Microenvironment and Immunology

Cancer
Research

Multiple Injections of Electroporated Autologous T Cells
Expressing a Chimeric Antigen Receptor Mediate
Regression of Human Disseminated Tumor

Yangbing Zhao', Edmund Moon?, Carmine Carpenito’, Chrystal M. Paulos’, Xiaojun Liu’,
Andrea L. Brennan', Anne Chew’, Richard G. Carroll', John Scholler,

Bruce L. Levine', Steven M. Albelda?, and Carl H. June'

Abstract

Redirecting T lymphocyte antigen specificity by gene transfer can provide large numbers of tumor-reactive
T lymphocytes for adoptive immunotherapy. However, safety concerns associated with viral vector production
have limited clinical application of T cells expressing chimeric antigen receptors (CAR). T lymphocytes can be
gene modified by RNA electroporation without integration-associated safety concerns. To establish a safe
platform for adoptive immunotherapy, we first optimized the vector backbone for RNA in vitro transcription
to achieve high-level transgene expression. CAR expression and function of RNA-electroporated T cells could
be detected up to a week after electroporation. Multiple injections of RNA CAR-electroporated T cells me-
diated regression of large vascularized flank mesothelioma tumors in NOD/scid/yc(-/-) mice. Dramatic tu-
mor reduction also occurred when the preexisting intraperitoneal human-derived tumors, which had been
growing in vivo for >50 days, were treated by multiple injections of autologous human T cells electroporated
with anti-mesothelin CAR mRNA. This is the first report using matched patient tumor and lymphocytes
showing that autologous T cells from cancer patients can be engineered to provide an effective therapy
for a disseminated tumor in a robust preclinical model. Multiple injections of RNA-engineered T cells are
a novel approach for adoptive cell transfer, providing flexible platform for the treatment of cancer that
may complement the use of retroviral and lentiviral engineered T cells. This approach may increase the ther-
apeutic index of T cells engineered to express powerful activation domains without the associated safety

concerns of integrating viral vectors. Cancer Res; 70(22); 9053-61. ©2010 AACR.

Introduction

Adoptive transfer of CTLs has shown great promise in
both viral infections and cancers. After many years of disap-
pointing results with chimeric antigen receptor (CAR) T-cell
therapy, improved culture systems and cell engineering tech-
nologies are leading to CAR T cells with more potent anti-
tumor effects (1). Results from recent clinical trials indicate
improved clinical results with CARs introduced with retrovi-
ral vectors (2, 3). Perhaps not surprisingly, these CAR T cells
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also exhibit enhanced toxicity (4, 5). Recent editorials have
discussed the need for safer CARs (6, 7).

The receptor transfer strategies described above used ret-
roviral vector transduction that results in stable genomic in-
tegration of the transgene. This allows for constitutive
expression of the transgenic receptors. However, the integra-
tion of the provirus into the genome bears the risk of inser-
tional mutagenesis and, at least theoretically, malignant
transformation of the transduced cells. In addition, stable ex-
pression of the transgene may be a disadvantage when unin-
tended cross-reactivity of the transgenic immunoreceptor
results in severe adverse effects as reported recently (5, 8).

Here, we report that by combining a robust T-cell culture
system (9) with the optimized mRNA CAR electroporation
protocol described herein, we have developed a platform
that has the potential to increase the therapeutic window
with CARs that contain increasingly potent signaling do-
mains. Using good manufacturing practice (GMP)-grade
RNA encoding a CAR against mesothelin, a glycosyl-
phosphatidylinositol-linked molecule that is overexpressed
on ovarian and pancreatic cancer and mesothelioma (10),
we show robust antitumor effects in preclinical models.
Most notably, significantly prolonged survival and reduced
tumor burden was observed in treated mice compared with
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control groups, even when using autologous T cells from a
patient with advanced metastatic cancer. Electroporation of
T cells with optimized RNA CARs provides a novel and
cost-efficient platform for the treatment of cancer without
the associated safety concerns of integrating gene vectors.

Materials and Methods

Construction of in vitro transcription mRNA
vectors for CARs

Mesothelin (ss1) and CD19-specific CARs (11, 12) were op-
timized as described in detail in Supplementary Materials
and Methods.

RNA in vitro transcription

Three RNA in vitro transcription (IVT) systems were used
to optimize RNA expression in T cells as described in detail
in Supplementary Materials and Methods.

