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The neonatal Fc receptor (FcRn) protects immunoglobulin G (IgG) from degradation and increases the serum half-life
of 1gG, thereby contributing to a higher concentration of IgG in the serum. Because altered FcRn binding may result in
areduced or prolonged half-life of IgG molecules, it is advisable to characterize Fc receptor binding of therapeutic anti-
body lead candidates prior to the start of pre-clinical and clinical studies.

In this study, we characterized the interactions between FcRn of different species (human, cynomolgus monkey,
mouse and rat) and nine IgG molecules from different species and isotypes with common variable heavy (VH) and vari-
able light chain (VL) domains. Binding was analyzed at acidic and neutral pH using surface plasmon resonance (SPR) and
biolayer interferometry (BLI).

Furthermore, we transferred the well-accepted, but low throughput SPR-based method for FcRn binding charac-
terization to the BLI-based Octet platform to enable a higher sample throughput allowing the characterization of FcRn
binding already during early drug discovery phase. We showed that the BLI-based approach is fit-for-purpose and capa-
ble of discriminating between IgG molecules with significant differences in FcRn binding affinities.

Using this high-throughput approach we investigated FcRn binding of 36 IgG molecules that represented all VH/VL
region combinations available in the fully human, recombinant antibody library Ylanthia®. Our results clearly showed nor-
mal FcRn binding profiles for all samples. Hence, the variations among the framework parts, complementarity-determin-
ing region (CDR) 1 and CDR2 of the fragment antigen binding (Fab) domain did not significantly change FcRn binding.

Introduction

In their application as protein therapeutics, antibodies have
been proven to offer successful treatment options for a large
variety of human diseases."? The pharmacokinetics (PK) of
antibodies is influenced by several factors, e.g., charge and gly-
cosylation of the antibody, target affinity, expression and biol-
ogy, injection route, neonatal Fc receptor (FcRn) binding.® As
a receptor of immunoglobulin G (IgG) molecules, the FcRn is
responsible for the transfer of IgGs from a mother to the fetus.*>
In addition, FcRn protects IgGs from degradation and increases
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the serum half-life, and in consequence also the serum con-
centration, of IgGs.® This was also shown for albumin whose
half-life is extended by FcRn activity as well.”® Altered FcRn
binding may result in a reduced or prolonged half-life of IgG
molecules.”!?

FcRn is expressed by endothelial cells, which internalize
serum components including soluble IgGs from the blood-
stream by pinocytosis. IgG binding to FcRn is pH-dependent;!!
the acidic pH (pH 6.0) inside the endosomal compartment
allows the IgGs to bind to FcRn. After recycling back to the
cell surface, the IgG dissociates from FcRn at physiological
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pH (-pH 7.2), is released back into the blood circulation and
thereby protected from lysosomal degradation.”

FcRn is a major histocompatibility complex class I-like het-
erodimer composed of the soluble light chain B,-microglobulin
(B,m) and a membrane-bound heavy chain.'” Crystal structure
analysis revealed that rat FcRn (tFcRn)'*" and human FcRn
(hFcRn)" bind to the CH2-CH3 hinge region of both heavy
chains of the Fc homodimer of an IgG, resulting in a 2:1 stoi-
chiometry.""® The interaction between FcRn and Fc is mainly
stabilized by salt bridges between anionic FcRn residues and his-
tidine residues of the IgG, which are protonated at acidic pH."'¢
A detailed review has been published by Roopenian and Akilesh.*

When performing in vivo experiments, the cross-species bind-
ing between FcRn and IgG must be considered.'”” The hFcRn
can bind a limited set of IgG molecules from primates and rab-
bits, but not rodent IgGs."*"” The mouse FcRn (mFcRn) can
bind IgGs from various species including human.?’ Additionally,
pH-dependency of binding, as well as absolute affinities, differ
between mFcRn and hFcRn."*" To overcome this limitation of
animal models in terms of pharmacokinetics (PK) comparabil-
ity, a transgenic mouse model is available, in which hFcRn is
expressed instead of the mouse ortholog.? This model can be
23 with the limitation that the overall
mouse IgG level is strongly decreased.* Using this mouse model,

used to test human IgGs

in some cases a correlation between the PK of IgGs in primates,
humans, and mice was observed.?**

Several studies were performed to investigate the in vitro affin-
ity of various IgG formats from different species to FcRn mol-
ecules. FcRn molecules are not commercially available, but their
production in various cells, such as in Chinese hamster ovary,'**¢
human cell lines such as HEK293* and PEAK cells (human
embryo kidney monolayer epithelial cells)” or E. co/i*® has been
recently published. However, the published FcRn binding results
differ significantly. Some major causes contributing to these dif-
ferences are probably the different FcRn materials, assay formats
and evaluation models used.”” Beside ELISA measurements®*** or

31,32

cell-based assays®?? real-time measurements using surface plas-

mon resonance (SPR)!2330:3334 are often performed to character-
ize in vitro binding. Published SPR results have been generated
using different experimental setups and evaluation strategies,
and consequently also the reported affinities vary significantly.”
For instance, for binding of an IgG1 to hFcRn, apparent K | val-
ues from 6 to 2500 nM have been reported.”!*1923:2>:27:3537 Thjs
makes a literature-based comparison of reported affinities very
challenging and hampers interpretation of results.?*%

Deng et al.*” showed that the binding pattern for one human-
ized mouse IgG to cynomolgus monkey FcRn (cyFcRn) and
hFcRn was comparable. The affinity of cyFcRn was reported to
be ~2-fold higher than that of hFcRn. Equal observations were
made by Dall’Acqua® and Datta-Mannan.”” However, to our
knowledge, a detailed binding study of different IgG isotypes
and species to cyFcRn is not yet available.

