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FOXMLI is highly expressed in various cancer types and con-
sidered a key driver of cancer progression. Accordingly, we
evaluated the immunogenicity of FOXM1 and investigated the
feasibility of targeting this transcription factor using T-cell re-
ceptor (TCR) engineering. We identified epitopes derived from
FOXM1 which were immunogenic on HLA-A*02:01, HLA-A*24:
02, and HLA-A*23:01, endogenously processed and presented,
and resulted in T-cell activation and cytotoxic T-cell responses.

Introduction

Lung cancer is the leading cause of cancer-related mortality
globally among both men and women (1). Non-small cell lung
cancer (NSCLC) remains the most common subtype of lung cancer,
accounting for approximately 85% of all cases worldwide (2). De-
spite advances in early detection and therapeutic strategies, NSCLC
continues to be associated with low overall survival (3). Although
smoking prevalence has declined due to public health initiatives, the
incidence of lung cancer remains high (4). Standard treatment
paradigms for NSCLC typically involve a multimodal approach,
including surgical resection for early-stage disease, adjuvant che-
motherapy, and radiotherapy (5). For advanced stages, targeted
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Following the generation of TCR-T cells, sensitivity and speci-
ficity were confirmed by peptide dose-response and X-scan, re-
spectively. Most importantly, adoptive transfer of TCR-
engineered T cells led to a significant reduction in tumor
growth, as well as significantly prolonged survival in a tumor-
bearing immunocompromised murine model. Our studies con-
firm the immunogenicity of FOXMI and feasibility of targeting
this antigen using TCR engineering.

therapies [tyrosine kinase inhibitors (TKI) and immune checkpoint
inhibitors (ICI)] are now recognized as key therapeutic approaches.
In solid malignancies associated with high tumor mutational and
neoantigen burdens, ICIs such as anti-PD-1/PD-L1 and anti-
CTLA-4 have provided broad T-cell reactivation and enhanced
antitumor T-cell responses (6). Despite these advances in ICIs, up to
64% of patients with NSCLC develop acquired resistance when
administered as a second-line treatment, whereas many fail to ini-
tially respond (7, 8). Similarly, TKIs have demonstrated the ability to
prolong progression-free survival in advanced NSCLC; however,
efficacy has plateaued as the development of resistance inevitably
occurs (8-10). Overall, these therapies have demonstrated limited
long-term efficacy, and consequently, identifying therapeutic strat-
egies is critical in improving long-term survival in patients with
NSCLC.

T-cell receptor (TCR) engineering of T cells (TCR-T cell) rep-
resents a promising cellular therapy approach. TCR-T cells can
target tumor-associated antigens (TAA) or neoantigens presented
by tumor cells on MHC/HLA molecules. Neoantigens arise from
somatic mutations, resulting in the presentation of unique epitopes
at the tumor cell surface (11). However, neoantigens tend to be
highly personalized and patient-specific (11, 12). In contrast, TAAs
provide broader applicability and may therefore streamline the
therapeutic development process as they are shared across patient
populations and tumor types, thereby benefitting a larger patient
population (13, 14). TAAs may conversely result in on-target, off-
tumor toxicity due to their occasional expression in normal tissues,
highlighting the critical role of antigen selection and safety testing
for TCR-T cells.

The transcription factor Forkhead box protein M1 (FOXM1) has
been proposed as a TAA that plays a critical role in cell-cycle reg-
ulation (15). Importantly, FOXM1 contributes to tumorigenesis by
promoting cell proliferation, survival, invasion, and angiogenesis
(16). FOXM1 is highly expressed in various cancers, including
breast, lung, pancreatic, and colorectal cancers, among many others.
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In NSCLC, studies have demonstrated that the upregulation of
FOXM]1 is associated with epithelial-mesenchymal transition and
metastatic progression (17, 18). High FOXM1 expression has also
been associated with worse overall survival in adrenocortical car-
cinoma, glioma, colon adenocarcinoma, kidney carcinoma, liver
carcinoma, lung adenocarcinoma, uterine carcinoma, and uveal
melanoma, making it an attractive immunotherapeutic target (19).
In this study, we identified and functionally characterized FOXMI1-
specific TCR-T cells isolated from blood of healthy donors and
patients with lung cancer in order to demonstrate the potential of
TCR-T cells targeting this prevalent antigen in vitro and in vivo.

Materials and Methods

Cell lines

Cell lines H1975 (RRID: CVCL_1511, 2023) and HEK-293
(RRID: CVCL_0045, 2020) were purchased from the ATCC. The
H1975 cell line was cultured in complete medium, which included
RPMI-1640 medium (Corning, 10040CV) supplemented with 10%
FBS (GenDEPOT, F0601-050) and 1% penicillin-streptomycin
(HyClone, SV30010). The HEK-293 cell line, which was cultured
with DMEM (Corning, 100213CV) supplemented with 10% FBS
(GenDEPOT, F0601-050) and 1% penicillin-streptomycin
(HyClone, SV30010). DFCI032 (RRID: CVCL_A763), was estab-
lished at Dana-Farber Cancer Institute, obtained in 2011, and cul-
tured in complete medium. The patient-derived MDA-L-30 cell line
was generated in 2021 and cultured in complete medium. H1975,
HEK-293, DFCI032, and MDA-L-30 «cell lines were
passaged <5 times using trypsin EDTA (Gibco, 25200056) to detach
cells and spun at 350 g for 5 minutes at room temperature. All cell
lines were authenticated by MD Anderson Cancer Center Cytoge-
netics and Cell Authentication Core by short tandem repeat DNA
profiling and tested negative for Mycoplasma contamination (Lonza,
LT07-218). Target tumor cells (H1975 and HEK-293) were trans-
duced with HLA alleles A*02:01 (VectorBuilder, VB190122-
1151ffw), A*24:02 (VectorBuilder, VB190305-1184gac), and A*23:
01 (Twist Bioscience), as well as FOXM1 genes. HLA-A*23:01 and
FOXM1 genes were cloned with pENTER vector by GenScript USA,
Inc. (RRID: SCR_002891). Final HLA-A*23:01 allele constructs were
created by Gateway LR Clonase II Enzyme Mix (Invitrogen,
11791020) into a lentiviral vector, pLV401GFP (GenScript, RRID:
SCR_002891; ref. 20). Tumor cells successfully transduced with
HLAs were sorted by GFP expression. FOXM1 was cloned into
PHAGE vector (Addgene, 24526), isolated by puromycin selection,
and overexpressed in tumor cell lines expressing desired HLA.
Primary cell lines, including those arising from the heart (ACI6;
ATCC, CRL-3568), lung (HBEC3-KT; graciously provided by Dr.
Yongxing Wang’s laboratory at MD Anderson Cancer Center), liver
(HC3716-hTert; graciously provided by Dr. Lawrence Kwong’s
laboratory at MD Anderson Cancer Center), kidney (HEK-293;
ATCC, CRL-1573), and brain (AST-1, graciously provided by Dr.
Jian Hu’s laboratory at MD Anderson Cancer Center). The
ACI16 cell line was cultured in DMEM:F12 medium (ATCC, 30-
2006) supplemented with 12.5% FBS (GenDEPOT, F0601-050) and
centrifuged at 125 g for 7 minutes at room temperature. The
HBEC3-KT cell line was cultured in Airway Epithelial Cell Basal
Medium (ATCC, PCS-300-030) supplemented using Bronchial
Epithelial Cell Growth Kit (ATCC, PCS-300-040) and centrifuged at
210 g for 5 minutes at room temperature. The HC3716-hTert cell
line was cultured in HCM Basal Medium (Lonza, CC-3199) and
HCM SingleQuot Supplements (CC-4182) supplemented with 5%
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FBS (GenDEPOT, F0601-050) and 10% human serum (GeminiBio,
100-512) and centrifuged at 100 g for 8 minutes at room temper-
ature. The HEK-293 cell line was cultured with DMEM (Corning,
100213CV) supplemented with 10% FBS (GenDEPOT, F0601-050)
and 1% penicillin-streptomycin (HyClone, SV30010). The AST-1
cell line was cultured in DMEM (Corning, 100213CV) supple-
mented with 10% FBS (GenDEPOT, F0601-050), 1% penicillin-
streptomycin (HyClone, SV30010), and 2 mmol/L L-Glutamine
(Cytiva, SH3003401) and centrifuged at 150 g for 10 minutes. All
were obtained in 2025, tested negative for Mycoplasma contami-
nation (Lonza, LT07-218), passaged <5 times using trypsin EDTA
(Gibco, 25200056) to detach cells, and transduced with HLA-A*02:
01 by lentiviral vector pLV401 (VectorBuilder, VB190102-1131btg).
Positive HLA-A*02:01 cells were sorted by flow cytometry at the
North Campus MD Anderson Cancer Center Flow Cytometry Core.