T-cell culture

Anonymous healthy donors donated lymphocytes at the
University of Pennsylvania Apheresis Unit after informed
consent under an Institutional Review Board-approved pro-
tocol, and T cells were purified by elutriation. In some experi-
ments, we used cryopreserved T cells and tumor cells from
the same patient. “Patient 108” had malignant mesothelioma.
As part of an earlier clinical trial, this patient underwent leu-
kapheresis and had tumor cells generated from his malignant
pleural effusion. T cells were activated by addition of CD3/
CD28 beads (Invitrogen) and a single cycle of stimulation
as described (9). For the experiment shown in Fig. 5, patient
108 T cells were stimulated with irradiated artificial antigen-
presenting cells expressing 4-1BBL and loaded with anti-CD3
monoclonal antibody (mAb) OKT3 and CD28 mAb 9.3 as
described (13). T cells were maintained at a density of
0.8 x 10° to 1 x 10° cells/mL in RPMI 1640 with 10% FCS
and 1% penicillin-streptomycin (R10) after bead stimulation.

RNA electroporation of T cells
Activated T cells were electroporated on day 10 of culture
as described in Supplementary Materials and Methods.

Flow CTL
A slightly modified version of a flow cytometry cytotoxicity
assay was used (14).

Mouse xenograft studies

Studies were performed as previously described with cer-
tain modifications (15, 16) as described in Supplementary
Materials and Methods.

Statistical considerations

Analysis was performed with STATA version 10 (Stata-
Corp) or Prism 4 (GraphPad Software). In vitro data represent
means of duplicates, and comparisons of means were made
via Mann-Whitney test. For comparison among multiple
groups, Kruskal-Wallis analysis was performed with Dunn

multiple comparison tests to compare individual groups. Sur-
vival curves were compared using the log-rank test with a
Bonferroni correction for comparing multiple curves.

Results

Electroporation of RNA CARs mediates variable
expression in stimulated T cells

We have previously reported that anti-mesothelin ss1 scFv
CARs with combinations of CD3{, CD28, and 4-1BB activa-
tion domains are highly and stably expressed in T cells when
introduced using lentiviral vector technology (11). Human
T cells were activated for 10 days as previously described (9),
and as the cells returned to a near resting state, they were
electroporated with RNA encoding the ss1 scFv with the pre-
viously described combinations of signaling moieties. We
found that the level of transgene expression was not uniform
(Supplementary Fig. S1), as T cells electroporated with CAR
bearing CD3¢ alone (ssl-z) showed the highest transgene
expression, followed by nearly equivalent levels of ss1-28z
(CD28 + CD3¢) and ssl-bbz (4-1BB + CD3() expression.
Because “second-generation” CARs containing costimulation
domains seem superior in several preclinical and early-stage
clinical trials when expressed with viral vector systems (11,
12, 17, 18), we decided not to optimize expression of the
“first-generation” ssl-z CAR. Rather, the second-generation
ss1-bbz and CD19-bbz CARs were chosen for further optimi-
zation using RNA electroporation because they are being
tested in a clinical trial using lentiviral vector technology
(Clinicaltrials.gov NCT00891215).

Optimization of RNA constructs improves transgene
expression in stimulated T cells

Structural modification of noncoding regions by incorpo-
ration of two repeats of 3’ untranslated regions (UTR) from
B-globulin and longer poly(A) sequences has been shown to
enhance RNA stability, translational efficiency, and the
function of RNA-transfected dendritic cells (19). However,
these strategies have not been systematically evaluated in
RNA-electroporated T cells. To test if this approach applies
to human T lymphocytes, we modified our IVT vector
(pGEM-ss1bbz.64A) by adding 5'UTR (SP163) or 3'UTR
[two repeats of 3’UTR derived from human B-globin
(2bgUTR) or a prolonged poly(A) (150A) sequence as shown
in Fig. 1A]. The SP163 translational enhancer is derived
from the 5'UTR of the vascular endothelial growth factor
gene and is reported to increase expression levels 2- to
5-fold compared with promoter alone (20). RNA made from
these constructs was electroporated into stimulated T cells.
As shown in Fig. 1B, compared with our basic IVT con-
struct containing a 64-poly(A) tract, addition of 3'UTR from
B-globulin (2bgUTR) and longer poly(A) (150A) tailing en-
hanced the transgene expression, especially when combined
(2bgUTR.150A). In contrast, incorporation of the SP163 se-
quence at the 5’ end of ssl-bbz repressed transgene expres-
sion, which might be due to reduced capping efficiency
when the SP163 sequence was added.
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Figure 1. Optimization of MRNA by modification of the UTRs confers high-level expression of CARs in electroporated T cells. A, a schematic representation
of ss1-bbz construct with different modifications of 5’UTR or 3'UTR. pGEM-based IVT vector containing ss1-bbz (0GEM-ss1bbz.64A) was modified

as described in Materials and Methods to add a 3'UTR (2bgUTR.64A), a 5'UTR (SP163.64A), a longer poly(A) tail (150A), or both 3'UTR and longer
poly(A) (2bgUTR.150A). B, RNA made from the modified constructs was electroporated into T cells and the transgene expression was followed by flow
cytometry. Left, histograms of the transgene expression at day 1 after electroporation; right, mean fluorescence intensity (MFI) of the CAR for 4 d after
electroporation. Experiments are representative of at least two independent experiments.

