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Abstract

Sections

T cell engagers (TCEs) are antibody-based, bispecific or multi-specific
constructs that can reprogramme T cells to eliminate target cells
expressing a defined surface antigen. Originally developed for

cancer therapy, TCEs are now being investigated for the treatment of
autoimmune diseases, with promising initial results. The interestin using
TCEs for autoimmune diseases is rapidly growing given their comparable
potency with cellular therapies, combined with the advantages of
biologics, including ease of manufacturing, off-the-shelf availability,
better safety and more convenient delivery. Here we review the history
of TCEs, focus on distinct aspects of the mechanism of action of TCEs
and explain design principles. We also discuss key challenges for future
TCE development in autoimmunity, including enhanced safety, high
convenience and complete target cell elimination. Finally, we provide an
overview of the preclinical and clinical development landscape and give
anoutlook on next-generation TCEs that are optimized to treat awide
variety of autoimmune diseases.
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Introduction

The depletion of pathogenic cellsis a central therapeutic principle for
treating many diseases, most notably in oncology and immunology'.
Inparticular, the field of oncology has pioneered several antibody-based
therapeutic modalities with high potential to specifically eliminate
target cells that express a particular surface antigen’. One such modal-
ity was based on conventional monoclonal antibodies (mAbs) of the
humanIgGlisotype, which can engage natural killer (NK) cells for tar-
getcelllysis, aprocess called antibody-dependent cellular cytotoxicity
(ADCC)’. A prime example is the anti-CD20 mAb rituximab, which is
approved for treating various B cell malignancies and autoimmune dis-
eases. The development of T cell engagers (TCEs) only gained momen-
tum recently, with 12 TCEs approved at present to treat patients with
haematologic cancers or solid tumours®*. Like TCEs, autologous T cell
therapies based on genetically engineered T cells that express synthetic
chimeric antigen receptors (CARs) have shown high potency in the
treatment of leukaemia and lymphoma, highlighting the enormous
cytotoxic potential of even low numbers of redirected T cells’. Here,
we review the use and development of TCEs for patients with autoim-
mune disease, which combine the convenience, predictable pharma-
cokinetics and off-the-shelf availability of mAbs with the potency of
T cells as effector cells.

TCEsare antibody-derived, bispecific or multi-specific constructs
that are designed to reprogramme cytotoxic T cells so they bind and
eliminate target cells that express a selected surface antigen. The
concept ofa TCE was first described in 1986 by Staerz and Bevan®, who
demonstrated that CD3-binding hybrid bispecific antibodies produced
in fused hybridoma cells can lyse Thy-1.1-expressing tumour cells.
In 2014, after decades of failure in developing TCEs with clinical
utility, an antibody-derived bispecific construct called blinatumomab
(Blincyto) became a TCE’, abispecific and a CD19-directed therapeutic
to gain regulatory approval by the FDA for the treatment of relapsed
or refractory B cell precursor acute lymphoblastic leukaemia (ALL).
Catumaxomab, a TCE targeted at EpCAM and CD3, obtained approval
inthe European Unionin 2009 for the treatment of malignant ascites
but was withdrawn from the market in 2014 and then reintroduced to
the European Union market in 2025 as Korjuny?®.

Blinatumomab consists of two tandemly arranged single-chain
variable fragments (scFv), one thatbinds CD3eon T cells and the other
CD19 on B cells. Once engaged with a target cell via blinatumomab,
Tcellsformawell-structured cytolytic synapse’, become fully activated,
release cytokines and chemokines, perform serial lysis of target cells™
and, under certain conditions, can eliminate target-negative cells via
a bystander effect”. TCEs also induce T cell proliferation, which can
locally augment the number of T cells.

The development of blinatumomab provided key lessons about
developing and applying TCEs as a new, highly potent modality for
cancer therapy and, more generally, for target cell elimination via
reprogrammed T cells, which is referred to as T cell-dependent cellu-
lar cytotoxicity (TDCC). By targeting the B cell antigen CD19, blina-
tumomab not only allows to treat various stages of B-lineage acute
lymphoblastic leukaemia (B-ALL) but can also effectively eliminate
normal B cells alongside malignant B cells. This prompted the explora-
tion of blinatumomab for B cell depletion in patients with rheumatoid
arthritis (RA)? and systemic sclerosis (SSc)*, followed by indications
including generalized myasthenia gravis", idiopathic inflammatory
myositis” and later immune thrombocytopenia (ITP) and antiphos-
pholipid syndrome (APS)". Since then, a number of CD19-specific,
BCMA-specificand CD20-specific TCEs have been or arein the process

of being clinically investigated in various autoimmune diseases''®
(TablelandFig.1).

Here, we discuss the development of B cell-depleting TCEs for
the treatment of various autoimmune diseases. We provide insights
into the mode of action, an overview of clinical experience with TCEs
in autoimmune disease and the nature of adverse events that can be
encountered. The design principles of TCEs are described in Fig. 2
and Box 1.

B cell depletion in autoimmune diseases

Autoimmune diseases are characterized by aloss of tolerance towards
self-antigens because of genetic predisposition (such as particular
MHC class Il alleles) and environmental factors (such as infections).
The breach inimmune tolerance in autoimmune diseases manifests
in the generation of autoreactive T cells, B cells and autoantibodies.
Activated T and B cells as well as autoantibodies can subsequently
lead toinflammation, whichinvolves effector mechanisms such as the
attractionof neutrophils and monocytes, complement factoractivation
and cytokine and chemokine production'. Autoimmune diseases can
clinically manifest as inflammation in multiple organs (for example,
in systemic lupus erythematosus) or selected organs (such as Hashi-
moto thyroiditis) by the depletion of cells (for example, idiopathic
thrombocytopenic purpura) or stimulation of cells (such as Grave’s
disease) or by interfering with cell-cell communication (for example,
myasthenia gravis). Correcting autoreactivity by transiently depleting
pathologicimmune cells, followed by repopulation with naive cells, has
emerged as a powerful therapeutic strategy in these diseases. There
are different approaches forimmune cell depletion, including auto-
logous haematopoietic stem cell transplantation (AHSCT)®, cellular
therapies®*? and antibody-based therapeutics.

AHSCT leads toacomprehensive ‘reboot’ of theimmune system.
Following leukapheresis, high-dose immunoablation eradicates lym-
phocytes, including the pre-existing, pathogenic autoreactive memory
TandB cell clones that perpetuate disease. Reinfused stem cells then
promote de novo reconstitution from thymic reactivation of a diver-
sified naive T and B cell repertoire that is restoring self-tolerance***.
Whereas AHSCT reboots the haematopoietic systeminanon-specific
fashion, cellular therapy with CD19-specific CAR T cells specifically
induces the depletion of the B cell compartment and spares the T cell
immune repertoire. Consequently, CAR T cell therapy can avoid full
myeloablation and induce a sustained, drug-free remission with
toxicities that are lower than those observed in patients who receive
AHSCT?>.

In contrast to CART cell therapies, which require personalized
manufacturinginvolving apheresis, conditioning chemotherapy, CAR
gene transfer, ex vivo expansion and re-infusion of a live cell product
into the patient, mAb-based therapies are available for immediate
treatment of patients with active disease. mAbs have predictable phar-
macokinetics and do not require complex logistics and cell cryopreser-
vation, allowing their administrationin community centres rather than
in specialized academic units. Therefore, mAb-based therapeutics
have become astandard of care for patients with certainautoimmune
diseases because of their off-the-shelf availability and scalability**”.

