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Monoclonal antibodies 
(MAbs) are bivalent and 
monospecific, with two 
antigen-binding arms that 

both recognize the same epitope. 
Bispecific and multispecific 
antibodies, collectively referred to 
herein as bispecific antibodies (bsAbs), 
can have two or more antigen-binding 
sites, which are capable of recognizing 
and binding two r more unique 
epitopes. Based on their structure, 
bsAbs can be divided into two broad 
subgroups: IgG-like bsAbs and non–
IgG-like bsAbs. We have chosen to 
focus on the former in this review. 
Part one provides a pipeline update for 
IgG-like bsAbs; lists their general 
advantages and disadvantages 
compared with MAbs; and describes 
different formats, their structural 
characteristics, and how structural 
variations contribute to improved 
productivity (1). Here, part 2 goes into 
more detail describing how bsAbs are 
applied in medical research as well as 
basic upstream and downstream 
manufacturing considerations.

comParing BsaBs and 
monoclonal antiBodies

Like MAbs, IgG-like bsAbs can be 
used to deliver toxins, drugs, or 
radiolabeled compounds to inactivate 
ligands, to antagonize receptors, and 
to mediate antibody dependent cell-
mediated cytotoxicity (ADCC) or 
complement-mediated cytotoxicity 
(CMC). However, the dual specificity 
of bsAbs creates additional therapeutic 
options for treating diseases that do 
not respond sufficiently to 
monospecific MAbs. The box on the 
next page lists functionalities of 
IgG-like bispecific antibodies. 

Bispecifics can target similarly 
localized cell surface proteins and 
functionally crosslink them. Chugai 
Pharmaceutical’s ACE910, an IgG-
like bsAb that has completed clinical 
phase 1–2, was developed for 
treatment of hemophilia A. It has 
been shown to crosslink activated 
factor IX and factor X in vitro, thus 
mimicking the cofactor activity of 
factor VIII. Binding of the first 
antigen by a dual-armed IgG-like 
bsAb can increase the rate of the 
second antigen-binding event in a 
phenomenon known as cross-arm 
binding efficiency (2, 3). 

Many bsAbs are designed to 
“redirect” immune cells. This subset 
of bsAbs simultaneously binds an 
immune cell target-activating complex 
and a cancer cell surface antigen. For 
example, Fresenius Biotech/Trion 
Pharma’s catumaxomab (anti-EpCAM 
× anti-CD3) targets tumor cells 
expressing human epithelial cell 

adhesion molecule (EpCAM) and 
CD3+ T-effector cells (4). Many 
bsAbs use CD3 as a target for effector 
T-cell recruitment and activation, 
NKp46 or CD16 for NK cells (5), and 
CD64 for monocytes/macrophages (6). 
Activating isolated T-cells and NK 
cells before infusion with bsAbs can 
further increase target cell cytotoxicity 
(7).

T-cell activation through CD3-
binding can lead to anergy if 
costimulatory pathways are not also 
activated. That problem has been 
circumvented by engineering T-cells 
to express a chimeric receptor target 
that activates them independent of the 
major histocompatibilty complex 
(MHC). 

Note that a potential safety risk in 
activating immune-effectors with 
MAbs is the release of 
proinflammatory cytokines — and 
bsAbs are not exempt from this 
phenomenon. The response has been 
observed in several bsAb clinical 
trials: e.g., for ertumaxomab 
(intravenous administration of anti-
HER2 × anti-CD3 rat–mouse hybrid 
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bsAb) (8), catumaxomab 
(intraperitoneal administration of anti-
EpCAM × anti-CD3 rat–mouse 
hybrid bsAb) (9), and blinatomomab 
(intravenous administration of anti-
CD19 × anti-CD3 non–IgG-like 
bsAb, a T-cell engager) (10). 
Administration of fever reducers, 
antihistamines, or corticosteroids can 
mitigate this response, as can 
incremental increase in dosage (11, 12).