Protein expression

FOXMI expression was evaluated by Western blot in essential
primary cell lines (AC16, AST-1, HC3716-hTert, HEK-293, and
HBEC3-KT) and the tumor cell line, H1975, using a monoclonal
FOXM1 (D12D5) primary antibody (Cell Signaling Technology,
5436S) and Amersham ECL rabbit IgG secondary antibody (Cytiva,
NA934). Protein lysates were separated on Criterion TGX Stain-
Free Precast Gels (Bio-Rad, 4561094) and transferred onto poly-
vinylidene difluoride membranes using the Trans-Blot Turbo
Transfer System (Bio-Rad, 1704157). Membranes were probed with
FOXMI1 and normalized to (-actin (Cell Signaling Technology,
8457T) following standard protocols. Proteins were detected using
enhanced chemiluminescence reagents (Supersignal West Femto
Maximum Sensitivity Substrate, Thermo Fisher Scientific, 34096)
and visualized with chemiluminescence detection system (Chem-
iDoc Imaging System, Bio-Rad).

Patient cohort and datasets

FOXMI1 RNA expression of publicly available lung cancer patient
data (n = 1,018) was obtained from The Cancer Genome Atlas
(TCGA) and compared with normal tissue transcript expression
from GTEx (21, 22). Normal tissue expression analysis included
muscle-skeletal (n = 564), brain—cerebellar hemisphere (n = 136),
brain-hypothalamus (# = 121), brain-hippocampus (n = 123),
heart-left ventricle (n = 303), brain-putamen (n = 124), heart-
atrial appendage (n = 297), brain-cerebellum (n = 173), brain-
amygdala (n = 100), brain-substantia nigra (n = 88), artery-tibial
(n = 441), pancreas (n = 248), brain-caudate (n = 160), brain-
frontal cortex (n = 129), brain-anterior cingulate cortex (n = 121),
brain-cortex (n = 158), brain—nucleus accumbens (n = 147), brain—
spinal cord (n = 91), esophagus-muscularis (n = 370), esophagus—
gastroesophageal junction (n = 244), colon-sigmoid (n = 233),
pituitary (n = 183), uterus (n = 111), artery—aorta (n = 299), nerve—
tibial (n = 414), cervix-endocervix (n = 5), adipose-visceral
(omentum; n = 355), liver (n = 175), artery—coronary (n = 173),
breast-mammary tissue (n = 290), fallopian tube (n = 7), kidney-
cortex (n = 45), ovary (n = 133), bladder (n = 11), adrenal gland
(n = 190), thyroid (n = 446), whole blood (n = 407), prostate
(n = 152), adipose (subcutaneous; n = 11,215), minor salivary gland
(n = 97), stomach (n = 262), lung (n = 427), cervix—ectocervix
(n = 6), skin-not sun-exposed (n = 387), skin-sun-exposed
(n = 473), vagina (n = 115), colon-transverse (n = 274), small
intestine-terminal ileum (n = 137), spleen (n = 162), esophagus—
mucosa (n = 407), and testis (n = 259). Data were analyzed by
GraphPad Prism (GraphPad). Available data from two independent
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cohorts (ICON cohort, n = 104; and PROSPECT cohort, n = 275)
of localized and resected NSCLC at the University of Texas MD
Anderson Cancer Center were assessed for FOXM1 expression
displayed at transcripts per million (TPM) and TCR sequences us-
ing available RNA sequencing (RNA-seq), RNA microarray data,
and bulk TCR repertoire sequencing (23, 24). Both ICON (PA15-
111) and PROSPECT (LAB07-0233) protocols were approved by the
Institutional Review Board (IRB) of University of Texas MD
Anderson Cancer Center, complying with all federal, state, and local
regulatory guidelines, and in alignment with Good Clinical Practice
Guidelines and the Declaration of Helsinki. All subjects enrolled in
these research studies provided signed informed consent prior to
protocol enrollment. The analysis of ICON and PROSPECT cohorts
was independent of sex, age, randomization, or group size of sub-
jects. FOXMI protein expression data in normal tissues were ob-
tained from the Human Protein Atlas (UniProt: Q08050), in which
samples were analyzed by conventional immunohistochemistry and
classified as not detected, low, medium, and high based on
knowledge-based annotations (Human Protein Atlas, proteinatlas.
org). FOXMI protein expression was correlated with mRNA ex-
pression using publicly available NSCLC data (cBioPortal.org).

TAA peptide prediction

Potential FOXMI1 epitopes were identified using NetMHCpan4.1
(25). Epitope candidates were selected based on their predicted
ability to strongly bind (% rank <0.5) to the top 10 most prevalent
HLA class I alleles in the United States (14). Peptides were syn-
thesized by Genemed Synthesis, Inc. and GenScript USA, Inc. with a
purity >95%.

Immunopeptidomics sample preparation

Nine NSCLC cell lines (A549, Calu6, HCC15, H1792, H1975,
H2122, H460, HCC1171, and HCC78) were treated with 20 ng/mL
of IFNy for 48 hours and screened for FOXM1 epitopes by mass
spectrometry. Immunopeptidomes of target cell lines, including
H1975, H1975 (HLA-A*02:01), and H1975 FOXM1 (HLA-A*02:01),
were further analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) following treatment with IFNy or under
untreated conditions. LC-MS/MS methods were adapted and
modified from previously published methodologies to suit specific
requirements for this study (26). W6/32 conjugation to Protein-A
Sepharose 4B beads was carried out as previously described (26). To
extract HLA I peptides from cell lines, 50 to 100 million cells were
lysed with 1.75 mL fresh MHC-I extraction buffer [(MEB,
20 mmol/L Tris pH 8 (Invitrogen, AM9856)], 1 mmol/L EDTA
(Thermo Fisher Scientific, 15575020), 100 mmol/L sodium chloride
(Sigma-Aldrich, $3014), 1% Triton X 100 (Sigma-AldrichX100),
60 mmol/L octyl B-D-glucopyranoside (Sigma-Aldrich, O8001),
6 mmol/L magnesium chloride (Sigma-Aldrich, M8266), 39.1 mL
nuclease-free H,O (Thermo Fisher Scientific, 43-879-36) +
0.2 mmol/L iodoacetamide (Thermo Fisher Scientific, A39271), and
1X HALT protease inhibitor (Thermo Fisher Scientific, 78429).
Benzonase nuclease (1:1,000, Sigma-Aldrich, E1014-25KU) was
added, and the lysate was rotated for 30 minutes at 4°C. During the
lysate rotation, beads were equilibrated by transferring HLA-I an-
tibody (W6/32)-conjugated bead slurry (100 pL/sample) to a new
tube and adding MEB without HALT and iodoacetamide and then
spun for 2 minutes (100 rcf at 4°C). The beads were washed again
with MEB and spun down before being resuspended to create a 50%
bead slurry. After lysate rotation, cell debris was pelleted (14,000 rcf
for 15 minutes at 4°C), and the cleared supernatant was transferred
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to a new tube. Input (50 pL) was taken and stored for future
Western blots. Prepared beads (100 uL) were added to each sample
and rotated for 3 hours (4°C). After rotation, the beads were spun
down at 100 rcf at 4°C, and the supernatant was collected as flow
through. The beads were washed twice in MEB, twice in 1x PBS
(Alkali Scientific, PB500), and twice in 10 mmol/L Tris pH 8. On the
last wash, bead slurry was transferred to a clean low-binding
microcentrifuge tube. MHC-bound peptides were then eluted with
aqueous 1% trifluoroacetic acid (TFA) and incubated for 10 minutes
at room temperature and intermittently flicked to keep the beads
resuspended. During incubation, the following sets of solvents were
made: buffer A (80% ACN + 0.1% FA) and buffer B (0.1% FA +
H,O; FA, Honeywell, 14281), wash buffer (3% ACN + 0.1% FA),
and elution buffer (50% ACN + 0.1% FA). After TFA incubation,
the beads were pelleted for 5 minutes 10,000 rcf at 4°C. Eluted
peptides were then desalted on C18 Affinisep Spin tips (Thermo
Fisher Scientific, NC3672893). Tips were prepped by washing the C-
18 resin with ACN (50 uL), buffer A, and then buffer B with a spin
(700 rcf for 1 minute) following each wash. After bead precipitation,
5 uL was taken for Western blotting, and the remaining supernatant
was transferred into the Affinisep tip and spun for 3 minutes at
700 rcf. The Affinisep tip was then washed with wash buffer and
spun (3 minutes at 700 rcf). Peptides were then eluted directly into
the autosampler with two spins of 15 pL elution buffer. Peptides
were dried down in a speed vac, and then peptides were recon-
stituted in 2% ACN, 0.1 pmol/L PRTC (Thermo Fisher Scientific,
88321), and 0.1% FA prior to mass spectrometry analysis.

