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Abstract

Binding interactions with the neonatal Fc receptor (FCRn) are one determinant of
pharmacaokinetic properties of recombinant human monoclonal antibody (rhumAb)
therapeutics, and a conserved binding motif in the crystallizable fragment (Fc) region of
IgG molecules interacts with FcRn. Surface plasmon resonance (SPR) biosensor
assays are often used to characterize interactions between FcRn and rhumAb
therapeutics. In such assays, generally either the rhumAb (format 1) or the FcRn protein

(format 2) is immobilized on a biosensor chip. However, because evidence suggests



that, in some cases, the variable domains of a rhumAb may also affect FcRn binding,
we evaluated the effect of SPR assay configuration on binding data. We sought to
assess FcRn binding properties of two rhumAbs (rhumAbl and rhumAb2) to FcRn
proteins using these two biosensor assay formats. The two rhumAbs have greater than
99% sequence identity in the Fc domain but differ in their Fab regions. rhumAb2
contains a positively charged patch in the variable domain that is absent in rhumAb1.
Our results showed that binding of rhumAb1l to FcRn was independent of biosensor
assay configuration, while binding of rhumAb2 to FcRn was highly SPR assay
configuration dependent. Further investigations revealed that the format dependency of
rhumAb2-FcRn binding is linked to the basic residues that form a positively charged
patch in the variable domain of rhumAb2. Our work highlights the importance of
analyzing rhumAb-FcRn binding interactions using two alternate SPR biosensor assay
configurations. This approach may alse provide a simple way to identify the potential for

non-Fc-driven FcRn binding interactions in otherwise typical IgGs.
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Introduction

The neonatal Fc receptor (FCRn) is a type | membrane glycoprotein consisting of
a beta2-microglobulin and an alpha-chain resembling the MHC class | molecules.>*?
FcRn is responsible for the transfer of immunoglobulin G (IgG) from the mother to the
fetus or newborn,*° and it also plays a critical role in regulating IgG levels in adults.®”
Studies have shown that FCRn interacts with a binding motif in the crystallizable
fragment (Fc) of IgG at the CH2-CH3 domain interface in a pH-dependent manner.®®
The pH dependency of this interaction is essential for maintaining the long serum half-
life of IgG molecules. Specifically, in the endosomes of endothelial cells (~pH 6.0), IgG
internalized through pinocytosis binds to FCRn. to form IgG-FcRn complexes; the 1gG-
FcRn complexes are then trafficked to the cell surface where IgG is released back into
the circulation at physiological pH (~7.4). This prevents lysosomal degradation of the
|gG.9'10’11

For recombinant human monoclonal antibody (rhumAb) therapeutics, the FCRn-
rhumAb binding interaction is. a critical determinant of pharmacokinetic (PK) properties
and targeted engineering of the FcRn binding motif may enable less frequent dosing of
mAb therapeutics.in patients.*? Multiple studies have suggested that there is a

correlation between FcRn binding affinity and antibody half-life,*3141>16:17

although the
absence-of such a correlation has also been reported.'®%?° Technologies used for
evaluating FcRn-rhumADb interactions vary extensively. Some of the methods used to

assay FcRn-rhumAb interactions include surface plasmon resonance (SPR) (Biacore,

ProteOn),1317 21:2223.2425.26, piglaver interferometry (Octet),?® isothermal titration



28.29 cel-based

calorimetry,?” enzyme-linked immunosorbent assays (ELISA),
assays,**** AlphaScreen,*, affinity chromatography,® and asymmetrical flow field flow
fractionation.® Among these technologies, SPR-based biosensor assays are the most
commonly used, likely due to the fact that they can provide real-time quality data on
binding specificity and kinetics over a wide range of binding affinities.

