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abstract

PURPOSE Tumor-associated antigen cytotoxic T cells (TAA-Ts) represent a new, potentially effective and
nontoxic therapeutic approach for patients with relapsed or refractory solid tumors. In this first-in-human trial, we
investigated the safety of administering TAA-Ts that target Wilms tumor gene 1, preferentially expressed antigen
of melanoma, and survivin to patients with relapsed/refractory solid tumors.

MATERIALS AND METHODS TAA-T products were generated from autologous peripheral blood and infused over
three dose levels: 1, 2, and 4 3 107 cells/m2. Patients were eligible for up to eight infusions administered 4 to
7 weeks apart. We assessed dose limiting toxicity during the first 45 days after infusion. Disease response was
determined within the context of a phase I trial.

RESULTS There were no dose-limiting toxicities. Of 15 evaluable patients, 11 (73%) with stable disease or better
at day 45 postinfusion were defined as responders. Six responders remain without progression at a median of
13.9 months (range, 4.1 to 19.9 months) after initial TAA-Ts. Patients who were treated at the highest dose level
showed the best clinical outcomes, with a 6-month progression-free survival of 73% after TAA-T infusion
compared with a 38% 6-month progression-free survival with prior therapy. Antigen spreading and a reduction
in circulating tumor-associated antigens using digital droplet polymerase chain reaction was observed in
patients after TAA-T infusion.

CONCLUSION TAA-Ts safely induced disease stabilization, prolonged time to progression, and were associated
with antigen spreading and a reduction in circulating tumor-associated antigen DNA levels in patients with
relapsed/refractory solid tumors without lymphodepleting chemotherapy before infusion. TAA-Ts are a prom-
ising new treatment approach for patients with solid tumors.

J Clin Oncol 37. © 2019 by American Society of Clinical Oncology

INTRODUCTION

Patients with relapsed or refractory solid tumors have
dismal outcomes and a low probability of cure. Toxic
salvage treatments with limited therapeutic prospects
are not acceptable, and there is a need for tolerable
and effective alternative therapies. The ability of T
lymphocytes to recognize cancer cells and eliminate
them by engaging tumor-associated antigens (TAAs)
has therapeutic potential. Expansion and activation of
T cells has proven to be safe, feasible, and effective in
both viral disease1 and select malignancies.2-4

Cellular immunotherapy, notably chimeric antigen
receptor T cells (CAR-Ts) for B-cell acute lympho-
blastic leukemia, has become an established element
of treatment for hematologic malignancies.5,6 Results

of CAR-T therapy in solid tumors are less favorable and
responses are brief.7-9 TAA cytotoxic T cells (TAA-Ts)
presented through major histocompatibility complex to
the native T-cell receptor offer several advantages over
the single surface antigen target of CAR-T therapy. We
selected three target TAAs that are uniquely expressed
or overexpressed on malignant cells such that TAA-T
cells will preferentially attack tumor cells without
damaging healthy tissues. The Wilms tumor gene
(WT1), expressed in various normal cells,10 encodes
a transcription factor that regulates cell proliferation,
death, and differentiation.11 WT1 is overexpressed in
Wilms tumor, sarcomas, and ovarian and prostate
cancers.12-16 Preferentially expressed antigen of mel-
anoma (PRAME) is associated with multiple cancers,
and studies suggest that PRAME is involved in cell
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proliferation and survival.17 In neuroblastoma and osteo-
sarcoma, PRAME expression was associated with ad-
vanced disease and poor prognosis.17-19 Survivin, which is
highly expressed during fetal development but absent in
most mature tissues,20 may regulate cellular apoptosis
and proliferation. Survivin is overexpressed in many
malignancies21-23 and associated with chemotherapy re-
sistance, disease recurrence, and decreased survival. The
generation and ex vivo expansion of TAA-Ts using these
specific antigens has been validated.2,24

We conducted this phase I dose-escalation trial to de-
termine the safety of administering TAA-Ts that target WT1,
PRAME, and survivin to patients with high-risk solid tumors
defined as refractory, relapsed, or with residual detectable
disease after conventional therapy. We characterized the
TAA-T product with respect to TAA specificity and studied
the in vivo cytokine and lymphocyte cellular milieu pre- and
postinfusion. Disease response was evaluated after TAA-T
infusion within the context of a phase I trial.

MATERIALS AND METHODS

Patients and Treatment Protocol

Patients with high-risk solid tumors reported to express one
or more target tumor antigens—WT1, PRAME, and/or
survivin—on the basis of the published literature12-19,21-23

were eligible for this nonrandomized phase I study. In-
formed consent was obtained for patients who met stan-
dard eligibility requirements, including performance status
and organ function parameters, before cell procure-
ment and TAA-T infusion (ClinicalTrials.gov identifier:
NCT02789228; Appendix Fig A1, online only). This study
was approved by the US Food and Drug Administration
(IND 16135) and the Children’s National Medical Center
(CNMC) institutional review board.

