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Abstract

The clinical application of immune effector cells genetically modified to express chimeric antigen receptors (CARs) has
shown impressive results including complete remissions of certain malignant hematological diseases. However, their appli-
cation can also cause severe side effects such as cytokine release syndrome (CRS) or tumor lysis syndrome (TLS). One
limitation of currently applied CAR T cells is their lack of regulation. Especially, an emergency shutdown of CAR T cells
in case of life-threatening side effects is missing. Moreover, targeting of tumor-associated antigens (TAAs) that are not only
expressed on tumor cells but also on vital tissues requires the possibility of a switch allowing to repeatedly turn the activity
of CAR T cells on and off. Here we summarize the development of a modular CAR variant termed universal CAR (UniCAR)
system that promises to overcome these limitations of conventional CARs.

Keywords Immunotherapy - Chimeric antigen receptor - T cells - UniCAR - BiTE - TIMO XIV

Abbreviations FDA U. S. Food and Drug Administration
aa Amino acid GD2 Disialoganglioside 2
ADb(s) Antibody(ies) Ig Immunoglobulin
ASH American Society of Hematology mAD(s) Monoclonal antibody(ies)
B-ALL B-cell acute lymphoblastic leukemia MUCI1 Cell surface-associated mucin 1
BiTE Bispecific T-cell engager OMRF Oklahoma Medical Research Foundation
bsAb(s)  Bispecific antibody(ies) PET Positron-emission tomography
CARC(s) Chimeric antigen receptor(s) PSCA Prostate stem cell antigen
CDh Cluster of differentiation PSMA Prostate-specific membrane antigen
CM(s) Costimulatory motif{(s) scFv Single-chain fragment variable
CRS Cytokine release syndrome SS Sjogren syndrome
DLBCL  Diffuse large B-cell lymphoma STn Sialyl-Tn
EGFR Epidermal growth factor receptor TAA(s) Tumor-associated antigen(s)
EM(s) Effector molecule(s) TCR(s) T-cell receptor(s)

TLS Tumor lysis syndrome
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Introduction

University Cancer Center (UCC) Dresden, Tumor After almost 3 decades of development, in which renowned

Immunology, Carl Gustav Carus’ Technische Universitit scientists around the world were involved, T cells genetically
Dresden, Dresden, Germany modified to express artificial receptors (termed as chimeric
4 National Center for Tumor Diseases (NCT), Partner Site antigen receptors, CARs) have finally arrived in the clinic
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[for reviews, e.g., 1-3]. Moreover, two anti-CD19 CARs
(Tisagenlecleucel, Axicabtagene ciloleucel) were approved
by the U. S. Food and Drug Administration (FDA) for the
treatment of relapsed/refractory B-cell acute lymphoblas-
tic leukemia (B-ALL) and diffuse large B-cell lymphoma
(DLBCL) [4-6]. Proof of concept for the underlying origi-
nal idea was already published at the end of the 1980s by
the group around Z. Eshhar [e.g., 7, 8]. CARs consist of an
extracellular target recognition domain, a transmembrane
domain (TMD) and intracellular signaling domain(s) [e.g.,
9-11, see also Fig. 1]. The extracellular domain of a CAR
is commonly constructed from the variable domains of the
heavy and light chains of a monoclonal antibody (mAb)
in a single-chain fragment variable (scFv) format. Signal-
ing domain CARs usually contain the CD3( chain. How-
ever, other activating receptors such as the DAP12 chain
work equally well in both NK and T cells [12, Bachmann
unpublished]. The activation motif can be combined with
one or more costimulatory motif(s) (CM(s)). CMs are com-
monly taken from CD28, 4-1BB (CD137), ICOS or OX40
(CD134) [e.g., 10, 11, 13, 14]. CARs containing only the
CD3( chain are known as first-generation CARs (see also
Fig. 2). To improve survival and reactivity of CAR T cells,
second- and third-generation CARs contain either one or two
additional CMs. For gated targeting strategies, the signaling
and costimulatory domains can be separated into two CARs
[e.g., 15]. This review summarizes the concept and success
of CAR T-cell therapy as well as its remaining challenges
and potential solutions. Compared to our previously pub-
lished reviews [16, 17], this one focuses on the development
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Fig. 1 Construction of conventional CARs. A conventional CAR con-
sists of an Ab-based extracellular domain, a transmembrane domain
and intracellular signaling domains. The extracellular domain is
directed against the tumor-associated antigen (TAA) on the surface of
the target cell. It can be constructed from the variable domains of the
heavy and light chains of a mAb. After transduction of the T cell with
the CAR gene, the resulting CAR T cell can recognize tumor cells
via its extracellular Ab domain. Cross-linkage of the tumor cell with
a CAR T cell leads to the formation of a synapse-like structure by
clustering of the CAR receptors and thereby to an activation of the
CAR T cell via its signaling domain(s) and finally to the destruction
of the target cell. Both CD4- and CD8-positive T cells work equally
well as killer cells though CD4-positive T cells need longer time for
cytotoxic activity [29]
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Fig.2 Different CAR concepts. The activation domain in first-gen-
eration CARs is taken from the zeta chain of the CD3 complex. To
improve survival and reactivity of CAR T cells, second- and third-
generation CARs contain, in addition to the activation motif, one or
two costimulatory motifs. CM costimulatory motif, TAA tumor-asso-
ciated antigen, TMD transmembrane domain

of two switchable universal CAR (UniCAR) systems as an
improvement of conventional CAR T-cell therapy.

