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Abstract

Background: Transgenic adoptive cell therapy (ACT) targeting the tumor antigen NY-ESO-1 

can be effective for the treatment of sarcoma and melanoma. Preclinical models have shown that 

this therapy can be improved with the addition of dendritic cell (DC) vaccination and immune 

checkpoint blockade. We studied the safety, feasibility, and antitumor efficacy of transgenic ACT 

with DC vaccination, with and without CTLA-4 blockade with ipilimumab.

Methods: Freshly prepared autologous NY-ESO-1-specific T-cell receptor (TCR) transgenic 

lymphocytes were adoptively transferred together with NY-ESO-1 peptide-pulsed DC vaccination 

in HLA-A2.1-positive subjects alone (ESO, NCT02070406) or with ipilimumab (INY, 

NCT01697527) in patients with advanced sarcoma or melanoma.

Results: Six patients were enrolled in the ESO cohort, and four were enrolled in the INY cohort. 

Four out of six patients treated per ESO (66%), and two out of four patients treated per INY (50%) 

displayed evidence of tumor regression. Peripheral blood reconstitution with NY-ESO-1-specific T 

cells peaked within 2 weeks of ACT, indicating rapid in vivo expansion. Tracking of transgenic T 

cells to the tumor sites was demonstrated in on-treatment biopsies via TCR sequencing. 

Multiparametric mass cytometry of transgenic cells demonstrated shifting of transgenic cells from 

memory phenotypes to more terminally differentiated effector phenotypes over time.

Conclusions: ACT of fresh NY-ESO-1 transgenic T cells prepared via a short ex vivo protocol 

and given with DC vaccination, with or without ipilimumab, is feasible and results in transient 

antitumor activity, with no apparent clinical benefit of the addition of ipilimumab. Improvements 

are needed to maintain tumor responses.

Keywords

adoptive cell therapy; dendritic cell vaccine; ipilimumab; NY-ESO-1; melanoma; sarcoma

INTRODUCTION

Adoptive cell therapy (ACT) with genetically engineered T cells directed against tumor 

antigens utilizes the ex vivo gene transfer of a cancer antigen-specific T cell receptor (TCR) 

into a patient’s T cells, which are then re-infused into the individual (1, 2). Studies pioneered 

by Rosenberg and colleagues at the National Cancer Institute (NCI) Surgery Branch 

demonstrated the utility of this approach against a variety of tumor antigens (3–5). While 

early efforts were directed against melanoma-specific antigens such as MART-1 and gp100 

(3, 4, 6), later efforts have been directed against the cancer testis antigen NY-ESO-1 (7, 8), 

which is expressed in melanomas and various sarcoma subtypes, but not in normal somatic 

tissue (other than the testes) (9). These therapeutic approaches have been shown to induce 

objective tumor regression in a large proportion of patients, but these initial responses are 

often not sustainable, and patients frequently relapse. This underscores the need for better 

ACT approaches to sustain the antitumor efficacy.
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Previous studies have shown that tumor antigen-specific dendritic cell (DC) vaccines can 

enhance the effectiveness of ACT in animal models by stimulating T cell expansion in vivo 
(10–13). Our group’s previous clinical experience utilizing MART-1 TCR transgenic T cells 

co-administered with MART-1 peptide-pulsed DC vaccine (6) was both safe and feasible. 

Furthermore, we noted that patients receiving freshly infused transgenic cells displayed 

superior in vivo persistence of the cells and responsiveness to DC vaccine boost compared to 

those who received cryopreserved cell products (6, 14). We sought to further improve our 

ACT protocols in several key areas, including the use of NY-ESO-1 as a target antigen to 

reduce side effects associated with MART-1 as a target, as well as to expand to patients with 

other solid tumors. Furthermore, as an alternative to the high-dose IL-2 regimens routinely 

used by our group and the NCI following ACT, we utilized low-dose IL-2, given evidence 

that this is also effective at augmenting the persistence of adoptively transferred T cells with 

an improved toxicity profile (15, 16). Additionally, we developed a new protocol in parallel 

which combined NY-ESO-1 transgenic T cells and DC vaccines with the CTLA-4 immune 

checkpoint inhibitor ipilimumab, based on preclinical data that CTLA-4 blockade can 

augment ACT effectiveness in animal models (17, 18). Here we report the safety, feasibility, 

antitumor efficacy, and the in vivo cellular characteristics of dual cell therapy with 

transgenic NY-ESO-1 TCR T cells administered with NY-ESO-1 peptide-pulsed DC 

vaccine, with and without ipilimumab.

PATIENTS AND METHODS

Study Ethics and Conduct

Patients were non-randomly enrolled in one of two clinical protocols after signing a written 

informed consent approved by the UCLA Institutional Review Board (#12–000153 and #13–

001624) under an investigational new drug (IND#15167) for the NY-ESO-1 TCR. The study 

was conducted in accordance with local regulations, the guidelines for Good Clinical 

Practice, and the principles of the Declaration of Helsinki. The studies had the clinical trial 

registration numbers NCT02070406 and NCT01697527.

Trial eligibility and screening procedures

Eligible patients were HLA-A*0201 by high-resolution molecular phenotyping, with locally 

advanced or metastatic solid tumors, and with either no available standard therapeutic 

options with curative intent, or progression on standard-of-care chemotherapy/radiotherapy 

regimens. Tumors were NY-ESO-1 positive by immunohistochemistry. Patients were >16 

years of age, with a life expectancy of >three months, an ECOG performance status of 0 or 

1, adequate organ function required to receive systemic IL-2 (19), and seronegative for 

Hepatitis B/C, and HIV. Patients with clinically active brain metastases were excluded. More 

than 4 weeks must have elapsed since any prior systemic steroid use or cancer therapy and 

associated toxicities.

Treatment Schedule

The treatment schedule is outlined in Figure 1. Patients underwent baseline leukapheresis for 

the manufacture of the NY-ESO-1 TCR transgenic T cells and the NY-ESO-1 peptide-pulsed 

DC vaccine (see Supplemental Methods). Patients were then admitted and received 
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lymphodepleting chemotherapy consisting of cyclophosphamide 60mg/kg/day x 2 days i.v. 

on days −5 and −4, and fludarabine 25mg/m2/day x 4 days i.v from day −4 to −1. On day 0, 

patients received ACT of up to 109 transgenic TCR lymphocytes as an i.v. infusion of 

freshly prepared cells. Patients received their first dose of 1mg/kg ipilimumab (if on the INY 

protocol), intradermal administration of NY-ESO-1157–165 peptide-pulsed DC, and began 

low-dose IL-2 therapy (500,000 IU/m2 subcutaneously) the following morning (day +1) 

twice daily for up to 28 doses (patients ESO-1, ESO-2, ESO-3, ESO-4, INY-1, INY-2) or 14 

doses (patients ESO-5, ESO-6, INY-3, and INY-4), as tolerated. Standard supportive care 

provided post-infusion included filgrastim (Neupogen; Amgen), antibiotics for neutropenic 

fever, and blood product transfusions as needed. When patients recovered peripheral 

neutrophil counts, and were no longer transfusion-dependent, they were discharged from the 

hospital. Patients continued to receive two more doses of DC vaccines at 2-week intervals, 

and 1mg/kg ipilimumab every three weeks for four total doses (if on the INY protocol). A 

research [18F]FDG positron emission tomography-computed tomography (PET/CT) scan 

with IV contrast was performed on day +30, and formal restaging PET/CT scans with IV 

contrast were performed on day +90. Baseline and on-treatment biopsies were obtained 

when clinically indicated.

