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ABSTRACT
Bispecific antibodies are a growing class of therapeutic molecules. Many of the current bispecific formats
require DNA engineering to convert the parental monoclonal antibodies into the final bispecific
molecules. We describe here a method to generate bispecific molecules from hybridoma IgGs in 3–4 d
using chemical conjugation of antigen-binding fragments (Fabs) (bisFabs). Proteolytic digestion
conditions for each IgG isotype were analyzed to optimize the yield and quality of the final conjugates.
The resulting bisFabs showed no significant amounts of homodimers or aggregates. The predictive value
of murine bisFabs was tested by comparing the T-cell redirected cytotoxic activity of a panel of antibodies
in either the bisFab or full-length IgG formats. A variety of antigens with different structures and
expression levels was used to extend the comparison to a wide range of binding geometries and antigen
densities. The activity observed for different murine bisFabs correlated with those observed for the full-
length IgG format across multiple different antigen targets, supporting the use of bisFabs as a screening
tool. Our method may also be used for the screening of bispecific antibodies with other mechanisms of
action, allowing for a more rapid selection of lead therapeutic candidates.
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Introduction

Although the concept of bispecific antibodies and their potential
benefits over monoclonal antibodies (mAbs) were described
many years ago, manufacturing processes that allow multiple
molecules to progress into clinical trials have only recently been
developed.1 The success of bispecific antibodies is due in part to
the fact that, in addition to targeting 2 antigens by a single mole-
cule, bispecific antibodies enable novel mechanism of actions not
accessible to monospecific antibodies.2,3 Examples include the
recruitment of effector cells such as T cells, natural killer (NK)
cells, macrophages; enabling transcytosis across the blood-brain
barrier; the biomimetic replacement of one component of a pro-
tein complex (Factor VIII) and the improvement of the uptake
of antibody-drug conjugates by increasing the internalization of
the target protein.2 These novel mechanisms are unavailable to
mAbs and result from the physical connection of 2 different
binding specificities in the same molecule.

As with any other antibody-based therapeutic, the develop-
ment of bispecific antibodies requires careful selection of the lead
clones, a process that involves screening multiple antibodies to
select the ones better matching the desired properties. Unlike
mAbs that can be screened directly after hybridoma production,
each component of a bispecific antibody needs to be tested in

the context of the bispecific molecule. Here, we describe a
method to produce heterodimeric (Fab’)2 from any murine IgG
isotype using chemical crosslinking. Using T-cell redirected cytol-
ysis as a screening assay, we validated the use of the crosslinked
F(ab’)2 as a suitable tool for predicting the activity of hybridoma
clones in the final full-length human IgG bispecific format.

Results

A general scheme of the strategy and the main steps involved in
generating bispecific F(ab’)2 (bisFabs) from murine IgGs is
shown in Fig 1. First (a), antibodies are digested with proteo-
lytic enzymes to generate F(ab’)2. After purification, (b) the F
(ab’)2 are reduced to release the individual Fab’ molecules, and
they are then (c) oxidized to reform the disulfide bond between
the light and heavy chains. The resulting Fab’ molecules bear-
ing a single reactive cysteine in the hinge are then (d) coupled
to a bis-maleimide crosslinker, and finally (e) conjugated to
another Fab’ with a different binding specificity.

Selection of digestion enzymes

Because the first step in the process is to generate F(ab’)2 from
the intact hybridoma antibodies, we started optimizing the
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method for each murine isotype by screening and selecting
enzymes capable of generating F(ab’)2 with the desired struc-
tural properties. The factors taken into consideration to choose
between different enzymes were: 1) complete, specific digestion
to maximize the yield of Fab’ molecules, 2) limited heterogene-
ity in the cleavage site to facilitate the final quality control by

mass spectrometry, and 3) an odd number of cysteine residues
in the hinge of the resulting Fab’ to facilitate the downstream
steps.

