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ABSTRACT

Developability refers to the likelihood that an antibody candidate will become a manufacturable, safe and
efficacious drug. Although the safety and efficacy of a drug candidate will be well considered by sponsors
and regulatory agencies, developability in the narrow sense can be defined as the likelihood that an
antibody candidate will go smoothly through the chemistry, manufacturing and control (CMC) process
at a reasonable cost and within a reasonable timeline. Developability in this sense is the focus of this
review. To lower the risk that an antibody candidate with poor developability will move to the CMC stage,
the candidate’s developability-related properties should be screened, assessed and optimized as early as
possible. Assessment of developability at the early discovery stage should be performed in a rapid and
high-throughput manner while consuming small amounts of testing materials. In addition to monoclonal
antibodies, bispecific antibodies, multispecific antibodies and antibody-drug conjugates, as the derivatives of
monoclonal antibodies, should also be assessed for developability. Moreover, we propose that the criterion of
developability is relative: expected clinical indication, and the dosage and administration route of the antibody
could affect this criterion. We also recommend a general screening process during the early discovery stage of
antibody-derived therapeutics. With the advance of artificial intelligence-aided prediction of protein structures
and features, computational tools can be used to predict, screen and optimize the developability of antibody
candidates and greatly reduce the risk of moving a suboptimal candidate to the development stage.

Statement of Significance: This article reviews the assessment of developability at early-stage discovery
of antibody-derived therapeutics, including monoclonal antibodies, bispecific antibodies and antibody-
drug conjugates, and suggests general considerations and practices to mitigate the risk of moving a
suboptimal candidate to the development stage. The article also comprehensively reviews the physico-
chemical properties of an antibody candidate that could affect its key attributes of homogeneity, stability,
solubility and specificity. In addition, the article summarizes experimental and in silico methods for the
assessment of developability at the discovery stage.
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INTRODUCTION
Antibody-related biological drugs, including monoclonal
antibodies (mAbs), bispecific antibodies (bsAbs) and
antibody-drug conjugations (ADCs), have become an
important category of innovative drugs. At the discovery
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stage of research and development of such drugs, although
the initial focus usually is on the unique mechanism
of action and biological functions of drug candidates,
developability of these candidates has also become critical.
In consideration of the current competitive landscape, the
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Figure 1. Key factors affecting developability assessment. Four key attributes of developability (homogeneity, stability, solubility and specificity) are
determined by antibody structure and alteration. These attributes and the usage of antibody candidates are used to determine the developability criteria.

speed of advancing a drug candidate from discovery to
preclinical development to clinical trial, and eventually
to regulatory approval and commercialization, is critical
for the success of a biological drug. Developability of
mAbs at the discovery stage was recently reviewed [1, 2].
Developability refers to the attributes of a drug candidate
that is readily manufactured, safe and efficacious [3].
This review focuses on the physicochemical properties
of mAbs, bsAbs and ADCs that greatly contribute to
their developability. The structure of an antibody and
its alteration determine some key attributes, including
homogeneity, stability, solubility and specificity. These
attributes determine the observed developability-related
features, such as appearance, expression level and yield,
purity and others (Fig. 1). A simplified developability-
related assessment is proposed for early-stage discovery,
and the criteria of developability should be related to
clinical usage of the drug candidates, including treated
disease indication, dosage and route of administration of
the drug candidates (Fig. 1). In general, a potent drug with
low dosage and low concentration used in patients can
have less strict developability criteria than a drug with high
dosage and high concentration used in clinical settings.

GENERAL PROCESS OF ANTIBODY-DRUG
DISCOVERY AND DEVELOPMENT

The process of antibody discovery and development
includes several steps (Fig. 2). Once a target or a disease-
related pathway is identified, a panel of antibodies can
be generated using in vivo immunization, in vitro display
technology, B-cell selection or a combination of techniques.
Starting from hundreds to thousands of target-binding
antibodies, several screening steps can be used to narrow
down promising antibodies in a process referred to as a
screening funnel. In this process, antibodies with appro-
priate affinity, specificity and functionality are identified.
These antibodies can be further optimized or engineered
by affinity maturation, humanization, Fc-engineering and
other processes. The physicochemical properties of these

antibodies can be altered in the process. If an antibody
can be internalized upon binding to the targets on cells, the
antibody may be conjugated with a payload to make ADCs.
BsAbs candidates can be produced from original screening
of appropriate pairs of mAbs or they can be engineered
after a pair of mAbs is identified (Fig. 3). BsAbs candidates
are screened and engineered by a similar process as mAbs,
although complicated protein engineering and biological
assays may be applied to make and characterize such bsAbs
candidates.

Once an antibody is identified as a preclinical candidate,
a cell line will be developed for the stable expression of
the antibody, and a series of purification steps will be
developed. During preclinical development, an antibody
will likely be tested in monkeys or other relevant species for
toxicologic studies. The International Conference on Har-
monization (ICH) guidance (S6R1) suggests that ‘dosage
level should be selected to provide information on a dose–
response relationship, including a toxic dose and a no
observed adverse effect level (NOAEL)’. It is common
and sometimes necessary to choose a high dose level in a
toxicology study to guide clinical usage.

DEVELOPABILITY ANALYSES ARE DIFFERENT AT
THE DISCOVERY AND DEVELOPMENT STAGES

Developability assessment at the discovery stage is different
from developability study at the chemistry, manufacturing
and control (CMC) stage, as shown in Fig. 4. At the discov-
ery stage, it is important to identify a therapeutic molecule
with target product profile, which is usually based on clini-
cal usage of this potential therapeutic agent. Critical qual-
ity attributes (CQAs) of the lead molecule will be further
assessed to setup quality target product profile at the CMC
stage. Developability assessment at the discovery stage is
an initial step towards establishing potential CQA. Assess-
ment at the discovery stage is done to identify potential
developability risk using rapid and high-throughput meth-
ods. At the early discovery stage, several antibody candi-
dates with similar biological functions can be compared by
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Figure 2. Considerations of developability-related measurements at the different stages from target evaluation to IND filing.

Figure 3. Structures of an IgG mAb and basic building blocks for bsAbs or msAbs. Structure of the IgG mAb (PDB code 5DK3) was created with
PyMol. BsAbs or msAbs can be assembled from the five antigen-binding domains: VHH, Fv, scFv, Fab and scFab, and these five building blocks can also
be assembled with heterodimeric or homodimeric Fc to form Fc-containing bsAbs or msAbs. The red mark in the Fc domain represents the mutations
facilitating heterodimerization.

developability-related assays, and usually one or two with
acceptable developability are selected to move to the CMC
stage. Even if only one functionally optimal antibody is
identified at the discovery stage, its developability still needs
to be assessed and possibly optimized. The cost of engineer-
ing an antibody at the discovery stage is significantly lower
than the cost of optimizing process and formulation at
the development stage. In addition, poor physicochemical
properties of an antibody may affect its biological functions
in vitro and in vivo. For example, post-translational modi-
fications (PTMs) in complementarity-determining regions
(CDRs) of an antibody can significantly reduce its potency.
It was reported that an asparagine (Asn) in CDR1 of an
antibody light chain (LC) reached 92.6% deamidation after
40◦C for 3 months, which correlated with loss of potency
of this antibody [4]. The pharmacokinetics study of this
antibody in the monkey also showed a loss of target binding
over time. Asn deamidation and Asp isomerization located

in CDRs correlated with reduced antibody potency in other
reports [5].