Antibodies with extended half-life would enable more appro-
priate clinical dosing, a major benefit for the patients. Although
the average half-life of a human IgG is 21 d,% IgGs with wild

type Fc sequences can have a considerably lower half-life of down
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to 8 d.* Therefore, it would be useful to adequately estimate the
in vivo half-life of an antibody, based on the results from in vitro
experiments. Accordingly, several publications compared in vitro
FcRn binding to the in vivo half-life of monoclonal antibodies,
but the results were mixed, i.e., a correlation between FcRn affin-

9,31,39,42

ity and half-life was shown by several workgroups, whereas

others could not see a direct correlation.”?*** A recent publica-
tion of Wang et al.?> compared the in vitro FcRn binding of dif-
ferent IgGs containing wild type human Fc sequences with their
in vivo PK behavior. For the affinity (i.e., association and dis-
sociation) determined at acidic pH, no correlation was observed.
However, when the dissociation was analyzed at neutral pH and
used for comparison, a correlation between sufficient release at
neutral pH and extended half-life was observed. As the Fc parts
of the IgGs were identical, the authors suggested that the antigen
binding fragment (Fab) may also affect the FcRn interaction.?
Igawa and coworkers showed that engineering of the variable
region may also enhance the half-life in an FcRn-independent
way, 24445

Several groups applied amino acid point mutations within the
FcRn binding site of the IgG, resulting in an increased FcRn
affinity at pH 6.0 as reviewed by Kuo et al.' In several cases,
these IgGs had an improved half-life in animal studies.”*3"%
Nevertheless, point mutations causing a general increase in affin-
ity at both, pH 6.0 and pH 7.2 could also result in decreased
half-life.?>3”% This observation is in good agreement with the
results of Wang et al.,” who showed that the measured dissocia-
tion at neutral pH could be correlated with the in vivo PK, i.e.,
decreased dissociation correlated with shortened half-life.

The analysis of the in vitro binding of IgG to FcRn will be
beneficial for early exclusion of lead candidates with unfavorable
PK behavior.!” To generate a comprehensive data set on FcRn
binding, we performed a detailed study using FcRn from differ-
ent relevant species (human, cynomolgus monkey, mouse, rat),
and IgG samples with different isotypes from these species. All
the IgG samples shared a common variable region, to exclude the
influence of this region on the determined affinities. Differences
in FcRn binding of the different IgG isotypes and species could
clearly be observed and quantified.

To further investigate the importance of determinants outside
of the constant regions, i.e., of variable domain framework and
complementarity-determining regions (CDR), we performed
additional FcRn binding experiments. To this end, we investi-
gated FcRn interactions of a sample set consisting of 36 fully
human IgGl antibodies. All the IgG samples only differed in
their variable region VH/VL combinations (from N-terminus
through framework 3, Fig. 1). These molecules were selected as
scaffolds for the fully human antibody library Ylanthia®, which
was designed and proven to generate antibodies with favorable
biophysical properties from the outset, without the need for fur-
ther optimization.“ For this IgG1 sample set, we did not observe
significant differences in binding affinities to human, cynomol-
gus monkey, rat and mouse FcRn molecules.

In addition, we found it desirable to establish a high through-
put method for processing this large sample set. In this report,
we describe the successful transfer of a rather low throughput
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Figure 1. Schematic representation of IgG molecule classes analyzed in this study. Shown is the overall structure of different anti-lysozyme IgG mol-
ecules (A) and Ylanthia® IgG1 scaffolds (B) characterized for binding to human, cynomolgus monkey, rat and mouse FcRn. Parts of the molecules which
were identical in the respective sample set are shown in gray color, whereas varied IgG parts are shown in blue (A) and green (B) color. For the nine anti-
lysozyme molecules (MOR03207, A), the variable regions (VH/VL) were identical, whereas constant regions (CL, CH1, CH2, CH3) belongs to IgG variants
and species variants as indicated below the figure. For the 36 Ylanthia® IgG1 scaffolds (B), the constant regions of heavy and light chain were identical,
as well as the CDR-H3 and framework 4 of heavy chain and kappa CDR-L3 and lambda CDR-L3 and the respective framework 4 (for details, refer to Ewert
et al.®®). Other regions in the VH and VL domains represented respective sequences from 12 different VH, 9 Vk, and 6 VA genes.

method for determining FcRn affinities using SPR to a bio-
layer interferometry (BLI) platform, which resulted in a gener-
ally applicable, robust, high throughput method for profiling of
FcRn binding,.

Results

Production and characterization of FcRn molecules

To perform the intended FcRn binding characterization experi-
ments with a comprehensive sample set of high quality, FcRn mol-
ecules (human, cynomolgus monkey, rat, and mouse sequences)
were cloned, expressed and purified using comparable protocols.
To enable site-specific biotinylation and a one-step purification
of the heterodimeric FcRn molecules, an avi-His-tag was fused
to the C-terminal part of the membrane-bound heavy chain
(a-chain), which showed a lower expression level in comparison
to the 3,-microglobulin (B,m). Therefore, the B,m was present
in surplus in the cell culture supernatant and IMAC-purification
was used to separate the heterodimer from free B,m. Yields of the
hFcRn and cyFcRn molecules were ~28 mg/L (mg purified FcRn
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per liter of culture volume) and 18 mg/L, while the yields of the
mFcRn and rFcRn were -5 mg/L and 2.5 mg/L, respectively.

All four FcRn molecules showed comparable high qualities as
assessed by SDS-PAGE under reducing and non-reducing con-
ditions, analytical HP-SEC-MALS and dynamic light scatter-
ing (DLS, Figure 2). The a-chain of the rodent FcRn appeared
larger than that of the primate FcRn in SDS-PAGE (Fig. 2A). The
observed shift in apparent molecular weight from ~38 to 50 kDa
is probably due to the higher number of N-linked glycosylation
sites of the rodent FcRn molecules. The B,m of all four FcRn
molecules were visible at ~12 kDa in SDS-PAGE.