For mouse IgG1, methods for generating Fab’ molecules
using pepsin or ficin have been described.4,5 However, since
having an even or odd number of cysteines in the hinge region
affects the methods used downstream and the resulting final
yields, we wanted to characterize in detail the cleavage site(s).
We digested a series of mIgG1s with both ficin and pepsin and
then analyzed the cleaved products by mass spectrometry and
SDS-PAGE. The results indicated that ficin and pepsin cleave
mIgG1 primarily at the positions indicated in Table 1, with
both enzymes producing F(ab’)2 with 3 cysteine residues in the
hinge region. Digestion with ficin led to a slightly lower diges-
tion efficiency (Table 1, Fig. S1) than digestion with pepsin
(Table 1, Fig. S2). Extending the digestion time with ficin led to
an increase of the proportion of IgG converted into F(ab’)2, but
at the expense of the species containing 3 cysteines in the hinge
(data not shown). Because of the more consistent results
obtained with pepsin, we used it as the primary enzyme for
generating F(ab’) molecules from mIgG1. Ficin served as a sec-
ond option for clones that did not digest well with pepsin.

Mouse IgG2a and mouse IgG3 can be digested with IdeS, an
enzyme with exquisite selectivity without the risk of over-diges-
tion.6 Digestion of mIgG2a (Fig. S3) and mIgG3 (Fig. S5) with
IdeS produces Fab’ molecules with 3 and 1 cysteine residues in
the hinge, respectively (Table 1), facilitating the subsequent
conjugation steps.

Antibodies of the IgG2b isotype can be cleaved in the hinge
by Lys-C digestion. Two Lys-C digestion sites are present in
the hinge region of mIgG2b such that digestion of one site or
the other creates Fab’ molecules with 2 or 3 cysteines.7 At
enzyme concentration of 1:200, most of the antibody
was digested, but the resulting F(ab’)2 contained mainly Fab
species with 2 cysteine residues in the hinge, whereas, when
Lys-C was used at 1:1,000, the most abundant (80–90%) Fab’
species contained 3 cysteines, but the digestion was not com-
plete (»60% digestion) (Fig. S4, Table 1). Because the method
using a lower concentration of Lys-C led to a final yield of
bisFab that was greater than the method using a higher concen-
tration of Lys-C, we adopted the former condition for the gen-
eration of bisFabs from mIgG2b.

Figure 1. Schematic diagram showing the main steps involved in producing bispe-
cific bisFabs from murine IgGs. Purification steps are indicated in green font. The
inter-chain disulfide bonds are indicated in orange. (a) The purified IgGs are
digested with the proteases indicated in Table 1. to generate F(ab’)2. (b) Reduction
with TCEP releases the monomeric Fab’ molecules and reduces the heavy-light
chain disulfide bond. (c) Re-oxidation of the thiol groups re-form the heavy-light
disulfide bond while cyclizing a pair of cysteines in the hinge, leaving a single
reduced cysteine. (d) The reoxidized Fab’ is reacted with an excess of bismaleimide
crosslinker. (e) the resulting modified Fab’ is conjugated to a second Fab’ with a
different specificity.

Table 1. Enzymes used to generate F(ab’)2s from the different murine isotypes.

Fab’ product

Isotype Enzyme Cleagave efficiency Main cleavage site # of cys abundance bisFab yield

Mouse IgG1 Pepsin 90–100% CKPCICTVPEVSSV# F 3 80–95% 130–200 mg
Ficin 70–90% CKPCIC#TVP 3 90–95% 100–220 mg

Mouse IgG2a IdeS 100% CPPCKCPAPNLLG#G 3 100% 190–220 mg
Lys-Ca CPPCKECHK#CPA 3 10–20%
(1:200) 90–95% CPPCK#ECHKCPA 2 80–90% 80–100 mg

Mouse IgG2b Lys-Cb CPPCKECHK#CPA 3 70–90%
(1:1,000) 55–65% CPPCK#ECHKCPA 2 10–30% 140–180 mg

