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Cancerous B cells are almost indistinguishable from their non-malignant

counterparts regarding their surface antigen expression. Accordingly, the

challenge to be faced consists in elimination of the malignant B cell population

while maintaining a functional adaptive immune system. Here, we present an

IgM-specific antibody-drug conjugate masked by fusion of the epitope-bearing

IgM constant domain. Antibody masking impaired interaction with soluble

pentameric as well as cell surface-expressed IgM molecules rendering the

antibody cytotoxically inactive. Binding capacity of the anti-IgM antibody drug

conjugate was restored upon conditional protease-mediated demasking which

consequently enabled target-dependent antibody internalization and

subsequent induction of apoptosis in malignant B cells. This easily adaptable

approach potentially provides a novel mechanism of clonal B cell lymphoma

eradication to the arsenal available for non-Hodgkin's lymphoma treatment.

KEYWORDS

B cell receptor, antibody-drug conjugate, masked antibody, conditional activated

antibody, MMP-9, matriptase, B cell lymphoma

Introduction

Immunotherapies represent a broad and rapidly growing type of therapies having a

substantial impact on cancer outcomes. Monoclonal antibodies (mAbs) are among the first

groups of immunotherapies approved for anti-tumor treatment and are still of exceptional

relevance in current treatment regimens (1). Rituximab, the first US Food and Drug

Administration (FDA)-approved mAb implemented in oncology, has widely been

administered in patients suffering from B cell non-Hodgkin's lymphoma (NHL). NHL is

a heterogeneous group of neoplasms and the most frequently diagnosed adult

hematological cancer, accounting for the seventh most common cancer and the ninth

leading cause of cancer deaths in the US (2). Targeting the pan-B cell antigen CD20,

rituximab exerts anti-tumor activity in four main ways, three of which rely on recruiting
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effector mechanisms from the patient's immune system such as

complement-dependent cytotoxicity (CDC), antibody-dependent

cell-mediated cytotoxicity (ADCC) and antibody-dependent

phagocytosis (ADP) (3). A fourth proposed mechanism of action

is the induction of apoptosis through both caspase-dependent and

-independent mechanisms (3, 4). Although rituximab in

combination with chemotherapy has tremendously improved the

chance of cure for NHL patients, the clinical effectiveness of

rituximab is ultimately limited by the development of treatment

resistance. Notably, only 40% of the patients initially responding to

rituximab have the ability to respond again after relapse (5, 6).

The B cell receptor (BCR) complex plays a pivotal role in the

adaptive immune response. Comprising a membrane-bound

immunoglobulin (Ig) and a non-covalently linked heterodimer

composed of Iga and Igb it is expressed on the surface of B

lymphocytes with each B cell clone possessing a unique BCR of Ig

isotype IgA, IgD, IgE, IgG, or IgM (7, 8). Previous reports have

demonstrated that malignant B cells frequently express IgM BCRs

(9–12). A subtype of the diffuse large B cell lymphoma (DLBCL) is

activated B cell-like DLBCL, where it has been reported that IgM-

positivity of tumor correlates with a poor prognosis and a shorter

overall survival for patients (10–12). Harnessing the fact that clonal

B cell cancers in most cases express BCRs of one Ig isotype, it might

be possible to selectively deplete malignant B cells of the IgM

isotype while sparing the majority of B lymphocytes expressing

other isotype or no BCRs. However, therapeutic antibodies directed

against IgM may not fully function in the body due to the presence

of soluble IgM molecules in large amounts. In order to address the

problem of selectivity and potential target-mediated drug

disposition, an IgMxHLA-DR bispecific antibody targeting two B

cell antigens has recently been engineered which demonstrated

significant in vitro anti-tumor activity as well as efficacy and

tolerability in non-human primate studies (13).

Besides improving specificity via multispecific cancer targeting,

masking strategies have been developed allowing for conditional

activation of antibodies in tumor tissue (14–16). The approach

requires the generation of a suitable masking unit which prevents

antibody-antigen interaction either by steric hindrance, e.g. by

fusion of a bulky mask, or by specific binding to the antibody

paratope, such as an epitope-mimetic or anti-idiotypic antibody

fragment (14, 16). Antibody activation through demasking is

typically mediated by proteases, such as serine proteases (e.g.

matriptase), matrix metalloproteinases (e.g. MMP-2/MMP-9) and

cysteine proteases (e.g. cathepsin S) frequently overexpressed in

tumor tissues (17–19). Previous masking attempts put forth

antibody therapeutics with improved safety profiles, while

retaining anti-disease activity (20–24). The versatile probody

therapeutic technology platform developed by CytomX

Therapeutics has been applied to target a variety of receptors

including CTLA-4, EGFR, as well as molecules considered

undruggable because of their broad tissue expression, such as

CD71 and EpCAM (25–27). The conditionally activated probody-

drug conjugate CX-2029 (anti-CD71) demonstrated tumor

regression and was well tolerated in patients with advanced solid

tumors (28).

To combat resistance of current mAb-based therapies and

improve the potency of biomolecules, antibody-drug conjugates

(ADC) feature ideal properties for precise and efficient tumor

targeting (29, 30). The first-in-class ADC to be FDA-approved for

therapy was gemtuzumab ozogamicin (Mylotarg), in 2000 for the

treatment of CD33-positive acute myeloid leukemia (AML) (31).

Since then, 14 ADCs received worldwide market approval, besides

over 100 ADC candidates being investigated in clinical stages at

present (32). ADCs are typically composed of mAbs covalently

bound to potent cytotoxic payload through synthetic (cleavable)

linkers. However, there is ongoing optimization of certain

parameters, including mAb specificity, linker technology, drug

potency as well as stoichiometry and placement of warheads (30,

32). The mechanism leading to ADC's anti-tumor effect includes

binding of the ADC to its target antigen that triggers ADC

internalization and intracellular release of the payload which

eventually mediates cytotoxic effects. Hence, candidate ADCs

must be carefully selected regarding numerous properties

influencing safety and efficacy. Particularly, the antigen to be

targeted by the ADC must fulfill certain characteristics such as

overexpression on the surface of cancer cells with minimal

expression in normal tissue and the potency to rapidly internalize

upon ADC binding (32). Since B cell NHL is currently treated with

either chemotherapy or immunotherapy or a combination of both,

it is anticipated that ADCs can be rational for NHL control.

In this study, we developed a proteolytically activatable IgM-

directed antibody-drug conjugate for precise targeting of IgM-

positive B cell lymphoma (Figure 1). Starting with the

immunization of a chicken with IgM from human serum, we

isolated IgM binders by single-chain variable fragment (scFv)

immune library screening using yeast surface display (YSD) in

combination with fluorescence-activated cell sorting (FACS). After

expression and characterization of isolated binders in scFv format,

full-length antibodies in Fab-Fc format were generated. With respect

to potential off-target effects on healthy IgM-expressing B cells and

capturing of antibodies by soluble IgM in the blood stream, we

identified the antigenic constant Ig domain, derived from the IgM

antigen, for antibody masking. The masking unit was genetically

fused to the N-terminus of the anti-IgM light chain (LC) via a dual-

protease cleavable linker addressable by matrix metalloproteinase-9

(MMP-9) and matriptase since these proteases are described to be

overexpressed in B cell lymphoma (33, 34). The IgM-targeting

antibody was further conjugated with the highly toxic and clinically

proven chemotherapeutic agent monomethyl auristatin E (MMAE)

imparting cytotoxic properties to the molecule (32). The resulting

masked anti-IgM ADC demonstrated no significant interactions with

different types of B cells. However, unmasking resulted in specific

targeting and efficient killing of IgM-positive lymphoma cells while

largely sparing other lymphocytes from chemotherapeutic damage.

Schoenfeld et al. 10.3389/fimmu.2023.1258700
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Results

Design of protease-activated masked anti-
IgM antibody-drug conjugates

Based on a chicken-derived anti-IgM (aIgM) antibody, we

designed an antibody-drug conjugate that is masked to overcome

potential off-target effects towards circulating IgM+ B cells and

interactions with soluble IgM in the blood stream (Figure 2). In our

approach, the human IgM domain targeted by the antibody served

as masking unit attached to the aIgM light chain. We assumed that

the heavy chain CDRs are mainly responsible for antigen

recognition as this was discovered in previous chicken-derived

antibodies including common light chain approaches and is

reinforced by the fact that chicken CDR3 of the VH tend to be

longer and have much higher cysteine content leading to increased

stability and complexity (36–39). Fusion of the masking unit was

achieved via a synthetic linker (33 amino acids) comprising a dual-

protease site (MMP site and MatA site) recognized by MMP-2/9

and matriptase (Figure 2A). Linker sequence and applicability to

protease-activated antibodies in tumor context have been recently

described by Geiger et al., demonstrating a synergistic effect for the

A

B

FIGURE 2

Design and mode of action of masked aIgM ADC. (A) Schematic representation of the masked aIgM ADC. The anti-IgM LC is (N-terminally) fused to

an IgM domain via a linker with dual-protease site, the HC is (C-terminally) modified with DBCO-PEG4-Val-Cit-PAB-MMAE. DBCO,

Dibenzocyclooctyne; PEG, polyethylene glycol; Val, valine, Cit: citrulline; PAB, p-aminobenzyl alcohol; MMAE, monomethyl auristatin E. Surface

representation rendered with UCSF ChimeraX (35) from PDB: 1IGT/7XQ8. (B) Conceptional mode of action of the masked anti-IgM ADC. In systemic

circulation the masked aIgM ADC is not able to bind to either soluble pentameric IgM nor membrane-bound IgM. Once reaching the tumor

microenvironment, tumor-specific proteases such as MMP-9 or matriptase hydrolyze the linker connecting the aIgM antibody and the masking IgM

domain. The activated aIgM ADC regains binding ability leading to specific ADC uptake and killing of IgM+ lymphoma B cells. Created with

BioRender.com.

FIGURE 1

Concept Overview. Chicken immunization with IgM from human serum was followed by splenic RNA isolation and cDNA synthesis. Variable

antibody domains were amplified and assembled as scFvs for yeast surface display and FACS. IgM binding scFvs were reformatted and cloned into

bacterial and mammalian vectors for scFv/scFv-Fc expression. After selection and characterization of a lead candidate, the IgM binder was

reformatted as full-length antibody, fused with the masking IgM domain and ultimately conjugated with MMAE resulting in a masked anti-IgM (aIgM)

ADC. Created with BioRender.com.
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combination of the cleavage sites for MMP-2/9-matriptase

compared to MatA site or MMP site linkers alone (21). For the

generation of an ADC the mAb component was further provided

with MMAE, since NHL is known to be sensitive to microtubule

inhibitors (40, 41). The payload consists of DBCO, PEG4 linker,

Val-Cit dipeptide sequence as cathepsin substrate, p-aminobenzyl

alcohol (PAB) self-immolative spacer and the cytotoxic payload

MMAE. Site-specific coupling of DBCO-PEG4-Val-Cit-PAB-

MMAE was accomplished via a chemoenzymatic conjugation

approach, resulting in a theoretical drug-to-antibody ratio (DAR)

of two (detailed conjugation strategy described in section

'Cytotoxicity of masked and protease-activated CH2-aIgM ADC').

The aIgM ADC should remain masked in systemic circulation, but

upon reaching the tumor microenvironment, upregulated protease

activity promotes cleavage of the substrate linker and subsequent

release of the blocking IgM domain (Figure 2B). Following

antibody-directed binding to tumor target IgM isotype BCRs, the

ADC is expected to be effectively internalized, followed by

lysosomal degradation resulting in cleavage of the drug linker and

intracellular release of the cytotoxic agent. Finally, MMAE binds to

tubulin which inhibits its polymerization and ultimately triggers

tumor cell death (42).

Generation of chicken-derived
anti-IgM antibodies

In order to generate protease-activated anti-human IgM

antibodies, we screened for IgM binders which are in a second

step equipped with the epitope-bearing human IgM domain serving

as antigenic affinity-based mask. Antibodies of IgM isotype play

important roles in non-immune as well as antigen-induced immune

reactions and constant domains of Ig heavy chain are broadly

conserved in mammals (43–45). Hence, immunization of

popularly chosen mammalian species such as mouse, rabbit or

goat might not result in the desired immune response. Accordingly,

chickens were considered for immunization as they are

phylogenetic distant from humans and previous attempts

succeeded in accessing antibodies against conserved epitopes on

mammalian molecules (46, 47). Recently, we described the isolation

of highly affine antibody fragments derived from immunized

chickens using yeast surface display in combination with FACS

(48–50). Applying this approach, we obtained high chicken

antibody titers against human IgM and were able to enrich

binders within two consecutive sorting rounds using 500 nM or

10 nM IgM from human serum, respectively (Supplementary

Figures 1A, B). Sequence analysis of four yeast single clones

emerging from the screening revealed four distinct scFv

candidates (S5, S6, S8, S9). The four scFvs were heterologously

expressed in Escherichia coli and were subjected to B cell binding

assays. Antibody clone aIgM S8 was selected as lead candidate since

it demonstrated affine binding to IgM+ lymphocytes while IgM-

cel ls were not targeted indicating isotypic specificity

(Supplementary Figure 2).

Generation and characterization of
conditionally activated aIgM

The aIgM scFv S8 was reformatted as scFv-Fc fusion and as

Fab-Fc full-length antibody. To investigate which of the four

constant IgM domains aIgM S8 targets, biolayer interferometry

(BLI) epitope binning was performed. To this end, His-tagged CH1-

CH4 IgM domains were expressed separately in Expi293F™ cells

and cell culture supernatants were immobilized on Ni-NTA

biosensors. Association with aIgMscFv-Fc revealed specific and

exclusive binding to IgM CH2 domain (Figure 3A).

Consequently, simultaneous binding of full-length IgM and IgM

CH2 domain should not be possible. This was confirmed by loading

of biotinylated aIgMscFv-Fc onto SAX biosensors and stepwise

association with equimolar concentrations of CH2 in antigens using

1,000 nM single IgM CH2 domain and 100 nM (pentameric) IgM

from human serum (Figure 3B). The slightly increased binding

signal detected when incubating with CH2, following the first IgM

association can be ascribed to the small size of IgM CH2 (13 kDa) in

comparison to the pentameric IgMmolecule (970 kDa) allowing the

single Ig domain to bind unoccupied paratopes which are sterically

unavailable for pentameric IgM. Attempts to determine the affinity

of aIgMscFv-Fc towards IgM CH2 failed as the off-rate turned out

to be very low, nevertheless, implying high-affinity binding

(Supplementary Figure 3A) . In a similar setup, a competition

assay with B cells was performed using IgM+ SUP-B8 and Ramos

cells incubated with 100 nM aIgMscFv-Fc and varying

concentrations of IgM CH2 (39-10,000 nM) (Figure 3C). In

accordance with the BLI measurements, B cell binding decreased

with increasing IgM CH2 concentration amounting to IC50 values

of 143 nM and 135 nM for SUP-B8 and Ramos cells, respectively.

Hence, BCRs of IgM isotype on the cell surface compete with the

soluble IgM CH2 domain for scFv binding corroborating the notion

that CH2 is the epitope-bearing IgM domain.

Taken together, these results indicate that human IgM CH2

domain suits as masking unit for the previously identified aIgM S8

antibody since pre-incubation of antibody with IgM CH2 efficiently

impairs IgM binding in biolayer interferometric studies as well as

on a cellular level with membrane-bound IgM.

For masking of aIgM S8 antibody the IgM CH2 domain was

fused to the light chain by a linker with dual-protease site. The

unmasked aIgM and masked aIgM antibody variant, referred to as

CH2-aIgM, were expressed in Expi293F™ cells and purified via

Protein A affinity chromatography. Integrity, size and purity of the

proteins including stability of the linker during production and

purification process were confirmed using reducing SDS-PAGE

analysis (Figure 4A). Thermal stability investigated by SYPRO

Orange revealed melting temperatures of 72.5°C and 71.5°C for

the aIgM and CH2-aIgM, respectively (Supplementary Figure 4).

Thus, no significant change in thermal stability was observed by

attachment of the additional Ig domain. The functionality of the

parental full-length aIgM concerning binding of IgM from human

serum and IgM-derived CH2 domain was confirmed by BLI

(Supplementary Figure 3B). In order to prove feasibility of

Schoenfeld et al. 10.3389/fimmu.2023.1258700

Frontiers in Immunology frontiersin.org04



reactivation of the aIgM binding capability in the masked antibody,

CH2-aIgM was treated with either MMP-9 or matriptase. Linker

proteolysis was analyzed by SDS-PAGE demonstrating successful

and complete linker cleavage of the CH2-aIgM LC by both

proteases which resulted in the aIgM LC migrating slightly higher

in SDS gel electrophoresis than the unmasked aIgM LC due to

residual linker amino acids, and the solitary CH2 domain

(Figure 4A). Biolayer interferometry measurements were

conducted to investigate, whether the binding capacity of CH2-

aIgM is diminished and can in a next step be restored by protease

cleavage. Therefore, aIgM, CH2-aIgM, protease treated CH2-aIgM

and rituximab as an unrelated control were immobilized onto AHC

biosensors and subsequently incubated with IgM from human

serum. With CH2-aIgM loaded, association of IgM is completely

impaired since the binding signal is comparable to rituximab

control (Figure 4B). As previous experiments have shown that the

dissociation rate of soluble IgM CH2 from the antibody is low, a

Protein A purification step was systematically introduced after

protease-mediated linker hydrolysis in subsequent assays in order

to remove a large fraction of cleaved CH2 domain. MMP-9-cleaved,

purified CH2-aIgM allows IgM association, although maximum

binding capacity of aIgM may not fully be restored. This effect of

reduced interaction might be traced back to remaining cleaved

masking units blocking the aIgM paratope due to slow dissociation.

Similar results were obtained in BLI experiments associating with

different IgM concentrations (3.9-125 nM) for competition with

cleaved CH2 masking moiety as well as in a reverse experimental

setup immobilizing IgM to the biosensor and incubating with the

respective antibody variants (Supplementary Figures 3C, D).

On-cell binding of masked and protease-
activated CH2-aIgM

To investigate, whether the masked CH2-aIgM remains innate

to IgM interaction when membrane-bound in a high copy number

on cells and whether protease-activation of CH2-aIgM restores

binding functionality, cell binding experiments were performed

A B

FIGURE 4

Protease-activation of CH2-masked aIgM. (A) Reducing SDS-PAGE of depicted antibodies with schematic representations of heavy and (masked)

light chains. (B) BLI measurement. The four antibody constructs (Rituximab, aIgM, CH2-aIgM, Protein A purified CH2-aIgM+MMP-9) were loaded

onto AHC biosensor tips and associated with 100 nM IgM from human serum.

A

B C

FIGURE 3

Epitope binning of aIgMscFv-Fc and CH2/IgM competition. (A) BLI-assisted epitope binning. The four His-tagged constant IgM domains of the HC

(CH1, CH2, CH3 and CH4) were loaded onto Ni-NTA biosensor tips and associated with 150 nM aIgMscFv-Fc, followed by dissociation. (B) BLI-

assisted competition assay. Biotinylated aIgMscFv-Fc was loaded onto SAX tips and IgM CH2/IgM from human serum were associated in sequence.

(C) Cellular competition assay. IgM+ SUP-B8 and Ramos B cells were incubated with 100 nM aIgMscFv-Fc and varying concentrations of IgM CH2

domain (39-10,000 nM). Detection was performed using anti-human IgG Fc-PE staining and flow cytometry.

Schoenfeld et al. 10.3389/fimmu.2023.1258700
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using flow cytometry. SUP-B8 and Ramos B lymphoid cell lines

derived from Burkitt lymphoma were used as IgM+ cells while IgM-/

IgG+ IM-9 B cells served as control (51–53). Cells were stained with

100 nM of respective antibody and PE-conjugated secondary

antibody for detection. While aIgM represents maximum binding

on IgM+ SUP-B8 and Ramos cells, the masked variant CH2-aIgM

shows 61-fold and 102-fold reduced cell binding, respectively

(Figure 5A). Upon MMP-9 cleavage and Protein A purification of

CH2-aIgM cell binding capacity is fully restored to a maximum

binding comparable to the unmasked aIgM version. None of the

antibodies showed unspecific interactions with IgM-/IgG+ IM-9 off-

target cells. Furthermore, cell titration was conducted for

determination of on-cell affinities for the masked and the

proteolytically activated CH2-aIgM. Antibodies were applied to

the cells in a serial dilution with concentrations ranging from

0.125 to 200 nM. Apparent binding affinities for aIgM amounted

to 0.9 nM for SUP-B8 cells and 2.4 nM for Ramos cells, while

titration of cleaved CH2-aIgM resulted in similar values of 1.5 nM

and 2.6 nM for SUP-B8 and Ramos, respectively (Figure 5B).

Besides comparable on-cell KDs of aIgM and protease treated

CH2-aIgM, maximal binding levels are also restored. The masked

CH2-aIgM displayed significantly reduced cell binding indicated by

multiple-fold increased on-cell affinity values and decreased

saturation binding levels (Figure 5B; Supplementary Figure 5A).

