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Adoptive cell therapy (ACT) utilizing yd T cells is becoming a
promising option for the treatment of cancer, because it offers
an off-the-shelf allogeneic product that is safe, potent, and clin-
ically effective. Approaches to engineer or enhance immune-
competent cells for ACT, like expression of chimeric antigen re-
ceptors (CARs) or combination treatments with bispecific
T cell engagers, have improved the specificity and cytotoxic po-
tential of ACTs and have shown great promise in preclinical
and clinical settings. Here, we test whether electroporation of
Y9 T cells with CAR or secreted bispecific T cell engager (sBite)
mRNA is an effective approach to improve the cytotoxicity of
Y3 T cells. Using a CD19-specific CAR, approximately 60% of
vd T cells are modified after mRNA electroporation and these
cells show potent anticancer activity in vitro and in vivo against
two CD19-positive cancer cell lines. In addition, expression and
secretion of a CD19 sBite enhances vd T cell cytotoxicity, both
in vitro and in vivo, and promotes killing of target cells by
modified and unmodified Y3 T cells. Taken together, we
show that transient transfection of v T cells with CAR or sBite
mRNA by electroporation can be an effective treatment plat-
form as a cancer therapeutic.

INTRODUCTION

Immunotherapies are revolutionizing cancer treatment by harnessing
the immune system to target cancerous cells. Adoptive cell therapy
(ACT) offers a promising direction as an effective cancer therapeutic
by using immune-competent cells in either an autologous or alloge-
neic setting.' Traditionally, ACT utilizes autologous a.p T cells that
are isolated from the patient, engineered to improve their cytotox-
icity, and then re-infused into the patient. Although these therapies
are effective, off-the-shelf allogeneic products have advanced into
clinical testing and have many advantages over autologous strate-
gies.”” v3 T cells are a small subset of lymphocytes that contributes
to the body’s innate and adaptive immunity and are involved in im-
mune surveillance, rapid immune response, and modulating other
immune cells.* 7 v3 T cells are quickly becoming a promising option
for ACT because they are non-alloreactive with limited risk of causing

graft versus host disease, thus allowing their use in allogeneic set-
tings.”” They also exhibit several characteristics that make them
favorable candidates for use in adoptive cell therapy. One of the major
advantages of yd T cells is their ability to recognize antigens in an
MHC-independent manner, which means they do not require
MHC-peptide priming for activation. They recognize several unique
ligands and stress markers that direct their killing toward cancer cells,
including butyrophilin via phosphoantigen activation,'>"" Fas,'* heat
shock proteins,'>'* and MHC class I-related molecules MICA, MICB,
and ULBPs 1-6.'>'® In addition, they perform antibody-dependent
cellular cytotoxicity through expression of CD16 and show promising
anticancer activity when used in combination with therapeutic anti-
bodies.'” " Importantly, 3 T cells can be expanded ex vivo from pe-
ripheral blood with a serum-free protocol for clinical use.”* >

The development of chimeric antigen receptor (CAR) T cell therapy is
among the most promising anticancer therapeutic and has improved
immunotherapies by allowing for a more targeted treatment
approach compared with chemotherapeutics. CAR T cells utilize
the specificity of antibodies and the cytotoxic capabilities of T cells
to target cancer cells. The most successful application of CAR
T cells is the treatment of B-cell malignancies using CD19 CARs
with complete remission rates reaching about 60% for children and
young adults.”® Despite its early success, there are obstacles and lim-
itations that must be addressed to improve patient outcomes and
safety, including cytokine release syndrome, neurotoxicity, acquired
resistance to CAR T cell therapy, and health of the expanded T cell
product.***® Additionally, the development of bispecific antibodies
has shown some success in preclinical and clinical studies.”” ** Bispe-
cific antibodies are a type of engineered antibody containing two
binding regions, allowing for multiple applications including bringing
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immune cells in close contact with target cells, blocking immune
checkpoints, and modulating inflammatory and other signaling path-
ways.”® There are two major types of bispecific antibodies, immuno-
globulin (Ig)G-like and non-IgG-like, with the major difference being
the incorporation of the Fc fragment.”' Blinatumomab is a type of
non-IgG-like bispecific antibody known as a bispecific T cell engager
that is specific to CD19. Bispecific T cell engagers are typically
composed of a CD3-specific scFv linked to an scFv specific to a tumor
antigen, a design that promotes T cell-cancer cell interactions to
improve T cell cytotoxicity, serial killing, and proliferation.”

Immunotherapies utilizing unmodified or engineered y3d T cells have
the potential to be effective cancer treatments. We have previously
published our efforts to optimize the expansion and handling of yd
T cells, as well as identify successful donor characteristics to predict
a more potent cellular product.”’**** These optimizations have re-
sulted in a Food and Drug Administration cleared vd T cell product
candidate for clinical testing against neuroblastoma (NCT05400603).
We have also shown that 3 T cell cytotoxicity can be improved by
upregulating stress antigens on cancer cells through combination
therapy with chemotherapeutics such as temozolomide and bortezo-
mib.”>*” Another approach to improve y3 T cell cytotoxicity is to
genetically engineer these highly potent immune-competent cells.
However, engineering v3 T cells has been variable and inefficient.*®
Advances in mRNA design and transfer over the past several decades
have allowed for increased stability, higher transfection efficiencies,
and rapid expression of proteins.’ In addition, transient engineering
of ¥d T cells offers a number of advantages over stable engineering
and can reduce some of the risks associated with CAR T cell therapy.
For example, in the event of toxicity, treatment can be halted quickly,
and specified doses of cells can be administered for individual cases.
Also, the use of transient engineering strategies can reduce the risk
and duration of cytokine release syndrome because the finite length
of expression limits the overactivation and excessive cytokine release
of CAR T cells. Here we test whether transient engineering of yd
T cells with CAR or secreted bispecific T cell engager (sBite)
mRNA can be an effective cancer treatment platform and an alterna-
tive to the traditional stable CAR expression in a.f T cells.

RESULTS

CD19 CAR expression in electroporated yd T cells

Several electroporation strategies were tested using the BioRad Gene
Pulser Xcell Electroporator or Lonza Nucleofector IIB device.
Although both can be optimized for engineering ex vivo expanded
v T cells, here we show optimization of the BioRad Gene Pulser Xcell
Electroporator using a bicistronic CD19 CAR-GFP construct (Fig-
ure S1). Successful electroporation was determined by GFP expres-
sion (Figure 1A). To determine the optimal conditions for electropo-
ration, increasing cell numbers and mRNA concentrations were
tested for each individual reaction as described in materials and
methods. Cell yield, which we define as the proportion of live cells re-
maining 24hrs after electroporation to the starting number of cells
used for the electroporation reaction, is an important factor when
considering downstream applications. Twenty-four hours after elec-
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troporation, reactions containing between 1 x 10° and 1 x 107 v
T cells showed increasing cell yield with increasing cell number (Fig-
ure 1B). To measure transfection efficiency, three parameters were
examined: GFP mean fluorescence intensity (MFI), GFP* percentage,
and CAR" percentage (Figures 1C and 1D). The MFI for GFP in-
creases with increasing amounts of mRNA per reaction for all cell
numbers. Interestingly, the percentage of GFP" cells and CAR" cells
was similar for all reaction conditions and was found to be around
90% and 60%, respectively. Since reactions with 30pg of mRNA did
not improve any of the tested parameters compared to 15ug, 15ug
of mRNA was used for functional studies. CD19 CAR-expressing
v8 T cells from reactions with 5 x 10° and 1 x 107 were cocultured
for 4 h with 697 cells, a CD19" B cell leukemia cell line, and the
percent cytotoxicity was determined. All effector:target (E:T) ratios
tested resulted in the same cytotoxicity, suggesting that varying the
number of cells per transfection reaction, while keeping the amount
of mRNA constant at 15ug, does not affect the cytotoxicity of the en-
gineered yd T cells (Figure 1E).

As v3 T cells are considered candidates for off-the-shelf ACT, a
freezing step is anticipated. Therefore, these cells can be genetically
engineered either before or after freezing. y3 T cells were electropo-
rated on day 12 of expansion with the CD19 CAR-GFP construct
and were examined before freezing and after a freeze/thaw cycle.
The GFP" percentage was similar (around 90%) prior to freezing
and after freeze/thaw whereas the CAR" percentage prior to freezing
was approximately 60% and decreased to 20-40% after freeze/thaw.
(Figure 2A). Cell viability was also measured and found that the
viability decreased after thawing, compared to after electroporation/
before freezing (Figure S2). To test whether freezing engineered yd
T cells also affected their ability to kill target cells, a cytotoxicity assay
was conducted with yd T cells that were either engineered before
freezing or engineered after freezing (Figure 2B). Both groups per-
formed similarly at low E:T ratios of 0.5:1 and 1:1. However, differ-
ences between the groups were more substantial at the higher E:T ra-
tios of 2:1 and 5:1, with a lower average cytotoxicity of cells
engineered before freezing, compared to engineered after freezing.
Based on these studies, we found electroporating 5x10° to 1x10”
thawed cells with 15pug of mRNA was the optimal conditions for yd
T cell electroporation.

