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ABSTRACT
◥

Purpose:Most chimeric antigen receptor (CAR) T-cell strategies
against glioblastoma have demonstrated only modest therapeutic
activity and are based on persistent genemodification strategies that
have limited transgene capacity, long manufacturing processes, and
the risk for uncontrollable off-tumor toxicities. mRNA-based T-cell
modifications are an emerging safe, rapid, and cost-effective alter-
native to overcome these challenges, but are underexplored against
glioblastoma.

Experimental Design:Wegeneratedmouse and humanmRNA-
based multifunctional T cells coexpressing a multitargeting CAR
based on the natural killer group 2D (NKG2D) receptor and the
proinflammatory cytokines IL12 and IFNa2 and assessed their
antiglioma activity in vitro and in vivo.

Results: Compared with T cells that either expressed the CAR
or cytokines alone, multifunctional CAR T cells demonstrated
increased antiglioma activity in vitro and in vivo in three

orthotopic immunocompetent mouse glioma models without
signs of toxicity. Mechanistically, the coexpression of IL12 and
IFNa2 in addition to the CAR promoted a proinflammatory
tumor microenvironment and reduced T-cell exhaustion as
demonstrated by ex vivo immune phenotyping, cytokine profil-
ing, and RNA sequencing. The translational potential was dem-
onstrated by image-based single-cell analyses of mRNA-modified
T cells in patient glioblastoma samples with a complex cellular
microenvironment. This revealed strong antiglioma activity of
human mRNA-based multifunctional NKG2D CAR T cells
coexpressing IL12 and IFNa2 whereas T cells that expressed
either the CAR or cytokines alone did not demonstrate compa-
rable antiglioma activity.

Conclusions: These data provide a robust rationale for future
clinical studies with mRNA-based multifunctional CAR T cells to
treat malignant brain tumors.

Introduction
Glioblastoma is the most common and most aggressive primary

brain tumor in adults (1). It is an inevitably fatal disease with an urgent
need for more effective therapies than the current standard of care
comprising surgery followed by radiochemotherapy with temozolo-
mide (2). Chimeric antigen receptor (CAR) T-cell therapy has led to
impressive clinical responses in hematologic malignancies (3, 4) and is
also explored against glioblastoma. However, apart from a single case
report (5), the antitumor activity of CAR T cells in patients with
glioblastomahas only beenmodest (6, 7). Challenges in current clinical
trials with CAR T cells against glioblastoma are heterogeneously

expressed single-target antigens such as EGFR variant III (EGFRvIII),
epidermal growth factor 2 (Her2), or IL13 receptor alpha 2 (IL13Ra2)
as well as an immunosuppressive microenvironment averting CAR
T-cell activity. Multitargeting strategies based on unconventional
CAR designs such as natural killer group 2D (NKG2D) receptor-
basedCARTcells (8, 9) or tandemCARs (10) based onmultiple single-
chain variable fragments (scFV) as well as cytokine-armored CAR
constructs that coexpress a CAR and proinflammatory cytokines such
as IL12 (11) or type I IFN (12) are promising emerging strategies to
overcome these challenges.

However, the majority of CAR T-cell approaches against glioblas-
toma use retroviral vectors or nonviral transposon-transposase sys-
tems to stably integrate transgenes encoding the CAR and potentially
also cytokines. These enable long-term expression but have limitations
and safety concerns such as a limited transgene capacity, long pro-
duction processes with the risk of treatment delays, the risk of genomic
alterations that could lead to malignant transformation of T-cell
clones, and persistent CAR and/or cytokine expression with the risk
for off-tumor toxicities (13, 14). Consequently, regulatory hurdles
associated with genetically engineered cell therapies are strict, which
delays the clinical translation of innovative CAR T-cell strategies
against glioblastoma (15). RNA-modified T cells are an emerging
alternative. The transient nature and high transfection efficiency of
mRNA-based modifications allow for the generation of multifunc-
tional T cells that express the CAR and cytokines with a better safety
profile than stably engineered cells (16). So far, the only mRNA-based
CAR T-cell approach against glioblastoma was an in vitro study
showing cytolytic activity of human T cells electroporated withmRNA
encoding a CAR-targeting EGFR against long-term cultured human
glioblastoma cell lines (17)

Here, we provide a preclinical evaluation ofmultifunctionalmRNA-
based CAR T cells that express a multitargeting CAR based on the
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NKG2D receptor and two proinflammatory cytokines in immuno-
competent orthotopic mouse models of glioma and translate this
therapy to glioblastoma patient samples with a complex cellular
microenvironment.

