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T cell-derived cancers are hallmarked by heterogeneity, aggres-
siveness, and poor clinical outcomes. Available targeted thera-
pies are severely limited due to a lack of target antigens that
allow discrimination of malignant from healthy T cells. Here,
we report a novel approach for the treatment of T cell diseases
based on targeting the clonally rearranged T cell receptor dis-
played by the cancerous T cell population. As a proof of
concept, we identified an antibody with unique specificity to-
ward a distinct T cell receptor (TCR) and developed anti-
body-drug conjugates, precisely recognizing and eliminating
target T cells while preserving overall T cell repertoire integrity
and cellular immunity. Our anti-TCR antibody-drug conju-
gates demonstrated effective receptor-mediated cell internali-
zation, associated with induction of cancer cell death with
strong signs of apoptosis. Furthermore, cell proliferation-in-
hibiting bystander effects observed on target-negative cells
may contribute to the molecules’ anti-tumor properties pre-
cluding potential tumor escape mechanisms. To our
knowledge, this represents the first anti-TCR antibody-drug
conjugate designed as custom-tailored immunotherapy for
T cell-driven pathologies.

INTRODUCTION
T cell malignancies represent a clinically heterogeneous group of dis-
orders that derive from clonal dysfunctional T cells arising through
distinct mechanisms at different stages of development.1–3 Lymphoid
B cell neoplasms occur more frequently than cancers of T cell origin,
which account for only about 10% of non-Hodgkin lymphomas and
15% of acute lymphoblastic leukemias (ALLs).4–6 While there are
several immunotherapeutic agents available for the treatment of B
cell diseases such as monoclonal antibodies (mAbs), bispecific anti-
bodies, antibody-drug conjugates (ADCs), and chimeric antigen re-
ceptor (CAR) T cells, patients suffering from T cell malignancies
have limited therapeutic options, relying primarily on chemotherapy,
which is associated with a poor prognosis.7–11 A prospective cohort
study on peripheral T cell lymphoma (TCL) demonstrated that
68% of patients were identified as refractory (47%) or relapsed
(21%) within a median time of 8 months after receiving first-line
treatment, and out of these patients, 47% died after a median follow
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up of 38 months.12 In T cell ALL, response rates reach up to 85% in
5-year event-free survival with contemporary chemotherapy, but in
relapsed disease, event-free and overall survival rates are less than
25%.13 The concept of successful therapy for B cell malignancies is
mainly based on targeting of pan-B cell antigens such as CD19 or
CD20 entailing B cell aplasia, which is clinically tolerated and, in
most cases, compensated by periodic immunoglobulin infusion.14–17

However, applying this concept to T cell lymphoma is not feasible
since it would lead to a permanent and ultimately fatal loss of healthy
T cells.18 Despite advances in understanding T cell disease biology, no
antigens that discriminate malignant from healthy T cells have been
identified. Recent advances include targeting of antigens with limited
expression on healthy T cells and elevated presence on malignant
T cells.19 To date, two antibody-based drugs following this concept
have received FDA approval for TCL: mogamulizumab, an anti-
CCR4 mAb, and brentuximab vedotin, an anti-CD30 ADC; besides,
there are several antibody-derived molecules currently undergoing
clinical investigation.19–21

The abT cell receptor (TCR) constitutes a key element in the adaptive
immune response mediating recognition and discrimination of self
and foreign antigenic material. Consisting of disulfide-linked TCR
a and TCR b chains imparting peptide-major histocompatibility
complex recognition, the TCR is constitutively associated with cluster
of differentiation 3 (CD3) dimers responsible for transduction of acti-
vation signals. During T cell development, TCR diversity is generated
through somatic recombination of multiple variable (V), diversity (D;
only for b chain), and joining (J) germline gene segments to the con-
stant (C) region genes.22 This results in distinct TCR rearrangement
patterns that establish the antigen binding site with the V gene frag-
ments encoding complementarity-determining regions (CDRs)
CDR1 and CDR2 and the junctional V(D)J site coding for CDR3,
which is the most varied sequence in the molecule providing the
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Figure 1. Concept overview

Identification and expression of tumor-specific TCR was followed by chicken immunization. Afterward, splenic RNA was isolated, and cDNA was synthesized. Genes

encoding the variable antibody domains were amplified and assembled as scFv gene string for yeast surface display and subsequent screening by FACS. TCR-binding scFvs

were cloned into bacterial and mammalian vectors for scFv and scFv-Fc expression, respectively. After selection of a lead candidate, the TCR idiotype-specific binder was

reformatted as full-length antibody and subsequently characterized. Generation of ADCs by antibody MMAE conjugation was conducted by two different approaches

resulting in DARs of 2 and 2–8, respectively. Created with BioRender.com.
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major diversity of the TCR repertoire.23,24 Apart from healthy T lym-
phocytes, TCR expression is observed in mature T cell cancers
including peripheral T cell lymphomas (PTCLs), adult T cell leuke-
mia/lymphoma, and a substantial fraction of T-ALL.25–29 Conse-
quently, healthy T cells display a variety of different TCRs, whereas
malignant T cells typically form clonal populations exclusively ex-
pressing one unique TCR.30,31 This renders TCRs a highly promising
target for cancer therapy offering the opportunity to selectively eradi-
catemalignant T cells while sparing healthyT cells and thus preserving
cellular immunity. Previous attempts to target tumor-specific TCRs
involving anti-T cell receptor b chain constant domains 1 (TRBC1)
as well as anti-TRBV8 and TRBV5 CAR T cells and bispecific anti-
bodies targeting TRBV5-5 or TRBV12 in combination with CD3
have shown encouraging anti-tumor effects and significantly reduced
T cell aplasia in preclinical models.29,32,33 Beyond addressing specific
TRBC or TRBV elements, it is feasible to address the TCR variable re-
gions carrying unique antigenic determinants, referred to as idiotype.34

Here we describe the generation of TCR idiotype-directed ADCs for
the treatment of T cell-derived cancers (Figure 1). To this end, it was
necessary to identify and express a TCR, e.g., of a malignant T cell
population. Subsequently, a chicken was immunized with the target
TCR, followed by isolation of the genetic material and construction
of a single-chain variable fragment (scFv) yeast surface display
(YSD) library, which was screened by fluorescence-activated cell sort-
ing (FACS) for TCR binders. The isolated TCR binders were tested
toward off-target effects using polyclonal T lymphocytes derived
from human healthy donor blood. The lead candidate, reformatted
as full-length antibody, was further characterized regarding stability,
aggregation behavior, affinity, cellular binding, and internalization
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properties. To ensure cytotoxicity of the molecule, the anti-TCR anti-
body was conjugated to the cytotoxin monomethyl auristatin E
(MMAE) via two different approaches resulting in ADCs with
drug-to-antibody ratios (DARs) of 2 and 2–8, respectively. The
TCR idiotype-targeting ADCs effectively deplete cancerous T cells
in vitro with varying potency depending on their drug load while
sparing healthy T lymphocytes.

