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Hodgkin lymphoma (HL) Reed Sternberg cells express tumor-associated antigens (TAA)

that are potential targets for cellular therapies. We recently demonstrated that TAA-

specific T cells (TAA-Ts) targeting WT1, PRAME, and Survivin were safe and associated

with prolonged time to progression in solid tumors. Hence, we evaluated whether TAA-Ts

when given alone or with nivolumab were safe and could elicit antitumor effects in vivo

in patients with relapsed/refractory (r/r) HL. Ten patients were infused with TAA-Ts (8

autologous and 2 allogeneic) for active HL (n 5 8) or as adjuvant therapy after hematopoi-

etic stem cell transplant (n 5 2). Six patients received nivolumab priming before TAA-Ts

and continued until disease progression or unacceptable toxicity. All 10 products recog-

nized 1 or more TAAs and were polyfunctional. Patients were monitored for safety for 6

weeks after the TAA-Ts and for response until disease progression. The infusions were

safe with no clear dose-limiting toxicities. Patients receiving TAA-Ts as adjuvant therapy

remain in continued remission at 31 years. Of the 8 patients with active disease, 1 patient

had a complete response and 7 had stable disease at 3 months, 3 of whom remain with

stable disease at 1 year. Antigen spreading and long-term persistence of TAA-Ts in vivo

were observed in responding patients. Nivolumab priming impacted TAA-T recognition

and persistence. In conclusion, treatment of patients with r/r HL with TAA-Ts alone or in

combination with nivolumab was safe and produced promising results. This trial was reg-

istered at www.clinicaltrials.gov as #NCT022039303 and #NCT03843294.

Introduction

Adoptive cellular therapy is promising for Hodgkin lymphoma (HL) as was previously demonstrated by
the safety and efficacy of T-cell therapies targeting Epstein-Barr virus (EBV)-positive HL.1 However, only
30% to 40% of HLs express EBV-encoded antigens, precluding the broader application of this cell
therapy in HL.1-3 Furthermore, the success of CD19 chimeric antigen receptor (CAR)-T in B-cell hema-
tologic malignancies is not completely recapitulated in HL by the CD30-directed CARs.4,5 Despite lym-
phodepleting chemotherapy, the 1-year progression-free survival (PFS) for patients with active disease
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Key Points

� Multi–TAA-Ts can be
generated from
patients who have
failed prior chemo-
immunotherapies for
HL.

� TAA-Ts are safe when
given alone and
persist long term in
responders, and
nivolumab increases
persistence of TAA-Ts
in vivo.
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at the time of CAR-T infusion was only 36%.4-8 The unique inhibi-
tory microenvironment of HL impairs the survival, activation, prolifer-
ation, and function of the infused T cells, and antigen modulation/
loss is a well-known mechanism of resistance to CAR-T therapies.9

Similarly, checkpoint inhibitors (CPIs) targeting programmed-cell
death protein 1 (PD-1) have been approved for relapsed HL; how-
ever; 30% to 40% of patients do not respond to CPIs with median
PFS as little as 10 months.10-14 Therefore, development of strate-
gies that can improve antigen recognition and simultaneously
enhance T-cell function and persistence of tumor-specific T cells in
vivo could enhance the potency of adoptive T-cell therapies in
relapse/refractory (r/r) HL.

Targeting multiple non-EBV tumor-associated antigens (TAAs) pre-
sented through major histocompatibility complex to the native T-cell
receptor offers advantage over single surface antigen targeting (eg,
CAR-T) by providing clonal heterogeneity and reduced risk of anti-
gen escape. In a first-in-human clinical trial, we recently showed that
TAA-T cells targeting Wilms tumor gene-1 (WT1), Preferentially
Expressed Antigen in Melanoma (PRAME), and Survivin were safe
and induced disease stabilization in a variety of solid tumors.15 We
hypothesized that TAA-Ts specific to these same antigens could be
generated for patients with HL and that the addition of CPIs to the
TAA-T infusions could provide a synergistic approach to optimize
the rate, depth, and duration of clinical responses.

Here we present the safety of autologous and allogeneic TAA-T tar-
geting of WT1, PRAME, and Survivin when given alone or in combina-
tion with the PD-1 inhibitor nivolumab to patients with r/r HL or as
adjuvant therapy to patients considered high risk of relapse after autol-
ogous (ASCT) or allogeneic (HSCT) stem cell transplant. We charac-
terized the TAA-T products for specificity and function, tracked the in
vivo persistence of TAA-Ts over time, and assessed the impact of
nivolumab on the function and persistence of the infused TAA-T cells.

Methods

Patients and treatment protocol

Patients with r/r HL were enrolled in 2 studies, Multi-institutional Pro-
spective Research of Expanded Multi-antigen Specifically Oriented
Lymphocytes for the Treatment of VEry High Risk Hematopoietic
Malignancies (RESOLVE) (NCT022039303) and Phase I Study
Utilizing Tumor Associated Antigen Specific T cells (TAA-T) with
PD1 Inhibitor Nivolumab for Relapsed/Refractory Lymphoma
(SUSTAIN)(NCT03843294), approved by the US Food and Drug
Administration (IND 16135) and the Children’s National Hospital,
The Johns Hopkins University, and University of Utah institutional
review boards. Patients were eligible for TAA-T infusion if they had
measurable disease (active arm) or were in remission after allogeneic
or autologous HSCT but considered to have high risk of relapse
after transplant (adjuvant arm). Details on the study treatment are
provided in the supplemental Material and supplemental Appendix.

