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ABSTRACT

T-cell bispecific antibodies (TCBs) are a novel class of engineered immunoglobulins that unite monovalent
binding to the T-cell receptor (TCR) CD3e chain and bivalent binding to tumor-associated antigens in
order to recruit and activate T-cells for tumor cell killing. In vivo, T-cell activation is usually initiated via the
interaction of the TCR with the peptide-HLA complex formed by the human leukocyte antigen (HLA) and
peptides derived from intracellular proteins. TCR-like antibodies (TCRLs) that recognize pHLA-epitopes
extend the target space of TCBs to peptides derived from intracellular proteins, such as those over-
expressed during oncogenesis or created via mutations found in cancer. One challenge during lead
identification of TCRL-TCBs is to identify TCRLs that specifically, and ideally exclusively, recognize the
desired pHLA, but not unrelated pHLAs. In order to identify TCRLs suitable for TCRL-TCBs, large numbers of
TCRLs have to be tested in the TCB format. Here, we propose a novel approach using chimeric antigen
receptors (CARs) to facilitate the identification of highly selective TCRLs. In this new so-called TCRL-CAR-J
approach, TCRL-candidates are transduced as CARs into Jurkat reporter-cells, and subsequently assessed
for their specificity profile. This work demonstrates that the CAR-J reporter-cell assay can be applied to
predict the profile of TCRL-TCBs without the need to produce each candidate in the final TCB format. It is
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therefore useful in streamlining the identification of TCRL-TCBs.

Introduction

The concept of T-cell recruitment is a growing field of cancer
immunotherapy, and a multitude of different molecular for-
mats have been conceived for that purpose during recent
years.' We have described 2 + 1 T-cell bispecific antibodies
(TCBs) using an effector function silent Fc part*!? (Figure 1
(a)). Two antigen-binding fragments (Fabs) harbor paratopes
toward a selected tumor-associated antigen (TAA) on the sur-
face of cancer cells, while the additional third Fab is able to
bind to CD3 on T cells, bringing the two cell types into close
proximity (Figure 1(b)). This leads to T-cell recruitment, acti-
vation, and subsequent killing of the bound cancer cell. The
potency with which a particular TCB can mediate killing, in the
following referred to as “TCB Kkilling capability”, is mainly
governed by the affinity, epitope, and geometry of binding
with which the TAA is recognized. To improve therapeutic
options and broaden the target space for TCBs, access to novel
tumor-specific targets is desired.” Most proteins produced by
tumor cells reside intracellularly, such as overexpressed onco-
genic proteins or neoantigens, including mutated tumor sup-
pressor proteins and translocated genes. Intracellular proteins
are processed by proteasomes into small peptides and trans-
ported by the transporter associated with antigen processing
(TAP) to the endoplasmic reticulum (ER). Here the peptides
can be loaded onto nascent major biocompatibility complex
(MHC) class I molecules, also referred to as human leukocyte

antigen (HLA) class I in the human system, and eventually
transported to the cell surface as peptide-MHC complex
(pMHC/pHLA). T-cell receptors (TCRs) on effector T cells
recognize the composite epitopes of pMHC.'"'? An emerging
approach that builds on this concept is the development of
TCR-like antibodies (TCRLs) that recognize epitopes similar to
those recognized by a TCR.">™"* These composite epitopes are
composed of linear peptide sequences bound to and presented
by the HLA. For the treatment of cancer, peptides derived from
overexpressed self-antigens and transcription factors, oncofetal
antigens, cancer-testis antigens, translocation-derived amino
acid sequences, viral neoantigens, or mutated neoantigens
can be imagined,16 representing ample opportunities for tar-
geted therapy approaches using TCRLs.'*™"” Wilms tumor
protein (WT1) was ranked by the National Cancer Institute
as the Number 1 target for cancer immunotherapy in the year
2009.>° WT1 gene is overexpressed in hematological malignan-
cies, e.g., acute myeloid leukemia (AML).*" The nonameric
peptide 126 134RMFPNAPYL (RMF) presented by HLA-
A*0201, a WT1-derived CD8" T-cell human leukocyte antigen
(HLA)-A0201 epitope, is a validated target for T-cell-based
immunotherapy such as TCRs or TCRLs.”?

