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ABSTRACT
Background  Uveal melanoma is a rare melanoma 
subtype characterized by a liver-dominant pattern of 
metastasis which is associated with a lack of durable 
responses to immunotherapies. Adoptive cell transfer of 
autologous tumor-infiltrating lymphocytes (TILs) has been 
shown to induce responses in a subset of patients with 
metastatic uveal melanoma. The safety and feasibility 
of locoregional administration of TIL therapy via hepatic 
arterial infusion (HAI) have not previously been evaluated.
Patients and methods  This prospective, open-label, 
phase I trial investigated the safety and feasibility of one-
time TIL therapy administered via HAI in patients with 
liver metastases of uveal melanoma. Preconditioning 
chemotherapy with melphalan (1 mg/kg, intravenous) 
was administered on day −5. TILs were delivered via 
percutaneous catheterization of the hepatic artery 
according to a dose escalation scheme (0.1, 0.3, or 1×109 
cells) on day 0. Patients received daily subcutaneous 
interleukin-2 (IL-2, 2 MIU) up to 14 days after TIL 
administration. The primary endpoint was the incidence 
and severity of adverse events (AEs). Secondary endpoints 
included clinical efficacy and the feasibility of TIL 
production using a semiautomated manufacturing system.
Results  Six patients received TIL therapy manufactured 
using the CliniMACS Prodigy platform; five were treated 
according to protocol, while one received a lower TIL dose 
than planned. All had received prior systemic treatment. 
No AEs related to the HAI procedure were observed. All 
patients experienced grade ≥3 hematologic AEs related 
to preconditioning chemotherapy, and two patients 
experienced grade ≥3 AEs attributed to TIL/IL-2. Best 
overall response was stable disease in all patients (100%). 
Median progression-free survival was 4 months, and 
median overall survival was 14 months.
Conclusions  TILs can be manufactured using the 
CliniMACS Prodigy. Administration of TIL via HAI was safe 
and feasible in patients with liver-dominant metastatic 
uveal melanoma. The used regimen appears insufficient 
to achieve durable clinical efficacy and implies a need for 
further testing to obtain conclusive results.

Trial registration numbers  NCT04812470, EUCT number: 
2024-512877-28-00, EudraCT number: 2020-006126-31.

INTRODUCTION
Uveal melanoma (UM) is a rare malignancy 
accounting for approximately 3% of all cases 
of melanoma. Despite effective treatment of 
the primary tumor, ~50% of patients develop 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Tumor-infiltrating lymphocyte (TIL) therapy is an 
established and U.S. Food and Drug Administration 
(FDA)-approved treatment for advanced cutaneous 
melanoma, but its clinical utility in metastatic uveal 
melanoma is poorly defined. Patients with metastat-
ic uveal melanoma rarely achieve durable respons-
es to existing systemic therapies, underscoring the 
need for novel treatment strategies and optimized 
delivery approaches.

WHAT THIS STUDY ADDS
	⇒ This phase I trial demonstrates that TILs can be suc-
cessfully manufactured for uveal melanoma using 
a semiautomated, closed-system bioreactor and 
safely delivered via hepatic arterial infusion follow-
ing melphalan preconditioning. Locoregional TIL ad-
ministration was feasible without procedure-related 
toxicity, and the safety profile was manageable, al-
though no objective responses were observed.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ These findings support continued investigation of 
locoregional TIL delivery, automated manufacturing, 
and tolerable preconditioning and postconditioning 
strategies in uveal melanoma and may guide the 
design of future early-phase trials aiming to develop 
more effective treatments for liver-dominant meta-
static disease.
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metastatic disease.1 The pattern of metastasis is strongly 
hepatotropic, with isolated liver involvement observed in 
over half of patients. Prognosis in this situation is poor, 
with a median overall survival (OS) of 4–10 months, and 
very few patients surviving more than 5 years.1 2

