(A) Schematic for the experiments. Created using BioRender.

(B) Intracellular cytokine staining for IFNy and TNFa of FLC-SJ1 TILs stimulated with the indicated fusion peptides or control reagents.
(C) UMAP pilots highlighting expression of IFNG and SJ1-4 TCR in SJ1 TILs after stimulation with EIFDRYGEEV.
(D) Differential expression of select genes between TILs expressing SJ1-4 TCR vs. all others in the dataset. See also Table S3.
(E) A*68:02-EIFDRYGEEV tetramer staining of SJ1 PBMCs after expansion (STAR Methods).

(F) Frequency of TCR clonotypes among tetramer-positive cells from (E).

We next aimed to identify fusion-specific TCRs in patient SJ1.
Stimulation of patient TILs with EIFDRYGEEV peptide followed
by single-cell gene expression and paired TCR sequencing iden-
tified a small cluster of cells with high expression of IFNG that
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shared the same TCR clonotype, designated SJ1-4 (Figure 3C).
Compared with all other T cells in the dataset, cells expressing
SJ1-4 upregulated multiple genes associated with an activated
immune response, including genes recently reported by Lowery
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et al.”” to be associated with tumor-specific CD8 T cells (e.g.,
GALNT2, NELL2, and MIR155HG; Figure 3D; Table S3). From
these results, we hypothesized that SJ1-4 was specific for the
fusion neoantigen EIFDRYGEEV.

We then sought to identify additional fusion-specific TCRs
from patient SJ1 first by single-cell sequencing unexpanded
CD8" T cells sorted from peripheral blood, including a population
labeled with the A*68:02-EIFDRYGEEV tetramer. Although
we could detect tetramer-positive cells among unexpanded pe-
ripheral blood mononuclear cells (PBMCs; Figures S3D and
S3E), clonal expansions in the overall dataset were small (Fig-
ure S3F), and we detected no clonal expansions among the
tetramer-positive cells (Figure S3G). Because this result poten-
tially indicated non-specific tetramer binding, we next aimed to
more confidently identify fusion-specific cells after expanding
patient SJ1 PBMCs, as described by Cimen Bozkus et al.,*® us-
ing a pool of fusion peptides predicted to bind HLA-A*68:02. Af-
ter staining expanded PBMCs with A*68:02 tetramers, we again
observed a population of T cells positive for the A*68:02-EIF-
DRYGEEV tetramer (Figure 3E). 93% of these cells shared the
same TCR, designated SJ1-12 (Figure 3F), which, we hypothe-
sized, could also be specific for fusion neoantigen EIFDRYGEEV.

We applied similar approaches to search for fusion-specific
T cells in other FLC patients, designated FLC-SJ2, FLC-SJ3,
and FLC-SJ4 (Table S1). TILs from patients SJ2 and SJ3 were
expanded ex vivo, while tumor-infiltrating T cells from patient
SJ4 were sequenced without any prior expansion. For each pa-
tient, we stimulated T cells with fusion peptide to induce changes
in gene expression in fusion-specific TILs as we did for patient
SJ1 and then conducted single-cell gene expression and paired
TCR sequencing. Across all 4 patients, we obtained 10,577
unique paired TCRs (Figure 4A) and selected multiple candidate
fusion-specific TCRs from each patient based on clonal expan-
sion and expression of the activation markers IFNG and
TNFRSF9 (4-1BB).

Atotal of 25 TCRs derived from CD8" T cells across all four pa-
tients were selected for additional validation (12 from SJ1, 6 from
SJ2, 4 from SJ3, and 3 from SJ4; Table S4). We reconstructed
the full-length TCR sequences and expressed each in TCR-null
2D3 Jurkat cells for preliminary validation using tetramer staining
with A*68:02-EIFDRYGEEV (Figure 4B) or a functional assay (Fig-
ure 4C). Surprisingly, of all 25 candidates, only SJ1-4 and SJ1-12
proved to be fusion specific. No TCRs from the three additional
patients passed validation, and even many ostensibly tetramer-
positive TCRs from patient SJ1 failed to bind tetramer upon
reconstruction. These results highlight the importance of such
validation experiments and indicate that endogenous responses
to the DNAJB1-PRKACA fusion may be rare. Notably, patients
SJ2, SJ3, and SJ4 had fewer and poorer fusion neoepitope pre-
dictions than patient SJ1 (Tables S1 and S2), which could explain
why we were unable to identify fusion-specific responses in
these patients.

We then attempted to discover additional fusion-specific
TCRs in patient SJ1 using a TCR repertoire-based approach. It
is well established that TCRs that recognize the same peptide-
HLA epitope frequently share amino acid sequence features.*®
Our group®®°" and others®? have developed metrics for quanti-
fying this similarity and identifying closely related TCR se-
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quences from TCR repertoires. Across all experiments, we ob-
tained 8,270 unique paired TCR sequences from patient SJ1,
so we sought to determine whether any other TCRs within this
repertoire shared sequence features with SJ1-4 or SJ1-12. To
this end, we applied TCRdist°>°" to quantify pairwise sequence
similarity across all TCRs sequenced from patient SJ1. We then
constructed a network in which each node represents a unique
TCR sequence and two nodes are connected by an edge
when their TCRdist similarity score is below a threshold of
TCRdist = 100 (Figure 4D). While we did observe some clusters
of TCRs with sequence similarities, we found that both SJ1-4
and SJ1-12 were structurally distinct, as neither had any close
neighbors in TCR sequence space. We did select and recon-
struct 2 additional TCRs belonging to a cluster of related se-
quences (SJ1-298 and SJ1-1460; Figure S4A; Table S4), neither
of which proved to be fusion specific (Figure 4C). Although we
have not exhaustively profiled all TCRs sequenced from this pa-
tient, the absence of any TCR sequences clustered with either
SJ1-4 or SJ1-12 provides additional evidence that, among
immunotherapy-naive patients, endogenous responses to the
DNAJB1-PRKACA fusion are rare and challenging to detect,
particularly within peripheral blood.

Interestingly, we have previously observed that, in viral infec-
tions,>9°375° effective T cell responses against immunodominant
epitopes typically involve large clusters of TCRs with closely
related sequences. Indeed, large clusters of structurally similar
TCRs are present among hepatitis C virus (HCV) tetramer-posi-
tive T cells from an HCV-infected patient who spontaneously
resolved their infection®® (Figure S5A). Tetramer-positive TCRs
from patient SJ1, on the other hand, form no clusters at all. Clus-
tering of previously published TCR sequence data from periph-
eral blood of a severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2)-infected donor®’ also resulted in large clusters
of SARS-CoV-2-specific TCRs, particularly at the peak of infec-
tion (day 15; Figures S5B-S5E). Clustering of SARS-CoV-2-spe-
cific TCRs was even more pronounced when examining
repertoires from a site of antigen presentation (i.e., lymph nodes
of SARS-CoV-2-vaccinated donors)®* (Figures S5F and S5H).
However, clustering of tumor-associated TCR sequences from
all four FLC patients sequenced (Figures S4, S5F, and S5G)
demonstrated that none of these patients mounted a T cell
response involving large clusters of related sequences, even at
the site of tumor antigen presentation. Together, these results
suggest that, while rare fusion-specific TCRs can be identified
in certain patients, the endogenous fusion-specific response in
these four patients seemed to lack features of effective antiviral
responses, which might have prevented effective tumor clear-
ance in these patients, and highlights a potential challenge in
defining fusion-specific TCRs in immunotherapy-naive patients.

SJ1-4 and SJ1-12 TCRs are fusion specific, functional,
and cytotoxic in vitro

We next sought to confirm the specificity and function of the
SJ1-4 and SJ1-12 TCRs in vitro. When expressed in Jurkat cells,
both TCRs specifically bound their cognate A*68:02 tetramer
(Figure 5A), although the intensity of tetramer staining was lower
for SJ1-12. Both TCRs also mediated cytokine responses to
A*68:02 artificial antigen-presenting cells (@APCs) pulsed with
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Figure 4. Rare endogenous CD8 T cell responses pose challenges to fusion-specific TCR identification in multiple FLC patients

(A) Summary of experiments conducted using expanded TIL and tumor samples from four FLC patients (see also Table 1). Samples were stimulated by the
indicated fusion peptide prior to single-cell gene expression and paired TCR sequencing. Pie charts represent TCR clonal expansions; expanded pie charts
(where present) represent the top 20 most frequent clonotypes and indicate the overall frequency of the most frequent clone (dark blue). UMAP plots highlight
expression of IFNG. FLC-SJ1, 490 cells; FLC-SJ2, 5,619 cells; FLC-SJ3, 3,212 cells; FLC-SJ4, 3,016 cells.

(B) Frequency of A*68:02-EIFDRYGEEYV tetramer-positive Jurkat cells expressing SJ1 candidate fusion-specific TCRs.

(C) Normalized frequency of CD69-positive Jurkat cells expressing candidate fusion-specific TCRs from all patients in (A) (see STAR Methods for calculation).
(D) TCRdist network of 8,270 unique, paired TCRs from SJ1. Each node represents a unique TCR clonotype, and two nodes are connected by an edge when their
TCRdist < 100; node size corresponds to node degree (number of neighbors). The large central cluster represents mucosal-associated invariant T (MAIT) cells.
SJ1-4 and SJ1-12 TCRs are highlighted.

See also Figures S4 and S5.

their cognate fusion peptide (Figures 5B and S6D). Notably, both
SJ1-4 and SJ1-12 TCRs exhibited some cross-reactivity to

Indeed, when we tested the ability of each peptide to stabilize an
empty A*68:02 monomer, we found that the fusion peptide

the corresponding wild-type (WT) peptide (EIFDRYGEEG), which
diminished as WT peptide concentration decreased (Figures 5B
and S6D). We hypothesized that this result could be explained by
differential affinity for HLA between the WT and fusion peptides.

8 Cell Reports Medicine 5, 101469, March 19, 2024

bound similarly to a known strong-binding peptide, while the
WT peptide bound poorly (Figure S6E). Furthermore, the WT
peptide sequence was not detected among A*68:02-bound pep-
tides in our immunopeptidomics experiments. The canonical
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Figure 5. SJ1-4 and SJ1-12 TCRs are fusion specific, functional, and able to kill fusion-positive target cells in vitro

(A) A*68:02-EIFDRYGEEYV tetramer staining of SJ1-4 and SJ1-12 TCRs reconstructed and expressed in TCR-null Jurkat cells.

(B) Normalized frequency of IFNy*TNFa" cells among SJ1-4- or SJ1-12-transduced primary human T cells (donor Aph34) after stimulation with increasing doses
of fusion (EIFDRYGEEYV) or WT peptide (EIFDRYGEEG) (see STAR Methods for calculation). Data for each TCR were collected in separate single experiments,
each using 3 PBMC donors. See also Figure S6D.

(C) Frequency of IFNy*TNFa* cells among SJ1-4 or SJ1-12 primary human T cells after stimulation with aAPCs expressing DNAJB1-PRKACA fusion or WT
transgenes. All data were collected in the same single experiment using 3 PBMC donors. See also Figure S6F.

(D) xCelligence assay measuring SJ1-4 or SJ1-12 primary human T cell killing of fusion- or WT-expressing target cells. Target cells adhered for 24 h before
addition of T cells at effector:target ratios of 20:1, 5:1, and 1.25:1 (mean + SD across technical triplicates). Cell index was normalized to 1 at the time of T cell
addition. Killing is indicated by a decrease in cell index as target cells die and lift from the plate. SJ1-12 and mock-transduced control data were collected in the
same plate; SJ1-4 data were collected in a separate plate with an additional set of mock-transduced controls (comparable with those shown). A t test on
normalized cell index values was performed at the final time point. “**p < 0.001, ****p < 0.0001; ns, p > 0.05. See also Figure S6G.

(E) Frequency of cleaved caspase-3* wells in the Berkeley Lights Lightning assay co-culturing a single SJ1-4 or SJ1-12 primary human T cell with a single fusion-
or WT-expressing aAPC for 24 h. Data for SJ1-12 and mock-transduced controls were collected in the same experiment; data for SJ1-4 were collected in a
separate experiment with an additional set of mock-transduced controls (comparable with those shown). Fisher’s exact test was performed on the proportion of
caspase” cells. **p < 0.01; ns, p >0 .0.05. See also Figure S6H.

(F) Frequency of IFNy, IL-2, and TNFa production during same Berkeley Lights Lightning assay. Fisher’s exact test was performed on proportions of cytokine®
cells (i.e., single, double, or triple cytokine™). **p < 0.01; ns, p >0 .0.05.

peptide binding motif for A*68:02 (Figure S2E) shows that Val is  results suggest that the tumor specificity of both TCRs depends
the preferred C-terminal anchor residue for this HLA, so the mu-  less upon differential recognition of peptide and more upon dif-
tation from Gly to Val likely accounts for the stronger fusion pep-  ferential fusion and WT peptide presentation.

tide binding. Accordingly, when we stimulated cells expressing We then performed in vitro cytotoxicity assays against target
either TCR with aAPCs transduced to express the DNAJB1-  cells expressing A*68:02 and either the DNAJB1-PRKACA fusion
PRKACA fusion (which needed to endogenously process and protein or WT DNAJB1 or PRKACA. In a bulk killing assay using
present the relevant peptides), we still observed a strong the xCelligence platform, we observed minimal killing by mock-
fusion-specific response but minimal reactivity to targets ex- transduced T cells, regardless of whether targets expressed the
pressing the WT proteins (Figures 5C and S6F). Together, these ~ WT or fusion transgenes. In agreement with functional assays,
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Figure 6. SJ1-4 T cells control growth of fusion-expressing tumors in vivo and drive fusion-negative recurrences

(A) Schematic for in vivo experiments. Created using BioRender.

