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Background: Antibody v-domains in scFv format often suffer from aggregation and stability issues that restrict formulation.
Results: Structural and empirical analyses of an optimized scFv revealed that three V|, -CDR3 mutations were sufficient to

mediate significant stability and affinity improvements.

Conclusion: scFv issues were resolved via removal of side-chain clashes at the V| /V,; interface.
Significance: CDR-restricted mutagenesis delivers stability-optimized molecules for high concentration dosing.

Fully-human single-chain Fv (scFv) proteins are key potential
building blocks of bispecific therapeutic antibodies, but they
often suffer from manufacturability and clinical development
limitations such as instability and aggregation. The causes of
these scFv instability problems, in proteins that should be theo-
retically stable, remains poorly understood. To inform the
future development of such molecules, we carried out a compre-
hensive structural analysis of the highly stabilized anti-CXCL13
scFv E10. E10 was derived from the parental 3B4 using comple-
mentarity-determining region (CDR)-restricted mutagenesis
and tailored selection and screening strategies, and carries four
mutations in V;-CDR3. High-resolution crystal structures of
parental 3B4 and optimized E10 scFvs were solved in the pres-
ence and absence of human CXCL13. In parallel, a series of scFv
mutants was generated to interrogate the individual contribution
of each of the four mutations to stability and affinity improve-
ments. In combination, these analyses demonstrated that the opti-
mization of E10 was primarily mediated by removing clashes
between both the V| and the V};, and between the V; and CXCL13.
Importantly, a single, germline-encoded V| -CDR3 residue medi-
ated the key difference between the stable and unstable forms of the
scFv. This work demonstrates that, aside from being the critical
mediators of specificity and affinity, CDRs may also be the primary
drivers of biotherapeutic developability.
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The redundancy in signaling pathways involved in the patho-
genesis of many diseases, coupled with advances in antibody
engineering technologies, has driven a proliferation of multi-
targeting biotherapeutic modalities (1). There are many exam-
ples of bispecific molecules that have effective dual targeting
capability for synergistic or improved mechanisms of action.
One of the most advanced of these is blinatumomab, a bispe-
cific single chain antibody composed of an anti-CD19 scFv*
linked in tandem with an anti-CD3 scFv for T-cell engagement,
that is now an approved therapeutic for the treatment of B-cell
malignancies (2). Other novel bispecific formats in the clinic
include the IgG-scFv MM-141 (3), soluble T-cell receptor-CD3
scFv immune-mobilizing monoclonal TCRs against cancer
(ImmTAC:) (4), and scFv diabody-based dual affinity retarget-
ing molecules (T-DARTS) (5). The intravenous route of admin-
istration, combined with the relatively low dosing regimen for
these oncology applications, negates the requirement for high
concentration formulation, which is highly desirable for bio-
therapeutics for chronic inflammatory indications.

On paper, the scFv presents the logical building block for
creating multi-specific antibodies from the v-domains of pre-
existing IgGs, creating modular, single-polypeptide units.
However, it is well established that the behavior of re-appropri-
ated v-domains in the scFv format can vary widely, with many
suffering from aggregation, solubility, and stability issues that
restrict scalable expression and formulation (6 — 8). Many strat-
egies aimed at optimizing v-domain pairing and stability have
been investigated, including: linker modulation (6, 7), introduc-
tion of inter-chain disulfide bonds (9, 10), or structure-guided
mutation of frameworks at the domain interface (11, 12).
Despite these efforts, the progression of scFv-based bispecific
molecules for non-oncology indications has been limited.

“The abbreviations used are: scFv, single-chain Fv; CDR, complementarity-
determining region; DSC, differential scanning calorimetry; TCR, T-cell
receptor; TEV, tobacco etch virus.
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We recently described the successful concurrent affinity and
stability optimization of an anti-CXCL13 scFv using CDR-re-
stricted mutagenesis and affinity- and stability-driven selection
by phage display (13). When reformatted into an scFv-Fc-scFv
bispecific molecule, the lead scFv “E10” displayed an exemplary
stability and solubility profile and could be formulated at 100
mg/ml in a standard biopharmaceutical platform buffer with
the viscosity remaining well below the threshold of 20 centi-
poise required for subcutaneous administration. The E10 dis-
covery process was particularly intriguing for a number of rea-
sons, including: 1) All functionally improved clones from
selection and screening were mutated in V;-CDR3 alone. 2)
The v-gene frameworks of E10 remained fully germline and
were not modified to improve V; -V,; pairing stability. 3) The
V;-CDR3 was shown to be highly intolerant to mutation. 4)
The lead E10 scFv required only four V,; -CDR3 substitutions to
mediate significant improvements in both affinity and stability.

