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INTRODUCTION

Bispecific antibodies (bsAbs) demonstrate novel function-
alities that yield remarkable promise in improving the drug
therapeutic efficacy through the recognition and target-
ing of two different antigens. The enormous therapeutic
potential of bsAbs has led to the development of over 50
different formats of recombinant bsAbs reported so far.
Yet, in comparison with the numerous detailed reviews
outlining the various different formats of bsAbs, along with
the associated upstream platform technologies to gener-
ate them in order to minimize product-related impurities
and their corresponding therapeutic applications [1-6], the

pture chromatography; polishing chromatog-

review of downstream purification of this important class
of antibodies is comparatively limited [7, 8], which may at
least in part be attributed to the fewer publications that
focus on the purification of these antibodies.

Many of the current downstream processing methods of
bsAbs are built upon the established purification methods
of monoclonal antibodies (mAbs), as there are undoubt-
edly several structural similarities between these antibodies,
with the former being derived from at least parts of the
latter (Fig. 1). Although the optimized downstream pro-
cessing protocols of mAbs serve as a good starting point
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Figure 1. (a) Schematic representation of an immunoglobulin G (IgG) monoclonal antibody (mAb), which consists of two heavy chains (HCs, dark
green) and two light chains (LCs, light green). The HC comprises of VH, CH1, hinge, CH2 and CH3 domains, whereas the LC comprises of VL and
CL domains. The VL, VH, CL and CH1 domains make up the antigen-binding fragment (Fab), whereas the CH2 and CH3 domains constitute the
crystallizable fragment (Fc) region. The VH and VL domains make up the variable fragment (Fv) domain. The major affinity ligand-binding sites are
also indicated with an arrow at the respective positions on the IgG. (b—d) Schematic representation of certain bsAb formats within the three different
groups of bsAbs, namely the asymmetric (b), symmetric (¢) and fragment-based bsAbs (d). The valency of each bsAb is indicated in bold and italics below

each bsAb.

for the purification of bsAbs, further optimization cannot
be fully eliminated due to the differences in their intrin-
sic structural and concomitant physicochemical properties
(Fig. 1) as well as the presence of bsAb-related byproducts,
an understanding of which will aid in the identification of
potential challenges and therefore design of the optimal
strategy for their downstream processing. To this end, this
review aims to present the key structural properties of
bsAbs and their associated byproducts, outlining the cur-
rent major purification methods of bsAbs and highlighting
the corresponding solutions that have been proposed to
circumvent the challenges, as well as to offer a perspective
towards future process development.

KEY STRUCTURAL PROPERTIES OF bsAbs
AND THEIR MAJOR BYPRODUCTS

Here, we will consider three broad categories of bsAbs
based on their structures, namely (i) asymmetric, (ii) sym-
metric and (iii)) fragment-based bsAbs (Fig. 1), as their
structural properties have important implications for their
downstream processing strategies. Although bsAbs may be
bivalent with one binding site for each antigen (1 + 1),
the number of valencies can be further increased by incor-
porating additional binding sites to the chains to achieve
trivalency (e.g. 1 + 2 or 2 + 1) or tetravalency (e.g. 2 + 2),
as illustrated in Fig. 1b—d.

Asymmetric bsAbs (Fig. 1b) typically possess heavy
chains (HCs) and light chains (LCs) derived from two
different parental mAbs, where parts or all of the LC
and/or HC may also be designed to be equal on both
arms where possible in order to minimize mispairing.
Another example of an asymmetric bsAb is the antigen-
binding fragment (Fab) x single-chain variable fragment
(scFv) format, where a scFv from a different parental mAb
replaces the Fab region on an immunoglobulin G. Like the
asymmetric bsAbs, symmetric bsAbs also possess the Fc
region (Fig. Ic) and maintains symmetry by having the
same HC with additional antigen recognizing domains
such as scFvs appended to the antibody. Fragment-based
bsAbs (Fig. 1d)arguably consist of the most varied formats,
which are made possible through different combinations of
chains and linkers. The tandem scFv format illustrated here
consists of two scFvs with a linker, each connecting the LC
to the HC and another flexible linker connecting the two
scFvs together. A similar format is the diabody, where the
LC of one scFv is linked to the HC of the other scFv, rather
than itself.

Although the increase in valency of bsAbs brings about
various advantages for therapeutic purposes, bsAb-specific
byproducts pose unique challenges to their downstream
processing. Examples of such impurities include the HC
and LC mispaired products as well as fragments and aggre-
gates, as illustrated in Fig. 2 using an asymmetric bsAb as
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Figure 2. Impurities formed as a result of HC mispairing (light blue dotted box), LC mispairing (light red dotted box), fragmentation (light green dotted
box) and aggregation (light purple dotted box) are illustrated here for a representative desired asymmetric bsAb, with the proposed strategies to remove
them shown in the corresponding dark colored non-dotted boxes. Not shown here: (1) for a Fab x scFv bsAb, differential KappaSelect affinity and CHI1-
based chromatographic methods have proven to be useful [59, 60]; (2) diabody-IgG mispaired products can be separated from scFv-IgG bsAb targets
through the use of an alkaline pH near the pI of the bsAb using cation exchange chromatography [71]; (3) hydrophobic and mixed-mode resins have been
proposed to provide good separation for certain homodimer mispaired products from their bsAb targets [77, 78]. Examples listed here are not exhaustive.

an example, although similar classes of impurities can be
generated in other formats. Due to the presence of more
than one different HC and LC that are often coexpressed
in the producing cell, a myriad of undesired non-functional
or monospecific antibodies of similar sizes and properties
can be generated from mispaired HC and LC (Fig. 2).
These mispaired products may account for up to 90% of
the total mass if allowed to pair randomly [9]. One of
the approaches employed for the generation of bsAbs in
order to reduce mispaired products is to bias the forma-
tion of the desired bsAb, for instance, via the knob-into-
hole (KiH) approach [10], whereas another approach is
to employ molecular design techniques so as to build in
the ability for an increased ease of mispaired byproducts
removal during subsequent downstream processing steps,
an example of which is the chimeric Fc sequence (Fcx) that
ablates Protein A binding [11]. The former does not provide
a straightforward way to purify mispaired variants that do
occur, whereas the latter incurs a drop in productivity as
cellular energy is spent on making the variants in addition
to the desired bsAb.

