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The presence of protein aggregates in biopharmaceutical formulations is of great concern for safety and efficacy
reasons. The aim of this study was to correlate the type and amount of IgG monoclonal antibody aggregates with their
immunogenic potential. IgG degradation was obtained by freeze-thawing cycles, pH-shift cycles, heating, shaking and
metal-catalyzed oxidation. The size, amount, morphology and type of intermolecular bonds of aggregates, as well as
structural changes and epitope integrity were characterized. These formulations were injected in mice transgenic (TG) for
human genes for Ig heavy and light chains and their non-transgenic (NTG) counterparts. Anti-drug antibody (ADA) titers
were determined by bridging ELISA. Both unstressed IgG and freeze-thawed formulation did not induce measurable ADA
levels. A mild antibody response was obtained in a fairly small percentage of mice, when injected with shaken, pH-shifted
and heated formulations. The metal-catalyzed oxidized IgG formulation was the most immunogenic one, in both ADA
titers and number of responders. The overall titers of NTG responders were significantly higher than the ones produced
by TG mice, whereas there was no significant difference between the overall number of TG and NTG responders. This
study reinforces the important role of protein aggregates on immunogenicity of therapeutic proteins and provides new
insight into the immunogenic potential of different types of IgG aggregates. The results indicate that the quality of the

1gG aggregates has more impact on the development of an immune response than their quantity or size.

Introduction

Monoclonal antibodies (mAbs) are used to treat a wide range
of diseases and are currently the fastest growing drug category.!
However, a major concern associated with the use of mAbs, and
nearly all other therapeutic proteins, is that their repeated admin-
istration to patients often leads to the induction of anti-drug
antibodies (ADAs). The development of ADAs in patients may
influence pharmacokinetics (PK) and significantly lower efficacy,
as has been observed, e.g., for anti-tumor necrosis factor (TNF)
antibodies used for the treatment of rheumaroid arthritis.>® In
some cases, the formation of ADAs leads to severe adverse effects
and life-threatening situations.”

Among the factors playing a role in immunogenicity, the pres-
ence of aggregates in formulations has been put forward as a major
concern.’ Several studies have suggested that formulations with
a high amount of aggregates tend to be more immunogenic.®’
Thus, the presence of aggregates in biopharmaceutical products
has become a main concern for the pharmaceutical industry
and regulatory agencies, but little is known about the nature of
the aggregate species responsible for immune reactions or the
immune mechanisms involved. Recognition and processing of
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aggregates has been reported to be accomplished through non-
specific uptake by APCs and specific uptake by B cells.®'° Protein
aggregates may expose neo-epitopes, cryptic epitopes or repeti-
tive epitopes, and these intrinsic differences may determine the
mechanism by which they trigger the immune system."

The characterization of protein aggregates is complex and
requires the use of many different analytical techniques.'*"? Until
recently, the presence of visible aggregates (> 100 pwm) and rela-
tively large (> 10 pm) subvisible particles in parenteral formula-
tions had been the main concern for adverse reactions, whereas
subvisible aggregates < 10 wm and submicron (< 1 pm) aggre-
gates had been largely overlooked. It seems increasingly likely,
however, that the latter type of aggregates is involved in the devel-
opment of immunogenicity." Until only a few years ago, subvisi-
ble aggregates posed a particular analytical challenge, mostly due
to the lack of suitable techniques for their size range. This is now
changing with the continuing development of new analytical
techniques such as nanoparticle tracking analysis (NTA), flow
microscopy, Taylor dispersion analysis and the revival of Coulter
counter methodology.’52

Several predictive models for immunogenicity of therapeutic
proteins have been suggested. The available methods to predict
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Table 1. AUC percentages from SEC-UV analysis and particles/ml of NTA and LO measurements of unstressed and stressed IgG formulations
SEC-UV (%) NTA Lo
Fragments Monomers Oligomers Relative recovery Total aggregation Aggregates/ml Aggregates/ml
Unst 0.7 98.0 1.2 100 1 1% 10 3.0x 10°
FT 0.5 98.0 1.4 94 7 4 %107 8.9 x 10*
pH shift 1.7 49.8 48.5 63 67 3x10° 1.7 x 10°
Heat 1.0 64.2 34.8 94 39 1x 10" 1.6 x 10*
Shake 2.0 96.6 1.4 12 88 7 %107 41 x10°
Met Ox 35.8 46.6 17.6 N/A N/A 7 %107 1.3x10*

Abbreviations and notes: Unst, unstressed; FT, freeze-thawed; Met Ox, metal-catalyzed oxidized; N/A, not available (see text). Percentages of frag-
ments, monomers and oligomers refer to the total AUC of each sample. Relative recovery refers to total AUC of each sample compared with total AUC
of the unstressed one. Total aggregation refers to the sum of unrecovered protein plus recovered oligomers.

immunogenicity involve in silico, in vitro and in vivo approaches.
In silico and in vitro techniques are mostly based on the apti-
tude of proteins to actively interact with immune or innate
cells.?* Even though some approaches may take into consider-
ation protein aggregates, at the moment in silico techniques do
not seem to be mature enough for predicting aggregate-related
immunogenicity."! In vitro techniques seem to have more pre-
dictive potential in this field and are currently being explored
for studying formulation-related immunogenicity, including the
role of aggregates.'®® In contrast, methods for in vivo predic-
tion include the entire immune machinery and environment
necessary to better simulate the extremely complex scenario that
results in complete immune responses, especially when protein
aggregates are involved. Thus, currently the use of animal models
to predict immunogenicity in vivo seems to be the most prom-
ising approach to predict aggregate-related ADA responses.®42¢

An advantage of in vivo assessment of immunogenicity is that
the complex interplay between different aspects of the immune
system (i.e., immune cells, cytokines) is accounted for. This is of
importance when studying the immunogenicity of aggregates, in
which the underlying immune mechanisms leading to antibody
formation are mostly unknown. The vast majority of proteins
used for therapeutic purposes in humans are, however, foreign to
animals. As a consequence, these mice normally develop a clas-
sical immune response against a foreign protein when exposed
to human protein drugs, which is not necessarily the type of
response observed in patients. Therefore, to circumvent this prob-
lem, transgenic animal models that express the human protein of
interest have been developed and should render a good model for
immunogenicity testing.”” These mice are, like humans, immune
tolerant to a specific human protein and provide the opportu-
nity to study the factors that underlie immunogenicity of thera-
peutic proteins, including breaking/circumventing of immune
tolerance.