Optimization of the 5’ cap structure enhances
the expression and function of CARs in
electroporated T cells

The 5’ cap located at the end of mRNA molecule consists
of a guanine nucleotide connected to the mRNA via a 5 to 5
triphosphate linkage. Several cap structures have been de-
scribed, including caps 0 and 1 (21). Several methods have
been used to incorporate the 5’ cap structure onto the trans-
gene and poly(A) tail construct. Commercially available sys-
tems incorporate cap 0 or 1 using cotranscriptional or
enzymatic approaches to produce capped mRNA. This pro-
cess is important to optimize to enhance translational effi-
ciency and because of the considerable expense of the
various capping systems (see Supplementary Materials and
Methods). RNA made using the different capping systems
was electroporated into stimulated T cells, and the transgene
expression was monitored by flow cytometry (Fig. 2A and B).
The results showed that the transgene expression of T cells
electroporated with RNA capped by anti-reverse cap ana-
logue (ARCA) was 3-fold higher than regular cap (RC) ana-
logue capped RNA at 4 hours. The transgene persistence of
ARCA capped RNA was also improved, as at day 5 after elec-
troporation >50% of the T cells still expressed the CAR as
shown in Fig. 2B.

We next compared enzymatic addition of caps 0 and 1 to
nonenzymatic addition of the ARCA. The potential advantage
of using the capping enzyme (CE) system is that this ap-
proach includes CE and mScript 2’-O-methyltransferase that
work together to produce the capl structure, which is very
similar to ARCA and provides superior translation efficiency
in many in vivo systems. To evaluate the efficiency of cap 0 or
1 RNA encoding ss1-bbz, human T cells were electroporated
with RNA made by ARCA, CE, capl CEs, or CEs plus addi-
tional poly(A). As shown in Fig. 2C, the CAR expression using
capl RNA electroporation was equivalent to ARCA IVT
mRNA. The transgene expression was further enhanced by
incorporation of the longer poly(A) tail, consistent with the
results in Fig. 1.

One potential functional advantage of optimized IVT
RNA is that CAR expression could be sustained, as transla-
tion of additional CAR could lead to more persistent ex-
pression and overcome downregulation induced by target
recognition or homeostatic expansion. Activated T cells
were electroporated with various RNA preparations encod-
ing ss1-bbz, and then cocultured with K562-meso or control
K562-CD19 target cells for 2 days (Supplementary Fig. S2).
T cells electroporated with ARCA and CE1 or CE1+A capped
ssl-bbz RNA could still maintain their transgene expression
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after being stimulated with the K562-meso cell line com-
pared with the same T cells cocultured with control target
cells. In contrast, T cells electroporated with ss1-bbz RNA
capped by the RC analogue did not have detectable CAR
on the surface after cocultured with antigen-bearing target.

Based on the above results and other data (data not
shown), we concluded that RNA capped with ARCA or with
capl and a long poly(A) tail is the best RNA production sys-
tem among the RNAs tested. For large-scale GMP production
of IVT RNA, when the production cost is also considered,
capl is preferred.

In vitro function of optimized IVT RNA CARs

RNAs prepared from both plasmids bearing parental or
internal ORF-free CAR sequences were electroporated into
T cells, and it was found that the transgene expression
from the RNAs with internal ORF-free electroporated T cells
was equivalent to the T cells electroporated with RNAs with
parental sequences (Supplementary Fig. S3) at 20 hours
after electroporation. However, substantial prolongation of
CAR expression was observed in activated T cells electro-
porated with clinical-grade RNA generated from internal
ORF-free pD-A.ss1.OF or pD-A.19.0F RNAs using the CE
system that incorporated both capl and prolonged poly(A)
into the IVT RNAs (Fig. 3). Transgene expression of the
optimized IVT RNA could be detected as long as 7 days
after RNA electroporation for both meso and CD19 RNA
CARs as shown in Fig. 3C.

Previous studies have shown that 4-1BB is upregulated on
CD8" T cells after T-cell receptor stimulation (22). We incu-
bated bulk T cells electroporated with ss1-bbz or CD19-bbz
RNA with target cells expressing either mesothelin or CD19,
and found robust upregulation of 4-1BB, particularly on CD8"
T cells, which was target specific (Fig. 3A). The T cells expressing

RNA CARs also secreted substantial amounts of interleukin-2
(IL-2) and translocated CD107a on target-specific recogni-
tion (Fig. 3B and D). Finally, in a flow-based lytic assay, we
found that both CD19 (19.0F) and ssl (ss1.0F) CAR RNA-
electroporated T cells could specifically lyse target cells
efficiently (Supplementary Fig. S4).

