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A B S T R A C T

Adoptive transfer of tumor-infiltrating lymphocytes (TIL) is effective in melanoma and selected solid tumors, but its potential in pancreatic ductal adenocarci-
noma (PDAC) remains largely unexplored. We report a 39-year-old male with metastatic PDAC involving lung, peritoneal, liver, and lymph node who received
three sequential infusions of TIL expanded ex vivowith IL-2/IL-15/IL-21 from a lung metastasis. Each infusion followed low-dose lymphodepletion and IL-2 sup-
port. The patient achieved stable disease after the first infusion and a partial response after the second along with reductions in serum CA19-9. Genome
sequencing revealed substantial inter-tumoral heterogeneity, with mutations in ITGB2, C1QTNF3, CDK9, TMEM200C, FHOD1 and ZZZ3 impacting TIL infiltration
and clinical response. RNA-seq showed that responding lesions were enriched for inflammatory and tumor-specific programs, displayed enrichment of T-cell
activation transcripts and had reduced infiltration of cancer-associated fibroblasts. TCR sequencing confirmed the robust infiltration of TIL-derived CD8+ clono-
types, while functional assays demonstrated a polyclonal recognition of patient-derived somatic mutations and cytotoxicity against autologous tumor lines. Sin-
gle-cell TCR mapping further validated the dominance of tumor-specific CD8+ clonotypes in responding lesions. This case demonstrates the feasibility and
immunological activity of TIL therapy in PDAC, while underscoring the impact of spatial tumor heterogeneity on therapeutic outcomes.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains one of the
most lethal malignancies despite advances in surgery, chemotherapy
and radiotherapy, with median survival of 4 months and a 5-year sur-
vival of 13% [1]. The poor prognosis is primarily driven by late diag-
nosis due to its asymptomatic onset, rapid metastatic progression,
and profound resistance to systemic therapies [2]. Immunotherapy
has transformed the treatment landscape of several cancers, includ-
ing melanoma and lung cancer, but progress in PDAC remains limited
due to its immunosuppressive tumor microenvironment (TME) [3,4].

The complex interplay between malignant cells, infiltrating immune
cells, and cancer-associated fibroblasts (CAFs) results in profound
immune dysfunction and restricts infiltration of key anti-tumor popula-
tions such as CD8⁺ T-cells, natural-killer cells, and of pro-inflammatory
M1 macrophages, N1 neutrophils, and Th1 cells [4]. The abundance of
suppressive cells aligned with the deficiency of anti-tumor immunity
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has rendered PDAC largely unresponsive to immune checkpoint block-
ade (ICB). Despite successful in other tumors, anti-CTLA-4 [5] and
anti�PD-L1 [6] therapies have shown limited success in PDAC, both as
monotherapies and in combination regimens [7]. Similarly, attempts to
modulate the TME and enhance anti-tumor immune responses have
also been unsuccessful. Pegilodecakin, a pegylated recombinant human
IL-10, combined with FOLFOX did not improve outcomes in advanced
gemcitabine-refractory PDAC [8], and vaccination with Algenpantucel-L
failed to confer a survival benefit in patients with borderline resectable
or locally advanced unresectable PDAC receiving standard neoadjuvant
chemotherapy and chemoradiation [9]. These shortcomings highlight
the necessity of strategies that can overcome immune exclusion and re-
engage tumor-reactive lymphocytes.

The poor responses rates to immunotherapy are partially attrib-
uted to its low mutation burden, which generates few tumor-specific
neoantigens and limits T-cell infiltration [10]. Nevertheless, neoanti-
gen quality has been linked to long-term survival in PDAC, indicating
r Therapy.
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that most patients harbor neoantigens capable of stimulating T-cell
responses [11,12]. This was supported by a recent study showing
that an mRNA vaccine induced de novo neoantigen-specific CD8⁺ T-
cells with multiyear persistence [13], suggesting that tailored immu-
notherapies, such as tumor-infiltrating lymphocyte (TIL) therapy,
may hold promise for PDAC.

TIL therapy have demonstrated superior efficacy than ICB in the
treatment of melanoma [14], leading to the FDA approval of the first
T-cell-based immunotherapy to treat solid tumor, Lifileucel
(AMTAGVI) [15]. This success is attributed to the broad T-cell specific-
ities within the TIL product, which enable recognition of multiple
tumor antigens [16,17], combined with their superior tumor-homing
capacity [18,19]. Although PDAC is considered an “immunologically
cold” tumor, growing evidence indicates that subsets of TILs with
tumor-reactive and stem-like phenotypes exist within PDAC lesions
[20�22]. Notably, a recent study demonstrated antitumor activity in
a PDAC patient who achieved stable disease for over 1 year following
TIL infusion [23], underscoring the feasibility and therapeutic poten-
tial of TIL therapy in this setting.