Three TAA-T dose levels (DLs) were evaluated—1, 2, and
4 3 107 cells/m2—with enrollment of two to four patients
planned at each DL and expansion to up to eight patients at
themaximum tolerated dose. Dose escalation occurred once
two patients completed an initial 45-day postinfusion eval-
uation period without dose limiting toxicity (DLT). Up to
two additional patients were permitted at each DL while
the toxicity monitoring period was completed. TAA-Ts were
infused a minimum of 1 week after conventional tumor-
directed therapy. When possible, antineoplastic cytotoxic
agents were held for 6 weeks after TAA-T infusion. First
and second TAA-T doses were administered a minimum of
45 days apart and subsequent doses approximately every
28 days. Patients who did not experience disease progres-
sion were eligible to receive up to eight TAA-T doses at the
enrollment DL. TAA-Ts were administered intravenously
(1 mL/10-12e7 cells) in an outpatient setting over 1 to
2 minutes according to previously described methods.25

DLTs for assessing safety and determining the recom-
mended TAA-T dose were defined as follows: grade 3 or

greater infusion-related adverse event, grade 4 or greater
nonhematologic adverse event not related to the patient’s
underlying malignancy or preexisting comorbidities, and
grade 3 or greater acute graft versus host disease or any
unexpected toxicity of any grade attributed to the infusion of
TAA-Ts. Toxicities were defined using National Cancer
Institute Common Terminology Criteria for Adverse Events
version 4.03. Response for patients with measurable dis-
ease was according to Response Evaluation Criteria in Solid
Tumors (RECIST) version 1.1.26 Patients with evaluable
disease were monitored for complete response, stable
disease, or unequivocal disease progression as described
in RECIST guidelines. Progression-free survival (PFS) was
measured from the time of first TAA-T infusion to either the
date of disease progression or the time of data cutoff
(December 1, 2018) for all patients.

Statistical Analysis

We analyzed survival data, including PFS, median, and
95% CIs, with either log-rank test to compare DLs or sign
test to compare the difference between TAA-T DL 3 and
immediate prior therapy. Results were presented using the
Kaplan-Meier method. P values , .05 were considered
statistically significant (Appendix, online only).

Manufacture of TAA-T Products

TAA-T products were generated according to Good
Manufacturing Practices appropriate for a phase I
study.2,24,27 A total of 100 to 120 mL (3 mL/kg for patients
, 25 kg) of peripheral blood was collected on two occasions
to generate antigen-presenting cells. Subsequent collections
were permitted for patients who were eligible to continue on
therapy without additional cell doses (Appendix).

Characterization of TAA-T Products

Flow cytometry, Luminex, immunofluorescence, and digital
droplet polymerase chain reaction assays. Details provided
in the Appendix.

Interferon gamma enzyme-linked immunospot assay. The
assay was performed as previously described (Appendix).24

T-cell receptor sequencing. The assay was performed as
previously described (Appendix).28-30

RESULTS

Patient Characteristics

Eighteen patients (10males, eight females) with solid tumor
malignancies, including Wilms tumor (n = 9), rhabdo-
myosarcoma (n = 4), neuroblastoma (n = 2), soft tissue
sarcoma (n = 1), Ewing sarcoma (n = 1), and osteosarcoma
(n = 1), were enrolled (Appendix Fig A2, online only; Ap-
pendix Table A1, online only). Patients were recruited and
observed by CNMC in Washington, DC, from May 5, 2016,
through December 1, 2018. Median age at enrollment was
8.5 years (range, 3 to 53 years). Fifteen patients re-
ceived infusions (Table 1): one patient underwent cell
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procurement without achieving an adequate cell num-
ber, one patient had a viable cryopreserved product
awaiting infusion, and one patient developed rapid
disease progression that precluded TAA-T infusion
(Appendix Table A2, online only). All infused patients
received multimodal therapy before receiving TAA-Ts
(Fig 1). A total of 45 TAA-T infusions were adminis-
tered (median, two infusions per patient; range, one to
eight infusions). One patient did not complete the initial
45-day observation period as a result of disease pro-
gression. The remaining 14 patients were evaluable
for toxicity. Patients were observed for a median of
12.9 months (range, 0.5 to 20.4 months) at the time of data
cutoff.

TAA-T Product Characterization

Twenty-seven TAA-T products were generated from au-
tologous sources for the 18 enrolled patients. For products
infused (n = 24 in 15 patients), median time from collection
to clinical freeze was 28 days (range, 22 to 31 days), with
a median 12-fold expansion of T cells (range, three- to
65-fold; Appendix Table A3, online only).

