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Abstract
The efficacy and specificity of conventional monoclonal antibody (mAb) drugs
in the clinic require further improvement. Currently, the development and appli-
cation of novel antibody formats for improving cancer immunotherapy have
attracted much attention. Variable region-retaining antibody fragments, such as
antigen-binding fragment (Fab), single-chain variable fragment (scFv), bispecific
antibody, and bi/trispecific cell engagers, are engineered with humanization,
multivalent antibody construction, affinity optimization and antibody mask-
ing for targeting tumor cells and killer cells to improve antibody-based therapy
potency, efficacy and specificity. In this review, we summarize the application of
antibody variable region engineering and discuss the future direction of antibody
engineering for improving cancer therapies.
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1 BACKGROUND

An antibody is composed of a variable region that binds
to the antigen and a constant region, which can be sepa-
rated and expressed as smaller antibody fragments such as
antigen-binding fragment (Fab) and single-chain variable
fragment (scFv). The first anti-cancer monoclonal anti-
body (mAb) rituximabwas approved in 1997 after extensive
engineering and optimization [1, 2]. However, full-length
antibodies still face limited tumor penetration, prolonged
retention in circulation, unspecific binding to non-tumor
tissues, and high production costs. There have been
unprecedented advances in antibody fragment construct
engineering for cancer treatment since the approval of
the first bispecific antibody blinatumomab in 2018 [3] and
the nanobody caplacizumab in 2019 [4]. More advanced
techniques in molecular cloning, genetic engineering,
yeast/phage display platforms and high-throughput anti-
body screening systems have facilitated the engineering
of antibody fragment formats. Currently, there are sev-
eral hundred antibody-derived modular formats, such as
scFv, Fab, diabodies, triabodies, minibodies and nanobod-
ies, all with the aim of improving antibody-based cancer
immunotherapy [5–7]. These modular formats offer a
range of advantages over mAbs: alternative routes of
administration, ability to bind antigens that are inacces-
sible to mAbs, ability to cross the blood-brain barrier,
reduced Fc region-related adverse effects, economically
friendly for mass production, increased stability, high
flexibility for modification and engineering, and reduced
immunogenicity. Although these antibody fragment for-
mats may hold great potential for improving drug efficacy
and safety compared with conventional anti-cancer anti-
bodies, few antibody fragment-based therapies have been
approved for clinical use. In this review, we introduce and
summarize the most recent advances in anti-cancer anti-
body fragment formats and the future direction of the
field.

2 ANTIBODY FRAGMENT FORMATS

Variable region engineering has led to an explosion of
choices for cancer therapy, which renders the screening
and validation of antibody fragment candidates exponen-
tially more difficult than that for full immunoglobulin
G (IgG). A range of engineering approaches have been
developed to aid antibody therapy optimization, with
the potential to assist the development of antibody frag-
ment optimization (Figure 1). A deeper understanding of
the function of the wide range of antibody fragments is
required to accelerate their application in cancer therapy.

2.1 scFv and nanobodies

The scFv is composed of a heavy-chain variable (VH)
domain connected to a light-chain variable (VL) domain.
The most common linker is (G4S)3/(SG4)3, which is suf-
ficiently flexible to orientate the two domains [8]. In
addition to Gly and Ser, other amino acids such as Thr
and Ala are introduced to increase flexibility. Longer G4S
linkers have been introduced to scFv, subsequently demon-
strating stronger binding [9, 10]. With the development
of computational tools, linkers are now designed with
computational algorithms to optimize scFv flexibility, sol-
ubility and stability based on the VH and VL amino acid
sequences [11]. The modular VH-(G4S)3/(SG4)3-VL con-
struction provides more freedom for modification than
a full immunoglobulin (IgG, IgA, IgE and IgM). Due to
the simplicity of the design, this format can be easily
engineered to introduce additional modules such as drug
conjugates, imaging tracers, stabilizing agents, or another
binding region. However, the simple format is also sub-
ject to drawbacks because of the lack of the Fc region.
Unlike the full immunoglobulin, scFv are comparably
unstable and tend to aggregate and misfold. Therefore,
such antibody fragments require extensive modification
and engineering to achieve satisfactory quality for in vivo
studies.
Nanobodies, also termed VHH, are derived from

camelids and express natural VH-only antibodies with
CH2 and CH3 domains. Nanobodies are the smallest anti-
body fragments (12-15 kDa), only half the size of an scFv (25
kDa), and are composed of the VH variable domain onl y.
Althoughnanobodies interactwith antigensmainly via the
complementarity-determining region 3 (CDR3), similar to
full IgG, their CDR3 region can form a stretched convex
paratopewith concave epitopes [12, 13]. This feature allows
nanobodies to access clefts or hidden and cryptic epitopes
inaccessible to conventionalmAbs [14]. On the other hand,
the shorter region of interaction with the antigen increases
the difficulty of isolating high-affinity nanobodies [15].
The development of several nanobody screening and iso-
lation platforms illustrate the advantages of the selected
nanobodies over conventional mAbs in terms of physi-
cal and chemical robustness. Nanobodies remain stable
under extreme conditions, including high temperatures,
high pressures, low pH and low protease concentrations,
reducing manufacturing costs [16, 17]. Recent findings
have suggested that the high stability allows intracellu-
lar nanobody expression, which may present new avenues
for targeting intracellular cancer antigens [18]. In addi-
tion, the stretchedCDR3 region, substitutions of conserved
hydrophobic residues to hydrophilic amino acids in theVH
framework region 2 (FR2), and additional disulphide bond
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F IGURE 1 Graphic summary of antibody format engineering, including variable region humanization, peptide masking, CDR region
mutagenesis, replacement of antibody variable region, and Fc inactivation by mutagenesis.Abbreviations: CDR,
complementarity-determining region; Fc, fragment crystallizable region; VH, heavy variable region; VL, light variable region; CH1, 2, 3, heavy
constant region 1, 2, 3; VHH, single variable domain on a heavy chain

render nanobodies conformationally stable and less prone
to aggregation [16, 17, 19, 20].

2.2 scFv and nanobody format
engineering

Nanobodies and scFv present a few advantages over the
full immunoglobulin. The solid tumor is relatively inac-
cessible to whole antibodies because of several biological
barriers [21]. In contrast, scFv and nanobodies have supe-
rior tissue penetration properties compared with mAbs:
they demonstrate a higher perfusion rate across endothe-
lial and epithelial barriers and diffuse faster through the
tumor stroma because of their smaller size [22–25]. Nev-
ertheless, the small size of scFv and nanobodies also
has its drawbacks. For example, the molecular weight
of nanobodies (15 kDa) is below the renal cut-off, ren-
dering their circulating half-life extremely short (0.1–0.3
h) [26, 27]. This short half-life greatly limits the effi-
cacy and potency of nanobody therapies, especially for
chronic diseases. Consequently, many strategies have been
developed for improving the half-life of scFv and nanobod-
ies, including the conjugation of a human Fc domain to
the C terminal, linking the variable region of an anti-
albumin antibody to scFv or nanobodies, polyethylene
glycol (PEG)ylation, coupling to human serum albumin
(HSA), or more recently, polyglutamic acid and PASyla-
tion [28–30]. The coupling to HSA extends the half-life

of nanobodies by 5–10-fold at the expense of a marginally
higher molecular weight of 50 kDa [31, 32]. Although the
conjugated anti-epidermal growth factor receptor (EGFR)
nanobodies demonstrate comparable tumor penetration
and uptake speed to cetuximab, the ability of conjugated
nanobodies to inhibit tumor growth remainsmuchweaker
[33]. Some more complicated designs also take advantage
of the small size and assemble nanobodies by binding with
scFv or Fab to form multivalent antibody formats, which
prolongs the half-life by engaging the neonatal Fc recep-
tor (FcRn)-mediated IgG recycling pathway [34]. Although
the short plasma half-life and lack of an Fc region may
result in lower bioavailability and immune response than
mAbs, these features render scFv/nanobodies more spe-
cific with fewer adverse effects. In addition, the short
half-life renders them ideal for medical imaging with
minimal background [35–37].