Administration of a bsAb designed 
to target a cancer-specific epitope and 
a peptide such as histamine-succinyl-
glycine (HSG) hapten–peptide can be 
used to increase the total delivered 
dose of radioimmunotherapeutics 
while reducing off-target effects (13–
16). Patients first are infused with 
these specially designed bsAbs to bind 
the cancer epitope. After a short delay 
for clearance of unbound excess bsAb, 
the patients then are infused with a 
radiolabeled HSG peptide. This can 
be used for molecular-imaging 
purposes or, depending on its number 
of HSG-binding domains, a bsAb can 
deliver a higher radiation dose to a 
tumor than can a directly labeled 
monoclonal Ab. Off-target damage is 
reduced significantly because 
nonbound radiolabeled peptide is 
cleared rapidly by a patient’s kidneys.

Bispecifics also can block multiple 
surface virulence factors present on 
infectious agents or their targets. For 
example, a dual variable domain 
(DVD)-bsAb currently being tested 
for treatment of dengue fever binds 
and blocks two surface epitopes 
involved in host-cell binding and 
endosomal translocation of the virus 
(17). With a similar mechanism, a 
different DVD-IgG bsAb slows the 
progression of Ebola by binding a 
glycoprotein on the viral surface. 
Upon entering an endosome, the 
bound bsAb also blocks viral 
interaction with NPC1 endosomal 
host-cell receptors, inhibiting release 
of viruses into the cell’s cytosol (18). 

Some bsAbs have been designed to 
translocate across the blood–brain 
barrier (BBB). Although the BBB can 
block penetration by even the smallest 
Fv and Fab fragments, researchers at 
Genentech have developed a knob-in-
hole (KiH)–based IgG-like bsAb that 
binds with low affinity to the 
transferrin receptor, allowing it to be 
transported across the barrier. The 
low affinity allows it to dissociate and 
bind a second target such as 
β-secretase 1, which is part of the 
metabolic pathway that produces 
amyloid proteins in human brains (19–
20). With the exception of lipid-
soluble small molecules or those 
capable of carrier-mediated transport, 
achieving similar concentrations of 
therapeutics in the brain previously 
has required complex or invasive 
techniques such as osmotic BBB 
modification or direct infusion into 
cerebrospinal f luid (21–23).

In addition to all those varied 
functions, bsAbs also can reduce 
development of resistance caused by 
upregulation of alternative signaling 
pathways. Bispecifics require no 
additional clinical testing to determine 
compatibility with additional MAbs if 
multispecific treatment is necessary. 
The design f lexibility of bsAbs opens 
up new therapeutic options that have 
been impossible with MAbs. 

igg-liKe BsaBs manuFacturing: 
uPstream Production

Producing structurally complex 
molecules at commercial scale always 
is difficult. As with MAbs, however, 

many pitfalls associated with IgG-like 
bsAb production can be prevented 
through careful consideration during 
the design phase. 

Design Considerations: We have 
shown that bsAb design formats can 
vary widely. However, the practical 
requirements of production scale-up 
create constraints in manufacturing 
some of these formats. In general, the 
more complex the molecular design, 
the less practical it will be for 
commercial production. Many of the 
IgG-like bsAb formats are designed to 
facilitate manufacturing and reduce 
the amount of mispaired molecules 
produced. During the product design 
phase, research teams must consult 
with their development colleagues to 
determine whether equipment 
required to produce their bsAb will be 
available at commercial scale — and 
whether the process can be performed 
at reasonable cost. Even the most 
promising therapeutic may not reach 
market if it cannot be manufactured.

Also, if a contract manufacturing 
organization (CMO) is to be a partner 
for clinical production, it will be 
important for the product sponsor to 
design (at bench scale) a process that 
will be easy to implement and transfer. 
A complex or esoteric process makes 
technology transfer difficult, and few 
CMOs will be competent to execute 
such a process. Demonstrated 
experience with bsAbs should be a 
major criterion for choosing a specific 
partner for outsourcing. 