Recent innovations in TIL manufacturing, including optimized
expansion protocols, cell engineering, and improved culture systems
[24], have enabled the generation of highly functional TIL populations
even from tumors with low baseline immune infiltration [25�27]. In
this study, we report the use of IL-2/IL-15/IL-21-expanded TIL ther-
apy in a PDAC patient under a compassionate use program, integrat-
ing genomic, transcriptomic, and T-cell receptor (TCR) profiling with
functional immunological assays to investigate mechanisms underly-
ing response and resistance.

Methods

TIL expansion

TILs were isolated from lung metastasis and expanded as previ-
ously reported [28]. Briefly, tumor tissue was mechanically dissected
into fragments of approximately 8 mm3 and cultured in a fully closed,
GMP-compliant perfusion bioreactor platform developed for
advanced therapy medicinal product manufacturing. Initial out-
growth (phase I) was performed in a 30-mm perfusion bioreactor,
followed by large-scale expansion (phase II) in a 500-mm perfusion
bioreactor at ZellWerk GmbH (Berlin, Germany).

Cultures were maintained in CellGro medium (CellGenix) supple-
mented with 10% human AB serum (ZKT T€ubingen), 1% antibio-
tic�antimycotic solution (penicillin, streptomycin, amphotericin B;
Sigma-Aldrich), and GMP-grade cytokines IL-2 (1000 IU/mL), IL-15
(180 IU/mL), and IL-21 (1 IU/mL) (Miltenyi Biotec GmbH, Germany).
All reagents and consumables used during manufacturing were GMP-
compliant.

At culture initiation, anti-CD3 antibody (clone OKT3, 30 ng/mL;
Miltenyi Biotec) and gamma-irradiated (55 Gy) allogeneic peripheral
blood mononuclear feeder cells (1�2 £ 10⁶ cells pooled from four
donors; ZKT T€ubingen) were added once to support T-cell activation
and expansion. Media perfusion and exchange were automatically
regulated based on continuous monitoring of pH, hyperoxic pO₂, and
temperature. Cell density, glucose consumption, and lactate produc-
tion were routinely assessed throughout the expansion process. At
harvest, cells were washed twice in 0.9% saline, formulated in 5%
human albumin solution (Grifols), and transferred into infusion bags.
The final product was transported to the clinical site under controlled
ambient conditions (15�22°C).

Mutation profiling and neoepitope synthesis

Whole-exome sequencing (WES) was performed in genomic DNA
isolated from tumor samples by CeGaT (T€ubingen, Germany). The Agilent
kit SureSelectXT Human All Exon V6 was used for library preparation
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prior to sequencing in a NovaSeq 6000 (Illumina, 2 £ 100 bp). Post-
sequencing data demultiplexing and trimming was performed with Illu-
mina bcl2fastq (version 2.20) [29] and Skewer (version 0.2.2) [30]
respectively. Sequencing data analysis was performed using the Illumina
DRAGEN platform (version 4.2.4) [31]. RStudio was used to analyze the
final data and generate figures using the R package ggplot2.

Mutations identified byWES were used to design 15-mer peptides
with the mutated residue positioned centrally within the sequence as
previously described [32]. For each neoepitope, the corresponding
wild-type peptide was also synthesized, generating peptide pairs of
mutant and wild-type sequences. These pairs were used in down-
stream immunological assays to compare T-cell recognition of
mutant versus wild-type epitopes.

RNA sequencing

RNA isolated from fresh-frozen tumor tissue material was sent to
CeGaT (T€ubingen, Germany) for RNA sequencing. The SMARTer
Stranded Total RNA Seq Kit v2-Pico Input (Takara) was used for library
preparation prior to sequencing in a NovaSeq 6000 (Illumina,
2 £ 100 bp Post-sequencing data demultiplexing and trimming was
performed with Illumina bcl2fastq (version 2.20) [29] and Skewer (ver-
sion 0.2.2) [30] respectively. Alignment to grch38 was performed using
STAR (version 2.7.3) [33]. Differential expression analysis between
groups was performed with DESeq2 (version 1.24.0) [34]. Gene ontog-
eny (GO) analysis was performed on differentially expressed genes [35].
The gene list containing genes with a log2FC> 1.5 andwas used as input
for the R package clusterProfiler (version 4.3.1.900) [36]. CIBERSORT was
used to estimate the immune cell infiltration proportions by the stan-
dard LM22 signature matrix [37]. Principal component analysis (PCA)
was performed using the R package ggfortify. Volcano plot was gener-
ated using the R package EnhancedVolcano.