2.3 Multivalent antibody fragments

Monovalent antibody fragments such as scFv and single-
domain antibodies can be further engineered into mul-
tivalent antibody fragments such as diabodies, triabod-
ies, tetrabodies, minibodies, and more intricate formats
(Figure 2). Diabodies are formed via either non-covalent
or covalent bonding between two scFv with linkers con-
taining less than 11 amino acids, while triabodies and
tetrabodies are formedwhen the linker contains less than 3
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F IGURE 2 Illustration of four classes of antibody formats. I: mono-specific antibody, which includes full IgG, nanobody, scFv and
VH-scFv; II: bispecific antibodies, which includes bi-specific VHH, bi-specific scFv, diabody, DART, minibody and scFv-Fab; III:
multi-specific antibodies, which includes trivalent VHHs, triabody, tetrabody, tandem diabody, (scFv)2-Fab; IV: antibody format applied on
CAR, which includes nanobody-based CAR, bi-specific nanobody-based CAR, scFv CAR, and bi-specific scFv-based CAR.Abbreviations: IgG,
immunoglobulin G; VH, heavy variable region; VL, light variable region; VHH: single variable domain on a heavy chain; CH1, 2, 3, heavy
constant region 1, 2, 3; scFv: single-chain variable fragment; DART, Dual-Affinity Re-Targeting; Fab, fragment antigen-binding
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amino acids. These formats demonstrate higher specificity
and affinity than monovalent fragments [38]. Moreover,
two scFv can be linked by the CH3 domain to form a mini-
body, which is still relatively small but more stable than
other multivalent formats, rendering it ideal as an imag-
ing agent and for drug conjugation [39]. For example, a
radio-labeled minibody targeting CD8 exhibits good tol-
erance and sensitive detection of CD8-positive T cells in
tissue; therefore, it is being evaluated for monitoring the
CD8+ T-cell response after immunotherapy [40]. The α-
particle-emitting astatine-211 (211At)-labeled anti-prostate
stem cell antigen (PSCA) A11 minibody demonstrated
potent tumor growth inhibition in vivo, but radiotoxicity
was also present, possibly due to the free 211At accumu-
lation in the thyroid, stomach, salivary gland and spleen
[41].
The immunogenicity of nanobodies is meant to be lower

than that of non-human full antibodies because of the lack
of an Fc and the smaller size. Nevertheless, nanobodies
induce anti-nanobody autoantibodies and cytokine release
syndrome even after humanization [42, 43]. Nanobody
humanization has been suggested to be redundant, where
a non-humanized gallium-68 (68Ga)-labeled anti-erbB-2
(HER2) nanobody is in a phase II clinical trial for positron
emission tomography (PET) of breast cancer [26]. Non-
humanized nanobodies have a relatively short half-life,
which induces minimal immunogenicity. Another study
found that the heat-induced aggregates of anti-EGFRwere
not immunogenic, while the insoluble aggregates were
immunogenic [44]. Modifications for reducing nanobody
immunogenicity remain an active field of research. Fur-
ther structural and screening platforms will aid our
understanding of the factors contributing to nanobody
immunogenicity.

3 MONOVALENT FORMAT

The monovalent format of the antibody fragment is more
focused on the antagonistic effects because of the lack of
an Fc region.Nanobodies and scFv cannot initiate immune
responses, including antibody-dependent cellular cytotox-
icity (ADCC), antibody-dependent cellular phagocytosis
(ADCP), or complement-dependent cytotoxicity (CDC).
Beginning in the late 1990s, scFv and nanobodies have
been developed against well-studied cancer cell surface
proteins that were successfully targeted by mAbs such
as cetuximab, panitumumab, trastuzumab, rituximab and
obinutuzumab [6, 7, 45]. Comparedwith conventional IgG,
antibody fragments are miniature antagonists with deeper
penetration into solid tumors, fewer adverse effects, and
lower manufacturing costs [15, 38]. Currently, there are
approximately 700 activemAb drug projects in clinical and

preclinical development, with 106 mAb drugs approved
by the US Food and Drug Administration (FDA) for can-
cer therapy, which provide targets for alternative antibody
format research as proof of concept [46, 47].

3.1 EGFR family

EGFR is considered one of themain antigens for therapeu-
tic intervention of cancer as it is overexpressed in various
epithelial cell tumors, including breast cancer, non-small
cell lung cancer (NSCLC) and colorectal cancer (CRC),
and is associated with poor prognosis [48]. Ligand binding
to EGFR leads to activation of the downstream signal-
ing pathways, including that for phosphoinositide 3-kinase
(PI3K), v-akt murine thymoma viral oncogene homolog 1
or protein kinase B (Akt),mitogen-activated protein kinase
(MAPK) and signal transducer and activator of transcrip-
tion (STAT), which promote tumor cell growth, migration
and survival [49]. The US FDA has approved four anti-
EGFR mAbs (cetuximab, panitumumab, necitumumab
and amivantamab) for treating CRC and NSCLC, paving
the way for research on anti-EGFR scFv and nanobodies
[50]. With similar downstream signaling pathways, HER2
is closely related to EGFR and is overexpressed mainly in
breast and ovarian cancers. Its high expression level ren-
ders HER2 the ideal target for breast cancer treatment
[51]. Indeed, anti-HER2 trastuzumab is arguably one of the
most well-established mAb drugs, improving the survival
of patients with metastatic breast cancer from 20.3 months
to 25.1 months and reducing the risk of relapse by around
10% within 3 years [52].
Despite the success of full IgG anti-EGFR/HER2 drugs,

improvements can still be made with antibody fragment
engineering, such as by joining monospecific antibody
fragments. The Fab arm-exchanged bispecific antibody
amivantamab was approved recently by US FDA for treat-
ing NSCLC by targeting EGFR and tyrosine-protein kinase
Met (cMET) simultaneously [53]. Anti-HER2 nanobodies
and scFv have also been studied to improve the penetration
of anti-HER2 therapies. Due to the lack of an Fc, antibody
fragments cannot exert ADCC or ADCP. Approaches have
been developed for conjugating drugs to antibody frag-
ments for anti-tumor toxicity. CAM-H2 is an anti-HER2
131-iodine (131I)-conjugated nanobody that is currently
tested in a phase I/II clinical trial for the treatment of
advanced and progressive HER2-positive malignancy [54].
Given its small size, the nanobody was able to cross
the blood-brain barrier to target metastatic HER2-positive
tumors, which are inaccessible to conventional antibodies
[36, 55]. HER3 expression was higher in 83% of gastroin-
testinal tumors and 20% of breast, ovarian and bladder
cancers than in normal tissues [56, 57]. HER3 confers resis-
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tance to HER2 inhibition by maintaining the RAS-Akt
signaling pathway through a negative feedback mecha-
nism [56]. In addition, HER3 may form heterodimers to
promote tumor proliferation, rendering it a critical tar-
get for cancer immunotherapy [57]. Lumretuzumab was
developed to target HER3 and inhibit its phosphorylation
and ligand binding. In a phase I clinical trial, monother-
apy treatment with lumretuzumab and other anti-HER3
mAbs only had a control rate of 21% without ADCC effects
[58, 59]. Single-domain antibodies have subsequently been
studied for targeting alternative HER3 domains, thereby
mediating the anti-proliferative effect via distinctivemech-
anisms [60]. Although antibody fragments against HER2
and HER3 cannot exert ADCC or ADCP, they can act as
building blocks for multi-specific antibody complexes that
target distinctive epitopes on HER3 and HER2 to combat
tumor resistance against monotherapy.