For LC-MS/MS, HLA peptides were analyzed using a Thermo
Orbitrap Ascend Tribrid mass spectrometer (Thermo Fisher Sci-
entific) coupled with a Vanquish Neo UHPLC system (Thermo
Fisher Scientific), equipped with a FAIMS Pro Duo interface.
Samples were resuspended in 2% ACN + 0.1% FA and directly
loaded onto a precolumn (2 cm X pm ID packed with C18 reversed-
phase resin, 5 um, 100 A) in solvent A (2% ACN and 0.1% FA).
Trapped peptides were eluted onto the analytic capillary chroma-
tography column with an integrated electrospray tip (C18, 75 um
ID x 25cm, 2 um, 100 A, Thermo Fisher Scientific). Peptides were
eluted over 105 minutes with the following: gradient 2% to 3%
solvent B (90% ACN and 0.1% FA) for 10 minutes, 3% to 5% solvent
B for 2 minutes, 5% to 23% solvent B for 63 minutes, 23% to 40%
solvent B for 22 minutes, 40% to 90% solvent B for 3 minutes, and
hold for 5minutes, followed by column equilibration and wash.
Data-dependent acquisition (DDA) was performed in positive ion
mode at a spray voltage of 2.0 kV and heated capillary temperature,
275°C. Full-scan mass spectra (300-1,000 m/z, 120,00 resolution)
were detected in the Orbitrap analyzer after accumulation of
2.5 x 10° jons (normalized automatic gain control target of 250%)
and 250 milliseconds maximum injection time. For every full scan,
MS? spectra were collected during a 1.5-second cycle time for
FAIMS compensation voltages at —45 and —65. Precursor ions were
isolated with a 2.0 m/z isolation window, and accumulation time
was set to auto. Ions were fragmented with higher energy disasso-
ciation collision with 30% collision energy at a resolution of 30,000.
Charge states <2 and >4 were excluded, and dynamic exclusion was
set to 15 seconds after n = 1 observation.

Immunopeptidomics database search by DDA in mass spec-
trometry was performed with FragPipe using the HLA workflow
against a custom database containing the Gencode v42 human
proteome supplemented with smORFs and the nuORF db vl1.0.
Group-specific FDR was set to 1%. The search was completed
with nonspecific protein digestion, methionine oxidation, cysteine
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carbamidomethylation, and protein N-term acetylation as variable
modifications and peptide length 8 to 11 amino acids. Search out-
puts were subsequently analyzed and visualized in R or Skyline.
Manual spectrum inspection was performed in PDV v2.2.

Stimulation of antigen-specific T cells

Healthy donor leukaphereses were purchased from Charles River
Laboratories, and all cells were processed for peripheral blood
mononuclear cell (PBMC) isolation by Ficoll gradient centrifugation
(RRID: SCR_003792). PBMCs from a single patient were collected
at MD Anderson Cancer Center apheresis clinic by standard phe-
resis protocol in accordance to standard pheresis eligibility, pro-
cessed under Good Manufacturing Practices conditions, and
cryopreserved in liquid nitrogen. Collection was approved by the
IRB of the University of Texas MD Anderson Cancer Center,
complying with all federal, state, and local regulatory guidelines, and
in alignment with all ethical standards. The patients enrolled pro-
vided signed informed consent prior to protocol enrollment.
Monocytes from normal donor PBMCs were cultured for 1 week in
AIM-V medium (Gibco, 12055-083, RRID: SCR_008452) supple-
mented with 800 U/mL of recombinant human GM-CSF (Thermo
Fisher Scientific, 215-GM) and 500 U/mL of recombinant human
IL4 (R&D Systems, 204-IL-050) to generated dendritic cells (DC).
DCs were matured with 10 ng/mL of recombinant human TNFy
(R&D Systems, 210-TA), 2 ng/mL of recombinant human IL1j
(R&D Systems, 201-LB-005), 1,000 U/mL of recombinant human
IL6 (R&D Systems, 206-IL-010), and 1,000 ng/mL of prostaglandin
E2 (MP Biomedicals, 219457601). Following maturation, DCs were
pulsed with 10 pmol/L of predicted peptides for 4 hours at room
temperature and irradiated at 5,000 rad.

Antigen-specific T cells were generated with autologous PBMCs
mixed with irradiated, peptide-pulsed DCs at 35:1 ratio cultured in
T-cell medium (LymphoOne T-cell expansion medium, Takara,
WK552S) supplemented with 5 ng/mL of recombinant human IL7
(R&D Systems, 207-IL-005) and 30 ng/mL of recombinant human
IL21 (PeproTech, AF-200-21) for 1 week to enhance growth of
antigen-specific T cells. Cultured T cells were restimulated with
irradiated, peptide-pulsed DCs as described above. Recombinant
human IL2 at 10 U/mL was supplemented every 2 days.

Isolation of antigen-specific T cells

Tetramers specific to predicted peptides were designed and
generated by Baylor MHC Tetramer Production Core, Fred
Hutchinson Cancer Research Center, or the National Institute of
Health (NIH). Antigen-specific T cells were stained with PE-
conjugated tetramer and PB-conjugated anti-CD8 (BD Biosciences
Pharmingen, 558207) and sorted for tetramer/CD8 double-positive
T cells. Sorted antigen-specific T-cell population was expanded
using a rapid expansion protocol (REP) (27). Expanded antigen-
specific T cells were further purified by repeating flow cytometry
sorting for tetramer/CD8 double-positive T cells.