Bcellsare anattractive target forimmune-cell-depleting therapies
giventhatthe absence of B cells, in contrast to that of otherimmune cell
lineages, does not lead to an overt risk of infection. B cells contribute
to the pathophysiology of autoimmune diseases via three mecha-
nisms: (1) secretion of autoantibodies; (2) presentation of autoanti-
gens to pathogenic T cells; and (3) the release of pro-inflammatory
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Table 1] Clinical investigation of T cell engagers in autoimmune diseases

Drug name Alias Company (geography) Target(s) RoA Indications (phase, trial ID) Autoimmune
disease study
region

Blinatumomab Blincyto Amgen (US) CD19xCD3 1V,SC SLE, RA (Ph Illa, NCT06570798) USA, Europe,

SLE, SSc, GPA (Ph Il, EUCT-2025-523061-22-00) Australia, Asia
MG (PhIland Ill, NCTO6836973, NCT06684184)
Paediatric SLE (Ph I, NCT06789107)
Immune profiling of paediatric SLE treated
with CD19 bispecific TCE (observational,
NCT07352332)
AZD-5492 AstraZeneca (US) CD20xCD8 SC SLE, IIM, RA (Ph I, NCTO6916806, USA, Canada,
x TCR EUCT-2024-519015-34-00) Europe, Asia
Surovatamig TNB-486, AstraZeneca (US), CD19xCD3 IV,SC SLE, RA (Ph I, NCT07201558, USA, Europe,
AZD-0486 acquired from EUCT-2025-522273-10-00) Australia, South
TeneoTwo (US) America, Asia
MBS-303 MSC-303 Beijing Mabworks CD20xCD3 1V,SC Immune glomerular diseases (IgAN, Asia
Biotech (CN) Goodpasture syndrome, LN, glomerulonephritis,
FSGS, MN) (Ph land Il, CTR20252297)
Immune glomerular diseases
(LN, ANCA-associated glomerulonephritis)
(Ph 1and Il, NCTO7000292)
Alnuctamab CC-93269, Bristol Myers BCMAXxCD3 1V,SC SLE (Ph I, NCT07219563) USA
EM901 Squibb (US)
Cizutamig EMB-06, Candid Therapeutics BCMAxCD3 1V,SC SLE (Ph I, NCT07215663, ChiCTR2500107649) Asia, Europe,
CND106 (US), acquired from RA (Ph I, NCT06946199) Australia
EpimAb (CN) MG (Ph |, NCTO7215650, ChiCTR2500106725)
SSc (Ph1, NCT07158996)
UC (Ph I, NCT07353450)
IgAN (Ph I, NCT07135219, ChiCTR2500107535)
Autoimmune disease (SjD, IIM, SSc, RA)
(Ph /11, EUCT-2025-522857-20-00)
IgE-mediated diseases (Ph Ib, NCT07408869)
TED (Ph I, CTR20260772)
Healthy volunteer bioavailability
(Ph 1, NCTO7236411)
CND-261 GB261 Candid Therapeutics CD20 x CD3 IV, linvoseltamabSC SLE (Ph 1, NCT06945068) Asia, Europe,
(US), acquired from RA (Ph I, NCTO7052032, New Zealand
Genor Biopharma (CN) EUCT-2025-523265-15-00)
SSc (Ph1, NCT07159009)
ANCA-AV (Ph I/1l, EUCT-2025-522853-21-01)
CLN-978 Cullinan CD19xCD3 SC SLE (Ph 1, NCT06613360) USA, Europe,
Therapeutics (US) x albumin RA (Ph I, NCT06994143) Australia
SjD (Ph I, NCTQ7041099)
Velinotamig GR1803 Cullinan Therapeutics BCMAXxCD3 IV SLE (Ph Ib and lla, NCTO7348055, Asia
(US), acquired from CTR20254402)
Genrix (CN)
CC312 CytoCares CD19 x \% SLE (Ph I/lla, NCTO7177911) Asia
Shanghai (CN) CD28 x CD3 Autoimmune disorders (SLE, IIM, SSc) (Ph I,
NCT07193810)
Autoimmune disorders (SLE, [IM, SSc, RA, ITP,
AIHA) (Ph 1, NCTO6888960)
YK-012 Excyte Biopharma (CN) CD19xCD3 IV SLE (Ph /11, NCT07010835) Asia
MN (Ph I, NCT06982729)

RG-6382 RO7507062 Roche (CH) CD19xCD3 SC SLE (Ph I, NCT05835986) Europe, South
America, Asia,
South Africa

GSK-5926371 BR-110, GSK (UK), acquired from CD19 x [\ Autoimmune disease (SLE, RA, IIM, SjD) Asia

CMG-1A46, BioRay Pharmaceutical CD20 x CD3 (Ph 1, NCTO7371468, jRCT2011250048)
GSK5926371  (CN) (in collaboration

with Chimagen)
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Table 1 (continued) | Clinical investigation of T cell engagers in autoimmune diseases

Drug name Alias Company (geography) Target(s) RoA Indications (phase, trial ID) Autoimmune
disease study
region

A-319 iTabMed (CN) CD19xCD3 1V,SC SLE (Ph I, NCT06400537) Asia

RA (Ph I, NCT07347860)
JANXONM CD19-ARM Janux Therapeutics (US) CD19 x SC Healthy volunteers (Ph I, NCT07291323) Australia
Undisclosed
KT501 Sanofi (FR), CD19 x SC RA (Ph I, NCTQ7234773) Australia
acquired from Kali BCMA x CD3
Therapeutics (US)
MK-1045 CN201 Merck (US), acquired CD19xCD3 IV SLE, RA (Ph I, NCT0O7363590, Europe
from Curon EUCT-2025-523412-36-00)
Biopharmaceutical (CN)
PIT565 Novartis (CH) CD19xCD2 1V,SC SLE (Ph 1, NCT06335979) Asia, Europe,
x CD3 RA (Ph I, NCTO7029555, South America
EUCT-2024-520196-27-00)
OM336 CM8336, Gilead (US) / Galapagos BCMA xCD3 SC ITP, AIHA (Ph I, NCT07083960) Asia, Australia
gamgertamig  (BE), acquired from SiD, IIM (Ph Ib, NCT07229144, ISRCTN16355728)
Ouro Medicines (US) ITP, AIHA, Evans syndrome (Ph I, NCTO7175493)
[Originator: KeyMed . .
Biosciences (CN)] Autoimmune bullous disease (Ph land Il,
NCT06900010)
POEMS (Ph II, NCT07115654)
ITP (Ph Il, NCTO6799611)
Enatumab Peking Union Medical BCMA xCD3 SC AIHA (Ph Il, NCT07190261) Asia
College Hospital (CN)
CM355 ICP-BO2, Prolium Bioscience CD20xCD3 1V,SC SLE (Ph I, NCT07104344) Asia, Australia
PRO-203 (US), in-licensed from Healthy volunteers (Ph |,
InnoCare (CN) and ACTRN12625001266459)
KeyMed (CN)
QLS4131 Qilu Pharmaceutical BCMA x IV, SC SLE (Ph I, NCT07001839) No location
(CN) GPRC5D x disclosed
CD3
Linvoseltamab REGN5458, Regeneron BCMAXxCD3 IV IgE-mediated food allergy (+ dupilumab) USA, Europe
Lynozyfic Pharmaceuticals (US) (Ph 1, NCTO6369467)
Odronextamab  Ordspono Regeneron CD20xCD3 IV LN (Ph 1, NCT06975787) Asia, Europe
Pharmaceuticals (US)
Vonsetamig REGN5459 Regeneron BCMAXxCD3 IV LN (Ph I, NCT0O6975787) USA, Europe,
Pharmaceuticals (US) Transplant desensitization in CKD patients Asia
(Ph I/1l, NCTO5092347)
Mosunetuzumab RG7828, Roche Genentech (US) CD20xCD3 IV, SC SLE (Ph I, EUCT-2024-519930-22-00) USA, Europe
Lunsumio SLE (Ph 1, NCT05155345 - COMPLETED)
F182112 Shandong New Era BCMA xCD3 IV SLE (Ph Ib, CTR20253359) Asia
Pharmaceutical (CN)
SCTB35 SinoCelltech Group CD20xCD3 SC SLE (Ph land Il, NCTO6841042) Asia
(CN)
ABO2203 Suzhou Abogen CD19xCD3 IV Autoimmune disorders (SLE, LN, RA, SSc, IIM) Asia
Biosciences (CN) (Ph 1, NCTO6747156)
Emfizatamab GNC-038 Systimmune (US) CD19 xPD-L1 IV SLE (Ph 1, NCT06857214) Asia
X 4-1BBL x RA (Ph 1, NCT06857227)
CD3

Plamotamab XmADb13676 Xencor (US) CD20xCD3 SC RA (Ph Ib, NCTO7230353) Europe, New
Zealand