Undesired fragments make up another common group
of undesired byproducts, with examples including %, (anti-
bodies with one less HC and one less LC) and ¥, (antibodies
with one less LC) antibodies (Fig. 2). Another major group
of byproducts is the presence of an overall higher level of
aggregates, which has been reported for various classes of
bsAbs (Fig. 2). Although the absence of the Fc region in

fragment-based bsAbs has been reported to render the anti-
body more aggregation prone compared with the parental
conventional immunoglobulins [12, 13], symmetric bsAbs
have also been shown to possess significantly higher aggre-
gation propensities [14—16], with up to 50% of aggregates
observed, which can be at least partially attributed in cer-
tain instances to the intermolecular domain swapping as
a result of increased chain length and flexibility [17]. The
increased aggregation propensity of these bsAbs is also
reflected in their expression as inclusion bodies in some
cases [18, 19].

GENERAL DOWNSTREAM PURIFICATION
PROCESSES EMPLOYED FOR bsAbs

This section aims to provide a general overview of the
common processes and methods currently employed for the
purification of bsAbs, with general purification details sum-
marized in Tables 1 and 2 and specific impurity removal
approaches and strategies highlighted in greater details in
the ensuing sections where appropriate. Due to the myriad
of different bsAb formats reported, details of the purifi-
cation methods of the different types of bsAbs listed here
are by no means exhaustive; we seek to include studies
where the purification of bsAbs is the main focus of the
novel work, as well as methods that have been used for the
purification of bsAb formats approved or in clinical trials
[20]. Although it would be ideal to compare the efficiency
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of the different purification methods, the different loading
amounts, culture quality, chromatography resins as well as
methods of quantification render it particularly challenging
to do so across each method in a meaningful manner.

Affinity-based purification

Protein A and Protein G affinity chromatography.  As is
the case for mAbs, Protein A affinity chromatography is
arguably one of the most commonly employed affinity-
based purification method in the downstream processing
of bsAbs [11, 14, 21-40]. Such purification is made possible
through the interaction between the Protein A and the
Fc region of the target molecule as well as the heavy-
chain variable domain (VH) region of the HC for targets
belonging to the VH3 gene family [41, 42]. The details of
the general purification processes of bsAbs using Protein A
resins are outlined in Table 1, where the sample is typically
loaded after an equilibration (EQ) step at pH7.0-7.4,
followed by a wash step often using EQ buffer, with a
step or gradient elution performed at low pH<4.0 using
acetate, citrate or glycine buffer [14, 21-30]. Through
the recognition of the Fab and Fc antibody regions in a
similar fashion to Protein A but with different binding
specificities, Protein G has also been reported as a capture
step for the purification of an anti-severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV)/horseradish
peroxidase (HRPO) quadroma [31], with the polishing
step performed using a specific affinity method of an m-
aminophenylboronic acid (APBA)-agarose saturated with
HRPO to eliminate the homodimeric monospecific anti-
SARS-CoV (Table 1). Protein A and Protein G affinity
chromatography has proven to be particularly useful in the
removal of mispaired products and fragments [11, 3240,
43-45], details of which are discussed below.

Removal of mispaired products Differential Protein A
affinity chromatography is one of the downstream pro-
cessing approaches adopted to remove homodimeric HC
mispaired products, which often requires the bsAb to be
generated with certain modifications made on one of the
HCs of the bsAbs to alter the Protein A-binding affinity.
This has been achieved through the construction of bsAbs
consisting of one half from rat Abs, which cannot bind to
Protein A, and the other from mouse Abs, which have a
high affinity for Protein A [32, 33], introduction of point
mutations at the Fc and/or VH3 region to decrease and/or
increase the binding affinity to Protein A [11, 34-38] or by
having one Fc chain originating from human IgG3, which
does not bind Protein A [39]. All of these methods will result
in homodimer products possessing different Protein A-
binding affinity as compared with the target bsAbs, thereby
allowing for efficient separation and impurity removal. In
contrast to the use of a step elution in typical Protein A
chromatography methods (Table 1), the differential Protein
A affinity chromatography will require either a pH gradient
or multistep pH elutions [34, 36, 37, 39] so as to separate the
target from the undesired HC mispaired products. A similar
concept has also been developed for Protein G, where a
combination of three mutations in the Fc and CH1 region
that disrupts Protein G binding was introduced so as to

achieve differential elution between the homodimers and
heterodimers [38].

Notably, a detailed study of the utilization of differential
Protein A chromatography on target bsAbs with one HC
with a Fcx sequence has been performed by Tustian ezal.
[11] using a range of Protein A resins. Although FexFcx
homodimer should typically flow through the column with
almost no binding interactions, the FcFc homodimer is
expected to bind more strongly to the resin than the target
bispecific FcxFc. Nevertheless, as HCs from the human
VH3 gene family are also able to bind to Protein A [41, 42],
FcxFex may be retained by VH binding to the recombinant
Staphylococcal Protein A, with a reduced avidity difference
between the bispecific and the FcFc homodimer. This can,
however, be circumvented by using an engineered Protein
A-based resin, such as MabSelect SuRe, where the affinity
ligand is a modified non-Fab-binding Protein A domain
[46-48]. The effect of salt additives was also investigated,
and it was observed that the more chaotropic salts provided
superior resolution between the bsAb and binding FcFc
homodimer, resulting in an improved purity as well as yield,
likely through the moderation of hydrophobic interactions
between the antibody species and the Protein A ligand.
Based on this study [11], the ideal resin allowing for the best
peak separation between the FcFc homodimer and bsAb
target should possess a small particle size and a base matrix
with large through pores and pore diameters for perfusive
flow and mass transfer; an example of which is POROS
MabCapture A. In addition, an engineered affinity ligand
that lacks VH binding, such as that of MabSelect SuRe,
will be ideal to allow for the FcxFcsx homodimer to flow
through. These properties were subsequently materialized
in the MabSelect SuRe pcc Protein A resin, which combines
an alkali stabilized non-VH region-binding ligand with a
base matrix exhibiting excellent mass transfer properties
[40].

Removal of fragments In addition to mispaired prod-
ucts, Protein A chromatography has also been shown to
be effective towards the separation of % antibodies from
the target bsAbs by applying a pH gradient elution, the
results of which may be dependent on the load density
[43]. Comparing the results obtained from three resins—
MabSelect PrismA, MabSelect SuRe LX and MabSelect
SuRe pcc, it was observed that both MabSelect SuRe pcc
and MabSelect PrismA offered improved resolution over
MabSelect SuRe LX, with MabSelect PrismA displaying
a higher capacity and alkaline stability than MabSelect
SuRe pcc [43]. It was recently reported that the addition
of 500mM NacCl or 300mM CaCl, to the elution buffer in
Protein A chromatography results in a significant improve-
ment in resolution between the ¥, antibody and bsAb, using
a gradient elution from pHS.5 without salt additives to pH
~3 with salt additives [44]. Through the employment of
three sequential optimal wash steps, it was demonstrated
that the ', antibodies can be removed more efficiently at
the slight expense of the product yield, with a lower load
density giving the highest yield with lower Y antibody
removal [44].