If an antibody is found with a developability issue in the
discovery stage, it can be fixed by protein engineering. For
example, deletion of two hydrophobic residues in the CDR
domains of a mAb significantly reduced its tendency to pre-
cipitation [6]. In another example, developability of bsAb
against CD3 and GUCY2C was optimized by structure-
guided mutagenesis and phage-displayed antibody panning
and screening: removal of deamidation site in the CDR H2
of anti-GUCY2C and of proteolytic cleavage site in the
CDR H2 of anti-CD3 reduced its polyreactivity and self-
association potential. After multidimensional optimization
campaigns, a well-behaved bsAb suitable for manufactur-
ing was obtained [7].

In contrast, a developability study in the development
stage is performed to obtain sufficient materials with
reasonable process and formulation for preclinical and
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Figure 4. Different purposes and tests at the discovery and development stages.

clinical use. The study is usually comprehensive and time-
consuming, and requires large amounts (hundreds of mil-
ligrams to a few grams) of testing materials that are usually
generated from a stable cell line or stable pool. Solubility
studies can be started by screening different buffers (e.g.
acetate, citrate and phosphate buffers) at various pH values
by polyethylene glycol precipitation to identify the one with
the highest solubility. Solubility can be further assessed
by screening buffers containing suitable excipients (e.g.
sucrose and polysorbate 80). With each formulation, the
antibody is dissolved to the highest possible concentration
and stored at 2◦C–8◦C. Samples are taken at different
time intervals, their appearance, concentration and size-
exclusion chromatography (SEC) profiles are determined
and the results are compared with those at T0. This part
of the study can serve as a preformulation screening.
Then developability study can then be performed using
samples in the selected buffer with excipient at the target
concentration under stress conditions. A panel of tests
is typically used to evaluate a candidate’s developability
(summarized in Fig. 5), including general test methods and
stability studies under stressed conditions (e.g. exposure
to elevated temperature, low or high pH, light, oxidative
reagents and freeze–thaw).

The developability of biological drug candidates greatly
affects the speed, cost and success rate of these candidates
from discovery to clinical development and commercializa-
tion. With the advance of modern biotechnology and accu-
mulated experience, developability should be assessed at the
early discovery stage to reduce the risk of development of
such suboptimal drugs.

DEVELOPABILITY-RELATED CONSIDERATIONS
AND ASSESSMENT AT THE DISCOVERY STAGE

Analysis of approved antibody drugs can suggest developa-
bility-related considerations at the discovery stage, begin-
ning with the end in mind. Figure 6 summarizes the

concentrations and administration routes of 129 antibody
drugs approved by the agencies of the United States,
Europe, Japan and China. Among 54 approved antibodies
that are intravenously injected for cancer therapy, the
median concentration is 11.25 mg/mL, which is much lower
than the median concentration (100 mg/mL) of antibodies
subcutaneously injected for autoimmune diseases. Anti-
bodies injected intravitreally for ophthalmologic therapy
are formulated in small volumes with high concentrations.
For example, brolucizumab against vascular endothelial
growth factor is formulated in a volume of 0.05 mL with
concentration of 120 mg/mL.

Among several approved bsAbs [8, 9], three are T-cell
engagers: blinatumomab against CD3 and CD19 formu-
lated in lyophilized powder and injected at 0.009–0.028 mg/-
day; tebentafusp against CD3 and gp100 stored in solu-
tion at a concentration of 0.2 mg/mL and dosed at 0.02–
0.068 mg/day; and mosunetuzumab against CD3 and CD20
formulated in solution at a concentration of 1 mg/mL.
Four other bsAbs are amivantamab, cadonilimab, emi-
cizumab and faricimab, which are formulated in solution
at a concentration of 50 mg/mL solution for IV injection,
12.5 mg/mL for IV injection, 150 mg/mL for subcutaneous
(SC) injection and 120 mg/mL for intravitreal injection,
respectively.

Twelve of 13 approved ADCs are formulated in lyophilized
powder, likely due to instability of the linker and payload
in the liquid state.

From analysis of these approved antibody drugs, we can
conclude that the criteria of developability for different
projects can be different, based on consideration of dis-
ease indications treated by the antibody drugs and possi-
ble dose and administration routes of the antibody drugs.
Here we outline the developability-related considerations
at different discovery stages and suggest some assays to
assess developability-related attributes (Fig. 2). At the tar-
get evaluation stage, we suggest considering the possible
clinical uses of the therapeutic antibodies. For example,
therapeutic antibodies for ophthalmologic indications are
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Figure 5. A panel of tests for developability assessment at the discovery and CMC stages. (A) Analytical methods generally used for developability
assessment at the discovery and CMC stages. (B) Typical forced stress study plans at the discovery and CMC stages. a. In the discovery stage, low pH is
for Asp isomerization susceptibility testing, whereas high pH is for deamidation susceptibility testing; b. 0.05% and 1% H2O2 treatment at 25◦C; c. Low
pH: pH 3.5 incubation; High pH: pH 9.0 incubation; d. 3 or 5 freezing (at −70◦C) and thawing (at 25◦C) cycles; e. An antibody is exposed to bright light
of 5 000 lx for 4 h and 24 h; f. Thermal stress under 2◦C–8◦C, 25◦C and 40◦C.

usually intravitreally injected in small volumes, and there-
fore the antibody candidates need to have high solubility
and low viscosity.

At the antibody generation stage, antibody candidates
are usually screened by antigen-binding activity and biolog-
ical function. Small amounts (usually <1 mg) of each anti-
body are expressed and purified in this stage. The appear-
ance, expression level, yield, purity and binding to the
homolog of the target should be examined. The appear-
ance of the antibody should be observed during the entire
process of manufacturing and using the antibody, includ-
ing cell culture, harvest of cultural supernatant, purifica-
tion, concentration, storage, freeze/thaw and dilution to
the assay buffer. An antibody with visible particles or pre-
cipitates should be noticed and may need optimization.
The expression level can be measured by analytic protein
A chromatography or estimated from protein-A affinity-
purification. Usually, 100 mg/L mAbs from Expi293 tran-
sient expression can be considered acceptable. Normally,
greater than 90% purity is acceptable for most in vitro
assays, although some assays require antibodies with higher
purity to avoid the effect of impurities. Findings of parti-
cles, aggregates, low expression, low purity or binding to

homolog can be warning signs of a developability prob-
lem. When sequences of the antibodies are available, in
silico analysis should be performed to mark PTM hotspots,
unusual residues at particular positions, deletion or addi-
tion of sequences, etc.

mAbs are usually further engineered to meet the
requirements of the project, such as humanization, affinity
maturation, Fc-engineering, etc. In this stage, in addition
to monitoring for appearance, expression level and purity,
PTM hotspots with high risk should be removed and
thermal stability should be performed. High-risk motifs,
including NG/NS/DG motifs, extra Cys residue and N-
glycosylation motif on variable regions, should be removed
to mitigate potential risks to on efficacy and safety. Once
a few antibody candidates are identified for preclinical
studies, we recommend testing solubility-related features
and extensive nonspecific binding.