HP-SEC-MALS analysis revealed a pure preparation with only
one species with a molecular mass of 47 kDa as determined by
multi-angle light scattering for the hFcRn and cyFcRn, 55 kDa
for the mFcRn and 54 kDa for the rFcRn (Fig. 2B), respectively,
which is in agreement with the masses calculated from the primary
sequences. This confirmed that the samples contained only FcRn
heterodimers because no larger or smaller species were detected.

All purified FcRn samples were essentially monodisperse and
did not contain higher-order aggregates (which would not be vis-

ible in HP-SEC) as determined by DLS (Fig. 2C).
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Figure 2. Characterization of
human, cynomolgus mon-
key, mouse and rat FcRn by
SDS-PAGE  (A), analytical
HP-SEC-MALS (B) and DLS
(C). The characterization
of all four FcRn molecules
showed high purity, homo-
geneity and correct molec-
ular weights for all FcRn
preparations (see Results for
details). red., reducing condi-
tions; non-red., non-reduc-
ing conditions.
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Comparative binding of different IgG molecules to human
FcRn as determined by SPR

Different SPR assay setups have been described in the litera-
ture, where either the receptor or IgG was used as immobilized
ligand on the chip surface. When using FcRn as ligand, covalent
immobilization onto the sensor chip*? or binding of biotinylated
FcRn on a streptavidin surface! have been described, followed by
injection of IgG as the analyte. Similar to the setup described by
Magistrelli and coworkers,” we used biotinylated FcRn bound
as ligand onto a streptavidin sensor chip and IgG samples were
used as analytes.

The SPR assay was used to examine the in vitro binding
of different IgG isotypes and species on hFcRn. The analy-
sis was performed with variants of an anti-lysozyme antibody
(MORO03207). While all investigated MOR03207 antibody
variants share identical variable (V) region sequences, their con-
stant regions differ depending on the IgG isotype or species. For
this study, four human IgG variants (hIgGl, hIgG2, hlgG4,
hIgG4_S241P), three cynomolgus monkey variants (cylgGl,
cylgG2, cylgG4), one mouse (mlgG2a) and one rat (rfIgG2a)
variant of MOR03207 were used. The human IgG3 isotype was
regarded to be of minor therapeutic relevance and therefore was
omitted from the comparative analysis. A set of typical sensor-
grams of IgG variants interacting with hFcRn at pH 6.0 or pH
7.2 is shown in Figure 3 (examples shown: cylgGl, cylgG2, or
cylgG4; see Supplemental Material for complete compendium of
sensorgrams of all analyzed interactions). Steady-state fit analy-
sis was performed as described in Materials and Methods. The
resulting steady-state fits were plotted (Fig. 3) and the apparent
equilibrium dissociation constants (in the following named K )
were calculated (Table 1). In our experiments, all tested hIgG
and cylgG isotypes bound to hFcRn at pH 6.0. In contrast,
mouse and rat IgG2a did not bind to hFcRn at pH 6.0, which
is consistent with a publication of Ober et al."® As expected, all
tested IgG molecules showed no or negligible binding to hFcRn
at pH 7.2 even at the highest concentration analyzed (3000 nM).
In summary, our results clearly indicate that the IgG isotype has
a negligible influence on hFcRn binding, which is in line with
previous findings.?

Comparative binding of IgG to human, cynomolgus mon-
key, mouse and rat FcRn as determined by SPR

To assess the cross-specificity of the various IgG isotype, we
examined the binding of IgG samples to FcRn orthologs from
human, cynomolgus monkey, mouse and rat by SPR (Fig. 4, left
panels and Supplemental Materials). The results shown in Table
1, as well as previously published data, demonstrate that hFcRn
is highly species-selective, binding only the primate IgGs and not
rodent IgGs." The same species-selective binding behavior was
observed for the interaction between the tested IgGs and cyFcRn.
CyFcRn and hFcRn also revealed similar results at pH 7.2, i.e.,
no or negligible binding (Fig. 5, left panel). None of the inves-
tigated IgG isotypes bound to hFcRn or cyFcRn at neutral pH.
Representative sensorgrams in Figure 5 (left panel) show the neg-
ligible binding of hIgGI to hFcRn and cyFcRn at pH 7.2.

All tested IgG isotypes interacted well with mFcRn and rFcRn
at pH 6.0. Compared with the interactions observed with primate
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FcRn molecules, the resulting binding curves were less heteroge-
neous and showed markedly slower dissociation. Consequently
the evaluation of hlgG and cylgG isotypes resulted in better
affinities (i.e., lower K ) to mFcRn and rFcRn compared with
hFcRn and cyFcRn, which is in line with previously published
data.'® In contrast to the hFcRn and cyFcRn, which did not
bind rodent IgGs at pH 6.0 and pH 7.2, mFcRn and rFcRn inter-
acted with the tested human and cynomolgus IgG isotypes at
pH 7.2. Nevertheless, the resulting steady-state K| values were
significantly higher compared with pH 6.0. In SPR experiments
at neutral pH, no binding was detected for mIgG2a or rlgG2a to
any of the investigated receptors (human, cynomolgus monkey,
mouse, or rat FcRn).

Development of an FcRn screening platform using BLI and
comparison with SPR results

To enable a flexible screening platform with increased
throughput, we adapted the IgG/FcRn interaction assay to the
PALL/ForteBio Octet QK384 platform using essentially the
same assay set up and steady-state fit model as for the SPR plat-
form. The Octet QK384 system comprises 16 parallel, inde-
pendent sensors to measure, e.g., protein-protein interactions in
real-time, using BLI as the detection principle. BLI is based on
interferometry, i.e., it is a label-free method to measure interac-
tions of soluble analytes with a sensor surface, onto which the
corresponding interaction partner is immobilized. In contrast
to SPR, no microfluidics are used in Octet instruments, but the
biosensors move to the samples held in an open shaking 96- or
384-well microplate.”

