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Abstract Chimeric antigen receptor (CAR)-modified
T cells emerged as effective tools in the immunotherapy
of cancer but can produce severe on-target off-tissue tox-
icities. This risk can conceivably be overcome, at least
partially, by transient transfection. The design of CARs,
however, has so far not been optimized for use in non-
permanent T cell modification. Here we compared the
performance of T cells modified with three different
first- and second-generation CARs, each specific for
MCSP (HMW-MAA) which is commonly expressed by
melanoma cells. Upon RNA transfer, the expression of
all receptors was limited in time. The second-generation
CARs, which combined CD28-CD3¢ signaling, were
expressed at higher levels and more prolonged than first-
generation CARs with CD3t¢ only. The CD28 domain
increased the cytokine production, but had only an indi-
rect effect on the lytic capacity, by prolonging the CAR
expression. Especially for the second-generation CARs,
the scFv clearly impacted the level and duration of CAR
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expression and the T cell performance. Thus, we identi-
fied a CAR high in both expression and anti-tumor cell
reactivity. T cells transfected with this CAR increased the
mean survival time of mice after challenge with mela-
noma cells. To facilitate clinical application, this CAR
was used to redirect T cells from late-stage melanoma
patients by RNA transfection. These T cells mediated
effective antigen-specific tumor cell lysis and release of
pro-inflammatory cytokines, even after cryoconservation
of the transfected T cells. Taken together, the analysis
identified a CAR with superior anti-melanoma perfor-
mance after RNA transfer which is a promising candidate
for clinical exploration.

Keywords mRNA transfection - Chimeric antigen
receptor - Melanoma-associated chondroitin sulfate
proteoglycan (MCSP) - Adoptive T cell therapy -
Melanoma - Single-chain variable fragment (scFv)

Abbreviations

BiTE Bi-specific T cell engaging

CARs Chimeric antigen receptors

CBA Cytometric bead array

CEA Carcinoembryonic antigen

DRiPs Defective ribosomal products

HMW-MAA High molecular weight melanoma-associ-
ated antigen

MCSP Melanoma-associated chondroitin sulfate
proteoglycan

MST Mean survival time

NAF Non-adherent fraction

PBMCs Peripheral blood mononuclear cells

TETARs T cells expressing two additional receptors

TRUCKSs T cells redirected for universal cytokine-

mediated killing
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Introduction

T cells transfected with chimeric antigen receptors (CARs)
have become useful and promising tools for the treatment
of malignant hematologic diseases in recent years. These
recombinant fusion proteins can enable T cells to recognize
unprocessed tumor antigens on the surface of defined tar-
get cells [1-3]. The common transfer procedures for CARs
into T cells are currently retro- or lentiviral transductions
which mediate stable CAR expression [2—4]. Anti-tumor
responses were achieved, but some severe side effects were
caused by on-target, off-tissue activation of CAR-trans-
duced T cells as the target was not exclusively expressed
by the malignant cells [5—7]. When permanently modified
T cells persist, they can cause durable autoimmune reac-
tions, which may be clinically manageable as in the case of
targeting CD19 in leukemia/lymphoma therapy [8], or may
be life-threatening as in the case of ErbB2 targeting [7]. To
reduce the risk, the transient transfection of CAR-encoding
mRNA has recently emerged [9-12]. After mRNA elec-
troporation, CAR T cells recognize the target for a limited
time and potential side effects are restricted to the time of
CAR expression. Such transiently modified T cells have
been shown to be effective in vitro [9, 10], in vivo [13], and
in early clinical trials [14, 15].

During the last decade, the design of CARs experienced
several improvements [1] resulting in the use of different
co-stimulatory domains (e.g., CD28, 4-1BB) to improve
signal transduction and T cell activation, or in the addition
of linker or hinge structures to improve antigen-binding
and T cell activation [16-18]. However, CAR molecules
have so far not been optimized for functional activity after
transient RNA electroporation, after which the receptor is
expressed in a transient manner and needs to meet differ-
ent demands than in conjunction with viral transduction
systems. In this context, the signal transduction domains of
the CARs should improve primarily the effector functions
of the transfected T cells rather than proliferation and dif-
ferentiation. In combination with viral transfer methods,
second-generation CARs, which included an additional
co-stimulatory domain derived from CD28, were superior
to first-generation receptors, which only carried the CD3g
signaling domain [1, 2, 19] with regard to secretion of the
pro-inflammatory cytokine IL-2 [1, 19, 20]. Another aspect
is the structural stability of CARs which is of particular
relevance for RNA-modified cells which are devoid of new
synthesis of CAR mRNA.

