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Methods to rapidly generate high quality bispecific antibodies (BsAb) having normal half-lives are
critical for therapeutic programs. Here, we identify 3 mutations (T307P, L309Q, and Q311R or “TLQ")
. inthe Fcregion of human IgG1 which disrupt interaction with protein A while enhancing interaction
© with FcRn. The mutations are shown to incrementally alter the pH at which a mAb elutes from protein
. Aaffinity resin. A BsAb comprised of a TLQ mutant and a wild-type IgG1 can be efficiently separated
. from contaminating parental mAbs by differential protein A elution starting from either a) purified
. parental mAbs, b) in-supernatant crossed parental mAbs, or c) co-transfected mAbs. We show that the
Q311R mutation confers enhanced FcRn interaction in vitro, and Abs harboring either the Q311R or TLQ
mutations have serum half-lives as long as wild-type human IgG1. The mutant Abs have normal thermal
stability and Fc~ receptor interactions. Together, the results lead to a method for high-throughput
generation of BsAbs suitable for in vivo studies.

Bispecific antibodies (BsAb) show distinct clinical advantages over monoclonal antibodies (mAbs), particularly
for dual-antigen targeting, cell redirection efforts, and immune checkpoint modulation and the number of these
BsAbs in clinical trials is expanding rapidly’. Recent advances in technology to generate BsAbs have led to clinical
successes' . BsAbs can be categorized as containing an Fc region or lacking an Fc region. BsAbs containing an

. Fc have the advantage of mediating effector functions via interaction with Fcy receptors, and they generally have

. long serum half-lives due to their ability to bind the neonatal Fc receptor (FcRn) in a pH-dependent manner.

: Screening of large numbers of BsAbs is required to find relevant lead candidates, but the selection process
can be challenging due to the need to develop custom purification steps to purify the BsAb from the undesired
antibody molecules that can have similar biophysical characteristics as the desired BsAb. These additional steps
in purification can lead to either a decrease in yield or purity of the BsAb molecule. Large scale purification
of IgG molecules requires robust, preferably single-step purification methods based on commercially available

: GMP-quality resins such as those based on staphylococcal protein A. Mature protein A contains 5 homologous

helical IgG-binding domains, denoted E, D, A, B, and C*. Each of these domains is sufficient to bind to the
Fc region as well as to the Vi region of human Vy3-family members>®. The crystal structures of either the B

* domain or a synthetic homolog identified the site of interaction and mutational studies helped elucidate the

. pH-dependent mechanism of binding between the Fc domain and protein A”-'°. Stability-enhancing mutations

. introduced into the B domain, which is the highest affinity Fc binding domain, led to a synthetic fragment termed

. the Z-domain''. Tandem Z-domains have been engineered into commercial Fc affinity resins that are resistant

* to high pH treatment and which bind only the Fc region'>'*. Abs are purified using Z-domain affinity resin by

. binding at neutral pH and eluting in acidic pH buffer.

One method for generating BsAbs, termed controlled Fab-arm exchange (cFAE), involves introduction of a

. pair of complementary mutations (either F405L or K409R) into the Cy3 region of two parental mAbs'%. These

. sites make important stabilizing intermolecular interactions in human IgG1 and the mutations impart a desta-

. bilizing effect on heavy chain homodimers. Co-incubation of parental mAbs harboring these complementary

© mutations under mild reducing conditions results in >90% heterodimer formation for human IgG1. This cFAE
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reaction was initially described using purified parental Abs but has recently been shown to be effective when Abs
are subjected to cFAE directly from culture supernatants'®. Although cFAE is relatively efficient for human IgG1
(reactions typically proceed to >90% completion) and can be automated by liquid-handling devices, in super-
natant cFAE is desirable for large panels at early stages. The limitation of in supernatant cFAE is the requirement
for highly accurate titers of each Ab, which can be laborious or intractable. Additionally, even small amounts of
contaminating parental Ab can be harmful when the bivalent molecule has toxic properties. Thus, there is a great
need for methods to quickly and reliably produce BsAb, using preferably single-step, universal methods. Previous
efforts described introduction of a set of mutations into the CH3 domain to disrupt binding to protein A. When
paired with a wild-type parental, the BsAb can be eluted from protein A resin at intermediate pH - allowing
separation from parental Abs. Recent work by us and others have addressed improving the efficiency of cFAE in
mouse surrogates'®!’.

Efforts to modulate the protein A binding characteristics of Abs are often associated with significantly
decreased serum lifetimes since both protein A and the neonatal Fc receptor (FcRn) share a binding site on the
Fc. FcRn is responsible for the transfer of maternal IgG to the fetus and for protecting serum IgG from lysosomal
degradation'®!"”. Both of these processes depend on the ability of FcRn to bind with high affinity to IgG at acidic
pH (<6.5) in the recycling endosome and to dissociate at neutral pH, releasing the IgG back into the serum'. IgG
binds FcRn at the Cy2-Cy3 interface, such that a single Fc contains two identical FcRn binding sites. Structural
and biochemical studies showed that a single Fc binds two FcRn heterodimers, although endocytic trafficking
may involve multimerization of FcRn itself on membrane surfaces®?*. Several studies have shown that modu-
lating the interaction between the Fc and FcRn strongly impacts serum lifetime?*-?*, leading to the conclusion
that FcRn is primarily responsible for determining serum lifetime of IgG in adults. It was shown that mutation of
human IgG1 Cy3 domain residues H435 and Y436 to the IgG3 residues R435 and F436 could abolish binding to
protein A and this effect has been exploited for differential protein A-based purification of human IgG1 bsAbs™®.
However, IgG3 isotypes which natively contain R435, have an approximately 3-fold shorter serum half-life com-
pared to IgG1. This short half-life is due to weaker binding of R435-containing molecules to FcRn at acidic pH,
leading to increased dissociation from FcRn in recycling endosomes due to competition by IgG1?73"*2, Thus,
mAbs which contain R435 may have a short half-life compared to their H435 counterparts.

Here, we describe a) the design and preparation of mutations in the Cy;2 domain of the Fc designed to disrupt
Z-domain interaction while retaining FcRn binding, b) in vitro analysis of the binding between the human IgG
mutants and both Z-domain and FcRn, ¢) development of methods to prepare the BsAbs by differential pro-
tein A purification either from controlled Fab arm exchange of purified parental mAbs, culture supernatants; or
co-transfection of parental mAbs, and d) pharmacokinetic analysis of the serum lifetime of the mutant BsAbs.