When a mAb is conjugated with payload via a linker
to form ADCs, the payload, linker and conjugation may
alter the conformation of the mAb. Hydrophobicity of
payloads and uneven charge distribution may trigger the
aggregation of ADCs. Therefore, upon conjugation, the
purity, yield and drug-antibody ratio (DAR) of ADCs need
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Figure 6. Concentration of the approved antibodies based on disease indications (A) and administration routes (B): 129 antibodies approved by the agencies
of the United States, Europe, China and Japan are included in the data analysis. Biosimilar or withdrawn products are excluded. (A) Concentration
of approved antibodies grouped based on disease indications. In the boxplots, the concentration for each indication with median (the centre line) and
interquartile (25% and 75%) ranges are shown. # Two outliers found in the upper and lower whiskers (outside 1.5 interquartile ranges) are excluded: anti-
PD-L1 antibodies Envafolimab (200 mg/mL) and Atezolizumab (60 mg/mL). (B) Concentration of approved antibodies based on administration routes.
The concentration for IV and SC injection with median (the centre line) are shown. IV, intravenous; SC, subcutaneous; IVI, intravitreal; IM, intramuscular.

to be measured, with special attention to the percentage
of high-molecular-weight fraction. The stability of ADCs
after several cycles of freezing and thawing should also
be measured. The serum stability of ADCs may be exam-
ined to measure the percentage of payload cleaved from
the ADCs.

A bsAb is usually assembled from a pair of parental
antibodies against different targets. Since the physicochem-
ical properties of the variable regions of the parental anti-
bodies will be carried over to the bsAb, it is highly rec-
ommended to assess and if necessary, optimize, parental
antibodies prior to construction and optimization of the
bsAb. BsAbs should also be examined for appearance,
expression, purity, thermal stability, etc. In silico analysis
should also be performed to avoid added PTM hotspots
during the engineering of bsAbs.

For antibody candidates with potential developability
risk, several strategies can be applied. Antibody molecules
with slightly visible particles or precipitates can be tested in
different formulation buffers. For antibodies with severe
developability risk, such as molecules with continuous
aggregation, poor stability, unexpected low solubility or
significant nonspecific binding, it is necessary to engineer
antibody sequences. After sequence optimization, all the
developability properties should be reassessed, and if a red
flag is found, further optimization will be needed. Finally, if
PTM hotspots cannot be removed without altering antigen
binding, a forced stress study should be performed to
evaluate the potential risk (Fig. 5B).

INTRISIC PROPERTIES OF ANTIBODIES
DETERMINING THEIR DEVELOPABILITY

For the analysis and optimization of developability-related
attributes, such as the homogeneity, stability and solubility

of antibody-derived candidates, it is necessary to under-
stand the intrinsic properties of an antibody that affect
its developability, including its multipolypeptide folding,
charge distribution and hydrophobicity (Fig. 1).

Antibody aggregation, a common developability prob-
lem, can be triggered by partial unfolding of antibody
domains, leading to monomer–monomer association
followed by nucleation and growth [10]. Antibody aggre-
gation/colloidal stability can also be affected by surface
charge distribution of CDR loops. When asymmetric or
varied surface charge distribution occurs, the localized
surface charge patches may generate attractive protein–
protein interactions via electrostatic interaction, eventually
causing colloidal instability [11]. The electrostatic surface
charge distribution of proteins plays a dominant role in
governing intermolecular interactions and subsequently
self-association and viscosity behaviour, especially at high
antibody concentrations [11].

Hydrophobicity and hydrophilicity are determined
by the side chains of 20 amino acids and their post-
translationally or cotranslationally modified derivatives
[12]. The strength of hydrophobic surface patches can
be modulated by neighbouring charged residues [13].
Unfolding or misfolding of hydrophobic patches in CDRs
can confer a high degree of hydrophobicity on antibodies
and potentially lead to intermolecular attraction, low
solubility, high viscosity and even aggregation [1].

BsAbs or multispecific antibodies (msAbs) are usually
constructed by assembling several building blocks (Fig. 3),
such as VHH (single-domain antibody), variable region
(Fv), single-chain variable fragment (scFv), Fab and single-
chain Fab (scFab), against different antigens or epitopes
[14]. These antibody fragments may have lower folding sta-
bility than a full-length IgG. In addition, different domains
may have polar charges, and multiple domains on one
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molecule may increase its tendencies to aggregation or
instability. The issues affecting chemical stability, such as
deamination and isomerization, are similar to those of
mAbs. However, the cumulative effects of the chemical
instability of bsAbs can be more severe than those of mAbs.

HOMOGENEITY

Because antibodies are made from living cells, antibody-
derived drugs cannot be as homogeneous as chemically syn-
thesized small-molecule drugs. The ICH guideline (Q6B)
suggests that manufacturing process-related impurities and
some product-related impurities should be reduced to an
acceptable level. Manufacturing process-related impurities
include cell substrates (e.g. host cell proteins, host cell
DNA), cell culture components (e.g. inducers, antibiotics
or media components) and downstream processing sub-
strates. Product-related impurities (e.g. precursors, certain
degradation products) are molecular variants arising dur-
ing manufacture and/or storage that do not have proper-
ties comparable to those of the desired product regarding
activity, efficacy and safety. At the discovery stage, product-
related impurities are the main concern in the assessment
and optimization of developability.

Unpaired, missed or mismatched chains

Unpaired or missing LC is a common heterogeneity found
in mAb and bsAb preparations. Generally, the size, charge
or hydrophobicity/hydrophilicity of an antibody with miss-
ing light LCs are different from those of an intact anti-
body; the difference can be used to purify intact antibody
products. Because two kinds of HCs and two kinds of
LCs may be present in single cells, an IgG-like bsAb can
compose a mismatched HC–LC or HC–HC. It is a par-
ticular challenge to prevent mispairing in a bsAb prod-
uct, so that different bsAb formats, such as knobs-into-
holes, dual-variable domains Ig, WuXiBody, κλ-bodies, etc.
have been developed in an attempt to obtain homogeneous
bsAb products [15]. When asymmetric IgG-like bsAbs are
expressed and assembled, there is a possibility of forming
a homodimer instead of a heterodimer. The percentage
of correctly assembled bsAb and mispaired by-products
needs to be evaluated. Other undesired bsAb-specific by-
products, such as aggregates and fragments, have been
reported [16]. General downstream purification processes,
such as affinity-, charge-, size-, hydrophobicity- and mixed
mode-based purification, have been employed to remove
undesired by-products [17].

