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The neonatal Fc receptor (FcRn) is important for the metabolic fate of IgG antibodies in vivo. Analysis of the interaction
between FcRn and IgG in vitro might provide insight into the structural and functional integrity of therapeutic IgG that
may affect pharmacokinetics (PK) in vivo. We developed a standardized pH gradient FcRn affinity liquid chromatography
method with conditions closely resembling the physiological mechanism of interaction between IgG and FcRn. This
method allows the separation of molecular IgG isoforms, degradation products and engineered molecules based on
their affinity to FcRn. Human FcRn was immobilized on the column and a linear pH gradient from pH 5.5 to 8.8 was
applied. FcRn chromatography was used in comparison to surface plasmon resonance to characterize different
monoclonal IgG preparations, e.g., oxidized or aggregated species. Wild-type and engineered IgGs were compared in
vitro by FcRn chromatography and in vivo by PK studies in huFcRn transgenic mice. Analytical FcRn chromatography
allows differentiation of IgG samples and variants by peak pattern and retention time profile. The method can distinguish:
1) IgGs with different Fabs, 2) oxidized from native IgG, 3) aggregates from monomer and 4) antibodies with mutations
in the Fc part from wild-type 1gGs. Changes in the FcRn chromatographic behavior of mutant IgGs relative to the wild-
type IgG correlate to changes in the PK profile in the FcRn transgenic mice. These results demonstrate that FcRn affinity
chromatography is a useful new method for the assessment of IgG integrity.

Introduction
storage of a therapeutic antibody may affect the pharmacoki-

Monoclonal antibodies (mAbs) are established as a critical
therapeutic modality for a range of diseases.! The pipeline of
antibody-based drug candidates is steadily growing and totals
nearly 350 development projects in early 2012.% Apart from
full-length therapeutic antibodies, modified antibodies, such
as antibody-drug conjugates (ADCs), bispecific antibodies,
Fc- and glyco-engineered antibodies and antibody fragments/
domains, comprise a substantial portion of the antibody-based
molecules in clinical development. The preclinical and clini-
cal research and development of therapeutic mAbs requires
careful analysis of the pharmacokinetic properties of antibody
drug candidates.® Changes in integrity of the Fc part during
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netic (PK) and pharmacodynamic properties of the antibody,
e.g., by degradation processes such as aggregation, deamidation
or oxidation, disulfide bond scrambling and isomerization.*>
These changes need to be monitored by appropriate analytical
methods.

Therapeutic IgGs are composed of two variable antigen bind-
ing regions (Fab) that mediate specificity for the target antigen
and the constant (Fc) region which is responsible for unique effec-
tor functions and for long half-life. Two main classes of mamma-
lian Fc receptors exists that bind to IgG: the Fcy receptor (FcyR)
family and the neonatal Fc receptor (FcRn). The FeyR family
members mediate effector responses, e.g., antibody-dependent
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cell-mediated cytotoxicity (ADCC), inflammation, cell activa-
tion, antibody production.®

FcRn regulates IgG and albumin homeostasis, mediates
maternal IgG transport, and it takes an active role in antigen-IgG
immune complex phagocytosis and delivery of antigens for pre-
sentation in the case of antigen-IgG immune complexes. Human
FcRn is a heterodimeric protein consisting of two polypeptides, a
48 to 52 kDa glycosylated class I major histocompatibility com-
plex-like protein (a-FcRn) containing a single N-glycan moiety
and a B2-microglobulin (B2 min) subunit of approximately 14
kDa.” FcRn binds with high affinity to the CH2-CH3 portion
of the Fc domain of IgG.*"" The interaction between IgG and
FcRn is strictly pH-dependent and has been proposed to occur
in a 1:2 stoichiometry, with one IgG binding to two FcRn mol-
ecules via its two heavy chains."*> The pH-sensitive nature of
the interaction facilitates the FcRn-mediated protection of IgGs
pinocytosed into cells from intracellular degradation by binding
to the receptor within the acidic environment of endosomes.'*!'>!?
Within capillary endothelial cells, FcRn facilitates the recycling
of IgG to the cell surface and subsequent release into the blood
stream upon exposure of the FcRn-IgG complex to the neutral
pH environment outside the cell. Bone marrow derived cells
(e.g., macrophages, dendritic cells, some B cell populations) also
express FcRn and are involved in IgG protection.'®

Because FcRn plays an important role in IgG catabolism, its
in vitro FcRn binding properties should be indicative of non-
target related in vivo PK properties. In vitro methods to analyze
FcRn interaction would be of great value during antibody devel-
opment because they may help to eliminate repetition of in vivo
studies and thereby reduce animal experiments, time and costs.
Such analyses generally have been performed using surface plas-

mon resonance (SPR) assays,”!

although calorimetric and asym-
metrical flow field flow fractionation methods have also been
described for assessing IgG binding affinity to FcRn.»* The
deficits of SPR assays include their complexity, and the fact that
studies of the correlation between in vitro FcRn binding param-
eters determined by SPR and the serum halflife of antibodies
in vivo have given inconsistent results, despite improved binding
reaction conditions and appropriate modeling.”** Engineering
of the Fc of IgGl to improve affinity to FcRn at pH 6 and at
neutral pH as measured by SPR technology did not result in
improved PK in cynomolgus monkeys;*® however, mutants (e.g.,
N434A) showing only modest increases in FcRn affinity at pH
6.0 without concomitant significant binding to FcRn at pH 7.4
resulted in improved area under the curve (AUC) and half-life
in primates, thereby demonstrating the importance of the FcRn
release at pH 7.4, otherwise the antibody will be trapped and
cleared from serum.?%?’

