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Allogeneic “off-the-shelf” (OTS) chimeric antigen receptor
T cells (CAR-T cells) hold promise for more accessible CAR-T
therapy. Here, we report a novel and simple way to make alloge-
neic OTS T cells targeting cancer. By engineering T cells with a
bispecific T cell engager (BiTE), both TCRab and CD3ε expres-
sion on the T cell surface are dramatically reduced. BiTE-engi-
neered T (BiTE-T) cells show reduced reaction to TCR stimula-
tion in vitro and have low risk of graft-versus-host disease
(GvHD) in vivo. BiTE-T cells down-regulated CD3ε/TCRab
on bystander T cells by releasing BiTEs. BiTE-T cells produce
much fewer cytokines and are comparable to CAR-T cells on
anti-cancer efficacy in xenograftmousemodels with pre-existing
HLA-mismatched T cells. Co-expressing co-stimulatory factors
or T cell-promoting cytokines enhanced BiTE-T cells. Our study
suggests CD3ε engagement could be a new strategy for alloge-
neic T cell therapy worthy of further evaluation.

INTRODUCTION
Autologous chimeric antigen receptor T cells (CAR-T cells) have been
a revolutionary therapy for B cell malignancies. Allogeneic “off-the-
shelf” (OTS) T and NK cells have been pursued due to potential
advantages over autologous CAR-T cells.1 Currently, there are a few
promising OTS cell therapies, including allogeneic T cell receptor
(TCR)ab knockout CAR-T cells,2 CAR-NK cells,3 invariant NK
T cells,4 gamma-delta (gd) T cells,5 and virus-specific T cells.6

Compared with autologous CAR-T cells, allogeneic CAR-T cell ther-
apy usually requires gene editing and TCR-negative cell purification
to reduce risk of graft-versus-host disease (GvHD). In addition to
GvHD, another challenge for OTS cell therapies is host-versus-graft
(HvG) reaction, which decreases donor cell persistence and compro-
mises anti-cancer efficacy. Current solutions include (1) deep lympho-
depletion using alemtuzumab, fludarabine, and cyclophosphamide;7

(2) deleting HLA-I on donor T cells;8 and (3) co-expressing an alloim-
mune defense receptor to target alloreactive host T cells.9 Although
effective, these strategies add more complex to allogeneic OTS CAR-
T cell therapy. Meanwhile, like autologous CAR-T therapy, allogeneic
OTS CAR-T cells have adverse effects such as cytokine release syn-
drome and neurotoxicity.10 Thus, current allogeneic OTS CAR-T ther-
apy has challenges and there is a need for better options.

CD3 monoclonal antibodies (mAbs) are potent immunosup-
pressive drugs used in clinical transplantation.11–13 There are
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essentially two types of CD3 mAbs, mitogenic and nonmitogenic,
depending on their capacity of Fc receptor (FcR) binding. Mito-
genic CD3 mAbs, represented by OKT3, initiate T cell activation
before the suppression of T cell responses. This mitogenic activity
depends on TCR-CD3 cross-linking via Fc binding to FcR-ex-
pressing cells such as monocytes. Nonmitogenic CD3 mAbs
have low or no FcR binding by altering binding to FcR or
removing Fc region. Although both are immunosuppressive,
mitogenic and nonmitogenic CD3 mAbs suppress T cell re-
sponses by distinct mechanisms. Mitogenic CD3 mAbs modulate
TCR, induce internalization of the TCR complex, T cell
apoptosis, and long-term T cell unresponsiveness. Nonmitogenic
CD3 mAbs generally do not induce T cell activation, prolifera-
tion, or cytokine production. They tend to deliver a partial
TCR signal and render T cell clones hyporesponsive.14,15 As a
nonmitogenic CD3 mAb, CD3 single-chain variable fragments
(scFvs) have been shown to modulate CD3 without causing
T cell activation and cytokine release in vitro. They were able
to suppress T cell activation and inflammatory cytokine release
in mixed lymphocyte cultures.16 These data underscore immuno-
suppressive properties of CD3 scFv and their potential to mitigate
alloreactions in vivo. Bispecific T cell engager (BiTE) is an
emerging drug platform that has shown potent efficacy against
hematological cancer.17 A typical BiTE consists of a CD3ε scFv
and a target-binding scFv that are tandemly linked together. It
enables T cells to kill tumor cells by engaging TCRab/CD3
complex to tumor target. Since half of BiTEs is an immunosup-
pressive drug, we hypothesize that BiTEs could have similar
immunosuppressive impacts on T cells to those of CD3 Abs;
thus, T cells secreting BiTEs (BiTE-T) are less likely to induce
GvHD and are potential “natural” OTS T cells for cancer. The
anti-cancer efficacy of BiTE-T cells has been demonstrated in
previous pre-clinical studies.18–20
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RESULTS
CD3 engagement decreases TCR/CD3 detection by flow

