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Introduction

Recombinant monoclonal antibodies (mAbs) represent an estab-
lished and growing class of therapeutics, with more than 20 
mAbs approved for the treatment and prevention of disease. It is 
becoming increasingly apparent, however, that not all candidate 
mAbs emerging from the drug discovery process are suitable 
for commercial development, when considering their expres-
sion levels, stability and product homogeneity. In particular, 
the phenomenon of protein aggregation is a common issue that 
compromises the manufacture, storage, administration, bio-
logical activity and safety of biological drugs, including mAbs. 
In extreme cases, the consequences of biological drug aggre-
gation can be severe. For example, aggregation of the anemia 
drug erythropoietin (EPO) was one of the factors implicated in 
EPO-derived immunogenicity that caused pure red cell aplasia, 
and subsequently fatalities, in patients.1 Therapeutic antibody 
immunogenicity is rarely as severe as the case of EPO,2 but can 
still result in unfavorable outcomes, such as patients having to 
withdraw from therapy.3 The aggregation issue is somewhat 
exacerbated by the recent move, in the interests of patient con-
venience, toward subcutaneous self-administration of antibody 
drugs. In this case, the risk of aggregation is increased due to the 
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high concentration of antibody required to fill a 1 mL syringe 
with an effective dose.

Aggregation in the manufacturing process can lead to 
unwanted heterogeneity in biological protein preparations. 
Pharmaceutical regulatory authorities, such as the United States 
Food and Drug Administration (FDA), recommend that hetero-
geneity be closely monitored and characterized to ensure consis-
tent drug activity between manufacturing lots.4 When antibodies 
are variable in their aggregation profile between production lots, 
costly monitoring and control procedures are necessary during 
the manufacturing process. There are many factors that can 
contribute to protein aggregation, including primary sequence, 
partial unfolding, post-translational modifications, hydrophobic-
ity, charge, pH, temperature, protein concentration and formula-
tion. Because mAbs are large multidomain proteins, the factors 
that lead to aggregation are complex and are generally not well 
understood.5 It is becoming standard practice in the industry 
to select lead antibodies based on both biological activity and 
aggregation profile. Aggregation propensity can be measured in 
a number of high throughput assays6-8 and predicted via in silico 
tools.9,10 If aggregation is identified, formulation development 
is routinely used to minimize aggregation following a ‘quality 
by design’ (QbD) approach. Nevertheless, there are limits to 
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antibody (Fig. 2A, upper trace). The theoretical mass of the mAb 
from the primary sequence is 145,460 Da. Unpaired peptide thiol 
groups can be modified by the addition of Cys (cysteinylation) 
or glutathione (glutathiolation) resulting in mass increases of  
119 Da and 305 Da respectively. The mass changes from cyste-
inylation of both unpaired Cys and the combination of cyste-
inylation and glutathiolation can explain some of the additional 
peaks in spectra. In addition the degree of Cys modification was 
variable between antibody expression batches (Fig. S1).

The T
m
 was calculated by DSC and an accelerated stability 

study performed to assess the effect of the free Cys on confor-
mational stability and aggregation propensity (Table 1). In brief, 
the mAb was incubated at 10 mg/ml for two weeks and the pro-
portion of monomer, aggregates and break down products were 
monitored and used to calculate the rate of aggregation. Ang2 
mAb had a very significant rate of aggregation and a relatively 
low T

m
1 of 65°C (Fig. 2B).

Identification of improved variants enhancing expression 
and stability with no detrimental effect on immunogenic-
ity and potency. The non-canonical Cys residue was the most 
likely cause of the aggregation. Structural modeling indicated 
that it was likely surface-exposed and available for modification 
(Fig. 1C). The strategy used to engineer the mAb is outlined 
in Figure 1D. Nineteen variants of Ang2 mAb were screened 
for activity, mammalian expression and in silico immunogenic-
ity. From these screens, two variants Cys49Asn and Cys49Thr 
were identified that had improved expression, retained bioactiv-
ity and reduced predicted immunogenicity (Fig. 3). To confirm 
that these variants had improved stability, a miniature acceler-
ated stability study was performed at 1 mg/ml. The two variants 
retained greater than 90% monomer after 4 weeks, in contrast 
to the Ang2 mAb which lost 25% monomer (Fig. 4A). The V

H
 

was reverted to germline with the change Gly37Val which had 
no effect on potency (data not shown). At small scale the variants 
had improved expression relative to the Ang2 mAb. To further 
investigate the effect on mAb yield at larger scale, a 5 L transient 
expression and purification was performed. Both variants had 
improved expression relative to the Ang2 mAb but, surprisingly, 
expression of Cys49Thr was more than 10-fold greater than 
Ang2 mAb and Cys49Asn (Fig. 4B).