Protein A ligand-binding affinity and selectivity for spe-
cific antibody domains has also been shown to be useful



Table 1. Overview of bsAb purification methods utilizing affinity chromatography as the first capture step, with the exception for #, where the respective affinity chromatography

steps were used as a polishing step

Type of affinity Type of bsAb
chromatography

Format

Type of resin

Details

Reference

Protein A Symmetric bsAb

Symmetric or
asymmetric bsAb

Asymmetric bsAb

scFv-1gG

FynomAb

scFv-Fc-(Fab)-fusions:
EGFR/MET

scFv-Fc-(Fab)-fusions: NGF/TNFa

BsmAb: TNFa/IL-17

scFv-1gG

WuXiBody

KiH: VEGF/ANG-2

KiH: DR5/FAP

Biclonics: Erb B-2/Erb B-3

KiH and CrossMab: EGFR/IGFR
KiH and CrossMab:

Ang/VEGF

KiH: TWEAK/IL17

MabSelectSuRe (Cytiva)

Protein A Sepharose
(Cytiva)
Protein A

Protein A Agarose (Cytiva)

Protein A

MabSelect (Cytiva)

MabSelectSuRe LX

(Cytiva)

Protein A Sepharose

(Cytiva)

MabSelectSuRe (Cytiva)

MabSelectSuRe (Cytiva)

MabSelectSure (Cytiva)

EQ (Tris) — Load — Wash (1. Tris; 2. Acetate
buffer pH5.5) — Step elution (acetate buffer
pH3.5) or gradient elution (acetate/glycine buffer
pH4.0 and 3.0, 10 CV, 20-80% of low pH buffer)
EQ (PBS) — Step elution (0.1M glycine, pH2.7)

EQ (PBS, pH7.4; Tris, pH7.4) — Load — Wash
— Gradient pH elution (0.1M sodium phosphate
buffer pH6.8 to 0.1M sodium citrate buffer
pH2.5-3.0)

EQ (PBS, pH7.2) — Load — Wash (EQ buffer) —
Step elution (SOmM sodium acetate pH<4.0)

EQ (PBS, pH7.4) — Load — Wash — pH gradient
(0.1M sodium phosphate pH6.8 to 0.1M sodium
citrate buffer pH2.5)

EQ (PBS, pH7.4) — Load — Wash (EQ buffer, 10
CV) — Step elution (0.1M glycine-HCI, pH2.2 or
0.1M glycine-HCl, pH3.2+0.1M arginine)

EQ (50mM Tris-HAc, 150mM NacCl, pH7.4, 5
CV) — Load — Wash (1. 50mM Tris-HAc,
150mM NaCl, pH7.4, 5 CV; 2. 50mM NaAc/HAc,
250mM NaCl, pHS.5, 5 CV; 3. 50mM NaCl/HAc,
pHS.5, 5 CV) — Step elution (50mM NaAc/HAc,
pH3.6)

EQ (PBS, 10mM NayHPO4, ImM KH,POy,
137mM NacCl, 2.7mM KCI, pH7.4) — Load —
Wash (EQ buffer) — Elution (0.1M citrate buffer,
pH2.8)

EQ (50mM sodium phosphate, 250mM NaCl,
pH7.0) — Load — Wash (EQ buffer, 5 CV) —
Gradient pH elution (50mM sodium phosphate,
IM NacCl, pH7.0, 12 CV)

EQ (PBS) — Load — Wash (PBS, PBS+1M
NaCl, PBS) — Elution (100mM citrate, pH3.0)
EQ (PBS, pH7.4) — Load — Wash (EQ buffer) —
Elution (25mM sodium citrate, pH3.0)

(14]

(21]

(22]

23]

[24]

(23]

(26]

(27]

(28]

(29]

(30]

Continued
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Table 1. Continued

Type of Type of bsAb Format Type of resin Details Reference
affinity chro-
matography
Protein G Asymmetric bsAb Quadroma: Protein G Sepharose (Sigma) EQ (PBS, pH7.4) — Load — Wash — Elution (0.1M glycine, [31]
SARS-CoV/HRPO pH2.8)
HRPO Asymmetric bsAb Quadroma (hybrid #APBA-agarose saturated EQ (potassium phosphate buffer, pH7.4) — Load — Wash (25 [31]
hybridoma): with HRPO (Sigma) CV, EQ buffer) — Elution (EQ buffer +0.1M sorbitol)
SARS-CoV/HRPO
Protein A/G ~ Fragment-based BiTE: CSPG4/CD28 #Protein A or G: HiTrap EQ (20mM disodium hydrogen phosphate, 150mM NaCl, [58]
bsAb (r28M) Protein A HP; HiTrap pH7.2); target was collected in the flow through
Protein G HP (Cytiva)
IMAC Fragment-based BiTE: BCMA/CD3 Fractogel EMD chelate PreEQ (ZnCl,) — EQ (20 mM sodium phosphate buffer, 0.1 M [49]
bsAb (Merck) NaCl, pH7.2) — Load — Wash (EQ buffer) — 2 step elution (1.
EQ buffer +0.05M imidazole, 6 CV; 2. EQ buffer +0.5M
imidazole, 6 CV)
Tandem scFv: Two sequential steps: (1) HisTrap Excel: tolerates nickel-chelating agents present in [50]
LPS/EGFR (1) HisTrap Excel (Cytiva) mammalian cell culture media; (2) HisTrap FF: further removes
(2) HisTrap FF (Cytiva) impurities
Elution (500mM imidazole)
BiTE: M2e/CD3 Fractogel (Merck) PreEQ (ZnCly) [51]
(murFLU)
BIiTE: EpCAM/CD3 Fractogel (Merck) EQ (20mM sodium phosphate, 0.4M NaCl, pH7.5) — Load —  [52]
(MT110) Wash (EQ buffer) — 2 step gradient elution (20mM sodium
phosphate, 0.4M NaCl, 0.5M imidazole, pH7.5)
CD19/CD3 bsAb Fractogel (Merck) Pre-EQ (ZnCly) — EQ (20mM sodium phosphate buffer, 0.4M  [53]
constructs NacCl, pH7.5) — Load — Wash (EQ buffer) — 2 step gradient
elution (20mM sodium phosphate, 0.4M NaCl, pH7.5; 1. 0.1M
imidazole, 6 CV; 2. 0.5M imidazole, 6 CV)
BiTE: CD19/CD3 #Chelating Sepharose Fast  Pre-EQ (0.1M cobalt chloride) — EQ (50mM Nay,HPOy, [54]
Flow (Pharmacia) 400mM NaCl, pHS8.0) — Load — Wash (1. EQ buffer; 2.
EQ+2mM imidazole, pH6.4; 3. Gradient wash from EQ+2mM
to 60mM imidazole, pH6.4) — Elution (EQ+500mM imidazole,
pH6.4)
EpCAM(17-1A)/CD3 Flag M1 (Kodak) EQ (0.15M NaCl, 0.01M sodium phosphate, 1.0mM CaCl,, [55]
pH7.4) — Load — Step elution (200mM imidazole)
scDb: FQs/SAs HisTrap HP (Cytiva) EQ & load (50mM Tris-HCI, 300mM NaCl, ImM DTT, SmM [56]
PMSEF, 10mM imidazole, pH7.5) — Wash (1. 50mM Tris-HCI,
300mM NaCl, ImM DTT, 20mM imidazole, pH7.5; 2. 50mM
Tris—HCL, 300mM NaCl, ImM DTT, 40mM imidazole, pH7.5)
— Elution (50mM Tris—HCI, 300mM NaCl, ImM DTT, 500mM
imidazole, pH7.5)
Protein L Fragment-based BiTE: CSPG4/CD28 Protein L Agarose (Actigen) Elution (0.1M glycine, pH3) [57]
bsAb (r28M) HiTrap Protein L Sepharose EQ (PBS) — Load — Elution (1. 50mM glycine, 50mM citric [58]

