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ABSTRACT
This proof-of-concept study investigates the immune effects in metastatic breast cancer (MBC) patients
after “vaccination” with activated T cells (ATC) armed with anti-CD3 x anti-HER2 bispecific antibody
(HER2 BATs) followed by immune consolidation with immune ATC “boost” after high dose chemother-
apy (HDC) and autologous stem cell transplant (SCT). Approximately 2 weeks after completion of
vaccination portion of the study, immune T cells were obtained by leukopheresis, activated and
expanded ex vivo and re-infused after HDC and SCT to test the hypothesis that transfer of immune
unarmed ATC would accelerate reconstitution of anti-tumor activity after SCT. Eight metastatic breast
cancer (MBC) patients received 8 infusions of HER2 BATs, low dose IL-2, and GM-CSF in the first part of
the protocol to induce adaptive cellular and humoral responses. In the “boost” portion of the protocol, 6
of 8 patients received multiple infusions of unarmed ATC post SCT. There were no dose-limiting
toxicities or delays in engraftment. Four of 6 patients tested for the immune correlative studies exhibited
increases in anti-breast cancer (BrCa) cytotoxicity, antigen specific IFN-γ Elispots, anti-BrCa antibodies
and increased IL-12 and Th1 serum cytokine levels after HER2 BATs infusions. Anti-BrCa tumor responses
were seen as early as 2 weeks after SCT and persisted up to 2 years post-SCT. One out of 6 patients’
rapidly progressed and showed poor immune responses and high Th2 cytokine levels. There was a
significant correlation (p < 0.002) between time to progression (TTP) and anti-BrCa cytotoxicity by
immune T cells. This is the first study to show that adoptive transfer of immune T cells after SCT
accelerates reconstitution of anti-BrCa specific immunity and correlates with delay TTP.
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Introduction

Arming activated T cells (ATC) with bispecific antibodies
(BiAb) provides a non-toxic approach to enhance T cell kill-
ing of breast cancer (BrCa) cells1. In a recent phase I study,
infusions of HER2 bispecific antibody armed activated T cells
(BATs) in women with metastatic breast cancer (MBC)
induced specific anti-breast cancer immunity and increased
IL-12 and Th1 cytokines

2. Infusions of anti-CD3 x anti-HER2
BiAb armed ATC (BATs) were safe, induced anti-BrCa cyto-
toxic T lymphocytes (CTL), anti-BrCa antibodies and induced
a Th1 cytokine pattern with encouraging clinical results.2 In
another phase I study3, after infusions of unprimed and
unarmed ATC in 23 MBC patients after autologous stem
cell transplant (SCT), 50% of the patients were stable and
70% were alive whereas 10% of those who received SCT
alone were stable and 50% alive at 32 months3. Although
the differences were not significant (p = 0.09), the data sug-
gested that a prime and boost strategy would augment anti-
BrCa immunity. While SCT for the treatment of BrCa
remains controversial, a recent meta-analysis of 15

randomized high-risk primary BrCa trials (n = 6102) showed
a 13% event-free survival benefit for SCT (P = 0.001) over
standard of care with a 6 year median follow-up.4

This proof-of-concept study was designed to investigate
whether cellular and humoral anti-breast cancer immunity
induced by infusions BATs can be transferred after HDC
and SCT by immune T cells obtained after BATs infusion.
This study takes advantage of SCT to reduce tumor burden,
create immune space, and augment transfer of anti-tumor
immunity. We present evidence that BATs induce BrCa-spe-
cific cellular, humoral, and innate immunity that can be
transferred with infusions of immune ATC and stem cell
product.

Results

Clinical status

Table 1. summarizes patient age, HER2 status, prior therapies,
doses of BATs and ATC, days to myeloid and lymphoid
engraftment, time to progression (TTP), overall survival

CONTACT Archana Thakur at2fx@virginia.edu University of Virginia Cancer Center, Department of Medicine, Division of Hematology/Oncology, 1335 Lee
Street, West Complex 7191, Charlottesville, VA 22908

*These authors contributed equally to this work.
One Sentence Summary: This proof-of-concept study reports that humoral and cellular anti-tumor immunity induced by infusions of bispecific antibody armed T
cells can be transferred after stem cell transplant in metastatic breast cancer patients and may have provided anti-tumor immunity.