Furthermore, interactions of aIgM and CH2-aIgM with PBMCs

isolated from healthy human donor blood were scrutinized

revealing binding of aIgM likely to the B cell subpopulation while

the blocked aIgM antibody largely spares PBMCs (Supplementary

Figure 5B). These results suggest that masking the aIgM antibody

using a covalently linked blocking domain increases the likelihood

of the mask remaining on the antibody due to loss of

conformational degrees of freedom and high affinity, and thus

significantly reduces binding of IgM. However, the MMP-9

treated CH2-aIgM revealed recovery in binding which indicates

dissociation of the linker-cleaved CH2 domain from the antibody

by reasons of competition with a high number of IgM BCRs in a

cellular context (Figure 5). While covalent linkage of the CH2

domain shows efficient masking, presence of the cleaved masking

unit reduces cell binding of the unmasked antibody to some extent

(Supplementary Figure 6). This may be attributed to the relatively

high concentration of masked antibody used (100 nM) and the slow

dissociation kinetics of the masking CH2 domain.

Overall, transferring the features of the masked IgM antibody in a

physiological setting, the blocked antibody is expected to be inert to

interactions and interceptions related to IgM in systemic circulation

while linker hydrolysis in the tumor microenvironment might result in

localized unrestricted binding capacity and robust tumor targeting.

Cytotoxicity of masked and protease-
activated CH2-aIgM ADC

For investigation of cytotoxicity mediated by an aIgM ADC and

its masked variant CH2-aIgM ADC, both antibody versions were

armed with MMAE generating ADCs with an expected DAR of two.

Attachment of DBCO-PEG4-Val-Cit-PAB-MMAE to the

antibodies was accomplished site-specifically by a two-step

approach of enzyme-assisted azide modification of the heavy

chain's C-terminus which was endowed with a recognition

sequence for lipoate-protein ligase A and click chemistry with

DBCO-conjugated payload. Prior to cytotoxicity studies aIgM and

CH2-masked aIgM were investigated towards internalization

properties using our antibodies labeled with pH-dependent dye

and flow cytometric analysis (54–56). In IgM+ cell lines, the

A

B

FIGURE 5

Cellular binding of unmasked and CH2-masked aIgM variants. Flow cytometry analysis of IgM+ (SUP-B8, Ramos) and IgM- (IM-9) B cells incubated

with aIgM, CH2-aIgM and Protein A purified CH2-aIgM+MMP-9 antibodies and stained via anti-human IgG Fc-PE secondary detection antibody.

(A) B cells were incubated with 100 nM of respective antibodies. Negative control samples (0 nM, black) represent cells stained with secondary

detection antibody only. Histograms were created using FlowJoTM v10 Software (BD Life Sciences). (B) Cell titration of respective antibodies (0.125-

200 nM) on B cells. On-cell KDs were determined using variable slope four-parameter fit. Results are shown as mean RFU, error bars represent

standard deviation derived from experimental duplicates. Data is representative of three independent experiments.
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proportion of endocytosed aIgM increased concentration-

dependently reaching saturation in the single-digit nanomolar

range while significantly less internalization was detected for

CH2-aIgM (Figure 6). Internalization of aIgM and CH2-aIgM

was barely measurable in IgM- B cells. Data points of

internalization measurement were removed for clarity but are

available in the Supplementary Material for all investigated

molecules (Supplementary Figure 7).

First, in vitro cytotoxicity studies were conducted with aIgM-

MMAE, its masked variant CH2-aIgM-MMAE as well as a pre-

cleaved, Protein A purified CH2-aIgM-MMAE version using on-

target SUP-B8 and Ramos cells while IM-9 served as off-target cells.

Consistent with the internalization properties of aIgM in target

cells, IgM+ cells were sensitive to aIgM ADC-induced cell death

(Figure 6). The aIgM ADC displayed potent dose-dependent cell

killing with EC50 values amounting to 0.43 nM and 0.66 nM for

SUP-B8 and Ramos cells, respectively. No significant reduction in

cell proliferation was observed by application of the aIgM-MMAE

molecule to IM-9 B cells not expressing IgM. Paratope-masked

aIgM ADC was unable to mediate cell death in any cell line, which

we expected since no endogenous proteolytic activity was observed

in cell culture supernatants supplemented with CH2-aIgM during

72 h of incubation (data not shown). Notably, MMP-9 and

matriptase activity was detected in B cell lymphoma tumor tissue

warranting the concept of protease-mediated antibody activation

(33, 34). The activity of aIgM was mostly restored after linker

hydrolysis since CH2-aIgM pre-treated with MMP-9 resulted in

significantly decreased survival of IgM+ cells. Comparing potencies

of the parental unmasked ADC to the pre-cleaved CH2-aIgM, an

approximately 5-fold reduced cytotoxic effect was observed on

SUP-B8 cells, whilst on Ramos cells efficacy was fully recovered

(Figure 6). Besides comparable induction of lymphoma cell killing

in EC50 values, similar levels in maximal cell lysis were observed.

MMP-9 treated unpurified CH2-aIgM ADC, revealed 8-9-fold

increased hal f maximal effect ive doses compared to

the parental unmasked ADC in target lymphoma cells

(Supplementary Figure 8).

Next, we investigated whether apoptosis was triggered by aIgM-

MMAE and CH2-aIgM-MMAE. To this end, cells expressing BCRs

of IgM and IgG isotype were treated with the respective ADCs for

72 h and analyzed by Annexin V-FITC and propidium iodide (PI)

staining using flow cytometry. Application of 50 nM aIgM-MMAE

resulted in increased fractions of Annexin V-FITC-positive IgM+

cells, indicating that apoptosis was induced by antibody-guided

chemotherapeutic damage (Figure 7). SUP-B8 and Ramos cells

being exposed to aIgM-MMAE showed approximately 4-fold and

26-fold increase in Annexin V-FITC positivity, respectively,

compared to untreated control cells (0 nM). Previous

investigations have postulated that MMAE induces cell death

through a rarely studied mechanism termed mitotic catastrophe

possibly being a prelude mechanism to apoptotic or necrotic cell

death and further includes signs of autophagy (57–60). In contrast,

CH2 masked aIgM ADC did not induce any killing detectable by

Annexin V-FITC or PI staining. Likewise, IM-9 IgM-/IgG+ off-

target cells remained unaffected during aIgM ADC treatment.

Discussion

Overcoming the limitations of treatment paradigms for B cell

NHL, novel approaches of highly potent immunotherapies that

work in concert with the host immune system such as bispecific T

cell engaging antibodies and chimeric antigen receptor (CAR) T

cells have been introduced (61–64). Great efforts have further been

made in probing antibody-drug conjugates for lymphoma

therapies. Brentuximab vedotin, Polatozumab vedotin and

Loncastuximab tesirine represent FDA-approved ADCs to treat

different types of B cell lymphoma, targeting antigens such as CD30,

which is expressed by activated B cells, CD79b, and CD19, present

on all B cell types apart from pre-proB cells and mature plasma cells

(32, 65–67).

Besides selection of an appropriate antibody ensuring to reach

the tumor target site without affecting healthy cells in the periphery,

linker and cytotoxic payload are key design parameters in ADCs.

FIGURE 6

Internalization and cytotoxicity of unmasked and CH2-masked aIgM ADC variants towards B cells. For cytotoxicity studies IgM+ (SUP-B8, Ramos)

and IgM- (IM-9) B cells were exposed to varying concentrations (0.014-90 nM) of aIgM, CH2-aIgM and Protein A purified CH2-aIgM+MMP-9 MMAE-

conjugated antibodies for 72 h. Cell proliferation was normalized to untreated control cells (0 nM). For internalization studies pHAb-conjugated

aIgM, CH2-aIgM and Protein A purified CH2-aIgM+MMP-9 (0.014-90 nM) were applied to B cells and incubated overnight. Fold internalization was

defined 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, error bars represent standard deviation derived from

experimental duplicates.
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Related to those criterions is the DAR which plays a pivotal role

determining ADC's potency, safety, and pharmacokinetics. In

general, higher drug loading comes along with increased anti-

tumor activity. However, improvement in efficacy is limited and

excessive cytotoxic payload may cause instabilities and aggregation

and further lead to inferior pharmacokinetics such as in plasma

clearance and tumor exposure (68, 69). Bryant et al. demonstrated

that a DAR of 4 in a (trastuzumab) conjugate revealed highest

potency in vitro and a significantly increased in vivo efficacy

compared to the lower DAR conjugates (70). Referred to as the

first approved mAb for cancer patients, auristatin-based rituximab

ADCs have been developed with DARs of 7-7.5 and 4.2,

respectively, both demonstrating potent therapeutic efficacy in

vitro and in vivo (60, 71). Hence, further improvements may be

reached for the CH2-masked aIgM ADC by examination of optimal

drug loading but were out-of-scope for this proof-of-concept study.

To further promote safety and efficacy of ADCs several

innovative approaches have been developed in the last decades.

One of them includes the generation of a bispecific ADC that targets

HER2 as tumor-associated antigen and CD63 rendering enhanced

lysosomal delivery (72). Another appealing tool is introduced by

CytomX Therapeutics with the probody platform expanding the

availability of new targets for ADCs by antibody paratope masking

and tumor-specific protease-activation. Probody-drug conjugates

are supplied with a protease cleavable linker connected to a peptide

mask limiting target engagement in normal tissue and circulation

(73). CX-2029 targeting transferrin receptor 1 (CD71) attached to

MMAE is currently being investigated in phase II clinical trials

displaying translational and clinical activity at tolerable doses in

patients (27, 73).

In this study, we present a novel conditionally activated anti-IgM

antibody-drug conjugate for precise B cell lymphoma elimination. To

this end, we isolated a chicken-derived IgM-specific antibody (aIgM),

which was further fused to the epitope-holding IgM domain CH2 by a

tumor-protease cleavable linker ultimately equipped with the cytotoxic

payload MMAE. Efficient blockage of the tumor targeting moiety in

CH2-aIgM was confirmed by biolayer interferometry. The masked

antibody regained activity upon protease treatment, displaying affine

binding to IgM from human serum. On a cellular level CH2-aIgM was

inert to interact with IgM+ B cells while the cleaved variant revealed

excellent on-cell affinities comparable to the parental unmasked

antibody regarding on-cell affinity constants in the low single-digit

nanomolar range as well as maximum binding capacities. This allows

penetration into the tumor microenvironment without being captured

by soluble IgM or non-malignant IgM+ B cells ultimately improving

pharmacokinetic properties. Reaching the tumor target site, tumor-

protease-mediated linker hydrolysis engenders high affinity targeting.

The aIgM ADC demonstrated specific and effective receptor-mediated

cellular uptake which was closely linked to killing of lymphoma cells

exhibiting strong signs of apoptotic cell death. Cytotoxicity of the

inactive ADC version was shown to be reduced since no cell killing was

observed in the investigated concentration range, thus potentially

preventing systemic side effects. CH2-aIgM is rendered active by

proteases leading to regained toxicity towards malignant IgM+ B

FIGURE 7

Apoptosis induction of aIgM and CH2-masked aIgM ADC in B cells. IgM+ (SUP-B8, Ramos) and IgM- (IM-9) B cells were exposed to 0 nM, 50 nM of

aIgM-MMAE and 50 nM CH2-aIgM-MMAE 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. Data is representative of two

independent experiments.

Schoenfeld et al. 10.3389/fimmu.2023.1258700

Frontiers in Immunology frontiersin.org08



lymphocytes. Further animal studies are required to reveal whether the

restrictive and potent in vitro anti-tumor efficacy of the antibody

introduced in this study can be confirmed in vivo.

Our results further show that it is feasible to generate

proteolytically activated antibody-drug conjugates against

immunoglobulins of isotype (Ig)M for B cell lymphoma treatment.

This novel strategy of Ig targeting in B cell-derived malignancies may

be superior to conventional approaches in several respects. By

addressing only a fraction of B cells, unwanted on-target off-tumor

effects are reduced which is further enhanced through the masking

functionality while conventional pan-B cell targeting results in patients

suffering from B cell-aplasia induced immunosuppression (74). In case

of the anti-CD20 antibody rituximab, various resistance mechanisms

are existing such as tumor-dependent alterations e.g., antigen

downregulation and antigenic modulation or host-dependent

immunologic factors e.g., Fc receptor polymorphisms (75–79).

Alternative attempts addressing the BCR include patient-specific

anti-idiotypic peptides or antibodies against variable regions,

however, laborious and time-consuming manufacturing may limit

developability (80–83). We propose an alternative mechanism of

tumor clearance providing the possibility to therapy relapsed or

refractory NHL in the second- or third-line setting solely implying

BCR sequencing to identify the disease-causing B cell clone. This

concept would be effortlessly applicable to different kinds of B cell-

derived malignancies as there are only four human Ig isotypes (IgM,

IgG, IgD, IgA) expressed as BCRs, against which antibodies are already

available and can in a next step be masked by the respective epitope-

bearing Ig domains. As for the CH2-masked aIgM antibody, further

protein or antibody engineering may be required to fine-tune the

affinity, particularly concerning the off-rate of the blocking moiety to

the antibody. In this in vitro study, the cleaved IgM CH2 masking unit

not being removed from the assay sample associates to the aIgM

paratope and thus hampers full functionality of the antibody in terms

of (cell) binding and cytotoxicity requiring further purification to

decrease the molar ratio of CH2 to corresponding aIgM antibody. In

the body, demasking is mediated by proteases such as MMP-9 and

matriptase described to be prognostic factors for B cell lymphoma

when overexpressed (33, 34). The mechanisms of masking domain

release may be shaped by multiple variables in vivo. Each individual

binding event is a one-step reversible biomolecular process obeying the

law of mass action. While interaction to cut CH2 is of monovalent

nature, binding to IgM on B cells involves both antibody valences

showing avidity effects. Moreover, unrestricted diffusion of the soluble

masking domain in blood is opposed to spatial clustered B cell surface

receptors effecting rebinding of aIgMwhich likely leads to local dilution

of the masking domain ultimately resulting in preferred cell binding

(84, 85). Contrary to synthetic peptide masks, the Ig domain used for

paratope-blocking is of human origin reducing the risk of

immunogenicity. However, aIgM is a chimeric antibody constituted

of chicken-derived variable domains fused to human IgG1 constant

domains. Hence, humanization is required to minimize

immunogenicity in therapeutic applications. Our group recently

developed a straightforward method to humanize avian-derived

antibodies by CDR grafting onto a human germline framework

based on Vernier residue randomization that could be applied for

this purpose but is beyond the scope of this study (86, 87).

Taken together, our approach demonstrates a novel mechanism to

specifically eradicate NHL B cells while preserving healthy human B

lymphocytes that do not display IgM isotype BCRs. Constituting an

inactive anti-IgM antibody-drug conjugate which is actuated in the

proteolytic tumor environment, themolecule unites an enhanced safety

profile due to tumor-proximity restricted activation and potent anti-

tumor efficacy relying on a highly cytotoxic payload. Furthermore, our

study provides a basis for the development of protease-activated anti-Ig

ADCs for the treatment of B cell-driven pathologies.

Materials and methods

Chicken immunization and yeast
library construction

Chicken immunization and scFv yeast surface display library

generation were performed as described previously (48). In brief, an

adult chicken (Gallus gallus domesticus) was immunized with IgM

from human serum (Sigma Aldrich) on days 1, 14, 28, 35, and 56.

The animal was sacrificed on day 63, followed by isolation of the

spleen and total RNA extraction. The immunization process as well

as splenic RNA isolation were executed by Davids Biotechnologie

GmbH (Regensburg, Germany). For library construction, RNA was

reverse transcribed to cDNA. Subsequently, genes encoding VH

and VL were amplified and transferred into a YSD vector (pCT) via

homologous recombination in yeast (Saccharomyces cerevisiae

strain EBY100). Library generation in EBY100 cells was

conducted according to Benatuil and colleagues (88). Cultivation

and general handling of yeast cells are described elsewhere (48, 83).

Yeast library screening

Induction of gene expression and scFv surface presentation was

achieved by inoculation of yeast cells in Synthetic Galactose minimal

medium with Casein Amino Acids (SG-CAA) at an OD600 of 1.0 and

incubation overnight at 30°C and 180 rpm. For library sorting, cells

were harvested by centrifugation and washed with PBS+0.1% (w/v)

BSA (PBS-B). Antigen staining was conducted with DyLight650™-

labelled IgM from human serum (Sigma Aldrich) conjugated

beforehand using 5-fold excess of DyLight650™ NHS Ester (Thermo

Fisher Scientific). Simultaneously, staining for surface presentation

using anti-cMyc antibody FITC-conjugated (Miltenyi Biotec; diluted

1:50) was performed for 30 min on ice. After another PBS-B washing

step, the yeast library was screened using BD Influx cell sorter with

corresponding BD FACS Sortware v1.0.

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

Reformatting, expression and purification of scFvs was

performed as described previously (89). Briefly, isolated yeast

vectors were sequenced and scFv encoding genes were

reformatted into a pET30 plasmid using golden gate assembly,

Schoenfeld et al. 10.3389/fimmu.2023.1258700

Frontiers in Immunology frontiersin.org09



followed by recombinant expression in E. coli SHuffle® T7 Express

(New England Biolabs). A two-step affinity purification was

performed including IMAC and Strep-Tactin®XT purification,

followed by buffer exchange against PBS. Production of Fc-fused

scFvs and full-length antibodies (Fab-Fc) was conducted with

pTT5-derived golden gate assembly vectors in Expi293F™ cells

(Thermo Fisher Scientific). Expi293F™ cells were transiently

transfected using ExpiFectamine™ 293 Transfection Kit (Thermo

Fisher Scientific) following the manufacturer's protocol. For

purification of Fc-containing antibody constructs, cell culture

supernatants were collected five days post transfection, sterile

filtered and applied to a HiTrap™ Protein A HP column (GE

Healthcare) using an ÄKTA pure™ chromatography system (GE

Healthcare). Buffer exchange against PBS or TBS was performed

using a HiTrap™ Desalting column (GE Healthcare).

Cell lines

B cells including SUP-B8, IM-9 and Ramos cells were cultured

at 37°C and 5% CO2. All B cell lines were maintained in RPMI-1640

supplemented with 15% FBS and 1% Penicillin-Streptomycin and

sub-cultured every 2-3 days. Expi293F™ cells were cultured in

Expi293™ Expression Medium (Thermo Fisher Scientific), sub-

cultured every 3-4 days and incubated at 37°C and 8% CO2.

Protease-mediated protein hydrolysis

Recombinant human MMP-9 (Acro Biosystems) or

recombinant human matriptase/ST14 catalytic domain (Bio-

Techne) were used to cleave the dual-protease cleavable linker of

CH2-aIgM. Prior to the protein hydrolysis reaction, MMP-9 was

pre-activated with 1 mM 4-aminophenylmercuric acetate (APMA)

overnight at 37°C. Proteins were dissolved in TBS pH 7.4, if

necessary, by buffer exchange, ensuring suitable conditions for the

MMP-9 and matriptase hydrolysis reaction. 0.25 mg of the

respective antibody variant was mixed with 0.25 mg (0.1 mg/ml)

of activated human MMP-9 or matriptase. Protein cleavage was

performed at 37°C for 48 h. Complete linker hydrolysis was

confirmed using SDS-PAGE under reducing conditions. Cleaved

CH2-aIgM protein was further purified using Protein A spin

columns (Protein A HP SpinTrap, Cytiva) in order to remove

fractions of the masking IgM CH2 domain.

Thermal shift assay

Experiments to determine thermal stability were performed

using a CFX Connect Real-Time PCR Detection System (BioRad)

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 BioRad CFX Maestro software to determine the

melt temperature (Tm). All reactions were performed in PBS in

presence of 0.1 mg/ml protein and SYPRO Orange (Thermo Fisher

Scientific, diluted 1:100).

Biolayer interferometry

For biolayer interferometric measurements the Octet RED96

system (ForteBio, Sartorius) was used. Therefore, respective

biosensor tips were soaked in PBS pH 7.4 for at least 10 min

before assay start.

For epitope binning, Ni-NTA Biosensors (NTA, Sartorius) were

loaded with cell culture supernatants of single His-tagged IgM

domains expressed in Expi293F™ cells. All following steps were

performed using kinetics buffer (KB, Sartorius). Association was

measured for 180 s with 150 nM aIgMscFv-Fc followed by

dissociation for 180 s.

For the CH2/IgM competition assay, High Precision Streptavidin

biosensors (SAX, Sartorius) were loaded biotinylated aIgMscFv-Fc.

After quenching in KB, two association steps of 250 s were conducted

in sequence, a first association step using either 100 nM IgM from

human serum (Sigma Aldrich) or 1,000 nM IgM CH2 was followed

by a second association using 1,000 nM IgM CH2 or 100 nM

serum, respectively.

For affinity determination of aIgMscFv-Fc and aIgMFab-Fc

anti-human IgG Fc capture biosensors (AHC, Sartorius) were

used to immobilize the aIgM antibodies. After a quenching step

in KB, an association step using CH2-His with concentrations

ranging from 31.25 to 500 nM or IgM from human serum (Sigma

Aldrich) was performed followed by a dissociation step in KB.

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.