The melanoma-associated chondroitin sulfate pro-
teoglycan (MCSP), also known as high molecular weight
melanoma-associated antigen (HMW-MAA), is a heavily
glycosylated proteoglycan of approximately 450 kDa [21]
expressed by more than 90 % of melanoma lesions [22],
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and by sarcomas, astrocytomas, gliomas, neuroblastomas
[23-25], and leukemias [26]. In non-pathologic tissue,
MCSP is expressed by precursors of hair follicle and epi-
dermal cells, as well as some endothelial cells and activated
pericytes, but not by mature vasculature [27, 28]. Moreo-
ver, MCSP is expressed by chondrocytes of the articular
cartilage [29], smooth muscle cells [30], cells of the neu-
romuscular synapse of postnatal skeleton muscles [31], and
fetal melanocytes, but not by healthy melanocytes of adults
[32]. Since the expression level of MCSP on melanoma
cells can be up to 100-fold higher than on healthy tissues
[4, 22, 33], MCSP is a prime target antigen [22]. The find-
ings that it is involved in the metastasis of melanoma [34]
and is expressed by activated pericytes during angiogenesis
in tumor lesions [35, 36] make MCSP an even more prom-
ising target antigen. Thus, it has been targeted by various
immunotherapeutic approaches such as radio-immunocon-
jugates [37, 38], immunotoxins [39], immunoconjugates
[40], bi-specific T cell engaging (BiTE) antibodies [41],
and retrovirally CAR-modified T cells [4, 42, 43]. The
elimination of an MCSP" subpopulation from melanoma
lesions led to tumor regression in a transplantation mouse
model [43].

Here we explored a panel of anti-MCSP CAR T cells
modified with first- or second-generation CARs compris-
ing MCSP-specific scFvs with different primary amino
acid sequence to identify the best format for transient RNA
modification. We identified an anti-MCSP CAR which per-
formed superior in melanoma cell recognition and elimi-
nation resulting in prolonged survival of melanoma-chal-
lenged mice.

Materials and methods
Cell culture media

R10 medium is RPMI 1640 (Cambrex, East Rutherford,
NIJ, USA) supplemented with final concentrations of 10 %
(v/v) heat-inactivated fetal bovine serum (PAA, GE health-
care, Piscataway, NY, USA), 2 mM L-glutamine (Cam-
brex), 100 U/ml penicillin, 100 pg/ml streptomycin (Cam-
brex), 2 mM HEPES (PAA, GE healthcare), and 20 uM
beta-mercaptoethanol (Gibco, Life Technologies, Carlsbad,
CA, USA). DC medium is RPMI 1640 containing 1 % (v/v)
heat-inactivated plasma from healthy donors, 2 mM L-glu-
tamine, and 8 ng/ml gentamicin (PAA, GE healthcare).

Cell lines

The MCSP~ CEA" KATO III cell line was kindly pro-
vided by Drs S. Santegoets and T. de Gruijl, VUMC,
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Amsterdam, The Netherlands. T2.A1 is an MCSP™ CEA™
TAP-deficient TxB hybrid cell line. The MCSP™ CEA~
A375M melanoma cell line was described previously by
Kozlowski et al. [44]. Melur is an MCSP™ CEA™ mela-
noma cell line. The Melur melanoma cell line was isolated
from a brain metastasis by Dr. Ursula Koldovsky (origi-
nally in Diisseldorf, Germany). This line was already pre-
viously used in other publications (e.g., [45, 46]). All cell
lines were cultured in R10 medium.

T cell isolation and expansion

All human material was obtained after informed consent
with approval by the institutional review board. Peripheral
blood mononuclear cells (PBMCs) were purified by den-
sity centrifugation and incubated for 1 h under standard
cell culture conditions in DC medium on plastic cell cul-
ture dishes (BD Falcon, BD Bioscience, Franklin Lakes,
NJ, USA) for cell adherence. Non-adherent fraction
(NAF) cells were harvested from the supernatant. CD8*
and CD4" T cells were isolated by magnetic-activated
cell sorting (MACS) using CD8- or CD4-specific micro-
beads (Miltenyi Biotec, Bergisch Galdbach, Germany),
respectively. Melanoma patient and healthy donor-derived
PBMC s for mouse applications were isolated from apher-
esis products [47].

T cells were activated from either CD8 or CD4™ T cells
from healthy donors or PBMC from melanoma patients
with the agonistic anti-CD3 antibody (Orthoclone OKT-
3; Jannsen-Cilag, Neuss, Germany) and IL-2 (Proleukin;
Novartis, Nuremberg, Germany) and expanded for 10 days
before RNA electroporation as described [48]. If indicated,
T cells were cryopreserved as described [49].

