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Monoclonal antibodies constitute a promising class of targeted anticancer agents that enhance natural immune system functions
to suppress cancer cell activity and eliminate cancer cells. The successful application of IgG monoclonal antibodies has inspired the
development of various types of therapeutic antibodies, such as antibody fragments, bispecific antibodies, and antibody derivatives
(e.g., antibody-drug conjugates and immunocytokines). The miniaturization and multifunctionalization of antibodies are flexible
and viable strategies for diagnosing or treating malignant tumors in a complex tumor environment. In this review, we summarize
antibodies of various molecular types, antibody applications in cancer therapy, and details of clinical study advances. We also
discuss the rationale and mechanism of action of various antibody formats, including antibody-drug conjugates,
antibody-oligonucleotide conjugates, bispecific/multispecific antibodies, immunocytokines, antibody fragments, and scaffold
proteins. With advances in modern biotechnology, well-designed novel antibodies are finally paving the way for successful
treatments of various cancers, including precise tumor immunotherapy, in the clinic.
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INTRODUCTION

Over the past 30 years, therapeutic antibodies have revolutionized
the field of targeted cancer therapy. Therapeutic application of
monoclonal antibodies (mAbs) emerged after the hybridoma
technique to produce mAbs was introduced by Kohler and
Milstein in 1975." The antibody humanization technique pio-
neered by Greg Winter in 1988 further promoted the develop-
ment of therapeutic mAbs for treating various cancers.2 To date,
>100 mAbs have been approved by the US Food and Drug
Administration (FDA) for the treatment of different human
diseases, including cancer and autoimmune and chronic inflam-
matory diseases.> mAbs can specifically bind to target antigens
and induce cytotoxicity by exerting neutralizing or proapoptotic
effects, as well as promote innate immune responses, such as
antibody-dependent cellular cytotoxicity (ADCC), complement-
dependent cytotoxicity (CDC), and antibody-dependent cellular
phagocytosis (ADCP).* Inspired by the successful application of
immunoglobulin G (IgG) mAbs, other antibody formats (e.g.,
antibody fragments, bispecific antibodies (BsAbs), and non-lgG
scaffold proteins) and antibody derivatives (e.g., antibody-drug
conjugates (ADCs) and immunocytokines) have been successively
accepted as alternative therapeutic agents for a broad range of
cancers.

The antitumor efficacy of an antibody can be remarkedly
improved by linking highly a cytotoxic small molecule to the mAb,
generating a novel type of antibody derivative, an ADC.° ADCs can
selectively deliver highly cytotoxic small-molecule drugs directly
to targeted cancer cells and induce their apoptosis,” which fulfills
the requirements of a “magic bullet” as postulated by German

; https://doi.org/10.1038/541392-021-00868-x

physician and scientist Paul Ehrlich more than one century ago.®
The FDA has approved 10 ADCs for cancer treatment, and >80
ADCs are under clinical investigation.” In addition to small-
molecule drugs, antibodies can be conjugated to other types of
molecules, such as oligonucleotides,'® radionuclides,'’ and
protein toxins.'?

Harnessing the power of the human immune system is steadily
gaining recognition for its importance in the treatment of cancer.'?
BsAbs can simultaneously bind to two different antigens.'* The
most widely used BsAb is a bispecific T cell engager (BiTE), with
one arm targeting CD3 on T cells and the other recognizing target
proteins on tumor cells, thereby activating the T cells to kill the
tumor cells.'”> One first-in-class BiTE, blinatumomab, which targets
both CD19 and CD3, was approved by the FDA for the treatment of
patients with relapsed and/or refractory B cell precursor acute
lymphoblastic leukemia (R/R B-ALL) in 2014.'® In addition to their
interaction with T cells, BsAbs have also been designed to engage
other effector cells, such as natural killer (NK) cells' and
macrophages'® for cancer therapy. Antibody-cytokine fusion
proteins (also named immunocytokines) represent another novel
class of antibody-based immunotherapies.'® Cytokines constitute a
broad and loosely defined class of relatively small proteins that
regulate the immune response.?’ The systemic administration of
proinflammatory cytokines is often associated with severe off-
target toxicity, particularly flu-like symptoms, which may limit the
dose and prevent the escalation of dosages needed for developing
therapeutically effective regimens.?' Similar to the ADC strategy, a
strategy for using immunocytokines with antibodies or antibody
fragments as vehicles has been used for the targeted delivery of
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Fig. 1 Representative therapeutic antibodies and their derivatives.
a TCR-mimic antibody; b IgG antibody and antibody fragments;
c antibody-drug conjugate (ADC) and its mechanism of action;
d multifunctional antibodies, such as bispecific antibodies, immu-
nocytokine (antibody-cytokine fusion protein)

immunomodulatory cytokines (such as interleukin (IL)-2, IL-12, and
tumor necrosis factor (TNF)) to leverage the local tumor micro-
environment (TME) and activate anticancer immune responses.*

IgG is the predominant antibody used in current antibody
drugs, but in certain cases, the application of full-length antibody
is limited in cancer treatment because these large antibodies such
as poor penetration into solid tumors and because the Fc can
mediate bystander activation of the immune system.?* Recent
advantages in antibody engineering have facilitated the produc-
tion of different types of antibody fragments (e.g., Fab, F(ab’),),
engineered antibodies (e.g., single-chain variable (scFv) fragments
scFabs), and Ig domains (e.g., VHH).?* These fragments usually
retain the antigen specificity of the full-length antibody and are
expected to show better penetration into tumors and fewer Fc-
related adverse effects. In addition, non-IgG scaffold proteins, such
as affibodies, designed ankyrin repeat proteins (DARPins), and
monobodies, represent promising classes of therapeutic and
diagnostic molecules.?

mAbs usually recognize cell-surface antigens, whereas most
cancer-associated proteins reside in intracellular compartments.”®
T cell receptors (TCRs) can recognize certain small fragments of
intracellular proteins by binding with the peptide-major histo-
compatibility complex (pMHC), which comprises a short peptide
derived from intracellular proteins presented in the context of the
MHC on the cell surface.?” An antibody that mimics the epitope-
recognizing segment of a TCR, termed a TCR mimic (TCRm)
antibody, and TCRms are being used to target proteins of interest
inside tumor cells or other cells.?® A TCRm combines the pMHC-
targeting ability of a TCR with the robustness of IgG mAbs, which
is expected to improve druggability.®®

In this review, we summarize the advances in the development
of new therapeutic antibodies and their applications in cancer
treatment.
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ANTIBODY CONJUGATES

Antibody-drug conjugates

Design and structure of ADCs. In recent years, the proposed use
of ADCs has gradually gained steam, and they are rising stars in
the tumor treatment field. An ADC comprises three main
components: a mAb, cytotoxic payload, and linker. Upon binding
with a target antigen on tumor cells, am ADC can deliver a
cytotoxin payload into the targeted cell cytoplasm via receptor-
mediated endocytosis, release the cytotoxic drug from the ADC
during lysosomal degradation to destroy DNA or otherwise inhibit
cell division and eventually kill tumor cells* (Fig. 1c).

Suitable drug targeting, which is highly tumor-specific and
readily internalized by cancer cells, is a key factor that
determines the druggability of an ADC2' To minimize on-
target/off-target toxicity and open an acceptable therapeutic
window for ADC applications, tumor-specific or overexpressed
target antigens are preferable for ADC targeting and cytotoxic
payload delivery. Ideal ADCs are rapidly and efficiently
internalized via the clathrin-mediated pathway and are effica-
ciously trafficked to lysosomes, where they rapidly accumulate.
Currently, more than 50 antigens have been used as targets for
the preclinical or clinical development of ADCs; these antigens
include human epidermal growth factor receptor 2 (HER2),*?
trophoblast cell-surface antigen-2 (Trop-2),>* and B cell matura-
tion antigen (BCMA).>*

The cytotoxic payload of an ADC is a highly potent drug
capable of efficient cell killing. Compared with the effect of
conventional chemotherapy, these payloads showed higher
toxic potency (from 100- to 1000-fold). Free ADC payloads
cannot be effectively administered as chemotherapy agent
candidates due to their extreme potency, but their toxicities can
be minimized by directing the potency of the cytotoxic payload
by conjugating it to a tumor-specific antibody. ADC payloads
can be classified into two major types: (i) tubulin inhibitors
inhibit tubulin polymerization and trigger cell cycle arrest in the
G2/M phase and subsequent cell apoptosis; these inhibitors
include monomethyl auristatin E (MMAE),*> monomethyl aur-
istatin F (MMAF),3® and a derivative of maytansine 1 (DM1).32 (ii)
DNA-damaging agents bind the minor groove in DNA, leading
to cell death via DNA cleavage, DNA alkylation or interrupted
DNA replication (these agents include calicheamicin,®” SN-38,3
DXd,*® and PBD*°). Other small-molecule payloads, such as a-
amanitin (a selective RNA polymerase Il inhibitor), are also under
investigation.*°

Linkers, which covalently conjugate the cytotoxic payloads to
the antibody, are also essential components of ADCs. Ideal
linkers are stable before they reach the targeted tumor site and
are rationally designed for rapid liberation of payloads from an
ADC upon entry into lysosomes. Based on the mechanism of
payload release, linkers can be categorized into cleavable or
noncleavable linkers. Cleavable linkers are designed to con-
ditionally respond to the TME or intracellular environment, such
as low pH (e.g. the acid-labile hydrazone-based linker in
gemtuzumab ozogamicin (GO)*", proteolysis (e.g., the valine-
citrulline linker in brentuximab vedotin (BV)*?), or high-
glutathione concentrations (e.g., the disulfide linker in the
maytansinoid-based ADC mirvetuximab soravtansine®®). On the
other hand, noncleavable linkers (e.g. the thioether linker in
ado-trastuzumab emtansine) rely on complete lysosomal degra-
dation of the antibody for payload release.** The chemical
conjugation strategies of ADCs play a significant role in the
therapeutic potential of ADCs. Usually, an ADC payload is
conjugated to a surface lysine or cysteine residue of an
antibody, resulting in the patterned distribution of ADCs with
different drug-to-antibody ratios (DARs) during chromatogra-
phical separation. Different DARs, which may vary from zero to
eight, indicate different ADC pharmacokinetics, efficacy, and
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safety profiles.” Hence, site-specific conjugation approaches are
being explored to generate homogeneous ADCs.*

Clinical results obtained with approved ADCs. To date, ten ADCs
have been approved by the FDA for cancer treatment. An
overview of these ADCs, including ADC design and indications, is
presented in Table 1 and Fig. 2. A detailed discussion of these
FDA-approved ADCs is presented below. ADCs at phase Il clinical
trial are summarized in Table 2.

Gemtuzumab ozogamicin. The FDA approved the first ADC drug
—GO (Mylotarg®, Pfizer/Wyeth)—in 2000 for the treatment of
patients aged >60 years with relapsed CD33-positive acute
myeloid leukemia (AML).*® GO is a CD33-directed ADC consisting
of recombinant humanized IgG4 antibody specific to CD33, a
calicheamicin derivative, and an acid-labile hydrazone-based
linker that covalently attaches the toxin to the antibody.”
However, in a postmarket clinical trial, GO failed to show
improvement in complete response (CR), overall survival (OS), or
disease-free survival; in contrast, an increase in treatment-related
mortality was shown.*” Therefore, Pfizer withdrew the anti-CD33
ADC Mylotarg from the market in 2010.

In September 2017, on the basis of results from 3 clinical trials
(ALFA-0701,"® AML-19,”° and MyloFrance-1°°), the FDA reap-
proved GO for patients newly diagnosed with CD33-positive ALL
and for patients 2 years and older with relapsed or refractory
CD33-positive AML. A phase Il ALFA-0701 study compared
standard front-line chemotherapy (daunorubicin and cytarabine)
with and without a low fractionated dose of GO for patients with
untreated de novo AML. The results showed that event-free
survival (primary endpoint) was longer for patients in the GO
group than for those in the chemotherapy-alone group (median
15.6 vs. 9.7 months; hazard ratio (HR), 0.58; 95% confidence
interval (Cl), 0.43-0.78; p = 0.0003). increased OS (median 34.0 vs.
19.2 months; HR 0.69; 95% Cl, 0.49-0.98; p = 0.0368) and relapse-
free survival (median 28.1 vs. 11.4 months; HR, 0.52; 95% Cl,
0.36-0.75; p = 0.0003) were also observed. In the GO group, there
was no increase in the risk of death from toxicity, although severe
adverse events were more frequent. The randomized phase llI
AML-19 trial was performed to evaluate GO monotherapy and
compare the results with that of the best supportive care (BSC)
used for treating elderly patients with previously untreated AML.
Patients assigned to the GO group exhibited a significantly longer
OS than patients in the BSC group (median 4.9 months vs.
3.6 months; HR, 0.69; 95% Cl, 0.53-0.90; p = 0.005). In a third trial,
MyloFrance-1, a phase 2, single-arm, open-label study, included 57
patients with CD33-positive AML in their first relapse. Patients
received GO at a dose of 3 mg/m? on Days 1, 4, and 7. Fifteen
(26%; 95% Cl, 16-40%) patients achieved CR with a median
relapse-free survival of 11.6 months. Both AML-19 and
MyloFrance-1 showed the effectiveness and safety of GO
administered as a single drug.

Ongoing studies are being performed to investigate the
treatment of AML on the basis of various GO dosing schedules
and in combination with chemotherapy.

Brentuximab vedotin. BV (Adcetris®, Seattle Genetics, Inc.) is an
ADC composed of a chimeric anti-CD30 IgG1 antibody covalently
linked to the microtubule-disrupting small-molecule MMAE via a
cleavable valine-citrulline linker.>' In 2011, BV was approved by
the FDA to treat patients with systemic anaplastic large-cell
lymphoma (ALCL) and relapsed or refractory CD30-positive
Hodgkin lymphoma (HL). Approval was based on two single-arm
phase Il trials.

ALCL is an aggressive subtype of T cell ymphoma characterized
by uniform expression of CD30. In a single-arm phase I
multicenter trial, patients with relapsed or refractory systemic
ALCL after at least one prior therapy were treated with BV 1.8 mg/
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Fig. 2 Schematic representation of the FDA-approved antibody-drug conjugate (ADC)

kg intravenously every 3 weeks. The trial showed an OR of 86%
and a CR of 57%.>% For patients with relapsed or refractory HL (R/R
HL), a phase Il study showed that BV was associated with
manageable toxicity and high efficacy. Of the 102 patients treated
in the study, 76 patients (75%) achieved an objective response, 35
patients (34%) achieved complete remission, and 41 patients
(40%) achieved partial remission. Grade 1 or 2 adverse effects
were the most common; they included peripheral sensory
neuropathy, nausea, fatigue, neutropenia, and diarrhea.”®
Cutaneous T cell lymphomas (CTCLs) are rare non-HL subtypes
that involve the skin and blood, lymph nodes, and other internal
organs. In 2017, the FDA approved BV to treat adult patients with
CD30" CTCL, including patients with primary cutaneous ALCL
(pcALCL) and mycosis fungoides who had been previously treated.
Approval for the use of BV was based on the phase Ill ALCANZA
trial, which showed a significant increase in an objective response
lasting at least 4 months after BV treatment compared to the

SPRINGERNATURE

objective response to a physician’s choice of either methotrexate
or bexarotene (56.3 vs. 12.5%, respectively; 95% Cl, 29.1-58.4;
p < 0.0001).>*

BV is also effective when used in combination with chemother-
apy. Based on results from the ECHELON-1 and ECHELON-2 trials,
BV showed potent single-agent activity, and BV in combination
with chemotherapy agents was shown to be more effective than
chemotherapy alone.>>>® Hence, the FDA expanded approval of
BV in combination with chemotherapy for the first-line treatment
of stage Ill or IV classical HL or for previously untreated systemic
ALCL or other CD30-expressing peripheral T cell lymphomas.