Cleavage

Cleavage of antibodies may occur at the N-terminus, hinge
region, constant region or C-terminus. Specific cleavage
sites recognized by signal peptidase need to fulfil the A-X-
B rule, where residues at positions A and B are usually small
neutral amino acids, such as Ala, Gly and Ser [18]. Signal
peptide cleavage can also be influenced by the composition
of the N-terminal amino acids of the mature protein
[18], which may lead to nonspecific cleavage of signal
peptides, generating either elongation [19] or truncation

[20] of the N-terminus of the heavy and LCs. Although the
remaining signal peptide in antibodies has no effect on
antigen-binding [21], truncated antibody variants may
affect antibody efficacy and bioactivity [20]. Accurate and
specific cleavage of signal peptides is critical for manu-
facturing intact and homogeneous products. Engineering
signal peptide sequences or the N-terminal amino acids of
mature proteins can be used for accurate cleavage of signal
peptides [18].

The hinge region is highly flexible and exposed to solvent
compared with other parts of the antibody. Peptide bond
cleavage, either enzymatic or chemical cleavage, mostly on
the hinge region and the CH2–CH3 interface, results in
fragments of different sizes [22]. Cleavage susceptibility is
linked to the length and flexibility of the hinge region.
IgG1 antibodies were found to be more susceptible to cleav-
age processes than IgG2 and IgG4 antibodies [23]. Hinge
cleavage may have negative effects on bivalent binding, Fc
effector function and neonatal Fc receptor (FcRn) func-
tion, leading to decreased efficacy and faster clearance [22].
Therefore, the effect of hinge cleavage on the potency of an
antibody should be evaluated according to the mechanism
of action of the antibody. Effective removal of antibody
fragments is necessary in CMC to ensure the stability and
efficacy of the products.

The cleavage sites in the constant region are usually
localized at the loop or domains–domain interfaces [22, 24].
Elevated temperatures or acidic or basic pH can accelerate
the cleavage rate [24]. Cleavage of the constant region may
have an impact on Fc-mediated effector function or FcRn-
related pharmacokinetic (PK) profile [22].

IgG HCs terminate with Lys, which is susceptible to
clipping by carboxypeptidases during cellular processing.
The variation in C-terminal Lys processing generates anti-
bodies with 0, 1 and 2 Lys residues, leading to different
charge distributions owing to the positive charge of Lys [25,
26]. Given that C-terminal Lys is distant from the func-
tional parts of the antibody, C-terminal heterogeneity does
not affect the structure, thermal stability, antigen binding,
potency or pharmacokinetics of IgG mAbs [27]. However,
it has been reported that the IgG without C-terminal lysine
has a lower titre in stable cell line culture [28]. Maximal
complement activation may need removal of C-terminal
Lys in some cases [29]. In some bsAb formats, an antigen-
binding domain is fused to the C-terminus of Fc, where
it is important to remove the C-terminal Lys to avoid a
heterogeneous product with various sizes and functions.

Modification

Modifications can occur at any stage of the antibody–
drug manufacturing process and even after administration.
Commonly investigated modifications include Cys-related
modifications, deamination, isomerization, oxidation and
glycosylation. These modifications may cause heterogene-
ity in the size or charge of the antibody and may also affect
the stability, safety and efficacy of the antibody [30, 31].

Cysteine-related modifications

Cys residuals are typically involved in the formation
of intra- or interchain disulphide bonds to support the
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structural integrity of the antibody. Each IgG contains
12 intrachain disulphide bonds, two interchain disulphide
bonds linking the LC and the HC and various numbers of
interchain disulphide bonds in the hinge region of the HC:
two for IgG1 and IgG4 and four for IgG2 [32]. Alkaline
environments can promote disulphide bond scrambling and
may result in the reconfiguration of interchain disulphide
bonds in IgG antibodies, particularly in the IgG2 and
IgG4 subclasses [33]. Formation of intrachain disulphides
and subsequent dissociation of the half-antibody for the
IgG4 subclass due to disulphide bond scrambling has been
reported [34, 35].

Although most paired Cys residues can form disulphide
bonds, a low percentage of free sulfhydryl is commonly
present in the constant domains on mAbs [36] and bsAbs
[37]. Under basic conditions, due to beta-elimination of the
disulphide bond between the HC and the LC [38], peptide
bond hydrolysis may lead to antibody fragmentation in the
hinge region and the formation of a nonreducible thioether
linkage [39].

Incomplete disulphide bond formation has been reported
in many IgG molecules and has been shown to reduce
antigen-binding affinity and potency [40]. Unformed
disulphide bonds, especially due to additional free cysteine,
can cause antibody heterogeneity, low thermal stability [41],
aggregation, low solubility [42] and low potency [40].

It has been documented that antibodies with an extra
cysteine, especially in CDRs, can cysteinylate [43]. Cys-
teinylation may disturb the structural stability of the anti-
bodies, increase aggregation and eventually adversely affect
the biofunction of the molecules [44]. It is recommended to
identify extra cysteine by in silico analysis and mutate the
cysteine to other residues to prevent the risk of heterogene-
ity and loss of potency or stability.

Trisulphide bonds, formed by insertion of a sulphur
atom into a disulphide bond, can occur in all isotypes of
IgGs. The trisulphide modification occurs mainly in HC–
LC and HC–HC interchain linkages [45]. Antibodies with
trisulphide bonds increase their molecular weight by 32 Da
and generate relatively acidic variants [46]. The level of
trisulphides can be affected by cell culture conditions and
hydrogen sulphide concentration. Previous studies showed
that trisulphide bonds did not affect the antigen-binding
affinity [47] or thermal stability [46] of antibodies.

N-terminal modifications

Cyclisation of Gln/Glu is a major N-terminal modification
that has no significant effect on the structure, stability and
function of an antibody [25, 31].

Deamination of Asn

Asn deamination occurs widely in either CDRs or Fc
regions [48]. Each Asn deamination increases the mass
of the antibody by 1 Da and adds a negative charge to
the antibody [30]. Asn deamination in Fc regions has no
effect on antigen binding [31] and is not a concern at the
discovery stage. However, Asn deamination in CDRs may
decrease antigen-binding affinity [5, 49, 50], resulting in
loss of potency and efficacy. In addition, Asn deamination

may lead to immunogenicity [51, 52]. The deamination rate
depends on the pH, the size and flexibility of the residue
following Asn, temperature and the tertiary structure of
the antibody [26]. The deamination rates at pH 8.0 are
almost 40-fold faster than at pH 5.5 [53]. Common motifs
for deamination are Asn-Gly (NG), Asn-Ser (NS), Asn-
Asn (NN), Asn-Thr (NT) and Asn-His (NH) [54]. Previous
studies showed that NG and NS are more susceptible
to deamination than other motifs [48, 54]. Therefore,
NG/NS motifs on CDRs should be identified and possibly
removed by protein engineering. In addition, Asn in flexible
structures may be prone to deamination even if the Asn is
not in the NG/NS motif. Heterogeneity of charge caused
by deamination may also affect the stability and viscosity
of an antibody.