Mouse IgG3 IdeS 100% SCPPGNILG#G 1 100% 200–220 mg

The table shows the cleavage efficiency for each enzyme in the indicated conditions as calculated from densitometry of SDS-PAGE. The major cleavage sites are indicated
with the arrow (#) in the core hinge region. # of Cys refers to the number of cysteines in the hinge region of the resulting Fab’s after digestion. The relative abundance
of the corresponding fragments was calculated by mass spectrometry in reducing conditions.
Bisfab yield is expressed as the amount of purified bisFabs per 1mg of starting hybridoma Ab.
Lys-Ca: using a 1:200 (wt/wt) ratio, Lys-Cb: using a 1:1,000 (wt:wt) ratio.

(
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Reduction and re-oxidization

After digestion, F(ab’)2 were purified from enzymes and
unwanted IgG fragments by ion exchange chromatography.
The next step in the process was to generate Fab’ molecules
with a single reactive cysteine to make sure not more than
one crosslinker molecule was incorporated (Fig. 1d) to
reduce the possibility of creating crosslinked Fab multimers.
For Fab’ species bearing an odd number of cysteines in the
hinge (mIgG1, mIgG2a, mIgG2b digested with Lys-C
1:1,000, mIgG3) the strategy to obtain a single reactive thiol
group was to first reduce all inter-chain disulfide bonds
with tris(2-carboxyethyl) phosphine (TCEP) followed by
re-oxidation with dehydroascorbic acid. In addition to
reforming the heavy-light chain disulfide, the re-oxidation
treatment of Fab’ species with 3 hinge cysteines (mIgG1
and mIGg2a) also led to the formation of an intra-hinge
disulfide bond, leaving a single cysteine in the reduced form
(data not shown). Re-oxidation of F(ab’)2 from mIgG3,
which contains a single cysteine in the hinge, also produced
Fab’ molecules with a single cysteine in the reduced form.
For all isotypes, oxidation was performed at 0.5 mg/ml to
minimize the formation of Fab-Fab dimers. We did observe
the formation of small amounts of dimers (< 10%, Fig. S6)
that were removed by a purification step before the conju-
gation (see below). Although reoxidation of the inter-chain
disulfide was almost complete for all isotypes, a small frac-
tion (< 12%) of the Fab’s did not reform the covalent bond
as evidenced by SDS-PAGE analysis (Fig. S6). Further
investigation of the number of thiol groups reacting with
N-ethylmaleimide (NEM) showed incorporation of one
NEM molecule in the light chain and none in the heavy
chain (data not shown), suggesting the 3 cysteines in the
hinge and the cysteine normally involved in pairing with
the light chain cyclized into 2 intra-chain disulfides, leaving
the cysteine in the light chain unpaired.

In the case of mIgG2b digested with Lys-C 1:200 where most
of the Fab’ molecules contained 2 hinge cysteines, the strategy
to generate Fab’ molecules with only one reactive cysteine was
to partially block one of the 2 cysteines with NEM.8 After
completely reducing the F(ab’)2, the heavy-light chain disulfide
was re-oxidized in conditions that preferentially oxidized
the heavy-light disulfide, keeping the hinge cysteines reduced.
The subsequent reaction with one molar equivalent of NEM led
to »30–40% of the material carrying just one reduced cysteine
in the hinge.

Conjugation reactions

Re-oxidized Fab’ molecules were incubated with an excess of bis-
maleimide crosslinker, and then purified by size exclusion chro-
matography (SEC) or ion exchange chromatography (IEX) to
remove the excess of crosslinker and small amounts of dimers
formed during the oxidation reaction. The derivatized Fab’s were
then reacted with a similarly purified Fab’ with a different target
specificity. The resulting bispecific bisFabs were purified from
non-reacted Fab’ molecules by SEC and characterized by SDS-
PAGE, mass spectrometry and analytical SEC. Purified bisFabs
typically showed a main band of »100 kDa by SDS-PAGE with