3.2 Vascular endothelial growth factor
(VEGF) and hepatocyte growth factor
(HGF)

VEGF and VEGF receptor (VEGFR) are highly expressed
during angiogenesis and vasculogenesis, promoting the
development of new blood vessels in various cancer types,
including colon, breast, and lung cancers [61]. Inhibiting
VEGF and VEGFR were shown to extend the survival of
patients with cancer when administered with chemother-
apy [62]. The US FDA approved bevacizumab (Avastin) in
2004 for treating metastatic CRC by neutralizing VEGF
[63]. Avastin blocks VEGF-VEGFR interaction, thereby
promoting chemotherapeutic drug delivery to the tumor
via blood vessels [64]. Currently, few nanobodies against
VEGF or VEGFR2 have been developed for inhibiting
tumor angiogenesis, and anti-VEGF nanobodies inhibited
human umbilical vein endothelial cell proliferation and
tube formation in vitro [65, 66]. However, there is currently
no evidence of any anti-tumor effect of anti-VEGF/VEGFR
nanobody in vivo, possibly due to the short half-life of
the nanobodies in the blood. Some studies have attempted
to fuse the IgG1 Fc to anti-VEGFR nanobody, but the in
vivo effect remained unclear despite the Fc-mediated func-
tion in vitro [67, 68]. Future studies on the humanization
and affinity maturation of anti-VEGF/VEGFR nanobodies
may facilitate the development of functional monovalent
nanobodies in vivo.
HGF is a plasminogen-like protein that interacts with

the cMET receptor. The engagement results in the activa-
tion of tyrosine kinase, which promotes tumor outgrowth
and metastasis [69]. Currently, five mAbs are in phase I-
III clinical trials for CRC, renal cell carcinoma, glioma,
gastric cancer and oesophageal cancer [70]. Unfortunately,

onartuzumab (anti-cMET) and rilotumumab (anti-HGF)
failed to demonstrate significant improvement even in
patients with high cMET expression in phase III clini-
cal trials [71, 72]. Although it has been argued that cMET
may not be the best biomarker for enrolling patients,
cMET and HGF may have kinase-independent pathways
in tumorigenesis that render the kinase region targeted
by anti-HGF/cMETmAbs and anti-HGF nanobodies obso-
lete [73]. To address this issue, nanobodies against the
whole cMET ectodomain were developed and demon-
strated higher uptake by tumor tissues compared to that by
normal tissues and delayed tumor growth compared with
saline control [19, 74].
The success of conventional antibodies for cancer ther-

apy is a double-edged sword for research on antibody
fragment formats. It is difficult to overlook the issues
regarding the emerging antibody formats: lack of evidence
for efficacy and potency, safety concerns and a short half-
life. Nevertheless, antibody fragments demonstrated an
unparalleled advantage over conventional antibodies as
building blocks in multi-specific antibody constructs and
chimeric antigen receptor T (CAR-T)/CAR-natural killer
(NK) cell therapy, given their flexible modular feature.

4 MULTI-SPECIFIC FORMAT

The multi-specific antibody format is composed of more
than 2 antibody variable fragments, either a VH domain
alone or a VH plus VL domain, that bind to multi-
ple antigens (Figure 2). By engaging multiple antigens
sequentially or simultaneously, the multi-specific anti-
body formats can achieve novel functionalities via various
mechanisms.

4.1 Bispecific T-cell engager (BiTE)
antibody

Conventional mAbs do not recruit T cells because of their
lack of an FcR.On the other hand, bispecific antibodies can
be designed to tether T cells by anti-CD3 single-chain anti-
bodies. BiTEs recruit T cells to target tumor cells, leading
to T cell activation via CD3 binding in the T cell receptor
(TCR) complex [75–77]. T cells are activated regardless of
major histocompatibility complex (MHC) peptide restric-
tion, leading to the destruction of target cells in a TCR
specificity-independentmanner [75]. Currently,more than
15 BiTEs against solid tumors are under clinical study,
which targets well-established antigens, including EGFR,
HER2, prostate-specific membrane antigen (PSMA) and
epithelial cell adhesion molecule (EpCAM) (Table 1). The
development of mAbs targeting solid tumors is more com-
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TABLE 1 Antibody fragments for cancer immunotherapy in clinical trials

Drug Monovalent Cancer type Clinical stage
LCAR-B38M
(Legend/Janssen)

BCMA nanobodies incorporated
into CAR-T cells

MM Phase II

TXB4 (Ossianix) TfR1 variable new antigen
receptor with mAb payload

Primary central nervous
system lymphoma

Preclinical (mouse)

CAM-H2 (Precirix) HER2 monomer 131I-conjugated
nanobody

Solid malignancies (breast and
gastric)

Phase I (NCT04467515)

L-DOS47 (Helix BioPharma
and Theradex)

HER2 nanobody monomer
combined with doxorubicin

Pancreatic cancer Phase Ib/II (NCT04203641)

TAS266 (Novartis) DR5 tetrameric nanobody Advanced solid malignancies
(Pancreatic)

Phase I, suspended
(NCT01529307)

Multivalent
A-319 (Generon) CD3 + CD19 scFv-Fab (II, 1+1) Hematological malignancies

(ALL and B cell ALL
[B-ALL])

Investigational new drug
(IND), active

AFM11 (Affimed) CD3 + CD19 tandem diabodies
(III, 2+2)

Hematological malignancies
(NHL and ALL)

Phase I, suspended
(NCT02106091 and
NCT02848911)

Blinatumomab (Amgen) CD3 + CD19 tandem scFv (II, 1+1) Hematological malignancies
(ALL and B-ALL)

Marketed

MGD011 (MacroGenics and
Janssen)

CD3 + CD19 Dual-Affinity
Re-Targeting (DART) (II, 1+1)

B cell lymphoma Phase I, terminated
(NCT02454270)

AMG562 (Amgen) CD3 + CD19 tandem scFv (II, 1+1) NHL Phase I (NCT03571828)
A319 (Generon and EVIVE
Biotechnology)

CD3 + CD19 (scFv)2-Fab (III, 1+2) B cell lymphoma Phase I (NCT04056975)

AMG330 (Amgen) CD3 + CD33 tandem scFv (II, 1+1) Hematological malignancies
(AML)

Phase I (NCT02520427)

AMV-564 (Amphivena
Therapeutics)

CD3 + CD33 tandem diabodies
(III, 2+2)

Hematological malignancies
(AML and myelodysplastic
syndrome [MDS])

Phase I (NCT03144245 and
NCT03516591)

GEM333 (GEMoaB
Monoclonals)

CD3 + CD33 single-chain diabody
(scDb) (II, 1+1)

Hematological malignancies
(AML)

Phase I (NCT03516760)

AMG673 (Amgen) CD3 + CD33 Fc fused tandem
scFv (II, 1+1)

AML Phase I (NCT03224819)

RG7828 (Roche) CD3 + CD20 full-length bispecific
(1+1)

Hematological malignancies Phase I/II (NCT02500407)

REGN1979 (Regeneron) CD3 + CD20 Fc modified
full-length bispecific (1+1)

Hematological malignancies Phase II (NCT03888105)

RG6026 (Roche) CD3 + CD20 Fc modified
full-length bispecific (1+2)

NHL Phase I (NCT03075696)

GEN3013 (Genmab) CD3 + CD20 DuoBody (1+1) Hematological malignancies Phase I/II (NCT03625037)
FBTA05 (Trion) CD3 + CD20 full-length bispecific

(1+1)
B cell lymphoma Phase I/II (NCT01138579)

Plamotamab (Xencor) CD3 + CD20 full-length bispecific
(1+2)

Hematological malignancies Phase I (NCT02924402)

AMG424 (Amgen) CD3 + CD38 bispecific hetero-Fc
(1+1)

MM Phase I, terminated
(NCT03445663)

AMG420, BI 836909
(Boehringer Ingelheim)

CD3 + BCMA tandem scFv (II,
1+1)

Hematological malignancies
(MM)

Phase I
(NCT02514239 and
NCT03836053)

(Continues)
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TABLE 1 (Continued)

Drug Monovalent Cancer type Clinical stage
AMG701 (Amgen) CD3 + BCMA tandem scFv (II,

1+1)
MM Phase I (NCT04998747)

JNJ-64007957 (Janssen) CD3 + BCMA full-length
bispecific (1+1)

MM Phase I (NCT03145181)

PF-6863135 (Pfizer) CD3 + BCMA full-length
bispecific (1+2)

MM Phase I (NCT03269136)

REGN5458 (Regeneron) CD3 + BCMA full-length
bispecific (1+1)

MM Phase I (NCT03761108)

TNB383B (Abbvie) CD3 + BCMA full-length
bispecific (1+2)

MM Phase I (NCT03933735)

Xmab14045 (Xencor) CD3 + CD123 scFv-Fab (II, 1+1) Hematological malignancies
(AML, BLL and chronic
myeloid leukaemia)

Phase I (NCT02730312)

Flotetuzumab, MGD006
(Macrogenics)

CD3 + CD123 DART (II, 1+1) Hematological malignancies
(AML, MDS and CML)

Phase II, pending
(NCT02152956 and
NCT03739606)

JNJ-63709178 (Janssen) CD3 + CD123 full-length
bispecific (1+1)

Hematological malignancies
(AML and CML)

Phase I (NCT02715011)

AMG111 (Amgen) CD3 + CEA BiTE (II, 1+1) Gastrointestinal
adenocarcinoma

Phase I (NCT02291614)