Patients who demonstrated stable disease or better at the
initial day 45 evaluation time point after TAA-T infusion
were deemed responders and those who experienced
progressive disease were classified as nonresponders. The
phenotype of TAA-T products was compared between re-
sponders (Fig 2A) and nonresponders (Fig 2B). Responders
received TAA-T products composed of higher CD8+CD3+

cells (median, 35.7%; range, 3.4% to 66%) compared with
CD4+CD3+ cells (median, 10.8%; range, 3% to 60.9%), with
variable numbers of CD16+CD56+CD32 cells (median,
1.2%; range, 0.3% to 71.6%) and CD16+CD56+CD3+ cells
(median, 11.6%; range, 4.1% to 38%). Products adminis-
tered to nonresponders were composed of lower CD8+CD3+

cells (median, 11.3%; range, 6.4% to 73.3%) compared
with CD4+CD3+ cells (median, 46.5%; range, 10.2% to
88.3%), and variable CD16+CD56+CD32 cells (median,
1.3%; range, 0.2% to 5%) and CD16+CD56+CD3+ cells
(median, 1.8%; range, 1.11% to 37.2%). These differences
were not statistically significant. B cells (median, 0.17;
range, 0% to 1.7%) and dendritic cells (median, 0%; range,
0% to 1.4%) accounted for less than 2% of the final
products. The most consistent cytokine elevation in the

SD, continues on therapy PD, off treatmet Chemotherapy Surgery

Radiation/ablation Targeted therapy*

P1 (OS)

P2 (NB)

P3 (NB)

10 months
(off therapy)

P4 (WT)

P5 (WT)

P6 (WT)

P8 (ES)

P9 (STS)

P10 (WT)

P11 (WT)

P12 (RMS)

P13 (WT)

P14 (RMS)

P15 (RMS)

6 months
(off therapy)

5 months
(off therapy)

11 months
(off therapy)

3 months
(off therapy)

6 months
(off therapy)

13 months
(off therapy)

9 months
(off therapy)

12 months
(off therapy)

23 months
(off therapy)

2 months
(off therapy)

9 months
(off therapy)

4.5 months
(off therapy)

6 months
(off therapy)

14 months
(off therapy)

30 months
(off therapy)

11 months
(off therapy)

7 months
(off therapy)

13 months
(off therapy)

7 months
(off therapy)

5 months
(on therapy)

96 months
(off therapy)

51 months
(off therapy)

4 months
(off therapy)

1 month
(off therapy)

4 months
(off therapy)

6 months
(on therapy)

9 months
(on therapy)

96 months
(off therapy)

4.5 months
after TAA-T

1.5 months
after TAA-T

3.5 months
after TAA-T

5 months
after TAA-T

SD  15 months
after TAA-T

24 months
(off therapy)

1.5 months
after TAA-T

SD  4 months
after TAA-T

3 months
(off therapy)

3 months
after TAA-T

1.5 months
(on therapy)

1.5 months
(on therapy)

1.5 months
after TAA-T

18 months
(off therapy)

SD  15 months
after TAA-T

7.5 months
after TAA-T

SD  12 months
after TAA-T

SD  19 months
after TAA-T

P7 (WT)
3 months

(off therapy)
5 months

(on therapy)
3 months

(on therapy)
2 months

(on therapy)
0.5 months
after TAA-T

SD  10 months
after TAA-T

TAA-T

Initial treatment and
time to first relapse

Third treatment and
time to third relapse

Fourth treatment and
time to fourth relapse

Fifth treatment and
time to fifth relapse

Sixth treatment and
time to sixth relapse

Seventh treatment and
time to seventh 

relapse

Second treatment and
time to second 

relapse

FIG 1. Treatment summary. Multimodality therapy administered before tumor-associated antigen cytotoxic T cell (TAA-T) infusion. Patients experienced
relapsed disease after completion of therapy as well as disease progression while on treatment. (*) Targeted therapy includes the following: denosumab
(patient 1 [P1]), dinutuximab (P2 and P3), radiolabeled 131I-MIBG (P2 and P3), lorvotuzumab (P2 and P4). ES, Ewing sarcoma; 131I-MIBG, 131I-meta-
iodobenzylguanidine; NB, neuroblastoma; OS, osteosarcoma; SD, stable disease; PD, progressive disease; RMS, rhabdomyosarcoma; STS, soft tissue
sarcoma; WT, Wilms tumor.
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TAA-T product as evaluated by the Luminex (17-plex)
assay occurred for IFNg (median, 1,157 pg/mL; range,
0 to 920,110 pg/mL), tumor necrosis factor-a (median, 61
pg/mL; range, 0 to 1,701 pg/mL), and MIP-1b (median,
271 pg/mL; range, 0 to 1,056 pg/mL; Fig 2C). Antigen
specificity was evaluated using the interferon gamma
(IFNg) enzyme-linked immunospot assay (Fig 2D). All
products demonstrated a response to the staphylococcal
enterotoxin B–positive control with a median of 605.8
(range, 152.5 to 939) IFNg spot-forming cells/2.5e5.
Median actin response, a measure of nonspecific activity,
was 18.8 (0 to 159.5) IFNg SFC/2.5e5. A positive result for
individual antigens was defined as 10 IFNg SFC/2.5e5

