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Abstract

IMA101 is an actively personalized, multi-targeted adoptive cell therapy (ACT), whereby 

autologous T cells are directed against multiple novel defined peptide-HLA (pHLA) cancer 

targets. HLA-A*02:01-positive patients with relapsed/refractory solid tumors expressing ≥1 

of 8 pre-defined targets underwent leukapheresis. Endogenous T cells specific for up to 4 

targets were primed and expanded in vitro. Patients received lymphodepletion (fludarabine, 

cyclophosphamide), followed by T-cell infusion and low-dose interleukin-2 (Cohort 1). Patients 

in Cohort 2 received atezolizumab for up to 1 year (NCT02876510). Overall, 214 patients were 

screened, 15 received lymphodepletion (13 women, 2 men; median age, 44 years), and 14 were 

treated with T-cell products. IMA101 treatment was feasible and well tolerated. The most common 

adverse events were cytokine release syndrome (Grade 1, n=6; Grade 2, n=4) and expected 

cytopenias. No patient died during the first 100 days after T-cell therapy. No neurotoxicity was 

observed. No objective responses were noted. Prolonged disease stabilization was noted in three 

patients lasting for 13.7, 12.9, and 7.3 months. High frequencies of target-specific T cells (up 

to 78.7% of CD8+ cells) were detected in the blood of treated patients, persisted for >1 year, 

and were detectable in post-treatment tumor tissue. Individual TCRs contained in T-cell products 

exhibited broad variation in TCR avidity, with the majority being of low-avidity. High-avidity 

TCRs were identified in some patients’ products. This study demonstrates the feasibility and 

tolerability of an actively personalized ACT directed to multiple defined pHLA cancer targets. 

Results warrant further evaluation of multi-target ACT approaches using potent high-avidity 

TCRs.
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INTRODUCTION

Adoptive cell therapy (ACT) using endogenous antigen-specific T lymphocytes against 

tumors is a promising personalized cancer immunotherapy approach, as T-cell products 

from the endogenous T-cell repertoire are expected to lack fatally self-reactive T cells. 

Encouraging clinical outcomes and a favorable toxicity profile have been described for 

endogenous ACT in patients with melanoma and leukemia (1–4). In 2016, when the 

study was conceptualized, antigen-specific ACT was limited to targeting a few previously 

described antigens, such as CD19 in hematological malignancies and MART-1, MAGE, 

gp100, WT1, or NY-ESO-1 in solid tumors (5,6). One study with autologous, non-

engineered T cells targeting NY-ESO-1 demonstrated the feasibility of treating metastatic 

melanoma with NY-ESO-1–specific CD4+ T cells generated from the blood of an 

unimmunized patient (2). A phase I/II study of autologous anti-MAGEA3 T-cell receptor 

(TCR)-engineered T cells demonstrated clinical regression of the tumors in five (55.6%) 

of nine patients with metastatic cancer (7). In another study, autologous TCR-transduced 

T cells for NY-ESO-1-positive tumors induced objective responses in 4 of 6 patients with 

synovial cell sarcoma and 5 of 11 patients with melanoma. Complete regression persisted 

after 1 year in 2 of 11 patients with melanoma; 1 patient with synovial cell sarcoma had a 

partial response lasting 18 months (8). In a long-term follow-up study, objective responses 

were observed in 11 of 18 patients with sarcoma and 11 of 20 patients with melanoma (9). 

In another study of autologous TCR-engineered T cells recognizing a naturally processed 

peptide shared by the cancer-testis antigens NY-ESO-1 and LAGE-1, clinical responses 

were observed in 16 of 20 patients with advanced cancer, and the median progression-free 

survival (PFS) was 19.1 months (10). In addition to these promising results, relevant adverse 

effects caused by the expression of some targeted antigens in normal tissues have been 

reported (5,11). Additionally, tumors may escape treatment when the only tumor antigen 

targeted is lost (12) or when the distribution of the tumor antigen is heterogeneous due to 

clonal evolution (13).

Overall, these reports indicate that additional targets may be needed for ACT, particularly 

for solid tumors, and that more clinical research including autologous endogenous T-cell 

therapy is warranted. IMA101 is an actively personalized, multi-targeted ACT that aims 

to avoid these shortcomings by using autologous T-cell products against multiple defined 

tumor-associated, peptide-human leukocyte antigen (pHLA) targets in combination with 

an optimized lymphodepleting chemotherapy regimen, low-dose interleukin (IL)-2, and a 

checkpoint inhibitor. Target antigen peptides in the tumor target warehouse were derived 

from PRAME, MAGEA1, MAGEA4, MAGEA8, NY-ESO-1, COL6A3 exon 6, MXRA5, 

and MMP1, which have no or very limited expression in normal tissues (14) (Supplemental 

Table S1). Naturally occurring, antigen-specific T cells are primed, expanded, and sorted in 
vitro with IL21, generating T cells with a less terminally differentiated phenotype (4,15).

Tsimberidou et al. Page 3

Cancer Immunol Res. Author manuscript; available in PMC 2024 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition to the selection of novel target antigens to generate specific T-cells, we used 

an optimized lymphodepletion regimen and low-dose IL2 (1.0 × 106 IU, s.c. twice daily) 

to enhance T-cell survival and expansion (16,17). Lymphodepleting regimens, mostly 

fludarabine (FLU) and cyclophosphamide (CY) combinations, have been described to 

facilitate T-cell engraftment and persistence (6,18,19). To further enhance responses to 

endogenous T-cell therapy, checkpoint inhibitors have been used and have achieved durable 

clinical responses that correlate with in vivo persistence, recovery of a central memory 

phenotype of transferred T cells, and induction of antigen spreading (20). Blockade of the 

PD-1/PD-L1 interaction by checkpoint inhibitors combined with tumor-specific T cells may 

reduce the intratumoral inhibition of the transferred T cells, resulting in synergism and 

improving the clinical outcomes achieved with either modality alone (21,22). Early studies 

demonstrate improved response rates and T-cell persistence (23–25).

Based on the considerations outlined above, we conducted a first-in-human study of 

IMA101 in human leukocyte antigen (HLA)-A*02:01-positive patients with advanced, 

metastatic cancer expressing ≥1 of the aforementioned pHLA cancer targets. Patients 

received lymphodepletion, followed by infusion of 1–4 T-cell products and low-dose IL2. 

IMA101 was investigated as a monotherapy (Cohort 1) or in combination with atezolizumab 

(anti-PD-L1; Cohort 2). The primary objective was to assess safety and tolerability; 

secondary objectives were to evaluate the in vivo persistence of transferred T cells and to 

assess tumor response. Assessment of PFS, overall survival (OS), feasibility, and biomarkers 

were exploratory objectives.

PATIENTS AND METHODS

Patients and eligibility criteria

The protocol was approved by the Food and Drug Administration and the Institutional 

Review Board at The University of Texas MD Anderson Cancer Center. The study was 

conducted in accordance with the Declaration of Helsinki and the International Conference 

on Harmonization Good Clinical Practice guidelines. All the study participants provided 

written informed consent before enrollment on the individual clinical trials in which 

they participated. The study was registered in www.clinicaltrials.gov (NCT02876510) and 

approved by the Western Institutional Review Board (WIRB, tracking number 20162235). 

All patients signed the informed consent form stating that they were aware of and agreed 

with the investigational nature of the study.

Screening and leukapheresis eligibility criteria included patients who were ≥18 and ≤65 

years of age (to select for patients with sufficient proliferative capacity of T cells), 

had pathologically confirmed advanced/metastatic cancer prior to enrollment, and tested 

positive for human leukocyte antigen phenotype HLA-A*02:01 (4-digit high-resolution of 

HLA phenotype performed by a Clinical Laboratory Improvement Amendments-certified 

laboratory was acceptable). Other eligibility criteria included an Eastern Cooperative 

Oncology Group (ECOG) performance status of 0 or 1; life expectancy >6 months prior to 

enrollment; adequate organ and marrow function (absolute neutrophil count ≥1,000/μL and 

platelets ≥100,000/μL, unless these abnormalities were due to bone marrow involvement; 

Hb ≥8 g/dL); ≥1 accessible lesion (metastasis or primary tumor) by non-high-risk collection 
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procedures for biopsy; and availability of a further line of therapy (prior to treatment with 

IMA101). Adequate hepatic function (total bilirubin level ≤2 x the upper limit of normal 

[ULN], unless the patient has known Gilbert’s syndrome; alanine aminotransferase [ALT] 

and aspartate aminotransferase [AST] levels ≤ 3 x ULN or ≤ 5 x ULN for patients with 

liver metastases); adequate pulmonary function (FEV1, FVC, and DLCO1 ≥ 50% predicted 

[corrected for Hb]; oxygen saturation > 92% on room air); acceptable coagulation status 

(international normalized ratio [INR] of prothrombin time [PT] of blood coagulation ≤ 2.0 x 

ULN and partial thromboplastin time [PTT] ≤ 2.0 x ULN); and estimated serum creatinine 

clearance ≥ 50 mL/min by the Cockcroft-Gault formula were also required.

Female patients of childbearing potential had to agree to use adequate contraception 

(hormonal or barrier method of birth control; abstinence) prior to study entry and for the 

duration of study participation. Male patients had to agree to use effective contraception 

or abstinence while on study and for 90 days after infusion of the IMA101 T-cell product. 

Women were considered to be of childbearing potential if they had had menses within the 

past 12 months and had not had a tubal ligation, hysterectomy, or bilateral oophorectomy. 

A female patient had to inform her treating physician immediately if she knew or suspected 

that she was pregnant while participating in this study.

Patients signed an informed consent document at the time of biomarker screening and 

leukapheresis and at the time of screening for treatment, stating that they were aware of 

the investigational nature of the study. Other criteria included confirmed availability of 

production capacities for the patient’s IMA101 products. Patient tumors had to express 

≥1 tumor target, as assessed by quantitative PCR (qPCR) analysis of a tumor biopsy. 

For all selected study targets, a correlation between mRNA and immunopeptidome 

levels was established, as previously described (26). Targets were considered positive if 

levels were above a target specific delta-Ct threshold that was chosen to maximize the 

sensitivity and specificity of prediction of peptide presentation (MAGEA4: 8.73, NY-ESO-1: 

12.09, PRAME: 4.75, COL6A3: 4.94, MXRA5: 2.08, MAGEA1: 7.83, MAGEA8: 7.58, 

MAGEA4: 7.26, MMP1: 6.30) (26). Patients previously screened but not eligible for other 

Immatics trials based on tumor biomarker testing with the same qPCR assay whose tumors 

were positive for at least 1 tumor antigen could enter screening in order to avoid a new 

tumor biopsy and repeated biomarker testing.

Patients were excluded from screening and leukapheresis if they had any condition 

contraindicating leukapheresis collection, human immunodeficiency virus (HIV) infection, 

active hepatitis B or C infection, or active infections requiring oral or IV antibiotics or that 

could cause a severe disease and pose a severe danger to lab personnel working on the 

patient’s blood or tissue. If test results were not indicative of an active infection, patients 

could be included. Patients who had a history of other malignancies (except for adequately 

treated basal or squamous cell carcinoma or carcinoma in situ) within the last 3 years and/or 

brain metastases were excluded unless an imaging scan with contrast enhancement not older 

than 4 weeks demonstrated no evidence of currently active brain metastasis and their disease 

was stable. Patients were also excluded if they had received systemic corticosteroids for 

a chronic condition within 2 weeks prior to leukapheresis or had received other therapies, 

including chemotherapy, surgery, radiotherapy, tyrosine kinase inhibitor, and investigational 

Tsimberidou et al. Page 5

Cancer Immunol Res. Author manuscript; available in PMC 2024 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



drugs, less than approximately 7 days prior to leukapheresis. Other exclusion criteria 

included extensive radiotherapy to the lung or liver within 4 months prior to the start of the 

lymphodepletion regimen and cardiac conditions which included uncontrolled hypertension 

(blood pressure > 150/100 mmHg) despite optimal therapy, uncontrolled angina, ventricular 

arrhythmias, congestive heart failure (New York Heart Association Class II or above), 

baseline left ventricle ejection fraction (LVEF) ≤ 50%, prior or current cardiomyopathy, 

atrial fibrillation with heart rate > 100 bpm, and unstable ischemic heart disease 

(myocardial infarction within 6 months prior to starting treatment or angina requiring 

use of nitrates more than once weekly). Additional exclusion criteria included prior stem 

cell transplantation or solid organ transplantation; concurrent severe and/or uncontrolled 

medical disease that could compromise participation in the study (i.e., uncontrolled diabetes, 

severe infection requiring active treatment, severe malnutrition, chronic severe liver or 

renal disease); and active diverticulitis, intra-abdominal abscess, gastrointestinal obstruction, 

abdominal carcinomatosis, or other known risk factors for bowel perforation. Other 

exclusion criteria included pregnancy or breastfeeding; serious autoimmune disease (at the 

discretion of the treating attending); history of active serious inflammatory bowel disease 

(including Crohn’s disease and ulcerative colitis); autoimmune disorders such as rheumatoid 

arthritis, systemic progressive sclerosis (scleroderma), systemic lupus erythematosus, or 

autoimmune vasculitis (e.g., Wegener’s granulomatosis); and history of hypersensitivity to 

CY, FLU, or IL2. Patients were excluded if they had immunosuppression not related to 

prior treatment for malignancy, history of or current immunodeficiency disease or prior 

treatment compromising immune function (at the discretion of the treating physician), or 

any other condition that would, in the investigator’s judgment, contraindicate the patient’s 

participation in the clinical study because of safety concerns or compliance with clinical 

study procedures.