The Supplemental data can be accessed here

ONCOIMMUNOLOGY
2018, VOL. 7, NO. 12, e1500672 (11 pages)
https://doi.org/10.1080/2162402X.2018.1500672

© 2018 The Author(s). Published with license by Taylor & Francis Group, LLC.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

https://doi.org/10.1080/2162402X.2018.1500672
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2018.1500672&domain=pdf&date_stamp=2018-10-31


(OS) from enrollment or SCT, and disease status. Total eight
patients were enrolled, 7 patients had visceral disease. The
median TTP and OS for the 6/8 evaluable patients who
received BATs and ATC was 14.6 and 37.3 months, respec-
tively; whereas the median TTP and OS for all 8 patients
(including 2 patients who did not receive a SCT and Boost)
are 11.2 and 32.0 months, respectively. In contrast, the other
17 patients in the phase I clinical trial who received BATs
alone had a median TTP and OS of 2.7 and 27.5 months,
respectively. Treatment schema is shown in Figure 1(a).

Correlation between immune T-cell cytotoxicity and time
to progression (TTP)

Spearman correlation coefficient was calculated and tested for
the correlation between anti-BrCa cytotoxicity by immune T
cells and TTP. The results show that TTP had significant
correlation with percent anti-BrCa cytotoxicity of immune T
cells (Spearman correlation coefficient r = 1, p < 0.002)
(Figure 1(c), lower panel). Patients with high ATC cytotoxi-
city had significantly longer TTP (Log-rank test p = 0.025).
There was no correlation between OS and ATC cytotoxicity
(Figure 1(c), upper panel).

Neutrophil and lymphocyte recovery is shown in
Figure 1(b) (Left panel). Phenotyping for T and B lympho-
cytes show that early post SCT infusions of ATC transiently
normalized the CD4/CD8 ratio (Figure 1(b), Middle and
Right panels). The phenotypes and cytotoxicity of harvested
products (BATs and ATC) are shown in Table S1.

Transfer of tumor specific T-cell immunity by immune ATC
after SCT

Immune testing was performed in 4 patients who received 8
infusions without IL-2 and GM-CSF. The PBMC from all four
patients showed increased cytotoxicity during and after infu-
sions of BATs. After SCT, cytotoxic activity appeared between

2 weeks and 2 months post SCT and recovered to the levels
seen after BATs infusions by 3–6 months (Figure 2(a), Left
panel). IFNγ EliSpots to BrCa stimulation were restored by
1 month and persisted up to 3–12 months post SCT
(Figure 2(a), Right panel). Three of 4 patients with stable
disease for at least 6 months or more after SCT showed
enhanced anti-tumor T cell responses. Patient IT20007 who
had TTP of 28.7 months, showed peak anti-BrCa cytotoxicity
of 37% at 3 months, and a 2 fold increase from 550 at pre SCT
to 1100 after SCT in IFN-γ EliSpots/106 PBMC at 6 months
post SCT. Patient IT20020 had a peak cytotoxicity of 12% at
2 months post-SCT compared to less than 3% pre SCT and
restored IFN-γ EliSpot responses at 6–12 months; this patient
was progression free at 12.5 months. Patient IT20031 who had
a TTP of 6.3 months had more than a 2 fold increase in
specific anti-BrCa cytotoxicity at 1 month post SCT that
persisted up to 3 months and reached remarkably high cyto-
toxicity of 45% at 6 months post SCT. Likewise, IFN-γ
EliSpots were 2–5 fold higher than the pre SCT IFN-γ
EliSpot activity as early as 1 month that persisted up to
3 months after SCT. The immediate non-MHC restricted
specific cytotoxicity and IFN-γ secretion mediated by specific
TCR clones has been described by Simpson-Abelson et al.5

It is noteworthy that one out of four patients (IT20017,
TTP 3.9 months) who progressed rapidly after SCT had high
specific cytotoxicity (30%) pre SCT that sharply decreased at
1 month after SCT and continued to decrease thereafter, while
IFN-γ EliSpots could not be detected after SCT (indicated in
dotted red line).

Frequency of antigen specific CD8+ T cells after SCT

Next we showed that the frequency of HLA-A2 restricted
IFN-γ producing CD8+ T cells specific to HER2, EGFR and
CEA epitope (peptide listed in Table S2) was higher post IT
and post SCT compared to pre IT PBMC (Figure 2(a), Middle
panel). The pentamer staining using pooled 9-mer peptides of

Table 1. Shows patient demographics, HER2 status, cell doses, engraftment, OS and disease status prior to IT and post SCT.