Electroporation of CD19 and CD22 CAR mRNA enhances the
effectiveness of vd T cells

We then engineered an mRNA construct that (1) did not include GFP
and (2) was codon optimized for expression in 3 T cells, as described
in materials and methods. Comparing the codon optimized construct
and the initial GFP-containing construct showed they both resulted in
similar CAR expression and cytotoxicity against 697 cells (Figure S3).
All subsequent functional experiments were conducted with the
codon optimized/non-GFP construct. The efficacy of the engineered
cells was then tested using in vitro cytotoxicity assays against two
B-ALL cell lines, 697 and Nalmé6. First, mock-electroporated yd
T cells or CD19 CAR-expressing yd T cells were cocultured with
697 cells for 4 h at E:T ratios of 0.5:1, 1:1, 2:1, and 5:1 and the percent
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Figure 1. Optimization of yd T cell electroporation with bicistronic CD19 CAR-GFP mRNA

(A) Y3 T cells express GFP after mRNA electroporation using the BioRad Gene Pulser Xcell Electroporator. v3 T cell electroporation was optimized by testing varying cell
numbers and MRNA amounts in each reaction. (B) Cell yield, calculated by determining the proportion of live cells remaining 24 h after electroporation to the starting number
of cells used for the electroporation reaction, was calculated for all reaction conditions and increased as the cell number increased. (C) GFP mean fluorescence intensity (MFI)
was determined by flow cytometry and increased with increasing amounts of mMRNA. (D) The percentage of live cells expressing GFP and the CD19 CAR was similar for all
conditions and was found to be about 90% and 60%, respectively. (E) yd T cell cytotoxicity was determined by flow cytometry to test two promising electroporation reaction
conditions and found no difference when comparing different cell numbers in each reaction.

cytotoxicity was measured by flow cytometry (Figure 3A). The
percent cytotoxicity of the CD19 CAR-expressing yd T cells increased
with increasing effector cells, reaching 85% at the 5:1 E:T ratio, while
the mock-electroporated yd T cells remained constant at <20%. To
further examine the effect of engineering y3 T cells, cytotoxicity as-
says were performed using yd T cells engineered with a CD22 CAR
against the same cell line (Figure 3B). Similar to the CD19 CAR-ex-
pressing Y3 T cells, the cytotoxicity of the CD22 CAR-expressing
v T cells increased with increasing E:T ratios, reaching 82% at the
5:1 E:T ratio.

To further confirm the efficacy of the engineered y3 T cells, CD19
CAR- and CD22 CAR-expressing vd T cells were tested against a sec-
ond B-ALL cell line, Nalmé6 (Figure 3C). Mock-electroporated yd
T cells again had a constant cytotoxicity percentage across all E:T ra-
tios and averaged approximately 6%. In contrast, CD19 CAR-
and CD22 CAR-expressing yd T cells exhibited a dose-dependent
increase in cytotoxicity, reaching 76% and 43% at the 5:1 ratio,
respectively, demonstrating (1) the CD19 CAR-engineered vd
T cells effectively kill B-ALL cell lines in vitro and (2) CD19 CAR-en-
gineered Y3 T cells are slightly more effective than CD22-based CARs
against Nalmé cells. This difference in cytotoxicity can be explained

by lower CD22 expression in Nalmé cells, compared to CD19

. 40
expression.

Electroporation of sBite mRNA enhances the effectiveness of yd
T cells

Co-administration of y3 T cells with bispecific T cell engagers have
shown great promise in preclinical cancer models." ™ To test
whether v T cells engineered to secrete a CD19 bispecific T cell en-
gager would enhance cytotoxicity toward CD19* tumors, we first
developed an mRNA construct using the scFv portion of the CD19
CAR and linked it to an scFv specific to CD3 (Figure S1). sBite
secreted by vd T cells electroporated with 3-15 pg of CD19 sBite
mRNA was measured by ELISA (Figure 4A). yd T cells secrete
15 ng/mL of the sBite with as little as 3 pg mRNA and reached
80 ng/mL when using our standard 15 ug of mRNA. Western blot
analysis of media conditioned by sBite mRNA transfected vd
T cells indicated the sBite was of the expected molecular weight
and was detected after as little as 4 h of culture (Figure S4). To test
whether engineering yd T cells with CD19 sBite mRNA increases
their cytotoxic capability, unmodified and sBite-modified yd T cells
were cocultured with several CD19-positive B-ALL and lymphoma
cell lines in a cytotoxicity assay. As expected, the unmodified y3
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Figure 2. Electroporation of v T cells before freezing results in lower CAR
expression and reduced cytotoxicity

vd T cells were electroporated on day 12 of expansion and were analyzed before
and after freezing. (A) While GFP expression (circles) remained constant at around
90% before and after freezing, the CAR percentage (triangles) decreased from
about 60% before freezing to about 30%-40% after thawing. Closed data points
denote before freezing and open data points denote after thawing. (B) The cyto-
toxicity of CD19 CAR-expressing yd T cells before and after freezing was also
measured to determine if a freeze/thaw cycle effects the cytotoxicity of the en-
gineered cells. Similar cytotoxicity was observed at low effector to target (E:T) ratios;
however, there was a reduction at higher E:T ratios for the thawed engineered cells.

T cells had a modest increase in cytotoxicity with increasing E:T ra-
tios. In contrast, CD19 sBite-modified yd T cells exhibited increased
cytotoxicity for all cell lines and every E:T ratio (Figure 4B). Next, we
tested the specificity of the CD19 sBite using the 697 cell line and a
CRISPR-generated CD19KO 697 cell line. The CD19 sBite-secreting
vd T cells showed greater cytotoxicity toward CD19" 697 cells
compared with unmodified yd T cells, a difference not observed
with CD19KO 697 target cells (Figure 4C). Therefore, the CD19 sBite
secreted by the yd T cells enhanced 3 T cell anti-tumor efficacy in a
CD19-specific manner.

One of the major advantages of engineering y3 T cells with sBites
rather than CARs is that sBites can bind to and activate unmodified
T cells. To test this concept, conditioned media was collected from un-
modified and CD19 sBite-modified v T cells approximately 16 h after
mRNA electroporation. The conditioned media was then mixed with
unmodified or sBite-modified yd T cells and cocultured with 697 cells
(Figure 4D). As expected, the CD19 sBite-modified cells exhibited
increased cytotoxicity regardless of the conditioned media. Notably,
mixing sBite-conditioned media with unmodified cells improved their
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cytotoxicity compared with mixing unmodified cells with unmodified
conditioned media. These results indicate that y3 T cells electroporated
with CD19 sBite mRNA secrete CD19 sBite that enhances the cytotox-
icity of modified, as well as unmodified Y3 T cells.

In vivo trafficking and growth of 697 cells

The 697 cell line provides a reasonable model for in vivo testing of
CD19-based CARs and sBites, as CD19 expression is high (data not
shown). Although 697 cells expand robustly in NSG mice, we show
they (1) rapidly leave the blood stream after infusion, (2) home to
the bone marrow, and (3) form avascular tumor nodules, especially
in the liver (Figure 5A). Tissues were collected from NSG mice 3 weeks
after intravenous injection with 697 cells. Samples from blood, bone
marrow, spleen, and liver were analyzed for the presence of cancer
cells using flow cytometry and histopathology. There were substantial
numbers of CD45"CD3" populations (i.e., 697 cells) in the bone
marrow and a low percentage in the spleen and negligible numbers
in the blood (Figure 5B). In addition, hematoxylin and eosin staining
of tissues revealed sheets of neoplastic lymphocytes in the brain, liver,
lungs, and kidneys, with avascularized nodules found within the liver
(Figure 5C). Gross pathological examination found miliary patterns
with white foci on the liver (Figure S5A).