cytometry

To test our hypothesis, we first treated human T cells with increasing
doses of human CD19 BiTEs in the presence of 3T3 cells expressing
human CD19 or mouse CD19 for 24 h. CD3ε and TCRab expressions
on the T cell surface were then measured by flow cytometry. CD19
BiTEs decreased CD3ε and TCRab detection in a dose-dependent
manner (Figure 1A), suggesting that TCRab/CD3 complex was
masked or modulated by BiTEs. Human CD19 target engagement
appeared to further bring down CD3ε/TCRab (Figure 1A). Similar
results were observed when we treated mouse T cells with mCD3ε
antibody (Figure S1A).

BiTE-T cells have reduced TCR/CD3 detection and alloreactivity

in vitro

We next designed two BiTEs targeting CD19 and Her2, respectively
(Figure S1B). Human T cells from healthy donor peripheral blood
mononuclear cells (PBMCs) were transduced with BiTEs to produce
BiTE-T cells. CD19 and Her2 BiTE-T cells showed minimal TCRab
and CD3 detection by flow cytometry in contrast to untransduced
T cells (UT) (Figures 1B and S1C). Consistent with this, CAR-T cells
engineered with a soluble secreted or membrane-bound CD3ε scFv
showed low CD3ε/TCRab and comparable cytotoxicity (Figures
S1D and S1E) without TCRab depletion. BiTE-T cells showed com-
parable viability, proliferation, and immune phenotype to UT cells
otherwise (Figures S1F–S1H). When stimulated with TCRab Abs,
BiTE-T cells show much lower activation marker CD69 and less
IFNg or IL-2 production compared with untransduced T cells and
CAR-T cells (Figure 1C), suggesting that BiTEs have a masking or
modulation effect on the CD3/TCRab complex.

BiTE-T cells have low persistence and GvHD risk in immune-

deficient mice

To evaluate BiTE-T cells’ alloreactivity in vivo, we adopted a GvHD
mouse model that was previously used for allogeneic OTS CAR-T
cells.7,21 Immune-deficient NSG mice underwent full-body irradia-
tion and then intravenously received a high dose of human T cells
the following day (Figure 1D). Mice were monitored for weight
loss, survival, and blood T cell persistence. The UT-treated group
Figure 1. BiTE-T cells have decreased CD3/TCRab expression and alloreactivi
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developed GvHD symptoms such as gradual weight loss in 2–3 weeks
(Figure 1E), and eventually all died within 40 days (Figure 1F). Mice
injected with CD19 orHer2 BiTE-T cells maintained or gained weight
while appearing healthy throughout the monitoring period lasting
over 120 days (Figures 1E and 1F). Both BiTE-T cells showed low
persistence in peripheral blood in contrast to UT, that showed active
expansion during the first month after T cell injection (Figure 1G).
We also replaced irradiation with chemotherapy for this model and
got similar results (Figures S1I and S1J). Despite low persistence in
the blood, CD19 BiTE-T cells were able to offer some protection
against CD19 + leukemia 4.5 months after injection (Figure S1K).
The persisted few CD19 BiTE-T cells in peripheral blood had very
low CD3ε and TCRab detection by flow cytometry (Figure 1H). Simi-
larly, Her2 BiTE-T cells showed reduced CD3ε and TCRab detection
in contrast to Her2 CAR-T cells over time in vivo (Figure 1I).