RNA transfection

The composition of the CEA-specific CAR was previ-
ously described in detail [50, 51]. The MCSP-specific
CARs featured the same signaling domains but contained
other scFvs. The MCSP¢,-CAR was previously described
[43]. The MCSP, y-scFv [39] and MCSPy; -scFv [40]
were cloned from the hybridoma 9.2.27 [39, 40]. The
scFvs were each cloned into a CD3¢ and CD28-CD3¢
CAR backbone [52] 5 of the IgG spacer region result-
ing in the CARs depicted in Fig. 1a. The DNA encoding
the CARs was inserted into the pGEM4Z-5'UTR-sig-
husurvivin-DC.LAMP-3'UTR RNA production vector
[53] (kindly provided by Kris Thielemans), replacing
the sig-husurvivin-DC.LAMP sequence. RNA was pro-
duced using the mMESSAGE mMACHINE T7 Ultra kit
(Life technologies, Carlsbad, CA, USA). RNA was puri-
fied with an RNeasy Kit (Qiagen, Hilden, Germany).

Electroporation of T cells was performed as described
previously [10, 49].

CAR surface staining

At the indicated time points after electroporation, the sur-
face CAR expression was detected by a goat-F(ab’)2 anti-
human IgG-RPE antibody (Southern Biotech, Birmingham,
AL, USA), binding the IgG,-Fc CAR spacer, and analyzed
by a FACScan flow cytometer (BD Bioscience, Franklin
Lakes, NJ, USA). Results were evaluated using CellQuest
Software (BD Bioscience) or FCS Express 4 flow research
edition software (DeNovo Software, Glendale, CA, USA).
Where indicated, the relative mean fluorescence intensity
(MFI) was depicted. The arithmetic MFI was used to calcu-
late the relative MFI.

Cytokine secretion assay

T cells were used 6, 24, 48, or 72 h after thawing, and
5 x 10* T cells were co-cultured with 5 x 10* target cells
A375M or T2.Al in 100 pl x-vivo 15 medium (Lonza,
Basel, Switzerland) for 16 h. The cytokine concentra-
tions in the supernatants were determined with the cyto-
metric bead array human Th,/Th, Cytokine Kit II (BD
Bioscience).

Chromium release assay

The cytolytic capacity of CAR-RNA-transfected T cells
was determined in a standard chromium release assay [49].
Briefly, A375M and T2.A1 cells were labeled with 100 pCi
of Na3'Cr0O,/10° cells. Target cells were washed and sub-
sequently cultured in 96-well plates (Thermo Fisher,
Waltham, MA, USA) at 1000 cells/well. The T cells were
added at the indicated effector to target ratios. Cells were
co-incubated in triplicate culture wells for 4 h. Radioactiv-
ity in the supernatant was determined, and lysis was calcu-
lated as follows: [(measured release — background release)/
(maximum release — background release) x 100 %].

Survival of immunodeficient mice (Winn assay)

Animal testing was approved by the local authorities
(Landesamt fiir Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen, approval 84-02.04.2011.A093). T
cells from healthy donors were electroporated with RNA
encoding the MCSPy; CD28-CD3¢-CAR or the CEA
CD28-CD3¢-CAR or electroporated without RNA and
cryoconserved as described above. MCSP™ CEA™ Melur
cells (5 x 10° were co-injected with the same number
of thawed T cells subcutaneously into Rag™'~ common
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Fig.1 Schematic illustration of the MCSP-specific CAR mol-
ecules and their expression on CD41 and CD8"' T cells after RNA
electroporation. a The modular composition of the MCSP-specific
CARs is depicted. Each CAR contains an anti-MCSP scFv (MCSPy,,
MCSP, ;, or MCSPy;) linked to the human constant IgG1 domain
(Fc spacer). In first-generation CARs, this spacer is connected to the
CD3t transmembrane and intracellular domain (CD3¢ CARs); sec-
ond-generation CARs feature the CD28 transmembrane and intracel-
lular domain, which is then followed by the CD3¢ signaling domain
(CD28-CD3t CARs). b CD4%1 and CD8™ T cells were isolated from

y-chain ™~ mice. Seven mice per group were injected. Sur-
vival was monitored, and the mean survival time (MST)
determined.