Results

Rationale for Mutations. Both FcRn and the protein A-derived Z-domain bind to Fc at the interface
between the Cyy2 and Cy3 domains, contacting many of the same residues on the Fc. We sought to identify sites
in the Cy;2 domain which could be mutated to disrupt binding to protein A while leaving the ability of the Fc to
bind FcRn unaffected. Since mouse IgG2 binds to Z-domain weaker than human IgG1 while both bind to FcRn',
we identified sites in the Z-domain binding interface of human IgG1 Fc which are not conserved in mouse IgG2
(Fig. 1A). Positions 307, 308 and 309 differ between human and mouse IgG, but the difference at position 308 is
a change to a similar amino acid: V308I. We reasoned that mutating the human IgGl1 to the equivalent mouse
IgG2 residues at these sites: T307P, L309Q, may decrease protein A binding while having little effect on FcRn
interaction.

We also identified Q311, which interacts with F14, L18, R28, N29 and I32 of Z-domain mostly through
hydrophobic interactions (Fig. 1B). Conversely, Q311 interacts with a mostly acidic surface of FcRn (Fig. 1B,C),
comprised of E138 and E139 of the c-subunit. We thus reasoned that mutating Q311 could differentially affect
binding to Z-domain and FcRn.

Three mutations selectively disrupt protein A binding.  We tested the extent to which mutations of
T307, L1309, or Q311 could disrupt binding to Z-domain. Each parental mAb was eluted from a mAbSelect SuRe
column (GE Healthcare) and gradient from 1 x PBS pH 7.2 to 50 mM citrate pH 3.5. Wild type human IgG1
eluted from protein A resin at pH 4.09 (Fig. 2A). Whereas mutation of T307A had no effect on protein A binding,
mutation of T307P, Q309L resulted in a modest decrease in binding to protein A, causing this mAb to elute at pH
4.48. Additional weakening effect on protein A binding could be achieved by mutation of Q311K or Q311R, but
not Q311A (Fig. 2B). We reasoned that the mutations T307P, L309Q, and Q311R (which we call “TLQ” through-
out) could be combined to further enhance their effects of disrupting interaction with protein A, which indeed
was true, as these mutations allowed elution at pH 4.7 (Fig. 2C). These results show several mutations that each
modestly decreases binding to protein A resin, allowing a mutant to a) retain some binding to protein A such that
it can be captured and purified by this method and b) elute a higher pH than a wild-type human IgG1, potentially
allowing separation of mutant parental, BsAb, and wild-type parental based on differential protein A elution.

FcRn interaction and pharmacokinetics. We asked whether mutations of Q311 which decreased bind-
ing to Z-domain could enhance binding to FcRn using a competition-based AlphaScreen method. We used
an 1253D mutant as a negative control for binding since this mutation is known to disrupt FcRn interaction.
None of the mutations at Q311 - R/A/K/H disrupted interaction with FcRn (Fig. 3A). Interestingly, mutation
of Q311R led to enhanced ability to bind FcRn. Due to these properties, we used Q311R in combination with
T307P and L309Q for further analysis. The TLQ triple mutant bound FcRn with identical ability to wild-type
IgG at pH 6.0 (Fig. 3B). BsAb formed from a Q311R or a TLQ mutant paired with a wild-type parental mAb
also bound FcRn with identical ability to wild-type IgG1. We asked whether the enhanced ability of the Q311R
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Figure 1. Rationale for Mutations. (A) Sequence alignment of the CH2 domains of human IgG and mouse
IgG2b. Secondary structures are based on those from PDB ID 1L6X and are shown in green above the
alignments. The EF loop, which interacts with Z-doman and FcRn is underlined in green. Residue numbering
follows the EU nomenclature. (B) Interactions of T307, L309, and Q311 with FcRn or Z-domain. T307, L309,
and Q311 (bold) reside in the CH2 domain of the Fc. Each makes side-chain interactions with residues in FcRn
(based on PDB ID 4NOU) and with the Z34C peptide, which is a disulfide-bonded two helix bundle derived
from Z-domain (from PDB ID 1L6X) based on cutoff distance of 5 A. T307 interacts with I1 from the 32
microglobulin of FcRn. L309 and Q311R are responsible for interactions with both FcRn and Z-domain (dashed
and solid lines for L309 and Q311, respectively). (C) Comparison of the electrostatic surface encountered by
the Fc when bound to human FcRn (left) or Z-domain (right). IgG residues are shown in green. Q311 (circled)
interacts with different surfaces on FcRn vs. Z-domain.

anti-RSV IgG1 wild-type | 0.80340.05 —82+£22 1.9+£0.01 0.5740.06
anti-RSV IgG1 Q311R 0.45940.01 —1524+9.6 2.0£0.02 0.5840.07

Table 1. Binding constants and stoichiometry of IgG variants binding to FcRn. Binding constants and
stoichiometry of Z-domain binding to IgG variants. “Average + standard deviation of 2 or 3 independent
measurements.

mutant to compete for FcRn interaction was due to its higher affinity for FcRn. Using isothermal titration calo-
rimetry (ITC), we showed that the Q311R mutant has an ~2-fold higher affinity for FcRn (K;=459nM vs 803 nM
for wild-type IgG1) while both Abs displayed the same stoichiometry of 2 FcRn binding sites per Ab (Fig. 3C,
Table 1). These results indicated that use of the Q311R or TLQ mutants in combination with a wild-type mAb
could result in a BsAb which could be isolated by differential protein A purification and which would have a
normal serum-lifetime via FcRn-mediated recycling. A previous study suggested that weaker binding at acidic
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Figure 2. Mutations disrupt Z-domain interaction. IgG1 variants were eluted from a column comprised of
Z-domain using a 30 mL gradient from pH 7.2 to pH 3.0 (dotted line). Variants are indicated on the charts.

Absorbance at 280 nm was monitored during elution (solid lines).
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Figure 3. TLQ and Q311R mutants had normal or enhanced FcRn binding. (A-B) Competition binding of
IgG1 variants with wild-type IgG1 for FcRn using AlphaScreen assay. The graph displays % maximum signal
plotted vs concentration of competitor. IgG1 wild-type compares the ability of the Ab to compete with itself as
a control. (C) Isotherms resulting from the binding of FcRn to wild-type IgG1 or IgG1 harboring the Q311R
mutation. Top panels show power input vs mole ratio of injectant (IgG) to titrant (FcRn). Bottom panels plot
the corresponding binding enthalpy. (D) Pharmacokinetic analysis of IgG1variants in Tg32 hemi mice which
express the human a-microglobulin subunit of FcRn. The graph displays the concentration of each Ab plotted
vs time. Each point represents the mean =+ standard error of 4 animals per group.

pH (~pH 6.0) could lead to competition with wild-type IgG1 in the recycling endosome, resulting in increased
dissociation and ultimately lysosomal degradation?’.