RG7802 (Roche) CD3 + CEA full-length bispecific
(1+2)

Solid malignancies Phase I (NCT02324257)

HPN-424 (Harpoon) CD3 + PSMA VH-scFv (I, 1+1) Solid malignancies (prostate
cancer)

Phase I/II (NCT03577028)

AMG160 (Amgen) CD3 + PSMA Fc fused
bispecific/tandem scFv (II, 1+1)

Solid malignancies (prostate
cancer)

Phase I (NCT03792841)

MOR209 (Aptevo
Therapeutics)

CD3 + PSMA (scFv)2-Fc (II, 1+1) Solid malignancies (prostate
cancer)

Phase I (NCT02262910)

Pasotuxizumab A212 CD3 + PSMA tandem scFv (II,
1+1)

Solid malignancies (prostate
cancer)

Phase I (NCT01723475)

Ertumaxomab (Trion) CD3 + HER2 scFv-IgG (1+1) Breast cancer Phase II (NCT00522457)
GBR1302 (Glenmark
Pharmaceuticals)

CD3 + HER2 scFv-IgG (1+1) Solid tumor (HER2-positive) Phase I, terminated
(NCT02829372)

M802 (YZY Bio) CD3 + HER2 scFv-IgG (1+1) Solid tumor (HER2-positive) Phase I (NCT04501770)
BTRC4017A (Genetech) CD3 + HER2 Solid tumor (HER2-positive) Phase I (NCT03448042)
MGD007 (MacroGenics) CD3 + gpA33 DART (II, 1+1) CRC Phase II (NCT02248805)
MGD009 (MacroGenics) CD3 + B7H3 DART (II, 1+1) Solid tumor Phase I (NCT02628535)
REGN4018 (Regeneron) CD3 +MUC16 full-length

bispecific (1+1)
Solid tumor Phase I (NCT03564340)

AMG596 (Amgen) CD3 + EGFRvIII tandem scFv (II,
1+1)

Solid malignancies
(EGFRvIII-positive
glioblastoma)

Phase I (NCT03296696)

A-337 (Generon) CD3 + EpCAM bispecific
minibody (II, 1+2)

Solid malignancies (NSCLC) Phase I

BFCR4350A (Genentech) CD3 + CD307 tandem scFv (II,
1+1)

Hematological malignancies
(MM)

Phase I (NCT03275103)

AFM13 (Affimed) CD16 + CD30 tetravalent
homodimer (III, 2+2)

Hodgkin Lymphoma Phase II (NCT04101331)

GTB-3550 (GT Biopharma) CD16 + CD33 + IL-15 TriKE (III,
1+1+1)

Hematological malignancies Phase I/II (NCT03214666)

(Continues)
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TABLE 1 (Continued)

Drug Monovalent Cancer type Clinical stage
SAR442257 (Sanofi) CD3 + CD28 + CD38 trispecific

full IgG (III, 1+1+1)
MM and NHL Phase I (NCT04401020)

NKP46 NKCE (AstraZeneca) NKP46 + CD16 + undisclosed Preclinical
GNC-038 (Sichuan Baili) CD3 + CD19 + 41BB + PD-L1

tetraspecific (III, 1+1+1+1)
NHL Phase I (NCT04606433)

RO5520985 Vanucizumab
(Roche)

EGFR + Ang2 full-length
bispecific (1+1)

Solid tumor Phase I (NCT01688206)

BI-836880 (Ablynx) EGFR + Ang2 bispecific
nanobody (II, 1+1)

NSCLC Phase I (NCT03468426)

Amivantamab (Genmab and
Janssen)

EGFR + cMET full-length
bispecific (1+1)

NSCLC Phase I (NCT02609776)

EMBO1 (Epimab
Biotherapeutics)

EGFR + cMET Solid tumor Phase I (NCT03797391)

Zenocutuzumab MCLA128
(Merus)

HER2 + HER3 full-length
bispecific (1+1)

Breast cancer Phase II (NCT02912949)

KN026 (Alphamab) HER2 + HER2 Fc-fused (scFv)2
(1+1)

Solid tumor Phase II (NCT04521179)

MBS301 (Beijing Mabworks
Biotech)

HER2 + HER2 full-length
bispecific (1+1)

Solid tumor Phase I (NCT03842085)

Zanidatamab ZW25
(Zymeworks)

HER2 + HER2 scFv-Fab-Fc (II,
1+1)

HER2-amplified biliary tract
cancers

Phase II (NCT04466891)

MP0274 (Molecular Partners
AG)

HER2 + HER2 natural ankyrin
repeat proteins (1+1)

Solid tumor (HER2-positive) Phase I (NCT03084926)

OXS-1550, DT2219ARL (GT
Biopharma)

CD19 + CD22 tandem scFv fusion
protein (II, fused to modified
diphtheria toxin, 1+1)

Hematological malignancies (B
cell lymphoma and
leukemia)

Phase I/II (NCT02370160)

BI 836880
(Ablynx/Boehringer
Ingelheim)

Ang2 + VEGF tandem nanobody
(I, nanobody, 1+1, anti-HSA for
half-life extension)

Solid malignancies (NSCLC) Phase I (NCT02689505)

Chinese PLA General
Hospital

CD19 + CD22 scFv incorporated
into CAR-T therapy

Relapse or refractory B cell
lymphoma

Phase I (NCT03185494)

plicated than that for hematological tumors because of the
poor delivery rate [76, 78, 79]. BiTEs are formed by scFv or
nanobodies; therefore, they potentially offer higher tumor
penetration due to their smaller size than full size IgG.
For example, a bispecific nanobody against CD3 and EGFR
bound specifically with EGFR-overexpressing tumor cells,
thereby mediating lysis via both T cell activation and
EGFR signaling blockade [80]. In 2009, catumaxomab,
an anti-CD3 and EpCAM-bispecific antibody targeting
EpCAM-positive tumors for T cell-mediated lysis, became
the first US FDA-approved BiTE for intraperitoneal treat-
ment of patients with malignant ascites [48, 81]. Despite
its stability and longer half-life compared to scFv, it caused
severe adverse effects. The Fc of catumaxomab bound to
the FcγR of tissue Kupffer cells that initiate local cytokine
release, resulting in the death of the patient [82]. Thus,
catumaxomab was voluntarily withdrawn from the US
market in 2013 and the European Union (EU) market in
2017.

4.2 Modifications for improving BiTE
efficacy

Due to the modular features of antibody fragments, there
is much room for engineering to optimize BiTE specificity,
potency, and affinity while reducing its toxicity. Following
thewithdrawal of catumaxomab, the engineering shifted to
the variable regions of BiTEs. To prevent adverse/off-target
effects, the next-generation BiTE currently undergoing
clinical trials feature silenced Fc or Fc-free constructs com-
posed of modular antibody fragments [67, 68]. The US
FDA approved blinatumomab (CD3+CD19) in 2014 for
treating acute lymphoblastic leukemia (ALL); it is a bis-
pecific antibody that recognizes CD3 and CD19 with two
scFv joined by a linker [4, 83-85]. In doses as low as 0.005
mg/m2 daily, it eliminated CD19+ cells in patients with
non-Hodgkin lymphoma (NHL) [86]. The phase II clini-
cal trial confirmed the sustained depletion of peripheral
tumor cells [86]. All patients exhibited ongoing regres-
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sion for >6 months with manageable adverse effects such
as lymphopenia, leukopenia, cytokine release and chills.
The lack of autoimmune or cytokine storm syndrome in
treated patients encouraged further follow-up research on
BiTEs. Subsequent clinical trials on relapse and refrac-
tory ALL confirmed the effectiveness (43% remission rate)
and safety (2% death) of blinatumomab. The current BiTE
development also focuses on the characterization of novel
anti-CD3domains.A low-affinity anti-CD3 scFvwas incor-
porated to reduce the peripheral cytokine concentration
and tissue cytotoxicity [87, 88]. Several groups have utilized
the high-throughput platform to test numerous anti-CD3
fragments to maximize T cell cytotoxicity and minimize
adverse effects [89].
To increase specificity and avidity, the format can be