Statistical analyses

Statistical analyses were performed using GraphPad Prism
software. p values were calculated by Student’s 7 test.
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blood of healthy donors and activated for 10 days using the agonis-
tic anti-CD3 antibody OKT3 and IL-2. The cells were subsequently
electroporated with mRNA encoding the CAR or without RNA (no
RNA). The surface expression of the CAR was monitored over time
by flow cytometry using a fluorescence-labeled antibody targeting
the extracellular Fc spacer. The highest MFI of each experiment was
defined as 100 %, and relative MFI was calculated. Data represent the
mean of three individual experiments + standard deviation. Statistical
comparisons of the absolute values are provided in the supplemental
material (supplementary table S1 and S2)

Results

The level of CAR expression on RNA-electroporated
T cells depends on the CD28-derived domains and the
extracellular scFv

CARs with different molecular architecture have not
been systematically compared for their suitability to be
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introduced into T cells by mRNA electroporation. We
engineered six different CAR constructs that varied in the
extracellular scFv and the intracellular and transmembrane
domains (Fig. 1a). The MCSP-specific scFvs MCSPHy, ,
MCSP, i, or MCSP;; were each combined with the CD3¢
or CD28-CD3t signaling moieties. The scFvs MCSPy; and
MCSP, ;; recognize the same epitope and are derived from
the same B cell hybridoma 9.2.27 [54, 55], but differ in the
order of the heavy and light chain within the scFv and in
some point mutations. In a soluble format, the MCSPy; -
scFv featured a higher serum stability (half-life > 96 h)
than the MCSP, j; (half-life = 25 £+ 5 h) and a better affin-
ity (Kp = 1.65 £ 0.2 vs. 23.3 £ 2.3 nM; data not shown).
We compared these CARs with CARs based on the
MCSPg,-scFv, which was successfully used in retrovirally
modified T cells [43]. To investigate how the CAR signal-
ing domains impact CAR expression after RNA electropo-
ration, the three scFvs were used in either a first-generation
CAR format, which contains the CD3¢-endodomain, or a
second-generation CAR format, featuring the combined
CD28-CD3¢-signaling domains (Fig. la). We expanded
CD4" and CD8™ T cells in vitro and electroporated them
either with mRNA encoding one of our six different CARs
or without RNA as control. While all CARs were expressed
by more than 85 % of both the CD4™ and CD8™ T cells
(Supplementary Fig. 1 and 2), the expression levels per cell
(measured as relative MFI) varied between the different
receptor formats. The first-generation CARs, containing the
CD3t signaling and transmembrane domain but no CD28-
derived domains, were expressed only at low levels by both
the CD4% and CD8*' T cells (Fig. 1b; left panels). CAR
expression peaked between 4 and 8 h after electroporation
and had vanished by 24 h after electroporation (Fig. 1b; left
panels). The extracellular scFv-domain had no effect on
the CAR expression, and no relevant differences were seen
between CD4% and CD8™' T cells (Fig. 1b; left panels).
The second-generation CARs, which contained the CD28
transmembrane and intracellular domains in addition to the
CD3t intracellular domain, were expressed at higher sur-
face levels in both CD41 and CD8™ T cells (Fig. 1b; right
panels) than the first-generation CARs (compare to Fig. 1b;
left panels). CAR expression peaked between 4 and 12 h.
The expression density of these receptors, however, was
strictly dependent on the extracellular scFv (Fig. 1b; right
panels). The receptor containing the MCSPg;-scFv dis-
played the lowest expression among the second-generation
CARs and had disappeared from the T cell surface by 48 h
after electroporation (Fig. 1b; right panels). The MCSP,
CD28-CD3¢ and MCSPy; CD28-CD3g CARs, in contrast,
were still detected on the T cells 72 h after electropora-
tion (Fig. 1b; right panels), and the receptor carrying the
MCSPyy; -scFv showed the highest expression density
(Fig. 1b; right panels). Again, the receptor expression was

similar in CD4" and CD8™ T cells (Fig. 1b; right panels). T
cells which were electroporated without RNA did not show
CAR expression (Fig. 1b).

Taken together, after mRNA electroporation, first-gen-
eration CARs were expressed at lower levels and for a
shorter time than second-generation CARs. Furthermore,
the second-generation CAR with the MCSPy; -scFv dis-
played higher expression than the CAR with the less stable
MCSP; j-scFv.