minor bands around »72 kDa, 50 kDa and »30 kDa (Fig. 2A).
Mass spectrometry analysis indicated that, while the »100 kDa
band corresponded to the fully oxidized bisFabs, the »72 kDa
and »30 kDa bands corresponded to bisFabs where one of Fab’s
did not reform the heavy-light disulfide during the reoxidation
step. The »50 kDa band corresponded to unconjugated Fab
molecules. Thus, most of the heterogeneity observed by SDS-
PAGE was due to heterogeneous disulfide bonding in the bisFabs
and the only non-bispecific species were the residual Fab’s.
Although we observed some variability in the relative abundance
of the different bands (Fig. 2A), the abundance of unconjugated
Fab’s was always below 10%. Consistent with our method includ-
ing gel filtration as the final purification step, analytical SEC
analysis of the purified bisFAbs showed very low levels of aggre-
gates (< 1%) and unconjugated Fab’s (< 10%)(Fig. 2B). As
mentioned above, reoxidation at low protein concentration mini-
mized the formation of homodimers, and the subsequent SEC
step removed any small amounts that may have formed during
the reoxidation reaction. Mass spectrometry analysis confirmed
the absence or presence of very low levels (< 2%) of homo-
dimers in all bisFabs preparations (Fig. 2D). Analysis of thermal
and colloidal stability of 2 different bisFabs showed no major dif-
ferences with their corresponding F(ab’)2 counterparts (Fig. S7)
indicating the different reaction steps did not affect basic bio-
physical properties of the Fabs.

Although considerable variability was observed for different
clones within a given isotype, in general, murine IgG2a and
IgG3 isoforms produced the highest yield, typically 200 mg
purified bisFabs per 1 mg of starting hybridoma antibody. In
contrast, mIgG1 and mIgG2b isoforms yielded »150 and
100 mg of final bisFab per mg of starting hybridoma antibody,
respectively (Table 1).

Validation of the bisFab format as surrogate of full-length
IgG bispecific antibodies

Because we intended to use the murine bisFabs to determine
the biologic activity of different hybridoma clones as bispecifics
in the full-length format, we next compared the activity of dif-
ferent bispecific antibodies in both bisFab and full-length IgG
formats. Production and characterization of full-length bispe-
cific antibodies was done as described elsewhere.9,10,11 To
explore potential differences between the 2 formats in the con-
text of different binding geometries and antigen densities, we
used 10 different antibodies directed against 5 different anti-
gens: human epidermal growth factor receptor 2 (HER2);
B-cell antigens CD20, CD79, and antigen A; and melanoma
antigen B. A description of the isotypes, enzymes used and
yields obtained for those 10 clones is shown in Table S1.

Antibodies against 3 different epitopes of human HER2 (4D5,12

7C2,13 and 2C414) were paired with an anti-CD3 antibody in either
the bisFab or full-length IgG format. Clone 4D5 binds to an epitope
very proximal to the plasma membrane in domain IV of the mole-
cule, whereas clones 2C4 and 7C2 bind to more membrane-distal
regions in domains II and I, respectively.15 The activity of the 2 for-
mats was compared in cell killing assays using SKBR3 as the target
cells (»2,000,000 copies of HER2 per cell) and human peripheral
bloodmononuclear cells (PBMC) as effector cells. The results show
very similar dose-response curves between the 2 formats for all 3
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antibodies clones (Fig. 3). A comparison of the 3 clones in the full-
length format showed that, while clones 4D5 and 2C4 showed
comparable potencies, clone 7C2 had a pronounced lower potency
and a lower extent of maximum killing. Although we did not per-
form a formal kinetic analysis of killing mediated with the clone
7C2, it has been previously shown that maximal cytotoxicity of
HER2-CD3 bispecific antibody is enhanced until 48 h,10 suggesting
that the incomplete killing observed with clone 7C2 may reflect a
kinetic difference between molecules in their ability to mediate

T-cell activation and cytolysis rather than a true plateau. Both the
EC50 and the maximum percentages of cell killing between the 2
formats were very close for the 3 antibodies, and the potency rank-
ing was the same in both formats.