The 1253D mutant Ab, which does not bind FcRn, had a similar terminal half-life as the wild-type parental
Abs, but had a much more rapid distribution phase, resulting in a significantly lower area under the curve (AUC)
value (Fig. 3D, Table 2). Both the homodimeric parental Abs harboring either Q311R or TLQ had half-lives at
least as long as the wild-type mAb (~7 and 9 days, respectively). Unsurprisingly, the mutations also had little effect
on serum half-life when paired as a BsAb with a wild-type mAb. The Q311R x wild-type and TLQ x wild-type
BsAbs had serum half-lives of 11 and 5 days, respectively. These results are consistent with the in vitro FcRn bind-
ing analysis and in total show that the mutations allow differential protein A-based purification of BsAb resulting
in a molecule which retains normal serum half-life. Other groups have exploited mutation of H435R and Y435F
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anti-human RSV 7.24+4.0 350+34 1.6+1.4 117.0+43.6 138.4461.9
anti-gp120 8.9+2.9 46.24+23.4 3.0£1.1 195.3+9.7 23374212

anti-RSV 1253D 9.7+2.9 39.5+8.2 0.0440.02 346183 352484
anti-RSV Q311R 7.1+3.0 47.8+21.9 22424 153.1+65.0 182.6+102.3
anti-RSV Q311R x anti-gp120 11.7+1.8 53.2426.9 54408 259.2£13.2 351.3£14.5
anti-RSV T307P, L309Q, Q311R 89+4.3 59.9+18.4 32424 180.1+42.1 231.31+96.8
anti-RSV T307P, L309Q, Q311R x anti-gp120 | 7.743.3 342445 14414 138.2+18.6 158.44+22.6
anti-RSV H435R 12.1+3.7 17.8+2.5 1.6+£0.8 189.91+44.8 220.1£56.4
anti-RSV H435R, Y436F 13.0+3.2 17.1+6.6 1.5+0.6 181.9+42.1 211.6 £56.4

Table 2. Pharmacokinetic properties of IgG variants. * Abbreviations: t,,: elimination half-life, C,.: maximum
drug concentration, Cy,: drug concentration at last time point, AUC: area under the concentration versus time
curve from either point 0 to infinity (AUC,.) or to the last time point with quantifiable concentration (AUC,).

anti-TNFa 70.97 £0.01* 6.78 £0.02 x 10°* 81.75+£0.03 1.45+£0.02 x 10°

. 71.55+0.01 5.3340.14 x 10° 5
anti-TNFa Q311R 72.65+0.03 11240.13 % 10° 81.66 £0.03 1.6540.02 x 10
anti-TNFa T307P, L309Q, Q311R 71.55£0.01% 6.81+0.03 x 105" 81.55+0.04 1.614+0.03 x 10°

Table 3. Analysis of differential scanning calorimetry data. *CH2 and Fab regions could not be deconvoluted.
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Figure 4. TLQ mutations have no effect on thermal stability of a mAb. Comparison of the thermal unfolding
of a wild-type anti-TNFa IgG1 to the same Ab harboring either the TLQ or Q311R mutations, measured by
differential scanning calorimetry. Specific heat (Cp) is plotted vs temperature. The transition of the C;3 domain
is indicated. Data represents the average of two independent experiments.

to disrupt protein A interaction and allow differential protein A purification®***. Interestingly, mutation of H435R
in human IgG1 was reported to decrease the serum half-life of the Ab?”. We measured the half-life of human IgG1
harboring either the H435R mutation or the H435R, Y436F mutations in TG32 hemi mice, which express human
FcRn (Supplementary Fig. S1, Table 3). The measurements show that the H435R and H435R, Y436F mutants had
slightly longer half-lives than a wild-type and TLQ Abs, although they displayed faster initial clearance, having
Cnax Values approximately half that of the wild-type or TLQ Abs.

Fc~ receptor interaction. Mutation of Q311R or TLQ (parental homodimer mAb or in a BsAb) had
no effect on the ability of the Ab to interact with Fcvy receptors in vitro, based on a one-way ANOVA test
(Supplementary Fig. S2). This result was expected since the mutations exist along the C;2-Cy3 interface, which is
responsible for binding FcRn, whereas other Fc receptors bind to the Cy;2-hinge interface. The specificity of the
effect of the mutations also suggests that they do not perturb the overall structure of the Fc.

Thermal stability. Mutation of M252Y, S254T, T256E, termed “YTE” in the C;2 domain was shown to
enhance FcRn binding but led to a decreased melting temperature for the C,;2 domain, and this was interpreted
as a decrease in structural stability of the molecule®*. This led us to ask whether mutations in the C;2-Cy3 inter-
face would destabilize the Fc region in general. To determine whether the TLQ mutations had a global destabi-
lizing effect on the Fc, we compared the thermal unfolding profiles of the mutants to a wild-type human IgGI.
Comparison of the T,, values of mutants and wild-type IgG showed the mutations do no perturb the thermal
stability of the mAb, since the wild-type, Q311R mutant and the TLQ mutant had CH2/Fab T,, between 70-72°C
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Figure 5. TLQ mutations allow rapid isolation of BsAb. (A,E,I) Differential protein A purification of Ab
mixtures using pH step gradients. Absorbance at 280 nm is monitored vs elution volume (mL). (B-D, F-H, J-L)
Analytical hydrophobic interaction chromatography analysis of elution peaks from (A,E, I). (A-D) Purification
of a BsAb made by cFAE of purified parental Abs. The TLQ mutant contained an F405L mutation while the
“wild-type” molecule contained the K409R mutation. Elution from protein A affinity column monitored by
absorbance at 280 nm (A). The pH of each elution step is indicated. (B-D) Protein A affinity elution peaks at pH
4.7, pH 4.2, and pH 3. were analyzed by HIC and are shown in black solid lines. The elution traces of the wild-
type parental Ab (black dashed line), the TLQ parental Ab (green dashed line) and the BsAb (purple dashed
line) are shown as references. (E-H) Purification of TLQ BsAb from in-supernatant cFAE. (E) Elution from
protein A affinity column. Protein A affinity chromatography elutions at pH 4.7 (F), pH 4.2 (G), pH 3.4 (H)
were analyzed by HIC. (I-L) Purification of T307P, L309Q, Q311R BsAb from co-transfected parental mAbs.
The TLQ Ab and the wild-type Ab contained no additional mutations for pairing. (I) Elution from protein

A column monitored by absorbance at 280 nm. Protein A elutions at pH 4.7 (J), pH 4.2 (K), pH 3.4 (L) were
analyzed by HIC.

and a T;, for the CH3 domain ~82 °C (Fig. 4, Table 3). Together, these results indicate that the effects of the Q311R
and TLQ mutations are localized to protein A and FcRn interaction.