All patients were evaluated for toxicity for 6 weeks after the first
TAA-T infusion or 28 days after additional infusions, which was con-
sidered the safety monitoring period using National Cancer Institute
Common Terminology Criteria for Adverse Events version 4.03 (see
supplemental Appendix). Patients were not allowed to receive any
concurrent therapy during the safety monitoring period. For patients
receiving nivolumab, immune-related adverse events were captured
from the time of starting nivolumab until last follow-up.

Response was assessed according to the Lugano criteria.16 Out-
come of patients at their last follow-up at the time of data cutoff (27
April 2021) was used for overall response and survival assessment.

Generation of TAA-Ts

TAA-specific T-cell products were generated using a good
manufacturing practice compliant methodology as previously
described.15,17 All final TAA-T products were tested for identity,
phenotype, sterility testing, and cytotoxicity by 51Cr release assay
and cryopreserved before administration.18

Functional characterization of TAA-T cells

Flow cytometry for surface and intracellular markers and interferon g

(IFNg) enzyme-linked Immunospot (ELISPOT) assay was performed
as previously described and as described in the supplemental
Methods.15,19

Tracking of TAA-Ts

Peripheral blood (PB) from recipients was drawn before starting
nivolumab (if applicable), before TAA-T infusion, and at regular time
points after infusion. Isolated PB mononuclear cells (PBMCs) were
expanded ex vivo for 2 weeks after coculture with autologous den-
dritic cells and TAA-Ts characterized as above.

T-cell receptor b-chain immunosequencing

Immunosequencing of the CDR3 regions of human T-cell receptor
(TCR) b chains was performed using the immunoSEQ assay (Adap-
tive Biotechnologies, Seattle, WA) as previously described.20-23

Statistical analysis

Descriptive statistics were used to summarize clinical characteris-
tics, TAA-T products, exhaustion markers, and reactivity of TAA-T
cells by anti-IFNg assay using mean, standard deviation, standard
error of mean (SEM), median, and range. Differences between anti-
gen responses were calculated using univariate analysis of variance
using GraphPad Prism. TCR sequences were analyzed using the
Ilumina platform and are described in detail in the supplemental
Material.

Results

Patient characteristics

Blood for TAA-T manufacture was procured from 14 patients (9
men and 5 women) with r/r HL from May 2015 to June 2020. In
total, 12 products were manufactured from 10 patients receiving
TAA-T infusions with or without nivolumab (Table 1). Two of the 10
patients received TAA-Ts generated from matched heathy donors
(allogeneic), and the remaining 8 received patient-derived TAA-T
infusions (autologous). Of the 4 enrolled patients who did not
receive TAA-Ts, 1 patient was diagnosed with myelodysplastic syn-
drome before starting protocol therapy and hence came off proto-
col, and TAA-T manufacture failed to meet the dose needed for the
other 3 patients. Three of the 10 infused patients (all with active dis-
ease at time of procurement) required repeat procurement before
their first infusion because of insufficient cell dose, and 1 of these 3
patients received only 1 TAA-T infusion instead of the planned 2
infusions.
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Active disease. Eight patients with r/r HL received 1 to 3 TAA-
T infusions with doses ranging from 0.5 to 4 3 107/m2 following a
median of 6 lines of previous therapies (Table 1). Of these, 2
patients received TAA-T alone (patient 1 received a single infusion
at a dose of 0.5 3 107/m2 and patient 2 received 3 infusions at a
dose of 0.5 3 107/m2 per infusion), and 6 patients received 2 TAA-
T infusions at a dose of 2 3 107/m2 per infusion with nivolumab
before and after their first TAA-T infusion and continued nivolumab
per protocol (patients 5-10).

Adjuvant arm. Two patients (patients 3 and 4; Table 1)
received a single TAA-T infusion (1 allogeneic, 1 autologous) while
in complete remission (CR). Patient 3 received 3 lines of prior ther-
apy to achieve a second and then received haploidentical allogeneic
HSCT. He received a single infusion of donor-derived TAA-Ts at a
dose of 4 3 107/m2 approximately 6 months after HSCT. Patient 4
with primary refractory HL received 5 lines of therapy before ASCT
and received a single infusion of autologous TAA-T at 0.5 3 107/
m2 2 months after ASCT and at 8 weeks after TAA-T received a
5-month course of brentuximab and nivolumab.

TAA-T product characterization

Median time from collection to clinical freeze was 28 days (range,
22-31 days), which is a mean 6 SEM of 6.9 6 1.64-fold expansion
at the time of clinical freeze (Table 2; Figure 1A). Products were
polyclonal with CD31T (mean 6 SEM, 92.4 6 2.5%), CD41 helper
T (10.8 6 0.1%), CD81 cytotoxic T (61.3 6 6.5%), TCRab (69 6

8.4%), TCRYd (31.7 6 8.6%) with minimal CD3-CD561 natural
killer cells (3.9 6 2%), and CD31CD561 (26.7 6 2%) as detected
by immunophenotype analysis and TCRVb sequencing (Figure 1B-
C). There was ,10% lysis (release criteria for TAA-T infusion) of
nonpulsed autologous Phytohaemagglutinin blasts at an effector:
target ratio of 40:1 (mean 6 SEM, 3.2 6 0.99%), suggesting there
was no auto- or allo-reactivity of the TAA-T products (Figure 1D).

