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Introduction
Breast cancer (BC) is the most common malig-
nancy worldwide and a leading cause of cancer-
related death.1 Although early detection and 
advances in conventional chemo-, radio-, and 
antibody-based therapies2–5 have substantially 
increased the cure rates (90% overall 5-year 

survival in patients with BC), the 5-year survival 
of those with distant metastases is only 27%,6 
highlighting the need for novel therapies.

A number of refractory diseases have proven 
responsive to adoptively transferred T cells. For 
example, in those with CD19+ lymphomas, 
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Abstract
Purpose: Adoptively transferred, ex vivo expanded multi-antigen-targeted T cells (multiTAA-T) 
represent a new, potentially effective, and nontoxic therapeutic approach for patients with 
breast cancer (BC). In this first-in-human trial, we investigated the safety and clinical effects 
of administering multiTAA T cells targeting the tumor-expressed antigens, Survivin, NY-
ESO-1, MAGE-A4, SSX2, and PRAME, to patients with relapsed/refractory/metastatic BC.
Materials and methods: MultiTAA T-cell products were generated from the peripheral blood 
of heavily pre-treated patients with metastatic or locally recurrent unresectable BC of all 
subtypes and infused at a fixed dose level of 2 × 107/m2. Patients received two infusions of 
cells 4 weeks apart and safety and clinical activity were determined. Cells were administered 
in an outpatient setting and without prior lymphodepleting chemotherapy.
Results: All patients had estrogen receptor/progesterone receptor positive BC, with one patient 
also having human epidermal growth factor receptor 2-positive. There were no treatment-related 
toxicities and the infusions were well tolerated. Of the 10 heavily pre-treated patients enrolled 
and infused with multiTAA T cells, nine had disease progression while one patient with 10 lines 
of prior therapies experienced prolonged (5 months) disease stabilization that was associated 
with the in vivo expansion and persistence of T cells directed against the targeted antigens. 
Furthermore, antigen spreading and the endogenous activation of T cells directed against a 
spectrum of non-targeted tumor antigens were observed in 7/10 patients post-multiTAA infusion.
Conclusion: MultiTAA T cells were well tolerated and induced disease stabilization in a patient 
with refractory BC. This was associated with in vivo T-cell expansion, persistence, and antigen 
spreading. Future directions of this approach may include additional strategies to enhance the 
therapeutic benefit of multiTAA T cells in patients with BC.
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durable complete remission rates of 30–50% have 
been achieved following the adoptive transfer of 
T cells engineered with a CD19-targeted chi-
meric antigen receptor (CAR) after lymphode-
pleting chemotherapy.7,8 However, disease relapse 
associated with the emergence of antigen-nega-
tive tumors is a frequent occurrence resulting in 
treatment failure.9–11 To address the issue of 
immune escape, our group prepared autologous, 
polyclonal T-cell lines targeting a spectrum of 
lymphoma-expressed antigens and when admin-
istered to lymphoma patients at high risk of 
relapse or to treat chemorefractory disease the cell 
infusions proved safe and induced durable com-
plete remissions (>3 years), without prior 
lymphodepletion.12

Having demonstrated the tolerability and clinical 
benefit of multi-antigen-targeted T cells (multi-
TAA-T) in the setting of hematological diseases 
(lymphoma,12 multiple myeloma,13 and leuke-
mia14,15), we sought to examine whether a similar 
strategy might be effective in patients with refrac-
tory/metastatic BC when other therapeutic options 
had been exhausted. Thus, we developed a multi-
specific T-cell product reactive against the tumor-
associated antigens (TAAs), PRAME, SSX2, 
MAGEA4, NY-ESO1, and Survivin, which in BC 
are collectively expressed in more than 90% of tum
ors.16–30 We hypothesized that the infusion of ex 
vivo expanded autologous T-cell lines (multiTAA 
T cells) would be safe and promote anti-BC 
immune activity, and that tumor lysis mediated by 
the transferred cells would facilitate the recruit-
ment and activation of endogenous immune cells 
against additional TAAs (i.e. antigen spreading), 
further extending the breadth and durability of 
benefit. Here we describe the safety and clinical 
outcomes achieved in 10 patients who were infused 
with multiTAA T cells without prior lymphode-
pletion and in the absence of other therapies.