Characterization of mAb2. The variant Cys49Thr was char-
acterized relative to the Ang2 mAb in more detail. As expected 
from previous results, it had significantly improved expression rel-
ative the Ang2 mAb and retained affinity and potency (Table 1). 
The deconvoluted mass spectra of the N-deglycosylated IgG2 
demonstrated that the heterogeneity of the antibody was signifi-
cantly reduced (Fig. 2A). To assess the conformational stability 

the level of improvement that can be achieved by formulation 
changes alone. Up to 50% of manufactured product is wasted 
in some cases.11 Improved variable domain engineering strategies 
are important to address such issues early in the research phase of 
drug development to ensure the drug can meet the desired clini-
cal performance.

In the current study, we focused on an antibody targeting 
angiopoietin 2 (Ang2), a soluble ligand for the Tie2 receptor and 
an import regulator of pathological angiogenesis and inflamma-
tion. The correlation between Ang2 expression in tumors with 
regions of high angiogenic activity and poor prognosis in many 
tumor types makes Ang2 an ideal drug target. We previously gen-
erated a human anti-Ang2 antibody that neutralizes Ang2 bind-
ing to the Tie2 receptor in vitro and inhibits angiogenesis and 
tumor growth in vivo12 and now is in clinical trials.13 Antibody 
development was hampered, however, by poor expression and 
aggregation caused in part by a non-canonical, unpaired Cys resi-
due in the antibody variable domain. Surprisingly, this antibody 
emerged from a B cell hybridoma screening strategy that should 
in theory include an intrinsic selection for well-expressed, non-
aggregating antibodies.

Antibody stability engineering strategies reported in the lit-
erature have focused on improving our general understanding of 
the residues linked to stability9,14-17 or using directed evolution-
ary strategies to identify aggregation resistant frameworks.18,19 
Here, we started with an antibody with significant expression 
and aggregation liabilities and used a rational design approach to 
engineer the variable domain to reduce aggregation and improve 
expression. This is the first report of stability engineering address-
ing non-canonical Cys residues in an antibody and the strategy 
reported here is applicable to other proteins with unpaired Cys 
residues to enhance stability and therapeutic use.

Results

Characterization of Ang2 mAb. The variable region genes from 
an anti-Ang2 hybridoma were cloned into a full-length human 
IgG2 vector and expressed in mammalian cells. Initial data from 
the expression and purification highlighted that the yield was sig-
nificantly lower than expected (Table 1), but the mAb was greater 
than 99% monomer by SEC-HPLC (data not shown). Sequence 
analysis of the variable domains and comparison to human germ-
line highlighted a non-canonical Cys at V

L
 kappa position 49 and 

an additional non-germline residue at V
H
 position 37 (Fig. 1A). 

The presence of non-canonical Cys in antibody germline genes 
is relatively rare (Fig. 1B). The deconvoluted mass spectra of 
the N-deglycosylated IgG2 demonstrated heterogeneity of the 

Table 1. enhanced profile of Cys49thr mAb relative to Ang2 mAb

KD (pM) IC50 (nM) % Agg/month at 40°C Tm 1 (°C) Yield (mg/L)

Ang2 mAb 24.5 0.2 40 65 10

Cys49thr mAb 37 0.28 0.2 76 260

Affinity (KD) was measured by KinexA and activity (IC50) was measured in Ang2/tie 2 competition eLISA. the rate of aggregation (% Agg/month) was 
calculated from an accelerated stability study with IgG at 10 mg/ml in 10 mM histidine buffer pH 6 at 40°C. the mid-point of thermal unfolding (tm) was 
determined by differential scanning calorimetry. Yield was calculated following transient expression in mammalian cells.
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reported to result in decreased thermal stability.23 In the case of 
unpaired non-canonical Cys residues, there are three reports of 
such mAbs in the literature, MAB007 Cys in V