cells or greater after subtraction of actin. Response
to specific antigens was as follows: WT1: median, 1.5
(0 to 561) IFNg SFC/2.5e5 cells; PRAME: median, 7 (0 to
653.5) IFNg SFC/2.5e5 cells; and survivin: median, 0 (0 to
540) IFNg SFC/2.5e5 cells (Appendix Table A3). PRAME
was the antigen to which most TAA-T products demon-
strated specificity, followed by WT1, then survivin. Eval-
uating markers of T-cell exhaustion revealed that TAA-T
products that were administered to nonresponders
expressed increased lymphocyte-associated gene 3
compared with products that were administered to re-
sponders. Expression of other markers of exhaustion—
T-cell immunoglobulin and mucin domain–containing-3,
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FIG 2. Characterization of tumor-associated antigen cytotoxic T cell (TAA-T) products. (A) Flow cytometry demonstrates a variable phenotype of polyclonal,
polyfunctional T-cell products in patients in the Responding group. (B) Patients in the Nonresponding group showed a comparatively lower percentage of
CD8+CD3+ cells and CD16+CD56+CD3+ cells with high percentages of CD4+CD3+ cells. (C) Luminex assay to measure cytokine secretion by TAA-T
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programmed cell death 1, and cytotoxic T lymphocyte
antigen 4—were essentially undetectable in both groups
(Appendix Fig A3, online only).

Safety of TAA-Ts

There were no DLTs and no infusion-related adverse
events. Adverse events that were possibly related to pro-
tocol therapy during all 44 treatment cycles included grade
1 fatigue (n = 1) and myalgia (n = 1), both of which
completely resolved. The recommended TAA-T dose for
administration in patients with solid tumors is the highest
evaluated: 4 3 107 cells/m2. Of note, a fifth patient (P13)
was treated on DL 2 not because of toxicity but as a planned
deviation as it was not possible to expand the TAA-T
product to the numbers required for DL 3. Patients did not
experience cytokine release syndrome or have elevated
interleukin-6 (IL-6), tumor necrosis factor a, or IFNg levels
in plasma samples obtained before or during the first year
after infusion. The most marked change in cytokines ob-
served with IL-8 (preinfusion median, 3.4 pg/mL; range,
0 to 12.3 pg/mL; and postinfusion peak median, 80.5 pg/mL;
range, 0 to 6,266.8 pg/mL; Appendix Table A4, online
only), which decreased in responding patients (P4, P5, and
P6) and increased in correlation with disease progression
confirmed by radiographic imaging in P5 and P6 (Appendix
Fig A4, online only).

Disease Response

Of 15 patients treated, 11 had evaluable disease at initial
TAA-T infusion, three had measurable disease, and one
had an unevaluable meta-iodobenzylguanidine avid le-
sion that was not amenable to confirmatory biopsy (P3). Of
12 patients with evaluable disease/MIBG positivity, 10 had
a best response of stable disease and two patients had
progressive disease, including P3, who experienced
progression with new metastatic disease (Appendix Fig
A5, online only). Of three patients with measurable dis-
ease at the time of first infusion, one had a best response
of stable disease and two patients had progressive
disease.

Overall, 11 of 15 evaluable patients (73%) responded. At
DL 1 (1 3 107 cells/m2), P1 experienced a response and
received a second TAA-T infusion. P2 experienced dis-
ease progression and came off protocol therapy. At DL 2
(2 3 107 cells/m2), three of five patients (P4, P5, and P6)
experienced a response and received additional infusions.
P4 received eight TAA-T infusions (maximum allowed per
protocol). Of eight patients who were treated on DL 3
(43 107 cells/m2), seven experienced a response. Six of these
patients received multiple TAA-T infusions (median, four
doses; range, two to six doses), whereas one patient (P15)
had sufficient cells for a single infusion. Of the 11
responding patients, six have not experienced progression
at a median of 13.9 months (range, 4.1 to 19.9 months)
after initial infusion (Fig 3A). Median PFS on DL 3 (n = 8)
was 9.3 months compared with 2.8 months on DLs 1 and

2 combined (n = 7; P = .034; Fig 3B). At the highest DL,
three patients experienced progression (median duration
of follow up, 12.7 months; range, 0.5 to 15.7 months).
PFS at 6 and 12 months was 73% and 58%, respectively
(Fig 3C). This was markedly superior to the 6- and 12-
month PFS—38% and 25%, respectively—observed with
the treatment course immediately before TAA-T therapy.
Although this difference was not statistically significant
(P = .73), there was a trend toward improved time to
progression after TAA-T treatment compared with pre-
vious therapy.

