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Patients with hematologic malignancies relapsing after allogeneic blood or marrow

transplantation (BMT) have limited response to conventional salvage therapies, with an

expected 1-year overall survival (OS) of ,20%. We evaluated the safety and clinical outcomes

following administration of a novel T-cell therapeutic targeting 3 tumor-associated antigens

(TAA-T) in patients with acute leukemia who relapsed or were at high risk of relapse after

allogeneic BMT. Lymphocytes obtained from the BMT donor were manufactured to target

TAAs WT1, PRAME, and survivin, which are over-expressed and immunogenic in most

hematologic malignancies. Patients received TAA-T infusions at doses of 0.5 to 4 3 107/m2.

Twenty-three BMT recipients with relapsed/refractory (n 5 11) and/or high-risk (n 5 12) acute

myeloid leukemia (n 5 20) and acute lymphoblastic leukemia (n 5 3) were infused

posttransplant. No patient developed cytokine-release syndrome or neurotoxicity, and only

1 patient developed grade 3 graft-versus-host disease. Of the patients who relapsed post-BMT

and received bridging therapy, the majority (n 5 9/11) achieved complete hematologic

remission before receiving TAA-T. Relapsed patients exhibited a 1-year OS of 36% and 1-year

leukemia-free survival of 27.3% post–TAA-T. The poorest prognosis patients (relapsed ,6

months after transplant) exhibited a 1-year OS of 42.8% postrelapse (n 5 7). Median survival

was not reached for high-risk patients who received preemptive TAA-T posttransplant

(n 5 12). Although as a phase 1 study, concomitant antileukemic therapy was allowed, TAA-T

were safe and well tolerated, and sustained remissions in high-risk and relapsed patients were

observed. Moreover, adoptively transferred TAA-T detected by T-cell receptor V-b sequencing

persisted up to at least 1 year postinfusion. This trial was registered at clinicaltrials.gov as

#NCT02203903.
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Key Points

� Donor-derived, tumor-
associated, antigen-
specific T cells
targeting survivin,
PRAME, and WT1 are
safe in acute leukemia
patients post-BMT.

� One-year OS in
patients who relapsed
early post-BMT was
42.8% postrelapse,
whereas 88.9% of
evaluable high-risk
patients were alive at
1 year.
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Introduction

Relapse is the most frequent cause of death after allogeneic blood
or marrow transplantation (BMT) for high-risk hematologic malignan-
cies. The chance of relapse post-BMT for patients with acute mye-
loid leukemia (AML) or acute lymphoblastic leukemia (ALL) ranges
from 4% to 80%,1 with a ,10% chance of remaining alive and
disease-free at 1 year if relapse occurs within 6 months of BMT.2-5

Pediatric patients may fare better than adults, but 1-year overall sur-
vival (OS) following relapse within 6 months of BMT still remains
limited at 20% to 25%.5,6 Current strategies to treat post-BMT
relapse, such as chemotherapy and donor lymphocyte infusions
(DLI) to enhance the immunologic graft-versus-leukemia (GVL)
effect, have low efficacy and are associated with graft-versus-host
disease (GVHD).1,7,8 Although second allo-transplants to reinstate
GVL effects are occasionally effective in some patients who enter a
remission, they are not effective in patients who relapse early after
BMT.3,6,9,10 New immunotherapeutic strategies, notably transgenic
chimeric antigen receptor (CAR) T cells, have shown promise in
patients with ALL11,12 but can have significant toxicities and have
shown minimal efficacy in AML to date. Furthermore, the shared
expression of CAR-targeted AML surface antigens on normal mye-
loid precursors can incur myelotoxicity.13

An alternative strategy to boost the GVL effect is to infuse donor-
derived T cells targeting tumor-associated antigen (TAA) peptides as
circulating TAA-specific T cells (TAA-T) are associated with mainte-
nance of remission post-BMT.14 In this phase 1 clinical trial, a novel,
multitargeted T-cell therapeutic was administered in an attempt to
decrease the likelihood of tumor evasion while broadening treatment
options for BMT recipients with relapsed or high-risk acute leukemia
regardless of HLA type. The TAAs WT1, survivin, and PRAME were
selected as targets because they are widely overexpressed in
relapsed and refractory hematopoietic malignancies.15-17 Here, we
report on the safety, tolerability, persistence, and clinical effects of
this novel TAA-T treatment as an approach to prolong survival of
patients with high-risk or relapsed leukemia after BMT.

