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ABSTRACT ARTICLE HISTORY
Adoptive cell therapy with tumor-infiltrating lymphocytes (TILs) has demonstrated con- Received 10 June 2025
sistent clinical efficacy in treating advanced melanoma and other “hot” tumors. However, Revised 11 August 2025

it has shown limited success in “cold” tumors like glioblastoma. We present the success- Accepted 7 September 2025
ful treatment of a rapidly progressing glioblastoma patient with TILs expanded using KEYWORDS

a defined cytokine combination of IL-2, IL-15, and IL-21. The patient received lympho- Glioblastoma; tumor-
depletion with cyclophosphamide one day pre-TIL infusion, followed by a single dose of infiltrating lymphocytes; IL-2;
IL-2 post-transfer. Complete tumor regression was observed after two TIL infusions IL-15; IL-21; cytotoxic T- cells

administered two weeks apart. The TIL products were enriched for CD8" T-cells and
demonstrated specific lysis of the autologous tumor cell line. Transcriptomic analysis of
tumor biopsies post-TIL infusion revealed increased expression of genes associated with
immunological synapse formation and T-cell effector function, correlating with the
patient’s clinical outcome. T-cell receptor (TCR) next-generation sequencing of the
infused TILs and post-treatment tumor biopsies confirmed the infiltration and expansion
of TIL-derived clonotypes within the tumor microenvironment. CD8" T-cell clonotypes
exhibited robust tumor migration and expansion, while CD4" T-cells showed limited
tumor infiltration. In conclusion, TILs expanded with IL-2/IL-15/IL-21 represent
a promising therapeutic approach for glioblastoma, overcoming traditional challenges
posed by the tumor microenvironment and achieving significant clinical outcomes.

SIGNIFICANCE

IL-2/IL-15/IL-21-expanded TILs achieved complete tumor regression in a high-TMB glio-
blastoma patient, overcoming the immunosuppressive microenvironment. This case
highlights a novel approach for treating gliomas using tailored adoptive cell therapy
strategies.

Introduction

Adoptive cell therapy with tumor-infiltrating T lymphocytes (TIL) has achieved notable clinical success in
melanoma, where durable responses have been observed even in advanced disease settings." Beyond
melanoma, TIL therapy has also shown clinical benefit in patients with chemotherapy-refractory, immu-
nologically “hot” tumors such as non-small cell lung and colorectal cancers.* Most recently, a randomized
phase III trial established the superiority of TIL therapy over immune checkpoint blockade in advanced
melanoma reinforcing its therapeutic potential.* However, the extension of TIL therapy to immunologically
“cold” tumors remains limited and warrants further investigation.

IDH-wildtype glioblastoma (GBM) is the most aggressive primary brain tumor in adults, char-
acterized by a median survival of less than 15 months and a 5-year survival rate below 5%.> Standard-
of-care therapy, comprising maximal safe resection surgery, radiotherapy, and temozolomide
chemotherapy,® offers only modest clinical benefit, and prognosis remains poor.” Tumor recurrence
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occurs in the vast majority of patients and complete remissions at this stage are rare exceptions. In
this context, numerous immunotherapeutic strategies have been investigated, including immune
checkpoint inhibitors, cancer vaccines, and adoptive cell therapies.7 However, clinical outcomes
have been unsatisfactory. Adjuvant anti-PD-1 therapy administered alongside radiotherapy (plus
temozolomide in methylated tumors) following surgery failed to demonstrate a benefit over the
standard care.® Similarly, although individualized vaccines can elicit tumor-specific T-cell responses
in GBM,’ their clinical efficacy remains limited'® largely due to the tumors’ immunologically “cold”
phenotype.'!

Chimeric antigen receptor (CAR) T-cells therapies have recently been tested in GBM, with early-phase
trials targeting tumor-associated antigens such as IL-13 Ra2, EGFRVIII, or B7-H3.” Although peripherally
infused CAR T-cells can cross the blood - brain barrier (BBB) and infiltrate the tumor tissue, clinical
responses have been limited.'> Consequently, most T-cell - based therapies are now predominantly
administered via local delivery.'*'® In patients with recurrent GBM, repeated local delivery of IL-13
Ra2-targeted CAR T-cells achieved a disease control rate of approximately 50% "> and similarly encouraging
results were reported with intracerebroventricular administration of B7-H3-directed CAR T-cells in diffuse
intrinsic pontine glioma.'® In contrast, EGFRvIII-specific CAR T-cells have shown limited efficacy likely
due to heterogeneous antigen expression and antigen loss under therapeutic pressure.'” To overcome these
limitations, next-generation strategies are being developed, including bivalent CAR constructs targeting
both EGFRVIII and IL-13 Ra2,"* as well as CAR T-cells engineered to secrete T-cell-engaging antibody
molecules to broaden tumor recognition and enhance bystander killing.'* While these innovations may
improve tumor recognition and reduce the risk of immune escape, they also introduce new safety concerns,
such as off-target toxicity and complications associated with invasive delivery methods.