Antigen-specific T-cell cytotoxicity assay

The capability of antigen-specific T cells to induce target cell lysis
was assessed by chromium-51 (*'Cr) release assay (28). Briefly,
target tumor cells in appropriate growth medium (H1975: RPMI
Gibco, 11875-0930; 293: DMEM Corning, 10-013-CV) supple-
mented with 10% FBS (GenDEPOT, F0601-050) containing 100 pL
of *'Cr were incubated at 37°C for 2 hours. Target tumor cells were
washed to remove free chromium and seeded in 96-well U-bottom
cell culture plate. Effector T cells from normal donors were added at
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varying ratios to target tumor cells. Media with only °'Cr-labeled
target cells were used as a negative control (“minimum”). >'Cr-
labeled target cells with lysis buffer (Revvity, 4005-0010) were used
as a positive control (“maximum”). The supernatant was periodi-
cally collected between 4 and 24 hours of incubation, and chromium
released by lysed target tumor cells was measured using a
2450 MicroBeta2 microplate counter (PerkinElmer). The percent of
specific lysis was calculated by averaging replicates and using the
following equation: [(sample average — minimum average)/(maxi-
mum average — minimum average)] x 100.

Identification of «pTCR chains

Expanded, reactive antigen-specific T cells were processed using
10x Genomics Single Cell 5 Gene Expression and V(D)J profiling
kit and sequenced using Illumina NovaSeq 6000 at Advanced
Technology Genomics Core of University of Texas MD Anderson
Cancer Center. Raw data were processed through CellRanger
pipeline for demultiplexing, alignment, barcode processing, and
CDR3 a/f sequence assembly of clonotypes. The clonotypes iden-
tified and used for downstream T cell transduction were TCR-1
(HLA-A*02:01 restriction; cognate peptide, YLVPIQFPV; TCR,
CASSYAGPGELFF), TCR-2 (HLA-A*24:02 restriction; cognate
peptide, IYTWIEDHF; TCRpB, CASGTGQLSEQYF), TCR-3 (HLA-
A*24:02 restriction; cognate peptide, IYTWIEDHF; TCRp,
CASRSDYNEQFF), and TCR-4 (HLA-A*23:01 restriction; cognate
peptide, IYTWIEDHF; TCRf, CAFRGAPNTGELFF).

Recombinant TCR retroviral production

Full-length TCRa/p genes were synthesized by GenScript USA,
Inc. (RRID: SCR_002891) and cloned into the pMSGV1 retroviral
vector as described by the Hughes and colleagues (29). Briefly, TCR
constructs were designed with Furin and P2A cleavage to connect
TCRa and TCRp chains for maximum release of TCRa/f chains
after expression (30). Viral particles were generated with pMSGV1-
TCR construct (GenScript USA, RRID: SCR_002891) and
RD114 envelope construct by cotransfection into the retroviral
packaging cell line GP2-293 (Takara Bio, 631458, RRID: CVCL_
WI48) with Lipofectamine 3000 transfection reagent (Thermo
Fisher Scientific, L3000008; ref. 31). Following 48 and 72 hours of
transfection, the supernatant was collected, centrifuged, filtered, and
used for downstream T-cell transduction.

Generation of TCR-T cells

HLA-matched fresh leukapheresis products from healthy adult
donors (n = 4) from Charles River Company (D79040 and
D179395) and AllCells (19384 and 43026) were obtained at FDA-
registered collection centers under written informed consent.
Healthy donor PBMCs were processed within 48 hours of collection,
preserved, and stored in liquid nitrogen. PBMCs were used to iso-
late CD8" T cells by negative selection using Human CD8" T cell
Isolation Kit (Stemcell, 17953). Isolated CD8" T cells were activated
by culturing T cells in T-cell medium (LymphoOne T cell expansion
medium, Takara, WK552S) with T-cell TransAct (Miltenyi Biotec,
130-111-160) and 100 U/mL of recombinant human IL2 (Pepro-
Tech, 200-02-250) for 48 hours. Non-tissue culture-treated 24-well
plates were coated with 20 pg/mL of RetroNectin (Takara, T100B)
in 4°C overnight. Prior to use, RetroNectin-coated plates were
blocked with 2% BSA/PBS for 30 minutes and washed with 2.5%
HEPES/PBS. A first TCR-T cell transduction was performed, in
which the supernatant collected from the retroviral transfection
containing TCR viral particles was added to RetroNectin-coated
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plates and centrifuged at 2,000 g for 2 hours at 32°C. Unbound viral
particles were removed from the 24-well plate. Next, 5 x 10> acti-
vated CD8" T cells were added to each well and centrifuged at 800 g
for 20 minutes at 32°C. Cells were incubated overnight in T-cell
medium supplemented with 100 U/mL of human recombinant IL2.
T-cells were collected, and the process was repeated to perform a
second TCR-T cell transduction. After 48 hours, virally transduced
TCR-T cells were stained for CD8" and tetramer, and double-
positive populations were isolated by flow cytometry sorting. Sorted
TCR-T cells were expanded in T-cell medium supplemented with
300 U/mL of human recombinant IL2 in G-Rex 24-well plates
(Wilson Wolf, 80192M) for 4 to 8 days.

TCR-T cell-mediated cytotoxicity and reactivity

Cytotoxicity and specificity toward target tumor cell lines medi-
ated by antigen-specific TCR-T cells were analyzed by chromium-51
release assay, as described above. Briefly, target cell lines were
peptide pulse by incubating relevant peptides (GenScript USA, Inc.)
for 2 hours at 37°C in PBS supplemented with 1% FBS (GenDEPOT,
F0601-050) and washed with T-cell medium. Specificity of TCR-T
cells were evaluated by the titration of peptides at varying concen-
trations (1072 to 10* nmol/L) in the presence of chromium-51.
Target cells were seeded in 96-well plates and cocultured with TCR-
T cells at a 1:1 ratio for 8 to 24 hours. ECs, values were calculated
using GraphPad Prism (GraphPad). FOXM1-specific TCR-T1 were
cocultured for 24 hours with HLA-A*02:01-expressing normal cells
lines. Reactivity of FOXM1 TCR-T cells was then measured by LDH
release assay (Cayman Chemical Company, 601170) and MIP-1p
secretion (R&D Systems, DY27105).

Cytokine assessment

To determine the reactivity of TCR-T cells toward target tumor
cell lines, IFNy Enzyme-linked ImmunoSpot (ELISPOT) and se-
cretion of MIP-1B (DuoSet Human CCL4/MIP-1B ELISA Kit; R&D
Systems, DY271) were measured (32). For these assays, TCR-T cells
were cocultured with unmatched HLA tumor cells, FOXMI1/
matched HLA-transduced tumor cells, or peptide-pulsed tumor cells
for 15 to 18 hours. TCR-T cells were cocultured at a 1:1 ratio for
ELISPOT methods. ELISPOT plates were scanned and counted
using ImmunoSpot ELISPOT analyzer (Cellular Technology, Ltd).
TCR-T cells were cocultured at a 1:1, 0.5:1, and 0.25:1 target to
effector ratio for MIP-1f ELISA methods and analyzed according to
the manufacturer’s instructions. MIP-1$ ELISA methods were also
utilized for endogenous recognition of DFCI032 and MDA-L-30 cell
lines and X-scanning. Briefly, corresponding target tumor cells were
individually peptide-pulsed with modified peptides containing a
single amino acid substituted in each position (10 ug/mL; GenScript
USA, Inc.) for 4 hours, cocultured with TCR-T cells at a 5:1 target-
to-effector ratio, and ELISA plates were read with Synergy micro-
plate reader (BioTek) using Gen5 program. Concentration of MIP-
1P for samples was calculated according to the standard curve.