Methods

Study design

A prospective, open-label, pilot clinical trial (NCT02203903;
IND16135) was conducted at Children’s National and Johns Hopkins
Hospitals as a dose-escalation study with doses ranging from
0.5 3 107/m2 (dose level 1) to 4.0 3 107/m2 (dose level 4), with up
to 7 infusions per patient depending on availability of the product.
This study was approved by the institutional review board at each insti-
tution and was conducted in accordance with the principals of the
Declaration of Helsinki and Good Clinical Practice guidelines. See sup-
plemental Methods for full details including eligibility. Steroids exceed-
ing 0.5 mg/kg per day prednisone equivalent at the time of TAA-T or
investigational T-cell suppressive therapies in the prior 28 days were
exclusion criteria. Patients with relapsed disease could receive cyto-
toxic therapies prior to and after TAA-T as deemed necessary.

TAA-T generation

TAA-T products were manufactured under Good Manufacturing
Practice conditions from peripheral blood mononuclear cells
(PBMCs) obtained from corresponding BMT donors as previously

described18; see supplemental Methods. Briefly, donor-derived den-
dritic cells were pulsed with TAA peptide libraries and cocultured
with donor-derived T cells in the presence of cytokines (IL-7, IL-15,
IL-12, IL-6) and restimulated in the presence of IL-2.19-21 TAA-T
products were validated for identity, phenotype, sterility, lack of allor-
eactivity, and cryopreserved prior to administration.

TAA-T immunophenotyping and functional analysis

TAA-T products were analyzed with monoclonal antibodies against
CD3, CD4, CD8, CD127, CD14, CD19, CD25, CD16, CD56,
TCRgd, CD95, CD45RO, CD28, CCR7, and CD62L.

TAA-T product-specific activity against WT1, survivin, and PRAME
pepmixes (JP Peptide Technology, Berlin, Germany) was evaluated
as previously described using anti–interferon gamma (IFNg)
Enzyme-Linked Immunospot (ELISpot).18 Assays were read by Zell-
net consulting (Fort Lee, NJ). TAA-T functionality was also assessed
by flow cytometric detection of intracellular IFN-g and tumor necro-
sis factor alpha (TNF-a) in response to WT1, PRAME, or survivin
peptides, as described in supplemental Methods and as pub-
lished.18 Cells were acquired on a Cytoflex S (Beckman Coulter,
Brea, CA). Gating strategies are shown in supplemental Figures
1-4. Data analyses were performed using FlowJo version 10.5.

Cytotoxicity assay

The cytolytic function of the TAA-T product was evaluated against
the HLA-A*02 AML cell line (THP-1) as described in supplemental
Methods. Briefly, Cell Trace Violet–labeled THP-1 tumor cells were
cocultured with TAA-T or nonspecific T cells (PBMC). Cocultures
were labeled with monoclonal antibodies against CD3, CD45RO,
and CD33, and the cytotoxicity of TAA-T products vs nonspecific
T cells was assessed by lysis of CD331Violet1 cells. The number
of tumor cells remaining was reported as a proportion of the number
of tumor cells plated. Tumor cells alone provided background viabil-
ity. Cells were acquired on a Cytoflex S (Beckman Coulter). Data
analysis was performed using FlowJo version 10.5.

Postinfusion monitoring

Patients were monitored for immediate infusion-related toxicities for
1 hour after each TAA-T infusion. Patients were subsequently evalu-
ated weekly for 6 weeks for GVHD and other toxicities using the
Common Terminology Criteria for Adverse Events version 4.03.