The risk that aggregates pose for immunogenicity has been
studied for a number of different therapeutic proteins in trans-
genic mice,**?° but the immunogenicity of mAbs using an appro-
priate TG mouse model has never been systematically studied. In
this work, a human mAb of the IgG, subclass was aggregated by
different pharmaceutically relevant stress factors: freeze-thawing
cycles, pH-shift cycles, heating, shaking and metal-catalyzed
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oxidation. The resulting formulations were characterized by dif-
ferent complementary analytical methods. These samples were
then injected in a TG mouse strain carrying human Ig genes,
the five-feature translocus mice,® for in vivo immunogenicity
testing.

Results

Characterization of stressed IgG formulations. Size distribution
of protein aggregates. Size exclusion chromatography (SEC) was
used to separate and quantify monomers and small oligomers
present in unstressed and stressed formulations. The detection
was made by UV absorption at 280 nm and by multiple angle
laser light scattering (MALLS), and the molar mass of each peak
was estimated (Fig. 1A and B). The area under the curve (AUC)
percentages of fragments, monomers, oligomers and relative pro-
tein recovery were calculated based on the UV signal; these are
summarized in Table 1.

Nanoparticle tracking analysis (NTA) and light obscuration
(LO) were used to analyze the size distribution of aggregates that
were above the size detection limit of SEC, i.e., submicron and
micron-sized aggregates (Fig. 1C and D). NTA is an emerging
technique that enables the visualization, sizing and quantifica-
tion of particles in the submicron range (ca. 40-1000 nm). LO
particle counting is a technique that can count and measure the
size of micron-sized particles (1-200 wm). The total amount
of aggregates per ml measured by these techniques is shown in
Table 1.

Size exclusion chromatography (SEC). It is clear from Figure

1A and B that all stressed IgG samples contained aggregates,
detectable not only by the presence of oligomer peaks but also by
monomer peak loss compared with the unstressed formulation.
Among the stress factors applied, freeze-thawing induced the
smallest percentage of aggregation since this sample only differed
from the unstressed formulation by having a slightly smaller
amount of monomer.

The pH-shift stressed sample was the one with the highest
percentage of oligomers (48.5%) and had the second highest total
aggregation percentage (67%). The heat stressed formulation also
contained a high percentage of oligomers (ca. 34.8%). The pres-
ence of larger oligomers can be clearly observed in the MALLS

741

Do not distribute.

I0Science.

©2012 Landes B



A 2501

9
F1x10

8
‘é’zoo- > o0sd [1x10 og
c S =
o - , =
©
& 150 o 061 110 3
= £ e
E 3 1x10 a
£ 100 £ 04/ L “5’
2 3 o
3 £ T i
X
50 | g) 0.2 S
0.0 1x10
0 % s 15 20 25
Time (min) Time (min)
C 80 D 15
[ Unst
60 -
— Unst S Ras
40 — T H
- pH = 7- P
£ — Heat 3 M Heat
©
W 15- — Shake “'; 6 M Shake
8 Met Ox o M Met Ox
© 101 %
E o 4
o 51 o
0.3 24
\ | | |
0.1
o A1 A AL A O
0 200 400 600 800 1000 115 2 3 4 5 6 7 8 9 10 15 20 25 50
Size (nm) Size (um)

Figure 1. Size distribution of unstressed (Unst), freeze-thawed (FT), pH-shifted (pH), heated (Heat), shaken (Shake) and metal-catalyzed oxidized (Metal
Ox) IgG formulations: (A) SEC with UV detection at 280 nm; (B) SEC with MALLS detection and the estimated molar mass of each peak; (C) submicron
particles (determined by NTA), (D) micron-sized particles (determined by LO).

chromatogram (Fig. 1B). pH-shift stress induced the formation
of a large amount of dimers, trimers and other small oligomers,
whereas heat stress induced mostly the formation of larger oligo-
mers. The shaken stressed sample had the highest total aggrega-
tion percentage (88%); however, practically no oligomer peaks
were detected for this sample, indicating that most of the aggre-
gates were too large to be analyzed by SEC.

Metal-catalyzed oxidation induced the formation of a large
amount of fragments (35.8%) that have a distinct peak eluting
at 25 min in the chromatogram of Figure 1A. This fragmenta-
tion seems to have been accompanied by oligomerization of frag-
ments or intact monomers, which led to the broadening of the
monomer peak. This broad peak had an AUC larger than the
one of the unstressed formulation, which resulted in an improb-
able relative recovery (> 100%). It is possible that the oxidation
process induced the formation of oxidized species or amino acids
with higher extinction coefficients at 280 nm, which would have
resulted in larger AUCs. In any case, the relative recovery and
total aggregation percentages of oxidized samples could not be
accurately calculated.

The estimated molar mass of the monomer peak of all but
the oxidized sample was about 1.5 x 10°> g/mol, which is consis-
tent with the expected value for IgG. Monomers of the oxidized
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sample had an estimated molar mass of 1.3 x 10° g/mol. This
may have to do with the contribution of fragmented monomers
or oligomerized fragments to the monomer peak. The oligomers
of the oxidized sample also had a lower estimated molar mass
than the ones of the pH-shift and heat stressed samples. This may
have to do with a potentially higher extinction coefficient of these
species (see above) compared with the oligomers of pH-shift and
heat stressed samples.

Nanoparticle Tracking Analysis (NTA). According to NTA
results (Table 1), the heated sample contained substantially more
submicron aggregates than the other samples, in agreement with
the trend shown by SEC. The pH shift sample also contained
a considerable amount of aggregates compared with the other
samples, but still 3 times lower than the heated sample.

