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Abstract: Monoclonal antibodies (Mabs) are a favorite drug platform of the biopharmaceutical
industry. Currently, over 20 Mabs have been approved and several hundred others are in clinical
trials. The anti-LINGO-1 Mab Li33 was selected from a large panel of antibodies by Fab phage
display technology based on its extraordinary biological activity in promoting oligodendrocyte
differentiation and myelination in vitro and in animal models of remyelination. However, the Li33
Fab had poor solubility when converted into a full antibody in an immunoglobulin G1 framework.
A detailed analysis of the biochemical and structural features of the antibody revealed several
possible reasons for its propensity to aggregate. Here, we successfully applied three molecular

approaches (isotype switching, targeted mutagenesis of complementarity determining region
residues, and glycosylation site insertion mutagenesis) to address the solubility problem. Through
these efforts we were able to improve the solubility of the Li33 Mab from 0.3 mg/mL to >50 mg/mL
and reduce aggregation to an acceptable level. These strategies can be readily applied to other

proteins with solubility issues.

Keywords: antibody; aggregation; improved solubility; isotype switching; CDR mutagenesis;
glycoengineering; antibody engineering; drug design

Introduction

Immunoglobulin (Ig)Gs are the most abundant class
of antibodies in serum and have become a favorite
drug platform for the biopharmaceutical industry.
Humans have four IgG isotypes: IgG1, 1gG2, IgG3,

Abbreviations: AUC, analytical ultracentrifugation; CDR, comple-
mentarity determining region; HC, heavy chain; Ig, immunoglob-
ulin; LC, light chain; Mab, monoclonal antibody; SEC, size
exclusion chromatography; TCEP, Tris(2-carboxyethyl)phos-
phine; T, melting temperature.

Additional Supporting Information may be found in the online
version of this article.
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and IgG4.12 All are heterotetrameric with two iden-
tical heavy (HC) and light chains (LC) linked by
intrachain disulfides. IgGs contain two identical
Fabs and an Fc connected by a flexible hinge region.
The Fab contains six variable regions [complemen-
tarity determining region (CDR) sequences] that
lead to the extraordinary target diversity of antibod-
ies. The Fc contains binding sites for Fc(gamma)
receptors, FcRN, and Clq complement that impart
effector function. The hinges differ in size and disul-
fide patterns, which impact the flexibility and spa-
tial arrangement of the Fabs relative to each other
and to the Fc.>® Enormous strides have been made
in the development and optimization of therapeutic
antibodies with the IgGl, IgG2, and IgG4 frame-
works being successfully exploited for drug develop-
ment.? Targeted molecular designs that either
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eliminate the Fe glycosylation sites to reduce effector
function or that stabilize the IgG4 hinge to prevent
conversion of IgG4 antibodies into functionally
monovalent forms in vivo are two examples of the
many engineering achievements.®%® Perhaps the
most common and challenging issue encountered in
developing protein biopharmaceuticals is aggrega-
tion, which can be exacerbated by the need to de-
velop high protein concentration formulations to
support systemic administration.’® The size and
complexity of proteins makes aggregation a difficult
issue to address. Aggregates can be classified by
whether they are soluble or insoluble, reversible or
irreversible, or whether they lead to denaturation or
the formation of covalent linkages. Hydrophobic
interactions appear to be a major contributor,!®
however; the literature is full of examples where
other factors were identified that led to aggregation.
Biochemical and biophysical techniques that assess
size, aggregation state, structure, and intermolecu-
lar contacts provide a useful battery of methods to
evaluate aggregation and the types of aggregates
that form.'%!%1% Formulation development is rou-
tinely used to minimize aggregation and other deg-
radation pathways to avoid loss of activity, instabil-
ity, and immunogenicity.'®!* Nevertheless, improved
engineering strategies along with better understand-
ing of the pathways leading to aggregation are
needed to address this important issue.

LINGO-1 (GI:15029689) is a surface glycopro-
tein selectively expressed in neurons and oligoden-
drocytes in the CNS where it acts as an endogenous
inhibitor of myelination.'* Loss of LINGO-1 function
leads to robust myelination, suggesting that antago-
nists to the pathway may provide new therapeutic
opportunities for the treatment of CNS demyelin-
ation disorders.!*'® To test this possibility anti-
LINGO-1 antibodies were generated that were
screened for affinity to human LINGO-1, selectivity,
and their ability to promote myelination in vitro and
promote CNS myelin repair in vivo in animal models
of demylination. Biological studies utilizing two of
these antibodies (1A7, Li33) were previously
described.’®1® In vivo studies with the mouse anti-
human LINGO-1 1A7 antibody were hampered by
its poor affinity for rodent LINGO-1.1%'® The Li33
antibody identified by Fab phage display technology
was more potent than the 1A7 monoclonal antibody
(Mab) at promoting myelination and had high affin-
ity for both human and rodent LINGO-1. However,
conversion of the Li33 Fab to an IgG1l Mab resulted
in an antibody with surprisingly poor solubility.
Here, we used a combination of biochemical, struc-
tural, and molecular approaches to investigate the
pathways that led to the formation of Li33 Mab
aggregates and to develop solutions to the solubility
problem. The types of aggregates that formed with
the Li33 Mab were impacted by construct design
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and formulation. Particularly striking was the
impact of the IgG framework as simple replacement
of the IgG1 with an IgG2 framework resulted in an
Li33Mab with excellent solubility. Other versions of
the Li33 Mab with improved solubility were gener-
ated using rational design and provided further
insights into the aggregation phenomenon. The Li33
IgG2 Mab was highly efficacious in animal models of
demyelination'® and has proven to be an important
reagent for probing LINGO-1 biology.

