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B ispecific antibodies (BsAbs) are 
designed to recognize and bind 
two different antigens, in many 
cases for the purpose of immune 

effector-cell activation to destroy cancer 
cells (1). Such BsAbs mediate cell killing 
by binding simultaneously to an antigen 
that is overexpressed on tumor cells and 
to the CD3 receptor, activating cytotoxic 
T lymphocytes (2). Using proprietary 
UniRat human heavy-chain technology 
combined with OmniFlic human fixed–
light-chain antibody technology 
licensed from Ligand Pharmaceuticals, 
Teneobio has produced several BsAbs, 

each targeting a different tumor antigen 
and CD3 (3). 

The lead molecules are composed of 
three chains: two nonidentical human 
heavy chains and a human kappa light 
chain. One heavy chain is full length 
(OmniFlic derived) and the other — 
discovered in UniRat transgenic rats (4) 
— is truncated, lacking the CH1 

domain. The human kappa light chain 
is bound to the full-length heavy chain. 
Correct pairing of heavy chains is 
achieved through knobs-into-holes 
technology. It relies on noncovalent 
interactions, the result of 
complementary mutations in the CH3 
domains (5) and hinge-region disulfide 
bonds, to form heterodimers (6).

Figure 1: Variant forms of BsAb CD3-TAA–expressed products; the CD3-TAA 
heterodimer (containing one light (L) and two heavy (H) chains) is the active form. Other 
forms include the TAA homodimer, CD3 homodimer, half-antibody, and L chain, all of 
which are inactive. Aggregated forms of product also are present. Note that only the full-
length anti-CD3 human heavy chain has a CH1 domain, and the anti-CD3 human heavy 
chain is present in only two forms: the CD3-TAA heterodimer and CD3 homodimer. 
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The number of BsAbs in clinical 
testing is growing rapidly (7), and so is 
the need for efficient production and 
purification strategies. The main 
challenge of producing BsAbs comes 
with their heterogenous nature. It 
brings an inherent potential to form 
inactive product variants that copurify 
with active products. That makes 
purification critical. Figure 1 illustrates 
the variants of BsAb CD3-TAA–
expressed products. The predominant 
active form is a heterodimer (BsAb CD3-
TAA); however, numerous inactive 
forms consisting of CD3 and TAA 
homodimers, half-antibodies, and 
excess light chains can contaminate 
expressed product.

The common method for purifying 
monoclonal antibodies (MAbs) and 
BsAbs following harvest and 
clarification uses affinity capture with a 
commercially available protein A resin. 
Although used for bulk capture and 
high-resolution binding of antibody 
products, the method can be 
challenging with BsAbs because of the 
multiplicity of structures. Teneobio 
faced two potential issues when 
considering protein A as the method of 
capture: First, all variants containing 
intact Fc domains (BsAb CD3-TAA, CD3 
homodimer, and TAA homodimer) would 
copurify. Second, the low-pH condition 
required for elution from protein A 
potentially causes aggregation of both 
active and inactive BsAb product 
variants (8).

Methods to reduce the risk of 
aggregation during protein A 
chromatography have been discussed 

elsewhere. Most studies have focused on 
moderating the pH needed for elution. 
For example, 2 M arginine at pH 4.3 has 
been used to elute human human 
immunoglobulin G (IgG) 1 from protein 
A under relatively mild conditions (9). 
An alternative approach makes use of 
novel ligands for affinity capture. A 
purification matrix based on the ZCa 
protein A–derived domain displays 
calcium-dependent binding of IgG and 
elution under mild conditions (10).