In studies of five humanized IgG4 antibodies and selected
variants thereof, no correlation between FcRn affinity and in
vivo PK could be established.' In contrast, a triple mutation YTE
(M252Y/S254T/T256E) in the Fc portion of an antibody against
respiratory syncytial virus (MEDI-524) resulted in a 10-fold
increase of affinity to FcRn at pH 6.0, as analyzed by SPR,
and was associated with a 4-fold increase in serum halflife in
cynomolgus monkeys.?® In another study, two engineered IgG1
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variants (N434A and T307A/E380A/N434A) of the humanized
antibody trastuzumab (Herceptin®) directed against human epi-
dermal growth factor receptor-2 (HER2) with enhanced in vitro
binding to FcRn as measured by flow cytometry showed a con-
siderably extended half-life in mice expressing the human FcRn
transgene.” It was recently shown that antibodies with the same
wild-type human Fc sequences, but different Fab domains, bind
FcRn with considerable differences, which suggested that the Fab
domain also may have an effect on FcRn interactions.” Binding
of an antibody to FcRn may also be influenced by chemical deg-
radation, such as oxidation of labile methionines (Met 252 and
Met 428) in the constant region. Impaired PK properties of such
modified species highlight the need to monitor oxidation in ther-
apeutic antibodies during development.?°-32

One of the challenges for the establishment of a conclusive
relationship of FcRn binding and PK are the different meth-
odologies, technologies and assay designs used to measure the
interaction between IgG and FcRn, which include cell-based
approaches, isothermal calorimetry and SPR. Variability in the
study results may be due to the fact that an FcRn heterodimer
can bind the Fc part on both sides, with the consequence that a
high avidity can be expected, which should be taken into account
and be reflected in an in vitro set up.”

The work presented here describes a standardized pH gradient
huFcRn affinity liquid chromatography method to study interac-
tions between IgG and FcRn under conditions closely resembling
the physiological mechanism of interaction. The method uses a
column with immobilized FcRn in a liquid chromatography sys-
tem with a linear pH gradient from pH 5.5 to 8.8. Our study
demonstrates that FcRn affinity chromatography method can
be used to evaluate FcRn binding of oxidized and aggregated
IgG, as well as wild-type and engineered IgGl variant antibodies
with increased and reduced FcRn affinity. We found the FcRn
column chromatography to be a valuable tool for biochemical
characterization because it allows the detection, separation and
the re-analysis of micro-heterogeneous samples, which is not pos-
sible by other methods. Results from in vivo PK studies in mice
transgenic for human FcRn demonstrate their correlation with in
vitro FcRn affinity liquid chromatography data.

Results

FcRn affinity chromatography of antibodies. For the develop-
ment of a new FcRn chromatography method, we first optimized
FcRn coupling conditions by investigating different buffers,
pH conditions and FcRn quantities with regard to IgG binding
capacity. In a second step, binding and elution conditions were
assessed by applying various equilibration buffers, elution gra-
dients and flow rates. The optimized method using a linear pH
gradient from 5.5 to 8.8 as described in materials and methods
yields a symmetrical single peak for a homogeneous standard
monoclonal IgGl antibody preparation, eluting reproducibly at
a specific retention time (Fig. 1A). The elution by a pH gradient
mimics the physiological pH-dependent FcRn-IgG interaction.
Under standard conditions, we were able to show a linear rela-
tionship between the amount of IgGl (20-100 g) applied to
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the FcRn affinity column and the peak area (Fig. 1B). To assess
the resolution ability of this novel analytical method, we applied
various IgGs, Fc-engineered mutants, antibody fragments and
degradation products.

Role of Fc and F(ab’), in FcRn interaction. A comparison of
full-length mAb2 with its F(ab’), and Fc portions obtained by
IdeS digestion and separated by size exclusion chromatography
(SEC) demonstrated that full-length mAb2 and the Fc portion
of mADb2 virtually had the same retention time and eluted at the
same pH in the FcRn affinity chromatography (Fig. 2A). The
F(ab’), of mAb2 did not bind to the column, but was eluted rap-
idly after injection into the column and contributed only slightly
to the retention of full-length mAb2. To further investigate
the effect of the Fab part on FcRn interactions, three marketed
(cetuximab, infliximab, adalimumab) and four investigational
(mAbl, mAb3-5) therapeutic antibodies, with the same human
allotype (G1m1.17) were investigated in the FcRn affinity chro-
matography for differences in the retention time between the
full-length antibodies and their Fc portion after cleavage by IdeS
protease. Figure 2B illustrates that, relative to the column reten-
tion time of full-length cetuximab (Erbitux®), retention times
of the other six full-length antibodies were up to 8% longer and
varied notably. In contrast, the retention times of the respective
Fc portions of all seven antibodies were essentially the same.
When plasmin was used for cleavage of the full-length antibod-
ies, the same findings were obtained (data not shown). These
results thus show that the Fab parts of seven different antibodies
contribute measurably to the FcRn interaction on the column.
The specific influence of the Fab part has also been observed for
the SPR experiments with a subset of the seven antibodies used
(data not shown).