(Cytiva)

acid, 0.1M NaCl, pH3.5; 2. 50mM glycine, S0mM citric acid,
pH2)

120C ‘s>unadp.iay, dpoquuy 8/



Table 2. Overview of bsAb purification methods utilizing charge, size, hydrophobicity and mixed-mode-based separation techniques as polishing steps, with the exception of s,
which was used as the first capture step. The recovery of bsAbs from inclusion bodies or precipitation methods were also used as the first purification steps, except for ”, which

was performed on post Protein A eluate that has undergone low pH (pH3.0) treatment

Type of chro- Type of bsAb Format Type of purification media Details Reference
matography
Charge-based Symmetric bsAb scFv-IgG Cation exchange: EQ (50mM acetate, pH5.0) — Load — Elution (50mM  [14]

separation

Symmetric or
asymmetric bsAb

Asymmetric bsAb

Fragment-based
bsAb

scFv-Fc-(Fab)-fusions:
NGF/TNFa

BsmAb: TNFa/IL-17

scFv-1gG

WuXiBody

Common light chain
bsAb

Bispecific T cell receptor

Bi/tri killer engagers:
CD16/CD33

BiTE: EpCAM/CD3
(MT110)

POROS XS (Thermo Fisher)
Cation exchange:

POROS 50 HS (Thermo
Fisher)

xxCation exchange:
SP-Sepharose HP (Cytiva)

Cation exchange:
Source 158 (Cytiva)

Anion exchange:
POROS 50 HQ (Cytiva)

Anion exchange:

Mono Q 5/50 GL or 10/100
GL (Cytiva)

Cation exchange:

Mono S 5/50 GL or 10/100
GL

(Cytiva)

Anion exchange:
POROS 50 HQ (Thermo
Fisher)

Cation exchange:
POROS 50 HS (Thermo
Fisher)

Anion exchange:

Q Sepharose Fast Flow
(Cytiva)

Cation exchange:

MiniS (Amersham)

acetate, NaCl, pH5.0)

EQ (50mM sodium acetate, pH < 5.5) — Load — Wash [23]
(50mM sodium acetate, pHS.5) — Salt gradient elution

(0—-1M NaCl in 50mM sodium acetate, pH < 5.5)

EQ (20mM bicine, pH8.1) — Load — Wash (20mM [24]
bicine, pH8.1, 2 CV) — Salt gradient elution (20mM

bicine, 10-90mM NaCl, pH8.1, over 20 CV)

Salt gradient elution (10mM Na,POy4 with 0-125mM [67]
NaCl at pH7.0 or 20mM NaCH3COO with 0-500mM

NaCl)

EQ (50mM Tris-HAc, pH7.0/8.0, 12 CV) — Load — [26]
Wash (1. 50mM Tris-HAc, pH7.0/8.0, 5 CV; 2. 50mM
Tris-HAc, 0/30/40/60mM NaCl, pH8.0, 5 CV) —

Elution (50mM Tris-HAc, 130/165/144/187mM NaCl,

pHS.0)

CEX buffer: 15.6mM CAPS, 9.4mM CHES, 4.6mM [68]
TAPS, 9.9mM HEPPSO, 8.7mM MOPSO, 11.0mM

MES, 13.0mM acetate, 9.9mM formate, 10mM NaCl
(VWR/BDH), pH adjusted up to 4.0 or 11.0 using

NaOH; 20 CV linear pH gradient

AEX buffer: 9.8mM methylamine, 9.1mM

1,2-ethanediamine, 6.4mM 1-methylpiperazine,

13.7mM 1,4-dimethylpiperazine, 5.8mM bis-Tris,

7.7mM hydroxylamine, 10mM NaCl, pH adjusted to

10.5 or 3.5 using HCI; 20 CV linear pH gradient

POROS 50 HQ: Load (10mM Tris pH8.1) — Elution [18]
(0-500mM NacCl, 6 CV)

POROS 50 HS: Load (20mM MES pH6-6.5) — Elution
(0-500mM NacCl, 6 CV)

Stepwise gradient elution (20mM Tris—HCI, pH9.0, 4 [19]
CV 0.2-0.5M NaCl)

EQ (20mM MES, pH5.5) — Load — Elution (0-0.3M [52]
NaCl in 60 CV)
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Table 2. Continued