Results

Impact of IgG framework on Li33 solubility

The anti-LINGO-1 Li33 Fab was converted into a
full human antibody and expressed in mammalian
cells. Three different IgG frameworks (IgG1, IgG2,
and IgG4) were evaluated both in wild-type and
aglycosyl forms. For the IgG2 framework, the
V234A/G237A mutation was also evaluated as an al-
ternative to the glycosylation site mutation to elimi-
nate FcRIIa binding.!'” SDS-PAGE gel analysis of
the seven purified constructs is shown in Figure 1.
All constructs displayed typical antibody features
under reducing and non-reducing conditions. Two
bands corresponding to the HC (50 kDa) and LC
(25 kDa) were observed under reducing conditions.
The slight increase in mobility of the HC for the
three aglycosyl constructs is consistent with loss of
the glycan due to the glycosylation site mutation. A
single prominent band with molecular mass of 150
kDa was observed under non-reducing conditions
resulting from the formation of the tetrameric 2HC—
2LC complex. All three aglycosyl forms show a
minor band at 75 kDa under nonreducing conditions,
which corresponds to HC-LC dimer. Higher levels of
the HC-LC dimer occur in the wild-type IgG4 prepa-
ration consistent with published observations.!®

The ability of the antibodies to bind LINGO-1
was assessed in an ELISA format. The seven Mabs
showed similar EC50 values for binding to LINGO-1
(Table I) with apparent affinities of 0.12 nM for the
IgGlwt and agly, ~0.24 nM for IgG2wt and agly,
and ~0.36 nM for IgG4wt and agly. The activity dif-
ferences, while reproducible, were not large enough
to influence framework selection.

The most striking feature of the seven Li33 Mab
preparations was the differences in their solubility
in 20 mM NaHyPO,, 150 mM NaCl at pH 7.0 (PBS),
which was the maximum concentration each protein
could be stored in PBS at 4°C without precipitating
(see Table I). All three aglycosyl antibodies had poor
solubility with extensive precipitation at concentra-
tions >0.3 mg/mL Mab. The solubility of the IgGlwt
Mab was slightly improved, 0.9 mg/mL, while the
IgG2wt and IgG4wt Mabs were soluble at the high-
est concentration tested. The >50 mg/mL solubility
of the IgG2wt Mab represents more than a 250-fold
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Figure 1. Characterization of Mabs by SDS-PAGE. Li33
Mabs (4 pg/lane) were subjected to SDS-PAGE under
reducing and nonreducing conditions and stained with
Coomassie brilliant blue. Molecular weight markers and
their apparent molecular masses are show in the first lane.

increase over the aglycosyl version of the same con-
struct. The IgG2 V234A/G237A variant was interme-
diate in terms of its solubility. Below the solubility
limits the antibodies were stable to prolonged stor-
age at 4°C and to freeze thaw. The insoluble aggre-
gates that formed with the IgGlwt and all the agly
Mabs at pH 7.0 were irreversible and could not be
resolubilized by sample dilution.

The purity and aggregation state of the antibod-
ies were studied by size exclusion chromatography

Table I. Impact of Li33 IgG Frameworks on Solubility

(SEC) and analytical ultracentrifugation (AUC). All
constructs eluted from the SEC column as a single
prominent peak with an apparent molecular mass of
150 kDa and >95% purity (Table I). Example SEC
profiles for the IgGlwt and IgG2wt Mabs are shown
in Figure 2. The IgGlwt Mab contained 99% mono-
mer with no evidence of soluble aggregates, whereas
the IgG2wt Mab contained 96% monomer, 2% dimer
and 2% higher molecular mass aggregates. AUC
studies were performed at low and much higher pro-
tein concentration to better evaluate aggregation
that might occur under routine storage conditions.
AUC results for the IgG2wt Mab revealed a concen-
tration-dependent formation of soluble aggregates that
were reversible upon sample dilution [Fig. 3(A-C),
Table II]. The smallest and most prominent aggrega-
tion product appears to correspond to a dimer (see
Supporting Information Table I). A coarse estimate of
its apparent Kp based on the concentration at which
50% of Mab was in this aggregate form is 50 pM.
Other much larger and more heterogeneous aggre-
gates were also observed. An interesting behavior of
these latter aggregates is the significant decrease
both in sedimentation coefficients and polydispersity
with increasing protein concentration (Fig. 3 and
Supporting Information Table I). It is unclear if this
behavior is due to a unique mechanism of aggregation
or to nonideality effects that are not accounted for by
the data processing software.!® AUC data for the
IgG1lwt Mab were similar to SEC results and showed
no significant evidence of reversible aggregation at a
concentration that was at its limit of solubility

Stability (°C)

Solubility® LINGO-1 binding, SEC,
Li33 isotype (mg/mL) EC50 (nM) TM1 TM2 % monomer
IgGlwt pH 7.0 0.9 0.12 69 76 99
IgGlagly pH 7.0 0.3 0.12 60 77 >99
IgG4wt pH 7.0 >30 0.35 64 72 98
IgG4agly pH 7.0 0.3 0.37 56 73 95
IgG2wt pH 7.0 >50 0.23 69 76 96
IgG2agly pH 7.0 0.2 0.26 59 76 98
1gG2-V234A/G237A pH 7.0 5.6 0.19 69 76 95
IgG1 Fab2 pH 7.0 0.3 0.10 - 77 98
IgG2 Fab2 pH 7.0 >50 0.39 - 77 98
IgG1 Fab pH 7.0 >50 0.68 - 76 95
IgGlagly reduced pH 7.0 >40 0.12 55 75 98
IgG1lwt reduced pH 7.0 >50 0.15 63 75 98
IgGlwt pH 6.5 1.7 0.10 69 77
IgGlwt pH 6.0 2.4 0.10 69 78
IgGlwt pH 5.5 30 0.16 66 81
IgG1lwt pH 5.0 >50 0.45 66 81
IgGlwt pH 4.5 >50 2.1 62 82
IgGlwt pH 4.0 >50 16 54 78
IgGlwt pH 3.5 >50 34 46/66 74
IgG1 wt pH 3.0 >50 >100 34/52 72

Li33 Mabs were characterized for the limit in their solubility at 4°C, apparent binding affinity for LINGO-1, thermal stabil-
ity, and aggregation state by SEC (samples loaded at 300 pg/mL). Samples at pH 7.0 were prepared in 20 mM sodium phos-
phate, 150 mM NaCl. Samples at other pHs were prepared in 10 mM sodium citrate, 150 mM NacCl.