engineered to contain at least 2 binding sites for the target
antigen in combination with anti-CD3 (2+1, 3+1, 4+1). For
example, tandem diabody CD3+CD19 AFM11 (2+2) and
CD3+CD123 (2+2) are currently in development and are
composed of tetravalent anti-CD3 and CD19/CD123 frag-
ments. This tetravalent antibody can target T cells, B cells
and myeloid cells simultaneously [90]. An attractive fea-
ture of the tetravalent antibody format is the ability to
achieve the same efficacy independent of the T cell: target
cell ratio. The multivalent format can potentially reduce
the effective dosing in therapeutic applications, thereby
improving the safety of multi-specific antibody therapy.
Although the tetravalent format achieved>10-fold potency
compared with the bivalent format in vivo [91], clini-
cal trial data supporting the superiority of this format in
terms of efficacy are lacking. Trivalent antibodies such as
RG6026, which is bivalent for CD20 and monovalent for
CD3 (2+1), achieved an overall 42% complete remission
rate in a phase I clinical trial, but 8% of the patients expe-
rienced grade ≥3 cytokine release syndrome [92, 93]. scFv
and nanobody combinations have also been formulated by
flanking anti-CD3 scFv with anti-EGFR and anti-EpCAM
nanobodies. The trispecific T-cell engager induced T cell-
dependent killing of EGFR-EpCAM double-positive cells
in vitro [94]. These formats are expected to deliver higher
tumor antigen specificity, T cell lysis and fewer adverse
effects than the bivalent format. Despite the success of
BiTEs in lymphoma, there remains room for improve-
ment in terms of higher specificity and potency in cancer
immunotherapy.

4.3 Modifications for improving BiTE
specificity

To improve the specificity of effector cell activation, spe-
cific effector cell markers for improving the precision of
T cell activation are being evaluated. Anti-CD3 BiTEs

activate CD3 cells of all lineages, including regulatory T
cells (Tregs) [95]. Therefore, the unspecific engagement
of T cells may reduce the efficacy and potency of BiTEs
via Treg-mediated perforin-dependent cytotoxicity against
CD8+ T cells [96–98]. γδ T cells are enriched in the tumor
microenvironment and are associated with tumor regres-
sion. Accordingly, bispecific anti-γδ T nanobodies target-
ing HER2 and EGFR have been constructed for treating
solid malignancies [99]. The latter molecule induced the
lysis of patient-derived CRC cells and exhibited minimal
activity against primary EGFR+ keratinocytes, thereby
holding promise for an extended therapeutic window.
The critical limiting factor for anti-CD3 or anti-γδ T

fragments is the binding to T cells in normal tissues,
which limits BiTE efficacy and safety. Hence, approaches
for targeting tumor-infiltrating T cells (TILs) have been
achieved by masking anti-CD3/γδ T binding by linking
inhibitors [e.g., mimotope or epitope mimetic peptide,
laminin-mimetic peptide (LAP), IgG hinge region and
affinity peptide] to the N terminal of the antibody vari-
able region [100]. The most widely used approach, i.e.,
mimotopes, is linked to the antibody fragment N termi-
nal via a protease-prone linker, which is only cleaved in
a microenvironment with protease overexpression. The
resultant probody strategy has been applied to several tra-
ditional targets such as EGFR, HER2 and CD3, leading
to a 100- to 300,000-fold reduction in affinity [101, 102].
Other than mimotopes, masking peptides that bind to the
conserved region of the variable region has been engi-
neered to extend to the paratope region, thereby preventing
antibody fragment from binding to the antigen. LAP was
modified to mask the framework region of the anti-EGFR
variable region, which was readily cleaved in the tumor
microenvironment [103]. Compared withmimotopes, LAP
had the advantage of antigen-independent masking of
antibody fragments, but the masking only reduced the
affinity by <3 folds [104]. These modifications were aimed
at reducing off-tumor targeting that often causes cytokine
release syndrome. For example, coiled-coil inhibition of
anti-mouse CD3 was recently demonstrated to reduce off-
target effects and cytokine release syndrome inBalb/cmice
[105]. It maintained a high percentage of antibody mask-
ing in the non-tumor environment and a high release rate
at the tumor site. The coiled-coil has also been applied
to other antibodies, including anti-HER2, anti-CD20 and
anti-CD19, exhibiting wide application in anti-cancermAb
engineering [106–108]. Despite the progress on protease-
activating masking moieties, designing peptide sequences
specific to tumor proteases remains challenging. An alter-
native approach is format chain exchange (ForCE) tech-
nology to the CH3 domain of bispecific antibodies, which
allows the activation and arm exchange of two inac-
tive probodies only when they are in close proximity in
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vitro [109]. Drug-conjugated probodies against CD71 have
entered phase I clinical trials, demonstrating the capabil-
ity of probodies for pinpointing previously undruggable
antigens.

4.4 Bi/trispecific killer engagers
(BiKE/TriKE)

In addition to BiTE, bispecific and trispecific NK cell
engagers have been developed to engage the activating
receptors on NK cells and tumor-associated antigens [110].
NK cells are safer than T cells as NK cell infusion does not
induce graft-versus-host disease [111]. CD16 expressed on
NK cells is the basis for inducing ADCC by docking the
Fc of tumor-binding antibodies. Therefore, bispecific scFv
binds both CD16 and cancer antigens, including CD19,
CD20, CD33, CD30, B-cell maturation antigen (BCMA),
and more. BiKE/TriKE promote NK cell degranulation,
resulting in enhanced cancer cell lysis independent of
antibody Fc [112]. AFM13 is a tetravalent bispecific tan-
dem antibody against CD16A and CD30 with a median
inhibitory concentration (IC50) of 35.8 nmol/L for CD30
antigen [113, 114]. It was well-tolerated in two phase I tri-
als, with a high response rate (77%–88%) at the highest dose
in patients with Hodgkin lymphoma [114]. AFM13 efficacy
is now undergoing a phase II clinical trial as monother-
apy for CD30-positive T cell lymphoma (NCT04101331).
To optimize the specificity, anti-CD16A-based bispecific
antibodies have also been developed to engage NK cells
and macrophages to target cancer cells without unspe-
cific binding to other Fc receptors [101]. BiKEs have
also been engineered to incorporate additional modules,
forming TriKE with enhanced specificity and/or NK cell
activity and survival. Vallera et al. [115] cross-linked inter-
leukin (IL)-15 between anti-CD16 and anti-CD33 scFv,
constructing a TriKE that promoted NK cell survival and
tumor-suppressing effects in vivo. TriKE that targets two
NK cell-activating receptors (e.g., NKp46 and CD16) and
tumor antigen have also been developed, as the full activa-
tion of NK cells requires the engagement of a combination
of receptors [116]. Currently, the CD16/IL-15/CD33 TriKE is
undergoing a phase II clinical trial for acute myelogenous
leukemia (AML) (NCT03214666).

4.5 Other bispecific antibodies

Bispecific scFv against multiple signaling pathways in
tumor cells have also been developed to reduce cancer
resistance to single antibody drugs by targeting multiple
cancer antigens on the same cell [117, 118]. For example,
EGFR and HER2 mutations were found in 15%–30% of

NSCLC samples and 1.6% of HER2-positive breast cancer
cases, respectively [119]. EGFR, HER2 and HER3 share
similar downstream pathways, and anti-EGFR treatment
induces HER2 overexpression, which confers tumor resis-
tance against anti-EGFR treatment [117, 118]. Although
anti-HER2 and anti-EGFR mAbs achieved clinical benefit
for HER2/EGFR-positive patients, only 10%-25% of HER2-
positive patients responded to trastuzumab treatment
[119]. To achieve a high response rate and low tumor resis-
tance, multi-specific antibody therapies have been studied
for treating patients who do not respond to monotherapy.
Bispecific antibodies such as KN026 (trastuzumab com-
bined with pertuzumab) against two HER2 epitopes have
been constructed for targeting cancers with low HER2
expression levels [120]. KN026 contains an engineered
CH3 region for heterodimerization of the trastuzumab Fab
Fc on the knob and the pertuzumab Fab Fc on the hole. In
a phase I study, it exhibited similar efficacy to trastuzumab
combined with pertuzumab [121]. Dual targeting of EGFR
+HER2, HER2+HER3, or EGFR+ cMET has been devel-
oped, and some of them have entered phase I clinical trials
(Table 1) [121–123].
Another main hurdle in cancer therapy is the immuno-

suppressive tumormicroenvironment. Attempts have been
made to combat the immunosuppressive microenviron-
ment and tumor angiogenesis by treating NSCLC with
bispecific nanobodies against VEGF and angiopoietin-
2 (Ang2) in combination with anti-programmed death-
ligand 1 (PD-L1). In the most recent phase Ib clinical
trial, two of 12 patients exhibited partial response while
the adverse effects were manageable [124]. These bis-
pecific antibody formats demonstrate potent cytotoxicity
and reduced resistance. However, their antitumor effect
against cancerswith low target antigen expression remains
quite poor. This may result from the narrow epitope cover-
age by each antibody domain and compromised binding
affinity when combined with a bispecific antibody.