Remaining challenges

Although their clinical efficacy is impressive, current CAR
T cells are far from being a safe drug. After adoptive trans-
fer, CAR T cells are confronted to numerous tumor cells
expressing their target. As a consequence, the CAR T
cells will be activated, proliferate and produce tremendous
amounts of proinflammatory cytokines which can lead to
serious CRS. In addition, the rapid disintegration of a huge
amount of tumor cells can cause TLS. Furthermore, during
anti-CD19 CAR T-cell treatments, deadly edema occurred
in the central nervous system. In case the respective tumor
cell target is not only overexpressed on tumor tissues but is
also accessible on the surface of healthy tissues, CAR T cells
will attack these healthy tissues as well which can cause life-
threatening on-target/off-tumor effects [e.g., 18]. On-target/
off-tumor effects can even occur during an anti-CD19 CAR
T-cell therapy as CD19 is also expressed on the surface of
healthy B cells. Fortunately, the loss of B cells is not life-
threatening as the lack of antibodies (Abs) can be substi-
tuted. However, such a rescue is more or less unique for
the target CD19 and not possible in case tumor-associated
antigens (TAAs) are targeted that are accessible on the sur-
face of vital tissues. To increase the safety of CAR T cells,
a series of strategies has already been described including,
e.g., the use of suicide genes, the introduction of an apop-
tosis switch with the CRISPR/Cas9 system, the application
of inhibitory CARs, or the targeting of co-expressed surface
antigens, e.g., a truncated version of epidermal growth fac-
tor receptor (EGFR) with Cetuximab [19-23]. The obvious



Cancer Immunology, Immunotherapy (2019) 68:1713-1719

1715

task of all of these safeguards is the elimination of the CAR
T cells. However, can such strategies work fast enough for
the treatment of acute CRS or TLS or central nervous sys-
tem problems? Most probably not; as recently summarized,
full-size Abs or related recombinant derivatives require up
to 48 h to be enriched in a solid tumor as is known from
positron-emission tomography (PET) imaging [16, 17].
Even 2 h after application, the majority of mAb is still in the
peripheral blood and only little is found in the tumor. Thus,
a rapid steering with full-size mAbs appears quite unlikely.
Similar time problems may occur when a genetic approach
should be applied to destroy CAR T cells.

Nonetheless, all these approaches may be useful to protect
healthy tissues that express cross-reactive epitopes against
the attack of CAR T cells; if applied once, all tumor cells are
destroyed. Indeed, anti-CD19 CAR T cells could be elimi-
nated experimentally in mice [23], although it still might
remain challenging to find the right time point for patients;
obviously, if applied too late, on-target/off-tumor effects will
occur. If eliminated too early, remaining tumor cells may
lead to recurrent disease. Unfortunately, the sensitivity of
currently available imaging technologies is not sufficient to
detect few remaining tumor cells. Even in case improved
imaging tools may become available, one still would not
know about the sensitivity of the detectable tumor cells
against the CAR T cells. It could easily be that the remain-
ing tumor cells have downregulated the target recognized
by the CAR T cells. For all these reasons, it would be much
better not to eliminate the CAR T cells but to regulate their
function, e.g., to equip CAR T cells with a rapid and reliable
switch to adapt their activity and specificity in case tumor
escape variants occur, and to target more than one TAA to
reduce the risk for escape variants.

Modular CARs as solution

In 2012, Urbanska et al. described a modular artificial
receptor approach. Instead of an anti-TAA Ab domain, the
authors used chicken avidin as the extracellular receptor
domain of the artificial receptor [24]. T cells modified with
such an artificial avidin receptor were able to target tumor
cells via biotinylated adaptor molecules, e.g., biotinylated
Abs. However, chicken avidin (or bacterial streptavidin)
might be highly immunogenic in humans. Furthermore,
the presence of natural anti-biotin Abs in sera of healthy
individuals might limit the use of avidin-based receptors
in humans [25]. Bearing in mind that full-size Abs have a
half-life of several weeks and require at least 24—48 h to
enrich at the tumor site, one can expect that adaptor CARs
armed with Abs behave more or less like conventional
CARs with little chance of a rapid regulation. For these
reasons, a rapid switch off, e.g., for the treatment of CRS
might not work at least not with adaptor molecules based

on full-size Abs. Moreover, if the target is also expressed
on the cell surface of blood or endothelial cells, intrave-
nously applied adaptor/CAR T-cell complexes might first
attack these healthy cells rather than to leave the blood-
stream to find the tumor cells.

So how to solve these problems? While we tried to estab-
lish novel bispecific Abs (bsAbs) [e.g., 26-31], we learned
that even minor changes in one of the two Ab domains did
not only affect the altered Ab domain but also the non-
modified one. To easily compare different anti-CD3 and
anti-TAA domains, we created a modular bsAb format. For
this purpose, we split the bsAb into two components: (1)
an effector molecule (EM) and (2) a target molecule (TM).
The original idea was to create a bsAb that can be used
as a universal EM: for that purpose, on the one hand, the
EM is directed to CD3 and, on the other hand, to a suitable
peptide epitope. TMs were designed to consist of an anti-
TAA scFv fused to the peptide epitope [e.g., 32-34]. Thus,
EM and TM can form an immune complex. For proof of
concept, we tested a series of peptide epitope tags includ-
ing, e.g., the oligo(Histidine)-tag or the Myc-tag which were
not functional. For several reasons including a low risk of
immunogenicity we finally selected two peptide sequences
termed ESB9 and E7B6. Both epitope sequences derive from
the human nuclear autoantigen La also known as Sjogren’s
syndrome-associated antigen B (SS-B) (for more details, see
below and also [35]). Interestingly, we found that the respec-
tive EM/TM complexes can functionally replace conven-
tional bsAbs [32-34]. This modular bispecific T-cell engager
(BiTE) format was termed universal, modular BiTE system
(UniMAB).