The size average of submicron aggregates was fairly similar
between the stressed samples (Fig. 1C), with exception for the
pH-shift stressed sample. This sample was very polydisperse and
was the only one containing a fairly high amount of submicron
aggregates larger than 600 nm. For this reason, this sample was
the only one analyzed with the extended dynamic range mode,
more suitable for very polydisperse samples.” Most aggregates
larger than 600 nm, however, contained multiple scattering cen-

ters, which added a rotational variable that cannot be analyzed
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Figure 2. Representative microscopy images (20x amplification) of unstressed (Unst), freeze-thawed (FT), pH-shifted (pH), heated (Heat), shaken
(Shake) and metal-catalyzed oxidized (Metal Ox) IgG formulations after filtration through a 0.22 pum filter, followed by staining with Coomassie brilliant
blue. *The filtered volume used for the shaken formulation was 10 times lower than that for the other formulations due to filter blockage.

correctly by the software. Thus, the amount of large submicron
aggregates in the pH-shift sample was actually higher than the
one obtained by NTA.

Light Obscuration (LO). According to LO results, the size bin
with the highest amount of particles was between 1 and 1.5 wm
for all samples (Fig. 1D). All samples presented a skewed par-
ticle size distribution with most particles being in the lower size
bins, except for the shaken sample, for which the distribution was
broad and multimodal. This sample also contained the highest
amount of micron-sized aggregates, followed by the pH shift and
then by the freeze-thawed samples.

Filtration with Coomassie Blue staining. To obtain informa-

tion about the morphology of the subvisible aggregates in each
sample, the formulations were filtered through a 0.22 wm filter
and the aggregates retained on the membrane were stained with
Coomassie brilliant blue. The membranes were then analyzed
with a light microscope and representative images of each sample
are shown in Figure 2.

As expected, the shaken sample contained the biggest aggre-
gates of all stressed samples. These aggregates were fairly rounded
and seem to be relatively dense. Freeze-thawed micron-sized
aggregates resembled loose threads with random knots. The oxi-
dized sample showed a mixture of thread-like structures, com-
pact irregular shapes and dense smoke-like structures. pH-shift
stress induced aggregates that are numerous and relatively small,
in such a way that it is impossible to describe their morphology.
Heat induced aggregates were so small, when analyzed by this
technique, that only a faint blue cloud with occasional dark spots
can be observed. It is important to mention that this is not a
quantitative technique because variable amounts of aggregates
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may be removed from the membrane during staining and destain-
ing incubation periods.

Visual inspection. All stressed formulations remained free of
visible particles during the entire time course of the experiment,
except the shake stressed sample. In this sample, very small visi-
ble particles were observed immediately after stress. Most of these
precipitates remained adsorbed to the air bubbles caused by the
stress, indicating a high degree of hydrophobicity of these aggre-
gates. These air bubbles disappeared by the time of injection/
analysis, when only a small white deposit was observable.

Structural changes. To obtain information about the overall
structural changes induced by the different stresses, the formu-
lations were analyzed by circular dichroism (CD) and bis-ANS
fluorescence. From the far-UV CD region (200-250 nm), which
corresponds to the peptide bond absorption, information on the
secondary structure of a protein can be obtained.?? The near-UV
CD region (250-320 nm) reflects the environment of the aro-
matic amino acid side chains and therefore yields information
about the tertiary structure of a protein.?? Bis-ANS is a dye that
fluoresces intensely only in hydrophobic microenvironments,
such as exposed hydrophobic pockets of proteins, thus yielding
information about the tertiary structure.”® The CD and bis-ANS
fluorescence results are shown in Figure 3.

Far-UV circular dichroism (CD). The far-UV CD spectrum
(Fig. 3A) of the unstressed IgG formulation has a minimum at
~220 nm and a maximum at 204 nm, indicative of a high -sheet
structure, which is typical for IgG.*** All stressed samples
showed a clear reduction of the mean residue ellipticity ((6]MR)
at 204 nm, indicating that some changes in secondary structure
occurred in all formulations. The spectrum of the heat stressed
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sample was the one that most changed, with a distinctly more
negative [8]MR at 220 nm, whereas the other samples showed
only marginal spectral changes at this wavelength. The spectrum
of the freeze-thawed sample is the one with fewer overall changes.
It may be important to note that most of the shake stress-induced
aggregates were not present in this sample for this measurement,
so the spectrum obtained for this sample represents mostly the
remaining monomer. These aggregates severely interfered with
far-UV CD measurements, mainly due to light scattering, and
thus had to be spun down before these measurements.

Near-UV circular dichroism (CD). The near-UV CD spec-
trum (Fig. 3B) of the unstressed formulation has a distinctive
positive peak at 295 nm (tryptophan) and a negative band in
the range between 250 and 290 nm (aromatic amino acid resi-
dues and cysteine), which is typical for IgG.*>¢ The spectrum of
the freeze-thawed formulation is shifted to more negative [0] MR
and has approximately the same shape as the unstressed sample.
The spectrum of the heated sample is equally shifted, but has
some shape differences, particularly from 250 to 280 nm and
from 300 to 320 nm. The oxidized sample showed clear spec-
tral changes, with reduced [6]MR between 290 and 320 nm
and significantly increased [6]MR between 250 and 290 nm
compared with the unstressed sample. The spectrum of the pH-
shifted sample not only has a different shape, but is also consider-
ably shifted to lower []MR. Such pronounced changes can be
attributed to light scattering effects, which can cause artifacts
due to: (1) differential light scattering, arising when light falls on
chiral particles of dimensions comparable to or greater than its
wavelength; and (2) absorption flattening due to the high protein
concentration in aggregates.® In fact, such light scattering effects
were so pronounced with the shake-stressed formulation that the
near-UV CD results of this sample had to be discarded.

bis-ANS fluorescence. As can be observed in Figure 3C, all
stressed samples exhibited increased bis-ANS fluorescence com-
pared with the unstressed formulation. The fluorescence inten-
sity of stressed samples followed the order: heated > shaken >
pH-shifted > oxidized > freeze-thawed. These results indicate
that the conformational changes, already observed by CD, lead
to enhanced exposure of hydrophobic patches, especially in the
heated, shaken and pH-shift stressed samples.