A major challenge in generating pMHC-specific TCBs is to
identify TCRLs that specifically, and ideally exclusively,
recognize the desired pMHC (of, for example, HLA-A?2 allo-
type), but do not exhibit off-target binding to unrelated
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Figure 1. Schematic showing the structure of a TCRL-TCB. (a). The two TCRL-Fab domains confer bivalent binding to pMHC. One of these Fabs is fused “head-to-tail” via
a flexible linker to the CD3&-binding Fab, which enables the TCB to bridge T-cells to tumor cells. Fc heterodimerization is assured by “knobs-in-holes” (KiH) mutations in
the CH3 domain, and the Fc-region furthermore carries the P329G LALA mutation that prevents activation of innate immune effector cells, while still extending serum
half-life via binding to the neonatal Fc receptor (FcRn). (b). lllustration of the mode of action of a TCB, including bispecific target engagement leading to immune-
synapse formation and T-cell killing of the target cell. (c). Overall scheme of the Fab-CAR-constructs used for transduction into Jurkat cells. The Fab coding sequences
were assembled by Gibson Assembly from building blocks coding for the light chain, IRES and heavy chain. (d). Representation of the CAR-J assay set up. Co-incubation
of CAR-J cells and target cells leads to immune synapse formation and T-cell activation, which can be read out and quantified as luciferase signal.

peptides in context of the MHC.*® Experience from lead
identification in different TCRL-projects showed that, while
the generation of such TCRLs with reasonably high binding
affinities (e.g., determined by surface plasmon resonance
(SPR) or fluorescence-activated cell sorting (FACS)) is feasi-
ble by, for example, phage display or immunization, many
TCRL antibodies ranked as “clean” in simple binding assays
induce killing of cells with unrelated pMHC when converted
into TCBs. This is due to the fact that TCBs only require very
low-affinity interactions with tumor antigens in the micro-
molar range in order to mediate significant killing or T cell
activation. At the same time, the high affinity of a TCRL does
not automatically translate into potent cytotoxic activity and
specificity; rather, the optimal TCRL affinity has an upper
threshold that differs from case to case.** Therefore, it is
crucial to enable the lead identification process of TCRL
candidates with a reliable preselection process that is able to
sort out candidates harboring affinity toward MHC-displayed
off-target-peptides. In order to identify highly specific TCRLs
with minimal off-target reactivity (e.g., recognition and kill-
ing of unrelated pMHC complex bearing cells) that are sui-
table for use in TCB formats, a large number of TCRLs has to
be converted into the TCB format to test their biological
activity. This is of particular importance when aiming for
high affinity TCRLs with Kp values in the single-digit nM
or pM range.

Here, we propose a novel approach for the identification and
screening of unique, highly selective TCRLs suitable for use in
the TCBs, representative for any T-cell recruiting format. To
date, TCRL-Fab candidates had to be converted into the final

TCB format to allow functional screening. Even though the
characteristics in TCB-killing assays can be anticipated from
TCB activation assays, i.e., reporter Jurkat cells that are co-
incubated with target cells in the presence of the TCB-
candidates in question,” these assays still require the labor-
intense production and purification of TCB molecules.

Our aim was to establish a screening approach that would be
independent from production of TCBs. We present here a cell-
based screening approach that builds on chimeric antigen recep-
tors (CARs), into which the TCRL-candidates have to be
embedded. CAR molecules are composed of an extracellular
binding moiety, typically an IgG-derived single-chain variable
fragment (scFv), fused to the intracellular zeta chain of the T-cell
receptor (TCR) as signaling domain. In order to screen TCRL-
Fabs, pre-selected by phage display, regarding their capability as
TCRL-TCB drug leads, the candidates are converted into TCRL-
Fab-CAR molecules (Figure 1(c)) and expressed in Jurkat repor-
ter-cells. The resulting pools of transduced cells, herein referred
to as “CAR-Jurkat” (CAR-J) cells harbor an NFAT-luciferase
reporter system, yielding a cellular screening tool that we use
in so-called “Fab-CAR-J” assays (Figure 1(d)). To establish the
assay, we compared various TCRL-candidates, initially selected
by phage display against RMF-HLA, regarding their biological
activity in CAR-J assays and final TCB-activation and -killing
assays, respectively. The pools of transduced CAR-]J cells were
polyclonal in the sense that they traced back to more than one
single-transduced Jurkat cell, but monoclonal in terms of TCRL-
Fab-CAR candidate gene that had been used for transduction.
That is to say that each given TCRL-Fab-CAR-] pool does
express one particular TCRL-Fab-CAR candidate. Comparing
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Figure 2. Assessment of TCRL-candidates selected against RMF-HLA by three different cell-based assays involving T2 cells pulsed with two different WT1-derived
peptides (RMF and VLD). (a, b) binding of candidates 7916 and 7915 in IgG-format assessed by FACS. (c, d) TCB-activity of the respective binders in TCB-killing assays
performed with the same candidates upon conversion into TCBs. (e, f) Luciferase signal from a CAR-J assay performed with both candidates in CAR-J format indicates
that binder 7915 gives a favorable signal window between Sgyr and Sy.p when compared to binder 7916.