Currently, 78 active (phases I-lll) clinical trials registered at
ClinicalTrials.gov are being conducted to evaluate BV as a
treatment for patients with hematological malignancies.

Ado-trastuzumab emtansine. HER2 is overexpressed in approxi-
mately 20% of breast cancer patients.’” In 2013, Ado-trastuzumab

Signal Transduction and Targeted Therapy (2022)7:39
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emtansine (also known as T-DM1 or Kadcyla®, Genentech, Inc.), a
HER2-targeting ADC incorporating the anti-HER2 trastuzumab
with the microtubule inhibitor DM1 (a maytansine derivative) via a
stable thioether linker, was approved for the treatment of patients
with HER2-positive metastatic breast cancer.>® The approval was
based on a phase Ill trial (EMILIA).>® In the EMILIA trial, patients
were randomly administered either T-DM1 (n =495) or lapatinib
plus capecitabine (n = 496). Median progression-free survival (PFS)
(30.9 vs. 25.1 months; HR, 0.68; 95% Cl, 0.55-0.85; p < 0.001) and
median OS (9.6 vs. 6.4 months; HR, 0.65; 95% Cl, 0.55-0.77; p <
0.001) were significantly better in the patients who received
T-DM1 than in the patients who received lapatinib plus
capecitabine.

In addition to breast cancer, T-DM1 has been studied in patients
with other solid tumors, including lung, bladder, brain, and
colorectal cancer.

Inotuzumab ozogamicin. The FDA licensed inotuzumab ozoga-
micin (BESPONSA®, Wyeth/Pfizer) for the treatment of patients
with R/R B-ALL in 2017. Inotuzumab ozogamicin is an ADC
composed of a recombinant humanized IgG4 mAb against CD22
covalently linked to the DNA-damaging agent calicheamicin via an
acid-labile hydrazone-based linker.° In a phase Ill trial (INO-VATE),
the effects of inotuzumab ozogamicin treatment were compared
with standard intensive chemotherapy in ALL patients, and the
results showed that the CR was 81% for the inotuzumab
ozogamicin group and 29% for the standard therapy group.®’
Improvements in PFS (median, 5.0 months vs. 1.8 months; HR,
0.45; 95% Cl, 0.34-0.61; p<0.001) and OS (7.7 months vs.
6.7 months; HR, 0.77; 95% Cl, 0.58-1.03; p=0.04) were also
observed.

Currently, 24 ongoing clinical trials (phases I-lll registered at
ClinicalTrials.gov) are being performed to test the effect of
inotuzumab ozogamicin for treating ALL patients.

Polatuzumab vedotin-piig. Polatuzumab vedotin-piiq (POLIVY®,
Genentech, Inc) is a CD79b-specific ADC that consists of a
humanized anti-CD79b IgG1 antibody, MMAE, and a cleavable
valine-citrulline linker that covalently conjugates MMAE to the
polatuzumab antibody.®> In June 2019, the FDA granted
accelerated approval to polatuzumab vedotin-piiq for adult
patients with relapsed or refractory diffuse large B cell lymphoma
(DLBCL), which is the most common type of non-Hodgkin
lymphoma (NHL).%®> Approval was based on a multicenter, open-
label study (NCT02257567), and on the basis of the study design,
polatuzumab vedotin-piiq was administered in combination with
bendamustine (B) and rituximab (R).** In this study, polatuzumab
vedotin administered in combination with BR resulted in a
significantly increased CR (40% vs. 17.5%; p =0.026), median
PFS (9.5 vs. 3.7 months; HR, 0.36; 95% Cl, 0.21-0.63; p < 0.001) and
median OS (124 months vs. 4.7 months; HR, 0.42; 95% Cl,
0.24-0.75; p=0.002) compared with BR combination therapy
without polatuzumab vedotin.

Twenty clinical trials have been recently established for
studying polatuzumab vedotin-piiq for the treatment of patients
with NHL or DLBCL.

Enfortumab vedotin. Enfortumab Vedotin (Padcev’, Astellas
Pharma US, Inc.), also known as ASG-22ME, is a first-in-class ADC
directed against Nectin-4 (Poliovirus receptor-related 4; PVRL4),
which is highly expressed in urothelial carcinoma as well as breast,
gastric, and lung cancers.®® Urothelial cancer, which typically
occurs in the urinary system, is the most common type of bladder
cancer®® In December 2019, enfortumab vedotin (PADCEV,
Astellas Pharma US, Inc.) was granted accelerated approval from
the FDA for treating patients with locally advanced or metastatic
urothelial cancer and who had been previously treated with anti-
PD-1 (programmed cell death-1)//PD-L1 (programmed cell death-1
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ligand 1) therapy or platinum-containing chemotherapy. The
clinical basis for the FDA approval was the phase Il single-arm trial
EV-201.%7 For patients with metastatic urothelial cancer, 55 (44%)
of 125 patients showed an objective response, the median
duration of the response was 7.6 months, and 15 (12%) patients
showed a CR.

Enfortumab vedotin is currently being evaluated for its effect on
urothelial cancers of various stages in eight ongoing clinical trials
and for its effect on breast, lung, and other solid tumors in three
other ongoing clinical studies, according to the registration
information at ClinicalTrials.gov.

Trastuzumab deruxtecan. Trastuzumab deruxtecan (also known
as DS-8201, ENHERTU®, AstraZeneca and Daiichi Sankyo) is an ADC
composed of anti-HER2 trastuzumab, a cleavable tetrapeptide-
based linker (GGFG), and a potent topoisomerase | inhibitor (an
exatecan derivative, DXd) as the payload.®® On the basis of two
key clinical trials, trastuzumab deruxtecan was granted acceler-
ated approval by the FDA in 2019 for the treatment of patients
with unresectable or metastatic breast cancer and who had been
treated with at least two prior anti-HER2 regimens in the
metastatic context. The phase | trial (NCT02564900) evaluated
the safety and tolerability of trastuzumab deruxtecan in patients
with HER2-positive advanced-stage breast cancer and with
previously administered T-DM1 treatment. Trastuzumab deruxte-
can showed a manageable safety profile and potent preliminary
activity.%® In the second clinical trial (NCT03248492), the ORR was
60.9% (95% Cl, from 53.4 to 68.0), and the median response
duration was 14.8 months (95% Cl, from 13.8 to 16.9). The median
PFS was 16.4 months (95% Cl, from 12.7 with an unreached
maximum).”®

Encouraged by the results of these clinical trials, approximately
29 clinical trials are currently aimed at evaluating trastuzumab
deruxtecan as a treatment for patients with HER2-positive solid
tumors, as reported at ClinicalTrials.gov.

Sacituzumab govitecan. Triple-negative breast cancer (TNBC)
cells lack estrogen receptor, progesterone receptor or HER2
expression, limiting their response to hormonal therapy or HER2-
targeted therapies.”’ Patients with TNBC have limited treatment
options. Sacituzumab govitecan (TRODELVY®, Immunomedics,
Inc.) is an FDA-approved ADC that incorporates a humanized
anti-Trop-2 mAb (hRS7), a cleavable linker, and the topoisomerase
1 inhibitor SN-38 as the payload.”? Compared to the payloads of
other FDA-approved ADCs (pM), the potency of the SN-38 payload
is moderate (at the single-digit nM level).”®> Owing to the novel
linker technology (a polar PEG-based linker), sacituzumab
govitecan achieved a relatively high DAR (~7.6) in comparison
with currently administered ADCs (DAR=~4). Sacituzumab
govitecan was approved by the FDA on an accelerated basis for
refractory metastatic TNBC in April 2020 based on positive results
from one clinical trial of 108 patients with TNBC (NCT01631552);”*
in this clinical trial, the response rate was 33.3%, and the median
duration of the response was 7.7 months. Sacituzumab govitecan
is an important advancement for the treatment of patients, as it is
the first approved ADC specifically targeted to metastatic TNBC.

Phase lll trials of sacituzumab govitecan for treating patients
with  TNBC  (NCT04595565), metastatic  breast cancer
(NCT04639986, NCT03901339) and other solid tumors
(NCT04319198, NCT04527991) are ongoing.

Belantamab mafodotin. BCMA plays a central role in multiple
myeloma (MM) pathogenesis in vivo and is overexpressed in MM
cells. Therefore, BCMA has been shown to be a promising cell
surface antigen for targeted therapies, such as CAR-T therapy,
BsAbs, and ADCs, improving the landscape for patients with
relapsed or refractory multiple myeloma (RRMM).”> Belantamab
mafodotin (BLENREP®, GlaxoSmithKline) is a first-in-class anti-
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BCMA ADC that was granted accelerated approval by the FDA in
August 2020 as a monotherapy treatment for adult patients with
RRMM who had received at least four prior therapies; belantamab
mafodotin includes an anti-CD38 mAb, the proteasome inhibitor
MMAF and a non-cleavable maleimidocaproyl (mc) linker.”® The
approval was based on results from a two-arm randomized open-
label phase Il study (DREAMM-2).”” In this trial, 97 patients were
intravenously administered the recommended dose of 2.5 mg/kg
belantamab mafodotin once every 3 weeks. The ORR was 31%
(97.5% Cl, 21%-43%), and 73% of the responders showed
improvement that persisted for 6 months or longer. However,
belantamab mafodotin can cause serious eye problems, including
corneal changes, decreased vision, and/or blurred vision.

Clinical trials of belantamab mafodotin administered as a
monotherapy and in combination with chemotherapy are
ongoing for treating patients with MM.

Loncastuximab tesirine-lpyl. CD19 is widely expressed during
various stages of B cell development and differentiation from pre-
B cells to plasma cells, and it is an attractive target for treating B
cell malignancies.”® Loncastuximab tesirine-lpyl (ZYNLONTA®, ADC
Therapeutics SA) is a novel anti-CD19 ADC composed of a
humanized anti-CD19 antibody, the alkylating agent pyrroloben-
zodiazepine (PBD) dimer SG3199, and a cathepsin-cleavable
valine-alanine linker.”® On April 23, 2021, loncastuximab tesirine-
Ipyl was granted accelerated approval by the FDA as a
monotherapy treatment for adult patients with relapsed or
refractory DLBCL who had received at least two prior systemic
therapies.2® The approval was based on phase Il multicenter open-
label and single-arm LOTIS-2 trial (NCT03589469),%' in which a
total of 145 patients were enrolled. Loncastuximab tesirine-Ipyl
showed an ORR of 48.3% (95% Cl, 39.3-56.7), and the median
duration of the response was 10.3 months (95% Cl, from 6.9 to an
inestimable value). PBD is approximately 50-100-fold more toxic
than other cytotoxic ADC payloads,® but loncastuximab tesirine-
Ipyl with PBD as the payload showed an acceptable safety profile.
In the LOTIS-2 trial, the most common (=10%) grade >3 adverse
effects including laboratory-measured abnormalities were neu-
tropenia (26.2%), thrombocytopenia (17.9%), an increased
gamma-glutamyltransferase (17.2%) level, and anemia (10.3%).

Currently, loncastuximab tesirine-lpyl is under investigation for
the treatment of various lymphomas as a single agent or in
combination therapy in four active phase I-lll clinical trials
(ClinicalTrials.gov).

Antibody-small interfering RNA (siRNA) conjugates (ARCs). As of
January 2021, four siRNA-based drugs with lipid nanoparticle
(LNP) or N-acetylgalactosamine (GalNAc) delivery systems had
received regulatory approval from the FDA or European Medicines
Agency (EMA).2? Encapsulated in LNPs or covalently conjugated to
GalNAc ligands, siRNAs can be successfully delivered to the liver.
Although RNA interference-based therapies are enabling progress
in RNA delivery to the liver, low delivery efficiency and limited
target organs (namely, the liver and eye) appear to be major
obstacles for targeted siRNA therapeutics. Since antibodies show
high specificity and affinity toward overexpressed antigens in
certain cell types or tissues, they are drawing increasing attention
as suitable vehicles for siRNA delivery. It has been sixteen years
since antibodies were first used to mediate the in vivo delivery of
siRNAs via cell-surface receptors.®®> Through noncovalent interac-
tions with antibody—fusion molecules or covalent linkages with
lysine or cysteine residues, siRNAs can be coupled with antibodies
for treating cancer (breast cancer?* prostate cancer,®> colon
cancer,’® and MM®) or other diseases (HIV® and leukemia®®). A
schematic diagram of ARCs is shown in Fig. 3.

In late 2015, using its THIOMAB platform, Genentech achieved
site-specific, large-scale siRNA conjugation to antibodies.®’ How-
ever, the results indicated that the entrapment of ARC in
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Fig. 3 Schematic representation of antibody-siRNA conjugates
(ARCs). a Antibody siRNA complex is constructed using electrostatic
non-covalent interactions. b The THIOMAB-based ARC. The siRNA is
chemically conjugated with the introduced cysteine of IgG antibody
(THIOMAB, Genentech Inc) via thiol-maleimide reaction to achieve
site-specific conjugation. ¢ IgG-based ARC that incorporates cell-
penetrating peptide in the linker to facilitate endosomal escape of
siRNA. d Fab-based ARC. The siRNA or ASO is chemically conjugated
to the C-terminus of Fab

endosomes was a major limiting factor for its further application.
Recently, Alnylam Pharmaceuticals, which had previously devel-
oped three siRNA drugs (i.e., patisiran, givosiran, and lumasiran)
that were approved by the FDA, reported the simple generation of
a structurally defined ARC (DVD-ARC) without introducing
mutations or using enzymes® Moreover, the reported ARCs
significantly downregulated the target mRNA and protein expres-
sion levels in tumor cells, further demonstrating the rationale of
using antibodies as vehicles to specifically deliver siRNAs to
nonliver tissues. In the late 2010s, Avidity Biosciences described an
lgG-based antibody-siRNA conjugate strategy that achieved
significant mRNA silencing in muscles and tumors, according to
it published patent®® For the development of
antibody-oligonucleotide conjugates (AOCs), the Avidity AOC
platform enables coupling of various types of oligonucleotides,
including siRNAs and ASOs, to IgG antibodies. AOC 1001, a leading
AOC drug candidate for treating adult patients with DM1, will
enter a phase /Il clinical trial in 2021. This ARC comprises a mAb
targeting transferrin receptor 1 (TfR1), a bridging motif (a
bifunctional linker with or without a cell-penetrating peptide),
and a rationally designed siRNAs to specifically target certain
mMRNAs. In addition to muscle disease, ARC applications have been
expanded to other cell types, such as immune cells and heart cells,
according to one manufacturer’s website (Avidity Bioscience). In
addition to an IgG-based ARC strategy, using antigen-binding
fragments (Fabs) as delivery vehicles has also been extensively
explored.®’ Due to the lack of a Fc domain, Fabs offer multiple
powerful advantages over mAbs, including increased tissue
penetration and tolerance, enhanced tissue penetration, and
reduced risk of immune system activation.”? Dyne Therapeutics is
pioneering the development of Fab-siRNA/ASO conjugates
through its FORCE platform to treat rare muscle diseases, such
as DM1, Duchene muscular dystrophy, and facioscapulohumeral
muscular dystrophy. The FORCE platform targets TfR1, which is
highly expressed on the surface of muscle cells’® enabling
efficient and targeted delivery of siRNAs or ASOs directly to
skeletal, cardiac, and smooth muscle tissue.