The lytic capacity and cytokine production
of CAR-transfected T cells depend on the scFv and the
CD28-co-stimulatory domain

We electroporated in vitro-expanded CD8™ T cells, derived
from healthy donors, with mRNA encoding the different
CARs and measured their capacity to lyse MCSP™ tumor
cells at different time points after electroporation (i.e., 2,
12, and 24 h; Fig. 2). Control T cells, electroporated with-
out RNA, did not mediate tumor cell lysis above back-
ground levels at any time point (Fig. 2), and the MCSP™
target cells (T2A1) were not lysed by the CAR-transfected
T cells (data not shown). Two hours after transfection
(Fig. 2, left panels), the T cells transfected with the first-
(Fig. 2a) and second- (Fig. 2b) generation CARs contain-
ing the MCSPy; - and MCSP; y-scFv had a similar lytic
capacity. The CARs containing the MCSPg;-scFv did not
induce any lysis (Fig. 2a, b, left panels). Twelve hours after
transfection, the picture was similar (Fig. 2, middle panels),
except that the first-generation MCSP; ;;-CAR started los-
ing its efficacy and showed a lower lytic capacity (Fig. 2a,
middle panel). Twenty-four hours after transfection, the
second-generation MCSPy; -CAR (Fig. 2b, right panel)
was most efficient, followed by the second-generation
MCSP; ;-CAR (Fig. 2b, right panel) and the first-genera-
tion MCSPy; -CAR (Fig. 2a, right panel). Taken together,
from these data we conclude that the CD28 domain only
has a minor direct influence on CAR-mediated cytotoxic-
ity, but indirectly prolongs the period during which the T
cells can lyse targets after electroporation by stabilizing
CAR expression. Therefore, the MCSPy; CD28-CD3g
CAR mediated the most effective lysis of tumor cells over a
longer time period.

Furthermore, we investigated the kinetics of cytokine
production by the T cells transfected with the three first-
generation CARs and three second-generation CARs at 2,
12, and 24 h after electroporation (Fig. 3). Two hours after
transfection, a low background IL-2, TNF, and IFNy pro-
duction by T cells transfected with the second-generation
CARs was observed upon incubation with antigen-negative
T2A1 cells (Fig. 3b, open symbols). Similar background
production was observed in the absence of target cells (data
not shown). A specific cytokine response was seen with T
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Fig.2 CD8" T cells lyse MCSP* tumor cells after CAR-RNA trans-
fection. CD8" T cells were isolated from blood of healthy donors
and activated for 10 days using OKT3 and IL-2. Expanded T cells
were subsequently electroporated with mRNA encoding the different
MCSP-specific first-generation CD3¢ or (a) second-generation CD28-
CD3t (b) CARs or without RNA. T cells were assayed for cytolytic

cells transfected with the second-generation MCSP; ;;-CAR
(Fig. 3b, IL-2, IFNy) and MCSPy; -CAR (Fig. 3b, IL-2,
TNF, IFNy). Hardly any specific cytokine secretion was
induced by the second-generation MCSP,;-CAR (Fig. 3b).
In addition, a specific, but lower, cytokine production (IL-
2, TNF, IFNy) was observed with T cells transfected with
the first-generation MCSPy; -CAR (Fig. 3a). Twelve and
24 h after transfection, only T cells transfected with the
second-generation MCSP; ;-CAR and MCSPy; -CAR
produced cytokines specifically, again with the MCSPy; -
CAR performing more efficiently (Fig. 3b). IL-4, IL-10,
and IL-6 production was very low (data not shown). As
for cytotoxicity, the cytokine production data showed that
the MCSPyy; CD28-CD3¢ CAR mediated the most effec-
tive cytokine production in response to tumor cells over a
longer time period.

Interestingly, the experiments on kinetics also revealed
the importance of the CD28 domain in the CAR for
cytokine production at early time points, while this domain
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activity against MCSP™ A375M cells in a standard 4-h Cr*! release
assay 2, 12, and 24 h after electroporation, at the indicate effector to
target ratios. Data represent the mean of four individual experiments
=+ standard deviation. Statistical comparisons are provided in the sup-
plemental material (supplementary table S3)

seemed to play a lesser important role in cytotoxicity at the
same time point.

Since the MCSPy; CD28-CD3t CAR had the highest
surface expression, prolonged the capacity to lyse tumor
cells, and induced the highest cytokine production for a
prolonged time, this receptor was chosen for the subse-
quent experiments.

