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Abstract

Monoclonal antibodies (mAbs) are a major targeted therapy for malignancies, infectious diseases, autoimmune
diseases, transplant rejection and chronic inflammatory diseases due to their antigen specificity and longer half-life
than conventional drugs. However, long-term systemic antigen neutralization by mAbs may cause severe adverse
events. Improving the selectivity of mAbs to distinguish target antigens at the disease site from normal healthy
tissue and reducing severe adverse events caused by the mechanisms-of-action of mAbs is still a pressing need.
Development of pro-antibodies (pro-Abs) by installing a protease-cleavable Ab lock is a novel and advanced
recombinant Ab-based strategy that efficiently masks the antigen binding ability of mAbs in the normal state and
selectively "turns on” the mAb activity when the pro-Ab reaches the proteolytic protease-overexpressed diseased
tissue. In this review, we discuss the design and advantages/disadvantages of different Ab lock strategies, focusing
particularly on spatial-hindrance-based and affinity peptide-based approaches. We expect that the development of
different masking strategies for mAbs will benefit the local reactivity of mAbs at the disease site, increase the
therapeutic efficacy and safety of long-term treatment with mAbs in chronic diseases and even permit scientists to
develop Ab drugs for formerly undruggable targets and satisfy the unmet medical needs of mAb therapy.
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Background