Materials and Methods
Culture of glioma cell lines and murine or human T cells

GL-261 cells were obtained from the NCI, SMA-560 cells were
obtained from Dr. D. Bigner (Duke University Medical Center,
Durham, North Carolina), and CT-2A cells were purchased from
Millipore. Glioma cell lines were cultured as described previously (8)
and regularly tested negative forMycoplasma by PCR. Murine T cells
derived from splenocytes or human T cells derived from peripheral
blood mononuclear cells (PBMC) were cultured in RPMI1640
(Gibco Life Technologies) supplemented with 10% FCS, 2 mmol/L
L-glutamine (both purchased from Gibco), 100 U/mL penicillin-
streptomycin (Sigma-Aldrich), and 50 U/mL murine or human IL2
(both PeproTech). For murine T cells, 55 mmol/L 2-mercaptoethanol
(Gibco) was added.

In vitro transcription of mRNA
The murine and human NKG2D-based CAR constructs have been

described previously (18, 19). The mRNAs encoding for the murine or
human NKG2D CAR or mIFNa2 were generated by in vitro tran-
scription at themRNA platform of Zurich as described previously (20)
andmRNAs encodingmIL12, hIL12, und hIFNa2were obtained from
BioNTech. The functionality of synthetic mRNAs was confirmed by
transfection of lymphocytes and subsequent detection of the respective
protein by flow cytometry.

Generation of multifunctional CAR T cells
For the generation of murine multifunctional CAR T cells, spleno-

cytes fromC57BL/6mice were activated for 48 hours using immobilized
anti-CD3 and anti-CD28 antibodies (both BioXCell) at 1 mg/mL and
5 mg/mL, respectively. Subsequently, between days 4 and 7 following
isolation, the cells were electroporated with mRNA encoding either
the mNKG2D CAR (CAR) or mIL12 and mIFNa2 (Cyt) or all three
mRNAs (CAR þ Cyt) using 2.5 mg mRNA for the NKG2D CAR and
0.5 mg mRNA for each cytokine per million cells.

Humanmultifunctional CART cells were produced by activation of
PBMCs using Dynabeads (Thermo Fisher Scientific) for 72 hours and
electroporation of the mRNA as indicated between days 4 and 12 after
activation.

Electroporation was performed using a NEON transfection system
(Invitrogen)with electroporationparameters set to avoltage of1,600mV
and three pulses of 10-ms pulse width. Mock-electroporated cells served
as control (ctrl.) and transfection ofmRNA encoding for the fluorescent
protein ZsGreen was used as a control for transfection efficiency.
Following electroporation, the cells were kept in medium without
antibiotics and used for experiments within a few hours. Stable retro-
virally transduced NKG2D CAR T cells (CH) were generated as
described previously (19) and subsequently electroporatedwithmRNAs
encoding for mIL12 and mIFNa2 (CH þ Cyt) or mock electroporated
on day 5.

Antibodies and flow cytometry
For flow cytometry, the following mAbs were used: anti-CD3-

PerCP-Cy5.5, anti-CD4-BV650, anti-CD8-BV786, anti-CD11b-APC-
Cy7, anti-CD45.1-AF488, anti-CD45.2-PE, anti-IFNg-BV421 and anti-
NKp46-APC (BioLegend), anti-RAE-1-FITC, and anti-MULT-1-PE
(R&D Systems Europe). To prevent unspecific staining, all samples
were preincubated with anti-mouse CD16/CD32 (BD Biosciences).
Zombie Aqua (BioLegend) was used for viability staining and iso-
type-matched antibodies from Sigma-Aldrich served as controls.

Measurements were acquired on a FACSVerse or LSR II Fortessa
and cell sorting was performed on a FACSAria III (all from BD).
Data were processed in FlowJo (Tree Star). The isolation and
analysis of tumor-infiltrating immune cells was performed as
described previously (21).

Immunofluorescence and IHC
Immunofluorescence and IHC was performed as described pre-

viously (21) using anti-CD3, anti-MICA, anti-ULBP2 from Sino
Biological, and anti-RAE1 from Novus Biologicals. Images were
analyzed in an unsupervised and blinded fashion using TMARKER,
a software toolkit for histopathologic staining estimation (22).

In vitro cytotoxicity and IFNg expression of CAR T cells
Glioma cells as target cells were labeled with PKH26 (Sigma-

Aldrich) and cocultured withmRNA-based or virally transduced CAR
T cells or respective control T cells with or without coexpression of
mIL12 and mIFNa2 for 36–40 hours at various effector:target ratios.

Target cell lysis was determined by flow cytometry as the percentage
of death in the population of labeled target cells after subtraction of
background lysis.

For the assessment of T cell–specific IFNg expression, a protein
transport inhibitor cocktail (Invitrogen) was added after 18 hours of
coculture and incubated for 6 hours. Samples were subsequently
stained for CD4, CD8, and intracellular IFNg and analyzed by flow
cytometry.