TILs recognize a broad range of tumor antigens, including both patient-specific neoantigens and shared self-
antigens, possess strong tumor-homing capacity and cytotoxic function, key features that underlie their clinical
efficacy in solid tumors.'” Unlike CAR T-cells, which are limited by the need for a single defined antigen, TIL
products contain diverse T-cell receptor (TCR) specificities capable of targeting multiple tumor-specific
antigens.>”'® Their derivation from the tumor microenvironment further enhances their ability to traffic
back to the tumor site upon reinfusion,'” addressing both the antigenic heterogeneity and infiltration barriers
that often limit CAR T-cell efficacy in GBM. In a pilot study, intrathecal administration of autologous TILs in
combination with IL-2 was found to be safe and induced clinical responses in five of six patients with recurrent
GBM."

In this case report, we describe the treatment of a patient with recurrent GBM using TILs expanded with
IL-2/IL-15/IL-21 under a compassionate use protocol. We present immunogenomic data demonstrating
TIL infiltration, clonal expansion, and tumor control following therapy. These findings highlight the
potential of TIL therapy as a personalized treatment approach in GBM and support further clinical
investigation of TIL-based immunotherapy in other central nervous system malignancies.

Material and methods
Isolation, cultivation and functional characterization of TIL

TILs were isolated from the GBM specimen and cultivated in CellGro medium (CellGenix Inc.) containing
GMP-grade IL-2 (1000 IU/mL), IL-15 (180 IU/mL) and IL-21 (1 IU/mL) (Miltenyi Biotec GmbH,
Germany), 10% GMP-grade human AB serum, supplemented with anti-CD3 (clone OKT3, 30 ng/mlL,
Miltenyi Biotec GmbH, Germany) and gamma-irradiated allogeneic feeder cells. Expansion and activation
of TIL were performed in a closed perfusion bioreactor system.*’ Flow cytometry was performed to evaluate
the phenotype, degranulation (CD107a) and Treg enumeration prior to TIL infusion. IFN-y production was
tested by stimulating TIL with anti-CD3 for 24 hours followed by cytokine quantification in the culture
supernatant by enzyme-linked immunosorbent assay (ELISA) and expressed as pg/1.0 x 10> T-cells/
24 hours. Specific lysis of the autologous GBM tumor cell line by TIL was measured in standard 4-hour
Chromium-51 release assay. K562 leukemia cells, Daudi lymphoblast cell line and autologous EBV-
transformed B-cells were used as controls. A full description of the TIL functional assays is provided below.
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T-cell phenotype

Peripheral blood mononuclear cells or TIL were stained with the following antibodies: anti-human
CD3 PE-Cy7 (BD Biosciences, Catalog Number: 563423), anti-human CD4 V450 (BD Biosciences,
Catalog Number: 56345), anti-human CD8a APC-Cy7 (BD Biosciences, Catalog Number: 557834),
anti-human CXCR3 BD Horizon™ R718 (BD Biosciences, Catalog Number: 567038), anti-human
CCR4 PE (BD Biosciences, Catalog Number: 551120), anti-human CCR6 BD Horizon™ BB515 (BD
Biosciences, Catalog Number: 564479), anti-human CCR7 PE (BD Biosciences, Catalog Number:
560765) and anti-human CD45RA FITC (BD Biosciences, Catalog Number: 561882). Acquisition of
events was performed using a BD FACS Canto II flow cytometer (BD Biosciences, Stockholm,
Sweden). CD4" T helper profile based on CXCR3/CCR4/CCR6 surface expression was performed
as follow: Thl (CXCR3*CCR6 CCR4"), Th2 (CCR4"CXCR3 CCR6"), Th17 (CCR4"CCR6'CXCR3")
and nonconventional Th1* (CXCR3*CCR6"CCR4").>! T-cell differentiation subtypes were defined by
CCR7 and CD45RA expression as naive (CCR7"'CD45RA", Ty), central memory (CCR7'CD45RA™,
Tcwm), effector memory (CCR7 CD45RA™, Tgy) or fully differentiated effector cells (CCR7 CD45RA",

CD107a induction

TILs were incubated in RPMI medium (Gibco, Catalog Number: 61870-010) supplemented with 10% fetal
bovine serum (FBS, Gibco 10,500-056), penicillin and streptomycin (Gibco, Catalog Number: 15140122),
and 100 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma-Adrich, Catalog Number: P8139) for 2 hours
at 37°C with 5% CO,. The anti-human CD107a PE antibody (BD Biosciences, Catalog Number: 555801)
and 4 pL of BD GolgiStop solution (BD Biosciences, Catalog Number: 554724) were also added to the cells
during the incubation period in order to capture surface-bound CD107a molecules while halting their
internalization. The cells were then washed and stained with the anti-human CD3 PE-Cy7, anti-human
CD4 V450 and anti-human CD8a APC-Cy?7 antibodies used in the T-cell phenotype assay. The stained cells
were washed once again and acquired on a BD FACS Canto II flow cytometer. Assays were performed in
triplicates and control cells (IL-15, IL-2 - activated T-cells) were included to assure quality control.