Monoclonal antibodies (mAbs) exist naturally in the hu-
man body and have become a mainstream therapeutic
option for several kinds of diseases in the clinic, such as
autoimmune diseases [24], infectious diseases [22], ma-
lignancies [152] and transplant rejection [95]. The
pharmaceutical industry has shown continued interest in
developing mAb products. This interest is partially
driven by the high specificity of mAbs to target antigens
as compared with small molecular drugs, their long half-
life during systemic circulation, and a well-established,
cost-effective platform for producing mAbs to improve
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the yields, reduce the manufacturing cost and minimize
the unexpected safety issues in clinical trials [42, 94, 98,
132, 191]. The first therapeutic mAb, Muromonab-CD3
(also known as Orthoclone OKT3) was a mouse mAb
that specifically targets human cluster of differentiation
3 (CD3) on T lymphocytes. It was approved by US Food
and Drug Administration (FDA) for treating kidney
transplant rejection in 1986. Since then, global sales and
the approval rate of mAbs have shown dramatic growth
annual (about four products per year). As of December
2019, 79 mAb products had been approved and mar-
keted in the US and Europe and over 300 mAb products
were in development [42, 99]. The market for mAbs is
expected to continue to grow at a compound annual
growth rate (CAGR) of 8% or more annually [42] and
worldwide sales of mAb products are estimated to be
nearly 300 billion US dollars by 2025 [99]. These figures
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suggest that mAbs will continue to play a dominant role
as a major class of biopharmaceutical products world-
wide. However, systemic neutralization of antigens by
mADb drug administration carries the risk of a range of
adverse events that are associated with the specific target
antigens or mechanisms which are essential for the
physiological behavior of normal tissues [61, 175].
Systemic administration of mAb drugs may induce severe
adverse events by mechanism-of-action-related effects,
which means that the mAb drugs eliminate target antigens
that maintain physiological functions in normal tissues [61].
For example, in the field of autoimmune disease, mAbs
such as Infliximab (Remicade®; Janssen Biotech) or
Adalimumab (Humira®; Abbott), work directly against the
pro-inflammatory cytokine, tumor necrosis factor o (TNE-
«) to treat severe rheumatoid arthritis (RA) [44, 115, 172,
175]. Due to the key role of TNF-a in Mycobacterium tu-
berculosis (M. tuberculosis) infection and immunity [8, 77],
anti-TNF-a therapy increases the frequency of latent tuber-
culosis reactivation and is also associated with an increased
risk of other serious infections and malignancies [41, 140].
It has been reported that progressive multifocal leukoence-
phalopathy (PML), which is a fatal and rapidly progressive
demyelinating disease, has been induced by reactivating la-
tent infection with the polyomavirus John Cunningham
virus (JCV) in the central nervous system after treatment
with Natalizumab (Tysabri’; Biogen). Natalizumab is a hu-
manized anti-adhesion molecule a4 integrin mAb that is
used to treat multiple sclerosis by directly combating T cell
trafficking and adhesion [97, 101, 135, 143]. Based on clin-
ical trial data from a 3,147 patient cohort study, the risk fre-
quency of PML corresponds to about 1 to 1000 patients
after 18 months of Natalizumab treatment [195] and may
originate from immunosuppression of T cell depletion. A
similar situation was observed in the field of oncology,
when Rituximab (Rituxan®; Genentech), a chimeric anti-
CD20 mAb, was used to treat non-Hodgkin’s lymphoma
(NHL) by directly eliminating of B cells. The NHL patients
receiving Rituximab therapy were reported to have de-
creased host immunity that triggered PML disease by re-
activating JCV [4, 19]. The humanized mAb against CD11a
(Efalizumab; Reptiva®; Genentech) was reported to be asso-
ciated with four PML cases during chronic plaque psoriasis
treatment. Suspension of marketing authorization was rec-
ommended by the European Medicines Agency (EMA) and
phased voluntary withdrawal took place in the United
States [20, 114]. Alemtuzumab (Lemtrada®; Campath®; Gen-
zyme), is a humanized anti-CD52 mAb used to avoid im-
mune rejection by bone-marrow [23, 60] and renal [182]
transplantation or treat chronic lymphocytic leukaemia
(CLL) [91] and multiple sclerosis [67] by depleting CD52-
expressing cells, such as CD4" and CD8" T cells, mono-
cytes and nature killer cells (NK cells). However, around
3% patients with early multiple sclerosis treated with
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Alemtuzumab developed serious and fatal thrombocyto-
paenia [59, 63, 67] and 45% (5 of 11 patients) of patients
with peripheral T cell lymphoproliferative disorders showed
severe multi-lineage haematopoietic toxicity including lym-
phopaenia, neutropaenia and thrombocytopaenia [55]. Ipili-
mumab (Yervoy®”; Bristol-Myers Squibb) is a mAb which
specifically targets cytotoxic T-lymphocyte-antigen 4
(CTLA-4), one of the major immune checkpoints that
regulate adaptive immune responses [47]. It is used to treat
metastatic melanoma as a monotherapeutic agent and treat
advanced renal cell carcinoma combined with Nivolumab
(anti-PD-1 Ab; Opdivo®; Bristol-Myers Squibb) [74]. The
CTLA-4 blockage can increase T cell stimulation and
activity to continually attack tumor cells [103], but it often
causes a range of immune-related adverse events such as
rash, hepatitis and even enterocolitis that sometimes re-
quires a colectomy [128, 183]. Humanized anti-HER2/neu
mADb (Trastuzumab; Herceptin®; Genentech), used to treat
HER2-positive metastatic breast cancer has been reported
to possibly also target HER2-expressing cardiomyocytes,
block all downstream signaling from HER2 and trigger
congestive heart failure risk [170] or cardiac dysfunction in
up to 4% patients with Transtuzumab monotherapy with
higher incidence in patients receiving additional chemo-
therapy, such as anthracyclines [78, 129]. In addition, mAbs
targeting immune cells (e.g, T or B cells), such as
CD3-specific (Muromonab-CD3 )[130], CD20-specific
(Rituximab) [188], CD28-specific (TGN1412) [165] or
CD52-specific (Alemtuzumab) [186, 187] mAbs, cannot
only deplete these targeted cells, but possibly also trigger
immediate life-threating cytokine storm (also known as
cytokine-released syndrome (CRS)) [29, 79, 135, 165, 185],
causing a systemic inflammation response, organ injury
and failure even leading to death [165]. As the systemic
depletion of antigens may cause unpredictable reactions
in patients during Ab therapy, we also list several side ef-
fects that have been documented for the above mentioned
mAbs (Table 1). Improvement of the selectivity of mAb to
distinguish target antigens or cells at the disease site from
normal healthy tissue may improve safety and therapeutic
efficacy during mAb therapy.