In contrast to 697 growth in vivo, flow cytometry analysis of samples
from mice administered 3 T cells showed limited CD45*CD3™ (i.e.,
v3 T cells) infiltration in the bone marrow, compared with the blood
and spleen (Figure S5B). Taken together, these results show 697 cells
form non-vascularized pockets of cancer cells within a wide range of
organs. Once seeded in these peripheral compartments, it may be
challenging for engineered y3 T cells to penetrate the 697 tumor nod-
ules. In general, (1) cellular therapies require vascularized tumors and
(2) v3 T cells do not efficiently migrate to the mouse bone marrow, so
it would be predicted that the timing of yd T cell administration is
critical.***> Also, it can be predicted that early treatment could be
effective, but treatments administered after seeding would be less suc-
cessful, as engineered yd T cells would be unable to control cancer
progression once the cancer cells leave circulation.

Engineered y3 T cells reduce tumor burden and improve survival
in NSG B-cell leukemia mouse models

To test the efficacy of engineered yd T cells in vivo, the 697 B-ALL
mouse model was first used. Luciferase-expressing 697 cells were
intravenously injected into the tail vein of NSG mice. The mice
were treated twice a week for 2 weeks with CD19 CAR-expressing
Y3 T cells starting 1 day after cancer cell injection. Bioluminescence
imaging was performed over the course of the experiment. Treating
mice with CD19 CAR-expressing vd T cells delayed tumor progres-
sion and significantly lowered tumor burden, as seen in the biolumi-
nescence images and measured by raw flux values, compared with
control mice (Figures 6A and 6B). In addition to reducing tumor
burden, treating with the CD19 CAR-engineered v3 T cells also
improved survival (Figure 6C). In contrast, as predicted, treatment
of mice 7 days after tumor administration had no effect on overall tu-
mor burden (Figure S6).



www.moleculartherapy.org

A
100 - °
el 697 « =
% 1 . 4 bt
L ——
E 60 PY m  Mock
2 404 L e CD19CAR
() L)
x 1 Py
S 204 ut
o, wimm ol o, Ry
i &2
0 T T 1 T
0:1 0.5:1 1:1 2:1 5:1
E:Tratio
B 100+
1 697 N
> 80 A
s 1 i
E 60 — = Mock
2 ]
3 a0 = A CD22CAR
2 -
20- . Fia E= oz o=
.
0 T T T T T
0:1 0.5:1 1:1 21 5:1
E:Tratio
c 100 ~
w Nalm6
- e,
2 .
L 60 = Mock
5 7 .
£ —— s CD19CAR
S 404 A=
%) A 4 CD22CAR
= o
20+
ol —e— wew -amm —-a e
T T T 1 T
0:1 0.5:1 11 21 5:1

E:Tratio

Figure 3. CD19 CAR- and CD22 CAR-expressing vd T cells enhances
cytotoxicity against two B-ALL cell lines

Effector and target cells were cocultured at the specified E:T ratio for 4 h and the
percent cytotoxicity was determined by flow cytometry. Target cells were stained
with VPD450 to differentiate effector and target cell death. Mock-electroporated,
CD19 CAR-, and CD22 CAR-expressing vd T cells were tested against the B-ALL
celllines 697 (A and B) and Nalm6 (C). While the cytotoxicity of mock-electroporated
vd T cells remained constant over all E:T ratios, CD19 CAR- and CD22 CAR-ex-
pressing vd T cells exhibited a dose-dependent increase in cytotoxicity.

To further test the efficacy of CD19 CAR-engineered vd T cells and
compare CD19 sBite-engineered yd T cells in vivo, a second in vivo
model was established using luciferase-expressing Nalmé cells. Mice
were treated twice a week for 2 weeks and started 1 day after cancer
cell injection. Treatments included either unmodified yd T cells,
CD19 CAR-expressing yd T cells, or CD19 sBite-modified vd
T cells. Prior to administering the engineered cells, CAR expression
was about 60%, as determined by flow cytometric detection of
CDI19Fc binding to yd T cells (Figure 7A). Interestingly, vd
T cells engineered with CD19 sBite mRNA also bound the
CD19Fc with about 40% of cells CD19Fc". In addition, the engi-
neered cells were also tested for their cytotoxic capability against

the Nalmé cell line using an in vitro cytotoxicity assay at E:T ratios
of 1:2 and 2:1, which showed consistent killing with our previous
in vitro experiments (Figure 7B). Mice treated with unmodified yd
T cells exhibited a high tumor burden as early as 1 to 2 weeks after
cancer cell injection. Mice treated with CD19 CAR- or CD19 sBite-
engineered yd T cells exhibited significantly delayed tumor progres-
sion and reduced tumor burden (Figures 7C and 7D). A survival
benefit was also observed with mice treated with CD19 CAR and
CD19 sBite vd T cells, compared with unmodified yd T cells (Fig-
ure 7E). Dual CAR T cells are becoming a promising direction for
immunotherapies and have been shown to improve CAR T cell
killing and limit acquired resistance as they target two different an-
tigens on cancer cells. To examine the effectiveness of dual CAR 3
T cells, mice bearing Nalmé6 cancer cells were also treated twice a
week for 2 weeks with y3 T cells expressing both the CD19 CAR
and CD22 CAR. Compared with the CD19 CAR alone or CD19
sBite, no added benefit was observed by co-expressing CD19/
CD22 CARs based on bioluminescence imaging and survival (Fig-
ure S7). The results from these two in vivo B-ALL models show en-
gineering v3 T cells with either CD19 CAR or CD19 sBite mRNA
effectively delays tumor progression, decreases tumor burden, and
improves survival.

Increasing the dose and frequency of treatments does not
enhance survival

To determine if increasing the frequency and duration of CD19 sBite-
engineered yd T cell administration would further reduce tumor
burden and increase the survival benefit, mice were injected with
luciferase-expressing Nalm6 cells and treated with three doses of
CD19 sBite v3 T cells per week for the first 2 weeks, compared
with the previous twice a week for 2 weeks regimen. In addition,
this was followed by two doses per week during weeks 2 and 3 and
finally one dose per week for the final 2 weeks of treatment (Fig-
ure 8A). Even with increasing the number of doses in the first 2 weeks
and adding additional doses, the in vivo tumor growth was similar
compared with the previous Nalmé experiment (Figures 8B and
8C). A slight increase in survival was observed, but the difference
was not significant compared with the less aggressive treatment
regimen (Figure 8D).

DISCUSSION

Developing novel immunotherapies that are effective and safe is a
critical step in advancing cancer therapeutics. ACT is among the
most promising developments for treating cancer, as these treat-
ment strategies provide the ability to repopulate the patient’s im-
mune system with functional and potent anticancer immunocom-
petent cells. yd T cells are well-suited for ACT, as they bridge the
gap between the innate and adaptive immune system. In fact,
based on a large pan-cancer molecular profiling study, yd T cell
infiltration was identified as the best prognostic marker for favor-
“* Their ability to detect antigens in an MHC-inde-
pendent manner gives them advantages over aff T cells because
they are able to be used in allogeneic settings, and they target can-
cer through endogenous stress markers and phosphoantigen

able outcomes.
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expression that are typically upregulated in cancer cells.”’” In addi-
tion to their rapid immune response capabilities, yd T cells are
also involved in recruiting and priming other immune cells that
can increase anticancer responses. For these reasons, yd T cells
are a promising ACT platform with great potential to improve
cancer therapeutics.

Engineering Y3 T cells has traditionally been an important, albeit
challenging, step toward developing more effective yd T cell thera-
pies. Here, we test a therapeutic platform to engineer vd T cells us-
ing mRNA electroporation to improve their cytotoxicity. First,
mRNA electroporation of y3 T cells was optimized using a CD19
CAR-GFP construct. Based on the measurement of several param-
eters, we found rational conditions for modifying yd T cells and
confirmed the engineered cells were functional in cytotoxicity assays
against B-ALL cell lines. We then tested whether this platform can
be used to engineer y3 T cells to secrete a functional bispecific T cell
engager through mRNA electroporation, and indeed showed sBites
are secreted and significantly improved yd T cell cytotoxicity. In
addition, sBites can improve the cytotoxicity of unmodified yd
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mRNA technologies are rapidly improving for a

wide range of applications, especially in light of

the recent success of COVID vaccines, and
mRNA electroporation has emerged as a promising option for genet-
ically engineering immune-competent cells.***’ The transient nature
of electroporation in combination with y3 T cells offers several ad-
vantages over stable integrating vectors and may even alleviate
some of the limitations of CAR T cell immunotherapies. For example,
cytokine release syndrome is a significant obstacle for CAR T cell pa-
tients and leads to harmful side effects and early treatment termina-
tion. Transient engineering of y3 T cells offers a solution as the tran-
sient nature of the modification would limit the risk of the immune
system’s overactivation.”® Also, Y3 T cells do not form memory re-
sponses so their persistence is typically limited to weeks, which means
treatment can be halted if treatment-related adverse effects were
induced. Another limitation to traditional CAR T cell therapies is
the development of acquired resistance through antigen escape. The
ability for yd T cells to detect stressed cells and phosphoantigen
expression allows for added cytotoxic capabilities beyond CAR activa-
tion. This characteristic of vd T cells can also be used in the context of
combination therapy with chemotherapeutics that have been shown
to upregulate some of the stress markers on cancer cells that are de-
tected by v T cells.””
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Figure 5. v T cells are not able to kill cancer cells once they extravasate
from circulation