Despite these findings, the principles allowing the optimiza-
tion of highly stable, scFv-based, bispecific therapeutics are not
fully understood. It has been shown that even molecules built
on v-domain frameworks of high theoretical stability can suffer
from poor development characteristics (14). In the study pre-
sented here, we have delineated the factors that led to improved
target binding affinity versus scFv stability. Empirical analyses
of V; -CDR3 point mutants and high-resolution scFv-CXCL13
co-crystal structures were used to elucidate contributing fac-
tors. The four V; -CDR3 substitutions were examined in isola-
tion, and subsequently in combination. Each mutant was
expressed as scFv-Fc and characterized in comparative kinetic
and thermal stability analyses. These empirical data demon-
strated that distinct individual residue changes affect binding
affinity and/or V;-V, interface stability. In parallel, high-reso-
lution crystal structures of both scFvs were solved in isolation,
and in complex with human CXCL13. In addition to providing
the first description of the human CXCL13 structure, these
analyses show a novel mode of V;;-CDR3 engagement that
clearly demonstrates why this loop was not amenable to muta-
tion. They also elegantly support the empirical observations
from in vitro kinetic and stability analyses and confirm the key
residues mediating both affinity and stability improvements.

In summary, we have demonstrated that as few as three
amino acid substitutions, confined to the V;-CDR3, are suffi-
cient to mediate the affinity optimization and stability improve-
ments necessary to facilitate high concentration formulation.
This study shows that: 1) In vitro Darwinian protein optimiza-
tion can achieve significant scFv stability and affinity optimiza-
tion with minimal mutational load. 2) A single CDR amino acid
side-chain clash affecting packing at the V,;-V, interface can
lead to dramatic differences in the biophysical behavior of
human scFvs with therapeutic potential. 3) Importantly, these
improvements were not directly mediated by new side-chain
contacts between the antibody v-domains or with CXCL13, but
were significantly impacted through the resolution of subtle
repulsive forces in the antibody combining site. These findings
are of broad importance in the antibody engineering field as
they highlight that the CDRs of human scFvs are not just critical
mediators of affinity and specificity but may also be the primary
drivers of biotherapeutic developability.
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Experimental Procedures

ScFv-Fc Expression, Purification, and in Vitro Analyses—
ScFv-Fc fusion proteins were expressed transiently in Expi293F
cells and purified from filtered conditioned medium using Pro-
Plus tips from Phynexus on the automated Phynexus MEA. The
resulting proteins were buffer-exchanged into PBS using
40-kDa cut-off Zeba columns (Thermo Scientific) and quanti-
fied using a Micro BCA kit (Thermo Scientific). Thermal sta-
bility ELISAs and DSC analyses were performed as previously
described (13).

Binding Kinetics Analyses—Biacore analysis was performed
usinga T-200 biosensor, series SCMb5 chips, an amine-coupling
kit, 10 mMm sodium acetate immobilization buffer, pH 5.0, 1X
HEPES-buffered saline EDTA-phosphate running buffer con-
taining an additional 250 mm NaCl (final NaCl concentration
400 mm), and 3 m MgCl, (regeneration solution) (GE Health-
care). Approximately 8000 response units of an anti-human
IgG Fc (GE Healthcare) were covalently immobilized to flow
cells 1 and 2 of the CM5 chip at pH 5.5. Then 50 -100 response
units of 3B4/3B4 variant scFv-Fc fusion (diluted in 1X running
buffer) were captured on flow cell 2. Human CXCL13 (100 -25
nM) diluted in running buffer was flowed across both flow cells
at 100 ul/min with a contact phase of 120 s and a dissociation
phase of 600 s, followed by a 5-s regeneration pulse with 3 M
MgCl,. All experiments were performed at 37 °C. Data were
corrected for instrument and bulk artifacts by double referencing
(15) a surface-immobilized with capture antibody without scFv-
Fc-scFv using Scrubber version 2.0c software (BioLogic Software).
The transformed data were fit to a 1:1 binding model in Biacore
T200 evaluation software v1.0 (GE Healthcare), which includes a
parameter for mass transfer (16).