We investigated using commercially 
available CaptureSelect CH1-XL affinity 
resin from Thermo Fisher Scientific for 
purification of BsAb CD3-TAA. The resin 
is based on a 13-kDa llama VHH 
antibody fragment immobilized on 
epoxide-activated agarose (65 µm) that 
binds specifically to the CH1 domain of 
IgG heavy chain. Originally developed 
for purifying human Fab fragments (11–
13), the ligand does not bind to often-
overexpressed light chains and light-
chain dimers, it recognizes all four 
human IgG subclasses, and it elutes 
under mild conditions. Although this 
resin was not marketed initially for 
purification of BsAbs, we noted that its 
selectivity for human antibodies and 
derivatives containing the CH1 domain 
makes it potentially well suited to the 
purification challenges of BsAb CD3-
TAA. CaptureSelect CH1-XL resin binds 
preferentially to the heterodimeric BsAb 
CD3-TAA product and its CD3 
homodimer, but not to the TAA 
homodimer, making it a particularly 
good choice for our application.

Presence of the CD3 homodimer 
constitutes a safety risk from potential 

nonspecific activation of T cells in vivo 
(14). Further, because CD3 homodimer 
contains CH1 domain, similarity with 
the BsAb makes it difficult to remove 
the homodimer during purification. 
Therefore, we sought to minimize 
production of the knob–knob CD3 
homodimer during expression. To 
achieve that, we constructed each 
individual gene on a separate plasmid. 
Then we tested different plasmid ratios 
to optimize relative polypeptide chain 
expression and found that excess 
TAA-Fc plasmid DNA is required over 
CD3-encoding plasmid. With that 
approach, we optimized harvest 
compositions to contain <5% of the 
undesired CD3 homodimer while 
maintaining high titers of BsAb. 

The TAA homodimer is the second 
most prominent molecular species. The 
unique selectivity of CaptureSelect 
CH1-XL resin also enables efficient 
removal of this homodimer, which lacks 
a CH1 domain, while capturing the 
desired heterodimer BsAb CD3-TAA.

Materials and Methods
Materials: All ultrapure and reagent-
grade chemicals came from commercial 

Figure 2a: Comparing BsAb CD3-TAA and homodimers; SEC-HPLC of active heterodimer 
BsAb CD3-TAA and CD3 homodimer (similar variants, with the CD3 homodimer appearing 
to be slightly larger in size)
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Figure 2b: Comparing BsAb CD3-TAA 
and homodimers; IEF of CD3 homodimer 
(lane 2, pI 7.6–8.0), BsAb CD3-TAA 
heterodimer (lane 3, pI 7.4–7.6), and TAA 
homodimer (lane 4, pI 6.2–6.9); pI 
markers are in lane 1.
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sources. In-house BsAb CD3-TAA was 
expressed by Chinese hamster ovary 
(CHO) cells. Harvested cell culture fluid 
(HCCF) was the feedstock for these 
purification experiments.

BsAb CD3-TAA Affinity Purification: 
Purification of BsAb CD3-TAA using 
MabSelect SuRe XL resin (Cytiva, 
formerly GE Healthcare) was performed 
according to the manufacturer’s 
protocol. Briefly, 50 mL of HCCF were 
loaded onto a 1-mL MabSelect Sure XL 
HiTrap column (7 × 25 mm) equilibrated 
in 50 mM Tris at pH 7.0. After loading, 
the column was washed with 
equilibration buffer, then bound product 
was eluted with 25 mM citric acid at pH 
3.6. Eluted pools were neutralized using 
1 M Tris at pH 9.0.

For CaptureSelect CH1-XL affinity 
chromatography, 50 mL of HCCF were 
loaded onto a 9-mL CaptureSelect 
CH1-XL column (16 × 45 mm) 
equilibrated in 50 mM Tris buffer at pH 
7.0. After loading, the column was 
washed with 50 mM Tris and 0.5 M 

NaCl at pH 7.0. Bound product was 
eluted with 50 mM acetic acid, 10% 
glycerol, and 10% sucrose at pH 4.0. 
Eluted pools were neutralized using 1 M 
Tris at pH 9.0.