Engraftment Clinical Features

Enrollment
(months)

Post SCT
(months)

Patients Age
HER2
(IHC)

Total HER2 BATs
Infused (x 109)

Total ATC Infused
after SCT (x 109) Chemotherapy ANC≥ 500 ALC≥ 500 TTP OS TTP OS

Status
Pre IT

Status
Post IT**/

SCT

FH1699 58 Neg 160 43.52 FAC, R-CHOP#, D, Ex,
Ful, Cap

11 13 4.8 18.9 2.7 16.8 SD PD

FH1702 31 3+ 160 109.96 D+ Carbo+ H, H, RT, T
+ Carbo, Nav+ H,
Abrax+ H, Cap

19 13 14.6 84.7 12.03 82.1 SD SD

IT20007 48 Neg 133 39.84 AC, TC 16 11 31.2 38 28.7 35.5 SD SD
IT20017 44 Neg 63.7 59.92 ACD, Cap, B, Carbo,

Abrax, B, C, H, C
16 8 7.9 9.9 3.9 5.9 PD PD

IT20020 47 3+ 47.2 16.4 ACT, H 14 16 14.8 36.6 12.5 34.3 PD SD
IT20031 55 Neg 61.8 41.6 ACD, Abrax 9 17 10.7 64.2 6.3 59.8 SD SD
IT20001* 38 Neg 83.2 NA* ATC, Cap, B, Nav, G,

Tipi+ Abrax+ G, Carbo,
Carbo+ Abrax

NA* NA* 2.03 9.2 NA NA PD PD*

IT20038* 39 Neg 90.0 NA* ACT, B NA* NA* 1.03 27.5 NA NA PD PD*

A: adriamycin; Abrax: Abraxane; B: bevacizumab (Avastin); C: cyclophosphamide (Cytoxan); Cap: capecitabine (Xeloda); Carbo: carboplatin; Ex: exemestane (Aromasin);
Ful:fulvestrant (Faslodex); FAC: 5-fluorouracil, A, and C; H: Herceptin (trastuzumab); RT: radiation therapy; T: paclitaxel; D: docetaxel; R-CHOP: Rituximab, cyclopho-
sphamide, doxorubicin, vincrtistine, and prednisolone; Nav: navelbine; Tipi: Tipifarnib. **:Clinical status after IT or SCT; SD: stable disease; PD: progressive disease.
*Patients did not receive SCT.
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Figure 1. a) Treatment schema shows leukapheresis to obtain T cells for expansion and immunization with BATs. BATs were administered twice weekly for four consecutive
weeks. A second leukapheresis was done to obtain immune T cells prior to G-CSF priming for collecting stem cells. PBMCwere activated with OKT3 and expanded in IL-2 (100 IU/
ml) to generate ATC after 12–14 days of culture. After a 3rd pheresis to collect G-CSF primed CD34+ cells, patients received cyclophosphamide, thiotepa, and carboplatin (CTC) as
the preparative regimen for chemosensitive disease and ICE for resistant disease followed by autologous SCT. Immune ATC were infused day + 4 after SCT thrice (n = 2) or twice
(n =4) aweek for total 8–15 infusions and immune testingwas performedat indicated time points after ATC infusions.b) Shows average daily Lymphocyte (Lymph) andAbsolute
Neutrophil Counts (ANC) of all 6 evaluable patients (Left panel).Middle and right panels show CD4/CD8 ratio and CD19 + B lymphocytes monitored up to 12months post SCT
(n = 6). C) Shows the bar graph of cytotoxicity (Left) mediated by ATC prior to BATs infusions (top panel) and expanded immune ATC (lower panel) of 6 patients against breast
cancer cells (SK-BR-3)measured by the chromium (51Cr) release assay and their corresponding TTP. Therewere no significant correlation of ATC cytotoxicity prior to BATs infusions
with TTP, but there was a significant correlation (p = 0.002) between immune ATC (ATC expanded after BATs infusions) cytotoxicity and TTP (right), suggesting that higher
cytotoxicity, may improve progression free survival after BATs infusion contribute to TTP prolongation.
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HER2, EGFR and CEA showed increased frequency of HLA-
A2 restricted epitope-specific CD8+ T cells after SCT in two
out of three patients tested by flow cytometry (Figure 2(a),
Bottom panel). Despite the low frequency of pentamer+/
CD8+ T cells, total epitope-specific IFN-γ producing CD8+

T cells was much higher compared to pentamer positive
CD8 + T cells.