Methods

Patients
Patients with relapsed/refractory/metastatic BC 
of all subtypes were included in our Baylor 
College of Medicine Institutional Review Board-
approved protocol (H-39209) conducted under 
the Food and Drug Administration (FDA)-
cleared IND #17586 (ClinicalTrials.gov; 
NCT03093350, date of registration: March 28, 
2017). Inclusion and exclusion criteria are 
detailed in the protocol (Supplemental Materials). 

Briefly, any BC patient (of all BC subtypes) 
between the ages of 18 and 80 years with meta-
static or locally recurrent unresectable BC with 
measurable or evaluable disease as per Response 
Evaluation Criteria in Solid Tumors (RECIST 
1.1) criteria progressing after at least two prior 
lines of therapy in the advanced setting [those 
with human epidermal growth factor receptor 
2-positive (HER2+) disease had to have failed at 
least two anti-HER2 agents] without significant 
organ dysfunction were eligible for participation. 
All study participants underwent disease assess-
ment at baseline and at least once (~6 weeks) after 
the second multiTAA T-cell infusion. In all, 12 
patients were enrolled in the study. The first 
patient was enrolled on 1 November 2017 and 
the last on 30 July 2018. Once enrolled, patients 
received two infusions at a fixed dose (2 × 107/
m2) 4 weeks apart and were eligible to receive up 
to six additional infusions if they had stable dis-
ease (SD) or a partial response (PR) at disease 
evaluation. None of the patients received lym-
phodepleting chemotherapy prior to multiTAA T 
cells. Complete details on the protocol are avail-
able in Supplemental Materials. The data cutoff 
date for analysis was 5 July 2021.

Generation of multiTAA T cells
MultiTAA T cells were generated as previously 
described.31 Briefly, peripheral blood (125–
530 ml) was collected from patients following 
informed consent. Monocyte-derived dendritic 
cells (DCs) were generated and loaded with pep-
tide mixtures (pepmixes, i.e. 15-mer peptides 
overlapping by 11 amino acids) spanning Survivin, 
PRAME, NY-ESO-1, MAGE-A4, and SSX2 
(JPT Peptide Technologies, Berlin, Germany). 
Antigen-loaded DCs were cocultured with autol-
ogous peripheral blood mononuclear cells 
(PBMCs) in T-cell medium supplemented with 
interleukin 7 (IL-7) (10 ng/ml), IL-12 (10 ng/
mL), IL-15 (5 ng/mL), and IL-6 (10 ng/mL). 
From day 10 and weekly thereafter, responder T 
cells were restimulated with pepmix-pulsed DCs 
in the presence of IL-15 (5 ng/mL) or IL-2 (50–
100 U/mL) until sufficient numbers were achieved 
for patient infusion and release testing. The 
resulting multiTAA T-cell lines were harvested at 
a median of 2618–34 days post-T-cell initiation.

