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Purpose of review

T-cell-engaging antibodies or T-cell engagers (TCEs) can connect a patient’s cytotoxic T cells with cancer cells,
leading to potent redirected lysis. Until very recently, only one TCE was approved, the CD19/CD3-bispecific
blinatumomab. Many new TCEs in late-stage clinical development target various hematopoietic lineage
markers like CD20, BCMA, or CD123. Although very compelling single-agent activity of TCEs was observed
with various blood-borne cancers, therapy of solid tumor indications has thus far been less successful.

Recent findings

The approval in 2022 of the gp100peptide-major histocompatibility complex (MHC)/CD3 bispecific TCE
tebentafusp in uveal melanoma confirms that TCEs can also efficiently work against solid tumors. TCEs
targeting peptide--MHC complexes will expand the target space for solid tumor therapy to intracellular
targets. Likewise, early clinical trial data from TCEs targeting DLL3 in small cell lunger cancer showed
promising antitumor activity. Various technologies for conditional activation of TCEs in the tumor
microenvironment (TME) may expand the scope of conventional surface targets that suffer from a narrow
therapeutic window. Finally, pharmacological enhancements for TCE therapies by engagement of certain
costimulatory receptors and cytokines, or blockade of checkpoints, are showing promise.

Summary

Targeting peptide--MHC complexes, conditional TCE technologies, and concepts enhancing TCE-activated
T cells are paving the way towards overcoming challenges associated with solid tumor therapy.
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Cytotoxic T cells are the immune cell population in
patients with the highest potency to treat cancer.
Early clinical evidence for the importance of T cells
in cancer therapy was obtained with the approval in
1992 of recombinant IL-2 [1], a T-cell-activating
cytokine, and the clinical impact seen with T-cell
checkpoint inhibitors like the PD-1 antagonistic
antibodies, pembrolizumab and nivolumab [2].
More direct evidence comes from cancer therapy
with autologous tumor-infiltrating T cells (TILs),
which in combination with lymphodepleting che-
motherapy and IL-2 has led to robust responses in
melanoma and ovarian cancer patients [3]. When-
ever autologous T cells are engineered to express
recombinant chimeric antigen receptors (CARs),
which allows them major histocompatibility com-
plex (MHC)-independent recognition of cell surface
antigens, high complete response rates and durable
responses can be observed in liquid tumors, leading
to the approval of several CAR-T therapies targeting
CD19 or BCMA [4,5]. Likewise, autologous T cells
chains specific for cancer testis antigens, are showing
clinical activity [6]. TRuC-T cells, where antibody
fragments binding cell surface antigens are directly
fused to TCR subunits, can overcome theHLA restric-
tion of such TCR-T cells [7]. Although most CAR-T
therapies showlimitedactivity insolidtumors,TCR-T
and TRuC-T cells appear to show higher activity [8].
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KEY POINTS

� T-cell engagers are emerging as a cancer therapy with
potent single-agent activity.

� Although certain cancers are well treated with TCEs,
the number of surface targets suitable for classical T-cell
engagers is limited.

� Conditional TCEs are a promising novel approach to
expand the target space, particularly for the treatment
of solid tumors.

� TCEs can utilize peptide--MHC complexes as surface
targets, further expanding the available target space.

� Combination with checkpoint inhibitors, 4-1BB agonists
and cytokines may help TCEs to be more effective
against solid tumors.
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Despite the clinical success of cell therapies in
liquid tumors, the treatment can be associated with
significant toxicities, responses in solid tumors are
limited and manufacturing remains a major chal-
lenge [9].

An alternative therapy to cytokines, checkpoint
inhibitors and T-cell therapies are T-cell-engaging
antibodies or T-cell engagers (TCEs), which are typ-
ically based on antibodies or antibody fragments.
TCEs form a bispecific adaptor protein able to con-
nect essentially any T cell in the body with cells
expressing a select surface marker. TCEs allow for
precise control of dose and schedule, helping to
minimize side effects, and require much less com-
plex manufacturing processes than cell-based thera-
pies. Compelling complete response rates are
observed with TCEs in relapsed/refractory (r/r)
ALL, r/r NHL, multiple myeloma and AML patients
with TCEs targeting CD19, CD20, BCMA or CD123,
respectively [10–13]. Encouraging signs of activity
in solid tumors are starting to emerge in some
indications, namely uveal melanoma with the
approval of tebentafusp and small cell lung cancer
with early data from DLL3 targeting TCEs AMG 757
[14] and HPN328 [15]. We here discuss possible
challenges for the mode of action of TCEs in solid
tumors and highlight recent progress in overcoming
these hurdles.
MODE OF ACTION OF T-CELL ENGAGERS