TLQ mutations allow rapid purification of BsAb from parental mAbs. From purified parental
mAbs. We then focused on the TLQ mutations, which would be paired with a wild-type mAb in BsAb mole-
cules. We asked whether the elution of the wild-type and TLQ mutant parental Abs could be achieved using a step
pH gradient to elute from protein A affinity resin. Note that although pH 4.1 was sufficient to elute the wild-type
parental Ab (Fig. 2), elution at pH 3.4 resulted in a sharper peak which required less volume for collection. Two
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Elution pH % TLQ parental % BsAb % wt parental
4.7 >99 N.D* N.D.
4.2 N.D. 94 6
3.4 N.D. 3 97

Table 4. Quantitation of BsAb purity starting from a mixture with purified parental Abs. *N.D. =not detected.

Elution pH % TLQ parental Ab % BsAb | % wt parental Ab

4.7 21.4 78.6 N.D.
42 N.D. >99 N.D.
3.4 N.D. 21.2 78.8

Table 5. Quantitation of BsAb purity starting from in-supernatant crossed parental mAbs. *N.D.=not
detected.

ElutionpH | % TLQ parental Ab % BsAb | % wt parental Ab
4.7 2.9 89.6 7.4
4.2 13 96.8 19
34 N.D. 47.6 524

Table 6. Quantitation of BsAb purity starting from co-transfected parental mAbs sharing a common light
chain. *N.D.=not detected.

IgG1 parental Abs lacking the TLQ mutations eluted as sharp peaks only in the pH 3.4 elution while parental
Abs harboring the TLQ mutations eluted almost entirely in the pH 4.7 step. (Supplementary Fig. S3). The TLQ
parental mAb also contained an F405L mutation while the wild-type parental mAb contained a complementary
K409R mutation, as described previously for cFAE reactions'*. The approximately equimolar mixture of the TLQ
F405L parental, wild-type K409R parental, and the TLQ x wild-type bispecific Abs were purified by differential
protein A affinity chromatography using three step segments at pH 4.7, pH 4.2, and pH 3.4, resulting in a distinct
elution peak at each pH, (Fig. 5A). The elution peaks were pooled and analyzed by hydrophobic interaction
chromatography (HIC) to quantify the population of each species in each elution step. The mutant and wild-type
parental mAbs were chosen to contain Fab regions with distinct isoelectric points and hydrophobicity, allowing
them to be separated by HIC (Supplementary Figure S3C, Fig. 5B-D). The HIC peaks could then be quantified
using absorbance at 280 nm to determine the relative amounts of each molecule in each elution. The high pH
elution contained exclusively TLQ parental mAb while the pH 3.4 elution contained > 95% wild-type parental
mAb (Table 4). Elution peaks were also analyzed by SDS-PAGE to confirm protein integrity (Supplementary
Fig. S3D). Importantly, after starting from an equimolar mixture of parentals and BsAB, the intermediate pH
elution contained ~94% pure BsAb, an approximately 3-fold enrichment of BsAb, with >95% recovery.

From in-supernatant crossed parental mAbs. Current large-scale cFAE protocols to generate BsAb using
DuoBody technology require that parental mAb titers in culture supernatant be precisely determined, such that
parental mAbs are mixed in a 1:1 molar ratio to generate BsAb. However, cFAE reactions rarely achieve 100%
completion and residual amounts of bivalent parental mAb remain. We asked whether the TLQ mutations could
allow isolation of BsAb from in-supernatant crossed parental Abs in the same way as above, except that the cFAE
reaction was done by mixing culture supernatants from each of the two parental Abs in volumes to result in an
equimolar mixture of the two parentals. This mixture was then subjected to cFAE and then loaded onto a protein
A affinity column. Similar to the experiment starting from purified parental Abs, the multi-step pH gradient
resulted in a distinct peak at each elution pH (Fig. 5E). HIC analysis revealed that the pH 4.2 elution contained
>99% BsAb, although the pH 4.7 and pH 3.4 elutions contained significant populations of BsAb (79% and 21%,
respectively) (Fig. 5F-H, Table 5). Thus, the yield of BsAb recovered by differential protein A purification was
~90% of the total BsAb. Integration of the absorbance peaks from the purification revealed that the pH 4.7, 4.2,
and 3.4 elutions represented 10, 82, and 21.2% of the total eluted population (Fig. 5E). Based on these populations
and quantitation of HIC peaks (Fig. 5F-H), we could calculate both the extent of BsAb formation and yield from
differential protein A elution. The extent of BsAb formation from in-supernatant cFAE was ~91% and the yield
was ~90% of the total BsAb produced.

From co-transfected parental mAbs. We asked whether the TLQ mutations could be used to isolate BsAb from
co-transfected parental mAbs lacking mutations to enhance BsAb formation (i.e. F405L/K409R). To minimize the
potential Ab species which could be generated by light chain mispairing, we used a set of parental mAbs sharing
a common light chain, and whose V}; domains had been charge-engineered to allow separation by HIC. As for
the applications of differential protein A elution descried above, the purification resulted in a distinct peak at each
elution pH (Fig. 5I). HIC analysis revealed that the pH 4.2 elution contained >95% pure BsAb while the parental
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Abs were efficiently eluted at either pH 4.7 or pH 3.4 (Fig. 5]-L, Table 6). Interestingly, the peak from the pH 4.7
elution represented about 74% of the total population, whereas the peak from the pH 4.2 elution represented
~17% and the 3.4 elution peak contained only ~9% of the population, suggesting either that one parental Ab
expressed much more highly than other or that either the BsAb or wild-type parental Ab was eluting at a higher
pH. We calculated the total population of BsAb in the co-transfected supernatant as 21%. While the purity of
BsAb isolated from pH 4.2 elution was high (~98%), total yields of BsAb were slightly lower than expected due to
the significantly different expression levels of the two parental mAbs when co-transfected (~300 mg/L for TLQ
parental mAb vs ~35mg/L for wild-type parental mAb). This difference in co-expression titers is likely specific
to each mAD, and the example presented is a relatively extreme case. Despite this ~10-fold difference in parental
mAb expression levels, the pH 4.2 elution contained ~ 90% of the total BsAb produced, despite its low abundance
in the total population of protein (in which it accounted for only ~21% of the total species) from co-transfected
material.