(A) In this cancer model, cancer cells are injected i.v. and gradually leave the cir-
culation and form non-vascularized nodules in various organs and other compart-
ments, leaving few cancer cells in circulation by days 3 and 7. Based on this model,
it can be predicted that the timing for y3 T cell treatment is important in treating mice
bearing the 697 cancer cell line. (B) Tissue samples from blood, bone marrow, and
spleen were collected 3 weeks after cancer cell injection to detect the presence of
cancer cells in each compartment (left flow plots are representative). A substantial
number of CD45"CD3~ 697 cells were detected in the bone marrow, while limited
numbers were found in the blood and spleen. (C) Representative hematoxylin and
eosin staining images showing the presence of cancer cells with no vasculature
around the cancer cells. Histopathological analysis revealed the presence of cancer
cells in the brain, liver, lungs, and kidneys, with avascularized nodules found within
the liver.

Although this therapeutic platform alleviates many of the side effects
and obstacles of traditional CAR T cells, a limitation of the transient
engineering technique is the short duration of CAR and sBite expres-
sion, which may limit the length of therapeutic efficacy. The duration
of expression after mRNA electroporation in hematopoietic cells has
been widely studied and has been found to last between 5 and 7 days,
with peak expression occurring after 24-48 h.”' > Despite being
short compared with stable integrating vectors, this is less of an issue
when using Y3 T cells because their persistence is limited in vivo as
they do not mount long-term memory responses. The short half-

life of mRNA expression and limited persistence of ¥ T cells will
need to be addressed clinically but can be countered by increasing
the number of doses.

Currently, the most common engineering platform for immune-
competent cells is the introduction of complementary DNA to ex-
press CARs. However, treatment and combination therapy utilizing
bispecific T cell engagers is effective for several cancer indications.”*
They use the specificity of the scFv portion of an antibody to bridge
T cells and cancer cells by binding to the CD3e fragment of T cells
and an antigen on cancer cells. This binding activates T cells, in-
creases cytotoxicity, and induces immunocompetent cellular prolif-
eration. There have been some studies investigating the combina-
tion of yd T cells and bispecific T cell engagers, which have
shown improvement in cytotoxicity against several types of can-
cer.*'"*33%°% This study tested a novel technique of expressing sBites
in this immune-competent cell, instead of co-administration. Hav-
ing the cells secrete the sBites offers several advantages over co-
infusing the cells with recombinant bispecific T cell engager protein.
An obstacle for these infused therapies, and other non-IgG-like bis-
pecific antibodies, is their short half-life and need for multiple
(indeed sometimes continuous) infusions. Engineering y3 T cells
using electroporation with sBite mRNA allows for continuous
expression as long as the mRNA is within the cells. In addition, hav-
ing the immune-competent cells secrete the sBite allows for a more
targeted treatment approach because, in contrast to systemic admin-
istration, the sBite is secreted locally where it can be most utilized by
immune cells. This concept can be coupled with modulation of che-
mokine receptor expression on the T cells. For example, modifica-
tions to overexpress chemokine receptors on T cells can enhance
their migration to the site of the cancer.”” > This can be done in
a targeted approach, as certain cancers are known to express certain
chemokines and receptors.

Despite showing signs of success, a limitation of this platform is in-
duction of survival benefits without complete cures. Although we
think this is specific to the in vivo models, we did thoroughly pursue
treatment timing strategies, for example, long durations of treatment
and aggressive upfront regimens were tested but provided little
improvement. For example, sBite-modified yd T cells performed
similarly in the protracted or extended regimens, showing that
increased treatments over longer periods did not improve survival.
A priori, this was predicted, as the cancer cells quickly leave the cir-
culation and seed in compartments that are not easily reached by
the yd T cells. yd T cells are most abundant in the blood followed
by the spleen and bone marrow. In contrast, our cancer cell lines
are most abundant in the bone marrow with very few in the blood.
To investigate this hypothesis, tissue samples from mice bearing
697 cancer were collected and analyzed. We found increased presence
of cancer cells in the bone marrow and spleen, compared with the
blood. In addition, based on a histopathological examination,
neoplastic sheets of lymphocytes were found in many organs,
including the brain, liver, lungs, and kidneys. No presence of vascu-
lature was found surrounding the cancer cells, which suggests the
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Figure 6. Engineered yd T cells expressing a CD19 CAR reduce tumor burden and improve survival in the 697 model

(A) NSG mice were injected with 2 x 10° luciferase-expressing 697 cells and bioluminescence images were captured during the course of the experiment. Mice treated with
CD19 CAR-expressing vd T cells on day 1 of the experiment showed a reduction in tumor burden compared with control mice. (B) Raw total flux values were calculated and
showed delayed tumor progression and significantly reduced tumor burden for mice treated with the CD19 CAR-expressing vd T cells (triangles), compared with the control
mice (circles). Statistics were performed using a 2-tailed Student’s t test to compare experimental groups at each given time point. (C) Kaplan-Meier survival curves showed
significantly increased survival in mice treated with CD19 CAR-expressing v T cells (dashed line), compared with control mice (p = 0.02 by log rank test). Control: n = 4; CD19

CAR: n = 3; error bars indicate standard deviation; **p < 0.01.

v3 T cells do not efficiently access these sites. As mentioned above, the
expression of specific chemokine receptors on y3 T cells can be used
to improve the migratory pathways of the cells in vivo. For example,
this concept can be utilized to express CXCR4 to enhance the migra-
tion of Y3 T cells to the bone marrow.

This study investigated the potential of mRNA electroporation as a
therapeutic platform to engineer y3 T cells with either CARs or sBites.
We utilized CD19 as the target antigen, the most commonly studied
target for immunotherapy. However, it can be anticipated that this
therapeutic platform can be applied to many cancers and may be
especially beneficial to those where long-term CAR T persistence is
detrimental, such as targeting antigens that are not cancer specific.
Overall, these results show yd T cells can be modified with CAR or
sBite mRNA through electroporation and the engineered yd T cells
have improved cytotoxicity against cancer, both in vitro and in vivo.

MATERIALS AND METHODS

Cell lines

The luciferase-expressing 697 cell line was kindly provided by the lab-
oratory of Dr. Douglas Graham (Emory University) and the lucif-
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erase-expressing Nalmé cell line was kindly provided by the labora-
tory of Dr. Christopher Porter (Emory University). The CD19
knockout 697 cell line was developed at Expression Therapeutics,
Inc using CRISPR that was directed by a CD19-directed guide
RNA. All cell lines were cultured in RPMI (Corning) with 10%
heat-inactivated fetal bovine serum and 1% penicillin/streptomycin
at 37°C in a 5% CO, incubator.

vd T cell expansion

v3 T cell expansions were performed based on our previously pub-
lished technique.”>*" Briefly, peripheral blood mononuclear cells
(PBMCs) were obtained from healthy donor blood through the
Children’s Clinical Translational Discovery Core at Emory Univer-
sity under the core’s approved institutional review board protocol
or ordered directly from AllCells. PBMCs were isolated from fresh
blood using Ficoll-Paque Plus density centrifugation. To preferen-
tially expand yd T cells, PBMCs were cultured in OpTmizer
containing OpTmizer supplement, 1% penicillin/streptomycin,
and 2 mM L-glutamine (complete OpTmizer). Cells were counted
and resuspended at 2 x 10° cells/mL in fresh media every 3 days.
On days 0 and 3 of expansion, 5 pM Zoledronate and 500 IU/mL
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Figure 7. Engineering y3 T cells with CD19 CAR or sBite mRNA reduces tumor burden and improves survival in the Nalm6é model