MultiTAA T cell characterization studies
Enzyme-linked immunospot assay (ELIspot) analy-
sis was used to determine the frequency of T cells 
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secreting interferon gamma (IFNγ) in response to 
TAA pepmixes, as described previously. For pheno-
typic analysis, we surface-stained multiTAA T cells 
with phycoerythrin, fluorescein isothiocyanate-, 
peridinin chlorophyll protein-, allophycocyanin-, 
Alexa Fluor 700-, phycoerythrin cyanin 7-, Pacific 
Blue- or Krome Orange-conjugated CD3 (clone 
SK7), CD4 (SK3), CD8 (SK1), CD56 (B159), 
CD16 (SJ25C1), CD62L (DREG-56), CD45RA 
(H100 or 2H4), CD 45RO (UCHL1), CCR7 
(3D12), CD69 (L78), CD83 (HB15e), HLA-DR 
(L243), programmed cell death 1 (PD1; PD1.3.5), 
and lymphocyte activation gene-3 (LAG3; 874501) 
(Becton Dickinson [BD], Franklin Lakes, NJ, USA; 
Beckman Coulter, Pasadena, CA, USA). Control 
samples labeled with appropriate isotype antibodies 
were included and a ‘fluorescence minus one’ strat-
egy was used for multicolor staining. Cells were ana-
lyzed using FACScan equipped with a filter set for 
four fluorescence signals, using CellQUEST soft-
ware, or FACS-Canto II, using DIVA software 
(BD). T-cell receptor (TCR vβ) flow cytometric 
analysis was performed using the IOTest® Beta 
Mark kit (Beckman Coulter, Brea, CA, USA), as 
per the manufacturer’s instructions. Briefly, 0.5 × 106 
cells per tube were surface stained with CD3 and the 
TCR-vβ-specific monoclonal antibodies provided 
with the kit and incubated for 20 min at room tem-
perature in the dark. Subsequently, cells were 
washed, resuspended in 300 μl of phosphate-buff-
ered saline and at least 10,000 live T cells acquired 
on a Gallios™ Flow Cytometer and analyzed with 
Kaluza® Flow Analysis Software (Beckman 
Coulter). The cytotoxic activity of each multiTAA 
T-cell line toward non-malignant patient-derived 
PHA blasts (autoreactivity) was measured in a 
standard 51Chromium release assay at varying effec-
tor-to-target (E:T) ratios (40:1, 20:1, 10:1, and 5:1) 
and the percentage of specific lysis was calculated as 
[(experimental release − spontaneous release)/(maxi-
mum release − spontaneous release)] × 100.

MultiTAA-specific T-cell in vivo persistence 
studies
To track the infused multiTAA T cells, high-
throughput deep sequencing of TCR-vβ CDR3 
regions was applied (Adaptive Biotechnologies, 
Seattle, WA, USA). Deep sequencing was per-
formed on the line infused to pt 9 and on periph-
eral blood and tumor samples. Those T-cell 
clones identified within the product but not pre-
infusion were coded as line-derived unique 
clones.

Tumor antigen profiling
As per protocol, tumor biopsies were not manda-
tory. However, patient 9 underwent a tumor tis-
sue biopsy as standard of care while on-study, 
which was therefore available for tumor antigen 
profiling. Tumor tissue slides from this biopsy 
sample were analyzed by immunohistochemistry 
(IHC), using a one-step staining technique. 
Briefly, formalin-fixed paraffin-embedded, 
unstained slides (4–5 µm thickness) were stained 
with the following anti-human primary antibod-
ies: MAGE-A4 mouse mAb (clone 6C1, 1:200), 
NY-ESO1 mouse mAb (clone E978, 1:50) (both 
Santa Cruz Biotechnology, Dallas, TX, USA), 
PRAME rabbit pAb (1:200, Bioss Antibodies, 
Woburn, MA, USA), SSX2 mouse mAb (clone 
CL3202, 1:500; Atlas Antibodies, Bromma, 
Sweden), and Survivin rabbit mAb (clone 
71G4B7, 1:500; Cell Signaling Technology, 
Danvers, MA, USA). Standard deparaffinization, 
rehydration, heat antigen retrieval with citrate 
buffer (pH 6), elimination of endogenous peroxi-
dase activity by 3% hydrogen peroxide (H323-
500, Fisher Scientific, Waltham, MA, USA) and 
non-specific normal horse serum (2.5%) block 
were performed with 1X TBST washes. The 
TAA-specific antibodies were applied overnight at 
4°C. The next day an anti-mouse secondary anti-
body (MP-7402; Ready Vector Labs, Burlingame, 
CA, USA) or anti-rabbit secondary antibody 
(MP-7402; Ready Vector Labs) were applied and 
then 3,3’-Diaminobenzidine (DAB) brown sub-
strate was added to the slides. After 2–5 min of 
incubation, the slides were washed with water and 
counterstained with hematoxylin, rinsed in deion-
ized water, dehydrated in serial concentration of 
alcohol, and cover slipped with Cytoseal 60 
mounting medium. Testis with intact spermato-
genesis served as a positive and epididymis as a 
negative control tissue, respectively, for TAAs. 
Intensity of IHC staining was graded as 1+ 
(weak), 2+ (moderate), or 3+ (strong) using the 
combinative semi-quantitative scoring method.32 
Any level of TAA detection by IHC was consid-
ered positive in that given tumor sample.

