
ORIGINAL RESEARCH

Versatile chimeric antigen receptor platform for controllable and combinatorial T cell 
therapy
Anja Feldmanna*, Anja Hoffmanna*, Ralf Bergmann a,b, Stefanie Koristkaa, Nicole Berndta, Claudia Arndta, 
Liliana Rodrigues Loureiroa, Enrico Kittel-Bosellic, Nicola Mitwasia, Alexandra Keglera, Chris Lamprechta,d, 
Karla Elizabeth González Sotoa, and Michael Bachmann a,c,e,f,g

aDepartment of Radioimmunology, Institute of Radiopharmaceutical Cancer Research, Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Dresden, 
Germany; bDepartment of Biophysics and Radiation Biology, Semmelweis University, Budapest, Hungary; cTumor Immunology, University Cancer 
Center (UCC), University Hospital Carl Gustav Carus Dresden, Technische Universität Dresden, Dresden, Germany; dDepartment of Neurology, Center 
of Clinical Neuroscience, University Hospital Carl Gustav Carus Dresden, Dresden, Germany; eNational Center for Tumor Diseases (NCT), Dresden, 
Germany: German Cancer Research Center (DKFZ), Heidelberg, Germany; Faculty of Medicine and University Hospital Carl Gustav Carus, Technische 
Universität Dresden, Dresden, Germany; Helmholtz-Zentrum Dresden - Rossendorf (HZDR), Dresden, Germany; fGerman Cancer Research Center 
(DKFZ), Heidelberg, Germany; gGerman Cancer Consortium (DKTK), Dresden, Germany

ABSTRACT
Chimeric antigen receptor (CAR) T cells show remarkable therapeutic effects in some hematological 
malignancies. However, CAR T cells can also cause life-threatening side effects. In order to minimize off- 
target and on-target/off-tumor reactions, improve safety, enable controllability, provide high flexibility, 
and increase tumor specificity, we established a novel humanized artificial receptor platform termed 
RevCARs. RevCAR genes encode for small surface receptors lacking any antigen-binding moiety. Steering 
of RevCAR T cells occurs via bispecific targeting molecules (TMs). The small size of RevCAR-encoding 
genes allows the construction of polycistronic vectors. Here, we demonstrate that RevCAR T cells effi
ciently kill tumor cells, can be steered by TMs, flexibly redirected against multiple targets, and used for 
combinatorial targeting following the “OR” and “AND” gate logic.
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Introduction

Chimeric antigen receptors (CARs) can be used for redirection 
of T cells against tumor cells in a MHC-independent 
manner.1,2 Conventional second-generation CARs consist of 
an extracellular domain (ECD), which is commonly an anti
gen-binding single-chain fragment variable (scFv) derived 
from a monoclonal antibody (mAb), a hinge domain (HiD), 
a transmembrane domain (TMD), and an intracellular domain 
(ICD) comprising the activation signaling domain of CD3 zeta 
(CD3z or 3z), and one costimulatory domain (CSD) commonly 
derived from CD28 (28), 4–1BB, or Ox-40.3–5 T cells geneti
cally engineered with anti-CD19 CARs have demonstrated 
remarkable therapeutic effects in the clinic and thus were 
recently approved by the U.S. Food and Drug Administration 
(FDA) for treatment of relapsed/refractory B cell lymphoblas
tic leukemia (r/r B-ALL) and diffuse large B cell lymphoma 
(DLBCL).6–8 Despite impressive responses in some hematolo
gical malignancies, conventional CAR T cell therapy also strug
gles with some drawbacks. In brief, CAR T cells can cause 
severe to life-threatening side effects in patients like on-target 
/off-tumor reactions, cytokine release syndrome (CRS), and 
neurotoxicity.4 Unfortunately, CAR T cells rarely respond 
against solid tumors.4,9 Since most of the known tumor- 
associated antigens (TAAs) on solid tumors are not exclusively 

expressed on malignant cells but also on normal tissues albeit 
to a lesser extent, CAR T cells redirected against these targets 
are risky to cause severe to fatal on-target/off-tumor toxicities. 
For example, the first patient treated with ERBB2/HER2- 
directed CAR T cells died because of their cytotoxic activation 
and massive cytokine release after recognition of ERBB2 on 
lung epithelial cells.10

In case those side effects occur in patients, conventional 
CAR T cells cannot be controlled or switched off. In order to 
improve the safety management of CAR T cell therapy, we and 
others have developed different adaptor CAR platforms allow
ing a repeatable on/off-switch and steering of CAR T cell 
activity.11–19 The concept of these adaptor CAR technologies 
is basically that T cells modified with a universal receptor do 
not directly recognize a TAA but have to be redirected to 
tumor cells by separate adaptor molecules that are directed 
against a tumor target and simultaneously to the universal 
CAR. By dosing of the adaptor molecules, CAR T cell activity 
can be controlled. Another advantage of universal adaptor 
CARs is that they allow a flexible targeting of multiple antigens 
without re-engineering of T cells simply by using several adap
tor molecules possessing different target specificities or adap
tors with more than one specificity.18,20 Such “OR” gate 
combinatorial targeting strategies are helpful to overcome the 
development of tumor escape variants down-regulating the 

CONTACT Michael Bachmann m.bachmann@hzdr.de Institute of Radiopharmaceutical Cancer Research, Dresden 01328, Germany
*These authors contributed equally to this work.

Supplemental data for this article can be accessed on the publisher’s website.

ONCOIMMUNOLOGY                                        
2020, VOL. 9, NO. 1, 1–15 
https://doi.org/10.1080/2162402X.2020.1785608

© 2020 The Author(s). Published with license by Taylor & Francis Group, LLC. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0002-8733-4286
http://orcid.org/0000-0002-8029-5755
https://doi.org/10.1080/2162402X.2020.1785608
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2020.1785608&domain=pdf&date_stamp=2020-07-02


targeted antigen which frequently arise under the treatment 
with monospecific conventional CAR T cells having a fixed 
specificity.7,21

In order to increase tumor specificity and to reduce off- 
target and on-target/off-tumor toxicities, furthermore, differ
ent CAR-based combinatorial targeting strategies were devel
oped following the “AND” gate logic.22,23 Basically, the idea is 
that one T cell is modified with two separate CARs. On the one 
hand, a first-generation CAR transmits the first CD3z activa
tion signal after recognition of antigen 1 and, on the other 
hand, a costimulatory CAR transmits the costimulatory CD28 
signal after binding to antigen 2. Recognition of both antigens 
triggers full activation of Dual-CAR T cells. Proof of concept 
for this strategy was shown for different tumor entities.23–25 

However, conventional CARs were used which are limited by 
fixed target specificities and strongly depend on well-balanced 
antigen affinities.23 Thus, using adaptor CARs has the advan
tage of high flexibility with respect to target selection and 
targeting strength.18 One obvious problem of gated targeting 
strategies is the need for manipulation of the effector cells with 
at least two CAR encoding genes. For this purpose, T cells are 
commonly transduced with two separate CAR encoding con
structs. Consequently, the transduction leads to an unpredict
able mixture of cellular products containing either only one or 
a different ratio of both genes. A fusion of both CAR genes in 
a single vector could be a solution for this problem. However, it 
would increase the size of the final vector and, thereby, dra
matically reduce the efficacy of transduction.