Asp isomerization

Asp isomerization is another common modification of anti-
bodies. Asp isomerization introduces a methyl group to
the peptide backbone [26], which may change the structure
of the antibody and, when isomerization occurs in CDRs,
impair its antigen-binding affinity [30]. In addition, Asp
isomerization may alter susceptibility to proteolysis and
potentially trigger immunogenicity. The isomerization rate
is closely related to the size and flexibility of the residue
following Asp, pH and temperature [55, 56]. Previously
identified hotspots include Asp-Gly (DG), Asp-Ser (DS),
Asp-Asp (DD), Asp-Thr (DT) and Asp-His (DH) [54].
Among these canonical motifs, DG and DS are more liable
to isomerization than are other motifs [54]. The isomer-
ization rate may accelerate as the pH decreases [57]. In
the discovery stage, it is necessary to identify DG and DS
motifs in the CDRs of antibody candidates and attempt to
remove the motif without altering antigen binding.

Glycosylation

Oligosaccharides can be introduced to Asn to generate N-
linked glycoforms or to the hydroxyl groups of Ser, Thr
or Tyr to generate O-linked glycoforms [58]. Glycosyla-
tion can be heterogeneous, altering the size, functionality
and half-life of antibodies [59]. In the discovery stage,
attention is usually paid to N-linked glycosylation motifs,
whereas there is no identified motif for O-linked glycosyla-
tion. Human IgGs have a conserved N-glycosylation site at
Asn 297 of the Fc region [60], which is involved in effector
functions, such as antibody-dependent cellular cytotoxicity,
complement-dependent cytotoxicity (CDC) and antibody-
dependent cellular phagocytosis and may affect the half-life
of an antibody by binding to FcRn [61, 62].

Approximately 20% of human IgGs contain the N-
glycosylation consensus NXS/T motif (X refers to any
amino acid residue except proline) in the variable region
[63], which may affect the antibody’s binding affinity to
antigens. Each glycosylation increases the molecular weight
by 1.5–4 kDa [64] and results in size heterogeneity. Some
glycans, such as sialic acid, may cause immunogenicity [65,
66]. Among approved antibody drugs, only cetuximab has
an N-glycosylation site in the variable region [67]. At the



Antibody Therapeutics, 2023 21

antibody discovery stage, it is a general practice to remove
the N-glycosylation site in the variable region.

Oxidation

Oxidation mainly occurs on Met and Trp residues when
they are exposed to light, incubated with oxidizing reagents
or stored for a long time [26]. Oxidation of two conserved
Met residues (M252 and M428) in the Fc regions has no
effect on antigen binding but may decrease thermal stability
[68], induce aggregation [69], decrease CDC activity [70],
decrease binding to FcRn [71] and shorten in vivo half-
life [72]. In contrast, Trp residues are commonly present
in antibody CDRs and are usually exposed to solvent [73].
Oxidation of Trp in CDRs may lead to reduced antigen
binding and potency of the antibody [74, 75]. The suscep-
tibility of Trp to oxidation in CDRs should be evaluated,
and appropriate formulation needs to be developed.

Aggregation

Aggregation is one of the CQAs for the production of
therapeutic antibodies. The major mechanisms of protein
aggregation include association of native monomers, aggre-
gation of conformationally altered monomers, aggregation
of chemically modified monomers, nucleation-controlled
aggregation and surface-induced aggregation [76].

Aggregation of antibodies may result in increased
immunogenicity potential and decreased biological func-
tion of the antibody candidates. The aggregation propensity
of an antibody is mainly associated with folding stability
and the hydrophobic properties of the surface [77]. Poor
folding stability is associated with low thermal stability,
which may increase the probability of exposure of the
hydrophobic residue, leading to aggregation. At the same
time, the hydrophobic patches on the antibody surface may
lead to antibody self-interaction. In particular, an antibody
aggregates mainly due to intermolecular interactions of
hydrophobic regions in the CDRs or framework regions
resulting from partial or transient unfolding of the proteins
[26]. As mentioned above, oxidation of Trp in CDRs and
modification of extra Cys may also lead to an increased
propensity for aggregation [78]. Polar charged patches
on mAbs or bsAbs are related to aggregation due to
inter-molecule attraction.

Some extrinsic factors may induce or reduce antibody
aggregation. Aggregation of antibody candidates can be
accelerated at low pH values, at ultrafiltration/concentra-
tion steps, by physical stress, after freeze–thaw cycles, by
interaction with containers or after long-term storage [79].

Excipients can act as general protein stabilizers. In the
presence of sucrose, the protein state with the least sur-
face area will be thermodynamically favoured; Sucrose can
stabilize the proteins by driving them towards a compact
native state [80]. Salts and buffers can interact with pro-
teins through three mechanisms: changing the enthalpy
of ionization of various side chains, a cosolvent exclusion
mechanism and a Debye screening of charge fluctuations
[80]. The stabilizing salts, through the preferential exclusion
mechanism, can minimize the amount of protein surface
area exposed to solvent by ‘salting-out’ the protein [81].

Specific interactions between some buffer molecules (phos-
phate and citrate buffers) and the Fc domain of IgG are
involved in the aggregation propensity of heat-denatured
IgG [82].

Aggregation can be a major issue for symmetric bsAbs
with elongated chains. Chain elongation increases the
flexibility and uneven charge distribution of bsAbs and
enhances intra- and intermolecular interactions, resulting
in aggregation.

STABILITY

Stability is a critical factor for the discovery and develop-
ment of therapeutic antibody candidates, including ther-
mal stability, light-sensitive stability, pH-sensitive stabil-
ity, physical stress-related stability and freeze and thaw
stability, etc.

Protein thermal stability is positively correlated with the
number of hydrogen bonds and the polar surface area frac-
tion [83]. High thermal stability indicates a low propensity
for unfolding and aggregation. Adding hydrogen bonds
and disulphide bonds is commonly used to improve anti-
body stability in the discovery stage.

Antibodies are inevitably subjected to light exposure dur-
ing the manufacturing process of biologics. Light exposure
can induce oxidation of multiple amino acid residues, such
as Trp, Tyr, Phe, Cys and Met [84]. Installation of safe lights
in manufacturing and storage areas can provide a balance
between the safety of human operators and the conserva-
tion of product quality [85]. A high-concentration liquid
formulation of human IgG1 mAb showed colour changes
of the solution, oxidation, aggregation, fragmentation and
a loss in bioactivity [86].

As mentioned above, antibodies are exposed to low pH
conditions during protein A elution and viral inactivation.
Low pH can induce antibody cleavage and modification
and increase the propensity to aggregate [87]. Soluble aggre-
gates of an IgG4 mAb were observed during low-pH viral
inactivation due to poor mixing and exposure to low pH
[88].

During manufacture, transport and final administration,
antibodies are subjected to physical stress, such as shear,
agitation and stirring, potentially resulting in physical and
chemical instability [89]. Exposure to air–liquid interfaces
may cause antibodies to unfold [90]. Foaming resulting
from protein unfolding can affect the properties of air–
liquid interfaces and protein aggregation [91]. pH and ionic
strength are two primary factors for formulation screening
to control unfolding and aggregation of antibody products
[92]. Various surfactants have been used to minimize the
agitation- and surface-induced aggregation [93]. The selec-
tion of surfactant requires a balance between prevention of
aggregation and perturbation of structure [94].