Statistical analysis/sample size considerations
Descriptive statistics were calculated to summa-
rize the clinical and correlative characteristics 
using mean, standard deviation, standard error of 
the mean (SEM), median, and range. The pri-
mary outcome was defined as clinical benefit 
(complete response/PR or SD) measured at 
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6 weeks after the second infusion. Clinical benefit 
rate was summarized using frequencies/propor-
tions and 95% confidence intervals (CIs). Overall 
survival and progression-free survival were calcu-
lated using the Kaplan–Meier method and sum-
marized with median survival times and 95% CIs.

Results

Patients
In all, 12 patients with BC provided PBMCs from 
which to generate multiTAA T cells. We success-
fully generated multiTAA T cells for 11 of these 
12 heavily pre-treated patients and 10 were ulti-
mately infused with multiTAA T cells (fixed cell 
dose: 2 × 107/m2). The 11th patient for whom we 
made cells remained in remission and hence was 
not infused. One of these patients (patient num-
ber 7) received just a single dose before rapidly 
progressing. The remaining nine patients received 
two multiTAA T-cell infusions, 4 weeks apart as 
per protocol. Subsequently, patient number 9, 
who experienced disease stabilization for a total 
of 5 months, received three additional doses. BC 
patients with all subtypes were eligible, nine of 
the patients treated had HR+ HER2−disease and 
one had HR+ HER2+ BC. This study included 
a heavily pre-treated patient population. Patients 
enrolled in the trial had failed a median of six 
prior lines of therapy (range 3–10) in both early 
stage and the advanced metastatic disease setting. 
Patients had high disease burden with progressing 
distant metastatic disease. 9/10 patients had vis-
ceral involvement at the time of multiTAA treat-
ment, including seven patients with liver 
metastasis and two patients with treated brain 
metastasis (Table 1).

MultiTAA-specific T-cell lines
T cells underwent 2–4 rounds of in vitro stimula-
tion with pepmix-loaded DCs for an average of 
26 (±1) days in culture, resulting in a mean 22 
(±2.6) fold expansion (Supplemental Table 1). 
The 11 multiTAA T-cell lines generated for clini-
cal use comprised CD3+ T cells (mean 
98.0 ± 0.4%) with a mixture of CD4+ (mean 
56.7 ± 8.0%) and CD8+ (mean 34.1 ± 7.4%) 
cells that were activated (based on CD69 upregu-
lation – mean 46.8 ± 6.1%) and expressed central 
(CD45RO+/CD62L+: 11.2 ± 3.4%) and effec-
tor memory markers (CD45RO+/CD62L-: 
54.4 ± 10.0%). Notably, LAG3 and PD1 were 