To date, the only approved treatment that has demon-
strated an OS benefit in metastatic UM is tebentafusp, 
a bispecific fusion protein that directs T cells to mela-
noma cells. In HLA-A*02:01-positive patients, tebenta-
fusp significantly improved OS compared with standard 
therapy (22 vs 16 months).3 However, long-term survival 
has generally not been observed, and treatment eligibility 
is restricted to ~50% of patients carrying the required 
HLA genotype. In contrast to cutaneous melanoma, 
immune checkpoint inhibitors (ICIs) have demon-
strated limited efficacy in UM, with ipilimumab plus 
nivolumab achieving objective response rates (ORRs) 
ranging from 10% to 18% and no documented OS bene-
fits.4 5 While the use of PD-1 inhibitors in monotherapy 
is associated with minimal or absent activity, the combi-
nation of pembrolizumab and epigenetic therapy with 
a histone deacetylase inhibitor has resulted in durable 
responses in a subset of patients.6 Moreover, for patients 
with UM and isolated liver metastases, regional thera-
pies such as isolated or percutaneous hepatic perfusion 
(IHP/PHP) with high-dose melphalan have yielded an 
ORR of approximately 40% and a median progression-
free survival (PFS) gain of 4 months compared with 
standard care.7 Nonetheless, OS benefits have not yet 
been demonstrated, and durable responses are rare.8 
Recently, however, the combination of PHP with ICIs has 
been shown to be superior to PHP alone, conferring a 
median OS benefit of 3.5 months.9 These data indicate 
that durable immunotherapy responses are possible, but 
since treatments are not curative, a high unmet clinical 
need remains.

Adoptive cell transfer using autologous tumor-
infiltrating lymphocytes (TILs) is an established immu-
notherapy in metastatic cutaneous melanoma that can 
induce durable and complete responses. The treatment 
involves harvesting tumor tissue, expanding TILs ex vivo, 
and reinfusing them following lymphodepleting chemo-
therapy. Interleukin-2 (IL-2) is administered after TIL 
infusion to support the function and survival of the TILs. 
A randomized phase III trial comparing TIL therapy to 
ipilimumab, including patients with PD-1-refractory mela-
noma, showed a significantly higher ORR of 49% with 
TIL therapy vs 21% with ipilimumab, alongside superior 
PFS.10 In a pooled analysis including 153 patients with 
advanced melanoma who had disease progression after 
PD-1 therapy, lifileucel, a commercially produced TIL 
product, demonstrated an ORR of 31% and durable 
responses. These pivotal data led to FDA approval11 
and have established TIL therapy as a treatment option 
for advanced cutaneous melanoma. In metastatic UM, 
however, clinical experience with TIL therapy remains 
limited. The first, and so far only, trial of TIL therapy 
in this setting reported promising results with objective 

tumor regression in 35% of the 20 evaluable patients, 
including one complete response.12

Compared with cutaneous melanoma, UM is char-
acterized by a lower tumor mutation burden, reduced 
TIL infiltration, and poor response to ICIs. This immu-
nologically suppressed phenotype is partly attributed to 
the absence of a UV mutational signature, the predom-
inance of GNAQ/GNA11 driver mutations, and the 
tolerogenic liver microenvironment. Nevertheless, both 
entities share melanoma-associated antigens, and tumor-
reactive T-cell clones can be expanded from UM lesions,13 
providing a solid rationale for further exploring TIL 
therapy. In addition, given that ~90% of patients with 
metastatic UM develop liver involvement, local admin-
istration of TILs may enhance their therapeutic poten-
tial. We have designed a prospective, open-label, phase 
I trial (HAITILS) to investigate the safety and feasibility 
of locoregional administration of TIL therapy via hepatic 
arterial infusion (HAI), combined with melphalan 
preconditioning chemotherapy and low-dose subcuta-
neous IL-2, in patients with liver-dominant metastatic UM.

METHODS
Process development and preclinical evaluation
Tumor biopsies from UM patients were obtained from 
liver metastases and dissected into 1–2 mm fragments 
using scalpels. Two to three fragments per well in a 24-well 
plate were cultured in RMPI 1640 GlutaMAX (Invitrogen) 
supplemented with 10% human AB serum and 3000 IU 
/ mL IL-2 (Miltenyi Biotec) with media exchange every 
second day and culture split on confluency for up to 16 
days before being cryopreserved as young TILs (y-TILS).

Thawed yTILs were either expanded using a manual 
method in tissue culture flasks as described before14 15 or 
using case 3 of the tumor-reactive T cell (TRT) process on 
CliniMACS Prodigy as later described. TIL products were 
analyzed by flow cytometry (FACSLyric) for frequency 
of CD3+ T cells, CD4 and CD8 T cells as well as non-T 
cell impurities using BD Multitest CD3/CD8/CD45/CD4 
(CD3 (clone SK7), CD8 (clone SK1), CD4 (clone SK3) 
and CD45 (clone 2D1)).