Safety assessments

Adverse events were analyzed following NCI CTCAE v3.0. The known toxicities/side 

effects of the preparative chemotherapy, IL-2, or filgrastim, as listed in the protocol or 

package insert, were not considered for the assessment of DLTs. Analysis of patient blood 

samples for potential replication competent retrovirus and cytokine release syndrome is 

described in the Supplementary Methods.

Assessment of feasibility

After entering two patients in each cohort, followed for a minimum of one month after the 

last subject had received the infusion of the NY-ESO-1 TCR transgenic cells, an assessment 

of protocol feasibility was performed by the study investigators. Both cell therapies, the NY-

ESO-1 TCR engineered T cells and the NY-ESO-1157–165 peptide-pulsed DC, required strict 

lot release criteria of the final product before administration (see Supplemental Methods). 

Feasibility was determined at every cohort, and was based on potential problems in the 

manufacturing of NY-ESO-1 TCR engineered lymphocytes or the NY-ESO-1157–165 

peptide-pulsed DC vaccines, or potential problems in the delivery of the combinatorial 

therapy with the addition of ipilimumab to the clinical protocol. If two patients could not 

receive the intended cellular therapies or immune checkpoint blockade, further accrual 

would not be warranted.

Assessment of antitumor activity

Quantification of changes in PET imaging for the intratumoral accumulation of [18F]FDG 

within tumor sites and secondary lymphoid organs was performed by counting the total 

number of FDG avid lesions, as well as the maximum standardized uptake value (SUVmax), 

normalized to the body weight of the patient at baseline, on day +30, and day +90, along 

with assessment of initial response utilizing the CT portion of the PET/CT scan at day +30. 

The objective clinical response rate was assessed on day +90 utilizing the CT portion of the 
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PET/CT scan and recorded following modified Response Evaluation Criteria in Solid 

Tumors (RECIST1.1, (20)).

MHC dextramer immunologic monitoring

Detection of NY-ESO-1 TCR expression using fluorescent MHC dextramer analysis for NY-

ESO-1 (Immudex, Copenhagen, Denmark) was performed on cryopreserved peripheral 

blood mononuclear cells (PBMCs) collected at different time points, as previously described 

(6, 21). Our previous definitions for a positive or negative immunologic response using 

standardized MHC multimer assays were used, which are based on the assay performance 

specifications by defining changes that were beyond the assay variability with a 95% 

confidence level (21).

Deep sequencing of TCRβ alleles

Genomic DNA was isolated from FFPE tumor biopsy shavings on an Anaprep 12 nucleic 

acid extraction platform (BioChain), and from FACS-sorted NY-ESO-1 dextramer-positive T 

cells from final manufacture products of all patients, and from patient-matched infusion 

products and post-infusion peripheral PBMCs recovered at day +70 (+/− 10 days) where 

available, with an AllPrep DNA/RNA isolation kit according to the manufacturer’s 

instructions (Qiagen). TCRβ alleles were sequenced at 100,000 reads by Adaptive 

Biotechnologies (Seattle, WA). Productive TCRβ sequences, i.e. those that could be 

translated into open reading frames and did not contain a stop codon, were reported. 

Productive clonality and Shannon entropy calculations for each sample were generated as 

previously described (22). The transgenic NY-ESO-1 TCR was identified based on 

comparison of reads with the known TCRβ sequence for the transgenic product.

Immunohistochemistry

Serial sections from patient tumor samples were stained for NY-ESO-1, PD-L1, PD-1, CD8, 

and Major Histocompatibility Complex I (MHC I) at the UCLA Anatomic Pathology 

Immunohistochemistry Laboratory. Slides were deparaffinized and rehydrated with a series 

of graded ethanol to deionized water. For PD-L1, PD-1, CD8 and MHC-I immunostaining, 

antigen retrieval was performed in Tris-EDTA at pH 9 and slides were cooked at high 

pressure at 120ºC for 5 minutes. Immunostaining was performed on a Leica Bond III 

autostainer using Leica Bond ancillary reagents (Leica Biosystems). Antibodies used 

included anti-CD8 clone C8/144B (1/100, DAKO), anti–PD-L1 clone SP142 (1/200, Spring-

Bio), anti–PD-1 clone NAT105 (1/50, Cell Marque), and anti-MHC-I clone EMR8–5 (1/100, 

Abcam). Antigen-antibody binding was visualized via the REFINE polymer 3,30 

diaminobenzidine (DAB) detection system (Lieca). NY-ESO-1 immunostaining was 

performed using the anti–NY-ESO-1 clone E978 (1/50, Santa Cruz Biotechnologies). 

Antigen retrieval was performed in Tris-EDTA buffer at pH 8, slides were boiled at 100 ºC 

for 25 minutes and stayed in the buffer at room temperature for another 20 minutes. Antigen 

binding was visualized using Biotinylated Horse Anti-Mouse IgG Antibody, rat adsorbed 

(1/200, Vector Laboratories), followed by agarose streptavidin (1/1000, Vector 

Laboratories). DAB and hydrogen peroxide were used as the substrates for the peroxidase 

enzyme. All slides were counterstained with hematoxylin and cover slipped for subsequent 

analysis. All slides were scanned at an absolute magnification of 200X (0.5 mm/pixel) on an 
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Aperio ScanScope XT system and imported for analysis using the Indica Labs Halo platform 

as previously described (22, 23).

Mass Cytometry Antibodies

Metal conjugated antibodies were purchased from Fluidigm or conjugated to unlabeled 

antibodies at the UCLA Flow Cytometry Core. All conjugations were performed using X8 

polymer as per manufacturer’s protocol (Fluidigm) and were performed at 100 μg scale. 

Appropriate antibody dilution of custom conjugated antibodies was determined by serial 

dilution staining experiments with replicates of relevant biological samples (healthy donor 

human PBMCs) to minimize background and optimize detection of positively expressing 

populations. The mass cytometry staining panel (24) is detailed in Table S1. Surface and 

intracellular staining cocktail master mixes were prepared prior to each experiment. 

Transgenic cells identified using an anti-TCRVβ13.1 antibody (BioLegend) that recognizes 

the β chain of the 1G4-a95:LY anti-NY-ESO-1 transgenic TCR.