However, the applications of ARCs in the cancer treatment field
are still at an early stage, awaiting further exploration. There are
several issues in using ARCs that remain unsolved. First, ARCs do
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not readily enter cells because the negative charge of the
appended siRNA makes it difficult to overcome the thermody-
namic barriers presented by the cell membrane.®* Second, similar
to other delivery systems, endosomal escape is a major obstacle
for intracellular delivery of siRNAs, leading to inefficient localiza-
tion of siRNAs into the cytoplasmic RISC.”® Third, the inherent
endocytic property of the targeted antigen determines the
efficiency of siRNA delivery.”® For example, Fab-type ARCs have
only been shown effective against the target antigen TfR1,°' a
receptor prevalent in the endocytic pathway. Fourth, the lack of
quantitative approaches for investigating the endosomal escape
of siRNAs (released from ARCs) and the interaction of siRNAs with
the RISC machinery further limits the rational design and
optimization of ARCs.®’ Finally, steric hindrance created during
the conjugation of antibodies with a siRNA lowers conjugation
efficiency. With the current technology of the ARC field, the ADC
linker cannot simply be simply grafted into the conjugate,
suggesting that extensive linker optimization is needed to
generate certain ARCs. With the boom in ADC production, the
strategic use of ARCs, which is similar to the rationale of ADC use,
is expected to create new opportunities for the targeted
interference of gene expression in multiple organs in vivo in the
near future.

MULTISPECIFIC ANTIBODIES

In the past three decades, multispecific antibodies have rapidly
received tremendous attention as therapeutic agents to address
unmet clinical needs.'*?® Multiple mediators contribute to the
activation of cancer-related signaling pathways in the complex
pathogenesis of cancer, which limits the efficacy of monospecific-
based cancer treatment.””*® A decrease in activated lymphocytes
in the TME has been demonstrated to result in an unfavorable
immune response.’®'%° A broad variety of multispecific antibody
formats has been developed to function through different
mechanisms in cancer immunotherapy, including but not limited
to (1) engaging T cells or other immune cells (e.g., NK cells) to
specifically eliminate tumor cells, (2) bridging receptors to block or
activate synergistic signaling pathways, and (3) targeting multiple
tumor antigens or different antigen epitopes on tumor cells to
increase tumor selectivity (Fig. 1d)."*'°" Here we summarize the
advances in the development of multispecific antibodies (mainly
BsAbs) used for cancer treatment.

The formats of multispecific antibodies

In the 1960s, the original concept of mixing univalent antibody
fragments to generate multispecific antibodies was first described
by Nisonoff and colleagues.'® Initially, BsAbs were generated by
chemical conjugation of two antibody fragments and then by
somatic cell fusion of two different hybridoma cell lines. The
development of recombinant DNA technology and antibody
engineering technology made it possible to assemble different
antibody domains into various formats of multispecific antibodies
with a desired orientation and stability. In summary, the formats of
multispecific antibodies can be classified into two major
categories: 1gG-like antibody formats (with an Fc domain) and
non-lgG-like antibody formats (without an Fc domain) (Fig. 4). The
full-length 1gG-like multispecific antibody contains an Fc domain
that can bind with the neonatal Fc receptor FcRn, showing better
pharmacokinetic characteristics than antibody fragments and
exhibiting multiple antitumor mechanisms.'®®> Novel strategies
such as Knobs-into-holes and CrossMab enable the correct pairing
of different Ig heavy and light chains (Fig. 4). Compared with full-
length IgG-like multispecific antibodies, non-lgG-like multispecific
antibodies lack the Fc domain and thus have a lower molecular
weight, which enables greater penetration efficiency in solid
tumors. As a result, antibody formats without an Fc or albumin-
binding domain have a relatively short serum half-life owing to
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rapid renal clearance. Non-IgG-like multispecific antibodies with-
out an Fc domain can potentially be used to prevent nonspecific
activation of the innate immune system as well as Fc-mediated
ADCC or CDC, which is crucial for reducing immune cell
engagement-related side effects.'®® The well-known multispecific
antibody formats include dual-variable-domain Ig, tetravalent IgG-
like antibodies, multispecific scFvs, IgG-scFv fusion proteins,
multispecific Fabs, tandem VHH domains, and others (Fig. 4).

Mechanisms of action of different multispecific antibodies for
cancer treatment

Multispecific antibodies are engineered to target distinct antigen
epitopes simultaneously and thus may exhibit synergistic
therapeutic efficacy. The modes of action of multispecific
antibodies include but are not limited to redirecting the human
immune system to fight cancer, regulating a receptor signaling
pathway, combinational targeting of different tumor antigens to
increase tumor selectivity or mitigate antigen loss-related relapse.
With suitable target combinations and optimal format design,
multispecific antibodies may achieve the desired therapeutic
outcome and are feasible for large-scale production. In the near
future, an extensive pipeline of multispecific antibodies may
provide valuable candidates to meet the needs for clinical cancer
treatment.

Targeting CD3 to engage T cells

Recruitable effector cells play critical roles in cancer immunother-
apy. The early therapeutics BsAbs were T cell engagers, and their
effects were first demonstrated in the mid-1980s.'%*'% BiTEs are
capable of binding CD3e within the TCR complex and a selected
tumor-associated antigen (TAA) on tumor cells simultaneously.
Then, cytotoxic T cells are redirected to specifically kill the
recognized tumor cells via T cell engagers.'®'% Catumaxomab
(Removab®) was the first EMA-approved T cell-engaging BsAb for
the treatment of malignant ascites; it was approved initially in
2009 and is currently used worldwide. As a trifunctional Triomab®
family member, catumaxomab consists of an anti-CD3 rat IgG2b
half-antibody and an anti-epithelial cell adhesion molecule (anti-
EpCAM) mouse IgG2a isotype, with one arm binding to a T cell
and the other arm binding to a tumor cell.'”” Additionally, the

SPRINGERNATURE

binding to Fcy receptors on accessory cells (e.g, macrophages,
monocytes, NK cells, and dendritic cells) via the functional Fc
region results in highly concerted antitumor immune responses.'%®
The efficacy and safety of catumaxomab were demonstrated in a
pivotal phase II/lll study, and these results were corroborated in
phase I/Il studies.'®'% However, catumaxomab was withdrawn
from the market in 2017 for commercial reasons. Currently, another
clinical trial of catumaxomab is being conducted in China for
treating patients with recurrent or metastatic gastric cancer with
peritoneal metastasis (NCT04222114, ClinicalTrials.gov).

Another advanced T cell-engaging BsAb format at the forefront of
cancer clinical trials is BIiTE~ (Micromet, acquired by Amgen, Inc. in
2012). Blinatumomab (Blincyto; Amgen, Inc.) is composed of two
scFvs targeting CD3e on T cells and the B-lymphocyte antigen CD19.
The striking clinical phase Il trial results revealed a CR rate of 43%
(81/189) in adult patients with R/R B-ALL after the first two cycles of
continuous intravenous infusion of blinatumomab treatment''®
(MT103-211, NCT01466179), which formed the basis for the
accelerated approval granted by FDA in 2014 for the treatment of
Philadelphia-chromosome negative (Ph—) R/R B-ALL in adults.'®
Based on the encouraging clinical results of the TOWER trial
(NCT02013167),'°%""" Alcantara trial (NCT02000427),''* MT103-205
trial (NCT01471782)'"® and BLAST trial (NCT01207388),"'* the FDA
approved the expansion of clinical indications for blinatumomab to
patients with Philadelphia chromosome-positive R/R B-ALL and
pediatric patients with R/R ALL or MRD-positive ALL.'"®

Recently, a chemotherapy-free first-line treatment strategy with
blinatumomab and dasatinib (an ABL tyrosine kinase inhibitor
(TKI)) showed high rates of molecular response and OS in 63
patients with Ph-positive ALL. Complete remission was observed
in 98% of the patients, and at a median follow-up of 18 months,
the OS was 95%, and the disease-free survival was 88%.''°
Ongoing trials are evaluating the efficacy of blinatumomab
administered in combination with chemotherapy, targeted
therapies, or other immunotherapies, aiming to increase the OS
rate and reduce side effects.''5"'8

The impressive clinical data of catumaxomab and blinatumomab
sparked interest in the BsAb field and prompted researchers to
develop a diverse variety of BsAb formats, leading to explosive
growth in clinical trials. CD3-targeted BsAbs are rapidly becoming the
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most revolutionary strategic modalities in cancer immunotherapy,
accounting for more than 50% of global BsAbs used in various clinical
stages of cancer. Compared with IgG-like BsAbs, BiTEs show greater
penetration into tumors owing to their small molecular weight
(~55 kDa) and are relatively less immunogenic due to the lack of Fc
domain-mediated effector toxicities.'® Researchers from Amgen have
designed a series of BiTE -based antibodies (anti-CD3 x tumor cell
antigen) to validate their efficacy for use in cancer treatment; the
drugs tested included AMG 330 (anti-CD3/CD33), AMG 427 (anti-CD3/
FLT3, a half-life-extended BiTE® molecule in HLE-BIiTE format, also
known as a BiTE-Fc), AMG 673 (anti-CD3/CD33 in HLE-BIiTE format),
and AMG 701 (anti-CD3/BCMA in HLE-BiTE format) for use against
hematological malignancies and AMG 160 (anti-CD3/a prostate-
specific membrane antigen (PSMA) in HLE-BIiTE format), AMG 596
(anti-CD3/epidermal growth factor receptor (EGFR) vlll), and AMG 757
(anti-CD3/DLL-3 in HLE-BiTE format) for use against solid malignan-
cies; most of these drugs are still in the early stages of clinical
development.

The recent spike of interest in antibody-mediated immune cell
engagement for cancer treatment has driven many multifunc-
tional antibodies into clinical studies. Approximately 30% of T cell-
engaging BsAbs are in clinical trials for treating hematological
malignancies, and the specific targets are mainly well-known TAAs,
such as CD19, CD20, CD33, CD38, CD123, and BCMA.'"*'"%7'% The
application of T cell engaging BsAbs in solid tumors faces more-
challenging hurdles, such as poor T cell infiltration, a complex
immunosuppressive TME, and the higher likelihood of on-target
off-tumor toxicities, raising concerns for the safety and efficacy of T
cell engaging BsAbs. T cell-engaging BsAbs used for solid tumor
treatment have been explored by targeting established tumor
antigens, such as HER2, EpCAM, carcinoembryonic antigen (CEA),
and PSMA."?*'?7 Many preclinical studies have demonstrated that
T cell-engaging BsAbs can induce sufficient activation of T cells
and subsequent killing of tumor cells in various mouse xenograft
tumor models."?#7'3° To date, the most advanced T cell-engaging
BsAbs that have entered clinical trials for investigation in patients
are in phase | trials.'”® In addition to the incorporation of
extracellular antigens, some T cell-engaging BsAbs have incorpo-
rated TCR variable regions to recognize peptide/MHC | complexes
that consist of MHC-I molecules and short peptides (8-9 aa)
derived from intracellular proteins, and their binding is peptide-
specific and MHC-restricted. Bispecific InmTAC molecules (Immu-
nocore, Inc.), fusion proteins composed of an affinity-enhanced
TCR and an anti-CD3 scFv antibody, have provided potent and
highly specific access to the vast landscape of intracellular targets
via TCR-based tumor targeting. An exemplary ImmTAC molecule,
tebentafusp (IMCgp100), which targets a gp100 peptide (a
melanocyte differentiation antigen) presented by HLA-A02 on
tumor cells, has shown promising clinical outcomes as a
monotherapy agent for patients with metastatic uveal mela-
noma.”>" The FDA has given a breakthrough therapy designation
to tebentafusp (IMCgp100) for HLA-A2-positive, inoperable, or
advanced uveal melanoma based on interim data obtained from
the IMCgp100-202 Phase llI trial (NCT03070392), which demon-
strated the superiority of tebentafusp for extending survival in
adults with newly diagnosed metastatic uveal melanoma. Teben-
tafusp has also been given a fast-track designation and orphan
drug designation for use in uveal melanoma by the FDA and a
Promising Innovative Medicine designation under the UK Early
Access to Medicines Scheme for metastatic uveal melanoma.
Currently, an IMCgp100-202 phase Il clinical trial has met the
predetermined criteria for statistical significance of the primary OS
endpoint in tebentafusp treatment for patients with previously
untreated metastatic uveal melanoma.

Targeting T cell costimulatory receptors

Costimulatory receptors on T cells, such as 4-1BB (CD137) and
OX40 (CD134), can be leveraged for cancer immunotherapy. To

Signal Transduction and Targeted Therapy (2022)7:39

Emerging new therapeutic antibody derivatives for cancer treatment
Jin et al.

reduce hepatotoxicity after systemic T cell costimulation via mAbs
(e.g., urelumab), anti-TAA antibodies were fused to agonistic
antibodies recognizing costimulatory receptors for tumor localiza-
tion, TAA-dependent clustering, and activation of costimulatory
receptors, such as the HER2/4-1BB BsAb.'3? Several costimulatory
receptors, including CD28 and members of the TNF receptor
(TNFR) superfamily, such as 4-1BB and OX40, are promising
targets for T cell-costimulation-related cancer immunother-
apy.'**'3* For instance, the 4-1BB/HER2 bispecific molecule PRS-
343 induced T cell costimulation by HER2-dependent 4-1BB
clustering and activation, increasing the infiltration and activation
of lymphocytes in tumors and thus significantly suppressing
tumor growth in HER2+ mouse xenograft tumor models."*? A
phase | clinical trial of the first-in-class 4-1BB/HER2 bispecific
molecule PRS-343 was initiated to evaluate its in vivo antitumor
efficacy. Recently, Wu et al. described the application of a novel
trispecific antibody format, termed a crossover dual variable
(CODV) format, to simultaneously target CD38, CD3, and CD28 for
treating multiple CD38-positive hematological malignancies, such
as MM, AML, and chronic lymphocytic leukemia.'*> Dual engage-
ment of CD3 and CD28, representing the first and second signals
required for optimal T cell proliferation, respectively, afforded
efficient T cell activation and costimulation and boosted sustained
T cell proliferation to kill CD38-positive MM cells in vitro and
in vivo.'®

Targeting CD16 to engage NK cells

NK cells have been identified as playing indispensable roles in the
innate immune system, and growing evidence has demonstrated
their ability to reduce tumor load and exert tumor immunosur-
veillance."*® CD16 (FcyRlll), mainly expressed on mature NK cells, is
a low-affinity receptor that binds with the Fc domain of IgG
antibodies to mediate ADCC. Bispecific and trispecific killer T cell
engagers (BiKEs and TriKEs) are capable of exclusively triggering
ADCC by crosslinking the CD16 receptor on NK cells together with
antigen targets on cancer cells.'®” AFM13 employs a tetravalent
bispecific CD30/CD16A tandem diabody (TandAb®) with two
binding sites for the CD16A isoform on NK cells and two binding
sites for the CD30 antigen on lymphoma cells.'*¥'3° Cytotoxicity
assays demonstrated that AFM13 exhibited higher efficacy and
potency with respect to the diabody and anti-CD30 IgG antibodies
and showed inhibited lysis of CD30+ target cells.'* Early clinical
studies suggested that AFM13 represents a well-tolerated, potent
NK cell-engaging immunotherapy for treating CD30+ malignan-
cies."* 1 A phase | dose-escalation study with patients with R/R
HL revealed that the overall disease control rate of AFM13 was
61.5% in 26 evaluable patients, and the partial remission rate
reached 11.5%."*® Another phase Ib study of AFM13 administered
in combination with pembrolizumab in patients with R/R HL
recently showed an 83% overall response rate for all recipients, and
it showed good tolerability.'*' In addition, a novel anti-CD16 x IL-
15xCD33 TriKE (GTB-3550/0XS-35504) construct designed by
Vallera et al. incorporated an IL-15 cross-linker within scFvs
recognizing CD16 on NK cells and CD33 on myeloid tumor
cells."*>'*3 In vitro and in vivo studies revealed that GTB-3550
engaged NK cells to induce ADCC and eradicate CD33+ tumor
cells efficiently, indicating the profound impact of IL-15 on
maintaining the survival and proliferation of NK cells."**'** A
phase I/ll clinical trial (ClinicalTrials.gov NCT03214666) for the
treatment of CD33-positive leukemias such as AML, myelodysplas-
tic syndrome, and other CD33+ hematopoietic malignancies is
ongoing. The successful application of NK cell engagers in clinical
stages of cancer strongly suggests that BsAb-mediated NK cell
engagement is an alternative and viable strategy for leveraging
immune responses to cancer. Notably, a higher proportion of NK
cell infiltration within tumors has been demonstrated to be
associated with better clinical outcomes in patients.'** Collectively,
NK cell engagers hold promise in the near future as the most
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powerful agents for treating hematological malignancies and solid
tumors.