Size-Exclusion Chromatography: To 
determine purity of the BsAb mixture, an 
UltiMate 3000 ultrahigh-pressure liquid 
chromatograph (UHPLC) from Thermo 
Fisher with a TSKgel UP-SW3000 column 
(Tosoh Bioscience) was used to perform 
size-exclusion chromatography. The 
mobile phase was 100 mM sodium 
citrate, 500 mM NaCl, and 200 mM 
l-arginine at pH 6.2. The column was 
equilibrated with that mobile phase and 
checked for a stable baseline. Flow rate 
was set at 0.25 mL/min in isocratic 
mode, with an injection amount of 50 µg 
and a run time of 10 minutes. Detector 
wavelengths were set at 280 nm and 
220 nm. Purified BsAb CD3-TAA was 
used as a reference standard.

Isoelectric Focusing (IEF): To 
characterize variants by charge, we ran 
a pH 3-10 IEF gel (Thermo Fisher 

Scientific), having used IEF markers 
3–10 from SERVA to calibrate the gel. A 
pH gradient was developed using the 
following protocol: 

• 1 hour, 100 V, 18 mA, 2 W
• 1 hour, 200 V, 18 mA, 3.5 W
• 0.5 hour, 500 V, 18 mA, 9 W. 
IEF bands were visualized using 

InstantBlue stain from Expedeon.
Sodium Dodecyl-Sulfate 

Polyacrylamide Gel Electrophoresis (SDS-
PAGE): We investigated the purity of our 
BsAb samples using an X-Cell SureLock 
Mini-Cell system with NuPage 4–12% 
Bis Tris gels in Invitrogen MES SDS 
running buffer (Thermo Fisher 
Scientific). Samples were treated with 
βME and 4× SDS sample buffer (also 
Invitrogen) then heated before being 
loaded (2 µg/lane). Gels were run at a 
constant 200 V for 35 minutes, then 
stained for 10–30 minutes using 
InstantBlue gel stain (Expedeon) and 
destained for a total of 20 minutes with 
deionized water. We imaged the gels 
using the GelDoc system (Bio-Rad 
Laboratories) and compared sample 
sizes using PageRuler prestained 
standard (Thermo Fisher Scientific).

Results
Isoelectric focusing and size- 
exclusion high-performance liquid 
chromatography (SEC-HPLC) were used 
for initial characterization of the BsAb 
mixture. We found that the active 
heterodimer of BsAb CD3-TAA is similar 
in size to both the inactive CD3 (Figure 
2a) and TAA (data not shown) 
homodimers. Although the sizes of these 
three oligomers are similar, they do 
have distinctly different isoelectric 
points (pIs) (Figure 2b).

In our first attempts to capture and 
purify BsAb CD3-TAA, we used 
commercially available protein A resin. 
However, the pH sensitivity of BsAb 
CD3-TAA created challenges using the 
acidic conditions required for efficient 
elution from protein A (pH <3.6). Figure 
3, top shows an elution profile at pH 3.6 
of BsAb CD3-TAA after protein A capture. 
That elution was efficient. However, the 
elution peak collected and analyzed 
(Figure 3, bottom) by SEC-HPLC shows 
that eluted product is significantly 
aggregated. As expected, because all 
three variants contain intact Fc 

Figure 3: BsAb CD3-TAA aggregates following elution from MabSelect Sure XL protein A 
resin; (top) chromatogram of BsAb CD3-TAA purified from harvested cell culture fluid 
(HCCF) on protein A and eluted at pH 3.6; (bottom) analysis by SEC-HPLC of the protein A 
elution peak. The major peak (~14 minutes) represents monomer IgG (72%); earlier eluting 
peaks (~10–12 minutes) represent high–molecular-weight (HMW) aggregated forms (28%).
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domains, the homodimer variants 
copurify with BsAb CD3-TAA (data not 
shown). We attempted to elute the 
product from protein A using milder 
conditions, but those attempts had 
limited success due to incomplete 
product recovery (data not shown).