Different masking strategies for pro-antibody drug
development

In order to increase the selectivity of mAbs at the dis-
ease site to allow them to carry out their function lo-
cally, mAb drugs should ignore the target antigen in
normal healthy tissue and be preferentially active in the
disease region. One way to achieve this goal is by gener-
ation of a pro-antibody (pro-Ab) by installing a
protease-cleavable Ab lock, which was defined as the
molecule that can interfere the antigen binding ability of
Ab drugs, is a novel and advanced recombinant Ab-
based strategy that selectively “turns on” mAb activity
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Table 1 Side effects of monoclonal Ab drugs caused by systemic on-target toxicity
mAb (Brand name; Company) Target  Physiological distribution of target Indications Selected adverse events Refs
antigens
Adalimumab (Humira®; TNF- Activated macrophages, CD4* T cells, - Juvenilc « Anti-drug Ab (5%) [111, 145,
Abbott)/Infliximab NK cells, neutrophils, mast cells, idiopathic « Increased nuclear-specific anti- 146)
(Remicade®; Janssen Biotech) eosinophils, and neurons arthritis bodies (12%)
- Crohn’s disease - Infections (e.g. 17% upper
- Ulcerative respiratory infection, increase 2-
colitis fold risk of tuberculosis)
+ Rheumatoid « Increase 2-3-fold risk of malignan-
arthritis cies (e.g. lymphoma and lympho-
« Ankylosing proliferative disorders)
spondylitis + Anaemia, leukopaenia and
« Psoriatic thrombocytopaenia
arthritis « Immunosuppression
- Plaque psoriasis
Natalizumab (Tysabri®; 4 Activated endothelial cells, CD8" T - Multiple « Infusion and hypersensitivity [18, 54, 81,
Biogen) integrin  cells, leukocytes sclerosis reactions (6%) 181]
« Immunogenicity (6%)
- Progressive multifocal
leukoencephalopathy (PML)
(0.4%)
« Immunosuppression
- Hepatotoxicity
Rituximab (Rituxan®; CD20 B cells « Non-Hodgkin's  « Infection (20%) [51,171]
Genentech) Lymphoma - Hepatitis B reactivation (8.7%)
(NHL) « Immunosuppression
« Chronic « Immunogenicity
Lymphocytic « Renal toxicity
Leukemia (CLL) - CRS
« Rheumatoid « PML
arthritis
- Wegener's
Granulomatosis)
« Microscopic
Polyangiitis
(MPA)
Efalizumab (Reptiva®; CD11a  Band T cells, monocytes, « Plaque psoriasis  + Malignancies (1.8%) [6, 66, 147]
Genentech) macrophages, neutrophils, basophils, « Immune thrombocytopaenia
and eosinophils (0.3%)
« Guillain—-Barré syndrome,
encephalitis, meningitis
« Immunosuppression
« Immune haemolytic anaemia
- PML
Alemtuzumab (Lemtrada®/ CD52 B and T cells, monocytes, dendritic « Multiple - Thyroid disorders (35%) [13, 81, 137,
Campath®; Genzyme) cells and mature sperm cells sclerosis « Thrombocytopaenia (2%) 181]
- CLL « Autoimmune neutropenia,
- Kidney haemolytic anaemia and
Transplantation  autoimmune kidney diseases
(0.3%)
« Lymphoproliferative disorders
- CRS
Ipilimumab (Yervoy®; Bristol-  CTLA-4  Activated T cells, Treg - Malignant - Colitis (11.1%) [169]
Myers Squibb) Melanoma - Severe skin reaction (6.5%)
« Renal Cell « Hormone gland problems
Carcinoma (especially the pituitary, adrenal,
- Metastatic and thyroid glands)(4.6%)
Colorectal - Enterocolitis (2.1%)
Cancer « Hepatitis (1.3%)
« Pneumonitis (1.22%)
Trastuzumab (Herceptin®; HER2  Cells derived from all three germ - Metastatic « Heart failure (2~7%) [30, 65, 69,
Genentech) layer (e.g. epithelial cells, Breast Cancer - Cardiotoxicity (2.6~4.5%) 73, 85, 102,

cardiomyocytes ... )

- Metastatic
Gastric Cancer

- Peripheral edema (5~10%)
- Hypertension (4%)
« Arrhythmia and palpitation (3%)

116, 161]
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Table 1 Side effects of monoclonal Ab drugs caused by systemic on-target toxicity (Continued)

mAb (Brand name; Company) Target  Physiological distribution of target Indications Selected adverse events Refs
antigens

Muromonab-CD3 CcD3 CD4" and CD8* T cells « Acute allograft - Flu-like syndrome (50%) [37,154]

(Orthoclone OKT3®: Centocor
Ortho Biotech Products LP.)

rejection

- Acute graft-
versus-host dis-
ease (GVHD)

« Immunogenicity (3~61%)

- Central nervous system
complications (3%)