Affect of Met252 and Met428 oxidation on FcRn interac-
tion. Met252 and Met428 oxidation impairs binding of antibod-
ies to FcRn and negatively affect PK.>*% Therefore, we analyzed
oxidized antibody preparations using our FcRn chromatography
method. For this, mAb4 was stored under accelerated conditions
at 40°C for two months. ESI-MS data of this sample revealed
that approximately 50% of the heavy chains were oxidized at
the solvent-exposed Met252 and Met428. A fully functional and
biophysical characterization of this sample revealed no further
degradations (Fig. 3A). When this stressed mAb4 sample was
applied to the FcRn affinity column, two major peaks could be
separated, in contrast to the single peak observed for the reference
material (Fig. 3B). The later-eluting peak corresponded to the
elution time of the unmodified mAb4 reference material, while
the earlier-eluting peak likely represented Met252 and Met428
oxidized mAb4. SPR analysis of the same samples merely showed
a minor reduction in overall response units (Fig. 3C). The FcRn
affinity chromatography resolves two species differing in their
FcRn binding ability; our data thus suggest that the oxidized
species elute earlier than the native species due to an impaired
binding capacities to FcRn. For verification of this hypothesis,
isolated fractions need to be characterized with regard to methio-
nine oxidation.

Effect of IgG aggregation on FcRn interaction. To evalu-
ate the effect of IgG aggregation on FcRn affinity, a mAb6
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Figure 1. (A) Standard wild-type IgG1 retention profile under standard
pH-gradient conditions. (B) Relationship between amount of mAb1
injected into the FcRn column and peak area (retention time vs. absor-
bance) in the FcRn affinity chromatography.

preparation was used for FcRn interaction studies. This batch
(KS64) contained 8.6% Fc-dimer and 0.4% aggregates. SEC was
used to isolate two mAbG fractions from this batch: mAb6 mono-
mers (pool 2) and Fe-dimers and multimeric aggregates (pool
1). The exact compositions of the original batch (KS64) and
the fractions are described in Table 1. These two samples were
analyzed by SPR and compared with the original KS64 batch
and the reference material, which was essentially free of dimers
and aggregates. The sensorgram of the monomer-enriched pool
2 could be superimposed with the reference standard material,
whereas the original KS64 batch showed differences in the on-
and off-rate behavior. More significant differences were observed
for the isolated aggregates comprising pool 1, which exhibited
a strongly increased response signal and the slowest offrate
(Fig. 4A).

For the investigation of the effect of aggregation on FcRn
chromatography, a differently stressed KS64 batch containing
57% monomers, 13% Fc-dimers and 30% aggregates, was ana-
lyzed. Isolated SEC fractions containing the individual species
were analyzed in parallel. These data clearly demonstrate that
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Figure 2. (A) Role of F(ab’), in FcRn interaction. Comparison of the FcRn chromatographic profiles of full-length mAb2 and its F(ab’), and Fc portions
obtained by IdeS digestion and separated by SEC. The upper picture shows retention times vs. absorbance in the FcRn affinity chromatography with
linear pH gradient of full length mAb2 before cleavage and of the F(ab"), and Fc portions after cleavage in the same graph. The middle picture shows
the peaks of F(ab’), and Fc of mAb2 in the SEC and assigns them to the corresponding peaks in the FcRn chromatography in the lower picture. Chro-
matography conditions: buffer A (20 mM MES, 150 mM NaCl, pH 5.5), buffer B (20 mM Tris/HCI, 150 mM NaCl, pH 8.8), flow 0.5 mL/min, gradient from
buffer A to buffer B: 60 min (standard). 1, mAb2 before cleavage; 2, mAb2 after cleavage; 3, Fc part; 4, Fab part. (B) Interaction of Fc with FcRn. Compari-
son of relative retention times (cetuximab = 1) in the FcRn affinity chromatography between full-length antibodies (black bars) and their respective Fc
fragments (gray bars) obtained by IdeS protease cleavage. Retention times are relative to that of the full-length cetuximab (set as 1.0).

Table 1. Composition of native and enriched pooled fractions of a tech-
nical formation batch of mAb6

Monomers Fc-dimers Aggregates

(% of total) (% of total) (% of total)
Native pool KS64 91.0 8.6 0.4
Pool 1 27.7 26.9 45.4
Pool 2 98.3 1.4 0.4

Fc-dimeric and aggregated antibodies exhibit stronger FcRn
binding as reflected by a longer retention time (Fig. 4B). The
column chromatography even allowed separation between
Fc-dimers and higher aggregates.

Although there are differences in the on- and off-rate and
overall signal in the SPR analysis, this method does not allow
for discrimination between individual aggregation species, i.e.,
monomer, Fc-dimer and aggregates. In contrast, FcRn chro-
matography is able to separate the above species based on their
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binding properties to FcRn-enabling quantification and func-
tional assessment of such species.

Effect of Fc mutations on FcRn affinity. Native mAb7
and its triple mutants YTE and AAA(I252A, H310A, H435A)
were analyzed using FcRn column chromatography and SPR.
Compared with the retention time of wild-type mAb7 (46 min),
the triple AAA mutant did not bind to the FcRn affinity col-
umn (flowthrough) while the YTE-mutant was detected after
58 min (Fig. 5A). Consistently, similar behavior was observed in
the SPR analysis of these samples, showing enhanced response
of the YTE mutant relative to wild-type mAb7 and virtually
no response of the AAA mutant (Fig. 5B). These results clearly
demonstrate that the effect of antibody Fc engineering can be
monitored by FcRn column chromatography as an additional
method to SPR.