Mass Cytometry Data Acquisition

Cryopreserved PBMCs from infusion products and post-infusion peripheral PBMCs 

recovered at day +70 (+/− 10 days) were thawed, resuspended in pre-warmed RPMI with 

10% serum and 1% penicillin/streptomycin fungizone media, and incubated with DNAse for 

30 minutes at 37ºC. Cells were then spun down, washed in PBS, and resuspended at a 

concentration of 1–5×106 cells/mL in serum-free RPMI and live-dead stained with 5 μM 

Cisplatin (Fluidigm) for 5 minutes at 37ºC. Cells were washed and stained with a surface 

protein antibody cocktail for 30 minutes at room temperature, and were then washed and 

spun for 10 minutes at 4°C. Cells were then fixed using a FoxP3/transcription factor-specific 

fixation buffer (eBioscience) for 60 minutes at room temperature, followed by addition of 

the accompanying FoxP3/transcription factor permeabilization buffer, and were spun for 10 

minutes at 4°C. Cells were then stained with an intracellular antibody cocktail for 60 

minutes at room temperature. Finally, cells were incubated for 60 minutes at room 

temperature with 250 nM iridium intercalator (Fluidigm) to label cellular DNA. Cells were 

then washed with PBS, and finally with distilled water. Mass cytometry data acquisition was 

performed at the UCLA Flow Cytometry Core on a CyTOF2.1 (Helios) mass cytometer 

(Fluidigm).

Mass Cytometry Data Analysis

See Supplemental Methods.

Statistical Analysis

Graphing, heatmaps, and descriptive statistical analyses were carried out with GraphPad 

Prism version 7.0 (GraphPad, San Diego, CA). Unless otherwise indicated, two-tailed 

unpaired Student’s t test was used for comparison of two groups. Log-transformation was 

performed on datasets if normality assumption was violated according to the Shapiro-Wilk 

test. P-values of <0.05 were considered statistically significant.

Nowicki et al. Page 6

Clin Cancer Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESULTS

Patient characteristics

Between March 2013 and November 2016, six HLA-A*0201–positive patients with NY-

ESO-1–positive tumors were accrued on the ESO protocol and four such patients were 

accrued on the INY protocol. The malignancies treated included synovial sarcoma (n = 5), 

metastatic melanoma (n = 2), and one each with osteosarcoma, liposarcoma, and malignant 

peripheral nerve sheath tumor. Patients enrolled had stage IIIc or stage IV disease and had 

progressed on standard-of-care chemotherapy/radiotherapy regimens, as well as a variety of 

experimental therapies. Patient demographics and prior treatments are summarized in Table 

1. One patient with synovial sarcoma was treated within the ESO protocol (as patient 

ESO-5) and, following disease progression after an objective clinical response, had the 

PBMCs re-collected with a new leukapheresis and used to generate the new gene-modified 

preparation, and was subsequently enrolled in INY (as patient INY-3).

Safety, feasibility, and antitumor activity of NY-ESO-1 TCR transgenic lymphocytes with 
DC vaccine with and without CLTA-4 inhibition

Adverse events experienced by trial patients in both cohorts are summarized in Table S2. 

There were no serious toxicities in all ten patients in both protocols beyond known toxicities 

that were attributed to the conditioning chemotherapy, systemic IL-2 therapy, and 

ipilimumab therapy, and these serious toxicities were generally reversible. Prior to enrolling, 

patient ESO-2 had received multiple lines of chemotherapy, including multiple lines of 

alkylator-based chemotherapy. This patient suffered bone marrow failure from which he 

never recovered, which was attributed to the conditioning chemotherapy (of note, this patient 

developed renal insufficiency which may have contributed to poor renal clearance of the 

conditioning chemotherapy). Following this, we amended both protocols to exclude subjects 

who had previously received three or more cycles of myelotoxic treatment regimens. Two 

patients (ESO-3 and INY-4) experienced cytokine storm, which was attributed to systemic 

IL-2 therapy, as both occurred during the IL-2 treatment period and subsided after IL-2 were 

no longer given (Figure S1); patient INY-4 also developed significant transaminitis during 

this period of cytokine storm, which was attributed to IL-2 and ipilimumab. Due to the 

frequency of adverse events attributed to low-dose IL-2, both protocols were amended to 

reduce the maximum number of IL-2 doses from 28 to 14. Patients ESO-5, ESO-6, INY-3, 

and INY-4 were enrolled and treated after these amendments. No serious adverse events 

(SAEs) in either protocol were attributed to the transgenic-TCR lymphocytes or the DC 

vaccine doses. TCR transgenic cell preparations and NY-ESO-1 peptide-pulsed DC vaccines 

that were manufactured for all patients met the lot release criteria of viability >70%, 

negative for mycoplasma, Gram and fungal stain, endotoxin level of 5 EU/kg body weight; 

additionally, lot release criteria of >10% NY-ESO-1 dextramer-positive CD3 lymphocytes 

for transgenic cell preparations and >30% of CD86+/HLA-DR+ cells were met for all 

patients’ products (Table S3). There was evidence of initial antitumor activity in four out of 

six patients treated per ESO (67%), two out of four patients treated per INY (50%) and as 

determined by day +30 PET scans (Figure 2). However, these initial responses were 

incomplete and transient in five of the six responding patients. At the formal restaging 

PET/CT scans on day +90, two of the patients treated per ESO had evidence of a partial 
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response by RECIST1.1. One patient treated per ESO had a PR which eventually progressed 

to a CR without additional therapy, and has had an ongoing complete response for over four 

years (Figure S2). There were no apparent overall differences in progression-free survival or 

overall survival between the two cohorts, although our small sample sizes were not 

sufficiently powered to adequately address this comparison.

NY-ESO-1 transgenic TCR integrates randomly across a highly polyclonal TCRβ repertoire

Given that transgenic adoptive cell therapy manufacturing fundamentally involves forcing 

expression of a transgenic TCR on a population of T cells with pre-existing endogenous 

TCRs, we sought to determine whether or not the NY-ESO-1 TCR was selectively taken up 

and expressed by a subset of TCR clonotypes, or if it integrated randomly among 

clonotypes. To determine this, we sorted NY-ESO-1 dextramer-positive T cells from 

infusion products of all patients from both clinical trials by flow cytometry, followed by 

genomic DNA extraction and TCRβ sequencing. Following TCR repertoire generation, the 

dominant NY-ESO-1 TCR sequence was then removed from the analysis, leaving only 

endogenous TCR sequences which are co-expressed on the T cells (Figure S3A). We then 

calculated Shannon entropy and clonality metrics for the co-expressed endogenous TCR 

repertoires, which are summarized in Figure S3B. Infusion products for all patients 

displayed a highly polyclonal population (similar to that of a healthy control donor), with no 

highly dominant clonotypes. Furthermore, we examined the TCR repertoire in the infusion 

products and recovery products and calculated diversity metrics (clonality and entropy) in 

the non-NY-ESO-1 TCR specificities over time. While the overall clonality/entropy trended 

towards a more clonally focused/less diverse TCR repertoire over time, we observed no 

significant differences between baseline and recovery non-NY-ESO-1 clonality or entropy 

values or between the two cohorts (Figure S4A, S4B). We also did not observe any 

significant difference between the change in clonality or change in entropy over time 

between the two cohorts (Figure S4C). Furthermore, we did not observe any significant 

association of any of these metrics (in the infusion product or recovery product) with 

transient clinical response, progression-free survival, or overall survival.

