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ARTICLE INFO ABSTRACT

The idea to eliminate tumor cells via our own immune system is more than a hundred years old. However, a real
break through came first with the development of check point inhibitors, bispecific antibodies (bsAbs) and T
cells genetically modified to express Chimeric Antigen Receptors (CARs). Eventhough the clinical application of
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Keywords: T cells equipped with CARs can lead to a complete remission, unfortunately, their application can also cause
Imfnun?therépy severe or even life threatening side effects as their activity can no more be adjusted once given to the patient. For
Chimeric antigen receptor targeting of tumor cells expressing tumor associated antigens (TAAs) which are not limited to tumor cells but
;rj:lecliR also accessible on healthy tissues CAR T cells should not be permanently in a killing mode but be equipped with
BITE some kind of a switch whereby the activity of CAR T cells can reversely be turned “on and off “. Moreover, in

case of cytokine release syndrome (CRS), tumor lysis syndrome (TLS), or other deadly side effects the possibility

Bispecific antibody
of an emergency shut down of the CAR T cell activity should exist. Modular CAR variants such as the UniCAR

system may fulfill these requirements.

1. Introduction

Already in 1989 the group around Z. Eshar described T cells ge-
netically modified to express artifical receptors [1]. Originally termed
as T-bodies, they are nowadays better known as Chimeric Antigen Re-
ceptors (CARs) [e.g. 2-5]. CARs are synthetic type I receptors usually
consisting of (i) an extracellular target recognition domain, (ii) a
transmembrane domain, and (iii) an intracellular domain containing a
signalling motif allowing to activate T cells [e.g. 3,4,5, see also Fig. 1].
CAR T cells can target surface antigens independently of MHC expres-
sion. The extracellular domain of a CAR usually is a single chain frag-
ment variable (scFv) which can be cloned from the variable domains of
the heavy and light chain of a monoclonal antibody (mab, Fig. 1). The
transmembrane domain is taken from CD28 or CD8 or other membrane
receptors. CAR T cells contain as signalling domain usually portions of
the CD3( chain. Activation of CAR NK cells can be acchieved e.g. via the
DAP12 chain [6]. Interestingly, the DAP12 chain works equally well in
T cells (Bachmann, unpublished). The activation motif in CAR con-
structs comes either alone or in combination with one or more co-sti-
mulatory motif(s) [e.g. 34, see also Fig. 2]. Costimulatory motifs are

commonly taken from CD28 or 4-1BB (CD137) but also from ICOS and
0X40 (CD134) [e.g. 2,3,4,5]. CARs containing only the signalling motif
of the CD3( chain are also known as first generation CARs. CARs con-
taining in addition one costimulatory domain are termed as second
generation CARs. CARs with two additional co-stimulatory motif(s) are
known as third generation CARs (Fig. 2). In the meantime even more
sophisticated CARs have been described which are able to modulate the
tumor environment by co-transduction with a gene encoding for an
inflammatory cytokine [7]. Alternatively, the signalling and costimu-
latory domains can be separated to two CARs allowing combinatorial
also known as gated targeting of tumor cells [e.g. 8].

It is commonly known that native CD8 and CD28 receptors exist as
dimers. Consequently, CARs containing the transmembrane domain of
either CD8 or CD28 do also form dimers on the cell surface (Fig. 3) [3].
As schematically shown in Fig. 3, domain swapping of neighbouring
scFvs on the surface of CAR T cells can occur. The extent of domain
swapping is an intrinsic feature of the respective scFv domain and thus
varies between different scFvs. However, the length of the extracellular
linker can also influence it [9]. E.g. A shorter spacer between the
transmembrane and scFv domain of a CAR can facilitate the interaction
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Fig. 1. CAR concept. A conventional CAR consists of extracellular, transmem-
brane and intracellular signalling domains. The extracellular domain recognizes
the TAA on the surface of the tumor cell. It is commonly cloned as single chain
fragment variable (scFv) from the variable domains of the heavy (Vy) and light
chains (V) of a mab. The CAR gene can be inserted into the T cell genome e.g.
by viral transduction. The resulting CAR T cell can recognize tumor cells via its
ab domain. After cross-linkage the CAR T cell will be activated via its signalling
domain(s) and finally destroy the target cell. Both CD4 and CD8 T cells work as
killer cells.
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Fig. 2. Different CAR structures. First generation CARs uses as signalling do-
main the zeta chain of the CD3 complex. To improve their survival and re-
activity second and third generation CARs were developed which contain be-
sides the activation additional costimulatory motifs. (CM, costimulatory motif;
TM, transmembrane domain).
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between the heavy and light chains of neighbouring scFvs. The re-
sulting domain swapping can tremendously effect the tonic signaling in
CAR T cells leading to a more or less pre-activated status of the CAR T
cells [9]. E.g. A CAR with a strong tonic signal if expressed in a he-
matopoietic stem cell can result in a complete loss of developing CAR B
and CAR T cells [9].

Now after almost 30 years of basic research the clinical application
of CAR T cells have underlined their tremendous therapeutical cap-
abilities [e.g. 10-22]. The impressive clinical responses in patients with
hematological malignancies resulted recently in the approval of two
anti-CD19 CARs by the US Food and Drug Administration (FDA) for the
treatment of relapsed/refractory B-cell acute lymphoblastic leukemia
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(B-ALL) and diffuse large B-cell lymphoma (DLBCL).

In spite of their success, current CAR T cell therapies are still far
away from a routine, safe treatment [e.g. 23]. Patients can suffer from
serious or even life threatening side effects such as cytokine release
syndrome (CRS) and tumor lysis syndrome (TLS) which prevent a
broader application of the CAR technology especially for solid tumors.
For instance, the expression of most if not all tumor associated antigens
(TAAs) is not limited to tumor cells leading to the risk of on-target/off-
tumor effects. This is even true for CD19 as it is not only expressed on
leukemic cells but also on healthy B cells. Consequently, CD19 CAR T
cells lead not only to the elimination of leukemic cells but also of
healthy B cells. In this respect CD19 is just an ideal TAA for CAR T cells
as the loss of B cells is not life threatening but can be overcome by
application of antibodies (abs). However, such a rescue of healthy tissue
function is rather the exception of the rule as most of the TAAs are also
accessible on the surface of non-malignant cells of vital tissues.

In order to increase the safety of the CAR technology and to limit
such on-target/off-tumor toxicities but also other potentially life
threatening side effects, a series of strategies have already been de-
scribed including for example the use of suicide genes, inhibitory CARs
or the targeting of co-expressed surface antigens or an inducible
apoptosis switch based on the CRISPR/Casp9 system [24-28]. All of
these safe guards have in common that they are designed to eliminate
the CAR T cells in case they behave improperly. However, there are
obvious limitations of all of these kind of approaches. In principle, there
are two major critical time points during a therapy with CAR T cells
when it becomes necessary to adjust or even to stop their activity: (i)
Soon, after the adoptive transfer of CAR T cells in case severe, un-
treatable side effects occur, and (ii) Late, when CAR T cells have
eliminated all the tumor cells and then continue to attack cross reactive
healthy vital tissue. For obvious reasons, at both time points it is pretty
critical and difficult to determine the right moment when to destroy
CAR T cells as CAR T cells are individual living drugs responding with
respect to proliferation and cytokine production in dependence on the
tumor load. Therefore, at the time of adoptive transfer of CAR T cells it
is almost impossible to predict how the CAR T cells will respond. An
obvious alternative would be to inhibit the activity of the CAR T cells.
As the signaling of CAR T cells is mediated via phosphorylation of their
ITAM motifs, one obvious idea could be to inhibit their signalling by the
application of a tyrosin kinase inhibitor (TKI). However, a TKI or other
small molecule with a pharmacological function cannot be applied for
the rest of the patient’s life. Moreover, the steering of CARs via TKI will
depend on their pharmakokinetik, mainly their elimination and bio-
transformation thus enhancing the complexity of an anyhow complex
treatment strategy. For example, tumor patients that were pretreated
with Midostaurin - a TKI with long lasting therapeutic effects and being
able to inhibit the signaling pathway of the T cell receptor - should not
immediately be treated with CAR T cells or bsAbs [29].