2 The protocol for assessing solubility is described in the Materials and Methods section.
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Figure 2. Characterization by SEC. Li33 IgG1wt and
IgG2wt Mabs were subjected to SEC on a Superdex 200
column (samples loaded at 300 pg/mL). The column
effluent was monitored at 280 nm. The elution profile of gel
filtration standards and their molecular masses are shown
at the top of the panel.

(Table II). Thus, while the IgG2wt framework pre-
vented the transition to an insoluble aggregate seen
with the IgGlwt framework, the protein self-associ-
ated to form soluble aggregates. The lack of consis-
tency between SEC and AUC results although not
that common demonstrates a potential issue in trying
to extrapolate dilution solution behavior of SEC to the
high concentrations found in formulated biopharma-
ceutical samples.!®1%2° The further reduction in AUC
values for % aggregate for the 0.5 mg/mL IgG2 Mab
sample at pH 5.0, 5% versus 14% for the 0.3 mg/mL
sample at pH 7.0 (discussed below), suggests that
even after dilution to 0.3 mg/mL, dissociation of the
reversible aggregates was incomplete at pH 7.0.

Stability measurements can be used to identify
features that impact the solubility of a protein. The
thermal stability of all the Li33 constructs was
measured by differential scanning fluorometry
(Table I, Fig. 4). Melting temperature (T,) values
for the Fab region (TM2) were 76-77°C for all of the
IgGl and IgG2 constructs and 72-73°C for the
IgG4wt and agly Mabs. T, values for the CH2 do-
main (TM1) were variable and 8-10°C lower for
each of the agly constructs versus their wild-type
counterparts. The IgG4wt and agly constructs were
the least stable as indicated by their lower T, val-
ues. No obvious trends were observed in the stability
data that could explain the dramatic solubility dif-
ferences between the IgG1 and IgG2 Mabs.

To further assess features of the antibodies that
were affecting solubility a variety of conditions and
fragmentation products were tested (Table I). Fab2
and Fab fragments were generated enzymatically
with pepsin and papain, respectively. The solubility
of the IgG2 Fab2 was >50 mg/mL whereas the solu-
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bility of the IgG1l Fab2 was only 0.3 mg/mL. Thus
the solubility differences observed with the IgGlwt
and IgG2wt Mabs were maintained in the corre-
sponding Fab2 fragments. The IgG1 Fab was soluble
to >50 mg/mL. Fragmentation had little impact on
stability. No TM1 signal was observed for the Fab2
and Fab moieties as expected, as the TM1 transition
is produced from the CH2 domain. The higher val-
ues for EC50 for the binding of the Fab to LINGO-1
are consistent with monovalent binding for the Fab
versus bivalent binding for the intact Mab and Fab2
fragments. SEC results for the IgG1l Fab2 and Fab,
and IgG2 Fab2 showed purities of >95%. AUC anal-
ysis of the IgG1 Fab [Table II, Supporting Informa-
tion Fig. 1(A)] revealed that it displayed concentra-
tion-dependent aggregation in PBS similar to that
observed for the IgG2wt Mab. A crude estimate of
the apparent Kp for dimer formation of the Fab is
approximately 300 uM. Thus, the aggregation seen
with the Mabs could be anticipated from the AUC
behavior of the Fab itself at high concentrations.

Reduction of the interchain disulfides also
improved the solubility of the IgG1 Mabs, switching
the aggregation pathway from the formation of insol-
uble to soluble aggregates (Tables I and II). Reduc-
tion had no impact on LINGO-1 binding or aggrega-
tion state as determined by SEC and had only a
slight effect on thermal stability (Table I). AUC
analysis showed that the reduced IgGlwt Mab at 12
mg/mL formed soluble aggregates with an apparent
dimer being the predominant species [Table II, Sup-
porting Information Fig. 1(C)].

Impact of formulation on Li33 solubility

Formulation development is routinely used to opti-
mize storage conditions that maintain activity, pro-
vide stability, and minimize product degradation at
protein concentrations useful for both storage and
delivery. pH had a very dramatic effect on solubility
of the IgG1lwt Mab where below pH 5.5 the antibody
was very soluble and above pH 5.5 it had poor
solubility (Table I). Other excipients that were eval-
uated; salt, sucrose, and Tween 80, had no significant
effect on solubility. Thermal stability measurements
at the various pH treatments revealed that the Fab
region (TM2) was stable under all test conditions. The
CH2 domain (TM1) was stable from pH 7.0 to 5.0 but
then exhibited a sharp decrease in stability as the pH
was further reduced. For these reasons, pH 5.0 was
chosen for additional studies. AUC data for the [gG1wt
Mab at pH 5.0 revealed a low level of stable aggregates
(<3%) with no significant signs of concentration de-
pendent aggregation [Table II, Supporting Informa-
tion Fig. 1(D)]. A similar AUC result was also seen
with the IgG1 Fab [Table II, Supporting Information
Fig. 1(B)]. As the solubility of a protein can be signifi-
cantly reduced at pHs near its isoelectric point, pI val-
ues for the Li33 Mabs were determined by isoelectric
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AUC Data Scans

Sedimentation Coeff. Distributions

& 3 +— ]
bl
o~
a
C o8
g 2
£ 0 ?
E 0.4 1
o
[&]
0.0 0 l
6.0 6.2 6.4 6.6 6.8 7.0 1 " 21 3 41
Radial distance, cm Sedimentation coeff., S
g6 ¢
) «—1
E 3
g4 —=| 3
E T 2 «—2
=
@
o 2
5 1
3]
0 = = 0 e e
6.0 6.2 6.4 6.6 6.8 7.0 1 1" 21 31 41
Radial distance, cm Sedimentation coeff., S
C 16
ol
§15 12
=
A -
T10 T 8
1=
@
£
g 5 4
3]
0 0 Fa
6.0 6.2 6.4 6.6 6.8 7.0 1 1 21 3 41
D Radial distance, cm Sedimentation coeff., S
@ 45
g 12 «— |
:‘g_
< - 30
2 8 )
£ 2
e 4 15
o
o
0 0 "
6.0 6.2 6.4 6.6 6.8 7.0 1 11 21 3 41