Production and Purification of 3B4 and 3B4-CXCL13
Complex—?2 liters of 0.22 uM filtered 3B4-TEV-Fc conditioned
medium was purified on HiTrap rProtein A (GE Healthcare)
using low pH elution under standard conditions. The eluted
fraction was concentrated and dialyzed into 50 mm Tris, pH 8.0,
for His-TEV protease cleavage (Life Technologies). Cleaved Fc
was removed with a second HiTrap rProtein A run, and His-
TEV protease was removed using Ni*" -nitrilotriacetic acid
capture (GE Healthcare). 3B4 was further purified on a HiLoad
26/600 Superdex 200 column (GE Healthcare) pre-equilibrated
in 20 mm Tris, pH 7.5, 150 mm NaCl and concentrated to 11
mg/ml for complex formation. The final yield was 5 mg of 3B4/
liter of conditioned medium as measured by NanoVue (GE
Healthcare).

The 3B4-CXCL13 complex was formed by incubating 1:1.2
(molar ratio) of 3B4:CXCL13 in 20 mm Tris, pH 7.5, and 150 mm
NaCl at room temperature for 2 h before passing through a
HiLoad 26/600 Superdex 200 column (GE Healthcare). The
complex fractions were pooled and concentrated to 11 mg/ml
in 20 mMm Tris, pH 7.5, and 150 mm NaCl for crystallization. The
E10 and E10-CXCL13 complexes were prepared in the same
manner.

Crystallization and Data Collection—All crystals were grown
at 18 = 1 °C using the sitting-drop vapor diffusion method. The
concentration of E10 was 5.7 mg/ml in TBS buffer (50 mm Tris,
150 mm NaCl, pH 7.5). Each drop contained 0.15 ul of E10 and
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0.15 pl of reservoir solution containing 100 mm Tris, pH 8.5,
and 2000 mm (NH,)2SO,,. The crystals appeared after 2 weeks,
reaching a final size of 0.05 X 0.07 X 0.1 mm?®. The concentra-
tion of E10-CXCL13 was 8.7 mg/ml in TBS buffer. Each drop
contained 0.2 ul of E10-CXCL13 and 0.1 ul of reservoir solu-
tion containing 100 mm KH,PO,, 100 mm NaH,PO,, 100 mm
MES, pH 6.0, and 2000 mm NaCl. The crystals appeared in 3
months, reaching a final size of 0.05 X 0.06 X 0.5 mm?. The
concentration of 3B4 was 11 mg/ml in 20 mm Tris, pH 7.5, and
150 mm NaCl. Each drop contained 0.15 ul of 3B4 and 0.15 ul of
reservoir solution containing 100 mm HEPES, pH 7.5, and 4300
mM NaCl. The crystals appeared in 2 weeks, reaching a final size
0f 0.1 X 0.1 X 0.3 mm?. The concentration of 3B4-CXCL13 was
11 mg/ml in 20 mMm Tris, pH 7.5, and 150 mMm NaCl. Each drop
contained 0.2 ul of 3B4-CXCL13 and 0.1 ul of reservoir solu-
tion containing 100 mm Tris, pH 8.0, 100 mm NaCl, and 8% PEG
20000. The crystals appeared after 1 month, reaching a final size
0f 0.03 X 0.05 X 0.4 mm?®. X-ray diffraction data were collected
remotely at beamline 17-ID of the Industrial Macromolecular
Crystallography Association Collaborative Access Team
(IMCA-CAT) at the Advanced Photon Source (APS), Argonne
National Laboratory. Data processing was carried out with the
HKL2000 program (17) and autoPROC (18). The final data sta-
tistics were from autoPROC. Crystal data and processing sta-
tistics are summarized in supplemental Table S1.

Structure Solution and Refinement—All structures were
solved by molecular replacement using program Phaser (19).
The E10 structure was solved with 3JUY (Protein Data Bank
(PDB) ID) as the search model. The E10-CXCL13 complex
structure was solved with E10 and an ensemble of 3GV3, 2R3Z,
4HSV, and 3IL8 (PDB ID) for CXCL13 as the search models.
E10 and E10-CXCL13 complex structures were used as search
models to solve the structures of 3B4 and 3B4-CXCL13 com-
plex, respectively. All structures were refined using PHENIX
(20) in the beginning stage and finalized with BUSTER (21).
Bulk solvent correction was used. The 2F, — F. and F, — F,
electron density maps were calculated for the inspection and
improvement of the structure during refinement. The flexible part
of CXCL13 and the CDR regions of 3B4/E10 were built at later
stages of the refinement. Solvent molecules, defined as those with
peaks greater than or equal to 30 on the F, — F, electron density
map with reasonable hydrogen bond networks, were included as
water molecules. Graphic work was carried out using Coot (22).
The complex structures were verified with annealed omit maps
and assessed using PROCHECK (23). Illustrations were prepared
with PyMOL (Schrodinger, LLC, New York).