XmAb657 Xencor (US) CD19xCD3 SC IIM (Ph I, NCTO7284797) Australia

Information as of March 2026. Data collated from company websites, press releases and company presentations at conferences. AIHA, autoimmune haemolytic anaemia; ANCA-AV,
anti-neutrophil cytoplasmic antibody-associated vasculitis; CKD, chronic kidney disease; FSGS, focal segmental glomerulosclerosis; GPA, granulomatosis with polyangiitis; IgAN, IgA
nephropathy; IIM, idiopathic inflammatory myositis; ITP, immune thrombocytopenia; IV, intravenous; LN, lupus nephritis; MG, myasthenia gravis; MN, membranous nephropathy; POEMS,
polyneuropathy, organomegaly, endocrinopathy, monoclonal gammopathy, skin changes (syndrome); RA, rheumatoid arthritis; RoA, route of administration; SC, subcutaneous; SjD, Sjogren’s
disease; SLE, systemic lupus erythematosus; SSc, systemic sclerosis; TCE, T cell engager; TCR, T cell receptor; TED, thyroid eye disease; UC, ulcerative colitis.
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cytokines™. In contrast to B cell depletion, acomprehensive depletion
of T cellsisnot as well tolerated and carries a high risk of infections and
immunodeficiency”. Most clinical evidence for a therapeutic benefit
from B cell depletion came from experience with rituximab, achimeric
mouse/human CD20-targeted IgG1 mAb, which was originally devel-
oped and approved for various B cell malignancies®. Rituximab yielded
mixed results in the treatment of autoimmune diseases. Although it
showed efficacy as monotherapy in patients with RA*, anti-neutrophil
cytoplasmic antibody-associated vasculitis (ANCA-AV)** and pemphi-
gus vulgaris®, leading to respective approvals by the FDA and EMA,
it did not lead to a substantial benefit in controlled trials in patients
with systemic lupus erythematosus (SLE)** and lupus nephritis®. Also,
in patients with relapsing-remitting multiple sclerosis, the phase 3
trial failed to meet its primary end point. Building on the experience
with rituximab, several other CD20-targeted antibodies have been
developed. Ofatumumab targets a different CD20 epitope than
rituximab and was successfully developed for the treatment of mul-
tiple sclerosis®. Glycoengineered, ADCC-enhanced anti-CD20 mAbs
(obinutuzumab, ublituximab and ocrelizumab) and the CD19-targeted
mAb (inebilizumab) received approvals for the treatment of various
autoimmune diseases. Obinutuzumab recently demonstrated efficacy
inlupus nephritis, whereas previous studies with rituximab had failed,
whichsupportsthe principle that more potent B cell depletion canyield
superior clinical outcomes in autoimmune diseases”.

Despite therapeutic successes with canonical and glycoengi-
neered mAbs for B cell depletion, a high unmet need remains, given
that most patients do not achieve durable remission or a drug-free
state. More efficacious approaches and other B cell targets may there-
foreberequired to meet the unfulfilled need for more comprehensive

depletion of B cellsin a variety of autoimmune diseases. In the past five
years, the field has gained strong momentum because of compelling
early clinical results with autologous CAR T cell therapy in patients
with refractory SLE, SSc, idiopathic inflammatory myositis (IIM) and
other autoimmune indications®**°. CD19-directed CART cell therapy
demonstrated that the high cytotoxic potential of T cells canbe used for
B cell depletionin patients with treatment refractory autoimmune dis-
eases. Subsequently, TCEs targeting either CD19, CD20 or BCMA, which
reprogramme cytotoxic T cells to lyse B cells, have shown promise in
patients with RA, SSc, SLE with lupus nephritis, primary Sjogren’s dis-
ease (SjD), IIM, myasthenia gravis, ANCA-AV, autoimmune haemolytic
anaemia (AIHA) and ITp'Z 41671841743

TDCCby TCEsor CART cells allows for a highly effective and com-
prehensive elimination of B cells including autoreactive (in autoim-
mune diseases) and malignant (inlymphoma, leukaemia and myeloma)
B cell clones. Residual pathogenic B cells that remain after B cell-
depleting therapies — known in oncology as minimal residual disease
(MRD) —require highly sensitive methods for detection and, when
diagnosed, pose a high risk of relapse in patients**. Blinatumomab
was among the earliest agents to gain approval for the treatment of
MRD in patients with ALL*. Even in patients who were treated for ALL
and have no detectable MRD, overall survival is markedly increased
with a first-line TCE treatment in combination with standard of care,
indicating that the sensitivity of the TCE for finding and depleting
residual cancer cells exceeds that of the most sensitive MRD assays*.
The MRD principle in oncology may be adapted to autoimmune dis-
eases, in which a few remaining autoreactive B cells after depleting
therapies may likewise cause relapse. Indeed, in rheumatoid arthritis,
the length of B cell aplasia after rituximab therapy is closely linked to
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Fig.1|Structure of T cell engagers that arein clinical evaluation for autoimmune diseases. Formats are based on company reports and patents (Table 1). Fab, fragment
antigen binding; scFv, single-chain variable fragment; TCR, T cell receptor; VHH, variable domain of heavy-chain-only antibody.
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the durability of clinical response*. Ashorter lasting peripheral B cell
depletion and rebound in disease activity might be explained by sub-
optimal B cell depletion by mAbs of the IgGlisotype in tissues*®. Several
studies analysing synovial tissue, bone marrow and lymph nodes have
shown that residual B cells often persist in these tissue sanctuaries,
despite clearancein the circulation, and that thisincomplete depletion
in tissues might drive poor clinical response and earlier relapse* .
Emerging data demonstrate that obinutuzumab and low-dose blina-
tumomab produce more extensive but still incomplete tissue B cell
depletion compared with rituximab®”. By contrast, TCEs such as teclis-
tamab and cizutamig, both of which target BCMA and CD3, were shown
to mediate consistent and complete clearance of B cells from multiple
tissues, including lymph node, bone marrow, synoviumand skin'>**",

These findings demonstrate that the same therapeutic modalities
thatare used in oncology to effectively eliminate MRD can be applied
to treat autoimmune diseases. Of note, standardized definitions of
MRD and diagnostic assays remain to be developed for autoimmune
diseases. TCEs require no conditioning chemotherapy, which preserves
the T cell compartment, including regulatory T cells, during B cell
reconstitution and may thereby favour tolerogenic re-education of
the emerging B cell repertoire. Furthermore, autoreactive T cells,
altered stromal cell niches that may re-select for autoreactive clones
via BAFF and APRIL during B cell reconstitution, myeloid cells and
other dysfunctional regulatory circuits might be possible mediators
of disease persistence or relapse inautoimmune disease, even if com-
prehensive B cell depletion is accomplished. Likewise, neutralizing
anti-drug antibody responses, limited penetrationintoinflamed tissue

and secondary lymph nodes and serum sickness may equally limit the
efficacy of TCEs and other antibody-based therapies.

Higher single-agent response rates with the approved CD20-
specific TCEs compared with CD20-specific mAb therapies in lym-
phoma demonstrated that TCEs have superior activity compared with
mAbs with regard to target cell elimination, leading to a number of
recent approvals of TCEs as single-agent therapy”. Whether differ-
ences in efficacy between TCEs and conventional mAbs will also be
observedinautoimmune diseases remains to be determined. Inoncol-
ogy, approved TCEs and mAbs target several different B cell lineage
antigens to deplete malignant B cells. These include CD20, CD19, CD20,
CD22,BCMA and GPCRS5D (see ref. 27). For malignancies derived from
very early B cell stages, such as ALL, CD19-specific or CD22-specific
TCEs are used; for malignancies derived from mid-B cell stages, the
selected targets are CD19 or CD20, whereas malignancies derived from
plasmablast and plasma cell stages of B cells are best targeted with
BCMA-binding or GPCR5D-binding TCEs. With regard to the choice of
the B cell target antigen in autoimmune diseases, the disease biology
and significance of pathogenic autoantibodies, which canbe produced
by short-lived plasmablasts or long-lived plasmacells, and the level of
antigen expression by autoreactive B cells will greatly matter for target
selectionand, eventually, for the combination of targets. Several B cell
antigensare currently investigated as target antigens for TCEsin auto-
immune diseases, withsome of these targeted in combination (Table1).
Inconclusion, the early clinical success of TCEs in treating autoimmune
diseases is probably because of the properties of the most popular
targets (CD19 and BCMA) and the use of TDCC as therapeutic modality.
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Box 1| Design of TCEs

T cell engagers (TCEs) provide a ‘vast playground’ for antibody
engineering'. Intriguingly, a variety of TCE designs showed robust
T cell-dependent cellular toxicity (TDCC), suggesting low structural
constraints for a functional design. The 12 currently approved TCEs
have 5 distinct structural formats and are composed of different
building blocks?. Many more TCE formats (Fig. 1) have shown clinical
activity in phase 1 studies in patients with autoimmune diseases
(Table 1).