Clinical response definitions

Clinical responses after TAA-T were categorized as: continued
complete remission (CCR; continued absence of morphologic or
extramedullary disease); complete response (CR; absence of mor-
phologic or extramedullary disease that is either minimal residual
disease [MRD]-positive or -negative); partial response (PR; .10%
decrease in leukemia disease without meeting CR criteria); mixed
response (decreased evidence of disease in some sites but not
all); progressive disease (PD; worsening of all areas of disease);
or stable disease (changes insufficient to qualify for CR, PR, mixed
response, or PD).

Immunosequencing

Samples of DNA isolated from the TAA-T product and recipient
research blood (0.5 3 106 per sample) were sent to Adaptive Bio-
technologies (Seattle, WA) for T-cell receptor V-b (TCRVbeta)
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sequencing on the Immunoseq platform with analysis and compila-
tion of sequence results.

Statistical analysis

OS and leukemia-free survival (LFS) were calculated from the time
of TAA-T infusion to death from any cause, except when otherwise
indicated. Survival curves were estimated by Kaplan-Meier and
described as 1-year OS, LFS, or as median survival for groups with
follow-up ,1 year. Curves were compared using the log-rank test.
Paired Wilcoxon test was used to compare mean antigen
responses with a cutoff P value for significance of ,.05. No adjust-
ments were made for multiple comparisons.

Results

Patient characteristics

Twenty-three patients with relapsed/refractory (n 5 11) or high-risk
(n 5 12) AML (n 5 20) and ALL (n 5 3) were infused with a
donor-derived TAA-T-cell product post-BMT. The median age at
time of first TAA-T infusion was 33 years (range, 1-74), with 5 pedi-
atric patients (,18 years). Eleven patients were female, and 12
were male. The donor was HLA matched for 11 patients and
haploidentical-related in 12. All TAA-T products were manufactured
from the patient’s BMT donor.

In the group with relapsed/refractory disease posttransplant (n 5 11),
the median time from first transplant to relapse was 5 months (range,
56-310 days) (Table 1). Notably, 9 of these patients were MRD1

(n 5 2) and had hematologic relapse (n 5 5) or extramedullary
relapse (n 5 2) within 6 months after transplant, emphasizing the
poor prognosis of the patients in this study. All relapsed patients with
hematologic and extramedullary relapse received at least 1 other
therapy prior to TAA-T infusion, including 1 or more courses of
chemotherapy (n 5 9), second transplant (n 5 2), DLI (n 5 2), IFNa
(n 5 1), and/or TKI (n 5 2). Patient P8 had persistent MRD with
BCR/ABL positivity in the marrow following transplant and treatment
with dasatinib and was considered refractory. Two patients (P9, P10)
received their first TAA-T infusion after a second BMT. Patient P9
received a second BMT for relapse 10 months following his first
transplant and achieved second complete remission prior to the
first TAA-T infusion. Patient P10 developed MRD 180 days after her
first BMT. She became MRD1 again 271 days after a second trans-
plant. MRD was reduced to 0.01% with DLI and IFNa prior to receiv-
ing the first TAA-T infusion. Ultimately, most patients (9/11, 81.8%)
achieved hematologic and extramedullary CR prior to TAA-T-cell infu-
sion, whereas 3 additional patients remained MRD1 (P1, P8, P10).

Twelve patients remaining in remission after BMT received TAA-T as
preemptive therapy to prevent relapse for high-risk features including
Philadelphia chromosome positivity (ALL), FLT3 positivity and mixed
lineage leukemia (MLL) rearrangement (AML). Coadministration of
chemotherapy and TKIs along with TAA-T was permitted throughout
the study (Table 2). These 12 patients remained in CCR and were
MRD2 at the time of TAA-T infusion (Table 2).

Polyclonal effector and effector memory TAA-T

recognizing WT1, PRAME, and survivin were

expanded from healthy donors for clinical use

The median time from donor collection to product manufacture and
release testing of the TAA-T products (n 5 23) was 29 days (range,

20-41). The 23 patients treated received 1 to 4 infusions each, with
a total of 29 infusions administered.