Expression of exhaustion markers PD1, TIM3, and LAG3 on CD31

TAA-T (percentage 6 SEM) was 29 6 0.277%, 6.4 6 0.24%, and
3.99 6 0.1%, respectively, and not different between products (Fig-
ure 1E). Next, we evaluated whether the PBMCs used for
manufacturing of TAA-Ts affected the success or failure of the prod-
uct. A product was considered successful if TAA-Ts were generated
to meet the cell dose. CD41PD11 T cells were significantly higher
in the PBMC material that did not result in successful product (n 5

4) compared with successful products (n 5 8; 27% vs 0.2%; P 5

.0039; supplemental Figure 1A). There was no difference in expres-
sion of TIM3 and LAG3 on CD41 T cells or PD1, TIM3, and LAG3
on CD31 or CD81 subsets. Similarly, we did not find a significant
difference between monocytic and granulocytic myeloid-derived sup-
pressor cells between failed and successful products (P 5 .57; sup-
plemental Figure 1B-C).

TAA-T products are polyclonal and polyfunctional

and recognize multiple TAAs

Antigen specificity was evaluated using the IFNg ELISPOT assay
(Figure 2A). All products demonstrated a response to the

Table 1. Patient characteristics

Patient ID Diagnosis Age/sex Previous therapies

Donor source

for TAA-Ts

Dose of each

TAA-T infusion

No. of TAA-T

infusions Treatment arm

Patient 1 HL, NS 54/M Upfront: ABVDX6, XRT, Relapse: R-ICEx4,
auto-HSCT, BvX7, Gem-VinoX2, Allo-HSCT

Allo 0.5107/m2 1 Active

Patient 2 HL, NS 36/M Upfront: ABVDX6, XRT, Relapse: ICEX4,
Auto-HSCT, Relapse#2 EverolimusX3, BvX3,

NivoX11

Auto 0.5107/m2 3 Active

Patient 3 HL, NLP 23/M Upfront: ABVE-PCX4, Relapse: DA-EPOCH-R,
R-ICEX4, XRT, Allo-HSCT

Allo 4107/m2 1 Adjuvant (TAA-T infused
6 mo after HSCT)

Patient 4 HL, NS 16/F Upfront: ABVE-PC X 5, Bv-Gem, Ifos-Vino-
Bortezomib,Nivo, Nivo1Bv, Auto-HSCT

Auto 0.5e6/m2 1 Adjuvant (TAA-T infused
2 mo after HSCT)

Patient 5 HL, gray zone 47/M Upfront: ABVDX6, IF XRT, for refractory
disease: ICE 1 BvX2, Auto-HSCT, Bv

maintenance, XRT 1 rituximab, Nivolumab

Auto 2107/m2 2 Active

Patient 6 HL, NS 36/M Upfront: ABVDX3, XRT, Relapse: ICEX2,
BvX3, NivoX4

Auto 2107/m2 2 Active

Patient 7 HL, NS 33/F Upfront: ABVDX4, relapse: ICEX3, auto-
HSCT, BvX2, Lenalidomide, Bv1Benda,

PembroX4, anti-CD25
Mab,Vinblastine1Prednisone

Auto 2107/m2 2 Active

Patient 8 HL, NS 36/F Upfront: ABVDX4, ICEX2, Gem1Oxaliplatin,
Bv, acalabrutinib1pembro, anti-CD25 Mab,

PembroX5

Auto 2107/m2 2 Active

Patient 9 HL, NS 39/M Upfront: ABVDX6, Relapse: Gem-Cisp-DexX3;
Bv; ICEX2, auto-HSCT, NivoX28 doses,

ESHAPX4

Auto 2107/m2 2 Active

Patient 10 HL, NS 31/F Upfront: ABVDX6, ICEX2, auto-HSCT, BvX3 Auto 2107/m2 1 Active

Doses: $18 years: 240 mg every 2 weeks or 480 mg every 4 weeks; ,18 years: 3 mg/kg, max 240 mg every 2 weeks. ABVD, doxorubicin, bleomycin, vincristine, dacarbazine; ABVE-
PC, doxorubicin, bleomycin, vincristine, etoposide, prednisone, and cyclophosphamide; Allo-HSCT, allogeneic hematopoietic stem cell transplantation; Auto-HSCT, autologous
hematopoietic stem cell transplantation; Benda, bendamustine; Bv, brentuximab; CCR, continued complete remission; Cisp, cisplatin; DA-EPOCH-R, dose-adjusted etoposide,
prednisone, vincristine, cyclophosphamide, doxorubicin, rituximab; Dex, dexamethasone; ESHAP, etoposide, steroids, ara-C, and cisplatin; Gem, gemcitabine; ICE, ifosphamide,
carboplatin, etoposide; Ifos, ifosphamide; Mab, monoclonal antibody; Nivo, nivolumab; NLP, modular lymphocyte predominant; NS, nodular sclerosing; PD, progressive disease; Pembro,
pembrolizumab; PMR, partial metabolic response; SD, stable disease nivolumab dose; Vino, vinorelbine; XRT, involved field radiation.
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Table 2. Product characterization