Signature scores were computed by calculating the mean voom-
normalized expression of predefined gene sets. T-cell�related pro-
grams included: TPEX (TCF7, LEF1, IL7R, CCR7, CXCR5, SLAMF6), Effec-
tor (GZMB, GZMA, PRF1, NKG7, GNLY, IFNG, TBX21, EOMES, CX3CR1),
Pro-inflammatory (CD8A, GZMA, GZMB, GZMH, GZMK, PRF1, NKG7),
Tumor-specific (ENTPD1, ITGAE, PDCD1, CXCL13, TOX, HAVCR2, LAG3,
TIGIT), Exhaustion (PDCD1, CTLA4, LAG3, HAVCR2, TIGIT, TOX, NR4A1,
BATF, PRDM1), and IFN-g signature (STAT1, IRF1, IDO1, CXCL9, CXCL10,
HLA-A, HLA-B, HLA-C). Tumor microenvironment signatures included
cancer-associated fibroblasts (ACTA2, TAGLN, FAP, COL1A1, PDGFRB,
CXCL12), myeloid cells (CD68, CSF1R, MRC1, MERTK, SPP1, IL10), and
hypoxia (HIF1A, CA9, SLC2A1, HK2, LDHA). For each lesion, signature
scores were obtained by averaging expression values across all genes
in a given set. Data handling and visualization were performed in R
using the packages tidyverse, reshape2, ComplexHeatmap, pheatmap,
circlize, RColorBrewer and ggplot2.

TCR NGS

RNA samples isolated from the TIL products and tumor samples
were sent to iRepertoire Inc (Huntsville, AL, USA) for TRB CDR3 next
generation sequencing. TCRb libraries were generated using one-
step reverse transcription followed by purification and multiplex sec-
ondary amplification with Illumina adapter sequences. Libraries were
sequenced on an Illumina MiSeq, and fastq files were processed on
the iRepertoire webserver for V(D)J alignment. Mapped data were
analyzed in the R package “Immunarch” to assess TCR diversity, over-
lap, spectratype, and clonotype tracking.

Histology

Specimens were fixed in 4% formalin, paraffin-embedded, sec-
tioned at 4mm, and stained with hematoxylin�eosin for histopatho-
logical assessment. Immunohistochemistry was performed as
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previously described [32] to identify tumor-infiltrating infiltrating T-
cells (CD3, CD4, CD8) and macrophages (CD68).

TILs’ response to neoantigens and TCR identification

TILs were tested for immunoreactivity against mutated peptides
as previsouly described [32,38]. Briefly, TILs were cultured with indi-
vidual mutated peptide for 7 days at 37°C with 5% CO2. Supernatants
were collected and IFN-g production was assessed using a standard
ELISA kit following the manufacturer’s guidelines (Mabtech, Stock-
holm, Sweden). Values from the negative control (medium) were
subtracted from epitope (peptide)-specific responses and to reflect
the net IFN-g production from T-cell populations.

Antigen-reactive TILs were isolated as single cells by flow cyto-
metric sorting following standard guidelines [17,39]. RNA from each
cell was reverse-transcribed, and TCRa and TCRb chains were ampli-
fied using nested RT-PCR with V- and C-region primers. Purified PCR
products were sequenced by Sanger sequencing, enabling determina-
tion of paired CDR3a and CDR3b sequences at the single-cell level.

Killing assay

TILs’ cytotoxicity against autologous tumor cell lines was determined
as previously described [25]. Briefly, target cells comprising of autologous
or control tumor cell lines were labelled with 100 m of CiNa251CrO4 for
2 h. Target cells were then incubated with effector TILs at different effec-
tor:target ratios for 4 h at 37°C. Chromium-51 release in the supernatant
was used to calculate TIL-mediated lysis of Cr-51�labeled target cells.
K562 (ATCC no: CCL-243), Daudi B-lymphoma cell line (ATCC no: CRL-
213) and autologous EBV-transformed B cell line served as controls.

TCGA database processing

RNA and WES data from the TCGA-PAAD cohort were analyzed
using TIMER3 [40] and cBioPortal [41] respectively. We estimated the
correlation between the expression of ITGB2, C1QTNF3, CDK9,
TMEM200C, FHOD1 and ZZZ3 with CD8+ T-cells infiltration in PDAC
using the Immune Infiltration Analysis Module with Spearman’s cor-
relation to adjust for purity [40]. Patient disease-free survival data
was downloaded from cBioPortal and Kaplan-Meier plots with P val-
ues from a log rank test was determined based on somatic mutations
on TMEM200C, ITIH6, FHOD1, ITGB2, C1QTNF3, ADGRB1, OSBP2, CDK9,
HDAC1 and ZZZ3 [41] using the R package survminer.

Results

TIL product characteristics

The manufactured TIL products were tested as previously
described [25]. Flow cytometric analysis demonstrated that the final
products consisted predominantly of CD3⁺ T cells (>97%), with
marked enrichment of CD3⁺CD8⁺ subsets (>92%) and minimal
CD3⁺CD4⁺ representation (<4%). Functional evaluation showed
robust IFN-g secretion following OKT3 stimulation and inducible
CD107a expression upon PMA activation, confirming preserved cyto-
toxic capacity and overall product potency (Supplementary Figure).