Results

Comparative Biophysical Analysis of 3B4- and E10-scFv-Fc
Fusion Proteins—ScFv-Fc fusion proteins constructed with
either parental 3B4 scFv or optimized E10 scFv at the N termi-
nus were expressed and purified for comparative biophysical
analysis. Fig. 14 is a schematic representation of these fusion
proteins highlighting the four V, -CDR3 amino acid residues
that differ between both scFvs. DSC analysis revealed a 5°C
increase in thermal stability for the optimized E10 scFv-Fc (Fig.
1B). Protein solubility and aggregation potential of a 100 mg/ml
solution of each fusion protein, stored at 4 °C, were monitored
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FIGURE 1. Comparative biophysical analysis of parental 3B4 scFv-Fc-scFv
and optimized E10 scFv-Fc-scFv. A, schematic representation of the two
bispecific proteins highlighting the four amino acid differences between the
two clones in VL-CDR3. B, DSC analysis showing the 5°C increase in T,
between E10 (green) and 3B4 (red). C, comparative size-exclusion chromatog-
raphy analysis showing time-dependent increases in formation of HMMS
after storage of a 100 mg/ml solution of 3B4 (red) and E10 (green) bispecific
molecules at 4 °C.

over 7 weeks by periodic sampling and analytical size-exclusion
chromatography analysis. Fig. 1C shows that the 3B4-contain-
ing scFv-Fc had high aggregation, with almost 20% HMMS in
the starting preparation, increasing to >30% after only 7 days
and continuing to rise. In contrast, the E10-scFv-Fc had a low
starting percentage of high molecular mass species, which
remained at ~1% HMMS up to 50 days.

Crystal Structure of Optimized E10 scFv in Complex with
CXCL13—To better understand the influence of these muta-
tions, we generated crystals of 3B4 and E10 scFvs, either alone
or complexed with CXCL13, and determined the structure to a
resolution of 2.1 A by x-ray crystallography (Protein Data Bank
codes for 3B4, E10, 3B4-CXCL13, and E10-CXCL13 are 5C2B,
5C6W, 5CBA and 5CBE, respectively). Fig. 2A illustrates a

JOURNAL OF BIOLOGICAL CHEMISTRY 1269

0202 ‘TT Yoke Al UO |1SO/0S/A0QA e /610°0q [ mmmy/:dny wouy pepeojumoq


http://www.jbc.org/

Visualizing CDR-restricted scFv Optimization

A N
L\
(S

|

40s loop:-KN-
P

K46 ’

FIGURE 2. Structure of the anti-CXCL13 scFv E10 in complex with CXCL13. A, graphic view showing the complex. scFv heavy chain (V,,) and light chain (V,)
are shown in magenta and yellow, respectively. CXCL13 is shown in gray. B, detail showing the four-stranded antiparallel B-sheet formed between the
ascending and descending strands of V,,-CDR3 and B1-sheet of CXCL13. Hydrogen bonds between side chains and backbone are shown as dashed lines. C,
detail illustrating the charge-charge interactions between negatively charged residues in V,-CDR3 (Glu®*, Asp®’, D100H shown in magenta) and positively

charged residues in the 3,,-helix and 40S loop of CXCL13 (Arg®', Arg,s, Lys*).

unique mode of interaction between the V;;-CDR3 of E10 scFv
and CXCL13, generating an intermolecular four-stranded
antiparallel B-sheet composed of the extended V,;-CDR3 loop
of E10 and the 3;-sheet of CXCL13. This interaction was shown
to be mediated exclusively through backbone interactions (Fig.
2B), and is conserved in the 3B4-CXCL13 complex structure. A
network of charge-charge interactions between Arg*' and
Arg®? of the 3,,-helix and Leu*® from the 40S loop of CXCL13
and a triad of negatively charged residues at the base of the
V,;-CDR3loop (Glu®?, Asp®’, Asp'®°), supported by Asp®® from
V., further contributes to strong target engagement by E10
(Fig. 2C). Conservation of these interactions provides structural
rationale for the failure to retrieve any affinity-optimized
mutants from the 3B4 V;;-CDR3 mutagenesis libraries (13).
Systematic Empirical Analysis of V;-CDR3 Mutations Indi-
vidually and in Combination—ScFv-Fc mutants interrogating
each of the four V; -CDR3 positions in isolation, and in combi-
nation, were expressed and purified for comparative in vitro
analysis. All clones were subjected to thermal stability analysis
via thermal ELISA, DSC, and CXCL13 binding kinetics via Bia-
core. All data are summarized in Table 1. In general, all mutants
tended to display either parental 3B4 behavior or optimized E10
behavior, with a small number of mutants exhibiting interme-
diate stability or affinity characteristics. We observed a strong
correlation in stability ranking of clones using the thermal sta-
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TABLE 1