NSG mice were injected with 2 x 10° luciferase-expressing Nalmé cells and were treated with unmodified, CD19 CAR-modified, or CD19 sBite-modified y3 T cells on day 1
of the experiment with a treatment regimen of twice a week for 2 weeks. (A) Before injection, unmodified or modified v T cells were analyzed for CAR expression and MFI
using flow cytometry. CAR expression was about 60% for CD19 CAR-expressing yd T cells and, interestingly, the CD19 sBite-modified yd T cells bound to the CD19Fc, with
an average of about 40% CD19Fc positive (left graph). Despite the CD19 sBite-modified yd T cell binding to the CD19Fc, the MFI was minimal compared with the CD19 CAR
(right graph). (B) The cytotoxicity of the unmodified and modified 3 T cells were also examined before injection at E:T ratios of 1:2 and 2:1. The CD19 CAR- and sBite-
modified yd T cells exhibited increased cytotoxicity compared with the unmodified yd T cells. (C) Bioluminescent imaging was performed during the experiment and mice
treated with unmodified v T cells showed a high tumor burden as early as 1 or 2 weeks after cancer cell injection. (D) Raw total flux was determined for each image and
graphed over time to compare treatment with unmodified yd T cells and CD19 CAR-expressing (top graph) or CD19 sBite-expressing yd T cells (bottom graph). Treatment
with modified yd T cells resulted in delayed tumor progression and reduced tumor burden. Statistics were performed using a 2-tailed Student’s t test to compare experimental
groups at each given time point. (E) Kaplan-Meier survival curves were generated to compare survival for each treatment group to treating with unmodified yd T cells.
Treatment with CD19 CAR- and CD19 sBite-expressing yd T cells resulted in a significant survival benefit compared with treating with unmodified y3 T cells (p = 0.01 for CAR
and sBite by log rank test). n = 5; error bars indicate standard deviation; *p < 0.05.

interleukin (IL)-2 were added to the media. On days 6 and 9, 1,000  serum albumin (HSA) and 10% DMSO. Flow cytometry was
IU/mL IL-2 was added to the media. In addition, on day 6 of  performed on days 0, 6, 9, and 12 to confirm successful expansion
expansion, an off depletion step was performed, as previously  and af depletion. Successful expansions resulted in cultures con-
published.'® On day 12 of expansion, ¥ T cells were either used  taining about 90% y3 T cells and 10% natural killer cells
fresh for experiments or frozen in PBS containing 5% human  (Figure S8).
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Figure 8. Longer treatment regimen does not lengthen survival benefit for Nalm6 model

Despite being significant, the survival benefit for the previous in vivo experiments was not as robust as the in vitro data would suggest. (A) To test whether a more extensive
treatment regimen of three doses for the first 2 weeks, two doses for the next 2 weeks, and one dose for the final 2 weeks could further improve the survival benefit. (B) NSG
mice were injected with 2 x 10° luciferase-expressing Nalm6 cells and treated with CD19 sBite-modified v T cells using the more extensive treatment regimen. Biolu-
minescent images were taken and again showed reduced tumor burden for the sBite-treated group, compared with the control group. (C) Graph of raw total flux shows the
more extensive treatment regimen delayed tumor progression and reduced tumor burden, compared with control mice. The inset shows an expansion of the first 20 days of
treatment. Statistics were performed using a 2-tailed Student’s t test. (D) Kaplan-Meier survival curves were generated for the control group and more extensive treatment
regimen of CD19 sBite-expressing vd T cells. As expected, the more extensive treatment regimen resulted in a significant survival benefit compared with the control group
(p =0.01 by log rank test); however, there was no difference in survival when comparing the more extensive treatment regimen with the previous regimen of twice a week for
2 weeks (p = 0.39 by log rank test). Control: n = 3; sBite: n = 4; error bars indicate standard deviation; *p < 0.05.

Construction of mRNA expression vectors

To construct the mRNA expression vectors, plasmid DNA
constructs were first cloned with the T7 promoter. The CD19
CAR and CD22 CAR consisted of the variable heavy and variable
light regions of the FMC63 and M971-L7 antibodies, respectively.
In addition to the scFv portion, the CAR constructs included a
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CDS8 hinge, a CD28 costimulatory and transmembrane domain,
and a CD3¢ signaling domain. The CD19 sBite plasmid consisted
of the scFv portion of the FMC63 antibody for the CD19-specific
region and the OKT3 for the CD3-specific region. Codon
optimization was performed as previously published.”” For
mRNA production, DNA plasmids were first linearized, and the
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mRNA was prepared using the mMessage mMachine T7 Ultra Kit
(Life Technologies).

Electroporation

v3 T cells were either electroporated fresh on day 12 of expansion or
from thawed cells that were frozen on day 12 of expansion. Cells were
thawed in 5% HSA in PBS and were centrifuged at 250 x g for 10 min
at room temperature. The cells were cultured at 4 x 10° cells/mL for
2 h in complete OpTmizer media with 1,000 ITU/mL IL-2. Cells were
then counted and the appropriate cell number for each reaction was
aliquoted, washed twice with PBS, and resuspended in 100 pL
OptiMEM (Life Technologies). The appropriate amount of mRNA
was added to the tube and the mix was transferred to a 4-mm cuvette
(Fisher Scientific). Electroporations using the BioRad’s Gene Pulser
Xcell Electroporator were conducted at 500 V for 5 ms using a square
wave. Cells were collected from the cuvette and cultured overnight at
2 x 10° cells/mL in complete OpTmizer media with 1,000 TU/mL
IL-2. Flow cytometry was used to confirm and analyze CAR expres-
sion after electroporation by labeling cells with a CD19-Fc fusion pro-
tein (AcroBiosystems) and an anti-IgG Fc secondary antibody (Jack-
son Immunoresearch Laboratories).

Cytotoxicity assay

A flow cytometry-based cytotoxicity assay was used to determine the
cytotoxic capabilities of effector cells. Target cells were first stained
with Violet Proliferation Dye 450 (BD Biosciences), in order to differ-
entiate target cells from effector cells. Effector cells and target cells
were cocultured at the specified effector to target ratios for 4 h at
37°Cin 5% CO,. The cells were then washed and resuspended in An-
nexin binding buffer (BioLegend) containing the early apoptosis stain
Annexin V-APC (BioLegend). Right before analysis, 7AAD (BD Bio-
sciences), a late apoptosis and necrosis marker, was added to differen-
tiate live and dead cells. Cytotoxicity was calculated by adding the
7AAD and Annexin V single positive with the double-positive popu-
lation of target cells.

ELISA and western blot

To measure and detect the presence of the CD19 sBite in culture me-
dia, an ELISA and western blot was performed. First, Y3 T cells were
electroporated and cultured overnight (~16 h) and the conditioned
media was collected. To perform the ELISA, streptavidin-coated
plates (Fisher) were coated with biotinylated human CD3e and
CD38 heterodimer protein with His/Avitag (Acro Biosystems).
Conditioned media samples were then added to the plate, with an
anti-CD19-anti-CD3 bispecific antibody (BPS Biosciences) used as
a standard. Next, a CD19Fc fusion protein (R&D Systems) was added
to the plates, followed by horseradish peroxidase (HRP) anti-human
Fc (Jackson Labs). Finally, 3,3',5,5-Tetramethylbenzidine (TMB)
substrate solution (Fisher) was added to the plate and the absorbance
was measured at 450 nm.

To perform the western blot, ¥ T cell conditioned media and anti-
CD19-anti-CD3 bispecific antibody standards (BPS Biosciences)
were prepared under reducing conditions. Next, separation by SDS-

PAGE and transfer to a nitrocellulose membrane was performed.
The blocked membrane was incubated with an anti-His antibody
(R&D Research), followed by an HRP goat anti-mouse IgG secondary
antibody (Abcam).

In vivo B-ALL models

All animal studies were conducted in accordance with Institutional
Animal Care and Use Committee regulations. Eight-week-old
NOD.Cg-Prkdc*““IL2rg"™"1!/Sz] (NSG) mice were purchased from
Jackson Laboratory and housed in a pathogen-free facility. To estab-
lish the B-cell leukemia models, 2 x 10° luciferase-expressing 697 or
Nalmé6 cells were intravenously (i.v.) injected through the tail vein.
Treatments with unmodified or engineered y3 T cells started 1 day
after cancer cell inoculation and followed one of two treatment regi-
mens, twice a week for 2 weeks or a more extensive treatment regimen
as seen in Figure 7A. Each dose included 1 x 10” unmodified or en-
gineered yd T cells. Frozen vd T cells were thawed and prepared for
electroporation as described above. After electroporation, cells were
cultured for 2.5 h in complete OpTmizer with 1,000 IU/mL IL-2.
The cells were then washed twice with PBS, resuspended in fresh
PBSat1 x 107 cells/100 pL, and administered i.v. For in vivo imaging,
mice were anesthetized with 2% inhaled isoflurane and biolumines-
cence images were taken with the IVIS Spectrum imaging system
(PerkinElmer).