To be eligible for treatment, patients had to have an ECOG performance status of 0 or 

1; adequate hepatic function (total bilirubin ≤ 2 x ULN, unless the patient has known 

Gilbert’s syndrome; ALT and AST levels ≤ 3 x ULN or ≤ 5 x ULN for patients with 

liver metastases); estimated serum creatinine clearance ≥ 50 mL/min (Cockcroft-Gault 

formula); and measurable disease. Patients were excluded from treatment if they had 

received chemotherapy, immunotherapy, surgery, or radiotherapy within the past 2 weeks 

or they had not recovered from Grade ≥ 2 adverse events of the previous therapy (except 

alopecia); had Grade 3–4 immune-related toxicities; had received extensive radiotherapy to 

the lung or liver during the 4 months prior to the start of the lymphodepletion regimen; 

were pregnant or breastfeeding; or had any other condition that would, in the investigator’s 

judgment, contraindicate the patient’s participation in the clinical study. Patients who would 

not be able to tolerate lymphodepletion, low-dose IL2, and/or IMA101 treatment, in the 

judgment of the investigator, were also excluded.

Prophylaxis

Acetaminophen (single 650 mg dose, orally) and diphenhydramine (single 50 mg dose, 

orally) were administered as prophylaxis against potential allergic reactions, and patients 

were closely monitored after the infusion of T cells. Prophylaxis against bacterial, viral, and 

fungal infections and neutropenic fever/sepsis was started on Day -6 of the lymphodepleting 
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regimen. Mesna (170mg/m2 × 12 doses) was also administered as renal prophylaxis with 

CY (described below), according to institutional guidelines. Supportive care was delivered 

as per extant clinical routines. Growth factor support with colony stimulating factors (e.g., 

filgrastim [300 μg or 480 μg, weight dependent) was administered starting not earlier than 

Day 5 after T-cell infusion, unless clinically indicated. All FDA-approved medications 

administered on this protocol were provided by MD Anderson Pharmacy (vendor, Cardinal 

Health).

Patient monitoring

All patients were screened and treated at The University of Texas MD Anderson Cancer 

Center. Patients were admitted to the inpatient service of the Department of Stem Cell 

Transplantation and were in the hospital for up to 21 days (for lymphodepletion, IMA101 

treatment, and IL2 administration) starting on Day -7. During hospitalization, patients had 

daily laboratory tests that included complete blood count with differential, comprehensive 

metabolic panel, urinalysis, and measurement of magnesium, uric acid, C-reactive protein, 

lactate dehydrogenase (LDH), and ferritin levels.

Cytokine measurements to monitor CRS

Peripheral blood for serum cytokine measurements (IL6, IFNγ) was collected on Days -3, 

0, 1, 3, 7, and 14 to monitor for cytokine release syndrome (CRS) (27,28). For serum 

cytokine analysis, ProcartaPlex Hu Cytokine / Chemokine Panel 1A 34 Plex Immunoassay 

Kit (CAT # EPX340–12167-901, ThermoFisher Scientific) was used in a Luminex 200 

(Luminex Corp). Once blood was drawn in accordance with institutional procedures, the 

samples were placed in upright position for 20–30 minutes at 20–25°C. Samples were then 

centrifuged for 15 minutes at >1200xg at ambient temperature. Equal parts of supernatant 

serum were pipetted into cryovials and stored in −80°C until further testing. The assay 

protocol required the kit standards to be tested in duplicate and the undiluted serum samples 

in triplicates with 25μL volume in each well. Controls were not used in the assay. There 

were 7 standards for each analyte in the assay. Four-fold serial dilution was performed to the 

reconstituted standard six times to reach Standard 7. The standard curve values required 5 

parameter logarithmic (5 PL) curve fit and was dependent on the 34 Plex Immunoassay Kit 

Lot Number (as provided by manufacturer). The concentration of samples were calculated 

by plotting the expected concentration of the standards against the net median fluorescent 

intensity generated by each standard.

Cell preparations

Peripheral blood mononuclear cells (PBMCs) were isolated from patient leukapheresis 

products and cryopreserved. A list of raw materials and reagents used in IMA101 

manufacturing is provided in Supplemental Table S2.

Preparation of PBMCs from leukapheresis samples

Cells were first removed from the leukapheresis sample bag and separated using a ficoll 

density gradient (Sepax). The PBMCs were then split into two equal portions. The first 

portion was directly cryopreserved in CryoStor 10 freezing media to be used in the 

Tsimberidou et al. Page 7

Cancer Immunol Res. Author manuscript; available in PMC 2024 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



generation of monocyte-derived dendritic cells (DCs), whereas the second portion was 

CD25-depleted (CliniMACS) and cryopreserved in CryoStor CS10 to be used in the 

generation and enrichment of target specific T lymphocytes. Cells for each fraction were 

cryopreserved at 300 × 106 cells/vial.

Generation of dendritic cells (DCs)

Frozen patient PBMCs were thawed, washed, and plated at 10 × 106 to 15 × 106 cells per 

well (DCs were to result from ≈5% of the plated cells, and 1.8 × 106 DCs were needed per 

peptide stimulation) into 6-well plates. After 4 hours incubation, non-adherent cells were 

aspirated and the adherent cells (which were to mature into DCs) were incubated in AIM 

V media containing IL4 and GM-CSF. Every other day (on Days 2 and 4), AIM V media 

containing IL4 and GM-CSF was added into the wells containing maturing DCs. On Day 

6, a maturation cocktail of AIM V media containing TNFα, IL1β, IL6, PGE-2, IL4, and 

GM-CSF was added to the cells. Finally, 20 to 48 hours after addition of the maturation 

cocktail, the DCs were harvested and either cryopreserved or moved directly into primary 

peptide stimulation.

Primary/secondary peptide stimulation

Overall, 1.8 × 106 DCs were removed per peptide antigen, and the appropriate peptide 

was added to a concentration of 40 μg/mL. β-2 microglobulin was added at 3 μg/mL 

if the peptide was Class I-restricted. The cell/peptide mixture was incubated at room 

temperature (RT) for four hours. During this four-hour period, the DC/peptide mixture 

was also irradiated with 5,000 rad (GammaCell 1000 Elite Cs-Best Theratronics, Ltd. 

Or Mark-I Model 68 Cs-JL Sheperd & Associates). Meanwhile, with no more than one 

hour of incubation time left, frozen CD25-depleted PBMCs were thawed, washed, and 

resuspended in CTL media with 10% human AB serum (CTL media was RPMI 1640 (Gibco 

catalog # A10491–01) supplemented with 10% heat inactivated human AB serum and 2% 

Glutamax). Overall, 70 × 106 autologous CD25-depleted PBMCs per peptide were removed 

and suspended in 50 mL CTL media with 10% serum with IL21 added. PBMCs were plated 

into a 48-well plate for each peptide. The irradiated DC/peptide mixture was washed in PBS/ 

ethylenediaminetetraacetic acid (EDTA) + 1% HSA and resuspended in CTL media with 

10% serum. The cells were added into the 48-well plate containing the PBMCs, mixed well, 

and incubated, at 37°C. On Day 2 to 4, fresh CTL media with 10% human AB serum and 

IL21 was added into the wells. Seven days after stimulating the cells with peptide, the cells 

were entered into the secondary peptide stimulation procedure.

The procedure to peptide pulse the DCs for the secondary stimulation was the same as 

for primary stimulation. During the four-hour incubation of the DC/peptide mixture, the 

primary stimulation plates were removed from the incubator. Approximately 70% of the 

media was aspirated from each well, while the cells settled at the bottom of each well were 

not disturbed. Each well was brought up to 900 μL using CTL media with 10% human AB 

serum. The cells and media in each well were mixed well. The plates were returned to the 

incubator at 37°C until the DCs had completed their four-hour incubation with peptide. At 

the end of the four-hour incubation and irradiation, the DCs were washed with PBS/EDTA 

+ 1% HSA and resuspended in CTL media with 10% serum and IL21. The CTL media/DC 
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mixture was added into each well of the peptide plate containing primary stimulated cells. 

The plates were incubated at 37°C overnight. The next day, a mixture of CTL media with 

10% human AB serum, IL2 and IL7 was added to each well. On Day 3, 70% of the media 

was aspirated from each well (without disturbing the cells at the bottom of the well) and 

the volume was brought back up to 1 mL with CTL media with 10% human AB serum 

containing IL21. The cells were returned to the incubator at 37°C. Five to eight days after 

stimulation, 150 μL were removed from each well and analyzed by flow cytometry for 

live/dead, CD8, and tetramer. The positive wells were pooled and underwent the cell sorting 

procedure.

Tetramer staining and cell sorting

Peptide-HLA tetramers that bind to the cognate TCR were used to isolate antigen-specific 

T cells. The pHLA monomer was biotinylated and multimerized to avidin conjugated to the 

fluorochrome PE to yield MHC-peptide tetramers. Positive and negative wells from each 

48-well plate were selected based on their tetramer positivity, and combined in separate 

tubes. Each of the tubes containing the cells from the selected wells were washed, and 

resuspended in the running buffer comprised of PBS, 1% HSA, and 90 U/mL benzonase 

nuclease. The supernatant from the tetramer positive pooled wells was submitted for aerobic/

anaerobic sterility testing. The tetramer positive cells were then stained with the specific 

tetramer at a concentration of 3 μg/mL and incubated at room temperature in the dark for 

15 minutes. Following incubation, the cells were washed and resuspended in the running 

buffer. The cells were filtered through a 20 μm filter into a 10 mL syringe and injected into 

separate closed system, single use, sorting Tyto Cartridges. The tetramer positive cartridge 

was loaded into the Miltenyi MACSQuant Tyto®, and the sort was performed while keeping 

the cells at 4˚C. Upon completion of the sort, the sorted tetramer positive cells were removed 

from the cartridge and dispensed directly into the prepared rapid expansion protocol vessel 

containing feeder cells. The used cartridge was then discarded.

Rapid expansion protocol 1

The rapid expansion protocol (REP) 1 procedure required use of a frozen irradiated 

lymphoblastic cell line (LCL) culture as allogenic feeder cells. Prior to REP initiation, it was 

ascertained that there were 5 × 106 irradiated LCLs available for the initiation of a G-Rex 10 

of sorted antigen-specific T cells. For each G-Rex 10, 5 × 106 frozen irradiated LCLs were 

thawed, washed, and resuspended in CTL media with 10% human AB serum, then incubated 

at 37°C until used as feeder cells. Normal donor (ND) PBMCs, also used as allogenic feeder 

cells, were prepared. For each G-Rex, 25 × 106 frozen irradiated ND PBMCs were thawed, 

resuspended in CTL media with 10% human AB serum, then incubated at 37°C until used as 

feeder cells. The ND PBMCs were irradiated with 5,000 rad and the LCLs were irradiated 

with 8,000 rad. The two cell types were pooled and suspended in CTL media with 10% 

human AB serum with 30 ng/mL CD3 Pure (OKT-3) added. The cells were then aliquoted 

into a G-Rex 10, and all available sorted antigen-specific T cells (obtained from previous 

section) were added to the G-Rex 10. The G-Rex were incubated overnight at 37°C. The 

next day, IL2 was added to 50 IU/mL. The G-Rex were returned to the incubator. On Day 4, 

≈80% of the spent media was removed from the G-Rex 10, and fresh CTL media with 10% 

human AB serum and IL2 was added. On Day 6 and 7, IL2 was added to each G-Rex 10 to 
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50 IU/mL. On Day 8 and 9, a cell count was performed for each G-Rex 10. If the total viable 

cell number was < 2 × 108, IL2 was added to 50 IU/mL and returned to the incubator. If the 

viable cell number was ≥ 2 × 108, the cells were transferred to a G-Rex 100 and brought up 

to 200 mL with fresh CTL media with 10% human AB serum and IL2 at 50 IU/mL. On Day 

10 to 12, IL2 was added to each G-Rex to 50 IU/mL. On Day 13 and 14, cells were moved 

directly into REP 2.