A wide range of affinity values have been reported from SPR biosensor studies
of rhumAb-FcRn binding interactions. For example, the reported equilibrium dissociation
constants (Kp) for rhrumAbs with wild type human IgG1 Fc domains binding to human
FcRn vary over 100-fold, from 19 nM to 2.5 pM.1317:2324.26.35,3631:88 Tig yariability in Kp
values has also been seen in studies of FcRn proteins from other species. At least 15-
fold differences in Kp values were reported for rhumAbs binding to FCRn proteins
derived from cynomolgus monkey and rat (104 nM to 2.4 uM for cynomolgus
monkey,'"*"* and 35 nM to 567 /nM for rat®>?*%). A number of factors may contribute
to this broad range of reported binding activities, including the source and quality of the
assay reagents (FcRn, rhumAbs), the experimental setup (e.g., assay format, ligand
immobilization level, temperature, analyte concentrations), and the data evaluation
models used. However, only a few studies have systematically explored the potential
cause(s) of these differences.?*#*2

The reported SPR biosensor assays mostly employed only one of the following
two formats when assessing rhumAb-FcRn interactions: 1) rhumAbs were directly

immobilized on the biosensor chip, typically via amine coupling chemistry, and FcRn

proteins in solution were injected over the sensor chip; or 2) the orientation was



reversed so that the FcRn proteins were directly amine coupled on the biosensor chips,
and rhumAbs were injected over the chips.

Amine coupling of ligands onto biosensor chips is widely used, often through
lysine residues and the N-terminal amino group. Since the key contact residues on both
FcRn and wild type rhumAb Fc do not include lysine,” it has been assumed that.amine
coupling of either FcRn or rhumADb to a biosensor chip is unlikely to affect the binding
interaction. However, growing evidence suggests that the variable domains of a rhumAb
may also affect FcRn binding.?****® Since lysine residues may be present in rhumAb
Fab regions, we evaluated the effect of the assay configuration on rhumAb-FcRn
binding data from SPR analysis.

We sought to assess the binding interactions between two rhumAbs (rhumAbl
and rhumAb2) and FcRn proteins using both of the aforementioned SPR biosensor
formats. These two rhumAbs have greater than 99% sequence identity in the Fc domain
but differ in the Fab region. rhumAb2 contains a positive charge patch in the variable
domain** that is absent in thumAb1. The positive charge patch on rhumAb2 consists of
four basic amino acids, one arginine (R) and one lysine (K) on the heavy chain and two
lysine residues on the light chain (HC-R57, HC-K65, LC-K31, LC-K67). Our results
show that the rhumAb1:FcRn binding data were independent of biosensor assay format,
while the rhumAb2:FcRn binding data were highly assay format dependent. Further
investigation reveals that the assay format dependency of the rhumAb2 binding data is
caused by the basic residues that formed the positive charge patch in the variable

domain. Due to the lack of prior knowledge about the presence, and therefore impact, of



an IgG charge patch, the use of just one SPR biosensor assay format to assess
rhumAb/FcRn binding may have compromised the binding affinity data and the potential
to correlate binding affinities with antibody half-lives. This work highlights the
importance of using two different biosensor assay formats to assess rhumAb-FcRn
binding interactions, and provides one possible reason why in vitro FCRn binding data
(e.g., affinity, ratio of affinities at different pH conditions, off rate) for antibody
therapeutics cannot always be correlated with in vivo terminal half-life.data.

Results

Binding of rhumADbs to recombinant rat FcRn

We first analyzed the binding of rhrumAb1 and rhumAb2 to recombinant rat FcRn
using biosensor assay format 1, where each rhumAb was immobilized on a sensor chip,
and FcRn was run in solution. At acidic pH (pH 6.0), rhumAbl and rhumAb2 had similar
FcRn binding profiles (Figure 1A), with average Kp values of 2.0 and 1.2 uM,
respectively, based on a 1:1 binding model (Table 1). As expected, at physiological pH
(pH 7.4), rhumAbl-and rhumAb2 did not show significant binding to rat FcRn (Figure

1B).