Selected vβ repertoire pattern post SCT mirrored post IT
pattern

The predominant T cell receptor (TCR) Vβ clones expanded
in vivo after BATs infusions and persisted after SCT in the
PBMC of patient detected by flow cytometric analysis as a
result of transfer of immunity via stem cell product and/or

boost using immune ATC. A representative data from
IT20007 at post IT and 1 year post SCT is presented in
Figure 2(b). The three distinct patterns were observed for
Vβ repertoire post IT and post SCT (Figure 2(b), Upper
panel). Pattern 1) the proportions of Vβ expression were
similar in 17 of 24 Vβ repertoire post IT and post SCT relative
to normal donor (ND); Pattern 2) the proportions that were
high after IT and persisted post SCT (Vβ2, Vβ14, and Vβ22)
relative to ND (red arrows); Pattern 3) the proportions that
were high after IT but did not persist post SCT (Vβ9, Vβ13.6,
Vβ18, and Vβ23) relative to ND (blue arrows). The TCR
pattern 1 shows transfer and persistence of most pre-existing
Vβ clones. The higher proportions of TCR clones (Vβ2, Vβ14,
and Vβ22) in pattern 2 provide evidence for expansion,
transfer, and persistence induced by IT. In contrast, pattern

A

Specific Cytotoxicity Specific IFN-γ EliSpots

Figure 2. Transfer and reconstitution of T cell responses. a) Left Upper panel shows the cytotoxicity by PBMC (n = 4) against breast cancer cell line SK-BR-3 at pre IT,
mid IT (infusion #4 or #5), post IT at 25:1 E/T ratio measured by the chromium (51Cr) release assay. Increase in cytotoxicity between 1–6 months post SCT indicate
transfer and reconstitution of T cell responses. Right Upper panel shows T cell IFN-γ EliSpots (n = 4) directed at SK-BR-3 at pre IT, mid IT, post IT and multiple time
points post SCT. Middle panel shows the epitope-specific IFN-γ EliSpot responses by overnight stimulation of PBMCs with indicated 9-mer peptide preloaded HLA-
A2-pentamers from three patient at pre IT, post IT and post SCT time points (PC = Positive Control). Bottom panel shows the percentages of pentamer/CD8 double
positive T cells stained with HLA-A2-pentamers-R-PE and anti-CD8-FITC antibodies and analyzed by flow cytometry. b) Upper panel shows the persistent and
transient expansion of tumor specific Vβ repertoire after multiple infusions of BATs and transfer of breast cancer specific T cells after SCT. Middle and Bottom panels
show CD4+ and CD8 + T cell clones in immune ATC secreting IFN-γ upon stimulation (S) with breast cancer cells compared to nonstimulated (NS) immune ATC.

e1500672-4 A. THAKUR ET AL.



IT20007

IT20007

IT20007

B

Figure 2. (Continued).
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3 TCR clones (Vβ9, Vβ13.6, Vβ18, and Vβ23) may have
expanded after IT but did not persist (Figure 2(b), Upper
panel). Next, we determined the frequency of IFN-γ expres-
sing CD4+ and CD8+ Vβ repertoires in ATC expanded from
immune PBMC after stimulated (S) or in non-stimulated (NS)
cells. Intriguingly, 10/24 CD4+ and/or CD8+ clones (Vβ3,
Vβ5.1, Vβ7.1, Vβ8, Vβ13.1, Vβ13.2, Vβ13.6, Vβ14, Vβ18,
and Vβ23 chains) produced IFN-γ upon stimulation with
breast cancer cells, providing validation that vaccination
with BATs may have induced breast cancer specific memory
T cell clones that were transferred after SCT and persisted up
to 1 year post SCT (Figure 2(b), Middle and Bottom panels).

Transfer of humoral immunity

Next, we determined whether BATs infusions would induce
anti-tumor humoral immunity, and whether humoral immu-
nity could be transferred and augmented with multiple infu-
sions of immunized T cells after SCT. Figure 3(a) (Left panel)
shows serum anti-SK-BR-3 antibody levels at pre immu-
notherapy (IT), post IT, and post SCT. Right panel of
Figure 3(a) shows in vitro anti-SK-BR-3 antibody synthesis.
Given low precursor frequency of antigen-specific B cells, the
antibody synthesis by B cells is quite remarkable. About
25 ng/ml of specific IgG were produced by PBMC at pre IT
and up to 200 ng/ml (8 fold increase) of specific IgG after IT.
Antibody synthesis increased from low levels in the first
2–3 months after SCT and persisted in 3 of 4 patients
(IT20007, IT20020, and IT 20031) up to 6 months post SCT.
In one patient with PD (IT20017), antibody synthesis and
memory B cell responses were lower suggesting that IT20017
lacked robust cellular and humoral immune responses. Our
data suggest that booster ATC infusions after SCT provided T
cell help to enhance specific B cell recovery and sustain serum
antibody levels post SCT.