the performance of different TCRL-Fab candidates in Fab-CAR-
vs. TCB-format, i.e., biological activity in the Fab-CAR-J assay
with killing activity in the final TCB-activation and -killing
assays, illustrates the predictive strength of the CAR-J assay to
assess TCRL-candidates for their potential killing capability,
without the need of screening the final TCB format. This short-
ens the lead identification process, and can thereby accelerate
and facilitate the identification of highly specific TCRLs for TCB
development, representative for any other biologics format that
pairs the concepts of T-cell recruiting and TCR-like targeting.

Results

T-cell activation involves a cascade of intracellular signaling
events that are integrated in the well-characterized NFkB
(Nuclear factor kappa B), AP-1 (Activator Protein-1), and
NFAT (Nuclear factor of activated T-cells) pathways.**"*’
The members of both classes of transcription factors localize
to the nucleus, and thereby drive productive immune
responses. This is why response elements from each have
been used to engineer reporter-cell lines that measure T-cell
activation.>® We selected Jurkat cells, a well-studied, immorta-
lized human T-cell line engineered to express luciferase under
the control of a cassette of NFAT response elements. These
NFAT-Luc-Jurkat cells show robust luciferase expression,
which can be measured already at 4 hours upon activation.

We hypothesized that the activation of the NFAT-Luc-
Jurkat cells via CAR-derived signaling would correlate to the
activation-strength derived from activation via respective
TCBs (with CAR and TCB having the same TAA-binder),
and that the CAR-derived signal strength could therefore
serve as a predictive assay for TCB potency.

Many TCRLs previously “clean” as 1gG show allo-reactivity
as TCBs

In TCBs that harbor TCRL-Fabs as anti-tumor moiety (TCRL-
TCBs), a very transient interaction between TCRL-Fab and

pHLA might already be sufficient to elicit T-cell activation.
This is in line with affinities of TCRs toward their cognate
antigens that are known to be in a rather broad, micromolar
range.”' > In terms of safety, this represents a hurdle regarding
the required specificity toward the TCRL-Fab. After selecting
TCRL-Fabs binding to different pHLA-targets by means of
phage display, we faced the issue that screening for binding
by classical assays like ELISA or flow-cytometry was not suffi-
cient to assess the specificity governing activity in the final
TCRL-TCB format: Fab-candidates from a pool of binders
that had been selected against pHLA harboring the RMF pep-
tide (RMF-HLA) were assessed regarding their specificity.
When comparing the binding of selected candidates to T2
cells pulsed with two different WT1-derived peptides (RMF
and VLD (VLDFAPPGA, WT1 p37-45), respectively), we
observed stronger binding on RMF-pulsed cells. T2 cells were
used here because of their defect in peptide loading.
A favorable signal-to-background ratio. i.e., specificity window
in flow cytometry, using the IgG format (Figure 2(a,b)) in
many cases, however, did not fully translate to the TCB-
activity of the respective binders: In TCB-killing assays per-
formed with the same candidates upon conversion into TCBs,
candidates with high RMF/VLD signal in FACS proved active
on VLD as well (Figure 2(c,d)). To better sample the transient
but critical interaction between TCRL-Fab and pHLA, we
aimed to assess the biological activity, i.e., the TCB killing
capability toward different pHLA complexes, in a cell-based
assay that would mimic the TCB-induced interaction of T-cell
and target cell. For this, we established a CAR-based cellular
screening tool. Here, preselected Fab-candidates are embedded
into a CAR-framework and transduced into NFAT-luciferase
Jurkat reporter-cells.