To expand the diversity of targets used for the comparison
between the 2 different formats, we next analyzed antibodies
against targets expressed in cells from the hematologic lineage.
First, we tested a clone against CD20 and 2 clones against CD79.
BJAB cells, which express 160,000 copies of CD20 per cell and

Figure 2. Biochemical characterization of a representative purified bisFab. (A) Non-reducing SDS-PAGE. The table indicates the structures of the corresponding bands as
deduced based on the mass spectrometry analysis. The species indicated with asterisks are likely bisFabs missing one S-S bond between a heavy and light chain that dis-
sociates under denaturing conditions. The light gray chain in the structure indicates the dissociated chain. The relative abundance of each band was determined by densi-
tometry of 30 independent bisFabs and shown is the range observed for each band. (B) Analytical size-exclusion chromatography. The Table shows the observed range of
aggregation and low molecular weight fragments obtained for the panel of bisFabs and the molar masses calculated by multi-angle laser light scattering. (C) Mass spec-
trometry analysis showing mass deconvolution between 20 kDa and 120 kDa, and (D), a zoom-in of the mass spectrometry analysis in the 98 kDa area. Homodimers were
absent or below 2%.
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120,000 copies of CD79, were used in an in vitro cell-killing assay.
While for the most potent antibody (against CD20) the 2 formats
showed very similar potencies, there was a slightly higher potency
of the bisFab over the full-length format for the 2 other clones
(against CD79, Fig. 4). Nevertheless, the ranking of the potencies
for the 3 different antibodies was the same in both formats. A set of
3 additional antibodies directed against a different protein also
expressed in B cells (antigen A), and one antibody against a target
for melanoma cells (antigen B) was used on cell lines expressing

600–2,000 molecules of the target protein with comparable
observed potencies and extent of killing maxima between the 2 for-
mats (data not shown).

Analysis of the data for all different antibodies indicated a
good correlation (r D 0.91) between the EC50 values of the bis-
Fab and full-length antibody formats (Fig. 5), suggesting that
bisFabs are a useful tool to assess the activity of different anti-
body clones as bispecifics across a diverse range of antigen tar-
gets and range of expression levels.

Discussion

This study describes the development of a method that allows
generation of bispecific molecules from hybridoma IgGs in
3–4 days, enabling rapid screening of antibody clones for their
activity in bispecific format prior subcloning. Although meth-
ods to produce bispecific F(ab’)2 from recombinant Fab’ mole-
cules or from human and murine full-length IgG1 have been
described previously,16,8,17-19 no comprehensive method to pro-
duce bispecific antibodies directly from all murine IgG isotype
antibodies has been published. We described previously a
method to produce bispecific F(ab)’2 from human IgG1 using a
bismaleimide crosslinker.8 Here, because murine isotypes differ
from human IgG1 in their susceptibility to protease digestion
and in the number of cysteines in the hinge region, careful
selection of the most appropriate digestion enzymes was per-
formed as the first step. We found conditions to efficiently
digest mIgG1, mIgG2a and mIgG3 into Fab’ containing an odd

Figure 3. Comparison of T-cell recruiting antibodies using 3 separate anti-HER2 antibody clones (A: 4D5, B: 2C4, C: 7C2) in either full-length IgG (blue line) or bisFab for-
mat (red line). Shown is the percentage of target cell (SKBR-3) killing in the presence of human PBMCs and different concentrations of the antibodies. Values are the
mean § standard deviation of 3 replicate experiments. The calculated EC50 and extent of maximum killing are: (A) IgG: 0.24 pM, 95%; bisFab: 0.07 pM, 95%; (B) IgG:
0.14 pM, 90%; bisFab: 0.06 pM, 90%; (C) IgG: 46 pM, 65%; bisFab: 129 pM, 62%.