H
 CDR3 position 

104;24 OKT3 Cys in V
H
 CDR3 position 100a25 and palivizumab 

Cys in V
L
 CDR1 position 25.26 For these three antibodies, the 

unpaired Cys surprisingly had little effect on stability and aggre-
gation. Palivizumab is a stable molecule,27 OKT3 reported < 1% 
aggregate after six months at 40°C28 and MAB007 had < 3% 
aggregate following storage for one month at 45°C.29 The only 
detrimental effect of the unpaired Cys was the cysteinylation-
induced heterogeneity in MAB007.24 Another interesting par-
allel is the generation of site-specific antibody-drug conjugates 
based on the introduction of non-canonical Cys residues. Here, 
the additional Cys residues were modified with Cys or gluta-
thione introducing heterogeneity, as observed for Ang2 mAb, 
which rendered the Cys inactive as a functional group for con-
jugation of the payload.30,31 The degree of Cys modification of 
Ang2 mAb was variable, dependent upon cell culture and pro-
cess conditions. The affect of the Cys on stability is not reported; 
the affect of Cys on expression was variable and difficult to pre-
dict.32,33 A structural model of Ang2 mAb was generated and 
used as the basis for aggregation prediction using computational 
tools from Accelrys Software Inc. The Ang2 mAb was predicted 
to have a significant aggregation patch in V

H
 CDR3 (Fig. S2). 

The mutation Cys49Thr reduced the predicted aggregation pro-
pensity score, while the V

H
 germline change Gly37Val made no 

and aggregation propensity of the engineered mAb, the T
m
 was 

calculated by DSC and an accelerated stability study performed. 
In brief, the mAb was incubated at 10 mg/ml for two weeks and 
the proportion of monomer, aggregates and break down products 
were monitored and used to calculate the rate of aggregation. The 
T

m
1 was elevated by 11°C (Fig. 2B) and the rate of aggregation 

significantly reduced (Table 1). Finally, the variant Cys49Thr 
was converted from human IgG2 to a human IgG1 to remove the 
isomerisation liability. The IgG1 was characterized as the IgG2 
and had an identical profile (data not shown).

Discussion

Therapeutic proteins, including mAbs, are inherently hetero-
geneous and prone to degradation. The causes of heterogene-
ity include, but are not limited to, chemical modifications such 
as deamidation, oxidation and alternative disulfide connectiv-
ity. These chemical changes can lead to structural changes that 
impair the physical stability of the therapeutic protein. Unpaired 
Cys residues are very reactive and can potentially trigger aggre-
gation through intramolecular scrambling or intermolecular 
disulfide formation.20-22 The Ang2 mAb non-canonical Cys is 
the cause for the mAb rapid aggregation as demonstrated by the 
accelerated stability study in Figure 4A. The molecular mech-
anism of aggregation was not investigated in detail; however, 
free sulfhydryl groups from unpaired canonical Cys residues are 

Figure 1. V gene sequence and model of Ang2 mAb. (A) VH and VL amino acid sequence with Kabat defined CDRs in blue, non germline framework 
residue VH G37 in orange and V

κ
 C49 in red. (B) Frequency of non-canonical Cys residues in human germline genes. (C) Model of Ang2 mAb variable do-

mains highlighting position of VH G37 (orange) and V
κ
 C49 (red). VH is in green and V

κ
 in blue. (D) overview of the strategy used to engineer Ang2 mAb. 
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human germline; however, there are 
examples of human germline genes 
encoding unpaired Cys residues, 
which will be present in platforms 
that use natural gene sources.38 The 
typical germline residue at position 
V

L
 49 is Tyr. The mutation Cys40Tyr 

did improve expression, but signifi-
cantly reduced the potency of the 
mAb. The very large Tyr residue is 
likely to alter the conformation of 
the proximal V

H
CDR3 loop, high-

lighted in the model of Ang2 mAb. 
The other large, positively charged or 
aromatic amino acids also had a det-
rimental impact on potency, with the 
exception of Phe. Gly, Ser and Ala are 
amino acids typically used to replace 
Cys.22 Their impact on potency was 
within 2.5-fold, but only Ser and Ala 
improved expression. Ser and Ala 
are very small amino acids and, as 
expected, were potentially acceptable 
replacements; however, Ala increased 
the predicted immunogenicity while 
other variants, such as Asn, Thr, 
Asp and Glu, demonstrated lower 
predicted immunogenicity and 
improved potency relative to Ser.