RESULTS
Library generation and screening for TCR idiotype-targeting

antibodies

TCRs are present in all jawed vertebrates from lower vertebrates to
mammals.35 In addition to the diversification in overall structure
and amino acid sequence, TCRs differ in their variable regions defined
by six CDRs.36 In order to obtain antibodies that target the variable re-
gion of a specific TCR, we conducted an animal immunization and
subsequent screening campaign. As a proof of concept TCRA6, an
ab TCR specific for the T cell leukemia-associated human T cell lym-
photropic virus type 111–19HTLV-1 peptide (A2-Tax) complexedwith
the human leukocyte antigen (HLA-A*0201) was used as target to
generate TCR-specific antibodies.37–39 Previous attempts involving
immunization of chickens revealed high diversities of avian antibodies
directed against human proteins.40,41 Therefore, an adult laying hen
was immunized with the soluble target TCRA6, which elicited a strong
immune response (Figure S1). Based on the genetic material from
chicken, an scFv YSD library consisting of 6 � 109 transformants
was generated and screened using FACS. For library sorting, yeast cells
were stained for scFv surface presentation using an anti-c-myc anti-
bodyfluorescein isothiocyanate (FITC) conjugate and antigen binding
by DyLight650-labeled TCRA6. Over two consecutive rounds of
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Figure 2. Screening of scFv immune library for TCRA6 binders by FACS

Sorting rounds 1–3 of the chicken-derived yeast surface-displayed scFv library are depicted in green with respective TCRA6 concentrations and percentages of cells in

sorting gates. Negative controls without antigen incubation are shown in gray. Surface presentation was detected by anti-c-myc antibody FITC conjugate, and antigen

binding was analyzed using DyLight650-labeled TCRA6. Density plots were created by FlowJo v10 Software.
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screening using 500 nM antigen, we were able to enrich a yeast popu-
lation binding to TCRA6 (Figure 2). In a third round, antigen concen-
tration was reduced to 50 nM, and yeast cells demonstrating strong
interaction with TCRA6 were sorted for further investigations.

Sequence analysis of four randomly selected scFv-displaying yeast
single clones revealed four unique anti-TCRA6 (aTCRA6) scFv can-
didates (S1, S4, S7, and S10), which were heterogeneously expressed
in Escherichia coli. To investigate, whether the scFvs specifically
recognize TCRA6 via CDR binding, flow cytometric studies were per-
formed by incubation of the respective scFvs with Jurkat wild-type
(WT) T cells, a cell line derived from an acute T cell leukemia patient,
which displays a cell-specific TCR differing from the target TCRA6.42

Besides, on-target binding was verified using an engineered Jurkat
T cell line exclusively expressing the target TCRA6, referred to as Ju-
rkat TCRA6, which was generated by a successive approach of
CRISPR-Cas9-based knockout of the inherent Jurkat ab TCR and
lentiviral transduction with the a and b chain of TCRA6. While
two antibody single chains, aTCRA6 S4 and S7, revealed equal inter-
action with Jurkat TCRA6 target cells and Jurkat WT off-target cells,
suggesting binding to constant portions of the TCR, S1 and S10,
demonstrated 12- and 27-fold increased binding of target cells
compared to off-target cells, respectively, indicating specificity for
TCRA6 (Figure S2). The two best-performing scFvs were subse-
quently scrutinized in a biolayer interferometry (BLI) measurement
that validated binding to immobilized TCRA6. Thereby, candidate
aTCRA6 S1 showed superior binding properties compared to aT-
CRA6 S10 (Figure S3A). Affine binding was further demonstrated
in cellular binding assays with Jurkat TCRA6 cells (Figure S3B). To
exclude interaction with constant and off-target variable TCR regions,
binding to polyclonal T lymphocytes derived from human healthy
donor blood was investigated by flow cytometry (Figure S3C). The
scFv aTCRA6 S1 was selected as the lead candidate due to its remark-
able binding to TCRA6 on molecular and cellular level, while not tar-
geting Jurkat WT cells as well as primary T lymphocytes from human
blood, thus providing the desired anti-idiotypic properties.

Generation and functional characterization of anti-TCRA6

antibody

The scFv aTCRA6 S1 was reformatted as scFv-Fc fusion and as Fab-Fc
full-length, chimeric chicken-human IgG antibody, expressed in Ex-
pi293F and purified via protein A affinity chromatography. Integrity,
size, and purity of the proteins were initially confirmed using
reducing SDS-PAGE (Figure S4A). Size exclusion chromatography
(SEC) revealed favorable aggregation properties, with profiles dis-
playing high uniformity and expected retention times of the analytes
under native conditions (Figure S4B). Thermal stability, investigated
via differential scanning fluorimetry, was determined by melting
Molecular Therapy: Oncology Vol. 32 September 2024 3
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Figure 3. Binding properties of aTCRA6 scFv-Fc/Fab-Fc

(A) Binding kinetics. BLI measurement of aTCRA6 scFv-Fc (left) and aTCRA6 Fab-Fc (right) loaded onto AHC biosensor tips and associated with 3.9–62.5 nM TCRA6. Kinetic

parameters were estimated using Savitzky-Golay filtering and 1:1 Langmuir modeling. (B) Cellular binding. Flow cytometry analysis of Jurkat TCRA6 target cells and Jurkat

WT off-target T cells incubated with varying concentrations of aTCRA6 scFv-Fc (1–1,000 nM; left) or aTCRA6 Fab-Fc (0.5–500 nM; right) and stained via anti-human IgG Fc-

PE secondary detection antibody. On-cell KDs were determined using variable slope four-parameter fit. Results are shown as mean RFU, and error bars represent standard

deviation derived from experimental triplicates. Data are representative of three independent experiments.
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temperatures of 60�C for both aTCRA6 scFv-Fc and aTCRA6 Fab-Fc
(Figure S4C). In order to quantify binding kinetics, BLI measure-
ments were conducted by loading the antibodies onto biosensors
and subsequent association of TCRA6 in varying concentrations.
Both formats of aTCRA6 showed excellent apparent affinities
amounting to 5.0 nM (aTCRA6 scFv-Fc) and 1.6 nM (aTCRA6
Fab-Fc) and exhibited low off-rates, which indicated slow dissociation
(Figure 3A). In line with molecular interactions, titration of aTCRA6
antibodies on Jurkat TCRA6 target cells resulted in curves demon-
strating strong binding with estimated on-cell affinities of 24 nM (aT-
CRA6 scFv-Fc) and 6 nM (aTCRA6 Fab-Fc), while no off-target bind-
ing was observed on Jurkat WT T cells (Figure 3B). Idiotype
specificity of aTCRA6 antibodies was further confirmed by 220-fold
(aTCRA6 scFv-Fc) and 660-fold (aTCRA6 Fab-Fc) increased binding
of target cells compared to off-target cells using saturating antibody
concentrations, respectively. Taken together, the aTCRA6 scFv-Fc/
Fab-Fc variants unveiled eminent biophysical properties combined
with excellent antigen-binding abilities in molecular and cellular
setups. Overall, the full-length aTCRA6 antibody in Fab format out-
performed scFv-Fc fusion in terms of binding affinity.