Patient ID

Percentage SFC/1 3 105 T cells

Fold

expansion

Total no. of

cells frozenB cells T cells CD4
1

CD8
1

Natural

Killer T-cells

Natural

killer cells

CD31

TCRab

CD31

TCRgd Mono DCs Actin WT1 Prame Survivin TAA*

Patient 1 0 99.5 10.9 29.3 42 0.92 16.3 73.5 0.3 0 7 16 179.5 2 88 23.2 1.39e8

Patient 2 1.58 84.9 10.2 74.6 52.3 0.52 80.3 4.1 1.08 0.16 1 2.5 5 0 5.5 12.3 2.45107

Patient 3 0 84.5 20 39 25 0.3 66 23.1 0 0 154.5 139 335 132.5 445 5 1.36e8

Patient 4 0.2 99.1 16.9 81.6 2.2 14.8 91.8 69 0.2 0 5.5 10.5 72.5 5 48 5.91 1e8

Patient 5 0.05 83.3 1.74 42.7 23.7 16.8 45.3 42.2 0.01 0.04 3.5 5 4 1 25.5 4.92 9.35107

Patient 6 0.1 80.9 4.8 69.8 27.9 4.1 82.7 12.3 0 0 2.5 16 234 2 182.5 3.86 1.39108

Patient 6_2 0 97.3 7.1 77 58.3 2.6 71.6 26 0 0 7.5 15 12 5 27 4.1 4.95 3 107

Patient 7 0.07 96 20 75.7 45.1 1.1 87.4 11.5 0 0.02 18.5 24.5 15.5 30 20.5 5.57 1.3e8

Patient 7_2 0 99.3 10.4 85.4 1.44 0.17 94..1 4 0 0 5.5 1 3 6 9 1.83 1.7 3 107

Patient 8 0.3 98 1.73 43.3 33.7 0.6 39.5 58 0.1 0 7.5 37 67 18 22 5.97 1.88e8

Patient 9 0.05 98.3 9.5 87.5 11.2 0 97.5 1.9 0 0.02 9.5 11 16 9 11.5 6.52 1.37e8

Patient 10 0.09 99.5 11.8 69.5 3.59 0 81.4 16.1 0 0 1.5 15.5 1 14 10.5 2.31 4.38107

*TAA represents spot-forming cells (SFC) per 1 3 105 T cells in response to a mixture of WT1, PRAME, and Survivn added to the same experimental well.
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Figure 1. Phenotype of TAA-T products. (A) Fold expansion (n 5 12). (B) Immunophenotype of the TAA-T products (n 5 10). (C) Polyclonality of TAA-T as assessed by

TCR-Vb deep sequencing (n 5 6). (D) Lack of cytotoxicity of TAA-T (effectors) against non–antigen-pulsed PHA blasts (targets) at an various effector to target ratios (n 5

10). (E) Exhaustion markers on TAA-T products (n 5 6). PHA, phytohaemagglutinin
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staphylococcal enterotoxin B–positive control, with a median of 485
(range, 228-809) IFNg spot-forming cells (SFCs)/2.5 3 105 TAA-T
(values not included in the figure). Nonspecific activity to actin
showed a median of 5.25 (range, 1-154.5) IFNg SFCs/2.5 3 105.
Response to specific antigens showed the following: WT1, median
of 15.75 (range, 2.5-139) IFNg SFCs/2.5 3 105; PRAME, median
of 41.5 (range, 4-335) IFNg SFCs/2.5 3 105; Survivin, median of 7
(range, 0-132.5) IFNg SFCs/2.5 3 105 (Table 2). Eight products
recognized at least 1 antigen, 5 recognized 2 antigens, and 1 rec-
ognized all 3 antigens. Two products did not recognize any TAA.
There was, however, no correlation between antigen specificity of
the TAA-T product and clinical response (supplemental Table 1).
On restimulation with TAAs, the TAA-T products were polyfunc-
tional, secreting IFNg and tumor necrosis factor a (TNFa) from both
CD41 and CD81 T-cell compartments (Figure 2B-C).

TAA-Ts are safe when given alone or in combination

with nivolumab

To distinguish the effects of infusing TAA-T with associated thera-
pies, patients were not allowed to receive any therapy during the
6-week safety monitoring period after the first TAA-T infusion. There
were no dose-limiting toxicities and no TAA-T infusion-related
adverse events within the safety monitoring period (Table 3). One
patient developed a grade 1 cytokine release syndrome presenting
with fever, fatigue, and elevation in C-reactive protein that resolved
spontaneously without requiring any anticytokine therapy. No
patients developed neurotoxicity related to the TAA-Ts, although 1
patient (patient 5) developed autoimmune encephalitis presenting

with grade 3 seizures 2 months after the second TAA-T while
receiving nivolumab. It was not possible to determine a definitive
causal relationship to either nivolumab or TAA-Ts. Adverse events
that were possibly related to TAA-T included grade 1 fatigue (n 5

2) and myalgia (n 5 1), all of which resolved spontaneously. Two
patients developed abnormalities in thyroid function tests before the
first TAA-T attributed to nivolumab and 1 had clinical hypothyroidism
diagnosed 4 weeks after the TAA-T. All values corrected with thy-
roid supplementation and remained stable. One patient (patient 4)
developed grade 1 myositis and discontinued nivolumab after 5
months (approximately 6 months after TAA-T).

Clinical outcomes

Adjuvant treatment. At a median follow-up of 41 months
(range, 40-42 months) the 2 patients in the adjuvant arm have main-
tained a continued complete remission (Figure 3A).