Intermolecular bonds and epitope integrity. Sodium dodecyl
sulfate PAGE (SDS-PAGE) was performed to elucidate whether
the aggregates of stressed formulations were composed of cova-
lently or non-covalently linked monomers. Dot blotting was used
to verify epitope integrity of stressed formulations. The blots
were probed with anti-heavy chain and anti-light chain antibod-
ies (Fig. 4C and D).

Sodium dodecyl sulfate PAGE (SDS-PAGE). Under non-reduc-
ing conditions (Fig. 4A) all formulations showed a major band
at around 150 kDa, which corresponds to the monomeric IgG.
All formulations also showed thin bands with molecular weights
smaller than the monomer band, indicating some degree of frag-
mentation, even in the unstressed sample, which however could
be due to sample treatment. The oxidized sample lane contained
a considerable amount of fragments and the monomer band was
considerably fainter than the ones from other samples. The lane
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Figure 3. Structural characterization of unstressed (Unst), freeze-
thawed (FT), pH-shifted (pH), heated (Heat), shaken (Shake) and metal-
catalyzed oxidized (Metal Ox) IgG formulations by (A) far-UV CD, (B)

near-UV CD and (C) Bis-ANS fluorescence.

of the oxidized sample had an overall darker tone than the ones of
other samples for sizes below 250 kDa, suggesting the presence of
fragments and small oligomers of monomers/fragments distrib-
uted throughout a wide range of molecular weights. Heated and
shaken samples were the only ones containing a clear band on top
of the gel. This indicates that these samples contained covalent
aggregates that were too large to enter the gel.

Under reducing conditions (Fig. 4B), all formulations showed
two main bands at ~-50 and 25 kDa, deriving from the heavy and
light chain. The unstressed, freeze-thawed, heated and shaken
formulations showed also bands at 75, 125 and 150 kDa. These
bands correspond to combinations of heavy and light chain
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Table 2. Summary of physicochemical characteristics of unstressed and stressed IgG formulations

Frag Aggregates
Olig Submicron Micron
Unst s s = =
FT 3 3 + ++
pH shift - ++ ++ +++
Heat = +++ +++ +
Shake = = + +++
Met Ox ++ + + +

Conform. changes ;
Second Tertiary e cz‘:‘l:: t :::‘:';:
+ + - - -

+ ++ ++ - -
+ + +++ ++ -
A N/A +++ ++ -
+ ++ + - -

Abbreviations: Unst, unstressed; FT, freeze-thawed; Met Ox, metal-catalyzed oxidized; Frag, fragments; Olig, oligomers; Conform, conformational;
Second, secondary; Hydroph, hydrophobicity; N/A, not available (see text). Explanation of used symbols: negligible (-); mild (+); considerable (++);

extensive (+++).

fragments, meaning that not all the disulfide bridges were bro-
ken. Interestingly, the pH-shift stressed did not contain these
resistant fragments and the overall tone of the oxidized sample
lane remained darker for sizes below 150 kDa than the tone of
other lanes. The aggregated bands on top of the lanes of heated
and shaken samples were no longer present under these condi-
tions, indicating that they were covalently linked via disulfide
bridges.

Dot blotting. The dot blots show that the antibodies were able
to detect epitopes in both light and heavy chains. No clear dif-
ferences were observed between the dots of the unstressed sample
and all stressed samples, even at the lowest protein concentration.
This indicates that all IgG samples contained intact epitopes
after stress.

Opverall characterization. The summary of the physicochemi-
cal characteristics of all stressed formulations can be found in
Table 2.

Immunogenicity. The immunogenicity of the stressed formu-
lations was tested by repeated injections in TG and NTG mice.
These TG mice carry the human genes of Ig heavy and light
chains, so they were expected to be more tolerant than the NTG
mice to the human IgG administered in this study.”?” ADA
titers were obtained by bridging ELISA from plasma collected
before and during the injection period (6 weeks) and during a
washout period of 10 weeks (Fig. 5).

ADA titers. Of all the mice administered with unstressed
formulation, only one TG mouse responded by ADA formation
(OD > 0.5). Because titers were too low to calculate, an arbitrary
titer of 75 was given. This weak antibody response was transient
and disappeared before the last week of the washout period, in
contrast to the antibody responses to the stressed formulations,
which were more persistent. Thus, the unstressed formulation
was very poorly immunogenic and did not evoke a substantial
antibody response in TG and NTG mice.

All stressed formulations induced an antibody response in at
least 4 mice per total group (TG + NTG), with exception of the
freeze-thawed formulation, which did not induce measurable
ADAs in any mouse. Oxidized, heated and pH-shift stressed
formulations were able to elicit an antibody response in both
TG and NTG mice, whereas the shaken formulation only elic-
ited the formation of ADAs in NTG mice. The groups admin-
istered with heated, shaken and pH-shift stressed formulations

www.landesbioscience.com

mAbs

had a relatively small number of responders per total group (4-6
out of 26 mice). On the other hand, an antibody response was
observed in 19 out of 25 mice treated with the oxidized formula-
tion. The ADAs induced by stressed formulations appeared 1
week before/after the last injection and most responders still had
relatively high ADA titers during the last week of the washout
period.

According to Mann-Whitney’s test, the overall titers observed
in NTG responders are significantly higher than the ones
observed in TG responders (p value = 0.003). Further analysis
revealed that only the NTG and TG mice treated with the oxi-
dized formulation show significant differences in titers (p value =
0.045). The small number of responders in the other groups (i.e.,
low statistical power) likely contributes to the absence of signifi-
cant difference in titers between NTG and TG mice, since the
group with the second largest number of responders (pH-shift)
showed nearly significant difference between TG and NTG titers
(p = 0.079). In addition to statistical comparison of antibody
titers, the McNemar’s test was performed to assess a potential
difference in number of responders between TG and NTG for
all treacment groups together. Also here, no significant difference
between the total number of TG and NTG responders was found
(p value = 0.146).