For analysis of T cell differentiation, exhaustion, and 
tumor reactivity, the following antibodies were used: 
CD3 (clone UCHT1), CD4 (clone A161A1), CD8 (clone 
HIT8a), CD45RO (clone UCHL1), CCR7 (clone G044H7), 
LAG-3 (clone 3DS223H), TIM-3 (clone A18087E), PD-1 
(clone A17188A), TIGIT (clone A15153G), LIVE/DEAD 
Fixable Far Red Dead Cell Stain (ThermoFisher) and 
4-1BB (clone 4B4-1), and analyses were performed on BD 
Accuri C6 Plus Flow Cytometer (BD Biosciences).

All TIL products were polyclonally stimulated with 
phorbol 12-myristate 13-acetate (PMA, Sigma Aldrich) 
and ionomycin (Sigma Aldrich) cell stimulation cock-
tail followed by brefeldin A (Invitrogen) treatment and 
staining of interferon gamma (IFNγ) (Miltenyi Biotec, 
clone 45-15) to assess responsiveness.
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Whenever feasible, tumor specimens were transplanted 
onto non-obese, severe combined immunodeficient inter-
leukin-2 gamma chain knockout (NOG) mice or NOG 
mice carrying a human IL-2 transgene (hIL2-NOG). 
Tumor volume was monitored by caliper measurement. 
Following confirmation of engraftment by two consecu-
tively increasing measurements, autologous TILs were 
co-transplanted onto tumor-bearing mice, and tumor 
volume was monitored until sacrifice. TIL products were 
co-cultured with autologous tumor cells harvested from 
NOG mice in GMB-MG serum-free media (Cell Lines 
Service, Germany) for 48 hours and tumor reactivity by 
4-1BB upregulation was analyzed by flow cytometry.

Patients and eligibility
Patients with histologically or cytologically confirmed 
liver metastases from UM were eligible if they had measur-
able disease according to Response Evaluation Criteria 
in Solid Tumors (RECIST) V.1.116 and liver-dominant 
disease as determined by the investigators. Any number 
of prior treatments was allowed. An Eastern Cooperative 

Oncology Group (ECOG) performance status of 0–2 was 
required. Patients were excluded if they had a history of 
significant autoimmune disease or clinically significant 
cardiac, pulmonary, or renal dysfunction. Eligible patients 
were required to have a suitable liver lesion for resection 
or core biopsy for TIL production, and the disease had to 
remain evaluable by RECIST after the procedure.

Study design and treatment
This was a prospective, open-label, phase I trial. Patients 
underwent resection or core needle biopsy of a liver metas-
tasis for TIL procurement. After TIL production, patients 
received outpatient preconditioning chemotherapy with 
melphalan 1 mg/kg 5 days prior to TIL infusion (day 
−5). Patients were hospitalized on day −1, and on day 0, 
they received TILs via HAI at escalating doses (0.1×109, 
0.3×109, and 1×109 cells) followed by daily subcutaneous 
IL-2 (2 MIU) for 14 days (figure 1A). The selected TIL 
dose range was chosen based on safety considerations in 
this Phase I study of HAI of TILs. The protocol for this 
study can be found in online supplemental file 2.

Figure 1  (A) Study protocol treatment outline and (B) illustration of the manufacturing steps in TIL production. 18F-FDG-PET/
CT, 18F-fluorodeoxyglucose-positron emission tomography-CT; HAI, hepatic arterial infusion; IL-2, interleukin-2; TILs, tumor-
infiltrating lymphocytes.
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TIL manufacturing
Tumor tissue was obtained by excision or core needle 
biopsy of liver metastases and transported to the Good 
Manufacturing Practices (GMP) facility (Cell and Tissue 
Lab) at Sahlgrenska University Hospital (SU), Gothen-
burg, Sweden. Tumor samples were cut into 1–2 mm3 
fragments and cultured in 24-well culture plates in RPMI 
1640 GlutaMAX (Invitrogen) supplemented with 10% 
heat-inactivated human AB serum (from Transfusion 
Medicine at SU), IL-2 (3000 IU/mL, Miltenyi Biotec), 
gentamicin (10 µg/mL, Invitrogen), and amphotericin 
B (0.5 µg/mL, Invitrogen). After 2 weeks, y-TILs were 
pooled and analyzed for cell number, viability, purity, 
identity, potency, sterility, and endotoxin presence before 
cryopreservation.