not co-expressed by our T cells, indicating that 
our expanded populations were not exhausted 
[Figure 1(a)].33–36 We further confirmed poly-
clonality by examining the TCR diversity present 
in our multiTAA T cells by assessing the TCR-vβ 
repertoire using a flow cytometric panel that 
detects more than 70% of all available vβ chains. 
As shown in Figure 1(b), all measurable vβ fami-
lies are present in these ex vivo expanded cells. 
The lines recognized the targeted antigens 
PRAME (range 0–353 SFC/2 × 105), Survivin 
(range 1–176 SFC/2 × 105), MAGE-A4 (range 
0–191 SFC/2 × 105), NY-ESO-1 (range 2–173 
SFC/2 × 105), and SSX2 (range 3–191 
SFC/2 × 105) by IFNγ ELIspot. None of the lines 
reacted against non-malignant patient-derived 
cells (1.1 ± 1.1% specific lysis; E:T 20:1) – a 
product release criterion to rule out auto-reactiv-
ity. The aforementioned multiTAA T-cell line 
characteristics are summarized in Figure 1.

Clinical outcomes
One patient received one infusion of multiTAA T 
cells, eight patients received two infusions of mul-
tiTAA T cells, while one patient received a total 
of five infusions. All infusions were well tolerated. 
There were no instances of cytokine release syn-
drome, neurotoxicity, or myelotoxicity.

Table 2 summarizes all adverse events observed. 
Three patients developed grade 2–3 elevations in 
liver function tests post-infusion but all three had 
progressing liver metastasis at the time of enroll-
ment and treatment. Patient number 4 experi-
enced a grade 3 elevation of her alanine 
aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and bilirubin levels shortly after her 
second T-cell infusion and was admitted for 
work-up. A liver ultrasound showed a diffusely 
heterogeneous liver, with numerous mass-like 
lesions suspicious for infiltrative metastasis. A 
subsequent liver biopsy confirmed the cause of 
liver failure as BC infiltration and therefore unre-
lated to T cells. Patient number 7 experienced 
rapid progression of her disease after the first dose 
of T cells accompanied by grade 3 elevation of 
her ALT and AST precluding administration of 
the second protocol-mandated cell dose. Patient 
number 9 developed grade 2 elevation of her AST 
and ALT levels during the course of her treat-
ment without clear association with T-cell infu-
sions. Of note, this patient experienced fluctuation 
of her AST and ALT levels that ranged between 
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Figure 1.  Characterization of autologous multiTAA T cells. (a) Phenotype and memory/activation profile of 
multiTAA T cells. Each symbol represents an individual patient’s T-cell product. (b) TCR-vβ repertoire of 
multiTAA T cells. Summary data are shown (n = 11). (c) MultiTAA T-cell specificity as measured by IFNγ ELIspot 
for 11 products generated using all five antigens as a stimulus. Data are reported as SFCs ± SEM/2 × 105 and 
each color represents an individual antigenic specificity. (d) Lack of autoreactivity as assessed by co-culturing 
multiTAA T cells with autologous (non-malignant) targets at effector to target ratios ranging from 40:1 to 5:1.
ELIspot, enzyme-linked immunospot assay; IFNγ, interferon gamma; multiTAA T cells, multi-antigen-targeted T cells; SEM, 
standard error of the mean; SFC, spot forming cells; TCR vβ, T-cell receptor vβ.
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grade 0 and grade 2 for 2 years prior to enrollment 
and continued for 2 years after her last T-cell 
infusion reaching grade 3 levels prior to her death.

No other infusion-related adverse events of any 
grade were observed. Thus, we demonstrated the 
safety of targeting five TAAs in patients with 
relapsed or refractory and metastatic BC at a 
maximum tested dose of 2 × 107/m2 given twice, 
4 weeks apart.

The patient who received a single infusion of cells 
(patient number 7) rapidly progressed, precluding 
administration of the second protocol-mandated 

cell dose. The remaining nine patients completed 
the planned study treatment that included two 
infusions of multiTAA T cells and thus were eval-
uable for long-term safety and efficacy. These 
patients were followed for up to 866 days from 
treatment initiation. The median progression-free 
survival time was 106 days (95% CI: 69, Inf). The 
median overall survival time was 393 days (95% 
CI: 116, Inf). Eight of the nine patients experi-
enced disease progression within 1–3 months of 
multiTAA T-cell treatment, while one patient 
maintained SD at 6 weeks post-infusion. The 
patient (number 9) who experienced disease stabi-
lization received three additional multiTAA T-cell 

Table 2.  All adverse events.