Pharmacoscopy
All studies including patient samples were conducted in accordance

with the Declaration of Helsinki and approved by the Institutional
Review Board and ethical committee (KEK-StV-Nr.19/08, BASEC
number 2008-02002). Upon written informed consent, newly diag-
nosed glioblastoma samples were obtained from the Department of
Neurosurgery at the University Hospital Zurich. Tumor dissociation
was performed as described previously (23) and dissociated patient
cells were seeded at 0.25–1.5� 104 cells/well into clear-bottom, tissue
culture–treated CellCarrier-384 Ultra Microplates (PerkinElmer). As
indicated, 1 � 104 control or mRNA-modified T cells were plated on
top of patient cells in 25 mL/well of RPMI1640 media supplemented
with 10% FBS and cultured at 37�C, 5% CO2 for 24 hours. Each

Translational Relevance

Current chimeric antigen receptor (CAR) T-cell approaches
against glioblastoma are based on persistent gene modification
strategies that are associated with regulatory hurdles. This limits
the timely translation of innovative CAR T-cell approaches against
this fatal disease. In this work, we provide a comprehensive
preclinical and translational characterization of mRNA-based
multifunctional CAR T cells against glioblastoma using orthotopic
immunocompetent glioma mouse models and an innovative pro-
filing platform to functionally characterizemRNA-modifiedT cells
in complex glioblastoma patient samples. This provides a basis and
strong rationale for future clinical studies using mRNA-based
multifunctional CAR T cells to treat malignant brain tumors.
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condition had 6–8 corresponding replicate wells. Subsequently, cells
were fixedwith 4%PFA (Sigma-Aldrich), blockedwith PBS containing
5% FBS and 0.1% Triton overnight, and stained with the following
antibodies: Alexa Fluor 488 anti-S100 beta (Abcam), PE anti-Nestin
(BioLegend), Alexa Fluor 488 anti-CD3 (BioLegend), Alexa Fluor 647
anti-CD45 (BioLegend), and DAPI (BioLegend).

Imaging of the 384-well plates was performedwith anOpera Phenix
automated spinning-disk confocal microscope at 20� magnification
(PerkinElmer). Single cells were segmented on the basis of their nuclei
(DAPI channel) using CellProfiler 2.2.0. Downstream image analysis
was performed with MATLAB R2020a. Marker-positive cell counts
for each condition were derived on the basis of a linear threshold of
the histograms of each channel and/or marker intensity measure-
ments across both plates. Marker-positive cancer cell counts were
averaged across each well and/or condition and compared between
each treatment group.

T-cell morphology deep learning
The original convolutional neural network (CNN) used for transfer

learning was trained using a manually curated dataset of 16,171
conventional T cells (TCON) and 9,599 activated T cells (TACT),
utilizing a 39-layer CNN with an adapted ResNet architecture (24).
A dataset of 50�50 pixel, 3-channel (DAPI, Brightfield, Alexa Fluor
488) images of T cells was manually curated into TCON and TACT

morphologic classes, generating a total of 5,564 TCON and 4,269 TACT

cells. Curated images of CAR T cells were rescaled to 48�48 pixels
before training, and training and validation datasets were split 4:1 to
evaluate overfitting of the CNN both during and after training. Before
CNN training, the weights and biases of the original network were
transferred, except for the last convolutional layer and final fully
connected layer, which were reset and randomly initialized. To
improve the learning rate of the new layers compared with the
transferred layers, the weight and bias learn rate factors of the new
layers were set to 10. The network was trained for 20 epochs imple-
menting the adaptive learning rate optimization “ADAM,” with an
initial learning rate of 0.001 which was lowered with a factor of 0.1
every 5 epochs. A mini batch size of 256 images and L2 regularization
with 0.001 was applied. In each training iteration, images were
randomly rotated by 45 degrees andmirrored vertically or horizontally
per iteration to limit orientation biases towards cellular features.
Performance of the network was assessed with a separate test dataset
composed of 854 TACT and 1,113 TCON cells.

RNA sequencing
CD45.1þ cells were isolated from tumor-bearing hemispheres by

FACS and immediately fixed in TRIzol reagent (Invitrogen). Subse-
quently, extraction of total RNA was performed using the RNeasy
MinElute Cleanup Kit (Qiagen). Library prep was performed using the
RNA Prep with Enrichment (L) Tagmentation’ Kit (Ilumina), follow-
ing manufacturer’s instructions. Resulting pooled library was
sequenced with a NextSeq 500/550 High Output Kit v2.5 (75 Cycles)
at a final concentration of 1.8 pmol/L. Generated Fastq files were
aligned using the STAR aligner.