Active disease. Median time to last follow-up for the 8 patients
with active disease was 12.6 months (range, 3.7-21 months; Figure
3B). Patient 1 with relapsed disease after allogeneic HSCT received
donor-derived TAA-Ts and developed progressive disease at 6
weeks. He then received nivolumab off protocol and achieved a CR
but developed grade 4 graft-versus-host disease (GVHD) and died
of complications related to GVHD. Patient 2 initially had symptom
relief and an observed positron emission tomography (PET)
response of their bony lesions after first TAA-T dose and received 2
more TAA-T infusions to maintain this response, but subsequently
developed disease progression at 6 months from the first infusion.
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Figure 2. Functional characterization of TAA-T products. (A) Tumor antigen specificity as measured by IFNg ELISPOT assay of the 12 infused products after overnight

restimulation with overlapping 15mer pepmixes of actin (irrelevant control antigen), WT1, PRAME, and Survivin. (B) Polyfunctionality as assessed by the release of IFNg and

TNFa by CD31, CD41, and CD81 TAA-Ts in response to irrelevant antigen. Actin and TAA (PRAME) shown in a representative dot plot of TAA-T product and summarized

for 6 TAA-T products (C). * and ** denote P , .01 for difference between actin and PRAME.
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The remaining 6 patients with active disease received nivolumab
before and after TAA-T infusion. Patient 5 had a positron emission
tomography (PET) avid mediastinal mass that has remained stable
at last follow-up (21 months). Patient 6 achieved a complete meta-
bolic response at 6 months after 2 doses of TAA-Ts and nivolumab
for 4 months and then proceeded to allogeneic HSCT. He remains
in CR at 12 months after HSCT (20.4 months after first TAA-Ts).
Patients 9 and 10 remain on nivolumab with stable disease (SD) at
12 months from study entry. Two patients (patients 7 and 8) devel-
oped progressive disease (PD) at 6 months and came off protocol.
Interestingly, both patients went on to achieve CR after receiving
standard chemotherapy despite previously being considered
chemo-refractory.

Long-term TAA-T cell persistence and evidence of

antigen spreading are observed in respond-

ing patients

The 2 patients (patients 3 and 4) who received TAA-Ts as adju-
vant treatment showed long-term (up to 2 years) persistence of
TAA-T cells in the PB as detected by IFNg ELISPOT assay (Fig-
ure 4A-B). The T cells were specific to 1 or more TAA antigens
and showed presence of low-frequency T cells to nontargeted
TAAs not included in the product, consistent with evidence of
antigen spreading as has previously been described with adop-
tively transferred EBV/latent membrane protein(LMP)-specific
T-cell therapy for HL1 (supplemental Table 2). The detected
TAA-specific T cells were polyfunctional, with CD41- and
CD81-specific T cells producing IFNg and TNFa on

restimulation, suggesting a functional in vivo tumor antigen-
specific response (supplemental Figures S2 and S3). In con-
trast, patients who received TAA-T alone for active disease
(patients 1 and 2) had very low frequencies of TAA-Ts detected
in PB after infusion (Figure 4C-D). Specifically, patient 2 had
detectable T cells specific for TAAs by week 6 after infusion
that coincided with improvement in bone pain and a minor meta-
bolic response. He received 2 additional TAA-T infusions, and
TAA-specific T cells were detected in the PB before the third
TAA-T infusion. However, this clinical benefit did not persist,
and the patient ultimately developed disease progression at a
time when TAA-specific T cells were no longer detectable in
vivo (Figure 4C).

Priming with nivolumab enhances TAA-T–specific

response and persistence

All 6 patients with active lymphoma who received TAA-T with nivolu-
mab had detectable TAA-Ts as detected by IFNg ELISPOT assay
at 2 to 6 weeks, and 4 had detectable TAA-Ts at 3 months (Figure
5A-F). Interestingly, only responding patients (ie, patients who
achieved SD, PR, or CR to nivolumab at 3 months from the start of
the drug) demonstrated reactivity to targeted TAAs before TAA-T
infusion after receiving nivolumab priming (median, 9.5 IFNg SFCs/
1 3 105 cells; range, 4-288) and also at 3 months (median IFNg
SFCs/1 3 105 cells of 56; range, 4.5-185; Figure 6A). In contrast,
the 2 nonresponders who had disease progression to ongoing nivo-
lumab after TAA-Ts had minimal detectable TAA-specific T cells in
vivo before TAA-Ts (median IFNg SFCs/1 3 107 5 of 6; range,

Table 3. Safety and outcomes of patients receiving TAA-Ts 6 nivolumab

Patient ID

Disease status

before TAA-Ts

(DS/SPD/cm2)

Disease status at

6 wk after first

TAA-Ts (DS/SPD/cm2)

Therapy

after TAA-Ts

Outcome at

last follow-up

Survival at last

follow-up GVHD/CRS

Safety attributed

to TAA-T cells IrAE

Patient 1 DS 5 5/7.08 PD (DS 5 5/15.15) None* PD (32 d)* Dead (6 mo) None* None N/A

Patient 2 DS 5 4/3.5 PMR (DS 5 3/3.5) None PD
(6 mo)

Unknown None None N/A

Patient 3 DS 5 2/,1 CCR
DS 5 2/,1

None CCR
(42 mo)