TCEs are a therapeutic modality with outstanding
potency and an unusual mode of action. By binding
to a tumor-associated cell surface antigen (TAA)
with one arm andwith a second arm to the invariant
CD3 epsilon subunit of the T-cell receptor complex
(TCR), TCEs can transiently connect cancer and T
1040-8746 Copyright © 2022 The Author(s). Published by Wolters Kluwe
cells (Fig. 1). Simultaneous binding promotes the
formation of a cytolytic synapse between T and
cancer cells by which T cells can inject pore-forming
proteins (perforin) and apoptosis-inducing pro-
teases (granzymes) into the attached cancer cells.
The synapse formation also leads to TCR crosslink-
ing and T-cell activation, resulting in the release of
pro-inflammatory cytokines and induction of T-cell
proliferation [16]. Essentially, every cytotoxic T-cell
phenotype can be engaged by this modality and
made to participate in serial cancer cell lysis, includ-
ing CD8þ T cells but also CD4þ T cells, gamma/
delta T cells and NKT cells [17]. By recognition of a
cell surface antigen, T-cell engagement by TCEs is
independent of MHC molecules, peptide antigen
processing and presentation, and the specificity of
the TCR. In principle, every tumor-resident or newly
attracted T cell with cytotoxic potential can partic-
ipate in cancer cell lysis.

For full activation, T cells typically require two
signals. The primary signal 1 comes from activation
of the TCR through recognition of its cognate pep-
tide–MHC complex on target cells. Signal 2 serves to
coactivate signal 1 and is provided by CD28 stim-
ulation via CD80 [18]. Although both signals 1 and 2
are needed for activation of naive T cells, T cells that
have differentiated after initial priming, that is,
effector memory T cells, no longer need signal 2
for full activation. As TCEs do not provide costimu-
latory signal 2, it is likely that TCEs predominantly
derive their potent single-agent activity in patients
from the engagement of signal 2-independent,
effector memory CD8þ and CD4þ T cells. Pharma-
codynamic studies have indeed reported that
peripheral effector memory T cells get selectively
expanded in blinatumomab-treated patients [19].

Both isolated CD4þ T cells and cytotoxic CD8þ
T cells can mediate potent redirected lysis by TCEs
[20]. Regulatory T cells (T regs) are a subpopulation
of CD4þ T cells that can dampen T-cell responses. T
regs bear a TCR, and can therefore, also be activated
and engaged by TCEs. Although one study reports
that levels of T regs are a negative prognostic factor
for blinatumomab response [21], other studies find
that highly purified T regs, which in part express
perforin and granzymes, can likewise support redir-
ected lysis of target cell [22]. Given the high com-
plete response rates of TCEs in liquid tumors, it
appears unlikely that TCE-activated T regs can pro-
foundly impede the clinical activity of TCEs.
T-CELL ENGAGERS IN BLOOD BORNE
MALIGNANCIES

In blood borne malignancies, the mode of action of
TCEs translates into an outstanding single-agent
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FIGURE 1. T-cell engager mechanism of action. T-cell engagers (TCEs) are therapeutic proteins that can connect a T cell with a
tumor cell. Most TCEs have three domains: one domain binds to a component of the T-cell receptor, one domain binds to a
tumor-associated antigen, and a third domain provides additional functionality like half-life-extension.

Innovative agents and treatment modalities
activity. This was first evident by CD19/CD3 bispe-
cific blinatumomab, the first Food and Drug Admin-
istration (FDA)-approved TCE [23]. In pivotal trials,
r/r ALL patients showed a 40% complete response
rate. In ALL patients with minimal residual disease
(MRD) – having a much-reduced tumor cell load –
an 80% complete response rate was confirmed [24].
Currently, a spade of CD20/CD3-bispecific TCEs is
in later stage clinical development mostly in
patients with diffuse large B-cell lymphoma
(DLBCL) and follicular lymphoma. Their complete
response rates as single agent often exceed 50% and
favorably compare with CD19-specific CAR-T-cell
therapies in these indications [10]. Of note, the
design of CD20/CD3-bispecific TCEs can greatly
vary. Most are based on an IgG scaffold. This sug-
gests that for treatment of hematological cancers
554 www.co-oncology.com
there is a high tolerance for the bispecific design,
which may not be the case for solid tumor therapy.
TCE targets for blood borne malignancies typically
are lineage markers. As exemplified for B-cell anti-
gens CD19, CD20, or BCMA, respective normal B-
cell compartments can be ablated alongside cancer
cells without deleterious side effects. B cells are
simply replenished from hematopoietic stem cells
in the bone marrow. The coming years will see a
number of TCEs entering the market that can treat
most hematologic malignancies.
THE CHALLENGES OF T-CELL ENGAGER
THERAPY IN SOLID TUMORS