4.6 Minibody engineering

Unlike full IgG, antibody fragments do not necessarily con-
tainCH1, CH2, orCH3domains, as the constant regionwill
increase the size and reduce the penetration of the anti-
body fragments. Therefore, singleCH2orCH3domains are
used instead of the full CH1, CH2, or CH3 to link mono-
valent antibody fragments (e.g., minibodies) to minimize
the size while maintaining adequate stability. One effec-
tive strategy for enhancing the stability of the single CH2
or CH3 domain is introducing additional disulfide bonds,
either inter- or intra-domain. The disulfide bonds are the
most critical covalent bond in IgG for thermostability [49].
R292C/N297G/V302C mutations in CH2 introduced addi-
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tional intra-domain disulfide bonds that facilitated the
improved stability and slower rate of clearance in the cir-
culation [125]. The CH3 domain has also been engineered
to add intra-domain and inter-domain disulfide bonds by
mutating P445, G446 andK44 at the C terminal byG, E and
C, respectively [126, 127].
Glycosylation modifications have also been applied to

the CH2 domain to alter Fc-fused antibody fragment bind-
ing to FcγR and complement. The introduction of an
N297 mutation effectively rendered the antibody glycosy-
lated, which is being used to treat autoimmune diseases
because of the reduced binding to FcγR and complement.
Glycoform engineering in CH2 was also important for
the safety of Fc-fused antibody fragment therapy because
common cell lines such as CHO will introduce immuno-
genic glycosylation in the CH2 domain. Lonza and Roche
developed genetically modified CHO cells to produce non-
immunogenic and homogenously glycosylated CH2 [128].
A glycoengineered anti-CD20 (obinutuzumab [GA101]),
which demonstrates improved effector function through
higher affinity against FcγRIII, has been approved for
treating chronic lymphocytic leukemia (NCT01300247)
[129].
Antibody fragments with an Fc domain have improved

stability and serum half-life, but the Fc region creates
safety issues because of the binding to Fc receptors and
complement. Patients who received monoclonal anti-CD3
therapy (OKT3) or bispecific anti-CD3X EpCAM anti-
bodies experienced systemic cytokine storm due to T
cell activation through Fc receptor binding on immune
cells [130]. The Fc receptor and complement binding
was disabled using a common Fc domain engineer-
ing termed LALA (234 and 235 leucine to alanine
mutation), which significantly improved the safety of
anti-CD3 therapies [131]. Subsequently, more sophisti-
cated Fc mutations such as glycosylated IgG1, IgG2m4
(H268Q/V309L/A330S/P331S, changes to IgG4), hIgG1-
P329G LALA, IgG4 ProAlaAla (S228P/L234A/L235A) and
IgG2 (V234A/G237A/P238S/H268A/V309L/A330S/P331S)
have been introduced to completely inactivate Fc effector
functions [132, 133].

4.7 Antibody fragment multimerization

scFv and nanobody multimerization has become popu-
lar in recent years and has improved their avidity [134,
135]. Trispecific and tetraspecific scFv or nanobodies have
been formulated by combining antibody formats against
the same antigen. Theoretically, the multivalent format
can yield antibody formats that target multiple epitopes
on the same antigen, thereby boosting potency. A multiva-
lent nanobody (DR5Nb1 by Ablynx) against death receptor

5 (DR5) demonstrated greater tumor-killing potency than
conventional mAb therapy in vitro [136]. DR5Nb1 demon-
strated a serum half-life of 5-9 h, while the half-life of the
full-length antibody was >1 week, which largely reduced
the efficacy of DR5Nb1 in vivo. Following the successful
correlation of valency and potency, the tetravalent anti-
GD2 scFv was developed and was PEGylated to increase
stability and half-life. PEGylated GD2-specific tetravalent
scFv achieved better tumor retention and lower off-target
binding compared with full-length anti-GD2 mAb (din-
utuximab). Nevertheless, the tumor cell cytotoxicity and
tumor growth inhibitory ability of the tetravalent scFv in
vivo remained less optimal [34]. More complicated designs
such as liposomal drugs coated with trispecific antibod-
ies have also been tested with anti-HER2 + anti-FAP
+ anti-modified (m)PEG antibody, which demonstrated
heightened cytotoxicity than bispecific antibody alone in
vitro [137]. Compromised binding affinity and instability
are commonly observed with the multivalent format [74].
Future studies on affinity and stability optimizsation com-
bined with high-throughput screening and deep learning
are critical for the multivalent antibody format to shine
(Figure 3).

5 ScFv AND NANOBODIES IN
CAR-T/NK CELLS

CAR is a fusion protein composed of an intracellular sig-
naling domain, transmembrane domain hinge region, and
an antigen-binding domain [138]. CAR-engineered T/NK
cells have accomplished inspiring achievements in treating
hematological malignancies.

5.1 ScFv/nanobodies in CAR-T/NK cells

CAR-T cells have yielded exciting clinical results in cer-
tain cancer types such as B-cell leukemia and multiple
myeloma (MM). The antigen-binding domain is conven-
tionally designed to be an scFv or nanobody that recog-
nizes cancer cell surface antigens or soluble ligands to
induce T cell activation in an MHC-independent manner
[139, 140]. TCRmimickingCARhas also been incorporated
to bind intracellular tumor-associated antigens, leading
to MHC-dependent T cell activation [141]. The US FDA
has approved five CAR-T therapies: Abecma, Breyanzi,
Kymriah, Tecartus and Yescarta, four of which target lym-
phoma/leukemia [142]. Kymriah, Breyanzi and Yescarta
used murine-derived anti-CD19 FMC63 for CAR, raising
the concern of a potential anti-CAR immune response in
patients [143]. In addition to treatment for hematological
disease, CAR-T therapy against solid tumors has also been
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F IGURE 3 Neural network-aided high-throughput bispecific antibody screening. The multivalent antibody fragment library is screened
for their binding to target cancer cells in a high-throughput manner. The sequences of target cancer cell binders are fed into the neural
network as training dataset. The sequences of the larger multivalent antibody fragment library are fed into the neural network as testing
dataset. The neural network can then predict the multivalent antibodies that bind to target cancer cells, which can be validated by
high-throughput screening.Abbreviations: H, heavy chain sequences; L, light chain sequences
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developed. BioNTechCell andGeneTherapiesGmbHhave
developed a combination therapy that utilizes anti-claudin
6 CAR-T cells boosted by liposome-mRNA complexes to
treat solid tumors, including ovarian, testicular, uterine,
lung and gastric cancers [144]. The liposome-mRNA com-
plexes encoding claudin 6 were introduced to dendritic
cells to promote the survival and expansion of the infused
CAR-T cells, which induced satisfactory tumor regression
in vivo [145]. The safety and efficacy of the treatment
against multiple solid tumors are now being evaluated in a
phase I/II clinical trial (NCT04503278) [144].
CAR-NK therapies have also gained more attention in

recent years as they present several advantages compared
to CAR-T cells. NK cells are innate lymphoid cells that
do not have antigen-specific receptors such as TCR; there-
fore, they can kill cancer cells or infected cells with an
intrinsic CAR-independent mechanism [146]. The human
leukocyte antigen-independent killing of NK cells also
renders CAR-NK therapy safer as it does not induce graft-
versus-host complications [147]. However, only 20 CAR-
NK clinical trials are being conducted worldwide, whereas
clinicaltrials.gov lists more than 500 CAR-T clinical tri-
als, possibly due to the slow ex vivo expansion of primary
NK cells by good manufacturing practice standards and
suboptimal viral transduction success rates [148, 149]. To
address the problem, the NK-92 cell line with anti-HER2
CAR is being evaluated in a clinical trial (NCT03383978)
[150, 151]. Another study used primary NK cells from core
blood for anti-CD19 CAR incorporation, resulting in a 73%
response rate without adverse effects such as cytokine
storm or graft-versus-host syndrome [152]. Active research
into CAR engineering has progressed greatly in the last 5
years, with innovative scFv and nanobody formats incor-
porated into CAR-T therapies entering early-phase clinical
trials.
The antigen-binding domain (scFv or nanobody) is