Regulatory T cells

TILs were stained with the following antibodies: anti-human CD3 PE (BD Biosciences, Catalog Number:
555333), anti-human CD4 V450 (BD Biosciences, Catalog Number: 56345), anti-human CD8a APC-Cy7
(BD Biosciences, Catalog Number: 557834), anti-human CD25 PE-Cy7 (BD Biosciences, Catalog Number:
335824) and anti-human CD127 APC (Beckman Coulter, Catalog Number: B42026). After washing, cells
were treated with the TrueNuclear Transcription factor buffer (BioLegend, Catalog Number: 424401),
followed by staining with anti-human FoxP3 Alexa 488 (BD Biosciences, Catalog Number: 560047). The
cells were incubated for up to an hour, washed and acquired on a BD FACS Canto II flow cytometer (BD
Biosciences, Stockholm, Sweden). Assays were performed in triplicates and PBMCs from a healthy donor
showing 2% of Treg, defined as CD3*CD4*CD25™¢"CD127", were used as positive control cells for
immunostaining.

Chromium-51 release assay

Specific cytotoxicity was determined in standard chromium-51 (Cr’') release assays as previously
described.?” Briefly, autologous or control tumor cell lines (‘target cells,” T) were labeled with 100p
CiNa,’!CrO, for 2 hours. 1000 target cells were then incubated in V-bottom microwell plates with TIL
(‘effector cells,” E) at different E:T ratios for 4h at 37°C. Chromium-51 release was measured in the
supernatant and specific cytotoxic activity was calculated by the standard method which measures lysis of
Cr’!-labeled target cells (autologous tumor cell line) by the effector cells (TIL) based on the amount of
radioactivity released into the supernatant. Allogeneic GBM cell lines U-373 (ATCC no: HTB-17) and
DBTRGO5 (ATCC no: CRL-2020), Daudi B-lymphoma cell line (ATCC no: CRL-213) and the autologous
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EBV-transformed B cell line served as controls. For the cold target inhibition assays, a titration of the cold to
hot tumor cells was done in the presence of 90:1 TIL. Following this, the TIL were pre-incubated at different
ratios to the target cells with unlabeled autologous tumor cells as competitors at a ratio of 90:1 (cold:hot
target) to block nonspecific reactivity.

Whole exome sequencing (WES)

Fresh-frozen tumor tissue material was sent to CeGaT (Tiibingen, Germany) for WES. Library was prepared
using the Agilent kit SureSelectXT Human All Exon V6 and sequenced in a NovaSeq 6000 (Illumina, 2 x
100bp). Demultiplexing of the sequencing reads was performed with Illumina bcl2fastq (version2.20).>®
Adapters were trimmed with Skewer (version 0.2.2).>* Sequencing data analysis was performed using the
[llumina DRAGEN platform (version 424)7

Transcriptome analysis

Fresh-frozen tumor tissue material was sent to CeGaT (Tibingen, Germany) for RNA sequencing.
Library was prepared using the SMARTer Stranded Total RNA Seq Kit v2- Pico Input (Takara) and
sequenced in a NovaSeq 6000 (Illumina, 2 x 100bp). Demultiplexing of the sequencing reads was
performed with Illumina bcl2fastq (version 2.20) and adapters were trimmed with Skewer (version
0.2.2).>* Trimmed raw reads were aligned to grch38 using STAR (version 2.7.3).°° Differential
expression analysis between groups was performed with DESeq2 (version 1.24.0)*” in R (version
4.0.4). Gene ontogeny (GO) analysis was performed on differentially expressed genes.”® The gene list
containing genes with a log,FC > 1.5 and was used as input for the R package clusterProfiler (version
4.3.1.900).”

T-cell receptor (NGS) next-generation sequencing (NGS)

Sorted CD4" and CD8" T-cells from TIL products and peripheral blood samples, and fresh-frozen tumor
tissue material were sent to iRepertoire (Huntsville, AL) for TCR NGS.*® In brief, RNA reverse transcription
was conducted with a one-step reverse transcription and the PCR product was purified. A multiplex
secondary amplification was performed allowing addition of Illumina adapter sequences. Libraries were
purified and sequenced in an Illumina MiSeq following standard TCR NGS guidelines.’® Sequencing data in
fastq format were uploaded to the iRepertoire webserver (https://irweb.irepertoire.com/ir/index) for V(D)]
recombination alignment in the TCRP chains. Complete mapped sequencing data was analyzed using
Immunarch (https://immunarch.com/index.html), including TCR diversity, overlap, spectratype and clo-
notype tracking.

Imaging

Diffusion-weighted magnetic resonance imaging (DWI-MRI) with apparent diffusion coefficient (ADC) or
computed tomography (CT) with enhancement (following contrast agent administration) was used to
gauge the radiological follow-up prior and post-TIL therapy.

Histology

Formalin-fixed paraffin-embedded tumor samples were collected before and after TIL treatment.
Tissue sections were deparaffinized and rehydrated, and IHC was performed using the Leica BOND
Protocol (Leica Biosystems, Nussloch, GmbH) following the manufacturer’s instructions. In brief,
antigen retrieval was performed using BOND epitope retrieval ER2 solution for 20 minutes at
100°C followed by peroxide and protein block. Staining for p53 was performed using the in vitro
diagnostic kit for p53 detection (catalog number: P53-DO7-L-U), comprising the mouse anti-
human protein p53 (clone DO-7), diluted 1:800 for 30 minutes at 25°C, and visualized using the
BOND Polymer Refine detection kit (Leica Biosystems) with diaminobenzidine (brown color).
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Rabbit anti-human C-terminal CD8 antibody (clone EP1150Y), diluted 1:500 for 30 minutes at
25°C, was used to assess T-cell infiltration in the tumor samples. Visualization was performed using
BOND Polymer Refine Red detection kit (Leica Biosystems) with Fast Red chromogen (red color)
to allow the dual staining of p53 and CD8. Slides were counterstained with hematoxylin for nuclei
visualization.