Building blocks for engineering TCEs include Fab fragments,
single-chain variable fragment (scFv), single-domain antibody/
variable domain of heavy-chain-only antibody (VHH) antibody
fragments, anticalins, DARPins, diabodies and soluble TCRaf3
fragments. Typically, they are recombinantly fused with each
other or are fused to Fcy regions derived from human IgG1, IgG2
or |gG4 isotypes. The Fcy regions are typically silenced by point
mutations to no longer bind Fcy receptors |, Il and Ill, which avoids
natural killer (NK) cell-mediated clearance of T cells and the
elimination of FcyR-positive immune cells by redirected T cells™'.
Only the recently approved TCE catumaxomab contains a wild-type
mouse Fcy2A region for facilitating antigen presentation. Apart
from allowing a highly variable arrangement of target-binding
and CD3e-binding domains, the use of an Fcy region has the
advantage of binding the TCE with normal or even enhanced
affinity to the neonatal Fc receptor (FcRn) on endothelial cells,
which extends serum half-life. An alternative approach to extend
serum half-life is the fusion of TCEs with an albumin-binding VHH
domain or with polyethylene glycan mimetic polypeptides'**'*.
More recently, a design based on fusing an scFv-based bispecific
construct to an Fc portion for half-life extension has gained
approval (tarlatamab)'**.

For the treatment of autoimmune diseases, a low immunogenicity
of building blocks is pivotal. Enhanced pro-inflammatory immune
responses in patients with autoimmune diseases may increase
the frequency of anti-drug-antibody responses, which can reduce
serum half-life, neutralize target binding or form complexes that
activate T cells in a non-specific fashion. Therefore, the construction
of TCEs typically uses fully human or humanized sequences and
non-immunogenic linker sequences.

IgG-like formats can contain one or two binding arms (2 + 1) for
the target antigen. Bivalency will enhance target cell binding of the
TCE by an avidity effect and may obviate the need for developing
very high-affinity binders. Overall, it may be advantageous if a
TCE primarily decorates target cells and not T cells, because the
latter can act as a ‘TCE sink’ in the periphery. Whether targeting
two different surface antigens (‘tri-specific TCEs': two antigens
plus CD3e) will be required for TCEs in autoimmunity needs to be
determined.

The formats of approved TCE vary in size — from tandemly
arranged scFvs of about 55 kDa to IgG-like TCEs of 175 kDa. Large
IgG-like TCEs are currently the predominant TCE format. It was initially
assumed that a smaller size of TCEs would allow better penetration
into target tissues. However, tissue penetration is largely driven by
diffusion, in which size and shape only matter for the kinetics of
penetration but not for eventually reaching the target cells. Therefore,
depletion of B cells in tissue may be less limited by tissue penetration

of a drug but rather by the effector mechanism, the local availability
of effector cells and recirculation kinetics of target B cells'”.

T cell binding

Thus far, all approved TCEs, and most TCEs in clinical development,
bind to the invariant CD3e T cell receptor (TCR) subunit. Its flexible
N-terminus contains the most preferred epitope because it is shared
with the orthologue of non-human primates (NHPs), allowing for
de-risking safety and pharmacokinetics studies of TCE candidates in
NHPs'*, Two FDA-approved TCEs bind to conformational epitopes
of CD3e that do not allow antibodies to cross-react with the NHP
orthologue. These are based on the monoclonal antibodies OKT3
and UCHT1.

Much attention has been paid to the binding affinity of TCEs to
CD83e. Preclinical studies suggested that decreasing the binding
affinity to CD3g may reduce the risk of cytokine release syndrome
(CRS)™. However, such ‘detuned’ TCEs suffer from a low potency
of TDCC, which may require compensation by higher dosing.
One such TCE, a CD19/CDS3 bispecific called TNB-486/AZD0486,
was tested preclinically and in patients with non-Hodgkin
lymphoma'®. Although it showed compelling antitumour activity,
its safety profile was not improved. Frequent higher-grade CRS
and immune effector cell-associated neurotoxicity syndrome
(ICANS) required the introduction of a double-step up'®’,
which refers to one or more stepwise increases of drug dose
over several days, a common strategy to mitigate CRS risk
for TCEs. FDA-approved TCEs show a considerable variety of
CD83e-binding affinities, with KDs ranging from 5 nM to 260 nM.
The CD3e-binding affinity of a TCE may, however, need to be well
balanced with the respective affinity of its target-binding arms.
An alternative TCE design imposed a steric hindrance on the
CDS3-binding arm when the target-binding arm is not engaged,
which may limit off-target T cell activation'°.

Some investigational TCEs are binding TCRaf3 chains (for example,
AZD5492, a trispecific IgG with bivalent CD20 binding). Additional
binding to CD8 has been used for selectively engaging cytotoxic
CD8' T cells and potentially reducing CRS™". TCEs binding the V&
variant TCR of y/3 T cells are also being developed'®. Although this
approach greatly limits the number of T cells available for target cell
lysis, it avoids engagement of T, cells. It is unclear how relevant
selective T cell engagement will become in the future, and so
far, pan-T cell engagement via binding CD3g is the best validated
approach.

TCEs are often designed with a very high affinity for the target
antigen with an intent to ‘decorate’ the target cell with CD3-binding
arms for engagement of bystander T cells, rather than ‘arming’ the
T cells with the TCE?*"*%, High-affinity binding to the target cell can
provide a stable anchoring of the TCE to more effectively apply a
nanoscale force on the TCR complex for its activation®. The epitope
on the target antigen can also be critical for TCE design. It is desirable
to avoid epitopes that end up in shed antigens. It is also desirable
to have a selection of antibodies that bind different epitopes.
Non-specific binding, hydrophobic surfaces and poly-reactivity
should be strictly avoided to prevent TCEs from binding unintended
tissues and inducing off-target toxicities.
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Immunological principles and mode of action
Reprogramming T cells by only binding CD3¢e
Oneofthetwotargetsfor TCEsisthe T cellreceptor (TCR) complex, which
iscomposed of six different subunits forming four kinds of dimers: of3,
ey and €6 heterodimers, and {C homodimers*®. Although all subunits
have extracellular domains, there are only few mAbs available that are
capable of binding the various TCR subunits on the cell surface. Of note,
all twelve currently approved TCEs bind to the invariant CD3¢e subunit
of the TCR complex. It has not been investigated in detail whether it
would be advantageous fora TCE to bind the CD3¢ey or the CD3e6 dimer,
or both, and what functional implications a selective dimer binding
would havein terms of T cell activation, efficacy or cytokine release.

During T cell development, the TCRaf chains undergo a series of
recombination events in their extracellularimmunoglobulin (Ig)-like
domains to generate the immense diversity of TCRs for recognition
of short peptides presented by MHC molecules®. However, af3 chains
donothaveintrinsic signalling capability and therefore depend on the
four CD3 subunitsin the TCR complex for signal transduction®®. Of note,
TCEs thatbind the single invariant subunit CD3e can fully activate the
TCR and induce all known cytotoxic T cell functions’. A recent study
has described the direct and distinct association of tyrosine kinase
LCK with CD3¢, which suggests a pivotal role for this subunit in TCR
signalling and explains the CD4 and CD8 co-receptor independent
TCR activation by TCEs*,

By binding to the invariant CD3¢e subunit, TCEs induce the secre-
tion of the cytolytic proteins perforin and granzymes for target cell
lysis®. This equally qualifies CD8', CD4", y/6, NKT and even T, cells
as effector cells for TCEs, essentially ‘equalizing’ all T cellsin a patient
aseffector cells for target cell lysis. No other therapeutic modality can
achieve such comprehensive T cell engagement. Given the high abun-
dance of T cells in the body, only a very limited fraction of a patient’s
T cells will ultimately be engaged and activated by TCEs for target cell
lysis. Consequently, alarge reservoir of resting, non-exhausted T cells
remain available for sustained drug action.

Thebindingofacanonical TCE to the TCR providessignal 1for T cell
activation, which, inthe absence of signal 2, should elicit anergy, a state
of prolonged unresponsiveness®. Surprisingly, this is not observed.
Instead, an expansion of effector memory T cells was observed in
patients with lymphoma who were treated with blinatumomab®.
Hence, the TCE-triggered signal 1 may have induced co-stimulatory
signals (signal 2) and cytokine signals (signal 3). Alternatively, TCEs
might preferentially activate, expand and engage effector memory
T cells, whichdo not necessarily rely on signals 2and 3 for their activa-
tion, survival and performance®. Nevertheless, a next generation of
TCEsisbeing designed thatincludes a co-stimulatory binding domain
that stimulates CD28, CD2 or 4-1BB TCRs. Preclinical and early clinical
studies have shown that stimulation by such domains can augment
TCE activity®. Alternatively, certain target cells such as B cells may
provide co-stimulatory signals to TCE-engaged T cells. Of note, all
FDA-approved TCEs were thus far designed to only provide signal 1
via binding to CD3¢g, which resulted in robust single-agent efficacy in
patients with late-stage cancer.