The final goal of our recent studies was therefore to develop 
a novel switchable adaptor CAR allowing us to genetically 
engineer T cells to express more than one CAR gene from 
a single construct and suitable target modules (TMs) for retar
geting of tumor cells according to the rules of Boolean algebra. 
To achieve this aim we wanted to reduce the size of the genes 
encoding the respective artificial receptors. In previous studies, 
we had already validated two modular adaptor CAR platforms 
known as UniCARs (Figure 1) and alternative UniCARs (alt- 
UniCARs).3,26 Both UniCAR systems are second-generation 
CARs recognizing a peptide epitope via their extracellular 

antibody (Ab) domain. TMs represent different kinds of bis
pecific fusion molecules consisting of the peptide epitope and 
a targeting moiety binding to different tumor targets.20,27–35 

The peptide epitope recognized by UniCARs consists of 10 
amino acids (aa) which are recognized by the mAb 5B9. The 
peptide epitope recognized by the alt-UniCAR system consists 
of 18 aa and is recognized by the mAb 7B6. Both UniCAR 
epitopes are cryptic epitopes present in the primary sequence 
of the human nuclear autoantigen La/SS-B.3 Our novel mod
ular CAR platform is based on the same peptide epitope/scFv 
combinations. In order to reduce the size of the gene encoding 
the artificial receptor, however, we decided to reverse their 
orientation. Meaning we replaced the respective extracellular 
anti-peptide epitope scFv of UniCARs by the respective peptide 
epitope sequence and vice versa the respective peptide epitope 
sequence in a UniCAR TM by the respective anti-peptide 
epitope scFv. The resulting adaptor CAR system was therefore 
named as Reversed CARs or briefly as RevCARs (Figure 1).

For proof of functionality, in a first attempt, two second- 
generation RevCARs were established comprising E5B9 or 
E7B6 as ECD. In addition, we constructed the corresponding 
Reversed TMs (RevTMs) directed against either E5B9 or E7B6 
and simultaneously to the TAA either prostate-specific mem
brane antigen (PSMA) or prostate stem cell antigen (PSCA). In 
the second step, we split the activation and costimulatory 
signaling domains onto two RevCARs. A series of activating 
and costimulatory RevCARs were established and tested in 
combination. Finally, we fused the optimal activating and 
costimulatory RevCAR gene combination in a single vector 
that allowed us to confirm proof of concept of the RevCAR 
system including its use for gated targeting.

Materials and methods

Cell lines

HEK 293T, LNCaP, PC3, and 3T3 cells were obtained from the 
American Type Culture Collection (ATCC) and have not been 
further authenticated. Culture of cell lines was performed as 

Figure 1. Design of the RevCAR system. Schematic comparison of the RevCAR design with the bsAb, conventional CAR, and UniCAR system. RevCARs lack the 
extracellular TAA binding scFv and instead express the peptide epitope E5B9 (10 aa) or E7B6 (18 aa). For the extracellular hinge (HiD), transmembrane (TMD), and 
intracellular costimulatory domain (CSD) human CD28 was used, followed by three human CD3 zeta chain activating motifs. For redirection of RevCAR T cells to tumor 
cells an adaptor molecule, termed RevTM, is required. RevTMs consist of two scFvs, one of them targeting a TAA and the other one being directed to the peptide epitope 
of the RevCAR.
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described elsewhere.28 All cell lines were frequently tested for 
Mycoplasma infection.

Design of RevCAR constructs

In general, the RevCAR constructs consist of a signal peptide 
derived from human IL-2 or murine Ig-kappa, the peptide 
epitope E5B9 or E7B6 derived from the human La/SS-B 
protein3 fused to the HiD, TMD, and CSD of the human 
CD28 linked to the human CD3z ICD, connected with the 
peptide T2A (Thosea asigna virus) or P2A (porcine tescho
virus-1) and the marker mCherry or EGFP. The SIG RevCAR- 
E7B6-3z is composed of the HiD of human IgG4 and the TMD 
of human CD4. All RevCAR constructs were cloned into the 
lentiviral vector p6NST70 (Prof. Dr. Dirk Lindemann, 
Technical University Dresden, Germany) under the control 
of human elongation factor-1α (EF-1α) promoter for lentiviral 
transduction of human primary T cells. In addition, we used 
UniCARs designed as previously described.28

Isolation of human primary T cells

Primary T cells were obtained from buffy coats of anonymous 
healthy blood donors and provided by the German Red Cross 
(Dresden, Germany) after written consent of the donors. The 
research with human T cells was approved by the local ethics 
committee of the Medical Faculty Carl Gustav Carus, 
Technical University Dresden (EK27022006). Peripheral 
blood mononuclear cells (PBMCs) were isolated from buffy 
coats using Biocoll separating solution (Merck Cat#L6115) for 
density gradient centrifugation. For further isolation of human 
primary T cells, negative depletion was used following manual 
instructions of the Pan T Cell Isolation Kit (Miltenyi Biotec 
Cat#130-096-535).

Generation and expansion of RevCAR T cells

RevCAR T cells and UniCAR T cells were generated by lenti
viral transduction. Therefore, viral particles were produced in 
HEK 293 T cells as described.36 Activation, transduction, sort
ing, and maintenance of human primary T cells were per
formed as described elsewhere.20,36 Transduction efficiency of 
T cells was evaluated based on the marker (EGFP or mCherry) 
expression. Transduced T cells were sorted to >99% purity of 
EGFP+ or mCherry+ cells. Alternatively, a shortened protocol 
for RevCAR T cell transduction using T Cell TransAct™ 
(Miltenyi Biotec Cat#130-111-160) and TexMACS™ Medium 
(Miltenyi Biotec Cat#170-076-307) was used following the 
manufacturer’s instructions. In brief, 24 h after TransAct™ 
activation T cells were transduced with a multiplicity of infec
tion of 2 for 2–3 times in 24 h intervals using spin infection for 
2 h. T cells were then expanded over the weekend and used 
without sorting in the second week.

Determination of the receptor density

Receptor density on T cells was determined using the QIFIKIT 
(Agilent Cat#K007811-8) according to the manufacturer’s 
instructions. Briefly, 2*105 RevCAR T cells were incubated for 

30 min at 4°C with 10 µl (15 µg/ml) of an unconjugated mono
clonal antibody either directed against E5B9 or E7B6. As nega
tive control, the unconjugated antibody was replaced by the 
respective isotype control mouse IgG1 (BD BioSciences 
Cat#555746, RRID:AB_396088) or mouse IgG2a (Miltenyi 
Biotec Cat#130-106-546, RRID:AB_2661589). As secondary 
antibody 100 µl of Pacific Blue-conjugated goat-anti-mouse 
IgG (1:50) (Thermo Fisher Scientific Cat#P31582, RRID: 
AB_10374586) was added and incubated for 45 min at 4°C.