Discussion

BsAbs provide significant clinical advantage over mono-specific mAbs for dual antigen recognition and effector
cell redirection. For example, an anti-EGFR x anti-cMet BsAb is able to simultaneously bind both antigens which
are highly expressed on non-small cell lung carcinoma (NSCLC) cells*. The BsAb has more potent anti-tumor
activity than combination therapy of the two parental mAbs and shows efficacy in tumors which are resistant to
EGFR monotherapy and was amenable to combination therapy with tyrosine kinase inhibitors. In another exam-
ple, an anti-CD33 x anti-CD3 BsAb could successfully redirect cytotoxic T cells to acute myeloid leukemia (AML)
cells leading to efficient killing of residual AML cells which frequently go unaffected by standard therapies and
often lead to tumor relapse®. BsAbs have the potential to greatly expand the biologic therapeutic arsenal against
disease. However, generation of therapeutic BsAb is time-consuming, and expensive. Downstream methods to
purify BsAbs for clinical trials are unique to each molecule. These limitations ultimately contribute to higher costs
for patient therapies. Thus, methods to produce BsAb quickly and reliably offers considerable benefit.

Here, we have identified three mutations in the Fc of human IgG1 isotypes which confer decreased binding to
protein A while maintaining binding to FcRn. These mutations: T307P, L309Q, and Q311R or “TLQ” allow rapid
and reproducible isolation of >95% BsAb from previously purified parental mAbs and in-supernatant crossed
parental mAbs containing F405L/K409R mutations or from co-transfected mAbs which share a common light
chain but which lack other pairing mutations (Fig. 5). We used a three elution steps at pH 4.6, 4.2, and 3.4 to
elute each of the major species present in the mixture. This method requires that the pH of the elution buffers be
carefully calibrated to ensure high purity of the BsAb and the type of protein A resin used. In this study we used
mAbSelect SuRe resin (GE Healthcare) which is comprised of a protein A derivative with slightly higher affinity
than native protein A. The TLQ parental Ab can be eluted at pH 4.6 with little contamination of the BsAb, but at
pH values lower than 4.5, the BsAb begins to elute from the column. Likewise, at pH values lower than 4.1, the
wild-type parental Ab begins to elute from the column, such that for elution of the BsAb, pH values less than 4.1
should be avoided. To ensure the robustness of the elution pH values, the data presented in this study are repre-
sentative of at least three independent replicates. The recovery appeared to be independent of the starting purity
of BsAb - our data shows that >95% pure BsAb can be recovered from culture supernatant starting from a BsAb
population representing only ~21% of total Ab population, with yields of approximately 90%. Interestingly, the
Q311R mutation conferred a 2-fold increase in affinity for FcRn while decreasing affinity for protein A (Figs 2-3).
This increase in FcRn binding affinity did not appear to manifest in significant half-life extension in vivo although
these mutants had half-lives similar to wild-type IgG1 (Fig. 3D).

Mutations which alter protein A binding and allow differential protein A elution of BsAbs have been
described. Another group described mutations based on sequence comparison of human IgG1 vs IgG3 which
showed that IgG3, which does not bind protein A efficiently, differs from IgG1 by having R435, F436. Human
IgG1 mAbs harboring the mutations: H435R and R436F have no ability to bind protein A and allow purifica-
tion of a BsAb harboring these mutations on only one heavy chain based on analogous methods analogous to
those described here®. However, H435 is important for FcRn interaction and the presence of R435 in human
IgG3 is largely responsible for the short serum half-life of IgG3 since it helps to mediate pH dependent FcRn
binding?***’. Previous work suggested mutation of H435R in human IgGl1 led to a serum half-life equivalent
to IgG3 and the converse mutation of R435H in IgG3 could recover serum half-life to that of an IgG1 via an
FcRn-dependent mechanism?’. The additional mutation of Y436F may mediate recovery of FcRn interaction, and
thus recovery of serum half-life, for the H435R, Y436F mutant, but this has not been shown directly. However,
our results suggest that both the H435R and H435R, Y436F mutants have serum half-lives identical to a wild-type
AD (Supplementary Fig. S2). One advantage of this mutation set is that the total disruption in protein A binding
caused by the mutations may allow larger pH differences in elution of the parental and BsAb species, leading to
higher yields. On the other hand, purification of parental mAbs harboring these mutations will require an alter-
native resin, such as protein G.

Unexpectedly, although the Q311R mutation described here could enhance FcRn interaction in vitro by 2-fold,
a mAb harboring this mutation had a half-life similar to that of a wild-type human IgG1 (Fig. 3C,D). Previously
described mutations in the Cy;2 domain, namely M252Y/S254T/T256E, or “YTE” were shown to enhance binding
to human FcRn in vitro by ~10-fold*>®. This increase in in vitro FcRn binding was correlated to at least 2-fold
longer serum half-life for the YTE variant in cynomolgous monkeys and transgenic mice which express human
FcRn***. These results suggest that large increases in binding affinity may be correlated to more modest half-life
extension in vivo and thus, a 2-fold increase in binding affinity displayed by the Q311R mutant may not result
in a significant half-extension. While the YTE mutant was shown to have a significant effect on serum half-life,
these mutations were also shown to decrease the melting temperature of the C;2 domain and lead to a decrease
in affinity for Fc ~ receptor IIIA%*%8, whereas the Q311R mutation or TLQ mutations had no effects on thermal
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stability of the mAb or its abilities to bind Fc ~ receptors RI, RIIa, RIIb, or RIIIa (Fig. 4, Supplementary Fig. 2).
These results strongly suggest that the effects of the TLQ mutations are specific to protein A binding and do not
mediate allosteric effects on the structure of the IgG. Additionally, in silico analysis suggested low immunogenic
potential of the TLQ mutations since the mutations do not introduce any known MHC ligands*, although further
testing using ex vivo methods was not performed.

The results presented here describe a set of mutations: T307P, L309Q, Q311R, or TLQ, which allow single-step
purification of a BsAb or heterodimeric Fc molecule to >95% purity. These mutations disrupt protein A interac-
tion while modestly enhancing FcRn binding in vitro. mAbs or BsAbs harboring the TLQ or Q311R mutations
have serum half-lives at least as long as a wild-type human IgG1. Thus, BsAbs harboring the TLQ mutations are
amenable for in vivo studies and downstream development.