Clinical course and treatment overview

The patient was a 39-year-old male diagnosed in February 2016
with metastatic pancreatic ductal adenocarcinoma (PDAC) involving
bilateral lung, peritoneal, liver, and lymph node metastases. He
received 16 cycles of mFOLFIRINOX (oxaliplatin 85 mg/m2; irinote-
can, 165 mg/m2; leucovorin, 400 mg/m2; and fluorouracil, 2400 mg/
m2, every 2 weeks), showing mixed radiologic response. Given the
lack of sustained clinical benefit, the patient requested evaluation for
3

TIL therapy and was admitted in January 2017. A large lung metasta-
sis was surgically resected to manufacture an autologous TIL product
while systemic FOLFIRINOX continued (Figure 1A).

The first infusion (0.5 £ 10⁹ TILs) was administered in May 2017 fol-
lowing low-dose conditioning with only cyclophosphamide (30 mg/kg)
and a single low-dose IL-2 (60,000 IU/kg). This resulted in disease stabili-
zation, prompting a second infusion (1.9 £ 10⁹ TILs) in June 2017 using a
higher conditioning regimen (cyclophosphamide 60 mg/kg) and
increased IL-2 dosing (5 £ 60,000 IU/kg) to enhance cell persistence.
Post-infusion, serum CA 19-9 levels declined (Figure 1B), and imaging
revealed a mixed response: marked regression of one lung metastasis,
stability of another, and persistence of the peritoneal lesion. In July 2017,
all three lesions were excised for analysis byWES, RNA-seq and TRB NGS.

A third TIL infusion (1.2 £ 10⁹ TILs) was administered in August
2017 after lymphodepletion with cyclophosphamide (60 mg/kg) and
high-dose IL-2 (5 £ 600,000 IU/kg), aiming to further reduce host lym-
phocyte competition and boost in vivo TIL expansion. Cytokine analysis
revealed transient elevations in IL-6, TNF-a, and soluble IL-2R following
IL-2 administration (Figure 1C). Despite continued CA 19-9 decline, no
additional clinical or radiologic benefit was observed, and imaging con-
firmed progressive disease. Three months later, new hepatic lesions
developed, and the patient transitioned to palliative care. All three TIL
infusions were well tolerated, with adverse events limited to transient
fever and lymphopenia, the latter effectively managed with filgrastim.

Tumor genomic heterogeneity and mutational landscape impact on
response

WES was performed on DNA from the lung metastasis used for TIL
manufacturing (Harvest), a Regressing lung metastasis, a Stable lung
metastasis, and a Progressing peritoneal metastasis (Figure 2A). The
total non-synonymous somatic mutation burden across all lesions
was low, ranging from a nonsynonymous tumor mutation burden
(TMB) of 2.36 mutations/Mb at Harvest to 2.38, 3.17 and 2.91 muta-
tions/Mb in the Regressing, Stable and Progressing lesions respec-
tively, consistent with PDAC’s typical low mutational load [42].

Analysis revealed pronounced inter-lesional heterogeneity at both
the gene and mutation levels, with most alterations being unique to
individual lesions (Figure 2B). The mutations were distributed across
canonical pancreatic cancer genes, DNA damage repair genes, and
other oncogenes but no chromatin remodeling genes. Notably, no
KRAS mutations were detected in any lesion. Canonical PDAC driver
mutations in TP53 and CDKN2A were present only in post-TIL meta-
static lesions and absent from the Harvest sample. In contrast, muta-
tions in RNF43, BRCA1/2, ATM, MSH2, NOV, SOX9, ERBB2 and PIK3R3
were shared across all sites, consistent with a common clonal origin
(Figure 2C). Of note, the regressing lesion harbored a higher number
of somatic TP53 mutations compared to the other lesions, potentially
increasing its antigenic visibility to TIL therapy, whereas the pro-
gressing lesion’s distinct mutational and immunosuppressive land-
scape may have hindered effective recognition and clearance.

We next examined private mutations exclusive to the progressing
lesion. A total of 34 nonsynonymous variants, including missense,
frameshift, and insertion/deletion events, were identified in genes
linked to immune response and cancer metastasis (Figure 2D). Nota-
ble examples included TMEM200C, ITIH6 and FHOD1—associated with
invasion, immune escape, and extracellular matrix regulation pre-
dominantly expressed in stromal cells [43�45]; ITGB2, C1QTNF3 and
ADGRB1—involved in T-cell trafficking and immune modulation—
expressed in TILs [46�48]; and OSBP2, CDK9, HDAC1 and ZZZ3—impli-
cated in proliferation, metastasis, epigenetic regulation, and tumor
suppression—expressed in tumor cells [49�52].