Rapid expansion protocol 2 (REP 2)

The REP 2 was a two-week culture that resulted in greater than 100-fold expansion of a 

patient’s antigen-specific T cells. The dose per patient was a maximum of 4 × 1010 total 

T cells with a maximum of 1.75 × 1010 T cells from each antigen-specific drug product. 

Up to nine G-Rex 100 M were initiated per drug substance. Prior to REP initiation, it was 

ascertained that there were sufficient LCLs cryopreserved for the number of G-Rex 100M 

to be initiated in the REP (2 × 108 cells/G-Rex 100M). LCLs were thawed, washed, and 

resuspended in CTL media with 10% human AB serum, then incubated at 37°C until used 

as feeder cells. Prior to REP initiation, it was ascertained that there were sufficient ND 

PBMCs cryopreserved for the number of G-Rex 100M to be initiated in the REP (1 × 109 

cells/G-Rex 100M). ND PBMCs were thawed, washed, and resuspended in CTL media 

with 10% human AB serum, then incubated at 37°C until used as feeder cells. Appropriate 

numbers of irradiated LCLs and ND PBMCs were combined in each G-Rex 100M, and 

the volume was brought up to 400 mL with CTL media with 10% human AB serum and 

30 ng/mL CD3 Pure (OKT-3). G-Rex were incubated at 37°C until use. One to 5 × 106 

antigen-specific T cells were transferred into each G-Rex 100M with the irradiated LCLs 

and ND PBMCs, and the G-Rex were placed in the 37°C incubator overnight. The next day, 

IL2 was added to 50 IU/mL. On Day 4, each G-Rex flask was filled to 800 mL with CTL 

media with 10% human AB serum and IL2 added to 50 IU/mL. On Day 6 and 7, IL2 was 

added to 50 IU/mL. On Day 8 and 9, 300 mL of spent media were exchanged and each 

G-Rex 100M was filled to 1000 mL with CTL media with 10% human AB serum and IL2 

added to 50 IU/mL. On Day 10 and 11, cells were counted. If ≤ 5 G-Rex 100M were in 

culture for a particular drug substance, each G-Rex 100M was split into 2 G-Rex 100M if 

total viable cell count was > 2 × 109 T cells (if < 2 × 109 T cells, IL2 was added into media 

at 50 IU/mL.). Each G-Rex 100M was filled to 1000 mL with CTL media with 10% human 

AB serum and IL2 added to 50 IU/mL. If ≥ 6 G-Rex 100M were in culture for a particular 

drug substance, 25% of cells from each G-Rex 100M were pooled and cryopreserved if total 

viable cell count was > 2 × 109 T cells (If < 2 × 109 T cells, IL2 was added into media at 

50 IU/mL). Each remaining G-Rex 100M was filled to 1000 mL with CTL media with 10% 

human AB serum and IL2 added to 50 IU/mL. Two to four days later, cells were harvested, 

counted, and cryopreserved using CryoStor CS10.

Tumor marker screening

A target discovery platform was used to identify and select the pHLA targets for the 

tumor target warehouse used in this trial and to define thresholds for patient inclusion (26). 

Tumor biopsy (core needle biopsy/fine-needle aspiration/excision) was performed in HLA-

A*02:01-positive patients and tested for the expression of each of the warehouse targets 

using a qPCR assay. The biopsy cores on collection were immediately stored in RNAlater™ 
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solution (CAT# AM7022, Thermo Fisher Scientific) to protect RNA integrity in the samples. 

Tissue was homogenized and RNA was extracted using All Prep DNA/RNA extraction 

kit (CAT#80204, Qiagen). For RNA quantification, RNA ScreenTape assay (CAT# 5067–

5576, Agilent) was used in TapeStation 2200 (Agilent). Extracted RNA (0.02 to 2 μg) was 

reverse transcribed using High-Capacity Reverse Transcription kit (Cat#4368814, Applied 

Biosystems) in a ProFlex™ PCR System Thermal cycler (Applied biosystems). A minus 

reverse transcriptase (-RT) reaction was also performed along with cDNA synthesis reaction. 

An input of 10 ng/well was used for qPCR using TaqMan Fast advanced Master Mix (CAT# 

4444965, Applied Biosystems). The qPCR assay was performed on pre-manufactured 

custom coated plates with dried-down inventoried TaqMan gene expression assays (Life 

Technologies, Thermo Fisher Scientific). The assay required cDNA templates to be run 

in triplicate wells, no template control in duplicate wells and -RT in single wells. The 

qPCR plates were run on a 7500 Real-Time PCR System (Applied Biosystems). Delta Ct 

(DCt) was determined by subtracting the average Ct value of the reference genes from 

the target gene Ct value and was compared to the pre-established target DCt threshold to 

determine target expression in the patient biopsy. Only patients with tumors that expressed 

≥ 1 IMA101 target by qPCR were eligible to participate in the study. All targets expressed 

in a patient’s tumor were ranked according to their pre-determined immunogenicity, and 

up to four targets were selected for production of personalized autologous IMA101 T-cell 

products. For immunogenicity testing of IMA101 warehouse peptides prior to the clinical 

trial, target-specific T cells from healthy donors were primed and expanded in vitro. In 

brief, CD8+ T cells from the leukapheresis of a HLA-A*02+ healthy donor were primed and 

stimulated using two rounds of culture with autologous peptide-pulsed DCs in the presence 

of IL21, IL2, and IL7. Immunogenicity ranking was based on number of positive donors, 

i.e., donors for which CD8+ T cells could be primed for the respective peptide.

IMA101 manufacturing

The manufacture of IMA101 followed the method developed by Chapuis et al (4). Briefly, 

PBMCs were isolated from the patient leukapheresis products and stored as described. 

Target-specific T cells were stimulated and expanded in the presence of IL-21, utilizing 

CD25-depleted PBMCs and target peptide-pulsed autologous dendritic cells (DCs). Up 

to four T-cell specificities per patient were stimulated in separate cultures and expanded. 

Antigen-specific T cells were then enriched using HLA multimer-guided flow sorting 

(Miltenyi Tyto multimer generation and flow cytometry described below) resulting in 

a tetramer-positive T cell purity ranging from 71.4% to 100.0% and further expanded 

in the presence of irradiated allogenic feeder cells and cytokines before harvesting and 

cryopreservation. The duration of the T-cell product manufacturing was approximately 3–4 

months, including the release testing requirements. The T-cell products were cryopreserved 

until administration to the patient was indicated (e.g., after disease progression on bridging 

therapy).

Allogeneic PBMC feeder cells

Pooled ND PBMCs used as allogeneic feeder cells in both REP 1 and REP 2 were 

obtained from non-mobilized normal donors by leukapheresis. The leukapheresis units were 

obtained from Carter BloodCare, Gulf Coast Regional Blood Center, or other FDA-licensed 
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vendors. Gulf Coast Regional Blood Center (Houston, TX) is a non-profit organization 

and is accredited, licensed and inspected by the FDA, American Association of Blood 

Banks (AABB), as well as local and state authorities. Carter BloodCare (Bedford, TX) 

is an AABB-accredited blood center, certified by the Foundation for the Accreditation of 

Cellular Therapy, and licensed by the FDA. These two vendors were used as the source of 

donor PBMC leukapheresis. Donors for these products have been screened and tested for 

infectious diseases before collection of their product and determined to be negative before 

being used as feeders. At minimum, these tests included screening for HBC, HBSAG, HCV, 

HIV-1/2, HTLV-I/II, IAT, NAT, STS, and WNV. Normal donors from Carter BloodCare 

and Gulf Coast Regional Blood Center were screened and tested per collection facility 

standard procedure using FDA-licensed, approved, or cleared screening tests. The donors 

were screened and evaluated per 21 CFR 1271 subpart C and communicable disease testing 

was performed by testing laboratories certified (21 CFR 1271.55(b)(1)) to perform such 

testing on human specimens under CLIA and 42 CFR 493, or equivalent requirements as 

determined by the Center for Medicare and Medicaid Services. In addition, prepared pooled 

donor PBMCs were tested for bacterial and fungal sterility, mycoplasma, and endotoxin. 

Leukapheresis units for PBMC feeder’s preparation were received at the GMP facility 

within 24 hours after the completion of the leukapheresis procedure scheduled by the 

collection facility and were processed and cryopreserved by Immatics trained personnel at 

Immatics’ dedicated GMP suites at the UTH GMP facility. Once cryopreserved, the feeder 

PBMCs were irradiated with 5,000 rad and stored in vapor phase of liquid nitrogen until 

released per Certificate of Analysis (CoA). Prior to use in the REP manufacturing process, 

irradiated ND feeder PBMC were thawed, washed, and resuspended in CTL media plus 10% 

human AB serum.

Allogeneic lymphoblastic cell line feeder cells

The TM-LCL was provided by City of Hope. This strain and its T-cell line have been 

extensively tested by City of Hope. The donor of the cells that were used to generate this 

LCL was screened for potential risk factors and tested for an infectious disease marker panel 

(except for West Nile which was not being tested at that time). Viral safety evaluation was 

performed in accordance with ICH Q5A (R1) Quality of Biotechnological Products: Viral 

Safety Evaluation of Biotechnology Products Derived from Cell Lines of Human or Animal 

Origin. This testing was in compliance with the requirements of 21 CFR Part 1271. The cells 

were tested and released on 20-Jul-2005. In addition to the testing listed on the CoA, the 

TM-LCL Cell Bank obtained from the City of Hope by Immatics has tested negative for 

both AAV and HPV at WuXi AppTec using validated GMP assays.

The TM-LCL Cell Bank from City of Hope was expanded by Immatics in Lonza X-VIVO 

15 serum free media and maintained at a concentration of 1 to 10 × 106/cm2 in G-Rex 

culture vessels. The expanded culture was cryopreserved as an Immatics working cell 

bank. Immatics working cell banks were tested for sterility, mycoplasma, endotoxin, and 

HLA matching. The TM-LCL was cultured in Lonza X-VIVO 15 serum-free media and 

maintained in culture for a period of time in order to generate active reagent cell banks. 

Each reagent cell bank was cryopreserved and irradiated with 8,000 rad and stored in vapor 

phase of liquid nitrogen until released per TM-LCL reagent cell bank specifications. Prior 
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to use in the REP manufacturing process, frozen irradiated LCLs were thawed, washed, and 

resuspended in CTL media plus 10% human AB serum.

Treatment and sample collection

Treatment consisted of lymphodepletion, IMA101 infusion, and IL2 (Figure 1). The 

lymphodepletion regimen was designed in 2016 and consisted of 40 mg/m² FLU (1-hour 

intravenous [IV] infusion, Fludara®, Genzyme Corporation), followed 1 hour later by 500 

mg/m² CY (2-hour IV infusion, Baxter) on Days -6 to -3 (30,31). IMA101 products (up to 

1.75 × 1010 cells per product, not exceeding 4 × 1010 cells in total) were thawed and infused 

intravenously (no wash) approximately 72 hours after completion of the lymphodepletion 

regimen (Day 0), allowing sufficient time for FLU clearance (32,33). IL2 treatment, 1.0 × 

106 IU, administered every 12 hours s.c., was started within 6 hours after IMA101 (Days 0–

14). Patients were treated with IMA101 monotherapy (Cohort 1) or with IMA101 and 1200 

mg IV atezolizumab (Tecentriq, Genentech, F. Hoffman-La Roche) over 30–60 minutes, 

starting 3 weeks after IMA101 infusion and upon hematologic recovery and thereafter 

every 3 weeks for up to 1 year (Cohort 2), or until disease progression, unacceptable 

toxicity, patient withdrawal of consent or if the physician considered it in the interest 

of patient to discontinue. Patients received Mesna and other supportive care measures 

as per institutional guidelines. All patients underwent computed tomography or magnetic 

resonance imaging studies, including brain imaging, at baseline and approximately every 6 

weeks after IMA101 treatment, unless otherwise clinically indicated, using state-of-the-art 

GE or Siemens scanners. Toxicity was assessed according to the National Cancer Institute 

Common Terminology Criteria of Adverse Events (CTCAE), version 5.0; cytokine release 

syndrome (CRS) (27,28) and immune effector cell-associated neurotoxicity syndrome 

(ICANS) were assessed using standard institutional CARTOX guidelines (34). Pre- (at the 

time of leukapheresis) and post-infusion on Day 1, 7, 14, 21, 56, 84, 126, 168, Month 9 

and 12, and during follow up visits at Month 12 and 18, PBMCs for immunomonitoring 

were isolated within 8 hours of venipuncture from sodium heparin blood samples (BD 

Vacutainer® Heparin Tubes 10mL, BD, 367874) of patients by Ficoll–Hypaque density 

gradient centrifugation. Blood was diluted in DPBS (VWR, 392–0434) and 28 mL were 

carefully layered onto 15 mL Ficoll (PAN-Biotech, P04–60100) in Separation tubes (VWR, 

720–1840). Samples were centrifuged for 15 minutes at 800xg without brakes and the upper 

content of the separation tubes was transferred to fresh tubes, washed with DPBS and 

centrifuged for 10 minutes at 320xg. The pellet was resuspended in 1% HSA (Octapharma, 

5400949) in DPBS. Cell numbers of live PBMCs were determined in Neubauer counting 

chambers (Paul Marienfeld GmbH & Co. KG, 0640010) with Turk’s solution (VWR, 93770) 

and 0.05% trypan blue (VWR, 1.11732.0025) in DPBS with 0.01% sodium azide (VWR, 

8.22335.0100). Cells were cryopreserved at 10 to 20 Mio/ml in RPMI (Biozym, 880195) 

with 11.5% HSA and 10% DMSO (WAK Chemie, WAK-DMSO-70) until standardized 

assessment of immune responses. Apart from PBMC collection, tumor biopsy was collected 

to assess the presence of target biomarkers during screening. Additional biopsy was 

collected on Day 42 post-infusion. Optional biopsies were scheduled during the visit prior 

to treatment, and post treatment on Day 168, and Month 12 and 18 to assess T cell filtration 

into tumor. Tumor biopsy specimens were rinsed in RNALater™ to remove contaminating 

blood prior to processing.
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Persistence, phenotype, and functionality of infused T cells

T-cell tracking by pHLA multimers by flow cytometry: For flow cytometry-based 

ex vivo immunomonitoring, isolated and cryopreserved PBMCs collected at different time 

points before and after infusion (specified above) were subjected to patient-individual 

pHLA-multimer and cell surface staining.