(B) IVIS images of tumor burden in mice treated with SJ1-4 T cells, mock-transduced T cells, or PBS.

(C) Tumor radiance measured by in vivo bioluminescence imaging for the first 21 days of study; n = 5 animals/group. A dashed line represents background
bioluminescence (approximately 10° photons/second). A red arrow indicates the day of T cell administration. 2-way ANOVA on log-transformed radiance values;
“** Pagj < 0.001, **** pag; < 0.0001.

(legend continued on next page)
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both SJ1-4 and SJ1-12 T cells killed fusion-expressing target
cells at a variety of effector-to-target (E:T) ratios while largely
sparing WT-expressing targets (Figures 5D and S6G). Notably,
SJ1-12 appeared to be less effective than SJ1-4, particularly at
low E:T ratios.

We also used the Berkeley Lights Lightning platform to assay
cytotoxicity on an individual-cell level. In agreement with bulk
kiling assays, we observed low killing by mock-transduced
T cells and preferential killing of fusion-expressing targets by
both SJ1-4 and SJ1-12 T cells (Figures 5E and S6H), with a
slightly lower frequency of killing by the SJ1-12 TCR. We also as-
sessed cytokine production by individual T cells during the Light-
ning assay and found that, while few mock-transduced T cells
produced cytokines, both SJ1-4 and SJ1-12 T cells produced
multiple cytokines specifically in response to fusion-expressing
targets (Figure 5F). Interestingly, SJ1-4 T cells appeared to be
more polyfunctional than SJ1-12 T cells; approximately half of
SJ1-4 cytokine-producing cells simultaneously produced IFNy,
TNFa, and interleukin-2 (IL-2), while no SJ1-12 cells were triple
producers. Altogether, the in vitro studies confirm the specificity
of SJ1-4 and SJ1-12 for fusion over the WT and demonstrate that
these TCRs are both functional and cytotoxic in vitro. Further,
comparisons between the two TCRs suggest that SJ1-4 may
exhibit greater affinity for its cognate neoantigen and greater
functionality than SJ1-12.

SJ1-4 T cells eliminate fusion-positive tumor cells

in vivo

Finally, we tested whether our fusion-specific TCRs could con-
trol growth of fusion-expressing tumor cells in vivo (Figure 6A).
Because no FLC cell lines are currently commercially available,
and because lung metastases are a significant cause of
morbidity and mortality in FLC,”> we chose to use a systemic
A549 lung carcinoma tumor model®® modified to express lucif-
erase and GFP to permit tumor visualization in vivo and
ex vivo. We further modified the cells to express both HLA-
A*68:02 and DNAJB1-PRKACA fused to tagBFP to facilitate
identification of neoantigen-positive cells. Notably, neither of
these modifications was required for the tumor cells to grow in
an immunodeficient mouse.

After intravenous administration of tumor cells, imaging indi-
cated that nearly all mice had established lung tumors by day
7 (the lack of a tumor in one mouse in the PBS group on day 7
is likely an imaging artifact). Mice were treated on day 8 with
either SJ1-4 T cells, mock-transduced T cells, or vehicle. On
day 12, we observed a striking decrease in tumor radiance
among SJ1-4-treated mice (Figures 6B and 6C), while tumor
growth continued unrestrained in both control groups (Fig-
ure 6B). By day 21, however, tumors recurred in all SJ1-4-treated
mice, although tumor radiance continued to be significantly
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lower for these mice than for mice in either control group (Fig-
ure 6C), and survival was significantly extended in SJ1-4-treated
mice compared with both vehicle-treated and mock T cell-
treated groups (Figure 6D).

We explored several possibilities that could explain tumor
recurrence in SJ1-4-treated mice. We first considered that there
could be differences in T cell phenotype across treatment groups
but observed no significant differences in expression of
the activation marker 4-1BB or in the surrogate exhaustion
markers PD-1 and TIM-3 (Figures S7B-S7E), ruling out T cell
exhaustion as a likely cause of recurrence. We did observe a
significantly greater frequency of effector memory T (Tgy) cells
(CCR7CD45R0") and a concomitant reduction in other pheno-
types in tissues from SJ1-4-treated mice compared with con-
trols (Figures S7F-S71). However, this change likely only reflects
that, as expected, SJ1-4 T cells recognized their cognate neoan-
tigen, while mock-transduced T cells did not.

We also considered that recurrent tumors could consist of
clones that lacked expression of the target neoantigen. Immuno-
fluorescence imaging of tumors harvested from mice treated
with mock-transduced T cells exhibited high (though somewhat
variable) expression of the DNAJB1-PRKACA fusion neoantigen.
Tumors from mice treated with SJ1-4 T cells, however, were
strikingly devoid of neoantigen expression (Figures 6E and 6F).
Recurrent lesions from SJ1-4-treated mice were also devoid of
transduced T cells, although transduced T cells did persist in
these mice both in tumor-bearing tissues and spleens (Figure 6G)
and even induced graft versus host disease (GVHD) in some an-
imals. These results demonstrate that, although SJ1-4 T cells did
not completely clear tumors, they did exert sufficient selection
pressure on fusion-expressing tumors to drive recurrences that
lacked expression of the target neoantigen.

We then repeated the in vivo study with an expanded cohort,
including a group of mice treated with SJ1-12 T cells and addi-
tional control groups of mice bearing tumors that lacked expres-
sion of HLA-A*68:02 (no-HLA groups; Figure S7). Based on
our observations of neoantigen-negative tumor recurrence in
the first study, we also sorted tumor cells on tagBFP (i.e.,
DNAJB1-PRKACA fusion) expression, allowing approximately
2 weeks of post-sorting expansion prior to injection into mice.
Unlike SJ1-4 T cells, SJ1-12 did not appear to provide any
benefit over control treatments (Figures S7J and S7K), consis-
tent with lower SJ1-12 tetramer binding (Figure 5A) and lower ef-
ficacy in in vitro killing assays (Figures 5D-5F). As expected,
neither TCR mediated killing of A*68:02-negative tumor cells,
confirming that the anti-tumor T cell activity was HLA restricted.

As in the first experiment, we observed a striking reduction
in tumor radiance among mice treated with SJ1-4 T cells
(Figures S7J and S7K). Further, this reduction in tumor radiance
persisted approximately 13 days longer than in the initial

test; * Pagj < 0.05, ™ Pag; < 0.01, *** Pag; < 0.001, ** p,g; < 0.0001.

D) Survival curves for the duration of the study, n = 5 animals/group. Log rank test; *p < 0.05, *p < 0.01.

E) Representative immunofluorescence of tumors harvested at euthanasia from mice treated with mock-transduced or SJ1-4 T cells. Blue, DAPI; green, GFP
tumor cells); red, tagBFP (cells expressing DNAJB1-PRKACA fusion); yellow, mCherry (transduced T cells).

F) Quantification of GFP median fluorescence intensity (MFI) (left), tagBFP MFI (center), and number of mCherry* T cells per um? x 10 (right). Wilcoxon rank-sum

(G) Frequency of mCherry* CD8 T cells in kidneys, livers, lungs, and spleens harvested at euthanasia from mice treated with mock-transduced or SJ1-4 T cells.

Wilcoxon rank-sum test; ns, p > 0.05. See also Figures S7TB-S7I.
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experiment (Figures 6B, 6C, S7J, and S7K; first evidence of
recurrence on days 12-16 in the first experiment vs. day 25 in
the second), likely due to injection of a purer population of neo-
antigen-positive tumor cells after sorting. After day 25 post tu-
mor injection, we began to observe non-specific anti-tumor ac-
tivity in mock-treated mice and later observed GVHD among
both TCR-treated and mock-treated mice. Both phenomena
are documented in the literature®*®" and resulted in non-signif-
icant differences in survival across groups. Nevertheless, these
results together demonstrate that SJ1-4 is capable of thoroughly
eliminating fusion-positive tumor cells in vivo and thereby pro-
vide support for development of cellular therapies for FLC.

DISCUSSION

In this study, we define endogenous CD8 T cell responses to the
DNAJB1-PRKACA driver fusion in FLC. There has been some
speculation about the prevalence of endogenous neoantigen-
specific immune responses in low-TMB tumors,®%®® including
FLC. However, we have shown that, in a cohort of pediatric B
cell acute lymphoblastic leukemia (B-ALL), patients, all patients
mounted neoantigen-specific T cell responses, including re-
sponses to the ETV6-RUNX1 fusion.® Similarly, our results indi-
cate that anti-fusion CD8 T cell responses are theoretically
possible in a large proportion of FLC patients. We defined 38
fusion neoantigens verified to bind to at least one of 16 class |
HLA alleles, which could cover more than 90% of the US FLC pa-
tient population, depending upon ancestry. This estimate is
concordant with HLA typing and neoepitope prediction for a
cohort of 24 FLC patients, over 90% of whom were predicted
to present at least one fusion neoepitope. Analysis of class |
HLA expression in tumor and tumor-adjacent NML samples
from the same cohort also indicated that there is little difference
in the degree of HLA expression between FLC tumors and NML.
This result implies that little endogenous immune selection oc-
curs in FLC (in agreement with our observation of low CD8
T cell infiltration in patient tumor tissue) but that FLC tumors
can, in principle, still present neoantigens and therefore be
vulnerable to T cell killing.

Previous studies have demonstrated a positive correlation be-
tween predicted driver mutation presentation by class | and
response to ICB,%® while others have shown that recurrent can-
cer mutations tend to be poorly presented by class | in general
and that HLA alleles that can present recurrent mutations are un-
derrepresented among affected patients.®® Together with our re-
sults, these prior observations suggest that the endogenous im-
mune response to the DNAJB71-PRKACA driver fusion may be
small, potentially due to low fusion presentation or a poor prim-
ing environment. We did not identify any other validated T cell re-
sponses in four FLC patients, although 25 candidates were
screened. However, an important limitation of our study is that
our analyses were focused on samples from only four patients
at a single time point. Additional studies of larger FLC cohorts
will be necessary to confirm whether the low fusion-specific
CD8T cell response we observed holds true in general. Our sam-
ple size in this study was also insufficient to determine whether
fusion-presenting class | alleles are underrepresented in FLC.
A larger study of HLA types in FLC patients would provide insight
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into whether HLA allele frequency correlates with poor fusion
presentation and therefore might limit endogenous immune re-
sponses against the DNAJB71-PRKACA fusion.

Notably, neither of the fusion-specific TCRs identified in
this study belonged to a cluster of related TCR sequences, indi-
cating that, while patient SJ1 did mount an anti-fusion T cell
response, that response lacked characteristics common in immu-
nodominant antiviral T cell responses.®®>*°® The other patients
sequenced in this study also did not mount detectable clustered
responses. If recruitment of multiple structurally similar TCRs is
a hallmark of effective T cell responses, this lack of fusion-specific
TCR clustering could partially explain why endogenous anti-fusion
responses failed to control tumor growth in the patients studied.
Further work will be necessary to determine whether this lack of
neoantigen-specific TCR clustering occurs in the broader FLC pa-
tient population or in other cancers. Interestingly, Puig-Saus
et al.®” recently reported that the total number of neoantigen-spe-
cific TCR clonotypes correlated positively with response to PD-1
checkpoint blockade in metastatic melanoma patients, suggest-
ing that more diverse neoantigen-specific T cell responses are
beneficial. It remains to be determined whether other neoanti-
gen-specific TCR repertoire features, including TCR clustering,
also correlate with response to ICB or other therapies. However,
if they do, then measures of TCR repertoire clustering could serve
as novel biomarkers for response to immunotherapy.