Altogether, these mutations illustrate how stromal remodeling,
immune modulation, and tumor-intrinsic programs may converge to
dictate the extent of TIL infiltration and functionality, ultimately shaping
therapeutic response in PDAC (Figure 2E). We therefore investigated the



Fig. 1. Treatment timeline and clinical course during multiple TIL infusions in a patient with metastatic PDAC. (A) Chronological overview of clinical interventions and clinical
course. Prior to TIL therapy, the patient received 16 cycles of mFOLFIRINOX (oxaliplatin 85 mg/m2; irinotecan, 165 mg/m2; leucovorin, 400 mg/m2; and fluorouracil, 2400 mg/m2,
every 2 weeks). Lymphodepleting cyclophosphamide was administered before each TIL infusion (30 mg/kg before TIL-1; 60 mg/kg before TIL-2 and TIL-3). IL-2 support was adminis-
tered post-infusion (TIL-1:1£ 60,000 IU/kg; TIL-2:5 £ 60,000 IU/kg; TIL-3:5 £ 600,000 IU/kg). TIL-1 (0.5£ 10⁹ cells) was infused on day 0, TIL-2 (1.9 £ 10⁹ cells) on day +55, and TIL-
3 (1.2 £ 10⁹ cells) on day +97. Lesion responses were assessed radiographically after each TIL infusion and classified as stable disease (SD), partial response (PR), and progressive dis-
ease (PD) respectively. (B) Serum cancer antigen 19-9 (CA 19-9) levels (U/mL) over the treatment course, with trends aligned to TIL infusion dates. (C) Plasma concentrations of TNF-
a, IL-6 and soluble IL-2 receptor (sIL-2R) measured at multiple time points before and after TIL and IL-2 administration. Sampling points included pre- and post-IL-2 intervals (2�12
h) for up to five IL-2 doses per infusion, plus longitudinal follow-up at days +1, +4, +19, and +30 after each TIL administration. (Color version of figure is available online.)
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relation between the expression of these genes and immune cell infil-
tration by analyzing the PAAD-TCGA dataset [53], as well as the impact
of their mutation on patient outcome. Expression of ITGB2, C1QTNF3,
CDK9, TMEM200C, FHOD1, and ZZZ3 positively correlated with CD8+ T-
cell infiltration (Figure 2F), supporting their role in orchestrating
immune responses in PDAC. Moreover, patients with mutations in these
genes exhibited shorter progression-free survival (Figure 2G), further
underscoring their relevance as determinants of TIL responsiveness and
potential biomarkers for adoptive cell therapy in PDAC.

T-cell diversity and immune activation in responding lesions

PCA of transcriptomic profiles revealed distinct clustering of each
lesion, with the Regressing lesion positioned closest to the Stable
lesion, while the Progressing and Harvest lesions showed the greatest
divergence (Figure 3A). Immune deconvolution of RNA-seq data dem-
onstrated striking differences in immune cell composition: the
Regressing lesion was enriched for CD4⁺ memory resting and CD8⁺ T-
cells, the Progressing lesion contained higher proportions of regulatory
T-cells, M2 macrophages, and other immunosuppressive populations,
and the Stable lesion displayed an intermediate profile (Figure 3B).

We identified differentially expressed genes between responding
and non-responding lesions (Figure 3C), which clustered into signa-
tures representing key processes linked to immunotherapy efficacy—
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including progenitor exhausted CD8⁺ T-cells (Tpex) [54], effector
function and pro-inflammatory activity [55], tumor-specificity [56],
T-cell exhaustion and IFN-g signaling [55,57]—as well as resistance
programs such as cancer-associated fibroblast (CAF) or myeloid infil-
tration and hypoxia [58]. Stable and regressing lesions showed
enrichment of transcriptional programs associated with activated
and proliferating TILs (Figure 3D). Conversely, the progressing lesion
exhibited upregulation of stromal- and myeloid-related genes, con-
sistent with enhanced extracellular matrix remodeling, fibroblast
activation, and vascular/stromal signaling. Together, these findings
suggest that effective responses in PDAC are characterized by height-
ened proliferative immune activity coupled with suppression of stro-
mal barriers that otherwise constrain TIL efficacy.

Gene Ontology analysis further highlighted lesion-specific pro-
grams, with “T-cell receptor complex” among the top enriched terms
in the Regressing and Stable lesions, but absent in the Progressing
lesion, which instead exhibited enrichment for structural and meta-
bolic pathways unrelated to immune activation (Figure 3E). This sug-
gested that different TIL infiltration patters could be related to lesion
control. Analysis of TCR clonotypes showed that all the top 20 most
frequent clonotypes in the Harvest sample (accounting for 26.8% of
the repertoire) were also detected in the Stable and Regressing
lesions after TIL therapy, representing 11.1% and 11.6% of their reper-
toires, respectively (Figure 3F). In contrast, only 11 clonotypes were