To confirm that the parental full-length aIgM antibody binds to

IgM and IgM-derived CH2, aIgM antibody was loaded onto AHC

biosensor tips, followed by quenching in KB, association with 50 nM

IgM from human serum or 250 nM IgM CH2 and dissociation in

PBS. In the same experimental setup, binding of aIgM, CH2-aIgM,

non-purified and Protein A purified CH2-aIgM+MMP-9 and

rituximab (control) were evaluated for IgM binding by association

of 100 nM or 3.9-125 nM IgM from human serum. In a reverse

experimental setup, biotinylated IgM from human serum was loaded

onto SAX biosensor tips. After a quenching step in KB, 100 nM of the

respective antibody variants were associated.

PBMC isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from

buffy coats from healthy human donors supplied by the Deutsche Rotes

Kreuz (Frankfurt). To this end, 25 ml blood was mixed 1:1 with PBS

+2% (w/v) FBS and PBMCs were purified using SepMate-50 tubes

following the manufacturer's instructions (StemCell Technologies).
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Cellular binding

Cellular binding of the antibodies was determined by affinity

titration using IgM+ SUP-B8 and Ramos cells. IgM- (IgG+) IM-9

cells were used to analyze unspecific cell binding. To this end, cells

(1.5x105 cells/well) were washed with PBS-B and subsequently

incubated with the respective antibody constructs in varying

concentrations (for cell titration: 0.125-200 nM, serial dilution)

for 30 min on ice. Followed by another PBS-B washing step, anti-

human IgG Fc PE-conjugated secondary antibody (Thermo Fisher

Scientific, diluted 1:50), anti-his AF647-conjugated secondary

antibody (Thermo Fisher Scientific, diluted 1:50) or Streptavidin-

APC conjugate (Thermo Fisher Scientific, diluted 1:50) was applied

for 20 min on ice. After final washing with PBS-B, flow cytometry

was performed using CytoFLEX S System (Beckman Coulter). The

relative fluorescence units (RFU) were plotted against the respective

logarithmic antibody concentration. The resulting curves were

fi t ted with a variable s lope four-parameter fi t using

GraphPad Prism.

Internalization assays

Investigations towards receptor-mediated antibody

internalization were performed using pHAb Amine Reactive dye

(Promega) according to the manufacturer's instructions. In brief,

aIgM, CH2-aIgM, non-purified and Protein A purified CH2-aIgM

+MMP-9 were conjugated with pHAb dyes and applied to B cells

(2x104 cells/well) in different concentrations (0.014-90 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 determined by the ratio of relative fluorescence

units (RFU) of the respective antibody sample and the untreated

sample without antibody (0 nM). The resulting curves were fitted

with a variable slope four-parameter fit and EC50s were calculated

using GraphPad Prism.

Generation of antibody-drug conjugates

Antibody-drug conjugates were generated via a two-step approach

of enzymatic modification and click chemistry for conjugation of

monomethyl auristatin E (MMAE) to the Fc fragment. Therefore,

the C-terminus of the antibody heavy chain was genetically fused with

a lipoic acid ligase acceptor peptide (LAP) serving as recognition

sequence for lipoate-protein ligase A (LplA) from Escherichia coli

(90). Lipoic acid ligase reaction was conducted with 0.1 equivalents

(eq.) of a mutant lipoic acid ligase A (LplAW37V) (91) accepting various

carboxylic acid derivatives 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 1h at 37°C. Covalent protein azide-

functionalization was confirmed by hydrophobic interaction

chromatography followed by click reaction with 5 eq. DBCO-PEG4-

Val-Cit-PAB-MMAE on Protein A resin (Protein A HP SpinTrap,

Cytiva) overnight at 4°C. After acidic elution of ADC from Protein A

column the buffer was exchanged to PBS pH 7.4.

Cytotoxicity assays

Cytotoxic effects of aIgM ADCs were evaluated by exposing

IgM+ lymphoma B cells or off-target (IgM-) cells to different ADC

concentrations. Cell viability was analyzed 72 h post ADC addition

by a colorimetric method using CellTiter 96® AQueous One Solution

Cell Proliferation Assay (Promega). Briefly, cells were seeded (1x104

cells/well) in a 96-well plate with the desired antibody

concentrations ranging from 0.014-90 nM in a serial dilution.

After 72 h, MTS solution was added to the cells and plate was

incubated for 2 h. Absorption was measured at 490 nm using

CLARIOstar plus microplate reader (BMG LABTECH). Cell

proliferation was normalized to untreated control cell absorption

values. The resulting curves were fitted with a variable slope four-

parameter fit and EC50s were calculated using GraphPad Prism.

Apoptosis assays

For AnnexinV-FITC/PI staining ROTITEST® Annexin V (Carl

Roth GmbH + Co. KG) was applied for apoptosis detection of B

cells according to the manufacturer's instructions. The analysis was

performed using CytoFLEX S System (Beckman Coulter).
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Abstract: Antibody-based therapies are revolutionizing

cancer treatment and experience a steady increase from

preclinical and clinical pipelines to market share. While the

clinical success ofmonoclonal antibodies is frequently limited

by low response rates, treatment resistance and various other

factors, multispecific antibodies open up new prospects by

addressing tumor complexity as well as immune response

actuation potently improving safety and efficacy. Novel anti-

body approaches involve simultaneous binding of two anti-

gens on one cell implying increased specificity and reduced

tumor escape for dual tumor-associated antigen targeting and

enhanced and durable cytotoxic effects for dual immune cell-

related antigen targeting. This article reviews antibody and

cell-based therapeutics for oncology with intrinsic dual tar-

geting of either tumor cells or immune cells. As revealed in

various preclinical studies and clinical trials, dual targeting

molecules are promising candidates constituting the next

generation of antibody drugs for fighting cancer.

Keywords: bispecific antibody; cancer immunotherapy; dual

targeting; immune cell engager; multispecific antibody

1 Introduction

It took 35 years to reach an impressive milestone in therapeutic

antibody discovery with the Food and Drug Administration

(FDA) approval of the 100th antibody-based product in April

2021 (Mullard 2021). Since then, the number has steadily

increased, demonstrating that antibodieshavebecomeaclass of

therapeutics of considerable value in recent years. In particular,

antibodies are of great importance for cancer drug develop-

ment, as about one in two antibodies is approved for the

treatment of oncology patients. While the number of approved

bispecific antibodies is relatively small (nine), interest in bi- and

multispecificmoleculesaswell as antibody-drug conjugatedand

cell-based therapeutics is growing rapidly, as evidenced by the

large number of such molecules being investigated in various

stages of research and clinical trials (>100) (Lyu et al. 2022).

Examples of novel and potent antibody-based molecules

targeting various relevant antigens and key pathways of tu-

mor growth include (i) bispecific antibodies simultaneously

targeting two tumor-associated antigens (TAAs) demon-

strating enhanced cancer cell selectivity and reduced tumor

immune escape (Huang et al. 2020; Schubert et al. 2012), (ii)

dual TAA-targeting antibody drug conjugates (ADCs) that

efficiently deliver cytotoxic drugs to tumor cells (Huang et al.

2020), (iii) dual TAA-targeting CAR-T cells reducing the likeli-

hood of antigen escape and increasing tumor cell killing ac-

tivity (Sterner and Sterner 2021; Xie et al. 2022), and (iv)

multispecific antibodies targeting tumors in combination

with single or dual immune cell targeting which activate

immune cells more intense and durable, thereby enhancing

effector cell-mediated cytotoxicity (Tapia-Galisteo et al. 2023).

This review focuses on antibody and cell-based thera-

peutics for oncology clinical development with intrinsic dual

targeting of different antigens on the same cell, thereby

overcoming bottlenecks of single mode cell targeting. In this

context, dual TAA-targeting bispecific antibodies, as well as

dual TAA-targeting ADCs and CAR-T cells are described in

chapter 2 (Table 1). Furthermore, trispecific immune cell

engagers are highlighted in chapter 3, which either simulta-

neously target two TAAs or two immune cell-related antigens.

2 Bispecific dual tumor cell-

targeting antibodies

In this chapter, the current status of bispecific antibodies

concurrently targeting two different TAAs or different epitopes
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Table : Dual targeting antibodies in preclinical and clinical development.

Drug name Specificity Development status Sponsor/investigator/developer

Bispecific dual tumor cell-targeting antibodies

Amivantamab (JNJ-) EGFR × c-Met FDA-approved Janssen Biotech
MCLA- EGFR × c-Met Clinical study phase / (NCT;

NCT)
Merus

EMB- EGFR × c-Met Clinical study phase / (NCT;
NCT)

EpimAb Biotherapeutics

SI-B EGFR × HER Clinical study phase / (NCT) Sichuan Baili Pharmaceutical Co. Ltd.
MCLA- EGFR × LGR Clinical study phase / (NCT) Merus
MCLA- Zenocutuzumab HER × HER Clinical study phase  (NCT;

NCT)
Merus

ZW HER × HER Clinical study phase  (NCT) BeiGene
MBS HER × HER Clinical study phase  (NCT) Mabwork
KN HER × HER Clinical study phase  (NCT) Alphamab Oncology
RO FAP × DR Clinical study phase  (NCT) Roche
BI DR × CDH Clinical study phase  (NCT) Boehringer Ingelheim
IMGS- PD-L × PD-L Clinical study phase  (NCT) ImmunoGenesis
PM PD-L × TGF-β Clinical study phase  (NCT) Biotheus Inc.
SHR- PD-L × TGF-β Clinical study phase  (NCT;

NCT)
Jiangsu HengRui Medicine

TG- CD × CD Clinical study phase  (NCT) TG Therapeutics
NI- CD × MSLN Clinical study phase  (NCT) NovImmune
IBI CD × PD-L Clinical study phase  (NCT) Innovent Biologics
IMM CD × HER Clinical study phase  (NCT) ImmuneOnco Biopharmaceuticals
IMM CD × CD Clinical study phase  (NCT) ImmuneOnco Biopharmaceuticals

Dual tumor-targeting antibody-drug conjugates

bsHERxCDhis-Duo HER × CD Preclinical Goeij et al.
PRLR × HER BsADC HER × PRLR Preclinical Zong et al.
ZW HER × HER Clinical study phase  (NCT) Zymeworks/BeiGene
REGN-M MET × MET Clinical study phase / (NCT) Regeneron Pharmaceuticals
DT CD × CD Clinical study phase / (NCT) Masonic Cancer Center,

University of Minnesota

Dual tumor-targeting chimeric antigen receptor-T cells

TanCARCD/ T cells CD × CD Clinical study phase / (NCT) Chinese PLA General Hospital
CAR-/-T CD × CD Clinical study phase  (NCT) Medical College of Wisconsin
CART/ CD × CD Clinical study phase  (NCT) Jonsson Comprehensive Cancer Center
CD/CD Bicistronic
CAR-T cells

CD × CD Clinical study phase / (NCT) National Cancer Institute (NCI)

CD/CD dual targeted
CAR-T cell

CD × CD Clinical study phase  (NCT) Hebei Senlang Biotechnology Inc., Ltd.

CD/CD-CAR-T cell CD × CD Clinical study phase  (NCT) National Cancer Institute (NCI)
FasT CAR-T GCF BCMA × CD Clinical study phase / (NCT) Shanghai Changzheng Hospital
BM CAR-T BCMA × CD Clinical study phase / (NCT) Chinese PLA General Hospital
BCMA/CS CAR-T BCMA × CD Preclinical Zah et al.
BCMA/GPRCD CAR-T BCMA × GPRCD Preclinical De Larrea et al.

Trispecific dual targeting immune cell engager

Dual tumor cell-targeting ICEs

TCE CD × CD × CD Preclinical Wang et al.
TCE CD × CD × CD Preclinical Zhao et al.
TCE CD × CD × CD Preclinical Roskopf et al.
TCE EGFR × EpCAM × CD Preclinical Tapia-Galisteo et al.
TCE HER × VEGFR × CD Preclinical Liu et al.
NKCE CD × CD × CD Preclinical Schubert et al.
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on the same TAA is reviewed. Dual TAA-targeting antibodies

are a subclass of bispecific antibodies that offer several ad-

vantages, including increased tumor selectivity, simultaneous

modulation of two functional pathways in the tumor cell and

circumvention of drug resistance or immune escape mecha-

nisms (Figure 1) (Huang et al. 2020; Schubert et al. 2012).

Monospecific antibodies are frequently not able to sharply

discriminate betweenmalignant and healthy cells carrying the

same target antigen which may result in on-target off-tumor

toxicity (Brennan et al. 2010). The generation of bispecific dual

TAA-targeting antibodies that show relatively low affinity for

one or both of the antigens while binding with high affinity to

tumor cells that display both targets on their cell surface, re-

sults in increased tumor selectivity (Figure 1) (Harwardt et al.

2022; Sun et al. 2021). The appropriate fine-tuning of individual

affinities can result in an augmented toxic effect against the

tumor while therapy-related side effects are reduced, which is

associated with superior drug tolerability and safety (Bendell

et al. 2018; Dheilly et al. 2017; Jiang et al. 2021). Antibodies that

address two receptors expressed on tumor cells further enable

simultaneous modulation of two distinct functional pathways

evoking alternative cell fates (Huang et al. 2020; Temraz et al.

2016). Moreover, treatment of a multi-factorial disease like

cancer with monoclonal antibodies is always at risk of causing

drug resistance, particularly via tumor escape mechanisms

such as antigenmutation, downregulation or shedding (Reslan

et al. 2009; Vasan et al. 2019). The feature of bispecific dual

TAA-targeting antibodies to target two different, individually

overexpressed targets on tumor cells can contribute to risk

mitigation regarding drug resistance and immune escape, e.g.,

via immune checkpoints such as programmed cell death pro-

tein 1 (PD-1)/PD-L1 or signal regulatory protein α (SIRPα)/CD47

(Figure 1) (Huang et al. 2020; Schubert et al. 2012). The following

section outlines TAA combinations for which bispecific anti-

bodies have been developed, focusing on those currently in

clinical trials or already approved for clinical use.

2.1 EGFR × c-Met

The epithelial growth factor receptor (EGFR) and the mesen-

chymal epithelial transition factor (c-Met) are commonly

expressed on tumor cells and are involved in the development

and progression of various tumor types through their diverse

Table : (continued)

Drug name Specificity Development status Sponsor/investigator/developer

NKCE CD × CD × CD Preclinical Kügler et al.
NKCE CD × CD × CD Preclinical Gleaseon et al.
NKCE BCMA × CD × CD Preclinical Gantke et al.
NKCE EGFR × PD-L × CD Preclinical Bogen et al.
NKCE EGFR × PD-L × CD Preclinical Harwardt et al.

Dual immune cell-targeting ICEs

Dual T cell-targeting ICEs

SAR CD × CD × CD Clinical study phase  (NCT) Sanofi
SAR HER × CD × CD Clinical study phase  (NCT) Sanofi

Dual NK cell-targeting ICEs

NKCEs CD × NKp × CD/CD/EGFR Preclinical Innate Pharma
ANKET IPH CD × NKp × B-H Preclinical Innate Pharma/Sanofi
ANKET IPH (SAR) CD × NKp × CD Clinical study phase / (NCT) Innate Pharma/Sanofi
ANKET IPH CD × NKp × BCMA Clinical study phase / (NCT) Innate Pharma/Sanofi
TriNKETs NKGD × CD × TAA

(e.g. HLA-E/CCR/PD-L/FLT)
Preclinical Dragonfly Therapeutics

TriNKET DF NKGD × CD × EGFR Clinical study phase / (NCT) Dragonfly Therapeutics
TriNKET DF NKGD × CD × BCMA Clinical study phase  (NCT) Bristol-Myers Squibb
TriNKET DF NKGD × CD × CD Clinical study phase  (NCT) Bristol-Myers Squibb
TriNKET DF NKGD × CD × HER Clinical study phase / (NCT) Dragonfly Therapeutics

Tetraspecific dual targeting immune cell engager

ANKET NKp × CDa × IL-Rβ × CD Preclinical Innate Pharma
GNC-, GNC- and GNC- CD × -BB × PD-L ×

ROR/CD/EGFRvIII
Clinical study phase / (NCT;
NCT; NCT)

Sichuan Baili/Systimmune
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effects on the cell cycle, programmed cell death, and invasion

(Sigismund et al. 2018; van Herpe and van Cutsem 2023).

Notably, they utilize a highly overlapping repertoire of

signaling adapters and downstream signaling pathways (Gio-

vannetti and Leon 2014). Based on the signaling crosstalk be-

tween EGFR and c-Met, combinatorial inhibition of both

receptors may restrict compensatory pathway activation and

improve the overall efficacy of therapeutic antibodies (Moores

et al. 2016). Amivantamab (JNJ-61186372) is a bispecific EGFR

and c-Met-targeting antibody developed by Janssen Biotech

utilizing Genmab’s DuoBody® technology, that inhibits both,

EGFR and c-Met signaling by blocking ligand-induced activa-

tion and inducing receptor degradation. Moreover, interaction

of the amivantamab Fc domain with Fcγ receptors on natural

killer (NK) cells leads to antibody-dependent cellular cytotox-

icity (ADCC), and interaction with Fcγ receptors on monocytes

and macrophages results in cytokine production and trogocy-

tosis (Moores et al. 2016; Vijayaraghavan et al. 2020). Ami-

vantamab is the first-in-class dual TAA-targeting antibody that

received FDA approval in May 2021 in the US for the treatment

of adult patients with locally advanced ormetastatic non-small

cell lung cancer (NSCLC) harboring EGFR Exon 20 insertion

mutations with progression on or after platinum-based

chemotherapy (Syed 2021). The efficacy of amivantamab is

partly based on its ability to target a NSCLC mutation that has

historically had a poor prognosis due to innate resistance to

previously approved EGFR tyrosine kinase inhibitors (Russell

et al. 2023). A phase 3 study showed that the use of amivanta-

mab in combination with chemotherapy results in superior

efficacy compared to chemotherapy alone as first-line treat-

ment of patients with advanced NSCLC with EGFR exon 20

insertions (Zhou et al. 2023). Two other EGFR- and c-Met-tar-

geting bispecific antibodies currently undergoing clinical trials

for the treatment of advanced solid tumors are represented by

the full-length, common light chain (cLC), electrostatic CH3--

engineered (DEKK), ADCC enhanced antibody MCLA-129,

discovered by Merus (NCT04868877; NCT04930432) (Ou et al.

2022) and the tetravalent antibody EMB-01 developed by

Figure 1: Mechanisms of bispecific dual tumor cell-targeting antibodies compared to monospecific antibodies. Bispecific dual TAA-targeting antibodies
increase tumor specificity by binding to tumor cells expressing both antigens, but not to healthy cells expressing one of the antigens. They simultaneously
modulate two functional pathways resulting in alternative signaling and cell fates, circumvent drug resistance and block immune checkpoints thereby
preserving antibody-mediated effector mechanisms.
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EpimAb Biotherapeutics based on the proprietary FIT-Ig®

platform (NCT03797391; NCT05176665) (Qing et al. 2022; Ren

et al. 2020). Both molecules have demonstrated efficacy in

multiple preclinical cancer models highlighting the synergistic

function of EGFR and c-Met signaling blockade (Ou et al. 2022;

Ren et al. 2020).

2.2 EGFR × HER3

Another member of the ErbB/HER receptor tyrosine kinase

(RTK) family found in various tumor types promoting cell

proliferation, is the human epidermal growth factor re-

ceptor 3 (HER3). Expression and activation of HER3 has

been associated with resistance to drugs targeting EGFR

(Gandullo-Sánchez et al. 2022). Therefore, dual targeting of

EGFR and HER3 may be an approach to overcome this

resistance and increase selectivity for EGFR/HER3 double

positive tumors inhibiting both signaling pathways simul-

taneously (Temraz et al. 2016). Sichuan Baili Pharmaceu-

tical Co. Ltd developed the bispecific antibody SI-B001

which is built on a tetravalent platform exhibiting two

highly selective binding domains for EGFR and HER3,

respectively. In vitro, SI-B001-mediated inhibition of tumor

cell growth was stronger than that of cetuximab and duli-

gotuzumab mAb combination (Renshaw et al. 2023). The

dual blockade bispecific antibody has demonstrated

encouraging anti-tumor efficacy in several xenograft

models of epithelium squamous cell carcinomas (Xue et al.

2020) and is now being investigated in a clinical phase 2/3

study (NCT05020769).

2.3 EGFR × LGR5

To specifically trigger EGFR degradation in leucine-rich

repeat-containing G-protein-coupled receptor 5 (LGR5)-pos-

itive cancer stem cells, Merus developed the human cLC IgG1

bispecific antibody, MCLA-158, against EGFR and LGR5 with

enhanced ADCC activity (Herpers et al. 2022). MCLA-158 was

found to be a potent inhibitor of colorectal cancer organoid

growth blocking the initiation of metastasis, as well as

growth in various preclinical models of cancer, including

head and neck, esophagus and stomach tumors (García et al.