Time-lapse flow cytometric assessment

FOXM1 TCR-T cells were thawed and rested overnight in RPMI-
1640 cell culture medium containing 10% (v/v) FBS, 1% (v/v) so-
dium pyruvate, 1% (v/v) NEAA, 55 nmol/L 2-mercaptoethanol, and
1% (v/v) penicillin/streptomycin (P/S) at 37°C with 5% CO,. The
following morning, cells were barcoded with biotin-coated LASE
particles (LP) and stained with Live/Dead stain (Zombie R718,
BioLegend, 423115), followed by a panel of releasable anti-CD8-
VioGreen (Miltenyi Biotec, 130-115-197), anti-CD45RA-FITC
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(Miltenyi Biotec, 130-112-079), and anti-PD-1-PE-Vio770 (Milte-
nyi Biotec, 130-119-921; ref. 33). For phenotyping, cells were ad-
ditionally stained with anti-CCR7-Brilliant Violet 650 (BioLegend,
353233), anti-CD45RO-APC (BioLegend, 983102), anti-LAG-3-
APC-Fire 750 (BioLegend, 369329), and anti-TIM-3-PE-Fire 700
(BioLegend, 345063). Samples were run on the cyclic flow cytom-
eter, collected, and then resuspended in 1% (v/v) of release reagent
(Miltenyi Biotec, 130-120-675) for 10 minutes at room temperature
to remove the releasable antibody panel (33). Next, the cells were
stimulated with 10 pg/mL either of specific (FOXM1) or nonspecific
peptide in the presence of 1 pg/mL costimulatory antibodies
(CD28 and CD49d, BioLegend) for 36 hours and restained with the
same antibody panel (34-36). All samples were acquired by the
cyclic flow cytometer at each time point (LASE Innovation) and
returned to their original culture supernatants. FCS files from each
cyclic measurement (e.g., before and after activation with peptides)
were concatenated by LP barcode using the LP matching algorithm
as described previously (33).

Structural modeling

Structural models for the TCR-pMHC complexes were generated
using TCRmodel 2 with the default parameters referencing
AlphaFold2.3 (37, 38). First, three-dimensional conformations
generated by TCRmodel2 with incident angles ranging between
0 and 45 degrees or crossing angles between 5 and 95 degrees were
considered, based on previously reported cutoff values (bioRxiv
2024.05.27.596020; ref. 39). Next, conformations with the highest
PLDDT score produced by AlphaFold2.3 for each TCR-pMHC
complex were selected.

Animal experiments

Animal experiments were conducted under the Institutional
Animal Care and Use Committee-approved protocol (#00002019-
RNO1). NOD.Cg-Prkdc*™® [12rg"™"//Sz] (NSG) mice were pur-
chased from The Jackson Laboratory (The Jackson Laboratory,
005557). Six-week-old female mice were subcutaneously injected
into the right flank with 0.5 x 10° H1975 FOXM1 (HLA-A*02:01)
tumor cells. Mice were randomized into three groups: FOXM1
TCR-T cell treatment, untransduced T cells, and PBS control
(n = 10 for each group) when tumors were established to ~50 mm®.
Measurements of tumor width and diameter with digital calipers
[volume = (minimum)® X (maximum)/2], as well as animal
weights, were recorded by a blinded investigator at baseline and
three times weekly thereafter. Ten million TCR-T1 cells were in-
travenously transfused via retro-orbital injection on days 4 and 7.
Control groups received an equal number of untransduced CD8"
T cells from the same HLA-A*02:01 donor or PBS. Mice simulta-
neously received IL15/IL15Ra complex intraperitoneally every
3 days for the duration of the experiment, beginning at the time of
the first T-cell injection (40). Peripheral whole blood was collected
longtudinally from murine models on days 10 and 23 via retro-
orbital bleeding. At the time of sacrifice, tumor and whole blood by
cardiac puncture were collected. At the time of collection, whole
blood was prepared, stained for anti-CD8 APC (BioLegend, 344722)
and tetramer PE, and measured by flow cytometry. For survival
analyses, mice sacrificed because of tumor ulceration rather than
tumor burden were censored.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
v10.0.3 (GraphPad Software, RRID: SCR_002798). Two-way ANOVA
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Figure 1.

FOXMT1 expression is induced in lung cancers vs. healthy human tissues. A, RNA expression data of FOXMT1 in patients with lung cancer obtained from TCGA and
healthy tissues. Five TPM cutoff is marked. B, FOXM1 RNA expression in essential organs compared with lung cancer samples. Five TMP cutoff is indicative of
FOXMT1 positivity. C, Percentage of patients with FOXM1-positive expression in essential organs compared with lung cancer. D, RNA expression data of
nonmetastatic lung cancer patient samples obtained from TCGA grouped by mutation type. Five TPM cutoff is marked. E, Experimental overview for immu-
nopeptidomics. F, Pie chart depicting the proportion of NSCLC cell lines presenting FOXM1 epitopes and (G) eluted epitopes and HLAs from each cell line. Bars
represent mean and each dot represents a single patient sample. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 using one-way ANOVA. [E, Created in BioRender.
Bontekoe, E. (2026) https://BioRender.com/9bnwhqv]
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retroviral vector. TCRs are transduced into healthy donor PBMCs for further functional validation. [Created in BioRender. Bontekoe, E. (2026) https://BioRender.

com/mmp9040]

and paired or unpaired f test were performed when appropriate based
on data types and statistical assumptions. Significance was defined as
P value < 0.05. TCR repertoire analysis was performed by utiliz-
ing UMAP and GLIPH2 clustering. Graphs were generated with
GraphPad Prism. Some schematics were created using BioRender
(RRID: SCR_018361).

Results

FOXM1 is prevalent in lung cancer and minimally expressed in
healthy organs and tissues

To evaluate FOXM1 in NSCLC, RNA expression from TCGA was
compared with normal tissue transcript expression from GTEx. As
shown in Fig. 1A, FOXM1 expression was increased in lung ade-
nocarcinoma (LUAD, n = 517) and lung squamous cell carcinoma
(LUSC, n = 501), with average expression of 22.49 TPM in LUAD
and 56.62 TPM in LUSC. Conversely, overall healthy tissues aver-
aged 4.04 TPM. Based on prior studies, a >5 TPM cutoff was used to
identify samples positive for FOXM1 expression (41). Using this
threshold, FOXM1 RNA expression in essential organs was assessed
(heart, n = 600; brain, n = 1,671; liver, n = 175; kidney, n = 45; and
lung, n = 427). Compared with NSCLC, all essential organs
expressed markedly lower FOXM1 expression and fell below the
5 TPM threshold (brain, 0.79 average TPM, P < 0.0001; heart,
0.71 average TPM, P < 0.0001; kidney, 2.07 average TPM,
P < 0.0001; liver, 1.88 average TPM, P < 0.0001; and lung, 4.99 av-
erage TPM, P < 0.0001, Fig. 1B). Specifically, FOXM1 was absent in
99% of heart samples (n = 594), 100% of brain samples (n = 1,671),
95% of liver samples (1 = 1,670), 96% of kidney samples (n = 44),
and 77% of lung samples (n = 329). In contrast, 81% of LUAD
(n = 419) and 99% of LUSC (n = 496) tumors expressed FOXM1
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(Fig. 1C). Analysis of FOXMI1 protein expression using the Human
Protein Atlas revealed elevated levels in lung cancer, with minimal
expression in normal tissue (Supplementary Fig. S1A), which was
further confirmed by Western blot analysis in five essential normal
tissue cell lines (Supplementary Fig. S1B). A positive correlation
between protein and mRNA expression was also observed (Sup-
plementary Fig. S1C). Given the observed upregulation of
FOXMI1 in NSCLC and minimal expression in normal tissue, we
further investigated its expression across mutational subtypes using
TCGA datasets. Notably, FOXM1 expression was elevated in tumors
harboring Ret alterations compared with KRAS and EGFR muta-
tions (P = 0.005; Fig. 1D). To evaluate whether the widespread
expression of FOXM1 in lung cancer resulted in presentation of
FOXMI1 epitopes on HLA molecules, we performed immuno-
peptidomics on nine NSCLC cells lines (Fig. 1E). We found that two
thirds displayed endogenous presentation of one or two FOXMI1-
derived epitopes across distinct HLA alleles, highlighting the broad
potential for FOXM1 as an HLA-restricted TAA (Fig. 1F and G).