Next, we created CARs based on the same two anti-La
epitope scFvs [e.g., 35]. The resulting modular CAR sys-
tems were termed UniCARs. Interestingly, all available TMs
originally developed for the UniMAB system were also
functional in combination with UniCAR T cells. As sche-
matically summarized in Fig. 3, UniCAR T cells (and also
the EMs of the respective UniMAB system) are inactive in
the absence of a TM (Fig. 3a, Off). After cross-linkage with
tumor cells via a TM, however, UniCAR T cells become
active (Fig. 3a, On). Therefore, UniCAR T cells can eas-
ily be regulated: they can repeatedly be turned “on” just by
infusion of the TM and turned “off”” by stopping the infusion
followed by elimination of the TM. Therefore, most impor-
tant for a rapid steering of the UniCAR system is that (1) the
TM can rapidly reach the target (e.g., by diffusion from the
blood to the tumor), (2) form a complex with the UniCAR
that can rapidly dissociate (high Off rate), and (3) the TM
can rapidly be eliminated from the blood stream. Accord-
ing to PET analysis in experimental mice TMs based on
scFvs or nanobodies fulfill these prerequisites [e.g., 36—43].
Such TMs usually have elimination half-lives between 15
and 45 min.
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Fig.3 The UniCAR system, a modular switchable CAR platform.
a Based on anti-La mAbs (either 5B9 or 7B6 directed towards the
amino acid (aa) sequence (S)KPLPEVTDEY (UniCAR epitope, note
the N-terminal serine (S) is not necessarily required for immune reac-
tivity of the 5SB9 mAb but is commonly present in E5B9-containing
UniCAR TMs due to G,S linkers between the scFv and the UniCAR
epitope) or the aa EKEALKKIIEDQQESLNK we constructed the
respective UniCAR domain. After adoptive transfer, UniCAR T
cells remain in an “Off” mode in the absence of a TM until a TM is
infused, which can form a cross-linkage between a UniCAR T cell
and the target cell. Consequently, UniCAR T cells can be switched
“On” in the presence of a TM and will automatically shut “Off” after
elimination of the TM. Prerequisite for a rapid shut down is a short
half-life of the TM. An example of selected experimental data for
an anti-E5B9 UniCAR system is shown in b—d. b T cells transduced
with a non-functional UniCAR (a UniCAR lacking intracellular sign-
aling domains) do not kill target cells neither in the absence (gray
bar) nor presence of a TM (black bar). ¢ T cells transduced with a
signaling UniCAR also do not attack target cells in the absence of a
TM (gray bar). However, lysis occurs in the presence of a TM (black
bar). b, ¢ Untransduced T cells (white bars) also fail to destroy tar-
get cells. d Tumor cells transduced with luciferase can be detected in
untreated and treated mice at day 0 by optical imaging. In the absence
of a TM (untreated mice), the tumor cells can still be detected 4 days
after co-injection of signaling UniCAR T cells. However, no more
tumor cells can be detected in treated mice (tumor cells were co-
injected with UniCAR T cells in the presence of a TM). Lysis assays
and optical imaging were performed as described previously [44]. TM
target molecule, UniCAR universal chimeric antigen receptor

Experimental data for an anti-E5B9-based UniCAR sys-
tem are presented in Fig. 3b—d. As shown, UniCAR T cells
are able to specifically lyse target cells both in vitro (Fig. 3b,
c¢) and in experimental mice (Fig. 3d). Tumor cell killing
depends on functional UniCARs and on the presence of a
TM: T cells transduced with UniCARs lacking a signaling

@ Springer

domain are not able to kill tumor cells (Fig. 3,b), neither
in the absence (Fig. 3b, gray bar) nor presence of a TM
(Fig. 3b, black bar). Similarly, UniCAR T cells containing a
signaling domain cannot kill tumor cells in the absence of a
TM (Fig. 3c, gray bar). However, in the presence of a TM,
UniCAR T cells containing the signaling domain are able to
kill tumor cells (Fig. 3c, black bar).

For first clinical phase 1 trials, we have selected the anti-
E5B9 UniCAR version. Between anti-ESB9 scFv and TMD,
the extracellular domain of the anti-ESB9 CAR contains the
E7B6 epitope sequence as spacer. This E7B6 tag can be used
for detection and elimination of the anti-ESB9 UniCARs
via anti-E7B6-directed UniCARs if it becomes necessary
[35]. In contrast to all other current approaches to destroy
unwanted CAR T cells such a procedure would not just elim-
inate but in parallel replace the anti-ESB9 UniCAR system
with the alternative anti-E7B6 UniCAR system.

The E5B9 UniCAR system was first presented at the
American Society of Hematology (ASH) meeting in 2014
[36] and already summarized in detail [17]. Since then, other
related switchable CAR strategies (e.g., SCARs) were pub-
lished [44-46].