2023). Currently, MCLA-158 is tested in a phase 1/2 clinical

trial (NCT03526835) where it demonstrates encouraging

clinical efficacy (Cohen et al. 2023). Compared to other

EGFR-targeting antibodies, MCLA-158 displays superior

selectivity for tumor-derived organoids and an augmented

therapeutic activity (Herpers et al. 2022), which ismost likely

caused by dual TAA targeting.

2.4 HER2 × HER3

Neuregulin 1 (NRG1)-mediated HER3 activation promotes

asymmetric dimerization of HER3 with other members of the

ErbB/RTK family, of which the HER2/HER3 dimers represent

themost oncogenic ones (Klapper et al. 1999; Zhang et al. 2006).

Consequently, addressing HER2/HER3 signaling is a promising

therapeutic approach. The bispecific humanized full-length

IgG1 antibody MCLA-128 developed by Merus targeting HER2

and HER3 is designed to block the binding of NRG1 to HER3

(Geuijen et al. 2018). One arm of the antibody binds to theHER2

receptor, optimally positioning the other arm to block the

NRG1/HER3 interaction. In tumor models resistant to HER2--

targeting agents, MCLA-128 effectively inhibits HER3 signaling

via this “dock & block”mechanism (Geuijen et al. 2018; Schram

et al. 2022). MCLA-128 demonstrated therapeutic efficacy in vi-

tro and in vivo in various tumors harboring NRG1 fusions. The

potential use of MCLA-128 as a therapy for NRG1 fusion-driven

cancers is being investigated in an ongoing phase 2 trial

(NCT02912949; NCT05588609) (Schram et al. 2022).

2.5 HER2 × HER2

Another option to improve the efficacy of an antibody by

preventing resistance via dual tumor targeting is addressing

two non-overlapping epitopes of the same TAA. Three so-

called biparatopic antibodies targeting extracellular domains

(ECDs) II and IV of HER2, which are also bound by the mAbs

trastuzumab (IV) and pertuzumab (II) (Hao et al. 2019), are

currently being investigated in clinical trials (NCT04513665,

NCT03842085, NCT04165993). HER2 is overexpressed in many

solid tumors, leading to activation of various signaling path-

ways that promote cell proliferation and tumorigenesis

(Rubin and Yarden 2001). Since many patients experience

disease progression over time after treatment with anti-HER2

agents, intrinsic and acquired resistance to approved HER2

therapies is a clinical concern (Rexer and Arteaga 2012).

Biparatopic binding of the anti-HER2 antibodies effects re-

ceptor crosslinking which promotes receptor internalization

and degradation. BeiGenes’ ZW25 antibody, Mabworks’

MBS301 antibody and Alphamab Oncologys’ KN026 antibody

have the potential to be used for treating HER2-positive,

trastuzumab-resistant solid tumors (Huang et al. 2018;

Weisser et al. 2023; Xu et al. 2023).

2.6 DR5 × TAA

Since dysregulated cellular apoptosis and resistance to cell

death are characteristics of neoplastic initiation and
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progression, the development of compounds that overcome the

abnormal death regulation in tumor cells is of great therapeutic

value. Activation of the extrinsic apoptotic pathway is highly

dependent on hyperclustering of death receptors (DRs) on the

cell surface, and therefore tumor-targeted induction of

apoptosis may be achieved with antibodies binding DR5 and a

TAA (Brünker et al. 2016). This was confirmed by the Roche-

developed tetravalent antibody RO6874813, which targets the

fibroblast activation protein (FAP) on cancer-associated fibro-

blasts in tumor stroma with high affinity and DR5 with low

affinity (Bendell et al. 2018). Bivalent binding of both FAP and

DR5 results in avidity-driven hyperclustering of DR5, further

leading to induction of apoptosis in tumor cells but not in

normal cells (Brünker et al. 2016). The anti-tumor efficacy of

RO6874813 is strictly FAP-dependent and superior to conven-

tional DR5 antibodies. The antibody demonstrated a favorable

safety profile in patients with multiple solid tumor types in a

phase 1 trial (NCT02558140), indicating that tetravalent binding

of FAP and DR5 is a promising approach to overcome tumor-

associated resistance to apoptosis (Bendell et al. 2018). Another

TAA that shows positive effects in combination with DR5 is

CDH17, a cell surface molecule member of the Cadherin su-

perfamily of adhesion molecules (Tian et al. 2023). Boehringer

Ingelheim developed the tetravalent bispecific antibody

BI905711, targeting both DR5 and CDH17. The molecule triggers

strong and tissue-specific DR5 activation, rendering it highly

effective and strictly dependent on CDH17 expression in

various colorectal xenograft models (García-Martínez et al.

2021).

2.7 PD-L1 × TAA

The PD-1/PD-L1 axis, representing an immune checkpoint for

T cells and NK cells, is of huge interest in clinical practice as

its inhibition has tremendous impact on cancer treatment

outcomes (Brahmer et al. 2012; Sun et al. 2020). To overcome

immune surveillance, programmed cell death 1-ligand 1

(PD-L1 or CD274) is upregulated in many malignant cancers

(Ju et al. 2020). Three FDA-approved PD-L1-targeting anti-

bodies demonstrated durable clinical benefits and long-term

remissions, however, this effect has been limited to a small

proportion of patients suffering from certain cancer types

(Alvarez-Argote and Dasanu 2019; Kim 2017; Markham 2016;

O’Donnell et al. 2017; Pang et al. 2023). Bispecific antibodies

capable of simultaneously targeting another TAA may

deliver advances in cancer immunotherapy. In this partic-

ular context, high expression of programmed cell death

1-ligand 2 (PD-L2 or CD273), a second ligand for PD-1, has

been shown to play an important role in tumorigenesis and

immune escape (Wang et al. 2023). The antibody IMGS-001

developed by ImmunoGenesis concurrently targets PD-L1

and PD-L2, which is why the molecule could benefit patients

that are resistant to existing PD-(L)1 therapy by restoring

immune-driven anti-tumor activity (Gagliardi et al. 2022).

IMGS-001 is currently being investigated in a clinical phase 1

study (NCT06014502). Further PD-L1 × TAA molecules,

including PD-L1 × PD-L2/TGF-β, effectively providing syner-

gistic blockade, were introduced by Biotheus (Riu Martinez

et al. 2022). The transforming growth factor (TGF)-

β-addressing variant, PM8001, is constituted of a humanized

anti-PD-L1 VHH domain and the ECD of TGF-β receptor II

fused to a human IgG1 Fc portion, and is currently under

clinical investigation displaying promising anti-tumor ac-

tivity in advanced solid tumors (NCT05537051) (Guo et al.

2022). In addition to this dual-targeting PD-L1 × TGF-β anti-

body, Jiangsu HengRui Medicine developed a similar

bifunctional fusion protein composed of a mAb against

PD-L1 fused with the ECD of TGF-β receptor II scrutinized as

first-line therapy for PD-L1-positive advanced/metastatic

NSCLC as well as for advanced solid tumors in phase 1

studies (NCT03710265; NCT03774979) (Feng et al. 2021; Liu

et al. 2021). Another TAA that has been reported to be over-

expressed in a variety of cancers is represented by EGFR, as

described above (Sigismund et al. 2018). Co-targeting of

PD-L1 and EGFR elicits immune checkpoint blockade and

enhances the anti-tumor response, as demonstrated by three

preclinically developed PD-L1 × EGFR bispecific antibodies.

The molecules inhibit EGF-mediated proliferation, effec-

tively block PD-1/PD-L1 interaction and induce a strong ADCC

effect in vitro (Harwardt et al. 2022; Koopmans et al. 2018;

Rubio-Pérez et al. 2023).

2.8 CD47 × TAA

Since the interaction of CD47 with thrombispondin-1 and

SIRPα triggers a “don’t eat me” signal on macrophages,

overexpression of CD47 enables the tumor to evade immune

surveillance by blocking phagocytic mechanisms (Jiang et al.

2021). However, CD47 is ubiquitously expressed on human

cells which resulted in anti-CD47 antibodies causing severe

anemia and thrombocytopenia. To circumvent this, bispe-

cific antibodies were designed simultaneously targeting

another tumor antigen to promote tumor-selective interac-

tion of an affinity-optimized arm targeting CD47 (Jiang et al.

2021; Sun et al. 2021). TG-1801 is a fully humanized bispecific

IgG1 κλ body developed by TG Therapeutics consisting of one

arm targeting the B cell specific marker CD19, widely

expressed across B cell malignancies, with high affinity, and

another arm targeting CD47 with low affinity (Normant et al.

2019; Wang et al. 2012). By binding to CD19 with high affinity,
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TG-1801 selectively inhibits CD47 signaling in B cells (Buatois

et al. 2018) and is therefore currently undergoing a phase 1

clinical trial for B cell lymphoma patients (NCT03804996).

Furthermore, the bispecific κλ body NI-1801 was developed

by NovImmune targeting Mesothelin (MSLN), which is

highly expressed in many solid tumors, with high affinity

and blocking CD47 with an affinity-optimized arm (Hatterer

et al. 2020). Also in this case, the unbalanced affinity allows

selective CD47 blockade in MSLN-expressing cells. After

demonstrating an inhibitory effect on tumor growth in

xenograft models in vivo, NI-1801 is now being investigated

in a first-in-human clinical trial (NCT05403554) (Romano

et al. 2022).

Another antibody based on the concept of targeting

CD47 with low affinity and an additional TAA with high af-

finity is the anti-PD-L1/CD47 antibody IBI322 developed by

Innovent Biologics. Due to optimized target selectivities,

IBI322 is able to selectively bind CD47/PD-L1 double positive

tumor cells, even in the presence of CD47 positive erythro-

cytes. Consisting of a Fab anti-CD47 arm and a 2-VHH anti-

PD-L1 arm, IBI322 blocks an innate and an adaptive immune

checkpoint, resulting in potent tumor inhibition (Wang et al.

2021). In a phase 1 clinical study (NCT04795128), IBI322

showed encouraging anti-tumor efficacy and a manageable

safety profile, exhibiting its potential to overcome immu-

notherapy resistance for patients with classical Hodkin

lymphoma.

Two bispecific therapeutic fusion proteins developed by

ImmuneOnco Biopharmaceuticals that also target the CD47

immune checkpoint are the anti-CD47/HER2 molecule

IMM2902 and the anti-CD47/CD20 protein IMM0306. The

fusion proteins consist of either a HER2- or CD20-targeting

antibody containing a SIRPα binding domain trapped on the

light chain or heavy chain, respectively (Meng et al. 2023;

Yu et al. 2023; Zhang et al. 2023). The dual TAA-targeting

antibodies drive several anti-tumoral killing mechanisms

supporting the choice of CD47 × TAA as therapeutic targets.

2.9 Dual tumor-targeting antibody-drug

conjugates

Antibody-drug conjugates (ADCs) combining the specificity

of antibodies with the cytotoxic activity of a highly potent

payload represent an attractive fast-growing drug class for

anti-tumor therapies (Alley et al. 2010; Fu et al. 2022). Func-

tionality of ADCs, composed of mAbs covalently bound to

cytotoxic payloads through synthetic (cleavable) linkers,

requires binding of the target antigen and subsequent

internalization, lysosomal processing and release of the

warhead mediating cytotoxic effects (Samantasinghar et al.

2023). The optimization of ADCs regarding the antibody

portion, internalization capacity and specificity is currently

addressed by the design of bispecific dual TAA-targeting

ADCs (Figure 2). Such next-generation ADCs currently in

preclinical development or clinical trials are outlined below.

Trastuzumab, targeting HER2 is used as first-line treat-

ment for HER2-positive patients. Besides the mAb, two

trastuzumab ADCs have been FDA-approved within the last

decade which are trastuzumab emtansine (Kadcyla) for

metastatic breast cancer and trastuzumab deruxtecan

(Enhertu) for metastatic breast cancer and locally advanced

or metastatic HER2-positive gastric or gastroesophageal

adenocarcinoma (Matikonda et al. 2022). Despite the clinical

successes of trastuzumab-based ADCs, improved internali-

zation properties may result in more potent molecules since

their internalization usually relies on crosslinking of HER2

while monomeric HER2 does not internalize efficiently

(Baulida et al. 1996; Goeij et al. 2014). Goeij et al. developed a

bispecific dual tumor cell-targeting ADC against HER2 and

the lysosome-associated membrane protein 3 (LAMP3 or

CD63) featuring enhanced lysosomal ADC delivery (Goeij

et al. 2016). CD63 shuttles between the plasma membrane

and intracellular compartments and has been reported to be

overexpressed in various cancer types including cervical,

breast and gastrointestinal cancer and is frequently associ-

ated with tumor metastasis (Mujcic et al. 2009; Nagelkerke

et al. 2011; Pols and Klumperman 2009; Sun et al. 2014). The

HER2 × CD63 ADC efficiently internalized, accumulated in

the lysosomes, and conjugated to themicrotubule disrupting

agent duostatin-3 cytotoxicity in HER2-positive tumor cells

was potently mediated in vitro and in a xenograft model

in vivo (Goeij et al. 2016).

In a similar manner, a bispecific MMAE-conjugated

antibody was generated targeting HER2, by utilizing a

trastuzumab-based arm, and prolactin preceptor (PRLR)

(Zong et al. 2022). Besides the two receptors displaying

crosstalk signaling in breast cancer cells, PRLR has been

reported to undergo rapid internalization thereby facili-

tating ADC uptake (Kavarthapu et al. 2021; Piazza et al. 2009).

In vitro studies demonstrated higher internalization effi-

ciency and augmented anti-tumor activity compared to

trastuzumab ADC in human breast cancer cell lines (Zong

et al. 2022).

In terms of ADCs’ tumor specificity, several bispecific

ADCs have been engineered featuring dual tumor targeting

using either biparatopic approaches or addressing co-

expressed TAAs. Zanidatamab zovodotin (ZW49), devel-

oped by Zymeworks in collaboration with BeiGene, repre-

sents a biparatopic anti-HER2 ADC targeting subdomain II

and IV of the ECD of HER2 (Jhaveri et al. 2022). Multiple

mechanisms of action are described to be induced by ZW49
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including enhanced binding and receptor clustering, dual

HER2 signaling blockade as well as potent effector functions

(Jhaveri et al. 2022). In a first-in-human phase 1 clinical trial

themolecule demonstrated amanageable safety profile with

encouraging single-agent anti-tumor activity in pretreated

patients with HER2-positive cancers (NCT03821233).

Furthermore, a biparatopic MET × MET ADC

(REGN5093-M114) was introduced by Regeneron Pharma-

ceuticals in order to achieve a functional MET pathway

blockade (Drilon et al. 2022; Oh et al. 2023). Currently, the

ADC is investigated in a phase 1/2 study in adult patients

with MET-overexpressing NSCLC (NCT04982224).

Immunotherapies including ADC concepts involving

CD19 targeting for treatment of B cell malignancies revealed

encouraging results in the last years. Several anti-CD19 anti-

bodies have recently been approved by the FDA as e.g. the Fc-

engineered monoclonal antibody tafasitamab and the ADC

loncastuximab tesirine (Zinzani and Minotti 2022). Addition-

ally, CD22-addressing antibodies such as epratuzumab or

ADCs moxetumomab pasudotox (Lumoxiti) or inotuzumab

ozogamicin (Besponsa) proved efficacy (Shah and Sokol 2021).

There is evidence that combined targeting of both receptors is

superior to monospecific binding regarding internalization

properties as well as overcoming of drug resistance (Bach-

anova et al. 2015; Schmohl et al. 2018). The bispecific

CD19 × CD22 antibody diphtheria toxin-conjugate (DT2219)

demonstrated potent anti-tumor cell effects and is currently

being evaluated in phase 1/2 study in patients with relapsed/

refractory B lineage leukemia or lymphoma (NCT02370160)

(Schmohl et al. 2018).

2.10 Dual tumor-targeting chimeric antigen

receptor-T cells

Dual TAA-targeting therapeutic antibodies can induce tumor

cell death by both direct and indirect mechanisms. Direct

mechanisms include blocking of growth factor receptor

Figure 2: Antibody derivates involving dual tumor cell-targeting or dual immune cell-targeting. Dual TAA-targeting ADCs efficiently deliver cytotoxic
drugs to tumor cells, dual TAA-targeting CAR-T cells and dual TAA-targeting trispecific ICEs (NKCEs) enhance tumor specificity, reduce tumor immune
escape and potently trigger effector mechanisms. Trispecific dual immune cell related antigen-targeting ICEs (TCEs) activate immune cells more intense
and augment effector mechanisms.
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signaling, whereas indirect mechanisms require interaction

with components of the host immune system, including

complement-dependent cytotoxicity, antibody-dependent

cellular phagocytosis and ADCC (Zahavi et al. 2018). A

plethora of current strategies in immune oncology rely on

simultaneous targeting of immune cells such as T cells or NK

cells and tumor cells with bispecific antibodies directing

patients’ immune cells against cancer (reviewed in chapter 3)

(Goebeler and Bargou 2020). An alternative strategy is based

on reprogrammed T cells endowed with chimeric antigen

receptors (CAR). CARs are synthetic receptors engineered to

drive T cells to recognize and eliminate cells expressing

a specific target antigen. Binding of CAR-T cells to target

antigens expressed on the cell surface occurs independently

of major histocompatibility complex (MHC) presentation,

resulting in potent T cell activation and a strong anti-tumor

response (Sadelain et al. 2013). The best-studied and clinically

validated CAR-T cells target CD19, a target expressed across

most B cell malignancies (Davila and Brentjens 2016; Miller

and Maus 2015). However, more than 50% of patients treated

with CD19 single-targeted CAR-T cells (Si-CART) experience

relapse or refractory disease (Chavez et al. 2019; Xie et al.

2022). One of the major mechanisms contributing to the

development of resistance to Si-CARTs is antigen escape,

possibly caused by receptor genetic mutations or epitope

masking (Lemoine et al. 2021). To reduce the likelihood of

antigen escape and increase tumor cell killing activity, CAR-T

cells that target two TAAs concurrently are being explored

(Figure 2) (Sterner and Sterner 2021; Xie et al. 2022). The

following section depicts dual tumor cell-targeting CAR-T

cells that have proven to be effective in preclinical models or

are investigated in clinical trials.

Like CD19, CD20 is expressed in B cell-derived malig-

nancies but is not found on hematopoietic stem cells, making

it one of the most promising targets for treatment of

abnormal B cells (LeBien and Tedder 2008). CD19× CD20 dual

targeting CAR-T cells have demonstrated potent and durable

anti-tumor response in vivo, as well as a strong clinical ef-

ficacy, low toxicity, and the ability to potentially reduce

antigen escape relapse in patients with relapsed/refractory

non-Hodgkin lymphoma (NCT03097770; NCT03019055;

NCT04007029) (Larson et al. 2022; Shah et al. 2020; Tong et al.

2020). Another approach to overcome antigen loss following

CAR-T cell therapy is the simultaneous targeting of CD19 and

CD22, since anti-CD22 CAR-T cells have demonstrated clinical

efficacy for B cell acute lymphoblastic leukemia (B-ALL) in

patients resistant to CD19-targeted CAR-T cell immuno-

therapy (Fry et al. 2018). However, some tumors also show

reduced surface expression of CD22, and therefore CAR-T

cells targeting both CD19 and CD22 may have a broader anti-

tumor activity. Administration of CD19 × CD22 dual targeting

CAR-T cells to patients with relapsed/refractory B-ALL

demonstrated potent anti-leukemic activity and a good

safety profile (Dai et al. 2020; Jia et al. 2019;Wei et al. 2021), so

these molecules are currently being studied in clinical trials

(NCT05442515; NCT05225831; NCT03448393).

Although there is limited evidence from the current

clinical data that relapse after anti-BCMA Si-CART therapy

results from antigen loss, dual tumor cell-targeting CAR-T

cells are being developed that target the B cell maturation

antigen (BCMA) expressed in malignant plasma cells and

CD19, CD38, CD319 or G protein-coupled receptor class C

group 5 member D (GPRC5D) (Fernández de Larrea et al.

2020; Mei et al. 2021; Zah et al. 2020; Zhang et al. 2019).

BCMA × CD19 or CD38 dual targeting CAR-T cells showed

promising clinical results whereas BCMA× CD319 or GPRC5D

targeting CAR-T cells were found to be effective in preclinical

models (Garfall et al. 2023; Tang et al. 2022). These dual tar-

geting CAR-T cells offer the potential to address the unmet

medical need in 60 % of patients not remaining progression-

free over 12months post BCMA Si-CART treatment (Raje et al.

2019; Xie et al. 2022).

3 Trispecific dual targeting immune

cell engager

Classical immune cell engagers (ICEs) simultaneously bind

target antigens on tumor cells and immune-related mole-

cules on endogenous effector cells, leading to the formation

of an immunological synapse followed by tumor cell killing.

Blinatumomab, the first US FDA-approved bispecific anti-

body, specific for B lymphocyte antigen CD19 and T cell co-

receptor CD3 led to improved outcomes in treatment of pa-

tients with relapsed or refractory B-ALL (Jen et al. 2019).