FOXM1 is immunogenic on HLA-A*02:01 and HLA-A*24:02
Building upon these initial findings, we sought to identify cir-
culating FOXMI1-specific T cells. In doing so, we developed an
optimized TCR discovery and validation workflow which allows us
to identify, isolate, and validate antigen-specific T cells and their
T-cell receptors (Fig. 2). Briefly, healthy donor T cells are cocul-
tured with antigen-presenting cells pulsed with predicted peptides
to simulate antigen-specific responses. These stimulated T cells are
then enriched and expanded. Cytotoxicity of these T cells against
tumor cell lines is evaluated to ensure target epitopes are naturally
endogenously processed and presented, and afpTCR chains are se-
quenced to identify the reactive TCRs. TCR-T cells are generated by
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FOXM1 antigen-specific T cells exhibit cytotoxic potential. A, Schematic representation for the identification of antigen-specific T cells. Patient and/or donor
PBMCs are isolated and cocultured with DCs peptide pulsed with target antigen for the generation of antigen-specific T cells. Antigen-specific T cells are
stimulated, enriched, and expanded. Cytotoxicity of antigen-specific T cells toward tumor cell lines is assessed. B and C, Stimulation, enrichment, and expansion
of antigen-specific T cells following FOXM1 peptide stimulation on HLA-A*02:01, HLA-A*24:02, and HLA-A*23:01. Samples were identified and isolated by CD8/
tetramer sorting. Red gate represents sorted cell population used for subsequent assays. Chromium-51 release assay of expanded FOXMI-specific T cells
cocultured with peptide-pulsed (D and E) unpulsed HLA-matched cell lines. Bars represent mean values + SEM, and each dot represents a technical replicate. At
least two technical replicates were included for each experiment. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 using unpaired t test. [A, Created in

BioRender. Bontekoe, E. (2026) https://BioRender.com/mmp9040]

retroviral transduction using healthy donor PBMCs, and the cyto-
toxicity of TCR-T cells is subsequently assessed to confirm antitu-
mor reactivity and specificity (Fig. 2). To identify high-potential
FOXM1-derived epitopes for immunotherapeutic development, we
systemically surveyed published studies surrounding FOXM1 and
prioritized the YLVPIQFPV and IYTWIEDHF epitopes based on

AACRJournals.org

their previously reported immunogenicity (42-45). We next utilized
NetMHCpan4.1 to predict peptide binding to the 10 most prevalent
HLA alleles in the United States (14, 43). As shown in Supple-
mentary Table S1, these peptides were predicted to bind to HLA-
A*02:01 and HLA-A*24:02 (YLVPIQFPV, HLA-A*02:01,
2.11 nmol/L; IYTWIEDHF, HLA-A*24:02, 34.26 nmol/L). The
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TCR-engineered T cells exhibit cytotoxicity toward FOXM1. A, Schematic representation of TCR-T cell generation. Antigen-specific T cells are sequenced, and
TCRs are retrovirally transduced into donor CD8 T cells. Generated TCR-T cells are sorted by CD8/tetramer, isolated, expanded, and analyzed for activation and
cytotoxic potential toward target tumor cells. B, Cytotoxicity of FOXM1 TCR-T cells by chromium-51 release toward parental or HLA-matched target cell lines.

Cytokine release of TCR-T cells measured by (C) MIP-18 and (D, E) IFNy follow

ing coculture with parental, HLA-matched, or peptide-pulsed HLA-matched target

cell lines. Bars represent mean values + SEM, and each dot represents a technical replicate. At least three technical replicates were included for each experiment.
* P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 using unpaired t test. [A, Created in BioRender. Bontekoe, E. (2026) https://BioRender.com/mmp9040]

IYTWIEDHEF epitope was also predicted to bind to the HLA-A*23:
01 allele (31.62 nmol/L), which is less prevalent in the United States.
In our cell lines of interest [H1975, H1975 (HLA-A*02:01), and
H1975 FOXM1 (HLA-A*02:01), Supplementary Fig. S2A], the
eluted epitopes were primarily 9-mers, consistent with expected
class I HLA-binding preferences (Supplementary Fig. S2B). Across
these peptides, we defined position-specific amino acid abundance
and identified dominant residues at key anchor positions, in line
with HLA restriction of these epitopes (Supplementary Fig. S2C and
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$2D). Notably, the FOXMI epitope of interest was detected among
the eluted peptides from H1975 FOXM1 (HLA-A*02:01) cells,
confirming its endogenous processing and presentation in this
model (Supplementary Fig. S2E and S2F).

We proceeded to stimulate PBMCs from HLA-A*02:01, HLA-
A*24:02, and HLA-A*23:01 healthy donors with each of these
peptides to confirm their immunogenicity via antigen-specific T-cell
expansion (Fig. 3A). FOXMI1-specific T-cell populations were de-
tected in all three HLA contexts following stimulation at frequencies
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ranging from 0.04% to 0.4% (Fig. 3B). Tetramer and CD8 double-
positive T cells were then isolated for subsequent REP, resulting in
6.9% to 21.3% tetramer positivity (Fig. 3C). Functional potential of
antigen-specific T cells was next evaluated by assessing cytotoxicity
against FOXM1 by chromium-51 release. As shown in Fig. 3D, a 10:
1 effector-to-target (E:T) ratio resulted in lysis of 69% (HLA-A*02:
01, P < 0.0001), 86% (HLA-A*24:02, P = 0.0002), and 53% (HLA-
A*23:01, P = 0.0836) of FOXM1 peptide-pulsed target cells. Most
importantly, this E:T ratio also resulted in antigen-dependent lysis
of target cells endogenously processing and presenting the
FOXMI1 gene on HLA-A*02:01 (P = 0.0382), HLA-A*24:02
(P < 0.0001), and HLA-A*23:01 (P = 0.0053; Fig. 3E). These
findings confirm that FOXMI1 epitopes are not only immunogenic
but naturally endogenously processed and presented on HLA-A*02:
01, HLA-A*24:02, and HLA-A*23:01.

TCR-T cells exhibit cytotoxic potential against
FOXM1-expressing targets

To generate TCR-T cells, we performed single-cell TCR/RNA
sequencing on tetramer-sorted populations to identify afTCR
pairings, and the dominant T-cell clonotypes were assessed and
selected for downstream generation of TCR-T cells (Supplementary
Fig. S3A and S3B). The afTCRs were synthesized and subcloned
into retroviral vectors for transduction into HLA-matched healthy
donor PBMCs. Successfully transduced TCR-T cells were isolated by
tetramer sorting and expanded by REP (Supplementary Fig. S4A).
TCR-T cells were then exposed to their cognate antigens for the
assessment of cytotoxicity, cytokine production, and phenotype
following antigen exposure (Fig. 4A). Of the screened TCRs for
each HLA/target, TCR-T1 (HLA-A*02:01), TCR-T2 (HLA-A*24:
02), TCR-T3 (HLA-A*24:02), and TCR-T4 (HLA-A*23:01) dem-
onstrated cytotoxicity toward HLA-matched cell lines compared
with nontransduced parental cell lines at varying E:T ratios
(Fig. 4B). As shown in Fig. 4B, TCR-T cells lysed 25% (TCR-T1,
P =0.0063), 31% (TCR-T2, P < 0.0001), 62% (TCR-T3 P = 0.0002),
and 31% (TCR-T4 P = 0.0002) of target cells at a 10:1 E:T
ratio. TCR-T cells also secreted MIP-1B when cocultured with tu-
mor cells expressing FOXM1 (TCR-T1, P < 0.0001; TCR-T2,
P < 0.0001; TCR-T3, P < 0.0001; and TCR-T4, P < 0.0001) or
peptide-pulsed (TCR-T1, P < 0.0001; TCR-T2, P = 0.0001; TCR-T3,
P < 0.0001; and TCR-T4, P < 0.0001) at E:T ratios as low as 0.25:1
(Fig. 4C). Similarly, TCR-T cells secreted IFNy as measured by
ELISpot when exposed to cognate antigen (TCR-T1, P < 0.0001;
TCR-T2, P < 0.0001; TCR-T3, P < 0.0001; and TCR-T4, P < 0.0001,
Fig. 4D and E). When assessing the phenotype of FOXM1 TCR-T1
cells, a predominantly effector memory (TEM) phenotype was ob-
served, comprising of approximately 80% of the population (Sup-
plementary Fig. S4B). Additionally, upon stimulation with cognate
peptide for 36 hours, 2.5% to 4% TCR-T1 cells exhibited a termi-
nally differentiated effector memory T cell (TEMRA) phenotype
(CD45RA* CCR7~ CD45RO7), and 35% of TCR-T1 cells coex-
pressed checkpoint molecules (TIM-3"LAG-3"PD-1") despite initial
lack of expression (Supplementary Fig. S4C). Lastly, we performed
time-lapse flow cytometric assessment of TCR-T1 to evaluate acti-
vation profiles based on CD25 and CD69 expression. As shown in
Supplementary Fig. S4D, de novo activation was specific to cognate
peptide exposure, as evidenced by 17% of TCR-T1 cells (devoid of
CD25 and CD69 at baseline) expressing these activation markers
12 hours after stimulation. These analyses highlight the phenotype
and activation kinetics of TCR-T cells prior to and following antigen
exposure.
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FOXM1-specific TCR-T cells are unresponsive to healthy
organs