Radial distance, cm

Sedimentation coeff., S

Figure 3. Evaluating the aggregation state of Li33 IgG2wt by AUC. Data from velocity sedimentation centrifugations studies
on IgG2wt Mab at pH 7.0 at concentrations of 0.4 (A), 7 (B), and 24 (C) mg/mL and at pH 5.0 at 19 mg/mL (D) are presented.
Left panels show either the raw UV absorbance data or noise corrected refractometric data scans as a function of time. Right
panels show sample distribution of sedimentation coefficients [c(s) vs. S] that were derived from the corresponding UV
absorbance or refractometric data scans with SEDFIT. Peak 1, monomer. Peak 2, smallest aggregation product. S values for

AUC peaks are tabulated in Supporting Information Table I.

focusing. All of the antibodies had pI values of >pH 8.2
and consequently this could not account for the instan-
ces where poor solubility was observed.

The apparent concentration-dependent dimeri-
zation seen with the IgG2wt Mab by AUC was also
greatly reduced by pH 5.0 treatment [Table II, Fig.
3(D)] in a manner similar to that seen for the
IgGlwt Mab and IgGl Fab. Whereas soluble aggre-
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gate levels at pH 7 increased with Mab concentra-
tion from 14% at 0.3 mg/mL to 65% at 7 mg/mL and
to 83% at 24 mg/mL Mab, soluble aggregate levels
at pH 5.0 were 5% at 0.5 mg/mL Mab and 8% at
19 mg/mL. An unexpected feature of IgG2wt Mab at
pH 5.0 was that temperature now affected its solu-
bility where the solubility was >50 mg/mL at room
temperature, but 14 mg/mL at 4°C. The drop in
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Table II. Aggregation Data Obtained by AUC for
Different Versions of the Li33 Antibody as a Function
of Protein Concentration and Buffer Conditions

Concentration % Apparent % Total
Sample (mg/mL) dimer® aggregate
IgG2wt pH 7.0 0.3 2 14
IgG2wt pH 7.0 7.0 37 65
IgG2wt pH 7.0 24 53 83
IgG2wt pH 5.0 0.5 3 5
IgG2wt pH 5.0 19 2 8
IgGlwt pH 7.0 0.9° 4 6
IgGlwt pH 5.5 2.4° 2 3
IgGlwt pH 5.0 0.5 2 2
IgGlwt pH 5.0 25 1 3
IgGlwt pH 7.0 + 12 20 31
TCEP
IgG1 Fab pH 7.0 0.5 10 10
IgG1 Fab pH 7.0 29 60 74
IgG1 Fab pH 5.0 0.5 13 13
IgG1 Fab pH 5.0 26 6 6
1gG2-234A/237A 6.0 2 9
TripleA
1gG2-234A/237A 6.0 2 5
TripleS
IgGlwt A120N 7.0 5 5
pH 7.0

Percent apparent dimer and total aggregate were calcu-
lated from integrated areas of the distribution of sedimen-
tation coefficient plot generated for each sample.

2 Defined as the first peak that appears after the monomer
peak with a larger sedimentation coefficient.

b Samples tested at the limit of their solubility.

solubility at 4°C was accompanied by formation of
reversible insoluble aggregates that went back into
solution at room temperature. In fact the sample
that was characterized by AUC at room temperature
had undergone this temperature dependent precipi-
tation and resolubilization step.

Crystallization of the IgG2 Fab2

Crystallization efforts were used to gain insights
into features of the antibody that might impact solu-
bility. The Fab2 structure was solved by molecular
replacement (data collection and refinement statis-
tics are summarized in Table III). IgG2 Fab2 crys-
tals diffracted to 2.6 A and were in a P1 space group
with eight Fabs per unit cell. An unusual feature of
the Li33 structure was the presence of a region of
hydrophobic CDR residues that form intermolecular
contacts. Figure 5(A) shows representative electron
density data for this region of the structure. Five
residues, W50, W104, 157, and P54 from the HC and
W94 from the LC are highlighted in the figure. Fab
packing arrangements indicated two different types
of interactions: CDR-CDR [Fig. 5(B)] and CDR
framework [Fig. 5(C)]. The chains that use a CDR-
CDR arrangement are A/B with E/F, and C/D and G/
H with crystal contacts to Fabs outside of the unit
cell. The chains that use a CDR-framework packing
interaction include chain J with the F chain frame-

Pepinsky et al.

work, P with the D chain framework, N with the H
chain framework, and L with a crystal contact
framework outside of the unit cell.

The crystal structure of the IgGl Fab was
solved to 3.2 A by molecular replacement (Table III,
Fig. 6). Overall the IgG1l Fab and IgG2 Fab2 struc-
tures were very similar. The IgG1 structure differs
from both of the IgG2 structures as its elbow angle
is much smaller than either of the IgG2 subtypes,
although it more closely resembles the A/B subtype
(data not shown). As a result, the packing of side
chains at the interface such as W94 of the LC and
W104 of the HC shift significantly between the two
subtypes. Crystal contacts in the IgGl structure
were different than those detected in the IgG2
structure.