CAR-embedded Fab binders can serve as reporter in
a cellular assay

Using Gibson assembly,” we conveniently embedded the
coding sequences of different TCRL-Fab candidates,
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preselected for binding to the respective pHLA into the back-
bone of a lentiviral transfer plasmid.®> The extracellular
domain of the CAR is composed of the different Fab candi-
dates. In contrast to the classical CAR-build up, which uses
the immunoglobulin binding moiety in scFv format, we
aimed to display our binders in Fab format to enable straight-
forward conversion, e.g., from Fab-based phage display
libraries. For this purpose, we subcloned light and heavy
chain of the respective Fab with N-terminal leader peptides,
connected by an internal ribosomal entry site (IRES). The
overall constructs are encoded by ssLC-IRES-ssHC
_CAR_T2A_PuroR (Figure 3(c)) and can be easily embedded
into the lentiviral transfer plasmid backbone in a one-pot
one-step Gibson assembly. For each candidate in question,
we performed transduction into reporter Jurkat cells that
express luciferase under a 3x NFAT response element.’
Transduced Jurkat cells were allowed to grow in pools upon
spinfection for 5 d, enriching positive transductants by pur-
omycin selection starting on d 3 after spinfection. The expres-
sion levels of the CAR-embedded Fabs, displayed on the cell
surface of the Jurkat cells, were comparable, as assessed by
anti-Fab flow cytometry (data not shown). The different
CAR-]J pools were co-incubated with T2 cells that had pre-
viously been pulsed with different peptide-epitopes as indi-
cated. After 4 hours of co-incubation, we measured luciferase
expression, indicative for T-cell activation derived from the
interaction of TCRL and pHLA. The comparison of CAR-]J
pools of binders 7915 and 7916, which had performed differ-
ently in FACS vs. killing assays, showed that the CAR-]J assay
read-out might serve as a predictive assessment of later TCB
potency. The two binders performed differently regarding
their ratio of Sgyr/Svip. While CAR-J pool 7916 gave strong
luciferase signal on both peptides (Figure 2(e)), pool 7915
showed a signal window between Spyr and Syrp that was
similar to the window seen in the TCB killing assay (Figure

2(1)).

Fab-CAR-J for specificity screening on panels of potential
off-target peptides

Next, we set out to compare the signal strength of further
individual TCRL-Fab candidates in the CAR-] reporter assay
with the characteristics of the respective candidates assessed in
TCB-activation-assays (upon conversion into the TCB format).
In addition to expanding the number of candidates assessed
with both assays, we aimed to broaden our screening toward
a bigger panel of potential off-target peptides (POTPs) as they
occur theoretically in the human peptidome and could be
presented on HLA-A02.

To identify POTPs in silico to any given target peptide-
HLA, we screened the relevant proteomes (human, including
splice variants and single nucleotide polymorphisms, human
pathogenic viruses, and intra-cellular bacteria) for different
pre-defined peptide patterns (with one or multiple amino
acids per position resulting from structural considerations
and modeling approaches) homologous to the respective
target peptide. These patterns might have two or multiple
wildcards (at least for expected anchor positions). The pro-
teome searches were performed with allowance of none to

multiple mismatches. According to the rationale of the very
proteome search, the resulting hits were filtered and prior-
itized for their fit to the target peptide and to the search
pattern. In a second filtering step, the hits were run through
several different HLA binding prediction algorithms and
categorized according to and filtered for their predicted
affinity to the HLA. In parallel, all hits were looked up in
the IEDB database (https://www.iedb.org/) and any experi-
mental confirmations were prioritized either way. All hits
passing these filters were defined as POTPs.

Signal output from TCRL-Fab-CAR-J reporter-cells is
predictive for TCB characteristics

To assess the predictive potential of the CAR-] assay regarding
the specificity of our TCRL-Fab-candidates, and thereby
regarding their valuation for conversion into the TCB format,
we scaled up the comparison of the different assay systems and
compared respective TCRL-Fab candidates in the CAR-J- and
the TCB format via correlation plots. Since we were especially
interested to assess the CAR-]J assay’s predictive potential
regarding the off-target risk related to the different POTPs,
we screened preselected TCRL-candidate for their cross-
reactivity on 22 different POTPs. The correlation plot between
CAR-]J assay and TCB-activation assay demonstrates that the
two methods give very similar rankings of specificity toward
POTPs (Figure 3). The POTP sequences analyzed are provided
in supplementary Figure 1.

Taken together, these results show that TCRL-Fab-CARs
not only induce signaling upon successful and specific TCRL-
Fab-pHLA interaction, but they also predict TCB activation
and potency.