Design, expression and purification of RevTMs

In general, the RevTM constructs consist of the murine Ig- 
kappa signal peptide, scFv PSCA or PSMA, scFv 5B9 or 7B6 
and 6x Histidine tag for purification. The scFvs PSCA, PSMA, 
5B9, and 7B6 were taken from previously published 
constructs.20,26,37,38 The RevTMs were cloned into the lenti
viral vector p6NST50 to establish TM producing permanent 
3T3 cell lines and purified using Ni-NTA affinity chromato
graphy as previously described.37,38 In addition, we used the 
UniCAR TM PSCA-E5B9 designed and produced as previously 
described.28

Generation of target cell lines

LNCaP cells were modified to express PSCA using lentiviral 
transduction as described previously.28 Likewise, PC3 cells 
were transduced for expression of PSCA and PSMA.28 For 
in vivo experiments, PSCA-expressing LNCaP cells were addi
tionally transduced with the open reading frame encoding 
firefly luciferase.28

Flow cytometry analysis

For binding analysis, 2*105 T cells or target cells were seeded in 
a 96-well plate and incubated with 50 µl RevTM (5 µg/ml) in 
PBS at 4°C for 60 min. For detection, the mAb mouse anti-His 
/PE (Miltenyi Biotec Cat#130-092-691, RRID:AB_1103227) 
was used according to the manufacturer’s manual. For analysis 
of the killing mechanism, T cells were stained with fluoro
chrome-labeled mAbs directed against CD178 (FasL) 
(Miltenyi Biotec Cat#130-096-458, RRID:AB_10827748) and 
CD253 (TRAIL) (BD BioSciences Cat#561784, RRID: 
AB_10896485) according to the manufacturer’s manuals. For 
intracellular staining of RevCAR T cells staining was per
formed using fluorochrome-labeled Abs directed against 
Granzyme B (Cat#130-116-486, RRID:AB_2727564) and 
Perforin (Cat#130-123-867, RRID:AB_2811567) with the 
Inside Stain Kit (Cat#130-090-477), all purchased from 
Miltenyi Biotec, as instructed in the manufacturer’s manuals.

Chromium-release-based cytotoxicity assay

The cytotoxic potential of T cells was analyzed using the 
chromium-release assay as described elsewhere.39,40 In short, 
triplets of 5*103 target cells were seeded in a 96-well cell culture 
plate and T cells were added as indicated in the figure legends, 
either testing (I) different effector:target (e:t) ratios in the 
presence or absence of RevTMs (30 pmoles/ml) or (II) 
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increasing amounts of RevTMs to estimate the EC50 value. 
Released chromium was measured after 24 or 48 h.

Cytokine-release assay

Triplets of 5*103 tumor cells were seeded in a 96-well cell culture 
plate and cultivated with RevCAR T cells in the presence or 
absence of RevTMs. Supernatants of co-culture assays were 
harvested after 24 or 48 h, as indicated in the figure legends. 
Analysis of secreted cytokines was performed using the OptEIA 
Human IFN-γ (Cat#555142), GM-CSF (Cat#555126), IL-2 
(Cat#555190), and TNF (Cat#555212) ELISA Sets purchased 
from BD BioSciences or the human MACSPlex Cytokine 12 
Kit (Miltenyi Biotec #130-099-169) as described in the manu
facturer’s manuals.

Gene expression analysis

Analysis of gene expression was performed using quantitative 
PCR analysis as described, with slight modifications.41,42 

Briefly, triplets of 1*104 PC3 cells were seeded and cultivated 
with RevCAR T cells in the presence or absence of RevTMs. 
After incubation for 24 h, co-transduced RevCAR T cells were 
sorted for EGFP+/mCherry+ expression under exclusion of PI+ 

cells. Sorting and analysis of gene expression profile were 
performed as described earlier.41 The n-fold change of gene 
expression between incubation with COS RevTM + SIG 
RevTM versus w/o RevTM was calculated using the ΔΔCP 
method.

Tumor xenograft model and optical imaging

In order to evaluate the cytotoxic potential of RevCAR T cells, 
co-injection experiments were performed in vivo using six weeks 
old male NMRI-nude mice (Rj:ATHYM-Foxn1nu/nu) obtained 
by Janvier Labs. All mice were randomly assigned to experimen
tal groups of five individuals and housed in sterile cages in 
a pathogen-free facility with a 12 h light/dark cycle. 1*106 

LNCaPPSCA+/Luc+ cells were injected subcutaneously in the pre
sence or absence of RevCAR T cells (1*106) and RevTM (102 µg) 
in a total volume of 100 µl PBS (Gibco™ Cat#10010015). 
Subsequently, anesthetized mice were i.p. injected with 200 µl 
D-Luciferin (15 µg/ml in PBS, PerkinElmer Cat#122799) and 
analyzed for bioluminescence in the planar X-ray (Bruker In- 
vivo Xtreme) at different time points. Measured luminescence 
was evaluated using the Bruker MI and Multispectral Software as 
described previously.43,44 All in vivo studies have been approved 
by the local ethics committee for animal experiments 
(Landesdirektion Dresden, 24–9165.40-4/2013, 24.9168.21–4/ 
2004-1) and were performed at the Helmholtz-Zentrum 
Dresden-Rossendorf (HZDR) in appliance with the terms of 
German regulations of animal welfare.

Statistical analysis

Data analysis was performed using GraphPad Prism 7.03 
(GraphPad Software, RRID:SCR_002798). As indicated in the 
figure legends either One-Way or Two-Way ANOVA with 
Tukey’s or Sidak’s multiple comparisons test was used for 

statistical analysis. P values of less than 0.03 were considered 
significant (not significant (n.s.) p > 0.03, *p ≤ 0.03, **p ≤ 0.002, 
***p ≤ 0.0002). As indicated, obtained values are shown as 
mean with SD or SEM.

Results

Design and tumor killing efficiency of the RevCAR system

In contrast to conventional CARs that directly recognize 
a TAA, the switchable RevCAR platform consists of two com
ponents that are necessary to redirect T cells to tumor cells: 
RevCARs and RevTMs (Figure 1). For first proof of function
ality, we replaced the extracellular scFv of the second genera
tion UniCAR with the respective epitope sequence E5B9 or 
E7B6. Thus, the ICD of these first RevCARs is identical to our 
previously used UniCARs containing three activating motifs 
derived from human CD3z and one costimulatory domain 
derived from human CD28. In addition, they consist of the 
same TMD and HiD. The resulting RevCAR constructs were 
termed RevCAR-E5B9-28/3z or RevCAR-E7B6-28/3z, respec
tively. Human T cells were genetically modified to express 
either RevCAR-E5B9-28/3z or RevCAR-E7B6-28/3z by lenti
viral transduction evaluated by the expression of the marker 
EGFP (Figure S1A-S1B). Transduced RevCAR T cells were 
sorted on the basis of their EGFP expression (Figure S1B) 
and RevCAR density was determined as shown in Figure 
S1C. For redirection of RevCAR T cells, we constructed four 
different RevTMs recognizing either E5B9 or E7B6 and target
ing the TAA either PSCA or PSMA: (I) RevTM PSCA-5B9, (II) 
RevTM PSCA-7B6, (III) RevTM PSMA-5B9, and (IV) RevTM 
PSMA-7B6 (Figure S1D-S1H). As target cells we used the two 
cell lines PC3 and LNCaP co-expressing both PSCA and 
PSMA. Where indicated, we used PC3 cells expressing either 
PSCA or PSMA.