A key challenge in the treatment of solid tumors
with TCEs are treatment-related adverse events,
Volume 34 � Number 5 � September 2022
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which often limit dose and thereby efficacy. Such
adverse events can be on-target and/or off-target.
Off-target toxicities are a result of unintentional T-
cell activation without target cell binding. It can be
caused by aggregated TCEs, or mediated by binding
of TCEs to other cell types, for example, to Fc-
gamma receptors (FcgR) on antigen-presenting cells.
Catumaxomab is an example of a TCEwith an intact
Fc domain whose utility for systemic administration
is limited because of off-target toxicity [25]. Gener-
ally, these off-target toxicities present themselves as
cytokine release syndrome (CRS), a potentially life-
threatening consequence from sudden and exten-
sive activation of the immune system [26].

Compared with TCEs treating liquid tumors,
TCEs targeting solid tumors require much higher
peripheral exposures in order to achieve efficacious
concentrations inside the solid tumor tissue [27].
Higher exposure levels are more prone to off-target
toxicities and require particularly careful engineer-
ing and dosing. Common approaches include the
avoidance of FcgR binding either by removal of
FcgR-binding residues from IgG-like TCEs, or by
avoiding Fc domains from constructs altogether.
Small size and shape – as exemplified by platforms
like BiTE, DART, or TriTAC – are thought to be
beneficial for solid tumor penetration [28]. If TCEs
do not have a long serum half-life, an enhanced
diffusion rate into solid tumor tissue and a very
high-affinity target binding becomes critical. The
stability and propensity to aggregate is another
important variable of the binding elements
employed for TCE design. Single-chain variable frag-
ments (scFvs) of low melting temperature have less
desirable properties than, for example, single-
domain antibodies (sdAbs) or Fab fragments as
TCE building blocks [29].

On-target toxicities are directly linked to the
target specificity of the TCE. Although recent suc-
cesses like the approval of tebentafusp and the early
clinical data from DLL3 targeting TCE demonstrate
that certain TAAs are well suited as targets for well
engineered TCEs, many other TAAs have issues from
their expression on indispensable normal tissues. As
shown for tebentafusp, TCEs can recognize
extremely low levels of target. As a result, it is not
uncommon to observe on-target tissue toxicities, for
instance, with TCEs targeting CEA [30] and EpCAM
[31] in clinical trials, or TCEs targeting EGFR in
nonhuman primate studies [32].

On-target CRS is observed when the target-
mediated activation of T cells leads to an overboard-
ing cytokine response. In contrast to on-target tissue
toxicity, this effect is generally transient and can
sometimes bemanaged by dose reductions, premed-
ication, and supportive care.
1040-8746 Copyright © 2022 The Author(s). Published by Wolters Kluwe
EMERGING OPPORTUNITIES FOR T-CELL
ENGAGERS FOR TREATING SOLID
TUMORS

Peptide–MHC complexes as new surface
targets for T-cell engagers

Themost significant progress in treating solid tumor
by TCEs comes from tebentafusp, which received
FDA approval in January 2022 for treatment of uveal
melanoma [33]. Tebentafusp is composed of single-
chain TCR alpha/beta variable domains fused to an
anti-CD3 single-chain antibody. The soluble TCR
moiety is binding with low-picomolar affinity to a
gp100 peptide–MHC complex present in cancer
cells at very low copy number. Albeit only a modest
RECIST response rate was seen, the TCE showed a
robust increase in overall survival vis-à-vis investi-
gators’ choice [34

&&

]. A key learning is that solid
tumors can be treated by TCEs as a single agent,
and that peptide–MHC complexes make for func-
tional TCE targets despite their low expression on
target cells. Peptide–MHC-specific TCEs allow to
essentially target the entire cancer proteome includ-
ing nuclear, organelle-associated, cytoplasmic, and
secreted antigens. An alternative to using soluble
TCRs for generation of TCEs are TCR mimetic anti-
bodies (TCRms) that bind HLA-presented peptides
very similar to TCRs. A number of recent studies
published impressive preclinical data with TCRm-
based TCEs targeting pMHC complexes presenting
mutant Ras and p53 neoantigens [35]. These targets
are tumor-specific and promise a very wide
therapeutic window.
Conditionally active T-cell engagers