T cell activation by TCEs leads to the release of a host of pro-
inflammatory chemokines and cytokines, such as TNF and IFNy by
T cellsand, subsequently, of IL-6 and IL-1by cytokine-stimulated mye-
loid cells. As discussed below, T-cell stimulation by TCEs can cause
cytokine release syndrome (CRS), typically upon start of dosing.
Recent evidence indicates that CRS might be more strongly induced
inresponse to CD4" T cell activation rather than cytotoxic CD8" T cell

activation, providing arationale for designing CD8" T cell-biased TCEs
that might ‘decouple’ efficacy from overt cytokine release**°.

Cytolytic synapse formation and downstream events

When TCR complexes on T cells encounter cognate peptide-MHC
complexes (pMHCs) on target cells or on antigen-presenting cells,
animmunological synapse is formed. For cytotoxic T cells, this syn-
apse allows the delivery of perforin, which has lytic activity, and
apoptosis-inducing granzymesinto target cells (Fig. 3).In T cell interac-
tions with antigen-presenting cells, the synapse allows for the delivery
of regulatory signals such as cytokines. Although TCEs do not bind
pMHCs or the TCRaf3 chains for target cell recognition, they induce
the formation of a cytolytic synapse that effectively triggers T cell
activation and target cell lysis’. These synapses can be so tight that
membrane fragments from the attached target cells are transferred
to and integrated into T cell membranes, a process called trogocy-
tosis. For example, upon treatment with blinatumomab, CD19/CD3
double-positive T cellsemerged®'®. Such T cells can become eliminated
as CD19-positive target cells (‘fratricide’).

Once a cytolytic synapse is formed, TCR complexes within the
synapse activate a cascade of downstream events. Crucially, LCK, which
binds the CD8 or CD4 co-receptors, is recruited to the TCR complex®,
inwhichit phosphorylates multipleimmunoreceptor tyrosine-based
activation motifs (ITAMs) in the cytoplasmic tails of all four CD3
subunits®®, The ‘TCR bending mechanosignal model (TBM)’ proposes
that the bound cognate pMHC exerts a nanoscale force onto the TCR,
which induces membrane bending and pushes the cytoplasmic tails
of CD3 subunits from the inner layer of the plasma membrane into the
cytoplasm. The now-protruding CD3 domains become accessible to
phosphorylation by LCK®. The nanoscale force exerted upon the TCR
is mainly determined by the kinetic off-rate®. The TBM canalso explain
how TCRs discriminate between low numbers of high-affinity cognate
pPMHCs and abundant low-affinity, non-cognate pMHCs. In aforming
synapse, the tyrosine phosphatase CD45, which has alarge extracellular
domain, is displaced, which removes the most critical antagonist of
ITAM phosphorylation from the ‘hot spot’ of TCR activation®.

Upon phosphorylation by LCK, the cytoplasmic tail of the CD3¢C
homodimer recruits ZAP70, which is another critical tyrosine kinase’.
After recruitment to the TCR complex and by association with LCK,
ZAP70 becomes phosphorylated and thereby activated. It then acts
as a signalling hub and phosphorylates the scaffolding proteins LAT
and SLP-76. These serve as a signalling nexus toinitiate multiple down-
stream pathways that activate the transcription factors NFAT and
NFkB, as well as the MAPK and PI3K pathways”. These parallel signal-
lingeventsdrive all T cell effector functions, including but not limited
to changes in T cell metabolism, gene expression, morphology, cell
adhesion, polarization, secretion of cytokines and chemokines, and
T cell proliferation. Considering all published work on TCEs and their
clinical successes, thismodality seems to trigger all hallmarks of T cell
activationby just binding to CD3¢eindependently of aninteraction with
PMHC or TCRap’.

Giventhatvery low numbers of pMHCs (<10) can trigger full T cell
activation and cytotoxicity’?, an immense signal amplification must
ensue downstream from the TCRs that are activated within the synapse.
This may also explain how extremely low concentrations of TCEs —
often in the single-digit picomolar range — can potently trigger redi-
rected target cell lysis. However, in contrast to the scarcity of cognate
PMHCs, TCEs typically find much higher copy numbers of surface
target antigens, often in a range from 1,000 to 100,000 molecules.
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Fig.3|Mode of action of T cell engagers. a, The

T cell engager (TCE) transiently connects a target
cell (right) with a cytotoxic T cell (left). b, A cytolytic
synapse is formed. It is stabilized by the interaction
of ICAM-1 (target cell) with LFA-1(T cell). Upon
displacement of tyrosine phosphatase CD45 from
the synapse and exposure of immunoreceptor
tyrosine-based activation motifs on the engaged
TCE, tyrosine kinase LCK is activated in T cells.
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This may allow the formation of rather large synapses that contain
unusually high numbers of TCRs. As a result, redirected lysis by TCEs
may be more efficient, faster and less prone to negative regulation than
is possible with T cells forming natural synapses. Likewise, multiple
T cells may simultaneously form synapses with a single target cell.
Certain TCEs were shown toelicit killing of target cells that express only
double-digit numbers of target molecules on their surface’.

When T cells receive chronic stimulation, they can undergo
exhaustion, which could limit the efficacy of long-term TCE therapy.
Therisk for T cell exhaustionis, however, minimized by a constant sup-
ply of fresh, non-exhausted T cells from the periphery™. In vitro data
suggest that treatment-free intervals might additionally protect from
exhaustion”. Whereas potential T cell exhaustion during therapy does
not seem to limit TCE application in clinical practice, the presence of
exhausted T cells before the initiation of TCE therapy has been linked
to poor clinical response in oncological indications’”. Lastly, T cell
proliferation and target cell lysis in response to TCEs have been found
toberemarkably robustinthe presence of a variety of T cellinhibitory
factors, including TGFf3, PD-L1, adenosine, IL-10 and tryptophane
starvation’®, suggesting the formation of resilient cytolytic synapses.

Conditional T cell activation by TCEs

TCEs activate T cells in a strictly conditional fashion, such that acti-
vation can only happen if the second arm of the TCE simultaneously
binds to asurface antigen presented on a target cell’”. This is possible
because the TCR requires mechanosignalling and clustering for its
activation, which may only derive from clusters of bivalently bound
TCEs. To avoid direct TCR crosslinking, TCEs are designed to bind the
TCRinamonovalent fashion, in which even very high concentrations

cannot activate T cells in the absence of target cells’’. However, some
clinical-stage TCE formats have two CD3¢ binding arms®°. When investi-
gated, this did not cause a problem, presumably because their binding
arms for CD3gare too closely spaced in the TCE for simultaneous TCR
binding and crosslinking.

Thekey variables that are typically selected and tested for during
the development of a new TCE include the binding affinities to CD3
and target antigen, the length, distance, orientation and multiplic-
ity of binding arms, and the selection of the binding epitopes on the
target antigen and CD3e subunit. However, designing a new TCE still
is a stochastic and iterative process, in which different CD3-binding
and target-binding elements are incorporated into different TCE to
select drug candidates based on in vitro TDCC and in vivo efficacy
data, lowest possible cytokine release and favourable stability and
manufacturability.

The dose-response of a TCE for the release of pro-inflammatory
cytokines canbe different from the dose-response for TDCC.Infact, itis
desirable that target cell lysis requires lower TCE doses than the secretion
of pro-inflammatory cytokines. Thisis referred to asa‘cytokine window’.
It will depend on the TCE format, the affinities for target and CD3, and
the bound epitopes. TCEs with a robust cytokine window are expected
to cause alower frequency of higher-grade CRS in clinical trials®.