In a first step of testing the performance of the BLI-based
method, we analyzed the interaction of different IgG molecules
with hFcRn at pH 6.0. To investigate the assay’s ability to dis-
criminate between different affinities, several marketed thera-
peutic IgG molecules (adalimumab, trastuzumab, bevacizumab,
and cetuximab) and hlgGl (MOR03207, anti-lysozyme anti-
body) were examined. Since it has been reported that oxidation of
hIgGl (i.e., of exposed methionines at position 252 and 428) sig-
nificantly decreases the binding affinity to hFcRn at pH 6.0,% we
included such a control in the assay. Human IgG1 (MOR03207)
was incubated with 0.3% H,O, at room temperature for 5 h or
overnight, respectively, according to Liu et al.’ As expected from
published results,” measured affinities for marketed therapeutic
IgG molecules were largely comparable (steady-state affinity val-
ues in the range of 6 to 17 nM) (Fig. 6). In good agreement with
results from Wang et al.,*® we observed a 5-fold reduced binding
affinity for the oxidized IgG1 sample that was treated with H,O,
for 5 h compared with the untreated version. The effect was even
more pronounced when the sample was exposed to H,O, over-
night (~11-fold reduction). These results show that the developed
BLI-based method is fit-for-purpose, i.e., it is capable of discrimi-
nating between different FcRn binding affinities.

To further characterize the BLI-based method, different spe-
cies, isotypes and variants of anti-lysozyme antibody MOR03207
were used as a representative panel of IgG molecules in order to
compare the results directly with the results generated using the
SPR-based approach. The equilibrium dissociation constants

of hlgGl, hlgG4, hlgG4_S241P, mlIgG2a and rlgG2a were
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Figure 3 (see previous page). SPR results of the interaction between different cylgG molecules and hFcRn. SPR sensorgrams for cylgG1 (A), cylgG2 (B)
and cylgG4 (C) were recorded at pH 6.0 (left panels) and pH 7.2 (right panels). The IgG-FcRn K values (given errors represent 95% confidence intervals
of the fits) were determined using a steady-state model, corresponding fits at pH 6.0 are presented in the lower panels. Response scale of ordinates was
kept constant for all sensorgrams and steady-state figures throughout the manuscript to enable a direct comparison.

determined on human, cynomolgus monkey, mouse and rat
FcRn at pH 6.0. The results are shown in Figure 7A. In general,
the results obtained by both methods were qualitatively in good
agreement. However, the K values determined by SPR were up
to 7-fold higher compared with the K values determined by BLI,
except for IgG binding to cynomolgus monkey FcRn, where SPR
K, values were approximately up to 19-fold higher than the K
values obtained by BLI. But the relative differences between K |
results of the different samples were comparable between both
methods. The BLI results showed no major affinity differences
between the analyzed FcRn species, i.e., K values varied in a
range from 6 to 27 nM, except for mIgG2a and rlgG2a, which
did not bind to human or cynomolgus FcRn. No obvious trend in
K, for FcRn of different species was visible. In contrast, the SPR
results showed slightly lower K| values for mFcRn and rFcRn
in comparison to hFcRn and cyFcRn (2- to 3-fold). Similar to
the BLI results, mIgG2a and rlgG2a did not bind to human and
cynomolgus FcRn.

In addition to binding at pH 6.0, it is crucial to analyze the
IgG-FcRn interactions at neutral pH, which appear to be inde-
pendent of pH 6.0 binding affinities.”> As shown in Figure 5,
binding of hIgGl1 to mouse and rat FcRn could be demonstrated

with SPR as well as with BLI, whereas no or negligible binding
was detected to human and cynomolgus FcRn at pH 7.2. Similar
results were obtained for hIgG4 and hIgG4_S241P. Consistent
with the observations at pH 6.0, the K values determined by
SPR were up to 5-fold higher compared with the K | values deter-
mined by BLIL In both methods, human IgGs showed binding
to rodent FcRn, although the affinities were consistently lower
at neutral pH than at pH 6.0. In both, SPR and BLI analysis,
mouse and rat IgG2a showed no or negligible binding to any of
the tested FcRn species at pH 7.2.

Analysis of FcRn binding of a panel of 36 human IgG1 mol-
ecules with different variable region heavy/light chain pairings,
but identical constant domains

Wang et al.?? examined the IgG-FcRn interaction of IgG
with the same wild-type human Fc sequences, but different Fab
domains. They found that the Fab domain, which has no direct
contact with the FcRn, can affect the interaction with FcRn.
However, the exact mechanism of how the Fab domain could
affect this interaction is not yet clear. To further refine under-
standing of the influence of the Fab domain on FcRn binding,
we used a unique IgG sample set, originally selected as scaffolds
for the generation of our synthetic, fully human antibody phage

Table 1. Summary of determined equilibrium dissociation constants (K,) of interaction of IgG with FcRn molecules

hFcRn cyFcRn mFcRn rFcRn
K, (nM) K, (nM) K, (nM) K, (nM)
Antibody
pH 6.0 pH7.2 pH 6.0 pH7.2 2'; pH7.2 2% pH7.2
negligible negligible
hlgG1 98 binding 108 binding 53 582 35 1389
higG2 73 negligible 79 negligible - g 724 20 1244
9 binding binding
higG4 92 negligible 101 negligible | 34 1308 39 3379
9 binding binding
higG4_S241P 82 negligible 91 negligible - 1374 44 3093
binding binding
negligible negligible
cylgG1 101 binding 113 binding 35 2324 29 1868
negligible negligible
cylgG2 52 binding 60 binding 19 671 11 503
cylgG4 123 negligible 139 negligible | -, >1mM 36 >1mM
Y9 binding binding
negligible - negligible - negligible negligible
mlgG2a binding no binding binding no binding 36 binding 19 binding
negligible o negligible - negligible negligible
rlgG2a binding no binding binding no binding 25 binding 14 binding