Further expansion of the y-TILs was performed by using 
a rapid expansion protocol (REP) in the CliniMACS 
Prodigy automated bioreactor (Miltenyi Biotec). y-TILs 
were co-cultured with allogeneic irradiated peripheral 
blood mononuclear cells (PBMCs; feeder cells, Trans-
fusion Medicine, SU), an anti-CD3 antibody (OKT-3, 
Miltenyi Biotec), and IL-2 (3000 IU, Miltenyi Biotec) in 
TexMACS culture media (Miltenyi Biotec) supplemented 
with 2.5% human AB serum for the first 5 days. During 
the 14-day REP, multiple quality controls were performed, 
including assessments of cell number, viability, purity, 
identity, potency, sterility, and the presence of endotoxin 
and mycoplasma.

Final products were washed in Plasmalyte (Baxter) 
supplemented with 0.5% human serum albumin (Baxalta) 
and 1% glucose (Fresenius Kabi) and formulated as the 
final drug product ready for infusion. The manufacturing 
process of TIL is illustrated in figure 1B.

Hepatic arterial infusion
HAI was performed at Sahlgrenska University Hospital, 
Gothenburg, Sweden, under either sedation or general 
anesthesia. Vascular access was obtained via ultrasound-
guided puncture in the right common femoral artery, 
followed by insertion of a 5-French vascular sheath. 
The celiac trunk was catheterized using a 4-French 
diagnostic catheter, and the hepatic arterial circulation 
was subsequently selectively catheterized by co-axial 
advancement of a 2.7-French microcatheter. Digital 
subtraction angiography was used to assess anatomical 
variation.

In patients with standard hepatic arterial anatomy, the 
microcatheter tip was positioned in the proper hepatic 
artery, and TILs were infused over 30 min via manual 
syringe administration. In patients with aberrant vessel 
anatomy, three-dimensional angiography with cone-beam 
CT and selective contrast injection was used to calculate 
perfusion of the hepatic parenchyma by each vessel, 
allowing a dose adjustment across vascular branches.17 
After infusion, the catheter was removed, and the vessel 
was closed.

Assessments
Radiological screening procedures included CT and/
or MRI of the abdomen and CT of the thorax. Base-
line 18F-fluorodeoxyglucose positron emission tomog-
raphy-CT (18F-FDG-PET/CT) imaging was performed 
between days −14 and −5. Tumor evaluation was 
performed with 18F-FDG-PET/CT at week 6 and there-
after with CT every 3 months. CT was the modality used 
for RECIST-based response evaluation, whereas 18F-F-
DG-PET/CT was used for exploratory analyses. The 18F-F-
DG-PET data were analyzed using RECOMIA software, 
maximum intensity projection images, and a standard-
ized uptake value (SUV) threshold of 4 for calculating 
metabolic tumor volume (MTV).18 Laboratory values and 
vital signs were assessed at regular intervals. During IL-2 
treatment, blood counts and chemistry were monitored 
daily. Safety was evaluated via the collection of adverse 
events (AEs), graded according to the National Cancer 
Institute Common Terminology Criteria for Adverse 
Events (CTCAE) version 5.0.

Endpoints
The primary endpoint was the incidence and severity of 
AEs and serious AEs (SAEs). The secondary endpoints 
included ORR, clinical benefit rate, duration of response, 
PFS, hepatic PFS, OS, and feasibility of an automated 
production of TILs. AEs were captured from study inclu-
sion, with attribution specified for biopsy/TIL harvest, 
HAI, melphalan, and TIL/IL-2. Tumor response was 
assessed according to RECIST V.1.1.16 Efficacy was evalu-
ated in patients who completed the treatment schedule.

Statistical analysis
The study was designed to investigate the safety of TIL 
administration via HAI with melphalan preconditioning 
and low-dose IL-2. Six patients were treated in three dose 
cohorts (two per level). Analyses were descriptive and 
exploratory, with no formal hypothesis testing. Time-to-
event endpoints were analyzed using the Kaplan-Meier 
method and reported as medians with 95% CIs. Missing 
data were not imputed.

Oversight
Safety was overseen by an independent data monitoring 
board with the authority to recommend study termina-
tion based on safety concerns. A predefined stopping rule 
was one event of clinically significant bleeding or throm-
boembolism attributable to HAI of TILs.