CAR-J assay on T2 cells pulsed with peptide dilutions

One limitation of the CAR-] assay in comparison to TCB-
activation assays is the inability to easily vary the binder con-
centration. Whereas TCB-killing experiments can be feasibly
set up as dilution series, the concentration of binder candidate
in a CAR-]J assay is fixed, since the binder is expressed as CAR
by the transduced reporter cells. In order to assess the TCRL-
candidates not only regarding a favorable specificity-profile,
but also with regard to affinity, i.e., high biological activity on
target pHLA, we modified the CAR-] assay by assessing differ-
ent densities of pHLA on the cell surface of the target cells.
While in the initial screenings the peptide concentrations dur-
ing pulsing had been kept constant, we now pulsed the target
T2 cells with dilution series of the respective peptides. For
comparison, we picked the Fab-CAR-]J pools of two different
TCRL-candidates from another initial phage display selection
on RMF-HLA, “TCRL1” and “TCRL2”, that had shown quite
similar specificity-profile patterns when assessed on the POTP-
panel. The CAR-]J-signals of the respective pools on T2 cells
pulsed with dilution series of five different peptides are
depicted in Figure 4(a,b), with an alignment of the respective
peptide sequences given in Figure 4(c). Importantly, the differ-
ent ECs, of the two TCRL-candidates in this peptide dilution
series is in line with a killing assay with the respective TCRL-
TCBs on T2 cells pulsed with the target peptide (RMF) (Figure
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Figure 3. Correlation analysis of TCB-activation to the CAR-J assay. TCRL-Fab candidate 7915 is compared in TCB- vs. Fab-CAR-J-format. Target cells being pulsed with
10 uM of each peptide. Values represent the strength of activation, read out as luciferase signal and normalized to RMF-control, by each format upon co-incubation with
T2-cells, pulsed with indicated peptides. Cross reactivity was tested on 22 POTPs and obtained signals (luminescence) were normalized to positive control (RMF). The
graph of TCB-activation vs. CAR-J activation demonstrates the strong correlation between the two methods.

4(d)). In both assays, CAR-] with peptide dilution and TCB-
killing, candidate TCRL1 was active at lower peptide concen-
tration, or showed killing at lower TCB concentration, respec-
tively. The peptide dilution series is at the same time a good
indication that the peptide concentration of 10 uM, which was
used in all standard CAR-] screenings described above, is
appropriate for screening: The sigmoidal curves of all peptide
dilutions in Figure 4(a,b) are close to or in saturation. Hence,
using a peptide concentration of 10 uM for screening should
assure that a TCRL-Fab candidate’s activity on a particular

POTP does not remain unnoticed, which is an important
requirement for a screening tool.

pHLA-CD3 fusion proteins can serve to report interaction
of TCRL and pHLA

To further test the versatility of such cellular co-incubation
assays, we flipped the components of the CAR-] system:
switching the TCRL-Fab-CD3 for a pHLA-CD3 allows for
screening different peptides instead of different TCRL-Fabs
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Figure 4. Modified CAR-J assay with different densities of pHLA on T2 cells via pulsing with dilution series of the respective peptides. Comparison of CAR-J pools (a, b) of
two different TCRL-candidates (TCRL1 and TCRL2) and a killing assay (c) with the respective TCRL-TCBs on T2 cells pulsed with the target peptide (RMF) both indicate
higher activity for candidate TCRL1.
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using NFAT-luciferase Jurkat reporter-cells. The extracellular
part of the new reporter constructs is built-up from a single-
chain fusion of peptide-epitope, beta-2 microglobulin, and
HLA heavy chain (Figure 5), described earlier.”® To test this
flipped system for its predictive potential, we expressed the
RMF-peptide as pHLA-CD3 fusion on JNL cells, co-
incubated those cells with T2 cells expressing different TCRL-
Fab molecules as membrane-bound fusions (linked via Gy
S-linkers to the transmembrane domain of CD28) and assessed
the luciferase signal after 4 hours of co-incubation. In line with
expectations, the two binders 7915 and 7916, previously com-
pared in the original CAR-J format (Figure 1(d)), showed again
a strong signal on RMF-pHLA, this time derived from the
pHLA-CD3 fusion protein (Figure 5(b)). Importantly, unre-
lated TCRL-candidates (TCRL_x, TCRL_y, and TCRL_z),
selected by phage display against different pHLA-targets, did
not give luciferase signal upon co-incubation with the JNL-cell-
displayed RMF-pHLA-CD3 fusion. Of note, the fusions
described here differ in two ways from similar constructs that
have been described in two recent reports for the determina-
tion of TCR specificity:”*® (1) they contain a stabilizing dis-
ulfide bridge between the first linker and position 227 of the
H chain; and (2) the transmembrane domain is not derived
from CD28 (like in CARs), but the extracellular single-chain
peptide-HLA fusion is fused to the TM of wildtype H-chain
instead.