The phenotype of TAA-T products ultimately infused are shown in
Figure 1A-C, with variable compositions of CD81 T cells (median,
43.86%; range, 8.56% to 69.53%), CD41 T cells (19.51%; 2.15%
to 53.9%), and CD32CD161CD561 cells (4.57%; 0.05% to
57.9%; Figure 1A). B cells and monocytes accounted for ,2%
(0.11%; 0% to 1.08%) of all final products (data not shown). Evalu-
able products (n 5 11) were predominantly comprised of effector
memory T-cell (CD31CD4/81CD45RO1CCR72CD62L2) popula-
tions with a median of 68.75% of CD81 (range, 13.08% to 87.97%)
and 49.72% of CD41 cells (range, 10.56% to 79.1%). Central mem-
ory T-cell (CD31CD4/81CD45RO1CCR71CD62L1) populations,
shown to be important for long-term persistence of adoptively trans-
ferred T cells in vivo,22 comprised a median of 3.8% of CD81 (range,
1.13% to 19.23%) and 6.75% of CD41 cells (range, 1.69% to
16.52%). CD81 TEFF (CD31CD81CD45RO2CCR72CD62L2)
comprised a median of 2% (range, 0.2% to 8.6%), whereas minimal
numbers (,1%) of CD41 TEFF populations were detected in the
infused products (Figure 1B-C). Finally, the TAA-T products showed
broad TCR diversity, consistent with virus-specific T-cell products
derived from naïve donors (Figure 1D).23-25

TAA-T were antigen specific, polyfunctional, and

cytolytic against leukemia blasts in vitro

Antigen specificity of all TAA-T products (n 5 23) was determined
by anti-IFNg ELISpot assay prior to initial infusion and was repeated
on evaluable products prior to subsequent infusions (n 5 25; Figure
2A). All but 1 product demonstrated response to the SEB1 control.
There was insufficient sample to repeat the analysis to evaluate for
failure of the assay. Median (and range) antigen-specific responses
(IFNg production per 1 3 105 cells) were evaluated for WT1
(16 spot-forming units [SFU]; 0-450 SFU), PRAME (39 SFU;
0-523), survivin (10 SFU; 0-114), and all 3 peptides combined
(TAA; 44 SFU; 0-582). The median negative control (actin) was 12
SFU (range: 0-144) and the median positive control (SEB) was
732 SFU (range, 1 to too many to count). Mean antigen responses
(IFNg production per 1 3 105 cells) were statistically significantly
different from actin (negative control) for WT1 (P 5 .0469), PRAME
(P 5 .0001), and TAA (P , .0001) but not for survivin
(P 5 .7028). A positive antigen response in each product was clas-
sified as an IFNg production greater than the upper 95% confi-
dence interval (CI) of the median IFNg production to actin, the
negative control. These results similarly identify PRAME as the tar-
get antigen with the most consistently positive response across
products. This data is shown in supplemental Results.

Antigen specificity was also evaluated using ICS for TNFa and
IFNg by flow cytometry for evaluable products (n 5 7; Figure 2B-D;
supplemental Results).

Finally, the specific cytolytic function of products generated for
HLA-A*021 patients with AML was evaluated using a coculture
assay against the HLA-A*021 AML cell line THP-1. The in vitro cyto-
lytic activity of the TAA-T product against Violet1 CD331 THP-1
cells was superior to that of the pseudo DLI product (PBMCs;
Figure 2E). These results were reproduced in 3 other A*021 donor-
derived TAA-T products evaluated (Figure 2F).
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TAA-T administration following allogeneic BMT

was safe

After confirming eligibility, TAA-T were infused as outpatients, with
no immediate infusion-related toxicities or adverse events. One
patient withdrew from the study on day 23 postinfusion with bacte-
rial sepsis and died of complications unrelated to TAA-T, leaving the
recipients of 22 products evaluable for toxicity monitoring over a
45-day period (Tables 1 and 2; supplemental Table 1). No patients
developed cytokine release syndrome or neurotoxicity attributable to
TAA-T. Infection and alterations in renal function occurring during
the 45-day safety monitoring period were not deemed attributable
to TAA-T. Two patients developed elevated c-reactive protein, and 1
developed leukopenia postinfusion, likely related to TAA-T. Two
patients developed dose-limiting liver toxicity with alterations in
hepatic enzymes and bilirubin that were possibly attributable to
TAA-T infusion and fully resolved with treatment.