RESULTS
Automated manufacturing of TILs using CliniMACS Prodigy
We developed and validated a semiautomated manufac-
turing process for TILs suitable for clinical GMP produc-
tion. To this end, four tumor biopsies were split and 
processed in parallel using both a conventional manual 
method and the TRT process on the CliniMACS Prodigy 
bioreactor (figure  1B). Both manufacturing processes 
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resulted in TIL products of high purity, consisting almost 
exclusively of T cells (CD3+ CD45+), with comparable 
proportions of CD4+ and CD8+ subsets and no non-T cell 
and non-hematopoietic impurities (online supplemental 
figure SF1A). The two methods also exhibited equal 
responsiveness to polyclonal stimulation, measured by 
intracellular staining IFNγ (online supplemental figure 
SF1B). From one of the four biopsies, a patient-derived 
xenograft model was successfully established. TILs manu-
factured by either method demonstrated equivalent 
tumor recognition as measured by 4-1BB upregulation 
after co-culture with autologous tumor cells (online 
supplemental figure SF1C), and similar ability to control 

tumor growth over time in hIL2-NOG mice (online 
supplemental figure SF1D).

During the technology transfer of the automated 
process into the GMP facility, three full-scale manufac-
turing runs were completed. All three development 
batches fulfilled predefined release specifications and 
cell yields were sufficient to support the intended dosing 
regimen for the clinical trial (online supplemental table 
S1).

Patients and treatments
Having established a reproducible and GMP-compliant 
manufacturing process, we proceeded to conduct a pilot 
clinical study to evaluate the feasibility, safety, and prelim-
inary efficacy of HAI of autologous TILs in patients with 
metastatic melanoma. From February 2023 to August 
2024, eight patients were screened and enrolled. Tumor 
tissue for TIL manufacturing was obtained from liver 
metastases by surgical biopsy in three patients and by 
core needle biopsy in five patients. In total, six patients 
proceeded to and completed the treatment schedule. 

Table 1  Baseline characteristics of the PP population

Baseline characteristics N=6

Age, years–median (range) 67 (58–76)

Sex, n (%)–male 1 (17%)

Time since primary uveal melanoma, years–
median (range)

6.1 (1.9–12.9)

Time since stage IV uveal melanoma, years–
median (range)

1.8 (0.3–5.5)

ECOG performance status, n (%)

 � 0 6 (100%)

Lactate dehydrogenase >ULN, n (%) 2 (33%)

Largest metastatic lesion, n (%)

 � <3.0 cm (M1a) 0 (0%)

 � 3.1 to 8.0 cm (M1b) 3 (50%)

 � >8.1 cm (M1c) 3 (50%)

Location of metastases, n (%)

 � Hepatic only 2 (33%)

 � Hepatic and extrahepatic 4 (67%)

Prior lines of systemic treatment, n (%)

 � 0 0 (0%)

 � 1 3 (50%)

 � 2 2 (33%)

 � ≥3 1 (17%)

Previous surgical therapy for metastases, n 
(%)

1 (17%)

Prior systemic chemotherapy, n (%) 4 (67%)

Prior tebentafusp, n (%) 0 (0%)

Prior hepatic perfusion treatment, n (%) 2 (33%)

Prior immune checkpoint inhibitor, n (%) 4 (67%)

HLA A2*02:01 positive, n (%) 2 (33%)

BAP1 expression (IHC), n (%)

 � Intact 1 (17%)

 � Loss 4 (67%)

 � Not evaluable 1 (17%)

ECOG, Eastern Cooperative Oncology Group; IHC, 
immunohistochemistry; PP, per protocol; ULN, upper limit of 
normal.

Figure 2  Representative microscopy images of liver 
metastases from six treated patients (101,102, 103, 106, 107, 
and 108) and one patient from whom TIL production failed 
(105). Sections were stained with H&E and for CD4+ and 
CD8+ lymphocytes and SOX10+ tumor cells, visualized using 
3,3'-Diaminobenzidine (DAB) or magenta chromogens. TIL, 
tumor-infiltrating lymphocyte.
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At the time of patient enrollment, tebentafusp was not 
approved for clinical use in Sweden and was therefore not 
used as prior therapy.

Baseline demographics and disease characteristics are 
summarized in table 1. All biopsies from liver metastases 
used for TIL manufacture from the six treated patients 
demonstrated the presence of infiltrating lymphocytes, 
confirmed by histological evaluation and CD4+ and CD8+ 
immunohistochemical staining (figure 2).

HAI procedure and treatment delivery
The HAI procedure was performed under general anes-
thesia in two patients and under conscious sedation in 
four patients. The volume of TIL infusion ranged from 
3.2 to 90 mL and was administered over approximately 
30 min. In three patients, TILs were infused via the 
proper hepatic artery, while in three patients TILs were 
administered selectively to branches of the left and right 
hepatic arteries, as described in the Methods section. No 
technical complications were encountered during any of 
the six HAI procedures.