Alive
(42 mo)

None None N/A

Patient 4 DS 5 3/13.28 CCR
DS 5 3

Nivolumab 1Bv started
2 mo from TAA-T

CCR
(40 mo)

Alive
(40 mo)

None None Myositis 6 mo after
TAA-T

Patient 5 DS 5 4 DS 5 3 Nivolumab resumed after
first TAA-T

SD
(20 mo)

Alive
(20 mo)

None None Autoimmune
encephalitis 6 mo

after TAA-T

Patient 6 DS 5 5/9 PMR
(DS 5 4/5.4)

Nivolumab resumed
6 wk after first TAA-T†

CR
(20 mo)

Alive
(20 mo)

None None Hypothyroidism
before TAA-T

Patient 7 DS 5 5/23.5 SD
(DS 5 5/26.3)

Nivolumab resumed
6 wk after first TAA-T

PD
(6 mo)

Alive
(12 mo)

Grade 1 skin
autoreactivity

None None

Patient 8 DS 5 5/37.9 SD
(DS 5 5/50.9)

Nivolumab resumed
6 wk after first TAA-T

PD
(6 mo)

Alive
(15 mo)

Grade 1 CRS None None

Patient 9 DS 5 5/29.7 SD
(DS 5 5/43.5)

Nivolumab resumed
6 wk after first TAA-T;

ongoing

SD
(12 mo)

Alive
(12 mo)

None None Hypothyroidism
before TAA-T

Patient 10 DS 5 5/6.57 SD
(DS 5 5/6.57)

Nivolumab resumed
6 wk after first TAA-T;

ongoing

SD
(12 mo)

Alive
(12 mo)

None None Hypothyroidism
before TAA-T

Data cutoff date was 27 April 2021.
Allo-HSCT, allogeneic hematopoietic stem cell transplant; Bv brentuximab vedotin; CCR, continued complete remission; CR, complete response; CRS, cytokine release syndrome; DS,

Deauville Score: SPD sum of the product of the diameters; IrAE, immune-related adverse events; PD, progressive disease; PMR, partial metabolic response; SD, stable disease; XRT,
radiation; N/A, not applicable.

*Patient came off study before 6-wk safety monitoring because of clinical progression, received nivolumab as standard of care per treating physician, and developed grade 4 GVHD
attributed to nivolumab.

†Received nivolumab for 4 cycles followed by XRT to residual mediastinal mass and went into CR and proceeded to allogeneic HSCT at 6 months from TAA-Ts.
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0-6) and at 3 months (median IFNg SFCs/1 3 107 5 of 3; range,
0-5.5). The differences of the TAA-T reactivity, however, were not
statistically significant (P 5 .38).

The TAA-T responses were polyfunctional (secreting both IFNg and
TNFa in response to antigen restimulation), largely restricted to the
CD41 compartment (representative patient sample shown in Figure
6D), only observed in responders, and decreased over time for non-
responders (Figure 6B-C).

TAA-relevant T-cell clones are detected in PB and

persist over time

To explore longitudinal effects of treatment on the peripheral TCRb
repertoire, we sequenced the CDR3 region of the TAA-T product
and PBMCs obtained before and after TAA-T infusion. PBMCs
were isolated at study entry (for those receiving nivolumab priming),
baseline before TAA-T infusion (for all patients), and 2 and 6 weeks
and 3 months after TAA-T. Immunosequencing of the TCRb locus
showed that posttreatment peripheral repertoires were similarly
diverse as baseline (supplemental Figure 4A-B).

Using a binomial model with Benjamini-Horschberg correction for
multiple comparisons (controlling false discovery rate at 0.01), we
identified T-cell clones enriched at higher frequency in the product
and not present in the pretreatment sample as TAA-T relevant
clones. On average, there were 246 TAA-T relevant clones
(range, 162-348). This patient-specific set of TAA-T relevant

clones was longitudinally tracked in the periphery, and the cumula-
tive frequency (number of TAA-T relevant T cells/total T-cell count)
was compared across peripheral samples (Figure 7A). Relative to
pretreatment (frequency 5 0), there was a significantly higher fre-
quency of newly detected enriched product clones in the PB in
patients receiving TAA-T alone or with nivolumab priming for all
posttreatment samples (Plmm , .005 for 2 and 6 weeks and 3
months after TAA-T relative to pretreatment; Figure 7B). Hence,
despite not using prescribed lymphodepletion, TAA-T relevant
clones were trackable in PB samples, albeit at low frequency
(maximum, 0.2%). To assess the effect of nivolumab on the
infused TAA-Ts, we tracked 400 enriched TCR clones in patient
6 (responder); 278 of these were newly detected and not present
before TAA-T, of which 48 were expanded in the product and
detected in at least 1 other follow-up sample. Twenty-six of the 48
clones were not detected before TAA-Ts as shown in Figure 7C
but were present in samples obtained from at least 2 other time
points. An apparent increase of these clones was observed on
day 90 when the patient was in a complete remission, suggesting
a potential impact of nivolumab that resumed after TAA-Ts.