Affect of Fc mutations of mAb7 on pharmacokinetics in
mice transgenic for human FcRn. The PK study in C57BL/6]
mice deficient for mouse FcRn, but homozygously transgenic

for human FcRn (huFcRn (276) -/tg) showed that the YTE
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Figure 3. (A) Electrospray ionization mass spectrometry (ESI-MS) analysis of stressed mAb4. Application of a sample of mAb4 stored for 2 mo at 40°C
to the ESI-MS shows a 16 Da mass shift of the profile of the stressed mAb4 samples relative to the unstressed mAb4 sample. (B) Effect of Met252 and
Met428 oxidation on FcRn interaction. Application of a sample of mAb4 stored for 2 mo at 40°C (curve 2) to the FcRn column leads to an earlier eluting
species with a double peak indicative of oxidized mAb4 while application of samples of mAb4 stored for 2 mo at 25°C (curve 1) and —80°C (curve 3) to

wild-type and for Met252 and Met428 oxidized mAb4 species.

the FcRn column leads to later eluting, virtually overlapping peaks. Chromatography conditions: buffer A (20 mM MES, 150 mM NaCl, pH 5.5), buffer
B (20 mM Hepes, 150 mM NaCl, pH 8.2), flow 0.5 mL/min, gradient from buffer A to buffer B: 60 min (standard). (C) Surface plasmon resonance (SPR)
analysis of stressed mAb4. Application of a sample of mAb4 stored for 2 mo at 40°C to the Biacore for SPR analysis shows different sensorgrams for

mutation enhanced the AUC of mAb7, whereas the AAA muta-
tion reduced it in comparison to the wild-type antibody (Fig. 5C
and D). Statistically significant, the YTE mutant of mAb7 had
a 1.74-fold higher AUC . a 1.95-fold slower clearance and
a 2.2-fold longer terminal half-life in comparison to wild-type
mADb7 (Fig. 5D). In contrast, the triple A mutant exhibited only
10.9% of the AUC_,, of wild-type mAb7, a 9-fold faster clear-
ance and an 11.3-fold shorter terminal half-life (Fig. 5C).

Discussion

The neonatal Fc receptor (FcRn) plays an important role in
the metabolic fate of antibodies. Hence, analysis of the interac-
tion between FcRn and mAbs in vitro is extremely valuable to
determine their structural and functional integrity and predict
the corresponding FcRn-dependent PK properties. The FcRn
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column chromatography method described here is an ideal new
tool to monitor this interaction. Our results showed that ana-
lytical FcRn chromatography was able to differentiate these
antibody samples by their retention time profile: (1) IgGs with
different Fabs, with separation probably due to variations in the
electrical charge distribution or hydrophobic interactions that
influence the interaction with the Fc; (2) Fc methionine oxi-
dized samples, which had reduced retention times; (3) aggregates
exhibiting stronger interaction probably due to avidity effects of
the Fc parts; and (4) samples with mutations in the Fc, which
imparted varying effects. We were also able to demonstrate that
changes in the FcRn chromatography profile of Fc-engineered
antibodies relative to the wild-type antibodies correlated with the
PK properties in human FcRn-transgenic mice.

The FcRn receptor is a non-covalent hetero-dimer with each
of the two FcRn molecules interacting with one heavy chain of
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Figure 4. (A) SPR analysis of mAb6 aggregates. Sensorgrams of mAb6
as reference standard (curve 1), in the original technical fermentation
batch KS64 (3), of isolated mAb6 monomers (curve 2) and isolated
mAb6 aggregates (curve 4). (B) Effect of antibody aggregates on FcRn
interaction. FcRn chromatographic analysis of mAb6 in the original
technical fermentation batch KS64 (lane 1), its isolated monomers (lane
2), isolated Fc-dimers (lane 3) and isolated aggregates (lane 4). Chroma-
tography conditions: buffer A (20 mM MES, 150 mM NaCl, pH 5.5), buffer
B (20 mM Tris/HCl, 150 mM NaCl, pH 8.8), flow 0.5 mL/min, gradient
from buffer A to buffer B: 50 min (standard).

the Fc part of an IgG molecule.'*?*?! The analytical methods cur-
rently used to study antibody-FcRn binding properties include
enzyme-linked immunosorbent assays (ELISA), SPR, isothermal
titration calorimetry (ITC), SEC and analytical ultracentrifuga-
tion."”!%?1%3 These techniques are characterized by specific advan-
tages and disadvantages. Under standard conditions, they have
only limited sensitivity for the detection of small differences in
affinity when used as a stand-alone technique.”’ Furthermore,
the currently available methods do not appropriately reflect the
physiologic pH dependency of the FcRn binding characteristics
requiring acidic pH to mimic endosomal binding, but neutral pH
for IgG release.!”'?** A physiological pH milieu is also important
because it has an influence on the self-association properties of
the FcRn heterodimer.?? Current methods, however, work at only
one pH at a time making it complicate to investigate the highly
complex and pH-dependent FcRn-IgG interaction, preventing
a sensitive and physiologically-relevant kinetic evaluation. This
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fact may be responsible for the lack of correlation between in
vitro FcRn affinity and PK found in several studies.?*%