Mice and animal experiments
All experiments were done following the guidelines of the Swiss

federal law on animal protection and approved by the cantonal
veterinary office (ZH073-2018). C57BL/6CD45.2 mice were pur-
chased from Charles River Laboratories. C57BL/6CD45.1 were bred
in pathogen-free facilities at the University of Zurich (Zurich,
Switzerland). For all experiments, mice of 6 to 12 weeks of age

were used and stereotactic tumor implantation of 2 � 104 GL-261
or 75� 103 CT-2A cells and monitoring of mice has been described
previously (21).

Multicytokine ELISA
Tumor-bearing hemispheres were dissociated in 2 mL PBS. Sub-

sequently, cytokines were measured in a 100 mL aliquot of the
supernatant using a multianalyte ELISArray Kit (Qiagen).

MRI
On day 15 after tumor implantation, coronal T2-weighted image

sequences of the mouse brains were recorded using a 4.7 T MRI and
Paravision 6.0 (Bruker Biospin).

Fluorescence molecular tomography
Murine T cells were labeled with CellBriteTM NIR790 (Biotium),

electroporated and administered to tumor-bearing mice as indicated.
For the in vivo tracking of adoptively transferred cells, we used the
790 nm laser channel of a FMT2500 system and images were analyzed
using TrueQuant 3.1 (PerkinElmer).

Statistical analysis
Data are presented as means� SD.Where not indicated differently,

experiments were repeated at least three times. GraphPad Prism was
employed for statistical analysis using two-way ANOVA and correct-
ing for multiple comparisons using the two-stage step-up method of
Benjamini, Krieger, and Yekutieli. Kaplan–Meier survival analysis was
performed to assess survival differences among the treatment groups
and P values were calculated with the log-rank test. RNA-sequencing
reads were normalized and adjusted for differential gene expression
using DESeq. Significance was concluded at �, P < 0.05 and ��, P < 0.01
throughout all figures.

Data availability
The data generated in this study are available within the article and

its Supplementary Data. Raw data are available upon request from the
corresponding author.

Results
Multifunctional NKG2D CAR T cells coexpressing mIL12 and
mIFNa2 exert enhanced antitumor activity against syngeneic
murine glioma cell lines in vitro

We first established the optimal parameters for mRNA electro-
poration into mouse T cells using mRNA encoding for the fluo-
rescent protein ZsGreen. A voltage of 1,600 mV applied in three
pulses of 10-ms pulse width led to transfection efficiency with
preserved viability of cells (Supplementary Fig. S1A). The trans-
gene expression was titratable with increasing concentrations
of mRNA (Supplementary Fig. S1B) and stable for up to 5 days
upon electroporation (Supplementary Fig. S1C and S1D). We
further investigated whether simultaneous transfection of multiple
mRNAs impaired transfection efficiency, which was not the case
(Supplementary Fig. S1E).

Next, we electroporatedmurine T cells withmRNA to express either
the proinflammatory cytokines mIL12 and mIFNa2 (Cyt) or the
NKG2D CAR (CAR) or all three transgenes (CAR þ Cyt) and used
these cells as effector cells in cocultures with the murine glioma cell
lines GL-261 or CT-2A. NKG2D CAR T cells that coexpressed mIL12
and mIFNa2 had the highest cytolytic activity (Fig. 1A and C). The
coexpression of mIL12 and mIFNa2 in addition to the CAR was

Multifunctional mRNA-Based CAR T cells Against Glioblastoma
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also superior to combination of the CAR with either cytokine alone
(Supplementary Fig. S1F and S1G). Therefore, we only focused on the
coexpression of all three transgenes for all subsequent experiments.
Coexpression of theCAR and the cytokines also led to the highest IFNg
expression inCD4T cells against bothGL-261 andCT-2Aglioma cells,
whereas for CD8 T cells the effect differed according to the target cell
line: against CT-2A the CAR and cytokine-expressing CD8 T cells had
the highest IFNg expression, whereas against GL-261 already the
cytokines alone increased the level of IFNg to a similar level compared
with the coexpression of the CAR and the cytokines (Fig. 1B and D).

As many CART approaches rely on the viral transduction of a CAR
construct, we investigated whether the activity of those cells also can be
boosted by cotransfection of mRNA encoding for proinflammatory
cytokines. Thus, we generated stable NKG2DCART cells by retroviral
transduction (CH), which were subsequently electroporated with
mRNAs encoding for mIL12 and mIFNa2. This further improved

their cytolytic activity and intracellular IFNg expression in coculture
with GL-261 or CT-2A glioma cells (Fig. 1E–H).