Variants Asp and Glu had simi-
lar expression and potency to Ang2 
mAb. Interestingly, the introduc-
tion of negatively charged residues, 
particularly Asp around V

L
 CDR2, 

including position V
L
49, has been 

proposed as a general strategy to 
reduce the aggregation propensity of antibody scFv.17 To test 
whether this observation of scFv translated to full length IgG, 
we evaluated the variant Cys49Asp in the accelerated stabil-
ity study. As predicted, Cys49Asp did have a reduced aggrega-
tion propensity relative to Ang2 mAb (Fig. S3). The molecular 
mechanism for this is unclear but this does confirm a preference 
for small negatively charged amino acids potentially influencing 
the localized environment, unlike supercharged proteins. This is 
the first report confirming that small charge changes around V

L
 

CDR2 translates from scFv to improved stability in full-length 
IgG molecules.

Variant Cys49Asp retained activity, reduced aggregation pro-
pensity but did not improve mAb expression. Only two variants 
Cys49Asn and Cys49Thr improved activity, expression and did 
not have a detrimental impact on predicted immunogenicity. 
Asn and Thr are not typically considered as replacements of Cys. 
Asn and Thr, however, are of a similar size to Cys and, in the 
context of antibodies, Thr has the potential advantage of neu-
tral hydropathy that is a hallmark of position V

L
49,39 whereas 

Asn would introduce a potential Asn Gly deamidation site. Why 

impact. The model also suggests that Cys49 is partially exposed 
and available for modification during expression, purification 
and storage. V

L
 Cys 49 in Ang2 mAb may lead to folding prob-

lems during expression and trigger aggregation via two related 
pathways, (1) intramolecular disulfide scrambling and intermo-
lecular disulfide formation and (2) generation of an aggregation 
prone patch driving self-association.

Protein aggregation causes adverse effects, including reduced 
efficacy and immunogenicity in patients.1,34,35 Two strategies to 
address aggregation are optimizing the protein sequence through 
protein engineering or modifying the buffer environment 
through formulation.36 When introducing amino acid changes 
into a sequence to reduce aggregation, it is important to maintain 
activity and not introduce additional T

H
 cell epitopes that could 

increase the immunogenicity of the therapeutic molecule. In the 
case of antibodies, one approach to limit immunogenicity is to 
mutate residues to the human germline.37 To address the aggrega-
tion of Ang2 mAb, a rational rather than evolutionary approach 
was adopted because V

L
 49 Cys was the suspected residue trig-

gering aggregation. Non-canonical Cys are typically rare in the 

Figure 2. (A) Deconvoluted mass spectra of N-deglycosylated antibodies Cys49thr mAb and Ang2 mAb. 
(B) temperature induced unfolding of the Ang2 mAb and Cys49thr mAb measured by DSC demonstrat-
ing the increased tm1.
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Tris-HCl (pH 8.0) and 250 mM NaCl. Bound IgG was eluted 
from the column using 0.1 M sodium citrate (pH 3) and neu-
tralized by the addition of Tris-HCl (pH 9). The eluted mate-
rial was buffer exchanged into phosphate-buffered saline (PBS) 
using Nap10 columns (Amersham). The concentration of IgG 
was determined at A

280
 using an extinction coefficient based on 

the amino acid sequence of IgG.
Ang2-Tie2 competition binding ELISA. Maxisorp plates 

(Nunc) were coated with 4 μg/ml human Tie2-Fc (R&D 
Systems), blocked with 0.5% BSA/0.1% Tween-20/PBS buffer 
and then washed with 0.05% Tween-20/PBS. Anti-Ang2 rang-
ing from 0.4 to 6.6 pM in PBS was added to wells followed by 
200 ng/ml biotinylated huAng2 (R&D Systems). Plates were 
washed, incubated with 1:5000 Streptavidin HRP (Pierce) 
and developed with TMB substrate (3, 3', 5, 5'-tetramethyl-
benzidine) solution (KPL). Reaction was stopped and read at 
OD 450 nm using a Molecular Devices VMAX plate reader 
(Sunnyvale).