SPR analysis of the IgG-FcRn interaction of samples con-
taining various antibody species differing in their affinity to
the receptor only yields overall kinetic or binding values, but is
unable to resolve and quantify the individual molecules species
in such samples. In contrast, the FcRn affinity chromatography
allows investigations under appropriate physiologic conditions
with a predominant 2:1 stoichiometry or other stoichiometries
including 1:2, 1:1 and 2:2, depending on the amount of immo-
bilized receptor. The pH gradient can be adjusted to optimize
the separation of the different species found in a heterogeneous
sample of interest. The resolved peaks can be easily quantified
by their respective area, and the individual fractionated and iso-
lated peaks are amenable to secondary analyses, e.g., functional
characterization, re-chromatography, mass spectrometric analy-
sis or PK assessment. Importantly, and in contrast to all other
methods, the FcRn affinity chromatography enables separation
of molecule species based on functional differences rather than
physicochemical properties facilitating alternative characteriza-
tion strategies.

Stressed antibody samples containing high levels of molecules
oxidized at positions Met252 and Met428 are a good example
to illustrate the difference between the SPR technique and the
FcRn affinity chromatography as described above. While SPR
analysis detected a 20% relative decrease in binding of the
stressed sample compared with the reference material, it did not
provide insight into the heterogeneity of this sample. In con-
trast, FcRn chromatography of the same sample displayed two
distinct peaks, one with a retention time corresponding to that
of the single peak in reference material and a second peak that
was significantly shifted toward shorter retention times, which
indicated a weaker interaction of the antibody with the FcRn col-
umn material at lower pH. These results are in accordance with
previously reported observations.>*** Our method would also
enable the preparative isolation of various oxidized antibody spe-
cies based on their FcRn binding properties. These isolates could
then be further characterized with regard to their PK properties
and the distinct methionine oxidation status. This method can
also distinguish aggregation products from monomeric IgG and
allows their quantification.

FcRn chromatography analysis of seven different IgGl anti-
bodies exhibiting different retention times confirmed previous
reports of FcRn binding differences of IgGs with the same Fc
sequences.”” Using IdeS or Plasmin digests, the results reported
here clearly show that the Fab part of an antibody affects the
interaction of Fc and FcRn. This could be due to different bio-
physical characteristics, including charge, hydrophobic patches
or conformational differences. Such properties can be indirectly
assessed by FcRn affinity chromatography.

The set of in vitro and in vivo experiments conducted with
wild-type IgG and engineered Fc-part AAA-** and YTE-
mutants®® showed a correlation of FcRn affinity chromatography
results to PK in mice transgenic for human FcRn. The AAA-
mutation that showed a shorter FcRn column retention time
was associated with faster clearance from plasma and a shorter
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presented as the mean + standard deviation (SD), ANOVA analysis of significance in comparison with wild-type mAb7 (+++, p < 0.001). (A) Area under

) 5 d. Time concentration profile.

half-life compared with the wild-type antibody. The YTE-
mutation lead to a significantly prolonged half-life and slower
plasma clearance in accordance with previous experiments.?® The
longer in vivo halflife corresponded to a longer retention time
in the FcRn chromatography. These results are in agreement
with data of a Fc-engineered trastuzumab variant that exhibits
an extended half-life and enhanced in vitro binding properties
to FcRn as measured by flow cytometry.?” In addition, a variant
of the anti-vascular endothelial growth factor IgG1 bevacizumab
with 11-fold improved FcRn affinity was shown to have a 5-fold
extended half-life in human FcRn transgenic mice and a 3-fold
longer half-life in cynomolgus monkeys.®

An intrinsic limitation of all in vitro FcRn interaction analyses
with respect to prediction of in vivo PK is the absence of numer-
ous target-related specific and non-specific interactions that can
occur in vivo with target, matrix and blood proteins such as
competing serum IgG, which are absent in the in vitro system.
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Thus, it would be difficult in a quantitative manner to exactly
correlate retention times of the in vitro FcRn affinity chromatog-
raphy with PK parameters. The data presented here suggest, how-
ever, that in vitro assessment of FcRn interaction with IgG using
FcRn affinity chromatography can help to predict the affect of
sequence mutations, chemical modifications and differences in
post-translational modifications, e.g., Fc glycosylation, on the PK
properties of a given IgG molecule.

By definition, FcRn chromatography only evaluates the struc-
tural and functional integrity of the antibody parts relevant for
FcRn binding and does not address the Fc receptors binding in
general. Additional assays are required for a full evaluation of
the functional integrity of antibody preparations. In fact, work is
ongoing to establish an Fcy receptor affinity chromatography to
further complement the functional analysis of antibodies.

This study presents a novel affinity chromatography method
for characterizing IgGs with respect to their interaction with the
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FcRn receptor. Analyses with the FcRn chromatography method
are performed using a pH gradient that resembles physiologic
conditions. Application of this method to antibody samples
with biophysical differences, sequence mutations, chemical and
post-translational modifications showed its value for quantitative
and qualitative characterization of the IgG-FcRn interaction.
Importantly, results of the FcRn affinity chromatography cor-
related with PK parameters as shown for antibody variants with
faster and slower plasma clearance.