Improving solubility of Li33 by

targeted mutagenesis

The structural data provided an opportunity to use
rational design to solve the solubility issue. Two dif-
ferent strategies were used. First, site-directed
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Figure 4. Thermal denaturation studies. IgG1wt and
IlgG2wt Mabs were analyzed by DSF. Data for fluorescence
as a function of temperature are plotted as first derivative
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Table III. Data Collection and Refinement Statistics

Data collection IgG1 Fab IgG2 Fab2
Space group P6522 P1
Cell dimensions: a, b, ¢ (A), o, B,y () 90.6, 90.6, 215.0, 90, 90, 90 91.7,109.5, 118.4, 61.5, 79.3, 87.6
Wavelength (A) 0.9797 0.9797
Resolution (A) 50-3.2 47.6-2.62
Ryym (%)* 22.1 (57.1) 13.2 (62.4)
I/o(1)? 13.4 (4.9) 3.5 (2.0)
Multiplicity® 17.8 (17.2) 1.9 (1.7)
Total no. of reflections/no. of unique reflections 889,690/9331 221,192/115,601
Completeness (%)? 100 (100) 96.8 (96.8)
Refinement

Resolution (A) 44.3-3.2 20-2.6

No. of reflections 8815 109,594

Ruork Riree)® (%) 19.4 (29.0) 26.3 (34.1)

No. of Fabs per asymmetric unit 1 8

No. of atoms: protein, sulfates, water 3290, 5, 0 26395, 0, 0

Ave. B-factor(A2): protein, sulfates, water 18.3,41.8, 0 48.3,0,0

R.m.s deviations: bond (A), bond angles (°) 0.023, 2.38 0.013, 1.16

Ramachandron plot: allowed, generously 98.1,1.1, 0.8 94.9, 2.7, 2.4

allowed, not allowed (%)

2 The value in parentheses is for the highest resolution bin (approximate interval, 0.1 A), Ryym = X1 Ing — (hia) /2.
Y Ruork = ZlniallFo — |Fell/ Iy Fol for all data except 5% which is used for the Ry calculation.

mutagenesis of the hydrophobic CDR residues was
used to directly test the involvement of these resi-
dues on aggregation [Fig. 5(B,C)]. For the CDR mu-
tagenesis work, W94, W104, 157, and P54 were
replaced with less hydrophobic amino acids. W50
was not targeted because it formed intra-Fab HC/LC

contacts that presumably stabilized the Fab. All
P54 substitutions significantly impacted LINGO-1
binding and were not further evaluated. For the
W94, 157, and W104 substitutions, functional data
from expressed constructs with single point muta-
tions were used to design double and triple mutants.

B.

Figure 5. Identification of intermolecular CDR contacts in the IgG2 Fab2 crystal structure. The eight Fabs in the asymmetric
unit of the Fab2 structure, designated A/B, C/D, E/F, G/H, I/J, K/L, M/N, and O/P (LC/HC), displayed two types of packing
interactions. (A) Stereo electron density at 1 sigma of the cluster of hydrophobic CDR residues that formed intermolecular
contacts. (B) Crystal packing of CDR-CDR contacts of Fab A/B with Fab E/F, highlighting residues considered for targeted
mutagenesis. HC residues 157, W104, P53, and W94 are in pink and blue, and LC W94 in green and yellow. (C) Crystal
packing of the CDR-framework interactions of the J chain CDRs (blue) of Fab 1/J with F chain (pink) framework residues G8-

G10 and K76 of Fab E/F.
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Figure 6. Crystal structure of the Li33IgG1 Fab. (A) Stereo electron density at 1 sigma of the cluster of hydrophobic CDR
residues that formed intermolecular contacts. (B) Mapping of the four asparagine attachment sites for N-glycosylation
(spheres) that were engineered in the CH1 domain by targeted mutagenesis on Fab HC (pink). (C) Crystal packing showing
the location of the engineered glycosylation sites on the CH1 domain (pink) and their proximity to other Fabs in the structure
(gray). Distances from closest crystal contacts (indicated by dashed lines) are denoted.

Selected results from the targeted CDR mutagenesis
strategy are shown in Table IV. The IgGlagly W94V/
157-V,-S,-P, and -T double mutants all had improved
solubility with no impact on LINGO-1 binding, sta-
bility, or on the level of aggregation detected by
SEC. The W104Q/W94V/I57-S and -A triple mutants
also had improved solubility with no impact on sta-
bility or on the level of aggregation detected by SEC,
but the EC50 for LINGO-1 binding was reduced to

2-3 nM (Table IV). Characterization of the triple
mutants by AUC (Table II) revealed very low dimer
levels at concentrations that promoted reversible
dimer formation with the IgG2wt Mab. Limiting
amounts of the antibodies prevented us from testing
them at higher concentrations. These studies con-
firm that the hydrophobic CDR residues identified
as crystallization contact points directly contribute
to the aggregation seen with the Li33 Mab.

Table IV. Impact of Targeted Mutagenesis on Li33 Solubility

Solubility® LINGO-1 binding, Stability (°C) SEC,
Li33 Isotype (mg/mL) EC50 (nM) T™1 T™M2 % monomer
CDR targeted mutagenesis
IgGlagly 0.3 0.12 60 77 >99
IgG1aglyW94V/I57V >10 0.15 59 74/82 99
IG1aglyW94V/I57S >7 0.38 58 75/82 99
IgG1laglyW94V/157P >8 0.07 58 75/83 99
IgG1aglyW94V/I57T >7 0.13 59 75/83 99
IgG2wt >50 0.23 69 76 96
IgG2agly 0.3 0.26 59 76 98
I1gG2-V234A/G237A 5.6 0.19 69 76 95
+W94V/W104Q/157S >50 2.9 67 74 95
+W94V/W104Q/I57A >50 2.4 69 73 95
Glycosylation site insertion mutants
IgGlwt 0.9 0.12 69 76 99
IgGlwt A120N >50 0.10 69 75 95
IgGlwt Q177N 49 0.15 69 75 96
IgGlwt T197N >50 0.12 69 75 95
IgGlwt K212S 3.7 0.12 69 75 85

Samples were characterized for the limit in their solubility at 4°C, apparent binding affinity for LINGO-1, thermal
stability, and aggregation state by SEC. All samples were analyzed at pH 7.0 in PBS.
2 Protocol for assessing solubility is described in the Materials And Methods section.

Pepinsky et al.