Ten patients were diagnosed with acute and/or chronic GVHD
posttransplant prior to TAA-T. However, only 4 patients developed
GVHD of any grade after TAA-T infusion, with only 1 patient (P9)
developing severe (grade 3) GVHD (stage 3 liver, stage 2 skin),
which was diagnosed 4 weeks post–TAA-T (4.0 3 107/m2; dose
level 4) and was associated with a concurrent Haemophilus influen-
zae B and Varicella zoster infection. This patient’s liver biopsy was
indeterminant for the underlying cause of the liver toxicity, favoring
drug injury vs GVHD. However, this was characterized as a dose-
limiting, grade 4 liver toxicity possibly related to the TAA-T. Systemic
steroids, tacrolimus, and extracorporeal photopheresis in addition to
antiviral treatment successfully controlled the liver toxicity, and he
remains in remission .1 year post–TAA-T. Three other patients
developed grades 1 and 2 skin GVHD post–TAA-T (at dose levels
1, 3, and 4); all were steroid responsive. One patient with grade 2
skin GVHD developed a dose-limiting toxicity with grade 4 transami-
nitis possibly attributed to the TAA-T.

Disease response post–TAA-T infusion (all patients)

Seventeen of 23 patients (73.9%) with acute leukemia were in con-
tinued complete hematologic (morphologic) remission in the first
45 days following TAA-T. The median duration of survival postinfu-
sion for all patients was 644 days at the time of submission. The
1-year OS for all patients with AML (n 5 20) was 66.4% (95% CI,
39.84-83.33) post–TAA-T.

Disease outcomes for patients who relapsed after

first BMT

Nine of 11 patients who relapsed post-BMT were in complete mor-
phologic remission at the time of TAA-T infusion. One patient had
detectable disease after achieving a PR in response to bridging che-
motherapy, and 1 patient had disease progression at the time of
TAA-T. The 1-year OS after TAA-T for patients who relapsed after
transplant (n 5 11) was 36.4% (95% CI, 11.2-62.7). Median survival
was 255 days (including P1, who died of sepsis and was not
evaluable for response at week 6) with 3 long-term survivors (B-ALL
[n 5 1], AML [n 5 2]) at 812 to 1160 days postinfusion (Figure
3A). LFS 1 year post–TAA-T infusion was 27.3%, and median LFS
was 64 days.

Patients characterized as “responders” (defined as CCR 3 months
after TAA-T) had a median LFS of 839 days vs 42 days in the
“nonresponder” (defined as relapse or PD in the first 3 months afterT
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Figure 1. Characterization of the TAA-T product by phenotype and TCR clonotype diversity. (A) Variable composition of the TAA-T products by phenotype (CD81,

CD41, NK [natural killer], TCRgd [g d T cells], NKT [natural killer T cells]) presented as percent of total cells in product as determined by 12-color flow cytometry (n 5 23).
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TAA-T) group (P 5 .003; Figure 3B). The median OS in the res-
ponders was 1150 days, compared with 150 days in the nonres-
ponder group (P 5 .003; Figure 3C). Notably, in the poorest
prognosis group (patients with hematologic or extramedullary
relapse #6 months post-BMT who did not undergo a second trans-
plant prior to TAA-T [n 5 7]), the median survival was 159 days
with a 1-year OS of 25% after infusion (95% CI, 3.7-55.8) and
1-year OS of 42.8% from time of relapse (Figure 3A-D).