In general, affinity chromatography allows secondary analysis
of isolated peak eluates, thus enabling new function-based sepa-
ration followed by biophysical or further functional and in vivo
characterization (e.g., PK assessment). Different aspects of anti-
body functionality can be addressed using this kind of methodol-
ogy by varying the immobilized binding partner, e.g., target and
other Fc receptors of human or animal species.

Materials and Methods

Cloning, expression and purification of mAb7. Expression
plasmids encoding the light and the heavy chain of the wild-
type human IgGl mAb were a gift of Erhard Kopetzki (Roche
Diagnostics GmbH). The expression was driven by the cyto-
megalovirus (CMV) early promoter and the antibody genes were
present in a genomic organization. The introduction of muta-
tions into the constant (Fc) part of the antibody was performed
by gene synthesis at GeneArt/Life Technologies Inc. Briefly, the
codon for Met at position 252 of the IgG1-Fc was changed from
ATG to TAC, resulting in the amino acid Tyr. The codon at
position 254 was changed from TCC for Ser to ACC for Thr
and the codon at position 256 was changed from ACC for Thr to
GAG for Glu according to EU numbering as reported by Kabat
3¢ This triple mutation was called YTE-mutant.?® The triple-
A mutant was generated in a similar way. Ile (ATC) at position
253 was changed to Ala (GCC), His (CAC) at position 310 to
Ala (GCC) and His (CAC) at position 435 to Ala (GCC). The
resulting triple mutant was designated AAA-mutant.>'"3% The
verification of the mutations were performed by DNA sequenc-
ing of the corresponding plasmid DNA fragments. The mAb7
wild-type and mutant antibodies were transiently expressed in
HEK293 cells by transfection of 1.5 x 10° cells/mL with the
corresponding light and heavy chain plasmids in equimolar

etal.

amounts via lipofection in a 1 L scale. Supernatant was collected
seven days after transfection and the antibodies were purified via
MabSelect SuRe (GE Healthcare Bio-Sciences AB).

Cloning, expression and purification of huFcRn. The cDNAs
encoding the extracellular domain of human FcRn o-chain
(sw:fcgn_human, residues 24-297), human (2-microglobulin
(em:ab021288, residues 1-119) were generated by gene synthe-
sis (GeneArt/Life Technologies Inc.). Human FcRn a-chain
was synthesized without its signal sequence and cloned into
pcDNA3.1(+) under the control of the CMV promoter and with
the human CD33-signal peptide (MPL LLL LPL LWA GAL
A). A decahistidine tag and Biotin AviTag (Avidity LLC) were
introduced at the C-terminus of the FcRn a coding sequence.
Human B2-microglobulin ¢DNA was cloned into a variant of

www.landesbioscience.com
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the expression vector®® without the neomycin resistance cassette
and with intron A under the control of the CMV-promoter. Both
expression cassettes end with the poly-adenylation signal from
bovine growth hormone. The FcRn « expression vector addition-
ally contains the neomycin resistance gene, which, however, was
not used during transient expression explained below. All con-
structs were sequenced to ensure the absence of any undesirable
mutations (SequiServe GmbH).

FcRn was transiently expressed by transfection of 293 suspen-
sion cells with two plasmids containing the coding sequence of
FcRn and of B2-microglobulin. The 293 cells were cultured in
chemically-defined medium in shaker flasks at 36.5°C. The cells
were diluted every 2-3 d to a density of 3—4 x 10°/mL. For tran-
sient expression, a 14 L stainless steel bioreactor was started with
a culture volume of 8 L at 36.5°C, pH 7.0 + 0.2, pO, 35% and
a stirrer speed of 100-400 rpm. When the cell density reached
20 x 10°/mL, 10 mg plasmid DNA (equimolar amounts of both
plasmids) was diluted in 400 mL chemically-defined medium.
Transfection reagent was added to this mixture, which was then
incubated for 15 min at room temperature and subsequently
transferred into the fermenter. From the next day on, the cells
were supplied with nutrients in continuous mode: a feed solution
based on chemically-defined medium that contained 6.5 g/L glu-
cose, 3 g/L glutamine and 30 g/L soy peptone was given at a rate
0f 500 mL per day and glucose as needed to keep the level above 2
g/L. The supernatant was harvested seven days after transfection
using a swing head centrifuge with 1 L buckets: 4000 rpm for
90 min. The supernatant (13 L) was cleared by a filter (0.45 pm
+ 0.2 pm) and then handed over for purification of the desired
protein.

The clarified supernatants containing hexahis-tagged proteins
were loaded on a Ni-NTA affinity chromatography resin (Qiagen)
at 4°C. After two wash steps with 20 mM sodium phosphate
buffer comprising 500 mM NaCl at pH 7.4, containing 20 mM
imidazole in a first step and 100 mM imidazole in a second step,
proteins were eluted at a flow rate of 2 ml/min using batch elution
with the same buffer containing 300 mM imidazole on an AKTA
Prime chromatography system (Amersham Pharmacia Biotech).
Fractions were pooled and further purified in sodium phosphate
buffer containing 500 mM NaCl on SEC (SuperdexTM 200, GE
Healthcare). Purified proteins were quantified using a Nanodrop
spectrophotometer (Nanodrop Technologies) and analyzed by
SDS PAGE on NuPAGE 4-12% Bis-Tris gels in MES buffer
under denaturing and reducing conditions.