arguably themost critical component of CAR, determining
the antigen-binding affinity and specificity of CAR-T cells.
Single amino acidmutation in the scFv against ganglioside
GD2 completely abolished the therapeutic effect of anti-
GD2 CAR-T cells in vivo [153]. The development of CAR-T
cells targeting antigens with ideal affinity and specificity is
complicated, as the affinity needs to be adequate for CAR-T
cells to recognize the tumor antigen, which in turn induces
T cell lysis of target cells; high affinity (receptor affinity
[Kd] in the nanomolar range) could also result in bind-
ing to healthy tissues [154, 155]. Moreover, high-affinity
CAR-T cells demonstrated low persistence of duration in
vivo due to excessive activation-mediatedT cell death [156].
This on-target, off-tumor toxicity was observed in clinical
trials with anti-CD19 CAR-T cells in B cell lymphoma as
bonemarrowCD19was also depleted, leading to hypogam-
maglobulinemia [157]. Although antibody infusion could

ameliorate this phenomenon, the more severe off-tumor
toxicities in other CAR-T agents limit their clinical use. For
example, off-tumor toxicities were associated with anti-
HER2 CAR-T cells bound to non-malignant lung tissue,
which led to the death of one patient withmulti-organ fail-
ure [158]. An anti-EGFRvIII CAR-T phase I pilot study also
reported one patient death from pulmonary edema out of
the 33 patients enrolled. At high doses, the patient devel-
oped pulmonary vasculature, possibly due to the off-tumor
toxicity of the activated CAR-T cells [159]. These alarming
consequences should spur more research into CAR engi-
neering, especially scFv, for achievingminimumoff-tumor
toxicity.

5.2 ScFv/nanobody engineering for
reducing CAR-T off-tumor toxicity

Similar to the engineering of bispecific antibody frag-
ments, the success of parental mAbs does not predict CAR
functionality. A trastuzumab variable region was adopted
for anti-HER2 CAR-T cells, yet consequential off-tumor
toxicities occurred due to the HER2 expression on nor-
mal tissues [158, 160, 161]. Some strategies, such as affinity
tuning, exploit the difference in antigen expression level
on tumor and non-tumor tissue to generate CAR that is
more tumor-specific. TCR affinity against peptide MHC
ranges from 0.8 to 100 μmol/L, which allows the lysis of
target cells without collateral damage [161, 162]. On the
contrary, scFv converted from affinity-matured mAb typ-
ically exhibits affinity in the nanomolar range. The high
affinity of scFv CAR demonstrated rapid exhaustion and
suboptimal persistence in circulation [163]. To optimize
the safety and therapeutic window of CAR-T cells, low-
affinity scFv at micromolar range Kd were selected to
target antigens that are highly expressed on tumors while
leaving the low-expression tissue unbound. The strat-
egy generated low-affinity scFv anti-CD19 and anti-EGFR
CAR-T cells, demonstrating longer persistence because of
the antigen-induced expansion of CAR-T cells and supe-
rior anti-tumor effect with higher specificity in vivo [154,
164]. Affinity engineering by directed evolution isolated
an anti-intercellular adhesion molecule 1 (ICAM1) CAR
with affinity of 10 μmol/L. The medium affinity anti-
ICAM1 CAR-T cells demonstrated potent cancer killing in
vivo and more potent therapeutic effects compared with
high-affinity (1 nmol/L) anti-ICAM1 CAR-T cells. Most
importantly, the high-affinity CAR-T cells targeted non-
cancer cells regardless of antigen expression density, while
the low-affinity CAR-T cells spared them [165]. The scFv
structure may also influence CAR function, as scFv with
similar affinity against BCMAgave rise to CAR-T cells with
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strikingly different expansion rates and anti-tumor effects
[166].
In addition to affinity, the format of the antibody frag-

ment on the CAR also influences CAR-T therapy potency
and efficacy. Alternatives to scFv were investigated for
reducing scFv-based CAR immunogenicity, aggregation
and misfolding [167]. As discussed earlier, nanobodies
exhibit lower immunogenicity, smaller size and outstand-
ing stability under harsh conditions, rendering them ideal
for constructing CAR. With the first US FDA-approved
nanobody monotherapy in 2019, considerably more effort
has been invested in the feasibility of nanobody-based
CAR-T therapy. Bispecific nanobody anti-CD19+CD20
CAR-T cells were constructed and killed B cell lines in vitro
with high specificity and enhanced proliferation [168].
Despite the success of scFv-based CAR-T therapy for

hematological tumors, treatment for solid tumors remains
challenging. One of the main obstacles is antigen accessi-
bility to the binding domain of CAR, which is even worse
when scFv with sub-micromolar affinity is incorporated
into the CAR. On the other hand, nanobody-based CAR-
T cells, including anti-CD105, anti-EIIIB and anti-BCMA,
could access hidden epitopes because of the long CDR3
region and demonstrated effective tumor cell line killing in
vitro and tumor size reduction in vivo [169–171]. An attrac-
tive feature of nanobodies is the ability to target>1 epitope
on the antigen. The anti-BCMA CAR-T therapy LCAR-
B38M utilizes a nanobody that recognizes two epitopes on
BCMA, boosting treatment specificity and inducing less
toxicity. Although it is difficult to directly compare the
results between clinical trials, LCAR-B38M demonstrated
a higher overall response rate (88%) compared with the
scFv-based anti-BCMA CAR-T therapy bb-2121. Moreover,
the LCAR-B38M dose used in clinical trials (median total
CAR-T cells = 32.6 × 106 cells) was significantly lower
than that of the scFv-based therapies (range = 150-450 ×
106 cells) [172, 173]. These promising early-stage clinical
trials raise hopes for other nanobody-based CAR-T thera-
pies in solid malignancies. Compared with antibody-based
therapy, CAR-T therapy faces even more difficulty when
the target antigen is expressed at low concentrations. The
problem is even more profound when CAR-T cells are
used for solid tumors due to the antigen inaccessibility and
immunosuppressive microenvironment [170, 174, 175].

5.3 Multivalent scFv in CAR-T therapy
for improving specificity

Monovalent CAR-T therapy has achieved success in treat-
ing hematological malignancy but nevertheless faces lim-
itations such as a high relapse rate after 6 months,
potentially due to the low persistence of CAR-T cells or

downregulation of the antigen target on tumor cells via dis-
tinct mechanisms [158, 159]. Most importantly, solid tumor
targeting bymonovalent CAR-T cells demonstrates limited
efficacy because of target inaccessibility and low expres-
sion levels [176]. Few constructs have been designed for
targetingmultiple antigens on tumor or non-malignant tis-
sue to improve persistence and inhibit off-tumor activation
of CAR-T cells. For example, the synNotch system created
an AND logic that requires binding two tumor-associated
antigens to fully activate T cells [177]. Other approaches
incorporate scFv against multiple tumor antigens con-
nected with an activation module and inhibitory scFv
against non-tumor antigens. However, these approaches
are limited by the relatively chunky design and slow acti-
vation loop. Instead of engineering two separate scFv with
intracellular domains, some recent studies have tested bis-
pecific scFv CAR and reported satisfactory prevention of
antigen escape by dual targeting [178–180]. CAR avidity
and functional avidity are vital for CAR-T cell cytotoxi-
city, especially in low-antigen density scenarios. Several
studies have reported that elevated CAR avidity improved
the CAR-T cell response [181, 182]. By design, bispecific
antibodies exhibit higher avidity than monospecific anti-
bodies as they can bind two antigens on the same target.
CD19 and CD20 dual-targeting CAR-T cells demonstrate
signs of benefiting patients with relapsed B cell lymphoma
with manageable grade 1 cytokine release syndrome [183].
Theoretically, dual targeting can prevent tumor relapse
caused by the downregulation of a single tumor antigen
[184, 185]. In addition to anti-CD20, anti-CD22, anti-CD123
andBAFF-R (TNF receptor superfamilymember 13C) have
been combined with anti-CD19 as bispecific CAR [186]. In
a pilot study of six patients with refractory lymphoblastic
leukemia, bispecific anti-CD19+CD22 CAR-T cells exhib-
ited a long persistence duration of 100 days and high
expansion after 2 weeks of infusion, raising hopes for the
following phase I clinical trial [187].
In addition to lymphoma, a single-center clinical study