Selection of Cell Lines: The choice of 
cell line to use for IgG-like bsAb 
production depends on each product’s 
unique physical characteristics. 
Commercial MAb production 
primarily begins with stably transfected 
mammalian cell lines such as Chinese 
hamster ovary (CHO) cells or the NS0 
and Sp2/0 murine lymphoid lines. 
Those cell lines can produce and 
secrete proteins with similar 
glycosylation to naturally occurring 
human immunoglobulins (24). 

The CHO line is the current 
workhorse of the therapeutic MAb 
industry, producing most MAbs that 
are currently on the market. Using 
state-of-the-art methods, CHO cells 
grown under appropriate culture 
conditions can express antibodies at 

Functions oF igg-liKe BsaBs

• Bind ligands and inhibit ligand–
receptor interaction.

• Bind cell-surface receptors and inhibit 
ligand binding.

• Bind a virulence factor and inhibit 
endocytosis or escape from endosome.

• Bind a cell surface receptor and 
activate or inactivate it.

• Crosslink cell-surface receptors to 
induce or inhibit intracellular signal 
transduction.

• Bind a cell-surface antigen and induce 
antibody-dependent cell-mediated 
cytotoxicity (ADCC) or complement-
mediated cytotoxicity (CMC) through 
Fc-domain interaction with effector cells 
and/or molecules.

• Bind immune-cell–activating surface 
(co)receptor and retarget it to cell-type 
expressing a specific surface antigen. 

• Deliver a covalently bound payload 
(e.g., cytotoxins, cytokines, enzymes, or 
drug-filled micelles/nanoparticles) to 
target cells. 
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>5 g/L. These cells have been used to 
produce Genentech’s CrossMAb 
bsAbs (25). In recent years, NS0 and 
Sp2/0 cell lines have been chosen less 
frequently than CHO because of 
potential product safety concerns: 
Both murine lines integrate glycans 
with higher immunogenic potential 
into proteins than do CHO cell lines 
(24, 26–28). 

Human-derived cell lines also are 
available for protein-based therapeutic 
production. Such cells do not 
incorporate immunogenic glycosylation 
structures; however, a major safety 
concern is susceptibility to adventitious 
and endogenous viruses. HEK293 and 
Cevec Pharmaceuticals’s CAP-T cells 
are two human lines that have been 
used early in bsAb development — e.g., 
of CrossMAb (Creative Biolabs), 
DuetMab (29, 30), and dual-action Fab 
(DAF) (31) formats — but they are best 
suited for transient expression. The Per.
C6 cell line could offer improved utility 
for commercial bsAb production; 
however, it is proprietary to Janssen 
Pharmaceuticals and is no longer 
accessible for general use (32, 33).

Microbial cells such as Pichia pastoris 
(34, 35) and Escherichia coli have been 
used to generate Ab fragments, half-
Abs, non–IgG-like bsAbs, and MAbs 
and can be used to create IgG-like 
bsAbs that lack glycosylation. E. coli is 
used mainly in production of non–IgG-
like bsAbs or IgG-like bsAbs used for 
epitope neutralization (for which 
effector functions are not required). E. 
coli can produce aglycosylated IgG 
heavy chains and light chains identical 
to the glycosylated forms in antigen-
binding affinity, stability, 
pharmacokinetics, and biodistribution. 
But production in microbial cells can be 
hampered by their lack of protein-
folding chaperones, making protein 
aggregation with sequestration of 
product in inclusion bodies a common 
issue (36–38). Spiess et al. generated 
human IgG1-based KiH bsAbs by 
producing half-Abs in two separate 
E. coli cultures, then purifying and 
combining them subject to the 
appropriate redox conditions to 
assemble the final bsAbs (39).

Cell-free expression systems based 
on purified E. coli cellular components 

also have been used to produce 
aglycosylated MAbs. Such systems 
avoid some complications otherwise 
associated with whole-cell E. coli–
based production — e.g., sequestration 
of product in inclusion bodies and 
production of endotoxin  (40, 41). It 
may be possible to incorporate 
glycosylation pathway enzymes into 
cell-free translation systems to produce 
glycoproteins, but doing so has yet to 
be assessed (42). 