Cytotoxicity of anti-TCRA6 ADCs

Engendering cytotoxic effects, we generated ADCs based on the iden-
tified aTCRA6 Fab-Fc antibody (sequence provided in Table S1). To
4 Molecular Therapy: Oncology Vol. 32 September 2024
this end, aTCRA6 was provided with either 2 or up to 8 (average DAR
�5) payload units consisting of PEG4 linker, valine-citrulline dipep-
tide serving as cathepsin substrate, p-aminobenzyl alcohol self-immo-
lative spacer, and the cytotoxin MMAE (Figure 4A). A DAR of 2 was
obtained through a site-specific two-step approach of enzyme-medi-
ated azide modification of the heavy chain’s C terminus equipped
with a recognition sequence for lipoate-protein ligase A and click
chemistry using DBCO-modified payload.40 ADCs armed with
approximately 5 cytotoxins on average, referred to as DAR52-8,
were generated via partial reduction of endogenous interchain cyste-
ines and subsequent click reaction of thiols with maleimide-conju-
gated payload. Degree of conjugation was assessed by hydrophobic
interaction chromatography (HIC), revealing successful payload
attachment without remaining unconjugated fractions for both stra-
tegies (Figures S5B and S5C). By integration of signals, the average
DAR for the cysteine-coupled aTCRA6 ADC was determined to be
4.9 (Figure S5C).

Since efficient internalization is a prerequisite for ADCs to properly
exert their anti-proliferative effects, we first investigated internaliza-
tion properties of aTCRA6. Therefore, the mAb was labeled with
a pH-dependent dye exclusively exerting fluorescence under
acidic conditions as given upon internalization and subsequent
trafficking into endosomes and lysosomal vesicles.43 Incubation of



Figure 4. Internalization and cytotoxicity of aTCRA6 ADC variants

(A) Schematic representation of aTCRA6 ADCs. In aTCRA6 DAR2 (left), the anti-TCRA6 heavy chains are C-terminally modified with DBCO-PEG4-Val-Cit-PAB-MMAE. In

aTCRA6 DAR52-8 (right), the interchain cysteines of anti-TCRA6 mAb are conjugated to maleimide-PEG4-Val-Cit-PAB-MMAE. DBCO, dibenzocyclooctyne; PEG, poly-

ethylene glycol; Val, valine, Cit, citrulline; PAB, p-aminobenzyl alcohol; MMAE, monomethyl auristatin E. (B) Cytotoxicity was assessed by exposition of Jurkat TCRA6 target

cells and Jurkat WT off-target cells to aTCRA6 DAR2 (0.06–400 nM) and aTCRA6 DAR52-8 (0.005–30 nM) for 72 h. Cell proliferation was normalized to untreated control cells

(0 nM). Internalization was studied by application of pHAb-conjugated aTCRA6 antibody in varying concentrations (0.04–250 nM) to Jurkat TCRA6 target cells and Jurkat WT

off-target cells and incubation overnight. Fold internalization was calculated by the ratio of relative fluorescence units (RFU) of the respective antibody sample and the

untreated sample without antibody (0 nM). EC50s were determined using variable slope four-parameter fit. Results are shown as mean, and error bars represent standard

deviation derived from experimental triplicates. Data are representative of at least two independent experiments.
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pH-dye-conjugated aTCRA6 with Jurkat TCRA6 target and Jurkat
WT off-target cells was conducted overnight, followed by flow cyto-
metric analysis. The fraction of endocytosed aTCRA6 increased in a
concentration-dependent manner for Jurkat TCRA6 cells (Figure 4B).
However, internalization in Jurkat WT cells was significantly lower,
overall indicating potent and specific receptor-mediated uptake.

In order to evaluate in vitro cytotoxicity of the generated ADCs, Ju-
rkat TCRA6 target cells and Jurkat WT off-target cells were exposed
to the DAR2 and DAR52-8 ADCs for 72 h. Both ADCs exerted a
robust concentration-dependent anti-proliferative effect on target
T cells (Figure 4B). As expected, higher antibody drug load of aT-
CRA6 resulted in augmented cytotoxicity with the DAR2 ADC
revealing an EC50 of 3.6 nM and 93% maximal killing and the
DAR52-8 ADC exhibiting an EC50 of 0.1 nM and 97%maximal killing.
Surprisingly, the half maximal effective concentration was decreased
by a factor of 30 for the higher DAR ADC variant, indicating a mark-
edly more potent drug delivery and intracellular MMAE release. Ju-
rkat WT cells, serving as negative control, remained almost unaf-
fected by ADC treatment. Application of ADCs at concentrations
exceeding 100 nM presumably caused death of off-target cells due
to unspecific ADC uptake.

To further scrutinize the cytotoxic properties of the generated ADCs,
we measured induction of apoptosis in TCRA6-expressing target cells
compared to Jurkat WT cells. Therefore, cells were exposed to ADCs
at concentrations triggering maximal killing for a period of 72 h,
stained with annexin V-FITC/propidium iodide (PI), and evaluated
in microscopic and flow cytometric analysis. Treatment of target cells
with both 300 nM aTCRA6 DAR2 and 30 nM aTCRA6 DAR52-8, re-
sulted in significantly higher proportions of early apoptotic cells, as
indicated by annexin V binding to phosphatidylserines exposed on
the outer side of the cell membrane, as well as late apoptotic/necrotic
cells with completely compromised cell membranes, as suggested by
Molecular Therapy: Oncology Vol. 32 September 2024 5
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Figure 5. Apoptosis induction of aTCRA6 ADC variants

Jurkat TCRA6 target cells and Jurkat WT off-target cells were exposed to 300 nM aTCRA6 DAR2 and 30 nM aTCRA6 DAR52-8 for 72 h. Cells were stained with annexin

V-FITC and propidium iodide (PI) and analyzed by flow cytometry. Percentage of annexin V-FITC+/PI+ and annexin V-FITC+/PI� (apoptotic cells) is depicted in right bar chart.