We then analyzed binding of recombinant rat FcRn to rhumAbl and rhumAb2
using hiosensor assay format 2, where FCRn was immobilized on the sensor chip, and
each rhumADb was run in solution. As expected, dose-dependent binding of rhumAbl to
rat FcCRn was clearly detected at pH 6.0 (Figure 1C), but not at pH 7.4 (Figure 1D). At

pH 6.0, one 1gG molecule can bind to one or two immobilized FcRn molecules.**#°4®



The interaction could not be fully described by a simple 1:1 binding model (data not
shown), despite a very low FcRn immobilization level (~25 RU). Therefore, we used a
bivalent binding model to fit the data. Using this model, rhumAb1 bound to immobilized
rat FcRn with an average Kp; of 0.9 uM (Table 2), similar to that obtained using format
1 (2.0 uM). However, rhumAb2 gave very different results. At pH 6.0, the binding
responses for rhumAb2 were much higher than those observed for rhumAbl at the
same concentrations (Figure 1C). For example, at 5 uM, rhumAb1l boundto rat FcRn
with an approximate response of 50 RU, while the same concentration of rhumAb2 had
a binding response of 500 RU, even though the two antibodies share a greater than
99% amino acid sequence identity in the Fc.domain. Itis worth noting that the signal
obtained from rhumAb2 binding to FcRn far exceeded the theoretical Rmax values of
this interaction (45 RU, assuming all IgG binds to FcRn bivalently, or 90 RU, assuming
all 1IgG binds to FcRn monovalently). Unexpectedly, at physiological pH, rhumAb2 also

showed some dose-dependent binding to FcRn (Figure 1D).

The unusually high FeRn binding responses observed with rhumAb2 in format 2
at pH 6.0 (Figure 1C, right panel) suggested that another type of binding interaction
was occurring in addition to the expected specific and saturable FCRn-IgG Fc binding
interaction; this prevented accurate calculation of kinetic parameters and affinities. This
can be seen in the SPR data prior to reference cell correction: very low background
signals were obtained for both antibodies using Format 1. Much higher reference flow
cell signals were obtained with Format 2. In addition, the rhumAb2 background signal

was much higher than the rhumAb1 background signal. This differential was not



observed using Format 1 (Table 3). In Format 2 at pH 6.0, the FcRn/rhumAb2 binding
profile was not consistent with the stoichiometry commonly seen with FcRn/antibody
binding interactions and appeared to be non-saturable. Moreover, in Format 2, rhumAb2
also bound to FcRn at pH 7.4 in a dose-dependent, but non-saturable, manner (Figure

1D).

In summary, our data showed the expected specific and saturable binding interactions
between FcRn and both rhumAbs using assay Format 1, and between FcRn and
rhumAb1 using Format 2. However, we observed a non-saturable binding interaction

between FcRn and rhumAb2 when Format 2 was used.

Binding of rhumAbs to recombinant cynomolgus monkey FcRn

As binding interactions between IgG.and FcRn are species-specific,?*°

we
tested binding of the two rhumAbs to recombinant cynomolgus monkey FcRn to
determine whether we saw a similar assay format dependency as observed for rat
FcRn. As shown in Figure 2, both rhumAb1 and rhumAb2 bound to recombinant
cynomolgus monkey FcRn with very fast association and dissociation rates, precluding
accurate kinetic analysis. Binding of rhumAb1 and rhumAb2 to recombinant cynomolgus
monkey-FcRn readily reached steady states at all tested concentrations during the
1-minute sample injections (Figure 2A). Therefore, the Kp values were calculated from
the equilibrium analysis using the steady-state affinity binding model provided by the

vendor (Biacore T200 Evaluation Software). Using format 1, rhumAbl1 and rhumAb2

had very similar FcRn binding profiles at both tested pHs. At pH 6.0, the averaged Kp



values of recombinant cynomolgus monkey FcRn bound to immobilized rhumAb1 and
rhumAb2 were 3.0 and 2.7 uM, respectively (Figure 2A and Table 1). At pH 7.4, no
significant interactions were observed between recombinant cynomolgus monkey FCRn

and the tested rhumAbs (Figures 2B), as expected.