Discussion

The type of immune response that NTG mice develop against
a human protein (classical immune response against a foreign
protein) is expected to be different from the one developed by TG
mice tolerant to this specific human protein (breaking/circum-
venting immune tolerance).’® In fact, immunogenicity studies,
involving the injection of either recombinant human insulin or
recombinant human IFNa in NTG and immune tolerant TG
mice, show that when practically aggregate-free formulations of
these proteins were injected in NTG mice, most of them devel-
oped ADAs, whereas TG mice did not.**”* However, in our
study, an immune reaction against unstressed human IgG in
NTG mice was not observed. In fact, several studies have shown
that the administration of aggregate-free foreign IgG can be very
well tolerated in different animal species and in human patients,
sometimes even when formulated in incomplete Freund’s adju-

vant or with lipopolysaccharides as adjuvants.**-4
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immunogenic in these mice. They also

Figure 4. SDS-PAGE gels of unstressed (Unst), freeze-thawed (FT), pH-shifted (pH), heated (Heat),
shaken (Shake) and metal-catalyzed oxidized (Metal Ox) IgG formulations stained with Coo-
massie brilliant blue under (A) non-reducing and (B) reducing conditions. Dot blots of the same
formulations detected with (C) monoclonal anti-human « light chain antibody (D) polyclonal
anti-human heavy chain antibody.

suggest that the morphology of aggregates
per se is not a good predictive feature for the immunogenicity of
this IgG.

The pH-shift stressed formulation was heavily aggregated.
This sample was characterized by having the most polydisperse
set of aggregates, ranging from dimers to a few micrometers. This
formulation induced rather low ADA titers in a relatively small
amount of mice. Curiously, it elicited an immune response in
more TG mice (31%) than in NTG mice (17%), even though
this difference was not statically significant. These results indi-
cate that aggregates induced by pH-shift stress increase the risk
of immunogenicity of this IgG in these mice.

The heated formulation contained a large amount of oligomers
and small submicron aggregates. This stress method induced pro-
nounced structural changes and the formation of covalent aggre-
gates. The antibody reaction to this sample was mild, with 23%
of NTG and 8% of TG responders. Nevertheless, these results
indicate that IgG aggregates induced by heat stress increase the
risk of immunogenicity.

The shaken formulation exhibited the highest percentage of
aggregates (88%) and contained mostly very large micron-sized
aggregates. This sample was the only one containing visible pre-
cipitates. The micron-sized aggregates of this sample appeared to
be fairly rounded and relatively dense under the microscope. At

746 mAbs

least some of these aggregates were covalently linked. The extent
of structural changes caused by this stress method could not be
properly determined due to the interference of large aggregates.
However, these changes are expected to be substantial, since this
formulation showed one of the highest levels of bis-ANS fluores-
cence. Despite the great extent of aggregation and the large size
of these aggregates, this formulation was only able to induce a
measurable immune response in 31% of NTG mice and no ADA
formation was observed in TG mice. These results indicate that
aggregates induced by shake stress may only slightly increase the
risk of immunogenicity.

The oxidized formulation was the one that elicited the stron-
gest ADA response in the highest percentage of mice: 92% of
NTG and 61% of TG mice. This result is consistent with the
findings of other immunogenicity studies performed in NTG
and TG mice, in which recombinant human IFN« and recom-
binant human IFN formulations stressed by metal-catalyzed
oxidation revealed the highest immunogenic potential of a wide
range of stressed formulations.””® In our study, the oxidized
IgG formulation was characterized by the following features:
no visible aggregates, a small amount of subvisible aggregates, a
large amount of fragments and fragment-derived oligomers, low
hydrophobicity, elongated micron-sized aggregates with various
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Figure 5. ADA titers of the sera of non-transgenic (NTG) and transgenic (TG) mice treated with unstressed (Unst), freeze-thawed (FT), pH-shifted (pH),
heated (Heat), shaken (Shake) and metal-catalyzed oxidized (Metal Ox) human IgG formulations. Time points before the first injection (week 0), during
the injection period (week 3 and 5) and after the last injection (week 7 to 16) are shown. The titers are from responders only and the error bars repre-

shapes and densities, pronounced conformational changes and
several chemical changes. Even though these features may give
a hint about what may be relevant for immunogenicity of this
IgG, the extreme heterogeneity of the aggregates present in this
formulation make it impossible to pinpoint one specific species as
the immunodominant one. For example, assuming that subvis-
ible aggregates are not relevant for the immunogenicity of this
IgG, based on the low amount detected in this sample, may be
wrong. There is no evidence that rules out the possibility that
this small amount of (metal-catalyzed oxidized) subvisible aggre-
gates, or any other aggregate fraction, is sufficient to trigger a
strong antibody response. Nevertheless, the results obtained in
this study provide a strong indication that the quality of the IgG
aggregates has more impact on the development of an immune
response than their size or amount.

Injection of different purified fractions of aggregates could
have helped to identify the immunodominant species, but pro-
tein aggregates are complex dynamic systems and the purification
of a certain type of aggregate class without affecting the aggrega-
tion equilibrium is extremely difficult. Aggregates are very sensi-
tive to any type of environmental changes and purification steps
can actually be the starting point to the formation of more (and
eventually different) aggregates.”

Metal-catalyzed oxidation of proteins is known to induce,
among other modifications, the formation of mixed-disulfide
derivatives and carbonyl derivatives of some amino acid residues,
such as glutamyl semi-aldehyde, 2-amino-adipylsemialdehyde,
pyroglutamyl and methionyl sulfoxide.” Reactive oxidized
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protein species are involved in a wide range of biological pathways
and, according to some immunological models, the presence of a
significant amount of these oxidized species in the blood stream
is considered a major danger signal for the immune system.”
According to an immunogenicity study performed by Hermeling
et al. involving the injection of degraded recombinant human
[FNa in TG mice, oxidation per se is unlikely to be responsible
for the high immunogenicity observed for oxidized formula-
tions.”” In our study, the oxidized IgG formulation contained a
fair amount of aggregates, most likely formed by oxidized species,
which indeed induced a high antibody response.

There was no statistically significant difference between the
overall number of TG and NTG responders. However, the dif-
ference between ADA titers produced by TG and NTG respond-
ers was statistically significant: TG responders showed lower
ADA titers. This was mostly due to the contribution of the group
treated with oxidized formulation, and to a lesser extent to the
other stressed IgG treated groups. This difference is not percep-
tible from the “Met Ox” graph of Figure 5, given that a logarith-
mic scale was used. However, ADA titers of NTG responders to
the oxidized formulation were 24% higher than the ones pro-
duced by TG responders. This significant difference may indicate
different immune reaction mechanisms between TG and NTG
mice.