Fig. 2. Inter-tumoral heterogeneity impact on TIL infiltration and clinical response. (A) Schematic of sample collection and analytical workflow. Surgical resection material used
for TIL manufacturing (“harvest”) and biopsy samples collected after the second TIL infusion (stable lesion, regressing lesion, progressing lesion) underwent whole-exome sequenc-
ing (WES), bulk RNA sequencing (RNA-seq), and TCRb next-generation sequencing (TRB NGS). (B) Venn diagrams showing the number of mutated genes (top) and total somatic
mutations (bottom) unique or shared across lesions. (C) Mutation matrix panel depicting key genes and number of somatic mutations per gene. (D) Private nonsynonymous muta-
tions found exclusively in the progressing lesion, with key genes involved in immune response, microenvironment modulation and tumor progression highlighted in bold. (E)
Tumor microenvironment schematic depicting how the mutations may affect tumor control. (F) Scatter plots showing the positive correlation between the expression of ITGB2,
C1QTNF3, CDK9, TMEM200C, FHOD1 and ZZZ3 with CD8+ T-cells infiltration in PDAC. Data from TIMER3.0 database (n = 178). (G) Kaplan�Meier survival curves of PDAC patients
stratified by mutations in genes from panel E. Data from the TCGA PanCancer Atlas (n = 175). (Color version of figure is available online.)
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identified in the Progressing lesion, where they occupied 9.7% of the
repertoire due to overrepresentation of a few dominant clones
(Figure 3G), resulting in reduced overall TCR diversity (Figure 3H).
The high clonality and limited diversity in the Progressing lesion are
consistent with impaired T-cell infiltration, in agreement with the
transcriptomic findings. These data indicate that regressing and sta-
ble lesions were characterized by greater T-cell diversity and immune
5

activation, whereas the progressing lesion exhibited restricted clon-
ality and an immunosuppressive profile.

T-cell infiltration and TIL tracking

Considering the observed differences in mutation profiles, tran-
scriptomics, and TCR characteristics across lesions, we next compared



Fig. 3. Transcriptomic characterization of immune-mediated tumor control. (A) PCA of RNA-seq data showing separation of the harvest, stable, regressing, and progressing
lesions. (B) Estimated immune cell type proportions inferred from bulk RNA-seq data using CIBERSORTx deconvolution, demonstrating differences in lymphoid, myeloid, and NK
cell infiltration between lesions. (C) Volcano plot highlighting genes that are differentially expressed between responding and non-responding lesions. (D) Expression-based scores
of differentially expressed genes grouped into predefined T-cell functional signatures and tumor microenvironment characteristics are shown for progressing, responding, and sta-
ble lesions. Each bar represents the relative enrichment of a given signature within an individual lesion. (E) Gene ontology enrichment analysis of differentially expressed genes for
each lesion, showing enrichment in cellular component terms such as T-cell receptor complex, immunoglobulin complexes, plasma membrane�associated structures, and extracel-
lular matrix organization. (F) Tracking of the 20 most frequent clones from the Harvest sample across the progressing, stable, and regressing lesions. (G) Distribution of clonotypes
by homeostatic space, classified as hyperexpanded (1�100%), large (0.1�1%), medium (0.01�0.1%), or small (0�0.01%). (H) TRB diversity measured by the inverse Simpson’s index.
(Color version of figure is available online.)
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the T-cell infiltrates and corresponding expanded TILs from each site.
All lesions contained both CD4⁺ and CD8⁺ T-cells that could be suc-
cessfully expanded into TIL products (Figure 4A). TCR CDR3 spectra-
typing of sorted CD4⁺ and CD8⁺ clonotypes revealed lesion-specific
6

patterns: the Regressing lesion showed clonal dominance among
CD4⁺ clonotypes carrying a TRBV12-4 gene segment, whereas the
Stable lesion displayed dominance among CD8⁺ clonotypes with the
same segment (Figure 4B). This indicates that different tumor lesions



Fig. 4. Phenotypic, functional, and TCR repertoire analysis of lesion-derived TIL products. (A) Immunohistochemistry of tumor sections from regressing and stable lung metas-
tases and a progressing peritoneal metastasis stained for CD3, CD4, CD8 (T-cell markers) and CD68 (macrophage marker). (B) CDR3 TRB spectratyping of sorted CD4⁺ and CD8⁺ T-
cells from lesion-derived TIL products. (C) Flow cytometric quantification of CD3⁺, CD4⁺ and CD8⁺ T-cells and PD-1 expression within bulk TIL products derived from each lesion. (D)
Scatterplot comparing TRB repertoire overlap between sorted CD4⁺ or CD8⁺ TIL fractions and T-cells infiltrating the corresponding tumor lesions. (E)Morisita�Horn similarity index
analysis of TRB repertoires in CD4⁺ and CD8⁺ TIL fractions from regressing, stable, and progressing lesions. (F) Experimental workflow: (i) WES of tumor lesions to identify nonsy-
nonymous mutations, (ii) synthesis of corresponding peptides, (iii) in vitro stimulation of lesion-derived TILs, (iv) single-cell sorting and TCR identification, and (v) sequencing of
bulk and sorted CD4⁺/CD8⁺ fractions to track mutation-reactive clonotypes. (G) IFN-g production by peptide-stimulated TILs with predicted neoantigens. (H) Frequency of muta-
tion-specific TCR clonotypes in each lesion-derived TIL product, stratified by CD4⁺ and CD8⁺ subsets. (I) Specific killing of tumor cell lines established from the Stable or Regressing
metastatic lesion by the TIL product. Cr51-labeled autologous tumor cell line or control tumor cell lines (targets) were incubated with tumor-infiltrating lymphocytes (effectors) at
varying effector-to-target (E:T) ratios, and cytotoxic activity was calculated based on Cr51 release into the supernatant. Controls included the Daudi B-lymphoma cell line and autol-
ogous EBV-transformed B-cell line. (Color version of figure is available online.)