Several factors could play a role in restraining endogenous
fusion-specific T cell responses in FLC, including neoantigen
density, neoantigen-specific precursor frequency, TCR affinity
for cognate neoantigens, and factors in the FLC tumor micro-
environment. Although FLC is reported to be a low-TMB tu-
mor,?° it is possible that other neoantigens are immunodomi-
nant over fusion neoantigens, resulting in poor response to
the fusion. However, lack of any large clusters of related
TCRs (apart from mucosal-associated invariant T [MAIT] cell
clusters) suggests an overall low anti-tumor response rather
than a response against a different neoantigen. Alternatively,
the precursor frequency of fusion-specific cells may be low in
many patients, or fusion-specific precursors may lack sufficient
avidity to effectively attack tumor cells. The FLC tumor micro-
environment could also suppress anti-tumor immune re-
sponses. Importantly, our study also focused exclusively on
CD8 T cell responses; however, CD4 T cells also play an impor-
tant role in anti-tumor immunity.®®°® Indeed, a recent study by
Bauer et al.“® identified a putatively fusion-specific CD4 T cell
response in a single FLC patient treated with a DNAJB1-
PRKACA peptide vaccine in combination with poly(ADP-ribose)
polymerase (PARP) inhibition. While fusion specificity of the
TCRs was not directly validated, these results suggest that
class ll-restricted fusion neoantigens might also elicit T cell re-
sponses, at least in the context of peptide vaccination. Interest-
ingly, we did not observe any strong CD4 T cell responses to
fusion peptides in our study, even when using 13- to 15-mer
(Figure S3D) or 24-mer (Figure 4A) peptides that could stimu-
late CD4 T cells. Neoantigen peptide vaccines have frequently
been reported in the literature to preferentially stimulate CD4
T cell responses,’®"? which could explain why Bauer et al.*®
identified a predominant CD4 response as opposed to the
endogenous T cell responses that were the focus of our study.
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Table 1. SJFLC patient cohort characteristics

Number of predicted

Patient ID Sample type Sample location Age Gender Class | HLA type fusion neoepitopes
FLC-SJ1 expanded TILs primary 21 F A*31:01, A*68:02, 10
tumor B*35:02, B*38:01,
PBMC peripheral blood C04:01, C*12:03
FLC-SJ2 expanded TILs primary 19 F A*02:19, A*23:01, 5
tumor B*15:01, B*14:01,
C*03:02, C*05:01
FLC-SJ3 expanded TILs ascites 19 F A*03:01, A*23:01, 6
B*44:03, B*55:01,
C*03:03, C*04:01
FLC-SJ4 tumor metastatic tumor 15 M A*01:01, A*02:01, 2
B*37:01, B*44:02,
C*05:01, C*06:02
FLC-SJ5 tumor primary tumor 16 F A*01:01, A*32:01, 5]

B*07:02, B*44:02,
C*05:01, C*07:02

The two fusion-specific TCRs identified in this study showed
strong anti-fusion activity in vitro, although SJ1-12 appeared to
have lower affinity for cognate neoepitope A*68:02-EIFDRY-
GEEV than SJ1-4. Accordingly, SJ1-4 showed very promising
activity in vivo, while the subtly poorer performance of SJ1-12
in vitro translated to profoundly poorer activity in vivo. Notably,
the SJ1-4 TCR was found among tumor-infiltrating T cells, while
the SJ1-12 TCR was induced from patient PBMCs, suggesting
that tumor-infiltrating cells could represent a superior population
of tumor-specific T cells compared with those found in the blood.
Indeed, the tumor-infiltrating T cell population is believed to be
enriched for tumor-specific T cells, which are found at much
lower frequencies in peripheral blood.”*"® However, some
studies have observed that peripherally expanded T cell clones
can be tracked to tumor tissue and suggest that these T cells
play an important role in responsiveness to ICB.”%"” While tu-
mor-specific T cells may be more rare in the blood, employing
antigen-specific expansion (as we did in this study) or analyzing
T cell clonal dynamics across longitudinal samples from the
same patient’® may allow reliable detection of tumor-specific
TCRs in PBMC samples as well as tumors.

Together, our studies and others indicate that at least some
FLC patients mount an anti-DNAJB71-PRKACA T cell response
but that a boost in the magnitude and function of this response
is likely necessary for anti-tumor efficacy. Cell therapy is one
possible avenue for providing a boost in response, and our in vivo
results support possible development of TCR-T therapies for
FLC. Although tumors did recur in our model system, recurrent
tumors strikingly lacked expression of the DNAJB1-PRKACA
fusion, rendering them effectively invisible to fusion-specific
T cells. Unlike our model tumor, which did not require fusion
expression to grow, genuine FLC tumors are believed to be
dependent on DNAJBT-PRKACA'® and are therefore unlikely
to escape immune recognition by its loss.

A neoantigen vaccine combined with ICB (or potentially other
interventions) offers an alternative means for boosting magni-
tude and function of endogenous anti-fusion T cell responses.
As highlighted above, one such combination, a peptide vaccine

targeting the fusion added to ongoing therapy with a PARP in-
hibitor, has already been used to induce a putative fusion-spe-
cific CD4 T cell response in one FLC patient.*® An ongoing clin-
ical trial (ClinicalTrials.gov: NCT04248569) testing a fusion
peptide vaccine in combination with nivolumab and ipilimumab
will soon provide additional insight into how immunotherapy
can boost T cell responses directed against the DNAJBT-
PRKACA fusion. As these clinical studies progress, it is also
worth noting that any fusion-specific TCRs, which likely will
be identified more readily after immunotherapy, can also be
fed forward to develop cellular therapies and that even a rela-
tively small number of fusion-directed TCRs could potentially
cover and improve outcomes for a large portion of the FLC pa-
tient population.

Limitations of the study

Our study has several important limitations. First, our analyses of
class | HLA expression levels in FLC tumors and NML include a
limited number of matched NML samples available and lack truly
healthy (i.e., not tumor-adjacent) liver samples from matched pa-
tients. These limitations may bias our interpretation of NML HLA
expression levels relative to FLC tumor tissue. Our use of a non-
FLC tumor model for our in vivo experiments is another important
limitation of our study and highlights the need to develop better
preclinical models for this disease. Another limitation of our
study is our focus on endogenous CD8 T cell responses over
CD4 T cell responses. We cannot exclude the possibility that
strong anti-fusion T cell responses occur endogenously in the
CD4 compartment, and future studies should explore this possi-
bility in more detail. Finally, our study is limited by the small size
of our FLC patient cohort. Our findings may provide insight into
anti-tumor immune responses in not only FLC but other tumor
types as well; however, due to the limited sample size of our
study, we approach drawing broad conclusions with caution.
Further work, which could include both experimental studies
with larger cohorts and meta-analyses of existing data, will be
necessary to determine whether our observations about the
overall frequency of fusion-specific CD8 T cell responses and
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the sparseness of neoantigen-specific TCR repertoires hold true
outside of our small cohort.
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Antibodies

Rat anti-human/mouse/rat CD3 (clone Abcam ab255972

CD3-12)

Mouse anti-human CD8 (clone C8/144B) Abcam ab17147 (RRID:AB_443686)
Rabbit anti-human CD68 (clone EPR20545) Abcam ab213363 (RRID:AB_2801637)

Donkey anti-rat Alexa Fluor 647 (polyclonal)

Donkey anti-mouse Alexa Fluor 488
(polyclonal)

Donkey anti-rabbit Alexa Fluor 555
(polyclonal)

Anti-human p2m PE (clone BBM.1)
Anti-human HLA-A,B,C PE (clone W6/32)
Anti-human HLA-A,B,C APC (clone W6/32)
Goat anti-mouse IgG PE (polyclonal)
Anti-human Fc block (clone Fc1)
Anti-human CD3 FITC (clone SK7)

Anti-human CD8 Brilliant Violet 785
(clone SK1)

Anti-human CD4 PerCP/Cy5.5 (clone SK3)
Anti-human CD28 (clone CD28.2)
Anti-human CD49d (clone 9F10)

Human TruStain FcX
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(clone LNH-94, 2M2)
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(clone LNH-94, 2M2)

TotalSeq™-C0254 anti-human hashtag 4
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Anti-human CD19 PE/Dazzle594 (clone
HIB19)

Anti-mouse TCRp chain PE (clone H57-597)

Anti-mouse TCRp chain APC/Fire750 (clone
H57-597)

Anti-human CD3 (clone OKT3)
Anti-human CD28 (clone 15E8)
Anti-human CD3 APC/Cy7 (clone SK7)

Anti-human CD279 (PD-1) PE (clone
EH12.2H7)

Anti-human CD366 (TIM-3) PE/Cy7 (clone
F38-2E2)
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ThermoFisher Scientific

ThermoFisher Scientific

Santa Cruz Biotech
Biolegend
Biolegend
Southern Biotech
BD Biosciences
Biolegend
Biolegend

Biolegend
BD Biosciences
BD Biosciences
Biolegend
Biolegend
Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend
Biolegend

Miltenyi
Miltenyi
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Biolegend
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A48272 (RRID:AB_2893138)
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Anti-human CD197 (CCR?7) FITC (clone Biolegend 353216 (RRID:AB_10916386)
GO043H7)

Anti-human CD45RA Brilliant Violet 421 Biolegend 304130 (RRID:AB_10965547)
(clone HI100)

Anti-human CD45R0 Birilliant Violet 650 Biolegend 304232 (RRID:AB_2563462)
(clone UCHL1)

Anti-human CD3 Brilliant Violet 785 Biolegend 344842 (RRID:AB_2616891)
(clone SK7)

Anti-human IFNvy Alexa Fluor 647 Biolegend 502516 (RRID:AB_493031)
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Anti-human TNFa Brilliant Violet 605 Biolegend 502936 (RRID:AB_2563884)

(clone MAb11)

Anti-human CD69 PerCP/efluor710
(clone FN50)

Anti-human IL-2 PE (clone MQ1-17H12)
Fastlmmune™ CD28/CD49d

(clone L2983, L25)

LEGENDplex™ human Th panel detection
antibodies

Anti-human CD8a FITC (clone RPA-T8)
Anti-mouse TCRp chain APC

(clone H57-597)

Rabbit anti-GFP (polyclonal)

Goat anti-mCherry (polyclonal)

Camelid anti-tagBFP Alexa Fluor 647
(clone 1H7)

Donkey anti-rabbit Alexa Fluor 488
(polyclonal)

Donkey anti-goat Alexa Fluor 555
(polyclonal)

Anti-human CD4 Alexa Fluor 700

(clone SK3)

Anti-human CD137 (4-1BB) APC

(clone 4B4-1)

Anti-human CD197 (CCR7) APC/Cy7
(clone G043H7)

ThermoFisher Scientific

Biolegend
BD Biosciences

Biolegend

Biolegend
Biolegend

Rockland Immunochemicals
Biorbyt

Antibodies Online
ThermoFisher Scientific
ThermoFisher Scientific
Biolegend

Biolegend

Biolegend

46-0699-42 (RRID:AB_2573694)

500307 (RRID:AB_315094)
347690 (RRID:AB_647457)

741041

301006 (RRID:AB_314124)
109212 (RRID:AB_313435)

600-401-215 (RRID:AB_828167)
orb11618 (RRID:AB_2687829)
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A32790 (RRID:AB_2762833)

A32816 (RRID:AB_2762839)

344622 (RRID:AB_2563150)

309810 (RRID:AB_830672)

353212 (RRID:AB_10916390)

Biological samples

FLC patient TILs (FLC-SJ1) University of Maryland (approval #HP- N/A
00080263, Pro00008980)

FLC patient PBMCs (FLC-SJ1) University of Maryland (approval #HP- N/A
00080263, Pro00008980)

FLC patient ascites fluid (FLC-SJ3) University of Tennessee Health Science N/A
Center (approval #17-05064-XP,
Pro00003992)

FLC patient tumor (FLC-SJ2, FLC-SJ4, Molecular Analysis of Solid Tumors (MAST, N/A

FLC-SJ5) NCT01050296, approval #Pro00001240)

Healthy donor PBMCs St. Jude Blood Donor Center (Dept. of N/A
Pathology protocol # BDC035)

Chemicals, peptides, and recombinant proteins

FBS Gibco 16140-071

OCT embedding matrix Sakura 4583
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Vector® trueVIEW™ autofluorescence Vector SP-8500-15
quenching reagent with DAPI

HLA class | easYmers Immudex Table S2
DNAJB1-PRKACA fusion peptides Genscript Table S2
Streptavidin beads, 6-8 um Spherotech SVP-60-5
Lenti-X concentrator Takara 631232
Puromycin Sigma-Aldrich P9620
G418 Gibco 10131-035
Protease inhibitor tablets ThermoFisher Scientific A32963
CaptivA® protein A resin Repligen CA-HF-0100
Human serum AB Gemini BioProducts 100-512
Human IL-2 Stemcell Technologies 78036
X-VIVO 15 serum-free hematopoietic cell Lonza 04-418Q
medium

Human GM-CSF Miltenyi Biotec 130-095-372
Human IL-4 R&D Systems 204-IL-010
Human FIt3-L R&D Systems 308-FKN-025
R848 InvivoGen tlrl-r848-5
Salmonella Minnesota lipopolysaccharide InvivoGen tirl-smlips
(LPS)

Human IL-1B R&D Systems 201-LB-010
Human IL-2 R&D Systems 202-1L-050
Human IL-7 R&D Systems 207-IL-025
Human IL-15 PeproTech 200-15
Dasatinib Sigma-Aldrich CDS023389
Ghost Violet 510 viability dye Tonbo Biosciences 13-080-T100
Collagenase IV Worthington Biochemical LS004188
DNase | Worthington Biochemical LS002145
TotalSeq™-C0954 PE streptavidin Biolegend 405267
Human IL-7 PeproTech 200-07
Retronectin Takara T100A

PE streptavidin Biolegend 405203
APC streptavidin Biolegend 405207
Brilliant Violet 421 streptavidin Biolegend 405226
PE/Cy7 streptavidin Biolegend 405206
GolgiPlug (containing brefeldin A) BD Biosciences 555029
GolgiStop (containing monensin) BD Biosciences 554724

Cell stimulation cocktail ThermoFisher Scientific 00-4970-93
LEGENDplex™ human IFNy capture Biolegend 740545
beads B3

LEGENDplex™ human TNFa capture Biolegend 740711
beads B7

LEGENDplex™ human IL-2 capture Biolegend 740934
beads A5

Annexin V Brilliant Violet 421 Biolegend 640924 (RRID:AB_2893503)
Annexin V binding buffer Biolegend 422201
Human IL-7 Biolegend 715302
Human IL-15 Biolegend 715902
NucView 530 caspase-3 substrate Biotium 10408
LEGENDplex™ streptavidin-PE Biolegend 740452
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D-luciferin Perkin Elmer 122799
Vectashield Vibrance® mounting Vector H-1800
media with DAPI

Critical commercial assays

10x Chromium Single Cell 5’ Library & 10x Genomics 1000006
Gel Bead Kit v1

10x Chromium Single Cell 5’ Library 10x Genomics 1000020
Construction Kit

10x Chromium Single Cell V(D)J Enrichment 10x Genomics 1000005
Kit, Human T cell

10x Chromium Single Cell Chip A Kit 10x Genomics 1000009
10x Chromium i7 Multiplex Kit 10x Genomics 120262
10x Chromium Single Cell 5’ Feature 10x Genomics 1000080
Barcode Library Kit

10x Chromium i7 Multiplex Kit N Set A 10x Genomics 1000084
10x Chromium Next GEM Single Cell 5 10x Genomics 1000165
Library & Gel Bead Kit v1.1