Type of chro- Type of bsAb Format Type of purification media Details Reference
matography
BiTE: CD19/CD3 sxCation exchange: CCS mixed with two volumes of 30mM MES, 20mM [54]
SP Sepharose Fast Flow NaCl, 3mM EDTA, 0.3mM benzamidine
(Pharmacia) hydrochloride, pH5.5; EQ (20mM MES, 20mM NacCl,
pHS5.8) — Load — Wash (EQ buffer, 5 CV) — Elution
(20mM MES, 0.45M NaCl, pH5.8)
Size-based Symmetric bsAb scFv-1gG High-performance TFF: pH6.0 histidine diafiltration buffer [14]
separation 50cm?® C-screen regenerated
cellulose Pellicon XL
cassette with a 300kDa
molecular weight cut-off
(Millipore)
Asymmetric bsAb KiH: VEGF/ANG-2 HiLoad 16/60 Superdex 200  20mM histidine, 140mM NaCl, pH6.0 [27]
(Cytiva)
KiH: DRS/FAP HiLoad 16/60 Superdex 200  20mM histidine, 140mM NaCl, pH6.0, 0.01% Tween-20  [28]
(Cytiva)
Biclonics: Erb B-2/Erb 50/1000 Superdex 200 - [29]
B-3 (Cytiva)
1gG4 bsAb: AdB/PD1 Zenix SEC-300 (Sepax) PBS [73]
Fragment based Bispecific T cell receptor ~ Superdex S200 (Cytiva) PBS [18]
BiTE: BCMA/CD3 HiLoad 16/60 Superdex 200  10mM citrate, 25mM lysine-HCI, pH7.2 [49]
(Cytiva)
Tandem scFv: HiPrep 26/60 Sephacryl PBS [50]
LPS/EGFR S-200 HR (Cytiva)
BiTE: M2e/CD3 - - [51]
(murFLU)
BIiTE: EpCAM/CD3 HiPrep Sephadex S200 PBS [52]
(MT110) (Amersham)
CD19/CD3 bsAb HiPrep Sephadex S200 PBS [53]
constructs (Pharmacia)
BiTE: CD19/CD3 HiLoad Superdex 200 PBS [54]
(Pharmacia)
BiTE: CSPG4/CD28 HiLoad 16/60 Superdex PBS [58]
(r28M) 200pg (Cytiva)

Continued
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Table 2. Continued

Type of Type of bsAb Format Type of purification media Details Reference
chromatography
Hydrophobicity- Symmetric bsAb scFv-1gG Protein Pak Hi-Res HIC (Waters); EQ (5 CV, 50mM trisodium phosphate, [74]
based Toyopearl PPG600M (Tosoh); pH7.0, 1.0M ammonium sulfate) — Load
separation An experimental resin similar to — Wash (EQ buffer) — Gradient elution
Toyopearl PPG600M but smaller (20 CV, 1.0-0M ammonium sulfate with 3
particle size (Tosoh) CV hold at the end)
scFv-1gG Phenyl Sepharose HP (Cytiva) EQ (2 CV, 20mM Tris, pH8.0, 0.5M sodium [75]
HiScreen Capto Phenyl ImpRes sulfate) — Load — Wash (2 CV, EQ buffer)
(Cytiva) — Gradient elution (0.4-0M sodium sulfate,
10 CV or in combination with 0-5%
hexylene glycol or 0-1M arginine gradient)
or step elution (5% hexylene glycol or 1M
arginine with no sodium sulfate)
Asymmetric bsAb Heteromab
Tetradomas Phenyl Sepharose (Cytiva) EQ (3 CV, 0.1M sodium phosphate, pH7.0, [76]

Fragment-based
bsAb

(Hybrid-hybridomas)

IgG KA

Bispecific T cell receptor

TOYOPEARL Butyl 600M (Tosoh
Bioscience LLC)

bsAb recovery from inclusion body

1.0M ammonium sulfate) — Load — Wash
(3 CV, 0.1M sodium phosphate, pH7.0,
1.0M ammonium sulfate) — Gradient
elution (20 CV, 0.1M sodium phosphate,
pH7.0, 1.0-0M)

EQ (0.1M sodium phosphate, 1M [77]
ammonium sulfate, pH7.0) — Load (1:1
dilution with EQ buffer) — Wash (5 CV,
EQ buffer) — 2 step elution (54%/60% and
75% of 10mM sodium phosphate pH7.0)

1) Wash: Three washes with 50mM [18]
Tris—HCI pH8, 0.5% Triton X-100, 200mM
NaCl, 10mM NaEDTA, followed by a wash
with the same buffer without Triton X-100
and NaCl

2) Solubilize: 6M guanidine-HCI followed
by before dilution into 6M guanidine-HCI,
50mM Tris HCI pHS, 100mM NaCl, 10mM
EDTA, 20mM DTT

3) Refold: 100mM Tris pHS.1,
400mML-Arginine, 2mM EDTA, 5M urea,
followed by addition of the redox couple
(cysteamine hydrochloride and cystamine
dihydrochloride)

4) Dialysis: H,O, followed by 10mM Tris
pHS8.1

Continued
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Table 2. Continued

Type of chro-
matography

Type of bsAb

Format

Type of purification media

Details

Reference

Symmetric

bsAb
Mixed-mode- Symmetric
based bsAb
purification

Asymmetric
bsAb

BiTE: CSPG4/CD28 (r28M)

scFv-1gG

scFv-1gG

KiH and CrossMab: EGFR/IGFR
KiH and CrossMab:

Ang/VEGF

KiH:

TWEAK/IL17

Fcx/Fc

IgG KA

KiH

Bi/tri killer engagers:
CD16/CD33

Precipitation

Precipitation”

CHT: Type II CHT (BioRad)

CHT: MacroPrep CHT type
1T (BioRad)

Capto MMC (Cytiva)

TOYOPEARL MX-Trp
650M (Tosoh Bioscience
LLC)

Capto MMC ImpRes
(Cytiva)

1) Extraction.: 0.3% sodium deoxycholate,
5% Triton X-100, 10% glycerin, 50mM Tris,
50mM NacCl, 5mM EDTA, pH8.0

2) Refold: Sodium N-lauroyl-sarcosine
(SLS) air oxidation method

35% polyethylene glycol 400 (PEG) or 50%
saturated ammonium sulfate,

lh at4°C

500mM sodium phosphate, S00mM CaCl,,
pHS.0

EQ (10mM sodium phosphate pH7.0) —
Load — Wash (EQ buffer, 5 CV) —
Gradient elution (10mM sodium phosphate,
2M NaCl, pH7.0, 25 CV)

EQ (10mM NaH,POy4, 50mM NacCl,
20mM MES, 0.1mM CaCl,, pH6.5-7.5) —
Load — Wash (EQ buffer) — Gradient
elution (10mM NaH,POy4, S00mM NacCl,
20mM MES, 0.1mM CaCl,, pH6.5-7.5)
Pre EQ (2 CV, 2M NaCl) - EQ (2 CV,
40mM sodium acetate, 250mM calcium
chloride, pH5.0) — Load — Wash (3 CV,
40mM Tris, 40mM acetate, pHS5.0) —
Elution (8 CV, 20mM Tris, 60mM acetate,
pHB8.0 or 20mM Tris 40mM acetate, pHS8.0)
Load — Wash (5 CV, 100mM sodium
phosphate, pH6.0) — 2 step elution (15 and
100% of 100mM sodium phosphate,
500mM NaCl, pH6.0)

EQ (50mM NaAc/HAc, pHS.5, 8 CV) —
Load — Wash (1. 50mM NaAc/HAc,
pHS5.5, 5 CV; 2, 50mM Histidine/HCI,
63mM NaCl, pH6.5; 3. 50mM NaAc/HAc,
70mM NacCl, pH5.5) — Elution (50mM
NaAc/HAc, 280mM NaCl, pH5.5)