BiTE-T cells maintain low TCR/CD3 detection after target

engaging

Next, we set up in vitro serial-killing assays to evaluate TCRab and
CD3 on BiTE-T cells in the presence of target antigen. T cells were
repeatedly challenged with target cells until they failed to kill. TCRab
and CD3ε expressions were evaluated every 48 h during this period.
For both CD19 and Her2 targets, BiTE-T cells maintained low
TCRab/CD3 through the challenge assay in contrast to CAR-T and
UT cells (Figures 1J and 1K). In vivo, we used a Her2-expressing
solid-tumor model to evaluate Her2 BiTE-T cells. NSGmice were first
inoculated with Her2-expressing human melanoma cell A375
(A375.Her2) and then received BiTE-T or UT treatment. Blood
T cells and tumor-infiltrating T cells were evaluated by flow cytome-
try. In peripheral blood, Her2 BiTE-T cells showed limited presence
with low CD3ε (Figure 1L). Tumor-infiltrated Her2 BiTE-T cells
also showed lower TCRab/CD3 than CAR-T cells (Figure 1M). These
results indicate that BiTE-T cells maintain low CD3ε and TCRab in
the presence of target antigen.

BiTE-T cells decrease TCR/CD3 on bystander T cells in vitro and

in vivo

Another challenge for allogeneic OTS T cells is the host-versus-graft
(HvG) reaction due to the alloreactivity of host TCRs. We hypothe-
sized that BiTEs could presumably mask or modulate TCRs on
ty
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over time. Data are presented as means ± SD. *p<0.05; **p<0.01; ***p<0.001;
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host/recipient T cells so they would less likely induce HvG reactions.
To test this hypothesis, we co-cultured CD19 BiTE-T cells (donor)
with HLA mismatched T cells (host or recipient) for 72 h, and CD3
and TCR of the mixed cells were measured by flow cytometry. As ex-
pected, the mixed population with BiTE-T cells had minimal CD3
and TCR detection (Figure 1N). We also set up an allo-MLR (mixed
lymphocyte reaction) assay by co-culturing CD19 BiTE-T cells
(donor) with HLA mismatched PBMCs (host). TCR/CD3 and cell
counts of host and donor populations were measured at days 1, 3,
6, 9, and 12 after allo-MLR setup. Host T cells mixed with CD19
BiTE-T cells had decreased CD3/TCR compared with those mixed
with CAR-T or untransduced T cells (Figure 1O, left). At day 1,
host T cells mixed with CD19 BiTE-T cells were 4.66% CD3+TCR+,
whereas host T cells mixed with either UT or CAR-T cells were over
70% CD3+TCR+ (Figure S2A). As expected, CD19 BiTE-T cells
maintained minimal CD3/TCR levels throughout time (Figure 1O,
right). Co-culturing Her2 BiTE-T cells with HLA mismatched
PBMCs at different ratios also yielded a mix, with low TCR/CD3
ranging from 0.83 to 4.79% (Figure S2B). These data suggest that
donor BiTE-T cells have masking or modulation effects on bystander
T cells by secreting BiTEs in vitro. Next, we evaluated whether BiTE-T
cells could secrete enough BiTEs in vivo so that sera from BiTE-T cell
treated mice could mediate T cell killing and CD3/TCR masking or
modulation. Her2 BiTE-T cells and UT cells were used to treat the
A375.Her2 NSG mouse model. One week after T cell injection, sera
were isolated and added to untransduced T cells and A375.Her2 tu-
mor cells co-culture in vitro. After 72 h, IFNg, IL-2, IL-6, and
TNFa in the supernatant were measured. Supernatant containing
sera from mice receiving Her2 BiTE-T cells showed significantly
elevated IFNg, TNFa, and IL-6 levels and lower IL-2 levels compared
with the supernatant containing sera frommice that received UT cells
(Figures S2C–S2F). We then measured the CD3/TCR on the T cells
from co-culture. The CD3 levels on T cells treated with Her2 BiTE-
T sera were lower (p = 0.0571) than those treated with UT sera (Fig-
ure S2G) while being comparable to T cells treated with supernatant
from BiTE-T cell culture (positive control). These data demonstrated
that BiTE-T cells can generate meaningful levels of BiTEs in vivo
which potentially have impacts on TCR/CD3 on host T cells.
BiTE-T cells elicit curbed activation on targets and are less

durable than second-gen CAR-T cells

The anti-cancer activities of BiTE-T cells have been demonstrated by
other groups.18,19 Here, we did side-by-side comparisons between
BiTE-T and the second-generation CAR-T cells on their anti-cancer
activities. CD19 or Her2 BiTE-T and CAR-T cells sharing the same
Figure 2. BiTE-T cells produce fewer cytokines and are comparable to or bette

(A andB) Cytotoxicity (A) and cytokine production (B) of CD19BiTE-T orCAR-T cells agains