HLA-A*02:01-peptide monomers were produced by protein refolding from HLA-A*02:01 

and β2 microglobulin E.coli inclusion bodies as previously described (41) with the following 

modifications. The HLA-A*02:01 heavy chain, with a biotinylation sequence for the BirA 

ligase at the C-terminus, and β2-microglobulin were expressed separately from a pET-3a 

vector in BL21(DE3)pLysS cells (Merck, 70236). Bacteria were cultured in LB medium 

supplemented with ampicillin (Roth, K029.1) and chloramphenicol (Merck, C0378) and 

induced with 1 mM isopropyl β-d-1-thiogalactopyranoside (VWR, 437144N) at an OD600 

of 0.5 to 0.6. Cells were harvested 5 hours post-induction, resuspended in PBS (Gibco, 

14190144) and frozen at −80°C. Magnesium chloride (10 mM, Merck, 105833), DNAse 

(10 μg/ml, Roche, 10104159001) and benzonase (50 U/ml, Merck, 1016950001) were 

added to the thawed cell suspension before sonication. Inclusion bodies were washed by 

repeated centrifugation and resuspension with 0.5% triton (Roth, 3051.2), 50 mM Tris, pH 

8 (Roth, 4855.2), 100 mM NaCl (Roth, 3957.1), 1 mM EDTA (Roth, 8040.3), 0.1% sodium 

azide (Roth, K305.1) and 1 mM dithiothreitol (DTT, Roth, 6908.1). The pellet was finally 

dissolved in 8 M urea (Merck, U1250), 10 mM Tris pH 8, 100 mM di-sodium hydrogen 

phosphate dihydrate (Roth, 4984.2), 0.1 mM EDTA and 0.1 mM DTT.

For refolding, the heavy chain, β2-microglobulin and the peptide were added to the 

refolding buffer with a final concentration of 2.8 μM, 2.3 μM and 30 μM, respectively. 

The refolded monomer was purified by size exclusion chromatography (SEC) using the 

AEKTA go system (Cytiva) with a HiLoad 26/600 Superdex 75 pg column (Cytiva). 

Biotinylation with the BirA biotin-protein ligase (Avidity) was performed overnight at 27°C 

according to the manufacturer’s instructions followed by a second purification by SEC. 

Biotinylated peptide-HLA monomers were multimerized using streptavidin conjugated to 

fluorochromes to yield tetramers (Streptavidin-PE, Life Technologies, S866; Streptavidin 

PE-Cy7, Biolegend, 405206). Multimers were incubated in PBS (Gibco, 14190–144), 2% 

fetal calf serum (FCS, Life Technologies, 10270–106), 2 mM EDTA (Roth, 8040.3), and 

0.01% sodium azide (Roth, K305.1) with 25 nmol/ml biotin (Sigma-Aldrich, B4501) for 

20 minutes at 4°C. Potential aggregates were removed by centrifugation for 60 minutes at 

13000 rpm. PBMCs were rested overnight in RPMI 1640 (Life Technologies, A10491–01) 

+ 10% human serum (C.C.Pro, S-41-M)+ 1 ng/mL IL15 (PromoCell, C-62512) and 20 

U/mL IL2 (PZN 02238131). Between 5 × 105 and 5 × 106 cells were treated first with 

fixable Viability Stain BV510 (BD Biosciences, 564406) for 30 minutes at 4°C, followed 

by patient-individual multimer staining in phycoerythrin (PE) and/or PE-Cy7 for 20 minutes 

at room temperature (each multimer at a concentration of 1.25 μg/mL) and staining with 

surface markers using antibodies listed in Supplemental Table S3 for 30 minutes at 4°C in 

PBS, 2% FCS, 2 mM EDTA, and 0.01% sodium azide. All washing steps were carried out 

in PBS + 2% FCS + 2 mM EDTA + 0.01% sodium azide. Stained cells were fixed with PBS 

with 1% FCS and 1% formaldehyde (Sigma Aldrich, 47608) and acquired on a LSRII SORP 
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flow cytometer or a FACS AriaII and analyzed by FlowJo software, version 10.4 (Tree Star). 

Gating was performed using bi-dimensional dot plots with quadrants and/or polygon gates. 

The gating strategy was identical for all assay timepoints of a given patient. As a first step, 

irregularities were excluded using the time vs. PE gate. Next, doublets were excluded, and 

lymphocytes were gated for dump-channel negative and CD3+CD8+ T cells. Target-specific 

T cells were identified using the respective multimers. Phenotyping was performed within 

tetramer positive CD8 T cells (Supplemental Figure S6). As control, PBMCs from healthy 

donors were analyzed in every assay and stained with the same multimers as patient samples 

as well as irrelevant pHLAs.

Ex vivo class I intracellular cytokine staining assay: Isolated and cryopreserved 

PBMCs collected at different time points before and after infusion were also used in an 

intracellular cytokine staining assay after stimulation with target peptides. Between 1.7 and 

3.4 × 106 PBMCs per well were rested overnight, followed by incubation with antigenic 

peptide (10 μg/mL) in the presence of monensin (BD, 554724) and brefeldin A (BD, 

555029) as per the manufacturer’s instructions and CD107a BV605 (H4A3, BioLegend) 

(Supplemental Table S3) for 6 hours at 37 °C. Cells from each time point were stimulated 

with the corresponding target peptides. Cells stimulated with mock peptide (solvent only, 

DMSO (WAK Chemie, 0482) + 0.5% TFA (Merck, 108262)) were used as an internal 

negative control. After stimulation, PBMCs were treated with fixable Viability Stain BV510 

(BD, 564406) for 20 minutes at 4°C, followed by surface staining as shown in Supplemental 

Table S3 for 20 minutes at 4°C in PBS + 2% FCS + 2 mM EDTA + 0.01% sodium azide. 

After a washing step in PBS + 2% FCS + 2 mM EDTA + 0.01% azide, cells were fixed 

using FACS Perm2 solution (BD, 558052) for 10 minutes at RT, and intracellular staining 

was carried out using PermWash (BD, 554723) and antibodies listed in Supplemental Table 

S3 for 30 minutes at 4°C.. Cells were acquired on a LSRII SORP flow cytometer and 

analyzed by FlowJo software, version 10.4.

The gating strategy was identical for all assay timepoints of a given patient. As a first step, 

irregularities were excluded using the time vs. PE gate. Next, doublets were excluded and 

lymphocytes were gated for dump-channel negative and CD3+ T cells. Effector molecule 

expression (IFN-γ, TNF-α, IL-2, CD107a, MIP-1β) was analyzed within CD8+CD4− T 

cells. Cytokine gates were set based on the populations in the mock control and the gating 

was applied to all samples of the patient (Supplemental Figure S8). In addition, these 

functional gates within CD8+CD4− T cells, showing positivity or negativity for a given 

marker, were combined (“Boolean gates”). Out of 5 cytokines or markers, all 25 = 32 

possible combinatorial patterns were calculated using Boolean gating by FlowJo software, 

version 10.4. To be defined as an above-threshold response, the frequency of effector 

molecule-positive cells within one combinatorial pattern had to be at least two-fold over 

the frequency in the corresponding mock control.

TCRβ sequencing: Immunosequencing of the complementarity-determining region 3 

(CDR3) of human TCRβ chains was performed with pHLA-multimer-sorted and unsorted 

T-cell products, peripheral blood, and serial tumor biopsy specimens collected prior to and 

6 weeks after infusion using the immunoSEQ Assay (Adaptive Biotechnologies, Seattle, 
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WA) (35,36). Genomic DNA extracted from T-cell products, whole blood samples, or tumor 

biopsies was amplified in a bias-controlled multiplex PCR, followed by high-throughput 

sequencing. Genomic DNA was extracted from tumor biopsies using AllPrep DNA/RNA 

Mini kit (CAT# 80204, Qiagen) after tissue homogenization using Tissueruptor (Qiagen). 

Sequences were collapsed and filtered to identify and quantitate the absolute abundance of 

each unique TCRβ CDR3 region for further analysis, as previously described (35,36,42). 

To overcome PCR bias, a complete set of V-J templates were synthesized with unique 

barcodes. From this list of templates, PCR amplification was performed with a universal 

set of primers until each V-J template was amplified nearly equivalently, any residual bias 

was removed computationally. All TCRβ CDR3 regions were identified via alignment to 

genomic reference sequences from IMGT Database (www.imgt.org). The fractions of T cells 

in the samples were calculated by normalizing TCRβ template counts to the total amount 

of DNA usable for TCR sequencing, where the amount of usable DNA was determined by 

PCR amplification and sequencing of several housekeeping genes that were expected to be 

present in all nucleated cells. For each target-specific T-cell drug product, target-specific 

clones were identified as those comprising at least 1% of the drug product when sorted with 

antigen-specific multimers labelled with PE. Additionally, the maximum number of clones 

selected was capped at the number of wells that yielded successful in vitro priming during 

the T-cell manufacturing.

Cell lines

CD8+ TCRαβ-knockout Jurkat cells (Promega, GA1162), acquired in 2020, were used 

for included data only in 2020, without authentication/re-authentication, and were handled 

according to manufacturers’ recommendation, in culture for 2 to 4 weeks; mycoplasma 

testing was performed after 4 weeks of culture. T2 cells (Lymphoblast cell line, Human 

(Homo sapiens)), acquired from ATCC (CRL-1992) in 2010, without authentication/re-

authentication, were handled according to manufacturers’ recommendation, in culture for 2 

to 4 weeks; mycoplasma testing was performed after 4 weeks of culture.

TCR identification and characterization

Sorting of target-specific T-cell clonotypes from patient T-cell products: The 

T-cell products from the first 5 patients treated were used for TCR identification (failed 

for ID01 for technical reasons). Additional T-cell products were randomly selected from 

further patients, with a focus on COL6A3 because COL6A3 was the target expressed most 

frequently. T-cell products were thawed, rested overnight, and stained via multiplexed 2D 

multimer staining (37,38) in addition to live/dead and anti-CD3 staining (Supplemental 

Table S3). Cells were sorted using a BD ARIAIII FACS device in 96-well plates containing 

lysis buffer (Tris 64.9 mM, LiCl 810.8 mM, EDTA 6.5 mM, pH 7.5) to be further processed 

by single-cell 5’ Rapid Amplification of cDNA Ends (5’ RACE). In-house-generated 

target HLA-monomers were multimerized to tetramers using commercially available, 

fluorochrome-labelled streptavidin reagents. COL6A3 and PRAME were labelled with APC 

(ThermoFisher, Lot 2009260)/PE (ThermoFisher, Lot 1973501) or APC (ThermoFisher, Lot 

2009260)/BV711 (BD, Lot 8192727), NY-ESO-1 and MXRA5 with APC (ThermoFisher, 

Lot 2009260)/PE (ThermoFisher, Lot 1973501), and DDX5 (used as counterstain) with 

BV650 (Biolegend, Lot B267738)/PE-Cy7 (Biolegend, Lot B260327).
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5’RACE and TCR coding sequence assembly: After lysis, mRNA was isolated using 

paramagnetic oligo(dT)-beads and cDNA synthesis was performed using TCR gene-specific 

primers. Subsequently, the TCR transcripts were amplified via nested multiplex PCR 

according to Kobayashi et al. 2013 (43) on a Veriti™ 96-Well Fast Thermal Cycler (Life 

technologies, Cat.# 4375305). Nucleotide sequences were obtained from Sanger sequencing, 

and the resulting data assembled into entire coding sequences in silico to determine germ 

line allele usage (BLAST algorithm) and CDR3 composition. Synthesized TCR genes were 

ordered via GenScript.