PROTEIN SCIENCE ‘ VOL 19:954-866 961



Second, N-glycosylation sites were inserted into
the Li33 IgGl CH1 framework at positions where
the added glycan could potentially disrupt aggrega-
tion through steric effects (Fig. 6). The use of engi-
neered glycans to improve solubility as well as other
protein attributes is well documented.2!2® N-glyco-
sylation sites were incorporated into surface resi-
dues where NXS/T motifs could be introduced by
single amino acid substitution and the added gly-
cans would project away from the CDRs in orthogo-
nal directions where they each could disrupt differ-
ent contact surfaces. The four residues targeted,
A120N, Q177N, T197N, and K212S, are mapped on
the Li33 IgG1l Fab structure in Figure 6. The added
glycans all produced a decrease in mobility of the
HC by SDS-PAGE and an acidic shift in the Mab pl
values by IEF relative to the mobility of the parent
IgG1lwt Mab. Characterization data for the mutants
are summarized in Table IV. Binding affinity and
protein stability were not affected by the mutations.
The A120N and T197N mutations resulted in pro-
teins with excellent solubility. By AUC, the prepara-
tions were largely monomer with low levels of solu-
ble aggregates that were irreversible (Table II). The
other two mutations produced only slight improve-
ments in solubility. The K212S mutant protein was
least soluble and showed substantial levels of aggre-
gation by SEC. The sites with the greatest improve-
ment in solubility correlated with their proximity to
crystal contacts in the IgGl structure [Fig. 6(C)].
Because the glycoengineering approach targets
framework residues, it can be applied to any anti-
body though the specific site(s) that enable improved
solubility could differ in different antibodies.

Discussion

We have applied a variety of biochemical, biophysi-
cal, and molecular engineering approaches to under-
stand factors that contributed to the complex solubil-
ity properties of the Li33 Mabs. Two different
aggregation pathways were identified. One pathway
led to formation of insoluble aggregates where the
protein irreversibly precipitated. Samples that
underwent irreversible aggregation typically had a
solubility limit of <1 mg/mL. For the purpose of our
analyses we focused on the IgGlwt Mab as a proto-
typic example of this type of behavior. The other
pathway led to formation of soluble aggregates that
were reversible following sample dilution. The prom-
inent aggregate intermediate observed in samples
that formed soluble aggregate appeared to be a
dimer. The IgG2wt Mab was utilized to understand
factors that led to this behavior. For samples that
formed soluble aggregates a solubility limit was not
achieved and most samples were soluble at >50 mg/
mL. Many unrelated factors contributed to aggrega-
tion of the Li33 Mabs. For example, removal of the
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glycan from the IgG2wt Mab caused a >250-fold
drop in solubility and the formation of insoluble
aggregates, while reduction of the IgGlwt Mab
increased solubility by >50-fold and the formation of
soluble aggregates. Thus, the types of aggregates
that formed could be switched by simple sample
manipulations.

The presence of soluble aggregates in the IgG1l
Fab indicated that a key determinant leading to
aggregation lies within the Fab. The most unusual
feature in the Li33 Fab2 structure was a patch of
hydrophobic CDR residues that formed CDR-CDR
and CDR-framework contacts (Fig. 5). The large
number of hydrophobic residues found in the Li33
variable sequences is abnormal for an antibody and
could provide an early nucleation step leading to
aggregation. To test this possibility, we produced
and characterized a large panel of mutants targeting
these sites. Replacement of the hydrophobic CDR
residues with less hydrophobic amino acids elimi-
nated the aggregation seen under physiological con-
ditions with the parent constructs, verifying their
involvement in the aggregation of the Li33 Mab.

The pH 5.0 formulation provided a simple solu-
tion to resolve the solubility and aggregation issues
seen with the Li33 Mabs. These effects seem to arise
from contacts within the Fab, as the IgG1l Fab was
also less aggregated at pH 5.0. The sharp transition
at pH 5.5 is indicative of the titration of the imidaz-
ole proton on a histidine (pKa = 6.0). H101 in CDR3
of the HC was of particular interest because it
formed a H101-H101 contact of CDRs and with
framework in the IgG2 Fab2 structure. H101 is in
close proximity to the hydrophobic patch targeted by
CDR mutagenesis and in its unprotonated state
could provide additional hydrophobic contacts. As
the pH is dropped and H101 becomes protonated,
the added charges could destabilize the hydrophobic
lattice. Thus, the impact of pH on aggregation may
be analogous to the effect of the CDR mutagenesis
approach in destabilizing intermolecular hydropho-
bic interactions. Attempts to study H101 by targeted
mutagenesis failed because constructs carrying
H101 mutations expressed poorly and could not be
evaluated.

The difference in the solubility of the IgGlwt,
IgG2wt, and IgG4wt Mabs implies that factors out-
side of the Fab also contribute to aggregation. Since
the solubility of IgG1l and IgG2 Fab2 fragments dif-
fered by >150-fold, another key determinant in solu-
bility presumably lies within the hinge/interchain di-
sulfide networks that make up the Fab2 portion of
the constructs. One structural difference between
IgG1 and the other frameworks is the positioning of
the interchain disulfides that connect the HC and
LC. The IgG1 antibodies utilize cysteine-5 in the HC
whereas IgG2 and IgG4 frameworks utilize cysteine-
3. When the IgGlwt and agly samples were treated
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with reductant to break interchain disulfides, they
were now soluble, supporting that structural con-
straints within the IgG1 framework lead to its poor
solubility. Alternatively, the heterogeneity of the wt
IgG2 might contribute to its increased solubility.
Consistent with published data for IgG2 Mabs,? the
Li33 IgG2wt Mab contains four interchain disulfide
variants (data not shown). Like most Mabs, the
IgG2wt Mab also contains over a dozen glycoforms
that are predominated by core biantennary struc-
tures. The disulfide and glycan heterogeneity could
prevent the formation of ordered structures that lead
to precipitation. Interestingly, when the eight Fabs in
the IgG2 Fab2 crystal structure were superimposed,
the relative orientation of the light and HCs fell into
two classes that correlated with the types of CDR
contacts made by the two different subtypes. In the
A/B subtype, the HC rotates relative to the LC to pro-
vide a more acute elbow angle than in the O/P sub-
type. More extensive evaluation of the crystal data is
needed to assess if these differences are caused by
the disulfide heterogeneity of the IgG2 hinge or if
they are caused by the crystallization procedure.