RNA-electroporated T cells mediate regression of
human disseminated mesothelioma xenografts

A pilot experiment was first conducted to evaluate the
therapeutic potential of T cells expressing optimized RNA
CARs in mice bearing large pre-established tumors. Mesothe-
lin-positive tumors were established in NSG mice as previ-
ously reported (11). Sixty-six days after tumor inoculation,
10 x 10° to 15 x 10° ss1-bbz RNA CAR-electroporated T cells
from a healthy donor were injected intratumorally, twice
weekly for 2 weeks. The biweekly administration schedule
was based on the ir vitro expression data shown in Fig. 3.
As seen in Fig. 4A, the tumors regressed in the mice treated
with ss1 RNA-electroporated T cells, whereas progressive tu-
mor growth was observed in the control group of mice. At
the time the mice were sacrificed on day 98, tumor size
was substantially smaller in all of the mice treated with elec-
troporated T cells than that of the mice treated with saline
(Supplementary Fig. S5). These results indicate therapeutic
potential of multiple injections of RNA CAR T cells; however,
they are not as potent in the same tumor model using lenti-
viral transduced T cells, where two intratumoral injections of
T cells were able to cure most mice (11).

We developed the M108-Luc model to test if RNA CAR-
electroporated T cells are capable of treating mice bearing
large disseminated tumors. M108 parental cells were stably
transduced with firefly luciferase to allow for biolumines-
cence imaging (BLI), and in preliminary experiments, we
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Figure 2. Optimization of RNA capping enhances and sustains CAR expression on electroporated T cells. A, T cells were electroporated with IVT RNA
capped by the indicated capping method, including using RC analogue, ARCA, or CE at a fixed RNA dose of 2.5 ug/100 pL T cells. Transgene expression
was monitored by measuring MFI using flow cytometry at the indicated times after electroporation (EP). B, T cells from the above experiment were
monitored by flow cytometry to determine the fraction of cells expressing the transgene. C, T cells electroporated with IVT RNA encoding ss1-bbz capped
by different capping methods, including ARCA, CE, CE with addition poly(A) (CE+A), CE system—generated cap1 RNA (CE1), or CE system—generated
cap1 RNA plus enzymatic poly(A) (CE1+A) at an RNA dose of 10 ug RNA/100 uL T cells. Transgene expression was monitored by flow cytometry (MFI)
for 3 d after electroporation. Experiments are representative of two independent experiments.
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Figure 3. Sustained RNA CAR expression and function using RNA generated from regulatory-compliant vector constructs. Four hours after electroporation,
the T cells electroporated with the indicated RNA were cocultured with K562-meso or K562-CD19 for 16 h. A, antigen-specific T-cell activation was
detected by the induction of 4-1BB expression. B, IL-2 production was measured by ELISA. C, stimulated T cells were electroporated with clinical-grade
RNA (10 pg RNA/100 pL T cells) generated from pD-A.ss1.0OF (top) or pD-A.19.0F (bottom) and the transgene expression was monitored at the time

as indicated. D, 1 d after electroporation, RNA CAR T-cell function was tested by measuring CD107a surface translocation after T cells expressing the
indicated RNA CAR were cocultured for 4 h with K562-CD19 or K562-meso targets. The effector cells were gated on CD3. Experiments are representative

of at least two independent experiments.

found that NSG mice develop widely disseminated disease
with progressive ascites and that all mice die or become
moribund by day 100 (data not shown). NSG mice (n = 18)
were injected with M108-Luc, and they were randomized into
three i.p. treatment groups. On day 58 day after tumor injec-
tion, when all mice had large vascularized tumors with
ascites and metastatic nodules lining the peritoneal cavity,
ss1-bbz RNA CAR-electroporated T cells from a healthy
donor were injected (i.p.) into the mice, twice weekly, for 2
weeks. As a control for CAR specificity, a group of mice was
injected with CD19-bbz RNA CAR T cells, and another group
was treated with saline. Tumor burden in the ss1-bbz RNA
CAR group progressively decreased from baseline on day
53. Furthermore, on day 78 after tumor inoculation, the tu-
mor growth in the ssl-bbz RNA CAR T-cell-treated group
was significantly repressed (P < 0.01) compared with both
saline or CD19-bbz RNA T-cell-treated groups (Fig. 4B). In
a side by side experiment, a mouse treated with ssl-bbz
CAR T cells expressed using a lentiviral vector exhibited a
more robust treatment effect (Fig. 4C), similar to our previ-

ously published data (11). However, the ss1-bbz RNA CAR
T-cell-treated group had a survival advantage and a signifi-
cant slowing of tumor growth between days 72 and 92, at
which point all of the control mice died from tumor progres-
sion (Fig. 4C).