TCR re-expression: In order to generate a template for in vitro transcription (IVT), TCR 

alpha and beta chain DNA, including T7-Promoter (TAATACGACTCACTATAGGGAGA) 

(44) and Kozak sequences (GCCGCCACCATG) (45) at the 5’ end and a 64 adenosines 3’ 

tail adjacent to the stop codon, was synthesized by a commercial provider (Genscript biotech 

B.V., Nehterlands) and amplified by PCR. PCR was performed once per gene using 

PrimeSTAR® HS polymerase (TaKaRa bio Inc., Cat. #R040A) according to the 

manufacturers protocol, Primers T7Kozak (5’-

AATAATACGACTCACTATAGGGAGAGCCGCCACC-3’) and pUC57_A64‐B1 (5’-

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTGACGGGCCCGGGATCCGAT-3’) on a Veriti™ 96-Well Fast Thermal Cycler 

(Life technologies, Cat.# 4375305). For re-expression, TCR mRNA was generated based on 

the PCR products by IVT using the mMESSAGE mMACHINE T7 Transcription Kit 

(Thermo Fisher Scientific, AM1344) according to the manufacturer’s protocol. TCRαβ-KO 

(CD8+) Jurkat cells were harvested and electroporated with 20 μg mixed alpha and beta TCR 

mRNA using the ECM830 electroporator (BTX) at 500V, 3ms. The electroporated Jurkat 

cell samples were rested for 20 hours prior to starting co-culture assays as described below. 

Efficiency of TCR expression (30–70 % CD3-positive Jurkat cells) was assessed by flow 

cytometry after anti-CD3 and live/dead staining (Supplemental Table S3). TCR-mediated 

Jurkat activation is shown in the figures as RLU (relative luminescence units) values as 

acquired by the multiplate reader, after subtraction of background wells filled with medium 

only.

Determination of functional avidity: T2 cells were used as target cells and pulsed with 

the respective target peptides (MXRA5, NY-ESO, PRAME, COL6A3, PRAME as indicated 

in Figure 5 and Supplemental Figure S12) at concentrations ranging from 10 pM to 10 

μM for 2 hours at 37°C. Subsequently, T2 cells and TCR-expressing TCRαβ-KO (CD8+) 

Jurkat cells were washed with medium (RPMI 1640, Life technologies, 11875093 + 10% 

FCS, Gibco, A5256701+ 1% sodium pyruvate, CC Pro, Z-20-M + 1% MEM NEAA, Life 

technologies, 11140050 + 0.08% hygromycin B, Merck, 400052–50ML + 1% blasticidin, 

Fisher Scientific, 12172530) and seeded to a 96-well U bottom plate in a 1:1 ratio (5 × 104 

T2 cells + 5 × 104 Jurkat cells). Following 6 hours of incubation at 37°C and 5% CO2, 

the culture plates were analyzed using the Bio-Glo-NL Luciferase Assay System (Promega 

#J3082) according to the manufacturer’s protocol. Luciferase activity was determined as 

relative light units using a Synergy 2 microplate reader (BioTek) at a 0.5-second integration 

time. Data points were analyzed by GraphPad Prism (v8.4.0), and EC50 values calculated 

using a nonlinear regression model (4PL).
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Multiplex immunofluorescence staining and image analysis

Multiplex immunofluorescence (mIF) analysis was performed in individual patients with 

evaluable pre- and post-treatment biopsy formalin-fixed, paraffin-embedded tissue as 

previously described (39,40) (Supplemental Table S3). Briefly, four-micrometer-thick, 

formalin-fixed, paraffin-embedded sample sections were stained using a mIF panel 

containing antibodies against cytokeratin (clone AE1/AE3, Dako), CD3 (cat#IS503, Dako), 

CD8 (clone C8/144B, Thermo Fisher Scientific), FOXP3 (clone D2W8E, Cell Signaling 

Technology), PD-1 (clone [EPR4877(2)], ABCAM), CD68 (clone [PG-M1 (M)], Dako), 

PD-L1 (clone E1L3N, Cell Signaling Technology), and KI67 (clone MIB-1, Dako). All 

the markers were stained in sequence using their respective fluorophores contained in 

the Opal 7 kit (catalogue #NEL797001KT; Akoya Biosciences, Waltham, MA) and the 

individual tyramide signal amplification fluorophores in the Opal Polaris 480 (catalog 

#FP1500001KT) and Opal Polaris 780 (catalog #FP1501001KT, Akoya Biosciences) kits 

(39). The slides were scanned using the Vectra/Polaris 3.0.3 (Akoya Biosciences) at low 

magnification, 10x (1.0 μm/pixel), through the full emission spectrum and using positive 

human reactive tonsil controls (donated from pediatric tonsillectomies) from the run staining 

to calibrate the spectral image scanner protocol (40). A pathologist selected 5 regions of 

interest (ROIs) for scanning in high magnification using the Phenochart Software image 

viewer 1.0.12 (931 × 698 μm at resolution 20x) in order to capture various elements of 

tissue heterogeneity. Each ROI was analyzed by a pathologist using InForm 2.4.8 image 

analysis software (Akoya Biosciences). The different ROIs were grouped according to the 

presence or absence of CK expression in the tumor (groups or nests of malignant T-cells) 

and stroma (represented by the stroma area between tumor cells) compartments, respectively 

(40). Marker co-localization was used to identify specific cell phenotypes in the different 

compartments. Densities of each cell phenotype were quantified, and the final data were 

expressed as number of cells/mm (40). All the data were consolidated using the R studio 

3.5.3 (Phenopter 0.2.2 packet, Akoya Biosciences).

Cytotoxicity assay

Patient and donor T-cell products (except one donor, which was used fresh) were removed 

from vapor phase liquid nitrogen storage and thawed in warm Hanks’ Balanced Salt Solution 

(HBSS, Cytiva Life Sciences, SH30588.01) supplemented with 10% human AB serum 

(HuAB, Gemini Bioproducts, 100–512). Thawed cells were resuspended in TexMACS 

medium (Miltenyi Biotec, 130–097-196) supplemented with 5% HuAB (“Complete 

TexMACS”) containing 50 U/mL benzonase (Sigma-Aldrich, E1014) and placed into T25 

flasks. Flasks were rested at 37°C and 5% CO2 overnight. The next day, tumor line 

flasks were rinsed with plain PBS and trypsinized to detach adherent cells. Cells were 

collected and washed in Dulbecco’s Modified Eagle’s Medium (DMEM, ATCC, 30–2002) 

supplemented with 10% fetal bovine serum (FBS, Avantor Seradigm, 89510–194). Washed 

tumor lines were resuspended in Complete TexMACS. 1 × 104 cells were plated into each 

well of a flat-bottomed 96-well plate and incubated for 1 to 4 hours at 37°C to allow tumor 

cells to adhere during T-cell preparation. Tumor lines used were: UACC257 (PRAMEhigh, 

COL6A3neg), Hs695T (PRAMElow, COL6A3neg), SW982 (PRAMElow, COL6A3low), and 

T98G (PRAMEneg, COL6A3high); all stably expressed NucLight RFP. For 10:1 effector-to-

target (E:T) ratio, 1×105 cells T cells and for 5:1 E:T ratio, 5×104 T cells were added 
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in quadruplicate to appropriate wells in Complete TexMACS medium. Plates containing 

adhered tumor cell lines and T-cell products were placed into an IncuCyte set to scan for 

red-fluorescing tumor cells at 2-to-4-hour intervals for 72 hours. Total counts of RFP+ cells 

per image were exported, and fold-expansion of RFP+ cells was calculated by normalizing 

counts at subsequent timepoints to the earliest clear imaging timepoint (either 0 hours or 4 

hours).

Statistical analysis

Descriptive statistics were used to summarize patients’ characteristics. Tumor responses 

were assessed using RECIST1.1. OS was measured from the time of patient consent for the 

treatment part of the trial until death from any cause or last follow-up. PFS was defined 

as the time from entry onto the treatment part of the trial until disease progression or 

death, whichever came first. Survival curves were estimated by using the Kaplan-Meier 

method, and the median survival was reported with 95% confidence intervals. The log-rank 

test was used to compare survival between two groups. The data cut-off date for survival 

analysis was January 21, 2021. Area under the curve (AUC) was calculated for the indicated 

parameters and time window using the trapezoid rule in GraphPad Prism (patients with 

missing data were excluded from the analysis). Pearson’s correlation coefficient was used 

in correlation analyses between the two parameters assessed. A paired t-test was used 

for grouped comparison. EC50 values were calculated using a nonlinear regression model 

(4PL). All statistical analyses were conducted using GraphPad Prism except for the survival 

analyses in Supplemental Figure S4, for which Stata/SE version 17.0 (StataCorp, College 

Station, Texas) was used. In addition, R was used in the Supplemental Figure S2 heatmaps 

of the CTCAE v5.0 grading and Supplemental Figure S10E qPCR target expression.

Data Availability

Data are available upon reasonable request. The datasets used and/or analyzed during 

the current study are available from the corresponding author on reasonable request and 

approval from study sponsor and institution according to available guidelines at the time of 

request. Data on TCRβ sequencing are publicly available in Genbank under OQ884263 - 

OQ884356.

Consent for publication

Patient consent for publication was not required. Patients consented to participate in the 

study.

RESULTS

Patients

From July 2017 to January 2020, 214 patients were enrolled (Supplemental Figure S1). 

Ninety-nine (46.3%) patients were HLA-A*02:01-positive, and of those patients, 61 (28.5%) 

underwent a tumor biopsy. Sixty of 61 biopsies were evaluable for target expression; 54 of 

these expressed ≥1 target. Forty-three (15.9%) of the 214 patients completed leukapheresis, 

and manufacturing was initiated for 97 products (2.3 products/patient). Fifty-seven products 

were successfully released for 36 patients (16.8% of all patients). The remaining products 
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were not released owing to lack of antigen-specific T-cell precursors in patients’ PBMCs 

(52.5%), failure to meet release requirements (42.5%), or contamination (5.0%). Of the 

18 patients who consented to treatment, four did not receive T-cell product due to brain 

metastases at screening for treatment (n=1), worsening performance status (PS, n=2), or 

because the T-cell product did not meet infusion criteria (cryostorage bag was found 

damaged when thawed, n=1, patient ID13). Fifteen patients underwent lymphodepletion, 

including the 14 who received T-cell products. Table 1 and Supplemental Table S4 

summarize the baseline characteristics of the 15 treated patients. The median age was 44 

years (range, 20–63), and 13 (86.7%) were female. The median number of prior therapies 

was 5 (range, 3–12). Patient biomarker expression is listed in Table 1. All patients received 

bridging therapy (Supplemental Table S5). Supplemental Figure S1B shows the timeline 

from leukapheresis to T-cell infusion for all 15 patients.

Treatment

The median number of T-cell products administered was two (range, 1–3). Seven (50.0%) 

patients received one product; three (21.4%) received two products; and four (28.6%) 

patients received three products, each. The median number of viable cells infused into a 

patient across all products administered was 1.7 × 1010 cells (range, 0.42 to 3.96 × 1010), 

and the median frequency of target-specific CD3+CD8+ T cells in the product was 72.0% 

(Supplemental Table S6), resulting in a median dose of 1.19 × 1010 target-specific T cells 

(range, 0.1 × 1010 - 3.02 × 1010). Four patients were treated in Cohort 1 and 10 patients were 

to be treated in Cohort 2, but two patients did not receive atezolizumab because they did not 

meet the hematological criteria (Table 1, Supplemental Table S4). Twelve patients received 

28 doses of IL2 as per protocol (Supplemental Table S5). One patient (ID14) was taken off 

study because the T-cell product did not meet infusion criteria as the cryostorage bag was 

found damaged when thawed.

Safety

Treatment was overall well-tolerated in this heavily pretreated patient population. 