Patients, n Event Max grade Relationship to 
Inv. agent

Comments

3 ALT and AST 
increased

3 Possible Patient number 4: biopsy of the 
liver confirming the cause of liver 
failure as infiltration by BC.
Patient number 7: rapid 
progression of liver metastasis 
seen on computerized tomography 
imaging
Patient number 9: levels fluctuated 
between grade 0 and 2 for 2 years 
prior to enrollment and the 2 years 
following

1 Cellulitis 3 Unlikely  

1 Blood bilirubin 
increased

3 Biopsy of the liver confirming the 
cause of liver failure as infiltration 
by BC

1 Dehydration 3 Unrelated  

1 Fever 3 Unlikely Patient diagnosed with cellulitis. 
Fever resolved with antibiotics

1 Anemia 2 Unlikely  

1 Nausea 2 Unrelated  

1 Pain: sacrum 2 Unrelated  

1 Pain: right arm 2 Unrelated  

1 Back pain 2 Unlikely  

1 Headache 2 Unrelated  

1 Hypoalbuminemia 2 Unlikely  

1 Vertigo 1 Unrelated  

1 Fatigue 1 Unrelated  

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BC, breast cancer.
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infusions at monthly intervals in the absence of all 
other therapies for a total period of 5 months. 
During her treatment period, the patient reported 
improved bone pain control precipitating a 
decrease in her pain medication and an improve-
ment in her energy levels. She ultimately pro-
gressed after her 5th infusion. She went on to live 
for 22 months after her last T-cell infusion, receiv-
ing four more lines of therapy.

Correlative effects
To investigate whether the infused multiTAA T 
cells initiated any endogenous immune effects, 
we evaluated the frequency of tumor-reactive T 
cells in patient peripheral blood pre- and post-
infusion. We analyzed T-cell responses to the 
antigens targeted by the infused line (NY-ESO-1, 
SSX2, MAGE-A4, Survivin, and PRAME) as 
well as against a range of other non-targeted 
BC-expressed antigens including MAGE-A1, 
-A2B, -A3, -C1, and WT1.24,27,30,37 We reasoned 
that the detection of such cells might be indicative 
of an active antitumor effect mediated by the cells 
infused, producing in vivo antigen spreading, 
thereby enhancing the antitumor benefits of our 
therapy. As shown in Figure 2, most patients who 
experienced disease progression exhibited either a 
decrease or a transient increase in tumor-specific 
T cells, which peaked within 8 weeks of infusion 
and subsequently declined. Interestingly though, 
in the patient who had prolonged disease stabili-
zation (patient 9), we detected elevated numbers 
of T cells directed against both targeted [from 2 
spot forming cells (SFC) per 2 × 105 input cells 
pre-infusion to 201 SFC at month 6 post-infu-
sion] and non-targeted antigens (from 4 to 469 
SFC), which peaked by month 6 post-infusion 
and decreased thereafter [Figure 3(a)]. At the 
same time, we were able to detect multiTAA line-
derived T cells in the circulation and infiltrating 
the patient’s tumor, which was shown by IHC to 
express the TAAs PRAME and Survivin [Figure 
3(b)].

Discussion
In this study, we evaluated the feasibility, safety, 
and clinical effects of administering two infusions 
of autologous T-cell lines targeting Survivin, 
PRAME, NY-ESO-1, MAGE-A4, and SSX2 at a 
fixed cell dose of 2 × 107/m2 to 10 patients with 
advanced BC of various subtypes. The infusions 
were well tolerated, even with repeat dosing as 
seen in patient 9 who received a total of five 

infusions. Furthermore, in patient 9 who also 
experienced disease stabilization for 5 months, we 
demonstrate a coincident amplification of T cells 
directed against both targeted and non-targeted 
tumor-expressed antigens. Overall, multiTAA T 
cells can be generated and safely administered to 
this heavily pre-treated population.