T or CAR-T cells against A375.Her2 cells. (E–H) a comparison study of CD19BiTE-T and C

1.2 Gy full-body irradiation and then were engrafted with 7 million HLA-A2+-activated T c

CD19 BiTE-T or CAR-T cells at day 3. Survival (F), Donor T cells (DTC; G), and recipient T c

Her2 BiTE-T and CAR-T cells in vivowith host T cell presence. (I) Study design. Male NSG

A2+-activated T cells 1 day after. A375.Her2 cells were given at day 0.Mice were treatedw

(L) in peripheral blood were monitored over time. Data are presented as means ± SD. *p
scFv were evaluated. For both targets, BiTE-T cells showed compara-
ble, if not better, killing than CAR-T cells in vitro (Figures 2A and
2C). BiTE-T cells produced only a fraction of Th1 cytokines that
CAR-T cell produced (Figures 2B and 2D), including IFNg, IL-2,
IL-6, and TNFa. Of note, IL-2 levels produced by BiTE-T cells are
very minimal, suggesting that BiTE-T cells tend to elicit curbed acti-
vation and proliferation when targets are engaged. This is in contrast
to the full-blown activation mediated by CAR-T cells and raises the
possibility that BiTE-T cells may have less toxicity than CAR-T cells.
Meanwhile, CAR-T cells outperformed BiTE-T cells in serial-killing
assays (Figures S3A–S3D) and offered better survival, persistence,
and efficacy in NSG models transplanted with NALM6 or
A375.Her2 cells (Figures S3E–S3H). This is not surprising, consid-
ering that BiTE-T cells have curbed activation, whereas second-gen-
eration CAR-T cells have built-in co-stimulatory domains.

Donor BiTE-T cells show comparable efficacy to CAR-T cells in

the presence of host T cells

One potential advantage of BiTE-T cells is their capability of mobi-
lizing bystander or host T cells. Thus, we adopted a mouse model
to mimic an environment with pre-existing host T cells.9 NSG mice
were irradiated and then engrafted with activated HLA-A2+ human
T cells. Mice were then injected with tumor cells and later treated
with HLA-A2– BiTE-T or CAR-T cells (Figure 2E). In the NSG
NALM6 model with pre-existing T cells, both CD19-targeting
BiTE-T and CAR-T cells showed a comparable survival benefit over
UT cells (Figure 2F). Donor CD19 CAR-T cell expansion was also
curbed in this model, although host T cells showed expansion in
the CAR-T-treated group (Figures 2G and 2H). In the Her2-overex-
pressing tumor model with pre-existing host T cells (Figure 2I), CAR-
T cells were not able to inhibit tumor growth whereas BiTE-T cells
still could (Figure 2J). In peripheral blood, both Her2-targeting
BiTE-T and CAR-T cells showed very limited persistence (Figure 2K).
However, Her2 BiTE-T cells induced greater host T cell expansion
than CAR-T cells (Figure 2L).

Co-stimulation or T cell-promoting cytokines enhance BiTE-T

cells while maintaining low CD3/TCR

To enhance efficacy, we added co-stimulation to BiTE-T cells. T cells
were co-transduced with BiTE and a bicistronic construct of 4-1BBL
and CD8022 to make enhanced BiTE-T cells. These enhanced Her2
BiTE-T cells showed better proliferation than Her2 CAR-T cells in
the serial-killing assay while maintaining low levels of CD3/TCRab
(Figures 3A–3C). In vivo (Figure 3D), enhanced Her2 BiTE-T cells
showed comparable tumor suppression, blood persistence, and tumor
r than CAR-T cells on efficacy in the presence of host T cells

t 3T3.hCD19 cells. (C andD) Cytotoxicity (C) and cytokine production (D) of Her2BiTE-

AR-T cells in vivowith host T cell presence. (E) Study design. Male NSGmice received

ells 1 day after. Nalm6GL cells were given at day 0. Mice were treated with HLA-A2–

ells (RTC; H) in peripheral blood were monitored over time. (I–L) a comparison study of

mice received 1.2 Gy full-body irradiation and then were engrafted with 5 million HLA-

ith HLA-A2– Her2 BiTE-T or CAR-T cells at day 8. Tumor growth (J), DTC (K), and RTC

<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant.
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Figure 3. Co-expressing co-stimulatory factors or cytokines enhances BiTE-T cells to match or overperform CAR-T cells