Freezing and thawing can put antibodies under stress, for
example, by generation of the ice–liquid interface, phase
transition, pH changes and changes in the distribution
and concentration of solutes [95]. When an antibody solu-
tion is frozen, the water molecules are removed from the
protein surface, leading to the disruption of the hydra-
tion shell around the protein surface, and the damage of
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three-dimensional structure of antibodies. Meanwhile, the
concentration of solutes (salt, excipient, antibodies, etc.)
may increase several folds due to liquid–liquid phase sep-
aration and partitioning of unfrozen solutes, generating
crystallization or precipitation, or pH change and finally
impair the protein stability [95]. Some proteins are prone
to unfolding as a consequence of weakening electrostatic
and hydrophobic interaction at cold temperature [96]. In
addition, as ice forms, the protein can directly interact with
the ice surface, which disturbs the native structure of the
antibody and causes protein denaturation [97]. The compo-
sition of the formulation buffer, the freezing and thawing
rate, the number of freeze–thaw cycles and the antibody
concentration can affect the stability of antibodies during
the freezing and thawing process. For example, surfactants
such as polysorbate 80 can serve as cryoprotectants to
stabilize antibodies by preventing or reducing unfolding of
the protein at the ice–liquid interface [98].

SOLUBILITY AND VISCOSITY

Solubility is inversely associated with self-interaction of
antibodies. The self-interaction is caused by hydrophobic
effects, van der Waals interactions, hydration forces and
electrostatic interactions [99]. These interactions are deter-
mined both by the three-dimensional structure of the anti-
body and by the properties of the solution [6]. Previous
studies indicated that Fab–Fab interactions can speed up
the irreversible aggregation [99]. The impact of asymmetric
charge patches on solubility may be more significant for
bsAb due to their complicated structures. In addition, the
properties of the solution, such as buffer composition,
pH, temperature, salt concentration and excipients, have
different effects on protein–protein interactions and finally
on solubility [100]. Low solubility usually leads to high
viscosity, off-target binding and rapid clearance [100].

Solubility is an important parameter for the assessment
of developability. Aggregation-prone regions, asymmetric
charged patches, conformational changes and chemical
modification of antibodies can significantly influence the
solubility of antibodies. Solubility can also be related to
buffer formulation, viscosity of the antibody [11] and phase
separation [100] and can affect the in vivo clearance rate of
the antibody [100].

Because of the limited volume (usually <2 mL) used
for SC injection, high-concentration products are required.
In addition to good solubility properties, low viscosity is
required for drug production and patient use [101].

SPECIFICITY

The antigen-binding sites of an antibody comprise three
(for VHH) or six (for Fab) CDR loops, which can bind
to a specific antigen epitope through noncovalent inter-
actions, mainly by hydrogen bonds, hydrophobic interac-
tions, van der Waals forces and electrostatic interactions
[102]. These multiple noncovalent interactions can provide
relatively strong binding between antibody and antigen.
Occasionally, an antibody may bind to an undesired target.

Recent studies showed that antibodies derived from phage-
displayed libraries bound to the plastic nonspecifically via
aromatic stacking [103]. In addition, antibodies can react
with different targets if the targets share a similar confor-
mational epitope [104].

A well-characterized therapeutic antibody should be
exquisitely specific to the single target. However, not all
antibodies are truly specific. Nonspecific binding can be
due to imbalanced positive charge distribution or excess
hydrophobicity in variable regions of the antibodies [105,
106]. Imbalanced positive charge on an antibody may result
in its interactions with negatively charged polymers such as
extracellular matrix or FcRn [105]. Excess hydrophobicity
may cause nonspecific membrane interactions [105]. Non-
specific binding of an antibody may lead to poor PK [107]
and decreased bioactivity. For example, bococizumab, an
anti-PCSK9 antibody with excess positive charge, showed
poor PK, poor biodistribution and high immunogenicity
after SC treatment in patients, and finally failed in late-
stage clinical development [108, 109]. In addition, a high
level of structural redundancy related to the targets may
also cause nonspecific binding [110]. Nonspecific binding
can cause serious adverse effects during preclinical and
clinical studies. For example, camrelizumab (an anti-PD1
antibody) treatment can cause capillary haemangioma
in patients [111], a specific toxicity compared with other
approved anti-PD1 antibodies. Recent studies showed
that camrelizumab can mediate nonspecific binding to
human receptors VEGFR2, FZD5 and ULBP2, which
can stimulate vascular neogenesis and eventually lead
to haemangioma toxicity [110]. In the discovery stage,
nonspecific binding of antibody candidates needs to be
evaluated, especially for the antibodies with potent cell-
killing activity, such as ADC and bispecific T-cell engagers
[110].

EXPERIMENTAL ASSESSMENT AND
IMPROVEMENT OF DEVELOPABILITY AT THE
DISCOVERY STAGE

In general, developability assessment at the discovery stage
identifies the potential risks of the selected candidate, such
as high propensity for aggregation or fragmentation, poor
solubility, low stability, etc. Developability assessment at
the discovery stage is usually rapid and high throughput,
consuming small amounts (micrograms to a few mil-
ligrams) of testing materials. Developability assessment
should include evaluation of expression level, yield, purity,
homogeneity, stability, solubility and specificity, etc.

Expression level and yield

Low expression level is usually a sign of poor folding
and assembly and low stability of an antibody. When the
expression level of an antibody is normal, a low yield of the
antibody may be due to removal of side products during
multiple steps of purification or to aggregation and precip-
itation during the process. Generally, low expression levels
and yields indicate poor developability of the antibody.
In addition, low expression levels and yields increase the
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overall cost and time required to obtain enough material
to characterize the antibody in vitro and in vivo. Protein
modelling and engineering tools can be used to improve the
expression level and yield of an antibody [112].

Purity and homogeneity

During purification and storage of an antibody, aggre-
gation and degradation may occur and generate size or
charge heterogeneity. Size heterogeneity can be determined
by size-exclusion chromatography high-performance liquid
chromatography (SEC-HPLC) and reducing/nonreducing
SDS-PAGE or capillary electrophoresis sodium dodecyl
sulphate (CE-SDS), whereas charge heterogeneity can
be detected by isoelectric focusing (IEF), capillary iso-
electric focusing, imaged capillary isoelectric focusing
(icIEF) and ion exchange chromatography (IEX) and
sometimes can also be observed on hydrophobic interaction
chromatography-high-performance liquid chromatography
(HIC-HPLC) and reversed phase-high-performance liquid
chromatography (RP-HPLC) [2, 25, 30].

Thermal stability

Classically, differential scanning calorimetry (DSC) and
differential scanning fluorimetry (DSF) are used to eval-
uate the thermal stability of antibodies. The thermal tran-
sition midpoint (Tm) obtained from DSC is based on the
basis of the heat capacity as a function of temperature
[63], whereas DSF determines Tm by recording the change
in fluorescence intensity of hydrophobic fluorescent dye
added to the solution. The melting profiles measured by
DSF and DSC are generally consistent [87]. However, DSF
is more suitable than DSC in the discovery stage due to
high throughput of DSF (with a 96-well or 384-well plate)
with minimal protein consumption. In addition, DSF can
also be used for preformulation screening in the discovery
stage. Nano-DSF is another option for measurement of
Tm with moderate throughput. Unlike DSF, which utilizes
the interaction between the antibodies and extrinsic fluo-
rescent dye, nano-DSF obtains Tm by monitoring changes
in the fluorescence intensity of intrinsic Trp or Tyr at the
emission wavelengths of 330 and 350 nm [2].