Cytokine production and cytotoxicity of TCR-T1 toward healthy
tissue cell lines were assessed to determine possible on-target, off-
tumor toxicities (Supplementary Fig. S5). First, we determined
healthy tissue cell lines’ endogenous HLA restriction and confirmed
none expressed HLA-A*02:01 (Supplementary Fig. S5A). Therefore,
each cell line was transduced with HLA-A*02:01 (Supplementary
Fig. S5B). TCR-T1 demonstrated significantly less secretion of MIP-
1B when cocultured with each HLA-matched healthy tissue cell line
compared with an average of 311.7 pg/mL in response to the target
tumor cell line (P < 0.0001; Supplementary Fig. S5C). TCR-T1 ad-
ditionally demonstrated an average lysis of 1.6% of lung
(P < 0.0001), 2.1% liver (P < 0.0001), 0% heart (P < 0.0001), 0%
kidney (P < 0.0001), and 0% brain (P < 0.0001) compared with
32.7% lysis of H1975 FOXM1 (HLA-A*02:01) (Supplementary Fig.
S5C). Consistent with these findings, Western blot analysis dem-
onstrated low FOXMI1 expression in essential organ cell lines
compared with robust FOXMI1 expression in tumor cell lines
transduced with FOXMI1 (Supplementary Fig. S1B). Altogether,
these results suggest that FOXM1 TCR-T cells become activated
upon recognition of their cognate antigens while sparing healthy
tissues.

FOXM1-specific clonotypes are detected in patients with lung
cancer

We next sought to assess the existence of FOXMI-specific
clonotypes in lung cancer patient samples. To do so, we obtained
a leukapheresis from a patient homozygous for HLA-A*23:01 and
performed peptide stimulations using the validated IYTWIEDHF
epitope. As shown in Fig. 5A, despite a low precursor frequency
of 0.19%, FOXM1-specific clonotypes were expanded to 82.9%
upon REP. Most importantly, these cells demonstrated functional
potential through their ability to secrete IFNy as measured by
ELISpot (P < 0.0001; Fig. 5B). To further expand our analysis, we
evaluated TCR motifs related to validated FOXM1-specific TCRs
with the grouping of lymphocyte interactions by paratope hot-
spots (GLIPH) algorithm using CDR3 sequencing data from the
ICON (n = 104) and PROSPECT (n = 275) cohorts. As shown,
TCRs related to TCR-T1, TCR-T2, and TCR-T4 were prevalent
across each of these cohorts (Fig. 5C). All in all, these data es-
tablish that FOXMI-specific clonotypes are not restricted to
healthy individuals but also arise naturally in patients with lung
cancer.

FOXM1-specific TCR-T cells are sensitive and specific

We next evaluated the sensitivity and specificity of FOXM1-
targeted TCR-T cells (Fig. 6A). As demonstrated in Fig. 6B,
sensitivity was evaluated through peptide titration by chromium-
51 release assay, in which TCR-T cells exhibited cytotoxicity in
the presence of specific FOXM1 epitopes at a log ECso value
<1.4 nmol/L (TCR-T1, 1.4 nmol/L; TCR-T2, 1.3 nmol/L; TCR-
T3, 1.0 nmol/L; and TCR-T4, 0.2 nmol/L). We further generated
structural modeling of TCR-peptide-HLA complexes to visual-
ize TCR contact residues. Structural modeling revealed key TCR
recognition sites within the central region of the peptides for
positions P1, P4, P5, P6, and P7 for TCR-T1 (Fig. 6C) and po-
sitions P4, P6, and P7 for TCR-T2 (Supplementary Fig. S6A). To
expand upon these results, we next assessed specific residues of
the cognate epitopes by X-scan (Fig. 6D). Overall diminished
MIP-1P secretion was seen for HLA-A*02:01 when residues
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Figure 5.

FOXMI-specific and related TCR motifs are identified in patients with lung cancer. A, Stimulation, enrichment, and expansion of CD8/tetramer-positive FOXM1-
specific T cells in NSCLC patient PBMCs with HLA-A*23:01 restriction. Red gate represents sorted cell population used for subsequent assays. B, FOXMI-specific T cells
isolated from NSCLC patient sample were peptide-pulsed or pulsed with cell activation cocktail and cytokine secretion was measured by IFNy release. Bars represent
mean values + SEM, and each dot represents a technical replicate. Three replicates were performed. C, GLIPH2 analysis demonstrating patient T cells related to
FOXM1 TCR-T cells in ICON (cohort 1) and PROSPECT (cohort 2) patient tumor samples. Each circle represents an individual patient tumor sample and FOXM1 TCR-T cells
are denoted as a blue box. PMA/lono. (PMA/ionomycin), ****, P < 0.0001 using unpaired t test. PMA/lono, phorbol 12-myristate 13-acetate/ionomycin.

P5-P8 were mutated to an alternative animo acid. Similarly for
TCR-T2, diminished MIP-1p secretion was observed in residues
P4-P7 when mutated to an alanine (Supplementary Fig. S6B).
These data identify critical residues for the recognition by
TCR-T cells. We next evaluated the sensitivity of FOXM1 TCR-
T1 cells against HLA-A*02:01-restricted tumor cell lines to as-
sess ability to respond to endogenous levels of FOXMI. As
shown in Fig. 6E, TCR-T1 cells were capable of specifically
recognizing endogenously expressing HLA-A*02:01 tumor cell
lines based on MIP-1p secretion in response to both
DFCI032 and MDA-L-30 cancer lines. Our findings collectively
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demonstrate that FOXM1 TCR-T cells exhibit high sensitivity
and specificity toward their epitopes.