Development of highly potent TCEs

TCEs often have a high cytotoxic potential, with EC50 values for redi-
rected lysisinthe single-digit picomolar range, which poses challenges
for early clinical development®. Starting doses in clinical trials for
immune-stimulatory drugs are typically determined by the minimum
anticipated biological effect level (MABEL)®. This is defined as the
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TCE concentration that produces 20% of the maximum signalin T cell
activation, TDCC or cytokine release in vitro, as guided by regulatory
authorities®*. The resulting dose levels for TCEs are often so low that
serum levels can no longer be detected or accurately measured®. In
addition to detection problems, such low dose levels can also suffer
from ‘target-mediated drug disposition’, which means that a very low
ratio of drug to target causes nonlinear clearance and altered phar-
macodynamics owing to drug absorption®. Lastly, by starting with a
MABEL dose, reaching effective dose levels s likely to require multiple
dose escalation steps and, consequently, many patients will be treated
at non-beneficial dose levels. Single-patient dose escalation and the
use of quantitative systems pharmacology® for determining the start-
ing dose are alternative approaches that are increasingly applied to
accelerate phase 1trials with TCEs.

TCEs in autoimmune diseases

Design principles

Allcommercial TCEs so far have been exclusively developed for onco-
logical applications. Initial clinical testing in patients with autoim-
mune diseases therefore used the CD19-specific, CD20-specific and
BCMA-specific TCEs that had been approved for ALL, non-Hodgkin
lymphomaand multiple myeloma, respectively. Some TCEs delivered
strong proof-of-concept data, as outlined below. However, pivoting
to autoimmune diseases may require redesigning TCEs to allow the
safe treatment of large numbers of patients in an outpatient setting.

Initial observations suggested that TCEs approved for oncology
induce high-grade CRS in patients with autoimmune diseases less
frequently than in patients with cancer, which is remarkable given
that T cells are intrinsically activated in patients with a higher inflam-
matory tone owing to autoimmunity'>"7*!, This lower risk for CRS in
patients with autoimmune diseases may relate to alower target cell load
compared with patients with cancer. Nevertheless, maximal TDCC by
TCEs and minimal cytokine release is desired to not further aggravate
inflammation in patients with autoimmune diseases. As discussed
above, an enlarged therapeutic index may be achieved with the selec-
tion of appropriate formats, binders and binding epitopes that create
a‘cytokine window'.

Another important aspect is the convenience of TCE adminis-
tration. Whereas treatments for cancer can be given weekly and can
use prolonged intravenous infusions and eventually port systems
for delivery, this is not feasible for a large population of patients with
autoimmune diseases. The optimal delivery of abiological druginsuch
settingis by short termand infrequent subcutaneous administration,
ideally self-administered, but certainly not dependent on hospitaliza-
tion or frequent hospital visits. Inthe meantime, most TCEs for cancer
are administered subcutaneously, but less for better convenience
than for curbingafirst-dose cytokine response. A downside of subcu-
taneous administration could be injection-site reactions and a higher
propensity to elicit anti-drug antibody production.

Finally, target selectionisimportant for both safety and efficacy.
Although the use of TCEs in oncology may tolerate more side effects
from on-target toxicity in the pursuit of the highest possible anti-
cancer activity, this may not be acceptable for TCEs in patients with
autoimmune diseases. Here, safety can be enhanced by specifically
eliminating B cell subsets that contain the autoreactive cell popula-
tions. One example is B cells that secrete IgE or IgA and present the
respective B cell receptors ontheir surface, asis the caseinallergies and
nephropathies, respectively®*. TCEs should be specific for the respec-
tive membrane-bound forms of IgE and IgA and not be affected by the

varyinglevels of soluble IgE or IgA. TCEs that contain acombination of
the CD3-binding element and an autoantigen, which specifically binds
and eliminates autoreactive B cells, have shown efficacy in preclini-
cal studies’® — a concept that has recently been revived”. Currently,
the specific depletion of autoreactive B cells with TCEs bearing an
autoantigen is being explored for factor VIlI-specific B cells in hae-
mophilia, for desmoglein 3-specific B cells in pemphigus vulgaris®?
and for muscle-specific tyrosine kinase-specific B cells in patients
with myasthenia gravis®. Beyond autoantigen-based approaches,
idiotype-directed targeting represents another precision strategy.
A CD3-bispecific/9G4-bispecific TCE has been shown to selectively
eliminate 9G4" (IGVH4-34) autoreactive B cells from peripheral blood
mononuclear cells (PBMCs) of patients with SLE while preserving other
antibody-secreting B cells®*. Similarly, a bispecific autoantigen-T cell
engager that displays 2-glycoprotein I has demonstrated selective
eliminationin vitro of anti-B2GPI B cell clones in samples from patients
withantiphospholipid syndrome®. These approaches, while promising,
arestill in preclinical development.

Also explored are modular universal platforms that first decorate
target cells with a tagging compound, such as a hapten, followed by
elimination with a TCE that is specific for the tagging compound. This
may greatly expand target versatility without the need for redesigning
the TCE**?.

A number of different formats of TCEs are currently in clinical
development for autoimmune diseases (Table1). Some of these explore
T cell co-stimulatory domains as a means to counteract exhaustion,
including CC312 (CD19 x CD28 x CD3, CytoCares), PIT565 (CD19 x
CD2x CD3, Novartis) and emfizatamab (CD19 x PD-L1x 4-1BBL x CD3,
Systimmune), the latter being a quadrispecific construct that distinc-
tively combines T cell co-stimulation with checkpoint modulation.
Given the enhanced inflammatory tone in patients with autoimmune
diseases, additional T cell stimulation by such agonists may aggravate
sideeffects, but this willawait further clinical testing. However, ex vivo
experiments with patient-derived PBMCs do not indicate atendency to
enhanced cytokinerelease when treated with TCEs that contain T cell
co-stimulatory domains®®. There is also a trend to developing TCEs that
target more thanone B cell antigen for achieving more comprehensive
target cell elimination. Specifically, at least three distinct dual-targeting
strategies are now in clinical trials: CD19 x BCMA x CD3 (KT501, Sanofi),
CD19 x CD20 x CD3 (GSK-5926371, GSK) and BCMA x GPRC5D x CD3
(QLS4131, Qilu Pharmaceutical) (Table1).

Experience with approved TCEs
Current clinical experience from TCEs in autoimmune disease
therapy stems from using TCEs that are approved for oncological
indications'>"*'*"'8, The field gained significant momentumwith early
reports of the CD19-bispecific/CD3-bispecific TCE blinatumomab in
patients with refractory RA>and SSc". Despite the use of much lower
doses and shorter treatment durations than those used in patients
with ALL, TCE therapy showed compelling clinical activity, suggest-
ing that deep B cell depletion by a TCE in autoimmunity can be more
readily achieved than the depletion of malignant B cells. Six out of six
patients with RAreached DAS28-CRP (diseases activity score 28 using
C-reactive protein) remission at week 12, and the patient with SSc had
animprovementinskin fibrosis after 14 weeks. These clinical outcomes
were remarkable, considering the therapy-refractory nature of the
patients and TCE doses that would not be effective in cancer patients.
Building on this groundwork, subsequent case series used TCEs
targeted at various other B cell surface antigens in autoimmune
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diseases. At present, clinical datahave beenreported for at least 7 differ-
ent TCEs across atleast 11 diverse autoimmune conditions. These TCE
therapies target three different antigens: CD19 (blinatumomab, A-319),
CD20 (mosunetuzumab) and BCMA (teclistamab, CM336, cizutamig
and elranatamab) and have been investigated in patients with RA, SSc,
SLE, primary SjD, IIM, AIHA, myasthenia gravis, Graves’ disease with
thyroid eye disease (TED), IgG4-related disease, granulomatosis with
polyangiitis (GPA), idiopathicimmune thrombocytopenia (ITP) and for
transplant desensitization. Beyond these reported cases, the registered
clinical trial landscape has expanded considerably, with TCEs now
entering trials in additional indications including IgA nephropathy;
membranous nephropathy; ulcerative colitis; polyneuropathy, orga-
nomegaly, endocrinopathy, monoclonal gammopathy, skin changes
(POEMS) syndrome; Evans syndrome; autoimmune bullous disease;
IgE-mediated food allergy; and paediatric SLE (Table 1).