10x Chromium Next GEM Chip G 10x Genomics 1000127
Single Cell Kit

10x Chromium Single Index Kit T Set A 10x Genomics 1000213
10x Chromium Single Index Kit N Set A 10x Genomics 1000212
SuperScriptVILO cDNA synthesis kit ThermoFisher Scientific 11754250
In-Fusion® snap assembly cloning kit Takara 638947
Cytofix/Cytoperm fixation kit BD Biosciences 554714

Deposited data

Raw single-cell GEX and TCR data
Immunopeptidomics data

FLC patient bulk RNAseq

FLC patient bulk RNAseq

IPD-IMGT/HLA database

Uniprot annotated proteome UP000005640

Human HLA allele frequencies in US
populations

Human reference genome GRCh38

Cell Ranger human reference, GRCh38
(Ensembl 84)

Cell Ranger human reference, GRCh38
(Ensembl 93)

Cell Ranger human V(D)J reference
vdj_IMGT_human

Cell Ranger human V(D)J reference
vdj_IMGT_human-None

Cell Ranger human V(D)J reference
vdj_GRCh38_alts_ensembl-3.1.0-3.1.0
Single-chain TCR repertoire data from
HCV-infected patient SR5

This paper
This paper
Dinh et al.™®

Francisco et al.*

Barker et al.”®

Uniprot
Gonzalez-Galarza et al.**

Genome Reference Consortium

10x Genomics

10x Genomics

10x Genomics
10x Genomics
10x Genomics

Mazouz et al.*®
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SRA: PRJNA1070700

PRIDE: PXD042316

EGA: EGAS00001004169

GEO: GSE181922
https://www.ebi.ac.uk/ipd/imgt/hla/

https://www.uniprot.org/proteomes/
UP000005640

http://allelefrequencies.net/hla.asp

https://www.ncbi.nlm.nih.gov/assembly/
GCF_000001405.26/
https://support.10xgenomics.com/
single-cell-gene-expression/software/
release-notes/build
https://support.10xgenomics.com/
single-cell-gene-expression/software/
release-notes/build

N/A

N/A

N/A

immuneACCESS: Mazouz_Shoukry_2021
https://clients.adaptivebiotech.com/pub/
mazouz-2021-ji (https://doi.org/10.21417/
SM2021JI)
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Single-chain TCR repertoire data from Minervina et al.”” Zenodo: 4065547 https://zenodo.org/
SARS-CoV-2-infected donor M record/4065547

Single-chain TCR repertoire data from
SARS-CoV-2-vaccinated donors 01a, 04,
20, 22

IMGT/GENE-DB

Mudd et al.>*

Giudicelli et al.®°

GEO: GSE183393

https://www.imgt.org/genedb/

Experimental models: Cell lines

HEK 293T
K562
2D3 Jurkat

A549.eGFP.fflLuc

W6/32 hybridoma

ATCC

ATCC

A kind gift from Fumihiro Fuijiki (Osaka
University Graduate School of Medicine,
Suita, Japan)

A kind gift from Christopher DeRenzo
(St. Jude Children’s Research Hospital,
Memphis, TN)

ATCC

Cat#: CRL-3216 (RRID:CVCL_0063)
Cat#: CCL-243 (RRID:CVCL_0004)
N/A

N/A

HB-95 (RRID:CVCL_7872)

Experimental models: Organisms/strains

Mouse: NSG (NOD.Cg-Prkdc®°® St. Jude NSG colony N/A
l12rg™Wi/SzJ)

Oligonucleotides

Human TRAV/TRBV external primers Wang et al.?’ See Table S5
Human TRAC/TRBC external reverse Wang et al.®’ See Table S5
primers

Human TRAV/TRBYV internal forward Wang et al.?’ See Table S5
primers

Human TRAC/TRBC internal reverse Wang et al.®’ See Table S5
index primers

Recombinant DNA

pLVX-EF10a-IRES-Puro Takara 631253

pSPAX2

pMD2.G

A kind gift from Didier Trono

A kind gift from Didier Trono

Addgene plasmid #12260
(RRID:Addgene_12260)
Addgene plasmid #12259
(RRID:Addgene_12259)

HLA class | sequences Genscript See “Generation of aAPCs” for alleles
TCRap sequences Genscript Table S4
pSFG A kind gift from Stephen Gottschalk N/A

(St. Jude Children’s Research Hospital,

Memphis, TN)
PEg-Pam3(-E) A kind gift from Stephen Gottschalk N/A

(St. Jude Children’s Research Hospital,

Memphis, TN)
pRD114 A kind gift from Stephen Gottschalk N/A

(St. Jude Children’s Research Hospital,

Memphis, TN)
pLVX- EF1a-IRES-G418 This paper N/A
Software and algorithms
NIS Elements software, version 5.30.05 Nikon Instruments N/A

HLApers
kallisto
OptiType

Aguiar et al.??

Bray et al.®®

Szolek et al.®*

github.com/genevol-usp/HLApers
http://pachterlab.github.io/kallisto/
github.com/FRED-2/OptiType
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NetMHCcons v1.1

NetMHCpan v4.1b

NetMHCllIpan v4.1

FlowJo v10.7.2
PEAKs Xpro v10.6
Cell Ranger v2.2, v3.1.0, v4.0.0

Seurat v4.2.0

conga v0.1.1 TCRdist implementation
(tcrdist_cpp)

data.table R package v1.14.6
dplyr R package v1.1.0
stringdist R package v0.9.10

igraph R package v1.3.5
gephi v0.9.7

stitchr Python package v1.0.2
RTCA Software Pro

Prism v9

Assay Analyzer

Living Image

ggplot2 package v3.3.6
rstatix package v0.7.0

Karosiene et al.®®

Reynisson et al.*®

Reynisson et al.*

BD Biosciences
Bioinformatic Solutions
10x Genomics

Hao et al.®®
Schattgen et al.®’

N/A
N/A
N/A

N/A

N/A
Heather et al.®®
Agilent

GraphPad

Berkeley Lights
Caliper Life Sciences
N/A

N/A

https://services.healthtech.dtu.dk/
services/NetMHCcons-1.1/

https://services.healthtech.dtu.dk/
services/NetMHCpan-4.1/

https://services.healthtech.dtu.dk/
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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, Paul G.

Thomas (paul.thomas@stjude.org)

Materials availability

This study did not generate new unique reagents.

Data and code availability

o De-identified patient single-cell sequencing data have been deposited to the Sequence Read Archive at SRA: PRUNA1070700.

® Immunopeptidomics data have been deposited to the PRoteomics IDEntifications (PRIDE) database at PRIDE: PXD042316
(https://doi.org/10.6019/PXD042316).

® Publicly available data analyzed in this study were obtained from the European Genome-Phenome Archive (EGA) at
EGA: EGAS00001004169, Gene Expression Omnibus (GEO) at GEO: GSE181922 and GEO: GSE183393, Zenodo at accession
number Zenodo: 4065547, and immuneACCESS at immuneACCESS: Mazouz_Shoukry_2021 (https://doi.org/10.21417/
SM2021JI).
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OPEN ACCESS

o Other data generated in this study are available within the article and its supplemental data or will be made available upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects

Written informed consent was obtained from all human participants who provided samples used in this study. Excess de-identified
tumor material was collected from FLC patients at St. Jude Children’s Research Hospital (SJCRH) in agreement with local institu-
tional ethical regulations and Institutional Review Board (IRB) approval. Patient consent for tissue acquisition was obtained under
the guidelines of the MAST protocol (NCT01050296; IRB protocol Pro00001240, SUCRH) and distributed via the Childhood Solid Tu-
mor Network (CSTN).%° Additional excess de-identified tumor material was collected from FLC patients at the University of Maryland
(UoM) and University of Tennessee Health Science Center (UTHSC) under IRB-approved protocols HP-0008263 (UoM), 17-05064-
XP and 19-06875-NHSR (UTHSC). De-identified patient samples from UoM and UTHSC were transferred to St. Jude under IRB-
approved protocols Pro00003992 and Pro00008980 (SJCRH). Bulk RNAseq data from FLC patients were generated previously'®*®
from samples collected under IRB-approved protocols 1802007780, 1811008421 (Cornell University) and/or 33970/1 (Fibrolamellar
Cancer Foundation). All data were de-identified prior to analysis. Study participant details (age, gender, etc.) for FLC patients are
provided in Table S1. Healthy donor PBMCs were isolated from apheresis rings obtained from the St. Jude Blood Donor Center under
Department of Pathology protocol BDCO035. All apheresis rings were de-identified before release.

Cell lines

HEK 293T cells (CRL-3216) and K562 cells (CCL-243) were obtained from ATCC. HEK 293T cells were cultured in complete
DMEM (DMEM [Gibco 11965-092], 10% FBS [Gibco 16140-071], 2mM L-glutamine [Gibco 25030-081], 100 U/mL penicillin/strepto-
mycin [Gibco 15140-122]). K562 cells were cultured in complete IMDM (IMDM [Gibco 12440-053], 10% FBS, 2mM L-glutamine,
100 U/mL penicillin/streptomycin). 2D3 Jurkat J76.7 cells®® (TCR-null, CD8*, NFAT-eGFP reporter) were a kind gift from Fumihiro
Fujiki (Department of Cancer Immunology, Osaka University Graduate School of Medicine, Suita, Japan) and were cultured in
complete RPMI (RPMI 1640 [Gibco 22400-089], 10% FBS, 2mM L-glutamine, 100 U/mL penicillin/streptomycin). Generation of
A549.eGFP.ffLuc cells was described previously®®; these cells were cultured in complete DMEM. All cell lines were maintained in
humidified incubators at 37°C, 5% CO..

Xenograft mouse model

All animal experiments followed protocol 640 approved by the St. Jude Children’s Research Hospital Institutional Animal Care and
Use Committee (IACUC). All experiments utilized 12- to 16-week-old male NSG (NOD.Cg-Prkdcse 112rg™™W/SzJ) mice obtained
from the St. Jude NSG colony. For the systemic lung cancer model, 2 x 10° A549.eGFP.ffLuc.tDNAJB1-PRKACA.A6802 or
A549.eGFP.fflLuc.tDNAJB1-PRKACA (no-HLA controls) cells in PBS were injected intravenously (i.v.). Seven days later, mice
received a single i.v. dose of 1 x 107 SJ1-4-, SJ1-12-, or mock-transduced T cells in PBS, or PBS alone. Tumor burden was monitored
via weekly bioluminescence imaging (see bioluminescence imaging). Mice were euthanized when they reached a bioluminescent flux
endpoint of 1 x 10'° photons/s, or when they met physical euthanasia criteria (significant weight loss, signs of distress), or when rec-
ommended by the St. Jude veterinary staff. At euthanasia, spleens and tumor-bearing tissues (including lungs, liver, and kidneys)
were harvested for further analysis.

METHOD DETAILS

Immunofluorescence imaging of FLC tissue

FLC tissue was frozen in isopentane chilled by liquid nitrogen, embedded in OCT embedding matrix (Sakura 4583), and stored
at —80°C. 10 um sections were obtained following methanol fixation and permeabilization, and blocking with 10% donkey serum
in PBST. Sections were incubated at 4°C overnight with the following primary antibodies: rat anti-human/mouse/rat CD3 (1:200, Ab-
cam ab255972, clone CD3-12), mouse anti-human CD8 (1:200, Abcam ab17147, clone C8/144B), rabbit anti-human CD68 (1:200,
Abcam ab213363, clone EPR20545). Sections were washed with PBS, then incubated with the following secondary antibodies for 1 h
at RT: donkey anti-rat Alexa Fluor 647 (1:500, ThermoFisher Scientific A48272), donkey anti-mouse Alexa Fluor 488 (1:500,
ThermoFisher Scientific A32766), donkey anti-rabbit Alexa Fluor 555 (1:500, ThermoFisher Scientific A32794). Slides were then
mounted with Vector trueVIEW autofluorescence quenching reagent with DAPI (Vector SP-8500-15) and imaged via Nikon Eclipse
Ni-E scope. Images were acquired and analyzed using NIS Elements software, version 5.30.05 (Nikon Instruments).

Bulk RNAseq and HLA expression analysis

Bulk RNAseq data for patients FLCO1-FLC34 (Supplmentary Table S1) were generated and published previously.'®“ HLA expres-
sion levels from these bulk RNAseq data were estimated using the HLApers pipeline® with kallisto pseudoalignment.®®
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HLA typing

Inference of HLA types from bulk RNAseq data and single-cell (sc)RNAseq data was accomplished using OptiType.®* For patients
FLCO1-FLC34, FLC-SJ2, FLC-SJ4, and FLC-SJ5, bulk RNAseq data were available and were used for HLA inference. For patients
FLC-SJ1 and FLC-SJ3, only scRNAseq generated during 10x experiments in this study were available. For those patients, 300k
unique reads aligned to the HLA region were randomly selected from the relevant scRNAseq data and were used to infer HLA

types.