Another problem might occur if CAR T cells shall be eliminated via
antibody mediated cellular cytotoxicity (ADCC). As shown in Fig. 4, a
full size antibody requires up to 48 hs to be enriched in a solid tumor as
analyzed by PET imaging. 90 min after the application the majority of
the mab is still in the peripheral blood and only little is found in the
tumor. Consequently, only CAR T cells present in the peripheral blood
are easily accessible and can be rapidly eliminated with full size abs.
However, full size abs will not rapidly reach the more critical CAR T
cells, meaning the activated, proliferating and cytokine producing CAR
T cells located in and attacking a solid tumor and/or healthy tissue.
Furthermore, another question might be whether or not a sufficient
number of functional NK cells will be available at the im-
munosuppressive tumor cell site and let them do their job as fast as
necessary. Similar problems may occur when a genetic approach should
be applied to destroy grazy going CAR T cells. At least in case of CRS
and TLS there are reasonable doubts that an excision of the CAR gene
might work sufficiently fast enough to stop the detrimental effects of
CAR T cells. For all these reasons it appears critical to rapidly eliminate
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CAR T cells e.g. for a treatment of severe CRS or other lethal side ef-
fects. It might be even more difficult if CARs targeting more than one
TAA are applied to a patient.

So how about an elimination of the CAR T cells after the tumor has
been successfully treated? At a first view, an elimination of “retired
“CAR T cells appears to be a logical way to prevent them from attacking
healthy tissues after all tumor cells have been destroyed. Indeed CD19
CAR T cells could efficiently be eliminated in experimental mice sug-
gesting that such an elimination is feasible at least in principle [28].
However, once again there will be the problem to find the right time
point to do so. Even with sensitive imaging tools it will be difficult to
determine when to eliminate CAR T cells: If CAR T cells will be de-
stroyed too early some tumor cells may be left leading to recurrent
disease. If done too late, on- target/off-tumor effects will occur. Un-
fortunately, current imaging technologies are not sufficiently sensitive
to detect few remaining tumor cells. Even in case improved imaging
tools become available, one would still have to wait until it is clear
whether or not the CAR T cells can kill these remaining tumor cells. It
may well be that the left tumor cells are resistent against the CAR T

48 h

90 min
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Fig. 3. Dimer formation of CARs. Commonly
CAR constructs including UniCARs use the
transmembrane domain of CD28. CD28 CARs
exist as dimers [3]. Already during the devel-
opment of first recombinant antibody domains
it became evident that two scFvs can form a
non-covalently linked dimer by interaction of
the heavy chain portion of one molecule with
the light chain portion in a second molecule
and vice versa [e.g. 61]. A short linker between
the heavy and light chain is favourable for such
a dimer formation. In CAR constructs we ob-
served that also the spacer length between the
transmembrane domain and the scFv can en-
hance such a domain swapping [9]. The in-
teraction between neighbouring scFvs strongly
enhances the tonic signaling in CAR T cells.

cells. Consequently, one would have to wait with the decision to
eliminate the CAR T cells until there is sufficient evidence that the CAR
T cells can no more kill the remaining tumor cells. Again during this
time, the patient would suffer just from on target/off tumor side effects.
For all of these reasons it would be better to have a more rapid and
reliable switch allowing CAR T cells to (i) turn on and off on demand,
(ii) change their specificity in case tumor escape variants occur, and
(iii) target more than one TAA either simultaneously or subsequently to
reduce the risk to select escape variants.

So, how to design such CAR T cells? Looking at natural receptors
their function is controlled by interactions with ligands. Consequently,
one way to control the activity of artificial receptors could also be the
imitation of ligand/receptor interactions. Already in 2012, Urbanska
et al. described a modular artificial receptor approach which was based
on chicken avidin as artificial extracellular receptor domain instead of
an anti-TAA antibody domain of a CAR [30]. T cells modified with such
artificial avidin receptors are inactive but can interact with target cells
via biotinylated adaptor molecules e.g. biotinylated abs. However, the
antigenicity of chicken avidin or bacterial streptavidin and the presence

Fig. 4. PET imaging of radiolabelled mabs. Full size abs can well
enrich at the tumor site. However, for enrichment in the tumor abs
require about 48 h. Even 90 min after injection the majority of the
ab is still in the peripheral blood while only traces of it are found
in the tumor. Consequently full size abs are not well suitable for a
rapid regulation/elimination of adaptor CAR T cells resident in a
solid tumor.
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Fig. 5. The BiTE format. BsAbs in the BiTE format consist of two scFvs arranged in a row. One scFv is directed against the CD3 complex, the other scFv is directed
against the TAA. Such bsAbs can cross-link T cells and tumor cells which leads to the formation of synapse like structure and finally the elimination of the target cell.

of natural anti-biotin antibodies in sera of healthy individuals [31],
might limit the use of such receptors in humans. Moreover, receptors
armed with full size abs may behave like conventional CARs due to the
long half life of abs. As shown above (Fig. 4) it takes hours for a full size
ab to enrich in a solid tumor. Prior to the enrichment into the tumor the
abs are present in the circulation where they can last for weeks. Thus, a
rapid switch off 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 CAR T cells may first attack
these cells rather than the tumor cells.

So how to steer more easily the function and side effects of CAR T
cells? In parallel to the development of CAR T cells many groups in-
cluding ours tried to establish bispecific antibodies (bsAbs). The pro-
totype of a bispecific T cell engager (BiTE) Blinatumab (Blincyte”) was
recently approved by the FDA [32]. As schematically summarized in
Fig. 5, BiTEs consist of two single chain fragment variables (scFvs)
obtained from two mabs. One scFv is directed to the CD3 complex of T
cells the other one to a TAA on the surface of a target cell. Thus, BiTEs
are able to cross-link effector T cells and target cells. Like in case of CAR
T cells the cross-linkage via BiTEs leads to the formation of a synapse
like structure and finally to the destruction of the target cells [32,33].
During the development of bsAbs [e.g. 34,35,36] we faced the problem
that a novel bsAb cannot simply constructed by replacing the anti-TAA
domain. Unpredictably, the replacement of the one of the two scFv
domains also effected the properties of the unchanged second scFv
domain [34]. In order to compare the efficacy of different ab domains
originally we designed a modular bsAb format termed UniMAB [37-40,
Fig. 6]. For that purpose we split the original BiTE into two compo-
nents: (i) an effector molecule (EM) and (ii) a target molecule (TM). The
EM itself is a universal bsAb. On the one hand it is directed to CD3 on
the other hand to a peptide epitope. First TMs were fusion molecules
consisting of an anti-TAA scFv and the peptide epitope [e.g. 38,39].
Consequently, EM and TM can form a bispecific immune complex. Like
BiTEs it can bind to CD3 and a TAA. Most of interest, such immune
complexes can functionally replace conventional bsAbs [38-40]. Aside
of monovalent TMs proof of concept could also be shown for TMs that
were constructed as bispecific bivalent molecules or were fusion mo-
lecules containing a costimulatory domain [Fig. 7, 39,40].

The next logical step was to create a CAR based on the same anti-
epitope scFv originally used in the EM of the UniMAB system. So the
same TMs shown to work in the modular BiTE system could im-
mediately be combined with this anti-epitope CAR. The resulting
modular CAR system was termed UniCARs (Fig. 8). It was first

presented at the ASH meeting in 2014 [41]. Since then other related
switchable CAR strategies (e.g. SCARs) were published [42-44].