Binding of different MOR03207 IgG formats to human (h), cynomolgus monkey (cy), mouse (m) and rat (r) FcRn at pH 6.0 and pH 7.2, respectively, was deter-
mined by SPR. Biotinylated FcRn was immobilized on a Streptavidin sensor chip and IgG variants were used as analytes. Data were recorded on a Biacore
T200 instrument (see Materials and Methods for details). K values as given in the table are averages from n = 2 (rat, mouse) or n = 4 (human, cynomolgus)
FcRn determinations, respectively.
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Figure 4. Comparison of SPR (left panels) and BLI (right panels) assay results of the interaction between hlgG1 and different FcRn species. The binding
kinetics for higG1 to human (A), cynomolgus monkey (B), mouse (C) and rat (D) FcRn were recorded on both platforms at pH 6.0. The IgG-FcRn K, values
were determined using a steady-state model. Given errors represent 95% confidence intervals of the fits.

display library Ylanthia®.*® Ylanthia® is built on 36 fixed vari-
able heavy (VH)/variable light (VL) chain pairs. These 36 VH/
VL pairs comprise 12 different VH gene segments and 15 dis-
tinct VL gene segments (9 Vk, 6 VN).*® These 36 VH/VL pairs
were expressed as full-length human IgGl to examine the influ-
ence of the differences in the VH and VL gene segments (from
N-terminus through framework 3, Fig. 1) on the binding affinity
to human, cynomolgus monkey, mouse and rat FcRn. Due to
the size of the sample set, the above described BLI-based high
throughput assay was used to analyze the IgG-FcRn interactions.
As shown in Figure 8A, all 36 human IgGs showed very similar
K, values at pH 6.0 on FcRn from the four different species. As
expected there was no significant difference observed between
kappa and lambda IgGs. Comparable to the previous analyses,
FcRn binding at neutral pH was also examined. No binding
was detectable for any of the 36 human IgG1 molecules to either
human or cynomolgus monkey FcRn at pH 7.2, whereas binding
was observed to mouse and rat FcRn (Fig. 8B).

Discussion

In this study, we thoroughly investigated the interaction of
different IgG isotypes and species orthologs to human, cynomol-
gus monkey, rat, and mouse FcRn. To the best of our knowledge,
our study is the only one so far that analyzed the IgG-FcRn inter-
action of these four FcRn species in parallel.

Due to the high quality of the sample material (FcRn and
IgG protein), which was generated with uniform protocols and
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production systems, as well as the consistent method setup and
data evaluation, a valid comparison of the IgG-FcRn binding
properties was possible. We consider the consistency of materials
and experimental methods important because reported K, values
for the IgG-FcRn interaction vary largely, most probably influ-
enced by the different FcRn materials, assay formats and evalua-
tion models that were used in the separate studies.

Beside these parameters, the absolute K values can also vary
due to different immobilization levels on the SPR sensor chip sur-
face. As we observed, for generating robust results it is important
to immobilize similar densities of active receptors on the sensor
surfaces (unpublished observations). Magistrelli et al.” reported
that amine coupling led to random orientation and reduced func-
tionality of the FcRn molecules on the sensor chip surface. To
avoid this drawback, we decided to capture biotinylated FcRn
on a streptavidin coated chip surface as described by Magistrelli
et al.” FcRn molecules can thus be conveniently immobilized at
the desired surface density. Furthermore, this setup is probably a
closer approximation to the in vivo situation of the receptor on
the cell surface, as opposed to the reverse orientation (i.e., using
the IgG as immobilized ligand and FcRn as the analyte). It is also
more convenient for a characterization process in terms of higher
throughput and lower material consumption.

In our experiments, a deviation of the resulting SPR sensor-
grams from a monovalent interaction was observed (Fig. 3). This
can be explained taking into account data from human and rat
FcRn X-ray analysis of protein crystals, as well as analyses in solu-
tion, showing that two single FcRn molecules can interact with
the Fc regions of one IgG heavy chain dimer.'*' To describe the
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Figure 5. Comparison
of SPR (left panels) and
BLI (right panels) assay
results of the interac-
tion between hlgG1 and
different FcRn species.
The binding kinetics
for higG1 to human (A),
cynomolgus monkey (B),
mouse (C) and rat (D)
FcRn were recorded on
both platforms at pH 7.2.
For human and cynomol-
gus monkey negligible
binding was detected,
for mouse and rat FcRn,
the 1gG-FcRn K values
were determined using a
steady-state model. The
given errors represent
95% confidence intervals
of the fits.
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Figure 6. Determined equilibrium dissociation constants (K,) of interac-
tion of hlgG1, oxidized higG1 and different marketed therapeutic anti-
bodies with hFcRn. Binding of IgG to hFcRn at pH 6.0 was determined
by BLI. Biotinylated FcRn was immobilized on the streptavidin sensor
tips and IgG molecules were used as analytes. Data were recorded on a
PALL/ForteBio Octet QK384 instrument (see Materials and Methods for
details). K, values of MOR03207 higG1 and marketed therapeutic anti-
bodies were comparable (6 to 17 nM). As a control, to assess the capabil-
ity of the BLI-based method to discriminate between different affinities,
hlgG1 (MOR03207) was oxidized by exposure to 0.3% (v/v) H,0, for 5 h
and overnight incubation. As expected, the affinities of the oxidized IgG
samples were strongly reduced (K, ~11-fold increased after overnight

incubation).

1942 two-state reaction,®

IgG-FcRn interaction, bivalent binding,
heterogeneous®™" or steady-state,*** as well as custom-devel-
oped® models have been published. The multiphasic interaction
behavior makes it difficult to choose a correct model for deter-
mining and comparing K values. In this study, the SPR and
BLI data were fitted using the monovalent steady-state model,
which generated apparent K| values due to the mentioned devia-
tion from monovalent behavior. Compared with kinetic models,
the steady-state evaluation model provided more robust results,
and it was more suitable for a high throughput approach due to
the much easier and faster generation of K| values.