An obvious problem of such a treatment strategy is: to
achieve a sufficiently high concentration of the TM in the
patient, it must be applied by continuous infusion. As the
treatment may take weeks such a regimen appears incon-
venient for patients. However, one could apply a TM with
a short half-life at the beginning of a UniCAR therapy,
when the tumor burden is high and thus the risk of CRS and
TLS might also be high. Once the majority of the tumor is
destroyed and these risks are low, one could switch to the
application of a TM with a longer half-life. As estimated
by PET imaging, immunoglobulin G4 (IgG4)-based TMs
have a kinetic comparable to full-size Abs, consequently,
TMs based on an IgG backbone are promising candidates
for such an application [17]. Until now, we have developed
a series of TMs both with short and extended half-lives
including, e.g., against CD19, CD123, CD33, prostate stem
cell antigen (PSCA), prostate-specific membrane antigen
(PSMA), disialoganglioside 2 (GD2), EGFR, cell surface-
associated mucin 1 (MUC1), sialyl-Tn (STn), and others [36-
43, Bachmann, unpublished]. From these studies we know
that TMs can be constructed in a variety of formats. They
can be cloned as scFvs from the variable heavy- and light-
chain domains of murine or humanized mAbs but also from
camelid Abs, so-called nanobodies. Interestingly, TMs can
also be prepared from affibodies and soluble T-cell recep-
tors. Even small molecules can be converted into TMs [47].
For example, we successfully created a TM against PSMA
by fusion of a UniCAR epitope to a commonly used PSMA
PET tracer. The resulting theranostic TM can be used for
both retargeting of UniCAR T cells and PET imaging to
follow the CAR T-cell therapy in an individualized manner
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including in humans [47]. In addition to monovalent TMs,
we also created bivalent or bispecific TMs. To reduce the
risk of tumor escape variants different monospecific TMs
or bispecific TMs can be applied either simultaneously or
subsequently for (OR) gated targeting [15].

As mentioned above, both UniCAR epitopes were
taken from the nuclear autoantigen La/SS-B [48-51]. Both
epitopes are cryptic in native La protein as the respective
mAD does not coprecipitate native La protein, while syn-
thetic peptides or epitope fusion proteins or denatured La
protein reacts with the respective anti-La mAb. The E5B9
epitope consists of the amino acid (aa) sequence KPLPE-
VTDEY which represents the aa95-104 of the La pro-
tein. In the La protein, this peptide sequence is located
between the N-terminal La motif and the first ribonucleo-
protein consensus sequence. The E7B6 epitope consists of
the aa EKEALKKIIEDQQESLNK which represents the
aa311-328 of La protein. In native La protein, it forms a
helical structure which is located in the C-terminal domain
of La protein.

The major reason why we selected UniCARs based on
the E5B9 epitope for first phase 1 clinical studies is: over
the past decades, we and many other groups have analyzed
the structure, function, expression, and also the immune
response against the La antigen including in experimen-
tal mice and autoimmune patients [e.g., 48—53]. In none
of these studies, we saw an immune response against the
selected La epitopes in anti-La-positive patients neither
at the B nor T cell level. Consequently, even autoimmune
patients being able to break tolerance against the La antigen
do not develop anti-La Abs against the UniCAR epitope(s).
Therefore, it appears rather unlikely that people being tol-
erant to the nuclear La protein will develop an immune
response against the selected La epitopes. But even in the
worst case that we would induce an autoimmune response
against the UniCAR epitope, anti-La Abs have been reported
to be protective against anti-DNA Abs in lupus patients [54].
Another advantage of the selected UniCAR epitopes is that
the primary sequence of La protein is conserved during
evolution including in rodents [50], so the toxicology of
UniCAR T cells can easily be studied in mice.

In summary, the UniCAR system may help to overcome
safety issues of the current CAR technology especially in
solid tumors.

Acknowledgements We would like to thank all former and current
Bachelor, Master, Diploma, PhD and MD students, Postdocs, and
technicians for their enthusiastic support. Especially, we would like to
acknowledge Prof. Dr. M. Schmitz, Dr. H. Bartsch, Prof. Dr. H. Abken,
Prof. Dr. A. Temme, and Dr. M. Cartellieri, who helped us to establish
the conventional CAR T-cell technology. We thank all our coworkers
of the spin-out companies GEMoaB and Cellex PT for the development
of clinical-grade GMP products based on our BiTE and the UniCAR
system. Thanks also to all former colleagues at the Oklahoma Medical
Research Foundation (OMRF), Drs. B. Kurien, K. Kaufman, Profs. Dr.

H. Scofield, A. D. Farris, J. A. James, J. B. Harley, and especially T.
and J. A. Gross who helped to characterize the anti-La mAbs. In addi-
tion, we would like to thank Prof. Dr. G. Ehninger for his friendship,
enthusiastic effort and support to drive our BiTE and the UniCAR
system forward into the clinic.

Author contributions AF, CA, SK, NB, RB, and MB conceptualized
this review. AF, CA and MB prepared the figures and wrote the manu-
script. All authors discussed the content and approved the final version
of the manuscript.

Funding There is no funding directly related to this review article.

Compliance with ethical standards

Conflict of interest M Bachmann had the idea and supervised the de-
velopment of the modular BiTE and the UniCAR system and filed pat-
ents related to the anti-La mAbs, BiTEs and the UniCAR system. In
addition, he is the founder and shareholder of the company GEMoaB
which owns these patents. All the authors declare that there are no
other conflicts of interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Guedan S, Ruella M, June CH (2018) Emerging cellular thera-
pies for cancer. Annu Rev Immunol 37:145-171. https://doi.
org/10.1146/annurev-immunol-042718-041407

2. Sadelain M, Brentjens R, Riviere I (2009) The promise and poten-
tial pitfalls of chimeric antigen receptors. Curr Opin Immunol
21:215-223. https://doi.org/10.1016/j.c0i.2009.02.009

3. Brudno JN, Kochenderfer JN (2018) Chimeric antigen receptor
T-cell therapies for lymphoma. Nat Rev Clin Oncol 15:31-46.
https://doi.org/10.1038/nrclinonc.2017.128

4. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bitten-
court H, Bader P, Verneris MR, Stefanski HE, Myers GD et al
(2018) Tisagenlecleucel in children and young adults with B-cell
lymphoblastic leukemia. N Engl ] Med 378:439-448. https://doi.
org/10.1056/NEJMoal709866

5. Schuster SJ, Svoboda J, Chong EA, Nasta SD, Mato AR, Anak
0, Brogdon JL, Pruteanu-Malinici I, Bhoj V, Landsburg D et al
(2017) Chimeric antigen receptor T cells in refractory B-cell lym-
phomas. N Engl J Med 377:2545-2554. https://doi.org/10.1056/
NEJMoal 708566

6. Neelapu SS, Locke FL, Bartlett NL, Lekakis LJ, Miklos DB,
Jacobson CA, Braunschweig I, Oluwole OO, Siddiqi T, Lin Y et al
(2017) Axicabtagene ciloleucel CAR T-cell therapy in refractory
large B-Cell lymphoma. N Engl ] Med 377:2531-2544. https://
doi.org/10.1056/NEJMoal 707447

7. Gross G, Gorochov G, Waks T, Eshhar Z (1989) Generation of
effector T cells expressing chimeric T cell receptor with antibody
type-specificity. Transplant Proc 21:127-130

8. Gross G, Waks T, Eshhar Z (1989) Expression of immuno-
globulin-T-cell receptor chimeric molecules as functional

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1146/annurev-immunol-042718-041407
https://doi.org/10.1146/annurev-immunol-042718-041407
https://doi.org/10.1016/j.coi.2009.02.009
https://doi.org/10.1038/nrclinonc.2017.128
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1056/NEJMoa1708566
https://doi.org/10.1056/NEJMoa1708566
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1056/NEJMoa1707447

1718

Cancer Immunology, Immunotherapy (2019) 68:1713-1719

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

receptors with antibody-type specificity. Proc Natl Acad Sci USA
86:10024-10028

Mabher J, Brentjens RJ, Gunset G, Riviére I, Sadelain M (2002)
Human T-lymphocyte cytotoxicity and proliferation directed
by a single chimeric TCRzeta/CD28 receptor. Nat Biotechnol
20:70-75

Abken H (2016) Costimulation engages the gear in driving
CARs. Immunity 44:214-216. https://doi.org/10.1016/j.immun
1.2016.02.001

Cartellieri M, Bachmann M, Feldmann A, Bippes C, Stamova S,
Wehner R, Temme A, Schmitz M (2010) Chimeric antigen recep-
tor-engineered T cells for immunotherapy of cancer. J Biomed
Biotechnol. https://doi.org/10.1155/2010/956304

Topfer K, Cartellieri M, Michen S, Wiedemuth R, Miiller N,
Lindemann D, Bachmann M, Fiissel M, Schackert G, Temme A
(2015) DAP12-based activating chimeric antigen receptor for NK
cell tumor immunotherapy. J Immunol 194:3201-3212. https://
doi.org/10.4049/jimmunol. 1400330

Sadelain M, Brentjens R, Riviére I (2013) The basic principles of
chimeric antigen receptor design. Cancer Discov 3:388-398. https
://doi.org/10.1158/2159-8290.CD-12-0548

June CH, O’Connor RS, Kawalekar OU, Ghassemi S, Milone MC
(2018) CAR T cell immunotherapy for human cancer. Science
359:1361-1365. https://doi.org/10.1126/science.aar6711

Kloss CC, Condomines M, Cartellieri M, Bachmann M, Sadelain
M (2013) Combinatorial antigen recognition with balanced signal-
ing promotes selective tumor eradication by engineered T cells.
Nat Biotechnol 31:71-75. https://doi.org/10.1038/nbt.2459
Arndt C, Bachmann M, Bergmann R, Berndt N, Feldmann A,
Koristka S (2019) Theranostic CAR T cell targeting: a brief
review. J Labelled Comp Radiopharm. 62:533-540. https://doi.
org/10.1002/jler.3727

Bachmann M (2019) The UniCAR system: a modular CAR T cell
approach to improve the safety of CAR T cells. Immunol Lett.
211:13-22. https://doi.org/10.1016/j.imlet.2019.05.003

Morgan RA, Yang JC, Kitano M, Dudley ME, Laurencot CM,
Rosenberg SA (2010) Case report of a serious adverse event fol-
lowing the administration of T cells transduced with a chimeric
antigen receptor recognizing ERBB2. Mol Ther 18:843-851. https
://doi.org/10.1038/mt.2010.24

Hoyos V, Savoldo B, Quintarelli C, Mahendravada A, Zhang
M, Vera J, Heslop HE, Rooney CM, Brenner MK, Dotti G
(2010) Engineering CD19-specific T lymphocytes with inter-
leukin-15 and a suicide gene to enhance their anti-lymphoma/
leukemia effects and safety. Leukemia 24:1160—1170. https://doi.
org/10.1038/1eu.2010.75

Di Stasi A, Tey SK, Dotti G, Fujita Y, Kennedy-Nasser A, Mar-
tinez C, Straathof K, Liu E, Durett AG, Grilley B, Liu H, Cruz
CR, Savoldo B, Gee AP, Schindler J, Krance RA, Heslop HE,
Spencer DM, Rooney CM, Brenner MK (2011) Inducible apop-
tosis as a safety switch for adoptive cell therapy. N Engl J Med
365:1673-1683. https://doi.org/10.1056/NEJMoal 106152
Mollanoori H, Shahraki H, Rahmati Y, Teimourian S (2018)
CRISPR/Cas9 and CAR-T cell, collaboration of two revolution-
ary technologies in cancer immunotherapy, an instruction for suc-
cessful cancer treatment. Hum Immunol 79:876—882. https://doi.
org/10.1016/j.humimm.2018.09.007