However, when we used format 2 the binding responses of rhumAb1 and
rhumAb2 to immobilized recombinant cynomolgus monkey FcRn again showed
dramatic differences. While rhumAbl demonstrated expected-binding activity to
recombinant cynomolgus monkey at pH 6.0 with an averaged Kp; of 3.7 uM, similar to
what was obtained using format 1 (3.0 uM), rhumAb2 showed an unusually high FcRn
binding response (Figure 2C and Table 2), similar to what was observed under these
conditions for rat FcRn. At pH 7.4, rhumAb2 also exhibited significant dose-dependent
non-saturable binding to immobilized recombinant cynomolgus monkey FcRn, while

rhumAb1 showed no detectable binding (Figure 2D).

Binding of rhumADbs to recombinant human FcRn

We also examined rhumAbl and rhumAb2 binding to recombinant human FcRn
using both-biosensor assay formats. As shown in Figure 3, rhumAbl and rhumAb2 had
very similar binding interactions with recombinant human FcRn when assay format 1
was used. At pH 6.0, the average Kp values for recombinant human FcRn binding to
immobilized rhumAb1 and rhumAb2 were 3.5 and 3.2 uM, respectively (Figure 3A and
Table 1). At pH 7.4, no significant interactions were observed between recombinant

human FcRn and the tested rhumAbs (Figures 3B), as expected.



However, as had been seen with recombinant rat and cynomolgus monkey FcRn
proteins, the binding activities of rhumAbl1 and rhumAb2 to immobilized recombinant
human FcRn differed using assay format 2. rhumAbl demonstrated dose-dependent
binding to recombinant human FcRn with an averaged Kp; of 4.3 uM at pH.6.0,.Ssimilar
to the value obtained from format 1 (3.5 pM), and no detectable binding at pH 7.4;
rhumAb2 again showed unusually high FcRn binding responses at both pHs, which are

very different from the results obtained from format 1 (Figure 3C and-3D).

Binding of F(ab’)2 to FcRn using format 2—FcRn immobilized on chip, F(ab’)2

(rhumADbs) as analytes

To investigate whether the unexpected binding of rhumAb2 to FCcRn proteins
observed in format 2 was mainly contributed by the Fc of rhumAb2 or not, we generated
F(ab’)2 of rhumAb2 and analyzed the binding of the F(ab’)2 and the intact antibody to
immobilized FcRn proteins. The F(ab’)2 of rhumAb1 was also generated and served as

a control.

Binding responses of full-length rhumAbs and their F(ab’)2 to immobilized FcRn
proteins at pH 6.0 and 7.4 are shown in Figure 4. As expected, at pH 6.0, F(ab’)2
derived-from rhumAbl showed minimal binding to immobilized FcRn proteins

(Figure 4A, left panel). However, under similar conditions, F(ab’)2 derived from
rhumAb2 showed significant binding responses to FCRn proteins from all three species
(Figure 4A, right panel). It is worth pointing out that the binding response seen with the

F(ab’)2 of rhumADb2 is greater than 50% of the full-length antibody binding signal under
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the same conditions. Because the binding response signal is directly proportional to the
total mass of bound analyte, this suggests that the Fab region of rhumAb2 is heavily
involved in the unexpectedly high levels of FCRn binding that are seen with this

antibody.

At pH 7.4, both rhumAb1 and its F(ab’)2 showed no or minimal binding to
immobilized FcRn molecules as expected (Figure 4B, left panel), while rhrumAb2 and
its F(ab’)2 again exhibited significant binding (Figure 4B, right panel). At pH 7.4, the
binding response seen with F(ab’)2 derived from rhumAb2 is comparable to that seen
with the whole molecule, suggesting that most of the binding observed at neutral pH can

be attributed to Fab/FcRn binding interactions.