Neoepitope prediction

To identify putative class I-restricted DNAJB71-PRKACA fusion neoepitopes, custom python scripts were used to generate all
possible peptides of lengths 8-15 amino acids spanning the fusion junction. Peptides were subsequently screened for putative
HLA binding affinity using NetMHCcons1.1%° against all 2,924 HLA alleles included in the pipeline reference. As in previous assess-
ments,®" we considered predicted peptide-HLA pairs with inferred ICs of 500 nM or lower to be putative neoepitopes. To identify
putative class Il-restricted fusion neoepitopes, we used the web interface for NetMHClIpan4.1%° using default settings, including
binding affinity predictions in output, and tested 75 13-22mer fusion peptides spanning the fusion breakpoint for binding against
the 54 class | HLA alleles for which high quality binding data is available (i.e., designated as “high quality” alleles). For class Il pre-
dictions, we considered predicted peptide-HLA pairs with inferred IC5q of 1000 nM or lower to be putative neoepitopes. Neoepitope
prediction for class | HLA alleles available as peptide-HLA multimers was carried out using the web interfaces for NetMHCcons1.1
and NetMHCpan4.1b“® using default settings, including binding affinity predictions in output, and allowing for 8-15mer peptide pre-
dictions. For these predictions, we considered peptide-HLA pairs with inferred IC5o of 1000 nM or lower on at least one prediction
platform to be putative neoepitopes and candidates for validation in biochemical fold tests. Results of neoepitope predictions for
class | HLA alleles commercially available (positive predictions only) or expressed by patients in this study (positive predictions or
“none” where no peptides were predicted) are available in Table S2.

Easymer assembly and fold tests

To biochemically validate predicted fusion peptide binding, easYmers (Immudex) were obtained for each available HLA allele pre-
dicted to bind one or more DNAJB1-PRKACA fusion peptide. The corresponding peptides (Table S2) were commercially synthesized
(Genscript) and diluted to 1 mM in the manufacturer-recommended solvent (ddH,O or DMSO, depending on solubility). Each peptide
was then loaded onto the corresponding easYmer allele(s) according to the manufacturer’s instructions. Peptide binding was eval-
uated using the manufacturer-recommended flow cytometry-based fold test according to the manufacturer-supplied protocol.
Briefly, peptides of interest were loaded as described above; for each HLA allele, a no peptide negative control and a positive control
using a known binding peptide for the HLA allele (supplied by the manufacturer) were also prepared. After loading, monomers were
diluted to 40 nM (assuming a starting concentration of approximately 500 nM) in dilution buffer (PBS with 5% glycerol [Sigma-Aldrich
G5516)), then further diluted to achieve three serial 3-fold dilutions with final concentrations of 9 nM, 3 nM, and 1 nM. These dilutions
were incubated with streptavidin beads (Spherotech SVP-60-5, 6-8 um) at 37°C for 1 h to allow binding of stable complexes to beads.
Samples were then washed three times with FACS buffer (PBS, 0.5% BSA [Sigma-Aldrich A7030], 2 mM EDTA [ThermoFisher Sci-
entific 15575-038]) to remove unbound peptide-HLA complexes. Bound, stable complexes were then detected by staining with PE-
labeled anti-human p2m antibody (Santa Cruz Biotech sc-13565, clone BBM.1) at 1:200 for 30 min at 4°C. Samples were washed 3
times with FACS buffer then resuspended for analysis on a custom-configured BD Fortessa using FACSDiva software (Becton Dick-
inson). Flow cytometry data were analyzed using FlowJo version 10.7.2 software (BD Biosciences). The fluorescence intensity of anti-
B2m staining observed in this assay depends on the proportion of monomer complexes where a peptide has bound to stabilize the
peptide-HLA-B2m trimer; therefore, observed median fluorescence intensity (MFI) is proportional to the strength of peptide binding to
HLA. We defined “strong binder” peptides as those whose anti-2m MFI was at least 5x greater than the no-peptide negative control
at 9 nM and “weak binder” peptides as those whose anti-B2m MFI was at least 1.25x greater than the no-peptide control at 9 nM.
Peptides that fell below either threshold were defined as “non-binders.” Fold test results for each peptide-HLA combination tested
are summarized in Table S2.

Artificial antigen-presenting cells

Monoallelic class | artificial antigen-presenting cells (@APCs) were generated for HLA alleles A*11:01, A*23:01, A*24:02, A*68:02,
B*40:01, B*44:02, B*44:03, C*03:02, C*04:01, and C*07:02. Full length coding sequences for these alleles were obtained from the
IPD-IMGT/HLA database,”® then synthesized and cloned via restriction sites (Genscript) into lentiviral vector pLVX-EF1a-IRES-
Puro (Takara 631253). Lentivirus was packaged by transfecting HEK 293T cells with the pLVX lentiviral vector containing the HLA
insert, psPAX2 packaging plasmid (a kind gift from Didier Trono via Addgene; Addgene plasmid #12260), and the pMD2.G envelope
plasmid (a kind gift from Didier Trono via Addgene; Addgene plasmid #12259) at a ratio of 4:3:1. Viral supernatant was harvested and
filtered through a 0.45 um SFCA syringe filter (ThermoFisher Scientific 723-9945) 24 and 48 h post-transfection, then concentrated
using Lenti-X Concentrator (Takara 631232). Single-use aliquots of concentrated lentivirus in PBS were frozen at —80°C until use. On
day of transduction, 2.5 x 10° K562 cells per well were plated in a 12-well tissue-culture-treated plate in complete IMDM (IMDM, 10%
FBS, 2mM L-glutamine, 100 U/mL penicillin/streptomycin). Concentrated lentivirus was thawed rapidly at 37°C and added dropwise
to each well to transduce K562s 48-72 h post-transduction, puromycin (Sigma-Aldrich P9620) was added at 2 ng/mL to antibiotic-
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select for transduced cells. After one week of antibiotic selection, transduction and surface HLA expression was confirmed via flow
cytometry using a pan-HLA class | antibody (PE-conjugated, Biolegend 311406, clone W6/32; or APC-conjugated, Biolegend
311410, clone W6/32). Flow cytometry data were collected on a custom-configured BD Fortessa using FACSDiva software (Becton
Dickinson) and analyzed using FlowdJo version 10.7.2 software (BD Biosciences).

Culture of aAPC lines for immunopeptidomics

aAPC lines expressing the DNAJB1-PRKACA fusion and one of five HLA class | alleles (HLA-A*11:01, -A*24:02, -A*68:02, -B*40:01,
or -C*07:02) were cultured in IMDM supplemented with 2mM MEM non-essential amino acid solution (Gibco 11140-050), 100mM
HEPES (Gibco 15630-080), 2mM L-glutamine, 100 U/mL penicillin/streptomycin, 50 uM 2-mercaptoethanol (Sigma-Aldrich
M3148) and 10% heat inactivated FBS. Puromycin (2 ng/mL; Sigma-Aldrich P9620) and G418 (1 mg/mL; Gibco 10131-035) were
added to obtain cells expressing high levels of both HLA gene of interest and fusion protein, respectively. HLA expression on the
cell lines was monitored by flow cytometry. Cells were stained with hybridoma supernatant W6/32 produced in-house (pan-HLA
class | [HB-95; ATCC]®") as primary antibody and goat anti-mouse IgG PE (Southern Biotech 1030-09) as the secondary antibody.
The level of fusion protein expression was confirmed by monitoring BFP expression. Each cell line was expanded to generate a pellet
of 5x 107 cells, snap frozen, and stored in —80°C until further use.

Purification of peptide-HLA complexes

Small scale immunoaffinity purifications were performed for the 5 transfected K562 cell lines as described previously.®>® Cells were
lysed with 300 pL of lysis buffer (0.5% IGEPAL [Sigma-Aldrich 18896], 50mM Tris (pH 8.0) [ThermoFisher Scientific AM9856], 150 mM
NaCl [Fisher Scientific S271-3], and 1X protease inhibitor tablet [ThermoFisher Scientific A32963]), mixed gently and left rolling at 4°C
for 1 h. Following lysis, samples were centrifuged at 3724 x g, 15 min, 4°C. Each lysate was first incubated with only the pre-column
(only protein Aresin [PAS, CaptivA, Repligen CA-HF-0100]) for 1 h at 4°C to remove non-specific binding material, followed by affinity
capture of class | peptides using W6/32 antibody. The columns including the pre-column and W6/32 affinity columns were washed
with 5 CV of 1X PBS to remove unbound antibody, detergent, and other salts from the sample. Bound HLA-peptide complexes were
eluted using 300 pL of 10% acetic acid (Sigma-Aldrich 695092). The eluate was warmed to 70°C for 10 min to disassociate any re-
maining peptide-HLA complex and then left to cool at RT. The eluate was passed through a 5 kDa molecular weight cut off (MWCO)
filter (Amicon, Millipore-Sigma UFC8010) and centrifuged at 16,060 x g, 30 min at RT. Samples were desalted using C18 stage tips
were washed with 0.1% Trifluoracetic acid (TFA; ThermoFisher Scientific 85183) and peptides were eluted with 80% acetonitrile
(ACN; ThermoFisher Scientific 036423.K2) in 0.1% TFA. The filtered sample was centrifugally evaporated and desalted by reverse
phase C18 stage tips (Omix, Agilent A5700310) and reconstituted in 2% ACN in 0.1% formic acid (FA; ThermoFisher Scientific
28905). A mixture of 11 iRT peptides were spiked into each sample to aid retention time alignment.?* Samples were interrogated
by high resolution liquid chromatography-tandem mass spectrometry (LC-MS/MS).

Data acquisition by LC-MS/MS

Samples were analyzed using a timsTOF Pro mass spectrometer, where reconstituted peptides were loaded onto an lonOpticks
Aurora 25 cm C18 column using a nanoElute liquid chromatography system (Bruker Daltonics). The peptides were separated using
a gradient of buffer B (0.1% FA in ACN) against buffer A (0.1% FA, 2% ACN in water) initially to 17% over 60 min then to 25% over
30 min then to 37% over 10 min with a flow rate of 300 nL/min. Data dependent acquisition (DDA) was performed with the following
settings: mz range: 100-1700mz, capillary voltage: 1600V, target intensity of 30000, TIMS ramp of 0.60-1.60 Vs/cm2 for 166 ms.

Identification of MHC ligand sequences

LC-MS/MS data was searched with PEAKs Xpro v10.6 (Bioinformatic Solutions) against the Uniprot annotated proteome (202006
release for human with 20,150 proteins) appended with the fusion protein and predicted binders for 5 different HLA class | alleles.
The search was carried out using the following settings: Enzyme: none, parent mass tolerance 15 ppm, fragment mass tolerance
0.02 Da, Variable modifications: Deamidation (NQ), Oxidation (M). For data analysis a 5% false discovery rate (FDR) cut off was
applied. For data processing, firstly iRT peptides were removed along with any duplicate peptides. Secondly, only peptides with
8-12 amino acids were retained. Finally, peptides found in blank and K562 parental samples were subtracted from peptides identified
in transfectant samples to obtain the final list of peptides specific to HLA of interest.

TIL expansion

TILs were expanded from a variety of patient specimens, including tumor core-needle biopsies (patient FLC-SJ1), larger resected
tumor specimens (patient FLC-SJ2), or ascites fluid (patient FLC-SJ3), according to previously published methods.® Briefly, for solid
tumor fragments (patients SJ1 and SJ2), each fragment was placed in a well of 24-well culture dish in 2 mL/well complete RPMI (RPMI
1640, 5% human serum AB [Gemini Bio-Products 100-512], 2mM L-glutamine, 100 U/mL/100 pg/mL penicillin/streptomycin) sup-
plemented with 6000 IU IL-2 (Stemcell Technologies 78036). Fragments were left undisturbed for the first 5 days of culture, then
monitored for growth and supplemented with additional IL-2 (6000 IU/mL) and fresh complete media every 2-3 days. When cultures
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had sufficiently expanded, TILs were harvested for analysis. The same approach was followed for TILs expanded from ascites fluid,
except that rather than plating solid tumor fragments, cells collected from ascites fluid were initially plated at 2.5 x 10° cells/well in a
48-well culture dish.

PBMC expansion and single-cell sorting

FLC patient PBMCs were expanded according to published methods.*® Briefly, cryopreserved patient SJ1 PBMCs were thawed and
plated in a 96-well plate at 1 x 10° cells/well in 200 uL X-VIVO 15 serum-free hematopoietic cell medium (Lonza 04-418Q). On day 0
(same day as thaw), cells were supplemented with human GM-CSF (Miltenyi Biotec 130-095-372) at 1000 IU/mL, human IL-4 (R&D
Systems 204-1L-010) at 500 IU/mL, and human FIt3-L (R&D Systems 308-FKN-025) at 50 ng/mL in X-VIVO 15. On day 1, cells were
stimulated with a pool of fusion peptides predicted to bind HLA-A*68:02 (EVKEFLAKA, EIFDRYGEEV, EIFDRYGEEVKEFL,
EIFDRYGEEVKEFLA, EVEKEFLAKAKEDFL; Genscript) at 1 uM each, R848 (InvivoGen tIrl-r848-5) at 10 uM, LPS (lipopolysaccharide,
Salmonella minnesota; InvivoGen tlrl-smips) at 100 ng/mL, and human IL-1 (R&D Systems 201-LB-010) at 10 ng/mL in X-VIVO 15.
Ondays 2, 4, 7, and 9, cells were supplemented with human IL-2 (R&D Systems 202-IL-050) at 10 IU/mL, human IL-7 (R&D Systems
207-1L-025) at 10 ng/mL, and human IL-15 (PeproTech 200-15) at 10 ng/mL in R10 medium (RPMI 1640 supplemented with 10%
human serum AB [Gemini Bio-Products 100-512], 10 mM HEPES, 0.1 mg/mL Gentamicin [ThermoFisher Scientific 15750-060],
and 1X GlutaMAX [Gibco 35050-061]). On day 10, cells from all wells were pooled and washed with PBS. Cells were then treated
with 50 nM dasatinib (Sigma-Aldrich CDS023389) in PBS for 30 min at 37°C, 5% CO, to inhibit TCR internalization and enhance
tetramer staining.® Cells were then stained with 10 uL per million cells of each tetramer corresponding to each stimulating peptide
in the pool (10 tetramers total, 2 corresponding to each stimulating peptide labeled with different fluorochromes [PE, APC, Brilliant
Violet 421, or PE/Cy7] to permit combinatorial identification of cells positive for each tetramer) for 90 min at RT. After tetramer stain-
ing, cells were blocked using anti-human Fc block (BD Biosciences 564220) for 10 min at RT, then stained with 1 uL Ghost Violet 510
viability dye (Tonbo Biosciences 13-080-T100) and a cocktail of surface antibodies for 30 min at 4°C. Surface antibodies included
2 pL each of: anti-human CD3 (FITC-conjugated, Biolegend 344804, clone SK7), anti-human CD8 (Brilliant Violet 785-conjugated,
Biolegend 344740, clone SK1), anti-human CD4 (PerCP/Cy5.5-conjugated, Biolegend 344608, clone SK3). After staining, cells
were washed with MACS buffer (PBS, 0.5% BSA, 2 mM EDTA) before proceeding to single-cell sorting on a Sony SY3200 cell sorter.
Individual live, CD3*, CD8", tetramer+ cells (positive for either PE or APC, which were included in all five possible fluorochrome) com-
binations were sorted into individual wells of a 384-well plate loaded with Superscript VILO master mix (ThermoFisher Scientific
11754250). After sorting, plates were centrifuged at 500 x g and stored at —80°C until processing.