Fedorov VD, Themeli M, Sadelain M (2013) PD-1- and CTLA-
4-based inhibitory chimeric antigen receptors (iCARs) divert
off-target immunotherapy responses. Sci Transl Med 5:215ral72.
https://doi.org/10.1126/scitranslmed.3006597

Paszkiewicz PJ, FriaBlle SP, Srivastava S, Sommermeyer D,
Hudecek M, Drexler I, Sadelain M, Liu L, Jensen MC, Riddell
SR, Busch DH (2016) Targeted antibody-mediated depletion of

@ Springer

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

murine CD19 CAR T cells permanently reverses B cell aplasia. J
Clin Invest 126:4262-4272. https://doi.org/10.1172/JCI84813
Urbanska K, Lanitis E, Poussin M, Lynn RC, Gavin BP, Kelder-
man S, YuJ, Scholler N, Powell DJ Jr (2012) A universal strategy
for adoptive immunotherapy of cancer through use of a novel
T-cell antigen receptor. Cancer Res 72:1844—1852. https://doi.
org/10.1158/0008-5472.CAN-11-3890

Dale GL, Gaddy P, Pikul FJ (1994) Antibodies against bioti-
nylated proteins are present in normal human serum. J Lab Clin
Med 123:365-371

Stamova S, Koristka S, Keil J, Arndt C, Feldmann A, Michalk I,
Bartsch H, Bippes CC, Schmitz M, Cartellieri M, Bachmann M
(2012) Cancer immunotherapy by retargeting of immune effector
cells via recombinant bispecific antibody constructs. Antibodies
1:172-198. https://doi.org/10.3390/antib1020172

Stamova S, Feldmann A, Cartellieri M, Arndt C, Koristka S, Apel
F, Wehner R, Schmitz M, Bornhéuser M, von Bonin M, Ehninger
G, Bartsch H, Bachmann M (2012) Generation of single-chain
bispecific green fluorescent protein fusion antibodies for imaging
of antibody-induced T cell synapses. Anal Biochem 423:261-268.
https://doi.org/10.1016/j.ab.2011.12.042

Koristka S, Cartellieri M, Theil A, Feldmann A, Arndt C, Stamova
S, Michalk I, Topfer K, Temme A, Kretschmer K, Bornhéduser
M, Ehninger G, Schmitz M, Bachmann M (2012) Retargeting
of human regulatory T cells by single-chain bispecific antibod-
ies. J Immunol 188:1551-1558. https://doi.org/10.4049/jimmu
nol.1101760

Feldmann A, Arndt C, Topfer K, Stamova S, Krone F, Cartellieri
M, Koristka S, Michalk I, Lindemann D, Schmitz M, Temme
A, Bornhduser M, Ehninger G, Bachmann M (2012) Novel
humanized and highly efficient bispecific antibodies mediate
killing of prostate stem cell antigen-expressing tumor cells by
CD8+ and CD4+ T cells. J Immunol 189:3249-3259. https://doi.
org/10.4049/jimmunol.1200341

Arndt C, von Bonin M, Cartellieri M, Feldmann A, Koristka
S, Michalk I, Stamova S, Bornhiduser M, Schmitz M, Ehninger
G, Bachmann M (2013) Redirection of T cells with a first fully
humanized bispecific CD33-CD3 antibody efficiently eliminates
AML blasts without harming hematopoietic stem cells. Leukemia
27:964-967. https://doi.org/10.1038/leu.2013.18

Koristka S, Cartellieri M, Arndt C, Bippes CC, Feldmann A,
Michalk I, Wiefel K, Stamova S, Schmitz M, Ehninger G, Born-
hiuser M, Bachmann M (2013) Retargeting of regulatory T cells
to surface-inducible autoantigen La/SS-B. J Autoimmun 42:105-
116. https://doi.org/10.1016/j.jaut.2013.01.002

Arndt C, Feldmann A, Topfer K, Koristka S, Cartellieri M, Temme
A, Ehninger A, Ehninger G, Bachmann M (2014) Redirection
of CD4+ and CD8+ T lymphocytes via a novel antibody-based
modular targeting system triggers efficient killing of PSCA+ pros-
tate tumor cells. Prostate 74:1347—-1358. https://doi.org/10.1002/
pros.22851

Arndt C, Feldmann A, Koristka S, Cartellieri M, Dimmel M,
Ehninger A, Ehninger G, Bachmann M (2014) Simultaneous tar-
geting of prostate stem cell antigen and prostate-specific mem-
brane antigen improves the killing of prostate cancer cells using a
novel modular T cell-retargeting system. Prostate 74:1335-1346.
https://doi.org/10.1002/pros.22850

Arndt C, Feldmann A, von Bonin M, Cartellieri M, Ewen EM,
Koristka S, Michalk I, Stamova S, Berndt N, Gocht A, Bornhéuser
M, Ehninger G, Schmitz M, Bachmann M (2014) Costimulation
improves the killing capability of T cells redirected to tumor cells
expressing low levels of CD33: description of a novel modular
targeting system. Leukemia 28:59-69. https://doi.org/10.1038/
leu.2013.243