Binding of F(ab’)2 (rhumAbs) to FcRn on format 2 in the presence of additional

salt

To understand the nature of the unexpected binding of rhrumAb2 to immobilized
FcRn at pH 6.0, increasing concentrations of NaCl were added to the assay running
buffer. As shown.in Figure 5A, addition of NaCl resulted in a dose-dependent decrease
in the binding response for.both rhumAbs and the F(ab’)2 of rhumAb2 at pH 6.0;
however, the effect of the added salt was much greater for rhrumAb2 than for rhumAbl.
For example, when the NaCl concentration in the running buffer was increased from 0
to 0.05 M, the binding responses of intact rhumAb1 to immobilized rat, cynomolgus

monkey, and human FcRn were reduced by 22%, 40%, and 43%, respectively; while for
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intact rhumADb2 the binding responses were reduced by 79%, 77%, and 76%,

respectively (Table 4).

At pH 7.4, rhumAb1l showed no detectable binding to immobilized FcRn
regardless of the amount of additional NaCl added (Figure 5B). Consistent with
Figures 1--4, rhumAb2 exhibited significant binding to FcRn at pH 7.4, and the binding
decreased with increasing amounts of salt in the assay running buffer. Binding was
completely eliminated when the salt concentration was increased to 0.5 M NaCl. Similar
results were obtained for each of the FcRn tested, suggesting the phenomenon was not

FcRn-species specific.

Binding of rhumAb2 and its mutants to rat FcRn on format 2

To test whether the unusually high FcRn binding responses observed for rhumAb2 were
related to the four basic residues that form the positive charge patch on this antibody
(HC-R57, HC-K65, LC-K31, LC-K67), six rhumADb2 variants were created where one or
two of these residues were substituted with alanine. The binding of these variants to
recombinant rat FcCRn was evaluated at pH 6.0 using assay format 2. As shown in
Figure 6, all variants showed decreased FcRn binding response levels compared to the
wild type rhumAb2. Not surprisingly, the antibodies containing two mutations had
greater signal reductions than the wild type antibody or the antibodies containing a
single mutation. It is also interesting to note that changing arginine 57 to alanine

reduced the FcRn binding response the most, either individually (mutant R57A) or
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simultaneously with lysine 67 (mutant R57A/K67A), as compared to other residues

forming the charge patch.
FcRn Chromatography Analysis on rhumAbs

Interactions between rhumAbs and human FcRn were further evaluated by FcRn
chromatography analysis, where the FcRn was immobilized onto solid-support of the
column.®* A pH gradient from pH 6 to 8.5 was applied for elution during the analysis. As
shown in Supplementary Figure 1, rhumAb2 had a longer retention time than rhumAb1;

rhumAb2 was eluted at pH 8.2 as compared to pH 7.6 for rhumAb1.
Discussion

FcRn-lIgG binding interactions play a.critical role in regulating circulating 1IgG
levels in vivo,®’ and affect the PK properties of therapeutic antibodies.*’ In vitro FcRn
binding assays, when designed appropriately, are highly valuable in providing insightful

information in understanding PK behavior of mAb therapeutics.

SPR-based hiosensor assays have been widely used to characterize FcRn-

13,17,18,21,22,23,24,25,26,35,36,39,40 lee many Other meth0d0|og|es

rhumAb binding interactions.
that require direct immobilization of proteins, the SPR biosensor assays involve
immabilization of either the rhumAb or the FCRn on sensor chips, typically via an amine
coupling reaction. Numerous studies have shown that results derived from SPR

biosensors correlate with those obtained in solution.*****° However, not all proteins

retain their biological activities after being immobilized on a sensor chip. Therefore, it is
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critical to use more than one assay configuration to assess binding interactions. When
different assay formats yield consistent results, this suggests that the biological activity
of the assay reagents has not been compromised by immobilization. Although
discrepant results from biosensor assays using different immobilization formats have

been reported,>°%>3

in their meta-analysis benchmarking study of optical biosensor
data from over 1200 publications, Rich and Myszka®* state that only a few investigators
have directly compared multiple immobilization and capture methods.to address the

potential caveats associated with protein immobilization methods.