Figure 4. T-cell killing activity of 3 antibodies against B-cell targets (A: anti-CD20, B: anti-CD79 clone A, C: anti-CD79 clone B). Antibodies in the full-length IgG format
(blue line) or bisFabs (red line) were tested against BJAB cells in an in vitro cell killing assay using human PBMCs. Values are the average of duplicate experiments§ stan-
dard deviation. The calculated EC50 and extent of maximum killing are: (A) IgG: 1.9 pM, 85%; bisFab: 0.8 pM, 85%; (B) IgG: 200 pM, 80%; bisFab: 49 pM, 75%; (C) IgG:
920 pM, 78%; bisFab: 65 pM, 67%.

Figure 5. Correlation between the potencies of antibodies in the bisFab or full-
length IgG formats. EC50 numbers obtained from the fitted dose-response curves
for the full-length IgG or bisFab constructs were transformed to their log10 values
and analyzed by linear regression.
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number of cysteines in the hinge, which leads to almost com-
plete conversion into Fab’ with a single reactive maleimide. The
digestion conditions used for mIgG2b led to »30–40% of the
digested species being converted into bispecific F(ab’)2s, a yield
sufficient to support many cell-based screening assays. While
those isotypes capable of generating F(ab’)2 by IDES digestion
(mIgG2a and mIgG3) consistently yielded complete digestion,
isotypes that required digestion with other enzymes (mIG1,
mIgG2b) showed variation in the yields from clone to clone.
Although it was possible to efficiently generate F(ab’)2 for all
mIgG1 clones tested, maximizing the yield required exploring
different digestion times. In the case of mIgG2b clones, some
variability was observed in the relative abundance of Fab’s with
2 or 3 hinge cysteine. These results are reflective of the exquisite
specificity of IDES in contrast to other proteases like pepsin or
Lys-C.

BisFabs produced by the procedure described here did not
contain significant amounts of homodimers (< 2%) or aggre-
gates (< 2%), similarly to knob-into-hole bispecific antibod-
ies.9,10,11 Unlike full-length bispecific Abs, bisFabs showed a
minor population (< 12%) with incomplete heavy-light chain
disulfide formation, originating from disulfide scrambling in
the heavy chain during reoxidation of the Fab’s. While the pres-
ence of a fraction of bisFabs with scrambled disulfide did not
affect the potency of bisFabs in T-cell redirected cell killing, the
effect on other mechanisms of actions remains to be studied.

The intended use of bisFabs in this work was to screen
hybridoma clones, retaining only those clones showing good in
vitro activity. For bisFabs to be useful for determining the activ-
ity of antibody clones in the final full-length IgG bispecific for-
mat, their activities should correlate, and so the potency
ranking of the clones should be similar in the 2 formats. It is
widely accepted that, for T-cell redirecting applications, the for-
mat of the bispecific molecule may significantly influence the
potency. In spite of a similar general architecture between bis-
Fab and full-length antibodies, bisFabs likely have greater flexi-
bility around the linker than Fabs in an IgG. The difference in
flexibility may affect their efficiencies in bridging effector to tar-
get cells. In fact, there are examples in the field of T-cell engag-
ing antibodies of molecules with small structural differences
but significantly different potencies. For example, the BiTE
(Bispecific T-cell Engagers) and DART (Dual Affinity Re-Tar-
geting) formats are both based on different arrangements of
single-chain variable fragments (scFvs). An engineered disul-
fide bond in DARTs stabilizes the molecules, but also restricts
the degree of rotation and flexibility of the 2 binding domains.
A direct comparison between a BiTE and a DART using the
same clones showed a pronounced higher (4–60 fold, depend-
ing on the target cell line) potency of the DART,20 presumably
due to a geometry or flexibility more conducive to the simulta-
neous binding of the 2 targets. In addition to flexibility, the size
of the 2 different formats could also affect potencies. The rela-
tionship between the immune synapse gap and the efficiency of
T-cell activation and cytoIysis is well documented.21 Consistent
with these observations, it has been reported that the size of the
extracellular domain of antigens targeted by BiTEs influences
the efficacy of the cell killing, such that molecules with large
extracellular domains do not lead to efficient redirected cell
lysis.22 In a similar way, it could be hypothesized that the size

of the bispecific molecules could affect the potency of the cell
killing, with larger molecules being less efficient than smaller
molecules.