FOXM1 TCR-T cells result in prolonged survival in vivo

Lastly, we sought to explore in vivo efficacy. To do so, we
implanted 0.5 million H1975 FOXMI1 (HLA-A*02:01) tumor cells
subcutaneously in NOD/SCID gamma (NSG) mice. Mice were
then treated with two infusions of PBS, untransduced T cells
(10 million), or FOXM1 TCR-T1 cells (10 million), and T-cell
persistence, tumor burden, animal weight, and survival were
monitored (Fig. 7A; Supplementary Fig. S7). FOXM1 TCR-T cells
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Position

FOXMi-directed TCR-T cells are sensitive and specific. A, Schematic representation of amino acid replacement for FOXM1 TCR-T cells. B, Peptide titration
measured by chromium-51 release assay. Each dot represents a sample + SEM. C, /n silico modeling of the TCR-T1-pHLA complex. D, Critical contacting residues
are assessed by sequential amino acid replacement. MIP-1B secretion was measured following coculture of TCR-T1 cells. Heatmap representing percent change in
TCR-T cell recognition based on reference peptide after amino acid replacement. Black box indicates unmutated peptide amino acids. Four replicates were
performed. E, MIP-1p secretion was measured following coculture of TCR-T1 cells with NSCLC tumor cells lines (DFCI032 and MDA-L-30) that endogenously
express HLA-A*02:01 and FOXMLI. Bars represent mean values + SEM, and each dot represents a technical replicate. A minimum of four replicates were performed
and are representative of three individual experiments are shown. ***, P < 0.001; ****, P < 0.0001 using unpaired t test. [A, Created in BioRender. Bontekoe,

E. (2026) https://BioRender.com/mmp9040]

significantly reduced tumor burden (P < 0.0001) compared with
untransduced T cells and untreated mice (Fig. 7B and C). Fur-
thermore, FOXM1 TCR-T cell-treated mice exhibited significantly
prolonged survival compared with those treated with untrans-
duced T cells (Fig. 7D). As shown in Fig. 7E and F and Supple-
mentary Figs. S8 and S9, TCR-T cells were detectable in the
periphery on days 10 and 23 and at the time of sacrifice. These
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results confirm the potential of FOXMI-specific TCR-T cells in
combatting lung cancer tumor in vivo.

Discussion

In this study, we evaluated the feasibility of targeting FOXM1
by TCR engineering for the treatment of lung cancer. Our
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Tetramer

FOXMi-targeting TCR-T cells reduce tumor growth and prolong survival in vivo. A, Experimental overview for the evaluation of in vivo antitumor efficacy of TCR-
T1. Mice were randomized into PBS (n = 10), untransduced T cells (n = 10), or TCR-T1 (n = 10) treatment groups once subcutaneous tumors were palpable and
intravenously dosed with PBS, 10 x 10° TCR-T1 cells or untransduced T cells on days 4 and 7. All mice received twice-weekly intraperitoneal injection of IL15/
IL15Ra complex starting on the day of T-cell transfer. Tumor volumes (B and C) and overall survival (D). Arrows indicate time of T-cell or PBS infusions.
E, Representative flow cytometry of CD8"tetramer® T cells in indicated treatment groups collected from murine whole blood on day 10. F, Longitudinal flow
cytometry of CD8 tetramer” TCR-T1 cells in whole blood from FOXM1 TCR-T1-treated mouse. Representative of two individual experiments are shown. NS, not
significant; ****, P < 0.0001 using two-way mixed-effects ANOVA. [A, Created in BioRender. Bontekoe, E. (2026) https://BioRender.com/23d37h0]

analyses of TCGA public data demonstrated an increase in
FOXMI1 expression in lung cancer compared with healthy organs
and tissues. Using our validated TCR generation pipeline, we
discovered and validated four TCRs specific for epitopes derived
from FOXM1 and restricted to HLA-A*02:01, HLA-A*24:02, and
HLA-A*23:01. We demonstrated that T cells recognize endoge-
nously expressed FOXM1 via the YLVPIQFPV and IYTWIEDHF
epitopes. Functional studies confirmed that TCR-T cells were
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specific, sensitive, and resulted in cytotoxic responses against
FOXM1-expressing cell lines.

Advancements in immunotherapies have highlighted the potential
of targeting specific cancer antigens to drive more precise and ef-
fective treatments (46). In a phase I clinical trial, 89% of HLA-A*02:
01 patients with cervical cancer vaccinated with a 5-peptide cocktail
vaccine (containing YLVPIQFPV) exhibited FOXM1-specific T-cell
responses as measured by IFNy secretion (45). However, due to
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minimal clinical efficacy and limited immunogenicity often observed
with cancer peptide vaccines, further clinical development was not
pursued. Additional studies have targeted FOXMI using small-
molecule inhibitors, such as STL001, which induces the translocation
of FOXM1 from the nucleus to the cytoplasm, leading to degradation
via autophagy and reduced protein expression (47). Other inhibitors,
such as XST-20, directly bind the FOXM1 DNA-binding domain and
block the regulation of downstream genes essential for cancer cell
proliferation (48). Despite these targeted approaches, the clinical utility
of small-molecule inhibitors has been limited by issues with specificity,
resistance, and underwhelming efficacy (49). In contrast, TCR-T cells
may provide potent and persistent targeting of FOXM1-expressing
cancer cells, although this strategy carries risks such as cytokine release
syndrome and off-target toxicities. Whereas previous studies have
demonstrated immunogenicity of the HLA-A*02:01-restricted YLV-
PIQFPV epitope, we extend these findings by successfully generating
TCR-T cells with specificity for this epitope to develop alternative
strategies to target this tumor antigen (43). Expanding on the work of
Wei and colleagues (50) in which TCR-T cells were generated in a
hepatocellular carcinoma model, we validated antigen-specific and
TCR-T cell reactivity to this epitope in NSCLC and further identified
TCRs recognizing FOXM1 in the context of HLA-A*02:01 and HLA-
A*23:01. To the best of our knowledge, we are the first to generate
FOXM1-specific TCR-T cells for HLA-A*02:01 and HLA-A*23:01.
Additionally, our analysis of patient samples demonstrates that
FOXM1-specific T-cell clonotypes are not exclusive to healthy indi-
viduals but are also present in patients with NSCLC, further demon-
strating the feasibility and relevance of targeting FOXM1 in NSCLC.

We further established FOXMI as a suitable target for cellular
therapies, providing strong evidence of the cytotoxic potential of
our TCR-T cells against FOXM1-expressing NSCLC cell lines. By
leveraging the specificity and durability of TCR-T cell therapies, we
present a promising approach to overcome FOXM1-driven NSCLC.
FOXMI expression did not seem confined to any particular geno-
mic subtype of lung cancer, although alterations in RET, ALK, and
FGFR1, among others, expressed increased levels of FOXM1. This
could suggest FOXM1 is a promising target in these aggressive
cancer subtypes with limited therapeutic options, although addi-
tional studies in larger patient cohorts are necessary. Specifically,
this elevated FOXM1 expression observed in specific oncogenic
subtypes, such as RET-driven tumors, suggests the possibility of
prioritizing molecularly defined patient subsets. Moreover, as
FOXM]1 is induced in multiple cancer types (19, 51), our findings
extend beyond NSCLC and highlight the potential for TCR-T cell
therapies for the treatment of a variety of FOXM1-driven malig-
nancies. The potential for on-target, off-tumor toxicity remains a
critical consideration in the clinical translation of FOXM1-targeted
TCR-T cell therapy. Although FOXM1 is minimally expressed in
normal tissues, its transient expression in proliferating progenitor
cells and during tissue regeneration highlight valid concerns about
possible toxicity. Our data suggest the importance of thoroughly
characterizing FOXM1 expression and TCR-T cell reactivity versus
nonmalignant tissues as the lack of toxicity observed against healthy
human brain, lung, liver, heart, and kidney cell lines is encouraging.
Our analysis of TCR-T1 recognition by amino acid replacement
provides further insight into the specificity of our TCR-T cells,
highlighting the critical contacting residues for TCR-T cell recog-
nition. We also demonstrate the endogenous expression of
FOXMI1 by tumors can be effectively targeted by TCR-T cells.
Lastly, in vivo experiments demonstrated TCR-T cell persistence in
addition to tumor reduction and prolonged survival, further
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highlighting the potential of this approach while exhibiting no signs
of toxicity. This further emphasizes the safety and clinical applica-
bility of FOXM1 TCR-T cells. Demonstrating the efficacy of this
approach provides advancement in FOXMI-targeting therapeutics
and also underscores the broader potential of TCR-T cell therapy in
oncology. Overall, this study lays the foundation for clinical trans-
lation of these approaches to lung cancer and other solid tumors
exhibiting high FOXMI expression.

Data Availability

TCR sequencing data are available at https:/clients.adaptivebiotech.com/pub/
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under accession number GSE319956. Data are available to all researchers upon request.
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