Peripheral blood reconstitution and persistence of NY-ESO-1 TCR transgenic lymphocytes 
with and without CLTA-4 inhibition

On average, median transduction efficiency as measured by NY-ESO-1 dextramer positivity 

in the infusion product was 47.2% for ESO (range, 28–66.4%), and 67% for INY (range, 

61.8–71.2%). However, there were no significant differences in the absolute number of 

delivered NY-ESO-1 TCR transgenic cells. Despite administering a similar number of cells 

to these patients, peripheral cell reconstitution varied widely (Figure 3). In the ESO cohort, 

the median peak blood levels of TCR transgenic cells were 13.6% total CD3+ T 

lymphocytes (range, 4.25–27%), while in the INY cohort, the median peak blood levels were 

1.7% (range, 0.52–21.6%); patient INY-2 was not clinically stable enough to collect PBMCs 

at day +7 and +15. The peak of TCR transgenic cell frequency was early, within the first 2 

weeks after ACT, and the percentage and absolute number of TCR transgenic cells in 

peripheral blood decreased over time in all patients. Patients ESO-2 and INY-1 suffered 

early bone marrow failure secondary to conditioning chemotherapy and disease progression, 

respectively, and we were therefore unable to obtain any longitudinal samples beyond day 0. 
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There was no clear evidence that ipilimumab enhanced or inhibited the persistence of the 

transgenic cells. Furthermore, we found no correlation between transgenic cell persistence 

and clinical outcome.

Addition of ipilimumab to transgenic NY-ESO-1 TCR lymphocytes and DC vaccination 
increases serum Flt-3L levels over time

We examined patients’ serial plasma samples up to day +90 (the formal end of the study) for 

38 different human cytokines/chemokines/growth factors. We compared the area under the 

curve (AUC) measurements for individual serum cytokines between the two patient cohorts, 

in order to provide the most inclusive and biologically relevant measure of exposure to a 

cytokine within a given patient. We found that the serum levels of FMS-like tyrosine kinase 

3 ligand (Flt-3L) had a significantly higher AUC through day +90 in the patients who 

received ipilimumab than those who did not (p<0.05, Figures S5A, S5B). Given the crucial 

importance of Flt-3L in DC differentiation and survival, we also explored the differences in 

peripheral levels of CD14+DCs, myeloid DCs (mDCs), and plasmacytoid DCs (pDCs) 

between the two cohorts. Although CD14+DC and mDC population proportions at day +70 

trended higher in the INY cohort compared to the ESO cohort, they did not achieve 

statistical significance (Figure S5C).

NY-ESO-1 TCR transgenic lymphocytes track to tumor sites

One patient with synovial sarcoma was treated per ESO (as ESO-5) and, following disease 

progression after an objective clinical response, was subsequently enrolled in INY (as 

INY-3), which also resulted in an objective clinical response followed by disease 

progression. One on-treatment biopsy (a wedge resection of a lung metastasis) was obtained 

following disease progression after ACT/dendritic cell therapy (ESO protocol), while the 

second biopsy (a core needle biopsy of the recurrent primary lesion) was obtained following 

disease progression after ACT/dendritic cell therapy with ipilimumab (INY protocol). NY-

ESO-1 tumor antigen expression remained robustly positive throughout all phases of 

treatment (Figure 4A). Tumor-infiltrating CD8 T cells, which were absent in the baseline 

biopsy, were demonstrated in both on-treatment biopsies; TCR sequencing of both samples 

also revealed the transgenic NY-ESO-1 TCR was present within the TCR repertoire (0.5% 

and 11% of total, respectively) of the tumor-infiltrating lymphocytes (Figure 4B, 4C). While 

there were no mutational events in HLA genes and the tumor cells maintained expression of 

MHC I in close proximity to infiltrating T cells in both biopsies (without basal MHC I 

expression elsewhere in the tumor tissue), the tumor invasive margin in the post-ESO biopsy 

was also characterized by proximal increases in PD-1 and PD-L1 expression in the 

lymphocytes and tumor cells in the invasive margin, respectively. PD-1/PD-L1 expression in 

the post-INY biopsy, which was a core needle biopsy, was not appreciated.

Phenotypic evolution of transgenic TCR-engineered T cells over time

To comprehensively characterize the transgenic T cell phenotypic subpopulations over time, 

we utilized a mass cytometry staining panel with 33 different surface and intracellular 

markers, and generated phenotypically similar clusters of transgenic TCR T cells as 

described above, which we were then able to compare between the two cohorts at infusion 

and day +70 (Figure 5A-D). Infusion products of both cohorts contained significantly 
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greater proportions of transgenic regulatory CD4 transgenic T cells (Treg), which were 

almost completely depleted by day +70. Naïve CD4 transgenic T cell proportions were also 

higher in the infusion products, while effector CD4 cells with increased expression of the 

inhibitory markers PD-1 and CTLA-4 were predominant in the recovery products (although 

these trends did not achieve significance in every cluster for INY, potentially due to low 

sample size).

Within the CD8 transgenic T cell phenotypes (25), infusion products contained the greatest 

proportions of central memory (CM; CCR7+/CD45RO+), effector memory (EM; CCR7−/

CD45RO+), and effector memory RA (EMRA; CCR7−/CD45RO−/CD45RA+) phenotypes 

with high Ki67 expression (although ESO did not achieve statistical significance in all of 

these clusters). Conversely, the recovery products at day +70 displayed a relative loss of 

these phenotypes, and instead had significantly greater proportions of more terminally 

differentiated effector CD8 T cells with relative increases in the transcription factor T-bet, as 

well as one effector cluster with increases in PD-1 as well. Additionally, the recovery 

products displayed significant increases (p<0.05) in a second EM cluster which was 

distinguished by relative increases in PD-1 and T-bet expression, which are collectively 

associated with a more hypofunctional, “exhausted” T cell phenotype. Interestingly, the ESO 

post-infusion products also displayed a significant increase (p<0.05) in a subpopulation of 

naïve transgenic CD8 T cells characterized by high CCR7 and CD45RA expression (which 

was non-significant in the INY cohort). Patients’ proportions of individual T cell phenotype 

clusters did not correlate with individual responses to therapy, PFS, or OS.

Of note, the cluster subpopulations which predominated the infusion products, despite being 

less terminally differentiated CM, EM, and EMRA phenotypes, all displayed elevated 

expression of the T cell inhibitory marker TIM3. When we analyzed the TIM3 expression of 

all transgenic CD3+ T cells manually, we found that the infusion products of both cohorts 

displayed significantly greater expression of TIM3 than the day +70 post-infusion recovery 

cells (p<0.05, Figure 5E). Additionally, we found that PD-1 expression in all transgenic 

TCR T cells increased over time in the ESO cohort, which was not observed in the INY 

cohort. Overall CTLA-4 expression in all transgenic TCR T cells did not achieve statistical 

difference between infusion and day +70 samples in either cohort (data not shown).