Ethics approval and patient consent

Ethics approval was not required, as single-patient compassionate use in Germany is not subject to ethics
committee oversight. Study participant provided informed consent before taking part, including consent for
publication.

Results
Case presentation

A 75-year-old male with pretreated non-methylated glioblastoma, IDH wild type, WHO grade 4, presented
with recurrent disease after 12 months of initial diagnosis. Initial treatment included surgical resection,
radiotherapy (34 Gy) with concurrent temozolomide in accordance with the standard Stupp protocol,® and
subsequent adjuvant temozolomide for six cycles. One-month later, the patient presented with recurrent
disease and was treated with lomustine for one month without clinical benefit. The patient requested the
evaluation of TIL therapy and was admitted to the hospital. As a debulking approach and to isolate TILs, the
recurrent tumor was subtotally resected. At the time of surgery, the patient’s clinical status was consistent
with a Karnofsky Performance Status (KPS) of 80, with preserved cognitive function, intact speech, and
moderate hemiparesis. Postoperative recovery was uneventful without relevant neurological senso-motoric
deficiencies. The patient remained neurologically stable, with no new focal deficits and maintained full
consciousness throughout the immediate postoperative period. In the absence of effective alternative
treatment options and to limit tumor progression during the TIL manufacturing period, temozolomide
therapy was reinitiated as a bridging strategy following surgery. This was intended to provide disease
control while the TIL product was being prepared for infusion.

Six weeks later, the patient presented with impaired neurological symptoms, e.g., mild motoric aphasia,
ataxic gait and partial defect of visual field. In the cranial MRI, a recurrent and significantly progressive
disease was observed with a part of the tumor growing into the brain stem and TIL treatment was initiated.

To promote engraftment of the transferred TIL product, the patient received reduced-dose cyclopho-
sphamide (60 mg/kg, i.v.) one day prior to each TIL infusion, aiming to deplete regulatory T-cells and create
a favorable immunologic niche.’" The next day, 0.7x10° TIL (TIL-1) were administered by the intravenous
route (i.v.) within 45 min. The TIL infusion was supported with a single dose of IL-2 (60,000 IU/kg, i.v.)
administered 8 hours later to enhance survival and functional persistence of the transferred T-cells.** Given
the occurrence of compartmentalized inflammation within the intracranial space, the patient subsequently
received tocilizumab (anti - IL-6 receptor, 4 mg/kg, i.v.) and etanercept (soluble TNF receptor, 25 mg,
subcutaneously. These were administered 24 hours after the first TIL infusion and 72 hours after the second
infusion, following strategies adapted from CAR-T and adoptive cell therapy protocols where cytokine
release syndrome (CRS) may occur™ (Figure 1A). All medications were administered under compassionate
use authorization and were provided at no cost to the patient. This preconditioning and supportive regimen
was selected to balance immune activation with safety in the context of heavily pretreated glioblastoma. The
patient was closely monitored for adverse events (AEs) and clinical development by MRI or CT according to
immunotherapy Response Assessment in Neuro-Oncology (iRANO) recommendations.**

On day + 1 post-infusion, the patient’s clinical status deteriorated to a KPS of approximately 40, with
somnolence, reduced consciousness, confusion, and worsening hemiparesis. In parallel, imaging revealed an
increase in tumor mass and surrounding edema, suggesting elevated intracranial pressure. Urgent surgical
decompression and partial tumor resection was performed to avoid fatal increase of intracranial pressure.
Postoperatively, the patient’s consciousness improved, with a partial clinical recovery to KPS 60, although
cognitive impairment, aphasia, and motor deficits persisted.
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Figure 1. Treatment schedule and TIL product characteristics. (A) Treatment schedule indicating TIL infusion and cyclopho-
sphamide administration. A partial resection of the GBM tumor in the patient’s occipital lobe was performed 6 weeks prior
to TIL-1 infusion (day —43) to obtain tissue for TIL manufacturing. The patient was treated with 60 mg/kg cyclophosphamide
(CTX) one day prior to TIL infusion on either occasion (TIL-1 and TIL-2 infusions). Eight hours after TIL infusion, IL-2 (60,000
IU/kg) was administered i.V., followed by anti-TNF-a (soluble TNF receptor, etanercept, 25 mg) s.C. And anti-IL-6 receptor
(IL-6 R, tocilizumab, 4 mg/kg) i.V. To prevent systemic hyperinflammatory reactions 24 and 72 hours after TIL-1 and TIL-2
infusion, respectively. Serial sampling was performed to assess tumor mutation burden, transcriptomics and TIL persistence/
infiltration analysis. (B) Flow cytometric analysis of T-cell phenotypes (CD4* and CD8") and contaminants evaluation (CD56*
NK-cells and tregs) in manufactured TIL products. (C) CD107a induction in CD4*/CD8* T-cells post-PMA stimulation and IFN-
y production in TIL products after 24-hours stimulation with OKT3 were used to gauge TIL functionality prior to infusion. (D)
Cytotoxic potential of the TIL products as assessed by standard chromium release. Cr*'-labeled autologous tumor cell line
(ATCL) or control tumor cell lines (targets) were incubated with tumor-infiltrating lymphocytes (TILs, effectors) at varying
effector-to-target (E:T) ratios, and cytotoxic activity was calculated based on Cr*' release into the supernatant. Controls
included allogeneic GBM cell lines (U-373, DBTRGO5), Daudi B-lymphoma cell line and autologous EBV-transformed B-cell
line. (E) Cold target inhibition assays using a constant E:T ratio of 90:1, varying cell numbers of cold tumor cells were
incubated with hot tumor cells to titrate the blocking of TIL activity. Highest blocking was commensurate in the presence of
higher numbers of cold tumor cells (up to almost 100% at 90:1 and approximately 95% at 30:1) co-incubated with hot
tumor cells. A set ratio of cold:hot tumor cell was used (90:1) to gauge TIL activity at varying cell numbers of TILs.
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Despite initial clinical deterioration early post-TIL-1, follow-up MRI revealed a significant reduction in
solid tumor volume with signs of central necrosis, suggesting a partial therapeutic response yet with the tumor
still invading into the brain stem. After clinical stabilization (KPS 60) and in agreement with the patient and
family, a second TIL infusion (TIL-2) was administered on day + 14 to enhance therapeutic efficacy and
capitalize on the observed radiologic changes. The decision to proceed was based on the absence of progressive
neurological decline, imaging evidence of treatment effect, and tolerance to the first TIL infusion.