The target epitope of both the modular EM and the UniCAR system
is physiologically not accessible on the surface of any living cell neither
tumor nor healthy cell. Consequently, after adoptive transfer of such
UniCAR T cells into a patient they will remain silent (Fig. 8, OFF).
However, a cross-linkeage with tumor cells via a TM leads to the acti-
vation of the UniCAR T cell (Fig. 8, ON). Most importantly, UniCAR T
cells can be repeatedly turned “on “simply by infusion of the TM and
turned “off “by stopping of the infusion and elimination of the TM.
Obviously, the prerequisite for a safe and fast steering of the UniCAR
system is that the TM will be rapidly eliminated in case severe site ef-
fects occur. As shown by PET analysis TMs based on scFvs or nano-
bodies for example full fill this prerequisite [e.g. 45-50]. Such TMs
have usually elimination half lives of about 15-45 min. The downsite of
this strategy is that the respective TM has to be given by continous
infusion. Thinking of treatment times of several weeks this appears
inconvenient for patients. However, one could start a UniCAR therapy
with a TM having a short half life and continous infusion. Once most of
the tumor burden is destroyed and thus the risk of CRS and TLS will be
low one could switch to a TM having an extended half life. For example
1gG4 based TMs have a kinetic comparable to full size abs and show
such an extended half life (Fig. 9). Until now, we have already devel-
oped a series of TMs with short and extended half life. For both kind of
TMs we have shown proof of concept in vitro and in experimental mice
for retargeting of UniCARs to a variety of targets including for example
to CD19, CD123, CD33, PSCA, PSMA, GD2, EGFR, MUC1, STn, BCMA,
and others [41,45-51], Bachmann unpublished)]. According to these
studies TMs can be constructed from scFvs derived from the heavy and
light chain of murine or humanized mabs but also from camelid abs so
called nanobodies (Fig. 10). As already described for the modular BiTE
format, multivalent or multispecific TMs can be created e.g. by fusion of
two scFvs or nanobodies or combinations thereof via the UniCAR
peptide linker. Simultaneous or subsequent application of different
monospecific TMs or application of bispecific TMs can easily be used for
(OR) gated targeting to reduce the risk of selection of tumor escape
variants [45,51]. Interestingly, TMs are not limited to ab derivates.
Aside of affibodies and soluble TCRs, even small molecules can be
converted to TMs (Fig. 10, Bachmann unpublished). For example, fu-
sion of the UniCAR epitope to commonly used PET tracers allowed us to
establish a novel class of theranostic compounds that can be used for
both immunotherapy (retargeting of UniCAR T cells) and simulta-
neously for PET imaging to follow the CAR T therapy in an
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Conventional BiTE

individualized manner (Bachmann,unpublished).

So the key to the UniCAR technology is the selected peptide epitope.
The UniCAR epitope is taken from the human nuclear autoantigen La/
SS-B [52]. As shown in Fig. 11, the epitope is part of a random coiled
linker between the N-terminal La motif and the first RNP consensus
sequence of the La/SS-B protein. The linker is cryptic in native La
protein as the anti-La mab against this epitope cannot precipitate native
La protein. Only after heat denaturing during SDS-PAGE/im-
munoblotting the epitope becomes accessible. In contrast, synthetic
peptides or epitope fusion proteins react with the anti-La mab. So why

Modular BiTE system: UniMAB

epitope (E)
o 00

S
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Fig. 6. UniMAB, a modular BiTE format.
During construction of novel BiTEs we faced
the problem that minor changes in one ab do-
main also affected the untouched second ab
domain. In order to compare different scFv
domains more reliably we developed a mod-
ular BiTE format (UniMAB). We split the bsAb
in two components. An effector module (EM)
and a target module (TM). The EM is a uni-
versal bispecific ab that can be combined with
any TM. For that purpose it is directed on the
one hand to the CD3 complex and on the other
hand to a peptide epitope. A TM is a bifunc-
tional molecule which on the one hand re-
cognizes a TAA on the surface of a tumor cell
and on the other hand contains the peptide
epitope. EM and TM can form an immune
complex which behaves similar to a conven-
tional BiTE and can cross-link T cells with
tumor cells [e.g. 38-40].

universal
effector module (EM)

tumor-specific target
module (TM)

did we select an epitope from an autoantigen for such a purpose? Isn’t
there the risk that it can trigger an autoimmune response? Over the past
decades we and many other groups have analyzed the structure, func-
tion, expression, and also the immune response against the nuclear
autoantigen La/SS-B including in anti-La positive autoimmune patients
[e.g. 53,54,55,56]. In none of these studies an immune response against
the UniCAR epitope either at the B- or T cell level was seen. Conse-
quently, even autoimmune patients being able to break tolerance
against the La antigen do not develop anti-La abs against the UniCAR
epitope. Thus it appears rather unlikely that an individual being

CD137L

g

Fig. 7. Multifunctional target modules. First TMs were based on a monovalent scFv. However, bispecific bivalent, monospecific bivalent TMs and combinations of a

scFv with a costimulatory domain are also functional [39,45,51].
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tumor cell

tolerant to the La antigen will develop an immune response against the
selected La epitope. But even in the worst scenario that we would
trigger an anti-La autoimmune response by the UniCAR epitope, the
UniCAR epitope is cryptic in native La protein. Moreover, if the anti-La
response spreads to other La epitopes, anti-La abs are thought to be
protective against anti-DNA abs in lupus patients [57]. Another ad-
vantage of the selected UniCAR epitope is the primary sequence of La
protein is conserved during evolution including in rodents [58], so the
toxicology of UniCARs can easily be addressed in mice.

In summary, safety issues which currently limit a common appli-
cation of the CAR technology especially in solid tumors may be over-
come by modular CARs such as the UniCAR system.

2. Future direction

No doubt the development of checkpoint inhibitors, bsAbs, and the
CAR technology has shown the tremendous potential of im-
munotherapeutic approaches. However, their clinical application also
told us about their tremendous risk to cause even life threatening side

Immunology Letters 211 (2019) 13-22

Fig. 8. UniCAR, a modular switchable CAR
platform. Based on the anti-peptide epitope
scFv used in the EM of the modular BiTE
format UniMAB (see also Fig. 7) we next con-
structed a universal CAR domain termed
UniCAR. UniCAR T cells are inert as the re-
cognized peptide epitope is physiologically not
present on the surface of cells either on healthy
or tumor cells [e.g. 37]. However, they can be
redirected to tumor cells in the presence of a
TM equipped with the peptide epitope
(UniCAR epitope). Consequently, UniCAR T
cells can be turned ON in the presence of a TM
and will automatically shut OFF once the TM is
eliminated. For a fast switch the TM must ra-
pidly enrich at the tumor site and also rapidly
be eliminated in case of an emergency shut
down. TMs based on scFvs, nanobodies, biva-
lent formats thereof and even small molecules
fulfill this prerequisite [41,45-51].

effects. Conventional CAR T cells cannot be turned off once adoptively
transferred into patients. To overcome this limitation until today a
variety of strategies have already been put forward including modular
CAR strategies. Certainly, only the clinical application of modular CAR
strategies such as the UniCAR system which will hopefully start in the
mid of this year will tell us if these kind of CAR strategies are really
superior. Fairly to mention that steering the activity of CAR T cells is
only one of the problems that still need to be solved. A series of addi-
tional questions remain. For example, how to efficiently attract the
immune cells into a solid tumor and how to circumvent the im-
munosuppressive tumor microenvironment? A further question is, will
there be an advantage to use certain subpopulations of T cells?
Although both CD8 and CD4 T cells can kill target cells when engaged
via either CARs or bsAbs, one should keep in mind that genetically
modified PBMC preparations will also contain CAR Treg cells. The same
is true for the engagement of T cells via BiTEs. Would it be superior to
remove them? At least from the clinical response of CAR T cell and also
from BiTE therapies it is obvious that Tregs co-activated in the context
of these therapies cannot completely inhibit the effector T cells. So how

Fig. 9. Target modules with extended half life.
A rapid regulation of UniCAR T cells requires
short half lifes of TMs. Due to their long half
life (see also Fig. 4) UniCAR T cells armed with
TMs based on full size mabs for example will
behave more like conventional CARs. Such
TMs are not suitable for an emergency shut
down if necessary. However, once most of the
tumor load has been destroyed and the risk of
CRS and TLS will be low then TMs with ex-
tended half life would be more convenient for
the patients as their application would not
depend on permanent infusion. Therefore, we
also constructed TMs with extended half life.
E.g. IgG4 based TMs fulfill this requirement as
analyzed by PET.
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Fig. 10. Target modules for UniCAR T cells. Originally TMs were based on scFvs derived from mabs. In the meantime we also created TMs from a variety of molecules
including nanobodies, affibodies, soluble TCRs, and even small molecules [41,45-51], and Bachmann unpublished)].