For proof of cytotoxic functionality, we co-cultured PC3 
tumor cells together with RevCAR-E5B9-28/3z T cells at 
different e:t ratios in the presence of RevTM PSCA-5B9 in 
a chromium release cytotoxicity assay. As shown in Figure 2a, 
RevCAR-E5B9-28/3z T cells could be significantly redirected 
by RevTM PSCA-5B9 to effectively kill PC3 tumor cells even 
at low e:t ratios. On the contrary, in the negative controls 
without any RevTM or in the presence of the irrelevant 
RevTM PSCA-7B6 no tumor cell lysis occurred. In addition, 
we tested the cytotoxic potential of RevCAR-E7B6-28/3z 
T cells against PC3 tumor cells in the presence of RevTM 
PSCA-7B6, showing similar high and specific anti-tumor 
effects like redirected RevCAR-E5B9-28/3z T cells (Figure 
2a). Moreover, these results were confirmed using LNCaP 
tumor cells as an additional prostate tumor model (Figure 
2a). As PC3 or LNCaP tumor cells co-express PSCA and 
PSMA, they were eliminated upon redirection of RevCAR- 
E5B9-28/3z or RevCAR-E7B6-28/3z T cells by RevTM PSMA- 
5B9 or PSMA-7B6, respectively, equally well (Figure 2b). 
Additionally, we analyzed the correlation between RevTM 
concentration and cytotoxicity, in order to prove that the 
RevCAR platform is tunable by dosing of the RevTM. As 
shown in Figure 2c–d increasing the RevTM concentration 
resulted in increasing tumor cell lysis till a plateau is reached. 
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By estimating the half-maximal effective concentration (EC50) 
, we further learned that all RevTMs mediated highly efficient 
tumor cell killing even at pM range (Figure 2c-d). In order to 
show that cytotoxicity of RevCAR T cells was dependent on 
the activating intracellular RevCAR signals, adequate control 
T cells were generated (Figure S2AI-S2AII). As documented 
in Figure S2B, neither PC3 nor LNCaP tumor cells were killed 
by T cells only expressing the marker protein EGFP (vector 
control) or expressing RevCARs lacking any signaling ICD 
(RevCAR-E5B9-stop or RevCAR-E7B6-stop). Furthermore, 
we confirmed that the anti-tumor effect of RevCAR T cells 
is strictly dependent on the presence of the targeted antigen 
(Figure S2C). In order to analyze the killing mechanism of the 
RevCAR system, we measured intracellular granzyme B and 
perforin as well as extracellular TRAIL and FasL expression of 
redirected RevCAR T cells. As shown in Figures S2D and S2E, 
granzyme B and perforin levels increased upon cross-linkage 
of RevCAR T cells with tumor cells via the corresponding 

RevTMs. A similar effect was observed for TRAIL. FasL levels 
only marginally increased.

Cytokine release from redirected RevCAR T cells

On the one hand, the CRS is one of the most critical side effects 
of CAR T cell therapy and on the other hand, pro-inflammatory 
cytokines may support the anti-tumor effect especially against 
solid tumors. Thus, it was of special interest, whether redirected 
RevCAR T cells are able to release cytokines upon their cross- 
linkage with tumor cells. In order to address this question, we 
incubated RevCAR-E5B9-28/3z T cells together with PC3 or 
LNCaP tumor cells with the addition of RevTM PSCA-5B9 or 
RevTM PSMA-5B9. Moreover, RevCAR-E7B6-28/3z T cells 
were co-cultured with PC3 or LNCaP tumor cells together 
with RevTM PSCA-7B6 or RevTM PSMA-7B6. As controls, 
we incubated (I) tumor cells together with RevCAR T cells 

Figure 2. Tumor killing efficiency of the RevCAR system. (a–b) Specific lysis of PSCA/PSMA-double-positive PC3 or LNCaP tumor cells by RevCAR-E5B9-28/3z or RevCAR- 
E7B6-28/3z T cells after 24 h co-incubation with or without RevTMs targeting either PSCA (a) or PSMA (b) (n = 3, mean ± SD, Two-Way ANOVA with Tukey’s multiple 
comparisons test. Significance is shown versus controls w/o RevTM or with irrelevant RevTM.).(c–d) Specific lysis of PC3 or LNCaP target cells was measured after 24 h co- 
culture with RevCAR-E5B9-28/3z or RevCAR-E7B6-28/3z T cells and increasing amounts of RevTMs targeting PSCA (c) or PSMA (d) to estimate the EC50 (n = 3, mean ± 
SD). See also Figure S2.
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without any RevTM, (II) RevCAR T cells with their epitope- 
matching RevTM without tumor cells or (III) tumor cells plus 
RevCAR T cells together with an irrelevant RevTM that could 
not bind to the RevCAR epitope. As shown in Figure 3 and S3, 
among tested 12 human cytokines, GM-CSF, IFN-gamma, IL-2, 
and TNF-alpha were significantly released. Most importantly, 
significant cytokine release occurred only upon specific cross- 
linkage of RevCAR T cells with PSCA/PSMA-co-expressing 
tumor cells via the matching RevTMs. In contrast, no significant 
cytokine release was induced in all of the control settings.

Tumor cell killing by RevCAR system in mice

In order to investigate whether the RevCAR platform is able to 
kill tumor cells in vivo, luciferase-expressing LNCaP tumor cells 
together with RevCAR-E5B9-28/3z T cells and RevTM PSCA- 
5B9 or RevTM PSMA-5B9 were injected in immunodeficient 
NMRI-Foxn1nu/nu mice (Figure 4a,c). Additionally, LNCaP 

tumor cells were administered together with RevCAR-E7B6 
-28/3z T cells in the presence of RevTM PSCA-7B6 or RevTM 
PSMA-7B6 (Figure 4b,d). As controls, tumor cells were injected 
alone or in addition to RevCAR T cells without any RevTM. All 
groups indicated in Figure 4 were analyzed in parallel in one 
experiment whereas the LNCaP group was performed only once 
and is identical in Figure 4a-d. Optical imaging of the luciferase 
signal revealed that, in contrast to the negative controls, tumor 
cells were significantly killed by redirected RevCAR T cells in the 
presence of the appropriate RevTM (Figure 4a-d). Effects of 
RevCAR T cells alone without RevTMs can most likely be 
explained by donor-dependent allogeneic reactions of RevCAR 
T cells upon recognition of tumor alloantigens via the endogen
ous T cell receptor (TCR) complex.

In summary, these data confirm proof of functionality for 
the RevCAR platform both in vitro and in vivo by using two 
types of RevCARs, either containing E5B9 or E7B6, and by 
targeting of two different TAAs, either PSCA or PSMA.