The reduced solubility of aglycosyl constructs
implies that other interactions can also contribute to
the aggregation seen with the Li33 Mabs. Since suc-
cessful application of aglycosyl versions of antibodies
is well documented,>® the poor solubility character-
istics of the Li33 aglycosyl versions are likely aug-
mented by issues associated with the Li33 Fab. The
success of the glycosylation site engineering strategy
at preventing aggregation of the Li33 Mab, provides
a clear demonstration of how added glycans can
sterically block protein contacts from forming.

In summary, we have investigated a number of
approaches to alter the physicochemical properties
of the Li33 Mab to eliminate its tendency to self-as-
sociate. Many variables can impact the multiple
aggregation pathways a protein can take. Some of
these approaches can be additive, have no effect, or
can lead to counterproductive outcomes. Such com-
plex behavior highlights the difficult nature in
addressing this general problem. Furthermore, we
show care needs to be taken in using simple absorb-
ance and SEC measurements to assess what is hap-
pening in a protein sample in terms of its solution
properties, especially as it relates to solubility and
aggregation. For the Li33 Mabs, CDR-CDR and
CDR-framework interactions revealed by the Li33
Fab crystal structure appear to be the major path-
way that leads to the poor solubility of the Li33
IgG1 Mab. Mutations at these sites improve solubil-
ity. Alternatively, these interactions could be masked
by insertion of glycosylation sites in the CH1 domain
near the CDR-framework junction. Most surprising
was the impact of isotype switching as different
frameworks displayed a >250-fold range in solubil-
ity. In terms of the latter we believe spatial/steric
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factors may play an important role facilitating or
limiting protein interactions that lead to self-associa-
tion. The strategies we developed and discussed in
this article to improve the solubility and reduce
aggregation of the Li33 Mab should be readily appli-
cable to other proteins with unacceptable biochemi-
cal properties.

Methods

Molecular Cloning of the Li33 Mabs

The HC and LC variable regions of the Li33 anti-
body were isolated utilizing the semi-synthetic
human antibody Fab phage display library technol-
ogy from Dyax (Cambridge, MA). Native human
kappa LC and HC signal peptides were used to
direct secretion of Li33 light and HCs, respectively
in mammalian cell hosts. The variable domain frag-
ment of the LC was subcloned into a shuttle vector
containing the intact signal peptide and LC kappa
chain constant regions. The variable domain frag-
ment of the HC was subcloned into shuttle vectors
containing the intact signal peptide and IgGlwt,
IgGlagly, IgG4awt, IgG4agly, IgG2wt, IgG2agly, and
IgG2 V234A/G237A HC constant region. Point muta-
tions were generated by site directed mutagenesis.
Aglycosyl constructs all utilized a threonine to ala-
nine mutation in the conserved CH2 domain NST
glycosylation motif (T297A in the IgG2agly Mab).
The mature protein sequence for the Li33IgG2 con-
struct is shown below. CDR
underlined.

sequences are

Light chain. DIQMTQSPGTLSLSPGERATLSCRA
SQSVSSYLAWYQQKPGQAPRLLIYDASNRATGIPAR
FSGSGSGTEFTLTISSLQSEDFAVYYCQQYDKWPLT
FGGGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVV
CLLNNFYPREAKVQWKVDNALQSGNSQESVTEQ
DSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQG
LSSPVTKSFNRGEC

Heavy chain. EVQLLESGGGLVQPGGSLRLSCAAS
GFTFSIYPMFWVRQAPGKGLEWVSWIGPSGGITKYA
DSVKGRFTISRDNSKNTLYLQMNSLRAEDTATYYCAR
EGHNDWYFDLWGRGTLVTVSSASTKGPSVFPLAP
CSRSTSESTAALGCLVKDYFPEPVTVSWNSGALTS
GVHTFPAVLQSSGLYSLSSVVTVPSSNFGTQTYTCN
VDHKPSNTKVDKTVERKCCVECPPCPAPPVAGPS
VFLFPPKPKDTLMISRTPEVI'CVVVDVSHEDPEVQ
FNWYVDGVEVHNAKTKPREEQFNSTFRVVSVLTV
VHQDWLNGKEYKCKVSNKGLPAPIEKTISKTKGQ
PREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDI
AVEWESNGQPENNYKTTPPMLDSDGSFLYSKLTV
DKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

Purification
Li33 Mabs were expressed in Chinese hamster ovary
cells and purified from clarified and filtered culture
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supernatants on recombinant Protein A Sepharose
Fast Flow (GE Heathcare) at 10 mg Mab/mL resin.
The protein content of the eluted samples was esti-
mated from absorbance spectra. Due to the limited
solubility of Li33IgGlwt and agly samples, they
were stored in the 10 mM citrate pH 4.7, 25 mM
NaCl buffer. All other samples were dialyzed into 20
mM sodium phosphate pH 7.0, 150 mM NaCl (PBS).
Samples were filtered through 0.22 Mp units, ali-
quoted and stored at —70°C. Reduced Li33IgGlwt
and agly preparations were generated by incubating
samples with 1 mM Tris(2-carboxyethyl)phosphine
(TCEP) for 60 min at 37°C in PBS.

IgG1 and IgG2 Fab2 fragments were generated
with pepsin at an enzyme:protein ratio of 1:100.
Samples in 10 mM sodium acetate pH 3.6 were incu-
bated at 37°C for 6 h for IgG2 or 4 h IgG1 for com-
plete conversion of the Mab to Fab2. Fab2 fragments
were purified on Protein A Sepharose followed by
chromatography on a Fractogel EMD SO, column.

IgGl Fab was generated with papain at an
enzyme:Mab ratio of 1:100. Samples in 10 mM
NayHPO,4 pH 7.5, 5 mM EDTA pH 7.5, 20 mM cyste-
ine-HCI, 20 mM NaOH were incubated at 37°C for
2.5 h and quenched with 35 pg/mL E64. Fab frag-
ments were purified on Protein A Sepharose fol-
lowed by chromatography on a Fractogel EMD SO,
column.