DISCUSSION

Transgenic ACT has emerged as a potent and widely applicable form of cancer 

immunotherapy. However, despite frequent early objective clinical responses, patients often 

go on to develop progressive disease. This widespread finding demonstrates the need to 

understand why these treatments can ultimately fail, and use this knowledge to improve 

future ACT protocols. The addition of NY-ESO-1 peptide-pulsed DC vaccine and CTLA-4 

immune checkpoint blockade to NY-ESO-1 TCR transgenic ACT was feasible, with serious 

toxicities attributed to conditioning chemotherapy, systemic IL-2 therapy, and ipilimumab 

therapy (which were generally reversible). Our experience with these protocols was 

consistent with previously reported studies showing frequent early responders, but few long-

term remissions (6, 8, 26). Furthermore, there was no apparent benefit from the addition of 

ipilimumab, although further study in larger cohorts would be needed to objectively compare 
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any differences between the two regimens. While the rapid in vivo expansion of transgenic 

cells within the first two weeks may have been aided by the initial DC vaccine in 

conjunction with the systemic IL-2, we did not observe any subsequent increases in 

transgenic T cell proportion in response to the subsequent booster doses of DC vaccination. 

Overall, our transgenic cell persistence in peripheral circulation was short-lived, which is 

consistent with previously reported transgenic ACT studies (3, 6). It is possible that the 

peripheral circulation may not be the ideal location to assess the presence of transgenic T 

cells. However, since these transductions rely on retroviral or lentiviral vectors, which are 

commonly subject to epigenetic silencing via methylation of the viral promoter (27, 28), it is 

possible that epigenomic silencing mechanisms can also contribute to this phenomenon. 

Further studies are needed to explore this widely observed phenomenon.

Previous ACT trials conducted by the NCI and our group administered high-dose IL-2 

(720,000 IU/kg every 8 hours) post-adoptive transfer to support the proliferation of 

adoptively transferred TCR transgenic cells (3, 6–8). Our NY-ESO-1 ACT protocols utilized 

low dose IL-2 (500,000 IU/m2 every 12 hours). This modification was based on data that 

IL-2 receptors are saturated at low doses of IL-2, and that adoptively transferred T cell 

clones can persist in vivo, preferentially localize to tumor sites, and mediate an antigen-

specific immune response in response to low-dose IL-2 (15, 16). Furthermore, there is 

evidence that high-dose IL-2 can impair the generation of memory T cells and compromise 

overall T cell effectiveness (29, 30). Despite the use of low-dose IL-2, our patients still 

experienced significant side effects which were attributed to IL-2, including cytokine storm, 

ventricular tachycardia, and respiratory distress requiring elective intubation. Following 

these adverse events, we amended both protocols to reduce the maximum number of IL-2 

doses given from 28 to 14. There were no apparent differences in transgenic T cell 

persistence, phenotype, or clinical response between these two dosing regimens, although a 

larger, more directed study would be required to compare these dosing regimens effectively. 

Furthermore, the use of two different IL-2 dosing regimens may have had contributed to 

tumor responses independent of the transgenic T cells, and thus may confound some of our 

comparative analyses between the two patient cohorts.

One of the questions explored by our study was the effect of ipilimumab on serum cytokine 

profiles in patients receiving transgenic TCR adoptive cell therapy. We found that patients 

who received ipilimumab displayed significantly greater longitudinal serum levels of the 

cytokine Flt-3L than those who did not, as measured by the serum AUC through day +90 

(the formal end of study monitoring). Flt-3L is crucial for steady-state plasmacytoid and 

classical dendritic cell development (31). A lack of Flt-3L results in low levels of dendritic 

cells (DCs), while administration of Flt-3L generates large numbers of dendritic cells from 

hematopoietic stem cells and augments immune responses in vivo (32, 33). Flt-3L has been 

explored as an adjuvant to peptide-based and DC-based tumor vaccines (34), and 

recombinant human Flt-3L has been shown to safely cause effective expansion of peripheral 

plasmacytoid and myeloid dendritic cells in humans (35). Although patients’ peripheral 

CD14+DC and mDC populations trended higher at day +70 in the INY cohort compared to 

the ESO cohort, they did not achieve statistical significance. These results imply that, while 

the addition of ipilimumab was associated with significant increases in the longitudinal 

serum levels of Flt-3L, this did not appear to lead to increased amounts of DC 
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subpopulations over time. It may be that Flt-3L is able to function as a biomarker of 

ipilimumab activity in vivo, although further studies with larger and more standardized 

sample sizes are needed to assess what effects, if any, ipilimumab has on DC expansion and 

persistence over time.

The phenotype of gene-modified T cells and their associated functionality is critically 

important to the effectiveness of these therapies in vivo. Previous work has demonstrated the 

role of less differentiated naïve and memory T cell subsets in successful cellular therapies, 

as they possess superior in vivo expansion, persistence, and antitumor activity when 

compared with the more terminally differentiated effector T-cell subsets (36–38). While our 

infusion products in both cohorts contained large proportions of less differentiated CM, EM, 

and EMRA phenotypes, these did not widely persist in the post-infusion recovery products, 

which were instead predominated by more terminally differentiated effector phenotypes. The 

late expansion of naïve T cells may possibly be explained by how these cells behave 

differently than other less differentiated T cell phenotypes (i.e. memory T cell). After 

entering the antigen-experienced pool, memory T-cells circulate through peripheral 

lymphatics and accumulate in secondary lymphoid tissues where they can be re-stimulated 

by their cognate antigen, whereas naïve T-cells continue to circulate through peripheral 

lymphatics awaiting initial antigenic stimulation (39). This TCR antigenic stimulation has 

also been shown to lead to expansion of naïve T cells (40, 41), which could explain their 

increase in proportion over time from only minimal proportions present at infusion, while 

the memory T cells progressively differentiated into effector T cell populations over time.

While the overall shift of transgenic T cells towards terminally differentiated phenotype is 

consistent with our previous experiences with transgenic ACT in combination with DC 

vaccine (6, 14, 42), it contrasts with the recently reported study by D’Angelo et al, which 

reported that the vast majority of persisting transgenic NY-ESO-1c259 TCR T cells consisted 

of less differentiated memory T cell phenotypes (26), despite an overall lack of persistence 

of transgenic cells and frequent tumor relapses (consistent with our clinical experiences). 

These persistent transgenic memory T cells possessed the same co-expressed native TCR 

repertoire as the infusion product in one patient, implying that long-lived clones which were 

initially present at infusion persisted throughout treatment. It is possible that transgenic T 

cell manufacturing differences between our groups’ products, such as the vector utilized 

(their trial used a human lentivirus, while ours used a murine retrovirus) and its integration 

sites within the host cells’ genomes may have been more favorable to the generation of 

memory T cell phenotypes. Indeed, this phenomenon has been recently reported in CAR-T 

cells, where lentiviral insertion was shown to disrupt the TET2 gene, and give rise to a long-

lived, highly functional memory phenotype T cell clone (43).