Treatment-emergent adverse events (TEAEs) are listed in Table 2. The most common 

adverse events were Grade 1–2 CRS and cytopenias. No ICANS or autoimmune toxicity 

was encountered. CRS was reported in 10 (71.4%) of 14 patients who received T-cell 

products (Grade 1, n=6; Grade 2, n=4). All 15 patients developed Grade 4 neutropenia 

and lymphopenia, which resolved within 1–2 weeks after T-cell infusion, and 8 (53.3%) 

patients developed Grade 3–4 thrombocytopenia (Supplemental Figure S2). Five (33.3%) 

patients experienced infectious complications (Grade 3 bacteremia, n=2; port catheter-

related infection, n=2; Grade 3 appendicitis, n=1). Other TEAEs included nausea, vomiting, 

and anorexia. One patient (ID03) developed Grade 3 sinus bradycardia on Day 9 after T-cell 

therapy; IL2 was discontinued, and the bradycardia resolved by day 15. The patient was a 

hemochromatosis gene carrier (one copy of the H63D mutation). The cardiac work-up was 

normal. A patient (ID14) with small-cell sarcoma of the mandible experienced Grade 3 QTc 

interval prolongation (Day 100 after T-cell therapy) associated with hypokalemia. Another 

patient (ID09) developed Grade 3 orthostatic hypotension on Day 23 and was diagnosed 

with brain metastases by day 64 after T-cell therapy (Table 2).
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Clinical outcomes

Response: Fourteen patients completed treatment and were evaluable for response. No 

objective responses were noted. At 6 weeks, 12 (85.7%) patients had stable disease (SD) 

(Table 1). Prolonged disease stabilization was noted in three patients (ID04, 08, 10), 

lasting for 12.9, 7.3, and 13.7 months, respectively. Patient ID04 received one COL6A3-

specific T-cell product and experienced disease stabilization for 12.9 months, with resolution 

of disease-related pain. Tumor biopsies at 8.0 and 12.13 months after T-cell infusion 

demonstrated tumor necrosis. Patient ID08, who received three T-cell products (COL6A3, 

MMP1, and MXRA5) and atezolizumab had SD lasting for 7.3 months. Patient ID10 with 

peritoneal mesothelioma received one PRAME-specific T-cell product and atezolizumab 

and had SD lasting for 13.7 months; this patient also received palliative radiotherapy 7 

months after T-cell therapy. Patient ID05 with squamous cell carcinoma (SCC) of the 

anus received two T-cell products (COL6A3 and PRAME) and showed a 26% decrease in 

tumor measurements (Supplemental Figure S3) at week 6 after T-cell therapy. Response and 

clinical events are shown in a swimmer plot in Figure 2, and changes in tumor measurement 

from baseline over time are illustrated in a spider plot in Supplemental Figure S4A.

Survival: Thirteen of 14 treated patients experienced progressive disease (PD). The 

median PFS was 3.4 months (range,1.8–13.7 months; 95% CI, 2.0–7.4 months) (Table 1, 

Supplemental Figure S4B). The median OS was 9.4 months (95% CI, 4.7 – 22.2 months) 

(Supplemental Table S7, Supplemental Figure S4C). No treatment-related deaths were 

observed. Eleven patients died of PD. Four patients (ID01, 02, 03, 04) had prolonged OS 

(>20 months). Two patients (ID08, 10) were alive at the time of the analysis.

Immunomonitoring studies and correlation with progression-free survival

Infused T cells were tracked and characterized in patients’ blood via flow cytometry-based 

immunomonitoring. Although target-specific T cells were rarely detected prior to IMA101 

T-cell infusion, peak frequencies of up to 78.74% target-specific cells of CD8+ T cells 

(median 25.58%, range 0.39–78.74%) were observed 1–3 weeks after infusion. Persisting 

T cells were detected up to 79 weeks (Figure 3A–B). The frequencies observed over time 

varied among patients, as well as for the products (up to three) infused into the same 

patient (Supplemental Figure S5A). This variance was not clearly attributed to absolute 

counts of target-specific cells per microliter of blood (Supplemental Figure S5A) or the 

number of infused target-specific T cells (Supplemental Figure S5B–C). A correlation trend 

between the number of infused cells and persistence was observed. This would have reached 

statistical significance if the outlier in Supplemental Figure S5B (patient ID10) had been 

disregarded. T-cell kinetics in the blood (AUC of T-cell frequencies over time) demonstrated 

a trend towards longer PFS in patients with high AUC (Figure 3C). However, due to the 

small number of patients, statistically significant conclusions could not be drawn.

Phenotypic analysis of target-specific T cells revealed variable expression of CD27, CD28, 

and CD127 between T-cell products of different patients (Figure 3D). These markers, known 

to be associated with T-cell survival, increased after infusion. Resting of the products 

for 44 hours in the absence of cytokines showed no induction of CD27, suggesting a 

specific induction of these markers in patients post-infusion (Supplemental Figure S5D). 
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Products showed high frequencies of CD45RO+ cells and low frequencies of CD45RA+ 

cells, suggesting a predominant effector memory phenotype. CD45RO expression decreased 

and CD45RA expression increased after infusion, indicating a shift towards terminal 

differentiation (Figure 3D, Supplemental Figure S7A). Except for TIM-3, which decreased 

after infusion, no expression of co-inhibitory markers (e.g., PD-1, LAG-3) was observed 

after infusion (Supplemental Figure S7A).

High levels of the effector molecules CD107a, MIP1β, TNFα, and IFNγ and lower levels of 

IL2 were found in most products after target restimulation (Supplemental Figure S7B). The 

frequencies of functional and polyfunctional cells within the CD8+ T-cell fraction decreased 

after infusion, mostly in line with the declining frequencies of target-specific T cells after 

the initial peak (Figure 3E–F, Supplemental Figure S9). Exceptions were patients ID04 and 

ID10, in whom only a fraction of target-specific T cells could exert effector functions. T-cell 

functionality was similar in all T-cell products manufactured for an individual patient but 

showed variability across patients. Whereas T-cell functionality showed a steady decline in 

some patients, functionality was maintained after infusion in others, as shown by the relative 

expression of effector molecules.

Detection of target-specific T cells in post-treatment tumor tissue

The overall T-cell infiltration in tumor tissue assessed via TCRβ sequencing varied between 

patients (median, 4.99%; range, 0.1–20.3% of total cells) in the pre-treatment tumor, 

and no significant change was observed between pre- and post-treatment tumors (Figure 

4A, Supplemental Figure S10A). Target-specific T cells were mostly undetectable in pre-

treatment tumor tissue (Figure 4B). However, they were detected in post-treatment tumor 

tissue (median, 0.90%; range, 0–4.17% of total cells), indicating that the target-specific 

T-cells traffic into the tumor. No significant correlation was observed between overall T-cell 

infiltration of tumor tissue prior to treatment and infiltration of target-specific T cells 

after treatment (Supplemental Figure S10B). However, the AUC of target-specific T-cell 

frequencies in the blood correlated with the frequency of target-specific tumoral T cells, 

suggesting that high T-cell persistence in the blood may support infiltration of target-specific 

T cells in the tumor (Supplemental Figure S10C). There was no relevant correlation between 

the clonal cell number infused and tumoral T-cell infiltration (Supplemental Figure S10D). 

Notably, target mRNA assessment by qPCR in post-treatment tumor biopsies did not reveal 

general antigen loss (Supplemental Figure S10E).

Analysis of the spatial distribution of total T cells (CD3+, irrespective of specificity) in the 

tumor and their phenotypes via multiplex immunofluorescence in two patients with clinical 

benefit demonstrated fewer CD3+ T cells per mm2 in patient ID05 compared with patient 

ID08 both before and after treatment (Figure 4C), which is in line with the results observed 

by TCRβ sequencing. Although both patients had similar numbers of CD3+CD8+ T cells 

per mm2 prior to treatment, patient ID05 showed an 11-fold decrease in CD3+CD8+ T cells, 

even though we observed initial tumor shrinkage in this patient. Patient ID08, who had 

higher T-cell infiltration, showed prolonged disease stabilization and a nine-fold increase in 

CD3+CD8+ T cells. Ten percent of CD3+CD8+ T cells in the post-treatment tumor expressed 

the proliferation marker Ki67, which was undetectable before treatment. The ratio between 
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CD3+CD8+ T cells and regulatory T cells increased 17-fold from pre- to post-treatment 

tissue (0.12 and 2.16, respectively). Patients without clinical benefit showed low numbers of 

infiltrating CD3+ and CD3+CD8+ T cells (Supplemental Table S8). Given that patients with 

multiple indications were included in this study, statistically significant differences cannot 

be reached, and sampling bias due to tumor heterogeneity cannot be excluded.

Detection of T-cell clones with high-avidity TCRs in blood and tumor

IMA101 T-cell products showed varying clonality, and the clonal composition of target-

specific T cells was assessed after treatment in blood and tumor (Figure 5A, Supplemental 

Figure S11). T-cell clones considered to be target-specific were those identified from 

the pHLA-multimer-sorted population of the respective T-cell products. When adding 

up frequencies of those target-specific clones for each product or patient, the TCRβ-

sequencing revealed results comparable to the frequencies observed by flow-based 

immunomonitoring, including that pre-treatment target-specific T-cell clones were mostly 

undetectable (Supplemental Figure S12A). In most cases, only one or a few target-specific 

T-cell clones contributed to the high frequency in the blood post-treatment, and the 

most abundant clone in the T-cell product usually remained the most abundant clone post-

treatment (Figure 5A, Supplemental Figure S11). However, there were cases where a clone 

with lower frequency in the T-cell product outgrew the other target-specific clones and 

became dominant in the blood post-treatment (e.g., COL6A3-C3 in patient ID05).

The ability of selected T-cell products to kill target-positive tumor cell lines was assessed in 
vitro. T cells were able to lyse tumor cell lines expressing the cognate target gene at high 

levels (UACC257 for PRAME; T98G for COL6A3 target; Figure 5B), with the limitation 

that COL6A3-specific Product 3 showed only minimal growth inhibition of the target-high 

cell line T98G. Growth of the tumor cell line Hs695T, which expresses PRAME at low 

levels, was only marginally inhibited by the PRAME-specific T-cell products. At the same 

time, TCR-engineered T cells used as controls robustly killed tumor cell lines, even those 

with low target expression. To understand TCR functional avidity of the target-specific 

T-cell clones, we identified and characterized TCRs from eleven T-cell products from six 

patients. The individual TCRs showed a broad range of avidities, with the majority (77.8%, 

28/36 characterized TCRs) being of intermediate-low avidity (EC50>10 nM) (Figure 5C). 

Only five of eleven T-cell products analyzed contained ≥1 high-avidity TCR (EC50 ≤10 nM), 

and only one of those high-avidity clones was infused at a cell number >1010 (Supplemental 

Figure S12B). Seven of eight clones with high avidity showed below average persistence in 

blood (AUC) and below average frequency in post-treatment tumor tissue (average across 

all assessed clones; Supplemental Figure S12C–D). No statistically significant association 

between persistence and avidity was noted.

Infectious complications

Two patients developed Grade 3 bacteremia: patient ID01 (Staphylococcus simulans) on 

Day 38 after T-cell therapy and patient ID10 (Serratia marcescens) on Day 41 after T-cell 

therapy; patient ID10 also experienced Grade 3 cellulitis around the port catheter on Day 17 

after T-cell infusion (no organism was identified). Two patients developed Grade 3 device 

(port catheter)-related infection: patient ID02 (Streptococcus agalactiae) on Day 59 after 
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T-cell therapy and ID07 (Mycobacterium canariasence) on Day -3 of lymphodepletion. One 

patient (ID09) on Day 16 after T-cell therapy developed Grade 3 appendicitis and was 

treated successfully with IV antibiotics.

Selected patients with clinical benefit

In patient ID04 (SCC of nasopharynx) who received one COL6A3 T-cell product and 

showed SD for 12.9 months, the high frequency of target-specific T cells in the blood mainly 

consisted of one clone (Supplemental Figure S12). This clone showed a peak frequency of 

~64.9% of T cells and was still at ~14.4% at week 12, which was the last time point assessed 

by TCRβ-sequencing. Flow-based assessment showed 6.8% of target-specific T cells among 

CD3+CD8+ T cells 79 weeks after infusion (Figure 3A–B), which is likely to consist of the 

one clearly dominant clone. The clone also was detected with ~11.8% of T cells and 1.8% 

of total cells in the tumor biopsy (Supplemental Figure S12). Overall, patient ID04 showed 

higher overall tumor infiltration compared to other patients analyzed, which may have 

promoted the infiltration of the infused target-specific T cells (Figure 4A–B). Assessment 

of functional avidity of the dominant clone revealed very low avidity (Supplemental Figure 

S12), which may explain why the tumor growth was stabilized but no tumor shrinkage could 

be achieved despite the very high abundance of this clone in the blood and tumor.