(19]

(1]

(78]

Continued
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Reference

(26]

— Load — Wash (1. 50mM NaAc-HAc,
pH5.0/8.0, 5 CV; 2. 50mM Tris-HAc, pH7.0
or 50mM His-HCI, 100mM NacCl, pH6.5 or
50mM NaAc-HAc, 130mM Arg-HCI,
pHS5.0 or S0mM Tris-HAc, 218mM
Arg-HCI, pHS8.0, 5 CV; 3. 50mM

300mM NaCl, pH6.5 or 50mM NaAc-HAc,

235mM NaCl, pH5.5 or 50mM His-HCl,
386mM Arg-HCI, pH5.0 or50 mM

EQ (50mM NaAc-HAc, pH5.0/8.0, 12 CV)
NaAc-HAc, pH5.0 or 50mM His-HCl,
pH6.5) — Elution (S0mM NaAc-HAc,
Tris-HAc, 500mM Arg-HCl, pH8.0)

Details

Capto MMC/adhere ImpRes

Type of purification media
(Cytiva)

Format
WuXiBody

Type of bsAb
asymmetric

Symmetric or
bsAb

Table 2. Continued

Type of chro-
matography
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for the separation of fragments from the desired bsAb.
Although the MabSelect SuRe ligand has greatly ablated
binding to VH3 domains, which can be utilized for the
removal of certain homodimers as described in the previous
section, the greater affinity of MabSelect PrismA ligand
for the VH3 domains has recently been shown to enhance
the separation between the desired bsAb product from that
which has lost one Fab arm [45]. This separation resolution
was further improved when Fibro PrismA, which possess
the same PrismA Protein A ligand on a cellulose fiber
matrix, was utilized, illustrating the fact that increased
resolution at much faster residence times may be obtained
with emerging technologies such as FibroSelect as opposed
to conventional bead-based chromatographic media.

Immobilized metal affinity chromatography.  Although
Protein A affinity chromatography may work well for
symmetric and asymmetric bsAbs, fragment-based bsAbs
that are not derived from the VH3 gene family [41, 42]
and lack the Fc region typically utilize other affinity
purification methods, with immobilized metal affinity
chromatography (IMAC) being one of the most commonly
employed methods for targets containing a polyhistidine
tag as it allows for binding to immobilized metal ions on
the resin [49-56]. IMAC columns are typically charged
with nickel, zinc or cobalt ions prior to EQ between pH7.2
and 8.0, followed by sample load and wash steps, with
the elution performed with up to 500mM of imidazole
(Table 1). As the generally low specificity of IMAC may
lead to the binding and copurifying of non-specific proteins
along with the target protein, low concentrations of
imidazole may also be added to wash buffers to reduce
non-specific binding [54, 56].

CHI/KappalLambda LC affinity chromatography.  An
alternative, though less commonly employed, purification
method for fragment-based bsAbs is the use of affinity
ligands that are able to interact with the antibody’s CH1
region or Kappa (K) or Lambda (1) LCs [57-63], thus
eliminating the need for the presence of a polyhistidine tag
on the target molecule. Protein L affinity chromatography
is an example of an affinity ligand that is able to interact
with the variable region of the antibody’s Kk LC [64, 65],
with overall purification processes sharing similarities to
that of Protein A and Protein G affinity chromatography
(Table 1). Although an overall low purity of 50-70%
[57] was previously reported for a single Protein L
affinity chromatographic step, with additional affinity
chromatographic steps such as Protein A or Protein G
chromatography required to achieve higher purity (Table 1)
[58], we have recently reported a step recovery of 81% after
a single Protein L affinity chromatographic step, achieving
>90% monomeric purity. Further details of impurity
removal using these affinity ligands will be discussed below
(Table 1).

Removal of mispaired products KappaSelect affinity
resin, in particular, has recently been demonstrated to be
able to separate species possessing one K LC constant
region from that which consist of two K LC constant
regions, providing a convenient means by which mis-
paired homodimerized products can be separated from
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a Fab x scFv bsAb [59]. Using the same bsAb format, a
CH 1-based purification has also been shown to be effective
at removing homodimers consisting of scFv segments [60].
In order to overcome LC mispairing, the use of sequential
affinity chromatography has been demonstrated to be
effective for bsAbs that have been coexpressed with two
different LCs—X and A, where the CaptureSelect I[gG-CH1
affinity resin was first employed to capture the antibodies,
allowing contaminants and free LCs to flow through,
followed by KappaSelect affinity resin, which removes A-
only containing antibodies and finally LambdaFabSelect
affinity resin to remove K-only containing antibodies [61].
Such sequential affinity chromatography has also been
explored through the raising of a panel of camelid anti-
idiotypic single-domain Ab fragments (VHH) that bind
specifically to the correct HC/LC pairing of each arm. By
coupling the respective VHHs to NHS-sepharose beads,
the dual anti-idiotypic purification process was reported
to be able to remove mispaired HC/LC products [66]. In
a separate study [63], the use of controlled conductivity at
low pH, as demonstrated by varying NaCl concentrations,
in Protein L chromatography has also been reported to be
able to separate different antibody formats via their binding
valency.

Removal of aggregates Although the bsAb aggregates
have proven to be challenging to remove effectively using
conventional methods such as Protein A affinity chro-
matography [14, 26], we [62] and others [63] have recently
found that Protein L affinity chromatography holds great
promise in bsAb aggregate removal with the addition of
salt additives. In particular, using an additive of Arg-HCl in
the elution buffer at pH3.0, we reported that the aggregate
amount can be reduced from 66.5% in the cell culture
supernatant to 7.1% after Protein L affinity chromatogra-
phy, with 81.3% recovery at a 10mg/mL load. Interestingly,
we found that this occurs via a preferential strengthen-
ing effect of aggregate—Protein L interaction compared
with the monomer—Protein L interaction, which is different
from the widely reported chaotropic effect exerted by salt
additives in Protein A chromatography [62].