Significant differences (p < 0.05) between ADCs and 0 nM control were determined using an unpaired, two-tailed t test and are depicted by * (0.1234 (ns), 0.0332 (*),

0.0021 (**), 0.0002 (***), and <0.0001 (****)). Results are shown as mean, and error bars represent standard deviation derived from experimental triplicates. Data are

representative of two independent experiments.

Molecular Therapy: Oncology
PI staining of cellular DNA (Figures 5 and S7). Compared to un-
treated controls (0 nM), the aTCRA6 DAR2 and DAR52-8 ADCs pro-
voked 11- and 13-fold increase of overall annexin V positivity in Ju-
rkat TCRA6 cells, respectively (Figure 6). Morphologically, the cells
Figure 6. Bystander activity of aTCRA6 ADC variants

(A) Direct killing was determined by exposition of Jurkat TCRA6 target cells to aTCRA6 D

of pre-treated Jurkat TCRA6 target cells were transferred to freshly seeded Jurkat WT of

error bars represent standard deviation derived from experimental duplicates. Data are
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displayed strong apoptotic signs post ADC regimen, which can be
attributed to the anti-mitotic agent MMAE delivered by the antibody,
which is described to cause cell-cycle arrest in G2/M phase and sub-
sequent induction of apoptosis (Figure S7).44,45 In TCRA6-negative
AR2 (0.05–300 nM) and aTCRA6 DAR52-8 (0.005–30 nM) for 96 h. (B) Supernatants

f-target cells in a ratio of 1:1 and incubated for 96 h. Results are shown as mean, and

representative of at least two independent experiments.
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Jurkat WT cells, induction of apoptosis by ADC administration was
observed in a minor section for DAR2 (12%) and was barely detect-
able for DAR52-8 (5%). Consistent with the observed cytotoxic prop-
erties, the DAR52-8 ADC demonstrated superior total cell death in-
duction, defined by effective concentration, maximal killing, and
off-target effect, compared to the DAR2 ADC. This renders aTCRA6
DAR52-8 an ideal, promising molecule to combat T cell cancer, offer-
ing a wide therapeutic window by high tumor selectivity through anti-
idiotypic properties and high potency via effective drug load.

Bystander effect of anti-TCRA6 ADCs

Depending on the developmental stage of the T cell upon malignant
transformation, oligoclonal patterns have been observed in lym-
phoma cell populations.1 While leukemias arrest at a certain stage
of development and mature T cell-derived cancers have completed
TCR rearrangement and form monoclonal lymphomas/leukemias,
immature lymphoid precursor cells progress through sequential rear-
rangements that result in a clonotypic heterogeneous pool of lym-
phoma cells.28,46,47 Moreover, downregulation of TCR expression
has been observed in cancer cells.18,29 Circumventing such tumor
escape mechanisms, an ADC is capable to mediate bystander effects,
(mainly) by internalization and degradation in target cells and subse-
quent permeation and diffusion of free payload, leading to the death
of surrounding cells. Investigating the in vitro bystander activity of
our aTCRA6 DAR2 and aTCRA6 DAR52-8 ADCs, direct cell killing
was measured using Jurkat TCRA6 target cells, and bystander killing
was analyzed by transfer of respective cell culture supernatants to Ju-
rkat WT off-target cells. Consistent with our preliminary cytotoxicity
data, direct killing of TCRA6-positive Jurkat cells was potently
induced by the ADCs post 96 h (Figure 6A). Subsequently, cell culture
supernatants of aTCRA6 ADC- and mAb-treated target cells were
applied to TCRA6-negative Jurkat WT cells and incubated for an
additional 96 h. Although target-negative Jurkat WT cells alone are
sensitive to MMAE, but insensitive to aTCRA6 ADCs, supernatant
transfer triggered cell death in a dose-dependent manner (Figures 4,
S6, and 6B). Compared to half maximal effective doses for direct
killing of target cells, EC50s for bystander killing of target-negative
cells are 7- to 14-fold increased, reflecting the effect of released
MMAE on surrounding cells. While the primarymechanism of action
of aTCRA6 ADCs is targeted delivery of MMAE to TCRA6 idiotype-
expressing tumor cells, the cytotoxicity may be augmented by the
bystander activity on target-positive as well as target-negative cells
located in the tumor microenvironment.48

DISCUSSION
In contrast to the tremendous progress that has been made in the
treatment of B cell lymphomas, the development of therapies for
T cell-derived cancers remains challenging. Current investigational
immunotherapies focus primarily on CAR T cells targeting pan-T
cell antigens such as CD4, CD5, and CD7.49–51 However, the success
in clinical applications is severely hampered by fratricide, T cell apla-
sia, and product contamination with malignant cells.18,49,52 To over-
come the first two hurdles in adopting CAR technology for applica-
tion in T cell malignancies, antigens with limited expression on
normal cells, e.g., CD30, CD37, and CD1a, are addressed.53–55

Following this concept, targeting of tumor-specific TCR constant do-
mains has become more popular, ensuring selective eradication of tu-
mor cells. Maciocia et al. made use of the fact that T cells mutually
exclusively express the TCR b chain constant domains 1 or 2
(TRBC1 and TRBC2). Thus, TRBC1-based targeting in a CAR
T cell setup unveiled compelling in vitro and in vivo anti-tumor effects
under preservation of approximately half of the normal T cell popu-
lation.29 In addition to the issue of product contamination in the case
of T cell malignancies, manufacturing of CAR T cells is a logistically
time- and resource-intensive process due to the autologous nature of
the personalized therapy approach. In the particular case of TRBC1-
directed CAR T cells, CAR T cell efficacy may be further hampered by
limited persistence due to TCR cross-linking on healthy T lympho-
cytes and CAR T cell cytolysis. Therefore, alternative strategies have
been explored, including bispecific antibodies against distinct variable
chains of the TCR b chain, which have proven effective in harnessing
the host immune system’s T cells to mediate cytotoxicity via CD3
recruitment in mouse models of human T cell cancers.32 Another
appealing antibody-based therapy class is represented by ADCs,
which completely exclude bidirectional T cell killing while precisely
inflicting chemotherapeutic damage on tumor cells.