T-cell immunotherapy is rapidly gathering 
momentum as a cancer treatment. Indeed, the 
FDA has recently approved five different CAR 
T-cell therapies for various hematological malig-
nancies: Kymriah™ (tisagenlecleucel) for the 
treatment of pediatric CD19+ ALL38; Kymriah™, 
Yescarta™ (axicabtagene ciloleucel), and 
Breyanzi™ (lisocabtagene maraleucel) for adult 
relapsed/refractory large B-cell lymphoma7,39; 
Yescarta™ for adults with relapsed follicular lym-
phoma7,39; Tecartus™ (brexucabtagene autoleu-
cel) for adults with treatment-resistant or relapsed 
mantle cell lymphoma8; and Abecma™ (ide-
cabtagene vicleucel) for adults with relapsed/
refractory multiple myeloma.40 However, the use 
of these monospecific T cells has been shown to 
drive tumor relapse characterized by the out-
growth of malignant cells that lack or have down-
regulated the targeted antigen.9–11 To address this 
issue and with the goal of developing an effective 
immunotherapy for BC, we developed a non-
engineered T-cell product containing both CD4+ 
(helper) and CD8+ (cytotoxic) T cells with 
native TCR specificity for multiple TAAs. Our 
target antigens were chosen based on the fre-
quency of expression in BC of all subtypes 
(PRAME: 27–97%; SSX family: 4–65%; 
MAGE-A4: 4–86%; NY-ESO-1: 8–64%; and 
Survivin: 26–96%)16–28,30,37 and immunogenicity 
to T cells.24,28,30,31 We hypothesized that the infu-
sion of such multiTAA T cells would be safe and 
promote anti-BC activity, minimizing the risk for 
antigen-negative relapses. Finally, we postulated 
that tumor lysis mediated by the transferred cells 
would facilitate the recruitment and activation of 
endogenous immune cells against additional 
tumor-expressed antigens (i.e. antigen spread-
ing), further extending the breadth and durability 
of antitumor responses.

There are numerous conventional and recently 
approved therapies available for the treatment of 
metastatic BC including chemotherapy, endo-
crine therapy, and a growing array of targeted 
agents.2–5 Novel and investigational therapies such 
as our multiTAA T cells have a broadly non-over-
lapping mechanism of action and hence can be 
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Figure 2.  In vivo fate of multiTAA T cells in patients who experienced disease progression (n = 9). Frequency of T cells specific for 
targeted TAAs (left) and other non-targeted TAAs (right) in patients who progressed within 1–3 months of initiating multiTAA T-cell 
treatment. Each panel represents an individual patient. Results are reported as SFC ± SEM/2 × 105 at each specified time point (nd: 
not done due to disease progression/death, nc: sample not collected).
multiTAA T cells, multi-antigen-targeted T cells; SEM, standard error of the mean; SFC, spot forming cells.
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combined or used sequentially with other thera-
pies. Indeed, in the current study, our patients 
had a history of multiple relapses, had received a 
median of six prior lines of therapy, and all had 
distant metastatic disease with visceral involve-
ment at the time they were enrolled and donated 

PBMCs for product generation. Despite this, we 
successfully generated multiTAA T cells for 11 of 
the 12 consenting patients. The expanded cells 
demonstrated a polyclonal, Th1-polarized effector 
profile with a mix of CD4+ (helper) and CD8+ 
(cytotoxic) cells that expressed a mix of central 

(a)

(b)