https://doi.org/10.1016/j.immuni.2016.02.001
https://doi.org/10.1016/j.immuni.2016.02.001
https://doi.org/10.1155/2010/956304
https://doi.org/10.4049/jimmunol.1400330
https://doi.org/10.4049/jimmunol.1400330
https://doi.org/10.1158/2159-8290.CD-12-0548
https://doi.org/10.1158/2159-8290.CD-12-0548
https://doi.org/10.1126/science.aar6711
https://doi.org/10.1038/nbt.2459
https://doi.org/10.1002/jlcr.3727
https://doi.org/10.1002/jlcr.3727
https://doi.org/10.1016/j.imlet.2019.05.003
https://doi.org/10.1038/mt.2010.24
https://doi.org/10.1038/mt.2010.24
https://doi.org/10.1038/leu.2010.75
https://doi.org/10.1038/leu.2010.75
https://doi.org/10.1056/NEJMoa1106152
https://doi.org/10.1016/j.humimm.2018.09.007
https://doi.org/10.1016/j.humimm.2018.09.007
https://doi.org/10.1126/scitranslmed.3006597
https://doi.org/10.1172/JCI84813
https://doi.org/10.1158/0008-5472.CAN-11-3890
https://doi.org/10.1158/0008-5472.CAN-11-3890
https://doi.org/10.3390/antib1020172
https://doi.org/10.1016/j.ab.2011.12.042
https://doi.org/10.4049/jimmunol.1101760
https://doi.org/10.4049/jimmunol.1101760
https://doi.org/10.4049/jimmunol.1200341
https://doi.org/10.4049/jimmunol.1200341
https://doi.org/10.1038/leu.2013.18
https://doi.org/10.1016/j.jaut.2013.01.002
https://doi.org/10.1002/pros.22851
https://doi.org/10.1002/pros.22851
https://doi.org/10.1002/pros.22850
https://doi.org/10.1038/leu.2013.243
https://doi.org/10.1038/leu.2013.243

Cancer Immunology, Immunotherapy (2019) 68:1713-1719

1719

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Koristka S, Ziller-Walter P, Bergmann R, Arndt C, Feldmann A,
Kegler A, Cartellieri M, Ehninger A, Ehninger G, Bornhéuser M,
Bachmann MP (2019) Anti-CAR-engineered T cells for epitope-
based elimination of autologous CAR T cells. Cancer Immunol
Immunother. https://doi.org/10.1007/s00262-019-02376-y (Epub
ahead of print)

Koristka S, Cartellieri M, Feldmann A, Arndt C, Loff S, Michalk
1, Aliperta R, von Bonin M, Bornhauser M, Ehninger A, Ehninger
G, Bachmann MP (2014) Flexible antigen specific redirection of
human regulatory T cells via a novel universal Chimeric Antigen
Receptor system. Blood 124:3494

Cartellieri M, Feldmann A, Koristka S, Arndt C, Loff S, Ehninger
A, von Bonin M, Bejestani EP, Ehninger G, Bachmann MP (2016)
Switching CAR T cells on and off: a novel modular platform for
retargeting of T cells to AML blasts. Blood Cancer J 6:e458. https
://doi.org/10.1038/bcj.2016.61

Feldmann A, Arndt C, Bergmann R, Loff S, Cartellieri M, Bach-
mann D, Aliperta R, Hetzenecker M, Ludwig F, Albert S, Ziller-
Walter P, Kegler A, Koristka S, Gértner S, Schmitz M, Ehninger
A, Ehninger G, Pietzsch J, Steinbach J, Bachmann M (2017)
Retargeting of T lymphocytes to PSCA- or PSMA positive pros-
tate cancer cells using the novel modular chimeric antigen recep-
tor platform technology “UniCAR”. Oncotarget 8:31368-31385.
https://doi.org/10.18632/oncotarget. 15572

Albert S, Arndt C, Feldmann A, Bergmann R, Bachmann D,
Koristka S, Ludwig F, Ziller-Walter P, Kegler A, Giértner S,
Schmitz M, Ehninger A, Cartellieri M, Ehninger G, Pietzsch
HIJ, Pietzsch J, Steinbach J, Bachmann M (2017) A novel nan-
obody-based target module for retargeting of T lymphocytes to
EGFR-expressing cancer cells via the modular UniCAR platform.
Oncoimmunology 6:¢1287246. https://doi.org/10.1080/21624
02X.2017.1287246

Bachmann D, Aliperta R, Bergmann R, Feldmann A, Koristka
S, Arndt C, Loff S, Welzel P, Albert S, Kegler A, Ehninger A,
Cartellieri M, Ehninger G, Bornhduser M, von Bonin M, Wer-
ner C, Pietzsch J, Steinbach J, Bachmann M (2017) Retargeting
of UniCAR T cells with an in vivo synthesized target module
directed against CD19 positive tumor cells. Oncotarget 9:7487—
7500. https://doi.org/10.18632/oncotarget.23556

Mitwasi N, Feldmann A, Bergmann R, Berndt N, Arndt C,
Koristka S, Kegler A, Jureczek J, Hoffmann A, Ehninger A, Car-
tellieri M, Albert S, Rossig C, Ehninger G, Pietzsch J, Steinbach
J, Bachmann M (2017) Development of novel target modules
for retargeting of UniCAR T cells to GD2 positive tumor cells.
Oncotarget 8:108584-108603. https://doi.org/10.18632/oncot
arget.21017

Albert S, Arndt C, Koristka S, Berndt N, Bergmann R, Feldmann
A, Schmitz M, Pietzsch J, Steinbach J, Bachmann M (2018) From
mono- to bivalent: improving theranostic properties of target mod-
ules for redirection of UniCAR T cells against EGFR-expressing
tumor cells in vitro and in vivo. Oncotarget 9:25597-25616. https
://doi.org/10.18632/oncotarget.25390