(A–C) a serial-killing assay on A375.Her2 cells. (A) T cell proliferation over time. (B) TCRab expression over time. (C) CD3 expression over time. (D–H) efficacy comparison of

co-stimulation-enhanced Her2 BiTE-T and CAR-T cells. (D) Study design. (E) Tumor growth. (F) Percentages of tumor-infiltrating T cells. (G) Donor T cells in peripheral blood
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infiltration and weights to those of CAR-T cells (Figures 3E–3H).
Similarly, in the NALM6 model (Figure 3I), the enhanced CD19
BiTE-T cells had comparable efficacy and possibly better blood
persistence than CAR-T cells (Figures 3J–3L and S4). Enhanced
CD19 BiTE-T cells maintained low CD3/TCRab (Figure 3M) in vivo.
We also enhanced BiTE-T cells by co-expressing a bicistronic
construct of IL7 and IL15 genes. BiTE T cells engineered with cyto-
kines out-performed CAR-T cells in the serial-killing assay in vitro
(Figures 3N and 3O).

DISCUSSION
Our study for the first time brings attention to a neglected fact that
one-half of a BiTE (i.e., CD3 scFv) is actually a potent immunosup-
pressive agent, suggesting that BiTEs could curb T cells’ alloreactivity
while enabling T cells to kill cancer cells. With this rationale, we pro-
pose BiTE-secreting T cells as a novel and simple strategy for alloge-
neic T cell therapy. BiTE-T cells potentially have a few benefits. First,
BiTE-T cells are less complex to produce, with no need of gene editing
or TCRab negative purification. Despite an exciting technology, gene
editing adds more complexity, cost, and hurdles to OTS T cell pro-
duction and could cause uncertain consequences.23 Second, BiTE-T
cells may have low toxicity for producing fewer cytokines. Although
manageable, cytokine release syndrome (CRS) is still a common
adverse effect in allogeneic CAR-T therapy. Third, BiTE-T cells can
secrete BiTEs to re-direct bystander T cells to kill tumor in vivo.
Last, BiTE-T cells could potentially alleviate HvG reaction by
secreting BiTEs, as they would have the same masking and modula-
tion effects on host TCRs.

BiTEs are OTS anti-cancer agents that are readily available to pa-
tients, which raises the question whether allogeneic BiTE-T cells are
superior to BiTEs. Regardless of efficacy, the two are different types
of therapeutics, and each has its pros and cons. For BiTE-T cells,
one advantage is that they do not require multi-weeks of daily infu-
sions as BiTEs do. Another is that BiTE-T as a cell-based therapy
can undergo further engineering to gain sophisticated functions
and upgrades. Also, BiTEs rely on patient T cells to take effect,
whereas BiTE-T cells do not. Finally, BiTE-T cells potentially have
less toxicity than BiTEs, since BiTE-T cells elicit curbed activation
when killing whereas BiTEs likely induce typical TCR activation on
endogenous T cells.24

In our study, total T cells consisting of BiTE-expressing T cells and a
significant amount of untransduced T cells were used for GvHD eval-
uation. Theoretically, these untransduced T cells risk developing
GvHD. However, we found that high doses of human BiTE-T cells
(including untransduced T cells) with 40–90% transduction efficiency
did not induce GvHD in immune-deficient NSG mice. A possible
explanation is that BiTE-treated T cells are prone to apoptosis if there
over time. (H) Weight change over time. (I–M) Data from a comparison study of co-stimu

arrows indicate death events unrelated to leukemia or GvHD. (K) Weight change. (L) Do

T cells. (N) Proliferation of Her2 targeting cytokine -enhanced BiTE-T cells in serial-killing

serial-killing assay in vitro. Data are presented as means ± SD. *p<0.05; **p<0.01; ***p
are no further signals from co-stimulation, cytokines, or target
engaging. Like BiTE-T cells, BiTE-treated untransduced T cells are
potentially hyporesponsive, as discussed below.