The importance of transgenic T cell phenotype in the effectiveness of ACT is further 

complemented by the cells’ overall functionality and the development of inhibitory marker 

expression. Infusion products from both cohorts, despite being predominantly less 

terminally differentiated CM, EM, and EMRA phenotypes, all displayed elevated expression 

of the T cell inhibitory marker TIM3, which did not persist in circulation. TIM3 expression 

has been shown to be induced in T cells by IL-2 in an antigen-independent manner in vitro 
(44). Given the prolonged exposure to IL-2 utilized in our transgenic T cell culture and 
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expansion manufacturing protocols, and the lack of persistent TIM3 expression in vivo, this 

may be a likely mechanism for this phenomenon. Indeed, the high proportion of CD4 Tregs 

seen in our infusion products secondary to prolonged IL-2, which was followed by rapid 

clearance of this subpopulation in vivo, is consistent with our previously published 

experience with MART-1 TCR transgenic T cell therapy (14). Additionally, we found that 

PD1 expression in all peripheral and tumor-infiltrating transgenic TCR T cells increased 

over time in the ESO cohort, which is also consistent with our previous observations in our 

MART-1 TCR transgenic T cell trial (14). This phenomenon was not observed in the 

peripheral samples from the INY cohort, nor in the on-treatment biopsy obtained from this 

cohort. However, the post-INY biopsy was a small core needle biopsy, which prevented us 

from comprehensively assessing the tumor invasive margin, where tumor-infiltrating 

lymphocytes and associated PD-1/PD-L1 expression are often more pronounced (22, 23). 

Unfortunately, we did not have sufficient clinical material to conduct more in-depth studies 

of transgenic T cell functionality or gene expression over time or within on-treatment 

biopsies. However, the lack of persistence of the transgenic cells would likely outweigh any 

retained functionality of the cells several months after infusion. Furthermore, the overall 

lack of sustained responses also suggest sub-optimal long term functionality, consistent with 

our previous experiences with transgenic adoptive cell therapy (6).

While the addition of ipilimumab to our dual cell therapy clinical protocol was feasible and 

not associated with any irreversible toxicities, there was no apparent clinical benefit from 

this combination (although our small sample size was insufficiently powered to make any 

formal comparison). However, combining other forms of immune checkpoint blockade with 

transgenic ACT may ultimately hold great promise. PD1 blockade has been shown in 

preclinical models to enhance the antitumor efficacy of transgenic ACT (45, 46). Our current 

and previous experiences demonstrating progressive acquisition of PD1 expression by 

transgenic adoptively transferred T cells in vivo (14) underscore the importance of continued 

study of such a combination in future clinical trials. Furthermore, given the progressive loss 

of transgenic cells over time in many transgenic ACT approaches, there may be utility in 

modalities which provide a continuous supply of transgenic T cells to the patient. Preclinical 

models have demonstrated that CD34+ peripheral blood stem cells carrying a transgenic 

TCR can endogenously differentiate into fully functional T cells expressing the TCR (47–

49). Such approaches may yield improved clinical outcomes by circumventing many of the 

short and long-term phenotypic and persistence disadvantages of current ACT practices 

which have been demonstrated. We have recently opened two phase I clinical trials which 

utilize this approach against NY-ESO-1 in solid tumors (NCT03240861) and multiple 

myeloma (NCT03506802).

In conclusion, the manufacture and administration of transgenic NY-ESO-1 TCR T cells 

with NY-ESO-1 peptide-pulsed DC vaccine with or without ipilimumab is generally safe, 

feasible, and results in frequent initial antitumor activity. Addition of ipilimumab, while safe 

and feasible, had no apparent effect on transgenic cell persistence, transgenic cell phenotype, 

or overall clinical response. Further improvements in ACT protocols are needed to maintain 

TCR transgenic cell functionality and perpetuate antitumor responses.

Nowicki et al. Page 13

Clin Cancer Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

Flow cytometry and mass cytometry were performed in the UCLA Jonsson Comprehensive Cancer Center (JCCC) 
and Center for AIDS Research Flow Cytometry Core Facility that is supported by NIH awards P30 CA016042 and 
5P30 AI028697, and by the JCCC, the UCLA AIDS Institute, and the David Geffen School of Medicine at UCLA. 
Biopsy tissue processing and digital slide image acquisition were performed at the UCLA Translational Pathology 
Core Laboratories.

GRANT SUPPORT: This study was funded in part by NIH grants R35 CA197633 and P01 CA168585, the Parker 
Institute for Cancer Immunotherapy and the Ressler Family Fund (to A.R.). T.S.N. is supported by the NIH/NICHD 
grant K12-HD000850 (Pediatric Scientist Development Program) and by the UCLA Children’s Discovery and 
Innovation Institute grant CDI-FRS-07012017.

REFERENCES

1. Rosenberg SA, Restifo NP. Adoptive cell transfer as personalized immunotherapy for human cancer. 
Science 2015, 348:62–68. [PubMed: 25838374] 

2. June CH, Maus MV, Plesa G, et al. Engineered T cells for cancer therapy. Cancer Immunol 
Immunother 2014, 63:969–975. [PubMed: 24943274] 

3. Morgan RA, Dudley ME, Wunderlich JR, et al. Cancer regression in patients after transfer of 
genetically engineered lymphocytes. Science 2006, 314:126–129. [PubMed: 16946036] 

4. Johnson LA, Morgan RA, Dudley ME, et al. Gene therapy with human and mouse T-cell receptors 
mediates cancer regression and targets normal tissues expressing cognate antigen. Blood 2009, 
114:535–546. [PubMed: 19451549] 

5. Johnson LA, Heemskerk B, Powell DJ, Jr.,, et al. Gene transfer of tumor-reactive TCR confers both 
high avidity and tumor reactivity to nonreactive peripheral blood mononuclear cells and tumor-
infiltrating lymphocytes. J Immunol 2006, 177:6548–6559. [PubMed: 17056587] 

6. Chodon T, Comin-Anduix B, Chmielowski B, et al. Adoptive transfer of MART-1 T-cell receptor 
transgenic lymphocytes and dendritic cell vaccination in patients with metastatic melanoma. Clin 
Cancer Res 2014, 20:2457–2465. [PubMed: 24634374] 

7. Robbins PF, Morgan RA, Feldman SA, et al. Tumor regression in patients with metastatic synovial 
cell sarcoma and melanoma using genetically engineered lymphocytes reactive with NY-ESO-1. J 
Clin Oncol 2011, 29:917–924. [PubMed: 21282551] 

8. Robbins PF, Kassim SH, Tran TL, et al. A pilot trial using lymphocytes genetically engineered with 
an NY-ESO-1-reactive T-cell receptor: long-term follow-up and correlates with response. Clin 
Cancer Res 2015, 21:1019–1027. [PubMed: 25538264] 

9. Gnjatic S, Nishikawa H, Jungbluth AA, et al. NY-ESO-1: review of an immunogenic tumor antigen. 
Adv Cancer Res 2006, 95:1–30. [PubMed: 16860654] 

10. Overwijk WW, Theoret MR, Finkelstein SE, et al. Tumor regression and autoimmunity after 
reversal of a functionally tolerant state of self-reactive CD8+ T cells. J Exp Med 2003, 198:569–
580. [PubMed: 12925674] 

11. Lou Y, Wang G, Lizee G, et al. Dendritic cells strongly boost the antitumor activity of adoptively 
transferred T cells in vivo. Cancer Res 2004, 64:6783–6790. [PubMed: 15374997] 