Targeting checkpoint receptors on T cells

In an alternative strategy implemented following the improved
clinical benefit observed in patients, the results from checkpoint
blockade immunotherapy have shed light on manipulating the
activation of immune cells in cancer treatment.'*>'*® Several
studies have shown that the upregulated expression level of PD-
L1 on advanced tumor cells inhibited the T cell response and
facilitated cancer cell immune evasion, which limited the in vivo
efficacy of cancer therapies.”'*® The utilization of therapeutic
antibodies to target checkpoint molecules, including cytotoxic T
lymphocyte antigen-4 (CTLA-4), PD-1, and PD-L1, unleashed pre-
existing antitumor immune responses.'*® Moreover, checkpoint
blockades have been incorporated into BsAbs to achieve tumor-
localized and TAA-dependent checkpoint blockage."*'" For
example, an anti-PD-1 X HER2 (human epidermal growth factor
receptor 2) BsAb (IBI315, Innovent, Inc.,, China) was designed to
bridge PD-1-expressing T cells to HER2-expressing tumor cells,
block the PD-1/PD-L1 signaling pathway in a HER2-dependent
manner, and inhibit activation of the HER2 signaling pathway.'>?
As a result, IBI315 combines targeted therapy with immunother-
apy, thereby potentially enhancing antitumor activity via multiple
mechanisms of action. Currently, a phase la/lb clinical study is
evaluating the safety, tolerability, and efficacy of IBI315 in patients
with HER2-expressing advanced solid tumors (NCT04162327).
Similarly, an anti-PD-1 X EGFR 1gG scaffold-based BsAb has
exhibited potent antitumor efficacy and enhanced T cell-based
antitumor immunity through PD-L1 blockade in both in vitro and
in vivo models."”' Simultaneous blockade of two immune
checkpoints with synergic mechanisms of action has been used
to maximize checkpoint blockade in the TME.">>">* A clinical trial
showed that five-year outcomes of applying nivolumab (anti-PD-1)
plus ipilimumab (anti-CTLA-4) to treat patients with advanced
melanoma led to sustained long-term OS compared with
treatment with ipilimumab alone,'>> providing a rationale for
concurrently targeting two immune checkpoints. Anti-PD-1 X
CTLA-4 BsAbs, including AK104,'*® MEDI5752,"*” and MGDO019,'*®
are expected to synergistically inhibit checkpoint signaling path-
ways in PD-1/CTLA-4 double-positive tumor-infiltrated lympho-
cytes (TILs) while enhancing PD-1 degradation and CTLA-4
inhibition in the TME.">’

Moreover, to reverse acquired T cell-anergy-mediated resis-
tance, the idea of targeting novel inhibitory receptors expressed
on TILs, such as LAG-3 (lymphocyte-activation gene-3) and TIM-3
(T cell immunoglobulin and mucin-domain-containing molecule 3)
with or without PD-1 and/or PD-L1, is also being explored in early
clinical trials>® (NCT03219268, NCT03708328, and NCT03440437).
AT cell-costimulation pathway can be combined with an immune
checkpoint axis blockade to achieve sustained antitumor immune
responses against advanced cancer.'®®'®" |COS (inducible T cell
costimulator, also known as CD278) and TNFR superfamily
members such as 4-1BB and OX40 are promising targets of
therapeutic BsAbs. The combinations of immune checkpoint
blockade and costimulatory receptor activation, such as PD-L1 x
4-1BB (MCLA-145, FS222), CTLA-4 x OX40 (ATOR 1015), and PD-
1 x 1COS (XmAb23104), are under preclinical and clinical investiga-
tion.'®7'%> To prevent potential toxic side effects due to
unspecific overactivation, a monovalent trispecific antibody
NM21-1480 comprising three scFvs (aPD-L1, a4-1BB and aHSA)
fused in a single chain was designed to restrict 4-1BB signaling
upon PD-L1 blockage."®® A similar immunomodulatory design
strategy was used to construct GNC-038, a tetraspecific IgG-scFv-
conjugated antibody (aCD19/CD3/4-1BB/PD-L1), now in phase |
clinical trial (NCT04606433).

Recently, Cotton et al. showed that the fully recombinant BsAb
AC-1, an antibody-based proteolysis-targeting chimera (PROTAC)
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termed AbTAC, simultaneously bound PD-L1 and the membrane-
bound E3 ligase RNF43 to degrade PD-L1 by recruiting RNF43.'®’
This AbTAC efficiently recruited membrane-bound E3 ligase to
degrade cell-surface PD-L1 in different cell lines with high PD-L1
expression levels (MDA-MB-231, HCC827, and T24 cells) via
lysosomal degradation.'®” AbTACs represent a new archetype of
BsAbs for use in the targeted degradation of cell-surface proteins,
further expanding the range of BsAb applications.

Targeting CD47 to enhance macrophage-mediated phagocytosis
CD47 is widely expressed on both healthy and cancer cells and
transmits a “do not eat me” signal upon interaction with the
signal-regulatory protein alpha (SIRPa) receptor on myeloid cells,
including monocytes, macrophages, neutrophils, and a subset of
dendritic cells.'®® Blockade of the CD47-SIRPa axis by anti-CD47
mAbs augmented antitumor activity by unleashing macrophage-
mediated phagocytosis; however, it also increased the possibility
of damaging normal CD47-positive cells, such as erythro-
cytes.'®>'? CD47-based BsAbs represent s viable strategy for
protecting red blood cells while maximizing the potency of CD47
blockade. The introduction of a tumor-specific targeting arm into
CD47-based BsAbs may potentially restrict CD47-SIRPa blockade
to the tumor site. TG-1801 (also known as NI-1701, TG
Therapeutics, Inc.) is a 1:1 IgG1 bispecific kKA antibody (CD19 x
CD47) that combines malignant B cell targeting and selective
CDA47 blockade.'”"'”2 Accordingly, TG-1801 specifically targeted
double-positive tumor cells and showed antitumor efficacy
through ADCP in vitro and in vivo."””" A phase | clinical trial for
evaluating the safety and optimal dosage of TG-1801
(NCT03804996) is ongoing. Another anti-CD47-based BsAb,
N1801 (TG Therapeutics, Inc.) was designed to target CD47 and
mesothelin (MSLN), an antigen overexpressed in multiple solid
tumors, and was demonstrated to efficiently kill MSLN+ tumor
cells without generating an adverse hematological profile in a
nonhuman primate study (AACR Annual Meeting 2019)."”>"7* The
synergistic activation of innate and adaptive immune responses is
also promising for tumor immunotherapy because it leads to the
modulated activity of two highly potent effector cells, NK cells,
and T cells. For example, the dual blockage of the PD-1/PD-L1 axis
and CD47-SIRPa axis has been incorporated into single BsAbs,
namely, IBI322 (PD-L1xCD47) and HX009 (PD-1xCD47), to
simultaneously potentiate the local adaptive and innate immune
responses against tumor cells and is being evaluated in phase |
trials (NCT04338659 and NCT04097769 for IBI322 and HXO009,
respectively).'””

Targeting receptor signaling pathways in tumor cells

Multispecific antibodies that recognize different receptors
involved in signaling crosstalk can be utilized to obviate bypass
signal transmission in cancer development.'’¢"'7® Receptor
tyrosine kinases, such as EGFR, HER2, HER3, and MET, are
enzyme-linked transmembrane receptors that consist of an
extracellular ligand-binding domain, a transmembrane domain,
and an intracellular protein-tyrosine kinase domain.'”® Multiple
studies have shown that phosphorylation and activation of c-Met
signaling contribute to the resistance of EGFR TKis in patients with
non-small cell lung cancer (NSCLC)."®® Recently, it was reported
that the combination of osimertinib (EGFR TKI) plus savolitinib
(MET TKI) showed an acceptable safety profile and encouraging
antitumor efficacy in patients with advanced NSCLC.'®' Therefore,
dual inhibition of aberrant cell survival or proliferation-related
signaling pathways has become a promising strategic focus for
treating patients with MET-driven resistance to EGFR TKis.
Amivantamab/JNJ-61186372 is a dual-targeting EGFR x MET BsAb
generated through controlled Fab arm exchange and can inhibit
EGFR and MET signaling pathways while triggering Fc-mediated
effector interactions.'”” In various tumor models, amivantamab
efficiently induced the downmodulation of EGFR and MET
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expression and exhibited immune-directed antitumor activity,
translating clinically into robust antitumor responses in two exon
20ins patients.'® Notably, on May 21, 2021, the FDA granted
accelerated approval to JNJ-61186372 (Rybrevant, Janssen Bio-
tech, Inc.) for the treatment of adult patients with locally advanced
or metastatic NSCLC with EGFR exon 20 insertion (exon 20ins)
mutations. Another example is MCLA 128, an IgG1 BsAb
specifically binding HER2 and HER3, which potently inhibits
heregulin-driven signaling of HER2/HER3 and downstream PI3K/
Akt signaling to suppress tumor cell survival and proliferation.'®
In addition to those directed to breast cancer, clinical studies on
MCLA 128 are ongoing in patients with metastatic pancreatic
ductal adenocarcinoma or NSCLC that harbor fusion neuregulin 1
(NRG1) genes.

In addition to targeting extracellular membrane receptors,
multifunctional antibodies can be employed to neutralize active
mediators in the TME. Importantly, the inhibition of angiogenesis
in tumor tissue, also known as tumor starvation, has been shown
to be an effective way to deprive solid tumor cells of oxygen and
nutrients needed for growth and metastasis.'®*'®> RO5520985/
Vanucizumab, a BsAb in crossMab format, acts as a dual-target
inhibitor of angiogenin-2 and vascular endothelial growth factor-A
(VEGF-A)."®®  Preclinical ~studies have demonstrated that
R0O5520985 can induce potent antiangiogenic and tumor growth
inhibition and antimetastatic efficacy in patient-derived tumor
xenograft models.'®® A first-in-human phase | study was
performed to evaluate the safety and antitumor activity of
R0O5520985 as a monotherapy, and the results showed no disease
progression in ten patients for >6 months and the induced toxicity
was generally manageable.'®” However, the McCAVE trial was
terminated because the Vanucizumab/mFOLFOX-6 treatment did
not improve the PFS of patients with previously untreated
metastatic colorectal carcinoma.'®® Thorough mechanistic studies
and well-designed clinical trials with multispecific antibodies are
needed to determine the principles underlying multiple-signaling
pathway modulation in the TME.

Combinational targeting of TAAs

Tumor-specific targeting is important for therapeutic antibodies to
minimize on-target off-tumor toxicity because TAAs are also
expressed in noncancerous cells. To increase the specificity of
tumor targeting, one appealing approach is to incorporate
different antigen-binding modules into one multispecific antibody
modality. The density, specificity, and stability of a target antigen
on the surface of the tumor cell affect the duration of efficacious
antitumor treatment with multispecific-antibody-engaged effector
cells. Many receptor targets are subject to enzymatic cleavage that
releases the soluble extracellular domain, e.g., CEA, HER2, CD19,
and BCMA, thereby leading to variable and heterogeneous target
receptor expression on tumor cells and even antigen escape.'®
Multispecific antibodies with different targeting abilities are viable
agents for limiting antigen escape and increasing the specificity of
tumor targeting. For example, a dual-target single-chain Fv
antibody (CD123 x CD33) displayed more effective antitumor
responses than a monotarget antibody in AML.'®® Another
example is DT2219ARL, a bispecific single-chain fusion protein
that recognizes CD19 and CD22 and is fused with a diphtheria
toxin (DT390) variant.'”’ Although CD19 is a validated target in
B-ALL treatment, antigen loss-mediated relapse is a major
limitation of potent CD19-targeted immunotherapies.'®? However,
CAR-T cells targeting CD22, which is also highly expressed on B
cell malignant cells and are retained after CD19 loss, were found
to be effective in killing CD22-positive B-ALL cells.'®* A phase | trial
of DT2219ARL for refractory B cell malignancy treatment demon-
strated its safety, and the optimal dosage was determined.'™*
Complete remission or partial response (PR) in a 1-year timeframe
was observed in 2 of 18 enrolled in a phase /Il trial
(NCT02370160).
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The strategy of combining targeting tumor antigens has also
been applied to chimeric antigen receptor (CAR) T cell therapy
and is a promising immunotherapy for several malignancies, such
as lymphomas, leukemias, and MM."*>'°” T cells obtained from a
patient are engineered to express CARs in vitro. Recent advances
have enabled the development of CAR T cells that target multiple
antigens on the tumor cell surface, such as bispecific CARs and
tandem CARs (Tan-CARs), to overcome target antigen escape in
patients with relapsed and refractory malignancies.'””~'%° A CAR is
composed of an extracellular antigen-binding domain derived
from a mAb (e.g., scFv, Fab, or VHH domain), a transmembrane
domain, and an intracellular signaling domain.?°?°" Bispecific
CARs, with two distinct antibodies or antigen-binding domains
(e.g., tandem VHH domains or scFvs) on one CAR T cell, can
recognize different antigens or epitopes in one antigen during the
targeting of tumor cells.>°®> For example, bispecific anti-CD20/
CD19 (LV20.19) CAR T cells have shown low toxicity and high
efficacy in the treatment of relapsed, refractory B cell malignancy
(NCT03019055).2%*2%* Similarly, LCAR-B38M, a dual BCMA epitope-
binding CAR T cell, demonstrated clinical efficacy and a manage-
able safety profile in patients with relapsed/refractory (R/R) MM.?*>

In a different strategy of cancer cell dual targeting, multispecific
antibodies can be designed to recognize antigens on different
tumor cells for the purpose of tumor-restricted activation with
limited toxicity induction. For example, RG7386/RO6874813, a
symmetric tetravalent 2:2 CrossMab BsAb that possesses a high
affinity for fibroblast activation protein (FAP) on tumor stromal
fibroblasts and low affinity for death receptor 5 (DR5), potently
triggered death receptor-mediated apoptosis of tumor cells while
sparing normal cells.?°® This anti-FAPXDR5 BsAb demonstrated
superior antitumor efficacy against FAP-expressing malignant cells
in vitro as well as in patient-derived xenograft mouse models
compared to that of conventional DR5 antibodies.>°® A list of FDA-
approved and clinical-stage multispecific antibodies is presented
in Table 3.