« Immunosuppression and
infections

« CRS

TNF-a tumor necrosis factor a, CD cluster of differentiation, CTLA-4 cytotoxic T-lymphocyte-associated protein 4, HER2 human epidermal growth factor receptor 2,
NK natural killer cell, Treg regulatory T cell, PML progressive multifocal leukoencephalopathy, CRS cytokine-released syndrome

when the pro-Ab reaches proteolytic enzyme (i.e. prote-
ase)-overexpressed diseased tissue. A pro-Ab is made up
of two essential parts, a “masking domain” that can phys-
ically block or interfere with the antigen binding ability of
an mAb; and a substrate peptide of disease-associated pro-
teases that connect the masking domain to the N-terminal
of the light chain and/or heavy chain of the mAb. The
addition of the masking domain results in mAbs with sig-
nificantly reduced binding ability for their target antigens
that, upon exposure to overexpressed proteases at disease
site, reactivate the original mAb binding activity, thereby
improving the selectivity of the mAb and preventing on-
target toxicity during systemic circulation of mAb drugs
(Fig. 1). In this review, we will discuss a variety of masking
strategies (Table 2), especially spatial hindrance-based (i.e.,
mask antigen binding ability of mAb by sterically interfer-
ence) and affinity peptide-based theory (i.e., occupation of
an antigen binding site of a mAb by an affinity peptide) in
the designing pro-Ab drugs, and discuss their various ad-
vantages and disadvantages.

@’ Spatial hindrance-based Ab locks

b *  Autologous hinge domain

QR /s) + Coiled-coil domain
Protease substrate <+ Non-Ab protein fragment
peptide "”\ \ /9 \, * Abfragment
QR () \  Affinity peptide-based Ab locks

Hinge domain J‘=( \ *  Affinity peptide
‘ Y+ Mutated antigen

{“{{2
Target Ag
e
Disease-specific 2 Specific activation of Ab
proteases % © drugs at disease region

o
Disease region
(e.g. malignancies, inflammatory diseases...)

Fig. 1 Schematic of pro-antibody selectively activated at the disease
region by installing a protease-cleavable Ab lock. (1) Generation of
pro-antibody (pro-Ab) by installing a protease-cleavable Ab lock is a
novel and advanced recombinant Ab-based strategy that (2)
selectively “turns on” the mAb activity when the pro-Ab reaches
proteolytic enzyme (i.e, protease)-overexpressed diseased tissue, (3)
locally neutralizing the target antigen and reducing on-target
toxicity caused by systemic administration of Ab drugs during
disease treatment. Ab, antibody; Ag, antigen

Special hindrance-based Ab lock

Autologous hinge domain

Lu and colleagues [100] used an autologous human im-
munoglobulin G1 (IgG1) hinge as a universal Ab lock to
cover the TNF-a-binding site of Infliximab (anti-TNF-a
Ab) by linking it with matrix metalloproteinase-2 and -9
(MMP-2/9) substrate (Gly-Pro-Leu-Gly-Val-Arg; GPLGVR)
to generate Pro-Infliximab. Once the Pro-Infliximab en-
counters the overexpressed MMP-2/9 and is specifically hy-
drolyzed in the disease region of rheumatoid arthritis (RA),
the cleaved Pro-Infliximab is specifically activated and neu-
tralizes the target antigen to suppress RA progression
(Fig. 2). The Ab lock significantly inhibited the TNF-a-
binding ability of Pro-Infliximab by 395-fold as compared
with the original Infliximab and MMP-2/9 can completely
reactivate the TNF-a neutralizing ability of Pro-Infliximab
to block TNF-a-induced nucleus factor kappa B (NF-«B)
signaling [100]. Lu et al. also proved that Pro-Infliximab
was only selectively and gradually activated at the disease
site (i.e., mouse paws) but not other peripheral organs (e.g.
peripheral blood, colon, lung or spleen) of a human TNF-a
transgenic mouse model, which can spontaneously induce
severe chronic arthritis at paws by approximately 20 weeks
of age, and presented similar pharmacokinetics (PK) and
bio-distribution to Infliximab in healthy DBA/1 mice [100].
Furthermore, Pro-Infliximab not only provided equivalent
therapeutic efficacy to Infliximab, but also maintained
mouse immunity against Listeria infection in a RA trans-
genic mouse model, leading to significantly higher survival
rate (71%) than that of the Infliximab-treatment group (0%)
[100]. In addition, Pro-Infliximab was able to significantly
reduce the binding and neutralizing effect of anti-Infliximab
idiotypic Ab, which is a major problem in Ab-based therapy
after repeat administration of Ab drugs [21], by 108-fold as
compared to original Infliximab, and the neutralizing activ-
ity of anti-Infliximab idiotypic Ab to Pro-Infliximab could
be completely restored after MMP-2/9 cleavage, revealing
that the autologous hinge domain forms a spatial barrier
and protects antigen binding site of Ab drug from binding
of corresponding anti-idiotypic Ab [100]. The spatial-hin-
drance-based Ab lock has the following advantages: (1) Can
be widely applied to a variety of Ab drugs with different tar-
get antigens; (2) Autologous hinges may minimize the risk
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