In vitro FcRn binding characteristics of therapeutic IgG is
considered indicative for their in vivo pharmacokinetic prop-
erties.!”? Ideally, the interaction of IgG candidates with FcRn
from different species should be analyzed already during early
drug discovery in order to detect and exclude candidates with
unusual or unfavorable binding characteristics. Though the cur-
rent SPR-based method is suited and well-accepted to analyze
FcRn interactions, it is highly beneficial to increase the through-
put without compromising the quality of the generated results.
The decreasing activity of the immobilized FcRn during long-
term measurements limits the number of interactions that can be
analyzed sequentially by SPR, and for a given platform the num-
ber of parallel interactions is usually fixed to the number of active

www.landesbioscience.com

mAbs

flow cells. Therefore, we established a robust, high throughput
BLI method allows fast sample analysis and fast evaluation of the
results. We proved that this method is suitable for resolving even
moderate differences in FcRn binding affinities by examining
non-oxidized vs. oxidized IgG samples. When comparing results
from the SPR- and the BLI-based methods, we observed moder-
ate differences in the resulting absolute K values.

It is important to point out that the absolute K values can
vary between both platforms due to the different experimental
conditions. Probably the different FcRn immobilization levels
on the SPR chip and BLI biosensor tip have the most impor-
tant influence on the results. Due to the different detection
principles, the FcRn immobilization levels cannot be easily
transferred from SPR to BLI. Because of the lower sensitivity of
the Octet system, higher immobilization levels are required to
obtain appropriate binding signals. This might lead to partial
mass-transport limitation during the measurement, which would
be in line with higher affinities as determined by BLI in this
study. However, immobilization levels can be controlled accu-
rately enough to enable robust K determination. In addition,
both instruments allow a different level of temperature control:
with Biacore, the temperature can be controlled independently of
the ambient temperature, whereas in Octet, the plate temperature
can only be kept constant above ambient temperature. The dif-
ferences in experimental temperatures of 25 °C (SPR) or 30 °C
(BLI) might also contribute to the observed affinity differences.
As the relevance of moderate differences in K in terms of in vivo
half-life is unclear, we considered these differences in affinities
as tolerable. Despite the differences in absolute K values, the
general binding patterns were well comparable. Consequently, we
consider the BLI platform as suitable for IgG-FcRn interaction
analysis in high throughput screening approaches.

In this study we examined the binding profile of the IgG-FcRn
complex at both pH 6.0 and pH 7.2 independently. As shown by
previous studies,?>
tial and seems to be potentially more important than binding at
pH 6.0. Wang et al.? examined the IgG dissociation at neutral
pH after binding at pH 6.0. They reported that IgGs with slower

dissociation at neutral pH were associated with a shorter half-life

the binding behavior at neutral pH is essen-

in vivo.”” The binding at neutral pH may reduce the possibility
of the IgG to be released back into the blood stream. With the
method reported here, an independent analysis at both pH values
is possible, enabling a fast and robust evaluation of the IgG-FcRn
binding profiles. If desired, candidates with suspicious binding
profiles could also be investigated using the setup described by
Wang et al.,” where FcRn binding at pH 6.0 and dissociation
at pH 7.2 were analyzed in the same experiment. The described
BLI-based method offers the flexibility to be easily adapted to
follow this protocol, as sensor tips can be transferred from the
pH 6.0 sample wells to those containing neutral pH buffer for
dissociation of the IgG-FcRn complex. However, this setup has
not yet been tested by us.

The pH-dependent binding of the FcRn-IgG complexes
has been suggested to contribute to the IgG PK properties.!®
Nevertheless, there are also published reports which suggest
that multiple factors influence the PK of an IgG in vivo.’>*
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Figure 7. Comparison of determined equilibrium dissociation constants (K,) of the interaction of different |gG molecules with FcRn from different spe-
cies at pH 6.0 and pH 7.2. Binding of different MOR03207 IgG molecules to human (h), cynomolgus monkey (cy), mouse (m) and rat (r) FcRn at pH 6.0 (A)
and pH 7.2 (B) was determined by SPR (white bars) and BLI (black bars; see Materials and Methods for details). Qualitative binding results were in good
agreement, however, absolute K values differed by a factor of up to ~7 between different methods at both pH values analyzed except for binding to
cyFcRn. Here, K values by SPR were up to ~19-fold increased compared with BLI results at pH 6.0. For details see Results and Discussion. NB, no or neg-

ligible binding observed.

Datta-Mannan et al.”® presumed that both the characteristics
of the IgG (e.g., biochemical and biophysical properties) and its
therapeutic target (membrane-bound or soluble antigen, anti-
gen load) can influence the disposition and elimination in vivo.
In summary, a single in vitro parameter alone cannot readily
predict in vivo PK, but FcRn binding is one important param-
eter that can influence the IgG PK in vivo. Consequently, it
is essential to analyze this interaction in vitro already during
early antibody discovery, e.g., by the approaches described in
this report.

938

mADbs

Using a larger panel of different antibodies than described in
previous studies,'®* our results clearly demonstrate that IgG iso-
types have a negligible influence on FcRn binding. Significant
differences in the IgG-FcRn binding pattern were only observed
for binding of IgG molecules to the different tested rodent and
primate FcRn species.