ANTIBODY-CYTOKINE FUSION PROTEINS

Cytokines, such as ILs (e.g., IL-2), interferons (IFNs; e.g., IFN-y),
colony-stimulating factors (e.g., G-CSF), TNFs (e.g., TNF-a), and
chemokines (e.g., CXCL3), are small proteins produced by immune
cells or nonimmune cells and play vital roles in enhancing the
efficacy of biological drugs. A complex network is formed by
cytokines through their pleiotropic effects as well as complex
autocrine and paracrine endocrine effects.?’” At the same time,
the high efficiency of cytokines drives the evolution of strict
negative regulation mechanisms, which greatly weaken their
biological functions.?” Moreover, dose-dependent side effects,
unfavorable pharmacokinetics, poor drug tolerance, and high
toxicity also limit their applications.”” With great progress in
cancer research, the remarkable success of therapeutic antibodies
in treating various cancer types has sparked interest in the
development of novel immunotherapies administered alone or in
combination.?? Fusion of cytokines to antibodies or antibody
fragments may lead to more-specifically targeted TAAs, which
may improve the efficacy, pharmacokinetics, and local concentra-
tion of cytokines and prevent systemic toxicity (Fig. 1d).2%® A list of
representative antibody-cytokine fusion proteins is presented in
Table 4.

A variety of antibody-cytokine fusion proteins that can be
classified into different categories based on their structures have
been identified in recent decades (Fig. 5).2°%2% An intact IgG, Fc,
Fab or scFv can be fused with either monomers (e.g., IL-2 or IFN-q)
or homomultimers of cytokines (e.g., IFN-y or TNF).?%” In addition,
for some cytokines with two different polypeptide chains or
heteromultimers (e.g., IL-12 and IL-27), different fusion strategies
can be considered. Optimal combinations of antibodies or
antibody fragments with cytokines may be acquired by

SPRINGER NATURE

11



Emerging new therapeutic antibody derivatives for cancer treatment

Jin et al.

12

oct YSYTLLY01DN 1I/1 3seyd sJown) pIjos pPadueApy pasosipun ¥-v¥11D ‘1-ad Y0LAY
slowny pijos
o1 €TETTSYOION | 3SeYd  P3dURAPE P3IID[IS ‘BLUOUIDIED || [BUS) PDURAPY ureyd 3ybi| uowwod ¥-V11D ‘L-ad TSLS1IaaN
1
- 999%1ZE01ON I1/1 3seyd sapueubljew |es16ojolewsH 196ebud I13)|pf uc_umm.,_m SL-11‘€€dD ‘9LAD ¥0SSE-SXO ‘055€-91D
vor 0S¥65Z¥01ON | 3seyd Jowny pljos pasueApy (qvpuel) Apoqelp wapuey 4493 ‘voLad YTNAY
wrops  LEELOLYOLDN ‘TOTT6LEOLON 11/ 3seyd ewoydwAq (qvpuel) Apogelp wapuel 0€dD ‘V9LAD ELNAY
51 L9SOEEE0IDN | 3seyd siowny pijos dAIsod-zyIH qyw-uiesnuy 991-v/cd3H £7€-Sdd
cos T0T8Y9¥01ON | 3seyd sapueubijew padueApy LAVW jusjerena| g41-/0vXO0 0z154
208 £S9TL6£01DN 11/ 3seyd 13d>ued 33R3504d qe4-(y6I) 24-qe4 VINSd ‘820D 8/9SNDIY
o1 SLVETLLOIDN paisjdwod | aseyd 13>ued 31RIS04d g VINSd ‘€D T11010TAYE/qewnzIxniosed
(panunuodsip)
Lot 01679ZTOION pajajdwod | aseyd 13d5ued 31eIS04d A425-(1D6)) 24-A4s VINSd ‘€D Y L¥S3/60240W
oot L¥8Z6£E01DN | aseyd 13d>ued 33R3I504d 0g-3TH YWSd ‘€D 09LDWY
6ce ¥1916TCOLON pareulwia) Jodued eunsajulonseh padueApy g vaD ‘€D LLZOWY
889856904
gce 6£7998E01ON | 8seyd 13d>ued |8323100D qesso1d LT vad ‘edd /208/54/qewelesiqi)
Lee S6££86£01ON pajeulwa) 1adued seaig 34-n4ds-qeq TYIH ‘€dD T0£1499
oce 0££10S¥01DN | aseyd siowny pijos dANIsod-zyIH AQOgA THIH ‘€D T08N
cos TH08YYE0ION | 8seyd siowny pijos pasopsipun THIH ‘€D V/L0VDY19/v619Dd
e T6£0L0£01ON Il 3seyd ewouepwW |eann Jv1wiwi ooLdb ‘cad paixien
19)Jew syl
601 / WwoJ) umelpyip sallose ucmcm__m_\/_ qgeoul _>_<UQm \mDU geAowsal/gqewoxewnied)
vee 80LL9ZE0IDN II/1 dseyd ewolaAw adnniy qed-34-qed VYIWDg ‘€ad 8SYSNOIY
coe 65£6v9701ON Il @seyd ewoAw aidiny Apogong VD4 ‘€D S€1£9890-4d
czL 860L5S¥01ON Il 9seyd sappueubljew |es16ojolewaH Apogong VINDE ‘€dD £S6L00%9-(Nf/qewels|5a)
et £9098VE01DN | 8seyd ewoaAw sjdnw Ai03deiyR4 Jo/pue pasdejay HIY ‘Qesso1d VYWDg ‘€ad LO8INI/69ZE6-DD
Les £509€8£01DN | aseyd ewoaAw ajdinw A101oe424 1o/pue pasdelay aLg VIND4 ‘€D 6069£8 19/02yONY
Lz TLEOELTOIDON pajeulua) saipueubijew d1bojorewsy >4-A435-qey €21AD ‘€D SYOv LgewX/qeweiodaqin
ose SS6¥6SE01ON pareulwia) WEN By | L11-9e4-AQ0D €21AD ‘€dd YETOVYUVS
ove LLOSLZZO1IDN paja|dwod | aseyd  (TNV) elwana| plojaAuw ainde Aiodelyal 1o pasdejay Apogong €21AaD ‘€dd 8/160LE9-INI
be LLL60EEOLDON | @seyd ewolAw adninpy  (LO61) 24-A43s X (LOB]) d4-qed 8€AD ‘€AD el asl
- S¥TryLEOLDN paio|dwod | aseyqd elwdNN3| plofPAw 3ndy (qvpuel) Apoqelp wapue] €€AD ‘€D Y9S-ANY
_— 618TTE0ION | aseyd elwana| plojaAw ainde Aioydelyal/pasdelsy ug-31H €€AD ‘€D €L9ONV
oL LEOSTIEOLON | 3seyd ewoydwi] |10 g Apogonq@ 0zadd ‘€dd €L0ENID
91800204
ove 809€LEVOIDN | aseyd ewoydwi] |10 g (H1Y) 3joy-oyui-qouy| 0zd>d ‘sdd /878/DY/qeWNZN]aunso
ove TOVYT6Z0ION | 8seyd ewoydwA| up|BpoH-uoN 24-n4ds-qed 0zad ‘€ad 9/9€ LqywiX/qewelowe|d
qessolD ‘(1Loby)
- 969S/0£01DON | 8seyd ewoydwA| ubpoH-uoN >4-ged-ged X (196]) 24-qed 0zad ‘€ad 658780£04/qrPWeIYo|D
ozL S0L888E01DN Il @seyd ewoydwA| un6poH-uoN ureyd 1ybi| uowwod 0zadd ‘€dd 6/6LNDIY
eve 8781/SE0IDN | 8seyd sappueubljew |es160j01ewaH ug-31H 61aD ‘€ad T9SOWY
. L168¥8TOLDN pajeuluua) ewoydwA| upbpoH-uou |13 g pasdejay (qvpuel) Apoqelp wapue| 6LAD ‘€D LLWAY
€0LDWV/8ES-1AIN
Lvorr L9LELOTOLDN 6£L99%LOLDN paiasiiey sappueubljew |es16ojolewaH Jug 6LaD ‘€AD  /€0LLN/0MKdUlg/qewownieullg
ERIVEIEIEN| 1aynuapl Aobsjeujesiuld snieis (s)uonedipui jewo 196.1e] sweN
saipoqnue dyads-njnw abeys-fediuld pue pasoisdde-yqd oyl ¢ djqel

Signal Transduction and Targeted Therapy (2022)7:39

SPRINGERNATURE



Emerging new therapeutic antibody derivatives for cancer treatment

Jin et al.

13

ewoydwA
- 09L0ZETOION  pa1s|dwiod |)/| 3seyd 10 elwanna| abeaul|-g A101deuya1 10 _owu%_wm_ UIX0} A42S-ADS TTad ‘elad 14V61271A/0SSL-SXO
0z 0¥ 18SSTOION pa19|dwod | aseyd lowny pijos qessold T SHA dv4 €18/8904/98€/DY
coe /8T0€0£01ON pa1e|dwod | aseyd 19dued 3qN) ueldojje) Jo [esuollad ‘UelierQ ureyd 1ybi| uowwod 493A ‘v11a qewnzIXDINBN/€8950€-dINO

(61-anq) Apoqnue
vae ¥£09¥6101ON | dseyd siowny pljos pacueApy ulewop-s|qele-leng 453A ‘b11a qewded|iq/s91-18Y
o8t S6TLYLZOIDON pajeulwal || seyd swse|doaN gesso.d 493\ ‘TONY gewnziPnuep/s8607Ss0Y
cge VOEL69EOLIDN ‘0SLTLEEOLDN 11/ seyd swsejdoaN HHA wapue] 4D3A ‘TONY 0889¢8 19
286 LEL66ET0IDON paje|dwod | dseyd J19oued dpeasnued dnelsersiy 9b|-A4s €43H ‘YL-49| L L-WW
unielsune o) pajebnfuod

- €€TLT8E0IDON | @seyd siowny pijos aAnisod-zy3H  ‘(LO6I) 24-qeq X (1D6]) 24-A4ds DAY CYIH ‘THIH 6VMZ
ose €21768C01DON | @seyd siowny pljos aAnIsod-zyIH ureyd 1ybi| uowwod TYIH ‘T4IH STMZ
oLc S80Z¥8E01DON | dseyd siowny pijos aAnisod-zyIH HIM TYIH ‘THIH LOESAN
- 6/11TSY01ON | dseyd siowny pljos aAnisod-zy3H uteyd Y61 uowwo) TY3H ‘TdIH 9ZONM
e L86LZEE0LDON | dseyd 19dued Jsealg ureyd 1ybi| uowwod €Y43H ‘T4IH gewnznindousz/gzL-vy1DW
ose SE€89TSE0LDON pa1e|dwod | aseyd siowny pljos pacueApy ureyd 1ybi| uowwod SO ‘4493 8SL-VIDW
. 9//609Z01DON pasiley 19dued Bun| |95 |[Ews-UON Apogong 13w ‘4493 QeweluRAIlY/ZLE98L LO-NI
- 69£.6001ON | 9seyd Jowny pijos padueApy pasopsipun L1-ad ‘bad 600XH
ese  LEBBTEVOLDN ‘6598EEFOLON | dseyd sapueubljew padueApy pasopsipun L7-ad ‘Zvad ceeidl
26 7196102410 | dseyd ewoydwA| ubpoH-uoN (1961) 24-puebi]x qeq 0zad ‘L¥ad 90E0WWI
L 96608€01ON | 9seyd ewoydwi] 13> g Apoq v 6LAD ‘LbAD LOZL-IN/LO8L-DL
oL 86£TSLE0IDON | dseyd sappueubljew pijos qewy SOOI ‘L-ad YOLETAYWX
o1 L9%T8/E01DN pa19|dwod | aseyd siowny pljos puebi x qyw 0bXO PV11D SLOL HOLv
oL ¥0ZTT6E0.LON | @seyd sappueubljew d3eIseIsw 1o padueApY ureyd 1ybi| uowwod ggl-v ‘L1-ad SPL-VIDOW
oL YTOv/¥OLON | dseyd 192U dHeISEIdW J9dURd PIdURAPY LAvw gdl-v ‘L1-ad TTesd
e 0LZ80/¥01DON | dseyd siownj jueubijew padueApy 3|oy-o3ul-qouy ggl-v ‘L-ad 6LEIdl
o5t 062/¥0v01ON | dseyd sappueUbljew J0WN} PIjOS PIdUBAPY Apodensy 493A ‘L-ad LY
1 LTETOLYOIDON | dseyd Jown pljos padueApy pasopsipun TY3H ‘L-ad sLeigl
- £S1S/8€01DN I1/1 seyd Aoueubijew padueapy pasopsipun L71-ad ‘1-ad TLLYEPENT/BLEIGI
ooc LL1TSLEOIDN pajeulwal | aseyd Jown) pijos pasopsipun €WIL L1-ad 04T %IN|
6c1 LEVOPYEO0LON | dseyd sapueubljew padueApy ZAYW 1udjeAend| €-5V1'17-ad 81154

mEosQE>_ ‘(ewouidied

LS6EELE0IDN ‘STL69YP01DN J1wWAy) “49dued bun| |19 ||ews-uou snowenbs “4scued
soe ‘6LLYLYFOLON ‘L6£TL8E01DN | dseyd 1sea1q dAnebau-a|din) SIowN) PIjos PadUeAPY uteyd Y61 uowwo) V11D ‘11-ad 9YONY
Joc 87£80/E01DON | @seyd siowny pijos HIM ‘gessosd EWIL ‘L-ad 69//9Y 1991Z1L0Y
oc 89761TE0ION | @seyd sapueubijew [edibojolewsy pue pijos 14vQ 1udjerensy €-0v1‘L-ad €L0AOW
sc1 £10L9/E01DN | dseyd siowny pljos pacueApy >4-14va ¥-¥11D ‘L-ad 6L0aDN
cos 88%/LSE01DN | @seyd siowny pljos pasuenpy >4-A43s-qed ¥-V11D ‘L-ad L1L0TaAVWX
ERIVEIEIE] Jaynuapl robrsjeljediuld sniels (syuonesipu| JewloH 196.1e] sweN
panunuod ‘g 3|qel

SPRINGER NATURE

Signal Transduction and Targeted Therapy (2022)7:39



Emerging new therapeutic antibody derivatives for cancer treatment
Jin et al.