Tissue collection and analysis

Mouse tissue collection was performed at endpoint of the specified
experiment. Mouse blood was collected via submandibular or retro-
orbital veins in tubes containing 0.5M EDTA. Samples were centri-
fuged at 2,400 x g for 15 min at 4°C. The plasma layer was discarded,
the pellet resuspended in 100 puL PBS, and three RBC lysis steps were
performed. RBS lysis was conducted by adding 3 mL of RBC lysis
buffer. The samples were then vortexed and incubated at room tem-
perature for 10 min. The samples were centrifuged at 300 x g for
10 min and the supernatant was discarded. Samples were resuspended
in 100 pL PBS and were stained for flow cytometry. Mouse spleens
were processed by first pressing the tissue through a 40-pum mesh.
The samples were then centrifuged at 300 x g for 10 min at 4°C.
One RBS lysis step was performed as described above. Mouse livers
were processed as previously published.’" Briefly, livers were collected
and placed in dishes containing PBS. The livers were pressed through
a 70-pum mesh and then centrifuged at 30 x g for 3 min. The super-
natant was collected and centrifuged again at 320 x g for 5 min. The
cells were resuspended in 33% Percoll in PBS and centrifuged at
500 x g for 15 min with the break off. The cell pellet was resuspended
in RBC lysis buffer and incubated at room temperature for 5 min. The
samples were centrifuged at 300 x g for 10 min and resuspended
in PBS.

Statistical analysis

All statistics were performed on GraphPad Prism 9. Unpaired two-
tailed Student’s t tests were used for statistical significance. A log
rank (Mantel-Cox) test was performed on the Kaplan-Meier survival
curves to determine significance between curves. Sample size is shown
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on graphs as individual data points or specified for that experiment.
Error bars represent standard deviation and statistical significance
was defined as p < 0.05, unless otherwise stated.

DATA AVAILABILITY

All raw data are available upon request.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.0mt0.2023.05.007.

ACKNOWLEDGMENTS

This work was supported by grants from Curing Kids Cancer and the
National Institute of Health under R21 Grant [5R21CA223300]. The
697 cell line was generously donated by Dr. Douglas Graham’s labo-
ratory at Emory University and the Nalmé6 cell line was generously
donated by Dr. Christopher Porter’s laboratory at Emory University.
We also thank Gabriela Denning (Expression Therapeutics) for her
help and consultation and Andrew Fedanov (Emory University) for
his help with mRNA production.

AUTHOR CONTRIBUTIONS

S.A.B. drafted the manuscript. S.A.B., B.P., HB,, S.S.R.,, C.D, and
H.T.S. contributed to the conception, design of experiments, and
data analysis. S.A.B, B.P., B.Y., and K.K. acquired the data. All authors
reviewed, edited, and approved the final version.

DECLARATION OF INTERESTS

B.P., B.Y., and H.B. are employees of Expression Therapeutics, which
is developing cancer treatments based on engineered yd T cells.
H.T.S. and C.D. have equity in Expression Therapeutics.

REFERENCES

1. Rosenberg, S.A., Restifo, N.P., Yang, J.C., Morgan, R.A., and Dudley, M.E. (2008).
Adoptive cell transfer: a clinical path to effective cancer immunotherapy. Nat. Rev.
Cancer 8, 299-308.

]

. Depil, S., Duchateau, P., Grupp, S.A., Mufti, G., and Poirot, L. (2020). *Off-the-shelf
allogeneic CAR T cells: development and challenges. Nat. Rev. Drug Discov. 19,
185-199.

w

. McCreedy, B.J., Senyukov, V.V, and Nguyen, K.T. (2018). Off the shelf T cell thera-
pies for hematologic malignancies. Best Pract. Res. Clin. Haematol. 31, 166-175.

4. Mirzaei, HR,, Mirzaei, H,, Lee, S.Y., Hadjati, J., and Till, B.G. (2016). Prospects for

chimeric antigen receptor (CAR) yd T cells: a potential game changer for adoptive

T cell cancer immunotherapy. Cancer Lett. 380, 413-423.

w

. Ribot, J.C,, Lopes, N., and Silva-Santos, B. (2021). v T cells in tissue physiology and
surveillance. Nat. Rev. Immunol. 21, 221-232.

(=2}

. Brandes, M., Willimann, K., Bioley, G., Lévy, N., Eberl, M., Luo, M., Tampé, R., Lévy,
F., Romero, P., and Moser, B. (2009). Cross-presenting human gammadelta T cells
induce robust CD8+ alphabeta T cell responses. Proc. Natl. Acad. Sci. USA 106,
2307-2312.

~

. Capsomidis, A., Benthall, G., Van Acker, H.H., Fisher, J., Kramer, A.M., Abeln, Z.,
Majani, Y., Gileadi, T., Wallace, R., Gustafsson, K., et al. (2018). Chimeric antigen re-
ceptor-engineered human gamma delta T cells: enhanced cytotoxicity with retention
of cross presentation. Mol. Ther. 26, 354-365.

el

. Jarry, U,, Chauvin, C,, Joalland, N., Léger, A., Minault, S., Robard, M., Bonneville, M.,
Oliver, L., Vallette, F.M., Vié, H., et al. (2016). Stereotaxic administrations of alloge-

156 Molecular Therapy: Oncolytics Vol. 29 June 2023

Nl

20.

21.

22.

23.

24.

25.

Molecular Therapy: Oncolytics

neic human Vy9Va2 T cells efficiently control the development of human glioblas-
toma brain tumors. Oncoimmunology 5, e1168554.

. Lamb, L.S,, Jr., Musk, P, Ye, Z., van Rhee, F., Geier, S.S., Tong, J.J., King, K.M., and

Henslee-Downey, P.J. (2001). Human gammadelta(+) T lymphocytes have in vitro
graft vs leukemia activity in the absence of an allogeneic response. Bone Marrow
Transpl. 27, 601-606.

. Rigau, M., Ostrouska, S., Fulford, T.S., Johnson, D.N., Woods, K., Ruan, Z.,

McWilliam, H.E.G.,, Hudson, C. Tutuka, C., Wheatley, AK, et al. (2020).
Butyrophilin 2A1 is essential for phosphoantigen reactivity by yd T cells. Science
367, eaay5516.

. Gu, S, Sachleben, J.R,, Boughter, C.T., Nawrocka, W.I., Borowska, M.T., Tarrasch,

J.T., Skiniotis, G., Roux, B., and Adams, E.J. (2017). Phosphoantigen-induced confor-
mational change of butyrophilin 3A1 (BTN3A1) and its implication on Vy9V32
T cell activation. Proc. Natl. Acad. Sci. USA 114. E7311-7320.

. Li, Z.,, Xu, Q,, Peng, H., Cheng, R,, Sun, Z., and Ye, Z. (2011). IFN-y enhances HOS

and U20S cell lines susceptibility to yd T cell-mediated killing through the Fas/Fas
ligand pathway. Int. Inmunopharmacol. 11, 496-503.

. Thomas, M.L., Samant, U.C., Deshpande, R.K., and Chiplunkar, S.V. (2000).

Gammadelta T cells lyse autologous and allogenic oesophageal tumours: involvement
of heat-shock proteins in the tumour cell lysis. Cancer Immunol. Immunother. 48,
653-659.

. Zhang, H., Hu, H,, Jiang, X,, He, H., Cui, L., and He, W. (2005). Membrane HSP70:

the molecule triggering gammadelta T cells in the early stage of tumorigenesis.
Immunol. Invest. 34, 453-468.

. Das, H., Groh, V., Kuijl, C., Sugita, M., Morita, C.T., Spies, T., and Bukowski, J.F.

(2001). MICA engagement by human Vgamma2Vdelta2 T cells enhances their anti-
gen-dependent effector function. Immunity 15, 83-93.

. Wu, ], Groh, V., and Spies, T. (2002). T cell antigen receptor engagement and spec-

ificity in the recognition of stress-inducible MHC class I-related chains by human
epithelial gamma delta T cells. J. Immunol. 169, 1236-1240.

. Hoeres, T., Pretscher, D., Holzmann, E., Smetak, M., Birkmann, J., Triebel, J., Bertsch,

T., and Wilhelm, M. (2019). Improving immunotherapy against B-cell malignancies
using yd T-cell-specific stimulation and therapeutic monoclonal antibodies.
J. Immunother. 42, 331-344.