Multifunctional NKG2D CAR T cells coexpressing mIL12 and
mIFNa2 have antitumor activity in immunocompetent
orthotopic glioma mouse models upon intravenous and local
administration

We first characterized the tumor homing of mRNA-based murine
T cells expressing eithermIL12 andmIFNa2 or theNKG2DCARor all
three proteins upon intravenous administration. Fluorescence molec-
ular tomography (FMT) imaging demonstrated a similar accumula-
tion of the different modified T cells in the tumor upon intravenous
injection in immunocompetent orthotopic GL-261 glioma-bearing
mice (Fig. 2A and B). Subsequently, we investigated the antitumor
activity. Intravenously administered multifunctional mRNA-based
NKG2D CAR T cells that coexpressed mIL12 and mIFNa2 conferred

Figure 1.

Multifunctional murine NKG2D CAR T cells that
coexpress mIL12 and mIFNa2 have enhanced
antitumor activity against syngeneic glioma
cells in vitro. A, Murine T cells were mock elec-
troporated (ctrl.), or with two mRNAs encoding
for mIL12 or mIFNa2 (Cyt), or an mRNA encod-
ing for the NKG2D CAR (CAR) or all three
mRNAs (CAR þ Cyt). Subsequently, they were
used as effector cells in coculture with GL-
261 glioma cells at different effector:target
ratios. B,Modified T cells as described inAwere
cocultured for 18 hours in a 2.5:1 effector:target
ratio with GL-261 glioma cells and intracellular
IFNg expression was determined by flow cyto-
metry in CD4þ or CD8þ cells. C and D, Same
setup as in A and B but CT-2A glioma cells were
used as target cells. E–H, Same setup as in A–D,
but the CAR was retrovirally transduced (CH).
Data are presented asmean� SD (�/þ, P <0.05;
��/þþ, P < 0.01; � , compared with ctrl.; þ, com-
pared with CAR/CH).
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Figure 2.

Multifunctional mRNA-based NKG2D CAR T cells have promising antitumor activity in orthotopic immunocompetent murine glioma models upon intravenous
and intratumoral administration. A and B, Murine T cells were mock-electroporated (ctrl.) or transfected with mRNAs encoding mIL12 and mIFNa2 (Cyt), the
NKG2D CAR (CAR), or all three proteins. Subsequently, the cells were labeled with CellBrite790 and 5 � 106 cells were intravenously injected at days 4, 7, 10,
and 13 after brain inoculation of GL-261 cells. The fluorescence signal from labeled T cells at the tumor site was detected by FMT at 12, 24, or 48 hours after the
first injection. One representative mouse per group is shown in A and quantification from 3 mice per group is shown in B. C, Same setup as in A but Kaplan–
Meier curves are shown. D, Same setup as in A, but the NKG2D CAR was retrovirally transduced (CH). E and F, GL-261 cells were implanted in na€�ve control
mice or the contralateral hemisphere of the long-term surviving mice from C and D 6 months after the initial implantation. T2w MRI scans at day 15 after tumor
implantation are shown. GL-261 (G) or CT-2A (H) tumor-bearing mice received two intratumoral injections of 2 � 106 modified T cells as described in A at days
7 and 12 after tumor implantation. Kaplan–Meier curves are shown and P values were calculated with log-rank test (�/þ, P < 0.05; ��/þþ, P < 0.01; �,compared
with ctrl; þ, compared with CAR/CH).
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a survival benefit and led to a fraction of long-term surviving mice
whereas mRNA-modified T cells that expressed either the cytokines or
the NKG2D CAR did not confer a survival benefit (Fig. 2C). The
treatment was well tolerated and we did not observe signs of toxicity at
the level of mouse behavior or bodyweight (Supplementary Fig. S2A).
The antiglioma activity of intravenously administered multifunctional
cytokine-expressing CAR T cells could also be confirmed in the less
immunogenic CT-2A glioma model (Supplementary Fig. S2B) and
we also observed a significant survival benefit but without long-term
surviving mice when the treatment started at a late timepoint
(Supplementary Fig. S2C). Furthermore, the coelectroporation of
mRNAs encoding for mIL12 and mIFNa2 also improved the antitu-
mor activity of intravenously administered viral vector-based NKG2D
CAR T cells and increased the number of long-term surviving mice
(Fig. 2D) without signs of toxicity at the level of bodyweight measure-
ments (Supplementary Fig. S2D). Long-term surviving mice did not
develop tumors upon rechallenge with GL-261 glioma cells into the
contralateral hemisphere 6 months after the initial treatment, suggest-
ing a long-lasting antitumor effect (Fig. 2E and F). For all subsequent
experiments, we focused exclusively on the mRNA-modified T cells
due to their potential for translation because of faster manufacturing
processes and a potentially better safety profile compared with virally
transduced T cells due to the transient nature.We also investigated the
local intratumoral administration of multifunctional mRNA-based
CAR T cells. This was also well tolerated in orthotopic GL-261 glioma-
bearing mice without signs of toxicity at the level of behavior and
bodyweight (Supplementary Fig. S2E) and further improved the
therapeutic efficacy compared with intravenous administration. Two
intratumoral injections of mRNA-based multifunctional NKG2D
CAR T cells that coexpressed mIL12 and mIFNa2 cured 84% of
GL-261 glioma-bearing mice (Fig. 2G). The promising antiglioma
activity and tolerability of intratumorally administered mRNA-based
mIL12- and mIFNa2-expressing NKG2D CAR T cells was also
confirmed in two additional immunocompetent, orthoptic glioma
models using CT-2A or SMA-560 glioma cells (Fig. 2H; Supplemen-
tary Fig. SF and SG). These models are less immunogenic and express
also less NKG2D ligands compared with GL-261 (Supplementary
Fig. S2H and S2I).