TAA-T Persistence, Antigen Spreading, and Impact on

TAA DNA Levels

Ten of 11 responding patients demonstrated increased
specificity for the three target TAAs as well as one or more
nontargeted TAA—MAGE-A3, MAGE-A4, SOX-2, or SSX-
2—commonly identified in solid tumors,31-40 which sug-
gests antigen spreading after TAA-T infusion (Fig 4A). As
proof of principle, T-cell receptor sequencing was per-
formed on the TAA-T product as well as pre- and post-
infusion peripheral blood samples. We detected unique
T-cell receptor clonotypes derived from P10’s TAA-T
product in patient samples that were obtained post- but
not preinfusion (Fig 4B). Increased frequency of func-
tional TAA-T was also observed in samples obtained post-
versus preinfusion as measured by IFNg enzyme-linked
immunospot. To determine whether TAA-T expansion
could potentially affect circulating tumor DNA, measur-
able levels of TAA DNA—WT1, PRAME, and survivin—
were detected using digital droplet polymerase chain
reaction. We compared the ratio of TAA to ABL1 in patient
samples with the median found in random healthy donors
to the CNMC blood bank (healthy controls). A responding
patient (P9) demonstrated elevated TAA DNA levels that
decreased after TAA-T infusion. P10 (responder) also
demonstrated decreasing TAA DNA levels after TAA-T
infusion, whereas nonresponding patients P3 and P13
demonstrated an increase or plateau in TAA DNA levels
that correlated with clinical progression (Appendix Fig A6,
online only).

Tumor Expression of Targeted Antigens

Tumor samples available from nine patients—two non-
responders and seven responders—expressed the targeted
TAAs as detected by immunofluorescence in all samples
(WT1, n = 5; PRAME, n = 8; surviving, n = 8; Fig 5).

DISCUSSION

In this first-in-human study, a novel TAA-T infusional
product that targets tumor-associated antigens WT1,
PRAME, and survivin was successfully generated and
safely administered to 15 patients with high-risk, re-
fractory or relapsed solid tumors over three DLs. Eleven
(73%) of 15 evaluable patients were defined as re-
sponders and eligible to continue on protocol therapy. Ten
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patients received two or more TAA-T infusions and six
patients (40%) received four or more infusions. Therapy
was administered in an outpatient setting with minimal,
reversible adverse events. Patients maintained an ex-
cellent quality of life, even with repeated TAA-T doses.
Overall, TAA-T infusions were well tolerated in this heavily
pretreated population.

At the recommended dose, PFS after TAA-T was notably
improved compared with immediate prior therapies and
significantly improved at the recommended DL compared
with lower doses, which suggests a dose–response re-
lationship. Given the excellent toxicity profile, it may be
reasonable to evaluate the feasibility and efficacy of
higher TAA-T doses to achieve an optimal dose as well as
adding a prescribed lymphodepletion regimen immedi-
ately before TAA-T infusion. Overall observed response

rates for disease stabilization, time to progression, and
overall survival were markedly higher than those reported
in other phase I clinical trials. Specifically, in contrast to
the 73% response rate we observed, the expected re-
sponse rate of disease stabilization is only 17% to 37% in
comparable patient populations enrolled in phase I
studies.41,42

Wilms tumor was the predominant diagnosis, accounting
for five of seven patients defined as responders. All pa-
tients with alveolar rhabdomyosarcoma (n = 3) were
defined as responders. Whereas this study focused
predominantly on a highly unique pediatric/adolescent
and young adult population (age 3 to 27 years), one
patient (P9) outside of this age range (age 53 years)
remains without progression of a soft tissue sarcoma
more than 400 days after initiating TAA-T therapy, which
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FIG 3. Disease response. (A) Outcome for evaluable patients who received at least one tumor-associated antigen
cytotoxic T cell (TAA-T) infusion. Many patients were able to receive multiple TAA-T infusions without adverse
reactions. Eleven of 15 patients met criteria for response, which was defined as stable disease or better at the day 45
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warrants additional study in this population. Overall, in
a relapsed/refractory solid tumor patient population that
previously demonstrated rapid time to disease progres-
sion, this study suggests efficacy after TAA-T therapy that
is worthy of additional evaluation, particularly in select
tumor types.

TAA-T products were manufactured for all but one
patient in this heavily pretreated population and

demonstrated a polyclonal, polyfunctional phenotype
with a trend toward a lower fraction of CD8+ T cells
in products generated from nonresponding patients
(n = 3). Expression of exhaustion markers PD1, CTLA4,
and TIM3 was low in all products tested, but LAG3 was
increased in three products. Of interest, these three
products were administered to patients defined as
nonresponders, which suggests that T-cell exhaustion
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may have been a mechanism of product failure
in vivo.43

Antigen spreading was identified in 10 of 11 responding
patients, which correlates with enhanced antitumor
immunity in these patients. The majority of patient
tumor samples tested demonstrated expression of
targeted TAAs. Patient numbers are too small to dem-
onstrate significance; however, the only responding
patient (P1) with minimal TAA tumor expression had
a metastatic osteosarcoma pulmonary lesion, which
may represent a false negative as a result of technical
difficulties during staining. Of the two nonresponders,
P2 had relatively limited tumor TAA expression (PRAME
only). In contrast, the tumor sample from P3 expressed
all three TAAs, but the TAA-T product that was infused
elicited limited TAA-specific activity in vitro. These data
suggest that approaches to increase tumor antigen
expression and overcome other tumor immune evasion
strategies, such as major histocompatibility complex
downregulation44,45 and transforming growth factor-b
secretion,46 may improve clinical response. Incorpo-
ration of epigenetic modifiers to upregulate antigen
expression and gene editing strategies to overcome
tumor immune evasion are being considered for future
study development.46,47

Patients who were treated on this study had no prior
lymphodepletion, which may explain the lack of cytokine
release and elevation in Th1 cytokines associated with
TAA-T infusion, despite evidence of T-cell expansion
postinfusion. Surge of IL-8, a known marker of tumor

progression, was observed in some patients,48 which cor-
related with disease progression in three patients. Con-
versely, IL-8 levels decreased after TAA-T infusion in three
responding patients, suggesting tumor control and in vivo
efficacy.