RNA CAR-electroporated autologous T cells mediate
regression of disseminated mesothelioma

The above studies indicate that biweekly injections of RNA
CAR T cells can control advanced flank and i.p. tumors, and
that the inhibition is dependent on the CAR specificity, as
T cells expressing the CD19 RNA CAR were not effective.
However, the T cells in those experiments were obtained
from healthy donors and were allogeneic to the tumor.
Because allogeneic antitumor effects were observed with
repeated long-term administration of RNA CAR T cells (data
not shown), autologous peripheral blood mononuclear cells
from the patient from whom the M108 tumor was derived
were used. T cells were stimulated and electroporated using
GMP grade RNA. Thirty NSG mice were randomized into
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Figure 4. Regression of advanced vascularized
tumors in mice treated with RNA CAR T cells.
A, flank tumors were established by M108
injection (s.c.) in NOD/scid/yc(-/-) (NSG)

mice (n = 6). Sixty-six days after tumor
inoculation, mice were randomized to equalize
tumor burden and treated with ss1-bbz
RNA-—electroporated T cells. The T cells (10 x 10°
to 15 x 10°) were injected intratumorally every
4 d for a total of four injections using the same
healthy donor; mice treated with saline served
as controls (n = 3). Tumor size was measured
weekly. B, disseminated i.p. tumors were
established in NSG mice (n = 6 per group) by
i.p. injection with 8 x 10° M108-Luc cells.
Beginning on day 58, RNA CAR—electroporated
T cells (1x 107) expressing ss1-bbz were injected
twice weekly for 2 wk. RNA CAR T cells
expressing CD19-bbz RNA CAR or saline were
injected as controls. On day 78, the luminescence
signal was significantly decreased in the
ss1-bbz mice compared with the CD19-bbz
mice (P < 0.01). C, BLI from a single mouse
treated with a single injection on day 58 of T cells
(1 x 107) expressing the ss1-bbz CAR using

a lentiviral vector. BLI data for the experiment
described in B are plotted. Bars, SE. *, P < 0.05;
**, P < 0.01. The BLI signal in the saline group
is truncated at the high end due to saturation
of the imaging system.
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three i.p. treatment groups, as depicted in the diagram in
Supplementary Fig. S6. Mice were inoculated with M108-
Luc (i.p.) on day 0 and treated with ssl-bbz or CD19-bbz
RNA CAR T cells or with saline control, and tumor burden
was monitored by serial BLI and body weight as indicated.
Therapy was started on day 56 when the tumor was ad-
vanced based on the finding of ascites on physical examina-
tion and high BLI signals. Tumor burden was dramatically
reduced in the group treated with T cells electroporated with
ssl-bbz RNA CAR T cells, whereas the tumor continued to
grow in the control mice treated with either CD19-bbz
RNA CAR T cells or saline (Fig. 5A and C). Even in this set-
ting, where the T cells are autologous to the tumor, there was
still a modest CD19 CAR treatment effect, which may be due
to the RNA backbone, as this is unlikely to be related to the
CD19 scFv CAR given that there were no B cells in these
mice. However, after the first six doses of T cells, imaging
revealed a lower mean change tumor bioluminescence in
the ss1 CAR mice (39%) compared with both the CD19 CAR
(244%) and the saline mice (237%; P < 0.001). The 50% median
survival after T-cell injection was significantly (P < 0.05)

greater in the ss1 CAR mice (73 days) compared with the
CD19 CAR (62 days) and saline mice (36 days; Fig. 5B). After
the first six doses were given, the mean change in total body
weight was lower in the ss1 RNA CAR mice (1.62 g) compared
with both the CD19 CAR (6.21 g) and the saline mice (11.4 g;
P < 0.001; Fig. 5C). Although we observed disease stability and
even “cures” by imaging in some of the ss1 CAR mice, tumor
eventually recurred. Despite giving an additional eight doses of
treatment, tumor progression was observed in the ss1 CAR
mice. Thus, repeated injections of ss1-bbz RNA CAR T cells
can provide a survival benefit for advanced disseminated
tumors. The mechanism for tumor recurrence in spite of
continued therapy is under investigation.

Discussion

The goal of these experiments was to determine the ther-
apeutic potential of activated T cells expressing electropo-
rated RNA CARs. The main point of our article is that
mRNA CARs provide a platform that is expected to be safer
and more economical than retroviral or lentiviral vectors for
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Figure 5. Multiple injections of autologous RNA CAR T cells control the growth of advanced disseminated cancer in a xenogeneic mouse model.