To address the shortcomings of 
protein A for this application, we 
identified and tested an affinity medium 
with a different ligand and unique 
purification properties. CaptureSelect 
CH1-XL resin binds to the CH1 domain of 
human IgG with a nanobody ligand that 
is unrelated to Staphyloccocus aureus 
protein A. The resin is designed to bind 
tightly to human IgG (with low 
nanomolar affinity) at neutral pH. 
However, that affinity is reduced at 
mildly acidic pH, enabling elution under 
less acidic conditions than protein A 
requires. Given the aggregation issues 
that we faced when using the harsh 
elution condition required for protein A, 
we tested elution of BsAb CD3-TAA from 
CaptureSelect CH1-XL resin in 50 mM 
acetic acid, 10% glycerol, and 10% 
sucrose at pH 4 and found that it 
provided for efficient elution in two 
column volumes (Figure 4, left). To 
determine the extent of aggregation, we 
analyzed the BsAb CD3-TAA eluate with 
SEC-HPLC (Figure 4, right). Monomeric 
BsAb CD3-TAA and high–molecular-
weight (HMW) peaks were determined to 
be 98% and 2%, respectively, showing 
reduced aggregation compared with 
material eluted from protein A.

In addition to the potential for milder 
elution conditions, CaptureSelect CH1-XL 
resin also provides excellent selectivity 
for our BsAb application. By contrast 
with protein A, which captures all 
Fc-containing molecular variants, this 

resin captures only CH1-domain–
containing variants (BsAb CD3-TAA and 
CD3 homodimer). The TAA homodimer 
lacking a CH1 domain is expected to 
flow through the column. During 
purification development, we confirmed 
that higher product purity could be 
achieved using this resin. Figure 5 
compares a stained SDS-PAGE gel that 
compares the results of protein A (lanes 
1–3) and CaptureSelect CH1-XL (lanes 
4–6) capture. The elution pool derived 
from protein A (lane 3) contains both 
BsAb CD3-TAA and TAA homodimer. By 
contrast, we achieved high purity of 
BsAb CD3-TAA in the CaptureSelect CH1-
XL pool (lane 6), with both homodimers 
clearly present in the column flow-
through fraction (lane 5).

We also measured the dynamic 
binding capacity (DBC) of BsAb CD3-TAA 
on CaptureSelect CH1-XL resin by 
loading 1-mL CaptureSelect CH1-XL 
columns (0.7 × 2.5 cm) with purified 
BsAb CD3-TAA (5 mg/mL) at each of four 
flow rates to achieve residence times of 
one, two, four, and eight minutes. 
Column eluate was detected using 
optical density (OD) of 280 nm to 
measure 10% breakthrough. In 
agreement with the manufacturer’s 
recommendation, we determined that 
the DBC increased directly with 
residence time. Maximum DBC (20 mg/
mL of BsAb) is reached at four minutes 
(data not shown).

Based on the superior performance 
of CaptureSelect CH1-XL resin for 
capture of BsAb CD3-TAA, we 
proceeded to design a downstream 
process that includes additional 
chromatography steps for purification. 
Figure 6 summarizes the complete 
process for BsAb CD3-TAA. The resin’s 

selectivity for our product is apparent 
(lanes 2–4), as is the ability of the 
purification scheme to yield a clean 
product (lane 6).

Discussion
Whereas the utility of protein A affinity 
chromatography for capture of MAbs is 
appreciated widely and forms the basis 
for antibody downstream processes 
worldwide, its usefulness for capture of 
antibody derivatives such as 
Fc-containing bispecific molecules is not 
as straightforward. Indeed, protein A 
use is complicated by the fact that 
antibody derivatives often are expressed 
in mixtures containing some product 
variants that have identical binding 
affinity to protein A. Moreover, the need 
for low-pH (<3.6) elution in protein A 
chromatography often can be 
incompatible with engineered protein 
structures that are prone to aggregate 
under harsh conditions. For those 
reasons, we decided to test 
CaptureSelect CH1-XL resin for affinity 
capture of our bispecific construct 
(which contains a full-length human 
heavy chain) and found that it 
successfully addressed both issues. 