7

Targeting intratumoral heterogeneity in pancreatic cancer



L.C.M. Arruda et al.
promoted the expansion of distinct T-cell subsets, with both CD4⁺
and CD8⁺ clonotypes likely recognizing a shared tumor antigen.
These dominant clonotypes were associated with high PD-1 expres-
sion in the generated TIL products (Figure 4C), consistent with recent
antigen encounter and sustained activation rather than terminal dys-
function. In contrast, the Progressing lesion lacked clonal dominance
and exhibited low PD-1 expression (Figure 4B,C).

To confirm the origin of expanded TILs detected in the lesions, we
performed a clonotype overlap analysis between the infused TIL
product and the post-therapy lesions. CD8⁺ TIL-derived clonotypes
showed greater persistence and infiltration than their CD4⁺ counter-
parts (Figure 4D), resulting in a higher degree of overlap with the
tumor-infiltrating repertoire (Figure 4E). These findings suggest that
CD8⁺ TIL-derived clonotypes played a central role in mediating tumor
regression in PDAC.
TILs functional response

We next assessed the tumor reactivity of the infused TIL product
by testing responses against mutated peptides and identifying the
TRB sequences of tumor-specific T-cells (Figure 4F). TCR identification
by Sanger sequencing of responder TILs enabled mapping of TRB
CDR3 regions across all samples. Stimulation of the infused TIL prod-
uct with 64 peptide pools elicited responses against 18 pools, consis-
tent with a polyclonal T-cell repertoire characteristic of TIL products
(Figure 4G). A comparable pattern was observed in the TILs expanded
from the Regressing lesion post-therapy, confirming that tumor-spe-
cific T-cells were retained and contributed to local tumor control.

Tracking of tumor-specific TCR clonotypes revealed that, despite
the polyfunctional profile of the Harvest-derived TIL product, the
Regressing lesion contained the highest presence of multiple tumor-
specific TCRs, particularly within the CD8⁺ compartment (Figure 4H).
In contrast, only a few tumor-specific clonotypes were detected in
the Progressing lesion. Functionally, the infused TIL product specifi-
cally lysed autologous tumor cell lines derived from the Stable and
Regressing lesions in a dose-dependent manner (Figure 4I), while
sparing the autologous EBV-transformed B-cell line. Collectively,
these results demonstrate that both the infused TIL product and the
TILs expanded from the Regressing lesion mounted broad, mutation-
specific responses, and that responding lesions were selectively
enriched for tumor-specific T-cells with cytolytic capacity.
Discussion

This case report extends the application of TIL therapy beyond tra-
ditionally immunologically “hot” tumors such as melanoma and lung
cancer. The approach was feasible and did not raise unexpected
safety concerns despite the use of multiple TIL and IL-2 administra-
tions, with most adverse events consisting of anticipated cytopenias
related to the reduced-intensity lymphodepleting chemotherapy.
Notably, we showed genomic, transcriptomic and functional corre-
lates between responding and non-responding metastatic lesions,
demonstrating the association between multiple target recognition
and TIL infiltration with tumor control in PDAC.

Although relatively low doses of TIL were administered in this
case (0.5�2.1 £ 109 cells) compared with other protocols (median
dose of 21.1 £ 109 cells) [15], the patient progressed from stable
disease after the first infusion to a partial response after the sec-
ond. This finding suggests that multiple TIL administrations may
enhance pharmacokinetic and pharmacodynamic profiles, a con-
cept also associated with improved outcomes in CAR-T therapy
[59]. We have reported similar favorable results with repeated
TIL administrations in a prostate [25,27] and glioblastoma [26]
patient, suggesting that this approach may enhance TIL responses
in immunologically cold tumors.
8

PDAC is characterized by a low TMB [42], a feature consistently
associated with poor responsiveness to immunotherapy [11].
Although the overall number of mutations is relatively low, these
alterations are predominantly clonal, with KRAS mutations present in
approximately 90% of cases [60] and linked to poor survival [61,62].
Targeted strategies such as KRAS-G12C inhibitors (Sotorasib and Ada-
grasib) [63] or KRAS-G12V neoantigen-specific TCR-T cells [64] repre-
sent promising therapeutic options but are limited to patients
carrying specific mutations and HLA alleles. In contrast, TIL therapy is
mutation-agnostic, offering broader applicability across patients
regardless of their genomic background. In the present case, although
a canonical KRAS driver mutation was absent, alterations in TP53,
CDKN2A and RNF43 were identified. Although these genes drive
PDAC progression and are often linked to poor therapeutic response,
clinical experience indicates that only a minority of patients can ben-
efit from targeting such mutations, due to the lack of available drugs
and the undruggable nature of many driver genes [65]. Here, we
demonstrated that IL-2/IL-15/IL-21-expanded TILs exert antitumor
activity through recognition of multiple tumor-derived antigens and
possess intrinsic tumor-homing capacity, enabling effective immune
targeting even when driver mutations are undruggable or lack avail-
able therapies.