Antigen specific IgG antibody levels after IT and SCT

Specific antibody responses were screened in serum for all 4
patients at pre IT, post IT and post SCT against pooled 9-mer
peptides of HER-2, -EGFR and -CEA. Interestingly, 3 of 4
responder patients (IT20007, IT20020, IT20031) showed gra-
dual increase in antibody levels against pooled peptides while
a non-responder patient (IT20017), who had high levels up to
1M post SCT, showed two fold decrease at 2 and 3M post SCT
(Figure 3(b), Top panel). Next, we screened the individual 9-
mer peptide specific antibody levels in serum using modified
dot blot assay, 2 of 3 responder patients showed reactivity to
EGFR and all 3 CEA peptides post SCT (Figure 3(b), Middle
panel). To further validate the dot blot results, we performed
ELISA using anti-CEA peptides that showed most reactivity
with IT20007 and IT20020 serum samples, corroborating the
pattern seen with dot blot (Figure 3(b), Bottom panel).

Serum cytokine/chemokine levels

Immunokine levels were detected in 4 of 6 patients. Th1 (IL-2,
TNF-α, IFN-γ) and Th2 cytokines (IL-4 and IL-10) increased
sharply from baseline to post IT. After SCT, levels of IL-2,

TNF-α, and IL-12 remained high up to 2 months
(Figure 4(a)). MIP-1β and IFN-γ-induced chemokines IP-10
and MIG (Figure 4(c)) showed the same pattern after IT and
levels decreased to near baseline by 2 months except for
IT20017 (dotted red line). The IL-6 levels (Figure 4(b))
which were higher pre SCT disappeared post SCT in 3
patients (IT20007, IT20020 and IT20031) who were stable
for 6 months or more post SCT. Patient IT20017 (dotted
red line in Figure 4(a)-(c)) who progressed stood out with
elevated levels of IL-6, IL-4, and IL-10 post SCT. The Type 1/
Type 2 cytokines ratio shifted towards anti-tumor Type 1
cytokine profile during therapy as shown Figure 4(d), dotted
black arrow represent SCT.

Discussion

This is the first study that reports that anti-tumor immunity
of T and B cells induced by BATs infusions can be adoptively
transferred after SCT to enhance anti-tumor immunity in
MBC patients. In our earlier phase I study in MBC patients3,
infusions of unprimed ATC after HDC and SCT suggested
that unprimed ATC can accelerate the reconstitution of anti-
tumor responses by providing polyclonal helper, CTL, and
LAK-like cytotoxicity after lymphodepletion.6,7

This proof of principal study uses a “vaccinate” with BATs
with low dose IL-2 and GM-CSF, and “boost” with ex vivo
expanded immune ATC after SCT to maximize anti-tumor
immune activity. We use the low dose IL-2 for the therapeutic
efficacy of BATs infusions to support their survival and in
vivo proliferation without causing IL-2 mediated toxicity that
is associated with high dose IL-2 therapy. While both high
and low dose IL-2 can induce regulatory T cell expansion, we
routinely phenotype peripheral blood mononuclear cells
(PBMC) to monitor T regulatory cells (Tregs) status, and
have not seen any increase in Tregs during or after comple-
tion of the therapy compared to the pre-treatment Tregs
(< 1%). HDC was used to create immune space by depleting
T regulatory cells and myeloid derived suppressor cells. The
boost infusions permitted immune cells to expand after trans-
fer and accelerated reconstitution of anti-tumor T and B cell
responses. All 4 patients tested for immune studies, exhibited
non-MHC restricted cytotoxicity and tumor specific IFN-γ
EliSpots by PBMC obtained after SCT, clinical and immune
correlates are shown in Table 2. These data show that the
transferred tumor-specific immune responses were mediated
by endogenous immune cells.2,8 Our findings are consistent
with earlier studies showing that adoptive transfer of vaccine-
primed and anti-CD3/anti-CD28 co-stimulated T cells boosts
cellular and humoral responses to tumor antigens after SCT in
multiple myeloma.10–12

There were no DLTs in patients given BATs2 or ATC after
SCT. One patient developed sepsis after SCT. She fully recov-
ered and is alive at 61 months from enrollment for BATs (IT
20031). The absolute lymphocyte counts recovered to 500/
mm3 between 8 and 17 days after SCT without lymphocytosis,
cytokine storm or impairment of neutrophil engraftment after
SCT for all patients.