Affinity column preparation. Between 1.2 mg and 12 mg
FcRn/B2-microglobulin in 5 ml 20 mM sodium citrate buf-
fer, pH 5.5 containing 150 mM KCl, 250 pl PBS and 1 tablet
complete protease inhibitor (cOmplete ULTRA Tablets, Roche
Diagnostics GmbH) were biotinylated using the biotinylation kit
from Avidity according to the manufacturer instructions (Bulk
BIRA, Avidity LLC). The biotinylation reaction was done at
room temperature overnight. The modified protein was dialyzed
against 20 mM sodium phosphate buffer comprising 150 mM
NaCl, pH 7.5 at 4°C overnight to remove excess of biotin. For
coupling to streptavidin sepharose, one gram streptavidin sepha-
rose (GE Healthcare) was added to the biotinylated and dialyzed
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receptor (between 1.2 and 12 mg FcRn/P2-microglobulin, for
standard analytical application 3 mg were chosen) and incubated
for two hours with shaking. The receptor derivatized sepharose
was filled in a 1 ml XK column (GE Healthcare) and the FcRn
column then was equilibrated with 20 mM 2-(N-morpholine)-
ethanesulfonic acid (MES) buffer containing 150 mM NaCl, pH
5.5.

FcRn affinity chromatography. antibody samples containing
50 to 100 pg of protein were adjusted to pH 5.5 and applied to
the FcRn column using AKTA explorer 10 XT or Dionex Summit
(Dionex). The column with 5 cm bed height was then washed
with 5-10 column volumes of equilibration buffer 20 mM MES,
150 mM NaCl, pH 5.5. The affinity-bound Fc-containing pro-
teins were eluted with a pH gradient to 20 mM Tris/HCI, 150
mM NaCl, pH 8.8, in 30 column volumes. Thereby, chromatog-
raphy using FcRn columns mimicked physiological conditions
with binding at acidic pH in the acidified endosome (pH 5.5—
6.0) and release at pH 7.4 in the blood.*” For complete elution of
modified antibodies, the pH is increased in the gradient up to pH
8.8. The experiments were performed at room temperature. The
elution profile was obtained by continuous measurement of the
absorbance at 280 nm. The time taken for an analyte peak, X, to
reach the detector after sample injection was called the retention
time.

Antibodies and in vitro sample preparation. In addition to
mAb7 used for in vivo and in vitro experiments, commercially
available and in-house antibodies were used for in vitro experi-
ments. The three commercially available antibodies were cetux-
imab (Erbitux®; Merck KGaA), infliximab (Remicade®; Merck
and Co., Inc.) and adalimumab (Humira®; AbbVie). Six recom-
binant human mAbs directed against cell-bound and soluble tar-
get antigens were produced in-house and designated mAbl to
mAb6. mAbl (native IgGl; 22 mg/mL) was used at amounts of
5; 10; 20; 50; and 100 pg to study its relationship with the cor-
responding peak area when injected into the FcRn column in a
volume of 100 p.L.

mAb2 (IgGl; 1 mg/mL) was used as native preparation
and for preparation of the bivalent antigen-binding fragment
F(ab’), and the Fc of the full-length antibody. The F(ab’), and
Fc were prepared by cleavage of the full-length wild-type anti-
body mAb2 diluted 1:1 with 100 mM Tris, pH 8.0, by adding
1 pg IdeS cysteine protease per 50 pg antibody and incuba-
tion for 2 h at 37°C. The resulting cleavage products F(ab’),
and Fc were separated on a SEC column (Superdex 200, GE
Healthcare) using an AKTA Explorer chromatography system
(GE Healthcare) and the peak fractions were pooled. Molecular
weight standards on the same column served to identify the
two cleavage products based on their retention times. Whole
antibody mADb2 and its cleavage products were studied by FcRn
affinity chromatography.

The three commercial antibodies and the investigational
antibodies mAbl, mAb3, mAb4 and mAb5 were analyzed as
full-length antibodies and as their Fc part only by FcRn affin-
ity chromatography to compare the retention times between the
seven whole antibodies and the respective Fc fragments. The
influence of mAb oxidation on the retention time in the FcRn
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affinity chromatography was studied for mAb4. Oxidation of
mAb4 (IgGl; 1 mg/mL) was induced by storing mAb4 at 40°C
for 2 mo. The unmodified and the oxidized mAb4 samples
were analyzed by FcRn affinity chromatography and by FcRn
SPR technology. Oxidation of mAb4 was characterized by pep-
tide mapping and electrospray ionization mass spectrometry
(ESI-MS).

The influence of antibody aggregate formation on FcRn inter-
action in the affinity chromatography was evaluated for mAb6
preparations obtained from a fermentation batch KS64 enriched
with aggregates. The antibody monomer, Fc-dimer and aggre-
gate fractions were isolated by SEC and pooling of the respective
peaks. The FcRn interaction of the individual fractions was ana-
lyzed by affinity chromatography and by SPR technology. The
FcRn interaction of wild-type mAb7 and its two triple mutants
YTE and AAA were studied in vivo and in vitro by affinity chro-
matography and by SPR technology.