SDS-polyacrylamide gel electrophoresis

Samples were subjected to SDS-PAGE on 4-20%
tris-glycine gradient gels from Invitrogen. Nonre-
duced samples were treated with 5 mM N-ethyl mal-
eimide for 5 min at room temperature, diluted with
Laemmli nonreducing sample buffer and heated at
95°C for 2 min prior to analysis. Reduced samples
were treated with sample buffer containing 2% 2-
mercaptoethanol and heated.

Solubility studies

Samples were concentrated in Amicon YM30 centrif-
ugal filter devices until visible precipitates formed
or a predefined maximum concentration was
achieved. Protein concentrations were determined
from absorbance spectra taken immediately after
concentration and then after 5 days at 4°C. Prior to
each absorbance measurement, samples were fil-
tered through 0.45 pym membranes. If the absorb-
ance decreased during storage, the samples were
further incubated at 4°C until a solubility limit had
been achieved. When possible samples were concen-
trated to 50 mg/mL; however, due to the small sam-
ple size of some of the purified constructs they were
only concentrated to the amount indicated.

Characterization by SEC

Samples (100 pg in 300 uL of column buffer) were
subjected to SEC at room temperature on a Super-
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dex 200 HR10/30 FPLC column (GE Heathcare)
using PBS as the mobile phase. The column was run
at 0.3 mL/min. The column effluent was monitored
by UV detection at 280 nm and purity assessed by
peak height.

Analytical ultracentrifugation

Sedimentation velocity experiments were run at
20°C, 40,000 or 50,000 rpm in a Beckman Optima
XL-I ultracentrifugel (Beckman, Palo Alto, CA),
using an An50 Ti eight-hole rotor. Data acquisition
was conducted using the UV-Vis absorbance detec-
tion system and/or the Rayleigh interferometer on
the ultracentrifuge with centrifuge cells containing
either double sector 3 or 12 mm charcoal-filled Epon
centerpieces and sapphire windows. Sedimentation
coefficient distribution information, c¢(s), was
obtained using the SEDFIT program with a confi-
dence level of 0.68.192*

Isoelectric focusing

Elecrophoresis was carried out on a pH 3-10 IEF
minigel from invitrogen at 100 V for 1 h, 200 V for
1 h, and 500 V for 30 min.

Differential scanning fluorimetry

Protein unfolding was monitored by differential
scanning fluorimetry. Measurements were conducted
on an Mx3005p real-time PCR system (Agilent Tech-
nologies) in a 96-well format using 10 pg of protein
in 50 uLL PBS (at pH 7.0) supplemented with SYPRO
orange fluorophor (Invitrogen) at a final concentra-
tion of 10x. Samples were heated from 25°C to 95°C
at 1°C/min with fluorescence intensity measured
three times every 1°C. Fluorescence intensities were
plotted as a function of temperature. T, were
derived from these curves by taking the negative de-
rivative (“R/(T)” in the Mx3005p software) and
selecting the local minima of the derivative plots.
For pH studies, 10 mM sodium citrate was used as
the buffering agent.

Analysis of function by direct binding ELISA
ELISA plates were coated with Lingo-1-Fc, blocked,
and incubated with a threefold dilution series of
each test compound starting at 10 pg/mL (eight dilu-
tions). Bound Mab was detected using AP-anti-
human Fab using 4-nitrophenyl phosphate AP sub-
strate. Plates were read at 405 nm on a Molecular
Devices plate reader. EC50 values of binding were
calculated from the titration curve using prism
software.

Crystallization of the Li33IgG1 Fab

IgG1 Fab at 5 mg/mL was mixed at a volumetric ra-
tio of 1:1 with a reservoir solution consisting of 2 M
ammonium sulfate, 0.1 M sodium acetate pH 3.5
and 0.1 M TCEP. Football-shaped crystals were
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grown by vapor diffusion at 20°C and were cryopro-
tected by transferring them into 2 M ammonium sul-
fate, 0.1 M citrate pH 3.5, 20% glycerol, 10% su-
crose, 10% xylitol for 2 min and then frozen by a
quick transfer into liquid nitrogen. The crystals dif-
fracted to 3.2 A at the SGXcat beamline at the
Advanced Photon Source (Argonne, IL). Data were
processed with the HKL program package v.1.97.2°
The crystal structure was solved by molecular
replacement based on another IgG1 homology model
(AQC2 mutant Fab PDBID: 2B2X) in PHASER2®
with all possible arrangements of the screw access
leading to a clear solution in space group P6(5)22.
Model building of the single Fab and four sulfates in
Coot 0.5.2%7 followed by refinement using Refmac52®
to 8.2 A resolution resulted in a final R-factor of
19.3% and Rfree of 28.9% with reasonable geometry.
The structure has been deposited in the RCSB with
PDB code:3KYK.

Crystallization of the Li33IgG2 Fab2

IgG2 Fab2 at 7.2 mg/mL was mixed at a volumetric
ratio of 1:1 with a reservoir solution consisting of
12%Peg3350, 0.1 M phosphate citrate pH 4, 0.2 M
NaCl. Rod-shaped crystals grown by vapor diffusion
at 20°C and were cryoprotected by transferring
them into 20%Peg3350, 0.1 M phosphate citrate pH
4, 0.2 M NaCl, 15% glycerol for 2 min and then fro-
zen by a quick transfer into liquid nitrogen. The
crystals of the IgG2 Fab2 diffracted to 2.8 A at
the SGXcat beamline at the Advanced Photon
Source. Data were processed with the HKL program
package v.1.97.2° The crystal structure was solved
by molecular replacement based on another IgG2
homology model (3GIZ) in PHASER.2® Model build-
ing of the eight Fabs in Coot 0.5.227 followed by
refinement using Refmac5?® to 2.6 A resolution
resulted in a final R-factor of 26% and R free of 34%
with reasonable geometry. The structure has been
deposited in the RCSB with PDB code:3KYM.
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