Production Bioreactor and Harvest: 
Despite best molecular design efforts 
to promote correct chain pairing, side 
products are still produced: e.g., 
covalent and noncovalent aggregates, 
mispaired product, partial product, 
and other variants. Because they can 
affect final-product efficacy and 
safety, those side products should be 
removed. Certain approaches during 
vector design, cell-line development, 
and cell culture production phases can 
limit the presence of side products and 
significantly reduce their burden on 
downstream processing. 

With bsAbs, it is advisable to 
express heavy chains (HC) and light 
chains (LC) on separate plasmids 
because optimizing the plasmid ratio 
during transfection can be the single 
most important factor to promote 
proper assembly of desired products. 
Other upstream factors that can 
influence product quality are 
bioreactor type and culture mode (e.g., 
perfusion or fed-batch), culture 
duration, supply of metabolic 
precursors, accumulation of metabolic 
waste products, concentration of gases, 

and culture temperature. Developers 
can monitor the formation of 
aggregates, noncovalent misformed 
and partial products, and fragments 
using size-exclusion high-performance 
liquid chromatography (SE-HPLC). 

Monitoring to Understand the 
Process: Many of the IgG-like bsAbs 
have complex oligomeric structures 
and are prone to misassembly. So it is 
important to ensure that aggregation 
and misformed products be identified 
and monitored throughout the 
production process. Haberger et al. 
developed a method to identify size 
variants accurately during CrossMAb 
production. After first identifying the 
fragment and aggregate variations 
present in their samples using native 
electrospray ionization mass 
spectrometry (ESI-MS), the 
investigators coupled a size-exclusion–
based ultrahigh-pressure liquid 
chromatography (SEC-UPLC) with 
UV detection method to the native 
ESI-MS for monitoring alternate size 
variants during upstream and 
downstream processing (44). That 
methodology can be applied at both 
early and later process stages for other 
complex bsAbs.

Optimization of Culture Conditions: 
As with MAbs, cultured cells 
producing high quantities of bsAbs 
will have changing metabolic needs 
during culture. Assessing their 
metabolism by measuring consumption 
of media components over the culture 
duration is an excellent way to guide 
timing and composition of feeds. In 
CHO cell cultures, for example, amino 
acids such as cysteine and serine can 
become rate limiting for production of 
glutathione (44). Medium additives 
with limited stability can be replaced 
with more stable precursors such as 
N-acetyl-l-cysteine or S-sulfo-l-
cysteine for cysteine (45) and alanyl-l-
glutamine or glycyl-l-glutamine for 
glutamine. Lipoic acid can become rate 
limiting for vitamin C (ascorbate) and 
E (tocopherol) cycling. One or a 
combination of those could be added 
as supplements to reduce cell stress in 
production. 

Medium composition also can 
influence product quality. Purdie et al. 
from Eli Lilly identified medium 

Many IgG-like bsAbs 
have complex 
oligomeric structures 
and are prone to 
misassembly. It is 
important throughout 
production to identify 
and monitor 
aggregation and  
MISFORMED 
PRODUCTS.



components — cysteine and ferric 
ammonium citrate — as contributors 
to aggregate formation in their culture 
system, prompting the team to refine 
their use of a chemically defined 
medium and supplements (46). Luo et 
al. from Genentech found that metal 
ions of copper and zinc in the medium 
can increase variability in C-terminal 
lysine through effects on CHO 
intracellular carboxypeptidase activity 
(47). Monitoring those medium 
components and elements during 
development could help in controlling 
partial product, aggregate, or product 
variant levels in harvested material. 

Culture Duration: Stability of a 
bsAb product in culture can vary and 
will affect the type of cell culture 
process to be used. If a bsAb (or 
product intermediate) is not stable for 
the basic 14-day fed-batch culture, 
then switching from fed-batch to a 
perfusion mode may be necessary. 
Perfusion culture systems regularly 
remove product with spent media, 
limiting exposure to cell waste 
products that accelerate degradation. 