Paired TCRaf3 amplification and sequencing

Single-cell paired TCR library preparation and sequencing was performed as previously described.®’ Briefly, after reverse transcrip-
tion, cDNA underwent two rounds of nested multiplex PCR amplification using a forward primer mix specific for human V-segments
and reverse primers specific for human TRAC and TRBC segments (see Table S5 for primer sequences). The resulting amplicons
were sequenced on lllumina MiSeq at 2x150bp read length.

Patient tumor dissociation

Solid tumor samples obtained from patients were first mechanically dissociated into small fragments, then further dissociated by in-
cubation of tumor fragments in tumor digestion media (HBSS, 0.1% collagenase IV [Worthington Biochemical LS004188], 0.01%
DNase | [Worthington Biochemical LS002145]) at 37°C for 30-60 min. After digestion, the resulting single cell suspension was filtered
through a 100 1M nylon mesh, using a 1 mL plunger to break up any remaining solid tissue fragments, and washed with PBS. Samples
with observable red blood cells were subjected to red blood cell lysis prior to a final wash in PBS and cryopreservation of single cell
suspensions.

Preparation of TILs for 10x

Tumor-infiltrating T cells from FLC patients were first stimulated with fusion peptides to induce changes in gene expression in fusion-
responsive cells. TILs from patient FLC-SJ1 were stimulated with 1 uM EIFDRYGEEV minimal peptide (Genscript), while TILs from
patients FLC-SJ2, FLC-SJ3, and FLC-SJ4 were stimulated with 1 uM 24mer fusion peptide (RKREIFDRYGEE-VKEFLAKAKEDF;
Genscript). For patients SJ1 and SJ4, all available TILs were stimulated, while for patients SJ2 and SJ3, half of cells were stimulated
and half were used as unstimulated controls. All stimulations were carried out for 4-12 h in complete RPMI (RPMI 1640, 10% FBS,
2mM L-glutamine, 100 U/mL/100 pg/mL penicillin/streptomycin) with 1 pg/mL each of anti-human CD28 (BD Biosciences 555725)
and CD49d (BD Biosciences 555501); unstimulated control media omitted peptide. After stimulation, TILs from patients SJ1 and SJ4
were washed with PBS, then stained with 1 uL Ghost Violet 510 viability dye (Tonbo Biosciences 13-080-T100) for 15 min at RT. Cells
were washed again with FACS buffer (PBS, 2% FBS, 2 mM EDTA), blocked using anti-human Fc block (Biolegend 422302) for 10 min
at 4°C, then stained with a cocktail of surface antibodies for 30 min at 4°C. Surface antibodies for patient SJ1 included 1 pL of anti-
human CD8 (FITC-conjugated, Biolegend 344704, clone SK1). Surface antibodies for patient SJ4 included 1 pL each of: anti-human
CD8 (Brilliant Violet 421-conjugated, Biolegend 344834, clone SK7), anti-human CD8 (Brilliant Violet 785-conjugated, Biolegend
344740, clone SK1), anti-human CD4 (PerCP/Cy5.5-conjugated, Biolegend 344608, clone SK3). TILs were then washed, and those
from patient SJ1 were then sorted on viable, CD8" cells using a Sony SY3200 cell sorter; TILs from patient SJ4 were sorted on viable

e10 Cell Reports Medicine 5, 101469, March 19, 2024



Cell Reports Medicine ¢ CelPress

cells only using a Sony SY3200 cell sorter. TILs from patients SJ2 and SJ3 were of sufficiently high viability to not require fluores-
cence-activated cell sorting; however, TlLs from these patients were stained with human hashtag oligo antibodies to distinguish
between separate TIL wells. After stimulation, cells were washed with MACS buffer (PBS, 0.5% BSA, 2 mM EDTA), blocked using
anti-human Fc block (Biolegend 422302) for 10 min at 4°C, and separate populations each stained with 2 uL TotalSeq-C anti-human
hashtag antibodies 1-4 (Biolegend 394661, 394663, 394665, 394667) for 30 min at 4°C. TILs were then washed and hashed popu-
lations combined in equal proportions. After sorting or combining, TILs were immediately loaded into 10x reactions as follows: Live,
CD8" TILs from patient SJ1 were loaded into a single 10x Chromium Single Cell 5’ V(D)J v1 reaction (10x Genomics PN: 10000086,
1000020, 1000005, 1000009, 120262). Live TILs from patient SJ4 were loaded into a single 10x Chromium Single Cell 5’ V(D)J v1
reaction (10x Genomics PN: 1000006, 1000020, 1000005, 1000009, 120262). TILs from patient SJ3 were loaded into two 10x Chro-
mium Single Cell 5" V(D)J v1 with Feature Barcoding reactions (10x Genomics PN: 1000006, 1000020, 1000080, 1000005, 1000009,
120262, 1000084), one for combined unstimulated populations and one for combined stimulated populations. TILs from patient SJ2
were loaded into two 10x Chromium NextGEM Single Cell V(D)J v1.1 with Feature Barcoding reactions (10x Genomics PN: 1000165,
1000020, 1000080, 1000005, 1000127, 1000213, 1000212), one for combined unstimulated populations and one for combined
stimulated populations. For all samples, GEX, TCR, and surface feature (cell hashing for patients SJ2 and SJ3 only) libraries were
prepared according to the manufacturer’s protocol. Libraries were sequenced on lllumina NovaSeq at read length 2x100bp for
GEX libraries and 2x100-150bp for TCR and surface feature libraries.

Preparation of PBMCs for 10x

Cryopreserved patient SJ1 PBMCs were thawed and allocated to either peptide stimulation or barcoded tetramer staining. Cells allo-
cated for peptide stimulation were split between stimulated and unstimulated conditions. Stimulation was carried out for 4 h using
1 uM EIFDRYGEEV peptide (Genscript) and 1 ng/mL each of anti-human CD28 (BD Biosciences 555725) and CD49d (BD Biosci-
ences 555501) in complete RPMI (RPMI 1640, 10% FBS, 2mM L-glutamine, 100 U/mL/100 pg/mL penicillin/streptomycin); unstimu-
lated control media omitted peptide. Cells allocated for tetramer staining were rested in complete RPMI in an incubator at 37°C, 5%
CO, during stimulation, then washed in MACS buffer (PBS, 0.5% BSA, 2 mM EDTA) and stained with an A*68:02-EIFDRYGEEV
tetramer labeled with TotalSeq-C0954 PE Streptavidin (Biolegend 405267) for 1 h at 4°C. After tetramer staining and stimulation,
all cells were washed with PBS and stained with 1 uL Ghost Violet 510 viability dye (Tonbo Biosciences 13-080-T100) for 15 min
at RT. Cells were washed again with MACS buffer, blocked using anti-human Fc block (Biolegend 422302) for 10 min at 4°C, then
stained with a cocktail of surface antibodies for 30 min at 4°C. Surface antibodies included 1 pL each of: anti-human CD11b (Brilliant
Violet 421-conjugated, Biolegend 301324, clone ICRF44), anti-human CD19 (PE/Dazzle594-conjugated, Biolegend 302252, clone
HIB19), anti-human CD8 (Brilliant Violet 785-conjugated, Biolegend 344740, clone SK1), anti-human CD4 (PerCP/Cy5.5-conjugated,
Biolegend 344608, clone SK3). During the surface staining step, cells from the peptide stimulation were also stained with 2 uL
TotalSeqg-C anti-human hashtag antibodies 1 or 2 (Biolegend 394661, 394663) to distinguish between stimulated and unstimulated
cells. After surface staining, all cells were washed in MACS buffer and sorted on viable, CD11b-, CD19~, CD8" cells using a
Sony SY3200 cell sorter. Peptide stimulated and unstimulated CD8" cells were combined in equal proportions, and all cells were
immediately loaded into 10x reactions as follows: combined peptide-stimulated/unstimulated cells were loaded into a single 10x
Chromium Single Cell 5’ V(D)J v1 with Feature Barcoding reaction (10x Genomics PN: 1000006, 1000020, 1000080, 1000005,
1000009, 120262, 1000084), and tetramer-labeled CD8* cells were loaded into a single 10x Chromium Single Cell 5’ V(D)J v1 with
Feature Barcoding reaction (10x Genomics PN: 1000006, 1000020, 1000080, 1000005, 1000009, 120262, 1000084) or a single
10x Chromium NextGEM Single Cell V(D)J v1.1 with Feature Barcoding reaction (10x Genomics PN: 1000165, 1000020, 1000080,
1000005, 1000127, 1000213, 1000212). For all samples, GEX, TCR, and surface feature (cell hashing or tetramer barcode) libraries
were prepared according to the manufacturer’s protocol. Libraries were sequenced on lllumina NovaSeq at read length 2x100bp for
GEX libraries and 2x100-150bp for TCR and surface feature libraries.

10x data analysis

Raw data from patient SJ1 and patient SJ3 TILs were processed using Cell Ranger version 2.2 and aligned to GRCh38 and
vdj_IMGT_human Cell Ranger references. Raw data from patient SJ4 TILs were processed using Cell Ranger version 3.1.0 and
aligned to GRCh38-3.0.0 and vdj_IMGT_human-None Cell Ranger references. Raw data from patient SJ2 TILs and patient SJ1
PBMCs were processed using Cell Ranger version 4.0.0 and aligned to GRCh38-3.0.0 and vdj_GRCh38_alts_ensembl_3.1.0-
3.1.0 Cell Ranger references. The resulting GEX matrices were analyzed using the Seurat R package version 4.2.0,%° and associated
TCR clonotypes were added to each Seurat object via the AddMetaData function. Following standard quality control filtering, we
discarded low quality cells (nFeatures <200 or >3000, MT% >5%) and normalized the data via the NormalizeData function using
the default parameters. We then found 2000 variable features via the FindVariableFeatures function and scaled the data via the
ScaleData function. Cells were clustered by uniform manifold approximation and projection (UMAP) with the resolution parameter
set to 0.5. Differentially expressed genes between SJ1-4 TCR-expressing cells and cells expressing other TCR clonotypes were iden-
tified using the FindMarkers function; the resulting differentially expressed genes can be found in Table S3.
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Public HCV and SARS-CoV-2 TCR repertoire datasets

Bulk TCRa and TCRp repertoire data from PBMCs of an HCV-infected donor (designated SR5) and a SARS-CoV-2-infected donor
(designated Donor M) were reported previously.*®°” Bulk TCRa and TCRp repertoire data from lymph node T follicular helper cells of
four SARS-CoV-2-vaccinated donors (designated 01a, 04, 20, and 22) were reported previously.>* TCR cluster specificities were an-
notated based on SARS-CoV-2-specific clusters reported in the source publications®°” and elsewhere.*®

TCR repertoire analysis

TCR similarity networks were constructed as described previously.>*>° Briefly, to measure the distance between TCR o/ clono-
types, we used the TCRdist algorithm implementation from the conga python package.®” Further analysis was performed using
the R language for statistical computing, with merging and subsetting of data performed using the data.table and dplyr packages.
stringdist and igraph R packages were used to build TCR similarity networks, and gephi software was used for TCR similarity network
layout and visualization.

TCR reconstruction and cloning

Full-length TCRa sequences (Table S4) were reconstructed from V/J gene usage and CDR3 sequences either manually from IMGT
GENE-DB®° or using Stitchr.®® TCRa and B chain sequences were modified to use murine constant regions and joined by a 2A
element from thosea asigna virus (T2A). A sequence encoding GFP or mCherry was additionally appended by a 2A element from
porcine teschovirus (P2A) as a fluorescent marker of transduction. The full-length gene fragment encoding TCRa-T2A-TCRB-P2A-
mCherry/GFP was synthesized and cloned via restriction sites (Genscript) into lentiviral vector pLVX-EF1a-IRES-Puro (Takara
631253).