Affinity measurement. The equilibrium binding constant 
(K

D
) for the interaction of IgG with human Ang2 protein was 

measured using a KinExA platform (Sapidyne Instruments). 
Briefly, Ang2 protein was coated onto PMMA beads at a con-
centration of 5 mg/mL Ang2 using a protocol supplied by the 
instrument’s manufacturer. Afterwards, the beads were washed 
and blocked in PBS buffer, pH 7.4, containing 10 mg/mL BSA 
until used. Separately, batch volumes of IgG were prepared at 
40 pM and 1 nM in HBS-P buffer (0.01 M HEPES, pH 7.4, 
0.15 M NaCl, 0.005% P20) + 0.01% BSA, then aliquoted into 
two separate sets of 13 tubes each. Human Ang2 protein was 

Cys49Thr resulted in significantly higher 
expression than Cys49Asn is not obvious 
and attempts to predict in silico which 
mutations would be stabilizing were 
not successful. In silico tools to predict 
physicochemical behavior are generally 
improving but cannot yet replace empiri-
cal evidence when attempting to predict 
how mutations will affect large complex 
molecules such as IgG. As a final step to 
ensure Cys49Thr met the desired clini-
cal performance, it was switched from 
an IgG2 to an IgG1. IgG2 have been 
shown to aggregate more than IgG1 in 
manufacture and are prone to disulfide 
rearrangement in vivo which can reduce 
activity.40,41

The systematic strategy reported here 
could be used to rationally engineer other 
antibody and protein therapeutics with 
unpaired Cys residues. Previous reports 
on addressing Cys based stability issues 
have assessed only a few variants, e.g., 
studies on IL-2 and G-CSF.42,43 The ben-
efit of assessing all potential amino acid 
changes at a particular site with all the 
relevant attributes enables an optimal 
solution to be described by the molecule and the environment. 
In summary, this is the first report to describe the removal of a 
significant development liability from a therapeutic mAb candi-
date, enabling clinical development of the anti-Ang2 antibody. 
Given the description of other similar liabilities in both mAbs 
and therapeutic proteins, we believe the approach used here will 
be applicable to the development of future biopharmaceuticals.

Materials and Methods

Generation of IgG variants, expression and purification. Site-
directed mutagenesis was performed using the QuikChange sys-
tem (Stratagene) according to the manufacturer’s instructions. 
Oligonucleotides were designed to mutate Ang2 mAb V

L
 posi-

tion Cys 49 to all other 19 amino acids and variable heavy (V
H
) 

chain Gly 37 to Val. The V
H
 domain was cloned into a vector 

containing the human heavy-chain constant domains and regu-
latory elements to express whole IgG heavy chains in mamma-
lian cells. Similarly, the variable light (V

L
) domain was cloned 

into a vector for the expression of the human light-chain (κ) 
constant domains and into regulatory elements to express whole 
IgG light chains in mammalian cells. To obtain IgG proteins, 
we transfected the heavy-chain and light-chain IgG-expressing 
vectors into HEK293/EBNA or CHO mammalian cells using 
standard methods. IgGs were expressed and secreted into the 
medium. Harvests were pooled and filtered prior to purification. 
Individual IgGs were purified using Protein A chromatography. 
Culture supernatants are loaded onto an appropriately sized col-
umn of Ceramic Protein A (BioSepra) and washed with 50 mM 

Figure 3. Screening of the Ang2 mAb V
κ
 C49 variants as IgG for activity, predicted immunogenicity 

and yield. Activity was measured in Ang2/tie 2 competition eLISA. Immunogenicity was assessed 
using AlgoNomics epibase® and ranked for the number of predicted tH-epitopes. IgG yield was 
determined following transient expression.
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Ang2. The resulting two binding curves were then evaluated 
in a dual curve analysis using the instrument’s evaluation soft-
ware, from which the K

D
 was derived.

Mass spectrometry. To profile the IgG, high resolution mass 
measurement is performed using a liquid chromatography mass 
spectrometry (LC-MS) method. The LC-MS system is con-
sisted of a Waters Q-TOF (quadruple and orthogonal accelera-
tion time-of-flight) Premier™ mass spectrometer in conjunction 
with a Waters ACQUITY UPLC™ (ultra performance liquid 
Chromatography). To confirm the polypeptide structure, the 
samples are N-deglycosylated with PNGase F (Calbiochem) after 
adjusting the pH to 8.0 using 100 mM Tris buffer. Reversed-
phased chromatography separation is performed on an Agilent 
Poroshell C3 75 mm × 2.1 mm column using mobile phase A of 
0.01% TFA and 0.1% formic acid in water and mobile phase B of 
0.01% TFA and 0.1% formic acid in acetonitrile. Sample is eluted 
using a fast linear gradient 5–80% mobile phase B over 3 min 
at a flow rate of 0.12 mL/min. Mass spectrometric data are col-
lected at an m/z range of 2,000 to 4,500. The accurate mass of an 
antibody is obtained through the deconvolution of the mass spec-
trometric data using the MaxEnt I (Waters) software package.