Although a detailed analysis of the clinical profile of these thera-
pies is beyond the scope of this Perspective, the reports generally
showcased feasibility and a favourable safety profile with frequent
butlow-grade CRS. Clinical activity was compelling, with the ability to
achieveresponses evenin highly treatment-refractory patients'>1¢™'5,

Going forward, a key question is the selection of the optimum
target antigen for B cell depletion. Fundamentally, B cell targets canbe
grouped into two categories: plasmacell sparing and plasmacell deplet-
ing. Targeting the CD19 and CD20 antigens is considered plasma cell
sparing, as neither mediates deep depletion of long-lived plasma cells.
However, TCEsthattarget CD19 canablate the B cellcompartment more
broadly than those targeting CD20, as CD20 is not expressed by very
early and late B cell stages including plasmablasts. CD19 is present on
most plasmablasts and even a proportion of plasma cells. Hence, CD19
targeting ‘reaches deeper’ into the plasma cell compartment but still
preserves protectiveimmunity and does notinduce hypogammaglob-
ulinaemiain the majority of patients. Notably, most disease-associated
autoantibodies decline after CD19-directed deep B cell depletion,
consistent withan origin fromshort-lived extrafollicular plasmablasts,
whereas certain autoantibodies such as anti-SSA/Ro can persist, asthey
derive from long-lived CD19-negative plasma cells®.

Plasmacell-depleting strategies are required when elimination of
allantibody-secreting cells is desired — this requires depleting not just
plasmablasts but also plasma cells and requires different targets, such
asBCMA, CD38, GPRC5D or FCRHS5, whichare also targeted by TCEs that
are used in patients with multiple myeloma. Ablation of plasma cells
can lead to hypogammaglobulinaemia and therefore an increased
risk for infection and requires transient immunoglobulin substitu-
tion. Plasma cells were already successfully targeted in clinical studies
with the BCMA/CD3-bispecific TCE teclistamab in patients with vari-
ous autoimmune diseases, including SSc, primary SjD, RA, idiopathic
inflammatory myositis, Graves’ disease, IgG4-related disease* and
lupus nephritis'®. Interestingly, early data suggested that BCMA tar-
geting can deplete not only antibody-secreting cells but also other
B cells, including naive and memory B cells. This suggests that
plasma cell-targeting strategies might be able to accomplish every-
thing that plasma cell-sparing strategies can, and more, but that the
safety profiles will differ. Whether BCMA targeting alone can deplete
all B cells or requires dual targeting with other antigens such as CD19
for most consistent results is currently under investigation, although
TCEs distinctively enable sequential multi-target strategies using
off-the-shelf agents without additional manufacturing.

Inconclusion, plasmacell-sparing and plasma cell-targeting strate-
gies differintheir safety profile and potentially in their potency. Which

indications benefit from targeting plasma cells and in which this is
justified from a risk-benefit perspective remains an area of active
researchand debate. The optimum target will deliver the best balance
between safety and efficacy for a given patient. Target stratification
might ultimately happen on the patient level (for example, via deep
immune profiling) or on the disease level, in which different targets
may allow for differential clinical response profiles.

TCE toxicities

Potential TCE toxicities include cytopenia, CRS and immune effec-
tor cell-associated neurotoxicity syndrome (ICANS), which are all
shared with CART cell therapies. Cytopenia can affect all haemat-
opoietic lineages, with neutropenia as the most common side effect
of treatment with TCEs in patients with cancer'®®, The exact mechanism
by which cytopenias can be induced is poorly understood, although
cytokine dysregulation and inflammation are thought to contribute
to bone marrow suppression'®. CRS is characterized by fever, which
canbeaccompanied by haemodynamicinstability, hypoxiaand organ
damage. CRS is graded in severity from O to 5 according to Common
Terminology Criteria for Adverse Events'®”. Several variables are associ-
ated with ahigher risk of CRS, including high target cell burden (‘bulky
disease’) and a fast dose increase at the start of treatment leading to
highinitial exposure (Cmax) of the drug. The rate of CRS is highly vari-
able between approved TCEs and their oncological indications. Thus
far, the risk of CRS induced by TCEs or CAR T cells (T cell-redirecting
therapies) is lower in patients with autoimmune diseases thanin those
with cancer'®. One reason for this may be the lower individual TCE
doses and less cumulative exposure compared with those used for
cancer therapy; anotheris the lower target cellburden. ICANS is rarely
observed in patients with autoimmune diseases who are treated with
Tcell-redirecting therapies. A recent meta-analysis in a population of
>3,600 patients with cancer found that grade 3 or higher CRS occurred
in 8.8% of patients who received CART cellsandin only 2.2% of patients
who received TCEs, whereas the rate of grade 3 or higher ICANS was
12.5%inthe CART cell cohort and 4.3% in the TCE cohort, respectively',

Morerecently, we described localimmune effector cell-associated
toxicity syndrome (LICATS) as a new side effect specific for T cell-
redirecting therapies'®’. LICATS is an immune-mediated inflamma-
tory reaction that has a similar appearance to disease flares and can
involve any organ. LICATS is typically associated with previous involve-
ment of the target organ, such as the kidney in lupus nephritis or the
skin in systemic sclerosis. LICATS events seem to occur early, within
days or weeks after the start of treatment, and are typically mild and
self-resolving or require only minimal immunosuppressive therapy
such as with low-dose steroids. Hence, LICATs probably represents a
T cell effector-mediated adverse event involving T cell activation and
cytotoxicity towards target cells in organs.

Depending on the target antigen used for B cell depletion, addi-
tional toxicities may emerge. For example, the depletion of long-lived
plasma cells by BCMA-specific TCEs may erode protective humoral
immunity, leading to a high risk for infections and impaired vacci-
nation responses. Notably, parkinsonism, which occurs in approxi-
mately 6% of anti-BCMA CART cell recipients, has not been observed
with anti-BCMA TCEs, suggesting distinct neurotoxicity mechanisms
for these modalities'®. Prophylactic antibiotic therapy and revac-
cination are expected to be required after therapy with high-dose
BCMA-targeted TCEs. Notably, the prophylactic supplementation
of immunoglobulins has been shown to substantially reduce serious
infections in patients receiving anti-BCMA TCEs'°®. The long-term

Nature Reviews Immunology


http://www.nature.com/nri

Perspective

implications for B celland plasma cell depletion in patients with auto-
immune diseases are unknown and will require larger and longer trials.

Strategies to reduce toxicity are mainly anchored around the use
of pre-emptive medication, which includes glucocorticoids (such as
prednisone and dexamethasone), antipyretics and antihistamines.
Transient pausing of anti-hypertensive medication during the first
doses of TCE therapy can also be advisable. A gradual increase in TCE
levels, that s, step-up dosing, is alsoimportant to reduce the maximal
concentration of the drug at the start of treatment when most higher-
grade CRS occurs. Also, subcutaneous administration can reduce
and delay a maximal concentration at the start of treatment without
negatively affecting the cumulative exposure (area under the curve),
terminal serum half-life or target cell elimination'”. The IL-6R-targeted
antibody tocilizumab is highly efficacious in treating CRS and can be
administered in a pre-emptive setting as well'®, During initial dosing,
inpatient monitoring is recommended, although further improve-
ments in safety, as well as remote monitoring, may allow outpatient
treatment. Maintenance doses often no longer show overt first-dose
reactions and therefore are increasingly being administered on anout-
patientbasis. Overall, at present, the safety profile of TCEs is considered
to be favourable.

Limitations of TCE therapy for autoimmune diseases

In autoimmune diseases, autoreactive T cells can have an active role.
As TCEs can potently activate any T cell phenotype, they might also
lead to the activation of autoreactive T cell clones, potentially exac-
erbating disease. However, thus far this has not been observed, nor
has the depletion-mediated loss of regulatory B cells led to apparent
adverse consequences. Immunomodulatory and immunosuppres-
sive therapeutics used for autoimmune diseases, particularly those
affecting T cell function, might alter the T cell landscape and functional
behaviour of T cells. Several commonly used immunosuppressants
affect T cell activation, such as glucocorticoids, mycophenolate, and
calcineurin,JAK and mTOR inhibitors, which can limit the efficacy of
TCEs. Moreover, continuous application of TCEs may lead to T cell
exhaustion, whichmight be aggravated by immunosuppressants. The
temporary pausing of such immunosuppressants is advised before
initiating TCE therapy, and acceptable washout periods should be
used. During TCE therapy, a transient decrease in circulating T cells is
observed, which is probably owing to vessel adherence and margina-
tion of T cells. Typically, transient lymphopenia is followed by a swift
recovery of T cell counts during continued TCE administration'>".

TCEs for oncology TCEs for autoimmune diseases

Efficacy

* Response rate

o Time to progression
» Overall survival

Safety

Widest possible patient access
» Outpatient treatment

* Convenience

» Subcutaneous route

o Self-administration

 Repeat dosing

Safety

Convenience

o Hospitalization

e Intravenous infusion
» Extended therapy

Disease modification

Fig. 4 | Different target product profiles of T cell engagers for oncology and
autoimmune disease therapy. There are different prioritiesin the development
of T cell engagers (TCEs) for oncology and autoimmune diseases with regard

to efficacy, safety, convenience, patient access and disease modification. For
oncology indications, efficacy holds the highest priority, whereas safety holds
highest priority for TCEs in autoimmune indications.