Five of the six patients (83%) received treatment per 
protocol, while one patient received a reduced TIL dose 
(4.4×108 cells) due to a bioreactor malfunction after 
lymphodepletion had been performed. The phenotypic 
identity and functional potency of final TIL products are 
shown in figure 3, and expression of exhaustion markers 
and T-cell differentiation subsets in online supplemental 
figure SF2.

At the database lock (2025-05-26), five patients had 
progressed and succumbed to melanoma, while the most 
recently enrolled patient was alive with 9.2 months of 
follow-up.

Safety
Safety was the primary endpoint of the trial. Among the 
eight patients who underwent tumor harvest, four (50%) 
experienced grade ≥3 AEs related to the intervention 
(online supplemental table S2A). Among the six patients 
who received TILs via HAI, no AEs related to the infusion 
procedure were observed (0%).

All six treated patients (100%) experienced hema-
tologic grade ≥3 AEs related to melphalan, while two 
patients (33%) experienced grade ≥3 AEs related to TIL 
or IL-2 therapy (table 2). The timing of treatment-related 
AEs is illustrated in online supplemental figure SF3. 
Hematologic toxicity was prominent: five patients (83%) 
required erythrocyte transfusions (median 2 units, range 
1–6 units), five (83%) required platelet transfusions 
(median 4 units, range 3–4 units), all patients (100%) 
received granulocyte colony-stimulating factor, and four 
(67%) required broad-spectrum antibiotics due to neutro-
penia. Serial measurements of hemoglobin, lymphocyte, 
neutrophil, and platelet counts are presented in figure 4.

AEs attributed to TIL or IL-2 therapy were mostly grade 
1–2 and included fever, hypotension, and vitiligo. All 
patients received all 14 doses of IL-2, and no treatment-
related deaths occurred. Three SAEs were reported: two 
unexpected hospitalizations related to tumor harvest and 
one unrelated hospitalization (online supplemental table 
S2A,B). A recommended phase II dose (RP2D) was not 
established, as no dose-limiting toxicities attributable to 
TIL infusion were observed across the evaluated dose 
levels.

Feasibility
Manufacturing feasibility was high throughout the trial. 
In the initial expansion phase, y-TIL products were 
successfully generated in 7 of 8 enrolled patients (88%). 
Final GMP-compliant products reached the target dose 
in 5 of 7 (71%). Six patients ultimately received TIL infu-
sion: five at the planned target dose (0.1–1×10⁹ cells) and 
one at a reduced dose (4.4×10⁸ cells, 44% of target).

Two patients did not proceed to treatment, one due 
to the diagnosis of a second malignancy and one due to 
failure of y-TIL expansion. Microscopic analysis of tumor 
tissue from the latter patient demonstrated a very low 
proportion of lymphocyte content, with only 0.4% of the 
cells identified as lymphocytes.

The median manufacturing time from tumor harvest 
to infusion was 43.5 days (range 34–49). Serum IL-2 

Figure 3  Purity and identity (A) and potency (B) of TIL products from the six treated patients, analyzed by flow cytometry. TIL, 
tumor-infiltrating lymphocyte.
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pharmacokinetics were consistent across patients, with 
a half-life of 2.9±0.5 hours (mean±SD, n=6) after subcu-
taneous administration of 2 MIU, and concentrations 
falling below the limit of quantification within 16 hours 
(online supplemental figure SF4).

Clinical efficacy
Although the sample size was small, efficacy evaluation 
was included as secondary endpoints. All six treated 

patients (100%) had stable disease (SD) as best overall 
response according to RECIST V.1.1 at the first evalua-
tion (6 week). At the second evaluation (week 18), one 
patient (102) remained an SD, while the other five 
patients had progressive disease (PD). Temporal changes 
in the target lesion diameter from baseline are shown 
in figure  5A. Median PFS was 4.3 months (95% CI 4.1 
to NA) (figure 5B), median hepatic PFS was 4.8 months 

Table 2  Frequency of patients with grade 3–4 adverse events attributed by the treating physician to lymphodepletion with 
melphalan and TIL/IL-2, graded according to CTCAE V.5.0 and classified according to Medical Dictionary for Regulatory 
Activities (MedDRA) terminology in the PP population, N=6

Adverse events related to study treatment

Adverse event

Lymphodepletion (melphalan) TIL/IL-2

Grade Grade

1 2 3 4 1 2 3 4

Number of patients (%)