Previous publications on the five feature mouse model have
shown that although Ig gene-rearrangements take place after
antigen exposure, they are not as abundant compared with the
rearrangements in non-transgenic control mice.’’ Also, they
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indicate that the five feature mice have a lower percentage of B
lymphocytes compared with non-transgenic mice. For this rea-
son we investigated the antibody response against foreign pro-
teins such as human serum albumin. In general, we observed
that the five feature mice produce as much antibodies, and as
fast, against these foreign proteins as non-transgenic control mice
(data not shown). However, one should still consider the possi-
bility that the immune response of these mice might be slightly
compromised when testing other antigens. Moreover, these mice
respond with mouse immune cells, so although relative immuno-
genicity might be predicted in these mice, our mouse model has
its limitations.?

Opverall, it is hard to draw a definitive conclusion about the
advantage of using this specific TG mouse strain for assessing
immunogenicity of human IgG compared with their NTG coun-
terpart. Nevertheless, this study provides valuable information
regarding the immunogenic potential of differently stressed IgG
formulations.

Conclusions

In this study, differently stressed IgG formulations were admin-
istered to TG and NTG mice, with the purpose of correlating
the type and amount of aggregates with their immunogenic
potential. In general, stress-induced aggregation of IgG leads to
enhanced immunogenicity, but not all aggregates seem to pose
the same immunogenic risk. The metal-catalyzed oxidized IgG
formulation was the most immunogenic. The presence of oxi-
dized IgG species, probably incorporated in aggregates, has more
impact on the immunogenicity of this IgG than any other aggre-
gate feature investigated in this work: size, amount, structural
conformation, hydrophobicity, morphology and type of intermo-
lecular bonds.

For the first time, the risk of different types and amounts
of degraded IgG, in particular aggregates, on immunogenicity
has been studied in transgenic mice containing human Ig genes.
This study provided useful insights on IgG aggregate-related
immunogenicity, but clearly more research is needed to be able
to determine the immunogenic potential of different types and
amounts of IgG aggregates and other degradation products.

Materials and Methods

Materials. A non-marketed recombinant fully human mono-
clonal antibody of the IgGl1 subclass was used for this experi-
ment at an initial concentration of 0.5 mg/ml. The buffer used
to formulate and dilute the IgG contained 10 mM sodium
citrate (Merck), 5% (w/v) sucrose (Sigma-Aldrich), pH 6.0.
The buffer was filtered using a 0.22-pum PES low binding
syringe-driven filter unit (Millex™ GP, Millipore). Sodium
phosphate, sodium sulfate, sodium azide, copper chloride,
ascorbic acid, EDTA (EDTA), hydrochloric acid (HCI), acetic
acid, tris(hydroxymethyl)aminomethane (Tris), TRIS-HCI,
glycine, sodium dodecyl sulfate (SDS) and Tween 20 were pur-
chased from Sigma-Aldrich, sodium hydroxide (NaOH) from
Boom BV, methanol from Biosolve BV and the fluorescent dye
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4,4'-dianilino-1,1-binaphthyl-5,5'-disulfonic acid dipotassium
salt (bis-ANS) from Fluka.

IgG stressing procedures. The IgG formulation (0.5 mg/ml)
was stressed by five different accelerated stress methods to cre-
ate aggregates. Freeze-thawing stress was performed by applying
10 cycles of incubation of 1 ml of IgG solution in 1.5-ml reac-
tion tubes (Eppendorf) at -80°C for 20 min followed by incuba-
tion at room temperature (RT) for 20 min. The pH-shift stress
consisted of changing 3 times the formulation buffer pH from
pH 6 to pH 1 and back to pH 6 at RT. NaOH (5 M) and HCI
(5 M) were alternatively added drop wise to induce the pH-shifts.
Each cycle consisted in approximately 1 min exposure to pH 1.
The heat stress was performed by incubating 1 ml of IgG solu-
tion in 1.5-ml reaction tubes at 74°C for 15 min in an Eppendorf
Thermomixer® R. The shake stress was done in an IKA KS 40001
control shaker (IKA WORKS) and consisted of placing 1 ml of
IgG solution in 2-ml reaction tubes (Eppendorf) and shaking
them with orbital agitation at 400 rpm for 16 h at RT. The tubes
were placed horizontally in the shaker to increase the turbulence
inside. The metal-catalyzed oxidation was achieved by incubat-
ing IgG solution with 8 mM ascorbic acid and 0.08 mM CuCl,
for 3 h at RT, according to Li et al.>® The reaction was stopped by
adding EDTA (100 mM) to a final concentration of 1 mM. This
sample was dialyzed extensively against formulation buffer with
a 3.5 kDa MWCO Slide-A-Lyzer Cassette (Perbio Science). The
samples for injections were diluted 10-fold and stored at 4°C for
3 d, until their administration to mice. The samples used for
analysis are the physical mixture of 8 individually stressed sam-
ples (1 ml each) and stored at 4°C for 23 d, until analysis.

Size-exclusion chromatography (SEC). SEC was performed on
an Agilent 1200 (Agilent Technologies) combined with a Wyatt
Eclipse (Wyatt Technology Europe GmbH). A TSK Gel 4000
SW,, column (300 mm x 7.8 mm) with a TSK Gel 4000 SW_
pre-column (Tosoh Bioscience) was used. 100 pL of each for-
mulation was injected and separation was performed at a flow
rate of 0.5 ml/min. The elution buffer was composed of 100
mM sodium phosphate, 100 mM sodium sulfate, 0.05% (w/v)
sodium azide at pH 7.1. UV detection was performed at 280
nm with the Agilent 1200 apparatus, whereas multiple angle
laser light scattering (MALLS) detection was performed with
an 18-angle DAWN HELEOS™ detector (Wyatt Technology
Europe) operating with a 50-nW solid-state laser at 658 nm. The
molecular weight of the IgG peaks was calculated with the Astra
software version 5.3.1.5 (Wyatt Technology Europe). An extinc-
tion coefficient of 1.69 (ml mg™ ¢cm™), a dn/dc of 0.185 (ml/g)
and a second virial coefficient of 0 were used. The calculation of
the molecular weight was based on the Zimm equation.”