An example of multi-target activity may be patient ID08 (ovarian cancer), who received 

three T-cell products against COL6A3, MXRA5, and MMP1 and showed disease 

stabilization for 7.3 months. At least one clone from every product contributed, with a 

peak frequency of >5% of T cells, to the overall persistence of up to 60.7% in the peripheral 

blood and 30.8% of T cells in the tumor biopsy (Supplemental Figure S12). Overall, patient 

ID08 showed high T-cell infiltration in the tumor and an increase in CD3+CD8+ T cells that 

expressed the proliferation marker Ki67, suggesting active infiltration and proliferation of 

target-specific T cells in the tumor that may have contributed to transient tumor control 

(Figure 4). The patient showed a high frequency of polyfunctional cells in the T-cell 

product that maintained their activity post-infusion (Supplemental Figure S10). However, 

characterization of functional avidity of the highest-frequency COL6A3 clone revealed only 

low avidity (Supplemental Figure S12).

Patient ID05 (SCC of anus) received two T-cell products (PRAME and COL6A3) and 

showed a tumor shrinkage of 26% (RECIST1.1) 6 weeks post-infusion. Both T-cell products 

contained high-avidity clones (Supplemental Figure S12) and showed expression of multiple 

effector molecules, indicating their functionality (Figure 3E). However, upon infusion all 

the high-avidity clones showed rather low persistence (peak frequency, <5% of T-cells) in 

the blood, whereas one COL6A3 clone of low avidity, that was not the highest frequency 

clone in the T-cell product, gained dominance and contributed most of the target-specific 

T cells in the blood (peak frequency, 10.2% of T cells) and post-infusion biopsy specimen 

(2.9% of T cells) (Figure 5A). The outgrowth of this clone suggests that despite its low 

avidity, this clone may have recognized its target and mediated the tumor shrinkage. At 

week 8, the frequency of this clone in the blood substantially decreased, accompanied by 

a pronounced shift of T-cell phenotype towards terminal differentiation and a decrease in 

expression of effector molecules (Supplemental Figure S10). These observations together 
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with a low frequency of target-specific T-cells detected in the tumor biopsy may provide 

a possible explanation for the limited and only short-lived tumor shrinkage followed by 

disease progression at week 12. The effector-to-target ratio within the tumor may have been 

too low to achieve a meaningful and durable tumor responses.

DISCUSSION

Clinical trials addressing multiple targets have been conducted previously, for example, in 

the context of tumor vaccines (46). IMA101 applies the concept to ACT with endogenous T 

cells (14) and demonstrates the feasibility and tolerability of an actively personalized, multi-

target, multi-T-cell product approach for treatment of solid cancers, guided by confirmed 

target expression in patient-derived biopsies. The combined target positivity rate of 90% 

among HLA-A*02:01-positive patients demonstrates that this approach can be applied to 

many patients and can overcome the challenges of having few suitable targets available for 

ACT and their low prevalence. The capability to initiate manufacture of T-cell products for 

multiple targets led to the successful generation of ≥1 T-cell product for 36 of the 43 patients 

(83.7%) who underwent leukapheresis. A limitation of the study was the long manufacturing 

time of approximately 9 weeks, during which patients received bridging anticancer therapy, 

resulting in 25 (58.1%) of 43 patients being ineligible for treatment at the time of product 

release.

The optimal lymphodepleting regimen for T-cell-based therapy in solid tumors has not been 

established and may differ from the less-intensive regimens applied for approved chimeric 

antigen receptor (CAR)-T cell therapies in hematological cancers. We previously designed 

a modified lymphodepleting regimen that was based on the synergistic interactions between 

FLU and CY, explored in modeled cell line studies (47,48). The dose, timing, and sequence 

of FLU/CY were different than those used in other protocols and are crucial for synergistic 

lymphodepletion without excessive normal organ toxicity (47,48). The synergy between 

FLU and CY may have allowed us to achieve remarkable T-cell expansion and persistence 

of the infused T cells for a prolonged period of time. T cells were infused 2 days after 

completion of the 4-day lymphodepleting regimen, thus allowing sufficient time for FLU 

clearance (32,33).

A low-dose IL2 regimen (1 × 106 IU, s.c. twice daily) was used instead of the high-dose 

regimen (720,000 IU/kg IV, every 8 hours), which is more widely used with ACT (32,33), 

to reduce IL2-mediated toxicities while preserving the beneficial effect of IL2 on T-cell 

persistence (49,50). Known preferential expansion of regulatory T cells by low-dose IL2 

(51–53) may be less of a concern in fully lymphodepleted patients. One case of sinus 

bradycardia on Day 9 after T-cell therapy resulted in discontinuation of IL2. Although it is 

possible that IL2 contributed to this event, the patient’s bradycardia may also have been, to 

some extent, associated with them being a carrier of the hereditary hemochromatosis gene 

(H63D mutation).

IMA101 treatment was overall safe and well-tolerated in heavily pretreated patients with 

relapsed/refractory solid tumors. The safety profile observed with IMA101 compares 

favorably to what has been reported for CAR-T trials in relapsed or refractory diffuse 
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large B-cell lymphoma (54), as detailed in Supplemental Table S9. Observed transient 

cytopenias following lymphodepletion were expected, while a low incidence of serious 

infections was noted during the neutropenic period. In our study, there was no treatment-

related mortality within 100 days of T-cell infusion, and the adverse events, including 

CRS-like symptoms, were milder and less frequent than those reported in the CAR-T studies 

that utilized different lymphodepletion regimens (21,22). Furthermore, patients received 

prophylaxis against bacterial, viral, and fungal infections, keeping the rate of infectious 

complications low. The lack of ICANS in our study is likely attributable to the absence of 

active brain metastases. Other contributing factors may include the choice of the targets, the 

manufacturing process, and more physiological activation of T cells through the natural TCR 

compared to CAR-T treatment in hematological malignancies (23–25).

It has been demonstrated before that ACT targeting multiple antigens could be a promising 

approach. Treatment with autologous, non-engineered, multi-target T cells combined with 

chemotherapy associates with prolonged tumor control in multiple myeloma (55) and 

pancreatic adenocarcinoma (56); antigen escape was observed in one patient whose T-cell 

product recognized only one antigen (55). In our trial, we did not observe an association 

between patient outcomes and the number of products infused or the target(s) addressed. 

Prolonged disease stabilization, lasting longer than six months, was noted in three patients 

(ID04, 08, 10), which is considered encouraging for such heavily pretreated patients. 

Interestingly, two of these three patients (ID08 and 10) received IMA101 in combination 

with atezolizumab. The latter patient (ID10) had previously experienced disease progression 

on two investigational checkpoint inhibitors. Although no robust conclusion can be drawn 

regarding attribution to atezolizumab, IMA101, or their synergy, other investigators have 

indicated that combining checkpoint blockade and T-cell therapy may result in synergistic 

antitumor activity (3,20), improved response rates, and persistence of the infused T cells 

(4,20).

T-cell engraftment and persistence compared favorably to what has been described for 

similar ACT approaches (57). Interestingly, a high level of T-cell persistence seemed 

beneficial for prolonged PFS. Multiple factors may have contributed to this robust T-

cell persistence, including the modified lymphodepletion and IL2 regimen, the targets 

themselves, as well as the manufacturing process and thus the phenotype of the infused T 

cells. T-cell products exhibited a polyfunctional effector memory phenotype with expression 

of CD45RO, CD127, and CD27. Maintained or even induced expression of CD28, CD27, 

and CD127 post-infusion with no induction of immune checkpoints post-infusion indicates 

a long-lived, non-differentiated effector memory phenotype with a maintained capacity to 

signal through these molecules and only a slow shift towards terminal differentiation and 

less polyfunctional T cells post-infusion. A comparable phenotype was described in previous 

studies using a very similar manufacturing process including IL21, where improved T-cell 

persistence and objective responses were observed (58).

As expected, target-specific T cells were rarely detected prior to infusion, indicating T-cell 

priming from the naïve repertoire during the manufacturing process (57). IMA101 T cells 

were detected in post-treatment biopsies of all analyzed patients, suggesting that they 

can enter the tumor as a prerequisite for antitumor activity. Although T-cell products 
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were generally able to kill target-positive cell lines, their potency in this respect was 

heterogeneous and inferior to TCR-engineered T cells. In line with this observation, 

characterization of individual TCRs in the endogenous T-cell products showed a broad range 

of avidity, with the majority being intermediate to low (EC50 >10 nM), reflecting the range 

that is expected in the natural immune repertoire directed towards self-epitopes. No general 

correlation between avidity and persistence was observed, even though the rare high-avidity 

T-cell clones mostly showed low persistence. This does not suggest a causal relationship, 

and by the clinical activity and persistence described with high-avidity TCR-engineered T 

cells supports this lack of causality (58).

Connecting the detailed characterization of the pre- and post-infusion T-cell products 

with the clinical course of the patients revealed some intriguing observations. Patient 

ID04 (SCC of nasopharynx) received one COL6A3 T-cell product and showed very high 

T-cell engraftment and persistence, as well as post-infusion tumor infiltration. Infused 

and persisting T cells mainly consisted of one dominant T-cell clone with low functional 

avidity, which may explain why the IMA101 treatment stabilized the patient’s disease for 

12.9 months but could not achieve an objective response. Another patient (ID05, SCC of 

anus) showed a 26% decrease in tumor measurements 6 weeks after infusion of two T-cell 

products (PRAME and COL6A3). Both T-cell products contained high-avidity clones and 

were multi-functional. However, the high-avidity clones showed low engraftment in the 

blood, whereas one COL6A3 clone of low avidity gained dominance and contributed to the 

majority of the post-treatment target-specific T cells in the blood, suggesting that this clone 

may have recognized its target and mediated the tumor shrinkage. At week 8, the frequency 

of this clone in the blood significantly decreased, accompanied by a marked shift of T-cell 

phenotype towards terminal differentiation (re-expression of CD45RA) and a decrease in 

expression of effector molecules. These findings, combined with a low frequency of tumoral 

target-specific T cells, may provide an explanation for the disease progression of this 

patient at week 12, although other causal or contributing intrinsic or acquired resistance 

mechanisms of the tumor cannot be excluded. Significantly higher T-cell infiltration into 

the tumor was observed in patient ID08 (ovarian cancer). This patient received three T-cell 

products, against COL6A3, MXRA5, and MMP1, and showed disease stabilization for 

7.3 months. An increase in CD3+CD8+ T cells expressing the proliferation marker Ki67 

suggested active infiltration and proliferation of target-specific T cells in the tumor, which 

may have contributed to tumor control.

Despite the promising biological data and interesting case studies, no objective responses 

were observed. The limited data do not allow robust conclusions regarding the clinical 

activity of IMA101. Possible antitumor activity of the lymphodepleting chemotherapy 

regimen or of atezolizumab as a single agent could not be distinguished from IMA101 

activity. The main barrier to the presented approach reaching clinical efficacy appears 

to be the limited frequency of highly potent target-specific TCRs in the endogenous 

T-cell products. This limitation could be overcome by adoptive transfer of autologous 

TCR-engineered T cells. This approach intends to enhance antitumor activity by using well-

characterized, potent, and high-avidity target-specific TCRs. Furthermore, this therapeutic 

strategy has a shorter manufacturing time and will, thus, accelerate treatment availability 
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and potentially improve patient outcomes. Respective trials are ongoing (NCT03686124, 

NCT03441100, NCT03247309).

In conclusion, our study demonstrates that treatment using T cells directed against multiple 

defined pHLA targets is feasible and, overall, well-tolerated in heavily pretreated patients 

with advanced, metastatic solid tumors. T-cell persistence, as well as tumor infiltration, was 

observed. These interesting case studies provided insights into tumor control mechanisms. 