Beyond bispecific molecules, trispecific antibodies (tsAbs)

have been explored by the addition of a third binding

domain targeting either an additional tumor or immune cell

antigen bringing forth ICEs with increased tumor specificity

or enhanced immune cell responses against cancer

(Figure 2) (Tapia-Galisteo et al. 2023). The following section

reviews T cell engagers (TCE) and NK cell engagers (NKCE) in

preclinical development or under clinical investigation

binding two tumor cell targets and one immune cell target or

targeting one tumor cell target and two immune cell targets.

3.1 Dual tumor cell-targeting ICEs

As already described for the bispecific dual TAA-targeting

mAbs, dual TAA-targeting ICEs may also prevent tumor
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escape due to antigen loss and overcome antigenic hetero-

geneity (Figure 2). In most trispecific dual TAA-targeting

TCEs, the T cell binding arm targets CD3, a molecule associ-

ated with the T cell receptor (TCR) (Clevers et al. 1988).

CD3-specific antibodies are able to activate T lymphocytes

directing the cytolytic activity of T cells to tumor cells, which

facilitates their elimination independent of MHC specificity

(Singh et al. 2021). Targeting two surface antigens on

cancerous B cells, Wang et al. developed a trispecific TCE

specific for CD19, CD20 and CD3 (Wang et al. 2022). For the

same reason, Zhao et al. fused an anti-CD19 scFv and an anti-

CD22 nanobody to an anti-CD3 Fab fragment. The trispecific

CD19 × CD22 × CD3 antibody showed improved anti-tumor

efficacy in a patient-derived xenograft model of B-ALL and

ability to overcome immune escape compared to the corre-

sponding bispecific (CD19 × CD3) antibody and blinatumo-

mab (Zhao et al. 2022). Since acute leukemias with co-

expression of the B lymphoid lineage marker CD19 and the

myeloid lineage marker CD33 usually have a poor prognosis,

Roskopf et al. generated the dual-targeting triplebody 33-3-

19, which induces specific lysis of myeloid and B lymphoid

cell lines, favoring CD33 and CD19 double positives over

single positive leukemia cells, highlighting the potential of

dual TAA-targeting agents in leukemia patients (Roskopf

et al. 2016). For the treatment of colorectal cancer, a trispe-

cific dual TAA-targeting TCE has shown promising data

in vitro and in vivo. A CD3-specific scFv flanked by anti-EGFR

and anti-epithelial cell adhesion molecule (EpCAM) VHH

fragments enabled specific cytolysis of EGFR- and/or

EpCAM-expressing cancer cells. Here, bivalent bispecific

targeting of double-positive cells improved in vitro potency

by up to 100-fold compared to single-positive cells and

significantly prolonged survival in vivo compared to corre-

sponding bispecific antibodies (Tapia-Galisteo et al. 2022). A

similar architecture was applied by Liu et al. to fuse a HER2

and a VEGFR2 binding nanobody to an anti-CD3 Fab. The

trispecific HER2 × CD3 × VEGFR2 antibody showed improved

anti-tumor efficacy in vitro and in vivo compared to the

corresponding bispecific antibodies alone or in combination,

overcoming tumor recurrence due to antigen escape or

resistance to therapy observed with the anti-HER2 antibody

trastuzumab or the anti-VEGFR2 antibody ramucirumab

(Liu et al. 2022).

Another type of ICEs is represented byNKCEs,molecules

developed to augment tumor cell killing by NK cell inherent

toxicity (Demaria et al. 2021). A large portion of dual

TAA-targeting NKCEs involve the activating NK cell receptor

immunoglobulin Fcγ receptor IIIa (FcγRIIIa or CD16a),

naturally targeted with low affinity by the Fc region of

TAA-bound IgG antibodies (Khan et al. 2020). The developed

NKCEs bind CD16 with increased affinity, resulting in an

enhanced cytotoxicity and better/advanced safety profile

compared to antibodies targeting CD16 with wild-type IgG1

Fc (Johnson et al. 2010; Tapia-Galisteo et al. 2023). The com-

bination of the TAAs CD33 and CD19 with CD16 targeting also

showed positive effects plugged in NKCEs as demonstrated

by a single-chain triplebody generated by Schubert et al.

(Schubert et al. 2011). Targeting of CD33 together with CD123

using the trispecific single-chain Fv derivative,

CD33 × CD16 × CD123 induced significantly stronger

NK-mediated lysis of primary leukemic cells compared to the

trivalent bispecific construct CD123 × CD16 × CD123 (Kügler

et al. 2010). CD22 × CD16 × CD19 trispecific tandem scFv

molecule directly activated NK cells through CD16 and

induced target specific cytotoxicity as well as cytokine and

chemokine production resulting in the NK cell-mediated

elimination of different types of leukemic cells (Gleason et al.

2012). Dual TAA-targeting trispecific NKCEs are beyond that

generated for other indications such as multiple myeloma.

Gantke et al. developed a monospecific anti-CD16 diabody

with two scFvs at both termini, one anti-BCMA and one anti-

CD200. This trispecific tetravalent aTriFlex showed

increased selectivity formultiplemyeloma cells and a 17-fold

increase in in vitro potency (Gantke et al. 2017). Concurrent

targeting of EGFR and PD-L1 besides CD16 with trispecific

antibodies using the common light chain technology

increased tumor specificity along with PD-L1/PD-1 check-

point inhibition, resulting in a potent ADCC effect in vitro

(Bogen et al. 2021; Harwardt et al. 2023). These data support

the suggestion that trispecific antibodies involving dual tu-

mor targeting strategies and redirection of immune cell

cytotoxicity reveal augmented potencies compared to clas-

sical bispecific ICEs.

3.2 Dual immune cell-targeting ICEs

Besides dual tumor cell-targeting antibodies, trispecific dual

immune cell-targeting molecules have been developed

providing co-stimulatory signals to immune effector cells

which further enhance responses against cancer (Figure 2).

3.3 Dual T cell-targeting ICEs

Complete activation of T lymphocytes naturally requires two

signals, the first signal is derived from antigen recognition

via the T cell receptor (TCR)/CD3 complex while the second

signal is provided by engagement of co-stimulatory re-

ceptors (expressed on the T cell surface) (Chen and Flies 2013;

Esensten et al. 2016; Mueller et al. 1989; Smith-Garvin et al.

2009). Ligation of co-stimulatory molecules such as CD28

enables T cell proliferation, differentiation and production
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of cytokines necessary for adequate immune response (Boise

et al. 1993; Esensten et al. 2016; Guo et al. 2008; Lindstein et al.

1989). Inhibitory receptors upregulated post T cell activation

including PD-1, cytotoxic T lymphocyte-associated antigen 4

(CTLA-4) and B and T lymphocyte attenuator (BTLA) termi-

nate T cell activation (Carreno and Collins 2003; Freeman

et al. 2000; Walker and Sansom 2011). Harnessing cytotoxic

properties of T cells, numerous TCEs that activate T cells via

CD3 and redirect them to cancer cells have been developed

and are currently undergoing clinical development (Zhou

et al. 2021). The first CD28 superagonist TGN1412, intended to

activate regulatory T cells for immune tolerance, failed in a

first-in-human clinical trial inducing a dramatical cytokine

release syndrome (CRS) (Suntharalingam et al. 2006; Tyrsin

et al. 2016). Almost one decade later the antibody, renamed to

TAB08, was forwarded to clinical studies (NCT01885624)

again. Application of significantly lower CD28 superagonist

doses to the patients resulted in desired T cell simulating

effects (Tabares et al. 2014).

The CD3 molecule is non-covalently associated with the

TCR and participates in antigen-specific signal transduction

inducing initial activation of T cells (Chen and Flies 2013).

Engagement of the co-stimulatory CD28 molecule triggers

alternative signal transduction pathways and thereby inhibits

unresponsiveness/anergy state and activation-induced cell

death (Boise et al. 1993; Crespo et al. 2013). Recently, Sanofi

developed a first-in-class dual T cell activation molecule

comprising CD3 and CD28 binding domains besides the tumor-

relatedmoietywhich demonstrated efficient and durable T cell

stimulation and potent anti-tumor activity (Seung et al. 2022;

Wu et al. 2020). Two tsAb constructs differing in TAA-targeting

units were designed using the cross-over dual variable (CODV)

bispecific antibody format and are currently investigated in

phase 1 clinical studies (NCT04401020/NCT05013554) (Steinmetz

et al. 2016).

The first of the two dual TCEs (SAR442257) targets TAA

CD38 for treatment of multiple myeloma and non-Hodgkin’s

lymphoma. T cell co-stimulation by the tsAb increased the

potency and survival of T cells lysing the tumor cells and

further provoked amplification of antigen-specific memory

T cells in vitro. Besides beneficial effects of dual T cell tar-

geting monovalent interaction towards CD28 resulted in a

reduced non-specific cytokine release in vitro compared to

the bivalent parental anti-CD28 mAb. Beyond that the CD28

specificity contributed to superior recognition of different

tumor antigen level-expressingmyeloma cells (CD38+/CD28+)

resulting in specific and enhanced tumor cell lysis. In vivo

administration of the tsAb resulted in suppressed myeloma

growth in a humanized mouse model and displayed

acceptable pharmacodynamics and toxicity in non-human

primates (Wu et al. 2020). The second trispecific molecule

developed by Sanofi (SAR443216) is composed of HER2, CD3

and CD28 targeting units structurally based on their previ-

ously developed multispecific antibody platform. Over-

coming current limitations of HER2-targeting monoclonal

antibody therapies such as resistance in triple-negative

breast cancer, the tsAb is intended to improve clinical out-

comes for patients with varying HER2 level-expressing solid

tumors e.g., breast or gastric cancer. Efficient stimulation of

T cell activation and proliferation as well as potent anti-

tumor effects against cells with low to high HER2 densities

were effectuated in vitro by the dual TCE. Mechanisms

contributing to tumor regression were shown to be exerted

by CD8 T cells directly mediating tumor cell lysis in vitro and

additionally by CD4 T cells blocking cancer cell cycle pro-

gression at G1/S and inducing pro-inflammatory responses

in vitro and in humanizedmouse models in vivo (Seung et al.

2022). The multispecific antibody approach providing two

signals to stimulate T cells also triggers co-signaling which

differs from signaling mediated by separate mAbs engaging

the single receptors involved unrevealed mechanisms of

T cell anti-tumor activity.

3.4 Dual NK cell-targeting ICEs

NK cells are key players in the innate immune system, exerting

direct cytotoxic effects on infected or tumor cells and further

eliciting multicellular immune responses ultimately resulting

in sustained host protection (Vivier et al. 2008). The activation

of NK lymphocytes is highly regulated by a set of germline-

encoded stimulating and inhibitory receptors expressed on the

cell membrane (Cooper et al. 2001). Equivalent to TCEs, NKCEs

are bispecificmolecules that bind to TAAs on tumor cells and to

activating receptors on NK cells mediating potent anti-tumor

immunity. The NK cell receptors to be addressed by NKCEs

include CD16a, C-type lectin-like receptors natural-killer group

2, member D (NKG2D) and CD94/NKG2C, and natural cytotox-

icity receptors NKp30, NKp44 and NKp46 (Demaria et al. 2021).

CD16 and NKp46 belong to the immunoglobulin super-

family, are both constituted of two extracellular Ig-like do-

mains associated with FcRγ and CD3ζ ITAM-bearing

polypeptides, therefore sharing protein-tyrosine kinase

(PTK)-dependent signaling pathways responsible for effector

cell functions (Demaria et al. 2021; Ravetch and Bolland 2001;

Sivori et al. 1999). In 2019, Gauthier et al. (Innate Pharma)

reported the generation of trifunctional CD16×NKp46× TAA

antibody constructs composed of an engineered Fc for

enhanced CD16 binding, a first-in-class agonist anti-NKp46

cross-mab and TAA-targeting Fabs against CD19, CD20 or

EGFR (Gauthier et al. 2019). The trispecific NKCEs triggered

potent cancer cell lysis by human primary NK cells in vitro
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without inducing off-target effects or fratricidal NK cell

killing. In vivo ADCC-mediated tumor clearance was pro-

moted by the trifunctional antibody superior to effector-

silenced versions in various preclinical mouse models of

solid and invasive cancers (Gauthier et al. 2019). Based on

this approach of dual NK cell engagement by CD16 and

NKp46 and targeting of different TAAs, the antibody-based

NK cell engager therapeutics (ANKET®) platform has been

developed by Innate Pharma (Demaria et al. 2021). In

collaboration with Sanofi three drug candidates are

currently under preclinical and clinical phase 1/2 investiga-

tion which incorporate TAA-targeting units against B7-H3

(IPH62), CD123 (IPH6101; NCT05086315) or BCMA (IPH6401;

NCT05839626) for treatment of different types of cancer.

The activating NKG2D homodimeric receptor lacks

signaling properties and mediates intracellular signal propa-

gation via two associated DAP10 adapter proteins (which

trigger the PI-3K pathway and a Grb2-Vav1-dependent

pathway) (Zingoni et al. 2018). The activating NK cell receptor

is featured by the ability to interact with numerous distinct

ligands expressed by abnormal cells resulting in transduction

of different signals and NK cell reactions. Dragonfly Thera-

peutics designed and patented multispecific binding proteins,

referred to asTriNKETs (TrispecificNKcell EngagerTherapies),

that bind to NKG2D, CD16 and various TAAs such as HLA-E,

CCR4, PD-L1, FLT3, EGFR, CD33, BCMA or HER2 (Baruah et al.

2020; Chang et al. 2018a, b). In general, the combination of CD16

and NKG2D engagement caused a synergistic activation of NK

cells and may counteract tumor immune escape mechanisms

such as CD16 downmodulation. TriNKET molecule DF9001,

specific for tumor antigen EGFR, displayed improved target cell

lysis compared to the parental EGFR-targeting mAbs (necitu-

mumab, panitumumab) and is currently investigated in clinical

phase 1 studies (NCT05597839) (Chang et al. 2018a). DF1001, the

TriNKET progressed furthest in clinical development, targets

HER2 and is currently being evaluated in phase 1/2 studies of

patients with advanced solid tumors (NCT04143711).

4 Conclusions and prospects

In the fight against cancer, there is high demand for the

development of novel therapies, withmultispecific antibodies

gaining importance as they can induce and combinemultiple

mechanisms of actions. Compared to monospecific mAbs,

bispecific antibodies allow immune cell involvement or high

precision tumor targeting bydual TAAbinding. Attachment of

another functionality results in trispecific molecules

addressing either immune cells or target cancer cellswith two

antibodymoieties. Thereby a variety of differentmechanisms

can be executed at the same time including immune

checkpoint blockade, simultaneous modulation of two

signaling pathways, circumvention of drug resistance and

immune escape or augmented immune cell activation

engendering more intense and durable anti-tumor effects.

Tetraspecific antibodies have recently been added to the

arsenal of multispecific antibodies, including molecules

derived from the Sanofi ANKET® (antibody-based NK cell

engager therapeutics) platform (Demaria et al. 2022). Tetra-

specific ANKETs target NKp46, CD16a, IL-2Rβ and a TAA via a

single molecule inducing preferential activation and prolif-

eration of NK cells and triggering NK cell cytotoxicity as well

as cytokine and chemokine production by triple NK targeting.

Besides NKCEs, tetraspecific TCEs were rendered by Sichuan

Baili/Systimmuneaddressing CD3, 4-1BB, PD-L1 and a TAAand

are currently being tested in clinical trials (NCT05160545;

NCT04606433;NCT04794972) (Claus et al. 2023). The innovative

molecules, not being described in scientific literature, deliver

two T cell-stimulatory signals and concurrently dual target

tumor cells including the blockade of an immune checkpoint.

However, complex structural designs uniting diverse binding

modalities also raise challenges with respect to manufactur-

ability such as proteolysis, aggregation, incorrect assembly of

multichain antibodies or low expression yields (Krah et al.

2018;Ma et al. 2020). Besides technical issues theremayalso be

limitations regarding application of antibody drugs to

humans including CRS by overstimulation of T cells or

immunogenicity which requires careful pharmacologic risk

assessment (Kroenke et al. 2021; Shah et al. 2023; Shimabu-

kuro-Vornhagen et al. 2018).

In conclusion, bispecific and multispecific protein and

cell-based therapies have the potential for broad use as

highly effective treatment options for cancer patients,

improving tumor eradication in early but also in later stages

of tumor progression and reducing risk of tumor recurrence.
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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

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.18Despite 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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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

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

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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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

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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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

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 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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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
DAR52-8ADC 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

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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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

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

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.

Figure 6. Bystander activity of aTCRA6 ADC variants

(A) Direct killing was determined by exposition of Jurkat TCRA6 target cells to aTCRA6 DAR2 (0.05–300 nM) and aTCRA6 DAR52-8 (0.005–30 nM) for 96 h. (B) Supernatants

of pre-treated Jurkat TCRA6 target cells were transferred to freshly seeded Jurkat WT off-target cells in a ratio of 1:1 and incubated for 96 h. Results are shown as mean, and

error bars represent standard deviation derived from experimental duplicates. Data are 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
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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-

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,

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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Bispecific killer cell engagers
employing species cross-
reactive NKG2D binders
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NKG2D is an activating receptor expressed by natural killer (NK) cells and other

cytotoxic lymphocytes that plays a pivotal role in the elimination of neoplastic

cells through recognition of different stress-induced cell surface ligands

(NKG2DL). To employ this mechanism for cancer immunotherapy, we

generated NKG2D-engaging bispecific antibodies that selectively redirect

immune effector cells to cancer cells expressing the tumor-associated antigen

ErbB2 (HER2). NKG2D-specific single chain fragment variable (scFv) antibodies

cross-reactive toward the human and murine receptors were derived by

consecutive immunization of chicken with the human and murine antigens,

followed by stringent screening of a yeast surface display immune library. Four

distinct species cross-reactive (sc) scFv domains were selected, and reformatted

into a bispecific engager format by linking them via an IgG4 Fc domain to a

second scFv fragment specific for ErbB2. The resulting molecules (termed

scNKAB-ErbB2) were expressed as disulfide-linked homodimers, and

demonstrated efficient binding to ErbB2-positive cancer cells as well as

NKG2D-expressing primary human and murine lymphocytes, and NK-92 cells

engineered with chimeric antigen receptors derived from human and murine

NKG2D (termed hNKAR andmNKAR). Two of the scNKAB-ErbB2molecules were

found to compete with the natural NKG2D ligand MICA, while the other two

engagers interacted with an epitope outside of the ligand binding site.

Nevertheless, all four tested scNKAB-ErbB2 antibodies were similarly effective
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in redirecting the cytotoxic activity of primary human andmurine lymphocytes as

well as hNKAR-NK-92 and mNKAR-NK-92 cells to ErbB2-expressing targets,

suggesting that further development of these species cross-reactive engager

molecules for cancer immunotherapy is warranted.

KEYWORDS

bispecific killer cell engager, BiKE, NKG2D, ErbB2, HER2, natural killer cells, NK-92,

chimeric antigen receptor

1 Introduction

Bispecific antibodies that crosslink activating receptors on

cytotoxic lymphocytes with tumor-associated surface antigens hold

enormous potential for targeted cancer immunotherapy. While

bispecific T-cell engagers (BiTEs) such as blinatumomab selectively

redirect T lymphocytes to cancer cells via binding to CD3 (1),

bispecific and trispecific killer cell engagers (BiKEs, TriKEs) which

interact with the IgG-binding receptor CD16a (FcgRIIIa), natural

cytotoxicity receptors (NCRs), or the C-type lectin-like protein

Natural Killer Group 2D (NKG2D) predominantly recruit innate

killer cells to the tumor (2–4). With respect to the latter, most

progress has been made with bispecific antibodies that activate

CD16a-positive natural killer (NK) cells, and several such

molecules are currently evaluated in clinical trials for the treatment

of lymphoma, advanced solid cancers, multiple myeloma (MM) or

acute myeloid leukemia (AML) (5). In a different approach, Gaulthier

and colleagues designed TriKEs with further enhanced activating

potential by combining an IgG1 Fc region for engagement of CD16a

with an antibody fragment specific for NKp46, a natural cytotoxicity

receptor almost exclusively expressed on NK cells, and a tumor-

targeting domain recognizing antigens like CD123 on AML cells (6).

Similar to NCRs, NKG2D represents a promising activating receptor

for engager-mediated redirection of cytotoxic lymphocytes to cancer

cells, with different NKG2D-targeted approaches being under active

development (2, 7).

NKG2D is not only expressed by NK cells, but also NKT cells,

CD8+ T cells, and subpopulations of CD4+ and gd T cells, and is

critically involved in the immunosurveillance of malignancies and

pathogens (8, 9). In humans, NKG2D recognizes eight stress-

induced cell surface ligands (NKG2DL) that are expressed by

almost all cancer types, and include the MHC class I-related

molecules MICA and MICB, as well as the six UL16-binding

proteins ULBP1 to ULBP6 (10, 11). Nevertheless, low or absent

NKG2DL expression by leukemia-initiating cells (12), and removal

of NKG2DL from the cell surface by proteolytic shedding can still

result in escape of cancer cells from NKG2D-mediated immune

surveillance (13–15). Bispecific NKG2D engagers circumvent this

dependency on NKG2DL expression, and redirect NKG2D-positive

effector lymphocytes to tumor cells irrespective of the presence of

natural ligands. For NKG2D binding, such recombinant molecules

employ NKG2D-specific single chain fragment variable (scFv)

antibodies or nanobodies (16–20), or domains derived from

natural NKG2D ligands like ULBP2 or MICA (21–24). These

NKG2D-engaging units are linked to a second binding domain

targeting surface antigens expressed by hematological malignancies

or solid tumors.