12. Borrello I, Sotomayor EM, Rattis FM, et al. Sustaining the graft-versus-tumor effect through 
posttransplant immunization with granulocyte-macrophage colony-stimulating factor (GM-CSF)-
producing tumor vaccines. Blood 2000, 95:3011–3019. [PubMed: 10807763] 

13. Cui Y, Kelleher E, Straley E, et al. Immunotherapy of established tumors using bone marrow 
transplantation with antigen gene--modified hematopoietic stem cells. Nat Med 2003, 9:952–958. 
[PubMed: 12778137] 

Nowicki et al. Page 14

Clin Cancer Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



14. Nowicki TS, Escuin-Ordinas H, Avramis E, et al. Characterization of Postinfusion Phenotypic 
Differences in Fresh Versus Cryopreserved TCR Engineered Adoptive Cell Therapy Products. J 
Immunother 2018, 41:248–259. [PubMed: 29470191] 

15. Yee C, Thompson JA, Byrd D, et al. Adoptive T cell therapy using antigen-specific CD8+ T cell 
clones for the treatment of patients with metastatic melanoma: in vivo persistence, migration, and 
antitumor effect of transferred T cells. Proc Natl Acad Sci U S A 2002, 99:16168–16173. 
[PubMed: 12427970] 

16. Mackensen A, Meidenbauer N, Vogl S, et al. Phase I study of adoptive T-cell therapy using 
antigen-specific CD8+ T cells for the treatment of patients with metastatic melanoma. J Clin 
Oncol 2006, 24:5060–5069. [PubMed: 17075125] 

17. Gattinoni L, Ranganathan A, Surman DR, et al. CTLA-4 dysregulation of self/tumor-reactive 
CD8+ T-cell function is CD4+ T-cell dependent. Blood 2006, 108:3818–3823. [PubMed: 
16882704] 

18. Quezada SA, Simpson TR, Peggs KS, et al. Tumor-reactive CD4(+) T cells develop cytotoxic 
activity and eradicate large established melanoma after transfer into lymphopenic hosts. J Exp 
Med 2010, 207:637–650. [PubMed: 20156971] 

19. Figlin R, Gitlitz B, Franklin J, et al. Interleukin-2-based immunotherapy for the treatment of 
metastatic renal cell carcinoma: an analysis of 203 consecutively treated patients. Cancer J Sci Am 
1997, 3 Suppl 1:S92–97. [PubMed: 9457402] 

20. Eisenhauer EA, Therasse P, Bogaerts J, et al. New response evaluation criteria in solid tumours: 
revised RECIST guideline (version 1.1). Eur J Cancer 2009, 45:228–247. [PubMed: 19097774] 

21. Comin-Anduix B, Gualberto A, Glaspy JA, et al. Definition of an immunologic response using the 
major histocompatibility complex tetramer and enzyme-linked immunospot assays. Clin Cancer 
Res 2006, 12:107–116. [PubMed: 16397031] 

22. Tumeh PC, Harview CL, Yearley JH, et al. PD-1 blockade induces responses by inhibiting adaptive 
immune resistance. Nature 2014, 515:568–571. [PubMed: 25428505] 

23. Nowicki TS, Akiyama R, Huang RR, et al. Infiltration of CD8 T Cells and Expression of PD-1 and 
PD-L1 in Synovial Sarcoma. Cancer Immunol Res 2017, 5:118–126. [PubMed: 28039162] 

24. Hartmann FJ, Gherardini PF, Babdor J, et al. Comprehensive Immune Monitoring of Clinical Trials 
to Advance Human Immunotherapy. 2018.

25. Maecker HT, McCoy JP, Nussenblatt R. Standardizing immunophenotyping for the Human 
Immunology Project. Nat Rev Immunol 2012, 12:191–200. [PubMed: 22343568] 

26. D’Angelo SP, Melchiori L, Merchant MS, et al. Antitumor Activity Associated with Prolonged 
Persistence of Adoptively Transferred NY-ESO-1 (c259)T Cells in Synovial Sarcoma. Cancer 
Discov 2018, 8:944–957. [PubMed: 29891538] 

27. Swindle CS, Kim HG, Klug CA. Mutation of CpGs in the murine stem cell virus retroviral vector 
long terminal repeat represses silencing in embryonic stem cells. J Biol Chem 2004, 279:34–41. 
[PubMed: 14559924] 

28. Yao S, Sukonnik T, Kean T, et al. Retrovirus silencing, variegation, extinction, and memory are 
controlled by a dynamic interplay of multiple epigenetic modifications. Mol Ther 2004, 10:27–36. 
[PubMed: 15233939] 

29. June CH. Adoptive T cell therapy for cancer in the clinic. J Clin Invest 2007, 117:1466–1476. 
[PubMed: 17549249] 

30. Zhang H, Chua KS, Guimond M, et al. Lymphopenia and interleukin-2 therapy alter homeostasis 
of CD4+CD25+ regulatory T cells. Nat Med 2005, 11:1238–1243. [PubMed: 16227988] 

31. Karsunky H, Merad M, Cozzio A, et al. Flt3 ligand regulates dendritic cell development from Flt3+ 
lymphoid and myeloid-committed progenitors to Flt3+ dendritic cells in vivo. J Exp Med 2003, 
198:305–313. [PubMed: 12874263] 

32. Maraskovsky E, Daro E, Roux E, et al. In vivo generation of human dendritic cell subsets by Flt3 
ligand. Blood 2000, 96:878–884. [PubMed: 10910900] 

33. Ding Y, Wilkinson A, Idris A, et al. FLT3-ligand treatment of humanized mice results in the 
generation of large numbers of CD141+ and CD1c+ dendritic cells in vivo. J Immunol 2014, 
192:1982–1989. [PubMed: 24453245] 

Nowicki et al. Page 15

Clin Cancer Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



34. Curran MA, Allison JP. Tumor vaccines expressing flt3 ligand synergize with ctla-4 blockade to 
reject preimplanted tumors. Cancer Res 2009, 69:7747–7755. [PubMed: 19738077] 

35. Anandasabapathy N, Breton G, Hurley A, et al. Efficacy and safety of CDX-301, recombinant 
human Flt3L, at expanding dendritic cells and hematopoietic stem cells in healthy human 
volunteers. Bone Marrow Transplant 2015, 50:924–930. [PubMed: 25915810] 

36. Klebanoff CA, Gattinoni L, Restifo NP. CD8+ T-cell memory in tumor immunology and 
immunotherapy. Immunol Rev 2006, 211:214–224. [PubMed: 16824130] 

37. Klebanoff CA, Gattinoni L, Palmer DC, et al. Determinants of successful CD8+ T-cell adoptive 
immunotherapy for large established tumors in mice. Clin Cancer Res 2011, 17:5343–5352. 
[PubMed: 21737507] 

38. Klebanoff CA, Gattinoni L, Restifo NP. Sorting through subsets: which T-cell populations mediate 
highly effective adoptive immunotherapy? J Immunother 2012, 35:651–660. [PubMed: 23090074] 

39. Swain SL, Croft M, Dubey C, et al. From naive to memory T cells. Immunol Rev 1996, 150:143–
167. [PubMed: 8782706] 

40. Marrack P, Bender J, Hildeman D, et al. Homeostasis of alpha beta TCR+ T cells. Nat Immunol 
2000, 1:107–111. [PubMed: 11248801] 