That way, bsAbs are harvested and 
purified more quickly, which is helpful 
for unstable products.

BsaBs manuFacturing: 
doWnstream 
The platform downstream processes 
commonly used for MAbs today 
depends on three biophysical 
characteristics: Fc-enabled capture 
using a protein A affinity 
chromatography column, stability at 
low pH (for protein A column elution 
and viral inactivation), and a basic pI 
(>7) to enable efficient removal of 
impurities (including host cell 
proteins, DNA, and endotoxin) using 
ion-exchange chromatography (IEC). 
In IgG-like bsAbs, those three 
characteristics generally are retained. 
However, product-related impurities 
are a more significant issue, and 
downstream operations may be less 
consistent in separating bsAbs from 
partial products and mispaired species. 

Product Capture: The primary 
method of capture for Fc-containing 
MAbs and bsAbs (with the exception 

of IgG3) is protein A affinity 
chromatography. The high specificity 
and affinity at neutral pH of protein 
A for residues in the Fc domain can be 
used to isolate these products directly 
from clarified harvest, removing most 
host-cell proteins (HCPs) and residual 
DNA. In high-density cultures, HCPs 
may bind nonspecifically to product or 
resin, but a wash step after binding (or 
pretreatment of clarified harvest) can 
eliminate that problem. 

Altered Protein A Binding Affinity: 
In Part 1, we discussed bsAb formats 
that used protein engineering 
methods such as protein A binding 
ablation in one of two HCs to shift 
the elution pH of a correctly paired 
product for improved capture 
selectivity, reducing the burden on 
subsequent polishing steps. Rat/
mouse hybrid bsAbs such as 
catumaxomab use innate differences 
in protein A binding of rat and 
mouse HCs: Rat-derived Fc domains 
cannot bind to it, whereas mouse-
derived HCs have a strong affinity 
for protein A. So the rat parental Ab 
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is not retained by a protein A column, 
the rat/mouse bsAb can be eluted 
from it at a pH of ~5.8, and the 
mouse parental elutes at a pH of ~3.0 
(4, 48). 

Modifications to protein A binding 
also can be engineered into one of the 
two HC CH3 domains, as shown by 
Tustian et al (49). These investigators 
exploited a histidine residue in the 

CH3 domain of IgG1 that is critical 
for protein A binding. Replacing that 
residue at position 435 with arginine 
in one of the two heavy chains 
(H435R) alters the elution pH of HC 

Figure 1: Quantitation of mispaired light chains — even with engineered modifications to direct correct chain pairings, mispaired light chains are 
difficult to eliminate entirely. Quantifying their abundance in a mixture can be difficult, especially for isobars (mispaired products of molecular weight 
identical to that of the desired product). Here, the desired product is H1L1/H2L2 (red box). Lysyl-C digestion releases Fab fragments from all 
assembled forms, which then can be isolated and analyzed. With relative quantities of mispaired nonisobars (H1L1/H2L1 and H1L2/H2L2) measured 
using LC/MS, the isobar percentage (H1L2/H2L1) can be calculated. Thus, components of the Fab mixture can be used to calculate the abundance of 
correct LC-paired product. 
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heterodimers in relation to that of 
homodimers (49). The arginine 
residue at position 435 occurs in the 
IgG3 subclass that cannot bind to 
protein A, making this amino acid 
replacement nonimmunogenic.

High-Capacity Cation-Exchange 
Chromatography: High-capacity 
cation-exchange chromatography 
(HC-CEX) can be a cost-effective 
alternative for capture of bsAbs that 
cannot tolerate the acidic elution 
conditions required for protein A 
affinity–based capture. CEX is most 
often used as a polishing step because 
of its conductivity limitations; 
however, increased salt tolerance and 
binding capacity in newly developed 
CEX resins make this method a 
viable alternative for capture of both 
MAbs and bsAbs. 