The immediate killing exhibited by fresh PBMC from
patients directed at allogeneic SK-BR-3 cells shows non-

e1500672-6 A. THAKUR ET AL.
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Figure 3. The epitope-specific B-cell responses. a) Left panel shows anti-BrCa antibody levels in patient serum (n = 4). Right panel shows the anti-SK-BR-3 IgG
antibody synthesis in 4 patients at pre IT, post IT and post SCT time points. The gradual increase in anti-SK-BR-3 IgG antibody synthesis after SCT indicate transfer and
reconstitution of B cell responses. b) Top panel shows specific antibody titers by ELISA (1:100 dilution) in 4 patients at pre IT, post IT and multiple time points post
SCT against pooled peptide. Serum antibody steadily increase up to 6M post SCT in 3 out of 4 patient serum samples indicating transfer and reconstitution of B cell
responses. Middle panel shows specific serum antibody responses against indicated individual peptides by semi quantitative dot-blot assay at 1:100 dilution in two
serum samples from patients IT20007 and IT 20020 at various time points. Bottom panel shows validation of dot blot assay by ELISA to quantitate anti-CEA specific
antibody levels in the serum samples of IT20007 and IT 20020.
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Figure 4. a)Shows profile of serum cytokines. Analysis of serum samples at pre-immunotherapy (Pre IT), mid IT, post IT and post SCT. Infusions of HER2 BATs induce
increase in both type 1 cytokines IL-2, IFN-γ, TNF-α, IL-12, and type 2 cytokines IL-4, IL-6 and IL-10. Levels and remained high up to 2 months post SCT. b) Shows IL-6
levels in 4 patients during IT and Post SCT. It is noteworthy that one patient (IT20017) who had rapid progression of disease had high levels of not only IL-6 but also
the IL-4 and IL-10. c) Shows the chemokine profile at Pre IT, mid IT, post IT and multiple time points post SCT. d) Shows the mean ratio of Th1/Th2 = [IL-2+ IFNγ]/[IL-4
+ IL-10] at pre-, mid- post-IT and indicated time points post SCT.
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MHC restricted cytotoxicity mediated by in vivo primed T
cells.5 The CTL activity persisted up to 2 years after SCT.
Since fresh PBMC and ATC expanded from the PBMC before
infusions of BATs did not exhibit high levels of anti-BrCa
cytotoxicity, the post IT and post SCT responses are most
likely to be due to the infusions of BATs. Patients IT2007 and
IT20031 had robust CTL and IFN-γ responses detected at
2 weeks after SCT. Serum anti-BrCa antibody reached levels
comparable to pre SCT levels within 2–3 months after SCT in
all 4 patients. Antibody synthesis after SCT gradually
increased after IT.13 For specific antibody production to be
detected, immune B cells not only have to be present but they
had to be transferred in the stem cell product. The transfer of
immune T and B cells in the stem cell product is not likely to
be sufficient to provide the robust CTL activity detected
2–4 weeks after SCT since there are intrinsic T and B cell
defects in the first 3 months after SCT14. In vitro antibody
synthesis and circulating antibodies to BrCa detected in the
first 3 months after SCT show that boosting with immune
ATC can provide antigen specific helper and CTL activity that
not only overcomes the T and B cell defects seen in the first
3 months after SCT,15–20 but also augments the transfer and
persistence of the anti-tumor immunity for up to 2 years.

Our rationale to target HER2 low to negative patients were
based on our previous studies1,2. Specific cytotoxicity
mediated by HER2 BATs is non-MHC-restricted and is inde-
pendent of HER2 receptor-mediated signaling mechanisms,
only a few HER2 receptors on the tumor cells for T cell
engagement are required and HER2 negative targets are rou-
tinely killed1. In our earlier studies, we have shown that HER2
BATs were able to target HER2 negative MCF-7 cell line
which has only fewer HER2 receptors compared to HER2
positive SKBR-3 cell line1. Furthermore, evaluation of
immune responses in our phase I clinical trial patients sug-
gests that infusions of HER2 BATs induce robust immune
responses regardless of the patient’s HER2 status2. Indeed, 6/8
patients enrolled in this study were HER2 negative, evaluation
of immune responses in this study showed that infusions of
HER2 BATs induce robust anti-BrCa immune responses
regardless of the patient’s HER2 status.