41. Brenchley JM, Douek DC, Ambrozak DR, et al. Expansion of activated human naive T-cells 
precedes effector function. Clin Exp Immunol 2002, 130:432–440. [PubMed: 12452833] 

42. Ma C, Cheung AF, Chodon T, et al. Multifunctional T-cell analyses to study response and 
progression in adoptive cell transfer immunotherapy. Cancer Discov 2013, 3:418–429. [PubMed: 
23519018] 

43. Fraietta JA, Nobles CL, Sammons MA, et al. Disruption of TET2 promotes the therapeutic efficacy 
of CD19-targeted T cells. Nature 2018, 558:307–312. [PubMed: 29849141] 

44. Mujib S, Jones RB, Lo C, et al. Antigen-independent induction of Tim-3 expression on human T 
cells by the common gamma-chain cytokines IL-2, IL-7, IL-15, and IL-21 is associated with 
proliferation and is dependent on the phosphoinositide 3-kinase pathway. J Immunol 2012, 
188:3745–3756. [PubMed: 22422881] 

45. John LB, Devaud C, Duong CP, et al. Anti-PD-1 antibody therapy potently enhances the 
eradication of established tumors by gene-modified T cells. Clin Cancer Res 2013, 19:5636–5646. 
[PubMed: 23873688] 

46. Moon EK, Ranganathan R, Eruslanov E, et al. Blockade of Programmed Death 1 Augments the 
Ability of Human T Cells Engineered to Target NY-ESO-1 to Control Tumor Growth after 
Adoptive Transfer. Clin Cancer Res 2016, 22:436–447. [PubMed: 26324743] 

47. Yang L, Qin XF, Baltimore D, et al. Generation of functional antigen-specific T cells in defined 
genetic backgrounds by retrovirus-mediated expression of TCR cDNAs in hematopoietic precursor 
cells. Proc Natl Acad Sci U S A 2002, 99:6204–6209. [PubMed: 11983911] 

48. Yang L, Baltimore D. Long-term in vivo provision of antigen-specific T cell immunity by 
programming hematopoietic stem cells. Proc Natl Acad Sci U S A 2005, 102:4518–4523. 
[PubMed: 15758071] 

49. Vatakis DN, Koya RC, Nixon CC, et al. Antitumor activity from antigen-specific CD8 T cells 
generated in vivo from genetically engineered human hematopoietic stem cells. Proc Natl Acad 
Sci U S A 2011, 108:E1408–1416. [PubMed: 22123951] 

Nowicki et al. Page 16

Clin Cancer Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TRANSLATIONAL RELEVANCE

This article describes an investigator-initiated clinical trial using dual cell 

immunotherapy, consisting of genetically modified lymphocytes with NY-ESO-1-specific 

T-cell receptor adoptively transferred together with NY-ESO-1 peptide-pulsed dendritic 

cell vaccination, with or without CTLA-4 immune checkpoint blockade with ipilimumab. 

We report that these protocols are generally safe, feasible, and result in high anti-tumor 

activity in patients with advanced sarcoma and melanoma. However, further 

improvements in durability of these cellular therapies are needed, as patients frequently 

relapse after an initially vigorous anti-tumor response. With evidence that transgenic 

adoptive cell therapy (ACT) is a viable treatment option for certain patients with 

advanced cancers, there is an increasing need to establish viable ACT programs at other 

institutions, further optimize responses with addition of immune checkpoint blockade 

agents, and characterize these responses at the cellular level.
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Figure 1. Study overview.
Schedule of events for patients who received NY-ESO-1 TCR transgenic adoptive cell 

therapy and NY-ESO-1 peptide-pulsed DC vaccination. For patients who received 

ipilimumab, their dosing schedule (every three weeks) is indicated in parentheses.
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Figure 2. NY-ESO-1 transgenic TCR ACT + DC vaccination with or without ipilimumab 
produces frequent antitumor responses, but these are generally transient and incomplete.
(A) Pre- and post-treatment PET/CT images from patients showing evidence of initial 

antitumor activity (decreased FDG uptake) in both ESO and INY cohorts. (B) Swimmer plot 

showing onset and duration of antitumor activity, as well as progression-free survival and 

overall survival in all patients in both groups.
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Figure 3. NY-ESO-1 TCR transgenic T cells display peripheral expansion and contraction over 
time.
Postinfusion peripheral blood levels of NY-ESO-1 TCR transgenic CD3+ cells over time in 

patients receiving transgenic cells and DC vaccinations alone (ESO, A), or in combination 

with ipilimumab (INY, B).
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Figure 4. NY-ESO-1 transgenic TCR T cells track to tumor sites.
(A) NY-ESO-1 IHC staining of biopsies from a patient with synovial sarcoma who enrolled 

on ESO (ESO-5) and, following a partial response, developed progressive disease and 

enrolled to the INY protocol (INY-3) and experienced a transient response, followed by 

disease progression. (B,C) Representative IHC sections demonstrating CD8 T cell 

infiltration and co-localized MHC I expression in the tumor tissue obtained after ESO (B) 

and INY (C) protocols, both of which had been absent in the baseline tumor tissue. In the 

progression biopsy obtained after ESO protocol (B), PD-1 and PD-L1 expression was also 

increased in areas with significant CD8 T cell infiltration in the tumor invasive margin. TCR 

sequencing showing the relative clonotype frequencies in the TCR repertoire within both 

biopsies is indicated by the accompanying pie charts, with each slice representing a different 

TCR clonotype and its frequency. NY-ESO-1 transgenic TCR is highlighted within each 

chart in cyan.
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Figure 5. Post-infusion phenotypic evolution of NY-ESO-1 transgenic TCR T cells over time.
(A) t-SNE plot of total lineage−/CD3+/TCRVβ13.1+ T cells from all samples overlaid with 

color-coded clusters. (B) t-SNE plots of total lineage−/CD3+/TCRVβ13.1+ T cells from all 

samples overlaid with the expression of selected markers. (C) Frequency of T cell clusters 

displayed on a per-sample basis with mean ± SD (*, ESO d0>d70; o, ESO d70>d0; #, INY 

d0 > d70; x, INY d70>d0; p < 0.05). T cell compartments are denoted below including CD4 

Treg, CD4 Naïve (N), and CD4 effector, as well as CD8 Naïve (N), Central Memory (CM), 

Effector Memory (EM), Effector Memory re-expressing CD45RA (EMRA), and Effector. 

(D) Heat map of median arcsinh-transformed marker expression normalized to a mean of 0 

and a SD of 1. Orange indicates relative marker over-expression, blue indicates relative 

under-expression. The median expression was calculated on single, live, CD45+/CD33−/

CD56−/CD19−/CD3+/TCRVβ13.1+ cells from thawed PBMC samples from patients. (E) 

Relative expression of TIM3 and PD1 on CD3+/TCRVβ13.1+ infusion product (day 0) cells 

and recovery (day +70) cells in both ESO and INY treatment groups (*, p < 0.05; ***, p < 

0.001; ****, p < 0.0001).
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