MCSPyy;, CD28-CD3¢-CAR-transfected T cells prolong
survival in an in vivo mouse model

The capacity of CAR-RNA-transfected T cells to elimi-
nate tumor cells in vivo was determined in a Winn-type
assay [56]. Therefore, T cells were electroporated with
mRNA encoding the MCSPyy; CD28-CD3t CAR. Control
T cells were transfected with the CEA-specific CD28-
CD3¢ CAR or without RNA. Modified T cells were cryo-
conserved before co-injection with MCSP™ tumor cells
subcutaneously into immunodeficient mice. The mice
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Fig. 3 CD8" T cells produce cytokines in response to MCSP" tumor
cells after CAR-RNA transfection. CD8™ T cells were isolated from
blood of healthy donors and activated for 10 days using OKT3 and
IL-2. Expanded T cells were subsequently electroporated with mRNA
encoding the different MCSP-specific first-generation CD3t or (a)
second-generation CD28-CD3¢ (b) CARs. T cells were assayed for
cytokine production against MCSP™ A375M cells (closed symbols)

that received control T cells showed a MST of 38.86
and 38.29 days, respectively, after inoculation and had
deceased after 59 and 47 days, respectively (Fig. 4). Co-
injection of MCSP-specific CAR T cells resulted in an
increased MST of 56.86 days, and some mice survived up
to 79 days after inoculation, demonstrating the anti-tumor
efficacy of RNA-transfected CAR T cells. Taken together,
the co-injection of RNA-transfected, tumor-specific T
cells substantially prolonged the overall survival time of
the mice.

Cryoconserved MCSPy; CD28-CD3; CAR'T cells
from melanoma patients specifically lyse tumor cells

Melanoma patient-derived T cells may be impaired in their
functional capacity. We therefore explored the capability
of patient’s CAR T cells to lyse MCSP™ tumor cells. Bulk

and MCSP™ T2A1 cells (open symbols) by stimulation with these
target cells 2, 12, and 24 h after electroporation. Supernatants were
harvested after O/N incubation, and cytokine content was determined
in a CBA. Data represent the mean of four individual experiments +
standard deviation. Statistical comparisons are provided in the sup-
plemental material (supplementary table S4)

T cells were expanded from a leukapheresis product and
electroporated with mRNA encoding the MCSPy; CD28-
CD3t¢ CAR. As controls we used the CEA-specific CD28-
CD3¢ CAR, or mock electroporated the T cells. T cells
were cryoconserved 2 h after electroporation which allows
using one production batch of T cells for multiple injec-
tions. After thawing, T cells were rested for 6 h and then
used as effectors in a standard chromium release assay with
MCSP™ T2.A1 and MCSP* A375M cells as target cells. T
cells with the MCSP-specific CAR lysed the MCSP™ tumor
cells, but not the MCSP™ cells (Fig. 5). The control T cells
did not lyse any of the target cells (Fig. 5). The data dem-
onstrate that also melanoma patient-derived T cells lyse
tumor cells in a target specific fashion after RNA transfec-
tion with an MCSP-specific CAR and cryoconservation.
This is pivotal for the use of RNA-modified CAR T cells in
clinical applications.
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Fig. 4 CAR-RNA-transfected T cells prolong survival of mice after
co-injection with MCSP™ tumor cells. T cells from healthy donors
were electroporated with RNA encoding a CEA-specific (CEA
CD28-CD3t) or MCSP-specific (MCSPy; CD28-CD3t) CAR, or
without RNA. Cells were cryoconserved 2 h after electroporation.
Thawed T cells were co-injected with MCSP' Melur cells subcuta-
neously into Rag™~ c¢y™~ mice, and their survival was determined.
Data are presented in a Kaplan—-Meier plot. Each group consisted of
seven animals. MST mean survival time. The p values, determined
by a Mann—Whitney U test, were: no RNA versus CEA CD28-CD3¢,
0.81; no RNA versus MCSPy; CD28-CD3t, 0.0006; and CEA CD28-
CD3¢ versus MCSPy; CD28-CD3g, 0.007

Cryoconserved MCSPy; CD28-CD3; CAR T
cells from melanoma patients specifically secrete
pro-inflammatory cytokines