onMM tested bispecific antibody formats with anti-BCMA
and anti-CD38 CAR-T cells and demonstrated a 1-year
progression-free survival rate of 68% [188]. Although it is
too early to draw conclusions based on phase I and pilot
clinical studies, significantly milder cytokine release syn-
drome and other adverse effects have been observed in
bispecific CAR-T/CAR-NK treatment compared with con-
ventional mono-scFv CAR-T/CAR-NK therapy. Despite
the high expectations for bispecific CAR-T/CAR-NK cells
to enhance the therapeutic effects of CAR-T/CAR-NK ther-
apies, the structure of multi-specific CAR requires exten-
sive optimization, such as the linker length and sequence
and the orientation of the variable regions [178, 179, 189].
Furthermore, tumor resistance to CAR-T/CAR-NK ther-
apies via impaired interferon-gamma (IFN-γ) signaling
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or Fas expression has also been reported, which raises
concerns about their efficacy on solid tumors [190].
Cancer/testis antigens (CTAs) are expressed in various

cancers, rendering them ideal targets for immunother-
apy [191]. Compared with conventional targets such as
EGFR, HER2, VEGF and mucin 1 (MUC1), which are also
expressed in normal tissues, CTAs hold great potential for
minimizing off-tumor toxicity [192]. Although most CTAs
are expressed intracellularly, recent bioinformatics stud-
ies indicated the cytomembrane expression of CTAs and
the subsequent finding of melanoma-associated antigen
1 (MAGE-A1) expression on the cytomembrane of lung
adenocarcinoma cell lines [193]. Anti-MAGE-A1 CAR-T
cells demonstrated tumor growth inhibition in a xenograft
model by binding to MAGE-A1-positive cells, which val-
idated the hypothesis for targeting CTAs [194]. Other
CTAs that have been suggested to have surface expression
include PRAME nuclear receptor transcriptional regula-
tor (PRAME), CTA 83 (CT83), sperm autoantigenic protein
17 (SP17), solute carrier organic anion transporter family
member 6A1 (SLCO6A1) and placenta-enriched 1 (PLAC1),
whose surface binding as CAR-T treatments have not been
proven [195, 196]. The advances in deep learning and
high-throughput screeningmay facilitate the development
of next-generation bispecific CAR against novel cancer
antigens.

6 CONCLUSIONS AND FUTURE
PERSPECTIVE

The current antibody fragments for cancer therapies can
be classified into three main categories: mono-specific,
multi-specific and incorporated as CAR. Antibody frag-
ment engineering is opening up new avenues for cancer
treatment. The US FDA has approved one fragment-
based bispecific antibody and five fragment-based CAR-T
therapies for cancer treatment. More than 60 antibody
fragments alone and 150 antibody fragment-based CAR-T
therapies are being evaluated in clinical trials for both
hematological and solid tumors. Antibody fragments
are considerably smaller than conventional antibodies,
making them easier to diffuse into tumor sites and
potentially more effective for targeting solid tumors.
Recurrence is often reported after treatment with single
mAb therapy. To combat cancer resistance, bispecific and
multivalent bindings have been developed to target >1
tumor antigen. The drawbacks of the lack of Fc have also
been addressed by different engineering strategies, such
as fusing anti-CD3 scFv to antibody fragments to engage
effector T cells for tumor cell killing or fusing adaptor
proteins such as HSA to antibody fragments to extend the
half-life.

Currently, more than 30 antibody fragment engineering
platforms are generating novel antibody fragment formats
for cancer therapy. The growing number of engineering
strategies and formats facilitate the development of novel
antibody drugs; therefore, careful selection of a suitable
strategy is required. The binding affinity, avidity, valency,
epitope interaction/accessibility, stability and flexibility,
andhalf-life of the format all require optimization to gener-
ate the ideal drug for clinical benefits. Therefore, a deeper
understanding of the engineering strategies is necessary
for designing a suitable format.We should expect an explo-
sion of novel antibody fragment candidates for cancer
immunotherapy via the joint efforts of deep learning and
high-throughput screening platforms. Deep learning and
machine learning algorithms have been applied for mod-
eling a range of antibody optimization processes, such
as predicting antibody structure, antibody solubility and
stability, and antibody-antigen binding and affinity. With
the introduction of alpha-folding, similar algorithms have
been built for modeling antibody structure [197]. Antibody
structure prediction could also be considered a special case
for general protein structure prediction. Deep learning
methods such as DeepAb have been developed to simulate
antibody structures by predicting the inter-residue dis-
tances and orientation [198]. The key question in antibody
function is antibody-antigen binding. An antibody-antigen
prediction has also been themost popular task formachine
learning. For example, “PEPITO” [199] and “DiscoTope”
[200] have been developed for predicting epitopes, while
Paratome and support vector machine (SVM)-based algo-
rithms have been built for predicting paratopes [201,
202]. In addition to the antibody-antigen interface predic-
tion algorithms, convolutional neural networks have also
been used for predicting whether antibodies bind to spe-
cific antigens and the developability of specific antibodies
[203–205].
Currently,more than 100multivalent antibody fragment

formats have been validated experimentally, illustrating
the robustness of the modular domains. The antibody
domains can be assembled like Lego bricks to form a
novel antibody derivative, targeting antigen combinations.
The modular antibody fragment format design is deter-
mined by a complex interplay of parameters, including
scFv/nanobody binding affinity, specificity, valency, anti-
gen topology, density and expression site. The design is
complicated by the structural transformation when two
antibody fragments are linked. For example, the parental
anti-HER3mAb does not inhibit the HER3 signaling path-
way in combination with anti-HER2 mAb. However, the
bispecific anti-HER2+HER3 antibody derived from the
parental mAbs can inhibit both the HER2 and HER3 sig-
naling pathways and tumor growth [196, 206]. As it is
difficult to predict the function of the domain antibody
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format from parental full antibodies, high-throughput
screening such as phage/yeast/Escherichia coli display
systems have been adapted to aid the identification of func-
tional multivalent antibody formats from several thousand
candidates. For example, unbiased phenotypic screening
of more than 500 bispecific IgG yielded a novel HER2-
HER3 bispecific IgG1 that reduced tumor volume in vivo
by a “dock and block” mechanism that is not feasible
with the two parental mAbs [123]. In addition to the
antibody-antigen interaction and antigen selection, it has
been acknowledged that the multivalent domain antibody
format impacts the function of multivalent domain anti-
bodies. The future panels of unbiased screening should
include several thousand antibody fragments in a range of
formats to yield the best fit for the purpose.
Although it was believed that the complicated inter-

play of design parameters rendered it almost impossible
to predict functional multivalent antibody fragments from
parental mAbs, novel methods have been developed to
tackle the issue. The rational design of therapeutic anti-
bodies depends on the accurate epitope, paratope and anti-
body structure. In addition to the conventional methods,
including alanine scanning, crystallography and cryogenic
electron microscopy, machine learning and deep learn-
ing have currently been applied to assist in therapeutic
antibody design optimization. Compared with conven-
tional structural biology methods, which are mostly time-
and cost-consuming, machine/deep learning can achieve
ultra-high-throughput prediction and optimization within
hours to a few days depending on the size and complex-
ity of the database. Neural networks can extract the key
features of a range of properties (such as VH gene usage,
CDRs, paratopes, epitopes and even 3D structures) and cal-
culate each layer in latent spaces, which is not feasiblewith
traditional prediction algorithms such as clonotyping.
The binding and function data from the high-

throughputmultivalent antibody platform can be collected
to train novel neural networks for predicting untested
combinations of modular antibody fragments, thereby
accelerating the discovery of functional multivalent
antibody fragments. Validation of the neural network
prediction will be used to optimize the algorithm, in turn
boosting prediction accuracy. The evolution of the neural
network will hopefully form a positive feedback loop to
enhance the efficiency of multivalent antibody format
engineering for cancer therapy.
With the recent advances in antibody variable region

engineering, considerably more antibody-based cancer
therapies have been approved by the US FDA in the past
decade. The engineering of the variable region that are
described above can improve the safety, stability, specificity
and potency of the antibody-based cancer therapy, which

could provide guidance for future cancer immunotherapy
development.
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