Furthermore, we verified the specificity of immune
responses by multiple assays that provide evidence of T cell
and serum antibody reactivity to multiple breast cancer anti-
gens (9-mer peptides; three HER-2, two pooled EGFR and
three CEA peptides) in post IT and post SCT samples. The
quantitation of peptide-specific CD8+ T cells demonstrated
that there were T cell clones that could bind to the HLA-
peptide complex in higher frequencies in post IT and memory
T cell clones post SCT (transferred in ATC boost infusions).
Likewise, there were epitope specific antibody induction after
infusions of HER2 BATs and transfer of memory B cells in
ATC boost after SCT. Our findings suggest that multiple
BATs infusions may result in immunogenic epitope spreading
and development of the broad and durable T- and B-cell
memory responses and “transfer of immunity” by immune
ATC after SCT that parallels with the clinical responses.

A significant correlation (r = 1.0; p < 0.002) between
immune ATC cytotoxicity directed at BrCa cells and TTP
suggests that more robust vaccinations with a Th1 shift in
cytokine profiles can lead to clinical benefit. There were no
obvious differences in clinical responses in those who received
IL-2 and GM-CSF and the patients who did not receive the
cytokines. Although, we did not have a negative control arm
in this study, our previously published study that showed that
the PFS was 10% and survival was 50% at 32 months in
patients who received SCT without immunotherapy3; how-
ever, immune monitoring studies were not done to make any
comparisons. A randomized trial comparing BATs before
SCT and immune ATC after SCT with infusions of non-
immune ATC after SCT will be needed to validate the our
observations.

In summary, this study shows that BATs induced endo-
genous anti-BrCa specific cellular, humoral immunity that
could be detected after SCT and may have provided clinically
meaningful anti-tumor immunity. There was robust reconsti-
tution of T and B cell functions early after SCT as evidenced
by CTL and NK activity, IFN-γ EliSpots, in vivo/in vitro
antibody synthesis, and Th1 cytokine responses.
Furthermore, these responses persisted up to 2 years after
SCT. On the other hand, elevated Th2 cytokines and low

Table 2. Immune responses at Pre IT, Pre SCT and 3–6 Months Post SCT.

Immune Response Time Intervals IT20007 IT20017 IT20020 IT20031 Total # (%) of positive responses in boosted patients

CTL PreIT + - - ± 1/4 (25)
PreSCT ++ ++ + +++ 4/4 (100)

3–6 M PostSCT ++ +/- + +++ 3/4(100)
IFNγ PreIT ++ ++ +/- +/- 2/4 (50)

PreSCT ++ ++ + + 4/4 (100)
3–6 M PostSCT +++ - + ++ 3/4 (75)

Serum Ab PreIT + +/- +/- + 2/4 (50)
PreSCT ++ +/- +/- ++ 2/4 (50)

3–6 M PostSCT ++ +/- + ++ 3/4 (75)
In Vitro Ab Synthesis PreIT +/- + + + 3/4 (75)

PreSCT +++ + ++ ++ 4/4 (100)
3–6 M PostSCT ++ +/- ++ ++ 3/4 (75)

Th1 PreIT + + + + 4/4 (100)
PreSCT +++ +++ +++ +++ 4/4 (100)

3–6 M PostSCT +++ +++ ++ ++ 4/4 (100)
Th2 PreIT + + +/- +/- 2/4 (100)

PreSCT +++ ++ + + 4/4 (100)
3–6 M PostSCT + +++ +/- +/- 2/4 (100)

Cell Dose (x 109) 39.8 59.9 16.4 41.6
Survival (months) 35.5 5.9 34.3 59.8
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CTL activity may predict poor anti-tumor responses and
clinical outcomes.

Materials and methods

Study population, patient enrollment and eligibility

The phase I trial was registered on clinicaltrial.gov as
NCT00027807. Women, 18 years of age or older, with histo-
logically documented MBC of the breast with 0 – 3+ HER2/
neu expression with no measurable disease were eligible.
Specific details of organ specific function are in the supple-
mental information. Eight of 23 patients in the phase I were
treated in the second part if the study registered at clinical-
trial.gov as NCT00020722. All protocols were approved by
protocol review committee, Institutional Review Boards at
Roger Williams Hospital and Wayne State University, and
the FDA. All patients signed informed consent forms.