Typically an optical biosensor method that has been developed to assess the
binding of one antibody to FcRn is assumed to be applicable to other similar
antibodies.'3%0243¢ A 2013 review of SPR=derived binding affinities for interactions
between mAb therapeutics and FERn> repotted that the majority of the researchers
applied a single CM5 sensor chip-based assay format to examine FcRn binding
properties of antibodies with similar structures, and that assay format 1 was used more
frequently than assay format 2. We believe that the use of a single rhumAb-FcRn assay
configuration for SPR studies may generate misleading data. Moreover, the use of
different SPR biosensor assay formats makes it difficult to directly compare FcRn
binding results from different studies. For example, different groups had conducted
studies torinvestigate whether there is a correlation between in vitro FcRn binding
affinity and in vivo PK data for rhumAbs with wild type Fc sequences. The results,
however, are mixed. Two groups that used assay format 2 observed a relationship

between in vitro FcRn binding affinity and in vivo PK data (Suzuki et al,* Wang et al®*®),
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and reported that the Fab domain of a rhumAb can affect binding to FcRn. However, a
third group, which used assay format 1, was unable to confirm these observations

(Hotzel et al®®).

To determine whether the choice of the biosensor assay format can potentially
influence the observed FcRn/rhumAb binding interaction, we characterized the binding
of two rhumADbs to FCRn proteins using two alternate assay formats. The rhumAbs used
for the current study share greater than 99% sequence identity.in the Fc regions, and
have very similar overall hydrophobicities and Pl values. However, rhumAb2 has an
anomalous charge distribution profile that has been mapped to a positive charge patch
caused by a cluster of 4 surface-exposed basic amino acid residues. Results from a
comprehensive evaluation of rhumAb1 binding to FcRn showed that binding interactions
were independent of biosensor assay format: similar affinities and binding
characteristics were obtained using assay formats 1 and 2. At acidic pH, the averaged
binding affinities of rhrumAbl te recombinant rat, cynomolgus monkey, and human FcRn
proteins were 2.0, 3:0, and 3.5 .uM, respectively, using format 1; and were 0.9, 3.7, and
4.3 uM, respectively, using format 2, similar to those obtained from format 1. These
values are generallyin good agreement with those reported for human IgG1 binding to

1323,24,37,38,39.40 | contrast to rhumADb1, the

FcRn under similar experimental conditions.
binding interactions between rhumAb2 and FcRn were highly dependent on the assay
format used. In format 1, the average Kp values of rhumAb2 binding to recombinant rat,

cynomolgus monkey, and human FcRn were 1.2, 2.7, and 3.2 uM, respectively.

However, in format 2 when FcCRn was immobilized on sensor chips, rhumAb2 showed

15



unexpectedly high binding to all FcRn proteins under both acidic and physiological pH
conditions. Although exact affinities cannot be obtained for format 2, the estimated
binding affinities ought to be much higher than those of rhumAb1. This observation is
consistent with orthogonal data generated using an FcRn affinity chromatography assay
that suggest that rhumADb2 had stronger binding to immobilized human FcRn than
rhumAb1. Further investigation indicated that the unusually high binding response of
rhumAb2 to immobilized FcRn resulted from both the F(ab)'2 and Fc regions of the
molecule, with F(ab)'2 being a greater contributor. Moreover, the high'level of binding
between the FcRn protein and the rhumADb2 is believed to be mainly driven by
electrostatic interactions between F(ab’)2 and FcRn proteins since it can be readily
disrupted by the addition of salt, while salt had less impact on the binding of rhumAbl to
FcRn. This hypothesis is consistent with the observation that rhrumAb2 had a higher
binding response to the reference flow cell on format 2, which is expected to result from
the interaction between the positively charged residues on rhumAb2 and negatively

charged dextran surface on the reference flow cell.