Multifunctional mRNA-based NKG2D CAR T cells coexpressing
mIL12 and mIFNa2 increase bystander T cells and
proinflammatory cytokines in the tumor microenvironment and
are less exhausted

To investigate the functional mechanisms underlying the increased
antitumor activity of multifunctional mRNA-based NKG2D CAR T
cells that coexpress mIL12 and mIFNa2, we characterized adoptively
transferred mRNA-modified T cells, bystander tumor-infiltrating
immune cells and cytokines in the tumor microenvironment upon
local intratumoral treatment in immunocompetent orthotopic glio-
ma-bearing mice. Coexpression of mIL12 and mIFNa2 in addition to
the NKG2D CAR led to the strongest increase in the abundance of
adoptively transferred CD45.1þ T cells within the tumor microenvi-
ronment. Furthermore, CAR T cells as well as multifunctional cyto-
kine-expressing CAR T cells increased the abundance of CD45.2þ

bystander immune cells within the tumor microenvironment
(Fig. 3A). The vast majority of the adoptively transferred cells were
CD8þ, independent of the modification (Fig. 3B). Multifunctional
cytokine- and CAR-expressing T cells increased the fraction of
both tumor-infiltrating CD45.2þ CD4 and CD8 T cells, whereas the
cytokine- or CAR-only expressing T cellsmainly increased the fraction
of bystander CD4 T cells (Fig. 3C). Ex vivo cytokine profiling

demonstrated increased IL12 and IFNg levels in the tumor microen-
vironment upon treatment with multifunctional CAR T cells, whereas
CAR-only expressing T cells mainly led to an upregulation of IL6
(Fig. 3D).We did not detect differences in immune cell populations in
the blood and spleen suggesting a locally confined effect at the tumor
site (Supplementary Fig. S3). To characterize themolecular state of the
adoptively transferred cells, we FACS-sorted tumor-infiltrating
CD45.1þ and performed RNA sequencing. Principal component
analysis showed a clear separation of the four different transfected
T-cell populations (Fig. 3E) and we identified distinct gene expression
signatures based on the 30 most abundant genes (Fig. 3F). We
performed gene set enrichment analysis using previously reported
gene sets associated with T-cell exhaustion or activation, respective-
ly (25). This revealed that genes associated with T-cell exhaustion were
predominantly enriched in control T cells and T cells that expressed
the CAR only whereas genes that are associated with T-cell activation
showed the highest enrichment in T cells that coexpressed the CAR
and mIL12 and mIFNa2 (Fig. 3G).

In line with these findings, genes involved in the T-cell response to
the immunosuppressive cytokine TGFb, which has been associated
with T-cell exhaustion in previous studies (26), showed the lowest
expression in multifunctional CAR T cells coexpressing mIL12 and
mIFNa2. Genes associated with an immunosuppressive IL10 response
were enriched in CAR T cells but not upon coexpression of mIL12 and
mIFNa2 (Fig. 3H). Accordingly, multifunctional CAR T cells coex-
pressing mIL12 and mIFNa2 displayed the strongest overall T-cell
activation state (Fig. 3I).