The AUC of the UV signal was used to calculate the per-
centage of fragments, monomers, oligomers, protein recovery
and total aggregation. For the relative protein recovery, the
total AUC of the stressed samples was compared with the total
AUC of the unstressed sample, which was set to 100%. Total
aggregation percentages take into account not only the AUC of
the oligomers but also the percentage of protein not recovered,
which normally comprises aggregates that are too big to enter
the column.
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Nanoparticle tracking analysis (NTA). NTA measurements
were performed with a NanoSight LM20 (NanoSight), equipped
with a sample chamber with a 640-nm laser and a Viton fluoro-
elastomer O-ring, as described previously.”” Briefly, the samples
were injected in the sample chamber with sterile BD Discardit
IT syringes (Becton, Dickinson and Company) until the liquid
reached the tip of the nozzle and measurements were taken at
27°C with a viscosity of 0.89 centipoise. The buffer viscosity was
measured in an AR-G2 rheometer from TA Instruments. The
NTA 2.1 software was used for capturing and analyzing the data.
The samples were measured for 40 sec with manual shutter and
gain adjustments. At least six measurements of each sample were
performed and the mean was obtained. The heat stressed sample
was diluted 20 times before measurements, whereas the pH-shift
stressed sample was diluted 10 times and required the use of the
extended dynamic range mode due to the high polydispersity
observed. Final counts were adjusted based on the dilution factor.

Light obscuration (LO). LO measurements were performed
on a PAMAS SVSS system (PAMAS GmbH) equipped with
a HCB-LD-25/25 sensor and a 1-ml syringe. Each sample was
measured three times, with each measurement consisting of a
pre-run volume of 0.3 ml followed by three runs of 0.2 ml at a
flow rate of 10 ml/min. The final results are a mean of the three
runs and the error bars represent the standard deviation between
them. The shake stressed sample was diluted 4 times before mea-
surements and the final counts were adjusted.

Filtration with Coomassie Blue staining. A volume of 3 ml of
ultrapure (Milli-Q) water was filtered through 0.22-pm PES
syringe-driven filter units of 13 mm from Millipore, to wash out
any particulate matter that could have been present in the mem-
brane. Then 1.5 ml of each IgG sample was filtered through these
filters, with exception of the shake stress sample, from which
only 150 pl were used, due to membrane blocking issues. The
membranes were incubated with Coomassie brilliant blue R-250
(Biorad) in 45% (v/v) methanol (Biosolve BV) and 10% (v/v)
acetic acid for 10 min. The membranes were then destained with
a solution containing 10% (v/v) methanol and 10% (v/v) acetic
acid for 3 h. The membranes were analyzed with an Axioskop
microscope (Cartl Zeiss), using a 20x amplification objective.
Images were collected randomly using the ProgRes CapturePro
v2.8.8 software (Jenoptik AG).

Visual inspection. Stressed samples were inspected visu-
ally, inside reaction tubes, for the presence of visible particles.
Formulation buffer (transparent and uncolored) was used as a
reference.

Circular dichroism (CD). CD was performed with a Jasco
J-815 CD spectrometer in combination with a Jasco PTC-
423S temperature controller (Jasco International) at 25°C. The
samples were diluted to 0.1 mg/ml for far-UV CD and kept at
0.5 mg/ml for near-UV CD measurements. The shake-stressed
sample was centrifuged at 10,000 rpm for 1 min and the super-
natant was used undiluted for far-UV CD measurements. The
samples were measured in quartz cuvettes (Hellma GmbH) with
a path length of 1 mm for far-UV CD and 10 mm for near-UV
CD. CD spectra were collected in a continuous scanning method
from 200 to 250 nm for far-UV CD and from 250 to 320 nm for
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near-UV CD. The measurements were performed at a scanning
speed of 50 nm/min, a response time of 2 sec, a bandwidth of
1 nm, a sensitivity of 100 me, steps of 0.5 nm and an accumulation
of 10 scans. Using the Spectra Analysis Software (version 1.53.04,
Jasco), the spectra were background-corrected by subtracting the
spectrum of the buffer and smoothed with GraphPad Prism® 5
(GraphPad Software) with a Oth order polynomial smoothing
and 4 neighbors on each value. Data were calculated as mean
residue ellipticity according to Kelly et al.,?? using a mean amino
acid residue weight of 113 suggested by Aghaie et al.*? for IgG.

Steady-state fluorescence spectroscopy. Steady-state fluorescence
was measured with a Tecan Infinite M1000 plate reader (Tecan
Benelux) with 96-well plates (Greiner Bio-One), a sample vol-
ume of 200 pl per well (n = 3), a gain of 189 and a Z-position of
21500 pm. Bis-ANS was added to the wells to a final concentra-
tion of 1 wM. The samples were excited at 385 nm and the emis-
sion spectra were recorded from 400 nm to 600 nm. The spectra
of the 3 wells were averaged and the average was then smoothed
in the GraphPad Prism® 5 software with a Oth order polynomial
smoothing and 4 neighbors on each value.

Sodium dodecyl sulfate PAGE (SDS-PAGE). SDS-PAGE was
performed with a Biorad Mini-Protean 3 module (Bio-Rad).”
Briefly, 11 pg of protein were loaded in 4-20% linear gradi-
ent TRIS-HCI Ready Gels from Bio-Rad and the gels were run
under non-reducing and reducing (sample buffer containing 5%
(v/v) B-mercaptoethanol from Sigma Aldrich) conditions at 100
V and at RT. The bands were detected by Coomassie brilliant
blue R-250 staining and the gels were scanned with a Bio-Rad
GS-800 densitometer and Quantity One software.