Methods

Proteins. Protein residue numbering followed the EU numbering system. All Abs were expressed in Expi293F
cells (ThermoFisher Scientific). For differential protein A purification from purified parental mAbs and from
in-supernatant crossed material, variants were generated in an anti-RSV mAb and were paired with a wild-type
anti-gp120 mAb. For experiments using cFAE, the TLQ parental mAb also contained an F405L mutation while
the wild-type parental mAb contained a complementary K409R mutation. The parental mAbs were purified
by protein A affinity chromatography and dialyzed into 1 x PBS. The two parental mAbs were then subjected
to cFAE at 1 mg/mL as described. Briefly, 5 mg of each parental were mixed in buffer containing 1 x PBS,
75mM 2-mercaptoethylamine and incubated at 31 °C for 5 hr followed by extensive dialysis against 1 x PBS. For
co-transfection experiments, a set of anti-TNFa and anti-oV integrin sharing a common light chain and whose
heavy chains had been charge-engineered to provide analytical separation were used.

Protein A affinity Purification.  Determination of elution pH. ~For each parental mAb harboring the muta-
tions on both arms, 1 mg was loaded onto a 1 mL mAbSelect sure column (GE Healthcare) and eluted at 1 mL/min
using a 30 mL gradient from 1 x PBS pH 7.2 to 50 mM citrate pH 3.5. Absorbance at 280 nm and pH were mon-
itored. The pH value at the peak maximum was used to determine the elution pH for preparative experiments.

Differential protein A purification from previously purified parental mAbs. A BsAb was mixed in a 1:1:1 molar
ratio with the two parental mAbs prior to differential protein A purification. Differential protein A purification
was carried out using a 1 mL mAbSelect Sure column (GE Healthcare). The mixture was eluted in 3 steps using
buffers containing either 50 mM citrate pH 4.7, pH 4.2, or pH 3.4. Elution fractions were collected and concen-
trated to >1 mg/mL prior to analysis. The pooled elution peaks from the differential protein A purification were
analyzed by hydrophobic interaction chromatography (HIC) using a butyl NPR column (Tosoh Biosciences).
Approximately 30 ug of each sample were injected onto the column and eluted using a 0 to 100% gradient of buft-
ers containing 100 mM sodium phosphate pH 6.0, 1.5M (NH,),SO,, or 100 mM sodium phosphate.

Differential protein A purification from in-supernatant crossed parental mAbs. Parental mAbs containing either
Q311R or TLQ in combination with F405L, and mAb containing K409R (F405L and K409R are required for
cFAE) were expressed in Expi293F cells and antibody titers were determined (Octet, ForteBio). To produce BsAb,
culture supernatant containing equivalent milligram quantities of parental mAbs were mixed as follows: TLQ,
F405L + K409R. cFAE reactions were performed at a final protein concentration of 0.2 mg/mL as described above.
Following dialysis proteins were applied to a 1 mL mAbSelect Sure column (GE) and eluted using a pH step
gradient. TLQ x wild-type BsAb produced from in-supernatant crossed parental mAbs was eluted with 50 mM
citrate pH 4.7 for 30 CV followed by 50 mM citrate pH 4.2 for 30 CV followed by 50 mM citrate pH 3.4 for 20 CV.
Efficiency of separation was assessed using HIC as described above.

Differential protein A purification from co-transfected parental mAbs. Transfections were carried out in Expi293
cells according to the manufacturer’s protocol using a molar ratio of 0.5: 0.5: 3.0 of plasmid for heavy chain I:
heavy chain 2: common light chain. To determine the approximate relative expression levels, separate transfec-
tions of parental mAbs were also performed using a 1.0: 3.0 molar ratio of heavy chain: light chain plasmids and
titers determined using Surface Bilayer Interferometry (Octet, Forté Bio). Approximately 50 mL of each super-
natant were applied to a 1 mL mAbSelect Sure column and eluted using a 3-step pH step gradient of pH 4.7 (or
4.6), 4.2, and 3.4 citrate buffer. Fractions were collected, concentrated and buffer exchanged into 1 x PBS prior
to HIC analysis.

Fc receptor Binding by AlphaScreen. Abs were biotinylated using the SureLINK Chromophoric
Biotin Labeling kit (KPL Inc.), according to the manufacturer’s protocol. His-tagged FcRn was purchased
from Sino Biological. Assays were performed in 1 x PBS adjusted to pH 6.0, supplemented with 0.05% (w/v)
bovine serum albumin (BSA) and 0.01% (w/v) Tween-20. Biotinylated wild-type IgG1 at 1 pg/mL was bound
to streptavidin-conjugated donor beads, and His-tagged FcRn at 0.2 pg/mL was bound to a nickel-conjugated
acceptor bead. Competitor Abs were prepared at 0.4 mg/mL and were serially diluted by 3-fold for each point.
Luminescence between 520-620 nm was recorded using an EnVision plate reader (Perkin Elmer). Data were
analyzed using Prism 6.01 software (GraphPad Software, Inc.) and fit using a 4-parameter competition model, as
described previously*'. His-tagged FcR were purchased from R&D systems. Assays were performed in 1 x PBS
pH 7.2, supplemented with 0.05% (w/v) bovine serum albumin (BSA) and 0.01% (w/v) Tween-20. Biotinylated
wild-type IgG1 at 1 pg/mL was bound to streptavidin-conjugated donor beads, and His-tagged FcyRs were bound
respectively to a nickel-conjugated acceptor bead. Note that for FcnRI, a biotinylated IgG1 containing L234A/
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L235A mutations, which binds the receptor weaker than wild-type IgG1?, was used to increase the signal win-
dow. The concentrations of FcyRs used were 200 ng/mL (FcyRI and Fey RIIIa), 10 ng/mL (FcyRIIa), or 14 ng/mL
(FcnRIIb). Competitor Abs were prepared at 0.4 mg/mL and were serially diluted by 3-fold for each point.

Pharmacokinetic analysis. For the pharmacokinetic (PK) studies, transgenic Tg32 hemizygous mice
expressing the human a-microglobulin subunit of FcRn (Supplementary Fig. S2) were used to better predict serum
half-life in humans. Mice were injected with test Abs intravenously via tail vein at a dose of 2mg/kg into 4 animals
per group. Time points were taken at 1h, 1d, 3 d, 7 d, 14 d and 21 d. Serial retro-orbital bleeds were obtained
from CO,-anesthesized mice at the indicated time points and terminal bleeds were taken by cardiac puncture.
After 30 min at room temperature, blood samples were centrifuged 3,000 x g for 15min and serum collected for
analyses. The PK study was approved by the Institutional Animal Care and Use Committee at Janssen Research &
Development, LLC. All experiments were performed in complicance with the guidelines of the committee.