Immunization with BATs and expansion of pre-
immunized ATC

Patients received a total of 8 twice weekly BATs infusions1 for
4 weeks and subcutaneous injections of 3.0 x 105 IU of IL-2/m2/
day and 250 µg granulocyte-macrophage colony stimulating
factor (GM-CSF)/m2 twice per week starting 3 days before the
1st BAT infusion and ending 7 days after the last BATs infusion
(Figure 1(a), Treatment Schema). Seven to 14 days after the last
BATs infusion, the patients were leukapheresed for the expan-
sion of immune T cells. Immune ATC were harvested and
cryopreserved after 14 days for infusions after SCT.

G-CSF primed PBMC collection for SCT

Following PBMC collection for generating pre-immunized
ATC, PBMC were collected by 1–2 leukapheresis to obtain a
minimum of 1 x 106/kg of CD34+ cells after 4 days of priming
with granulocyte-colony stimulating factor (G-CSF at a dose
of 15 μg/kg/day) for SCT.

HDC to reduce tumor burden

Patients received cyclophosphamide, thiotepa, and carboplatin
(CTC; Stamp V) as the preparative regimen for chemosensitive
disease and ifosfamide, carboplatin, and etoposide (ICE) for
chemoresistant disease. For the CTC regimen (chemosensitive
disease): Cyclophosphamide (2000 mg/m2 i.v.) was given on
days −4, −3, and −2 (total = 6000 mg/m2); Thiotepa (167 mg/
m2 IV) on days −4, −3, −2 (total = 500 mg/m2); Carboplatin
(267 mg/m2 IV) on days −4, −3, and −2. For the ICE regimen
(chemoresistant disease): Ifosfamide (2,500 mg/m2 IV) was
infused on days −8 to −3 (total dose = 15,000 mg/m2) with
Mesna (1,000 mg/m2 IV) given beginning 30 min before the
start of each ifosfamide dose and then as a continuous IV
infusion (1,500 mg/m2) over next 12 hours; Carboplatin
(250 mg/m2) on days −8, −7, −6, −5, −4, and −3 (total
dose = 1500 mg/m2); Etoposide (VP-16; 200 mg/m2 IV) on
days −8, −7, −6, −5, −4 and −3 (total dose = 2,400 mg/m2).

Stem cell transplant

On day 0, the cryopreserved peripheral blood stem cells (SC)
were thawed and infused at the bedside.

Immune ATC transfer after SCT

Two patients received infusions of up to 1010 ATC three times
per week beginning day + 4 after SCT for three weeks and
then once weekly infusions of up to 20 × 109 for 6 weeks.
Daily subcutaneous injections of IL-2 (3.0 × 105 IU/m2/day)
were given starting on day + 4 after SCT and ending on the
day of the last infusion. GM-CSF (250 µg/m2 twice per week)
was given for 3 weeks starting day + 5. A second group of
patients (n = 4) received ATC twice per week for 4 weeks in a
row without IL-2 or GM-CSF, samples from this group of
patients were used for immune correlative studies.

Infusion related toxicities

All vital signs and side effects were recorded on the patient’s chart
using the NCI CTC v3.0 toxicity table. Patients were observed up
to 6 hours after their infusions. Patients with grade 4 non-hema-
tologic toxicity or persistent grade-3 toxicity would be removed
from the study. Infusions were held until toxicity improved to
grade 0 or 1. There were no dose limiting toxicities observed.

Immune correlative studies

Specific cytotoxicity was performed using fresh PBMCplated with
51Cr labeled SK-BR-3 cells at effector:target (E/T) of 25:1 unless
otherwise indicated.16 Cytotoxicity was calculated by using follow-
ing formula: [(experimental release – spontaneous release)/(max-
imum release- spontaneous release) x 100]. The IFN-γ Elispots
were used tomeasure of CD8-mediatedmemory CTL activity and
CD4-mediated helper responses.12 Cytokines were measured by
Luminex Array.17 Phenotyping was performed bymulticolor flow
cytometry.17 Pentamer staining and TCR Vβ repertoire of human
T cells were determined bymulti-color flow cytometry (see details
in supplemental information). An assay for in vitro anti-SK-BR-3
specific antibody synthesiswas performed as described.9,21 Specific
antibodies were detected by a whole cell ELISA and antigen
specific ELISA.13,22 (supplemental information).

Statistical analyses

Wilcoxon signed-rank test was used to compare baselines with
each time point frompre-study for cytotoxicity and IFN-γElispots
against SK-BR-3 cells. Spearman correlation and log-rank tests
were used to test the correlation between ATC cytotoxicity and
TTP. GraphPad Prism version 6 for Windows (GraphPad
Software, San Diego, CA) was used for statistical analysis.
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