The underlying mechanisms that BiTE-T cells have low risk of GvHD
in the NSGmouse model could bemultifaceted, and distinctive mech-
anisms may play a role before and after target engagement. Before
engaging target, BiTEs potentially impact T cells like nonmitogenic
CD3 mAbs, such as (1) they have direct masking and modulation ef-
fects that sterically block TCR recognizing alloantigens; and (2) they
deliver constant partial TCR signals that render T cell hyporespon-
sive.13,14 Without other support (e.g., cytokines), these BiTE-T cells
are prone to apoptosis, as evidenced by low persistence in NSG
mice. After tumor cells are engaged, cross-linking of BiTEs induces
TCR internalization and degradation and even apoptosis in T cells.
Thus, BiTEs performmore like mitogenic CD3mAbs, reducing allor-
eactivity at this stage. All these mechanisms and impacts of BiTEs
could apply to host T cells as well, thus potentially mitigating HvG re-
actions. However, effects on host T cells require significant levels of
BiTEs in circulation. Potential strategies include (1) using multiple
and high doses of BiTE-T cells, (2) maximizing BiTE production
and secretion by T cells, and (3) making T cells secrete BiTEs with
extended half-life.

Since we have shown that BiTE-T cells are not as durable as second-
generation CAR-T cells in terms of serial-killing capacity and
persistence in vivo, the overarching challenge will be to increase the
persistence of allogeneic BiTE-T cells while maintaining their OTS
feature. There are multiple strategies such as adding co-stimulatory
factors or pro-inflammatory cytokines. However, caution should be
taken, as such genetic modifications might rescue BiTE-T cells
from hyporesponsive mode.

In summary, BiTE-T cells have the unique characteristics to address
both hurdles for OTS T cell therapy in a simple way, which warrants
further investigation.
MATERIALS AND METHODS
Study design

The purpose of this study was to develop a novel allogeneic “off-the-
shelf” T cell therapy. We evaluated CD19-and Her2-targeting BiTE-
engineered T cells on their CD3/TCRab expression. GvHD risk of
BiTE-T cells was evaluated using chemo-conditioned or whole-
body-irradiated NSG mice. We also performed side-by-side compar-
isons between BiTE-T and CAR-T cells on cytotoxicity, cytokines,
serial killing, and in vivo efficacy with or without host T cells. Two
xenograft mouse models were used to compare the efficacy between
BiTE-T and CAR-T cells, including hematological and solid tumor.
lation-enhanced CD19 BiTE-T and CAR-T cells. (I) Study design. (J) Survival. Small

nor T persistence in peripheral blood. (M) CD3/TCRab expression on week 4 blood

assay in vitro. (O) Proliferation of CD19 targeting cytokine-enhanced BiTE-T cells in

<0.001; ****p<0.0001; ns, not significant.
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A variety of healthy donors were used to produce engineered T cells.
All experiments were independently repeated at least twice.

Cells and medium

The NALM6GL cell line expressing both GFP and firefly luciferase
was purchased from ATCC and cultured in RPMI 1640 medium sup-
plemented with 10% FBS, L-glutamine, and Pen/Strep (RPMI 10).
The human melanoma A375 cell line was a gift from Dr. Cecilia Ra-
mello and was cultured in DMEM supplemented with 10% FBS, L-
glutamine, and Pen/Strep. Her2-expressing A375 (A375.Her2) cells
were made by transducing A375 cells using retrovirus expressing a
truncated Her2. Human T cells were cultured in RPMI 10 supple-
mented with 10 ng/mL IL-7 and 5 ng/mL IL-15.

Retroviral constructs, g-retrovirus production, and T cell

transduction

DNAs of human Her2 CAR, human CD19 BiTE, Her2 BiTE, 4-1BBL-
CD80, and other constructs were synthesized and subcloned to an SFG
retroviral vector by Genewiz (South Plainfield, NJ). Human CD19
CAR has been described previously.25 Her2 CAR and Her2 BiTE use
the same scFv derived from Trastuzumab. CD19 CAR and CD19
BiTE use the same scFv derived from FMC63 clone. Recombinant g-
retrovirus production has been described previously.26 Briefly, retro-
viral constructs containing CAR or BiTE were transiently transfected
to H29 cells. Supernatant from transfected H29 cells were used to
transduce RD114 cells to make a stable producer cell line. Retroviral
supernatant from RD114 cells was harvested, and 0.45 mmwas filtered
and cryopreserved for future use. For T cell transduction, healthy
donor leukopaks were purchased from Stemcell Technologies (Van-
couver, BC, Canada) and ALLCELLS (Alameda, CA). PBMCs were
isolated using standard Ficoll method and cryopreserved for future
use. Engineered-T cell production was described previously,26 with
minor modification. At day 0, T cells were isolated from the cryopre-
served PBMCs by using a humanT cell isolation kit (Stemcell Technol-
ogies). T cells were then activated using human CD3/CD28 dynabeads
(Thermo Fisher Scientific, Waltham, MA). At day 1 and day 2, T cells
were transduced using fresh BiTE or CAR retrovirus in RetroNectin
(Takara Bio, Mountain View, CA) -coated plates at 2,000 � g, 32�C
for 1 h. At day 3, fresh medium with cytokines was added. Dynabeads
were removed at day 6, and T cells were further expanded in complete
medium with 10 ng/mL human IL-7 and 5 ng/mL human IL-15. Me-
dium and cytokines were replenished every 2–3 days. Days 8–14 T cells
were used for in vivo study.