The second TIL treatment was administered on day 14 with 2.1x10° TILs (TIL-2) with cyclophosphamide
treatment on day —1 and IL-2 administration 8 h post TIL. Tocilizumab plus etanercept were administered
to prevent further hyper-inflammatory reactions 72 hours post-second TIL infusion. On day 2 post TIL-2,
the cranial imaging showed an increase of intracranial pressure mainly caused by necrotic transformation of
the tumor mass. Necrosectomy was performed the same day and subjected to histopathological analysis.
Sequential cranial MRI showed complete tumor remission. Further treatment of the patient focused on
rehabilitative and supportive care. The patient died 2 months after the first TIL therapy and 15 months after
initial diagnosis from non-disease-related causes.

Clinical outcome

Serial imaging revealed rapid tumor progression prior to TIL therapy, followed by extensive tumor necrosis
and radiologic regression after treatment. The patient’s first MRI at 6 weeks before first TIL infusion (T2,
before partial resection) showed a tumor with a cystic temporal component surrounded by a solid mass
extending into the left parietal region. The mass showed initial signs of a midline shift to the right without
herniation. Diffusion-weighted imaging (DWI) and apparent diffusion coefficient (ADC) sequences
showed diffusion restriction, with dense packing of cells representing a high degree of malignancy.

The next MRI at day —1 pre-TIL-1 infusion showed a massive progression of the solid lesion in all
sequences (T2, DWI, ADC, Flair, T1 after contrast agent administration). The midline shift to the right
revealed temporal herniation risk, with massive diffusion restriction of the solid lesion (DWI and ADC)
with the tumor reaching into the mesencephalon.

At day + 1 after TIL-1 infusion, a CT scan was performed instead of an MRI due to the patient’s critical
condition. In the contrast-enhanced CT scan of the brain, a central necrotic lesion juxtaposed to the
hemicraniectomy within the left parietal portion was visible, with reduced enhancement in the solid tumor.
This was consistent with early intratumoral necrosis.

Subsequent MRIs demonstrated progressive radiologic changes suggestive of treatment response. The
MRI on day + 2 showed T2 shine through in the ADC sequence, representing vasogenic edema instead of
diffusion restriction. This was confirmed by DWI and ADC on day + 6 after TIL-1 infusion. The MRI
on day + 13 (post-TIL-1) showed a shrunken solid tumor dominated by a central necrotic portion (T2
sequence), depicted by the high signal intensity in ADC representing T2 shine through and highlighting loss
of cellular density. An MRI performed 10 days post-TIL-2 infusion showed a dead cell mass in the solid
tumor (T2 image). Biopsies of the tumor show complete necrotic tissue transformation.

Due to brain compression symptoms after TIL-1 and TIL-2 transfer, surgical decompression was performed
repeatedly. The multiple neurosurgical interventions were not preplanned components of the TIL protocol,
but were conducted as urgent clinical measures in response to tumor-associated mass effect, edema, and signs
of increased intracranial pressure. Each procedure was performed only after comprehensive discussion with
the patient and his family, who provided explicit informed consent based on evolving clinical findings.