Dot blotting. For dot blotting analysis, different volumes of
each IgG sample (0.5 mg/ml) were spotted two nitrocellulose
membranes (VWR International) to make up a total protein
amount of 10, 5, 2 and 1 pg per spot. The blots were blocked for
1 h at RT with 5% (w/v) non-fat milk powder (ELK, Campina
Melkunie) in TBS-T . (50 mM TRIS-HCI, 150 mM sodium
chloride and 0.05% (w/v) Tween 20, pH 7.4) with constant
orbital shaking. After washing with TBS-T ., the blots were
probed overnight at 4°C with primary antibodies in milk solu-
tion as follows: anti-human Ig k light chain constant region anti-
body (rabbit monoclonal IgG, 1:1000, Abcam) and anti-human
IgG, heavy chain constant region antibody (mouse polyclonal
IgG, 1:2000, Abcam). The blots were washed with TBS-T
and probed for 1 h at RT with appropriate secondary antibod-
ies in milk solution as follows: anti-rabbit IgG (goat polyclonal
IgG, horse radish peroxidase (HRP) labeled, 1:2000, Jackson
ImmunoResearch) and anti-mouse IgG (goat polyclonal IgG,
HRP labeled, 1:2000, Jackson ImmunoResearch). Afterwards,
the blots were washed with TBS-T . and incubated with ECL
Plus reagent (GE Healthcare) for 2 min and detected with a
Typhoon 9400 fluorescence imager (GE Healthcare).

Mouse Strain. Five feature mice developed at the Babraham
Institute carry the human Ig heavy and both k-and A-light chain
transloci in a background in which the endogenous heavy and
k-light loci have been inactivated. As a result they have basal
expression of human IgM, Igk and Ig\ and are capable of form-
ing a large human antibody repertoire involving translocus
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rearrangement and somatic hypermutation.’ This strongly sug-
gests that these mice are capable of forming isotype switched
antibodies (such as IgG) upon exposure to an antigen, but this
has not been investigated yet. These mice were originally devel-
oped to produce therapeutic human mAbs of desired specificities,
but their endogenous expression of human antibodies may also
render them a good model to study immunogenicity of human
mAbs. Non-transgenic (NTG) mice were used as a control in
our experiment. These mice are from the same breeding stock as
five-feature translocus mice, but lost the human genes along the
breeding process.

Breeding and genotyping. Frozen five feature embryos were
transported from the Babraham Institute to the local animal
housing facility at the Utrecht University, where they were
implanted in pseudo pregnant females. Pups were genotyped for
TG state (see supplemental data), and used to set up a stable TG
mouse line. To obtain both TG mice and their NTG littermates
for the experiments, breeding was performed by crossing a het-
erozygote TG male with a heterozygote TG female. This breed-
ing scheme ensured transfer of all transgenes to the offspring,
although still a significant number of NTG littermates were
born. The TG state of the offspring was determined by isolating
in chromosomal DNA isolated from ear tissue and subsequent
PCR to determine the presence of the human heavy chain and
human N and k light chains (see supplemental data for primers).
Absence of mouse heavy and k light chains was of less impor-
tance to the study and therefore not tested.

Animal experiment. A total of 78 TG mice and 78 NTG litter-
mates (females and males, 10-14 weeks of age at the start of the
experiment) were included in the study. All mice had free access
to food (Hope Farms) and water (acidified).

TG mice and NTG littermates (n = 13) were treated with
unstressed IgG formulation, or 1 out of 5 stressed IgG formula-
tions, once per week for 6 weeks (intraperitoneal injections, 5 g
protein/injection). The interval between injections was 1 week.
The formulations were mildly vortexed before injections to pre-
vent aggregate deposition in the tubes. Blood was collected sub-
mandibularly from all mice before treatment was started (week
0), during the 6 week injection period (before injections on weeks
3 and 5), and during a 7 week washout phase (weeks 7, 9, 11
and 13). At 10 weeks after the last injection (week 16) blood was
collected by heart puncture and mice were sacrificed. Blood was
collected in Lithium-heparin gel tubes and spun down (3000 g,
10 min, 4°C) to isolate the plasma. Plasma was stored at -80°C
until analysis.

ADA assay. To test plasma samples for ADAs against the
injected IgG, a bridging ELISA was used. This assay setup
focuses on binding antibodies and does not allow determi-
nation of the isotype of the measured response. This type of
ELISA is very commonly used in clinics to determine antibody

responses against therapeutic mAbs because of its high sensi-
tivity and reproducibility and because it does not require the
use of radioactive compounds. In short, 96-well F-bottom
ELISA-plates (Greiner Bio-One) were coated with 0.5 pg/ml of
unstressed IgG in phosphate buffered saline (PBS) and stored
overnight at 4°C. Prior to use, the plates were washed five times
with PBS containing 0.05% (w/v) of Tween-20 (PBS-T ), and
incubated for 1 h at RT with plasma samples serially diluted
(starting dilution 1:100) in high performance ELISA buffer
(HPE, Business Unit Reagents). Subsequent to washing with
PBS-T, ., the plates were incubated for 1 h at RT with 1 pg/
ml of unstressed IgG biotinylated in HPE buffer (biotinylation
of the drug was adapted from Van Schouwenburg et al.¥). After
washing with PBS-T | ., the plates were incubated for 20 min at
RT with 1:10000 of Avidin-HRP (Invitrogen) in HPE buffer.
The plates were then washed with PBS-T | . and developed with
TMB substrate (Invitrogen) for 15 min. The development was
stopped by adding 0.18 M of H,SO,. Absorbance was measured
at 405 nm (SpectroStar Nano, Isogen). The 100-fold diluted
plasma samples were arbitrarily defined positive if their optical
density (OD) was at least 0.5 higher than the negative control.
ADA titers were determined by plotting the absorbance values of
the dilution series against log dilution. The plots were fitted to
a sigmoidal dose-response curve using GraphPad Prism® 4. The
reciprocal of the dilution of the EC, value was defined as the
ADA titer. Plasma samples considered positive (OD > 0.5) but
having too low OD for assessing titers via EC,, (OD ~1.45) were
given an arbitrary titer of 75.

Statistics. Using the SPSS software v. Sixteen (Microsoft), a
non-parametric Mann-Whitney U test was used to assess the
statistical difference in titers between TG and NTG respond-
ers. Significant difference in the number of responders between
groups was determined with the McNemar’s test. A calculated
probability (p value) equal or below 0.05 was considered to be
statistically significant.
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