Electrospray ionization mass spectrometry. Protein aliquots
(50 pg) were deglycosylated by adding 0.5 wL N-Glycanase plus
(Roche) and sodium phosphate buffer (0.1 M, pH 7.1) to obtain
a final sample volume of 115 pL. The mixture was incubated at
37°C for 18 h. Afterwards for reduction and denaturing 60 pL
0.5 M TCEP (Pierce) in 4 M Gua-HCI (Pierce) and 50 pL. 8 M
Gua HCI were added. The mixture was incubated at 37°C for
30 min. Samples were desalted by SEC (Sepharose G-25, iso-
cratic, 40% acetonitrile with 2% formic acid). ESI mass spectra
(+ve) were recorded on a Q-TOF instrument (maXis, Bruker)
equipped with a nano ESI source (TriVersa NanoMate, Advion).
MS parameter settings were as follows: Transfer: Funnel RF, 400
Vpp; ISCID Energy, 0 ¢V; Multipole RF, 400 Vpp; Quadrupole:
Ion Energy, 4.0 ¢V; Low Mass, 600 m/z; Source: Dry Gas, 8
L/min; Dry Gas Temperature, 160°C; Collision Cell: Collision
Energy, 10 ¢V; Collision RF: 2000 Vpp; Ion Cooler: Ion Cooler
RF, 300 Vpp; Transfer Time: 120 ps; Pre Puls Storage, 10 s;
scan range m/z 600 to 2000. Software (MassAnalyzer) developed
in-house was used for data evaluation.

FcRn surface plasmon resonance analysis. The binding prop-
erties of mAb7-WT, -AAA, -YTE, mAb4 and mAb6 to FcRn
were analyzed by SPR technology using a BiaCore T100 instru-
ment (BiaCore AB). In the current assay, the FcRn receptor was
immobilized onto a Biacore CM5-biosensor chip (GE Healthcare
Bioscience) via amine coupling to a level of 400 response units
(RU). The assay was performed at room temperature with PBS,
0.05% Tween20 pH 6.0 (GE Healthcare Bioscience) as running
and dilution buffer. A solution containing 200 nM of native or
oxidized mAb samples were injected at a flow rate of 50 pL/min
at room temperature. Association time was 180 sec, dissociation
phase took 360 sec. Regeneration of the chip surface was reached
by a short injection of HBS-P, pH 8.0. Evaluation of SPR-data
was performed by comparison of the response signal height at
180 sec after injection and at 300 sec after injection. The cor-
responding parameters are the RU max level (180 sec after injec-
tion) and late stability (300 sec after end of injection).

Pharmacokinetic study in human FcRn mice. All proce-
dures were performed in accordance with the guidelines of the
Association for Assessment and Accreditation of Laboratory
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Animal Care (www.aaalac.org). The study was authorized by
the Regional Council of Oberbayern, Germany. Male and female
C57BL/6] mice (background), which are mouse FcRn-deficient
but hemizygous transgenic for human FcRn huFcRn (276)
-/tg,**% were used throughout the PK study. At the time of
administration, the animals weighed between 17 and 25 g. The
respective antibody was given as a single intravenous bolus injec-
tion via the tail vein. Due to limited blood volume of mice, three
groups of four male and four female animals each were required to
cover nine sampling time points, i.e., three sampling time points
per animal. Blood samples were taken in group 1 at 5 min, 24 and
336 h; in group 2 at 2, 168 and 504 h; and in group 3 at 8, 48 and
672 h after administration. Blood samples of about 100 wL were
obtained by retrobulbar puncture and stored at room temperature
for 60 min to allow clotting. Serum samples of at least 40 pL
were obtained by centrifugation at 9300 x g at 4°C for 3 min and
immediately frozen and stored at ~20°C until assayed.

Serum concentrations of the human therapeutic antibod-
ies in murine serum were determined by an antigen-captured
ELISA specific for the antigen binding region (Fab) of the mAb7
and its variants (Ab-1). All reagents or samples were incubated
at room temperature on a shaker at 400 rpm. Each washing step
included three cycles. Briefly, streptavidin-coated microtiter plates
were coated with biotinylated Ab-1 antigen diluted in assay buf-
fer. After washing with phosphate-buffered saline-polysorbate
20 (Tween20), serum samples in various dilutions were added
and incubated for 1 h. After washing, bound human therapeu-
tic antibodies were detected by subsequent incubation with
human Fcy-specific monoclonal Fab fragments conjugated with

digoxigenin that do not cross react with mouse IgG. After wash-
ing, an ant-digoxigenin antibody conjugated with horseradish
peroxidase (HRP) was added and incubated for 1 h. After wash-
ing, ABTS (2,2-azino-di[3-ethylbenzthiazoline sulfonate]; Roche
Diagnostics GmbH) was added as the HRP substrate to form a col-
ored reaction product. Absorbance of the resulting reaction prod-
uct was read at 405 nm with a reference wavelength at 490 nm.
All serum samples and positive or negative control samples were
analyzed in replicates and calibrated against reference standard.
The PK parameters were calculated by non-compartmen-
tal analysis, using the PK evaluation program WinNonlin™
(Pharsight), version 5.2.1. Briefly, the area under the concentra-
tion/time curve AUC (0-672) was calculated by linear trapezoi-
dal rule (with linear interpolation) from time 0 to infinity. The
apparent terminal half-life (T, ,) was derived from the equation:
T, , = In2/\z. Total body clearance (CL) was calculated as Dose/
AUC. Statistically significant differences in the PK parameters
between the wild-type antibody and its variants were determined

by ANOVA analysis.
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