A, NOD/scid/yc(-/-) mice (n = 30) were injected with 8 x 10° M108-Luc tumor cells (i.p.) and the mice were randomized into three groups before beginning
therapy with RNA-electroporated autologous T cells (107 per injection) expressing ss1-bbz CAR, control CD19-bbz CAR, or saline on day 56 after
tumor inoculation. Autologous T cells were injected i.p. and images were performed on surviving animals as indicated. Imaging commenced 5 d before the
start of T-cell treatment. Tumor BLI significantly decreased in the ss1 CAR mice (38.6%) compared with both the CD19 CAR (243.6%) and the saline
mice (237.1%) after the first six doses (P < 0.001). B, Kaplan-Meier analysis. Median survival was significantly greater in the ss1 CAR mice compared with
the CD19 CAR and saline mice (P < 0.05). C, significantly less ascites accumulated in the ss1 CAR mice, as the mean change in total body weight

was lower compared with both the CD19 CAR and the saline groups of mice (P < 0.001).
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the evaluation of new targets. In the event of toxicity, injec-
tions of RNA CAR T cells can be terminated, and the toxicity
would be expected to rapidly abate. However, the RNA CAR
T cells have a substantial treatment potential, especially in
compartmentalized tumors such as mesothelioma. RNA
CAR T cells are expected to complement therapies currently
being developed with retroviral and lentiviral CARs.

Our approach was to first optimize RNA expression and
then test a multiple dosing strategy in robust tumor models.
This is the first report indicating that retargeted T cells can
have potent in vivo antitumor effects without the use of an
integrating vector system. Using optimized IVT mRNA, we
show that RNA CAR T cells have potent antitumor effects
on advanced flank and intraperitoneal tumors. Further, as
far as we are aware, our studies are the first to show that
autologous T cells obtained from a patient with advanced
cancer can be engineered and shown to control metastatic
tumor in robust preclinical models.

We and others have previously shown that RNA electro-
poration can modify T-cell function in vitro (23 24 25). Mitchell
and colleagues (26) reported that T cells can be functionally
modified by RNA transfection of the chemokine receptor
CXCR2 to migrate efficiently toward a variety of CXCR2-
specific chemokines in vitro and in vivo. Yoon and collea-
gues (27) recently showed that adoptive transfer of Her2/
neu RNA CAR-electroporated T cells in the SKOV3 xeno-
graft model led to a decreased rate of tumor growth com-
pared with transfer of mock-transfected T cells. A recent
report showed the feasibility of mRNA transfection of a
CD19 chimeric receptor into a natural killer cell line, but
without a preclinical model or demonstration of in vivo
effect (28). Our studies are the first to report the in vivo re-
gression of large advanced tumors and survival extension
using RNA-electroporated T cells.

There are a variety of nonintegrating approaches to engi-
neer T cells (29). A temporary expression approach toward
CAR immunotherapy, such as mRNA transfection, runs
counter to our previous efforts and to those of most investi-
gators in the field. However, the improving technology for
RNA transfection may compliment the use of CARs that are
stably expressed by integrating viral vector or transposon sys-
tems. By systematic comparison of 3'UTR and 5'UTR, incor-
poration of longer poly(A) tails, efficient capping of RNA, and
removal of internal ORFs we were able to achieve high-level
and longer expression of RNA CARs in electroporated T cells.

The prevailing paradigm in the adoptive transfer field is
that long-term persistence of the cells within the patient is
key to efficacy (30, 31). However, it is being increasingly re-
alized that transferred cells can lose their ability to function
within the tumor microenvironment rather quickly (32). Our
data suggest that it may be possible to give multiple, more
frequent injections of T cells that only temporarily express
the transgenes of choice, avoiding the accumulation of CAR
T cells that have become tolerized, and therefore achieve
antitumor efficacy with an improved safety profile. Alterna-
tively, the improving technology for RNA transfection may
complement the use of CARs that are stably expressed by in-
tegrating viral vector or transposon systems.

Several adverse events have been observed and others are
theoretically possible with CAR T-cell therapy. Two deaths
have recently been reported following treatment with retro-
virally modified CAR T cells, and the early toxic events have
been related to systemic effects from cytokine release (4, 5).
As a consequence of these clinical events, recent editorials
have discussed the need for safer CARs (6, 7). Other toxici-
ties encountered with stably transduced CAR T cells have
been on-target, off-organ effects such as the depletion of
normal B cells following CD19 CAR therapy, or the induc-
tion of hepatic toxicity following carbonic anhydrase IX
therapy (8). Although not tested in this work, it is likely that
repeated administration of RNA CARs would be required to
elicit this form of toxicity, and that the toxicity would re-
solve following discontinuation of RNA CAR T-cell infu-
sions. Finally, concerns over the lentiviral or retroviral
introduction of CARs into CTLs include the known risk of
malignant transformation from insertional mutagenesis
(33, 34). As there is no integration into the host cell genome
and the CAR expression is self-limited, these concerns are
circumvented by mRNA transfection.

The primary potential limitation of CAR therapy is the
relatively short persistence of RNA CARs. This can be ex-
pected to be exacerbated when the RNA CAR T cells are
administered to hosts that have been lymphodepleted,
which would be expected to result in the induction of ho-
meostatic proliferation of the CAR T cells and, as a conse-
quence, the accelerated loss of CAR expression at the T-cell
surface. Thus, RNA CAR T cells may be more effective when
given for compartmentalized tumors such as mesothelioma
or central nervous system tumors. Furthermore, more fre-
quent administration of RNA CARs may be required in lym-
phodepleted hosts.