Figure 3.  Immune correlative studies in patient 9 who experienced disease stabilization following multiTAA T-cell treatment. (a) 
Immune activity of multiTAA T cells directed against targeted and non-targeted TAAs at the specified time points pre- and post-
infusion. Results are reported as SFC ± SEM/2 × 105. TCR-vβ deep sequencing of TCRs that were ‘unique’ to the product infused 
was used to track the in vivo persistence of the introduced multiTAA-specific T cells. Results are reported as the percentage of the 
circulating productive frequency of unique TCR sequences in peripheral blood, and overlayed on the ELISpot data at each specified 
time point. (b) MultiTAA T-cell infiltration at the tumor. Left panel: TAA expression (as estimated by IHC) in a liver biopsy sample 
collected at the indicated time point. Middle panel: detection of CD3+ T cells within the tumor (IHC; original magnification ×200). 
Right panel: detection of multiTAA line-derived T cells within the tumor as assessed by IFNγ ELIspot with the five targeted antigens 
used as a stimulus. Results are reported as SFC ± SEM/2 × 105.
ELIspot, enzyme-linked immunospot assay; IFNγ, interferon gamma; IHC, immunohistochemistry; multiTAA T cells, multi-antigen-targeted T cells; 
SEM, standard error of the mean; SFC, spot forming cells; TCR vβ, T-cell receptor vβ.
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and effector memory markers. When adminis-
tered to patients, we saw an immediate increase in 
the frequency of circulating T cells directed 
against the targeted antigens in most patients 
infused, as well as antigen spreading in 7 of 10. 
However, this immune effect was transient 
(observed primarily within the first 8 weeks follow-
ing infusion) in all but one (patient number 9), 
who experienced disease stabilization for a total of 
5 months (in the absence of other therapies) dur-
ing which time we could detect tumor-reactive T 
cells infiltrating her tumor and at steadily elevated 
levels in her peripheral blood. In the other nine 
patients, the immune reactivity was short-lived 
and ultimately all experienced disease progres-
sion. Potential reasons for this may include a sub-
optimal dosing schedule (two infusions of 2 × 107/
m2, 4 weeks apart) – indeed, in a dose escalation 
study where tumor-reactive T cells targeting a dif-
ferent spectrum of antigens were administered to 
patients with a range of solid tumors including 
Wilm’s tumor, neuroblastoma, and a variety of 
sarcomas, Hont and colleagues reported a dose–
response relationship with superior outcomes seen 
at the highest dose level (4 × 107/m2) with repeat 
infusions of cells.41 But at this advanced disease 
stage, we also cannot rule out other tumor immune 
evasion tactics. Indeed, in BC, the tumor micro-
environment is replete with suppressive cells (e.g. 
myeloid-derived suppressor cells, M2 mac-
rophages, and T regulatory cells) and cytokines 
[e.g. granulocyte colony-stimulating factor (CSF), 
granulocyte-macrophage CSF, IL-10, transform-
ing growth factor-beta, IL-6, and IL-4] as well as 
expression of checkpoint molecules by tumor and 
infiltrating immune cells that result in the promo-
tion of tumor growth/survival and suppression of 
effector function, proliferative capacity, and in 
vivo persistence of infused T cells. Other limita-
tions of this study include the lack of biopsy sam-
ples, which would have enabled assessment of 
both TAA profile and T-cell infiltration post-infu-
sion. Hence, future studies may explore specifi-
cally targeting antigens present in patients’ tumor 
profile,42,43 equipping multiTAA T cells with 
genetic molecules to enhance their persistence or 
retain their functionality in vivo44–47 and combin-
ing cells with immune-modulating drugs that 
enhance tumor immunogenicity or overcome eva-
sion strategies.48,49

In conclusion, our findings from this first-in-
human trial establish the feasibility of making and 
safely infusing autologous multiTAA T cells for 

the treatment of BC. In the current study, we 
have focused on targeting five tumor-expressed 
antigens (Survivin, PRAME, NY-ESO-1, 
MAGE-A4, and SSX2), though our platform can 
accommodate additional specificities to further 
broaden the spectrum of target tumor antigens. 
However, this product and manufacturing plat-
form can also be directly applied to the treatment 
of other solid tumors or the target antigen pool 
can be customized to specific diseases.
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