Immunofluorescence staining to evaluate expression of targeted anti-
gens (WT1, PRAME, and survivin) on the blast populations from
evaluable patients showed varying degrees of positivity. No infer-
ences could be made with respect to the correlation of immunofluo-
rescent antigen positivity and disease response because of the
small sample size (Figure 3E; supplemental Figure 5). Individual
courses of representative patients who had relapsed after first BMT
and had demonstrable responses with in vivo T-cell expansion after
TAA-T are shown in Figure 3F-G.

Disease outcomes for patients at high risk for

relapse post-BMT

The median survival in patients defined as high risk for relapse and
treated with TAA-T as preemptive therapy (n 5 12) was not yet
reached at the time of submission, with 9/12 patients remaining
alive. Eight of the 9 (88.9%) evaluable patients were alive at 1 year,
and of those, 5 (62.5%) remained alive and in remission at the time
of submission (Figure 4A). Nine patients were in persistent remis-
sion (no relapse within 6 months of TAA-T), with 2 patients relaps-
ing at 275 and 700 days, respectively. Patient P19, who relapsed
at 275 days, subsequently underwent a second transplant from a
second donor and ultimately died of disease progression 644 days
postinitial TAA-T (Figure 4A). Three patients with AML relapsed
within 6 months of TAA-T (Figure 4B), and 2 of these patients died
at 228 and 728 days, respectively, postinfusion. The third patient
remains alive 126 days post–TAA-T (Figure 4C). None of the
patients treated preemptively had “early” relapse (defined as relapse
within 6 months after first transplant). This cohort experienced a
median LFS of 792 days and median OS of 917 days after first
transplant (supplemental Figure 7A-B).

TCR clonotype expansion and persistence

TCR sequencing was performed on available TAA-T products
(n 5 11) and on recipient peripheral blood samples obtained prein-
fusion vs postinfusion (range, 28-365 days postinfusion). Evaluation
of unique TCR clonotypes (present in the product but not the recipi-
ent prior to infusion) at postinfusion timepoints demonstrated expan-
sion of unique TCR clonotypes in patients receiving TAA-T after
relapse (Figure 3F-G; supplemental Figure 6A-D) and for high-risk
disease (supplemental Figure 6E-F). The unique T-cell clones were
shown to persist up to 6 months postinfusion in the relapsed group
and up to 1 year in the preemptively treated group.

Discussion

This study found that administration of donor-derived TAA-T target-
ing WT1, PRAME, and survivin was safe and feasible for patients
with high-risk leukemia after allogeneic BMT. Eleven patients had
relapsed prior to TAA-T infusion, 9 of whom relapsed within 6
months of transplant or had residual/refractory disease. The addition
of TAA-T to treat or preempt posttransplant relapse in this subset of
patients was accompanied by few treatment-related serious adverse
events and a 1-year OS of 36% and LFS of 27.3% in the relapsed
group. Moreover, in patients who relapsed ,6 months post-BMT
and subsequently received TAA-T, their 1-year OS from time of
relapse after first transplant was 42.8%. Treatment failure and death
is due in part to an insufficient GVL effect, dysregulation of immune
fuction,26 and from toxicity of chemotherapy. McIver et al found that
patients who relapse ,6 months after allogeneic BMT had a ,5%
probability of survival irrespective of whether second BMT or less
intensive management was chosen,3 with a 0% OS at 1 year after
relapse in the patients who underwent a second transplant. Patients
who had late relapse (.6 months post–first transplant) and subse-
quently underwent a second transplant, DLI with or without chemo-
therapy or chemotherapy alone had a 1-year OS of 33% after
relapse,3 similar to other studies also showing later relapse associ-
ated with improved outcomes.5,6,10,27 Our cohort of patients with
“early” relapse (defined as relapsing within 6 months of transplant)
who did not undergo a second transplant prior to TAA-T infusion
fared better, with less relapse and appreciably longer survival:
1-year OS from time of relapse after first transplant was 42.8% (Fig-
ure 3D) compared with 0%. These outcomes were more compara-
ble to those with late relapse in the McIver cohort, although in the
time since that publication, development of other novel therapies
used the in the management of this cohort likely also contributed to
the improved outcomes observed. Hence, these results are compa-
rable or superior to similar cohorts of AML and ALL patients treated
with alternative therapies,4-6,9,10,28,29 suggesting that donor-derived
TAA-T are at least as effective as chemotherapy and DLI, or second
transplant, for the treatment of post-BMT relapsed leukemia but with
appreciably less toxicity, particularly with respect to GVHD.5,6,10,27