Like all engagers of this architecture, bispecific NKG2D

antibodies depend on the quality and effectiveness of the

cytotoxic lymphocytes they recruit to the tumor. However, in

cancer patients endogenous NK cells are often functionally

compromised. Therefore, ex vivo expanded NK cells from healthy

donors are typical ly employed for adoptive NK cel l

immunotherapies (25, 26). Also the continuously expanding

human NK cell line NK-92 and chimeric antigen receptor (CAR)-

engineered derivatives thereof are being developed for clinical

applications (27–30). Unlike allogeneic T lymphocytes, unrelated

donor NK cells do not induce graft-versus-host disease (GvHD),

even if applied in an HLA-unmatched setting (25). This makes

them ideal candidates for the development of safe and cost-effective

off-the-shelf therapeutics. Consequently, to enhance the efficacy of

bispecific killer cell engagers that interact with CD16a or NKG2D,

strategies have been devised to combine them with adoptive transfer

of CD16a-positive donor NK cells (31), or allogeneic NK or T cells

engineered with an NKG2D-derived CAR (18, 20).

To expand the armamentarium of NKG2D binders suitable for

engineering effective engager molecules, here we immunized

chicken with human and murine NKG2D, generated a yeast

surface display immune library and selected a panel of four novel

avian scFv antibody fragments, which in contrast to current

molecules not only activate human NKG2D but also its murine

homolog. The species cross-reactive (sc) binding domains were

then employed to derive bispecific NKG2D-activating antibodies

(termed NKABs) by fusing them via an IgG4 Fc region to a second

scFv fragment which targets the tumor-associated antigen ErbB2

(HER2). Utilizing NKG2D-positive primary human and murine

lymphocytes as well as established NK-92 cells engineered to

express NKG2D-derived CARs (termed NKARs) either based on
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human or murine NKG2D, we investigated binding of the resulting

scNKAB-ErbB2 molecules to human and murine NKG2D

receptors, competition with the natural NKG2D ligand MICA

and redirection of the effector lymphocytes to ErbB2-expressing

cancer cells in comparison to reference NKAB-ErbB2 molecules

that interact only with human or murine NKG2D.

2 Materials and methods

2.1 Cells and culture conditions

MDA-MB-453 and MDA-MB-468 breast carcinoma, and EL-4

T-cell lymphoma cells (all ATCC, Manassas, VA) were cultured in

DMEM (Gibco, Thermo Fisher Scientific, Darmstadt, Germany),

A20 B-cell lymphoma and K562 erythroleukemia cells (both

ATCC), and CEM.NKR and RMA/neo T lymphoblastoid cells

(kindly provided by Alexander Steinle, Goethe University,

Frankfurt, Germany) in RPMI 1640 medium (Gibco, Thermo

Fisher Scientific). All media were supplemented with 10% heat-

inactivated FBS (Capricorn Scientific, Ebsdorfergrund, Germany), 2

mM L-glutamine, 100 U/mL penicillin and 100 µg/mL

streptomycin (all Gibco), and 50 µM b-mercaptoethanol (Sigma-

Aldrich, Merck, Darmstadt, Germany) for A20 cells. Expi293F

embryonic kidney cells were cultured in Expi293 expression

medium (both Gibco, Thermo Fisher Scientific). NK-92 cells (32)

(kindly provided by NantKwest, Inc., Culver City, CA) and

genetically engineered derivatives thereof were grown in X-VIVO

10 medium (Lonza, Cologne, Germany) supplemented with 5%

heat-inactivated human AB plasma (German Red Cross Blood

Donation Service Baden-Württemberg-Hessen, Frankfurt,

Germany) and 100 IU/mL IL-2 (Proleukin; Novartis Pharma,

Nürnberg, Germany). Peripheral blood mononuclear cells

(PBMCs) were isolated from commercially obtained buffy coats of

anonymous blood donors (German Red Cross Blood Donation

Service Baden-Württemberg-Hessen) by Ficoll-Hypaque density

gradient centrifugation, and cultured in X-VIVO 10 medium

supplemented with 5% heat-inactivated human AB plasma, 500

IU/mL IL-2 and 50 ng/mL hIL-15 (Peprotech, Hamburg,

Germany). Murine NK cells were isolated from splenocytes

derived from C57BL/6 mice by MACS separation using the NK

Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany).

Splenocytes and murine NK cells were kept in RPMI 1640 medium

supplemented with 50 µM b-mercaptoethanol and 20 ng/mL mIL-

15 (Miltenyi Biotec).

2.2 Generation of recombinant NKG2D
proteins and immunization of chicken

Constructs for expression of NKG2D-Fc fusion proteins were

generated by assembling sequences encoding an immunoglobulin

heavy chain signal peptide, the extracellular domain of human

NKG2D (hNKG2D; UniProtKB: P26718, amino acid residues 82-

216) or murine NKG2D (mNKG2D; UniProtKB: Q2TJJ6, amino

acid residues 98-232), and either hinge, CH2 and CH3 domains of

human IgG4 in plasmid pcDNA3, or a Strep-Tag II, a 6xHis-Tag, a

Tobacco Etch Virus (TEV) cleavage site and hinge, CH2 and CH3

domains of human IgG1 in plasmid pTT5. Expi293F cells were then

transiently transfected with the resulting vectors using the

ExpiFectamine 293 Transfection Kit according to the

manufacturer’s recommendations (Gibco, Thermo Fisher

Scientific). Recombinant proteins were purified from culture

supernatants by affinity chromatography employing a Protein G

column (Pierce, Thermo Fisher Scientific) with an ÄKTA FPLC

system (GE Healthcare Europe, Freiburg, Germany) for IgG4 fusion

proteins, and a Protein A column (Cytiva, Dreieich, Germany) with

an ÄKTA Pure Protein Purification System (GE Healthcare) for

IgG1 fusion proteins.

For immunizations, the Fc domains of IgG1-based hNKG2D-Fc

and mNKG2D-Fc fusion proteins were removed by cleavage with

TEV protease, processed Fc domains and unprocessed full-length

proteins were removed by passing the reaction mixtures through a

Protein A column, and remaining hNKG2D-His and mNKG2D-

His fragments were purified using an immobilized metal affinity

chromatography column (Cytiva) and a Strep-Tactin column (IBA

Lifesciences, Göttingen, Germany). Immunization of a pathogen-

free adult laying hen (Gallus gallus domesticus) was performed at

Davids Biotechnologie GmbH (Regensburg, Germany), with 3

intramuscular injections of purified hNKG2D-His protein with

AddaVax adjuvant (InvivoGen, Toulouse, France) at days 1, 14

and 28, followed by 2 booster injections with a 1:1 mix of hNKG2D-

His and mNKG2D-His proteins at days 42 and 56. Peripheral blood

was collected to confirm serum antibody reactivity with hNKG2D

and mNKG2D by ELISA, and the animal was sacrificed at day 63 for

spleen resection and subsequent RNA extraction.

2.3 Screening for NKG2D-binding scFv
antibody fragments

An scFv yeast surface display (YSD) library was generated as

described previously (33–35). Briefly, cDNA was synthesized from

total splenic RNA, and VH and VL sequences were amplified in

separate PCR reactions. Complete scFv sequences were then

assembled from VH, (G4S)3 linker and VL fragments in a

subsequent fusion PCR, and transferred into linearized YSD

vector (pCT) via a homologous recombination-based process in

Saccharomyces cerevisiae strain EBY100 (Thermo Fisher Scientific),

following the yeast transformation protocol of Benatuil and

colleagues for library generation (36). Prior to cell sorting, scFv

expression and surface presentation was induced by inoculation of

yeast cells in Synthetic Galactose minimal medium with Casein

Amino Acids (SG-CAA) and incubation overnight at 30°C and

180 rpm.

General procedures for handling of yeast cells and library

screening were described previously (34). Specifically, for

screening of NKG2D binders, yeast cells were harvested by

centrifugation, washed with PBS containing 0.1% (w/v) BSA

(PBS-B), and incubated with human or murine NKG2D-Fc or

NKG2D-His fusion proteins for 30 min on ice. After washing

with PBS-B, surface display of the Myc-tag containing scFv
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antibodies and binding to recombinant NKG2D was detected

simultaneously by incubation with a FITC-conjugated Myc-tag

specific antibody (SH1-26E7.1.3; Miltenyi Biotec), and PE-

conjugated anti-human IgG Fc (polyclonal) or AF647-conjugated

His-tag-specific antibodies (4E3D10H2/E3) (both Thermo Fisher

Scientific) for 20 min on ice in the dark. Then, cells were washed

with PBS-B, and screened by flow cytometric cell sorting using a

Sony SH800S device. Collected yeast cells were plated onto

Synthetic Dextrose minimal medium with Casein Amino Acids

(SD-CAA) agar plates and propagated for subsequent analysis or

screening rounds by incubation at 30°C.

Four individual scFv antibody domains species cross-reactive

with human and murine NKG2D (termed sc1, sc2, sc4 and sc7)

were selected from the output of the library screening, and for

subsequent analysis were linked to hinge, CH2 and CH3 domains of

human IgG1 (UniProtKB: P01857-1, amino acid residues 99-330),

expressed as Fc fusion proteins in Expi293F cells, and purified from

culture supernatants via Protein A affinity chromatography as

described above.

2.4 Design, expression and purification of
bispecific killer cell engagers

Generation of a prototypic bispecific molecule (here termed

hNKAB-ErbB2) consisting of an N-terminal scFv domain derived

from human NKG2D-specific KYK-2.0 antibody, linked via a

human IgG4 Fc region to a C-terminal scFv sequence specific for

ErbB2 was described previously (18). For interaction with murine

NKG2D, a similar mNKAB-ErbB2 molecule was generated by

fusing the extracellular domain of murine NKG2D ligand MULT-

1 (UniProtKB: D2CKI9, amino acid residues 26-211) to hinge, CH2

and CH3 domains of murine IgG1 (UniProtKB: P01868, amino acid

residues 98-324, with the cysteine at position 102 replaced by a

serine), followed by a (G4S)2 linker and the ErbB2-specific scFv

(FRP5) antibody domain (37). Likewise, bispecific killer cell

engagers employing the NKG2D-specific scFv antibody domains

derived from the yeast display library screens were generated by

replacing the KYK-2.0 scFv domain of hNKAB-ErbB2 with sc1, sc2,

sc4 and sc7 sequences, yielding scNKAB-ErbB2(1), scNKAB-ErbB2

(2), scNKAB-ErbB2(4) and scNKAB-ErbB2(7). All NKAB

sequences were complemented by an N-terminal immunoglobulin

heavy chain signal peptide, assembled in silico, de novo synthesized

(GeneArt, Thermo Fisher Scientific), and inserted into mammalian

expression vector pcDNA3. Expi293F cells were transiently

transfected with the resulting plasmids, and recombinant

molecules were purified from culture supernatants by affinity

chromatography using either a Protein G column (hNKAB-ErbB2

and scNKAB-ErbB2 molecules) or a Protein A column (mNKAB-

ErbB2) with an ÄKTA FPLC system as described above. Purity of

recombinant NKAB molecules was confirmed by SDS-PAGE

followed by Coomassie staining. NKAB-containing elution

fractions were combined and dialyzed against DPBS. Protein

concentrations were determined using a Nanodrop 1000

spectrophotometer (Thermo Fisher Scientific) considering

molecular mass and extinction coefficient of the individual proteins.

2.5 Generation of NKG2D-CAR expressing
NK cells and ErbB2-expressing tumor cells

The generation of established human NK-92 cells expressing an

NKG2D-based chimeric antigen receptor that encompasses an

immunoglobulin heavy chain signal peptide, the extracellular

domain of human NKG2D, a (G4S)2 linker, a Myc-tag, a modified

CD8a hinge region and transmembrane and intracellular signaling

domains of human CD3z (hNKG2D.z, here termed hNKAR) was

described previously (18, 20). A similar CAR based on murine

NKG2D (mNKG2D.z, termed mNKAR) was designed by replacing

the extracellular domain of human NKG2D with the corresponding

murine sequence (UniProtKB: Q2TJJ6, amino acid residues 98-232,

with the cysteine at position 99 replaced by a serine). The complete

mNKAR sequence was then inserted into lentiviral transfer plasmid

pHR’SIN-cPPT-SIRW upstream of IRES and near-infrared

fluorescent protein (iRFP) sequences (38), resulting in vector pS-

mNKAR-IRW. VSV-G pseudotyped vector particles were produced

in HEK293T cells, and NK-92 cells were transduced as described

previously (39). mNKAR-expressing NK-92 cells were enriched by

sorting of iRFP-positive cells using a FACSAria Fusion Flow

Cytometer (BD Biosciences, Heidelberg, Germany). Surface

expression of NKG2D-CARs on hNKAR-NK-92 and mNKAR-

NK-92 cells was confirmed by flow cytometry using an AF647-

conjugated Myc-tag-specific antibody (9E10; BioLegend, Koblenz,

Germany), and PE-conjugated antibodies specific for human

NKG2D (BAT221; Miltenyi Biotec) or murine NKG2D (CX5;

BioLegend). All flow cytometric measurements were performed

with an LSRFortessa Cell Analyzer (BD Biosciences). Data were

processed using FlowJo software (version 10.6.0; BD Biosciences).

ErbB2-expressing CEM.NKR/ErbB2 and RMA/neo/ErbB2 cells

were generated by transduction with VSV-G pseudotyped

lentiviral vector encoding full-length human ErbB2 (20), followed

by flow cytometric cell sorting using Alexa Fluor 647-conjugated

anti-human ErbB2 antibody (24D2; BioLegend).

2.6 Degranulation of NK cells

Degranulation of NKAR-NK-92 cells upon exposure to

immobilized anti-NKG2D scFv-Fc fusion proteins was analyzed

by detecting surface expression of lysosomal-associated membrane

protein 1 (LAMP-1, CD107a). The wells of a 96-well flat-bottom

microtiter plate were coated overnight with 100 µl DPBS containing

500 ng of the respective protein. After washing the plate with DPBS

and blocking unspecific binding sites with DPBS supplemented with

10% FCS for 20 min at room temperature, hNKAR-NK-92 and

mNKAR-NK-92 cells were plated at 5x105 cells/well in the presence

of GolgiStop (BD Biosciences) and PE-conjugated CD107a-specific

antibody (H4A3; BioLegend). NK cells kept in medium in the

absence of scFv-Fc fusion proteins or stimulated with 50 ng/mL

phorbol 12-myristate 13-acetate (PMA) and 500 ng/mL ionomycin

(both Sigma-Aldrich) served as controls. After 4 hours of

incubation at 37°C, the cells were washed with DPBS and

analyzed by flow cytometry.
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2.7 Binding assays

Binding of NKG2D-Fc or NKAB fusion proteins to tumor cells

expressing ErbB2 or human or murine NKG2D ligands, as well as

binding of NKAB molecules to NKAR-expressing NK-92 cells was

investigated by flow cytometry. Cells were incubated with 12.5 nM

of hNKG2D-Fc, mNKG2D-Fc or NKAB proteins followed by

staining with APC-conjugated human or murine IgG-specific

detection antibodies (both Jackson ImmunoResearch,

Cambridgeshire, UK). Competition of soluble MICA by NKAB

antibodies was analyzed by incubating hNKAR-NK-92 cells with 20

nM of recombinant His-tag-conjugated extracellular domain of

MICA (SinoBiological, Eschborn, Germany) in the absence or

presence of 5, 10 or 20 nM of a respective NKAB molecule.

Remaining MICA bound to hNKAR-NK-92 cells was detected

with APC-conjugated His-tag-specific antibody (J095G46;

BioLegend). Simultaneous binding of NKAB antibodies to ex vivo

expanded primary effector cells and the target antigen ErbB2 was

analyzed by incubation of the cells with NKAB molecules, followed

by staining with PE-conjugated recombinant extracellular domain

of ErbB2 (AcroBiosystems, Basel, Switzerland). To discriminate

different lymphocyte subsets, human cells were in addition stained

with BV421-conjugated anti-CD56 (NCAM16.2; BD Biosciences),

FITC-conjugated anti-CD3 (OKT3; BioLegend) and APC-

conjugated anti-CD8 (BW135/80; Miltenyi Biotec) antibodies, and

murine cells with BV421-conjugated anti-CD19 (6D5; BioLegend),

APC-conjugated anti-NK1.1 (PK136; Miltenyi Biotec) and PE/

Cyanine7-conjugated anti-CD3 (500A2; BioLegend) antibodies.

NKG2D surface expression was investigated using PE-conjugated

antibodies specific for human (BAT221; Miltenyi Biotec) or murine

NKG2D (CX5; BioLegend). Dead cells were excluded by staining

with fixable viability dye eFluor780 (eBioscience, Thermo Fisher

Scientific). In all experiments, cells were blocked with human (Fc1;

BD Biosciences) or murine (93; BioLegend) Fc receptor blocking

agent prior to antibody staining.

2.8 Cytotoxicity assays

Cytotoxicity of NKAR-NK-92 cells and NKG2D-expressing

primary human and murine lymphocytes was analyzed in flow

cytometry-based assays as described previously (39). Briefly, tumor

cells were labeled with Calcein Violet AM (CV) or Far Red (FR)

(CellTrace; Invitrogen, Thermo Fisher Scientific) and incubated

with effector cells at different effector to target cell (E/T) ratios for 3

hours (NKAR-NK-92 cells and human PBMCs) or 4 hours (murine

splenocytes) at 37°C in the presence or absence of bispecific NKAB

antibodies. Dead target cells were identified by staining with

propidium iodide (PI) or 4’,6-diamidino-2-phenylindole (DAPI)

followed by flow cytometric quantification of CV/PI, FR/PI or FR/

DAPI double-positive cells with an LSRFortessa Cell Analyzer.

Spontaneous target cell lysis was subtracted to calculate specific

cytotoxicity. Data were analyzed using FlowJo software.

2.9 Statistical analysis

Unless stated otherwise, quantitative data are represented as

mean with standard deviation (SD). Statistical significance (P value

< 0.05) was determined using unpaired t-test. All statistical analyses

were performed with Prism 10 (Version 10.1.1.323; GraphPad

Software, Boston, MA).

3 Results

3.1 Generation of NKG2D-specific
scFv antibodies

Human and murine NKG2D share about 70% amino acid

sequence identity in their extracellular domains. Hence, to ensure a

sufficient immune response and generate antibodies reactive with

human and murine receptors, we chose chicken for immunization as

a phylogenetically distant species. Previous studies have

demonstrated a satisfactory diversity of avian antibodies directed

against epitopes conserved across mammalian species (33–35, 40).

His-tagged recombinant proteins encompassing the extracellular

domains of human (hNKG2D) and murine NKG2D (mNKG2D)

were generated as described in Materials and Methods, and used for

immunization of a pathogen-free adult laying hen with 3

intramuscular injections of hNKG2D-His at days 1, 14 and 28,

followed by 2 booster injections with a 1:1 mixture of hNKG2D-

His and mNKG2D-His proteins at days 42 and 56 (schematically

shown in Figure 1A). Then, serum antibody reactivity with hNKG2D

and mNKG2D was confirmed by ELISA (data not shown). The

animal was sacrificed at day 63, and the spleen was resected for RNA

extraction and cDNA preparation. Sequences encoding the variable

domains of antibody heavy (VH) and light chains (VL) were

amplified in separate PCR reactions, and randomly assembled into

scFv antibodies with a (G4S)3 linker sequence connecting VH and VL

domains following previously established procedures (33–35).