Our results suggest that high and durable T-cell persistence, a favorable T-cell phenotype, 

high TCR avidity, or tumor infiltration alone may each be insufficient for efficient antitumor 

activity. These observations warrant further evaluation of multi-target ACT approaches, 

preferentially using potent, high-avidity autologous TCR-engineered T cells against defined 

pHLA targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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LIST OF ABBREVIATIONS

ACT adoptive cell therapy

AUC area under the curve

CAR chimeric antigen receptor

CRS cytokine release syndrome

CTCAE common terminology criteria of adverse events

CY cyclophosphamide

ECOG eastern cooperative oncology group

FLU fludarabine

HLA human leukocyte antigen
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ICANS immune effector cell-associated neurotoxicity syndrome

ICS intracellular cytokine staining

IL interleukin

IV intravenous

OS overall survival

PBMCs peripheral blood mononuclear cells

PD progressive disease

PFS progression-free survival

pHLA peptide-HLA

PS performance status

qPCR quantitative polymerase chain reaction

RACE rapid amplification of cDNA ends

s.c. subcutaneous

SCC squamous cell carcinoma

SD stable disease

TCR T-cell receptor

TEAEs treatment-emergent adverse events
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Synopsis:

Feasibility and safety of a personalized adoptive cell therapy (ACT) against multiple 

peptide-HLA cancer targets is demonstrated. Results warrant further investigation 

regarding the use of multi-targeted ACT approaches with high-avidity TCR products 

in patients with advanced metastatic cancer.
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Figure 1. Study schema: IMA101 personalized multi-targeted T-cell therapy.
Patients were screened for tumor targets, and T-cell products were generated. Patients 

were treated with lymphodepletion, IMA101 infusion, and IL2 with/without atezolizumab 

(anti-PD-L1), as indicated.
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Figure 2. Clinical events in patients who underwent treatment.
Swimmer plot of clinical responses in relationship to duration of treatment and time of 

treatment discontinuation. Day 0 (infusion of the IMA101 T-cell product) was chosen as 

baseline (time 0). Symbols along and at the end of each bar represent relevant clinical 

events. *Patient ID13 was non-evaluable owing to not receiving the T-cell product.
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Figure 3. Target-specific T cells show very high frequencies in the blood after infusion and 
exhibit a favorable T-cell phenotype.
(A) Representative pHLA multimer staining for target-specific T cells in the T-cell products 

and PBMCs of patient 04 prior to and after infusion. (B) Persistence of target-specific 

T cells in PBMCs after infusion as assessed by flow cytometry. Frequencies of target-

specific T cells (TET+) among CD3+CD8+ T cells (sum of specificities) are shown for 

each patient (n=14, 29 independent experiments were performed). Last data points for 

each patient indicate either the timepoint of progression or the last sampling timepoint 

before progression. Data points after progression (follow-up samples) are indicated as open 

circles. (C) PFS of patients with high (> median, n=5) vs. low (< median, n=5) T-cell 

persistence (AUC [baseline to week 8] of the T-cell frequencies [%TET+ of CD3+CD8+]) 

in the blood after infusion. (D) Expression of phenotypic markers on pre- and post-infusion 

target-specific T cells. Average expression is shown for patients who received more than 

one T-cell product (n=14, 29 independent experiments were performed). Last data points 

for each patient indicate either the timepoint of progression or the last sampling timepoint 

before progression. Data points after progression (follow-up samples) are indicated as open 

circles. (E) Expression of effector molecules in pre- and post-infusion CD8+ T cells after 

ex vivo target restimulation (n=12, 9 independent experiments were performed). Frequency 

of cells that expressed between 1 and 5 effector molecules are shown within CD8+ T cells 

(left) and relative to the frequency of cells that express any effector molecule (right). (F) 

Frequency of functional T cells (≥1 effector molecule) within pre- and post-infusion CD8+ 

T cells (left. Sum frequencies of functional cells after re-stimulation with the individual 

targets are shown for patients that received more than one T-cell product. Frequency of 

polyfunctional T cells (>1 effector molecule) within CD8+ cells that expressed any effector 
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molecule (right). Average is shown for patients who received more than one T-cell product 

(n=12, 9 independent experiments were performed. BL=baseline, FP=final T-cell product, 

p=p-value.
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Figure 4. Target-specific T cells can be detected in the tumor after infusion.
(A) Tumor infiltration by T cells as assessed by TCRβ-sequencing. Frequencies of T 

cells among total cells in tumor biopsy prior to and after infusion (median 6.0 weeks 

post-infusion) are shown per patient pooled from 5 independent sequencing experiments. (B) 

Tumor infiltration (median 6.0 weeks post-infusion) by target-specific T cells as assessed 

by TCRβ-sequencing. Frequencies of target-specific T-cell clones (identified by TCRβ-

sequencing from T-cell product sorted with target-specific multimers) among total cells in 

tumor biopsy prior to and after infusion are shown per patient pooled from 5 independent 

sequencing experiments. (C) Representative multiplex immunofluorescence images from 

formalin-fixed, paraffin-embedded core needle biopsies of patient ID05 and patient ID08 

before and ≈6 weeks after treatment. Green arrows indicate proliferating, cytotoxic T cells 
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infiltrating the tumor area after treatment. Red arrows indicate very low levels of cytotoxic 

T cells before treatment that are almost absent after treatment. CD3+ (red) = T-lymphocyte; 

CD3+CD8+ (pink) = cytotoxic T-cell; DAPI (blue) = cell nuclei; Ki67 (white) = proliferating 

cell; panCK (turquoise) = epithelial (tumor) cells. Scale bar represents 20 μm.
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Figure 5. Some IMA101 products contain T-cell clones with high-avidity TCRs that can be found 
in the blood and tumor.
(A) Target-specific T-cell clones as identified by TCRβ-sequencing from T-cell products 

sorted with target-specific multimers (left) and tracking of those clones by TCRβ-

sequencing in the blood (middle) and tumor biopsy (right) prior to and after infusion. 

Target-specific T-cell clones were not detectable in tumor biopsies prior to infusion. 

Representative results are shown for patient ID05. (B) Available IMA101 products with 

confirmed TCR expression from patients were co-cultured in quadruplicates with tumor cell 

lines at E:T ratios of 10:1 and 5:1. Tumor cell growth and killing was followed in a Sartorius 

IncuCyte. Tumor lines were all HLA-A*02:01+ and varied in target expression: UACC257 

(PRAMEhigh, COL6A3neg; E:T 10:1), hs695T (PRAMElow, COL6A3neg; E:T 10:1), and 

T98G (PRAMEneg, COL6A3high; E:T 5:1). The plots show the normalized integrated area 

under the curve of the fold tumor growth from the earliest clear scan timepoint up through 

72 hours of co-culture. TCR-engineered T-cell products were used as reference and positive 

controls. Error bars represent standard error of mean. (C) Functional avidity of individual 

TCRs isolated from T-cell products after re-expression in TCRαβ-KO (CD8+) Jurkat cells, 

which expressed an NFAT-luciferase reporter. EC50 values of luciferase activation were 

determined from co-culture experiments using peptide-loaded T2 target cells. Low-avidity 
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TCRs of EC50 values above the applied peptide loading range (10 pM – 10 μM) were 

indicated as EC50 = 105 nM. The experiment was performed once in triplicate.
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Table 1.

Baseline patient characteristics

Pt. 
ID

Age, 
yrs Sex Tumor 

Dx

Date 
Dx 
to 
Rx 
ICD, 
yrs

No. 
of 
prior 
sys-
temic 
Rx

Positive bio-
markers

T-cell products 
received: viable/
specific cells x1010

Total 
dose, 
viable/ 
specific 
cells 
x1010

Atezo-
lizumab

RECIST1.1 
responseat 
6 wks

PFS*, 
months

01 56 F
Adeno-
carcinoma 
of breast

18 10 COL6A3, MXRA5 MXRA5: 0.42/ 
0.10 0.42 No SD 2.4

02 28 F Synovial 
sarcoma 10 5

PRAME, 
COL6A3,MXRA5, 
NY-ESO-1

PRAME: 1.16/ 
0.84MXRA5: 
1.02/ 0.42NY-
ESO-1: 1.37/ 0.59

3.54 No SD 3.3

03 36 M
Myxoid 
lipo-
sarcoma

6 12
PRAME, 
COL6A3, NY-
ESO-1

PRAME: 1.16/ 
0.76COL6A3: 
1.16/ 1.09NY-
ESO-1: 1.16/ 1.07

3.48 No SD 4.7

04 37 M
SCC of 
naso-
pharynx

12 5 COL6A3, MMP1 COL6A3: 1.69/ 
1.47 1.68 No SD 12.9

05 58 F SCC of 
the anus 4 7 PRAME, COL6A3

PRAME: 0.97/ 
0.49COL6A3: 
0.76/ 0.26

1.72 Yes SD 3.4

06 31 F

Infiltrating 
duct car-
cinoma of 
breast

3 7 COL6A3, 
PRAME, MMP1

COL6A3: 1.61/ 
1.27PRAME:0.33/ 
0.03

1.92 Yes SD 3.2

07 49 F Synovial 
sarcoma 3 5 PRAME, 

COL6A3, MXRA5

PRAME: 1.74/ 
1.58COL6A3:0.91/ 
0.63MXRA5: 
1.32/ 0.82

3.96 No SD 5.8

08 24 F Ovarian 
cancer 1 4 COL6A3, MMP1, 

MXRA5

COL6A3: 1.16/ 
0.97MMP1: 1.41/ 
0.85MXRA5: 
1.16/ 1.00

3.73 Yes SD 7.3

09 56 F

Invasive 
duct 
breast 
cancer

3 3 COL6A3, NY-
ESO-1

COL6A3: 1.04/ 
0.89NY-ESO-1: 
1.74/ 1.61

2.78 No PD 1.8

10 63 F

Meso-
thelioma 
of perito-
neum

6 7 PRAME PRAME:0.68/ 0.55 0.68 Yes SD 13.7

11 32 F

Infiltrating 
ductal car-
cinoma of 
breast

4 8 COL6A3 COL6A3: 1.39/ 
1.09 1.39 Yes SD 3.4

12 57 F

Adeno-
carcinoma 
of trans-
verse 
colon

1 5 COL6A3 COL6A3: 0.72/ 
0.40 0.72 Yes PD 2.0

13‡ 44 F
Squamous 
cell cancer 
of anus

4 3 COL6A3 N/A N/A N/A N/A N/A

14§ 20 F Small cell 
sarcoma 5 7 COL6A3 COL6A3: 0.58/ 

0.44 0.58 Yes SD 3.7
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Pt. 
ID

Age, 
yrs Sex Tumor 

Dx

Date 
Dx 
to 
Rx 
ICD, 
yrs

No. 
of 
prior 
sys-
temic 
Rx

Positive bio-
markers

T-cell products 
received: viable/
specific cells x1010

Total 
dose, 
viable/ 
specific 
cells 
x1010

Atezo-
lizumab

RECIST1.1 
responseat 
6 wks

PFS*, 
months

of 
mandible

15 56 F
Adeno-
carcinoma 
of colon

2 4 COL6A3, MMP1 COL6A3: 0.77/ 
0.46 0.77 Yes PD 1.8

Dx, diagnosis; ICD, informed consent document; N/A, not applicable; PFS, progression-free survival; Rx, therapy; SCC, squamous cell carcinoma; 
SD, stable disease

*
Progression-free survival was measured in months from date of entry on the treatment part of the study to date of disease progression or treatment 

discontinuation

‡
Patient 13 received lymphodepletion but did not receive the T-cell product because it was damaged

§
Patient 14 withdrew consent after 3.7 months of treatment.
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Table 2.

Treatment-emergent adverse events (N=15)*

Adverse events
All grades Grade 1 Grade 2 Grade 3 Grade 4

No. % No. % No. % No. % No. %

Cytokine release syndrome** 10 66.7 6 40.0 4 26.7

Leukopenia 15 100.0 15 100.0

Neutropenia 15 100.0 1 6.7 14 93.37

Lymphopenia 15 100.0 15 100

Thrombocytopenia 14 93.3 4 26.7 2 13.3 4 26.7 4 26.7

Anemia 15 100.0 3 20.0 12 80.0

Febrile neutropenia 5 33.3 1 6.7 3 20.0 1 6.7

Chills 4 26.7 3 20.0 1 6.7

Fever without neutropenia 2 13.3 2 13.3

Device-related infection 2 13.3 2 13.3

Bacteremia 2 13.3 2 13.3

Cellulitis 1 6.7 1 6.7

Appendicitis 1 6.7 1 6.7

Nausea 11 73.3 6 40.0 5 33.3

Vomiting 9 60.0 7 46.7 2 13.3

Anorexia 5 33.3 4 26.7 1 6.7

Constipation 7 46.7 5 33.3 2 13.3

Abdominal pain 3 20.0 2 13.3 1 6.7

Mucositis 1 6.7 1 6.7

Dysphagia 1 6.7 1 6.7

Sinus tachycardia 2 13.3 2 13.3

Sinus bradycardia 1 6.7 1 6.7

QT prolongation 1 6.7 1 6.7

Hypotension 4 26.7 2 13.3 1 6.7 1 6.7

Orthostatic hypotension 1 6.7 1 6.7

Hypokalemia 2 13.3 1 6.7 1 6.7

Fatigue 6 40.0 4 26.7 2 13.3

Dizziness 5 33.3 4 26.7 1 6.7

Headache 5 33.3 4 26.7 1 6.7

*
14 patients received T-cell products and were assessed for CRS; 1 patient with damaged T-cell product storage bag received the lymphodepletion 

regimen but not the T-cell product.

**
Patients are counted only once per adverse event and severity classification (the most severe adverse event is shown).
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