. Capietto, A.H., Martinet, L., and Fournié, J.J. (2011). Stimulated y3 T cells increase

the in vivo efficacy of trastuzumab in HER-2+ breast cancer. J. Immunol. 187,
1031-1038.

. Zoine, J.T., Knight, K.A., Fleischer, L.C., Sutton, K.S., Goldsmith, K.C., Doering, C.B.,

and Spencer, H.T. (2019). Ex vivo expanded patient-derived yd T-cell immuno-
therapy enhances neuroblastoma a murine model.
Oncoimmunology 8, 1593804.

tumor regression in

Sutton, K.S., Dasgupta, A., McCarty, D., Doering, C.B., and Spencer, H.T. (2016).
Bioengineering and serum free expansion of blood-derived Y3 T cells. Cytotherapy
18, 881-892.

Burnham, R.E., Zoine, ].T., Story, ].Y., Garimalla, S.N., Gibson, G., Rae, A., Williams,
E., Bixby, L., Archer, D., Doering, C.B., and Spencer, H.T. (2020). Characterization of
donor variability for 3 T cell ex vivo expansion and development of an allogeneic v
T cell immunotherapy. Front. Med. 7, 588453.

Wang, RN., Wen, Q., He, W.T., Yang, ].H., Zhou, C.Y.,, Xiong, W.J,, and Ma, L.
(2019). Optimized protocols for yd T cell expansion and lentiviral transduction.
Mol. Med. Rep. 19, 1471-1480.

Shah, N.N., Lee, D.W., Yates, B., Yuan, C.M., Shalabi, H., Martin, S., Wolters, P.L.,
Steinberg, S.M., Baker, E.H., Delbrook, C.P., et al. (2021). Long-term follow-up of
CD19-CAR T-cell therapy in children and young adults with B-ALL. J. Clin.
Oncol. 39, 1650-1659.

Zhang, X., Zhu, L., Zhang, H., Chen, S., and Xiao, Y. (2022). CAR-T cell therapy in
hematological ~malignancies: opportunities challenges.
Immunol. 13, 927153.

current and Front.

Mehta, P.H., Fiorenza, S., Koldej, R M., Jaworowski, A., Ritchie, D.S., and Quinn,
K.M. (2021). T cell fitness and autologous CAR T cell therapy in haematologic ma-
lignancy. Front. Immunol. 12, 780442.


https://doi.org/10.1016/j.omto.2023.05.007
https://doi.org/10.1016/j.omto.2023.05.007
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref1
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref1
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref1
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref2
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref2
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref2
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref3
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref3
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref4
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref4
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref4
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref5
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref5
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref6
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref6
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref6
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref6
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref7
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref7
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref7
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref7
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref8
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref8
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref8
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref8
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref9
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref9
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref9
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref9
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref10
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref10
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref10
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref10
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref11
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref11
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref11
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref11
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref12
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref12
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref12
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref13
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref13
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref13
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref13
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref14
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref14
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref14
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref15
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref15
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref15
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref16
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref16
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref16
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref17
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref17
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref17
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref17
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref18
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref18
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref18
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref19
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref19
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref19
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref19
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref20
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref20
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref20
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref21
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref21
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref21
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref21
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref22
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref22
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref22
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref23
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref23
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref23
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref23
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref24
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref24
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref24
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref25
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref25
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref25

www.moleculartherapy.org

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Fraietta, J.A., Lacey, S.F., Orlando, E.J., Pruteanu-Malinici, I., Gohil, M., Lundh, S.,
Boesteanu, A.C., Wang, Y., O’Connor, RS., Hwang, W.T., et al. (2018).
Determinants of response and resistance to CD19 chimeric antigen receptor (CAR)
T cell therapy of chronic lymphocytic leukemia. Nat. Med. 24, 563-571.

Topp, M.S., Gokbuget, N., Stein, A.S., Zugmaier, G., O’Brien, S., Bargou, R.C,,
Dombret, H., Fielding, A.K., Heffner, L., Larson, R.A., et al. (2015). Safety and activity
of blinatumomab for adult patients with relapsed or refractory B-precursor acute
lymphoblastic leukaemia: a multicentre, single-arm, phase 2 study. Lancet Oncol.
16, 57-66.

Linke, R., Klein, A., and Seimetz, D. (2010). Catumaxomab: clinical development and
future directions. MAbs 2, 129-136.

Thakur, A., Huang, M., and Lum, L.G. (2018). Bispecific antibody based therapeutics:
strengths and challenges. Blood Rev. 32, 339-347.

Ma, J., Mo, Y., Tang, M., Shen, J., Qi, Y., Zhao, W., Huang, Y., Xu, Y., and Qian, C.
(2021). Bispecific antibodies: from Research to clinical application. Front. Immunol.
12, 626616.

Li, H., Er Saw, P., and Song, E. (2020). Challenges and strategies for next-generation
bispecific antibody-based antitumor therapeutics. Cell. Mol. Immunol. 17, 451-461.

Hoffmann, P., Hofmeister, R., Brischwein, K., Brandl, C., Crommer, S., Bargou, R.,
Itin, C,, Prang, N., and Baeuerle, P.A. (2005). Serial killing of tumor cells by cytotoxic
T cells redirected with a CD19-/CD3-bispecific single-chain antibody construct. Int.
J. Cancer 115, 98-104.

Jonus, H.C., Burnham, RE., Ho, A, Pilgrim, A.A., Shim, J., Doering, C.B., Spencer,
H.T., and Goldsmith, K.C. (2022). Dissecting the cellular components of ex vivo
v T cell expansions to optimize selection of potent cell therapy donors for neuroblas-
toma immunotherapy trials. Oncoimmunology 11, 2057012.

Burnham, R.E,, Tope, D., Branella, G., Williams, E., Doering, C.B., and Spencer, H.T.
(2021). Human serum albumin and chromatin condensation rescue ex vivo expanded
Y3 T cells from the effects of cryopreservation. Cryobiology 99, 78-87.

Lamb, L.S., Pereboeva, L., Youngblood, S., Gillespie, G.Y., Nabors, L.B., Markert, ].M.,
Dasgupta, A., Langford, C., and Spencer, H.T. (2021). A combined treatment regimen
of MGMT-modified v T cells and temozolomide chemotherapy is effective against
primary high grade gliomas. Sci. Rep. 11, 21133.

Lamb, L.S., Jr., Bowersock, J., Dasgupta, A., Gillespie, G.Y., Su, Y., Johnson, A., and
Spencer, H.T. (2013). Engineered drug resistant yd T cells kill glioblastoma cell lines
during a chemotherapy challenge: a strategy for combining chemo- and immuno-
therapy. PLoS One 8, e51805.

Story, J.Y., Zoine, J.T, Burnham, R.E., Hamilton, J.A.G., Spencer, H.T., Doering, C.B.,
and Raikar, S.S. (2021). Bortezomib enhances cytotoxicity of ex vivo-expanded
gamma delta T cells against acute myeloid leukemia and T-cell acute lymphoblastic
leukemia. Cytotherapy 23, 12-24.

Fisher, J., and Anderson, J. (2018). Engineering approaches in human gamma delta
T cells for cancer immunotherapy. Front. Immunol. 9, 1409.

Tavernier, G., Andries, O., Demeester, J., Sanders, N.N., De Smedt, S.C., and Rejman,
J. (2011). mRNA as gene therapeutic: how to control protein expression. J. Control
Release 150, 238-247.

Haso, W., Lee, D.W., Shah, N.N., Stetler-Stevenson, M., Yuan, C.M., Pastan, LH.,
Dimitrov, D.S., Morgan, R.A., FitzGerald, D.J., Barrett, D.M., et al. (2013). Anti-
CD22-chimeric antigen receptors targeting B-cell precursor acute lymphoblastic leu-
kemia. Blood 121, 1165-1174.

Park, J.A., Santich, B.H., Xu, H,, Lum, L.G., and Cheung, N.K.V. (2021). Potent
ex vivo armed T cells using recombinant bispecific antibodies for adoptive immuno-
therapy with reduced cytokine release. J. Imnmunother. Cancer 9, €002222.

de Weerdt, 1., Lameris, R., Ruben, ].M., de Boer, R., Kloosterman, J., King, L.A., Levin,
M.D,, Parren Paul, W.H.L, de Gruijl, T.D., Kater, A.P., and van der Vliet, H.J. (2021).
A bispecific single-domain antibody boosts autologous Vy9V32-T cell responses to-
ward CD1d in chronic lymphocytic leukemia. Clin. Cancer Res. 27, 1744-1755.