Figure 3. Cytokine release from redirected RevCAR T cells. (a-h) Release of GM-CSF, IFN-gamma, IL-2, and TNF-alpha from RevCAR-E5B9-28/3z or RevCAR-E7B6-28/3z 
T cells after their incubation with PSCA/PSMA-double-positive PC3 or LNCaP tumor cells (e:t ratio 5:1) and/or RevTMs (n = 3, mean ± SD, One-Way ANOVA with Tukey’s 
multiple comparisons test. Significance versus all controls is shown.). See also Figure S3.
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Design and functionality of RevCARs for “AND” gate 
targeting

After showing proof of functionality of the RevCAR system, we 
tested whether the RevCAR system can be used for “AND” gate 
targeting. In a first proof of concept study, we wanted to follow 
our previously described combinatorial CAR T cell-based tar
geting strategy.23 For this purpose, two independent RevCAR- 
encoding vectors were required: One RevCAR has to mediate 
the activation signal, the other one the costimulatory signal. As 
a prerequisite, we firstly designed two RevCARs that do not 
dimerize in order to avoid cross-talk signaling and to guarantee 
a separate transmission of both signals. The RevCAR con
structs above described, RevCAR-E5B9-28/3z and RevCAR- 
E7B6-28/3z, represent second-generation CARs comprising 
identical CD28 HiD, TMD, and CSD (Figure 5a). As CD28 is 

known to dimerize, we expected that RevCAR-E5B9 forms 
homodimers or even heterodimers with RevCAR-E7B6, when 
they are simultaneously transduced in the same T cell (Figure 
5b). In order to confirm this experimentally, we integrated 
either the signaling RevCAR-E7B6-28/3z or the non-signaling 
RevCAR-E5B9-stop lacking any intracellular signaling 
domains or both RevCARs into one T cell (Figure 5c). As 
expected, the STOP RevTM PSMA-5B9 could not trigger cyto
toxic activity of single-transduced Mono-RevCAR-T cells 
expressing either the signaling RevCAR-E7B6-28/3z or the 
non-signaling RevCAR-E5B9-stop (Figure 5d). Interestingly, 
the same STOP RevTM PSMA-5B9 was able to induce cyto
toxic potential of Bi-RevCAR-T cells expressing both RevCARs 
(Figure 5d). This cytotoxic activation of Bi-RevCAR-T cells in 
the presence of STOP RevTM (capable to bind to the RevCAR- 

Figure 4. Tumor cell killing by RevCAR system in mice. (a–d) As indicated, seven different groups each consisting of five NMRI-Foxn1nu/nu mice were analyzed in parallel 
in one experiment. One control group was transplanted with luciferase-expressing LNCaP tumor cells alone (identical in a–d). Additional control mice were injected with 
LNCaP tumor cells together with either RevCAR-E5B9-28/3z (a, c) or RevCAR-E7B6-28/3z (b, d) T cells without RevTM. In the treatment groups, RevCAR-E5B9-28/3z (a, c) 
or RevCAR-E7B6-28/3z (b, d) T cells were co-injected with luciferase-expressing LNCaP tumor cells with indicated RevTMs. (a–b) After administration of D-Luciferin, 
optical imaging was performed at different time points. (c–d) Measured luminescence was evaluated using the Bruker MI and Multispectral Software (n = 5, mean ± 
SEM, Two-Way ANOVA with Tukey’s multiple comparisons test. Significance versus tumor cells with RevCAR T cells w/o RevTM is shown.).

ONCOIMMUNOLOGY 7



E5B9-stop) would only occur if there was a cross-talk between 
the non-signaling RevCAR-E5B9-stop and the signaling 
RevCAR-E7B6-28/3z. Thus, we concluded that both 
RevCARs dimerized most likely via their identical CD28 

portions (HiD and TMD). Consequently, to strictly separate 
the activating and costimulatory signal for reliable “AND” gate 
targeting, we had to identify different, non-dimerizing 
RevCAR structures. A series of second-generation RevCARs 

Figure 5. Design of RevCARs for “AND” gate targeting. (a) Schematic structure of RevCAR-E5B9-28/3z and RevCAR-E7B6-28/3z. They consist of signal peptide (SP), 
peptide epitope E5B9 or E7B6, hinge (HiD), transmembrane (TMD), and costimulatory (CSD) domain. T2A (Thosea asigna virus) peptide enables EGFP expression. (b) 
Schematic display of RevCAR dimerization. RevCARs form homodimers, when separately transduced in one T cell. Transduction of both RevCAR-E5B9-28/3z and RevCAR- 
E7B6-28/3z in one T cell results in heterodimers. (c–f) Test for RevCAR dimerization via killing assay. (c, e) Experimental setup is shown. (c) T cells were transduced with 
either RevCAR-E7B6-28/3z, comprising CD28 and CD3 signaling domains, or RevCAR-E5B9-stop, lacking any signaling domains, or both together. Both RevCAR-E7B6-28/ 
3z and RevCAR-E5B9-stop contain identical HiD and TMD. When co-transduced, the RevCAR-E5B9-stop can trigger T cell mediated tumor cell killing upon co-cultivation 
with the STOP RevTM by mediating a cross-talk signal via RevCAR-E7B6-28/3z. (e) In addition, T cells were transduced with either signaling SIG RevCAR-E7B6-3z or 
costimulatory COS RevCAR-E5B9-28 or both together. Both RevCARs differ with respect to HiD, TMD, and intracellular domain. In contrast to (c), cross-talk signaling by 
COS RevCAR-E5B9-28 via SIG RevCAR-E7B6-3z is prevented. (d, f) Mono- or Bi-RevCAR-T cells were incubated with LNCaP (d) or PC3 (f) tumor cells with or without 
indicated RevTMs in a chromium-release assay. Specific lysis is shown for one representative donor.
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containing different TMD and HiD were constructed and 
tested in analogy to Figure 5 (data not shown). In addition, 
we tested the receptor density on the surface of RevCAR T cells 
after transduction with the respective vector (see also Figure 6c 
and data not shown). Finally, we generated on the one hand, 
the signaling SIG RevCAR-E7B6-3z (SIG 3z) comprising 
a CD4 TMD and an IgG4 HiD and on the other hand, the 
costimulatory COS RevCAR-E5B9-28 (COS 28) containing 
a CD28 TMD and a CD28 HiD (Figure 5e). Obviously, Bi- 
RevCAR-T cells, expressing both SIG 3z and COS 28 RevCARs, 
were not cytotoxic in the presence of the COS RevTM PSCA- 
5B9 but, as expected, only by adding the SIG RevTM PSMA- 
7B6 (Figure 5f). Thus, no dimerization and cross-talk signaling 
occurred between the SIG 3z and COS 28 RevCARs qualifying 
them as a suitable combination for “AND” gate targeting.

Taken together, from these experiments we learned that (i) 
RevCARs consisting of a CD4 TMD and an IgG4 HiD do not 
form heterodimers with RevCARs based on the TMD and HiD 
of CD28 and thus avoid any kind of cross-talk signaling, (ii) the 
receptor density depends on the used TMD and HiD, and (iii) 
the signaling receptor density should be low for “AND” gate 
targeting approaches.