Safety

The patient tolerated the two TIL infusions and associated treatments without life-threatening toxicities.
Cardio-respiratory parameters and core temperature remained stable throughout treatment
(Supplementary Figures S1-S2), and no signs of cytokine release syndrome (CRS), hypotension, or respira-
tory compromise were observed. Hematological analyses revealed persistently low lymphocyte and mono-
cyte counts (< 2 cells/uL) despite the use of reduced conditioning regimen, while leukocyte and neutrophil
counts peaked during TIL transfers and dropped post-IL-2, recovering with filgrastim (G-CSF;
Supplementary Figure S3). No febrile neutropenia or infectious complications were recorded. Liver function
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markers showed transient elevations, with GGT peaking at ~250 U/L and AST at ~120 U/L, both normal-
izing two weeks after TIL-2 infusion (Supplementary Figure S4). These findings were consistent with
reversible cytokine-mediated hepatotoxicity. Renal function remained within normal range throughout.
A surge in serum IL-6 and sIL-2 R levels was seen immediately after each TIL infusion, indicating strong
systemic T-cell activation (Supplementary Figure S5). In anticipation of potential cytokine-related adverse
effects, the patient received tocilizumab (IL-6 R blockade) and etanercept (TNF inhibitor) prophylactically.
These were well tolerated, and no immune-mediated organ dysfunction, neurotoxicity, or autoimmune
phenomena were observed.

The clinical deterioration observed on Day+ 1 post-TIL-1 (KPS decline to 40) was attributed to
peritumoral edema and mass effect rather than systemic toxicity. This was managed with urgent surgical
decompression, with subsequent clinical improvement. No surgical complications occurred during or after
any of the resection procedures.

No clinical or laboratory evidence of anaphylaxis, hypersensitivity reactions, or immediate-type immune
responses was observed following either TIL infusion. Vital signs remained stable during and after infusion,
and the patient did not develop rash, bronchospasm, hypotension, or signs of systemic allergic response.
Furthermore, no signs of immune tolerance or blunted inflammatory response were observed with
the second infusion. Instead, serum biomarkers, including IL-6 and soluble IL-2 receptor (sIL-2 R), showed
marked increases after both TIL-1 and TIL-2, indicating preserved systemic immune activation. These
findings suggest that repeated TIL administration did not induce immune desensitization or tolerogenic
responses in this patient.

TIL phenotype and function

FACS analysis revealed that both TIL products comprised mostly of CD3"CD8" T-cells, with almost no
presence of NK-cells or Tregs (Figure 1B). 65% of the TILs, mostly CD8" T-cells, were CD107a" and
presented high IFN-y production (Figure 1C). Both TIL preparations specifically lysed the autologous
tumor cell line (ATCL) in a dose-dependent manner (Figure 1D), but not the autologous EBV-transformed
B-cell line. Highest TIL activity was observed when a greater number of T-cells were present in the control
co-culture with the ATCL alone and dropped in a dose-dependent manner. Conversely, no TIL activity
could be observed when the “cold ATCL” had been pre-incubated with the “hot ATCL” prior to the target
inhibition assay, indicating a tumor-specific direct killing (Figure 1E)

Immuno-monitoring of circulating T-cells

After TIL infusion, peripheral blood T-cells exhibited activation-associated TCR downregulation (CD3_1°W,

Figure 2A), followed by an increase of CD8" T-cells (Figure 2B). Detailed phenotypic analysis of CD4"
T-cells revealed increases in T-helper (Th)1*, Th17, and Th2 cells, while conventional Th1 levels remained
stable (Figure 2C). There was a prominent expansion of stem cell-like memory T-cells (Tscm) and central
memory T-cells, both associated with long-term persistence and effector recall capacity (Figure 2C-F).
Moderate increases were observed in effector memory and precursor-like T-cells, whereas terminally
differentiated CD8" T-cells were reduced (Figure 2D-F), suggesting a shift toward a less differentiated
and more durable T-cell phenotype.

Concurrently, we assessed T-cell exhaustion®® and apoptosis®® markers to evaluate the functional
persistence of infused lymphocytes. PD-1, transiently upregulated upon T-cell activation, and CD95,
a marker of both activation and apoptosis susceptibility, were used as surrogates of recent antigen
encounter. PD-1" and CD95" T-cells increased in circulation over time in both CD4" and CD8" compart-
ments, consistent with ongoing stimulation and activation-induced cell death (Figure 2G-I). LAG-3
expression remained unchanged, while CD57" senescent cells increased slightly among CD8" T-cells but
decreased within CD4" T-cells, suggesting limited terminal exhaustion. CD37°" T-cells showed increased
PD-1 and CD95 expression, consistent with recent antigen engagement, while CD37°"CD57" cells
decreased and LAG-3 remained undetectable. Collectively, these findings indicate a dynamic, activated
T-cell compartment with preserved memory and limited exhaustion, supporting functional persistence of
the infused TILs.
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Figure 2. Peripheral blood T-cell immunophenotype analysis over the course of TIL therapy. Flow cytometric analysis of (A)
total CD3*/CD37°" and (B) CD4*/CD8" T-cells before and after TIL treatment. CD37°% T-cells represent T-cells with
downregulated TCR complex due to activation. (C) Changes on CD4" T-helper (Th) subtypes frequency post-treatment.
Th subtypes is based on CXCR3/CCR4/CCR6 surface expression: Th1 (CXCR3*CCR6"CCR47), Th2 (CCR4*CXCR37CCR67), Th17
(CCR4*CCR6TCXCR3™) and nonconventional Th1* (CXCR3*CCR6'CCR47). Changes on naive (CCR7*CD45RAY, Ty), central
memory (CCR7*CD45RA™, Tcy), effector memory (CCR7-CD45RA™, Tey) and fully differentiated effector (CCR7-CD45RA™,
Tere) subtypes before and after TIL therapy in (D) CD4*, (E) CD8* and (F) CD37'°" T-cells. Expressions of CD57, CD95, LAG3
and PD-1 before and after TIL therapy by (G) CD4", (H) CD8* and (I) CD37°" T-cells.