Previous studies have highlighted the heterogeneity of the PDAC
tumor microenvironment across metastatic sites, reflecting adapta-
tion to local niches and enrichment of oncogenic programs such as
TP53 activation [66]. Although TP53 mutations were not detected in
the tumor material harvested for TIL manufacturing, varying levels of
somatic mutations emerged in metastatic lesions post-treatment.
TP53 dysfunction is known to reshape the TME by impairing antigen
presentation, altering cytokine signaling, and fostering an immuno-
suppressive milieu that facilitates tumor progression [67]. The
Regressing lesion harbored a higher number of TP53 mutations,
potentially broadening the repertoire of immunogenic peptides avail-
able for TIL recognition and contributing to the observed therapeutic
response, as previously described [68,69].

Our findings highlight that private mutations in the progressing
lesion were not random but enriched in pathways central to tumor-
�immune interactions, stromal remodeling, and tumor-intrinsic sur-
vival programs. Genes such as TMEM200C, ITIH6 and FHOD1,
predominantly expressed in stromal compartments, suggest that
alterations in the extracellular matrix and tissue architecture may
directly influence T-cell infiltration by creating either permissive or
restrictive niches [43�45]. Similarly, mutations in ITGB2, C1QTNF3,
and ADGRB1, which are expressed in TILs and regulate trafficking and
immune communication, point to a model where tumor evolution
actively shapes immune accessibility [46�48]. In parallel, tumor-
intrinsic alterations in OSBP2, CDK9, HDAC1 and ZZZ3 converge on
proliferation, epigenetic regulation, and stress resistance, represent-
ing another layer of adaptation that could undermine T-cell recogni-
tion and effector function [49�52].

Responding lesions were enriched for transcriptional programs
of activated and proliferating TILs, whereas the progressing lesion
upregulated stromal and myeloid genes linked to extracellular
matrix remodeling and fibroblast activation. These findings con-
firm previous observations in melanoma [69] and suggest that TIL
therapy outcomes are shaped not only by the intrinsic properties
of infused lymphocytes but also by the tumor’s mutational and
stromal context [70,71]. The correlation of ITGB2, C1QTNF3, CDK9,
TMEM200C, FHOD1 and ZZZ3 expression with CD8+ T-cell infiltra-
tion together with the association of their mutations with shorter
progression-free survival, underscores their potential as bio-
markers of immune responsiveness in PDAC.

CAR-T cell have been evaluated in PDAC by targeting highly
expressed single antigens such as CD133 [72], EGFR [73], HER2 [74]
and MSLN [75�77], yet most patients experienced only short-term
stable disease or no clinical benefit. These poor outcomes are
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attributed to CAR-T exhaustion [77], limited infiltration into the
tumor and the restricted repertoire of targetable antigens [78], which
are often heterogeneously expressed. In contrast, TIL therapy offers
key advantages, including superior tumor-homing capacity due to
their intratumoral origin and the ability to recognize a broad array of
tumor antigens [16�19]. This study demonstrates that effective TIL
infiltration, coupled with recognition of a wide spectrum of tumor
antigens, is associated with tumor control.

Despite its conceptual advantages, TIL therapy faces several
important challenges that may limit broader implementation. First,
TIL manufacturing requires sufficient tumor tissue and viable lym-
phocyte outgrowth, which can be particularly difficult in immunolog-
ically “cold” tumors such as PDAC [79]. Second, the manufacturing
process remains labor-intensive and time-sensitive, potentially
restricting scalability and rapid clinical deployment [80]. Third, intra-
tumoral heterogeneity and dynamic immune evasion mechanisms,
including antigen loss or T-cell dysfunction, may compromise durable
responses [23,81]. Finally, patient selection, optimal conditioning
regimens, and identification of predictive biomarkers remain areas
requiring further investigation [80,81]. Addressing these biological
and logistical barriers will be critical for expanding the clinical appli-
cability of TIL therapy beyond selected cases.

This case highlights the feasibility and safety of IL-2/IL-15/IL-21-
expanded TIL therapy in PDAC, where repeated low-dose infusions
achieved tumor infiltration, multi-antigen recognition, and clinical
benefit. The findings underscore that TIL efficacy is shaped by both
lymphocyte properties and the mutational�stromal context, sup-
porting further development of TIL therapy as a mutation-agnostic
approach for this genomically heterogeneous disease.
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