Based on our findings, for “AND” gate targeting we decided 
to use the (i) signaling RevCAR SIG 3z which is based on the 
CD4 TMD and IgG4 HiD and the (ii) costimulatory RevCAR 
COS 28 which is based on the CD28 TMD and HiD (Figure 6a- 
b). As ECD, the peptide epitope E7B6 was used in SIG 3z, 
whereas E5B9 was chosen for the COS 28 in order to strictly 
separate RevCAR specificities. As already mentioned, both 
RevCAR constructs were separately encoded on two different 
lentiviral vectors (Figure 6a), we therefore double-transduced 
T cells to gain RevCAR T cells expressing both SIG 3z and COS 
28 (COMBI 3z+28) for “AND” gate targeting (Figure 6b). As 
controls, T cells were transduced either with SIG 3z or COS 28 
alone. For redirection of SIG 3z, we used the SIG RevTM 
PSMA-7B6. On contrary, COS 28 was redirected via the COS 
RevTM PSCA-5B9. Firstly, RevCAR expression was detected 
(data not shown) and receptor densities were determined on 
transduced T cells (Figure 6c). As intended, the selected 
RevCAR SIG 3z showed a lower expression than the selected 
COS 28. Interestingly, we observed that even marginal num
bers of RevCARs (approximately 20 for SIG 3z and around 600 
for COS 28) were sufficient for T cell activation. In order to 
show proof of concept for “AND” gate logic of the RevCAR 
system, we co-cultured PC3 tumor cells together with COMBI 
3z+28 T cells co-expressing both RevCARs SIG 3z and COS 28 
in the presence or absence of COS RevTM PSCA-5B9 and SIG 
RevTM PSMA-7B6. Most importantly, we have successfully 
proven that the combination of both the activation and costi
mulatory signal significantly increased maximal tumor cell 
lysis in comparison to the activation signal alone (Figure 6d). 
Bearing in mind that the RevCAR SIG 3z represents per defini
tion a first-generation CAR, it is not unexpected that its activa
tion signal in the presence of the SIG RevTM also induced 
a detectable tumor cell lysis. However, there is a clearly super
ior anti-tumor effect upon “AND” gate targeting at all tested 

RevTM concentrations and e:t ratios (Figure 6d-e). Thus, pro
viding costimulatory signals can further enhance the cytotoxic 
potential of COMBI 3z+28 T cells. No tumor cell lysis occurred 
without any RevTM, in the presence of COS RevTM PSCA- 
5B9 alone or when using T cells expressing only COS 28 or 
lacking any RevCARs (Figure 6e). Cytotoxicity of redirected 
COMBI 3z+28 T cells was tunable by RevTM dosing as tumor 
cell lysis increased with increasing RevTM concentrations 
(Figure 6d). Furthermore, “AND” gate logic of the RevCAR 
system was proven with respect to cytokine release. In detail, 
redirected COMBI 3z+28 T cells released more pro- 
inflammatory cytokines after transmitting both signals than 
in the presence of the SIG RevTM alone (Figure 6fI-fII). No 
cytokines were detectable without any RevTMs or in the pre
sence of COS RevTM alone. Moreover, we learned that COMBI 
3z+28 T cells considerably upregulated the expression of sev
eral genes upon combinatorial targeting of both PSCA and 
PSMA on the same tumor cells (Figure 6g). Mainly affected 
were genes involved in T cell cytotoxicity, activation, and 
cytokine release such as granzyme B, CD25, CD69, IFN- 
gamma, and GM-CSF. Beside in vitro anti-tumor effects, we 
could observe the functionality of COMBI 3z+28 T cells in 
experimental mice (data not shown).

Dual-RevCAR expression for “AND” gate targeting

As RevCARs lack the extracellular scFv domain commonly used 
in conventional CARs, they are characterized by minimal size, 
thus fulfilling the original aim of the study. Their small size now 
allowed us to fuse the two RevCAR genes encoding the RevCARs 
SIG 3z and COS 28 in one lentiviral vector, in order to facilitate 
genetic engineering of T cells expressing both RevCARs needed 
for “AND” gate targeting. The resulting Dual-RevCAR vector, as 
schematically shown in Figure 7a, could now be tested for 
lentiviral transduction and bicistronic expression of SIG 3z and 
COS 28 in Dual-RevCAR T cells. As an advantage, only one 
single vector was used to generate Dual-RevCAR T cells, whereas 
COMBI 3z+28 T cells had to be transduced with two separate 
vectors encoding either SIG 3z or COS 28. Similar to COMBI 3z 
+28 T cells, Dual-RevCAR T cells presented clearly more COS 28 
than SIG 3z receptors on their cell surface (Figure 7b). Cytotoxic 
analysis considerably demonstrated that this Dual-RevCAR 
T cells enabled tumor cell lysis exclusively in the presence of 
both the SIG RevTM PSMA-7B6 and COS RevTM PSCA-5B9, 
as shown for one representative donor in Figure 7c. True “AND” 
gate targeting for Dual-RevCAR T cells was further confirmed 
using Dual-RevCAR T cells derived from three individual 
donors (Figure 7d-e). In this case, we used Dual-RevCAR 
T cells generated by a shortened transduction protocol which 
was established in order to accelerate and optimize the T cell 
engineering process. Confirming first proof of concept results 
(Figure 7c), these Dual-RevCAR T cells can significantly kill PC3 
tumor cells exclusively in the presence of both the SIG RevTM 
PSMA-7B6 and COS RevTM PSCA-5B9 (Figure 7dI-dII). In 
contrast, no significant increase in tumor cell lysis was observed 
in the presence of either SIG RevTM or COS RevTM alone 
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Figure 6. Functional “AND” gate logic of RevCAR system. (a) Schematic structure of SIG RevCAR-E7B6-3z and COS RevCAR-E5B9-28. They contain a signal peptide (SP), 
differ with respect to peptide epitope (E5B9 or E7B6), hinge (HiD), transmembrane (TMD), and intracellular domains. T2A peptide enables expression of marker protein 
EGFP or mCherry. (b) Experimental setup for “AND” gate targeting. The signaling SIG RevCAR-E7B6-3z and the costimulatory COS RevCAR-E5B9-28 were transduced 
either separately or both together (COMBI 3z+28) in T cells. SIG RevCAR-E7B6-3z is redirected via SIG RevTM and RevCAR-E5B9-28 via COS RevTM. (c) Receptor density of 
E5B9- and E7B6-RevCARs on transduced T cells (n = 3, mean ± SD). (d) EC50 determination of COMBI 3z+28 RevCAR T cells incubated with PC3 tumor cells and either SIG 
RevTM alone or both SIG RevTM and COS RevTM for 48 h (e:t ratio 5:1, n = 3, mean ± SD, Two-Way ANOVA with Sidak’s multiple comparisons test. Significance is shown 
versus SIG RevTM PSMA-7B6.). (e) Specific lysis of PC3 target cells after 48 h incubation with indicated RevCAR T cells in the absence or presence of COS RevTM and/or 
SIG RevTM (n = 4, mean ± SD, Two-Way ANOVA with Tukey’s multiple comparisons test. Significance versus the controls w/o RevTM and COS RevTM PSCA-5B9 is 
indicated.). (f) Specific release of IFN-gamma, GM-CSF, IL-2, and TNF-alpha of RevCAR T cells after 48 h incubation with PC3 in the absence or presence of indicated 
RevTMs. (e:t ratio 5:1, “*” indicates significance versus controls w/o RevTM and COS RevTM PSCA-5B9, “#” indicates significance versus SIG RevTM PSMA-7B6). (fi) ELISA, 
n = 3, mean ± SD, Two-Way ANOVA with Tukey’s multiple comparisons test. (fii) MACSPlex Cytokine 12 Kit, n = 4, mean ± SEM, One-Way ANOVA with Tukey’s multiple 
comparisons test. (g) According to their n-fold change of gene expression, analyzed genes were classified into three different groups, showing either strong (≥30-fold), 
intermediate (≥10 – 30-fold), or weak (≥1 – 10-fold) increase of gene expression. Below, calculated Ct-values of COMBI 3z+28 RevCAR T cells after 24 h incubation with 
PC3 target cells in the absence or presence of indicated RevTMs are plotted in a heat map (Mean, e:t ratio 5:1, n = 3). Gene expression level ranged from low (green) to 
high (red) expression. White (X) indicates no expression detectable.
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compared to the control setting without any RevTMs. 
Obviously, compared to COMBI 3z+28 T cells in Dual- 
RevCAR T cells the activation signal transmitted by the SIG 3z 
was diminished. Furthermore, true “AND” gate targeting by 
Dual-RevCAR T cells was proven with respect to cytokine 
release (Figure 7e). Indicated cytokines were significantly 
released exclusively after triggering both the activating and cost
imulatory signals. Upon the activating or costimulatory signal 
alone, tested cytokines were not significantly secreted.