Multi-omics

Surgical tumor samples (Figure 1A) underwent whole-exome sequencing, revealing a high baseline muta-
tion burden (> 10 mutations/Mb, Figure 3A) that increased during TIL therapy, along with the number of
mutated genes (Figure 3B) and total mutations (Figure 3C). Of note, mutations on EGFR, TP53 and
BRCA1/2 were found in all samples, highlighting their potential role in glioblastoma progression and
response to TIL therapy.
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Figure 3. WES, transcriptomics and TCR NGS. (A) Tumor mutation burden (TMB) analysis before and after therapy expressed
as number of mutations per megabase (mb) of the genome. Total TMB is depicted in red, while non-synonymous mutations
are in blue. The Venn-diagrams depict the number of mutated genes (B) and the number of individual mutations (C)
detected in each sample and across samples. Highlighted are key driver mutations found in all analyzed samples (EGFR,
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A high TMB in gliomas has not been reported to correlate with better survival outcomes in response to
immunotherapy,'" therefore we aimed at investigating the pharmacodynamics and pharmacokinetics of the
infused TIL product. Transcriptomic analysis of tumor tissue collected post-TIL therapy demonstrated an
enrichment of genes related to immunological synapse and T-cell effector function (Figure 3D), suggestive
of T-cell-mediated tumor clearance.

We therefore used TCR NGS to check the infiltration of TIL-derived clonotypes into the tumor tissue.””
TIL-derived CD4" T-cells, despite showing higher TCR diversity than CD8" counterparts, presented low
persistence and tumor infiltration (Figure 3E). TIL-derived CD8" T-cells efficiently infiltrated the tumor
tissue (Figure 3E,F) and is closely associated with the clearance of tumor cells (Figure 3G). This is further
confirmed by the presence of overrepresented TIL-derived clonotypes in the tumor tissue (Figure 4A),
resulting in higher presence of hyperexpanded clones in the tumor tissue (Figure 4B) as consequence of
TIL-derived CD8" T-cell expansion in the tumor tissue (Figure 4C). We next investigated whether IL-2
treatment following TIL infusion drives significant in situ clonotype expansion. When tracking the most
abundant clonotypes from the pre-TIL tumor specimen, we found that the majority were either undetect-
able in post-TIL tumor samples or had contracted significantly (Figure 4D). Clonotypes identified in post-
TIL tumor samples were classified as expanded or contracted based on significant changes in their relative
proportions compared to the infused TIL product or to the pre-treatment tumor sample. Notably, 65.8% of
TIL-derived CD8" clonotypes exhibited expansion, whereas tumor-derived clonotypes primarily contracted
over the course of therapy (Figure 4E,F). These findings indicate that TIL-derived CD8+ T-cells successfully
infiltrated the tumor, expanded, and contributed to tumor clearance

Discussion

This case report demonstrates the feasibility, safety and potential efficacy of intravenous IL-2/IL-15/IL-21-
expanded TILs administration in a patient with recurrent, treatment-refractory GBM. Despite the tradi-
tionally poor responsiveness of GBM to immunotherapy due to its highly immunosuppressive microenvir-
onment, low T-cell infiltration, and dysfunctional antigen presentation,11 the patient experienced tumor
regression and clonotypic T-cell expansion following TIL therapy.

The preparatory regimen used in this study with a single-dose cyclophosphamide differs substantially
from the standard lymphodepletion protocols employed in most TIL studies, which typically involve two
doses of cyclophosphamide followed by five days of fludarabine prior to TIL infusion.' *'”*** High-dose
conditioning induces significant lymphopenia, usually prompting the production of endogenous IL-7 and
IL-15, homeostatic cytokines that can further stimulate transferred TIL in the lymphopenic host.** The
reduced-intensity conditioning regimen induced mild lymphopenia and moderate neutropenia but did not
result in complete lymphodepletion. Despite this, the patient experienced clinical improvement, and TCR
sequencing revealed a high level of circulating TIL-derived clonotypes two weeks post-infusion, indicating
that the conditioning regimen did not impair TIL expansion or persistence. These findings support previous
observations that reduced-intensity lymphodepletion may be sufficient to facilitate TIL engraftment in
some patients, while minimizing the toxicity associated with high-dose conditioning regimens.>!

Despite the relative low TIL numbers used for infusion (0.7 and 2.1 x 10° cells) and a short two-week
interval between the infusions, a single post-transfer dose of IL-2 provided sufficient support. Multi-omics
data showed that the intravenously administered TILs successfully crossed the BBB, with increasing