Discussion

TCBs are highly potent antibody derivatives, able to mediate
T-cell activation and killing. The TAA-targeting Fab moieties
of a TCB can be selected by in vitro selection methods like

A MGWSCIILFLVATATGVHSRMEFPNAPY LGCGGSGGGGSGGGGS IQRTPKIQVYSRHPAEN
GKSNFLNCYVSGFHPSDIEVDLLKNGERIEKVEHSDLSFSKDWSFYLLYYTEFTPTEKDE

phage display or immunization, and typically show affinities in
the single-digit nanomolar range. T-cell-mediated killing can,
however unintendedly, be mediated through binding interac-
tions between targeting domain and putative off-target with Kp
values in the micromolar range. Fabs selected as target antigen-
binding moieties for incorporation into the TCB format there-
fore need to be highly selective to avoid unfavorable reactivity,
e.g., killing of off-target cells or alloreactivity. In early assess-
ment and development of TCBs, it is a drawback that the
conventional classical binding assays used in lead identification
of novel binders (e.g., SPR, flow cytometry) measure affinity,
which does not always reflect the specificity in functional
terms, i.e. highly potent biological activity occurring at low
receptor occupancy, in the TCB format. Here, we present
a method that can be used to assess and predict the final
specificity profile of TCRL-Fab moieties selected for TCBs,
representative for any T-cell recruiting format. It is predictive
for the final Fab characteristics upon conversion into the TCB
format, without the need of converting the binders in question
into the final TCB format, and can therefore be used to facil-
itate and accelerate the screening of new binders. The
described CAR-]J reporter assay is based on the interaction of
CAR-embedded TCRL-Fabs (displayed on reporter Jurkat
cells) with peptide-pulsed endogenous HLA molecules
(pHLA) on T2 cells. This transient interaction leads to cell-
cell proximity and subsequent activation of the reporter T-cell
according to the kinetic-segregation model,”*’ which can in
turn be read out as luciferase activity.

Our aim was to substitute the link between the TCB’s anti-
CD3 moiety and the T-cell’'s TCR by using the concept of CARs
that constitute this link in the form of a chimeric receptor,
which is stably expressed by the T cells. Incorporation of the
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TCRL-Fab binders in question as extracellular binding moiety,
linked within the CAR to the CD3 chain that acts as signaling
domain, allows binding and cell-cell interaction to be linked to
a direct functional read out. For the latter, the CARs are
transduced into JNL cells that express the luciferase reporter
proportionally to the strength of the transient cell-cell contact
governed by the characteristics of the interaction between
TCRL-candidate and respective pHLA in question. A high
level of expression of the luciferase reporter upon co-
cultivation of CAR-J and target cells is indicative of cell-cell
interaction, mediated by the TCRL-Fab, and allows prediction
of the respective TCRL-candidates’ performance in the TCB
format. Comparison of different candidates in FACS, CAR-J,
and TCB activation assays indicates the predictive potential of
the TCRL-Fab-CAR-J screening assay. Binders that appeared
specific in FACS, showing strong binding to RMF-pulsed T2
cells and low binding to VLD-pulsed cells, but that proved
rather unspecific in TCB-activation, revealed this characteristic
already in the CAR-]J assay.

The method is particularly suitable to assess and select novel
TCRL-Fab moieties for TCBs from pre-selected pools of binders
because it measures T-cell activation using a comparable mechan-
ism of action like the intended final TCB format, thereby adding
another variation of such cellular assays putting the selection into
the context of the immunological synapse.*' We could show that,
out of a pool of TCRL candidates incorporated into either TCB- or
CAR-format, T-cell activation patterns in both systems were com-
parable. In other words, a particular TCRL unspecific in the TCB
format is expected to mediate unspecific activation in the CAR-
format, and vice versa. This predictivity of the CAR-] for the TCB
format could now also be used to move from screening to selec-
tion, ie. by converting a library of binders - previously pre-
selected and narrowed by a few rounds of phage display - into
TCRL-CAR-J cells and screen those subsequently either in an
individual or arrayed fashion or in a CAR-J pool. The latter
would ideally connect TCR signaling activation with a reporter
that can be sorted by FACS, similar to a recent report using the
output of fluorescent protein reporters for the accelerated selection
of lead CAR candidates for clinical translation.*” Especially in the
framework of TCRL binder selection, where the off-target space is
huge due to the above mentioned reasons, a second reporter signal
within the CAR-]J cells could be implemented as survival signal,
such as an NFAT-inducible thymidine kinase (TK). Following
library transduction, one would then firstly expose the pool to
target cells displaying off-target pHLA complexes, followed by
negative selection via the TK suicide substrate ganciclovir.

Similar to another CAR-]J assay we recently described* that
also uses an anti-IgG modCAR format,** the assay we
described here is robust, suitable for use in high-throughput,
and efficient in terms of hands-on time needed to accomplish
the assay. Furthermore, it renders conversion into and produc-
tion of a huge number of TCBs unnecessary, since the candi-
date proteins in question are directly expressed by the reporter
cells. Thereby, TCB-production within the process of lead
identification can be reduced to a final set of candidates that
appears to be most potent according to the CAR-J assay, and
can then be screened in the final TCB format.