Donor-derived TAA-T infusions provide an opportunity to expand a
subset of cytotoxic T cells specific to tumor antigen targets while
greatly reducing the risk of GVHD as compared with DLI.1,7,30

Extensive clinical experience with T cells expanded ex vivo with pep-
tide antigens specific for the treatment of viral infections post-BMT
indicate that such T cells lack alloreactivity and seldom, if ever,
cause GVHD. The safety profile of the TAA-T product described
herein is in line with these observations and also contrasts with the
frequent occurrence of cytokine release syndrome and neurotoxicity,
which complicates CD19 CAR-T used for relapsed ALL.

A recent study evaluated the effect of a different tumor-associated,
antigen-specific T-cell product for patients with AML refractory to
salvage chemotherapy with active disease at the time of infusion.31

Two of 6 patients had PR or CR to cell therapy alone, with 3
patients treated with demethylating agents and T cells in the adju-
vant setting.31 In contrast, the majority of the relapsed patients in

Figure 1 (continued) (B-C) Memory phenotype described as central memory (TCM; CD31CD4/81CD45RO1CCR71CD62L1), effector memory (TEM; CD31CD4/

81CD45RO1CCR72CD62L2), and effector T cells (TEFF; CD31CD4/81CD45RO2CCR72CD62L) for evaluable samples (n 5 11). (D) Diversity of TCR sequences of TAA-T

products shown for representative patients in the relapsed group (P9, P3) and patients treated preemptively with TAA-T products (P12, P13).
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our study achieved CR with salvage chemotherapy prior to TAA-T.
Several (n 5 4) were treated with decitabine or azacitadine as
bridging therapy, which has been shown to increase expression of
some TAAs, including PRAME,32,33 and potentiate in vitro killing of
AML blasts by PRAME-specific T cells.32 Therefore, further studies
comparing patients receiving TAA-T therapy in combination with
hypomethylating agents to those receiving TAA-T infusions with
alternative or no salvage therapy are warranted to assess any syner-
gistic effect these agents may have.

Key issues in designing and expanding effective antileukemic T cells
is the selection of appropriate TAAs ubiquitously present on malig-
nant cells and, ideally, not expressed on healthy human tissues. We
chose to expand T cells against multiple TAAs (WT1, PRAME, and
survivin) to target most malignancies through at least 1 expressed
antigen. Of the available samples, the recipient’s malignancy
expressed at least 1 of these TAAs by immunofluorescence (Figure
3E). However, preliminary data from this phase 1 study is not suffi-
cient to analyze a potential correlation between immunofluorescent
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Figure 2 (continued) denotes the median for positive control (SEB 5 732 SFU). Mean antigen responses were statistically significantly different from actin for WT1

(P 5 .0469), PRAME (P 5 .0001), and TAA (P , .0001) but not for survivin (P 5 .7028). (B) TNFa and IFNg intracellular cytokine staining (ICS) demonstrates antigen

specificity for WT1 and PRAME shown for products (P6, P9). Antigen specificity measured by TNFa and IFNg ICS of CD81 T cells (C) and CD41 T cells (D) of the

TAA-T-cell product in evaluable samples (n 5 7). SEB is used as the positive control and actin as negative control. (E) In vitro cytolytic activity of the HLA A*021 TAA-T

product against an HLA A*021 AML cell line (THP-1) as compared with a donor lymphocyte infusion (donor PBMCs) product. (F) Superior cytolytic activity against THP-1

Violet1 CD331 cells of the TAA-T product as compared with donor lymphocyte infusion (PBMC) is reproducible in the majority of A*021 donor TAA-T products evaluated