For screening of NKG2D binders, scFv sequences were then

used to generate a yeast surface display (YSD) antibody library (34),

comprising approximately 5 x 108 transformants. To enrich for high

affinity antibodies, the library was screened by 4 consecutive rounds

of flow cytometric cell sorting with decreasing antigen

concentrations, using recombinant hNKG2D-Fc fusion protein in

rounds 1 (1000 nM) and 2 (500 nM), followed by screening with

hNKG2D-His in round 3 (500 nM) and mNKG2D-His in round 4

(100 nM) (Figure 1B). This resulted in a yeast population with

surface-displayed scFv molecules that demonstrated strong binding

to the extracellular domains of both, human and murine NKG2D

(Output Round 4). Ten single yeast cell clones were randomly

selected, and analyzed by flow cytometry for binding of human and

murine NKG2D, with four distinct clones displaying superior

species cross-reactive (sc) binding to the human and murine

receptors (clones sc1, sc2, sc4 and sc7) (Figure 1C).
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FIGURE 1

Screening of NKG2D-binding scFv antibody fragments by yeast surface display. (A) A laying hen was immunized with purified hNKG2D-His protein at

days 1, 14 and 28, followed by booster injections with a 1:1 mix of hNKG2D-His and mNKG2D-His proteins at days 42 and 56. The spleen was

resected at day 63 for RNA extraction and cDNA synthesis. VH and VL antibody sequences were amplified in separate PCR reactions, scFv sequences

were assembled from VH, (G4S)3 linker and VL fragments in a fusion PCR, and transferred into a yeast surface display vector. (B) Yeast cells displaying

NKG2D-binding scFv antibodies were identified by incubation with human NKG2D-Fc (screening rounds 1 and 2; red), or human (round 3; red) or

murine NKG2D-His fusion proteins (round 4; blue), followed by PE-conjugated anti-human IgG Fc or AF647-conjugated His-tag-specific antibodies,

respectively. ScFv surface display was confirmed by simultaneous staining with a FITC-conjugated antibody recognizing a C-terminal Myc-tag fused

to the scFv sequences. In each case, yeast cells displaying NKG2D-binding scFv antibodies were enriched by flow cytometric cell sorting, expanded

and subjected to a subsequent screening round. Cross-reactivity of displayed scFv antibodies of the yeast library obtained after the final screening

round 4 was confirmed using hNKG2D-His and mNKG2D-His proteins. (C) Four individual yeast clones displaying species cross-reactive (sc) scFv

antibodies (termed sc1, sc2, sc4 and sc7) binding to human and murine NKG2D as confirmed by staining with hNKG2D-His (red) and mNKG2D-His

(blue) proteins were selected from the library screens for subsequent experiments. Yeast cells only incubated with Myc-tag-specific and secondary

antibodies served as controls (gray).
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3.2 Binding of NKG2D-specific scFv
antibodies to NKG2D-CAR engineered
NK cells

To functionally characterize the selected scFv antibodies, we

employed derivatives of the clinically used human NK cell line NK-

92 that were engineered to express NKG2D-based chimeric antigen

receptors, either encompassing the extracellular domain of human or

murine NKG2D, fused to a Myc-tag, a CD8a hinge region, and

transmembrane and intracellular domains of CD3z (termed hNKAR

and mNKAR, respectively) (Figure 2A). NK-92 cells expressing the

human NKAR were previously shown to specifically recognize and

kill human tumor cells which endogenously express NKG2D ligands,

but not to target on their own murine cells only harboring murine

NKG2DL (18, 20). To generate the similar mNKAR-NK-92 cells, a

corresponding NKG2D-CD3z sequence employing the extracellular

domain of murine NKG2D (amino acid residues 98-232, with an

unpaired cysteine at position 99 replaced by a serine) was derived.

Upon transduction with the respective lentiviral vector, NK-92 cells

stably expressing the murine NKAR and an iRFP marker gene were

FIGURE 2

NKG2D-CAR expressing NK-92 cells as a model system to analyze NKG2D-binding antibodies. (A) Lentiviral transfer plasmids encoding NKG2D-

based CARs under control of the Spleen Focus Forming Virus promoter (SFFV). hNKAR and mNKAR sequences consist of an immunoglobulin heavy

chain signal peptide (SP), the extracellular domain of either human or murine NKG2D, a flexible (G4S)2 linker (L), a Myc-tag (M), a CD8a hinge region,

and transmembrane and intracellular domains of CD3z. hNKAR and mNKAR sequences are followed by an internal ribosome entry site (IRES) and

enhanced green fluorescent protein (EGFP) or near-infrared fluorescent protein (iRFP) cDNA, respectively. (B) Expression of NKG2D-CARs on the

surface of sorted hNKAR-NK-92 and mNKAR-NK-92 cells was analyzed by flow cytometry as indicated using fluorochrome-labeled antibodies

specific for the Myc-tag, human NKG2D or murine NKG2D. Parental NK-92 cells served as control. (C) Binding of scFv antibodies from the yeast

surface display library screens to NKG2D and NKG2D-CAR expressing cells. The selected scFv antibodies sc1, sc2, sc4 and sc7 were expressed as

scFv-Fc fusion proteins (sc-Fc; schematically shown on the right), and binding of the recombinant molecules to parental NK-92, hNKAR-NK-92 and

mNKAR-NK-92 cells was analyzed by flow cytometry as indicated using an anti-human IgG antibody. Cells only stained with secondary antibody

served as controls.
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enriched by flow cytometric cell sorting. Surface expression of

hNKAR and mNKAR by the NK-92 derivatives was confirmed by

staining with antibodies recognizing the Myc-tag contained in both

CAR sequences, or selectively interacting with human or murine

NKG2D (Figure 2B). As expected, hNKAR-NK-92 cells were unable

to lyse murine A20 B-cell lymphoma and EL-4 T-cell lymphoma

cells. Conversely, mNKAR-NK-92 cells effectively killed A20 cells

which express murine NKG2DL, but not mNKG2DL-negative EL-4

cells, confirming functionality of the murine NKAR (see

Supplementary Figure 1).

To analyze binding of the selected scFv antibodies derived from

the immune library, recombinant scFv-Fc fusion proteins of clones

sc1, sc2, sc4 and sc7 were generated and tested by flow cytometry

using parental NK-92 cells and the hNKAR- or mNKAR-expressing

derivatives (Figure 2C). Thereby all four antibodies displayed specific

binding to NK-92 cells attributed to the moderate expression of

endogenous NKG2D (18, 20), but markedly enhanced binding to

hNKAR-NK-92 and mNKAR-NK-92 cells. This confirms specific

and species cross-reactive interaction of the selected scFv antibodies

with human and murine NKG2D presented on the surface of

cytotoxic lymphocytes. Furthermore, if immobilized on plastic, the

NKG2D-specific scFv-Fc fusion proteins also triggered degranulation

of hNKAR-NK-92 and mNKAR-NK-92 cells, demonstrating their

ability to activate human and murine NKG2D receptors (see

Supplementary Figure 2).

3.3 Design of bispecific killer cell engagers
recognizing NKG2D and the tumor-
associated antigen ErbB2

Previously, we generated a prototypic bispecific antibody able to

simultaneously interact with human NKG2D and the cellular proto-

oncogene ErbB2 (HER2), which is overexpressed by a subtype of

breast carcinomas and many other cancers of epithelial origin (41).

This molecule, here termed hNKAB-ErbB2, consists of an N-

terminal scFv moiety derived from antibody KYK-2.0 specific for

human NKG2D (42), linked via the hinge, CH2 and CH3 regions of

human IgG4 to a second, ErbB2-specific scFv domain derived from

antibody FRP5 at the C-terminus (schematically shown in

Figure 3A, left) (18, 37). Produced as a disulfide-linked

homodimer, the hNKAB-ErbB2 molecule specifically redirected

human lymphocytes endogenously expressing NKG2D or

engineered with an NKG2D-based CAR to ErbB2-positive target

cells irrespective of NKG2DL expression. Applying the same

protein design, here we generated four similar bispecific killer cell

engagers (termed scNKAB-ErbB2) that employ the selected sc1, sc2,

sc4 and sc7 scFv moieties for NKG2D binding, but retain the IgG4

Fc domain and ErbB2-specific antibody fragment of the original

hNKAB-ErbB2 molecule (Figure 3A, right). As a control protein, we

also designed an mNKAB-ErbB2 molecule (Figure 3A, middle),

which carries the extracellular domain of murine NKG2D ligand

MULT-1 for selective binding to murine NKG2D, followed by

hinge, CH2 and CH3 domains of murine IgG1, and the ErbB2-

specific scFv fragment shared with the other NKAB molecules.

The NKAB antibodies were expressed as secreted proteins in

transiently transfected Expi293F cells and purified from culture

supernatants by Protein G (hNKAB-ErbB2, scNKAB-ErbB2

proteins) or Protein A (mNKAB-ErbB2) affinity chromatography.

Elution fractions containing high amounts of recombinant proteins

were combined and analyzed by SDS-PAGE under reducing and

non-reducing conditions, followed by Coomassie staining to

confirm integrity and purity of the recombinant proteins

(Figure 3B). Thereby, purified hNKAB-ErbB2, mNKAB-ErbB2

and scNKAB-ErbB2 proteins predominantly consisted of intact

disulfide-linked dimers (Figure 3B, right), which were separated

into monomers under reducing conditions (Figure 3B, left). With a

calculated molecular mass in monomeric form of 74 to 78 kDa,

similar mobility of the NKAB proteins was expected in SDS gels

under reducing conditions. Nevertheless, Coomassie staining

revealed more pronounced differences in the apparent mass of the

scNKAB-ErbB2 molecules, suggestive of different compactness of

their tertiary structures. The murine reference molecule mNKAB-

ErbB2 (calculated mass of the monomer: 74 kDa) even showed a

major band at an apparent molecular mass of >100 kDa, most likely

due to more pronounced N-linked glycosylation compared to the

other NKAB proteins, as suggested by analysis with an N-linked

glycosylation site prediction tool (43).

3.4 Binding of bispecific NKAB molecules
to NKAR-expressing NK cells and ErbB2-
positive tumor cells

Bispecific binding of the scNKAB-ErbB2 molecules was analyzed

by flow cytometry using hNKAR-NK-92 and mNKAR-NK-92 cells,

which as lymphocytes are negative for ErbB2, as well as ErbB2-

overexpressing MDA-MB-453 and ErbB2-negative MDA-MB-468

breast carcinoma cells. hNKAB-ErbB2 and mNKAB-ErbB2 proteins

were included for comparison. The results are shown in Figure 3C.

NK-92 cells expressing the human NKG2D-CAR were strongly

bound by hNKAB-ErbB2 and the four scNKAB-ErbB2 clones, but

with the scNKAB-ErbB2molecules displaying an approximately two-

fold increase in median fluorescence intensity (MFI) when compared

to the former, and scNKAB-ErbB2(7) showing the strongest binding

(see Supplementary Table 1). As expected, mNKAB-ErbB2 did not

bind to hNKAR-NK-92 cells, but via its MULT-1 ligand domain

strongly interacted with the murine NKG2D-CAR of mNKAR-NK-

92 cells. Due to the moderate endogenous expression of human

NKG2D by NK-92 cells, prototypic hNKAB-ErbB2 also displayed

limited binding to mNKAR-NK-92 cells. In contrast, confirming

specific recognition of the murine NKG2D-CAR seen with the

respective scFv-Fc fusion proteins, the species cross-reactive

scNKAB-ErbB2 molecules interacted more strongly with mNKAR-

NK-92 cells, with scNKAB-ErbB2(7) again displaying the most

pronounced NKG2D interaction of the four clones (see

Supplementary Table 1). scNKAB-ErbB2 molecules as well as

hNKAB-ErbB2 and mNKAB-ErbB2 proteins showed comparable

and very strong binding to ErbB2-positive MDA-MB-453 cells, but

not to ErbB2-negative MDA-MB-468 cells, confirming that the

ErbB2-specific FRP5 antibody domain shared by all NKAB

molecules was functional to the same extent.

To test whether the epitopes of the generated scNKAB-ErbB2

molecules within NKG2D overlap with the binding site of a natural
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NKG2D ligand, we analyzed binding of 20 nM of recombinant

soluble MICA (sMICA) to its cognate NKG2D and hNKAR

receptors on hNKAR-NK-92 cells in the absence or presence of

increasing concentrations of NKAB proteins ranging from 5 to 20

nM. In the absence of competitor, sMICA readily bound to

hNKAR-NK-92 cells (Figure 4A). This was prevented by addition

of prototypic hNKAB-ErbB2 known to compete with sMICA for

NKG2D binding (18), but not by the mNKAB-ErbB2 control

protein unable to interact with human NKG2D (Figure 4B).

Similar to hNKAB-ErbB2, also species cross-reactive scNKAB-

ErbB2(2) and scNKAB-ErbB2(7) molecules markedly inhibited

sMICA binding, while scNKAB-ErbB2(1) did not compete

sMICA, and scNKAB-ErbB2(4) only slightly reduced ligand

binding to hNKAR-NK-92 cells at the highest concentration

applied (Figure 4C), possibly caused by steric hindrance.

Accordingly, the scFv antibody domains from clones sc2 and sc7

FIGURE 3

Generation of bispecific killer cell engagers. (A) Schematic representation of prototypic hNKAB-ErbB2 (left) and species cross-reactive scNKAB-ErbB2

molecules (right) that consist of an N-terminal scFv antibody fragment binding to NKG2D, followed by hinge, CH2 and CH3 domains of human IgG4

(hIgG4), a (G4S)2 linker, and an ErbB2-specific C-terminal scFv antibody fragment. mNKAB-ErbB2 (middle) carries the extracellular domain (ECD) of

murine NKG2D ligand MULT-1 at the N-terminus, followed by hinge, CH2 and CH3 domains of murine IgG1 (mIgG1), a (G4S)2 linker, and an ErbB2-

specific C-terminal scFv antibody fragment. Disulfide bridges facilitating formation of homodimers are indicated by lines.

(B) Analysis of purified NKAB antibodies by SDS-PAGE under reducing (R, left) and non-reducing (NR, right) conditions and Coomassie staining. NKAB

monomers and dimers are indicated by arrowheads. (C) Binding of purified NKAB molecules at a concentration of 12.5 nM to NK-92 cells expressing

human (hNKAR-NK-92) or murine (mNKAR-NK-92) NKG2D-CARs, and ErbB2-positive MDA-MB-453 and ErbB2-negative MDA-MB-468 breast

carcinoma cells was investigated by flow cytometry as indicated. Unstained cells and cells only incubated with secondary antibody served as controls.
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are competitive binders that can prevent access of soluble MICA,

while scFv domains from clones sc1 and sc4 apparently bind to

NKG2D regions distinct from the ligand binding site.

3.5 Simultaneous binding of NKAB
molecules to NKG2D-positive primary
lymphocytes and the ErbB2 target antigen

Next, we performed binding assays to test whether the species

cross-reactive scNKAB-ErbB2 proteins in addition to the artificial

hNKAR and mNKAR receptors on NK-92 cells can also interact

with primary human and murine lymphocytes endogenously

expressing NKG2D in its native form. For human cells, freshly

isolated PBMCs from three healthy donors were incubated with

antibodies specific for CD3, CD56 and CD8 to differentiate between

NK (CD3- CD56+), NKT-like (CD3+ CD56+) and CD8-positive T

cells (CD3+ CD8+ CD56-). In addition, cells were either incubated

with an NKG2D-specific antibody to confirm NKG2D surface

expression, or the different NKAB molecules to analyze their

simultaneous interaction with NKG2D and the target antigen

ErbB2. For this, binding of the NKAB proteins was detected with

a PE-conjugated recombinant ErbB2 protein. As exemplarily shown

for a representative donor in Figure 5A, left panels, gated NK, NKT-

like and CD8+ T cell subpopulations were all strongly positive for

NKG2D, with CD8+ T cells expressing even more elevated levels of

the receptor than NK and NKT-like cells. Prototypic hNKAB-

ErbB2 protein as well as all tested scNKAB-ErbB2 molecules

readily bound to both, the NKG2D-positive primary lymphocytes

and recombinant ErbB2, while mNKAB-ErbB2 as expected did not

interact with the human cells (Figure 5A, middle). Thereby, in

accordance with their enhanced NKG2D expression, CD8+ T cells

were stained more strongly by the bispecific engagers. As indicated

by the respective MFI values, prototypic hNKAB-ErbB2, scNKAB-

ErbB2(2) and scNKAB-ErbB2(7) displayed most efficient binding to

the NKG2D-positive human lymphocytes and recombinant ErbB2,

with less pronounced signals obtained with scNKAB-ErbB2(1) and

scNKAB-ErbB2(4) (Figure 5A, right).

FIGURE 4

Competition of MICA binding by bispecific killer cell engagers. (A) Binding of His-tagged soluble MICA (sMICA) (20 nM) to hNKAR-NK-92 cells in the

absence of NKAB molecules (gray area) was determined by flow cytometry with APC-conjugated anti-His-tag antibody. Control cells were only

stained with secondary antibody (dashed line). (B) Competition of sMICA binding by prototypic hNKAB-ErbB2 was confirmed by incubation of cells

with 20 nM of sMICA in the absence (gray area) or presence of increasing concentrations of hNKAB-ErbB2 (left). mNKAB-ErbB2 which is unable to

interact with human NKG2D was included as negative control (right). (C) The ability of species cross-reactive NKAB antibodies to compete binding of

sMICA to NKAR-NK-92 cells was investigated in similar experiments with purified scNKAB-ErbB2 proteins as indicated.
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Binding to murine lymphocytes endogenously expressing

NKG2D was analyzed in similar experiments using ex vivo

expanded murine NK cells obtained from two C57BL/6 mice

(Figure 5B). Also in this case, scNKAB-ErbB2(2) and scNKAB-

ErbB2(7) displayed the most efficient interaction with the NKG2D-

positive cells and simultaneous binding to the ErbB2 target antigen.

Specific signals obtained with mNKAB-ErbB2, scNKAB-ErbB2(1)

and scNKAB-ErbB2(4) were much less pronounced, while hNKAB-

ErbB2 in agreement with its selectivity for human NKG2D showed

no binding to the murine cells.

3.6 NKAB-mediated redirection of primary
lymphocytes to ErbB2-positive tumor cells

To investigate the influence of scNKAB-ErbB2 molecules on the

antitumoral activity of primary human and murine lymphocytes, as

FIGURE 5

Bispecific binding of NKAB molecules to NKG2D-positive primary lymphocytes and ErbB2. Binding of purified scNKAB-ErbB2 proteins (orange),

hNKAB-ErbB2 (red) and mNKAB-ErbB2 (blue) to gated NK, NKT-like and CD8+ T cell subpopulations of human PBMCs (A), as well as ex vivo

expanded murine NK cells (B) was analyzed by flow cytometry, detecting bound NKAB molecules with recombinant PE-conjugated ErbB2

extracellular domain to confirm simultaneous interaction with NKG2D and ErbB2. Cells stained with ErbB2-PE in the absence of an NKAB molecule

(gray) served as controls. Middle panels show representative histograms of cells from one donor and one animal, respectively. Panels on the right

display median fluorescence intensities (MFI). Mean values ± SD are shown; n=3 individual donors in (A) and n=2 individual animals in (B). NKG2D

surface expression by human NK, NKT-like and CD8+ T cell subpopulations and murine NK cells was confirmed by flow cytometry with NKG2D-

specific antibodies (left panels).
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model systems we first generated by lentiviral transduction and flow

cytometric cell sorting stably ErbB2-expressing derivatives of the

human and murine T lymphoblastic cell lines CEM.NKR and RMA/

neo, which have both been described as largely resistant to the natural

cytotoxicity of human and murine NK cells, respectively (44, 45).

Specific binding of the four scNKAB-ErbB2 engagers and the hNKAB-

ErbB2 and mNKAB-ErbB2 control molecules to the resulting

CEM.NKR/ErbB2 and RMA/neo/ErbB2 cells was confirmed by flow

cytometry, while no binding to the ErbB2-negative parental cell lines

was detected (see Supplementary Figure 3).

NKAB-mediated redirection of human lymphocytes to

CEM.NKR/ErbB2 cells was then analyzed in cytotoxicity assays

with PBMCs from three additional healthy donors, with gated NK,

NKT-like and CD8+ T cell subpopulations consistently displaying

high level expression of endogenous NKG2D (see Supplementary

Figure 4). As expected, irrespective of the presence of NKAB-ErbB2

molecules, ErbB2-negative but NK-sensitive K562 erythroleukemia

cells included as a positive control were readily killed by innate

effector cells within the PBMCs (Figure 6A, left). In contrast,

CEM.NKR/ErbB2 cells remained largely unaffected by PBMCs

after 3 hours of co-incubation at an effector to target (E/T) ratio

of 10:1, which was also the case in the presence of 0.64 nM of a scFv-

Fc fusion protein (FRP5-Fc) containing the same ErbB2-specific

scFv fragment and human IgG4 Fc domain as the scNKAB-ErbB2

molecules (46), but lacking NKG2D-specific binding (Figure 6A,

right). Conversely, cytolytic activity of the PBMCs against the

ErbB2-positive targets was enhanced by addition of the ErbB2-

specific antibody trastuzumab, which in contrast to FRP5-Fc is of

human IgG1 isotype and capable of inducing antibody-dependent

cellular cytotoxicity (ADCC) by triggering FcgRIIIa (CD16a) on NK

cells. However, most potent and significantly enhanced killing of

CEM.NKR/ErbB2 by the PBMCs was observed in the presence of

0.64 nM of the prototypic hNKAB-ErbB2 protein and the four

species cross-reactive scNKAB-ErbB2 engagers, while addition of

these molecules had no effect on the low basal activity of PBMCs

against ErbB2-negative CEM.NKR cells (Figure 6A, middle).