In comparison to conventional cell-killing assays, the CAR-J
assay requires shorter cell-co-incubation times, and a facile
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assay procedure, since it tolerates the presence of dead cells
in the cell pools used for co-incubation. This is another advan-
tage in contrast to TCB-killing assays, wherein the function-
ality of an antibody is determined by measuring cell death. One
further advantage of the described assay is that no washing
steps are required. This approach could also be applied to other
platform used for the selection of TCR-like binders, like nano-
bodies, DARPins, and anticalins, that can be expressed on
Jurkat cells in a CAR-T like fashion.*’

Taken together, in the context of lead identification, the
reporter-assay presented here has several advantages over any
classical cell-killing assay: (1) the number of candidates to be
produced in the final TCB format can be largely reduced; (2)
assay incubation times are faster (several hours as opposed to
overnight for killing assays), allowing the assay to be performed
in a single day; and (3) there is no need to distinguish target
cells from effector cells by labeling.

To indicate the versatility of the CAR-J assay, we could both
establish an assay-variant of the TCRL-Fab-CAR-] assay in which
series of peptide dilutions on the T2-cells help to predict the
TCRL-candidate’s potency, and another variation in which the
cellular signal underlying the assay is derived from a pHLA-b2m-
CD3 fusion protein, leading to a pHLA-CAR-] assay. This concept
of pHLA-CD3 fusions allows flipping of the interacting compo-
nents TCRL-Fab and pHLA in terms of the cells by which they are
presented. The pHLA-CAR-J assay allows peptides presented by
the HLA to be screened for their interaction with a given TCRL-
Fab, similar to approaches used for the identification of pMHC-
specific TCRs described recently by Baltimore et al.*” and Kopf
et al.’® This might be useful, for example, to be able to screen
TCRL-Fab candidates displayed by cells that are easier to trans-
duce than Jurkat cells, which is especially interesting if one aims to
screen whole libraries of candidates in a high throughput fashion,
and is therefore dependent on high transduction efficiency. Of
note, the original CAR-J assay and the pHLA-CAR-] assay differ
significantly in that, upon pulsing onto T2 cells, the peptides have
defined, and varying half-lives as free peptides, whereas in the
flipped CAR-]J assay, the peptides are covalently fixed and hence
have no decay. Therefore, the affinity between HLA and peptide,
which might clearly be rate-limiting for the overall interaction
between TCRL and pHLA, becomes irrelevant for the assay read-
out. This may dramatically change the sensitivity on some off-
targets. However, since this will result in false-positives rather than
in false-negatives, this aspect has to be kept in mind, but is not
worrisome per se.

Under some circumstances, this strengthening of the
pHLA might increase the range of application. Jurkat
reporter cells expressing a TCR-like CAR of a defined
peptide-MHC specificity could, for instance, be applied
for diagnostic purposes for the detection of the presenta-
tion of the respective peptide in a peptide-MHC complex
on tumor/target cells derived, for example, from patient
specimens like blood or tumors. Last but not least, TCR-
like binders identified through this methodology could
also be used in TCR-like CAR-T cell therapy,“’47 as it
has been previously shown for TCR-like CAR-T cells spe-
cific for WT1 RMF pMHGC,*® NY-ESO-1,*" Alpha-
Fetoprotein,””" or the melanoma-related gp100/HLA-A2-
targeting.””
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Materials and methods
Cell lines

T2 cells were obtained from ATCC and maintained as per
instructions provided. JNL (Jurkat cells engineered with an
NFAT-dependent Luciferase gene) cells were obtained from
Signosis (Signosis, Inc. Catalog v#SL-0032-FP) and maintained
in Advanced RPMI-1640 medium supplemented with 2% fetal
bovine serum. Cells were maintained at 37 °C in a humidified
atmosphere of 5% CO, and passaged every 3-4 d.

Peptide pulsing of T2 cells

T2 cells were pulsed with indicated concentrations of chemi-
cally synthesized peptide by simple coincubation for 30 minutes
at 37 °C, followed by consecutive washes in (phosphate-
buffered saline (PBS).