In addition to providing a form of toxicity management
discussed above, there are several potential opportunities
for RNA CAR T-cell therapy. First, RNA CARs offer the
potential to accelerate the pace of CAR development, by
providing a flexible and more rapid path to the clinic,
and thereby enabling an efficient iterative approach to
optimize CAR design and potency. Based on the data in
these studies, we plan to open a phase I trial testing anti-
mesothelin RNA CARs. The regulatory approval process is
less cumbersome with RNA CARs than with stably ex-
pressed CARs that require genomic integration. Clinical-
grade mRNA is less costly to produce than integrating
retroviral or lentiviral vectors, although more expensive
than plasmid DNA that is being used in transfection or
transposon-based protocols (2, 35). Second, it may be at-
tractive to combine RNA CAR “knockdown” therapy using
potent but potentially toxic CARs for remission induction,
with consolidation and maintenance therapy using stably
expressed CARs as a strategy to provide CAR cells with a
potential for memory.

In summary, multiple injections of RNA-engineered T cells
are a novel approach for adoptive cell transfer, providing a
cost-efficient and flexible platform for the treatment of can-
cer diseases. In addition, this approach may increase the
therapeutic index of T cells engineered to express powerful
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activation domains without the associated safety concerns of
integrating viral vectors.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank Drs. Katalin Kariko, Shuguang Jiang, and Michael Kalos
(University of Pennsylvania) and Dr. Linhong Li (Maxcyte, Inc.) for their

References

1. Sadelain M, Brentjens R, Riviere I. The promise and potential pitfalls
of chimeric antigen receptors. Curr Opin Immunol 2009;21:215-23.

2. TillBG, Jensen MC, Wang J, et al. Adoptive immunotherapy forindolent
non-Hodgkin lymphoma and mantle cell lymphoma using genetically
modified autologous CD20-specific T cells. Blood 2008;112:2261-71.

3. Pule MA, Savoldo B, Myers GD, et al. Virus-specific T cells engi-
neered to coexpress tumor-specific receptors: persistence and
antitumor activity in individuals with neuroblastoma. Nat Med
2008;14:1264-70.

4. Brentjens R, Yeh R, Bernal Y, Riviere |, Sadelain M. Treatment of
chronic lymphocytic leukemia with genetically targeted autologous
T cells: case report of an unforeseen adverse event in a phase |
clinical trial. Mol Ther 2010;18:666-8.

5. Morgan RA, Yang JC, Kitano M, Dudley ME, Laurencot CM, Rosenberg
SA. Case report of a serious adverse event following the adminis-
tration of T cells transduced with a chimeric antigen receptor
recognizing ERBB2. Mol Ther 2010;18:843-51.

6. Heslop H. Safer CARS. Mol Ther 2010;18:661-2.

7. Buning H, Uckert W, Cichutek K, Hawkins R, Abken H. Do CARs
need a driver license? Adoptive cell therapy with chimeric antigen
receptor-redirected T cells caused serious adverse events. Hum
Gene Ther 2010;21:1039—-42.

8. Lamers CH, Sleijfer S, Vulto AG, et al. Treatment of metastatic renal
cell carcinoma with autologous T-lymphocytes genetically retargeted
against carbonic anhydrase IX: first clinical experience. J Clin Oncol
2006;24:20-2.

9. Levine BL, Bernstein W, Craighead N, Lindsten T, Thompson CB,
June CH. Effects of CD28 costimulation on long term proliferation
of CD4* T cells in the absence of exogenous feeder cells. J Immunol
1997;159:5921-30.

10. Hassan R, Bera T, Pastan |. Mesothelin: a new target for immu-
notherapy. Clin Cancer Res 2004;10:3937—42.

11. Carpenito C, Milone MC, Hassan R, et al. Control of large, estab-
lished tumor xenografts with genetically retargeted human T cells
containing CD28 and CD137 domains. Proc Natl Acad Sci U S A
2009;106:3360-5.

12. Milone MC, Fish JD, Carpenito C, et al. Chimeric receptors contain-
ing CD137 signal transduction domains mediate enhanced survival
of T cells and increased antileukemic efficacy in vivo. Mol Ther
2009;17:1453-64.

13. Suhoski MM, Golovina TN, Aqui NA, et al. Engineering artificial
antigen-presenting cells to express a diverse array of co-stimulatory
molecules. Mol Ther 2007;15:981-8.

14. Cao L, Krymskaya L, Tran V, et al. Development and application of a
multiplexable flow cytometry-based assay to quantify cell-mediated
cytolysis. Cytometry A 2010;77:534—45.