For detection of the test Abs in mouse sera, an electrochemiluminescent immunoassay was used. Streptavidin
Gold multi-array 96-well plates (Meso Scale Discovery) were coated overnight with 50 uL/well of 3 ug/mL
Biotin-F(ab’), anti-human IgG, Fc fragment specific (Jackson Immunoresearch cat. # 109-066-008) in Starting
Block (Thermo); then washed in Tris-buffered saline with Tween 20 (TBST). Sera samples were diluted in 5%
CD-1 mouse serum in Starting Block (1:20, then serial 2-fold dilutions), incubated on plates for 2h and washed.
Ru?*-labeled anti-human IgG F(ab’), (prepared from Jackson 109-006-097) in 1% BSA-TBST was added and
incubated on plates for 1.5h and washed. Two hundred microliters/well of Read Buffer with surfactant was added
and plates were read in a MSD Sector Imager 6000 plate reader. Serum concentrations of the Abs were determined
from a standard curve using a 4-parameter non-linear regression program in Prism 6.01 software.

Terminal half-life (t,;,) calculations of the elimination phase (3 phase) for PK studies were determined using
the 1-phase exponential decay model fitted by non-linear regression of natural log concentration versus time
using Prism version 6.01 software. The least squares nonlinear decay model was weighted by the inverse of the
fitted concentration. Half-life calculations of the elimination phase (3 phase) were determined using the formula
t, =1n2/3, where (3 is the —slope of the line fitted by the least square regression analysis starting after first dose.
The terminal half-life value for an Ab was determined by taking the average of the t,,, values calculated for each
animal within the test group.

Isothermal Titration Calorimetry. ITC experiments were performed at 25°C using a MicroCal VP-ITC
calorimeter. Both titrant and injectant were dialyzed in PBS adjusted to pH 6.0. All titrations were performed anal-
ogously, having 10 uM FcRn as the titrant and 70 uM of IgG as the injectant. Each 14 pL injection of IgG spanned
32s, with 5min spacing between injections. Data were analyzed using Origin software using a 1:1 binding model.

Differential Scanning Calorimetry. Differential scanning calorimetry (DSC) was used to determine the
T,, and enthalpies of unfolding for a wild-type, Q311R, and a TLQ mAb. Samples were diluted to 1 mg/mLin 1 x
PBS pH 7.2. Samples were equilibrated to 25 °C for 15 min prior to temperature ramping from 25-95°C at a rate
of 1°C/min. Data was analyzed using Origin software.

References
1. Jachimowicz, R. D., Borchmann, S. & Rothe, A. Multi-specific antibodies for cancer immunotherapy. BioDrugs: clinical
immunotherapeutics, biopharmaceuticals and gene therapy 28, 331-343 (2014).
2. Byrne, H., Conroy, P. J., Whisstock, J. C. & O’Kennedy, R. J. A tale of two specificities: bispecific antibodies for therapeutic and
diagnostic applications. Trends in biotechnology 31, 621-632 (2013).
3. Thakur, A. & Lum, L. G. “NextGen” Biologics: Bispecific Antibodies and Emerging Clinical Results. Expert opinion on biological
therapy 16, 675-688 (2016).
4. Uhlen, M. et al. Complete sequence of the staphylococcal gene encoding protein A. A gene evolved through multiple duplications.
The Journal of biological chemistry 259, 1695-1702 (1984).
5. Romagnani, S. et al. Demonstration on protein A of two distinct immunoglobulin-binding sites and their role in the mitogenic
activity of Staphylococcus aureus Cowan I on human B cells. Journal of immunology 129, 596-602 (1982).
6. Sasso, E. H,, Silverman, G. J. & Mannik, M. Human IgA and IgG F(ab’)2 that bind to staphylococcal protein A belong to the VHIII
subgroup. Journal of immunology 147, 1877-1883 (1991).
7. Idusogie, E. E. et al. Mapping of the C1q binding site on rituxan, a chimeric antibody with a human IgG1 Fc. Journal of immunology
164, 4178-4184 (2000).
8. Deisenhofer, J. Crystallographic refinement and atomic models of a human Fc fragment and its complex with fragment B of protein
A from Staphylococcus aureus at 2.9- and 2.8-A resolution. Biochemistry 20, 2361-2370 (1981).
9. Medesan, C., Matesoi, D., Radu, C., Ghetie, V. & Ward, E. S. Delineation of the amino acid residues involved in transcytosis and
catabolism of mouse IgG1. Journal of immunology 158, 2211-2217 (1997).
10. Shields, R. L. et al. High resolution mapping of the binding site on human IgG1 for Fc gamma RI, Fc gamma RII, Fc gamma RIIL, and
FcRn and design of IgG1 variants with improved binding to the Fc gamma R. The Journal of biological chemistry 276, 6591-6604 (2001).
11. Nilsson, B. et al. A synthetic IgG-binding domain based on staphylococcal protein A. Protein engineering 1, 107-113 (1987).
12. Linhult, M. et al. Improving the tolerance of a protein a analogue to repeated alkaline exposures using a bypass mutagenesis
approach. Proteins 55, 407-416 (2004).
13. Jansson, B., Uhlen, M. & Nygren, P. A. All individual domains of staphylococcal protein A show Fab binding. FEMS immunology and
medical microbiology 20, 69-78 (1998).
14. Labrijn, A. F. et al. Efficient generation of stable bispecific IgG1 by controlled Fab-arm exchange. Proceedings of the National
Academy of Sciences of the United States of America 110, 5145-5150 (2013).
15. Paul, S. et al. An efficient process of generating bispecific antibodies via controlled Fab-arm exchange using culture supernatants.
Protein expression and purification 121, 133-140 (2016).
16. Labrijn, A. F. et al. Efficient Generation of Bispecific Murine Antibodies for Pre-Clinical Investigations in Syngeneic Rodent Models.
Sci Rep 7, 2476 (2017).

SCIENTIFICREPORTS |7: 15521 | DOI:10.1038/s41598-017-15748-0 10



www.nature.com/scientificreports/

17. Zwolak, A. et al. Modulation of protein A binding allows single-step purification of mouse bispecific antibodies that retain FcRn
binding. mAbs 9(8), 1306-1316 (2017).

18. Junghans, R. P. Finally! The Brambell receptor (FcRB). Mediator of transmission of immunity and protection from catabolism for
IgG. Immunologic research 16, 29-57 (1997).

19. Roopenian, D. C. & Akilesh, S. FcRn: the neonatal Fc receptor comes of age. Nature reviews. Immunology 7, 715-725 (2007).

20. Burmeister, W. P,, Huber, A. H. & Bjorkman, P. J. Crystal structure of the complex of rat neonatal Fc receptor with Fc. Nature 372,
379-383 (1994).

21. Vaughn, D. E. & Bjorkman, P. ]. High-affinity binding of the neonatal Fc receptor to its IgG ligand requires receptor immobilization.
Biochemistry 36, 9374-9380 (1997).