In this study, we developed anti-TCR idiotype ADCs for specific elim-
ination of T cell malignancies. Starting with the identification of an
anti-idiotypic scFv derived from a chicken immune library, we refor-
matted the binder as full-length antibody, which was further conju-
gated to the cytotoxic payload MMAE (via a cleavable linker) under
generation of aTCRA6 ADCs with DARs of 2 and 5 on average. Be-
sides the remarkable single-digit nanomolar affinity of the aTCRA6
antibody on molecular and cellular levels, aTCRA6 ADCs demon-
strated precise and potent in vitro anti-tumor activity, predominantly
based on the induction of apoptotic cell death. Following release of
the anti-mitotic agent MMAE, anti-proliferative bystander effects
were observed in off-target cells further contributing to aTCRA6
ADCs’ tumoricidal properties.

ADCs share a common architecture including a mAb component
covalently bound to a cytotoxic payload via a synthetic linker. How-
ever, ADCs based on the same mAb carrier may exhibit different po-
tencies, safeties, and pharmacokinetics due to independently modifi-
able key parameters such as linker technology, drug properties, as well
as stoichiometry and placement of warheads.56 Our aTCRA6 ADCs
share mAb, protease-labile linker and payload, but they differ in their
bioconjugation method, resulting in distinct antibody-payload link-
ages and DARs (Figure 4A). While chemoenzymatic payload
coupling for generation of the DAR2 variant occurred site specifically
at the antibody’s C terminus under formation of a triazole, reaction of
the reduced interchain cysteines with maleimide-modified payload
results in thio-succinimide linkages and a heterogeneous drug load
distribution varying from 2 to 8 entities per antibody. By further opti-
mization of the conjugation conditions, a DAR of up to 8 is reportedly
achievable.57,58 Expectedly, comparing our two aTCRA6 ADC vari-
ants, the ADC with higher payload outperformed the DAR2 ADC
Molecular Therapy: Oncology Vol. 32 September 2024 7
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in terms of cytotoxicity and associated (absence of) off-target effects.
It is common practice to increase the number of drugs per antibody in
order to augment the potency of an ADC in vitro, albeit in vivo studies
have revealed that excessive hydrophobic drug loading resulted in
decreased efficacy due to reduced tumor exposure as they clear faster
from circulation.59–61 Previous investigations using anti-CD30 anti-
body brentuximab (or cAC10) in interchain cysteine conjugation-
based MMAE ADCs containing DARs of 2, 4, and 8 determined
the highest therapeutic index for DAR4 ADCs in xenograft-bearing
immunodeficient mice.62 Encouraging cancer treatment outcomes
with cAC10-Val-Cit-PABC-MMAE, known as brentuximab vedotin,
which consists of an average of four molecules of MMAE attached to
the interchain cysteine residues, led to the first FDA approval of an
ADC in 2011, for therapy of relapsed Hodgkin lymphoma and
relapsed systemic anaplastic large cell lymphoma (ALCL).63 Since tu-
mors with a low percentage of CD30-positive cells can exhibit a com-
parable clinical response to brentuximab vedotin as high-CD30-ex-
pressing disease, bystander killing mechanisms likely contribute to
ADC-mediated anti-tumor activity.64,65 Linker design and drug
chemistry dictate the ability of the cytotoxin to diffuse into surround-
ing cells and exert bystander effects, enabling the elimination of het-
erogeneous target-expressing populations.59,66 Bystander activity
may also be valuable for TCR targeting, as cancerous T cells often
downregulate expression of the TCR or form oligoclonal populations
in case of transformed lymphoid precursors undergoing TCR rear-
rangement.1,18,29 However, in PTCL, malignant transformation
mostly occurs after TCR rearrangement, resulting in monoclonality
and over 95% TCR expression.1,25 In leukemias (e.g., T-ALL),
T cells become arrested at a certain stage of development. Conse-
quently, in one-third of leukemia cases where TCRs are displayed,
the cancerous populations are of monoclonal nature.5,67 While pio-
neering approaches of Levy and Stevenson specifically addressing
the clonally rearranged cell surface receptor in B cell lymphomas
were superseded by pan-B cell targeting immunotherapies with
demonstrable safety profiles, this concept may be rational in the
context of T cell-derived cancers.68,69 By precise targeting of malig-
nant T cells, the relative T cell repertoire integrity is maintained, cir-
cumventing immunodeficiency and T cell aplasia.

An anthracycline-based treatment has been considered the standard
frontline regimen for most types of PTCL, despite the fact that in
most cases, results are suboptimal.70,71 We propose an individualized
strategy of tumor eradication feasible through TCR sequencing in or-
der to identify the disease-causing T cell clone, providing a novel
T cell lymphoma/leukemia therapy.72 Thus, patients newly diagnosed
with T cell diseases may receive chemotherapeutic first-line treatment
to control tumor burden, and in case of relapse, TCR sequencing
could be performed followed by generation of anti-TCR idiotype an-
tibodies as exemplary demonstrated by chicken immunization. How-
ever, the anti-idiotype approach necessitates the production of a
custom-made antibody for each individual patient. At present, imple-
mentation of personalized therapies is not as advanced, since time
and resources required to manufacture and obtain regulatory
approval frequently exceed therapeutic value. Nevertheless, individu-
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alized immunotherapy promises to broaden the responder patient
population by highly specific targeting of tumor cells.73 Attempts uti-
lizing patient-tailored antibodies have primarily focused on hemato-
logic cancers, achieving promising results, e.g., in multiple myeloma
patients.74–78 However, as an additional technical hurdle, humaniza-
tion of the avian-derived molecule is imperative to produce a non-
immunogenic antibody variant for therapeutic applications, which
can be implemented by a straightforward method of chicken CDR
grafting onto a human germline framework based on Vernier residue
randomization, as previously described by our group.79,80 Regarding
drug resistance, patients may experience TCR-negative relapses
following TCR-directed therapy, as frequently observed in previous
clinical applications of single-antigen targeting biologics.81–83 In
addition, administration of ADCs for therapeutic purposes is often
hampered by dose-limiting toxicities.84,85 Ultimately, preclinical
and early clinical studies are warranted to evaluate the feasibility
and toxicity of anti-TCR idiotype-targeting ADCs for treatment of
T cell malignancies.