Charge-based purification

Charge-based purification is frequently employed in the
form of ion exchange chromatography as polishing steps
[14, 18, 19, 23, 26, 52, 67, 68], and to a less extent as first
capture steps [24, 54] (Table 2). As a loading pH of 1-3units
away from the isoelectric point of the target molecule is
typically recommended for the use of ion exchange resins
in the bind and elute mode, it is important to consider the
isoelectric point (pl) of the target molecule before select-
ing the appropriate buffer pH due to the potentially huge
variability of pl across different bsAb formats. bsAbs engi-
neered to contain T cell receptor (TCR) constant regions,
for instance, have relatively low pls (6.1-6.5) [26], and this
is further reflected by the wide range of pH employed in
the EQ buffer between pH5.0-8.1 and pH7.0-9.0 for cation
exchange (CEX) and anion exchange, respectively, as shown
in Table 2. In comparison with mAbs, multiple peaks may

be observed for bsAbs in the elution profile, which is typi-
cally obtained using increasing salt concentrations of up to
0.5M Nac(l either in a step wise or gradient fashion, which
may not correspond to aggregates or fragments; instead it
may be a result of the multiple domain structure as well
as the introduction of flexible linkers present in many of
the bsAb formats that can lead to the capture of different
conformational states [67]. Interestingly, while most of the
methods employ an increasing salt concentration to elute
the target and separate impurities (Table 2) and a pl dif-
ference of at least 0.5 between species is generally necessary
for ion exchange chromatography [69], it has been proposed
that a highly linear pH gradient, achieved through the
use of precise buffering solutions, is particularly useful in
separating common LC bsAbs with differences in pl as
little as 0.1 and differing in their sequence by only a single
charged amino acid [68]. The utilization of ion exchange
chromatography for the removal of mispaired products and
fragments [24, 26, 69—72] are discussed below.

Removal of mispaired products.  Ion exchange chro-
matography has been reported to be able to separate
homodimeric byproducts from target bsAbs through the
introduction of mutations and/or by substituting certain
regions of a mAb with that of a different subclass so
as to increase their differences in pI [69, 70]. Non-TCR-
containing homodimeric byproducts, for instance, could be
separated from the target bsAbs engineered to contain TCR
constant regions in this manner as the latter tend to possess
lower pls of 6.1-6.5 [26]. Interestingly, using strong CEX
resin, it has been demonstrated [71] that an alkaline pH near
the pl of a scFv-IgG bsAb (pHS.1) increases the separation
resolution between the bsAb and diabody-IgG mispaired
product, which is a significant (>12%) byproduct in the
generation of scFv-IgG due to mis-formed disulfide bonds.
The enhanced separation resolution, which was attributed
to the minimization of the protein net charge, therefore
allowing the resin to better exploit subtle conformational
or charge differences within the scFv domain resulting from
the mis-formed disulfide bond, was demonstrated on both
SP Sepharose HP and POROS HS50 resins.

Removal of fragments. ~ CEX chromatography has also
been reported to be effective for the removal of ¥, antibodies
through the use of a linear pH gradient with polyethylene
glycol (PEG) in the mobile phase [72]. Fragments in the
form of undesired diabodies, which have been reported to
be expressed at levels up to 17% during the generation of
symmetric bsAbs upon the dimerization of scFvs in a man-
ner such that the variable domains pair with complemen-
tary domains of the other chain instead of the same chain,
have been demonstrated to be reduced to <1% using CEX
chromatography (salt gradient elution using 20mM bicine,
pHS8.1, 10-90mM NaCl over 20 column volume (CV)), as
compared with <5% using Protein A chromatography (pH
gradient elution from pH6.8 to pH2.5) [24].

Size-based purification

Size exclusion chromatography (SEC) is a frequently
employed polishing method [18, 27-29, 49-54, 58, 73]
that provides separation based on the hydrodynamic



radius, although the use of SEC is mostly limited to
purification processes at the laboratory scale due to
scalability issues. Phosphate-buffered saline (PBS) at
physiological pH appears to be a commonly used size
exclusion buffer (Table 2), with the retention times and
separation resolution between the target and impurities
dependent on the differences between their molecular
weights and thus hydrodynamic radius. Surprisingly, it was
observed that bsAbs can be separated from their parental
antibodies using the Zenix SEC-300 columns, despite
similarities in their hydrodynamic radii [73]; although the
exact mechanism is unclear, it is likely to involve weak
hydrophobic interactions in addition to size exclusion as
the silica beads are coated with a proprietary chemically
bonded stand-up monolayer. It should also be noted that
besides purification purposes, size-based methods such as
SEC is also commonly used for the analytical characteri-
zation of bsAb purity, providing valuable information on
the presence of mispaired species, aggregates and truncated
variants.

An alternative scalable size-based purification method is
that of tangential flow filtration (TFF). High-performance
TFF, which separates the target from impurities based on
the sieving rates, was recently reported using a single-stage
system consisting of a 50cm? C-screen regenerated cellulose
Pellicon XL cassette with a 300kDa molecular weight cut-
off [14]. Although this process provided good bsAb aggre-
gate removal, it comes with additional challenges includ-
ing large final product volumes as well as requiring large
membrane areas, diafiltration buffers and long processing
times.

Hydrophobicity-based purification

Hydrophobic interaction chromatography (HIC) pro-
vides separation based on the overall differences in
hydrophobicity of the product versus impurities, where a
kosmotropic salt such as ammonium sulfate is typically
used at high concentrations during the loading step to
facilitate reversible interaction between the surface-exposed
non-polar residues on the bsAb to the resin, with elution
performed at lower salt concentration (Table 2) [74-77].
HIC has been proposed in some cases to be able to separate
homodimeric mispaired byproducts from the desired
asymmetric bsAb product [76, 77]. Interestingly, a study
of the chromatographic behavior of certain bsAbs on HIC
revealed a multiple-peak elution behavior corresponding
to different binding states on the chromatographic surface,
with longer holding times enriching the late eluting
peak and longer residence times and higher operating
temperatures reducing the resolution of the peak elution
profiles, indicating that the conformational changes occur
on comparable time scales as that of the chromatographic
separation [74]. It has also been reported that employing
too high salt concentrations may lead to the formation
of irreversible hydrophobic interactions between the resin
and target, resulting in overall low yields [76]. In order
to overcome potential difficulties in eluting hydrophobic
proteins from the resin, mobile phase additives of up to 5%
hexylene glycol and 1M arginine have been proposed to be
effective in facilitating bsAb elution [75].
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As an alternative to hydrophobicity-based chromato-
graphic methods, the use of crowding agents or high salts
as a hydrophobicity-based precipitation method for bsAb
purification have also been employed as the first purifica-
tion step [58] or as a polishing step [14]. In cases where
bsAbs formed inclusion bodies, the purification process
begins with a series of wash steps, solubilization and refold-
ing steps [18, 19] (Table 2). Although this may be a multi-
step process in itself, an advantage of such treatment is that
an affinity chromatography step is usually subsequently
eliminated, as soluble host cell proteins and impurities will
be removed during the isolation of the inclusion bodies,
with further removal of insoluble impurities during the
wash, solubilization and refolding steps.