Another exciting development with the potential to
increase the target space for TCEs are conditional
TCEs. These molecules are administered as inactive
prodrugs, and activation is either temporally con-
trolled whereby the active TCE gets slowly formed
over time to counter the development of CRS, as
Harpoon’s TriTAC-XR platform [36], or activation is
controlled spatially, leading to activation of the TCE
only inside the tumor, which limits off-tumor tissue
damage. Several mechanisms for conditional TCE
activation are under investigation. BioAtla is pro-
posing to use pH-sensitive antigen-binding antibod-
ies, which are only binding their target antigen in
the slightly acidic TME [37]. Most other approaches
incorporate proteolytic cleavage sites in the TCE
design to take advantage of the enhanced proteo-
lytic activity in the TME for local activation of target
and/or CD3 binding, an approach pioneered by
CytomX [38]. Several protease activatable TCE
r Health, Inc. www.co-oncology.com 555



FIGURE 2. Conditionally active T-cell engager. Various approaches to conditionally active T-cell engagers are under
investigation. Five of the six platforms depicted here are either in clinical development or expected to enter the clinic in 2022.

Innovative agents and treatment modalities
formats began clinical testing or are expected to
enter the clinic in 2022 (see Fig. 2). These
approaches profoundly differ in their design. Most
platforms lose the long serum half-life of their pro-
drug upon activation inside the tumor, which
reduces unintended targeting of normal tissues
when activated drug is leaving the tumor tissue.
Some platforms use specific peptides for masking
(CytomX, Janux), others utilize steric blockade by a
long repetitive polypeptide (Amunix, now part of
Sanofi). One platform has modified the half-life
extending albumin-binding domain to also serve
as a mask for the T-cell-binding domain, utilizing
both specific masking and steric blockade (Har-
poon). In principle, conditional TCEs can block
either T-cell binding, target cell binding, or both.
Most formats in development are blocking both to
maximize safety. Harpoon’s ProTriTAC is blocking
only the T-cell binding, which is still allowing for
tumor targeting of the prodrug. It is not yet clear
which strategy will lead to the broadest therapeutic
index and highest antitumor activity in the clinic.

Other approaches for conditional TCEs are fol-
lowed by Revitope and Takeda. Revitope has
designed TCEs that come in two pieces. Only when
they find each other on tumor cells, an active TCE is
556 www.co-oncology.com
formed. A similar strategy was pursued by Maverick
(now Takeda). An inactive prodrug with long serum
half-life is split inside the TME. The halves then
unite on the target cell surface to form an active
TCE of short serum half-life [39].

For each conditional TCE format, preclinical data
show that the inactive prodrugs have orders of mag-
nitude lower in-vitro activity than theproteolytically
activated TCEs. However, it is not straightforward to
preclinically assess thegainedexpansionof therapeu-
tic index as often different species are used to assess
efficacy and safety, and often different pharmacoki-
netic properties and dosing schemes hinder a proper
comparison. The coming years will provide clinical
data with conditional TCEs targeting EGFR, EpCAM,
TROP-2, and other TAAs.
ENHANCEMENTS FOR T-CELL ENGAGERS
TO OVERCOME THE
IMMUNOSUPPRESSIVE TUMOR
MICROENVIRONMENT

The low response rates of TCEs in solid tumor indi-
cations has prompted the evaluation of checkpoint
inhibitors, TNFR family agonists, T-cell costimuli,
and cytokines for enhancement of antitumor
Volume 34 � Number 5 � September 2022
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activity. In most cases, such enhancements are not
becomingacomponentof theTCEbutareprovidedas
a separate co-therapy. Combination of TCEs with
checkpoint inhibitors, such as anti-PD1 antibodies
is ameans toovercomeexhaustionofTCE-activatedT
cells. A number of studies have preclinically inves-
tigated such combinations and found an enhance-
ment of TCE performance [40]. Another strategy is to
combineTCEswith biologics that agonize TNF recep-
tor family members, such as 4-1BB (CD137). Positive
results have been reported [41]. In another approach,
the activity of the TCE is intentionally weakened so
that it requires the second signal again, which is then
provided in the form of a CD28 agonistic biologic
[42]. This could help to engage naive T cells in addi-
tion to effectormemory T cells. Engagement of naive
T cells may enlarge the available T-cell troop size but
can come with safety liabilities from activation and
expansion of self-reactive T-cell clones and an
enhanced cytokine profile. Lastly, T-cell stimulatory
cytokines, such as IL-2mayhave utility in promoting
TCE activity. This was reported for tebentafusp in a
clinical trial [43].
CONCLUSION

TCEs are becoming an important addition to the
arsenal of cancer therapies. Widening the target
space by peptide–MHC targets and conditional
TCEs and the use of T-cell-enhancing strategies
are likely to lead to higher response rates in solid
tumor indications.
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