Flow cytometry

The following antibody clones were used for flow cytometry: from
BD: CD3 (Clone SK7), CD8 (Clone RPA-T8), CD45 (Clone HI30),
TCRab (Clone T10B9.1A-31), CD45RA (HI100), PD1 (Clone
EH12.2H7), CD69 (Clone FN50), and CD25 (Clone 2A3); from Bio-
legend: CD4 (Clone OKT4), TCRab (Clone IP26), CCR7 (Clone
G043H7), nd aCD62L (Clone DREG-56). Fc receptor-binding inhib-
itor (Thermo Fisher) was routinely used for staining. Whole-blood
samples were stained and lysed using BD FACS lysing solution.
CountBright absolute counting beads (Thermo Fisher) were added
894 Molecular Therapy: Oncolytics Vol. 24 March 2022
for measuring cell numbers. Flow data were acquired on a BD LSRII
or BD FACSymphony flow cytometer. Data were analyzed using
FlowJo version 10.

ELISA

An Ella machine (ProteinSimple, San Jose, CA) was used for ELISA.
Twenty-four- to 72-h supernatant from cytotoxicity or TCR stimula-
tion assay was added to ELLA cartridges for cytokine measurements.

TCR/CD3 stimulation assay

For human T cell stimulation assay, non-tissue culture-treated 24-
well plates were coated with 1 mg/mL human TCRab antibody (Clone
IP26) overnight. T cells were added and cultured in the plates. For
activation marker, T cells were subjected to flow analysis after 5-h
stimulation. Supernatant was collected after 24-h stimulation, and cy-
tokines were measured by ELISA. For BiTE stimulation, human
CD19 BiTE (blinatumomab) was purchased from BPS Bioscience
(San Diego, CA). T cells were co-cultured with 3T3.hCD19 or
3T3.mCD19 cells with increasing blinatumomab concentrations.
For mouse T cell stimulation, T cells were isolated from spleen and
added to 24-well plates coated with mouse CD3ε antibody (Clone
145-2C11). After 5 h, cells were analyzed by flow cytometry.

Cytotoxicity and serial-killing assay

An xCELLigence RTCA instrument (Agilent Technologies, Santa
Clara, CA) was used for cytotoxicity assay. T cells were co-cultured
with target cells at various effector-to-target (E:T) ratios in RTCA
E-plates and real-time cell killing was recorded on the instrument.
For serial-killing assays, T cells were co-cultured with target cells at
a 5:1 E:T ratio in non-tissue culture-treated 24-well plates. Every
2 days or longer, a small fraction of T cells were analyzed by flow cy-
tometry for phenotype and cell counts, while the remaining cells were
transferred to a new plate with freshmedium and target cell challenge.

Mouse study

All mouse protocols were approved by the Institutional Animal Care
and Use Committee of the University of South Florida (USF). NSG
mice were purchased from the Jackson Lab and bred in the USF an-
imal facility. Eight- to twelve-week-old male NSG mice were used for
in vivo studies. For GvHD evaluation, NSG mice underwent 2.5 Gy
whole-body irradiation or 250 mg/kg cyclophosphamide (CTX) and
then received T cells at a 10-million dose the following day. Mice
were monitored for survival and any signs of GvHD (hunched
posture, slow mobility, weight loss, etc.). Mice having more than
20% weight loss and other GvHD symptoms were euthanized. For ef-
ficacy study on the hematological tumormodel, NSGmice were intra-
venously injected with 0.5 million NALM6GL cells. Three days later,
mice were intravenously injected with 10 million CAR-T, BiTE-T, or
UT cells. Survival was monitored twice a week. For the solid-tumor
model, NSG mice were subcutaneously injected with 0.5 million
A375.Her2 cells on the right flank. Seven to ten days later, mice
were intravenously injected with 10 million CAR-T, BiTE-T, or UT
cells. Blood was collected weekly, and tumor tissues were collected
at end point. For mice with pre-existing T cells, NSG mice
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received 1.2 Gy whole-body irradiation and then were subsequently
engrafted with activated T cells. Mice were injected with tumor cells
and treated with HLA mismatched T cells. For details, see the time-
lines in the figures. Tumor tissues were processed on a gentleMACS
Octo Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany)
and digested with Liberase and DNase I (Roche, Mannheim, Ger-
many). Isolated tumor cells were subjected to flow analysis.