Since structural differences between formats can lead to dif-
ferent potencies, it was important to validate the use of bisFabs
by comparing their activities with their corresponding counter-
parts in the full-length IgG format. We used a panel of 10 anti-
bodies targeting different antigens or different epitopes in a
given antigen to compare the 2 formats in the context of differ-
ent binding geometries that may cause steric hindrance prefer-
entially to one format. Our analysis showed a good correlation
between the 2 formats across a range of typical antigen expres-
sion levels. These results suggest that the presence of the Fc
does not reduce the potency of full-length IgGs, and support
the use of bisFabs as a tool for predicting their activity in the
IgG format. This good correlation is likely due to the close sim-
ilarity between the Fab-Fab architecture in bisFabs and full-
length IgGs. It is interesting to note, however, that while very
potent full-length antibodies (EC50 of single digit pM) showed
comparable potencies to the bisFabs, the bisFabs tended to be
more potent than the full-length IgG format for antibodies
with EC50 in the range of hundreds pM. This should not be a
concern for the intended application of bisFabs because the
potency ranking was maintained even for less potent antibod-
ies. In addition, it would be preferable to have a few false posi-
tives rather than false negatives. While false positives could be
identified and removed in subsequent assays using the full-
length format, false negatives would represent the loss of valu-
able clones.

Besides their use in vitro, bisFabs may also be used for the initial
exploration of the in vivo activity of a given bispecific antibody, but
the short half-life of F(ab’)2s limits this application.23 Although F
(ab’)2 conjugated with maleimide crosslinkers are more stable than
disulfide-bonded F(ab’)2 and they show longer half lives in circula-
tion,24 the half-life is still shorter than a full-length IgG. Neverthe-
less, it is possible to dose laboratory animals daily with bispecific F
(ab’)2 to maintain exposure and assess their in vivo efficacy. This is
in particular feasible for molecules recruiting effector cells,
which are normally very potent and require minute amounts of
reagents.25

The methods described here apply to murine IgGs, but we
have easily adapted them for use with IgGs from rat and ham-
ster. Although we have validated the use of bisFabs in the con-
text of bispecific antibodies for redirecting the killing activity of
T-cells, they may also be used for the in vitro screening of bis-
pecific antibodies using other mechanisms of actions. The use
of bisFabs as a strategy for obtaining a quick assessment of the
activity of a given antibody combination in a full-length IgG
format could thus be extended to antibodies from other species
and other biologic systems.

Materials and methods

Proteolytic digestions

Purified mIgG1 clones were digested as described previously.26

Briefly, antibodies were diluted in 25 mM sodium bicarbonate
pH 3.5, and treated with pepsin (P6887, Lot# 091M7020V,
Sigma) at a 1:50 (weight : weight) at 37�C. A time course (0–4
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hr) analysis of the reaction by SDS-PAGE was conducted to
find the optimal reaction time for each mIgG1 clone. Incuba-
tion times in the 2–4 hr range were optimal for most clones,
but occasionally some clones required shorter digestion reac-
tion (1 hr) to avoid overdigestion. A scale-up digestion was
performed using the optimized conditions for each clone.
mIgG2a or mIgG3 were digested with IdeS (A0-FR8–050,
Genovis, Sweden) according to the instructions of the supplier:
5 units of enzyme per mg of IgG at 37�C, overnight reaction
in phosphate-buffered saline. mIgG2b was digested with lysyl
endoproteinase C (Lys-C) (129–02541, Wako) at variable con-
centrations at pH 8 in an overnight reaction at 37�C.
� After digestion, all clones were diluted into 20 mM sodium
acetate, pH5 and loaded onto a cation exchange column,
(HiTrap SP HP, 17115101, GE Healthcare Life Sciences) and
the F(ab’)2 were purified from the enzymes and other diges-
tion fragments by elution with a linear gradient (0-to 50%)
1 M sodium chloride in 20 mM sodium acetate, pH 5.