14

Table 4. Representative clinical-stage immunocytokines
Name Cytokine Target Format Indication(s) ClinicalTrials.gov Status
identifier
L19IL2 IL2 Fibronectin ED-B scFv-IL2 Solid tumors NCT01058538 Phase I/1l
Renal cell carcinoma
L19TNFa TNFa Fibronectin ED-B scFv-TNFa  Solid tumors NCT01253837 Phase I/1l
Colorectal cancer
F16IL2 IL2 Tenascin C scFv-IL2 Solid tumor NCT01134250 Phase Ib/Il
Breast cancer
Metastatic melanoma
Non-small cell lung cancer
hu14.18-1L2 IL2 GD2 IgG1-IL2  Melanoma (skin) NCT00003750 Phase Il
Neuroblastoma
Sarcoma
Unspecified childhood
solid tumor
huKS-IL2 (EMD 273066) IL2 EpCAM 1gG-IL2 Lung cancer NCT00132522 Phase |
Prostate cancer
Ovarian cancer
DI-Leu16-IL2 (anti-CD20-IL2) L2 CcD20 19G-IL2 B cell non-Hodgkin NCT01874288 Phase I/1l
lymphoma
NHS-IL12 IL12 EpCAM I9G-IL12  Solid tumor NCT04303117 Phase |
Colon cancer
Kaposi sarcoma
NHS-IL2-LT (EMD 521873) IL2 DNA/histone complex lIgG-IL2 Lung cancer NCT00879866 Phase |
Non-small cell lung cancer
Anti-CEA-IL2v Variant Carcinoembryonic 19G-IL2 Solid tumors NCT02350673 Phase I/1l
(cergutuzumab of IL 2 antigen (CEA)
amunaleukin)
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Fig. 5 Different antibody or antibody fragment-cytokine fusion proteins. a Cytokine fused to the N-terminus of the Fc domain; b Cytokine
fused to the C-terminus of the Fc domain; ¢ Cytokine fused to the C-terminus of the Fab; d Cytokine fused to the C-terminus of the scFv;
e ScFv-cytokine-scFv fusion protein; f F(ab')-cytokine fusion protein; g IgG format immunocytokine without CH1 and CL; h Representative IgG
format immunocykine-Bintrafusp alfa (M7824). A bifunctional antibody fusion protein composed of anti-PD-L1 human IgG1 and human TGF-
BRIl extracellular domain as the TGF-p trap, though a flexible glycine-serine linker fused to CH3-C terminus of IgG. Bintrafusp alfa blocks PD1-
PDL1 as well as TGFR2-TGFp signaling pathways to relieve immune suppression and remove the immune inhibition

considering various essential aspects (e.g., antibody type and
fusion strategy) before applications are tested in clinical contexts.
In principle, fusion with an IgG antibody or Fc domain conveys
inherent advantages, such as binding to the neonatal Fc receptor
(FcRn) and specific effector functions, to cytokines of interest to
improve their pharmacokinetics, in vivo stability and in vivo
efficacy. Furthermore, antibodies also provide a specific binding
ability to target proteins to facilitate the efficient localization of
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cytokines to tumors in the form of immunocytokines. However,
proinflammatory immunocytokines can trigger further cytokine
production. In the clinic, the main side effects observed are
hypotension, vomiting, flu-like symptoms, and nausea. Dose-
dependent side effects and systemic toxicity can be reduced by
reducing administration frequency.?? High-dose IL-2 (up to 800
million international units (IU)) administered for one week induces
substantial toxicity,?'® and therefore, IL-2-based immunocytokines
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are usually injected at much lower doses, such as 20-60 million IU,
once a week for >6 months. It has been reported that the median
half-life of an antibody-cytokine fusion protein, hu14.18-IL-2,
which has been used for the treatment of refractory or recurrent
neuroblastoma and melanoma, was only 3.1 h in clinical applica-
tion.?"" Therefore, the half-life of the fusion protein and its
therapeutic effect were disappointing. Most likely, the accumula-
tion of the fusion protein around a tumor might change the
microenvironment, including densely packed activated immune
cells, which may cause steric hindrance and block antigen
presentation. In addition, the format and payload should be
reconsidered during fusion protein development.'®

IL-2 fusion protein

IL-2 is mainly produced by CD4" T cells*'* and can stimulate the
immune system pleiotropically, including activation of NK cells,
cytotoxic T cells, and monocytes. Human IL-2 displays biological
activity by binding to the human IL-2 receptor (IL-2R), which consists
of a, B, and y subunits. Different subunits perform different functions.
IL-2Ra (also known as p55 or CD25) binds to IL-2 with low affinity; IL-
2RB (also known as p75 or CD122) mainly binds to Janus kinase 1
(JAKT) and is essential to the active signal transducer and activator of
transcription 5 (STAT5); IL-2Ry (also known as p64 or CD132) is
essential for proliferative signaling, but the y subunit alone does not
show affinity for IL-22'> Based on the function of IL-2, the
development of fusion proteins that selectively favor the activation
of IL-2RBy, but not IL-2Ra, may specifically activate T cells or NK cells
to kill tumor cells while preventing side effects. OMCP-mutiL-2 is
composed of a mutated form of IL-2 with a poor affinity for IL-2Ra
and a cowpox virus encoding the NKG2D-binding protein (OMCP).2'
This fusion protein (OMCP-MUTIL-2) activates IL-2 signaling effectively
only in NKG2D cells, such as NK cells, not in IL-2Ra-positive cells.
OMCP-MUTIL-2 has shown superior antitumor efficacy in several
mouse xenograft models without inducing severe toxicity.

Since 1984, high-dose IL-2 has been used to treat malignant
melanoma patients with tumor regression.2'® In 1992 and 1998, the
FDA approved IL-2 for the treatment of metastatic renal cell
carcinoma and metastatic melanoma, respectively. However, high-
dose side effects and vascular leakage syndrome, as well as a short
serum half-life, were identified as major obstacles that hampered the
therapeutic effect of IL.-2.2"® To address these issues, various antibody-
IL-2 fusion proteins, such as IL-2 fused with an intact IgG, scFv, or a Fc
domain, have been generated to produce higher local concentrations,
reduce the effective dose and prolong the half-life of IL-2.

The immunocytokine NHS-IL-2-LT2 (EMD 521873), whose antibody
moiety targets the DNA-histone complex in necrotic tumor cells,
showed low toxicity when administered as a single agent in vivo.?'’
An IgG-IL-2 fusion protein enhanced the pharmacokinetic properties
of IL-2 and increased its half-life from 7.8 to 11 h, similar to the effect
of an IgG antibody (~150kDa).?'® A new IL-2 mutant (FSD13), with
high efficacy and low toxicity, was identified by site-directed
mutagenesis at IL-2 interaction sites and was obtained by replacing
the proline residue at the 65th position with a lysine residue.*'® The
IL-2 mutant FSD13 was more potent than wild-type human IL-2 in
activating CD4" T cells, CD8* T cells, and NK cells but was threefold
weaker in inducing the conversion of CD4™ T cells into Teq cells.”' In
addition, FSD13 significantly inhibited the growth and metastasis of
melanoma without causing severe adverse side effects in the liver or
lungs of a mouse xenograft model2' The preclinical antitumor
activity of the IL-2 mutant FSD13 was further investigated in
combination with immune checkpoint blockers.?"

212

IL-12 fusion protein

IL-12, composed of two subunits, p40 and p35, is a proinflammatory
cytokine produced by antigen-presenting cells. IL-12 can induce the
proliferation of NK and T cells and the production of IFN-y, which
results in the activation of T cells and the differentiation of
Th1 cells?*® The co-inoculation of tumor cells with IL-12-secreting
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fibroblasts markedly inhibited tumor growth and neovascularization
surrounding tumors in immunodeficient mice, suggesting a potent
antitumor effect of IL-122%" Furthermore, IL-12 showed cytotoxic
potency against MHC-negative tumor cells, which was likely a result of
the macrophage-mediated production of nitric oxide and activation
of NK cells.>**?3 |L-2 upregulated the expression of IFN-y and IFN-y-
inducible protein 10 (IP-10) in endothelial cells. IL-12 was found to
play a vital role in creating an infllmmatory microenvironment during
cancer treatment.?>* However, in clinical trials, the local concentration
of IL-12 at tumor sites was much lower than the overall administration
dosage, inducing unfavorable immune responses and severe systemic
toxicity.”2%>

Murine IL-12 (mlIL-12) was fused to scFv L19 of the human antibody
L19, which recognizes the extra domain B (ED-B) domain of human
fibronectin, an angiogenesis marker secreted by endothelial cells and
tumor cells, to generate the protein L19-(mIL-12). The antitumor effect
of fusion protein L19-(mIL-12) was enhanced in a syngeneic murine
lung metastasis tumor model.?® A heterodimeric fusion protein
including two scFv moieties, with one scFv fused to the N-terminus of
the p35 subunit and another scFv fused to the C-terminus of the
p40 subunit, showed tumor-targeted accumulation.®

Granulocyte-macrophage colony-stimulating factor (GM-CSF)
fusion proteins
GM-CSF, a hemopoietic growth factor, plays an important role in
the proliferation and differentiation of hematopoietic cells and is
involved in the activation of neutrophils and macrophages as well
as the expression of proinflammatory cytokines, adhesion
molecules, and costimulatory molecules.”?® GM-CSF is a mono-
meric glycoprotein cytokine composed of 127 amino acids
forming a four-helix bundle.?*®> GM-CSF has been shown to be a
pleiotropic host factor and to be involved in upregulating the
expression of antigens,”*®?*' enhancing the production of
adhesion molecules on granulocytes?*® and monocytes and
boosting IL-2-induced T cell growth in vitro.>*? It has been
demonstrated that GM-CSF induced tumor necrosis and reduced
tumor size in mice vaccinated with irradiated GM-CSF-expressing
tumor cells.?*? In a clinical trial, systemic administration of GM-CSF
in melanoma patients enhanced the immune response and
greatly contributed to CTL-mediated tumor rejection in vivo.”**
However, systemic administration of GM-CSF also induced dose-
dependent side effects, such as myalgia, fever, fluid retention, and
serosal effusion.?*®

GM-CSF was fused to the C-terminus of a scFv targeting the ED-
B domain of fibronectin to generate GM-CSF-scFv fusion
protein.?*¢ Fusion of GM-CSF to the C-terminus of the ch17217
antibody, a rat/mouse chimeric anti-mouse transferrin receptor
(TfR) antibody involved in iron uptake, maintained both the
function of the antibody and cytokine.?*” The ch17217-(GM-CSF)
fusion protein eliminated hepatic metastases of neuroblastoma
NXS2 cells and pulmonary metastases of CT26 colon carcinoma
cells in syngeneic A/J and BALB/c mice.”*® Another fusion protein,
ch14.18-(GM-CSF), consisting of human chimeric antiganglioside
GD2 antibody 14.18 and GM-CSF, maintained the ability to induce
Fc domain-mediated ADCC and CDC activities.?*° GM—CSF has also
been fused to the N-terminus of a scFv fragment of an anti-
idiotypic antibody mimicking the TAA CEA**°

IFN-y fusion proteins

IFN-y (a type Il IFN) is composed of 143 amino acids and contains
two N-glycosylation sites. IFN-y is a head-to-tail dimer, in which
one monomer aligns with the N-terminus of another monomer,
with a molecular weight of ~100 kDa.>*' The antitumor activity of
IFN-y depends on its function in the upregulation of class | and
class I MHC molecules and the activation of monocytes/
macrophages, CD8" T cells, and NK cells. In this regard, IFN-y is
often used in combination with chemotherapy.**? In early
research, an anti-TAG72 scFv-IFN-y fusion protein exhibited the
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Table 5. Clinical trials of Bintrafusp alfa (M7824)
ClinicalTrials.gov Description Indication(s) Status
identifier
NCT03840915 In combination with Stage IV non-small cell lung cancer Phase Ib/Il
chemotherapy
NCT03840902 M7824 vs. durvalumab Unresectable stage Ill non-small cell lung cancer Phase Il
NCT03833661 M7824 monotherapy Locally advanced or metastatic second line (2L) biliary tract cancer Phase Il
(cholangiocarcinoma and gallbladder cancer)
NCT03631706 M7824 vs. Pembrolizumab A first-line (1L) treatment in participants with programmed death-ligand 1 Phase Il
(PD-L1) expressing advanced non-small cell lung cancer (NSCLC)
NCT02517398 M7824 Metastatic or locally advanced solid tumors Phase |
NCT02699515 M7824 Metastatic or locally advanced solid tumors Phase |

antigen-binding specificity of scFv moiety and cytokine activity
in vitro.** L19 scFv against the ED-B domain of fibronectin was
fused to the N-terminus of a cysteine-free mutant of murine IFN-y
to generate an anti-ED-B-scFv-IFN-y fusion protein.?**> The fusion
protein targeted blood vessels in solid tumors, and the targeting
efficiency was strikingly increased in tumor-bearing IFN-y receptor-
knockout mice. scFv(L19)-IFN-y displayed a strong antitumor effect
in both subcutaneous and metastatic murine F9 teratocarcinomas.
Immunocytokines are usually composed of mAbs against over-
expressing antigens (e.g. fibronectin and FAP) in the TME and
potent cytokines (e.g., IL-2, IL-12, and GM-CSF). Upon binding to
the target antigen, the cytokines are released from immunocyto-
kines directly into the TME, achieving high local concentrations and
minimizing systemic side effects.** The protagonists of immuno-
cytokines are cytokines, which share mechanisms similar to that
ADC payload release. In recent years, immunocytokines, also known
as antibody-cytokine fusion proteins, have attracted increasing
attention since the successful application of immune checkpoint
antibodies, especially anti-PD1/PD-L1 antibodies. Ideally, in an
exemplary immunocytokine context, an immune checkpoint anti-
body is expected to disable the immune escape mechanism, which
is hijacked by tumor cells, and the cytokine payload locally and
synergistically regulates the immune response.