Alternatively, aggregation onset temperature (Tagg) mea-
sured by dynamic light scattering (DLS) can also indi-
cate thermal stability. With elevated temperatures, proteins
will change conformation, unfold and eventually aggregate.
Unfolding and aggregation of the antibody lead to increase
in radius that can be measured by DLS.

A previous report showed that most marketed or preclin-
ical antibodies have a melting temperature of Fab greater
than 59◦C (ranging from 59◦C to 90◦C) [113] and a Tagg
greater than 55◦C [63]. mAbs with Tm1 <55◦C may be
at risk for thermal stability, and Tonset should also be
considered.

Chemical stability

The major factor affecting chemical stability is PTM.
Although PTMs hotspots with high risk should be
engineered, sometimes these motifs are critical for antigen
binding and cannot be removed. In this situation, it

is necessary to perform stress testing to evaluate the
risk of PTM hotspots (deamination, isomerization or
oxidation) [63]. Antibody candidates incubated under
stress conditions may degrade or generate size or charge
variants. Size variants can be detected by SEC-HPLC, and
charge variants can be detected by icIEF, IEX-HPLC or
HIC-HPLC to evaluate the chemical stability of antibody
candidates. In addition, antigen-binding or functional
assays can be performed to evaluate the antibody variants.
Different antibody candidates can be ranked based on
potency and stability.

Solubility

Therapeutic antibodies, especially those administered by
SC, intravitreal or intramuscular injection, are required to
have high solubility. Concentration by ultrafiltration is a
conventional method of measuring solubility [114]. This
method requires hundreds of milligrams of antibodies and
has low throughput, which is not practical for screening
and evaluating dozens to hundreds of antibody candidates
at the discovery stage. Addition of polyethylene glycol to
antibody solutions causes precipitation, even at low concen-
trations, and thus can be utilized to determine the solubility
index of antibodies in a relatively high-throughput manner
with 1 mg each of protein samples [114, 115]. However,
this approach evaluates solubility through extrapolation
and may not measure true solubility [116]. Notably, lower
solubility is related to strong self-association of antibodies,
which is mainly determined by hydrophobic and charged
moieties on the surface of antibodies [99]. Several high-
throughput methods have been reported to evaluate self-
interaction of antibody candidates, such as DLS [117],
affinity-capture self-interaction nanoparticle spectroscopy
(AC-SINS) [118] and bio-layer interferometry (BLI) [119].
AC-SINS and BLI have been reported recently for char-
acterizing self-interaction of unpurified antibodies and can
be used for candidate selection at the early discovery stage.
They both are able to distinguish between poorly and highly
soluble antibodies. DLS can be used to calculate the dif-
fusion interaction parameter (kD): positive and negative
kD values indicate repulsive and attractive forces, respec-
tively [120]. This method measures the diffusion coefficient
within a protein concentration range of 1–20 mg/mL, which
consumes ∼1–2 mg of protein. In addition, kD was found
to be strongly correlated with viscosity [121].

Specificity

Nonspecific and off-target binding can lead to rapid clear-
ance in vivo, unexpected toxicity or risk of immunogenicity
[122]. Several methods have been reported to assess anti-
body nonspecific interactions, such as BLI [123], surface
plasmon resonance [124], cross-interaction chromatogra-
phy [125], enzyme-linked immunosorbent assay (ELISA)
and fluorescence-activated cell sorting (FACS) [126].

A common, classical method is ELISA: antibodies are
incubated with immobilized biomolecules such as proteins,
lipopolysaccharides and DNA to evaluate the antibodies’
nonspecific interactions [127]. Because the types of immo-
bilized proteins used in this assay are limited, baculovirus
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particles are used to present diverse types of lipids and
proteins in nonspecific binding ELISA. Binding of bac-
ulovirus particles was reported to correlate well with faster
serum clearance [128].

Protein biochips, in which a diverse set of proteins is
printed on a chip, can also be used for detection of non-
specific binding. A chip manufactured by Protagen AG®

with 384 different recombinant human proteins has been
successfully used to validate off-target activities of adali-
mumab and infliximab [129].

FACS-based methods have also been developed for
nonspecific binding: the polyspecificity reagent (PSR) assay
[113] and the polyspecificity particle (PSP) assay [130]. The
PSR assay uses complex yeast display technology to present
antibodies and mixtures of soluble membrane proteins
from Chinese hamster ovary cells as nontarget molecules to
evaluate nonspecific binding [131], a complex and expensive
method. The PSP assay uses protein A magnetic beads to
capture antibodies and ovalbumin as nontarget molecules
to incubate with antibodies, a more convenient and cost-
saving method than PSR [130]. PSR and PSP yield similar
results, and the quality of the data is higher than that
of ELISA. In very early stages, if these methods are too
expensive or time-consuming to test on dozens to hundreds
of antibodies, we suggest testing the binding of antibodies
to a molecule that is homologous in sequence or structure
with the target of interest. For example, anti-CTLA4
antibodies could be tested on binding to CD28.

IN SILICO PREDICTION

Computational tools have been used to evaluate
developability-related attributes, including chemical sta-
bility, folding energy and surface colloidal properties [132].
Good chemical stability of antibodies is associated with
high homogeneity [54]. Low folding energy of an antibody
is associated with high thermal stability, high expression
level and robustness in different physicochemical condi-
tions (such as cell culture, formulation buffer, storage,
different pHs, light exposure, etc.) [133]. Colloidal prop-
erties of the antibody surface, such as hydrophobicity and
asymmetric electrical distribution, may affect solubility,
viscosity and aggregation [77]. A considerable number of in
silico methods is available for predicting the intrinsic and
phenomenological properties of antibodies. The inputs of
these computational tools can be sequences, structures and
combined sequences and structures. In the context of the
theories used, these methods can be divided into energy-
based, statistics-based and machine learning-based [132].
The machine learning-based method retrieves sequence and
structural features from large amounts of data to train
models, and then uses these models to predict the related
properties of new inputs [133]. The quantity and quality of
training data are key factors for machine learning models.
Some recently released or commonly used in silico methods
are described in the Supplementary Table 1.

PTM and heterogeneity

High-risk motifs of PTM include NS, NG (deamidation),
DG (isomerization) and NXT/S (N-glycosylation) in the

variable region and unpaired Cys (aggregation, oxidation)
at any position on an antibody [54]. These motifs can be
easily identified. Recently, machine learning-based models
have been used to predict PTMs. Delmar et al. reported a
machine learning model trained by an experimentally deter-
mined dataset of 766 peptides from a mAb [134]. Sankar
et al. reported a quantitative model trained by a dataset
of methionine oxidation in 122 distinct mAbs to predict
methionine oxidation [135]. Both methods employed struc-
ture and sequence features (such as net charge and solvent-
accessible surface area) for training, whereas Sankar et al.
also took dynamic features into consideration by using
coarse-grained elastic network models.