Human mRNA-based multifunctional CAR T cells coexpressing
hIL12 and hIFNa2 have antitumor activity in glioblastoma
patient samples with a complex microenvironment

To determine the translational potential of multifunctional
mRNA-based CAR T cells for the treatment of glioblastoma, we
generated PBMC-derived mRNA-modified T cells encoding either
the human NKG2D CAR or hIL12 and hIFNa2 or all three proteins.
We obtained tissue samples directly from surgery of patients with
newly diagnosed glioblastoma, dissociated the samples, and exposed
the complex cell mixtures comprising glioma cells and cells from
the tumor microenvironment to the different modified T cells. After
24 hours, we used an image-based platform (27) to determine the
antitumor activity of the different engineered T cells on a single
cell level (Fig. 4A). Markers associated with glial lineage and
stemness (S100B, NESTIN) were used to identify S100BþCD45�

or NESTINþCD45� cancer cells whereas CD45 was used as a pan-
immune cell counterstain. T cells were identified by the coexpression
of CD3 and CD45 (Fig. 4B; Supplementary Fig. S4A–S4C). This
single-cell phenotypic read-out from 10 glioblastoma samples dem-
onstrated that despite interpatient heterogeneity, multifunctional
mRNA-based CAR T cells coexpressing hIL12 and hIFNa2 most
efficiently reduced the number of cancer cells (Fig. 4B and D). In
contrast, T cells that only expressed either the NKG2D CAR or the
proinflammatory cytokines did not consistently reduce the number
of glioma cells. In all patients except for patient 8, which showed
very low target antigen expression (Supplementary Fig. S4D), mul-
tifunctional CAR T cells reduced the number of glioma cells by
around 50%. To determine whether specific T-cell phenotypes were
associated with increased anti-glioma activity, we assessed T-cell
activation through deep learning–based morphologic profiling
(Fig. 4C and D). We trained a convolutional neural network (TNet)
to classify T cells as either activated (TACT) or nonactivated (TCON),
based on whether they displayed rounded or polarized morphologies.
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Figure 3.

Multifunctional mRNA-based NKG2D CAR T cells coexpressing mIL12 and mIFNa2 increase bystander T cells and proinflammatory cytokines in the tumor
microenvironment and are less exhausted. A–C, Murine CD45.1þ T cells were electroporated (ctrl.) or transfected with mRNAs encoding for mIL12 and mIFNa2
(Cyt), the NKG2D CAR (CAR), or all three transgenes and injected intratumorally into GL-261 glioma-bearing CD45.2þ mice at days 7 and 12 after tumor
implantation. At day 14 after tumor implantation, tumor-infiltrating CD45.1þ (A, B) and CD45.2þ (C) immune cells were isolated and analyzed by flow
cytometry. Data are presented as mean � SD (�/þ, P < 0.05; ��/þþ, P < 0.01; �, compared with ctrl.; þ, compared with CAR). D, Same experimental setup as in
A–C, but cytokines were analyzed from dissociated tumor-bearing hemispheres by ELISA. The mean cytokine level is shown (�/þ, P < 0.05; ��/þþ, P < 0.01;
� , compared with ctrl.; þ, compared with CAR). E–I, GL-261 glioma-bearing CD45.2þ mice were treated intratumorally at day 12 after tumor implantation with
modified murine CD45.1þ T cells as indicated in A–C. A total of 48 hours later, FACS-sorted CD45.1þ T cells were characterized by RNA sequencing. Principal
component analysis and expression level of the most abundant 30 genes are shown in E and F, respectively. Gene enrichment scores in the different modified
T cells are shown for genes associated with T-cell activation or exhaustion (G), TGFb response or IL10 response (H), or global T-cell states comprising
exhaustive, na€�ve, memory, activated, or activated-dysfunctional cell states (I).
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Figure 4.

HumanmRNA-basedmultifunctional CAR T cells coexpressing hIL12 and hIFNa2 have promising antitumor activity in complex glioblastoma patient samples with an
intact microenvironment. A, Scheme of ex vivo cocultures of glioblastoma (GBM) patient samples with different mRNA-modified T cells. Surgically derived patient
glioblastoma samples (n¼ 10)were dissociated and cocultured for 24 hourswithmock-transfected T cells (ctrl.), hIL12- and hIFNa2-expressing T cells (Cyt), hNKG2D
CART cells (CAR), ormultifunctional CART cells coexpressing hNKG2DCARaswell as hIL12 and hIFNa2 (CARþCyt).B,Representative immunofluorescence images
of one glioblastoma patient sample (Pat. 1) in the absence of modified T cells (left) and the presence of multifunctional CAR T cells coexpressing hIL12 and hIFNa2
(right). White arrows denote cancer cells. Scale bar, 30 mm. C, Representative single-cell crops of T cells classified by TNet according to their morphology as either
activated (TACT) or nonactivated (TCON). Scale bar, 10mm.D,Cocultures from 10dissociatedglioblastomapatient samples anddifferentmodifiedT cellswere set up as
indicated inA. Number of glioma cells (bottom) and T-cell activation states (top) in the different cocultures for each patient were obtained on a single-cell resolution
from the image analyses. The number of cancer cells is shown as box plots and the fraction of T cells adopting an activatedmorphology (TACT%) is shown as bar plots
withmean� SD. Black asterisks (all comparisons), green asterisks (compared with GBMonly), red asterisks (comparedwith CARþ Cyt). � , Padj <0.05; �� , Padj < 0.01;
��� , Padj < 0.001.
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In 6 of 10 patients (60%), T cells that coexpressed the CAR and hIL12/
hIFNa2 had the highest fraction of TACT cells, 4 of which were
significantly higher than the NKG2D CAR T cells alone, suggesting
higher levels of activation.