Flow cytometry

Cells were incubated with respective antibodies at indicated
concentrations in 100 ul of FACS-buffer (PBS containing 0.1%
(v/v) Tween20, 0.2% (w/v) bovine serum albumin, and 0.05%
(w/v) NaNj3) per condition. After two washes with buffer, the
cells were incubated with secondary antibody (anti-huFc)
(polyclonal anti-human IgG F (ab")2 fragment-specific and
R-phycoerythrin (PE)-conjugated AffiniPure F (ab')2 goat
fragment, Jackson ImmunoResearch #109-116-097) for
45 minutes on ice, followed by three washes as above. Finally,
the cells were resuspended in 200 pl FACS buffer and analyzed
using a Fortessa flow cytometer. FACS data were analyzed
using FlowJo software (Flow]Jo_V10).

Construction of lentiviral-based chimeric antigen
receptors

Fab-CARs were constructed by amplifying the individual Fab-
chains (including leader peptides) by PCR, and assembling
them together with an IRES by means of Gibson Assembly
into the lentiviral transfer plasmid pCDH, kindly provided by
Patrick Salmon, University of Geneva, Geneva, Switzerland.
The resulting Fab-CARs were build up from TCRL-Fab,
fused via a G,S-linker extending the CHI-domain to the
CD28-transmembrane and -intracellular domain (Uniprot
Entry P10747, aal53-2020) and the intracellular domain of
human CD3-zeta (Uniprot Entry P20963, aa 52-164). To
allow for feasible monitoring of transduction efficiency and
for enrichment of transductants within transduced pools, the
CD3-zeta was followed by a T2A-linked eGFP as fluorescent
reporter and a T2A-linked puromycin resistance gene for
selection.

Preparation of VLPs and lentiviral transduction of JNL
cells

Lentiviral virus-like particles (VLPs) were produced following
Lipofectamine LTX™ based transfection of HEK293T cells
(ATCC CRL3216) grown to 60-70% confluency with
a mixture of Fab-CAR encoding transfer plasmids as well as

packing plasmids psPAX2 and pCAG-VSVG-MD2G at
1:1:0.55 weight ratio. 66 hours post-transfection supernatants
were collected, centrifuge for 5 minutes at 250 g to remove cell
debris, and filtered through a 0.45 um polyethersulfone filter.
VLP-containing supernatants were used directly to transduce
JNL cells via spinfection for 90 minutes (32 °C, 1000 x g).
Transduced cells were enriched as pools under puromycin
selection (1 pg/ml) applying selection pressure on the
third day post spinfection.

CAR-J assay and luminescence detection

CAR-expressing JNL cells (CAR-] cells) and peptide-pulsed T2
cells were seeded each with 10* cells in a total volume of 30 pl
medium per well for co-incubation in white flat clear-bottom
384-well plates. After 4-6 hours of incubation at 37 °C, 6 ul of
ONE-Glo™ luficerase assay (E6120, Promega) was added and
luminescence was read immediately using a Tecan microplate
reader.

TCB activation assay

TCB-mediated activation of JNL cells was performed by mix-
ing 8000 JNL cells with the same number of target cells in
presence of indicated TCB concentrations in white flat clear-
bottom 384-well plates. After 12-16 hours of incubation (37 °
C, 5% CO,) luciferase substrate (ONE-Glo™, Promega) was
added and relative luminescence units (RLUs) were read out
after 15 minutes incubation at room temperature using
a TECAN Sparkl10M plate reader.

TCB killing assay

Peripheral blood mononuclear cells (PBMCs) were obtained
from the blood donation center Zurich in accordance with the
WMA Declaration of Helsinki. Donors signed a written
informed consent before sample collection. Buffy coats were
diluted 2:1 with PBS. PBMCs were then isolated by density
gradient centrifugation (450 x g, 30 minutes at room tempera-
ture) over Histopaque-1077 (Sigma-Aldrich). PBMCs were
harvested from the interphase, washed three times with PBS,
and directly used for killing assays. TCB-mediated cell death
was assessed using the CytoTox-Glo cytotoxicity assay
(Promega) according to the vendor’s instructions. In brief,
3 x 10* target cell and 6 x 10* PBMCs were co-incubated per
96-well round-bottom microtiter plate in 150 ul medium in the
presence of the respective TCB at indicated concentrations for
24 up to 48 hours (37 °C, 5% CO,). Afterward, 75 pl of super-
natant were transferred into wells of a white 96-well plate and
mixed with 25 ul of CytoTox-Glow reagent. Luminescence was
read on a TECAN plate reader after 15 minutes of incubation at
room temperature.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software
version 7. In CAR-J assays, differences with a P < .05 were
considered statistically significant. For dose-response curves,
EC50 values were determined using nonlinear regression curve



fitting. All experiments were repeated a minimum of three times.
Data are shown as mean with SD (n = 3) or individual
curves (n < 3).
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