Select responding patients demonstrated decreased
levels of circulating tumor antigen DNA after TAA-T in-
fusion, which may indicate in vivo efficacy of TAA-T
therapy. Monitoring for circulating tumor antigen DNA
using digital droplet polymerase chain reaction may
prove to be a valuable way to monitor disease in patients
with solid tumors. This could provide a less invasive and
more sensitive method of minimal residual disease
monitoring, directing the administration of multiple TAA-
T infusions to maintain clinical responses before evi-
dence of radiographic or clinical progression. We plan to
further validate this potential biomarker assay in ad-
vanced phase studies.

In conclusion, our findings from this first-in-human trial
evaluating a unique TAA-T product emphasize the po-
tential for multitumor antigen targeting when developing
T-cell therapeutics for the treatment of patients with solid
tumors. This study underlines the feasibility and thera-
peutic potential of counteracting the common tumor
immune evasion mechanism by antigen loss. This strategy
may not only be exploited to enhance the immunotherapy
of the many other solid tumors that express these anti-
gens, but when used in combination may also safely
enhance the response to checkpoint inhibitors in the solid
tumor setting.
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APPENDIX

Inclusion Criteria:

Procurement criteria:
• Diagnosis of high-risk solid tumors: Ewing sarcoma, Wilms

tumor, neuroblastoma, rhabdomyosarcoma, soft tissue
sarcomas, osteosarcoma, adenocarcinoma and esophageal
carcinoma

• Refractory disease, residual detectable disease following
conventional therapy or relapsed disease

• Six months to 60 years of age at enrollment
• Karnofsky/Lansky score of greater than or equal to 50%
• ANC greater than 500/µL (may be supported with G-CSF)
• Bilirubin less than or equal to 2.5 mg/dL
• AST/ALT less than or equal to 5 times the upper limit of 

normal for age
• Serum creatinine less than or equal to 1.0 mg/dL or two times 

the upper limit of normal for age (whichever is higher)
• Pulse oximetry of greater than 90% on room air
• Agree to use contraceptive measures during study protocol

participation (when age appropriate)
• LVEF greater than 50% or LVSF greater than 27% if history of TBI
• Patient or parent or guardian capable of providing informed

consent
Infusion criteria:
• Steroids less than 0.5 mg/kg/day prednisone (or equivalent)
• Karnofsky/Lansky score of greater than or equal to 50%
• Bilirubin less than or equal to 2.5 mg/dL
• AST/ALT less than or equal to 5 times the upper limit of normal for age
• Serum creatinine less than 1.0 mg/dL or two times the upper limit of normal for

age (whichever is higher)
• Pulse oximetry of greater than 90% on room air

Exclusion Criteria:

Procurement criteria:
• Patients with uncontrolled infections
• Patients with active HIV
• Current evidence of GVHD greater than grade 2 or chronic 

GVHD manifestations: bronchiolitis obliterans syndrome,
sclerotic GVHD, or serositis.

• Pregnant or lactating females
• Prior immunotherapy with an investigational agent within

the last 28 days prior to procurement

Infusion criteria:
• Patients with uncontrolled infections
• Patients who received ATG, Campath, or other T cell

immunosuppressive monoclonal TAA-T antibodies within 
28 days prior to infusion

• GVHD greater than grade 2 or chronic GVHD 
manifestations: bronchiolitis obliterans syndrome, 
sclerotic GVHD, or serositis

• Pregnant or lactating females

FIG A1. Patient inclusion/exclusion criteria. ANC, absolute neutrophil count; ATG, antithymocyte globulin; G-CSF, granulocyte colony-
stimulating factor; GVHD, graft-versus-host disease; LVEF, left ventricular ejection fraction; LVSF, left ventricular shortening fraction; TAAs;
tumor-associated antigens; TBI, total-body irradiation.
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FIG A3. Tumor-associated antigen cytotoxic T-cell (TAA-T) products
express low levels of exhaustion markers. Exhaustion markers T-cell
immunoglobulin and mucin domain–containing-3 (TIM3), pro-
grammed cell death 1 (PD1), and cytotoxic T lymphocyte antigen 4
(CTLA4) were at uniformly low levels in TAA-T products as detected by
flow cytometry. Lymphocyte-associated gene 3 (LAG3) was higher in
products generated for nonresponders compared with responders.