TCR expression in Jurkat cells

Lentivirus was packaged by transfecting HEK 293T cells with the pLVX lentiviral vector containing the TCRap-mCherry/GFP insert,
psPAX2 packaging plasmid (a kind gift from Didier Trono via Addgene; Addgene plasmid #12260), and the pMD2.G envelope plasmid
(a kind gift from Didier Trono via Addgene; Addgene plasmid #12259) at a ratio of 4:3:1. Viral supernatant was harvested and filtered
through a 0.45 um SFCA syringe filter (ThermoFisher Scientific 723-9945) 24 and 48 h post-transfection, then concentrated using
Lenti-X Concentrator (Takara 631232). Single-use aliquots of concentrated lentivirus in PBS were frozen at —80°C until use. On
day of transduction, 1 x 10° 2D3 Jurkat J76.7 cells (TCR-null, CD8*, NFAT-eGFP reporter) per well were plated in a 12-well tis-
sue-culture-treated plate in complete RPMI (RPMI 1640, 10% FBS, 2mM L-glutamine, 100 U/mL/100 ng/mL penicillin/streptomycin).
Concentrated lentivirus was thawed rapidly at 37°C and added dropwise to each well to transduce Jurkats. 48-72 h post-transduc-
tion, puromycin was added at 1 pg/mL to antibiotic-select for transduced cells. After one week of antibiotic selection, transduction
was confirmed by expression of mCherry/GFP, and surface TCR expression was confirmed via flow cytometry using antibodies
against mouse TCRp constant region (PE-conjugated, Biolegend 109208, clone H57-597; or APC/Fire750-conjugated, Biolegend
109246, clone H57-597) and human CD3 (Brilliant Violet 421-conjugated, Biolegend 344834, clone SK7). Flow cytometry data
were collected on a custom-configured BD Fortessa using FACSDiva software (Becton Dickinson) and analyzed using FlowJo
version 10.7.2 software (BD Biosciences).

TCR expression in primary human T cells

Gene fragments encoding full-length TCRaf sequences modified to use murine constant regions (in the format TCRa-T2A-
TCRB-P2A-mCherry) were subcloned into pSFG retroviral vector (a kind gift from Stephen Gottschalk, Department of Bone
Marrow Transplantation and Cellular Therapy, St. Jude Children’s Research Hospital, Memphis, TN) via In-Fusion cloning
(Takara 638947). A control pSFG retroviral vector encoding only mCherry was also cloned. Retrovirus was packaged by trans-
fecting HEK 293T cells with the pSFG lentiviral vector containing the TCRaf-mCherry insert (or mock mCherry-only construct),
pEg-Pam3(-E) packaging plasmid (a kind gift from Stephen Gottschalk), and the pRD114 envelope plasmid (a kind gift from Ste-
phen Gottschalk) at a ratio of 3:3:2. Viral supernatant was harvested and filtered through a 0.45 um SFCA syringe filter
(ThermoFisher Scientific 723-9945) 48 and 72 h post-transfection. Single-use aliquots of retrovirus were snap frozen and stored
at —80°C until use. Three days before transduction, 24-well non-tissue-culture-treated plates were coated with 0.25 pg each
anti-human CD3 (Miltenyi 130-093-387) and anti-human CD28 (Miltenyi 130-093-375) per well in sterile ddH,O and incubated
at 4°C overnight. Two days before transduction, human PBMCs collected from healthy donors (see human subjects) were
plated in the anti-CD3/CD28 plate at 1 x 10° cells per well in 2 mL/well complete RPMI (RPMI 1640, 10% FBS, 2mM
L-glutamine, 100 U/mL/100 pg/mL penicillin/streptomycin). One day before transduction, PBMCs were supplemented with hu-
man IL-7 (PeproTech 200-07) at 10 ng/mL and human IL-15 (PeproTech 200-15) at 5 ng/mL 24-well non-tissue-culture-treated
plates were also coated with 10 ug Retronectin (Takara T100A) per well in PBS and incubated overnight at 4°C. On the day of
transduction, retrovirus was rapidly thawed at 37°C and 0.5 mL/well was plated in retronectin-coated plates. Plates were sealed
and centrifuged at 2000 x g for 90 min. During centrifugation, activated PBMCs were harvested and prepared at 1.25 x 10° cells/
mL in complete RPMI supplemented with human IL-7 at 10 ng/mL and human IL-15 at 5 ng/mL. After centrifugation, superna-
tant was removed and PBMCs were plated at 2.5 x 10° cells/well. 48-72 h post-transduction, transduction was confirmed by
expression of mCherry, and surface TCR expression was confirmed via flow cytometry using antibodies against mouse TCRp
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constant region (PE-conjugated, Biolegend 109208, clone H57-597; or APC/Fire750-conjugated, Biolegend 109246, clone H57-
597) and human CDS3 (Brilliant Violet 421-conjugated, Biolegend 344834, clone SK7). Flow cytometry data were collected on a
custom-configured BD Fortessa using FACSDiva software (Becton Dickinson) and analyzed using FlowJo version 10.7.2 soft-
ware (BD Biosciences). Cells were fed with human IL-7 at 10 ng/mL and human IL-15 at 5 ng/mL every 2-3 days, and were used
in experiments or cryopreserved within 7-14 days of transduction.

Tetramer assembly and staining

Peptide-HLA tetramers were assembled from easYmer monomers with confirmed peptide binding according to the manufacturer’s
instructions. Briefly, fluorochrome-labeled streptavidin (PE, Biolegend 405203, 0.2 mg/mL; APC, Biolegend 405207, 0.2 mg/mL; Bril-
liant Violet 421, Biolegend 405226, 0.1 mg/mL; PE/Cy7, Biolegend 405206, 0.2 mg/mL) was added to loaded monomers at 8 ng per
1 uL peptide-HLA complex (assuming a concentration of approximately 500 nM peptide-HLA complexes); e.g., 0.48 pg fluoro-
chrome-streptavidin was added to 60 pL peptide-HLA monomer. Samples were mixed well, then incubated for at least 1 h (typically
overnight) at 4°C in the dark before use. Unless otherwise indicated, tetramer staining was performed by adding 5 uL tetramer/sam-
ple and incubating for 30 min at RT in MACS buffer (PBS, 0.5% BSA, 2 mM EDTA). After tetramer staining, cells were stained with 1 uL
Ghost Violet 510 viability dye (Tonbo Biosciences 13-080-T100) for 15 min at RT. Cells were then washed and tetramer staining eval-
uated by flow cytometry on a custom-configured BD Fortessa using FACSDiva software (Becton Dickinson). Flow cytometry data
were analyzed using FlowJo version 10.7.2 software (BD Biosciences). Unexpanded and expanded PBMCs from patient SJ1
were stained with additional surface antibodies as described in “Preparation of PBMCs for 10x” and “Antigen-specific PBMC expan-
sion and single-cell sorting.”

Intracellular cytokine staining

For TILs expanded from primary patient tumor samples, 1 x 10° TILs per well were plated for each peptide or peptide pool being
tested. For TCR-transduced Jurkat functional assays, 2.5 x 10° TCR Jurkats were co-cultured with 2.5 x 10° K562 aAPCs for
each peptide being tested. For TCR-transduced primary T cell functional assays, 2 x 10° TCR-T cells were co-cultured with 1 x
10° K562 aAPCs for each peptide being tested. Each well was pulsed with a stimulation cocktail containing 1 pM fusion peptide
of interest (Genscript; peptide pools contained 1 uM of each peptide), 1 ng/mL each of anti-human CD28 (BD Biosciences
555725) and CD49d (BD Biosciences 555501), brefeldin A (GolgiPlug, 1 plL/mL; BD Biosciences 555029), and monensin
(GolgiStop, 0.67 puL/mL; BD Biosciences 554724), made up in complete RPMI (RPMI 1640, 10% FBS, 2mM L-glutamine,
100 U/mL/100 png/mL penicillin/streptomycin). In peptide titration experiments, wells were pulsed with the same peptide stim-
ulation cocktail, except that peptides were added in 10-fold serial dilutions to test concentrations ranging from 1 nMto 1 uM. In
experiments testing processing and presentation of fusion neoantigens, 2 x 10° TCR-T cells were co-cultured with 1 x 10° K562
aAPCs expression fusion or control genes, and peptide was omitted from the stimulation cocktail. An unstimulated negative
control (complete RPMI, CD28, CD49d, brefeldin A, monensin) and a PMA-ionomycin positive control (complete RPMI, 1X
Cell Stimulation Cocktail [eBioscience 00-4970-93], CD28, CD49d, brefeldin A, monensin) were included in each peptide stim-
ulation assay. Cells were incubated for 6 h (37°C, 5% CO,), washed with FACS buffer (PBS, 2% FBS, 2 mM EDTA), and blocked
using anti-human Fc block (BD Biosciences 564220) for 10 min at RT. Cells were then stained with 1 pL Ghost Violet 510 viability
dye (Tonbo Biosciences 13-080-T100) and a cocktail of surface antibodies for 20 min at RT. For TILs, the surface cocktalil
included 1 puL each of: anti-human CD3 (APC/Cy7-conjugated, Biolegend 344818, clone SK7), anti-human CD8 (Brilliant Violet
785-conjugated, Biolegend 344740, clone SK1), anti-human PD-1 (PE-conjugated, Biolegend 329906, clone EH12.2H7), anti-
human TIM-3 (PE/Cy7-conjugated, Biolegend 345014, clone F38-2E2), anti-human CCR7 (FITC-conjugated, Biolegend
353216, clone G043H7), anti-human CD45RA (Brilliant Violet 421-conjugated, Biolegend 304130, clone HI100), and anti-human
CD45RO0 (Brilliant Violet 650-conjugated, Biolegend 304232, clone UCHL1). For TCR-transduced Jurkats and primary T cells,
the surface cocktail included 1 pL each of: anti-human CD3 (Brilliant Violet 785-conjugated, Biolegend 344842, clone SK7;
or Brilliant Violet 421-conjugated, Biolegend 344834, clone SK7), anti-human CD8 (FITC-conjugated, Biolegend 344704, clone
SK1; or Brilliant Violet 785-conjugated, Biolegend 344740, clone SK1), and anti-mouse TCRp chain (APC/Fire750-conjugated,
Biolegend 109246, clone H57-597). Cells from all samples were surface stained for 20 min at RT, then washed with FACS buffer.
Then, cells were fixed and permeabilized using a Cytofix/Cytoperm Fixation kit (BD Biosciences 554714) according to the man-
ufacturer’s instructions. After fixation and permeabilization, cells were washed with 1X Perm/Wash buffer and stained with a
cocktail of intracellular antibodies. For TILs, this intracellular cocktail included 1.25 pL anti-human IFNy (Alexa Fluor
647-conjugated, Biolegend 502516, clone 4S.B3) and 1.25 puL anti-human TNFa (Brilliant Violet 605-conjugated, Biolegend
502936, clone MAb11). For TCR-transduced Jurkats, this cocktail included 1.25 upL anti-human IFNy (Alexa Fluor
647-conjugated, Biolegend 502516, clone 4S.B3), 1.25 pL anti-human TNFea (Brilliant Violet 605-conjugated, Biolegend
502936, clone MAb11), and 1 uL anti-human CD69 (PerCP/efluor710-conjugated, eBioscience 46-0699-42, clone FN50). For
TCR-transduced primary T cells, this cocktail included 1.25 pL anti-human IFNy (Alexa Fluor 647-conjugated, Biolegend
502516, clone 4S.B3), 1.25 pL anti-human TNFa (Brilliant Violet 605-conjugated, Biolegend 502936, clone MAb11), 1.25 pL
anti-human IL-2 (PE-conjugated, Biolegend 500307, clone MQ1-17H12), and 1 pL anti-human CD69 (PerCP/efluor710-conju-
gated, eBioscience 46-0699-42, clone FN50). Cells were intracellular stained for 30 min at 4°C. After staining, cells were washed
with 1X Perm/Wash buffer and analyzed by flow cytometry on a custom-configured BD Fortessa using FACSDiva software
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(Becton Dickinson). Flow cytometry data were analyzed using FlowJo version 10.7.2 software (BD Biosciences). All data from
patient TILs were collected in the same experiment. For TCR-transduced Jurkat experiments, data from TCRs identified in the
same patient were collected in the same experiments, and the frequency of CD69* cells was normalized to the unstimulated
and positive controls for each sample according to the following equation: Normalized Frequency = (Sample Frequency - Un-
stimulated Frequency)/(Positive Control Frequency - Unstimulated Frequency). For TCR-transduced primary cell experiments,
SJ1-4 and SJ1-12 peptide pulse data were collected in separate experiments, while transduced target cell data for both TCRs
were collected in the same experiment. For both TCRs, three PBMC donors were tested in each experiment. Frequency data
were normalized to unstimulated and positive controls according to the same equation as above.