Discussion

In spite of the great success of clinical approved anti-CD19 
CAR T cells,45,46 several hurdles of conventional CAR T cell 
therapy still exist. Major problems are antigen loss of tumor 
escape variants, on-target/off-tumor toxicities, and uncontroll
ability of conventional CAR T cells that unpredictably expand 
in patients. In order to improve the safety management and 
tumor specificity of CAR T cells, adaptor CAR platforms and 

Figure 7. Dual-RevCAR expression for “AND” gate targeting. (a) Schematic structure of the Dual-RevCAR-E7B6-3z-E5B9-28. It contains both the SIG RevCAR-E7B6-3z 
flanked by the IL-2 derived signal peptide (SP) and P2A peptide and the COS RevCAR-E5B9-28 flanked by the Ig-kappa signal peptide, T2A peptide, and EGFP. (b) 
Receptor density of E5B9- and E7B6-RevCARs on Dual-RevCAR-E7B6-3z-E5B9-28 T cells. (c) Cytotoxicity of Dual-RevCAR-E7B6-3z-E5B9-28 T cells after 48 h incubation 
with PSCA/PSMA-co-expressing PC3 cells in the absence or presence of indicated RevTMs, shown for one representative donor (Mean ± SD). (b-c) T cells were 
transduced with the traditional protocol. (d) Specific lysis of PSCA+/PSMA+ PC3 target cells in the absence or presence of indicated RevTMs after incubation with Dual- 
RevCAR-E7B6-3z-E5B9-28 T cells for 24 h (di) and 48 h (dii) (n = 3, Mean ± SD, Two-Way ANOVA with Tukey’s multiple comparisons test). (e) Release of indicated 
cytokines from redirected Dual-RevCAR-E7B6-3z-E5B9-28 T cells after their incubation with PSCA+/PSMA+ PC3 target cells in the absence or presence of indicated 
RevTMs (n = 3, mean ± SEM, One-Way ANOVA with Tukey’s multiple comparisons test). (d-e) T cells were transduced with the shortened protocol. “*” indicates 
significance versus controls w/o RevTM and COS RevTM PSCA-5B9, “#” indicates significance versus SIG RevTM PSMA-7B6.
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“AND” gate targeting strategies were developed. Here, we 
introduce the novel switchable and controllable RevCAR adap
tor system facilitating combinatorial tumor targeting charac
terized by minimal RevCAR size allowing a bicistronic 
expressing of two RevCARs with different specificity.

In this system, genetically engineered T cells armed with 
RevCARs are redirected against tumor targets via RevTMs 
which are bsAbs based on scFvs similar to the bispecific 
T cell engager (BiTE) format. These small recombinant adaptor 
components are easy to produce, able to penetrate tumor 
tissues, and have a short half-life in vivo which favors a fast 
on/off-switch and steering of RevCAR T cell activity.3,47,48 As 
shown in Figure 2, RevTMs redirect RevCAR T cells to effi
ciently kill tumor cells at low RevTM concentrations (pM 
range) and e:t ratios. Side-by-side comparison of the cytotoxic 
potential in vitro revealed that redirected UniCAR and 
RevCAR T cells mediate comparably high maximal tumor 
cell lysis (Figure S4). As we have already published that com
pared to conventional second-generation CARs the UniCAR 
system performs equally well,28 conventional CAR T cells were 
not included. Remarkably, in the tested setting the RevCAR 
approach was superior with respect to killing efficiency as the 
calculated EC50 value for the RevCAR system was lower than 
for the UniCAR system (Figure S4). However, both adaptor 
CAR platforms are highly efficient, specific, and flexible and 
have their inherent advantages and limitations. Whether one 
approach holds an essential benefit has to be proven in more 
detail in vitro and finally in humans in future studies. 
Analyzing the killing mechanism of the completely humanized 
RevCAR system in a human in vitro model, we learned that 
mainly the granzyme/perforin pathway but also TRAIL were 
involved in tumor cell killing by redirected RevCAR T cells 
(Figure S2D-S2E). In agreement, these data were confirmed by 
gene expression analysis revealing that redirected RevCAR 
T cells strongly upregulate the genes encoding for granzyme 
B and perforin, while the expression of the FasL-encoding gene 
was upregulated on intermediate levels (Figure 6g). Our data 
are in line with previously published findings showing that the 
killing mechanism of conventional CARs and the UniCAR 
system is mainly mediated via the granzyme/perforin pathway, 
whereas the Fas/FasL axis is also involved.49,50 Surprisingly, 
Karches et al.19 published that tumor cell killing caused by their 
adaptor CAR platform termed SAR was independent from 
granzyme and perforin release but mainly mediated by FasL. 
Different killing mechanisms of RevCAR versus SAR that both 
trigger CD28 and CD3z signals, might maybe also be explained 
by differences between mice and humans. Besides cytotoxicity, 
redirected RevCAR T cells significantly release pro- 
inflammatory cytokines (Figure 3) which might be helpful to 
overcome the immunosuppressive barrier and to enhance their 
anti-tumor effect in solid tumors. For safety reasons it is 
worthwhile to mention that RevCAR T cells are functionally 
activated only after their cross-linkage with tumor cells via 
appropriate RevTMs simultaneously binding to RevCARs and 
target antigens (Figures 2-4, S2C). So, we did not observe an 
antigen-unspecific tumor cell killing induced by RevCAR 
T cells after binding of RevTMs in the presence of target- 
negative tumor cells (Figure S2C). As no specific tumor cell 
lysis and cytokine release were observed in the absence of any 