CEX has been tested as a capture 
method for MAbs with a pI range of 
6.5–8.7, and product yield was high 
(dynamic binding capacities of >100 
grams of protein per liter of resin) 
depending on the resin used and the 
characteristics of the MAb. Both 
Capto S (GE Healthcare) and 

Toyopearl GigaCap S-650M (Tosoh 
Bioscience) resins have been tested as 
capture methods for MAbs, and both 
can be scaled-up. However, as noted 
above, HCP clearance efficiency in 
CEX depends on the productt’s pI (50–
52).

Additional Capture Steps for 
Product Selection: Kappa (κ) and 
lambda (λ) light-chain bsAbs require 
three sequential affinity 
chromatography methods in their 
downstream processes to select for the 
correct HC–LC pairing. Starting 
with a protein A affinity method to 
capture HC-containing structures, 
sequential κ and λ affinity 
chromatography steps then select for 
structures containing those light 
chains. These combined affinity 
methods are efficient in removing 
most mispairs; they cannot remove 
product isobars (Figure 1: H1L2/
H2L1). 

Low pH Instability — Effect on 
Protein A Elution and Low pH Hold for 
Viral Inactivation: Bispecifics are 
prone to aggregation. Three major 
factors contributing to protein 

aggregation are salting out, isoelectric 
precipitation, and acid sensitivity. 
Some bsAbs may not withstand the 
low pH required for protein A capture 
and viral inactivation. 

For those that are sensitive to the 
protein A elution condition, a change 
of elution buffer (to citrate, acetate, or 
succinate) could improve product 
stability, as might adding a stabilizing 
excipient such as arginine (0.5–2 M), 
NaCl (>1 M), or glycerol (20%) to the 
elution buffer (53). Keep in mind that 
such modified elution conditions may 
affect viral inactivation. 

Alternatives to low pH hold are 
available for viral inactivation. Solvent 
detergent treatment using 0.15% tri-
N-butyl phosphate (TnBP)/0.5% 
Triton X-100 has been demonstrated 
as effective against a range of 
enveloped viruses, even at 4 °C (54). 
The fatty acid caprylate also can be 
effective for virus inactivation (55).

Product Polishing: Protein A and 
CEX capture methods are effective for 
reducing nonproduct (process-related) 
impurities, but product-related 
impurities (e.g., mispaired products, 
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fragments, and aggregates) contained 
in postcapture bsAb mixtures must 
be removed by polishing steps. Such 
operations should be tailored to each 
bsAb and the specific product-
related impurities that will be 
present with it. Many bench-scale 
processes involve SEC, but this 
mode of chromatography is difficult 
to scale and cannot remove 
mispaired products.

The most difficult type of 
mispaired product to remove is an 
“isobar”— a molecule with the same 
mass as correctly paired products but 
including mispaired LCs. Isobars 
can be minimized by producing half 
Abs in separate cell lines, then 
combining them under the 
appropriate redox conditions. But in 
bsAbs produced in a single host-cell 
line, lysyl endopeptidase digestion 
combined with LC-MS can be used 
to identify and quantify LC mispairs 
(Figure 1), including product isobars 
(56). Although they are of similar 
mass as that of the desired product, 
isobars may have subtle 
physicochemical differences that can 
be exploited using cation-exchange 
(CEX), anion-exchange (AEC), or 
hydrophobic interaction 
chromatography (HIC). Liu et al. 
detail how to use these tools for 
MAb purification (56).

variation and versatility

Bispecific antibodies represent an 
exciting new drug class that is 
expanding the clinical use of MAbs. 
Advancements in genetic engineering 
and mastery of large-scale MAb 
production have given this field a 
secure foundation on which to build 
for the future. The ability to bind two 
or more unique epitopes gives bsAbs 
greater versatility than MAbs in their 
ability to 

• target multiple pathways
• block multiple virulence factors
• crosslink cell surface receptors
• pretarget oncological epitope-

containing cell types
• deliver payloads with reduced off-

target damage
• redirect FcR and non-FcR 

expressing immune cells to kill target 
cells. 

Although bsAb manufacturing can 
be complex because of the range and 
variety of product-related impurities 
that can be present, the impact of 
those complications can be minimized 
if such issues are considered early in 
development. 
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