Fusion- and WT-expressing target cell lines

Full-length coding sequences were obtained for DNAJB1 (NM_006145.3) and PRKACA (NM_002730.4) from NCBI. The canonical
fusion junction sequence'? was assembled from these references, then the fusion sequence was truncated after amino acid
Asn100 in PRKACA to generate a non-functional fusion that still encoded the full fusion breakpoint. tagBFP was fused to each of
the three sequences (DNAJB1, PRKACA, and truncated DNAJB1-PRKACA) as a direct marker of transgene expression. Constructs
encoding DNAJB1-tagBFP, PRKACA-tagBFP, and tDNAJB1-PRKACA-BFP were synthesized and cloned via restriction sites (Gen-
script) into lentiviral vector pLVX-EF1a-IRES-G418 (modified in-house from pLVX-EF1a-IRES-Puro [Takara 631253]). Lentivirus was
packaged by transfecting HEK 293T cells with the pLVX lentiviral vector containing the fusion or WT insert, psPAX2 packaging
plasmid (a kind gift from Didier Trono; Addgene plasmid #12260), and the pMD2.G envelope plasmid (a kind gift from Didier Trono;
Addgene plasmid #12259) at a ratio of 4:3:1. Viral supernatant was harvested and filtered through a 0.45 um SFCA syringe filter
(ThermoFisher Scientific 723-9945) 24 and 48 h post-transfection, then concentrated using Lenti-X Concentrator (Takara
631232). Single-use aliquots of concentrated lentivirus in PBS were frozen at —80°C until use. To generate fusion- or WT-expressing
aAPCs, 2.5 x 10° K562 HLA aAPCs per well were plated in a 12-well tissue-culture-treated plate in complete IMDM (IMDM, 10% FBS,
2mM L-glutamine, 100 U/mL/100 pg/mL penicillin/streptomycin). Concentrated lentivirus was thawed rapidly at 37°C and added
dropwise to each well to transduce K562s 48-72 h post-transduction, G418 (Gibco 10131-035) was added at 1 mg/mL to anti-
biotic-select for transduced cells. After one week of antibiotic selection, fusion or WT transgene expression was confirmed by
BFP expression. To generate fusion- or WT-expressing A549.eGFP.ffLuc cells, 2.5 x 10° cells per well were plated in a 6-well tis-
sue-culture-treated plate in complete DMEM (DMEM, 10% FBS, 2mM L-glutamine, 100 U/mL/100 pg/mL penicillin/streptomycin).
Concentrated lentivirus was thawed rapidly at 37°C and added dropwise to each well to transduce A549s 48-72 h post-transduction,
G418 was added at 1.5 mg/mL to antibiotic-select for transduced cells. After one week of antibiotic selection, fusion or WT transgene
expression was confirmed by BFP expression. A549.eGFP.fflLuc.tDNAJB1-PRKACA and A549.eGFP.fflLuc.DNAJB1 cells were
then further transduced with A*68:02-encoding lentivirus (described above for generation of aAPCs) by plating 2.5 x 10° cells per
well in a 6-well tissue-culture-treated plate in complete DMEM, then adding concentrated lentivirus dropwise to each well. 48—
72 h post-transduction, puromycin (Sigma-Aldrich P9620) was added at 1.5 pg/mL to antibiotic-select for transduced cells.
A549.eGFP.ffLuc.tDNAJB1-PRKACA.A6802 and A549.eGFP.ffLuc.DNAJB1.A6802 cells were sorted on BFP expression using a
CytoFLEX SRT cell sorter (Beckman Coulter).

xCelligence assay

An xCelligence real-time cell analyzer (RTCA) MP instrument (Agilent) was used to assay in vitro cytotoxicity. All conditions
were plated in technical triplicates and all experiments were performed without the addition of exogenous cytokines. 30,000
A549.eGFP.fflLuc.DNAJB1-PRKACA.A6802 (Fusion) or A549.eGFP.ffLuc.DNAJB1.A6802 (WT) cells per well were plated in a
96-well RTCA E-Plate (Agilent 300600910) in complete RPMI (RPMI 1640, 10% FBS, 2mM L-glutamine, 100 U/mL/100 pg/mL peni-
cillin/streptomycin). Cells were incubated in the E-plate for 24 h at 37°C, 5% CO. until cell index (relative cell impedance) reached a
plateau. Then SJ1-4-, SJ1-12-, or mock-transduced primary human T cells were added at the following effector:target (E:T) ratios:
20:1, 10:1, 5:1, 2.5:1, 1.25:1, 0.625:1, 0.313:1. Fusion or WT A549 cells alone served as negative controls. Experiments were de-
signed so that data collected from each plate included both WT and Fusion target cell killing by SJ1-4 or SJ1-12, each alongside
a set of mock-transduced controls. SJ1-4 and SJ1-12 T cell data were collected from separate plates, with comparable results
for mock-transduced controls across both plates. After addition of T cells, cell index was monitored every 15 min for 72 h. Cell index
data were normalized to the maximum cell index immediately before T cell plating (i.e., at 24 h) using RTCA Software Pro (Agilent) and
plotted using Prism version 9 (GraphPad).

Penning process and conditions on Berkeley Lights Lightning

Experiments were conducted on Berkeley Lights, Inc. Lightning platform and using OptoSelect 1500 chips. After priming, chips were
washed and flushed with culture media. Cytokine capture beads (Human IFNy B3 [Biolegend 740545], Human TNFa B7 [Biolegend
740711], and Human IL-2 A5 [Biolegend 740934]), T cells, and aAPCs were consecutively imported onto the Lightning OptoSelect
1500 chip (Berkeley Lights) and individual particles were loaded into NanoPens using opto-electropositioning (OEP) so that each
NanoPen received one of each type of capture bead, one T cell, and one aAPC following manufacturer’s instructions. Briefly, cytokine
capture beads were enumerated using a Luna Fx7 cell counter and brought to a concentration of 4.5 x 10° beads/mL for B-type
beads and 5 x 10° beads/mL for A-type beads in bead dilution buffer (PBS, 0.2% w/v BSA, 0.1% w/v Tween 20 [Sigma-Aldrich
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P1379], and 0.09% w/v Sodium Azide [Sigma-Aldrich S2002]) prior to importing onto the Lightning OptoSelect 1500 chip. Next, 4 x
10° SJ1-4-mCherry-, SJ1-12-mCherry-, or mock-mCherry-transduced T cells were stained with Annexin V (Brilliant Violet
421-conjugated, Biolegend 640924) for 15 min at RT, washed with 400 pL of Annexin Binding Buffer (Biolegend 422201) and then
resuspended in 100 pL of Loading Media (complete RPMI with 10% Loading Reagent [Berkeley Lights]) with 2.5mM CaCl,
(Sigma-Aldrich C4901) prior to loading. T cells that were mCherry-positive (i.e., transduced with TCR or mock), Annexin
V-negative were selectively loaded into individual pens (SJ1-4- or SJ1-12-Transduced T cells were loaded into pens in field of views
(FOVs) 2-9 and mock-transduced T cells were loaded into pens in FOVs 0-1 and 10-11). Last, fusion-tagBFP- or WT protein-tagBFP-
transduced HLA-A*68:02 aAPCs with a viability >90% were brought to a concentration of 4 x 10° cells/mL in 100 pL Loading Media
with 2.5 mM CaCl,. After importing on to the chip, tagBFP-positive aAPC cells were selectively loaded into individual pens (fusion
aAPCs were loaded into pens in FOVs 4-11, DNAJB1 WT aAPCs were loaded into pens in FOVs 0 and 2 and PRKACA WT aAPCs
were loaded into pens in FOVs 1 and 3). Cytokine capture beads (BioLegend) were imported using the following parameters-nominal
voltage: 7.0 V; cage shape: HomePlate; cage speed: 13 um/s; cage line width: 23 um. T cells and HLA-A*68:02 aAPCs were imported
using the following parameters-nominal voltage: 4.7 V; cage shape: HomePlate; cage speed: 8 um/s; cage line width: 23 um. Loading
temperature was set to 37°C. Brightfield images of each chip were acquired automatically at the end of each step in the loading pro-
cess and count algorithms were used to detect and count the number of beads (CnnBeadSegmentation algorithm) or cells
(CnnBSegmentation algorithm for T cells and CnnJurkatSegmentation algorithm for aAPCs) in each pen.

Lightning culture conditions and staining

After T cell import, 1 pg of Fastimmune CD28/CD49d (BD Biosciences 347690) was perfused through the chip followed by aAPCs
import. SJ1-4-mCherry- or SJ1-12-mCherry-transduced T cells were co-cultured with fusion-tagBFP or WT (DNAJB1 or
PRKACA)-tagBFP-transduced HLA-A*68:02 aAPCs at a 1:1 ratio for 24 h in the presence of IFN-y B3, TNF-a B7, and IL-2 A5
LEGENDplex cytokine capture beads (BioLegend 740545, 740711, 740934) and then imaged for phenotypic and functional analysis
on the Lightning optofluidic system (Berkeley Lights). Mock-mCherry-transduced T cells from the same donor were used as negative
controls. Cells were co-cultured on chip at 37°C and 5% CO, in complete RPMI media (RPMI 1640, 10% FBS, 2mM L-glutamine,
100 U/mL/100 pg/mL penicillin/streptomycin) with recombinant human IL-7 and IL-15 cytokines (Biolegend 715302 and 715902)
added to a final concentration of 10 ng/mL each and NucView 530 Caspase-3 substrate (Biotium 10408) added to a final concentra-
tion of 5 uM. Culture media was perfused through the chip at a flow rate of 0.01 pL/s. On-chip images were captured by the Lightning
every 15 min during the co-culture in brightfield and fluorescence channels. Immediately following the 24-h co-culture, cytokine cap-
ture beads and cells were stained on-chip via perfusion of a detection cocktail containing LEGENDplex Human Th Panel Detection
(BioLegend 741041), anti-human CD8a (FITC-conjugated, Biolegend 301006, clone RPA-T8), and anti-mouse TCR B chain (APC-
conjugated, Biolegend 109212, clone H57-597) antibodies, followed by perfusion of LEGENDplex streptavidin-PE (BioLegend
740452) in PBS. After the final perfusions, on-chip images were taken again in brightfield and fluorescence channels. Data were
analyzed using Assay Analyzer software (Berkeley Lights).

Bioluminescence imaging

Mice were injected intraperitoneally with 150 mg/kg of D-luciferin (PerkinEImer 122799) 5-10 min before imaging, anesthetized with
isoflurane and imaged with a Xenogen In Vivo Imaging System (IVIS)-200 (PerkinElmer). The photons emitted from the luciferase-ex-
pressing tumor cells were quantified using Living Image software (Caliper Life Sciences). Total emitted photon flux (photons per sec-
ond (p/s)) was used to determine tumor burden.

Immunofluorescence imaging of murine tumors

Tissues were fixed in 4% paraformaldehyde for 24 h prior to cryoprotection in 30% sucrose in PBS (w/v) and embedding in tissue
freezing medium. 10 um thick cryosections were blocked in PBS containing 2% bovine serum albumin, 5% normal donkey serum
and 0.05% Tween 20 followed by incubation with the following primary antibodies, all at 1 ug/mL, overnight at 4°C: rabbit anti-
GFP (Rockland Immunochemicals 600-401-215), goat anti-mCherry (Biorbyt orb11618), and camelid anti-tagBFP Alexa Fluor 647
(Antibodies Online ABIN6953244). Sections were washed in PBS followed by incubation with the following secondary antibodies
for 1 h at RT: donkey anti-rabbit Alexa Fluor 488 (ThermoFisher Scientific A32790) and donkey anti-goat Alexa Fluor 555
(ThermoFisher Scientific A32816). Sections were mounted with Vectashield Vibrance mounting media with DAPI (Vector Laboratories
H-1800) and imaged using an inverted Ti2 eclipse microscope (Nikon Instruments) equipped with a 20X 0.75 NA Plan Apo objective,
SOLA light engine LED light source (Lumencorp) and Orca Fusion digital CMOS camera (Hamamatsu). Images were acquired and
analyzed using NIS Elements software, version 5.30.05 (Nikon Instruments).

Murine tissue dissociation and flow cytometry

Tumor-bearing murine lungs, livers, and kidneys were first mechanically dissociated into small fragments, then further dissoci-
ated by incubation of tumor fragments in tumor digestion media (HBSS, 0.1% collagenase IV [Worthington Biochemical
LS004188], 0.01% DNase | [Worthington Biochemical LS002145]) at 37°C for 30-60 min. After digestion, the resulting single
cell suspensions were filtered through a 100 uM nylon mesh, using a 1 mL syringe plunger to break up any remaining solid tis-
sue fragments, and washed with PBS. Murine spleens were mechanically dissociated using a 1 mL plunger to break up solid
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tissue fragments and filtered through a 100 uM nylon mesh, then washed with PBS. All tissue samples with observable red
blood cells were subjected to red blood cell lysis prior to a final wash in PBS and cryopreservation of single cell suspensions.
Single cell suspensions were later analyzed for expression of human T cell markers by flow cytometry. On the day of flow cy-
tometry analysis, samples were thawed, washed with MACS buffer (PBS, 0.5% BSA, 2 mM EDTA), and blocked using anti-hu-
man Fc block (BD Biosciences 564220) for 10 min at RT. Cells were then stained with 1 uL Ghost Violet 510 viability dye (Tonbo
Biosciences 13-080-T100) and a cocktail of surface antibodies for 20 min at RT, including 1 pL each of: anti-human CD3 (Bril-
liant Violet 421-conjugated, Biolegend 344834, clone SK7), anti-human CD8 (Brilliant Violet 785-conjugated, Biolegend 344740,
clone SK1), anti-human CD4 (Alexa Fluor 700-conjugated, Biolegend 344622, clone SK3), anti-human CD137 (4-1BB)
(APC-conjugated, Biolegend 309810, clone 4B4-1), anti-human CD279 (PD-1) (PE-conjugated, Biolegend 329906, clone
EH12.2.H7), anti-human CD366 (TIM-3) (PE/Cy7-conjugated, Biolegend 345014, clone F38-2E2), anti-human CD197 (CCR7)
(APC/Cy7-conjugated, Biolegend 353212, clone G043H7), anti-human CD45RO (Brilliant Violet 650-conjugated, Biolegend
304232, clone UCHL1). After staining, cells were washed with MACS buffer and analyzed by flow cytometry on a custom-
configured BD Fortessa using FACSDiva software (Becton Dickinson). Flow cytometry data were analyzed using FlowJo version
10.7.2 software (BD Biosciences).

Statistics

Descriptive and comparative statistics were employed in the manuscript as described in the figure legends with the number of rep-
licates indicated. Unless otherwise indicated, plots were generated using the ggplot2 R package and statistics were computed using
the rstatix package. Within figure legends, ns indicates a not significant difference between comparator groups, and p.q; is the
adjusted p-value.
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