Affinity and stability characterization of scFv-Fc variants

ScFv variants with mutations in the VL-CDR3 are shown, with residue changes from
parental 3B4 sequence in bold and underlined. In some cases, alternative amino
acids (italicized) have been introduced that are different from both the parental 3B4
and optimized E10.

VL-CDR3 Thermal Biacore

sequence T, AT,  ELISAEC,, Koge

C C nm st
3B4 SSYTRRDTYV 59.8 0 14.28 0.0108
E10 ASATLLDTYV 6492 5.12 2.89 0.0034
E10.1 ASYTRRDTYV ~ 63.13 3.33 1.76 0.0094
E10.2 SSATRRDTYV ~ 59.08 —0.72 1898 0.0034
E10.3 SSYTLRDTYV 62.5 2.7 2.51 0.0053
E10.4 SSYTRLDTYV 60.53  0.73 15.92 0.0082
E10.5 ASATRRDTYV 6285 3.05 1.93 0.0029

E10.6 ASYTLRDTYV 659 6.1 2.35 0.004
E10.7 ASYTRLDTYV  63.67 3.87 1.87 0.0076
E10.8 ASYTLLDTYV  65.8 6 1.77 0.0037
E10.9 SSATLRDTYV 6143 1.63 4.59 0.0029
E10.10 SSATRLDTYV 59.92  0.12 18.72 0.0046
E10.11  SSATLLDTYV 62 2.2 1.85 0.0021
E10.12  SSYTLLDTYV 62.75 295 4.55 0.0061
E10.13 ASATLRDTYV 6497 517 1.97 0.0019
E10.14 ASATRLDTYV  63.19 3.39 1.31 0.0028
E10.15 SSYTKKDTYV  61.18 1.38 8.27 0.0079
E10.16 ASATFFDTYV 629 3.05 2.2 0.0023

bility ELISA or DSC (p < 0.0001). This initial comparative anal-
ysis revealed that the optimized properties of E10 were con-
ferred by three of the four amino acid substitutions in V; -CDR3
generated using random mutagenesis. The single point muta-
tion S89A (E10.1) in isolation was enough to almost completely
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FIGURE 3.Characterization of mutant E10.1, S89A. A, graphic representation of 3B4,E10,and E10.1 scFv-Fc fusion proteins highlighting VL-CDR3 amino acid content
(red, 3B4-specific residues; green, E10-specific residues). B, off-rate analysis as measured by Biacore comparing 3B4 (red), E10 (green),and E10.1 (gray). C, thermal stability
ELISA comparing behavior of 3B4 (red), E10 (green), and 10.1 (gray) fusion proteins before (light color) and after (dark color) incubation for 60 min at 60 °C. OD450, optical
density at 450 nm; RT, room temperature. Error bars indicate = S.E. D, DSC analysis comparing 3B4 (red), E10 (green), and E10.1 (gray). E, superposition of V-V, interface
of 3B4 (yellow for V| and magenta for V,;) and E10 (gray) in the region of V, residue 89 (shown in “green” for 3B4). Waters are shown as red spheres. The hydrogen-
bonding network for 3B4 is shown with dashed yellow lines. The side chain-OH of 3B4 V, Ser® has no hydrogen-bonding partners.