Patient enrollment (n = 18)
Relapse or refractory high-risk solid tumor

 Wilms tumor
 Rhabdomyosarcoma
 Non-rhabdomyomatous soft tissue sarcoma
 Neuroblastoma
 Osteosarcoma
 Ewing sarcoma

Peripheral blood draw for generation of antigen
presenting cells and T cells 

Confirm eligibility to receive TAA-T infusion:
DOSE LEVEL 1 – 1 x 107 cells/m2

DOSE LEVEL 2 – 2 x 107 cells/m2

DOSE LEVEL 3 – 4 x 107 cells/m2

TAA-T infusion (n = 15):
any time > 1 week after most recent therapy 

Toxicity evaluation, sample collection postinfusion (n = 14)

 Weekly for 6 weeks post TAA-T dose 1
 Every 2 weeks post TAA-T dose 2-8
 At 3, 6, 9, and 12 months following last dose of TAA-T

FIG A2. Participant flow diagram. Patients with high-risk solid
tumors were eligible for enrollment. Eighteen patients were en-
rolled and 15 were infused with tumor-associated antigen cytotoxic
T cells (TAA-T) at the time of manuscript. One patient was removed
from treatment before day 45 as a result of disease progression.
Fourteen patients remained evaluable for toxicity.
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FIG A4. Circulating cytokines in patients receiving tumor-associated antigen cytotoxic T cells (TAA-Ts). Inflammatory cytokines remained low in
circulation after TAA-T infusion. Interleukin-8 (IL-8) did decrease in patients P4, P5, and P6 after TAA-T infusion. P5 and P6 had subsequent increases
in IL-8 that correlated with clinical disease progression. G-CSF, granulocyte colony-stimulating factor; IFNg, interferon gamma; MCP-1, monocyte
chemoattractant protein 1; MIP-1b, macrophage inflammatory protein 1b; TNFa, tumor necrosis factor a.
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FIG A5. Representative imaging in patients receiving tumor-associated antigen cytotoxic T cells (TAA-Ts). (A) Computed tomography (CT) chest
scan shows disease in patient 1 (P1) before TAA-T (pulmonary nodule on top panel; left) and at the time of progression after cycle 2 with new
disease in the anterior and posterior right lobe (right). (B) 123I-meta-iodobenzylguanidine (123I-MIBG) imaging for P3 before cells (left) and at
progression after cycle 1 (right) with new avid right posterior skull and vertebral lesions. (C) Positron emission tomography imaging from P8
before TAA-T with multifocal disease (left femur, precariat lymph node, spine, humerus), which remained stable through four infusions before
eventual progression. (D) CT scan from P9 pre–TAA-T demonstrates calcified hilar lesion, which remained stable through four infusions and in
follow up after therapy.
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FIG A6. Digital droplet polymerase chain reaction (ddPCR) results in responding versus nonresponding patients. (A) DNA from targeted antigens Wilms
tumor 1 (WT1), preferentially expressed antigen of melanoma (PRAME), and survivin identified by ddPCR in responding patient P9 at baseline and
post–TAA-T (tumor-associated antigen cytotoxic T cell) infusion. Threshold levels were determined using the median of healthy individuals for WT1 (left),
PRAME (middle), and survivin (right). (B) Circulating TAA DNA levels in P9 and P10 compared with threshold levels. Patients remain clinically well without
evidence of disease progression. (C) TAA DNA were measured in two nonresponding patients and compared with healthy controls. Both had elevated levels
of at least one TAA at the time of disease progression. P13 had increases in DNA of all three TAAs, which correlated with significant clinical disease
progression. BCR/ABL, breakpoint cluster region-Abelson.
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TABLE A2. Summary of Patients Enrolled and Not Infused
Patient
ID Disease

Age at Enrollment (Years/
Sex) Disease Characteristic

No. of
Relapses

Dose
Level Reason For Not Receiving TAA-T

P16 WT 14/F Favorable histology, metastatic
disease

4 3 Awaiting infusion

P17 WT 8/F Anaplastic histology, metastatic
disease

5 N/A Rapid disease progression that precluded
infusion

P18 RMS 15/M Alveolar histology 1 N/A Unable to achieve adequate cell number for
TAA-T dose

Abbreviations: N/A, not applicable, patient did not receive TAA-T; RMS, rhabdomyosarcoma; TAA-T, tumor-associated antigen cytotoxic T cell; WT,
Wilms tumor.

TABLE A1. Characteristics of Patients Enrolled and Treated in the Current Study
Characteristic Enrolled Patients (n = 18) Treated Patients (n = 15)

Median age, years (range) 8.5 (3-54) 8 (3-53)

Sex

Male 10 (56) 9 (60)

Female 8 (44) 6 (40)

Diagnosis

Wilms tumor 9 (50) 7 (47)

Rhabdomyosarcoma 4 (22) 3 (20)

Neuroblastoma 2 (11) 2 (13)

Soft tissue sarcoma 1 (6) 1 (7)

Ewing sarcoma 1 (6) 1 (7)

Osteosarcoma 1 (6) 1 (7)

Median follow up from initial TAA-T infusion, months (range) N/A 12.9 (0.5-20.4)