Mixed-mode-based purification

Through the combination and utilization of more than
one fundamental separation techniques, mixed-mode-
based purification methods demonstrate novel potential
to further enhance the purification capabilities of existing
purification platforms. Ceramic hydroxyapatite (CHT),
for instance, is a mixed-mode chromatography method
that provides separation based on CEX between the bsAb
surface amines and the negatively charged CHT resin
phosphate groups, as well as metal chelation between
the bsAb carboxyl groups to the positively charged CHT
resin calcium sites. As summarized in Table 2, EQ is
typically performed at near physiological pH in phosphate
buffer, with elution of bsAbs performed with increasing
concentrations of NaCl in EQ buffer [25, 30]. Other
examples of mixed-mode resins include Toyopearl MX-
Trp-650M, Capto adhere and Capto MMC, which are
multimodal ion exchange resins that provide additional
interactions such as hydrogen bonding and hydrophobic
interactions. The salt-tolerant nature of some of these
resins facilitates direct interfacing with post Protein A or
CEX eluate, therefore allowing for further streamlining of
the downstream process by obviating the need to remove
chaotropic salts from the process stream [11]. These mixed-
mode resins have been proposed to be able to remove
mispaired products, aggregates and fragments [11, 26, 30,
77, 78], details of which are discussed below.

Removal of mispaired products and fragments. ~ Toyopearl
MX-Trp 650M mixed-mode resin has been shown to allow
for the sequential separation of bsAbs containing both
K and A LCs from homodimers [77], with the K and A
LCs containing bsAbs eluting at 7SmM NaCl, whereas A
and K homodimers were present in the flow through or
eluted with 500mM NaCl, respectively. In addition, Capto
MMC ImpRes and Capto adhere ImpRes have also both
been proposed to be effective polishing steps [26, 78], with
Capto MMC ImpRes reported to be able to remove bsAb
products such as hole-hole homodimer and half antibodies
through the incorporation of additional pH and NaCl wash
steps; this, however, occurs at a compromise of yield, with a
reported yield of 40-50% at a load of 30mg/mL [78]. This,
along with the different combinations of salts and pH that
have been reported for elution [11, 26], suggest that the
careful optimization of conditions is of critical importance
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during the use of these mixed-mode resins in order to obtain
products of both high purity and yield.

The mixed-mode CHT chromatography was also shown
to be useful in separating ', and ¥, antibody fragments
from a range of bsAbs [30]. Using post Protein A eluate
containing ~76% of % antibody in one case (CrossMab epi-
dermal growth factor receptor (EGFR )-insulin-like growth
factor (IGRF)), ~16% of ¥, antibody format, 77% bsAbs
and~6% aggregates in a second case (KiH angiopoietin-
2 (Ang2)/vascular endothelial growth factor (VEGF)) and
25% Y, antibody, 57% bsAb, 14% high molecular weight
(HMW) species in a third case (KiH EGFR-IGFR), the
I, antibody fragments were observed to elute at a lower
NaCl concentration, with the target bsAbs eluting at higher
NaCl concentrations, yielding an overall purity of >80, >97
and~97%, respectively, for all three cases. Similarly, when
a post Protein A CrossMab Ang2/VEGF eluate containing
7.8% of ¥, antibody fragment and 85% bsAb was loaded
onto the CHT column, an enrichment of the ¥, antibody in
the side fractions of the elution peak was obtained with a
NaCl gradient, with one fraction containing 95% bsAb and
1.5% ¥, antibody and another fraction consisting of 78%
bsAb and 9.1% ¥, antibody.

Removal of aggregates.  For the separation of 5/4 anti-
bodies (antibodies with an extra LC), CHT has also been
proposed to be able to provide separation from the bsAb
target [30]. Using a post Protein A KiH TWEAK/IL17
eluate containing ~17% of 5/4 antibodies, the 5/4 antibod-
ies were observed to elute at higher salt concentrations,
whereas the bsAb eluted at lower salt concentrations.

CONCLUSION AND FUTURE OUTLOOK

The importance of obtaining a thorough understanding
of the current bsAb downstream purification methods for
the further development of optimal processes and novel
technologies that can lead to an overall improvement of
process productivity and product quality is accentuated
by the massive clinical potential of bsAbs. In comparison
with the substantial development in the area of upstream
processing such as cell-line engineering and cell culture con-
dition optimization, less has been reported in the develop-
ment of novel downstream purification methods for bsAbs.
As we have seen in this review, the wide variety of bsAb
formats, along with the myriad of bsAb-specific byproducts
generated, render it particularly challenging to develop
effective processes that give products of high purity and
yield within a limited number of purification steps.
Although Protein A and IMAC are the main affinity-
based purification methods employed for the purification
of bsAbs thus far, affinity chromatographic methods tar-
geting other regions of the bsAb, such as the K or A LCs,
present themselves as promising methods that may be uti-
lized for the purification of bsAbs with or without the Fc
region, with Protein L affinity chromatography in partic-
ular demonstrating superior aggregate removal properties.
Decades of Protein A affinity purification optimization
have led to the dramatic improvement in its performance
and decrease in the cost of resins, with recent advances

in fiber-based technology further pushing the limitations
of conventional resin purification methods [79], suggesting
that the optimization of other forms of affinity purification
that can overcome the specific challenges of bsAb purifica-
tion may prove fruitful in the future towards increasing the
overall productivity of bsAb purification.

Although purification modalities based on charge, size
and/or hydrophobicity are frequently used as polishing
methods, the use of these resins as capture steps for
the purification of bsAbs have been reported to a lesser
extent. Considering the fact that certain impurities such as
diabodies can be removed from target symmetric bsAbs
more effectively using CEX as compared with Protein
A, the potential use of the former for impurity removal
and as capture steps may be further investigated and
optimized, especially in combination with novel continuous
chromatographic technologies that can further improve the
separation resolution between bsAb targets and impurities
without compromising on product yield. Indeed, it has been
demonstrated that the use of a multicolumn countercurrent
solvent gradient purification resolved the conundrum of
a trade-off between yield and purity by recycling bsAb
target-containing side fractions to a separate column while
collecting the pure bsAb fraction [80]. The ability of mixed-
mode resins to provide enhanced separation resolution over
conventional methods also points towards the potential for
greater utilization of them in future process development
as well as encourages further development of other forms
of mixed-mode resins.

Finally, the inclusion of additives such as salts and crowd-
ing agents have proven to lead to the enhanced separation
of bsAbs from impurities in a wide variety of purification
methods and may in some cases alter the interactions of the
bsAbs with their respective ligands. As we have observed a
different mechanism for the enhanced aggregate—-monomer
separation in the presence of salt additives in Protein L
as compared with Protein A, it would be interesting to
investigate the effect of different additives in other purifi-
cation modalities as well so as to further exploit the dif-
ferent physicochemical properties and interactions between
bsAbs and ligands for improved purification results.
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