recapitulate the improved stability properties of E10, without
having much effect on binding affinity for CXCL13 (Fig. 3, A-D,
Table 1). In contrast, YO1A (E10.2) had the suboptimal 7', of
3B4 but an identical off-rate when compared with optimized
E10 (Fig. 4, A-D, Table 1). Remarkably, in each of these cases, a
single point mutation was sufficient to mediate significant sta-
bility and affinity changes. Interestingly, R93L (E10.3) had
intermediate stability and affinity characteristics (Fig. 5, A-D,
Table 1). The fourth position, R94L (E10.4), did not seem to
make any additional contributions to stability or affinity and
performed nearly identically to 3B4 in all in vitro assays (Table
1). This finding suggested that R94L was simply a non-delete-
rious “passenger” mutation resulting from the random
mutagenesis approach used in the initial library construction.
S89A is the Primary Driver of Stability Increases in E10 scFv—
Subsequent resolution of the parental 3B4 scFv-CXCL13 com-
plex further supported these observations and elegantly illus-
trates how the critical V; -CDR3 mutations in E10 mediate their
functional effects. Fig. 3A shows a schematic representation of
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3B4, E10, and E10.1 (S89A) scFv-Fc with V; -CDR3 amino acid
differences highlighted. These clones were compared in affinity
and stability analyses. S89A had no effect on affinity with its
measured off-rate being practically identical to parental 3B4
(0.0094 versus 0.0108 s~ *; Fig. 3B). However, it had a significant
effect on stability, showing similar activity to optimized E10 in
both thermal ELISA and DSC. Stability data are shown in Fig. 3,
C and D, and summarized in Table 1. Comparison of the co-
crystal structures for both E10 and 3B4 scFv with CXCL13 (Fig.
3E) shows that Ser® sits at the V;-V; interface and presents a
polar side chain in a hydrophobic environment proximal to
Phe”® in V, - framework 4 and Phe100J in V,,-CDR3. Replace-
ment with Ala® removes the unsatisfied hydrogen bond donor/
acceptor pair, thus optimizing the interface. Data obtained with
additional combination mutants support that S89A is sufficient
to significantly improve scFv stability. Data summarized in
Table 1 demonstrate that any of the 16 mutants with Ala®® in
V,;-CDR3 exhibit E10-like behavior with respect to stability as
measured by both thermal ELISA and DSC.

JOURNAL OF BIOLOGICAL CHEMISTRY 1271

0202 ‘TT YdReIA UO |1SO/0S/A0J e /610°0q [ mmmy/:dny woy pspeojumod


http://www.jbc.org/

Visualizing CDR-restricted scFv Optimization

[

3B4VL-CDR3 E10VL-CDR3 E10.2VL-CDR3
SSYTRRDTYV ASATLLDTYV SSATRRDTYV

251 * 3B4RT
> 38460°C
= E10RT

2.0+ E10 60°C
+ E102RT
L E10260°C

2 154
<
a
O 1.04

0.5

0.0 e T n

0.0001 0.01 1 100 10000

nM scFv-Fc

w

=)

Normalized Response
(0O=baseline, 100 = binding)
- w g N ©
3 & &8 3 8

mym
o o
o

-1050° 51 112 173 234 295 356 417 478 539 600

Time(s)

E10

- E10.2

Cp (kealimole/'C)

4 50 60 70 80 90 100

Temperature (°C)

. 354-c><c

FIGURE 4. Characterization of mutant E10.2, Y91A. A, graphic representation of 3B4,E10, and E10.2 scFv-Fc fusion proteins highlighting VL-CDR3 amino acid
content (red, 3B4-specific residues; green, E10-specific residues). B, off-rate analysis as measured by Biacore comparing 3B4 (red), E10 (green), and E10.2 (gray).
C, thermal stability ELISA comparing behavior of 3B4 (red), E10 (green), and 10.2 (gray) fusion proteins before (light color) and after (dark color) incubation for 60
min at60 °C. 0D450, optical density at 450 nm; RT, room temperature. Error bars indicate = S.E. D, DSC analysis comparing 3B4 (red), E10 (green), and E10.2 (gray).
E, juxtaposition of 3B4 V -CDR3 (yellow) and E10 V -CDR3 (blue) in complex with the 3,,-helix of CXCL13 (gray). The position 91 side chain is marked in red for
clarity in both cases. F, the impact of the Y91A mutation is made clearer with a superposition of the 3B4-CXCL13 (yellow) and E10-CXCL13 (blue) complexes.
Mutation at this position to alanine removes steric occlusion at the interface increasing the surface area of interaction by ~200 A2,