Wang et al.?® suggested that the Fab domain may affect the
FcRn interaction. To further examine the effect, we analyzed 36
different VH/VL variable region combinations. It was observed
that the analyzed VH/VL region pairings (representing all
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Figure 8. Comparison of determined equilibrium dissociation constants
(K,) of interaction of 36 higG1 molecules with different VH/VL region
combinations® with FcRn from different species. Binding of 36 human
variable domain IgG variants to human, cynomolgus monkey, mouse and
rat FcRn at pH 6.0 (A) and pH 7.2 (B) was determined by BLI (see Materials
and Methods for details). Mean K values of samples are represented by
the horizontal lines. K values of 36 higG1 samples to the respective FcRn
molecules were comparable at pH 6.0 (range between 3 and 13 nM).
None of the 36 investigated hlgG1 samples bound to hFcRn or cyFcRn at
neutral pH, whereas binding to mFcRn and rFcRn was observed (range
between 25 and 190 nM). At neutral pH, evaluation was only possible for
n =28 (mFcRn) and n = 26 (rFcRn), respectively, due to weaker binding. As
expected, no significant differences were observed between hlgG1 mol-
ecules consisting of kappa (filled circles) and lambda light chains (open
circles), respectively. NB, no or negligible binding observed.

combinations implemented in the Ylanthia® library) were “well-
behaved”, i.e., showed the typical binding properties of human
IgG molecules. However, it has been reported, that anomalies in
FcRn binding can occur with human antibodies, e.g., increased
binding at neutral pH.** Our results clearly show that varia-
tions in the framework parts or the CDR1 or CDR2 of the Fab
domain (i.e., other VH/VL region combinations) did not signifi-
cantly change FcRn binding. It should be noted, however, thatall
of the tested variable regions were of human germline composi-
tion.“ Thus, it cannot be ruled out that the use of “unnatural”
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CDR and framework residues or sequences might finally lead
to the differences observed by Wang et al. In addition, different
CDR3 sequences might affect the FcRn binding. As the CDR3s
of heavy and light chain are the CDRs that lie closest to the
FcRn binding site," this assumption would also make a relatively
important contribution to FcRn binding plausible.

Especially in the context of a likely influence of the CDRs on
FcRn binding, we consider it indispensable to assess the FcRn
binding for each individual therapeutic antibody candidate.
Depending on the project stage, this demands a robust method
capable of handling large number of candidate molecules. We are
convinced that the BLI-based method described here is a valu-
able tool for analyzing the pH dependent IgG-FcRn binding
properties. Thus, it will facilitate the selection of potent antibody
candidates in early discovery phases and thereby increase the
probability of success in later development stages.

Materials and Methods

Construction of FcRn molecules

The ¢cDNAs encoding the human (GenBank accession num-
ber P55899), cynomolgus monkey (Q8SPV9), mouse (Q61559)
and rat (P13599) FcRn a-chain, also called p51, as well as the
cDNAs encoding the human (P61769), cynomolgus monkey
(Q8SPW0), mouse (P01887) and rat (P07151) B,m, also named
pl4, were gene-optimized and synthesized using the Slonomics®
technology.”

The extracellular domains of the FcRn a-chain were ampli-
fied by PCR. Amino acids 1-297 were used for human, cyno-
molgus and mouse FcRn a-chain, while amino acids 1-298
were amplified for the rat FcRn a-chain. After restriction digest,
the PCR fragments were inserted into a pMAX vector in frame
with a C-terminal avi-6xHis tag creating the pMAX_p51_avi-H
expression vectors. The pMAX vector series is based on a modi-
fied pcDNA3 (Life Technologies) vector enabling the subcloning
of ¢cDNAs in frame with various tags. Accordingly, the whole
sequences of the 3,m were subcloned into pMAX vectors result-
ing in the pMAX_pl4 expression vectors.

Subsequently, the expression cassettes comprising the CMV
promotor sequence, the ORF of the 3,m and the polyadenylation
site, were subcloned into the BglII restriction site of the pMAX_
p51_avi-H vectors generating the final one-vector expression
constructs pMAX_p51_avi-H/pl4.

Construction of immunoglobulin molecules

The anti-lysozyme antibody MOR03207 was selected using
Human Combinatorial Antibody Library (HuCAL) GOLD®.>
To obtain full-length IgG molecules of different isotypes and
species (human IgGl, 2, 4, 4_S241P; cynomolgus monkey IgGl,
2, 4; mouse IgG2a; rat IgG2a), the variable domains of the light
and the heavy chain were sub-cloned into pMorph2 expression
vectors encoding the respective constant region of the IgG species
and isotype (light chain: pMorph2_h_Iglambda2, pMorph2_h/
cy_lglambda,  pMorph2_h/m_Iglambda, = pMorph2_h/r_
Iglambda; heavy chain: pMorph_h_IgGlf, pMorph2_h_IgG2,
pMorph2_h_IgG4, pMorph2_h_IgG4_S241P, pMorph2_h/
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cy_lgGl, pMorph2_h/cy_IgG2, pMorph2_h/cy_IgG4,
pMorph2_h/m_IgG2a, pMorph2_h/r_IgG2a).

Mutation of serine 241 (numbering according to Kabat)
to proline in the hinge region (C-P-S-C) of the human IgG4
molecule (IgG4_S241P) was performed to reduce formation of
‘half-molecules’’”

The 36 V region pairs that were used for the generation of the
Ylanthia® IgG1 scaffolds were composed of 12 different human
Ig variable heavy chain regions (VHI1-18, VH1-46, VH1-69,
VH3-07, VH3-11, VH3-15, VH3-21, VH3-23, VH3-53,
VH3-74, VH5-51, VH6-01) and 15 distinct human Ig variable
light chain regions (Vk1-05, Vk1-06, Vk1-09, Vk1-12, Vk1-27,
Vk1-39, Vk3-11, Vk3-15, Vk3-20, VA1-40, VA1-47, VA1-51,
VA2-11, VA2-23, VA3-1). All VH regions carried identical
CDR-H3s of the hu4D5-8 antibody®®* (WGGDGFYAMDY)
and the JH4 joining segment. The VL regions carried either a
kappa-like CDR-L3 (QQHYTTPPT, of hu4D5-8 antibody)
and Jk1 joining segment for kappa light chains, or a lambda-like
CDR-L3 (QSYDSSLSGVYV) and the JA2/3 joining segment for
lambda light chains.®

The variable domains of the heavy chain and light chain
were cloned into the pYMex20_h_IgGIf expression vectors as
described by Tiller et al.“

Transient transfection and protein purification

Eukaryotic HKB11 cells® were transiently transfected using
lipofectamine 2000 (Life Technologies) or polyethylenimine
(Polyplus). The cell culture supernatants were harvested three or
six days post-transfection.