Abdominal distension — — — — — 1 (17) — —

Alanine aminotransferase increased 2 (33) 1 (17) — — — — — —

Alkaline phosphatase increased — 2 (33) — — — — 1 (17) —

Alopecia 1 (17) 1 (17) — — — — — —

Anemia — 3 (50) 2 (33) — — — — —

Anorexia — 1 (17) — — — — — —

Aspartate aminotransferase increased 2 (33) — 1 (17) — — — — —

Blood bilirubin increased 1 (17) — — — — — — —

C reactive protein increased — — — — — 1 (17) 1 (17) —

Chills — — — — 1 (17) — — —

Diarrhea — 1 (17) — — — — — —

Dizziness 1 (17) — — — — — — —

Dysgeusia 1 (17) — — — — — — —

Eosinophilia 1 (17) 1 (17) — — — — — —

Fatigue 1 (17) 2 (33) — — — — — —

Fever — 1 (17) — — 1 (17) 2 (33) — —

Hyperhidrosis — — — — 1 (17) — — —

Hypokalemia — — — — 1 (17) — — —

Hypotension — 1 (17) — — 1 (17) 1 (17) — —

Infections and infestations–other — 1 (17) — — — — — —

INR increased 2 (33) 1 (17) — — — — — —

Lymphocyte count decreased — — 2 (33) 4 (67) — — — —

Mucositis oral 1 (17) — — — — — — —

Nausea — 3 (50) — — — — — —

Neutrophil count decreased — — — 6 (100) — — — —

Pain 1 (17) — — — — — — —

Platelet count decreased — — — 6 (100) — — — —

Skin hypopigmentation — — — — 1 (17) 1 (17) — —

Vomiting 2 (33) 1 (17) — — — 1 (17) — —

White blood cell decreased — — — 6 (100) — — — —

CTCAE 5.0, Common Terminology Criteria for Adverse Events V.5.0; IL-2, interleukin-2; INR, international normalized ratio; PP, per protocol; 
TIL, tumor-infiltrating lymphocytes.
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(95% CI 4.4 to NA) (figure 3C), and median OS was 14.5 
months (95% CI 10.1 to NA) (figure 5D). An explorative 
F18-FDG/PET analysis using AI-based algorithms revealed 
reductions in liver MTV, maximum SUV (SUVmax), and 
total lesion glycolysis in one patient (ID 103) at week 6 
compared with baseline (figure 6).

DISCUSSION
In this study, we demonstrate for the first time that locore-
gional administration of autologous TIL therapy via HAI 
is safe and feasible in patients with liver-dominant meta-
static UM. TIL products were generated using a semiau-
tomated manufacturing system, and the planned target 
dose was achieved in five of six treated patients. No AEs 
were attributable to the HAI procedure, demonstrating 
that intra-arterial delivery is technically feasible and well 
tolerated with no observations of complications such 
as hepatitis, thrombosis, or bleeding. Previous clinical 
experience with intra-arterial delivery of cell therapies in 
cancer has been limited. A case was described by Rosen-
berg et al, suggesting that intra-arterial infusion of TILs 
into the head and neck region of a patient with cutaneous 
melanoma induced a stronger clinical response compared 
with intravenous delivery of the same product.19 A small 
study of six patients with colorectal cancer liver metastases 
also demonstrated that HAI administration of CAR-T cells 
could be performed safely.20 The present study is the first 
clinical trial to evaluate intra-arterial administration of 
TILs, supporting the concept that locoregional delivery 
of cell therapy, in a disease with strong hepatic tropism 
such as UM, is feasible in a clinical setting, opening a 
new avenue for the future clinical development of cell 
therapies.

The present trial differs from most previous TIL studies 
in its preconditioning regimen. Whereas cyclophospha-
mide and fludarabine (Cy/influenza) are typically used 
to induce lymphodepletion,21 22 we employed melphalan 
because of its established efficacy in UM when admin-
istered regionally at higher doses, as in IHP used by us 
and others for the treatment of UM with liver metas-
tases.7 8 Cy/influenza and melphalan are alkylating 
agents, although their clinical profiles differ. The hema-
tologic toxicities attributed to melphalan in this trial were 
broadly comparable to those reported with Cy/influenza, 
but melphalan required only a single administration, 
appeared tolerable, and allowed out-patient dosing with 
hospitalization starting at TIL infusion. In comparison, 
Cy/influenza usually requires 5 days of in-patient care. 
Notably, the depth of lymphodepletion with melphalan 
appeared somewhat less profound than that reported with 
Cy/influenza,22 yet the overall safety profile was favorable. 
Future work should assess whether melphalan provides 
sufficient lymphodepletion for optimal TIL engraftment, 
or whether the combined conventional regimen may be 
necessary. Alternative preconditioning strategies should 
therefore be explored in subsequent studies.