We explored the capacity of patient-derived CAR T cells to
secrete pro-inflammatory cytokines in response to antigen
encounter. The CAR-transfected T cells were derived from
leukapheresis products of late-stage melanoma patients and
stimulated with tumor cells either 6 h after electroporation
or at the indicated time points after cryoconservation and
thawing. T cells were co-incubated for 16 h with the cell
lines T2.A1 (MCSP~, CEA™), A375M (MCSP*, CEA"),
or KATO III (MCSP~, CEA™), and the cytokine concentra-
tions in the supernatants were determined. Freshly used T
cells transfected with the CEA- or the MCSP-specific CAR
produced IL-2, TNF, and IFNy after stimulation with tumor
cells expressing the corresponding antigen (Fig. 6a), but
only low quantities of these cytokines after stimulation with
antigen-negative cells (Fig. 6a). T cells that were electropo-
rated without RNA did not produce relevant quantities of
the cytokines in response to any target cell (Fig. 6a). After
cryoconservation, the MCSPy; -CAR-transfected patient’s
T cells produced pro-inflammatory cytokines in response
to target cells in an antigen-specific manner (Fig. 6b).
IL-2 was secreted if the T cells were stimulated 6 h after
thawing, but not if the cells were rested for longer times,
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Fig. 5 Melanoma patient-derived T cells lyse MCSP™ tumor cells
after CAR-RNA transfection. T cells from late-stage melanoma
patients were electroporated with mRNA encoding a CEA-specific
(CEA CD28-CD3%) or MCSP-specific (MCSPy; CD28-CD3t) CAR,
or without RNA. Cells were cryoconserved 2 h after electropora-
tion. Thawed cells were assayed for cytolytic activity in a standard
4-h Cr! release assay, with T2.A1 (MCSP™) (a) or A375M (MCSP*)
(b) target cells at the indicated ratios. One representative of four inde-
pendent experiments is shown. Depicted data represent the mean val-
ues of triplicates. Error bars indicate standard deviation. Statistical
comparisons of the values from all donors are provided in the supple-
mental material (supplementary table S5)

whereas TNF and IFNy were also released when the T cells
were rested up to 24 h after thawing (Fig. 6b). After resting
for 72 h, no cytokine secretion was induced by incubation
with target cells (Fig. 6b).

These data indicate that the CAR-RNA-transfected T
cells from melanoma patients were capable to recognize
tumor cells in an antigen-specific fashion. Even after cryo-
conservation and thawing, the T cells retained the capacity
to antigen-specifically secrete cytokines for more than 24 h.

Discussion
We here explored RNA transfection to redirect T cells

by MCSP-specific CARs, which results in a well-defined
time window in which the modified T cells display the
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Fig. 6 CAR-RNA-transfected T cells from melanoma patients
secrete cytokines after antigen-specific stimulation. T cells from late-
stage melanoma patients were electroporated with mRNA encod-
ing a CEA-specific (CEA-CAR) or MCSP-specific (MCSPy; -CAR)
CAR, or without RNA. Cells were either used for stimulation 6 h
after electroporation (a) or were cryoconserved 2 h after electropora-
tion (b). Thawed cells were rested for 6, 24, 48, or 72 h after thaw-
ing before being used for stimulation. The T cells were co-incubated

introduced specificity. This limits the potential risk of on-
target, off-tissue toxicity, which was observed for stably
transduced T cells [5-7], whereas the limited time of T cell
activity can be compensated by administering more cells in
repetitive injections [57]. For clinical application, a GMP-
compliant protocol for production of adequate numbers
of T cells for mRNA electroporation is available [48] and
technologies to efficiently transfect large numbers of cells
are being developed [58].

The use of CAR-engineered T cells, however, is a dou-
ble-edged sword, because the potency of these cells can
also turn against the patient [59]. Even though, compared

IL-2
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with T2.A1 (CEA~, MCSP™), A375M (CEA~, MCSP™"), or KATO
III (CEA™, MCSP") cells overnight, as indicated, and concentrations
of IL-2, TNF, and IFNYy in the supernatant were determined using a
CBA. a Data represent the mean of three independent experiments,
and error bars indicate standard deviation. b One representative out
of three independent experiments is shown. Statistical comparisons of
all donors are provided in the supplemental material (supplementary
table S6 and S7)