to further improve T cell based immunotherapies? For example external
beam irradiation or endoradionuklide therapy may help to attract im-
mune cells into the tumor tissue and the disintegrated cells may lead to
additional vaccination effects. In addition, combination of checkpoint
inhibitors with CAR T cells or BiTEs may further improve these thera-
pies by releasing the brakes of the immune system. Also, the

aa94 -104

SKPLPEVTDEY

combination with small molecules may be of interest. For example,
special TKIs can lead to an upregulation of potential cell surface targets
(e.g. FLT3) and may therefore be supportive as long as they do not
destructively inhibit the function of (CAR) T cells [29]. Like all
monotherapies one has to expect that resistant tumor cells will be se-
lected when CAR T cells or BiTEs with a single specificity will be

Fig. 11. The UniCAR epitope. As UniCAR epitope we selected
the amino acid sequence (aa) SKPLPEVTDEY (or the shortened
version KPLPEVTDEY as the serine is not necessarily required)
which represents the aa94 -104 of the human nuclear auto-
antigen La SS-B. This aa sequence is a random coiled portion
of the La motif which links the La motif with the first RNP1
consensus sequence in the La protein.
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applied. Conventional CAR T cells with dual specificities have already
been introduced into the clinics but the risk of side effects may even be
higher. Again modular strategies may be superior allowing to target
more than one tumor target simultaneously. In case of the UniCAR
system for example more than one TM can be applied sequentially or
simultaneously. That way “OR”-gated targeting can easily be realized
by monospecific TMs but also by using bi- or even multispecific TMs.
Especially in case of “AND” gated targeting strategies a lot of fine
tuning work might still become necessary as it depends not only on the
affinity of the CAR components but also on the number of binding sites
at both the effector and the target cells. Another advantage of modular
approaches is that TMs can be created containing costimulatory do-
mains [40]. Of cause modular CAR strategies such as the UniCAR ap-
proach have not only advantages: The prerequisite for a rapid shut
down is a short half life of the TM. The consequence is that the TM has
to be given continuously by infusion. One alternative could be the ap-
plication of TMs with extended half lifes. However, such TMs would not
allow a rapid shut off. Consequently the most convenient solution for a
patient would be to have two TMs with the same specificity: (i) One
with a short half life for optimal rapid steering if necessary at the be-
ginning of the treatment, and (ii) another one with an extended half life
that could be given once most of the tumor cells are eliminated. The
obvious draw back of this strategy will be the cost of the two TMs.
Another possibility would be to produce the TM in situ. For example we
managed to encage genetically modified cells in cryogels. After im-
plantation they were able to produce in situ recombinant antibody
derivates including a UniCAR TM [59,60]. To further improve the ef-
ficacy especially in solid tumors, UniCAR T cell cells could be modified
to secret cytokines or provide costimulatory molecules as elegantly
shown for conventional CARs [7]. Finally, in order to further improve
the safety and efficacy of such immunotherapeutic approaches ther-
anostic imaging tools are needed that are based on the same paratopes
as used for immunotherapy.

Conflict of interest

M. B. has invented the modular BiTE and the UniCAR system and
holds filed patents related to BiTEs and the UniCAR system. In addition
he is founder and shareholder of the company GEMoaB which ows the
IP related to the UniCAR system.

Acknowledgments

I like to thank to all of my former and current Bachelor, Master,
Diploma, PhD and MD students, Postdocs, and technicians for their
enthustiastic support. Especially Prof. Dr. M. Schmitz, one of my first
doctoral students, opening us the field of T cell immunology; Dr. H.
Bartsch, who characterized the La gene(s) expression; Dr. A. Feldmann,
who established the first BiTE in my lab; Dr. A. Feldmann, Dr. N. Berndt
and Dr. C. Arndt, who established and compared the modular BiTE
system with conventional BiTEs thereby also setting up the pre-
requisites for the UniCAR system; Prof. Dr. H. Abken, Prof. Dr. A.
Temme and Dr. M. Cartellieri, who helped us to establish the conven-
tional CAR T cell technology in our lab; Dr. S. Koristka, who presented
the UniCAR system for the first time at the ASH meeting in 2014; Prof.
Dr. R. Bergmann for providing PET imaging data; Prof. Dr. E. P. Rieber,
who convinced me to return from the U.S.A. back to Germany and
stimulated the development of our first BiTEs; all coworkers of the spin
out companies GEMoaB and Cellex PT for the development of clinical
grade GMP products based on our BiTEs and the UniCAR system; all my
former colleagues and friends at the OMRF, Drs. B. Kurien, K. Kaufman,
Profs. Drs. H. Scofield, A. D. Farris, J. A. James, J. B. Harley, and
especially my personal friends and technicians Tim and Jody A. Gross
who helped me to characterize our anti-La mabs. In addition, I like to
thank Prof. Dr. G. Ehninger for his friendship and his enthustiastic
support and effort to drive our BiTEs and the UniCAR system forward

20

Immunology Letters 211 (2019) 13-22

into the clinic. I also like to thank the NIH, OCAST, DFG, BMBF, Jose
Carreras-, Sander-, Miltrid Scheel-, Dr. Robert Pfleger-, VW-, and
Thyssen Stiftung for their financial support.

References

[1] G. Gross, T. Waks, Z. Eshhar, Expression of immunoglobulin-T-cell receptor chi-
meric molecules as functional receptors with antibody-type specificity, Proc. Natl.
Acad. Sci. U. S. A. 86 (December 24) (1989) 10024-10028.

C.H. June, R.S. O’Connor, O.U. Kawalekar, S. Ghassemi, M.C. Milone, CAR T cell
immunotherapy for human cancer, Science 359 (March 6382) (2018) 1361-1365,
https://doi.org/10.1126/science.aar6711 Review. PMID: 29567707.

M. Sadelain, Chimeric antigen receptors: driving immunology towards synthetic
biology, Curr. Opin. Immunol. 41 (August) (2016) 68-76, https://doi.org/10.1016/
j.c01.2016.06.004 Epub 2016 Jun 30. Review. PMID: 27372731.

M. Cartellieri, M. Bachmann, A. Feldmann, C. Bippes, S. Stamova, R. Wehner,

A. Temme, M. Schmitz, Chimeric antigen receptor-engineered T cells for im-
munotherapy of cancer, J. Biomed. Biotechnol. 2010 (2010) 956304, , https://doi.
org/10.1155/2010/956304 Epub 2010 May 5. Review. PMID: 20467460.

S. Guedan, A.D. Posey Jr, C. Shaw, A. Wing, T. Da, P.R. Patel, S.E. McGettigan,
V. Casado-Medrano, O.U. Kawalekar, M. Uribe-Herranz, D. Song, J.J. Melenhorst,
S.F. Lacey, J. Scholler, B. Keith, R.M. Young, C.H. June, Enhancing CAR T cell
persistence through ICOS and 4-1BB costimulation, JCI Insight 3 (January (1))
(2018) pii: 96976, https://doi.org/10.1172/jci.insight.96976 [Epub ahead of print]
PMID: 29321369.

K. Topfer, M. Cartellieri, S. Michen, R. Wiedemuth, N. Miiller, D. Lindemann,

M. Bachmann, M. Fiissel, G. Schackert, A. Temme, DAP12-based activating chimeric
antigen receptor for NK cell tumor immunotherapy, J. Immunol. 194 (April (7))
(2015) 3201-3212, https://doi.org/10.4049/jimmunol.1400330 Epub 2015 Mar 4.
PMID: 25740942.

M. Chmielewski, H. Abken, CAR T cells releasing IL-18 convert to T-Bethigh
FoxO1llow effectors that exhibit augmented activity against advanced solid tumors,
Cell Rep. 21 (December (11)) (2017) 3205-3219, https://doi.org/10.1016/j.celrep.
2017.11.063 PMID: 29241547.