TP53 and BRCA1/2). (D) Gene ontogeny analysis comparing differentially expressed genes after TIL treatment (day +15) as
compared to baseline. Note the enrichment of processes associated with T-cell activation and effector function. The Y-axis
represents gene functions, and the X-axis represents gene counts and ratios. Each bar or circles/nodes represents a different
enrichment function, and the significance threshold was set to adjusted p < 0.05. (E) Left panel, TCR diversity as calculated
by the inverse Simpson’s index of sorted CD4" and CD8™ T-cells from TIL products and blood samples after TIL therapy. right
panel, morisita-horn overlap index between CD4/CD8 T-cells isolated from the TIL products and blood samples or tumor-
infiltrating T-cells. (F) Clonotype tracking of the top 20 most frequent CDR3 amino acid sequences from TIL-1 (left panel) and
TIL-2 (right panel) CD8" T-cells in the blood and tumor tissue after TIL therapy. Clonotypes are not colour coded between
panels. (G) Dual immunohistochemistry of p53 (brown) and CD8 (red) in a tumor sample collected before TIL treatment and
at day + 15 post infusion (scale bar, 100 pm).
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Figure 4. CD8" TIL-derived clonotypes infiltrate the tumor tissue after TIL therapy. (A) CDR3 spectratype of tumor and TIL/
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(right panel). (F) Proportion of clonotypes classified as expanded, contracted or persistent.
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proportions of TIL-derived CD8" clonotypes detected in the tumor tissue over time, indicating effective
homing and intratumoral expansion without the need for repeated IL-2 dosing.'” These findings suggest
that limited IL-2 support may be sufficient to promote TIL persistence and antitumor activity, as demon-
strated by the robust expansion of TIL-derived clonotypes in both peripheral blood and tumor tissue,
reflecting functional competence and long-term engraftment. There is currently no consensus on the
optimal IL-2 dosing regimen, as studies have shown no clear difference in IL-2 exposure between respon-
ders and non-responders.*!

Similar positive outcomes were observed in a prostate cancer patient treated with IL-2/IL-15/IL-
21-expanded TILs through repeated low-dose infusions, resulting in long-term complete
remission.”> This suggests that multiple TIL administrations may enhance the pharmacokinetic
and pharmacodynamic profile of the therapy, a strategy that has also been associated with
improved responses in CAR T-cell treatments.*> A potential concern with repeated adoptive
T-cell therapies is the risk of immune tolerance, desensitization, or anaphylaxis upon re-
exposure. However, no clinical or laboratory signs of such phenomena were detected. The second
TIL infusion was well tolerated and provoked a similarly robust systemic immune response as the
first, as evidenced by IL-6 and sIL-2R surges, persistent TCR engagement, and expansion of
memory T-cell subsets. This supports the feasibility of iterative TIL dosing without inducing
immune exhaustion or tolerance, and may reflect the functional advantages conferred by IL-2/IL-
15/IL-21-expanded TILs.*>**

The patient’s clinical deterioration following the first TIL infusion was attributed to peritumoral edema
and mass effect, rather than systemic toxicity, and was successfully managed with urgent decompressive
surgery. Following stabilization, a second infusion was administered, resulting in further radiologic tumor
reduction and tumor necrosis. Similar to previously reported cases of locally administered TILs, post-
treatment imaging revealed hyperemia and swelling in all responding patients, consistent with a transient
“flare” response likely reflecting cerebral edema and increased vascular perfusion.'® IL-6-bloking therapy
was administered 24 hours after infusion to counteract the compartmentalized inflammation,'” leading to
a rapid decline in IL-6 levels and mitigating further immune-related toxicity. Transcriptomic data revealed
T-cell activation signatures, and TCR sequencing confirmed clonal expansion of infused TILs within the
tumor, supporting their direct involvement in mediating tumor regression. While concurrent interventions
(e.g., conditioning chemotherapy, IL-2 administration, anti-cytokine therapy, surgery) may have contrib-
uted to clinical recovery, the temporal sequence and molecular tracking of TIL clonotypes suggest that the
TIL product mediated the observed tumor regression.

While PD-1 expression on TILs can reflect both exhaustion and chronic activation, studies in GBM
have shown that PD-1 expression on peripheral blood T cells more commonly indicates recent antigen
experience and sustained activation rather than terminal dysfunction, retaining cytotoxic potential.>
Similarly, elevated CD95 expression on circulating lymphocytes has been associated with improved
survival in GBM.”® In our study, both PD-1 and CD95 levels increased following TIL infusion,
particularly within the CD3'°" population, consistent with ongoing antigen engagement. The low
expression of LAG-3 and absence of CD57 accumulation suggest limited terminal exhaustion or
senescence. These findings support the interpretation of PD-1 as a dynamic marker of activation in
the context of adoptive T-cell therapy, with implications for its use as a pharmacodynamic biomarker
and in guiding checkpoint blockade strategies.

In conclusion, adoptive transfer of IL-2/IL-15/IL-21-expanded TILs represents a promising and
potentially transformative approach for immunologically “cold” tumors such as GBM. This case
demonstrates that effective tumor control can be achieved with substantially lower TIL doses than
previously reported,' *'”*®** supporting the feasibility of faster TIL manufacturing without compro-
mising antitumor activity. The results also underscore the importance of personalized immunotherapy
strategies, multidisciplinary coordination, and longitudinal immune monitoring to assess treatment
response and safety. Multiple, temporally spaced TIL infusions may enhance therapeutic outcomes by
prolonging TIL-tumor interactions while reducing toxicity associated with single high-dose regimens.
Moving forward, prospective trials incorporating systemic TIL therapy, non-myeloablative conditioning,
and real-time immunogenomic tracking will be essential to validate these findings and optimize
treatment protocols.
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