Accelerated stability assessment. Purified antibody was tested 
for stability in an accelerated stability assay. Protein samples were 
stored at one mg/ml in PBS at 40°C for two weeks. At time zero 
and week two samples were analyzed by size exclusion chro-
matography (SEC) using an Agilent 1100 series HPLC system 
equipped with a TSKG3000SWXL column (Tosoh Bioscience). 
The column was equilibrated with 0.1 M sodium phosphate,  
0.1 M sodium sulfate, 0.05% sodium azide, pH6.8. Samples were 
injected onto the column and eluted at a flow rate of 1 ml/min 
with the equilibration buffer. Protein elution was monitored at 
A

280
. For quantification purposes, all species eluted before and 

after the main peak were integrated, and represent aggregates and 
breakdown products respectively. To confirm the improved stabil-
ity in a more relevant system antibody was stored at 10 mg/ml in 
10 mM histidine pH 6.0 at 40°C for two weeks and the propor-
tion of monomer, aggregates and breakdown products were mea-
sured as above. This was used to calculate the rate of aggregation 
as % aggregation/month after two weeks.

Thermal stability. To calculate the antibody Tm, differential 
scanning calorimetry (DSC) was performed using a VP capil-
lary DSC system (MicroCal). The test samples were prepared in 
the buffer alone and in various excipient(s) of interest at a final 
protein concentration of one mg/mL. Change in the heat capac-
ity (Cp) was measured as the samples were heated from 20°C 
to 90°C at a rate of 60°C /h. For each sample, a relevant buffer 
blank containing the same buffer and excipient concentration 
was used as a reference. Normalized Cp data were corrected for 
buffer baseline. Data analysis was performed using OriginLab® 
software (OriginLab Corporation). Raw data from the DSC run 
were fit using Origin scientific plotting software, which uses the 
Levenberg–Marquardt nonlinear least square method.

Immunogenicity prediction. The antibody V domains were 
scanned for the presence of putative T

H
-epitopes using Epibase®.44 

In brief, the platform analyzes the HLA binding specificities of 
all possible 10 mer peptides derived from the target sequences. 

added to one tube from each series and then serially diluted 
across 11 of the remaining tubes, leaving one sample tube as an 
antibody-only control. The final Ang2 concentrations for the 
40 pM and 1 nM IgG experiments ranged from 313 fM–16 nM 
and 980 fM–50 nM, respectively. These mixtures were then 
equilibrated at room temperature for 1–2 d. The Ang2-coated 
PMMA bead slurries were diluted to ~30 mLs with HBS-N 
instrument buffer (0.01 M HEPES, pH 7.4, 0.15 M NaCl) 
in a bead vial and affixed to the KinExA instrument. A user-
defined timing program was then used to sequentially transfer 
the Ang2/PMMA beads to a capillary flow cell in the instru-
ment, inject individual sample mixtures (plus or minus Ang2 
protein) over the Ang2-coated beads. Following this, unbound 
sample solution was washed from the beads, and then a spe-
cies-specific, Cy5-labeled antibody detection reagent, prepared 
at either 0.0625 μg/mL (1 nM IgG experiment) or 1 μg/mL  
(40 pM IgG experiment) in HBS-P buffer + 0.01% BSA beads 
were again washed to remove excess label, then the amount of 
fluorescence that remained associated with the beads was mea-
sured and the signal converted to percent free IgG. Between 
samples, the bead pack was flushed from the flow cell then 
replenished with more Ang2-coated beads in preparation for 
the next sample. An isotherm was then generated, which plot-
ted the amount of free IgG detected at each concentration of 

Figure 4. (A) Accelerated stability assessment of variants Cys49Asn, 
Cys49thr relative to Ang2 mAb. the IgG samples were incubated at a 
concentration of 1 mg/ml at 40°C in pBS for 4 weeks and percentage 
monomer IgG was measured using SeC-HpLC. (B) Activity and yield of 
the variants. Heavy chain germline change Gly37Val was introduced 
into Cys49Asn, Cys49thr and Ang2 mAb IgG. Activity was measured 
in Ang2/tie 2 competition eLISA and the yield was assessed following 
transient expression.
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