15. Teachey DT, Obzut DA, Cooperman J, et al. The mTOR inhibitor
CCI-779 induces apoptosis and inhibits growth in preclinical models
of primary adult human ALL. Blood 2006;107:1149-55.

16. Teachey DT, Sheen C, Hall J, et al. mTOR inhibitors are synergistic
with methotrexate: an effective combination to treat acute lympho-
blastic leukemia. Blood 2008;112:2020-3.

17. Zhao Y, Wang QJ, Yang S, et al. A herceptin-based chimeric antigen
receptor with modified signaling domains leads to enhanced survival

advice, and members of the Human Immunology Core (Abramson Cancer
Center) for providing lymphocytes.

Grant Support

NIH grants RO1CA120409 (C.H. June) and P01-CA-066726 (C.H. June and
S.M. Albelda) and Alliance for Cancer Gene Therapy (C.H. June).

The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received 08/04/2010; revised 09/09/2010; accepted 09/28/2010; published
OnlineFirst 10/05/2010.

of transduced T lymphocytes and antitumor activity. J Immunol
2009;183:5563-74.

18. Zhong XS, Matsushita M, Plotkin J, Riviere |, Sadelain M. Chimeric
antigen receptors combining 4-1BB and CD28 signaling domains
augment PI3kinase/AKT/Bcl-XL activation and CD8" T cell-mediated
tumor eradication. Mol Ther 2009;18:413-20.

19. Holtkamp S, Kreiter S, Selmi A, et al. Modification of antigen-encoding
RNA increases stability, translational efficacy, and T-cell stimulatory
capacity of dendritic cells. Blood 2006;108:4009-17.

20. Stein |, Itin A, Einat P, Skaliter R, Grossman Z, Keshet E. Translation
of vascular endothelial growth factor mRNA by internal ribosome
entry: implications for translation under hypoxia. Mol Cell Biol
1998;18:3112-9.

21. Banerjee A. 5'-Terminal cap structure in eucaryotic messenger ribo-
nucleic acids. Microbiol Rev 1980;44:175-205.

22. Wolfl M, Kuball J, Ho W, et al. Activation-induced expression of
CD137 permits detection, isolation, and expansion of the full rep-
ertoire of CD8" T cells responding to antigen without requiring
knowledge of epitope specificities. Blood 2007;110:201-10.

23. Smits E, Ponsaerts P, Lenjou M, et al. RNA-based gene transfer for
adult stem cells and T cells. Leukemia 2004;18:1898-902.

24. SchaftN, Dorrie J, Muller|, et al. A new way to generate cytolytic tumor-
specific T cells: electroporation of RNA coding for a T cell receptor into
T lymphocytes. Cancer Immunol Immunother 2006;55:1132—41.

25. ZhaoY, Zheng Z, Cohen CJ, et al. High-efficiency transfection of pri-
mary human and mouse T lymphocytes using RNA electroporation.
Mol Ther 2006;13:151-9.

26. Mitchell DA, Karikari I, Cui X, Xie W, Schmittling R, Sampson JH.
Selective modification of antigen-specific T cells by RNA electro-
poration. Hum Gene Ther 2008;19:511-21.

27. Yoon SH, Lee JM, Cho HlI, et al. Adoptive immunotherapy using
human peripheral blood lymphocytes transferred with RNA encoding
Her-2/neu-specific chimeric immune receptor in ovarian cancer
xenograft model. Cancer Gene Ther 2009;16:489-97.

28. LilL, Liu LN, Feller S, et al. Expression of chimeric antigen receptors
in natural killer cells with a regulatory-compliant non-viral method.
Cancer Gene Ther 2010;17:147-54.

29. June CH, Blazar BR, Riley JL. Engineering lymphocyte subsets:
tools, trials and tribulations. Nat Rev Immunol 2009;9:704—-16.

30. June CH. Adoptive T cell therapy for cancer in the clinic. J Clin Invest
2007;117:1466-76.

31. Rosenberg SA, Restifo NP, Yang JC, Morgan RA, Dudley ME. Adop-
tive cell transfer: a clinical path to effective cancer immunotherapy.
Nat Rev Cancer 2008;8:299-308.

32. Teague RM, Sather BD, Sacks JA, et al. Interleukin-15 rescues toler-
ant CD8" T cells for use in adoptive immunotherapy of established
tumors. Nat Med 2006;12:335—41.

33. Nienhuis AW, Dunbar CE, Sorrentino BP. Genotoxicity of retroviral
integration in hematopoietic cells. Mol Ther 2006;13:1031-49.

34. Bushman FD. Retroviral integration and human gene therapy. J Clin
Invest 2007;117:2083-6.

35. Singh H, Manuri PR, Olivares S, et al. Redirecting specificity of T-cell
populations for CD19 using the Sleeping Beauty system. Cancer Res
2008;68:2961-71.

www.aacrjournals.org

Cancer Res; 70(22) November 15, 2010

9061