Exhausted T cells in the tumor microenvironment

affect response to TAA-Ts

To determine the mechanism of TAA-T resistance we further studied
patient 7 who had initially experienced dramatic symptom relief with
resolution of her B symptoms 6 weeks after the first TAA-T
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negligible expansion of TAA-specific T cells in the PB as shown in
Figure 5E. On imaging, this patient had a mixed response at 3
months, but at 6 months had PD. Biopsy of an involved lymph node
at the time of disease progression showed increased CD31 and
CD41 T cells and T-regulatory cells (CD41CD25highCD127low;
supplemental Figure 5A). Further evaluation of these tumor infiltrat-
ing lymphocytes (TILs) demonstrated high expression of exhaustion
markers PD1, TIM3, and LAG3 on both CD41 and CD81 T-cell
compartments (supplemental Figure 5B). Ex vivo expansion of the
TILs with the TAA overlapping 15mers representing full length pro-
teins WT1, Prame and Survivin (pepmixes) with the Th1 cytokine
milieu resulted in a product with decreased T-regulatory cells and
exhaustion marker phenotype (supplemental Figure 5B); however,
the TILs did not demonstrate any TAA specificity (supplemental Fig-
ure 5C). PBMCs isolated at the time of disease progression (at
month 6) and ex vivo expanded similar to the TILs demonstrated the
same exhausted phenotype with high expression of LAG3 and PD1
compared with PB samples obtained before PD (supplemental Fig-
ure 5B). However, unlike the TILs, these PB-derived T cells demon-
strated TAA-specific reactivity to PRAME (supplemental Figure 5C).
Evaluation of patient 8 who developed disease progression after
TAA-Ts but subsequently responded to conventional chemotherapy
showed a decrease in exhaustion markers (PD1, LAG3, and TIM3)
with a small concurrent increase in T cells reactive to TAA antigens
at the time of remission compared with the time of relapse (supple-
mental Figure 5D).

Discussion

We report the safety, efficacy, and immune biology correlates of
infusing multiantigen-specific non–gene-engineered tumor-
associated antigen-specific T cells given in combination with nivolu-
mab or alone in 10 patients with r/r HL. The 2 patients who
received TAA-Ts as adjuvant therapy after transplant (allogeneic and
autologous) have maintained sustained remissions for more than 3
years despite having chemo-refractory disease before transplant.
Although both these patients had preexisting responses to 1 of the
targeted antigens, they demonstrated antigen spreading at long-
term follow-up. Although efficacy was not the primary end point of
this study, 7 of 8 patients with active disease achieved SD at 6
weeks after the TAA-T infusion. One patient achieved CR and pro-
ceeded to allogeneic HSCT, whereas 3 remain with SD at a median
follow-up of 12.6 months (range, 3.4-21 months). The 2 patients
with PD went on to achieve CR after receiving chemotherapy
despite being previously chemo-refractory, suggesting that CPI can
rebalance the immunostimulatory and immunosuppressive immune
composition of the HL microenvironment, leading to restored che-
mosensitivity (supplemental Figure 5D). Although numbers are small,
clinical responses in patients receiving combination TAA-T and nivo-
lumab were achieved without increased immune-related adverse
events compared with those seen in clinical trials with single agent
nivolumab,10,11 Given all patients received a washout of 6 weeks
with no other systemic therapy during the safety monitoring period

A

SF
C 

pe
r 1

05  T
AA

-T
 c

ell
s

300

60

60

40

20

0

60

40

20

0

40

20

0

60

40

20

0

200

100

0

Pre
-T

AA T

Pre
-T

AA T
2 W

k
6 W

k
3 M

o

Pre
-T

AA T_
3

6 W
k_

3

2 W
k

6 W
k

3 M
o

6 M
o

9 M
o 1 y 2 y

Pre
-T

AA T
2 W

k
6 W

k
3 M

o
6 M

o
9 M

o 1 y 2 y

Pre
-T

AA T
2 W

k
6 W

k
3 M

o
6 M

o 1 y 2 y

Pre
-T

AA T
2 W

k
6 W

k
3 M

o
6 M

o 1 y 2 y

SF
C 

pe
r 1

05  T
AA

-T
 c

ell
s

300

200

100

0

B

SF
C 

pe
r 1

05  T
AA

-T
 c

ell
s

300

200

100

0

WT1
PRAME
Survivin
SSX2
SOX2
MAGEA4
MAGEA1
MAGEA3

Targeted
antigens

Non-
targeted
antigens

P3

P2

Pre
-T

AA T

Pre
-T

AA-T
Wk 2 Wk 8 3 M

o
2 W

k
6 W

k
3 M

o

Pre
-T

AA T_
3

6 W
k_

3

P2 P1

Pre
-T

AA-T
Wk 2 Wk 8 3 M

o

P1

P3 P4 P4

C

SF
C 

pe
r 1

05  T
AA

-T
 c

ell
s

300

200

100

0

D

Time post TAA-T infusion

Figure 4. Recognition of tumor specific antigens over time. Recovery of antigen-specific T cells and antigen spreading as detected by IFNg ELISPOT assay in

patients receiving TAA-T alone in responders (A-B) and nonresponders (C-D). For each figure, reactivity to the targeted antigens WT1, PRAME, and Survivin is shown in

panel i and nontargeted antigens MAGE family, SSX2, and SOX2 is in panel ii.

480 DAVE et al 25 JANUARY 2022 • VOLUME 6, NUMBER 2



after TAA-Ts, our results demonstrate that the combinatorial
approach is safe and warrants evaluation in phase 2 studies.