C.C. Kloss, M. Condomines, M. Cartellieri, M. Bachmann, Sadelain M.COmbinatorial
antigen recognition with balanced signaling promotes selective tumor eradication
by engineered T cells, Nat. Biotechnol. 31 (January (1)) (2013) 71-75, https://doi.
org/10.1038/nbt.2459 Epub 2012 Dec 16.

S. Albert, S. Koristka, A. Gerbaulet, M. Cartellieri, C. Arndt, A. Feldmann, N. Berndt,
L.R. Loureiro, M. von Bonin, G. Ehninger, A. Eugster, E. Bonifacio, M. Bornh&user,
M.P. Bachmann, A. Ehninger, Tonic signaling and its effects on lymphopoiesis of
CAR-Armed hematopoietic stem and progenitor cells, J. Immunol. 202 (March (6))
(2019) 1735-1746, https://doi.org/10.4049/jimmunol.1801004 Epub 2019 Feb 6.
PMID: 30728213.

M. Kalos, B.L. Levine, D.L. Porter, S. Katz, S.A. Grupp, A. Bagg, C.H. June, T cells
with chimeric antigen receptors have potent antitumor effects and can establish
memory in patients with advanced leukemia, Sci. Transl. Med. 3 (August (95))
(2011) 95ra73, , https://doi.org/10.1126/scitranslmed.3002842 PMID: 21832238.
R.J. Brentjens, M.L. Davila, I. Riviere, J. Park, X. Wang, L.G. Cowell, S. Bartido,
J. Stefanski, C. Taylor, M. Olszewska, O. Borquez-Ojeda, J. Qu, T. Wasielewska,
Q. He, Y. Bernal, L.V. Rijo, C. Hedvat, R. Kobos, K. Curran, P. Steinherz, J. Jurcic,
T. Rosenblat, P. Maslak, M. Frattini, M. Sadelain, CD19-targeted T cells rapidly
induce molecular remissions in adults with chemotherapy-refractory acute lym-
phoblastic leukemia, Sci. Transl. Med. 5 (March (177)) (2013) 177ra38, , https://
doi.org/10.1126/scitranslmed.3005930.

D.L. Porter, W.T. Hwang, N.V. Frey, S.F. Lacey, P.A. Shaw, A.W. Loren, A. Bagg,
K.T. Marcucci, A. Shen, V. Gonzalez, D. Ambrose, S.A. Grupp, A. Chew, Z. Zheng,
M.C. Milone, B.L. Levine, J.J. Melenhorst, C.H. June, Chimeric antigen receptor T
cells persist and induce sustained remissions in relapsed refractory chronic lym-
phocytic leukemia, Sci. Transl. Med. 7 (September 303) (2015) 303ral39, , https://
doi.org/10.1126/scitranslmed.aac5415 PMID: 26333935.

S.A. Grupp, M. Kalos, D. Barrett, R. Aplenc, D.L. Porter, S.R. Rheingold,

D.T. Teachey, A. Chew, B. Hauck, J.F. Wright, M.C. Milone, B.L. Levine, C.H. June,
Chimeric antigen receptor-modified T cells for acute lymphoid leukemia, N. Engl. J.
Med. 368 (April 16) (2013) 1509-1518, https://doi.org/10.1056/NEJMoal215134
Epub 2013 Mar 25. PMID: 23527958.

M.L. Davila, I. Riviere, X. Wang, S. Bartido, J. Park, K. Curran, S.S. Chung,

J. Stefanski, O. Borquez-Ojeda, M. Olszewska, J. Qu, T. Wasielewska, Q. He,

M. Fink, H. Shinglot, M. Youssif, M. Satter, Y. Wang, J. Hosey, H. Quintanilla,

E. Halton, Y. Bernal, D.C. Bouhassira, M.E. Arcila, M. Gonen, G.J. Roboz, P. Maslak,
D. Douer, M.G. Frattini, S. Giralt, M. Sadelain, R. Brentjens, Efficacy and toxicity
management of 19-28z CAR T cell therapy in B cell acute lymphoblastic leukemia,
Sci. Transl. Med. 6 (February 224) (2014) 224ra25, , https://doi.org/10.1126/
scitranslmed.3008226 PMID: 24553386.

J.N. Kochenderfer, M.E. Dudley, S.H. Kassim, R.P. Somerville, R.O. Carpenter,

M. Stetler-Stevenson, J.C. Yang, G.Q. Phan, M.S. Hughes, R.M. Sherry, M. Raffeld,
S. Feldman, L. Lu, Y.F. Li, L.T. Ngo, A. Goy, T. Feldman, D.E. Spaner, M.L. Wang,
C.C. Chen, S.M. Kranick, A. Nath, D.A. Nathan, K.E. Morton, M.A. Toomey,

S.A. Rosenberg, Chemotherapy-refractory diffuse large B-cell lymphoma and in-
dolent B-cell malignancies can be effectively treated with autologous T cells ex-
pressing an anti-CD19 chimeric antigen receptor, J. Clin. Oncol. 33 (February 6)
(2015) 540-549, https://doi.org/10.1200/JC0O.2014.56.2025 Epub 2014 Aug 25.
PMID: 25154820.

[16] S.L. Maude, N. Frey, P.A. Shaw, R. Aplenc, D.M. Barrett, N.J. Bunin, A. Chew,

[2]

[3]

[4]

[5

[6

[71

[8]

9

[10]

[11]

[12]

[13]

[14]

[15]


http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0005
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0005
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0005
https://doi.org/10.1126/science.aar6711
https://doi.org/10.1016/j.coi.2016.06.004
https://doi.org/10.1016/j.coi.2016.06.004
https://doi.org/10.1155/2010/956304
https://doi.org/10.1155/2010/956304
https://doi.org/10.1172/jci.insight.96976
https://doi.org/10.1172/jci.insight.96976
https://doi.org/10.4049/jimmunol.1400330
https://doi.org/10.4049/jimmunol.1400330
https://doi.org/10.1016/j.celrep.2017.11.063
https://doi.org/10.1016/j.celrep.2017.11.063
https://doi.org/10.1038/nbt.2459
https://doi.org/10.1038/nbt.2459
https://doi.org/10.4049/jimmunol.1801004
https://doi.org/10.4049/jimmunol.1801004
https://doi.org/10.1126/scitranslmed.3002842
https://doi.org/10.1126/scitranslmed.3005930
https://doi.org/10.1126/scitranslmed.3005930
https://doi.org/10.1126/scitranslmed.aac5415
https://doi.org/10.1126/scitranslmed.aac5415
https://doi.org/10.1056/NEJMoa1215134
https://doi.org/10.1056/NEJMoa1215134
https://doi.org/10.1126/scitranslmed.3008226
https://doi.org/10.1126/scitranslmed.3008226
https://doi.org/10.1200/JCO.2014.56.2025
https://doi.org/10.1200/JCO.2014.56.2025

M. Bachmann

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

V.E. Gonzalez, Z. Zheng, S.F. Lacey, Y.D. Mahnke, J.J. Melenhorst, S.R. Rheingold,
A. Shen, D.T. Teachey, B.L. Levine, C.H. June, D.L. Porter, S.A. Grupp, Chimeric
antigen receptor T cells for sustained remissions in leukemia, N. Engl. J. Med. 371
(October 16) (2014) 1507-1517, https://doi.org/10.1056/NEJMoal407222 PMID:
25317870.

A.L. Garfall, M.V. Maus, W.T. Hwang, S.F. Lacey, Y.D. Mahnke, J.J. Melenhorst,
Z. Zheng, D.T. Vogl, A.D. Cohen, B.M. Weiss, K. Dengel, N.D. Kerr, A. Bagg,

B.L. Levine, C.H. June, E.A. Stadtmauer, Chimeric antigen receptor t cells against
CD19 for multiple myeloma, N. Engl. J. Med. 373 (September 11) (2015)
1040-1047, https://doi.org/10.1056/NEJMoal504542 PMID: 26352815.