Another important difference from prior studies 
relates to IL-2 administration. High-dose intravenous 
IL-2 given for up to 5 days remains standard in many 
TIL protocols,10 11 21 but is associated with significant 
toxicity. We instead used low-dose subcutaneous IL-2 
for 14 days, an approach supported by smaller studies14 
and a randomized phase II trial,23 which found no major 
efficacy differences between subcutaneous and intrave-
nous administration, though it was underpowered for 

Figure 4  Changes during treatment (mean±SEM) in: 
(A) blood hemoglobin, (B) absolute lymphocyte count (ALC), 
(C) absolute neutrophil count (ANC), and (D) absolute platelet 
count (APC). Dashed horizontal lines represent the upper and 
lower limits of normal.

Figure 5  (A) Change in target lesion size from baseline. 
(B) Progression-free survival (PFS) (C) Hepatic PFS (hPFS). 
(D) Overall survival (OS). Tick marks indicate censored data.
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definitive conclusions. Preclinical work from our group 
indicates that continuous IL-2 exposure is critical for in 
vivo TIL persistence and function.15 However, our phar-
macokinetic analyses suggest that twice-daily dosing may 
have achieved more favorable systemic exposure. This 
provides a rationale for further optimization of IL-2 dose 
and schedule in subsequent trials.

The dose of TILs administered in this study was 
substantially lower than in most prior trials in cutaneous 
melanoma by a factor of 10–100.10 11 21 Prior studies have 
suggested a dose-response relationship between the 
number of TILs administered and clinical efficacy24; thus, 
the dose of TILs administered is a potential limitation 
of our trial. While Chandran et al observed an ORR of 
35% in metastatic UM treated with TILs,12 we observed 
no objective responses, though all patients achieved SD. 
Nonetheless, signs of biological activity were present, 
including vitiligo in two patients, suggesting immune acti-
vation. Our study was not designed to evaluate whether 
HAI delivery provides added benefit. The absence of a 
tracer to assess intrahepatic distribution is a further limita-
tion. Development of imaging biomarkers, such as those 
binding CD8,25 26 to confirm and quantify intratumoral 
delivery could strengthen future studies of locoregional 
TIL administration.

To our knowledge, this is the first clinical study using 
the CliniMACS Prodigy and TRT process for manufac-
turing of TILs. No notable differences between automated 

manufacturing and conventional manufacturing using cell 
culture flasks in terms of product quality were noted during 
process development. By utilizing functionally closed 
single-use systems, integrated final formulation, automated 
media exchanges, and reduced number of user interven-
tions, the CliniMACS Prodigy can improve product quality 
and consistency as well as facilitate regulatory compliance. 
Although we only administered 109 TILs at the highest 
dose level, we acknowledge that the culture capacity of the 
CliniMACS Prodigy (approximately 5×109 cells) may be a 
limiting factor for its utility as a manufacturing platform 
for non-antigen selected TILs in the context of locore-
gional administration. However, a methodology developed 
after we validated our method suggests CD137 may be a 
potential marker for sorting in the Prodigy.27

Efficacy outcomes were modest, with median PFS and 
hepatic PFS of ~4–5 months and no objective responses. 
Median OS was 14.5 months, which compares favorably 
to historical expectations in metastatic UM2; however, 
further interpretation is limited by the small sample 
size and potential selection bias of the study popula-
tion. Exploratory 18F-FDG -PET/CT analyses provided 
evidence of biological response in one patient, consistent 
with prior reports that UM-derived TILs can exert anti-
tumor effects.12 28 Together, these findings underscore 
both the feasibility of the HAITILS approach and the 
challenges of achieving robust, durable clinical efficacy 
with the current regimen.

Figure 6  Percent change in: (A) liver metabolic tumor volume (MTV), (B) liver maximum standardized uptake value (SUVmax), 
and (C) liver total lesion glycolysis (TLG) on 18F-fluorodeoxyglucose-positron emission tomography (18F-FDG-PET) from baseline 
to 6 weeks after treatment. The right-hand panel shows representative 18F-FDG-PET images of the liver in patient 103 at 
baseline (D) and at 6 weeks after treatment (E).
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