In summary, we have demonstrated a unique approach to combat
malignant T cells without inducing systemic immunosuppression
derived from ablation of the entire T cell subset. With the develop-
ment of anti-TCR idiotype ADCs, we provide proof of concept for
precise tumor targeting by recognizing the clonally rearranged T
lymphocyte receptor, potent anti-tumor activity based on the highly
cytotoxic payload, and a favorable safety profile due to the exclusion
of off-target effects. Our study may contribute to the future lym-
phoma/leukemia management by delivering a novel targeted immu-
notherapeutic starting point urgently needed in the setting of T cell-
driven pathologies.
MATERIALS AND METHODS
Immunization of chicken and construction of yeast library

Chicken immunization and scFv YSD library construction were per-
formed as reported previously.41,86 Briefly, a pathogen-free adult
laying hen (Gallus gallus domesticus) was immunized with TCRA6
(produced in-house) in combination with immune adjuvant
AddaVax (InvivoGen, Toulouse, France) on days 1, 14, 28, 35, and
56.37 The animal was sacrificed on day 63 for spleen resection and
subsequent isolation of RNA. Additionally, antibody serum titer
against TCRA6 was determined by ELISA. The immunization pro-
cedure as well as RNA extraction were executed at Davids Bio-
technologie (Regensburg, Germany). Ethical approval for animal im-
munization was granted to Davids Biotechnologie (Regensburg,
Germany). The experimental procedures and the care of the animals
complied with EU animal welfare laws and regulations. For library
generation, cDNA was synthesized from total splenic RNA. Subse-
quently, genes encoding VH and VL were amplified, randomly com-
bined into scFv gene strings, and transferred into a linearized YSD
vector (pCT) via homologous recombination in Saccharomyces cere-
visiae strain EBY100 (MATa URA3-52 trp1 leu2D1 his3D200 pe-
p4:HIS3 prb1D1.6R can1 GAL [pIU211:URA3]) (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA). Library generation in
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EBY100 cells was conducted according to the yeast transformation
protocol published by Benatuil et al.87

Yeast library screening

Induction of scFv expression and surface presentation were accom-
plished by inoculation of yeast cells in synthetic galactose minimal
medium with casein amino acids (SG-CAA) and incubation over-
night at 30�C and 180 rpm. For library sorting, cells were harvested
by centrifugation and washed once with PBS+0.1% (w/v) BSA
(PBS-B). Antigen staining was conducted with DyLight650-labeled
TCRA6 conjugated beforehand using 5-fold excess of DyLight650
NHS Ester (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). Simultaneously, staining for surface presentation using anti-
c-myc antibody FITC conjugate (Miltenyi Biotec, Bergisch Gladbach,
Germany; diluted 1:50) was performed for 30 min on ice. After
washing three times with PBS-B, the yeast library was screened using
BD Influx cell sorter with corresponding BD FACS Software v1.0 (BD,
California, USA). During the sorting process collected yeast cells were
plated on synthetic dextrose minimal medium with casein amino
acids (SD-CAA) agar plates and incubated for 48 h at 30�C. General
handling of yeast cells and scFv YSD library screening by FACS are
described elsewhere.86

Expression and purification of scFv, scFv-Fc, and Fab-Fc

constructs

Reformatting, expression, and purification of scFvs were performed
as described previously.88 In brief, isolated yeast vectors were
sequenced, and scFv-encoding genes were cloned into a pET30
plasmid using golden gate assembly (GGA), followed by recombinant
expression in Escherichia coli SHuffle T7 Express (New England Bio-
labs, Ipswich, Massachusetts, USA). A two-step affinity purification
was conducted including IMAC and Strep-TactinXT purification, fol-
lowed by buffer exchange against PBS. Production of Fc-fused scFvs
and full-length antibodies (Fab-Fc) was performed by transfection of
Expi293F cells with pTT5-derived GGA vectors and ExpiFectamine
293 Transfection Kit (Thermo Fisher Scientific, Waltham, Massachu-
setts, USA). For purification of Fc-containing antibody constructs,
cell culture supernatants were collected 5 days after transfection, ster-
ile filtered, and applied to a HiTrap protein An HP column (GE
Healthcare, Piscataway, New Jersey, USA) using an ÄKTA pure chro-
matography system (GE Healthcare, Piscataway, New Jersey, USA).
Buffer exchange against PBS was performed using a HiTrap Desalting
column (GE Healthcare, Piscataway, New Jersey, USA).

Generation of Jurkat TCRA6 cell line

Engineered Jurkat cells exclusively expressing the TCRA6 were gener-
ated in succession by CRISPR-Cas9-based knockout of the individual
Jurkat ab TCR chains, enrichment by FACS, and lentiviral transduc-
tion of the respective TCRA6 a and b chains.

To this end, knockout of the endogenous Jurkat ab TCR chains was
performed as described in the Amaxa 4D-Nucleofector protocol by
nucleofection of 3 � 105 Jurkat WT cells using the 4D-Nucleofector,
the SE Cell Line Kit, and the CK-116 nucleofection program (Lonza,
Switzerland). A Cas9/gRNA ribonucleoprotein complex (PNA Bio,
Newbury Park, California, USA; 20 pmol) with chemically modified
sgRNAs (Synthego Menlo Park, California, USA; 100 pmol) targeting
the TRAC locus (50-AGAGUCUCUCAGCUGGUACA-30, targeting
exon 1) and TRBC1 locus (50-CUUUCCAGAGGACCUGAACA-30,
targeting exon 1) were utilized to achieve optimal nucleofection effi-
ciency.89 Following nucleofection and 1-week expansion, engineered
Jurkat cells were washed with PBS both before and after incubation
with an anti-ab TCR BUV737-conjugated antibody (BD Horizon,
Becton Dickinson, New Jersey, USA; diluted 1:40) for 30 min at
4�C to confirm the absence of ab TCR surface expression using the
FACS Celesta Cell Analyzer (BD, California, USA). Subsequently
TCR-negative Jurkat cells were enriched using the FACS Aria Fusion
(BD, California, USA).

For further engineering of the TCR-negative Jurkat cells, the encoding
DNA sequence for TCRA6 a/b chain was cloned into a modified
version of the pSLCAR-CD19-28z lentiviral transfer plasmid (Addg-
ene plasmid #135991) generated by Scott McComb and colleagues.90

Production of lentiviral particles with the generated TCRA6 vectors
was conducted using a 3rd generation plasmid system as described
recently, with minor modifications of the protocol.91 Afterward
1 � 105 TCR-negative Jurkat cells were transduced by spinfection
(32�C, 800 � g, 90 min) with a multiplicity of infection of 3–5,
expanded for 2 weeks, and enriched for ab TCR-positive surface
expression as described using the FACS Aria Fusion (BD, California,
USA).