D.W. Lee, J.N. Kochenderfer, M. Stetler-Stevenson, Y.K. Cui, C. Delbrook,

S.A. Feldman, T.J. Fry, R. Orentas, M. Sabatino, N.N. Shah, S.M. Steinberg,

D. Stroncek, N. Tschernia, C. Yuan, H. Zhang, L. Zhang, S.A. Rosenberg, A.S. Wayne,
C.L. Mackall, T cells expressing CD19 chimeric antigen receptors for acute lym-
phoblastic leukaemia in children and young adults: a phase 1 dose-escalation trial,
Lancet 385 (February 9967) (2015) 517-528, https://doi.org/10.1016/50140-
6736(14)61403-3 Epub 2014 Oct 13. PMID: 25319501.

C.H. June, R.S. O’Connor, O.U. Kawalekar, S. Ghassemi, M.C. Milone, CAR T cell
immunotherapy for human cancer, Science 359 (March 6382) (2018) 1361-1365,
https://doi.org/10.1126/science.aar6711 Review. PMID: 29567707.

J.N. Brudno, J.N. Kochenderfer, Chimeric antigen receptor T-cell therapies for
lymphoma, Nat. Rev. Clin. Oncol. 15 (January 1) (2018) 31-46, https://doi.org/10.
1038/nrclinonc.2017.128 Epub 2017 Aug 31. Review. PMID: 28857075.

S.L. Maude, T.W. Laetsch, J. Buechner, S. Rives, M. Boyer, H. Bittencourt, P. Bader,
M.R. Verneris, H.E. Stefanski, G.D. Myers, M. Qayed, B. De Moerloose,

H. Hiramatsu, K. Schlis, K.L. Davis, P.L. Martin, E.R. Nemecek, G.A. Yanik,

C. Peters, A. Baruchel, N. Boissel, F. Mechinaud, A. Balduzzi, J. Krueger, C.H. June,
B.L. Levine, P. Wood, T. Taran, M. Leung, K.T. Mueller, Y. Zhang, K. Sen,

D. Lebwohl, M.A. Pulsipher, S.A. Grupp, Tisagenlecleucel in children and young
adults with B-Cell lymphoblastic leukemia, N. Engl. J. Med. 378 (February 5)
(2018) 439-448, https://doi.org/10.1056/NEJMoal709866 PMID: 29385370.

S.S. Neelapu, F.L. Locke, N.L. Bartlett, L.J. Lekakis, D.B. Miklos, C.A. Jacobson,

1. Braunschweig, 0.0. Oluwole, T. Siddiqi, Y. Lin, J.M. Timmerman, P.J. Stiff,
J.W. Friedberg, L.W. Flinn, A. Goy, B.T. Hill, M.R. Smith, A. Deol, U. Farooq,

P. McSweeney, J. Munoz, L. Avivi, J.E. Castro, J.R. Westin, J.C. Chavez, A. Ghobadi,
K.V. Komanduri, R. Levy, E.D. Jacobsen, T.E. Witzig, P. Reagan, A. Bot, J. Rossi,
L. Navale, Y. Jiang, J. Aycock, M. Elias, D. Chang, J. Wiezorek, W.Y. Go,
Axicabtagene ciloleucel CAR T-Cell therapy in refractory large B-Cell lymphoma, N.
Engl. J. Med. 377 (December26) (2017) 2531-2544, https://doi.org/10.1056/
NEJMoal707447 Epub 2017 Dec 10. PMID: 29226797.

J.N. Brudno, J.N. Kochenderfer, Toxicities of chimeric antigen receptor T cells:
recognition and management, Blood 127 (June 26) (2016) 3321-3330, https://doi.
org/10.1182/blood-2016-04-703751 Epub 2016 May 20.

V. Hoyos, B. Savoldo, C. Quintarelli, A. Mahendravada, M. Zhang, J. Vera,

H.E. Heslop, C.M. Rooney, M.K. Brenner, G. Dotti, Engineering CD19-specific T
lymphocytes with interleukin-15 and a suicide gene to enhance their anti-lym-
phoma/leukemia effects and safety, Leukemia 24 (June 6) (2010) 1160-1170,
https://doi.org/10.1038/1eu.2010.75 Epub 2010 Apr 29.

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

H. Mollanoori, H. Shahraki, Y. Rahmati, S. Teimourian, CRISPR/Cas9 and CAR-T
cell, collaboration of two revolutionary technologies in cancer immunotherapy, an
instruction for successful cancer treatment, Hum. Immunol. 79 (December 12)
(2018) 876-882, https://doi.org/10.1016/j.humimm.2018.09.007 Epub 2018 Sep
24. Review. PMID: 30261221.

A. Di Stasi, S.K. Tey, G. Dotti, Y. Fujita, A. Kennedy-Nasser, C. Martinez,

K. Straathof, E. Liu, A.G. Durett, B. Grilley, H. Liu, C.R. Cruz, B. Savoldo, A.P. Gee,
J. Schindler, R.A. Krance, H.E. Heslop, D.M. Spencer, C.M. Rooney, M.K. Brenner,
Inducible apoptosis as a safety switch for adoptive cell therapy, N. Engl. J. Med. 365
(November 18) (2011) 1673-1683, https://doi.org/10.1056/NEJMoal106152
PMID: 22047558.

P.J. Paszkiewicz, S.P. FraRle, S. Srivastava, D. Sommermeyer, M. Hudecek,

1. Drexler, M. Sadelain, L. Liu, M.C. Jensen, S.R. Riddell, D.H. Busch, Targeted
antibody-mediated depletion of murine CD19 CAR T cells permanently reverses B
cell aplasia, J. Clin. Invest. 126 (November 11) (2016) 4262-4272, https://doi.org/
10.1172/JC184813 Epub 2016 Oct 17.

F. Fasslrinner, C. Arndt, S. Koristka, A. Feldmann, H. Altmann, M. von Bonin,

M. Schmitz, M. Bornhduser, M. Bachmann, Midostaurin abrogates CD33-directed
UniCAR and CD33-CD3 bispecific antibody therapy in acute myeloid leukemia, B. J.
Hematol. (2019) In press.

K. Urbanska, E. Lanitis, M. Poussin, R.C. Lynn, B.P. Gavin, S. Kelderman, J. Yu,
N. Scholler, D.J. Powell Jr., A universal strategy for adoptive immunotherapy of
cancer through use of a novel T-cell antigen receptor, Cancer Res. 72 (April 7)
(2012) 1844-1852, https://doi.org/10.1158/0008-5472.CAN-11-3890 Epub 2012
Feb 7. PMID: 22315351.

G.L. Dale, P. Gaddy, F.J. Pikul, Antibodies against biotinylated proteins are present
in normal human serum, J. Lab. Clin. Med. 123 (March 3) (1994) 365-371.

M.E. Goebeler, R. Bargou, Blinatumomab: a CD19/CD3 bispecific T cell engager
(BiTE) with unique anti-tumor efficacy, Leuk. Lymphoma 57 (May 5) (2016)
1021-1032, https://doi.org/10.3109/10428194.2016.1161185 Epub 2016 Apr 6.
Review. PMID: 27050240.

S. Stamova, A. Feldmann, M. Cartellieri, C. Arndt, S. Koristka, F. Apel, R. Wehner,
M. Schmitz, M. Bornhduser, M. von Bonin, G. Ehninger, H. Bartsch, M. Bachmann,
Generation of single-chain bispecific green fluorescent protein fusion antibodies for

21

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Immunology Letters 211 (2019) 13-22

imaging of antibody-induced T cell synapses, Anal. Biochem. 423 (April 2) (2012)
261-268, https://doi.org/10.1016/j.ab.2011.12.042 Epub 2012 Jan 4. PMID:
22274538.

S. Stamova, S. Koristka, J. Keil, C. Arndt, A. Feldmann, I. Michalk, H. Bartsch,

C. Bippes, M. Schmitz, M. Cartellieri, M. Bachmann, Cancer immunotherapy by
retargeting of immune effector cells via recombinant bispecific antibody constructs,
Antibodies 1 (2) (2012) 172-198, https://doi.org/10.3390/antib1020172.