After sterile filtration, the recombinant human, cynomolgus
monkey, mouse and rat FcRn molecules were purified via immo-
bilized metal ion affinity chromatography (IMAC, Protino®
Ni-TED, Macherey-Nagel). Buffer exchange to DPBS (Life
Technologies, 14190) was done using PD10 gel filtration columns
(GE Healthcare) and the samples were finally sterile filtered (0.2
pm pore size). Purified protein concentrations were determined
by UV spectrophotometry (Thermo Scientific). Expression yields
were calculated as amount of IMAC purified FcRn per liter cell
culture supernatant.

Accordingly, human, cynomolgus monkey, and mouse IgGs
were purified via Protein A affinity chromatography (MabSelect
SURE, GE Healthcare), while rat IgGs were subjected to Gamma
bind affinity chromatography (GE Healthcare). Buffer exchange
to DPBS and sterile filtration were performed as described above
for the FcRn preparation.

Characterization of purified materials

FcRn and IgG materials were analyzed under denaturing,
reducing and denaturing, non-reducing conditions by SDS-PAGE
(NuPAGE, Life Technologies) and Coomassie Blue staining
(Thermo Scientific) or by capillary electrophoresis (LabChip®
GX 11, Perkin Elmer).

The monomer content of the heterodimeric FcRn and the
heterotetrameric IgG molecules was determined by high per-
formance size exclusion chromatography (HP-SEC) applying
a TSKgel G3000SWxl column (Tosoh Bioscience GmbH) on
an UltiMate® 3000 Titanium HPLC system (Dionex/Thermo
Scientific). The system was used in line with miniDAWN™
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Treos® and Optilab® rEX detectors (Wyatt Technology) for
absolute molar mass determination. For each sample, 15 pg (FcRn)
or 7.5 pg (IgG) of protein were injected onto the SEC column.
Separation was performed at a flow rate of 0.5 mL/min using 150
mM potassium phosphate, pH 6.5, as a mobile phase. UV absor-
bance at 280 nm (FcRn) or 210 nm (IgG) was recorded.

Biotinylation

Biotinylation was performed using biotin protein ligase (Avidity)
according to the manufacturer’s instructions. After biotinylation,
the free biotin was removed using PD10 gel filtration columns.

FcRn binding characterization using SPR

SPR experiments were conducted at 25 °C using a Biacore
T200 instrument (GE Healthcare). Purified and biotinylated
FcRn was immobilized on a Biacore Streptavidin biosensor chip
(GE Healthcare, BR-1005-31) as described by the manufacturer.
An immobilization level of ~200 response units (RU) was reached.

For kinetic experiments, IgG samples were diluted to concen-
trations ranging from 3000 nM to 4 nM with assay buffer (DPBS
(Life Technologies, 14190), adjusted to pH 6.0 with HCI, 0.05%
(v/v) Tween 20 (Merck, 8.22184.0500)). The solutions were
injected sequentially over flow cells immobilized with human,
cynomolgus monkey, mouse and rat FcRn or assay buffer (see
above) as a blank. The association phase was set to 240 s and dis-
sociation was 240 s. At the end of the dissociation phase, HBS-EP*,
adjusted to pH 8.0 (GE Healthcare, BR-1006—69) was injected
two times for 30 s to regenerate the sensor surface. The experi-
ments at neutral pH were performed as described above except that
an assay buffer was applied without pH adjustment (pH 7.2) for
sample dilution and as running buffer.

The sensorgram data was processed by subtracting the signals
obtained from the uncoated surface and from a blank injection of
assay buffer (double referencing). Binding analysis was performed
using the Biacore T200 Evaluation Software Version 1.0 (GE
Healthcare). The sensorgrams and steady-state fits were plotted
using Microsoft Excel 2010. The following fit model was used:

Rivase X%
T Kp+x

with Y, binding signal (RU); R, maximum binding level
observed (RU); x, the IgG concentration (M); K, the equilibrium
dissociation constant (M).

FcRn binding characterization using BLI

BLI experiments were performed on an Octet QK384 (PALL/
ForteBio) instrument at 30 °C. Streptavidin coated biosensors
(PALL/ForteBio, 18-5021) were loaded with purified and bio-
tinylated human, cynomolgus monkey, mouse or rat FcRn in
assay buffer (DPBS (Life Technologies, 14190), adjusted to pH
6.0 with HCI, 0.05% (v/v) Tween 20 (Merck, 8.22184.0500)).
Immobilization levels between 0.6 nm and 1.0 nm were reached.

For association phase monitoring, IgG samples were diluted
with assay buffer pH 6.0 to concentrations ranging from 1000 nM
to 0.5 nM and transferred to solid-black 384 well plates (Greiner
Bio-One, 781900). IgG samples were allowed to bind to FcRn
loaded biosensors for 300 s. The dissociation phase was recorded
in wells of a solid black 96-well plate (Greiner Bio-One, 655900)
containing assay buffer pH 6.0 for 150 s. The biosensors were
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regenerated two times with HBS-EP* pH 8.0 (GE Healthcare,

BR-1006-69) for 30 s. Between regeneration steps, biosensors were

washed with pH 6.0 assay buffer for 20 s.

above except that an assay buffer with pH 7.2 was used for sample

The experiments at neutral pH were performed as described
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