22. Martin, W. L. & Bjorkman, P. ]. Characterization of the 2:1 complex between the class I MHC-related Fc receptor and its Fc ligand in
solution. Biochemistry 38, 12639-12647 (1999).

23. Sanchez, L. M., Penny, D. M. & Bjorkman, P. . Stoichiometry of the interaction between the major histocompatibility complex-
related Fc receptor and its Fc ligand. Biochemistry 38, 9471-9476 (1999).

24. Hinton, P. R. et al. An engineered human IgG1 antibody with longer serum half-life. Journal of immunology 176, 346-356 (2006).

25. Dall’Acqua, W. E. et al. Increasing the affinity of a human IgG1 for the neonatal Fc receptor: biological consequences. Journal of
immunology 169, 5171-5180 (2002).

26. Vaccaro, C., Zhou, J., Ober, R. J. & Ward, E. S. Engineering the Fc region of immunoglobulin G to modulate in vivo antibody levels.
Nature biotechnology 23, 1283-1288 (2005).

27. Stapleton, N. M. et al. Competition for FcRn-mediated transport gives rise to short half-life of human IgG3 and offers therapeutic
potential. Nature communications 2, 599 (2011).

28. Yeung, Y. A. et al. Engineering human IgG1 affinity to human neonatal Fc receptor: impact of affinity improvement on
pharmacokinetics in primates. Journal of immunology 182, 7663-7671 (2009).

29. Hinton, P. R. et al. Engineered human IgG antibodies with longer serum half-lives in primates. The Journal of biological chemistry
279, 6213-6216 (2004).

30. Tustian, A. D., Endicott, C., Adams, B., Mattila, J. & Bak, H. Development of purification processes for fully human bispecific
antibodies based upon modification of protein A binding avidity. mAbs 8, 828-838 (2016).

31. Irani, V. et al. Molecular properties of human IgG subclasses and their implications for designing therapeutic monoclonal antibodies
against infectious diseases. Molecular immunology 67, 171-182 (2015).

32. Vidarsson, G., Dekkers, G. & Rispens, T. IgG subclasses and allotypes: from structure to effector functions. Frontiers in immunology
5,520 (2014).

33. Smith, E. J. et al. A novel, native-format bispecific antibody triggering T-cell killing of B-cells is robustly active in mouse tumor
models and cynomolgus monkeys. Sci Rep 5, 17943 (2015).

34. Majumdar, R. et al. Correlations between changes in conformational dynamics and physical stability in a mutant IgG1 mAb
engineered for extended serum half-life. mAbs 7, 84-95 (2015).

35. Moores, S. L. et al. A Novel Bispecific Antibody Targeting EGFR and cMet Is Effective against EGFR Inhibitor-Resistant Lung
Tumors. Cancer research 76, 3942-3953 (2016).

36. Arndt, C. et al. Redirection of T cells with a first fully humanized bispecific CD33-CD3 antibody efficiently eliminates AML blasts
without harming hematopoietic stem cells. Leukemia 27, 964-967 (2013).

37. Vaughn, D. E. et al. Identification of critical IgG binding epitopes on the neonatal Fc receptor. Journal of molecular biology 274,
597-607 (1997).

38. DallAcqua, W. E, Kiener, P. A. & Wu, H. Properties of human IgG1s engineered for enhanced binding to the neonatal Fc receptor
(FcRn). The Journal of biological chemistry 281, 23514-23524 (2006).

39. Borrok, M. J. et al. pH-Dependent Binding Engineering Reveals An FcRn Affinity Threshold Which Governs IgG Recycling. The
Journal of biological chemistry (2014).

40. Larsen, M. V. et al. Large-scale validation of methods for cytotoxic T-lymphocyte epitope prediction. BMC Bioinformatics 8, 424 (2007).

41. Vafa, O. et al. An engineered Fc variant of an IgG eliminates all immune effector functions via structural perturbations. Methods 65,
114-126 (2014).

42. Leabman, M. K. et al. Effects of altered FcgammaR binding on antibody pharmacokinetics in cynomolgus monkeys. mAbs 5,
896-903 (2013).

Acknowledgements
The authors thank Drs. Thomas Nesspor, ChiChi Huang, Peter Haytko, Aran Labrijn (Genmab), and Rick Hibbert
(Genmab) for helpful discussions during preparation of this work.

Author Contributions

A.Z.and M.L.C. conceived the experiments, A.Z., C.L., S.H.T., D.R.G., and J.R.P. performed experiments, M.G.D.
generated reagents, E.E. and R.D. performed mouse studies, S.H.T. and S.Z. analyzed P.X. data, A.Z. and M.L.C.
wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-15748-0.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

¥ License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 15521 | DOI:10.1038/s41598-017-15748-0 11


http://dx.doi.org/10.1038/s41598-017-15748-0
http://creativecommons.org/licenses/by/4.0/

	Rapid Purification of Human Bispecific Antibodies via Selective Modulation of Protein A Binding

	Results

	Rationale for Mutations. 
	Three mutations selectively disrupt protein A binding. 
	FcRn interaction and pharmacokinetics. 
	Fcγ receptor interaction. 
	Thermal stability. 
	TLQ mutations allow rapid purification of BsAb from parental mAbs. 
	From purified parental mAbs. 
	From in-supernatant crossed parental mAbs. 
	From co-transfected parental mAbs. 


	Discussion

	Methods

	Proteins. 
	Protein A affinity Purification. 
	Determination of elution pH. 
	Differential protein A purification from previously purified parental mAbs. 
	Differential protein A purification from in-supernatant crossed parental mAbs. 
	Differential protein A purification from co-transfected parental mAbs. 

	Fc receptor Binding by AlphaScreen. 
	Pharmacokinetic analysis. 
	Isothermal Titration Calorimetry. 
	Differential Scanning Calorimetry. 

	Acknowledgements

	Figure 1 Rationale for Mutations.
	Figure 2 Mutations disrupt Z-domain interaction.
	Figure 3 TLQ and Q311R mutants had normal or enhanced FcRn binding.
	﻿Figure 4 TLQ mutations have no effect on thermal stability of a mAb.
	Figure 5 TLQ mutations allow rapid isolation of BsAb.
	﻿Table 1 Binding constants and stoichiometry of IgG variants binding to FcRn.
	Table 2 Pharmacokinetic properties of IgG variants.
	Table 3 Analysis of differential scanning calorimetry data.
	﻿Table 4 Quantitation of BsAb purity starting from a mixture with purified parental Abs.
	﻿Table 5 Quantitation of BsAb purity starting from in-supernatant crossed parental mAbs.
	﻿Table 6 Quantitation of BsAb purity starting from co-transfected parental mAbs sharing a common light chain.