Discussion
Glioblastoma is a prototypic solid tumor with an immunosuppres-

sive microenvironment and there is a need for efficient and safe
engineering strategies to improve CAR T-cell activity against this
deadly tumor. However, current vector-based CAR T-cell strategies
against glioblastoma have limited transgene capacity, lengthy
manufacturing processes, and the integration into the genome and
continuous transgene expression pose the risk for malignant trans-
formation and uncontrollable off-tumor toxicities (14, 15).

The feasibility of mRNA-based T-cell engineering has been
demonstrated in other diseases (28) and is an appealing alternative
to overcome these challenges and to facilitate clinical translation of
innovative CAR T-cell strategies (16). We demonstrated promising
antiglioma activity of mRNA-based multifunctional CAR T cells in
several immunocompetent orthotopic gliomamodels (Figs. 1 and 2).
We used a CAR based on the NKG2D receptor, which is attractive
against glioblastoma as it allows multivalent targeting of antigens
expressed on glioma cells (8) including cells with stem-like prop-
erties (9), tumor-associated immunosuppressive myeloid-derived
suppressor cells, and regulatory T cells (29) as well as tumor-
associated blood vessels (30). Furthermore, it has been translated
to patients without signs of toxicity (18). To enhance the antitumor
activity of NKG2D CAR T cells, we coelectroporated mRNA encod-
ing for IFNa2 and IL12, which improved CAR T effector functions
in vitro (Fig. 1) and the antiglioma effect in vivo (Fig. 2). Type I
IFNs have immune-modulatory functions in glioma (31) and can
potentially also directly inhibit the growth of stem-like glioma
cells (32, 33). However, a recent clinical trial failed to confirm
activity of intravenously administered IFNb in combination with
standard of care treatment in newly diagnosed glioblastoma (34).
IL12 is a potent proinflammatory cytokine with promising anti-
glioma activity that stimulates lymphoid and myeloid cells. It cannot
be administered systemically at therapeutically active doses due to
systemic toxicities and apart from a recent report in which we used
an antibody-IL12 fusion protein (35), it has been investigated
against glioblastoma mainly as a local treatment (36–38). In line
with our findings, a recent study demonstrated the potential of an
intratumorally administered IL12-FC fusion protein as an adjuvant
for EGFRvIII-targeting CAR T cells in a preclinical glioma mod-
el (37). We did not observe signs of toxicity, which is in line with
a study from Pohl-Guimaraes and colleagues, who showed that
RNA-modified T cells that overexpress a proinflammatory cytokine
did not cause toxicities in mice with intracranially implanted
melanoma (39). A chimeric approach, to virally transduce the CAR
for long-term persistence but transiently augment the activity of
these CAR T cells by mRNA-based modifications (Fig. 2D) is
another strategy to increase the activity of current CAR T-cell
approaches against glioblastoma.

To investigate the translational potential, we used an image-
based cell profiling technology that enables functional single-cell
readouts in complex primary tumor samples with an intact micro-
environment (27). This demonstrated that despite interpatient
heterogeneity, multifunctional mRNA-based NKG2D CAR T cells
coexpressing hIL12/hIFNa2 had the strongest antiglioma activity in
this setup (Fig. 4).

The limitation of the mRNA-based T-cell modifications is the
transient nature, which is advantageous in case of off-tumor toxicities,
but would require repeated administrations. Clinical studies are
required to demonstrate safety and efficacy of mRNA-based multi-
functional CAR T cells in patients with glioblastoma and the current
study provides a strong rationale for such investigations. Furthermore,
additional studies are required to investigate in more depth mechan-
isms of action and resistance. This would enable to select the best
combination of mRNAs encoding for cytokines, tumor-homingmole-
cules, extracellularmatrix remodeling proteins, and to further enhance
the antitumor activity. Other future studies should investigate the
combination of multifunctional CAR T cells with other immunother-
apeutic strategies such as immune checkpoint inhibition or immu-
novirotherapy. We anticipate that mRNA-based multifunctional
NKG2D CAR T cells coexpressing IL12 and IFNa2 could be a
promising treatment for patients with glioblastoma.
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