Statistical methods

GraphPad Prism 8 was used for statistical analysis, as indicated in
figure legends. Data are presented as means ± SD. An unpaired para-
metric t test was used for two-group comparison. One-way ANOVA
was used for multiple-group comparison. Survival was compared us-
ing log rank tests.

SUPPLEMENTAL INFORMATION
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Fig. S1. CD3 engagement induced TCRαβ/CD3 downregulation and BiTE-T cells have decreased 

allo-reactivity. (A), Mouse TCR/CD3 expression on mouse T cells after treated with plate-coated mCD3ε 

antibody for 24 hr. (B), Schematic diagrams of BiTE and CAR constructs used in the study. (C), TCRαβ 

evaluation on UT, BiTE-T or CAR-T cells using two different clones of TCRαβ antibodies. (D), 

TCRαβ/CD3 expression on CAR-T cells engineered with a membrane-bound or soluble secreted CD3ε 



scFv. (E), Cytotoxicity of CAR-T cells engineered with a membrance-bound or solube secreted CD3ε 

scFv. (F), Immune phenotype of BiTE-T and CAR-T cells. Panel g-i show a GvHD risk study using 

chemotherapy. Mice were treated with cyclophosphamide (CTX) at 250 mg/kg and then given 10 million 

of transduced T or untransduced T cells (UT). Viability (G) and expansion (H) of BiTE-T cells compared 

to CAR-T and UT cells in in vitro production. (I), Survival. (J), Weight change. (K), Long-term leukemia 

protection by BiTE-T cells. In the same study, survived mice were challenged with NALM6GL cells 4.5 

months after BiTE-T cells. Leukemia cells in peripheral blood were evaluated 3 weeks after challenge. 

 
 

 

  



Fig. S2. BiTE-T cells decrease TCRαβ/CD3 on bystander T cells and secrete significant levels of 

BiTEs in circulation. (A), Representative flow plots of CD19 BiTE-T cells inducing CD3/TCRαβ 

downregulation on HLA-mismatched donor T cells. (B), Her2 BiTE-T cells reduced CD3/TCRαβ 

expression on allogeneic T cells. HLA-A2+ Her2 BiTE-T cells were co-cultured with HLA-A2- PBMCs 

for 5 days without cytokines. Total cells were subjected to flow analysis. C-G are from an in vivo study 



showing BiTE-T cells secrete significant levels of BiTEs in circulation. NSG mice were subcutaneously 

transplanted with A375.Her2 cells and subsequently treated with Her2 BiTE-T cells. Sera were isolated 

one week after T cell injection and added to A375.Her2 cells in the presence of untransduced T cells. 

Seventy-two hour later, cytokines in the supernatant were measured. (C), IFNγ; (D), TNFα; (E), IL2; (F), 

IL6. CD3 on T cells co-cultured with mice sera was measured by flow cytometry (G). T cells co-cultured 

with supernatant from BiTE-T cell culture were used as positive controls. 

 
 
 
 
 



Fig. S3. BiTE-T cells are not as durable as CAR-T cells. BiTE-T cells are not as durable as CAR-T 

cells. (A), T cell expansion in CD19 serial killing assay. (B), NALM6GL cell killing in serial killing 

assay. (C), T cell expansion in A375.Her2 serial killing assay. (D), A375.Her2 cell killing in serial killing 

assay. Panel E (survival) & F (T cell persistence) show in vivo efficacy comparison of CD19 BiTE-T and 



CAR-T cells. Study design see Figure 3i. Panel G (tumor growth) & H (T cell persistence) show in vivo 

efficacy comparison of Her2 BiTE-T and CAR-T cells. Study design see Figure 3D. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Fig. S4. Bioluminescence data of co-stimulation enhanced CD19 BiTE-T cells (BiTE-T+) compared 

to CD19 CAR-T cells. 
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