Reduction and reoxidation

After purification, F(ab’)2 molcules were treated with 2 mM
TCEP (C4706, Sigma). The reducing agent was directly added
into the eluate from the cation exchange column and allowed
to react overnight at room temperature. Completion of the
reduction was assessed by SDS-PAGE or mass spectrometry.
To reform the disulfide bond between the heavy and light
chains, as well as to cyclize 2 cysteines in the hinge in species
containing 3 hinge cysteines, the Fab’ molecules were treated
with 5 mM dehydroascorbic acid (DHAA, 261556, Sigma) at
pH 5 at room temperature at a concentration of approximately
0.5 mg/ml to minimize the formation of dimers. The following
day, samples were analyzed by mass spectrometry for comple-
tion of the reoxidation. While formation of the heavy-light
interchain disulfide was assessed by the molecular weight of the
detected species, reoxidation of the hinge cysteines was ana-
lyzed by probing the Cys residues with NEM. Fab’ molecules
with 3 or one cysteine residues in the hinge typically showed
the incorporation of only one NEM molecules (C125 Da shift)
after the reoxidation treatment.
� Reaction with the bis-maleimide crosslinker. After reoxi-
dation the Fab’ molecules were reacted with 10X molar
excess of bismaleimide crosslinker (#10232, Quanta Biode-
sign) overnight at room temperature. After the complete
incorporation of the crosslinker into the Fabs was confirmed
by mass spectrometry, the excess crosslinker was removed by
SEC using a Superdex 200 10/30 GL column (17517501, GE).

Conjugation reactions

The Fab’ molecules activated with the crosslinker were then
incubated with an anti-human CD3 Fab’ (mIgG1 or mIgG2a)
that had been re-oxidized to result in a single reactive thiol
group in the hinge region. The Fab’ molecules were mixed in
equal amounts and concentrated to 5 mg/ml. After an over-
night reaction at room temperature, the sample was loaded
into a Superdex 200 10/30 GL (GE) and the reacted bispecific
product was purified from small amounts of aggregates and
unreacted Fab’molecules.

Characterization

The purified bispecific fragments were characterized by SDS-
PAGE, SEC-MALS using a Dawn Heleos instrument (Wyatt
Technologies) and by mass spectrometry (6230 TOF LC/MS,
Agilent).

Production of full-length bispecific antibodies

Human IgG1 full-length bispecific antibodies using the same
clones as in the different bisFabs were produced as described
elsewhere.10,11

Cell killing reactions

In vitro cell killing assays were performed as described previ-
ously.10,11 Briefly, PBMCs were isolated form whole blood of
healthy donors by Ficoll separation. Target cells were incubated
with PBMCs at 1:5 ratio for 24–48 hr. Cytotoxicity was ana-
lyzed by flow cytometry: Target cells were either pre-labeled
with carboxyfluorescein succinimidyl ester or labeled with spe-
cific fluorescent antibodies and live and dead cells were distin-
guished by vital staining with propidium iodide. The results
were plotted using Prism6 software and the reported EC50 and
maximum killing values were obtained from the sigmoidal fit-
ted dose-response curves.

Biophysical characterization of bisFabs

Two different bisFabs were generated as described above and
their corresponding full-length IgG versions were produced by
in vitro annealing. After HIC purification the full-length anti-
bodies were digested with LysC at a 1:200 concentration
(wt/wt) at pH 8 for 2 hr at 37�C and then the F(ab’)2 were puri-
fied by cation exchange column. The purified bisFabs and F
(ab’)2s were formulated in 20 mM sodium acetate, pH5,
150 mM sodium chloride at 2 mg/ml and tested in a thermal
ramp for unfolding and aggregation using an OPTIM 1000
instrument (Avacta).

Antigen density determination

The number of molecules per cell was determined by Scatchard
analysis or using Quantum simply cellular beads (Cat# 816,
Bangs Laboratory).27
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