NOTE. Data are presented as No. (%) unless otherwise noted.
Abbreviations: N/A, not applicable; TAA-T, tumor-associated antigen cytotoxic T cell.
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TABLE A4. Luminex Results: Circulating Cytokines in Patients After Infusion of Tumor-Associated Antigen Cytotoxic T Cells*
Patient ID Week IL-8 IL-10 G-CSF IFNg MCP-1 MIP-1b TNF-a

P1 0 12.32 56.92 OOR , 3.31 213.16 27.07 29

2 9.45 3.07 OOR , 1.86 152.72 18.73 18.49

3 4.24 5.43 12.63 1.09 82.23 9.21 10.84

6 4.1 2.37 OOR , 1.59 134.98 17.59 12.93

11 90.36 2.51 OOR , 0 120.11 25.36 15.89

P2 0 6.37 1.98 19.05 0 43.71 11.18 9.34

1 3.62 2.78 9.54 0 65.77 25.29 15.96

3 80.53 3.19 9.04 2.91 154 90.17 42.49

4 26.91 11.77 22.67 0 41.87 14.01 7.97

6 31.15 6 17.21 1.89 112.45 48.11 6.21

P3 0 4.59 0 56.79 1.09 59.02 9.88 23.53

2 5 0 OOR , 1.29 63.56 10.24 23.22

3 10.2 0 14.39 0 40.31 15.3 16.61

4 5.14 0 16.28 0 16.42 5.47 15.96

6 2.79 0 0 0 38.36 8.15 19.15

10 11.97 0 0 0 29.74 13.49 20.1

P4 0 2.65 1.68 0 1.33 70.85 12.53 OOR ,

2 2.86 0 0 0 43.04 18.37 6.21

3 3.62 2.38 12.48 0 38.36 21.07 5.85

4 3.9 0 0 0 33.92 15.01 5.13

6 4.04 0 0 0 21.79 15.01 4.76

10 86.42 4.2 0 0 24.55 46.05 12.37

11 0 0 0 0 48.37 18.36 0

15 2.79 1.78 0 0 44.86 15.39 12.37

19 1.96 1.88 0 0 30.07 11.06 11.37

21 33.1 2.78 0 1.49 42.54 38.95 16.28

23 0 0 0 0 38.64 9.28 0

25 0 0 0 0 38.52 10.52 0

P5 0 5.55 0 21.77 0 15.54 14.02 16.93

2 173.56 2.68 0 1.66 64.47 47.12 23.53

3 13.59 2.08 905.02 5.58 230.34 27.64 17.25

4 359.42 3.54 118.21 1.25 55.68 51.98 11.7

6 4,047.28 8.45 0 25.91 766.76 360.93 67.78

9 827.82 2.88 0 8.67 250.49 206.86 33.82

11 0 0 26.86 0 21.89 7 0

15 6,266.8 0 0 33.76 1,680.71 720.52 28.39

P6 0 2.93 0 0 0 21.61 8.85 OOR ,

2 198.64 1.88 0 1.25 43.71 20.68 4.02

3 627.77 6.37 19.96 12.45 399.59 90.79 7.62

4 2.79 2.08 10.04 0 22.82 7.91 OOR ,

6 1,627.22 2.98 11.51 9.82 299.65 88.23 7.97

12 3.21 1.68 0 0 21.91 12.71 OOR ,

14 340.24 0 0 0 35.56 22.07 5.49

16 2,592.24 0 0 13.21 613.31 178.28 0

(continued on following page)
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TABLE A4. Luminex Results: Circulating Cytokines in Patients After Infusion of Tumor-Associated Antigen Cytotoxic T Cells* (continued)
Patient ID Week IL-8 IL-10 G-CSF IFNg MCP-1 MIP-1b TNF-a

P8 0 3.35 0 0 2.13 103.55 10.58 4.39

2 3.62 0 0 2.72 127.99 13.92 4.94

3 3.35 0 0 5.66 234.51 8.15 5.13

4 2.1 0 10.53 2.05 110.85 6.74 OOR <

6 0 0 0 1.65 102.97 8.06 0

9 0 0 0 1.79 131.13 10.04 0

P9 0 2.1 0 0 0 56.28 7.21 4.76

2 1.96 0 0 1.25 80.16 7.85 5.49

3 15.01 0 0 1.79 98.24 21.38 0

4 37.57 0 0 1.56 86.68 23.71 0

6 0 0 0 1.7 80.07 5.73 0

P10 0 0 0 0 0 6.72 3.31 0

2 0 0 0 0 16.72 8.38 0

3 0 0 0 0 11.61 3.75 0

4 0 0 0 0 10.86 3.64 0

6 0 0 0 0 10.03 7.16 0

NOTE. No bold or italic text indicates dose level 1, italic text indicates dose level 2, bold text indicates dose level 3.
Abbreviations: G-CSF, granulocyte colony-stimulating factor; IFNg, interferon gamma; IL, interleukin; MCP-1, monocyte chemoattractant

protein 1; MIP-1b, macrophage inflammatory protein 1b; OOR ,, out of range below; TNFa, tumor necrosis factor a.
*Units of measure for all values are pg/mL.
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