The influence of the scNKAB-ErbB2 molecules on cytotoxicity

of primary murine lymphocytes was investigated using splenocytes

from three C57BL/6 mice as effectors. Thereby, all cells of the gated

NK and most cells of the NKT-like subpopulations displayed high

level expression of endogenous NKG2D, while in contrast to human

CD8+ T cells, only a small proportion of murine CD8+ T cells were

NKG2D-positive (see Supplementary Figure 5). BALB/c-derived

A20 B-cell lymphoma cells included as a positive control were

readily killed by the C57BL/6 splenocytes after 4 hours of co-

incubation at an E/T ratio of 20:1, without the presence of scNKAB-

ErbB2 or mNKAB-ErbB2 engagers further enhancing cytotoxicity

(Figure 6B, left). While ErbB2-negative RMA/neo cells with around

40% of specific lysis proved more sensitive toward the murine

splenocytes than expected, also in this case addition of the scNKAB-

ErbB2 or mNKAB-ErbB2 molecules had no significant effect on cell

killing (Figure 6B, middle). This was different for RMA/neo/ErbB2

cells, which were more potently killed by splenocytes in the

presence of 0.64 nM of the four scNKAB-ErbB2 engagers and

mNKAB-ErbB2, while the FRP5-Fc isotype control molecule had

no effect (Figure 6B, right).

3.7 Targeted cytotoxicity of NKG2D-CAR
engineered effectors mediated by scNKAB-
ErbB2 engagers

To analyze the antitumoral activity of the scNKAB-ErbB2

molecules in combination with the NKG2D-CAR engineered

effector cell lines hNKAR-NK-92 and mNKAR-NK-92, we

employed human MDA-MB-453 breast cancer cells as targets

which endogenously express different NKG2D ligands, but also

high levels of ErbB2 (18). ErbB2-negative K562 erythroleukemia

and MDA-MB-468 breast carcinoma cells were included as

controls. After co-incubation for 3 hours at an E/T ratio of 5:1,

NK-sensitive K562 cells were lysed effectively by hNKAR-NK-92

and mNKAR-NK-92 cells, which was not affected by the scNKAB-

ErbB2 engagers, hNKAB-ErbB2 or mNKAB-ErbB2 (Figure 7A,

top). While under the chosen conditions around 20% of ErbB2-

positive MDA-MB-453 cells were already killed by hNKAR-NK-92

cells in the absence of NKAB antibodies, specific lysis was markedly

enhanced to more than 50% by addition of 0.64 nM of each of the

scNKAB-ErbB2 molecules (Figure 7A, middle). Also the prototypic

hNKAB-ErbB2 molecule but not mNKAB-ErbB2 significantly

increased cytotoxicity of NK-92 cells expressing the human

NKG2D-CAR. In the case of mNKAR-NK-92 cells, the scNKAB-

ErbB2 engagers were most potent in enhancing targeted

cytotoxicity against MDA-MB-453 cells, with specific lysis even

more pronounced than when combined with hNKAR-NK-92 cells.

Likewise, mNKAB-ErbB2 significantly triggered the murine

NKG2D-CAR against the ErbB2-positive target cells. Also

moderate but statistically significant activity of hNKAB-ErbB2

was detected, which cannot engage the mNKAR, but the

endogenous human NKG2D of mNKAR-NK-92 cells. In the case

of MDA-MB-468 breast carcinoma cells which are negative for

ErbB2, basal cytotoxic activity of hNKAR-NK-92 and mNKAR-

NK-92 cells was not affected by any of the ErbB2-specific NKAB

molecules (Figure 7A, bottom).

For hNKAB-ErbB2, concentrations between 0.16 and 0.64 nM

were previously established as optimal to trigger effective

cytotoxicity of NKG2D-positive primary lymphocytes and

hNKAR-NK-92 cells. Concentrations lower than that were

insufficient to fully activate the effector cells, and higher engager

concentrations led to competition of productive interactions with

the target receptors by free protein, both resulting in gradually

reduced cytotoxicity (18). To test whether this is also the case for the

newly developed scNKAB-ErbB2 molecules, in the next set of

experiments hNKAR-NK-92 and mNKAR-NK-92 cells were co-

incubated with ErbB2-positive MDA-MB-453 target cells at an E/T

ratio of 2:1 in the presence of increasing concentrations of the

different engagers, ranging from 0.006 to 16 nM (Figure 7B). Under

these conditions, prototypic hNKAB-ErbB2 was most active at a

concentration of 0.16 nM in reducing the number of viable target

cells by hNKAR-NK-92, and triggered by endogenous human

NKG2D, by mNKAR-NK-92 cells. The mNKAB-ErbB2 control

protein had most pronounced activity in combination with

mNKAR-NK-92 cells at concentrations of 0.16 and 0.64 nM, but

confirming the results described above, was inactive in combination

with hNKAR-NK-92 cells. The four scNKAB-ErbB2 engagers again
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showed much more pronounced activity in combination with

hNKAR-NK-92 and mNKAR-NK-92 cells than hNKAB-ErbB2

and mNKAB-ErbB2, with 0.16 and 0.64 nM identified as optimal

antibody concentrations. Importantly, even under suboptimal

conditions, the species cross-reactive molecules retained higher

activity than hNKAB-ErbB2 and mNKAB-ErbB2 at their optimal

concentrations, suggesting more stable and productive

immunological synapse formation over a wide range of scNKAB-

ErbB2 concentrations.

4 Discussion

The activating receptor NKG2D and its ligands represent an

important system to sense cellular stress upon malignant

transformation or infection by pathogens, and enable innate

lymphocytes and subsets of T cells to selectively and efficiently

eliminate the affected target cells (8, 9). Different approaches have

been developed to employ this mechanism for cancer

immunotherapy, which include boosting NKG2DL-induced

activation of effector lymphocytes with NKG2D-based CARs,

pharmacological enhancement of NKG2DL expression on cancer

cells, preventing proteolytic ligand shedding, and designing BiKE

molecules that redirect cytotoxic effectors to tumor cells independent

from NKG2DL recognition (2, 7, 12, 47, 48). In our study, we

generated four novel bispecific killer cell engagers that displayed

cross-reactive binding to human and murine NKG2D receptors, and

selectively and efficiently redirected NKG2D-positive primary human

and murine lymphocytes as well as NK cells engineered with human

or murine NKG2D-CARs to cancer cells expressing the clinically

highly relevant tumor-associated antigen ErbB2 (HER2).

Formation of species cross-reactive NKG2D antibodies was

induced by consecutive immunization of a chicken with

recombinant human and murine NKG2D proteins, and the most

effective binders were then selected by screening of a scFv antibody

yeast surface display library using decreasing concentrations of the

human and murine antigens (33–35, 40). Binding and

degranulation experiments with recombinant scFv-Fc fusion

proteins and NK-92 cells expressing NKG2D-CARs derived from

human (hNKAR) or murine NKG2D (mNKAR) confirmed

specificity of the selected antibody clones sc1, sc2, sc4 and sc7,

and demonstrated their ability to activate both, human and murine

NKG2D receptors (see Supplementary Figure 2). Following the

validated design of an ErbB2-specific NKG2D engager that

exclusively interacts with human NKG2D (here termed hNKAB-

ErbB2) (18, 42), we generated four similar scNKAB-ErbB2

FIGURE 6

NKAB-mediated redirection of primary human and murine lymphocytes endogenously expressing NKG2D to ErbB2-expressing tumor cells. (A)

Cytotoxicity of human PBMCs in the absence or presence of 0.64 nM of the indicated ErbB2-specific NKAB molecules against human K562

erythroleukemia, and CEM.NKR or CEM.NKR/ErbB2 T lymphoblastic cells was determined after 3 hours of co-incubation at an E/T ratio of 10:1.

Samples kept in the absence of an antibody or incubated with 0.64 nM of trastuzumab or an ErbB2-specific scFv fusion protein containing a human

IgG4 Fc domain (FRP5-Fc) were included as controls. (B) Cytotoxicity of murine splenocytes in the absence or presence of 0.64 nM of the indicated

ErbB2-specific NKAB molecules against murine A20 B-cell lymphoma, and RMA/neo or RMA/neo/ErbB2 T lymphoblastic cells was determined after

4 hours of co-incubation at an E/T ratio of 20:1. Samples kept in the absence of an antibody or incubated with 0.64 nM of FRP5-Fc (IgG4) were

included as controls. Mean values ± SD are shown; n=3 independent donors or animals. **, p < 0.01; *, p < 0.05. Statistical significance is indicated

for differences in comparison to samples without antibody.
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molecules which all carry an N-terminal NKG2D-binding domain,

connected by a human IgG Fc region to the ErbB2-binding domain

at the C-terminus. While NKABmolecules based on the structure of

ADCC-inducing IgG1 are functional (18), here we chose IgG4 to

limit simultaneous interaction with CD16a and to clearly attribute

the observed effects to NKG2D engagement (49). Facilitated by

disulfide bridges within the IgG hinge region, the scNKAB-ErbB2

molecules were expressed as tetravalent homodimers, which readily

interacted with hNKAR-NK-92 and mNKAR-NK-92 cells as well as

ErbB2-expressing breast carcinoma cells. Thereby, all four

scNKAB-ErbB2 molecules bound more effectively to the human

NKG2D receptor than the prototypic hNKAB-ErbB2 molecule,

with scNKAB-ErbB2(7) displaying the strongest interaction (see

Supplementary Table 1).

In competition assays with an excess of soluble MICA,

scNKAB-ErbB2(2) and scNKAB-ErbB2(7) proteins effectively

prevented binding of the natural ligand to NKG2D, while

scNKAB-ErbB2(1) and scNKAB-ErbB2(4) did not compete with

sMICA. This is indicative of the epitopes of the latter being distinct

from the ligand binding site. Although we only investigated

blockade of MICA, this likely extends to other human NKG2DL,

which share a similar binding surface on NKG2D (50, 51).

Interestingly, when simultaneous interaction with NKG2D-

expressing PBMC subpopulations and the ErbB2 target antigen

was investigated by detecting bound NKAB molecules with

recombinant ErbB2, prototypic hNKAB-ErbB2 as well as

scNKAB-ErbB2(2) and scNKAB-ErbB2(7), which all compete

with MICA, resulted in stronger signals. Likewise, scNKAB-ErbB2

(2) and scNKAB-ErbB2(7) displayed more pronounced bispecific

binding to NKG2D-positive murine NK cells and recombinant

ErbB2. Since this differential binding did not affect lymphocyte

activation in cytotoxicity assays with tumor cells, it may reflect

different accessibility of the ErbB2-specific scFv domain of NKG2D-

bound NKAB molecules for soluble ErbB2 monomers, without

obvious impact on the higher avidity interactions of the

homodimeric NKAB molecules with naturally expressed ErbB2

that is anchored in the target cell membrane.

Proteolytic shedding of NKG2D ligands has been described as a

mechanism of tumor cells to evade NKG2D-mediated immune

surveillance, with the released soluble NKG2DL not only reducing

FIGURE 7

Redirection of NKG2D-CAR engineered NK-92 cells by ErbB2-targeted NKAB molecules. (A) NKAB-independent natural cytotoxicity of hNKAR-NK-92

(left panels) and mNKAR-NK-92 cells (right panels) against NK-sensitive K562 erythroleukemia cells (top) and NKAB-mediated killing of ErbB2-positive

MDA-MB-453 breast carcinoma cells (middle) in the absence or presence of 0.64 nM of the indicated NKAB-ErbB2 molecules was determined after 3

hours of co-incubation at an E/T ratio of 5:1. ErbB2-negative MDA-MB-468 breast carcinoma cells (bottom) were included as control. Mean values ± SD

are shown; n=3 independent experiments. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05. (B) Cytotoxic activity of hNKAR-NK-92 (top) or

mNKAR-NK-92 cells (bottom) against MDA-MB-453 cells in the presence of increasing concentrations of the indicated NKAB-ErbB2 molecules was

determined after 3 hours of co-incubation at an E/T ratio of 2:1. Data points represent mean values of the percentage of viable tumor cells normalized

to values obtained after co-incubation of effector and target cells in the absence of NKAB antibodies. n=3 independent experiments.
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ligand density on the target cell surface, but also impairing immune

responses by blockade and downregulation of NKG2D on cytolytic

effector cells (13, 14). While non-competing BiKE molecules similar

to scNKAB-ErbB2(1) and scNKAB-ErbB2(4) were shown to remain

functional in the presence of NKG2D ligands (17), the same was

demonstrated for MICA-competing prototypic hNKAB-ErbB2

(18). Enhanced by avidity effects of the bivalent NKG2D binder,

hNKAB-ErbB2 prevented occupation of NKG2D by soluble MICA

even at high concentrations, and restored NKG2D-dependent

effector cell activity (18). This could also be expected for the

NKG2DL-competing molecules scNKAB-ErbB2(2) and scNKAB-

ErbB2(7). Indeed, despite quantitative differences in their binding

to NKG2D (see Supplementary Table 1), ligand-competing and

non-competing scNKAB-ErbB2 molecules were equally effective in

redirecting primary lymphocytes and NKG2D-CAR expressing NK

cells to ErbB2-positive tumor targets.

With a structure and molecular mass similar to an intact IgG

antibody, Fc-containing scNKAB-ErbB2 molecules are expected to

have a longer serum half-life than small tandem scFv-scFv fusions

like blinatumomab, which requires continuous infusion in patients to

achieve relevant concentrations in the blood (52). Furthermore,

bivalent binding of the homodimeric NKAB proteins to both of

their targets, ErbB2 and NKG2D, is likely important for formation of

a more stable immunological synapse and effective tumor cell killing,

as indicated by data from our previous study with prototypic

hNKAB-ErbB2. When dimer formation of hNKAB-ErbB2 was

prevented by removal of disulfide bridges within the antibody

hinge region, the resulting monomer was less efficient in triggering

activation of NKG2D-CAR expressing NK cells against ErbB2-

positive cancer cells (18). Likewise, in the case of nanobody-based

bispecific NKG2DxErbB2 antibodies, bivalent binders displayed a 20-

to 60-fold increase in affinity when compared to their monovalent

counterparts (17). When tested at a fixed protein concentration of

0.64 nM in combination with primary human and murine

lymphocytes as effectors, the species cross-reactive scNKAB-ErbB2

molecules showed similar antitumoral activity as hNKAB-ErbB2 and

mNKAB-ErbB2, respectively. Nevertheless, more detailed analysis

with hNKAR-NK-92 and mNKAR-NK-92 cells carrying CARs based

on human and murine NKG2D, despite a similar optimum at 0.16 to

0.64 nM, revealed marked scNKAB-ErbB2 activity over a broader

concentration range than hNKAB-ErbB2 and mNKAB-ErbB2. In

particular scNKAB-ErbB2(1) and scNKAB-ErbB2(4) showed less

pronounced reduction of effector cell activity at higher NKAB

concentrations due to competition with free protein, suggesting

more stable cell-cell contacts mediated by these molecules.

To the best of our knowledge, this is the first report on bispecific

killer cell engagers that recruit both, human and murine

lymphocytes. We devised a strategy for immunization and

screening, which despite differences in the amino acid sequences

of the human and murine antigens, facilitated the generation of

species cross-reactive NKG2D binders. Similar to studies with

antibodies that target immune checkpoint molecules like PD-1,

CTLA-4 and TIGIT (53–55), this could aid further preclinical

development of the bispecific killer cell engagers by allowing

testing in immunocompetent mouse tumor models. Thereby,

investigating their interaction with endogenous immune cells in

vivo as done here with isolated murine splenocytes ex vivo, and

evaluating potential adverse effects may provide insights not

possible in more artificial tumor xenograft models in

immunodeficient mice. The ErbB2-specific FRP5 antibody

domain used in our study does not react with the murine ErbB2

homolog (56). Nevertheless, the high degree of sequence identity

between the human and murine antigens still allows the evaluation

of ErbB2-targeted immunotherapies with murine tumor cells

modified to express human ErbB2 in immunocompetent BALB/c

and C57BL/6 mouse models (18, 57). Our data demonstrate

enhanced functionality of the newly generated scNKAB-ErbB2

engagers compared to the previously described species-restricted

hNKAB-ErbB2 molecule. Thereby, the bispecific scNKAB

antibodies proved effective in specifically redirecting the cytotoxic

activity of primary lymphocytes as well as NKG2D-CAR engineered

NK cells to ErbB2-positive cancer targets. Due to their modular

design, these molecules could easily be adapted to interact with

CD16a in addition to NKG2D and to target other tumor-associated

surface antigens by exchanging their respective Fc and scFv

domains (18, 20). At present, the generated NKG2D-binding

moieties are still of avian origin. Hence, an important next step

for further development will be the humanization of their sequences

following established procedures (58).
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1    Supplementary Table 

 

Supplementary Table 1. Binding of NKAB antibodies to NK and tumor cells  

_________________________________________________________________________________ 

Sample       hNKAR-NK-92  mNKAR-NK-92   MDA-MB-453  MDA-MB-468 

_________________________________________________________________________________ 

anti-human IgG     58.5a)           84            10.9          10.3 

hNKAB-ErbB2     559            99.1           4660         18.5    

scNKAB-ErbB2(1)   972            187           3902         10.9 

scNKAB-ErbB2(2)   849            290           3985         10.3 

scNKAB-ErbB2(4)   962            250           4198         10.9 

scNKAB-ErbB2(7)   1291           385           3933         10.9   

anti-mouse IgG     10.3            14.5           10.9          10.9 

mNKAB-ErbB2     10.3            522           3933         10.3 

_________________________________________________________________________________ 

Binding of bispecific scNKAB-ErbB2 molecules and the indicated control proteins at a concentration 

of 12.5 nM to NKG2D-CAR expressing hNKAR-NK-92 and mNKAR-NK-92 cells, and ErbB2-

positive MDA-MB-453 and ErbB2-negative MDA-MB-468 breast carcinoma cells was analyzed by 

flow cytometry. a)Data are indicated as median fluorescence intensity (MFI). Respective histograms 

are shown in Figure 3C.  
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2     Supplementary Figures 

 

Supplementary Figure 1. Intrinsic activity of mNKAR-NK-92 cells against NKG2DL-positive tumor 

targets. (A) Schematic representation of recombinant hNKG2D-Fc and mNKG2D-Fc proteins, 

consisting of the extracellular domain of human (red) or murine (blue) NKG2D at the N-terminus, 

fused to hinge, CH2 and CH3 domains of human IgG4 (Fc). (B) Detection of NKG2DL expression on 

the surface of murine A20 B-cell lymphoma and EL-4 T-cell lymphoma cells by flow cytometry with 

purified hNKG2D-Fc (red) and mNKG2D-Fc (blue) proteins followed by APC-conjugated anti-human 

IgG antibody. Cells stained only with secondary antibody (gray areas) served as control. (C) Cytolytic 

activity of mNKAR-NK-92 (blue), hNKAR-NK-92 (red) and parental NK-92 cells (black) against 

murine A20 and EL-4 cells was determined after 3 hours of co-incubation at the indicated effector to 

target (E/T) ratios. Mean values ± SD are shown; n=3 independent experiments. **, p < 0.01; ns, p > 

0.05 (not significant). Statistical significance is indicated for differences in comparison to parental NK-

92 cells. 
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Supplementary Figure 2. Degranulation of NKG2D-CAR expressing NK-92 cells upon activation by 

species cross-reactive NKG2D binders. hNKAR-NK-92 (top) and mNKAR-NK-92 cells (middle) were 

stimulated for 4 hours with immobilized scFv-Fc fusion proteins derived from selected yeast display 

library clones sc1, sc2, sc4 and sc7. Control samples were stimulated with PMA and ionomycin, Myc-

tag-specific antibody triggering the NKG2D-CARs in the absence of NKG2D binders, bispecific 

antibodies solely interacting with human (hNKAB-ErbB2) or murine NKG2D (mNKAB-ErbB2), or 

were kept in the absence of a stimulator (medium). Parental NK-92 cells were included for comparison 

(bottom). Mean values ± SD are shown; n=3 independent experiments. 

  



  Supplementary Material 

 
5 

 

 

Supplementary Figure 3. Binding of NKAB molecules to ErbB2-expressing human and murine tumor 

cells. Binding of purified scNKAB-ErbB2, hNKAB-ErbB2 and mNKAB-ErbB2 proteins to human 

CEM.NKR/ErbB2 (A) and murine RMA/neo/ErbB2 T lymphoblastoid cells (B) generated by 

transduction with an ErbB2-encoding lentiviral vector was investigated by flow cytometry as indicated 

(right panels). Unstained cells and cells only incubated with secondary antibody served as controls. 

ErbB2-negative parental cells are included for comparison (left panels). 
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Supplementary Figure 4. Phenotypic characterization of human PBMCs used for the cell killing 

experiments shown in Figure 7A. PBMCs from three healthy donors were analyzed by multi-color flow 

cytometry to identify relative proportions of NK (CD3- CD56+), NKT-like (CD3+ CD56+) and T cells 

(CD3+ CD56-), and NKG2D surface expression by gated NK, NKT-like and CD8+ T cell 

subpopulations as indicated. Cells stained with the panel antibodies in the absence of anti-NKG2D 

served as control (gray areas). 
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Supplementary Figure 5. Phenotypic characterization of murine splenocytes used for the cell killing 

experiments shown in Figure 7B. Splenocytes from three individual C57BL/6 mice were analyzed by 

multi-color flow cytometry to identify relative proportions of NK (CD3- NK1.1+), NKT-like (CD3+ 

NK1.1+) and T cells (CD3+ NK1.1-), and NKG2D surface expression by gated NK, NKT-like and CD8+ 

T cell subpopulations as indicated. Cells stained with the panel antibodies in the absence of anti-

NKG2D served as control (gray areas). 
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