Aggregation and solubility

Aggregation and solubility, which are closely related
attributes, can be predicted by using a wide range of
computational methods, such as SAP, CamSol and
Aggrescan3D [136–138]. These methods have assisted
in the rational design of soluble and stable therapeutic
proteins [77]. SAP and Aggrescan3D share a common
hypothesis: the exposed hydrophobic residues are likely
to form aggregation-prone regions. These methods employ
the amount of solvent-accessible surface of hydrophobic
residues as a measurement of the aggregation-prone region.
Aggrescan3D exploits an experimentally derived intrinsic
aggregation propensity scale for each residue, whereas SAP
uses a normalized hydrophobicity value form literature
[12]. The static protein structure and dynamic trajectory
from structural simulation can be used as inputs for SAP
and Aggrescan3D, where dynamic inputs may have high
accuracy and static inputs have high throughput [136, 137].

The CamSol method can be used to evaluate the pro-
tein solubility properties. Based on protein structure, Cam-
Sol exploits the physicochemical properties of amino acid
residues, such as hydrophobicity, electrostatic charges and
the spatial residue interaction, to calculate a protein solu-
bility score [138]. The solubility score provided by CamSol
can be used to rank libraries of proteins. These methods
require a high resolution of protein structures to ensure
the accuracy of the prediction. However, in the discovery
stage, antibody structures are usually predicted by homol-
ogy modelling with relatively lower precision due to CDR3
diversity, which hinders the application of these structure-
based in silico methods. Recently released AlphaFold [139],
with well-modelled protein structure, may improve the pre-
dictive accuracy of these structure-based methods.

A number of machine learning and deep learning-based
methods have been reported for prediction of protein
solubility. SOLart and PON-Sol2 [140, 141] are machine
learning models that predict protein solubility by high-
dimensional protein features. SOLart integrates structure-
based features (backbone torsion angles, solvent accessi-
bility) and solubility-dependent statistical potentials into a
random forest model. SOLart is trained by a set of protein
solubility data, with a Pearson correlation coefficient
between experimental and predicted solubility values of
∼0.7 in a validation dataset. PON-Sol2 is a gradient
boosting model trained on a dataset of 6 328 variants
[141]. PON-Sol2 started with up to 1 081 features in the

https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbac029#supplementary-data
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categories of amino acid propensities and characteristics,
conservation, variation type, neighbourhood features and
length. These two methods can be used to identify amino
acid mutations that change protein solubility.

Thermal stability and folding energy

The stability of an antibody refers to its ability to exist in
its folded form relative to its denatured state. The ther-
mal stability and folding energy of antibodies are critical
to their biological function and developability. Evaluat-
ing antibody folding energy can improve our fundamental
understanding of antibody structure and suggest possible
routes to improve antibody stability [133]. Numerous in
silico methods have been developed to predict the effect
of mutations on stability and folding energy. FoldX [142]
and Rosetta-��G [143] are two structure-based methods
validated by experimental data. FoldX and Rosetta-��G
use the folding energy (��G) between the wild type and
the variant as an assessment of protein stability. Statistical
potentials and various structural-sampling techniques are
used for calculation. The statistical potentials include a
variety of features, such as the energies calculated by molec-
ular force field, probabilities of specific skeletal confor-
mations and probabilities of rotational isomers. However,
these two methods are highly computing-intensive and may
not be accurate in predicting variants with a number of
mutations.

Some deep learning-based methods are being developed
to predict changes in the folding energy of proteins after
mutations [144, 145]. Harmalkar et al. proposed a super-
vised convolutional neural network model with Rosetta
energetic features for prediction of antibody thermostabil-
ity. This model uses sequence one hot encoding and the
residue energy matrix as two features to feed the CNN net-
work. The model is trained on a dataset of 2 700 antibody
sequences, with the accuracy up to 0.93 in the test dataset
[146]. SCONES and ProS-GNN are two graph neural net-
works models that treat proteins as a network graph, where
a vertex is an atom and edges are chemical bonds [144,
145]. The total free energy of a protein is the sum of all
atomic energy contributions. The contributions of a specific
residue to �G can be calculated from its local environment
by defining a map of neighbouring residues with a contact
cut-off (such as Cβ atom distance). The local environment
can then be treated as a graph with residues/atoms as nodes
and interactions as edges for training. These deep learning-
based methods offer a new viable solution to elucidating
the structure–property relationship directly from protein
structural data.

SUMMARY AND FUTURE PERSPECTIVE

mAbs, bsAbs and ADCs have become important therapeu-
tic entities. In an effective antibody discovery programme,
both the biology- and developability-related parameters of
the leading candidates need to be carefully examined. At
present, screening and optimization of the developability
of the leading candidates have been advanced to the early

discovery stage. These developability assessments are usu-
ally required to have high throughput to screening dozens
to hundreds of antibody candidates while consuming rel-
atively small amounts of testing materials. In addition,
computational tools have been used to design, predict,
screen and optimize the developability of antibody can-
didates. AlphaFold and other artificial intelligence tools
show high accuracy in the prediction of protein structure.
Structure- and force field-based methods can utilize struc-
tures predicted by artificial intelligence tools to improve
their accuracy for the evaluation of protein developability.
In addition, deep generative learning models are proposed
for de novo design of proteins with desired properties,
such as affinity, solubility and stability. It is important to
note that, with improved quality and increased quantity of
protein datasets, computational tools with high accuracy
will be widely used in the evaluation of developability.
Multiple properties, such as affinity, stability and solubil-
ity of antibody-derived molecules, can be predicted at the
same time. These high-accuracy, multifaceted models will
significantly reduce wet lab experiments and accelerate the
development of biological drugs.
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msAb, multispecific antibody; CMC, chemistry, manufac-
turing and control; HC, heavy chain; LC, light chain; Fab,
antigen-binding fragment; Fc, fragment of crystallizable
region; CDR, complementary-determining region; CDR
L1, L2, L3, complementary-determining region 1, 2, 3 of
light chain; CDR H1, H2, H3, complementary-determining
region 1, 2, 3 of heavy chain; VH, variable domain of heavy
chain; VL, variable domain of light chain; kD, diffusion
interaction parameter; PPI, protein–protein interaction;
HIC, hydrophobic chromatography; DSF, differential
scanning fluorimetry; DLS, dynamic light scattering; SPR,
surface plasmon resonance; BLI, biolayer Interferom-
etry; SEC-HPLC, size-exclusion chromatography high-
performance liquid chromatography; SDS-PAGE, sodium
dodecyl sulphate–polyacrylamide gel electrophoresis; CE-
SDS, capillary electrophoresis sodium dodecyl sulfate;
IEF, isoelectric focusing; icIEF, imaged capillary isoelectric
focusing; IEX, ion-exchange chromatography; RP-HPLC,
reversed-phase high-performance liquid chromatography;
AC-SINS, affinity-capture self-interaction nanoparticle
spectrometry; PTM, post-translational modification.
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