(as shown for P2, P6, P12). SEB, staphylococcal enterotoxin B.
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Figure 3. Clinical outcomes for patients treated with TAA-T for relapsed disease after BMT (n 5 11). (A) Swimmer plot showing clinical outcomes following

salvage therapy and TAA-T infusion in patients with relapsed/refractory disease after BMT, categorized by dose level (1-4). Hematologic remission was achieved in 9/11

patients prior to TAA-T infusion with postinfusion clinical outcomes defined as CCR, PR, stable disease (SD), PD, and relapse. Patients in hematologic remission with MRD
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antigen positivity and disease response to TAA-T. Antigen specificity
of the TAA-T products as evaluated by ELISpot demonstrated
robust positivity for PRAME and TAA but not consistently for WT1
and survivin across all products. Similarly, CD81 T-cell responses
evaluated by ICS were variable across all patient products, with
WT1 and PRAME trending above that of the negative control,
although not statistically significant. This represents an opportunity
for increasing the potency of the product for future studies by ensur-
ing equal targeting of all antigens in this single product. Targeting
multiple TAAs reduces the risk of tumor escape through downregu-
lation of one antigen, but restricting to a maximum of TAAs also
reduces the risk of antigenic competition observed with increased

antigen targeting.34 Response to TAA-T infusions may also correlate
directly with the number of target antigens expressed on the recipi-
ents’ tumor cells, with the poorest responses anticipated in patients
not expressing any of the 3 TAA targets. This hypothesis remains to
be definitively tested in larger, later-phase trials.

Growing experience with T-cell infusions to treat malignancy indi-
cates that antitumor efficacy is enhanced by lymphodepletion and
by persistence of the infused cells.35,36 We did not deliberately use
prescribed lymphodepletion before TAA-T infusion, but the thera-
peutic effect of our TAA-T product may have been enhanced by
lymphopenia from “bridging” chemotherapy or prior transplantation.
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DAPI, 49,6-diamidino-2-phenylindole; IgG, immunoglobulin G.
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Moreover, characterization of TCR sequencing postinfusion may
predict benefit of TAA-T. Patients with disease response following
TAA-T infusion had evidence of both persistence and expansion of
TCR clonotypes that were present in the product but not present
prior to infusion. However, given the small sample size and correla-
tive nature of the data, we are not able to make any conclusions of
causality. In future studies, identification and tracking of target
antigen-specific unique clonotypes from the T-cell product and dem-
onstration of cytotoxicity of the product against individual patient
samples could provide further support of this hypothesis.

Finally, 2 patients were treated concomitantly with the TKI dasatinib
for Philadelphia chromosome–positive ALL. This therapy was contin-
ued before and after TAA-T infusion and therefore may have sup-
pressed antigen expression and activation of the T-cell product.37,38

One of these patients had refractory disease and died early in the
follow-up time period. The second patient had prolonged survival
and remains alive at the time of submission.

Rapid progress has been made in the manufacturing of highly effec-
tive leukemia-specific T cells. Notably, CD19 CAR-T have achieved
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spectacular results in B-cell malignancies with apparent cures of
ALL relapsing post-BMT.11,12 However, they have appreciable post-
infusion toxicity, and tumor escape can occur from downregulation
of CD19.39,40 In the absence of suitable myeloid surface antigens,
CAR-T therapy for AML remains more challenging and still under
early stages of investigation. Our non–genetically engineered
TAA-T product is therefore of particular relevance for patients with
high-risk AML.

In conclusion, this phase 1 study demonstrates the safety and toler-
ability of donor-derived TAA-T-cell infusions following allogeneic
BMT for the treatment of patients with high-risk/relapsed/refractory
hematologic malignancies. Further studies are needed to determine
long-term clinical disease outcomes and to optimize the dose and
timing of TAA-T infusions posttransplant, particularly for preemptively
treated patients. However, these data provide robust evidence that
donor-derived TAA-T infusion is a well-tolerated therapy. Later-
phase studies are warranted to further evaluate the effect of TAA-T
on prolonging remission in patients with high-risk hematologic malig-
nancies post-BMT.
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