Similar to our original observations after the administration of EBV-
specific T cells to patients with EBV1 HL,1 we were able to demon-
strate that TAA-T cells given alone or in combination with CPIs eli-
cited antigen spreading responses in responding patients. These
data are also consistent with observations from recent clinical trials
administering T cells targeting alternative tumor-associated antigen
combinations given without CPI for the treatment of hematologic

malignancies.24-26 Unlike nonresponding patients, responders to
ongoing nivolumab showed persistence of polyfunctional CD41

TAA-T cells at 3 to 6 months in the PB without any additional TAA-
T infusions, which suggests that nivolumab may influence the reac-
tivity and persistence of TAA-Ts in vivo, supporting our hypothesis
that nivolumab aids in T-cell persistence and is consistent with prior
immune CPI trials.27-29 The impact of lymphodepleting chemother-
apy before TAA-T infusion could further facilitate the homing of the
TAA-T cells to tumor sites and will be explored in our subsequent
study.
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In our previous study that demonstrated the safety and efficacy of
TAA-T for solid tumors, maximum clinical benefit was seen in
patients receiving multiple TAA-T infusions.15 The number of TAA-Ts
manufactured from PB limited our ability to administer multiple

doses to these patients with heavily pretreated HL, thus suggesting
that apheresis collections for TAA-T manufacture may be preferable
for this population. Our patients had received a median of 6 lines of
prior therapy and were extremely lymphopenic, with increased
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evidence of exhaustion and myeloid-derived suppressor cells that
are known to impair T-cell expansion and function.30-32 The 2
patients who were recollected after exposure to nivolumab had suc-
cessful products generated, which suggests that nivolumab priming
before collection could be used as a future strategy to generate
TAA-T cells for high-risk patients receiving CPIs.33 Importantly, TAA-
T cell therapy offers a potential option for patients who do not expe-
rience a durable remission to a CPI alone, especially when used as
consolidation in high-risk patients after autologous stem cell trans-
plant or those who have failed prior CPIs.34,35 Assessment of prod-
uct attributes in our study provides opportunity to increase potency
of the TAA-T product for future studies. The high frequency of g-d T
cells seen in our TAA-T products will be compared with efficacy in
larger cohorts, because these unique immune T cells with properties
of both innate and adaptive immune responses to tumor- and viral-
associated antigens are known to contribute to antitumor immunity.
Although the frequency of antigen-specific T cells was relatively low
in our products, any relationship to efficacy is limited by the small
sample size. Moreover, we did not identify a correlation between
antigen specificity and efficacy in our prior solid tumor TAA-T cell
study15; however, this question will be explored in a larger cohort of
HL patients in the future.

As illustrated by patient 7, the inability of TILs to recognize TAAs
despite an expansion of TAA-Ts in the PB is reflective of the
intensely inhibitory tumor microenvironment in HL.36 The presence
of TILs expressing other inhibitory checkpoints such as LAG3 and
TIM3 with a corresponding decrease in these markers after ex vivo

expansion in a Th1-promoting cytokine milieu confirms that develop-
ing other strategies, in addition to PD1 blockade, are essential to
overcome tumor-induced immunosuppression in vivo.37,38 We previ-
ously showed that adoptively transferred EBV-specific T cells engi-
neered to express a dominant negative transforming growth factor b
(TGFb) receptor II can overcome the inhibitory and antiproliferative
effects of TGFb in the tumor microenvironment.1,2,39 Future studies
will therefore explore broadening the portfolio of targeted antigens
by the TAA-T product, correlating exhaustion markers with product
efficacy, and rendering the products resistant to TGFb in combina-
tion with CPIs.

Limitations of our study include its small sample size and heteroge-
nous patient population. Although patients receiving TAA-Ts for
adjuvant therapy could have experienced benefit from the immune
reconstitution from their transplant, the recovery of polyfunctional
TAA-Ts in the PB even 2 years after TAA-Ts is suggestive of protec-
tive TAA-specific antitumor immune responses in vivo. The persis-
tence of polyfunctional TAA-T in responders to nivolumab and the
emergence of new product clones, although in smaller frequencies
over time, are suggestive of a synergistic role of nivolumab, and
therefore, long-term follow-up with immune correlates in this popula-
tion is required. Future studies evaluating TCR clonotypes to the
epitopes of targeted and nontargeted antigens will provide further
insight into the TAA-T–specific response.

In summary, autologous multi-TAA-T cells can be generated from
patients who have failed multiple prior immunotherapies for HL and
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Figure 7. Persistence of new TAA-T clones expanded in the product that were not present at baseline. (A) Using TCRVb deep sequencing, new clones detected

in the TAA-T product were identified and tracked in PB over time. (B) Longitudinal tracking of new clones expanded in product over time for patients receiving TAA-T alone.

Multi-institutional Prospective Research of Expanded Multi-antigen Specifically Oriented Lymphocytes for the Treatment of VEry High Risk Hematopoietic Malignancies

(RESOLVE) and TAA-T with nivolumab [TAA-T with nivolumab on Phase I Study Utilizing Tumor Associated Antigen Specific T cells (TAA-T) with PD1 Inhibitor Nivolumab

for Relapsed/Refractory Lymphoma (SUSTAIN) trial]. (C) Tracking of clones enriched in TAA-T product and not present at baseline in patient 6.
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are well tolerated when given alone or with checkpoint inhibitors.
The expansion and persistence of infused TAA-T cells was associ-
ated with clinical benefit to patients including durable remissions.
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