Y91A Is Critical in Driving Affinity Improvements in EI10
scFv—Fig. 4A shows a schematic representation of 3B4, E10,
and E10.2 (Y91A) scFv-Fc with V| -CDR3 amino acid differ-
ences highlighted. These clones were compared as described
above. In this case, Y91A had a significant effect on affinity for
CXCL13 with an identical off-rate to E10 (Fig. 4B; 0.0034 s~ ').
However, unlike S89A, Y91A had no measurable impact on
scFv stability with performance comparable with parental 3B4
in both thermal ELISA (Fig. 4C) and DSC (Fig. 4D). The data are
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summarized in supplemental Table S1. We again sought some
structural insight into the major functional impact of this single
point mutation. Fig. 4E shows a juxtaposition of the co-com-
plexes of 3B4-CXCL13 (left panel) and E10-CXCL13. Tyr”*
makes contact with residues in the 3,, helix of CXCL13.
Removal of the bulky tyrosine side chain by replacement with
Ala®! allows a substantial shift in the interface with CXCL13,
bringing additional antibody residues into contact with the
antigen (Fig. 4E). This is further highlighted in Fig. 4F, which
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FIGURE 5. Characterization of mutant E10.3, R93L. A, schematic representation of 3B4, E10, and E10.3 scFv-Fc fusion proteins highlighting VL-CDR3 amino
acid content (red, 3B4-specific residues; green, E10-specific residues). B, off-rate analysis as measured by Biacore comparing 3B4 (red), E10 (green), and E10.3
(gray). C, thermal stability ELISA comparing the behavior of 3B4 (red), E10 (green), and 10.1 (gray) fusion proteins before (light color) and after (dark color)
incubation for 60 min at 60 °C. OD450, optical density at 450 nm; RT, room temperature. Error bars indicate = S.E. D, DSC analysis comparing 3B4 (red), E10
(green), and E10.3 (gray). E, surface charge representation shows that the R93L mutation removes a repulsive charge-charge interaction between Arg®? in 384
and Lys*®in the 40S loop of CXCL13.F, juxtaposition of 384-CXCL13 (yellow) and E10-CXCL13 (blue) complexes highlighting the impact of R93L on both stability
and affinity. Leu®®in E10 V, CDR3 interacts with Tyr*° and Trp®*?in VL-CDR1, as indicated by dashed lines. It also facilitates a more favorable interaction between
Tyr*®, which can adopt an alternative rotamer in E10, and Lys*® in the 40S loop of CXCL13.

shows a superposition of both co-complexes. In comparison
with 3B4, the distance between E10 V| -CDR3 and CXCL13 is
significantly reduced, resulting in a 23% (200 A?) increase in the
buried surface area for the antibody-antigen complex.

R93L Contributes to Changes in Both Affinity and Stability—
Fig. 5A shows a schematic representation of 3B4, E10,and E10.3
(R93L) scFv-Fc with V;-CDR3 amino acid differences high-
lighted. These clones were compared as described above. In this
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case, R93L impacted both affinity and stability. Fig. 5B shows
that the R93L mutant had an off-rate intermediate to those of
3B4 and E10 at 0.0053 s~ ', suggesting that it is mediating some
direct interaction with CXCL13. Furthermore, thermal ELISA
(Fig. 5C) and DSC analysis (Fig. 5D) indicate that this residue
also has a role to play in stabilization, showing little change in
EC,, after thermal incubation and a 2.7 °C increase in T,

These data are summarized in supplemental Table S1. The 3B4/

JOURNAL OF BIOLOGICAL CHEMISTRY 1273

0202 ‘TT YdReIA UO |1SO/0S/A0J e /610°0q [ mmmy/:dny woy pspeojumod


http://www.jbc.org/

Visualizing CDR-restricted scFv Optimization

E10-CXCL13 complex structures once again provided struc-
tural support for our empirical observations. The surface
charge representation in Fig. 5E shows that R93L removes a
positively charged patch in the paratope, which may dilute the
nearby attractive electrostatic interactions described above and
introduce a repulsive interaction with Lys*® of CXCL13. Leu™
also makes new intra-domain interactions with both Trp®* and
Tyr®® in V, -CDR1, leading to increased scFv stability (Fig. 5F).

Discussion

In vitro affinity maturation of antibodies is now commonly
reported in the literature. Accurate structural investigation of
affinity and/or stability-improving structural changes before
and after maturation, however, is comparatively rare. As a
result, the mechanisms that drive affinity improvements for
antigen binding are still poorly understood. The development
of the highly stable, pm potency, fully human, anti-CXCL13
scFv E10 presented a rare opportunity to study a molecule that
had exhibited multi-parameter improvements via only four
mutations in a single CDR loop (13). In the study presented
here, we used both empirical analyses of point mutations and
co-crystal structural analyses to investigate the mutations that
enabled the generation of the affinity- and stability-optimized
scFv E10.

A commonly held assumption in antibody engineering is that
affinity-improving mutations likely directly mediate new con-
tacts with antigen through newly presented amino acid side
chains. Indeed, in silico design of mutations based on co-crystal
structural analyses have shown that such new contacts can sig-
nificantly enhance binding affinity in protein-protein (24) and
protein-hapten interactions (25). In contrast, post hoc struc-
tural analyses of mutations generated naturally during B-cell
development (26) or by Darwinian display-based evolution
(27), have shown that considerable changes in binding energy
can be achieved not by adding significant new contacts with
antigen, but rather by “fine tuning” or “rigidification” of the
antibody-antigen interface (28).