Ganesan, R., Chennupati, V., Ramachandran, B., Hansen, M.R,, Singh, S., and
Grewal, LS. (2021). Selective recruitment of yd T cells by a bispecific antibody for
the treatment of acute myeloid leukemia. Leukemia 35, 2274-2284.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Huang, Y., Kim, B.Y.S,, Chan, C K., Hahn, S.M., Weissman, L.L., and Jiang, W. (2018).
Improving immune-vascular crosstalk for cancer immunotherapy. Nat. Rev.
Immunol. 18, 195-203.

Kankeu Fonkoua, L.A.,, Sirpilla, O., Sakemura, R,, Siegler, E.L., and Kenderian, S.S.
(2022). CAR T cell therapy and the tumor microenvironment: current challenges
and opportunities. Mol. Ther. Oncolytics 25, 69-77.

Gentles, A.J., Newman, A.M,, Liu, CL., Bratman, S.V., Feng, W., Kim, D., Nair, V.S,,
Xu, Y., Khuong, A., Hoang, C.D., et al. (2015). The prognostic landscape of genes and
infiltrating immune cells across human cancers. Nat. Med. 21, 938-945.

Simées, A.E., Di Lorenzo, B., and Silva-Santos, B. (2018). Molecular determinants of
target cell recognition by human yd T cells. Front. Immunol. 9, 929.

Sahin, U., Karikd, K., and Tiireci, O. (2014). mRNA-based therapeutics-developing a
new class of drugs. Nat. Rev. Drug Discov. 13, 759-780.

Ladak, RJ., He, AJ.,, Huang, Y.H., and Ding, Y. (2022). The current landscape of
mRNA vaccines against viruses and cancer-A mini review. Front. Immunol. 13,
885371.

Foster, ].B., Choudhari, N., Perazzelli, J., Storm, J., Hofmann, T.]., Jain, P., Storm, P.B.,
Pardi, N., Weissman, D., Waanders, A.]., et al. (2019). Purification of mRNA encod-
ing chimeric antigen receptor is critical for generation of a robust T-cell response.
Hum. Gene Ther. 30, 168-178.

Harrer, D.C.,, Simon, B., Fujii, S.I, Shimizu, K., Uslu, U,, Schuler, G., Gerer, K.F.,
Hoyer, S., Dérrie, J., and Schaft, N. (2017). RNA-transfection of v/3 T cells with a
chimeric antigen receptor or an a./B T-cell receptor: a safer alternative to genetically
engineered o/f T cells for the immunotherapy of melanoma. BMC Cancer 17, 551.

Campillo-Davo, D., Fujiki, F., Van den Bergh, J.M.]., De Reu, H., Smits Evelien,
LJ.M,, Goossens, H., Sugiyama, H., Lion, E., Berneman, Z.N., and Van Tendeloo,
V. (2018). Efficient and non-genotoxic RNA-based engineering of human T cells us-
ing tumor-specific T cell receptors with minimal TCR mispairing. Front. Immunol.
9, 2503.

Van Tendeloo, V.F,, Ponsaerts, P., Lardon, F., Nijs, G., Lenjou, M., Van Broeckhoven,
C., Van Bockstaele, D.R., and Berneman, Z.N. (2001). Highly efficient gene delivery
by mRNA electroporation in human hematopoietic cells: superiority to lipofection
and passive pulsing of mRNA and to electroporation of plasmid cDNA for tumor an-
tigen loading of dendritic cells. Blood 98, 49-56.

Zhou, S., Liu, M., Ren, F., Meng, X,, and Yu, J. (2021). The landscape of bispecific
T cell engager in cancer treatment. Biomark. Res. 9, 38.

Chen, Y.H., Wang, Y., Liao, C.H., and Hsu, S.C. (2021). The potential of adoptive
transfer of Y982 T cells to enhance blinatumomab’s antitumor activity against
B-cell malignancy. Sci. Rep. 11, 12398.

Oberg, H.H., Peipp, M., Kellner, C., Sebens, S., Krause, S., Petrick, D., Adam-Klages,
S., Rocken, C., Becker, T., Vogel, L, et al. (2014). Novel bispecific antibodies increase
vd T-cell cytotoxicity against pancreatic cancer cells. Cancer Res. 74, 1349-1360.

Foeng, J., Comerford, I., and McColl, S.R. (2022). Harnessing the chemokine system
to home CAR-T cells into solid tumors. Cell Rep. Med. 3, 100543.

Di Stasi, A., De Angelis, B., Rooney, C.M., Zhang, L., Mahendravada, A., Foster, A.E.,
Heslop, H.E., Brenner, M.K,, Dotti, G., and Savoldo, B. (2009). T lymphocytes coex-
pressing CCR4 and a chimeric antigen receptor targeting CD30 have improved hom-
ing and antitumor activity in a Hodgkin tumor model. Blood 113, 6392-6402.

Idorn, M., Skadborg, S.K., Kellermann, L., Halldérsdéttir, H.R., Holmen Olofsson, G.,
Met, O., and Thor Straten, P. (2018). Met O., Thor Straten P. Chemokine receptor
engineering of T cells with CXCR2 improves homing towards subcutaneous human
melanomas in xenograft mouse model. Oncoimmunology 7, e1450715.

Brown, H.C,, Zakas, P.M., George, S.N., Parker, E.T., Spencer, H.T., and Doering, C.B.
(2018). Target-cell-directed bioengineering approaches for gene therapy of hemo-
philia A. Mol. Ther. Methods Clin. Dev. 9, 57-69.

Ujiie, H., and Shevach, E.M. (2016). yvd T Cells protect the liver and lungs of mice
from autoimmunity induced by scurfy lymphocytes. J. Immunol. 196, 1517-1528.

Molecular Therapy: Oncolytics Vol. 29 June 2023 157


http://refhub.elsevier.com/S2372-7705(23)00040-2/sref26
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref26
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref26
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref26
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref27
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref27
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref27
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref27
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref27
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref28
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref28
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref29
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref29
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref30
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref30
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref30
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref31
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref31
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref32
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref32
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref32
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref32
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref33
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref33
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref33
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref33
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref34
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref34
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref34
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref35
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref35
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref35
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref35
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref36
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref36
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref36
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref36
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref37
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref37
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref37
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref37
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref38
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref38
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref39
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref39
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref39
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref40
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref40
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref40
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref40
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref41
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref41
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref41
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref42
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref42
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref42
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref42
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref43
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref43
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref43
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref44
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref44
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref44
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref45
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref45
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref45
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref46
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref46
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref46
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref47
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref47
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref48
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref48
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref49
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref49
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref49
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref50
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref50
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref50
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref50
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref51
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref51
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref51
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref51
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref52
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref52
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref52
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref52
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref52
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref53
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref53
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref53
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref53
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref53
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref54
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref54
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref55
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref55
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref55
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref56
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref56
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref56
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref57
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref57
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref58
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref58
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref58
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref58
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref59
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref59
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref59
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref59
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref60
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref60
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref60
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref61
http://refhub.elsevier.com/S2372-7705(23)00040-2/sref61
http://www.moleculartherapy.org

	Enhancing the effectiveness of γδ T cells by mRNA transfection of chimeric antigen receptors or bispecific T cell engagers
	Introduction
	Results
	CD19 CAR expression in electroporated γδ T cells
	Electroporation of CD19 and CD22 CAR mRNA enhances the effectiveness of γδ T cells
	Electroporation of sBite mRNA enhances the effectiveness of γδ T cells
	In vivo trafficking and growth of 697 cells
	Engineered γδ T cells reduce tumor burden and improve survival in NSG B-cell leukemia mouse models
	Increasing the dose and frequency of treatments does not enhance survival

	Discussion
	Materials and methods
	Cell lines
	γδ T cell expansion
	Construction of mRNA expression vectors
	Electroporation
	Cytotoxicity assay
	ELISA and western blot
	In vivo B-ALL models
	Tissue collection and analysis
	Statistical analysis

	Data availability
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