Elution was achieved under relatively 
mild conditions (pH 4.0). To further 
reduce the potential of BsAb CD3-TAA to 
aggregate, we included glycerol and 
sucrose (10% each) as stabilizers in the 
elution buffer. Such polyols are known 
to protect proteins from unfolding under 
stressful conditions (15). The acid 
lability of BsAb CD3-TAA not only 
created issues for protein A capture, but 
it also prevented the use of a low-pH 
hold for virus inactivation as a 
subsequent step in the process. 
Consequently, to adapt the downstream 

Figure 4: BsAb CD3-TAA shows much reduced aggregation on elution from CaptureSelect CH1 XL resin; (left) chromatogram of BsAb 
CD3-TAA purified from harvested cell culture fluid on the resin and eluted at pH 4.0; (right) analysis by SEC-HPLC of the elution peak. 
Monomer IgG (11.115 min) is 98%; high–molecular-weight (HMW) forms (9.673 min) are 2%. 

Volume (mL)

28
0-

nm
 A

bs
or

ba
nc

e 
(m

AU
) 2,000

1,500

1,000

500

00          10         20         30         40        50         60        70

Load/FT pH 4 
Elution

Column
Wash

  

Time (minutes)

28
0-

nm
 A

bs
or

ba
nc

e 
(m

AU
)

80

60

40

20

0
0        2.5      5.0       7.5     10.0     12.5     15.0     17.5     20.0

11.115

9.673



process further, we implemented a 
Triton X100 detergent-based method for 
virus inactivation (16).

We found CaptureSelect CH1-XL resin 

DBC to be lower than that of protein A. 
The manufacturer reports a DBC of 
19 mg for polyclonal human Fab/mL at 
two minutes residence time. In our 
study, however, we determined the DBC 
for our bispecific BsAb CD3-TAA to be 
20 mg/mL at four minutes residence 
time. Because Fab represents ~40% of 
the mass of BsAb CD3-TAA, the 
predicted DBC should be higher than 
what we observed (e.g., ~46 mg/mL of a 
120-kDa BsAb). It is possible that the 
larger BsAb sterically hinders some 
binding sites and thus reduces overall 
binding capacity. Indeed, the 
manufacturer reports that ligand use is 
lower for IgGs than for Fab fragments, 
resulting in a lower molar DBC.

Although the value of an affinity step 
for purifying product out of crude 
feedstock is clear, removal of 
homodimers and other variants in 
bispecific mixtures also can be achieved 
using nonaffinity chromatographic 
methods. Tang et al. recently reported 
successful removal of half-antibodies, 
homodimers, and aggregates during 
bispecific antibody purification with 

Cytiva’s Capto MMC ImpRes mixed-mode 
chromatography (17). So that method 
might be considered as a polishing step 
in a purification scheme for removing 

homodimers and other variants that 
remain in bispecific mixtures. 

The presence of product-related 
impurities in BsAb preparations 
presents a unique purification challenge 
compared with downstream process 
development for MAbs. Capture 
chromatography using protein A, which 
has enabled establishment of platform 
downstream processes for MAbs in a 
way that no other purification tool could 
have done, cannot be applied readily to 
bispecific mixtures. The growing 
importance of engineered BsAbs as a 
therapeutic class offers a new 
opportunity for downstream processes 
to be designed around alternative 
affinity-capture ligands. 
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Based on the superior 
PERFORMANCE 
of CaptureSelect CH1-XL 
resin for capture of BsAb 
CD3-TAA, we proceeded to 
design a downstream 
process that includes 
additional chromatography 
steps for purification.
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