Cell lines

T cells including JurkatWT (Clone E6-1, DSMZACC 282) and Jurkat
TCRA6 cells were cultured at 37�C and 5% CO2. JurkatWT cells were
maintained in RPMI-1640 supplemented with 10% FBS and 1% peni-
cillin-streptomycin. Jurkat TCRA6 cells were maintained in RPMI-
1640 supplemented with 20% FBS, 10 mM HEPES, and 1% peni-
cillin-streptomycin. Cells were sub-cultured every 2–3 days. Expi293F
cells were cultured in Expi293 Expression Medium (Thermo Fisher
Scientific, Waltham, Massachusetts, USA), sub-cultured every 3–
4 days, and incubated at 37�C and 8% CO2.

Thermal shift assay

Thermal stability was analyzed by differential scanning fluorimetry
using a CFX Connect Real-Time PCR Detection System (Bio-Rad,
California, USA) with a temperature gradient from 20�C to 95�C
and 0.5�C/10 s. The derivatives of the melt curves were calculated
with the corresponding Bio-Rad CFX Maestro software to determine
the melt temperatures (Tm). All reactions were performed in PBS in
presence of 1 mg/mL protein and SYPRO Orange (Thermo Fisher
Scientific, Waltham, Massachusetts, USA; diluted 1:00).

Biolayer interferometry

For biolayer interferometric measurements, the Octet RED96 system
(ForteBio, Sartorius, Göttingen, Germany) was used. Therefore,
respective biosensor tips were soaked in PBS (pH 7.4) for at least
10 min before start of the assay.
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For testing of two chicken-derived scFvs aTCRA6 S1 and S10, High
Precision Streptavidin biosensors (SAX; Sartorius, Sartorius, Göttin-
gen, Germany) were loaded with biotinylated TCRA6. All following
steps were performed using kinetics buffer (KB; Sartorius, Göttingen,
Germany). Association was measured for 200 s with 500 nM of
respective scFvs followed by dissociation for 200 s.

Kinetics measurements were conducted for affinity determination of
aTCRA6 scFv-Fc and aTCRA6 Fab-Fc. Anti-human IgG Fc capture
biosensors (AHC; Sartorius Sartorius, Göttingen, Germany) were
used to immobilize the antibodies. After a quenching step in KB
(Sartorius, Göttingen, Germany), an association step using TCRA6
(produced in-house) with concentrations ranging from 3.9–
62.5 nM was performed followed by a dissociation step in KB (400
s/step). Association in KB served as reference and was subtracted
prior to evaluation steps. Data analysis was performed using
ForteBio data analysis software 9.0. Binding kinetics including the
equilibrium constant KD were determined using Savitzky-Golay
filtering and 1:1 Langmuir model.

Isolation of primary T cells from human healthy donor blood

Peripheral blood mononuclear cells (PBMCs) and subsequently pri-
mary T cells were isolated from buffy coats of fresh blood of healthy
donors supplied by the German Red Cross Blood Donation Service
(DRK-Blutspendedienst Baden-Württemberg-Hessen, Frankfurt,
Germany). This study was approved by the Ethics Committee of
the Goethe University Frankfurt, Germany (approval no. 329/10).
All participants gave written informed consent in accordance with
the Declaration of Helsinki.

Briefly, PBMCs were isolated by density gradient centrifugation using
Biocoll (Biochrom, Cambridge, United Kingdom), followed by CD3-
positive enrichment of primary T cells using the EasySep Human
CD3 Positive Selection Kit II (StemCell Technologies, Vancouver,
Canada) according to the instructions provided by the manufacturer.
Afterward, primary T cells were cultivated in RPMI-1640 supple-
mented with 10% human serum (DRK-Blutspendedienst Baden-
Württemberg-Hessen, Frankfurt, Germany), 25 mM HEPES, 1%
penicillin-streptomycin, and 50 IU/mL IL-2 (PROLEUKIN S, Novar-
tis Pharma, Basel, Switzerland).92

Cellular binding assay

Cellular binding of the antibodies was determined by flow cytometry.
Engineered Jurkat TCRA6 cells served as target cells. Primary T cells
derived from human healthy donor blood or Jurkat WT cells were
used as negative controls to analyze unspecific cell binding. To this
end, cells (1.5 � 105 cells/well) were washed with PBS-B and subse-
quently incubated with the respective aTCRA6 antibody constructs
in varying concentrations for 30 min on ice. Followed by another
PBS-B washing step, anti-human IgG Fc PE-conjugated secondary
antibody (Thermo Fisher Scientific, Waltham, Massachusetts, USA;
diluted 1:50), anti-his AF647-conjugated secondary antibody
(Thermo Fisher Scientific, Waltham, Massachusetts, USA; diluted
1:50), or mouse anti-his secondary antibody (Qiagen, Venlo,
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Netherlands; diluted 1:50) and anti-mouse IgG APC-conjugated ter-
tiary antibody (Thermo Fisher Scientific, Waltham, Massachusetts,
USA; diluted 1:50) were applied for 20 min on ice. After another
washing step with PBS-B, flow cytometry was performed using
CytoFLEX S System (Beckman Coulter, Minnesota, USA). In case
of antibody affinity titration to cells, the mean fluorescence intensity
was plotted against the respective logarithmic concentration. The re-
sulting curves were fitted with a variable slope four-parameter fit us-
ing GraphPad Prism.

Internalization assay

Investigations toward receptor-mediated antibody internalization
were performed using pHAb Amine Reactive dye (Promega, Wis-
consin, USA) according to the manufacturer’s instructions. In brief,
aTCRA6 Fab-Fc was conjugated with pHAb dye and applied to Ju-
rkat WT and Jurkat TCRA6 T cells (2 � 104 cells/well) in different
concentrations (0.04–250 nM) in a 96-well plate. After incubation
overnight, cells were washed once with PBS, and internalization
was measured using flow cytometry. Fold internalization was calcu-
lated by the ratio of relative fluorescence units (RFU) of the respec-
tive antibody sample and the untreated sample without antibody
(0 nM). The resulting curves were fitted with a variable slope
four-parameter fit.

Generation of ADCs

ADCs with a DAR of 2 were generated via a two-step approach of
enzymatic modification and click chemistry reaction for conjugation
of MMAE to the Fc fragment. Therefore, the C terminus of the anti-
body heavy chain was genetically fused with a lipoic acid ligase 12 aa
acceptor peptide (LAP), which serves as recognition sequence for lip-
oate-protein ligase A (LplA) from Escherichia coli.93 Lipoic acid ligase
reaction was conducted with 0.1 equivalents (eq.) of a mutant lipoic
acid ligase A (LplAW37V)94 accepting various carboxylic acid deriva-
tives in the presence of 5 mM ATP, 5 mM Mg(Ac)2, and 10–20 eq.
azide-bearing lipoic acid derivative (synthesized in-house) in PBS
(pH 7.4) for 1 h at 37�C. Azide-functionalized antibody was loaded
onto protein A resin (protein A HP SpinTrap; Cytiva, Massachusetts,
USA), and strain-promoted azide-alkyne [3 + 2] cycloaddition with 5
eq. DBCO-PEG4-Val-Cit-PAB-MMAE was performed overnight at
4�C. After acidic elution of ADC from protein A column, the buffer
was exchanged to PBS (pH 7.4), and successful conjugation was
confirmed by HIC.