RevTMs or in the presence of irrelevant RevTMs targeting 
a non-matching peptide epitope or TAA, we conclude that 
the RevCAR system works strictly antigen- and epitope- 
specific as well as RevTM-dependent. Furthermore, we showed 
that RevCAR T cells can be flexibly redirected against different 
TAAs (here either PSCA or PSMA) simply by replacing 
RevTMs possessing diverse specificities. In addition to PSCA 
and PSMA, we have proven that RevCAR T cells can be 
efficiently redirected to several other TAAs presented on hema
tological as well as solid malignancies (data not shown). 
Importantly, replacement of the anti-TAA domain did not 
dramatically impair RevTM functionality. Thus, we confirmed 
that the RevCAR system can be used for “OR” gate targeting to 
overcome antigen lacking tumor escape variants.

In order to reduce off-tumor side reactions and to increase 
tumor specificity, “AND” gate targeting strategies have been 
developed. Despite the first proof of concept was demon
strated, this technology still struggles with many 
challenges.22–25 At the beginning “AND” gate targeting was 
only shown with respect to cytokine release and proliferation, 
while the problem was to strictly limit bi-specific Dual-CAR 
T cells to “AND” gate tumor cell killing.24,25 One solution for 
this major hurdle could be to reduce the strength of the activa
tion CD3z signal triggered by the signaling CAR in a way that it 
is not sufficient to fully activate T cells without receiving CD28 
costimulatory signals. Indeed, we successfully demonstrated 
true “AND” gate targeting by reducing the affinity of the 
CD3z signaling CAR, revealing that the balance between the 
first activation and second costimulatory signal is crucial for 
“AND” gate targeting.23 However, “AND” gate reactivity of 
Dual-CAR T cells depends not only on scFv affinity but also 
on many other parameters such as receptor design, signal 
strength, transduction efficiency, receptor expression, receptor 
dimerization, and antigen density level. From this point of 
view, our modular adaptor RevCAR system has the advantage 
of high flexibility. In contrast to conventional CAR approaches, 
where specificities and affinities are strictly fixed, universal 
RevCAR T cells can be redirected to multiple antigens simply 
by replacing or adding several RevTMs that can be easily and 
rapidly re-engineered and adapted to multiple antigens with 
different affinities. Another advantage in light of “AND” gate 
targeting by split CARs is the small size of RevCARs facilitating 
the transduction of several CARs with different specificities in 
one T cell. Here, we have successfully proven that the RevCAR 
system is programmable and can be used for “AND” gate 
targeting shown with respect to tumor cell killing, cytokine 
release, and upregulation of gene expression (Figures 6d-6g 
and 7c-e). True “AND” gate targeting is realized by redirected 
Dual-RevCAR T cells, where SIG RevCAR and COS RevCAR 
were both encoded by one vector (Figure 7a). True “AND” gate 
targeting means that only the combination of the activating 
and costimulatory signal results in a significantly increased 
tumor cell lysis as well as cytokine release, whereas in the 
absence of either one or both signals no significant effects 
occur (Figure 7c-e). In contrast, specific tumor cell lysis was 
also induced by COMBI-RevCAR T cells triggering only the 
CD3z signal alone, where both RevCARs were encoded on 
separate vectors (Figure 6a). However, tumor cell lysis was 
clearly increased by COMBI-RevCAR T cells after transmitting 
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both CD3z and CD28 signals (Figure 6d-e). Obviously, the 
balance between the CD3z activation and CD28 costimulatory 
signal was more favorable for true “AND” gate targeting in 
single-transduced Dual-RevCAR T cells in comparison to dou
ble-transduced COMBI-RevCAR T cells. Thus, we conclude 
that the total numbers of SIG RevCARs and COS RevCARs 
expressed on transduced T cells and furthermore the ratio 
between both receptors could be critical for “AND” gate target
ing. We hypothesized and confirmed that marginal numbers of 
RevCAR SIG 3z, that are lower in comparison to COS 28, are 
favorable for “AND” gate targeting because most probably this 
results in a reduction of the CD3z signal strength. Based on the 
receptor numbers and ratio as well as on non-dimerization 
properties, we selected the herein presented receptor combina
tion from a series of different tested RevCAR constructs as 
most suitable for gated targeting.

Meanwhile, several adaptor CAR platforms have been 
developed.11–19 However, some of them bear the risk for 
immunogenicity and cross-reactivity if the interacting com
ponents are not carefully selected with respect to species 
compatibility and natural expression pattern in the 
recipient.3 Moreover, some of them are not flexible with 
respect to antigen targeting and guarantee no steering of 
T cell activity, when the adaptor molecules have a long-term 
pharmacokinetic half-life.3 To ensure a rapid and reversible 
on/off-switch as well as fine-tuning of CAR T cell activity, 
small short-living adaptor molecules showing appropriate 
pharmacokinetic behavior are required. Especially in this 
context, it is also important that the interaction/binding 
properties of the adaptor molecules toward the tumor target 
and CAR T cells have to be well balanced in a way, that they 
allow an association as well as dissociation of the 
complex.3,27,51,52

In summary, here we emphasize the novel RevCAR 
platform combining all the mentioned features and advan
tages in one single system. The RevCAR system is com
pletely humanized and based on carefully selected human 
peptide epitopes minimizing its risk for immunogenicity 
and cross-reactivity. RevCARs lack the extracellular scFv 
of conventional CARs. Thus, unspecific binding and tonic 
signaling effects caused by scFv dimerization are avoided. 
The RevCAR system can be used for highly efficient killing 
of tumor cells in an antigen-/epitope-specific and RevTM- 
dependent manner. As an improvement for the safety 
management, RevCAR T cell activity can be switched on 
and off and steered by dosing of the RevTMs. RevTMs can 
be easily and rapidly re-engineered and adapted to diverse 
antigens with different affinities. Thus, universal RevCAR 
T cells can be flexibly redirected to multiple antigens 
simply by exchanging the RevTMs without T cell re- 
engineering (“OR” gate logic) to overcome antigen loss 
of tumor escape variants. As RevCARs have minimal 
size, they are favorable for genetic modification of T cells 
and bicistronic expression of Dual-RevCARs. Remarkably, 
the RevCAR system can be used for true combinatorial 
targeting following the “AND” gate logic in order to 
reduce on-target/off-tumor side effects and increase 
tumor specificity of CAR T cell therapy. The small size 
of the RevCAR genes might allow to integrate additional 

receptor genes thus allowing the inclusion of further com
binatorial strategies such as “NOT-AND” (NAND) gated 
targeting. E.g. including an inhibitory RevCAR gene could 
be used to protect tissues that do express a certain antigen.
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