At the 2018 American Society of Clinical Oncology conference,
Merck KGaA announced an updated clinical study of Bintrafusp alfa
(M7824, MSB0011359C), a bifunctional immunocytokine consisting
of the anti-PD-L1 antibody Bavencio (avelumab) and the extra-
cellular domain of transforming growth factor-f (TGFP) type |
receptor (TGFR-2).2** TGFB was reported to attenuate the tumor
response to PD-L1 blockade by contributing to the exclusion of
T cells. Preclinical studies of Bintrafusp alfa revealed that the anti-
PD-L1/TGFB Trap fusion protein, not the anti-PD-L1 antibody,
reversed the mesenchymalization of cancer cells, thereby sensitiz-
ing tumor cells to chemotherapy (NCT03631706). Furthermore,
targeting both PD-L1 and TGF {3 in the TME is effective for
inhibiting immune escape and “warming” cold tumors with limited
infiltration of immune cells.>** Theoretically, these bifunctional
fusion proteins show better clinical benefits than traditional PD1/
PD-L1T mAbs. However, a clinical trial (NCT03631706) aimed at
evaluating the efficacy of M7824 compared to that of Pabolizumab
as a first-class treatment of advanced NSCLC with PD-L1 expression
was terminated in January 2021 because it was unlikely to reach a
common major endpoint, especially in terms of PFS, according to
the collected data (Table 5). To date, antibodies have been fused
not only with cytokines but also with other immune checkpoint
targets; for example, Cinrebafusp alfa is the fusion of an anti-HER2
antibody with 4-1BB, an immune checkpoint protein, to generate
the FAP-targeted 4-1BB agonist (FAP-4-1BBL). In China, |-Mab
Biopharma developed the fusion protein efineptakin (also called
TJ107), which is composed of an anti-PD-1 antibody and IL-7, and
this protein was entered into a 2019 phase Ib clinical trial.
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Cytokines can activate the immune system to achieve antitumor
effects. Some cytokines, such as IL-2, have been authorized for the
treatment of certain types of malignancies.?*® However, dose-
dependent side effects and systemic toxicity have limited the
clinical applications of cytokines. Immunocytokines link cytokines
to antibodies specific to TAAs, similar to BsAbs. Antibodies
targeting TAAs or tumor-specific antigens (TSAs) can deliver
cytokines to tumor sites where they can locally exert their
antitumor effects.

ANTIBODY FRAGMENTS AND NON-IG SCAFFOLD PROTEINS
Fab

A Fab is a monovalent fragment consisting of one light chain and
one heavy chain linked by a disulfide bond (Figs. 1b and 6a).
Many in vivo experiments have shown that diffusion plays an
important role in transporting molecules into tumor tissues.*’
With a molecular weight of ~55kDa, a Fab is much smaller than
full-size IgG and thus shows greater penetration in solid
tumors.>*® For example, Lucentis, a VEGF-A-specific Fab fragment
was more effective than the corresponding full-length mAb
Avastin, in treating patients with the wet form of macular
degeneration.>* Lacking the Fc region, a Fab can be produced in
an economic expression system (e.g., yeast) and prevent Fc-
related adverse effects in vivo. Predictably, a Fab has a shorter
half-life due to the lack of FcRn-mediated recycling, similar to a
scFv.%*? The Fab half-life can be easily extended by conjugation to
PEG or fusion with an albumin-binding protein.*° The FDA has
approved certolizumab pegol (Cimzia®), a PEGylated and
humanized anti-TNFa Fab, for the treatment of Crohn’s disease
and rheumatoid arthritis.

Fab was considered the first therapeutic fragment antibody
format, and eight Fab fragment antibodies were entered into
clinical trials in the mid-1990s.2*' To date, three Fabs have been
approved by the FDA: abciximab (Reopro®), idarucizumab
(Praxbind®), and ranibizumab (Lucentis®).*® No Fab has been
approved for cancer treatment. Notably, naptumomab estafena-
tox (5T4FabV18-SEA/E-120 or ABR-217620), a fusion protein
consisting of an anti-5T4 Fab and superantigen-staphylococcal
enterotoxin A (SEA), was reported to successfully improve the OS
of renal cell carcinoma patients in phase II/Ill trial >%2>3

F(ab),

F(ab’),, with a molecular weight of 110 kDa, is a bivalent fragment
composed of two Fab segments linked together by a hinge region
(Figs. 1b and 6b). They show better penetration than mAbs due to
their smaller size.

The China FDA approved Metuximab-1131, a radioactive iodine
['*"1]-labeled anti-CD147 F(ab’), mAb, for the treatment of liver
cancer. No F(ab’); has been approved by the FDA for cancer
therapy.
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Fig. 6 Different formats of antibody fragments and their derivatives

Single-chain variable fragment (scFv)

The scFv was first described by Bird et al. in 1988.2** The scFv
antibody consists of variable regions of heavy (VH) and light (VL)
chains, which are joined together by a flexible peptide linker (e.g.,
GGGGS), and the biologically active form of scFv can be easily
expressed in Escherichia coli, dramatically reducing production
costs (Figs. 1b and 6c).>> The molecular weight of an scFv is
~25 kDa, which is much smaller than that of a full-length mAb,
thus showing penetration in tumors. The use of an scFv can
prevent Fc-related side effects resulting from ADCC or CDC.

However, the lack of the Fc region causes faster renal clearance
(half-life ~5h) and poor stability of the scFv, which tends to
aggregate and show high immunogenicity.***° The multimeriza-
tion of scFvs is a viable strategy to improve the pharmacokinetic
properties and affinity of scFvs, such as diabodies (bivalent dimers,
55kDa),?*® triabodies (trivalent dimers, 80kDa),?*>’ tetrabodies
(tetravalent dimers, 110 kDa),”*® and minibodies (80 kDa).

Clinical trials of scFv antibodies have been conducted since the
first scFv-focused clinical study performed in 1995.%°° For example,
several monovalent scFv fusion proteins are under development
in clinical trials for cancer therapy, including L19-IL-2, rM28, D2C7-
IT (in phase 1), and Vicinium (in phase Ill). Multivalent or
multispecific scFvs, such as BiTE, are discussed in the section on
multispecific antibodies.

The leading scFv drug Vicinium (Sesen Biotech) is a humanized
single-chain antibody fragment specific to the EpCAM antigen
fused with Pseudomonas exotoxin A (ETA) (252-608 aa) toxin and
was designed for treating bladder cancer. Upon binding with the
EpCAM antigen on the surface of cancer cells, Vicinium can be
internalized through the endocytic pathway and release the toxin
ETA (252-608), thereby inducing cell apoptosis by irreversibly
blocking protein synthesis.

VHH domain

In 1993, Hamers—Casterman discovered a special antibody in
camelid that lacks a light chain and heavy chain CH1 domain, so
it was called a heavy chain antibody (HCAb) (Figs. 1b and 6h).2%°
Later, HCAbs were found in Camelidae (bactrian and dromedary
camels, alpacas, and llamas), as well as cartilaginous fish (e.g.,
sharks, rays, and skates).?®" Interestingly, the variable domain of
the heavy chain in a HCAb (also known as the VHH domain, a
nanobody or single-domain antibody), despite a molecular
weight (~15 kDa) one-tenth that of IgG (~150 kDa), retains high
antigen-binding affinity, and is therefore the smallest naturally
derived antigen-binding fragment.?®' A crystal structure assay
of the VHH domain revealed that its dimension is 4 nm x
2.5nm x 3 nm.2%?
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The homology discovered between the VHH and Vy domains in
the VH Il human Ig family was greater than 80%.°®> This means
that the VHH sequence may induce relatively low immunogenicity
when applied to cancer immunotherapy.?®*

VHH domains were demonstrated to be highly soluble and
more stable than conventional antibodies and are capable of
being stored for more than months at 4 or —20 °C without losing
notable antigen-binding capacity.?®®> VHH domains can survive
under very harsh conditions, for example, a wide pH range (range
3.0-9.0) and chemical (e.g., 6-8 M urea treatment) and thermal
denaturing conditions (e.g., a VHH domain can maintain antigen-
binding activity after prolonged incubation at 90 °C),%> making
various routes, intravenous, oral, intraperitoneal or intratumor
injection, feasible.?®® Importantly, a VHH domains have a
completely hydrophilic surface, which accounts for their superior
stability and solubility compared to that of IgG VH domains, and
VHHs show significantly less aggregation during production or
multimerization  (e.g, tandem VHH-based multispecific
antibodies).*®®

In addition, the CDR3 loop in camelid VHH domains is usually
longer (3-28 amino acids) than conventional VH domains in
human IgG (8-15 amino acids).?®” The long CDR3 of a VHH, which
determines its recognition specificity, expands the potential
interaction surface with a target antigen in the absence of a VL
domain.?®>%8 |nterestingly, the longer CDR3 in VHH domains can
form a finger-like appendage that fits into a protein cleft, enabling
the recognition of epitopes that are not accessible to the larger
mAbs.2”

The small size of the VHH domain results in fast renal clearance
(half-life ~2 h),>*® which is a major disadvantage for the application
of VHH domains in cancer treatment but an advantage for
obtaining an optimal signal-to-noise ratio during its application as
an in vivo imaging agent.?’° VHH domains have recently emerged
as promising targeted imaging probes in combination with
traditional imaging techniques, such as positron emission tomo-
graphy (PET)*’" and single-photon emission computed tomogra-
phy (SPECT).?”? The most noteworthy case of a VHH domain-based
probe used for in vivo tumor imaging is the 68Ga-NOTA anti-HER2
VHH, which is a radiolabeled VHH domain currently in phase I
clinical trial being evaluated for its ability to detect brain metastasis
in breast cancer patients via PET/CT (NCT03331601).

Recently, the FDA and EMA approved the first VHH drug,
caplacizumab (Ablynx Inc), a humanized anti-VWF VHH domain
used for treating adults with acquired thrombotic thrombocyto-
penic purpura. A variety of VHH domains are being studied in the
clinic to assess their effects for different purposes, including
cancer treatment; for example, anti-EGFR VHH,>*?” anti-HER2
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Neovascular (wet) age-related macular degeneration

Indication(s)

Target
VEGF

Format
Humanized Fab
Chimeric Fab

Table 6. The FDA-approved antibody fragments

Ranibizumab/Lucentis

Generic (brand) name
Abciximab/ReoPro

1994
2008

Centocor
UCB

Cardiovascular

GPlIb/llla
TNF-o

Crohn'’s disease, rheumatoid arthritis

PEGylated humanized Fab’
Humanized Fab
Ovine Fab

Ovine Fab
Ovine Fab

Certolizumab pegol/Cimzia

2015

Boehringer-Ingelheim
GlaxoSmithKline

Protherics

Anticoagulation

Dabigatran

Idarucizumab/Praxbind

Digibind
DigiFab
CroFab
Anavip

1986
2001

Digoxin overdose

Digoxin

Digoxin overdose

Digoxin

2000

Protherics

Pit viper envenomation

Crotalidae venom

2015

Rare Disease Therapeutics

Pit viper envenomation

Crotalidae venom

Equine F(ab’);

2011

Rare Disease Therapeutics

Centruroides venom  Arizona bark scorpion envenomation

VEGF

Equine F(ab’),

Anascorp

2019

Novartis
Ablynx

Neovascular (wet) age-related macular degeneration (AMD)

Humanized scFv
Humanized VHH

Brolucizumab/Beovu

2019

vWF Acquired thrombotic thrombocytopenic purpura (aTTP)

Caplacizumab/Cablivi
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VHH,”* anti-VEGFR2 VHH,””>?’® anti-c-Met VHH,®*?’” and anti-
chemokine receptor type 7 (CXCR7) VHH*® are currently being
evaluated. Two VHH domains are in phase | clinical trials for cancer
therapy; these VHH-based drugs are a biparatopic anti-CXCR4 VHH
ALX-0651 (Ablynx, Inc.) for use in stem cell mobilization and novel
agonistic tetravalent anti-DR5 VHH TAS266 (Novartis) used against
advanced solid tumors. In its phase | clinical trial, TAS266 was
found to show unexpected and significant but reversible
hepatotoxicity, which can probably be attributed to enhanced
DR5 clustering and activation of hepatocyte apoptosis.?’® Tables 6
and 7 summarize the antibody fragments that have been
approved for use by the FDA and those that have been entered
into a clinical trial. The formats of presentative antibody fragments
and their derivatives are summarized in Fig. 6.

Affibody

One key priority in current studies is the generation of
homogeneous BsAbs to overcome hybrid pairing of heavy and
light chains derived from two antibodies expressed in the same
cell.®° Utilizing non-lg scaffolds as building blocks is a viable
approach to circumventing this problem.>*® Non-lgG proteins
include affibodies,®®' anticalins,?®* DARPins,?®® monobodies,*®
and so on.

Non-lgG protein scaffolds are typically composed of a single
polypeptide chain folded into a structured core,?®° which is much
smaller than an antibody. The large size of an IgG antibody limits
its penetration and infiltration in tumor tissues. The attractive
characteristics of non-IgG proteins include but are not limited to
their small size, high thermal stability, high solubility, the inclusion
of a cysteine-free sequence and storage stability.?*

Affibodies constitute a class of binding proteins based on the
scaffold Z-domain, which is derived from domain B of staphylo-
coccal protein A (SPA).®' An affibody is composed of a single
polypeptide containing 58 amino acid residues with a molecular
weight of approximately 6.5 kDa. The substitution of a glycine
residue®® with an alanine residue in the B domain confers high
stability and rapid folding to the Z-domain through the
stabilization of helix 2.2%¢ Therefore, affibodies are characterized
by small size, high stability, and rapid and independent folding of
the Z-domain structure.®®” The combinatorial randomization of 13
amino acid residues in the Z-domain surface (helices 1 and 2),
determined on the basis of the X-ray crystallography complex
structure obtained for the homologous B-domain of SPA and
human 1gG, has led to the generation of affibody molecule
libraries for antigen-binding screening.?®® Affibodies have advan-
tageous features for therapeutic applications, such as (i) easy
production in E. coli or through solid-phase peptide synthesis due
to their robust physical properties, including stability, fast folding,
and ability to withstand a wide range of pH values and
temperatures; (ii) small size resulting in rapid tissue penetration
and efficient delivery of high molar doses compared to larger
proteins; (iii) high affinity (with a Kp of ~pM) for the target protein
with nonspecific binding®®®; and (iv) site-specific conjugation
facilitated by a unique C-terminal cysteine residue can be
performed. Affibodies show the most promise as imaging probes
due to their high tumor retention and tissue penetration, rapid
blood clearance kinetics, low uptake by nontumorous organs, and
the ability to undergo rapid, site-specific labeling with different
radionuclides depending on the preferred modality.*® In vivo
imaging studies using affibody proteins mainly focus on targeting
HER2?®', which is overexpressed in breast carcinomas and a
validated target for antibody-based immunotherapy.