ADCs with a DAR of 2–8 were generated via a two-step approach
including partial reduction of interchain disulfide bonds and thiol-
maleimide Michael addition click reaction for conjugation of
MMAE to the endogenous cysteines. Reduction of cystines was
achieved by 2 h, 37�C incubation with 10 eq. tris(2-carboxyethyl)
phosphine hydrochloride (TCEP-HCl). Subsequent reaction with
16 eq. maleimide-PEG4-Val-Cit-PAB-MMAE was performed for
2 h at room temperature, followed by quenching of conjugation reac-
tion using 50 eq. N-acetylcysteine for 15 min at 37�C. The ADC was
purified from the reaction mixture using protein A spin columns
(protein A HP SpinTrap; Cytiva, Massachusetts, USA). After acidic
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elution of ADC from protein A resin, the buffer was exchanged to PBS
(pH 7.4), and conjugation including DAR distribution was analyzed
by HIC.

Hydrophobic interaction chromatography

HIC was performed using TSKGel Butyl-NPR column (Tosoh Biosci-
ence, Griesheim, Germany) in combination with 1260 Infinity chro-
matography system (Agilent Technologies, Waldbronn, Germany) to
analyze successful antibody-MMAE conjugation as well degree of
conjugation. Separation was obtained using Eluent A (1.5 M
(NH4)2SO4, 25 mM Tris [pH 7.5]) and Eluent B (25 mM Tris [pH
7.5]) in a linear gradient of 0%–100% Eluent B over 25 min at a
flow rate of 0.9 mL/min. 30 mg of protein samples were injected at
a concentration of 0.3 mg/mL, and protein elution was monitored
by absorbance at 220 nm. The average DAR was determined by inte-
gration of the absorbance peak areas of the different species using the

following equation: =
P8

n = 0
n�AðDARnÞ

P8

n = 0
AðDARnÞ , where n refers to the individ-

ual DAR value and AðDARnÞ refers to the peak area of the respective
DAR species.95

Size exclusion chromatography

Analytical SEC using TSKgel SuperSW3000 column (Tosoh Biosci-
ence, Griesheim, Germany) in combination with 1260 Infinity chro-
matography system (Agilent Technologies, Waldbronn, Germany)
was performed to assess aggregation behavior of antibodies and
ADCs. Chromatography was run with 30 mg protein (0.3 mg/mL)
at a flow rate of 0.35 mL/min with PBS for 20 min, and protein elution
was detected by measuring absorbance at 220 nm.

Cytotoxicity assay

Cytotoxic effects of aTCRA6 DAR2 and aTCRA6 DAR52-8 ADCs
were estimated by exposing Jurkat WT and Jurkat TCRA6 T cells
to different ADC concentrations. Cell viability was analyzed 72 h
post ADC addition by a fluorometric method using CellTiter-Blue
Cell Viability Assay (Promega, Wisconsin, USA) according to the
manufacturer’s instructions. Briefly, cells were seeded in a 96-well
plate (1 � 104 cells/well) with the desired ADC concentrations
ranging from 0.06–400 nM (for DAR2 ADC) or 0.005–30 nM (for
DAR52-8 ADC) in a serial dilution. After 72 h, redox dye (resazurin)
was added to the cells, and the plate was incubated for 3–4 h. Fluores-
cence of resorufin (560Ex/590Em) was recorded using CLARIOstar
plus microplate reader (BMG LABTECH, Offenburg, Germany).
Cell proliferation was normalized to untreated control cell fluores-
cence values. The resulting curves were fitted with a variable slope
four-parameter fit, and EC50s were calculated using GraphPad Prism.

Apoptosis assay

To determine induction of apoptosis of aTCRA6 DAR2 and aTCRA6
DAR52-8 ADCs in Jurkat WT and Jurkat TCRA6 cells, annexin V/PI
staining was conducted. Therefore, cells were seeded in a 24-well plate
(5 � 104 cells/well) and incubated with 300 nM (DAR2 ADC) or
30 nM (DAR52-8 ADC) ADCs for 72 h. Annexin V-FITC/PI staining
ROTITEST Annexin V (Carl Roth & Co. KG, Karlsruhe, Germany)
was applied for apoptosis detection of T cells according to the man-
ufacturer’s instructions. The analysis was performed using
CytoFLEX S System (Beckman Coulter, Minnesota, USA) and the
fluorescence microscope Zeiss Axio V.A1 with Axio Cam ICM1
and AxioVision 1.0.1.0 software (Carl Zeiss AG, Jena, Germany).

Bystander killing assay

To investigate bystander activity of ADCs, target Jurkat TCRA6 cells
were exposed to ADCs for 4 days, and subsequent supernatant was
transferred to off-target Jurkat WT cells, and cell viability was deter-
mined after 4 days of incubation. Therefore, Jurkat TCRA6 cells were
seeded in a 96-well plate (2 � 104 cells/well) with the desired ADC
concentrations ranging from 0.05–300 nM (DAR2 ADC) or 0.005–
30 nM (DAR52-8 ADC) in a serial dilution. For direct killing, Jurkat
TCRA6 cells were seeded at a density of 1 � 104 cells/well. After
96 h, viability readout for direct cell killing was measured using
CellTiter-Blue Cell Viability Assay (Promega, Wisconsin, USA). For
bystander effect analysis, target-negative Jurkat WT cells were seeded
at a density of 1 � 104 cells/well after 96 h of initial ADC incubation.
Centrifuged cell culture supernatant of the ADC-treated target-posi-
tive Jurkat TCRA6 cells was transferred to the seeded Jurkat WT cells
and incubated for 96 h at 37�C with 5% CO2. Cell viability was deter-
mined using the CellTiter-Blue Cell Viability Assay (Promega, Wis-
consin, USA) and CLARIOstar plus microplate reader (BMG
LABTECH, Offenburg, Germany), with the detailed protocol
described in section cytotoxicity assay. Cell proliferation was normal-
ized to untreated control cell fluorescence values. The resulting curves
were fitted with a variable slope four-parameter fit, and EC50s were
calculated using GraphPad Prism.
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