Loureiro LR, Feldmann A, Bergmann R, Koristka S, Berndt N,
Arndt C, Pietzsch J, Novo C, Videira P, Bachmann M (2018)
Development of a novel target module redirecting UniCAR T cells
to sialyl Tn-expressing tumor cells. Blood Cancer J 8:81. https://
doi.org/10.1038/541408-018-0113-4

Cao Y, Rodgers DT, Du J, Ahmad I, Hampton EN, Ma JS,
Mazagova M, Choi SH, Yun HY, Xiao H, Yang P, Luo X, Lim
RK, Pugh HM, Wang F, Kazane SA, Wright TM, Kim CH,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Schultz PG, Young TS (2016) Design of switchable chimeric
antigen receptor T cells targeting breast cancer. Angew Chem Int
Ed Engl 55:7520-7524. https://doi.org/10.1002/anie.201601902
MaJS, Kim JY, Kazane SA, Choi SH, Yun HY, Kim MS, Rodg-
ers DT, Pugh HM, Singer O, Sun SB, Fonslow BR, Kochenderfer
IN, Wright TM, Schultz PG, Young TS, Kim CH, Cao Y (2016)
Versatile strategy for controlling the specificity and activity of
engineered T cells. Proc Natl Acad Sci USA 113:E450-E458.
https://doi.org/10.1073/pnas.1524193113

Rodgers DT, Mazagova M, Hampton EN, Cao Y, Ramadoss NS,
Hardy IR, Schulman A, Du J, Wang F, Singer O, Ma J, Nunez V,
Shen J, Woods AK, Wright TM, Schultz PG, Kim CH, Young
TS (2016) Switch-mediated activation and retargeting of CAR-T
cells for B-cell malignancies. Proc Natl Acad Sci USA 113:E459-
E468. https://doi.org/10.1073/pnas.1524155113

Arndt C, Feldmann A, Koristka S, Schifer M, Bergmann R, Mit-
wasi N, Berndt N, Bachmann D, Kegler A, Schmitz M, Puentes-
Cala E, Soto JA, Ehninger G, Pietzsch J, Liolios C, Wunderlich G,
Kotzerke J, Kopka K, Bachmann M (2019) A theranostic PSMA
ligand for PET imaging and retargeting of T cells expressing the
universal chimeric antigen receptor UniCAR. Oncoimmunology.
https://doi.org/10.1080/2162402X.2019.1659095
Carmo-Fonseca M, Pfeifer K, Schroder HC, Vaz MF, Fonseca JE,
Miiller WEG, Bachmann M (1989) Identification of La ribonu-
cleoproteins as a component of interchromatin granules. Exp Cell
Res 185:73-85

Troster H, Metzger TE, Semsei I, Schwemmle M, Winterpacht A,
Zabel B, Bachmann M (1994) One gene, two transcripts: isola-
tion of an alternative transcript encoding for the autoantigen La/
SS-B from a cDNA library of a patient with primary Sjogrens’
syndrome. J Exp Med 180:2059-2067

Semsei I, Troster H, Schwemmle M, Bachmann M (1993) Cloning
of the autoantigen La/SS-B from a rat cDNA library: detection of
species specific variations. Gene 126:265-268

Troster H, Bartsch H, Klein R, Metzger TE, Pollak G, Semsei I,
Schwemmle M, Pruijn GJ, van Venrooij WJ, Bachmann M (1995)
Activation of a murine autoreactive B cell by immunization with
human recombinant autoantigen La/SS-B: characterization of the
autoepitope. J Autoimmun 8:825-842

Yiannaki EE, Tzioufas AG, Bachmann M, Hantoumi J, Tsikaris V,
Sakarellos-Daitsiotis M, Sakarellos C, Moutsopoulos HM (1998)
The value of synthetic linear epitope analogues of La/SSB for the
detection of autoantibodies to La/SSB; specificity, sensitivity and
comparison of methods. Clin Exp Immunol 112:152-158
Dudek NL, Maier S, Chen ZJ, Mudd PA, Mannering SI, Jackson
DC, Zeng W, Keech CL, Hamlin K, Pan ZJ, Davis-Schwarz K,
Workman-Azbill J, Bachmann M, McCluskey J, Farris AD (2007)
T cell epitopes of the La/SSB autoantigen in humanized trans-
genic mice expressing the HLA class II haplotype DRB1¥0301/
DQB1*0201. Arthritis Rheum 56:3387-3398

Malik S, Bruner GR, Williams-Weese C, Feo L, Scofield RH,
Reichlin M, Harley JB, Sawalha AH (2007) Presence of anti-La
autoantibody is associated with a lower risk of nephritis and sei-
zures in lupus patients. Lupus 16:863-866

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s00262-019-02376-y
https://doi.org/10.1038/bcj.2016.61
https://doi.org/10.1038/bcj.2016.61
https://doi.org/10.18632/oncotarget.15572
https://doi.org/10.1080/2162402X.2017.1287246
https://doi.org/10.1080/2162402X.2017.1287246
https://doi.org/10.18632/oncotarget.23556
https://doi.org/10.18632/oncotarget.21017
https://doi.org/10.18632/oncotarget.21017
https://doi.org/10.18632/oncotarget.25390
https://doi.org/10.18632/oncotarget.25390
https://doi.org/10.1038/s41408-018-0113-4
https://doi.org/10.1038/s41408-018-0113-4
https://doi.org/10.1002/anie.201601902
https://doi.org/10.1073/pnas.1524193113
https://doi.org/10.1073/pnas.1524155113
https://doi.org/10.1080/2162402X.2019.1659095

	Conventional CARs versus modular CARs
	Abstract
	Introduction
	Remaining challenges
	Modular CARs as solution

	Acknowledgements 
	References