Affibody molecules, which is a rapidly growing class of non-lgG
affinity ligands, show some advantages over antibodies. In
addition to their potential in vivo imaging, affibodies can be
applied in therapeutics. In 2020, a bispecific affibody (ABY-035)
targeting subunit IL17A and human albumin for the extension of
serum half-life was developed to treat patients with psoriatic
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Table 7. The clinical-stage antibody fragments and their derivatives for cancer treatment
Name Format Target Indication(s) Status ClinicalTrials.gov
identifier
Copper Cu 64-DOTA-B-Fab  Fab CA6 Ovarian carcinoma Phase | NCT02708511
Breast carcinoma
CSR02-Fab-TF Fab PLVAP Hepatocellular Early Phase | NCT04601428
carcinoma (HCC)
Ranibizumab Fab VEGF Uveal melanoma Phase IV NCT00540930
Naptumomab estafenatox  Fab and SEA fusion protein 5T4 Renal cell carcinoma Phase Il NCT00420888
Phase I
IMCgp100 Monoclonal TCR CD3 Advanced metastatic Early Phase | NCT01209676
anti-CD3 melanoma
scFv fusion protein
L19-IL2 Recombinant scFv EDB Solid tumor Phase | NCT02086721
rM28 Bispecific scFv CD28/HMV- Malignant melanoma Phase | NCT00204594
MAA
D2C7-IT scFv-based immunotoxin EGFRwt and Recurrent malignant glioma Phase | NCT02303678
EGFRvIII
NM21-1480 Trispecific scFv fusion protein  PD-L1/4-1BB/  Advanced solid tumor Phase | NCT04442126
HSA Phase Il
Vicinium scFv-based immunotoxin EpCAM Bladder cancer Phase IlI NCT02449239
[124 1] PSCA-Minibody Minibody PSCA Prostate cancer Phase | NCT02092948
Pancreatic cancer
Bladder cancer
6B11-OCIK Minibody 6B11 Recurrent platinum-resistant Phase | NCT03542669
ovarian cancer
T84.66 lodine | 123 anti-CEA CEA Colorectal cancer Phase | NCT00647153
recombinant diabody
BCMA VHH CAR-T Cell VHH BCMA Relapsed/refractory myeloma  Phase | NCT03664661
CD19/20 bispecific VHH- VHH CD19/CD20 Refractory/relapsed B cell Phase | NCT03881761
derived CAR-T Cells lymphoma
ALX-0651 VHH CXCR4 Healthy volunteers Phase | NCT01374503
aPD1-MSLN-CAR T cells Secreting PD-1 VHHs MSLN Non-small cell lung cancer Early Phase | NCT04489862
Mesothelioma
Colorectal cancer NCT04503980
Ovarian cancer
[1311]-SGMIB anti- VHH HER2 Healthy volunteers Phase | NCT02683083
HER2 VHH1 Breast cancer
68-Ga NOTA-anti-MMR- VHH MMR Malignant solid tumor Phase I/lla NCT04168528
VHH2 Breast cancer
Head and neck cancer
Melanoma (skin)
68-GaNOTA-anti-HER2 VHH1 VHH HER2 Metastatic breast carcinoma Phase Il NCT03924466
Locally advanced breast cancer
Breast neoplasm Phase Il NCT03331601
Breast carcinoma
Receptor, ErbB-2
99mTc-MIRC208 VHH-based radiotracer HER2 HER2-positive cancer Preclinical NCT04591652
TAS226 Tetravalent VHH DR5 Advanced solid tumors Phase | NCT01529307

arthritis (PsA), and the results from a phase | trial demonstrated

A modified anticalin specifically binds to fibronectin ED-

that ABY-035 was safe and well tolerated (NCT03591887).

Another group of non-IgG scaffold proteins consists of anticalins,
which are composed of a rigid B-barrel with four exposed loops that
are engineered binding proteins based on the natural lipocalin
fold.?® The central B-barrel supports four structurally variable loops
that form a binding site>*? According to X-ray structural analysis,
reshaping these loops can lead to the anticalin ability to recognize
and tightly bind a wide range of molecules, from small molecules to
peptides and proteins.*** The rigid and small structure of the non-lgG
scaffold proteins enables flexible protein fusion and chemical
conjugation with or incorporation into multifunctional molecules,
such as multispecific antibodies and ADCs.?*°

Signal Transduction and Targeted Therapy (2022)7:39

which can be used for the diagnosis of glioblastomas.>** ED-B-
specific anticalins are located in the blood vessels of a
glioblastoma, especially in the endothelial cells of glioblastoma
origin.?** On the other hand, anticalins can be used to construct
BsAbs for binding targets. For example, bispecific duocalin
generated from two anticalins recognizing fluorescein and
digoxigenin, respectively, has been successfully applied to
fluorescence titration experiments.?*®

DARPiIns are scaffold proteins engineered on the basis of human
ankyrin repeat proteins.’®®> DARPins are composed of 33 amino
acid residues that form tightly packed repeats.?*® Two antiparallel
a-helices following a B-turn in each repeat form a structural unit.>*’
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A right-handed solenoid structure with a continuous hydrophobic
core constitutes four to six repeats in each ankyrin repeat
domain.?®® Currently, DARPins are applied in many fields, for
example, as selective inhibitors of c-Jun N-terminal kinase 1 (JNK1)
or JNK2.2°° An EpCAM-specific soluble DARPin was produced as a
fusion protein with Pseudomonas aeruginosa exotoxin A (ETA) in E.
coli.*® This DARPin-ETA fusion protein was found to be highly toxic
to EpCAM-positive tumor cells and exhibited strong antitumor
efficacy in a mouse xenograft model 3%

Monobodies are synthetic scaffold proteins based on the
fibronectin type Il (FN3) domain in human fibronectin.?®*
Monobodies can strongly bind to an epitope on the desired
target®®' to disrupt the biological function of the target molecule
or protein.®* Monobodies have no cysteine residues with which
to form intrachain disulfide bonds, and therefore, their functions
are not influenced by the reducing environments of intracellular
compartments.”®* The SH2-kinase interaction is necessary for
leukemogenesis, and intracellularly expressed monobodies target-
ing SH2-kinase can inhibit leukemia cell survival and oncogenic
transformation.°>*%* RAS and its mutants remain the most
challenging drug targets.®* NS1, a monobody identified by the
unbiased selection, binds to KRAS and HRAS by recognizing the
uncharacterized a4/a5 region located on the opposite side of
RAS.3% However, NS1 did not inhibit the GAP, GEF, or other
downstream effectors of RAS.3% This evidence indicated that NS1
disrupted the formation of a signaling complex containing two
RAS molecules and two RAF kinase molecules by inhibiting RAS
self-association.?®*

The discovery of agents capable of disrupting protein-protein
interactions is one of the major goals of the biopharmaceutical
industry aimed at therapeutics development®” These non-lgG
scaffold proteins have been advanced in mechanistic studies and
used to identify prospective therapeutic target drug-binding sites.

TCRm antibody

Most cancer-specific targets are intracellular proteins that are
inaccessible to traditional mAbs.3°® Intracellular proteins can be
degraded and processed into peptides by the proteasome and
ultimately presented on the cell surface in the context of MHC
class | molecules for recognition by TCRs on CD8" T cells.3%
Although TCRs can bind target peptide-loaded MHC molecules
specifically, their application as therapeutic agents has been
limited by a low binding affinity for pMHC (1-100 uM)*'® and poor
yield during production in expression systems>'" It is feasible to
stabilize TCRs computationally via rationally designed mutagen-
esis,>'? but TCR affinity maturation and TCR expression remain
challenging. An alternative strategy for targeting pMHC is the
development of TCRm mAbs (Fig. 1a). Compared with TCR
antibodies, TCRm antibodies show greater affinity (100-1000x)
for pMHC and maintain all the advantages of IgG antibodies, such
as stability, high yield, and a well-established production system.*°
In addition, anti-TCRm mAbs can be generated efficiently via
animal immunization and hybridoma technology or through
in vitro display technologies, e.g., phage and yeast displays.>'*

In contrast to traditional mAbs, whose targets are mainly cell
surface antigens (~10% of their total targets), TCRm mAbs provide
a viable strategy to target the ~90% remaining intracellular
antigens through pMHC2'* The targets of TCRm mAbs are
classified into two types: TAAs and neoantigens, which are also
known as tumor-specific antigens. Based on the origin of
intracellular proteins, TAAs are classified into tumor-associated
viral antigens and tumor-associated self-antigens. In some virus-
induced cancers, viral proteins (e.g, CMV proteins®'® and EBV
proteins®'®) can be degraded and presented on the cell surface.
They are referred to as tumor-associated viral antigens. Tumor-
associated self-antigens are normal proteins that are abnormally
expressed in tumor cells, including cancer-testis antigens,
oncofetal antigens, differentiation antigens, and overexpressed
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antigens, e.g., Wilms tumor protein (WT1),3'” glycoprotein (gp100),

melanoma antigen (MAGE)>'® melanoma-associated antigen
recognized by T cells-1 (MART-1),>"® and NY-ESO-1.3?° On the
other hand, neoantigens are results of tumor-specific somatic
missense mutations, such as Kras G12V/D*?' and p53.3%% With
respect to the high level of tumor specificity, the aforementioned
pMHC antigens are emerging as conceptually ideal targets for
targeted therapies prevent on-target off-tumor toxicity.>**

The average low density of pMHC antigens appears to be the
major hurdle for using TCRm mAbs in clinical application. Various
strategies have been applied to enhance the potency of TCRm
mAbs whose efficacy and affinity can be significantly affected by
the low expression level of pMHC. One strategy is to enhance the
Fc region functionalities, such as those that induce ADCC, CDC,
and ADCP. ESK1 is a TCRm mAb that specifically recognizes the
WT1 RMF/HLA-A*02:01 complex.>** To enhance the efficacy of
ESK1, Nicholas Veomett et al. altered its Fc glycosylation to obtain
a glycoengineered TCRm mAb, “ESKM.” As a result, ESKM exhibited
potent ADCC activity at lower doses and superior in vivo efficacy
than the parental antibody ESK1.3%°

The potency of TCRm mAbs can be enhanced by transforming
TCRm mAbs into ADCs, BsAbs, or CARs. After equipping them with
highly cytotoxic payloads, TCRm mAbs confer additional cytotoxicity,
and thus, they can specifically deliver cytotoxic payloads into target
tumor cells. In 2008, Klechevsky, E. et al. first fused TCRm antibodies
targeting MART-1,6_35/HLA-A*02:01 and gp100,50_8e/HLA-A*02:01
with a truncated form of Pseudomonas exotoxin to generate a TCRm
immunotoxin with antitumor activity.**® Our group developed EA1
HL-veMMAE, a TCRm-ADC-targeting MART-1¢_35/HLA-A*02:01, for the
treatment of metastatic melanomas, and we found that it showed
potent in vivo efficacy in a mouse xenograft model.>?” Recently, we
generated a novel TCRm ADC 2A5-MMAE against the neoantigen Kras
G12V/HLA-A*0201, and it showed specific antitumor activity both
in vitro and in vivo.3*® However, the potency of TCRm ADCs has been
limited by extremely low levels of cell surfface pMHC density
compared with ADCs against normal targets. In another validated
strategy, TCRm mAbs are applied as tumor-binding modules in the
context of BsAbs to redirect and mediate T cells to specifically kill
tumor cells. For example, the same group that discovered ESK1
engineered ESK1 into a BiTE3?° Despite the extremely low density of
WT1/HLA-A*02:01 on the cell surface, ESK1-BiTE showed potent
efficacy against multiple leukemias and solid tumors in vitro and
in vivo. Interestingly, ESK1-BiTE also induced a robust secondary T cell
response on the basis of its high specificity for HER2/Neu epitope 369
in an autologous in vitro setting. Thus, an epitope-spreading effect
can potentially be another ESK1-BiTE mechanism of action. A TCRm
can also be engineered into a TCRm CAR to redirect T cells3*° An
ongoing early phase | clinical trial is aimed at evaluating GPA-TriMAR-
T cells, which are TCRm-CAR-T cells targeting gp100,09_5717/HLA-
A*0201, in patients with malignant melanoma (NCT03649529).

Drug combinations can improve therapeutic efficacy. FDA-
approved TKIs are not effective in patients with Ph™ ALL. Since
high expression levels of WT1 RMF/HLA-A*02:01 are found in Ph™
ALL, a TCRm mAb ESKM alone or in combination with TKls was
used in patients with Ph4+ ALL. The results showed that ESKM
alone is more effective than TKls. Furthermore, the combination
therapy with ESKM and TKIs showed superior efficacy than
monotherapy with only TCRm ESKM or TKIs**' Many small-
molecule agents, such as proteasome inhibitors, histone deace-
tylase inhibitors, and MEK inhibitors, are capable of upregulating
MHC expression and presentation, which facilitate pMHC-targeted
tumor therapy.®*? For example, our previous study showed that
the MEK inhibitor trametinib augmented the antitumor efficacy of
EA1 HL-vcMMAE both in vitro and in vivo by increasing MART-
156-35 peptide presentation. 3%

In conclusion, TCRm mAbs, which combine the specificity of
TCR recognition with the favorable properties of antibodies, have
emerged as promising therapeutics, particularly in cancer

Signal Transduction and Targeted Therapy (2022)7:39



treatment. Despite their potential for killing tumor cells specifi-
cally, clinical trials to evaluate TCRm mAbs are still pending. Future
development of TCRm mAbs will focus on identifying druggable
neoantigens and addressing challenges of TCRm mAbs applica-
tion, including inadequate antigen presentation, lack of MHC
internalization, and cross-reactivity with other epitopes.>*?

CONCLUSIONS AND FUTURE PERSPECTIVES

Recently, new formats of therapeutic antibodies have been
described, and studies on traditional non-lgG immunoglobins,
such as IgA and IgM, are undergoing a renaissance.****3** Here we
summarize the advances of new-format therapeutic antibodies in
cancer therapy, including antibody conjugates (e.g., ADCs, AOCs,
and radiolabeled antibodies), bispecific/multispecific antibodies,
immunocytokines, antibody fragments (e.g., Fabs, scFvs, and VHH
domains), and scaffold proteins. Miniaturization and multifunctio-
nalization represent two major directions in antibody develop-
ment. As described in this review, full-length antibodies have been
transformed into fragments, e.g., Fabs, scFvs, and VHH domains,
and small scaffold proteins (e.g. affibodies and DARPins) have
been rationally designed to enhance tumor penetration and
facilitate fast serum clearance, which are advantages for their
applications in tumor diagnostic imaging. Radiolabeled VHH
domains are promising in vivo imaging probes when combined
with traditional imaging techniques (PEG/SPECT).>*> Moreover, the
small size and robustness of antibody fragments show superior
local performance, for example, eye injection of ranibizumab
(Lucentis, an anti-VEGF Fab) and the subcutaneous injection of
sonelokinab (an anti-IL-17 A/F VHH) 336337

The multifunctionalization of therapeutic antibodies includes
antibody derivatives (e.g., ADCs and AOCs) and antibody fusion
proteins (e.g., multispecific antibodies and immunocytokines).
ADCs and AOCs utilize payload-induced cytotoxicity and oligonu-
cleotide functionality, respectively, in combination with the
exquisite targeting ability of the antibody to show improved
biodistribution profiles, attacking tumor cells via multiple mechan-
isms of action. An Fc-enhancing technique, such as P329G LALA
mutation for ADCC enhancement and E430G for CDC enhance-
ment, can further increase the potency of multifunctionalized
antibodies in the treatment of solid tumors.33¥33? Multispecific
antibody-based strategies have been extensively explored to
leverage the local TME in an antigen-dependent manner, such as T
cell costimulation, engagement of innate and adaptive immune
cells, simultaneous blockade of two immune checkpoints, and
targeting multiple antigens to increase tumor selectivity. The poor
infiltration of immune effector cells and complex immunosup-
pressive TME in solid tumors requires combination therapies
consisting of multispecific antibodies with other immunomodu-
latory agents, for example, immune checkpoint blockers, perso-
nalized neoantigen vaccines, and oncolytic virus.'®'

Soluble TCRs, TCRm antibodies, and their derivatives (e.g.,
ImmTAC molecules) can recognize highly tumor-specific HLA-
restricted peptides (e.g., p53 and KRAS), which are considered
undruggable targets of therapeutic antibodies.>****" The rapid
development of second-generation sequencing, single-cell RNA
sequencing, spatial omics, and integrated bioinformatics analysis
enables an in-depth and comprehensive understanding of
malignant tumor tissues and will lead to an era of antibody-
based intracellular antigen targeting and precise tumor therapy.
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