In the study reported here, we have shown that in E10, none
of the affinity-improving mutations mediated new contacts
themselves. Surprisingly, the affinity-enhancing mutations
instead removed repulsive obstacles to tighter binding between
the V;-CDR3 and CXCL13, thereby improving the fitness of
the interface. The resulting refinements in existing contacts led
to dramatic improvements in kDa and increased buried surface
area between E10 and CXCL13, in comparison with the paren-
tal clone 3B4. Our findings echo those of Garcia-Rodriguez
et al. (29), who demonstrated that CDR-based mutations
improving the affinity of a BONT/A1-A2 cross-reactive anti-
body for the A2 form eliminated an electrostatic clash while
also generating a new energetic interaction.

Another classical assumption is that if an antibody contains
somatic mutations in the CDRs, then those deviations are prob-
ably important for antigen binding affinity or specificity. This
study shows that assumption to be flawed, as Arg®® and Arg™ in
the V, -CDR3 of 3B4 are the only residues that deviate from the
germline in this CDR, but the presence of Arg” is actually del-
eterious to CXCL13 binding function. Arg” and Arg®* are
somatic mutations that were most likely generated in the con-
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text of a different Vi partner in the human B-cell background
of the naive scFv library from which 3B4 was derived (13). In the
original v-gene pairing, these two mutations could indeed have
been beneficial for binding to an unknown antigen, but when
isolated as part of 3B4, Arg”® is a hindrance to high affinity
binding of CXCL13. Similarly, not all mutations that are found
in in vitro affinity-matured antibodies need to mediate func-
tional improvements to survive selective pressure. Non-delete-
rious “passenger mutations” may be carried through, even in
molecules such as E10 that were put under harsh selective pres-
sure. This phenomenon is exemplified by R94L, where its con-
tribution to affinity and stability improvements was minimal.

Importantly, it has been shown that although in vivo-gener-
ated somatic mutations can improve the potency of antibodies,
they can also destabilize the v-domains (30). In the case of 3B4,
however, the unique V;;-CDR3 interaction with CXCL13 was
resistant to mutagenesis (13), and so the interface instability
had to be repaired by mutation of a germline residue in the
VL-CDR3. The parental anti-CXCL13 antibody 3B4 is com-
posed of the V;;1-69 and V,2-14 germlines (13). Domains
from the V ;1 and V, 2 families have been associated with stable
scFv v-domain pairing (31, 32), and both V;1-69 and V,2-14
are highly represented in the human antibody repertoire (33,
34). Indeed, an extensive study of V-V, pairing found V,2-14
to be the most highly represented V, germline in the repertoire,
where it is often paired with V;1- 69 (34). Despite this, 3B4 was
found to suffer from very low stability and solubility in an scFv-
based bispecific format (13).

In the present study, we address a “real world example” mol-
ecule whose investigation supports early theoretical studies
that used v-family consensus sequences to establish trends for
stability across common V,;-V; pairings and would suggest that
the pairing of both V;;1-69 and V,2-14 could potentially be
very stable (31, 35). Our study shows that the surprisingly
unstable v-gene pairing observed in 3B4 can be essentially ame-
liorated by only a single mutation in the V;-CDR3. Like the
affinity-enhancing mutations described above, this S89A muta-
tion was found to repair an intrinsic flaw in the packing between
the two v-domains, rather than creating a new V-V, contact.
This observation is complementary to previous studies that
employed multiple framework-based mutations on the basis of
structural analyses and did not attempt to achieve improve-
ments via CDR mutagenesis (11, 12). This study shows that the
low stability of scFvs built on theoretically stable v-domain scaf-
folds (14), whether fully human or humanized, can be driven by
as little as a single germline side chain clashing with the V-
CDR3. As V;;-CDR3 structures are still problematic to model,
particularly for human antibodies, which are poorly repre-
sented in the PDB database (36), such clashes in CDRs can be
rapidly identified and ameliorated by CDR mutagenesis, and
subsequently rationalized by structural biology.

Our previous findings highlighted the utility of “hammer-
hug” and thermal selection and screening principles as effective
practice for isolating optimized scFvs (13). This study further
suggests that, in the future, human synthetic libraries designed
for high stability and solubility (32, 37) might be further
improved by adding empirically discovered CDR mutations
that bias toward overall scFv stability characteristics.
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