Beyond drug-induced limitations, disease-intrinsic or treatment-driven
effector cell dysfunction may also affect TCE efficacy in autoimmune
diseases. Impaired cytotoxicity linked to CD38 overexpression has
been described for CD8" T cells in SLE'®’.

Although TCEs approved for oncological applications have pro-
vided valuable proof-of-concept data across various autoimmune
diseases, these TCEs were optimized for the highest possible efficacy
against malignant target cells, but less so for optimal safety and con-
venience. However, as most comparator drugs, such as anti-rheumatic
drugs, are easy to administer in an outpatient setting and require
minimal monitoring, more stringent safety and accessibility require-
ments will need to be met to allow for TCE treatment of patients with
autoimmune diseases in an outpatient setting (Fig. 4).

Therapeutic potential of TCEs in many autoimmune diseases
As discussed above, TCEs have the potential to more completely
eliminate B cells thanis possible with conventional approaches, which
provides the basis for inducing long-lasting remission or even cure'°.
We suggest adopting the MRD concept for the depletion of autoreactive
B cells in the therapy of autoimmune diseases. When there is incom-
plete target cell elimination, disease is likely to recur after expansion
of autoreactive cells and/or the selection of autoreactive T cells thatis
facilitated by autoreactive B cells. Clearance of all autoreactive cells,
including those in tissue niches, will be required to reach ‘immune
reset’, which may involve disruption of germinal centres, follicular
dendritic cell networks and niches of T follicular helper cells. TCEs
have beenshownto achieve deep elimination of B cells below the level
of highly sensitive detection methods for MRD, followed by reconsti-
tution with predominantly naive, non-class-switched B cells™. Estab-
lishing the MRD concept and monitoring MRD conversion in patients
with autoimmune disease will require new diagnostic approaches,
such as high-resolution analysis of BCR gene rearrangements and
tracking of pathologic clones. The re-dosability of TCEs distinctively
allows iterative deepening of target cell depletion if residual disease
is detected.

It has been observed that patients who were refractory to sev-
eral baseline immunosuppressants became responsive again to the
same drugs after TCE therapy. For example, patients with RAwho were
treated with TCEs became sensitive again to abatacept, aselective T cell
co-stimulation modulator®. In contrast to a full ‘immune reset’, the
dosing flexibility of TCEs might allow to optimize for safety rather
thanradical B cell depletion by inducing astate of ‘immune dimming’,
which may provide clinical benefit but does not lead to long-lasting,
drug-free remission'”. In that sense, conventional CD20-targeted
mADbs can also be considered to act as ‘immune dimming’ agents'”.
The regaining of responsiveness to conventional drugs suggests that
TCEs can effectively break through a vicious cycle of disease activity
thatis present at multiple levels, as deep B cell depletion has also been
associated with downregulation of type linterferon and complement
signatures in bystander immune cells™.

As discussed above, TCEs that target B cells have already shown
clinical proof of conceptinatleast12 autoimmuneindications, includ-
ing RA™?, SLE'®, IM®7, SjDY, SSc>"*, IgG4-related disease*, Graves’
disease/thyroid eye disease*', myasthenia gravis'*, ANCA-AV*, autoim-
mune haemolytic anaemia', immune thrombocytopenic purpura'
and human leukocyte antigen (HLA) desensitization"¢. Furthermore,
registered clinical trials are now investigating TCEs in indications not
yet represented by published clinical data, including IgA nephropa-
thy, membranous nephropathy, focal segmental glomerulosclerosis,
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Fig. 5| Efficacy and safety of T cell engager therapies in autoimmune disease
compared with haematology. Efficacy vs safety profiles of selected T cell
engagers (TCEs) inthe clinic for various indications. The TCE blinatumomab has
been used for the treatment of relapsed/refractory acute lymphocytic leukaemia
(ALL), minimal residual disease (MRD) with or without standard of care (SoC) and in
rheumatoid arthritis (RA) and other autoimmune diseases. The multiple myeloma
(MM) T cell engager (TCE) teclistamab has been used in lupus erythematosus,
systemic sclerosis, idiopathic inflammatory myositis, Sjogren’s disease and other
autoimmune diseases. Generally, the safety and efficacy of TCEs improve with
lower target cell load. Solid tumour TCEs currently have lower response rates

and worse safety profiles than TCEs for haematological cancers. TCEs seem to
have abetter safety profile when used autoimmune diseases compared with
haematology. NHL, non-Hodgkin lymphoma; SLE, systemic lupus erythematosus.

Goodpasture syndrome, ulcerative colitis, POEMS syndrome, Evans
syndrome, autoimmune bullous disease, IgE-mediated food allergy
and transplant desensitization in chronic kidney disease (Table 1),
indicating that TCEs may address a broader spectrum of autoimmune
and immune-mediated conditions thaninitially envisaged. Inaddition,
otherdiseases that are mediated by pathogenicB cells, such as multiple
sclerosis and pemphigus vulgaris (which respond to B cell-depleting
mAb therapies), may potentially be treatable with deep B cell depletion
by TCEs, but this awaits clinical validation.

Based on emerging clinical experience, several factors seem to
be critical for the successful application of TCEs to autoimmune dis-
eases. These include: (1) a robust safety profile that is comparable to
alternative treatments; (2) high potency as monotherapy with superior
efficacy over canonical mAbs —both in terms of magnitude of response
and durability; (3) the availability of convenient subcutaneous adminis-
trationinan outpatient setting; and (4) alow immunogenicity to enable
re-treatment. Depending on the safety/efficacy profile, TCEs might be
developed either for maximum efficacy, aiming for ‘one-and-done’
dosing (immunereset), or for maximum safety and potentially tolero-
genic repeat dosing (immune dimming). Figure 5 depicts the desired
positioning in terms of safety and efficacy of TCEs used inautoimmune
diseases versus TCEs used for malignant diseases.

Finally, beyond B cells, ablation of specific T cell subsets via TCEs
may be explored. Recently, afirst clinical proof of concept was published,
with a study demonstrating strong and sustained clinical efficacy of a
mAb that facilitated the depletion of T cells carryinga V9 TCR beta chain
(TRBV9)in patients with HLA-B27-associated axial spondyloarthritis™” ",

Preclinical studies exploring TCEs against T cells are underway".

Conclusion
TCEsareaversatile class of antibody-based drugs that have transformed
the care of haematologic malignancies and are also emerging as therapy

for solid tumours such as uveal melanoma, small cell lung cancer and
prostate cancer, which are resistant to checkpoint inhibitor therapy.
Ample evidence fromstudiesin cancer demonstrates the ability of TCEs
to induce profound target cell depletion and MRD clearance, leading
to superior therapeutic responses and more durable remission com-
pared with treatment with canonical mAbs. These superior responses
are due to TDCC acting as a highly potent effector mechanism. Yet, as
antibody-based therapeutics, TCEs share many logistical advantages with
canonicalmAbs, such as predictable and scalable production, predictable
pharmacokinetics and immediate availability as ‘off-the-shelf’ therapy.

Likewise, recent case reports and small exploratory trials have
highlighted the potential for TCEs to transform the treatment of
B cell-driven autoimmune diseases. Initial clinical data suggest that
TCEs have afavourable safety profile; however, this must be validated
with higher dosing, in more autoimmune disease indications and in
more patients. There is currently limited knowledge of the optimal
B cell target or combination of targets for each autoimmune indica-
tion, the optimum dosing schedule, whether treatment should be
repeated or designed as a ‘one-and-done’ approach, and how durable
responses will be.

Ideally, TCEs used in patients with autoimmune diseases should
trigger robust and durable responses, possess a good safety record,
allow for self-administration in an outpatient setting and show low
immunogenicity, thereby permitting repeated treatment in case of
disease recurrence. Although this Perspective focuses on TCEs, alter-
native effector cell platforms are also emerging, including engagers
for NK cells and myeloid cells"*. However, the engagement of these
alternative effector cells still requires rigorous testing in patients with
autoimmune diseases. If clinical data continue on the current trajec-
tory, TCEs may become a preferred choice of therapeutic in a large
variety of autoimmune diseases.
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