C. Arndt, M. von Bonin, M. Cartellieri, A. Feldmann, S. Koristka, I. Michalk,

S. Stamova, M. Bornhéuser, M. Schmitz, G. Ehninger, M. Bachmann, Redirection of
T cells with a first fully humanized bispecific CD33-CD3 antibody efficiently
eliminates AML blasts without harming hematopoietic stem cells, Leukemia 27
(April 4) (2013) 964-967, https://doi.org/10.1038/leu.2013.18 Epub 2013 Jan 17.
PMID: 23325142.

A. Feldmann, C. Arndt, K. Topfer, S. Stamova, F. Krone, M. Cartellieri, S. Koristka,
I. Michalk, D. Lindemann, M. Schmitz, A. Temme, M. Bornhéuser, G. Ehninger,
M. Bachmann, 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 (6) (2012) 3249-3259.

S. Koristka, M. Cartellieri, C. Arndt, C.C. Bippes, A. Feldmann, 1. Michalk, K. Wiefel,
S. Stamova, M. Schmitz, G. Ehninger, M. Bornhduser, M. Bachmann, Retargeting of
regulatory T cells to surface-inducible autoantigen La/SS-B, J. Autoimmun. 42
(May) (2013) 105-116, https://doi.org/10.1016/j.jaut.2013.01.002 Epub 2013 Jan
22. PMID: 23352111.

C. Arndt, A. Feldmann, K. Topfer, S. Koristka, M. Cartellieri, A. Temme,

A. Ehninger, G. Ehninger, M. Bachmann, Redirection of CD4+ and CD8+ T lym-
phocytes via a novel antibody-based modular targeting system triggers efficient
killing of PSCA + prostate tumor cells, Prostate 74 (September 13) (2014)
1347-1358, https://doi.org/10.1002/pros.22851 Epub 2014 Jul 22. PMID:
25053504.

C. Arndt, A. Feldmann, S. Koristka, M. Cartellieri, M. Dimmel, A. Ehninger,

G. Ehninger, M. Bachmann, Simultaneous targeting of prostate stem cell antigen
and prostate-specific membrane antigen improves the killing of prostate cancer cells
using a novel modular T cell-retargeting system, Prostate 74 (September 13) (2014)
1335-1346, https://doi.org/10.1002/pros.22850 Epub 2014 Jul 22. PMID:
25053443.

C. Arndt, A. Feldmann, M. von Bonin, M. Cartellieri, E.M. Ewen, S. Koristka,

1. Michalk, S. Stamova, N. Berndt, A. Gocht, M. Bornh&user, G. Ehninger,

M. Schmitz, M. Bachmann, 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 (January 1) (2014) 59-69, https://doi.org/
10.1038/1eu.2013.243 Epub 2013 Aug 20. PMID: 23958923.

S. Koristka, M. Cartellieri, A. Feldmann, C. Arndt, S. Loff, I. Michalk, R. Aliperta,
M. von Bonin, M. Bornhauser, A. Ehninger, G. Ehninger, M.P. Bachmann, Flexible
antigen-specific redirection of human regulatory t cells via a novel universal chi-
meric antigen receptor system, Blood 124 (2014) 3494.

Y. Cao, D.T. Rodgers, J. Du, I. Ahmad, E.N. Hampton, J.S. Ma, M. Mazagova,
S.H. Choi, H.Y. Yun, H. Xiao, P. Yang, X. Luo, R.K. Lim, H.M. Pugh, F. Wang,
S.A. Kazane, T.M. Wright, C.H. Kim, P.G. Schultz, T.S. Young, Design of switchable
chimeric antigen receptor t cells targeting breast Cancer, Angew. Chem. Int. Ed.
Engl. 55 (June 26) (2016) 7520-7524, https://doi.org/10.1002/anie.201601902
Epub 2016 May 4. PMID: 27145250.

J.S. Ma, J.Y. Kim, S.A. Kazane, S.H. Choi, H.Y. Yun, M.S. Kim, D.T. Rodgers,
H.M. Pugh, O. Singer, S.B. Sun, B.R. Fonslow, J.N. Kochenderfer, T.M. Wright,
P.G. Schultz, T.S. Young, C.H. Kim, Y. Cao, Versatile strategy for controlling the
specificity and activity of engineered T cells, Proc. Natl. Acad. Sci. U. S. A. 113
(January 4) (2016) E450-458, https://doi.org/10.1073/pnas.1524193113 Epub
2016 Jan 12. PMID: 26759368.

D.T. Rodgers, M. Mazagova, E.N. Hampton, Y. Cao, N.S. Ramadoss, I.R. Hardy,

A. Schulman, J. Du, F. Wang, O. Singer, J. Ma, V. Nunez, J. Shen, A.K. Woods,
T.M. Wright, P.G. Schultz, C.H. Kim, T.S. Young, Switch-mediated activation and
retargeting of CAR-T cells for B-cell malignancies, Proc. Natl. Acad. Sci. U. S. A. 113
(January 4) (2016) E459-468, https://doi.org/10.1073/pnas.1524155113 Epub
2016 Jan 12. PMID: 26759369.

A. Feldmann, C. Arndt, R. Bergmann, S. Loff, M. Cartellieri, D. Bachmann,

R. Aliperta, M. Hetzenecker, F. Ludwig, S. Albert, P. Ziller-Walter, A. Kegler,

S. Koristka, S. Gértner, M. Schmitz, A. Ehninger, G. Ehninger, J. Pietzsch,

J. Steinbach, M. Bachmann, Retargeting of T lymphocytes to PSCA- or PSMA po-
sitive prostate cancer cells using the novel modular chimeric antigen receptor
platform technology "UniCAR", Oncotarget 8 (May 19) (2017) 31368-31385,
https://doi.org/10.18632/oncotarget.15572 PMID: 28404896.

S. Albert, C. Arndt, A. Feldmann, R. Bergmann, D. Bachmann, S. Koristka,

F. Ludwig, P. Ziller-Walter, A. Kegler, S. Gértner, M. Schmitz, A. Ehninger,

M. Cartellieri, G. Ehninger, H.J. Pietzsch, J. Pietzsch, J. Steinbach, M. Bachmann, A
novel nanobody-based target module for retargeting of T lymphocytes to EGFR-
expressing cancer cells via the modular UniCAR platform, Oncoimmunology 6
(February 4) (2017) e1287246, , https://doi.org/10.1080/2162402X.2017.
1287246 . eCollection 2017. PMID: 28507794.

N. Mitwasi, A. Feldmann, R. Bergmann, N. Berndt, C. Arndt, S. Koristka, A. Kegler,
J. Jureczek, A. Hoffmann, A. Ehninger, M. Cartellieri, S. Albert, C. Rossig,

G. Ehninger, J. Pietzsch, J. Steinbach, M. Bachmann, Development of novel target
modules for retargeting of UniCAR T cells to GD2 positive tumor cells, Oncotarget 8
(September 65) (2017) 108584-108603, https://doi.org/10.18632/oncotarget.
21017 eCollection 2017 Dec 12. PMID: 29312553.