to melanoma cells, the expression of MCSP was shown to
be low on several types of tissue, it can never be excluded
that some rare but important cell type in healthy tissue
expresses the antigen. Therefore, it is advisable to use
transient mRNA transfection instead of stable transduc-
tion when targeting any new antigen via CAR-engineered
T cells, as this gives the opportunity to stop the treat-
ment, resulting in a complete loss of CAR expression in
the patient within days. Next to the Ag-specific toxicities,
the CAR molecules may induce other detrimental effects.
The use of human Fc parts for structural purpose can medi-
ate binding to Fc-gamma receptors, hence inducing a vice
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versa killing of the transfected T cells and the Fc-gamma-
bearing immune cells [60]. Additionally, the Fc part can act
in an opsonizing fashion, facilitating the formation of anti-
bodies against the murine parts of the scFv. The Fc-gamma
receptor binding can be prevented by an exchange of five
critical amino acids in the Fc part [60]. Moreover, the for-
mation of antibodies against the murine parts of the CAR
can be circumvented by humanizing the scFv, as shown
for a folate receptor a-specific CAR [61]. The need to give
attention to this problem was clinically shown by Maus
et al. [15] where an unfortunate timing of the repetitive
injections of CAR mRNA-transfected T cells led to ana-
phylaxis, probably due to IgE antibodies against the CAR.
So far, CD3¢ and CD28-CD3¢ CAR T cells were only
compared using viral transduction systems [19, 51, 62, 63].
Conclusions from those studies may not necessarily adhere
to RNA-modified cells. The observed differences in CAR
expression may be caused by the incorporated transmem-
brane domains featured in these molecules, which can
influence the localization of the CAR on the T cell surface.
CARs featuring the CD3¢ domain have been reported to be
incorporated into the CD3 complex [64]. Hence, there could
be a simple limitation of membrane integration in the CD3
complex of the different first-generation CARs, resulting in
a lower expression. The second-generation CARs, contain-
ing a CD28 transmembrane domain, are probably not inte-
grated in the CD3 complex and therefore less dependent
on the expression of the CD3 molecules. We also recorded
that the scFv significantly impacted the surface expression
of CD28-CD3¢ CARs. While no data exist on the stabil-
ity of the scFv within the MCSP¢; CAR, the expression of
the MCSPyy; - and the MCSP, ;;-containing CARs reflected
the serum stability of the two scFvs. Indeed, it was already
observed that the MCSP; ;;-scFv had a serum half-life of
approximately 25 h and that 70 % of the MCSPy; -scFv
was still present at 96 h (i.e., half-life was not reached)
(unpublished data). This difference in serum stability could
be caused by a different folding. The coding sequence of
the MCSP; ;-scFv contains some mutations. Probably the
translation of the MCSP, ;;-scFv results in more defective
ribosomal products (DRiPs) [65] and therefore a lower and
shorter expression of the protein. This is counteracted in the
MCSPy; -scFv, in which these mutations were corrected,
probably resulting in better folding, lower DRiP rate, and
therefore higher and longer expression. Thus, a possible
mechanism for the observed higher expression of the CAR
containing the MCSPy; -scFv could be a better folding of
the protein compared to the folding of the CAR containing
the MCSP, ;-scFv. This observation implies that a binding
domain of higher stability positively affects CAR expres-
sion, thus improving and extending T cell activity against
target cells. Taken together, the MCSPy CD28-CD3¢
CAR represents an optimized molecule for the treatment of
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melanoma as it combines high binding affinity and stabil-
ity, suitable for testing in clinical trials.

Multiple injections of RNA-modified T cells seem to
be required to obtain clinical efficacy which is in contrast
to stably modified T cells. A murine tumor model dem-
onstrated that 14 injections of human patient-derived
T cells could control an established autologous tumor,
thereby prolonging the survival of animals [57]. In our
melanoma model, we observed that a single dose of RNA-
transfected T cells was capable to delay tumor growth in
a Winn assay situation, thereby prolonging the MST of
the treated mice. In the situation of an established mela-
noma, the optimal number of injections and the dose of
CAR T cells per injection need to be determined. Repeti-
tive injection of CAR T cells, however, may per se cause
severe side effects as seen in a recent clinical trial in
which a patient experienced severe anaphylaxis [15]. In
this study, patients were administered repetitive injec-
tions of mesothelin-specific CAR T cells. One of the four
patients suffered from severe anaphylaxis after the third
injection, which was attributed to an antibody response
against the murine scFv in the CAR. The authors suggest
that an improved injection pattern will resolve these prob-
lems, as their schedule included a longer period without T
cell injection, which allowed for an isotype switch of the
specific B cells, thus provoking an anaphylactic shock.
The use of fully human or humanized CARs can further
decrease the immunogenicity of the introduced CAR
molecules.

RNA electroporation of T cells may also allow for the
use of CAR molecules with higher potency of auto-reactiv-
ity, as off-tissue toxicity will be of limited duration. RNA
transfection also enables the simultaneous expression of
two CARs, thus creating T cells expressing two additional
receptors (TETARs) [66]. Additionally, other transgenes,
like inducible cytokines (generating T cells redirected for
universal cytokine-mediated killing: TRUCKs) [67], or
homing receptors [9] can be introduced. One might antici-
pate to stably transduce T cells with a CAR, proven to
be safe, and to transiently express a second, more effec-
tive, but potentially also more harmful receptor by mRNA
transfection.

Taken together, we believe that the use of the
MCSPy;; CD28-CD3t-CAR for RNA transfection of T
cells for adoptive T cell therapy represents a new option
for the treatment of malignant melanoma, as it proved effi-
cient in vitro and in initial in vivo experiments, while the
potential toxicity against MCSP-expressing healthy tissue
is reduced due to the transient nature of the transfection.
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