S. Albert, C. Arndt, S. Koristka, N. Berndt, R. Bergmann, A. Feldmann, M. Schmitz,
J. Pietzsch, J. Steinbach, M. Bachmann, From mono- to bivalent: improving ther-
anostic properties of target modules for redirection of UniCAR T cells against EGFR-


https://doi.org/10.1056/NEJMoa1407222
https://doi.org/10.1056/NEJMoa1407222
https://doi.org/10.1056/NEJMoa1504542
https://doi.org/10.1016/S0140-6736(14)61403-3
https://doi.org/10.1016/S0140-6736(14)61403-3
https://doi.org/10.1126/science.aar6711
https://doi.org/10.1038/nrclinonc.2017.128
https://doi.org/10.1038/nrclinonc.2017.128
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1182/blood-2016-04-703751
https://doi.org/10.1182/blood-2016-04-703751
https://doi.org/10.1038/leu.2010.75
https://doi.org/10.1126/scitranslmed.3006597
https://doi.org/10.1126/scitranslmed.3006597
https://doi.org/10.1016/j.humimm.2018.09.007
https://doi.org/10.1016/j.humimm.2018.09.007
https://doi.org/10.1056/NEJMoa1106152
https://doi.org/10.1056/NEJMoa1106152
https://doi.org/10.1172/JCI84813
https://doi.org/10.1172/JCI84813
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0145
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0145
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0145
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0145
https://doi.org/10.1158/0008-5472.CAN-11-3890
https://doi.org/10.1158/0008-5472.CAN-11-3890
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0155
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0155
https://doi.org/10.3109/10428194.2016.1161185
https://doi.org/10.3109/10428194.2016.1161185
https://doi.org/10.1016/j.ab.2011.12.042
https://doi.org/10.1016/j.ab.2011.12.042
https://doi.org/10.3390/antib1020172
https://doi.org/10.1038/leu.2013.18
https://doi.org/10.1038/leu.2013.18
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0180
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0180
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0180
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0180
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0180
https://doi.org/10.1016/j.jaut.2013.01.002
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/10.1002/pros.22850
https://doi.org/10.1038/leu.2013.243
https://doi.org/10.1038/leu.2013.243
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0205
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0205
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0205
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0205
https://doi.org/10.1002/anie.201601902
https://doi.org/10.1002/anie.201601902
https://doi.org/10.1073/pnas.1524193113
https://doi.org/10.1073/pnas.1524193113
https://doi.org/10.1073/pnas.1524155113
https://doi.org/10.1073/pnas.1524155113
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.21017
https://doi.org/10.18632/oncotarget.21017

M. Bachmann

[49]

[50]

[51]

[52]

[53]

[54]

expressing tumor cells in vitro and in vivo, Oncotarget 9 (May 39) (2018)
25597-25616, https://doi.org/10.18632/oncotarget.25390 eCollection 2018 May
22. PMID: 29876011.

L.R. Loureiro, A. Feldmann, R. Bergmann, S. Koristka, N. Berndt, C. Arndt,

J. Pietzsch, C. Novo, P. Videira, M. Bachmann, Development of a novel target
module redirecting UniCAR T cells to Sialyl Tn-expressing tumor cells, Blood Cancer
J. 8 (August 9) (2018) 81, https://doi.org/10.1038/541408-018-0113-4 PMID:
30190468.

D. Bachmann, R. Aliperta, R. Bergmann, A. Feldmann, S. Koristka, C. Arndt, S. Loff,
P. Welzel, S. Albert, A. Kegler, A. Ehninger, M. Cartellieri, G. Ehninger,

M. Bornhduser, M. von Bonin, C. Werner, J. Pietzsch, J. Steinbach, M. Bachmann,
Retargeting of UniCAR T cells with an in vivo synthesized target module directed
against CD19 positive tumor cells, Oncotarget 9 (December 7) (2017) 7487-7500,
https://doi.org/10.18632/oncotarget.23556 eCollection 2018 Jan 26.

M. Cartellieri, A. Feldmann, S. Koristka, C. Arndt, S. Loff, A. Ehninger, M. von
Bonin, E.P. Bejestani, G. Ehninger, M.P. Bachmann, Switching CAR T cells on and
off: a novel modular platform for retargeting of T cells to AML blasts, Blood Cancer
J. 6 (August 8) (2016) e458, , https://doi.org/10.1038/bcj.2016.61 PMID:
27518241.

M. Carmo-Fonseca, K. Pfeifer, H.C. Schroder, M.F. Vaz, J.E. Fonseca, W.E.G. Miiller,
M. Bachmann, Identification of La ribonucleoproteins as a component of inter-
chromatin granules, Exp. Cell Res. 185 (1989) 73-85.

H. Troster, T.E. Metzger, 1. Semsei, M. Schwemmle, A. Winterpacht, B. Zabel,

M. Bachmann, One gene, two transcripts: isolation of an alternative transcript en-
coding for the autoantigen La/SS-B from a c¢cDNA library of a patient with primary
Sjogrens’ syndrome, J. Exp. Med. 180 (December 6) (1994) 2059-2067 PMID:
7964483.

E.E. Yiannaki, A.G. Tzioufas, M. Bachmann, J. Hantoumi, V. Tsikaris, M. Sakarellos-
Daitsiotis, C. Sakarellos, H.M. Moutsopoulos, 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 (April 1) (1998)
152-158.

22

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Immunology Letters 211 (2019) 13-22

H. Troster, H. Bartsch, R. Klein, T.E. Metzger, G. Pollak, I. Semsei, M. Schwemmle,
G.J. Pruijn, W.J. van Venrooij, M. Bachmann, Activation of a murine autoreactive B
cell by immunization with human recombinant autoantigen La/SS-B: character-
ization of the autoepitope, J. Autoimmun. 8 (December 6) (1995) 825-842 PMID:
88247009.

N.L. Dudek, S. Maier, Z.J. Chen, P.A. Mudd, S.I. Mannering, D.C. Jackson, W. Zeng,
C.L. Keech, K. Hamlin, Z.J. Pan, K. Davis-Schwarz, J. Workman-Azbill,

M. Bachmann, J. McCluskey, A.D. Farris, T cell epitopes of the La/SSB autoantigen
in humanized transgenic mice expressing the HLA class II haplotype DRB1*0301/
DQB1*0201, Arthritis Rheum. 56 (October 10) (2007) 3387-3398 PMID:
17907193.

S. Malik, G.R. Bruner, C. Williams-Weese, L. Feo, R.H. Scofield, M. Reichlin,

J.B. Harley, A.H. Sawalha, Presence of anti-La autoantibody is associated with a
lower risk of nephritis and seizures in lupus patients, Lupus 16 (11) (2007)
863-866.

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

R. Aliperta, P.B. Welzel, R. Bergmann, U. Freudenberg, N. Berndt, A. Feldmann,
C. Arndt, S. Koristka, M. Stanzione, M. Cartellieri, A. Ehninger, G. Ehninger,

C. Werner, J. Pietzsch, J. Steinbach, M. Bornh&user, M.P. Bachmann, Cryogel-
supported stem cell factory for customized sustained release of bispecific antibodies
for cancer immunotherapy, Sci. Rep. 7 (February) (2017) 42855, https://doi.org/
10.1038/srep42855 PMID: 28205621.

R. Aliperta, M. Cartellieri, A. Feldmann, C. Arndt, S. Koristka, I. Michalk, M. von
Bonin, A. Ehninger, J. Bachmann, G. Ehninger, M. Bornh&user, M.P. Bachmann,
Bispecific antibody releasing-mesenchymal stromal cell machinery for retargeting T
cells towards acute myeloid leukemia blasts, Blood Cancer J. 5 (September) (2015)
€348, https://doi.org/10.1038/bcj.2015.73 PMID: 26383821.

F. Le Gall, S.M. Kipriyanov, G. Moldenhauer, M. Little, Di-, tri- and tetrameric single
chain Fv antibody fragments against human CD19: effect of valency on cell binding,
FEBS Lett. 453 (June 1-2) (1999) 164-168 PMID: 10403395.


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/10.18632/oncotarget.23556
https://doi.org/10.1038/bcj.2016.61
https://doi.org/10.1038/bcj.2016.61
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0260
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0260
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0260
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0265
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0265
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0265
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0265
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0265
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0270
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0270
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0270
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0270
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0270
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0275
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0275
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0275
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0275
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0275
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0280
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0280
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0280
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0280
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0280
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0280
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0285
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0285
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0285
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0285
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0290
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0290
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0290
https://doi.org/10.1038/srep42855
https://doi.org/10.1038/srep42855
https://doi.org/10.1038/bcj.2015.73
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0305
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0305
http://refhub.elsevier.com/S0165-2478(19)30045-8/sbref0305

	The UniCAR system: A modular CAR T cell approach to improve the safety of CAR T cells
	Introduction
	Future direction
	Conflict of interest
	Acknowledgments
	References