Because there are four strongly basic residues in the Fab region of rhumAb2, we
hypothesized that this cluster of basic residues may be responsible for the unexpectedly
high levels of binding seen between this antibody and FcRn proteins. Under acidic
conditions at pH 6.0, arginine (pKa 12.5) and lysine (pKa 10.5) can form stronger salt
bridges with acidic residues on FcRn than histidine (pKa 6.0), the key basic residue in
the Fc region accountable for a typical FcRn-Fc interaction.®® Moreover, under

physiological conditions at pH 7.4, unlike histidine, both arginine and lysine remain
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positively charged and can still form salt bridges with FcRn, although the resulting

interactions between IgG and FcRn are weaker due to loss of protons.

Because the positive charge patch is in the Fab region of rhumAb2, F(ab)’2
derived from this antibody should also bind to FcRn and may also bind to the negatively
charged surface of a CM5 chip. This was verified experimentally. When we used
rhumAb2 variants where the four positively charged residues were replaced with alanine
either individually or simultaneously, this significantly reduced.the binding of rhumAb2 to
immobilized recombinant rat FcRn. In addition, the higher pKa value of arginine than

lysine explains why mutating arginine 57 to alanine had the greatest effect.

The unusual interaction between rhumAb2 and FcRn is observed only when
using format 2, but not format 1, of the biosensor assay. This result can be explained
again by the residues in the positive charge patch. Since the amine coupling
immobilization method used.in'many biosensor-based assays often modifies the lysine
residues of the immobilized protein, and the positive charge patch in rhumAb2 contains
three lysine residues, binding between the Fab charge patch and FcRn will likely be
disrupted by the antibody’s immobilization in assay format 1. Therefore, the detected
binding using format 1 is driven by the expected specific Fc-FcRn interaction. The only
non-lysine residue in the positive charge patch on the Fab region of rhumAb2, HC-R57,
might account for the slightly higher FcRn binding response at both pH 6.0 and pH 7.4

using format 1 as compared to rhumADb1.
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Recently, Abdiche et al observed that amine coupling an IgG antibody on a CM5
biosensor chip resulted in a 2- to 4-fold weaker affinity (mainly driven by a slower
association rate constant) than those obtained using two other alternate biosensor
assay formats,” although the exact mechanism for the difference was not given. In our
study, the extent of the format-dependent difference for rhumAb2-FcRn far exceeded
any SPR-based data reported so far (Figure 1--3), suggesting that a fundamentally

different mechanism that accounts for the atypical behavior of rhrumAb2.

It is worth mentioning that Bjorkman and coworkers previously reported that the
binding of IgG to FcRn was influenced by SPR biosensor assay format.**? They
observed that binding affinities of IgG to FcRn were over 100-fold higher when FcRn,
instead of IgG, was immobilized on biosensor chips. The observed assay format
dependence in those studies was attributed to FcRn dimerization on the biosensors;*
there was no indication of additional contributing factors (e.g., positive charge patch in
the Fab region) as discovered.in this study. In their studies, FCRn was immobilized at
very high densities (several thousands of RU) that likely promoted FcRn dimerization. In
our study, a much lower density (around 25 RU) of FcRn was used so dimerization was
not expected to contribute to the observed affinity difference for rhrumAb2 using different
assay formats. This assumption is further supported by the rhumAb1 binding data:
similar binding affinities were observed for rhumAb1 to FCRn proteins regardless of the

assay format.
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It is well recognized that every biosensor assay format has pros and cons in
studying FcRn-rhumADb binding, and so far no caveat has been reported that precludes
use of any format. Previously, concerns about avidity effects associated with the
bivalent nature of antibody binding to FcRn on format 2 have been discussed.*® The
avidity effects can result in enhanced affinity values compared to those measured from
a 1:1 interaction,® which offers an explanation for generally higher rhumAb-FcRn
binding affinities measured on format 2 than those from format 1/in the literature. This
avidity concern, however, can be addressed through careful experimental design such
as lowering the immobilization level. Therefore, the choice of assay formats seems to
be mainly driven by a combination of practical considerations (e.g., reagent availability,
ease of molecule comparison) and the preference of each individual laboratory. Some
may choose format 13222339 hecause it most likely offers monovalent binding affinity,
and some may prefer format 21718243 pecause it better mimics the rhumAb-FcRn
interaction orientation in endosomes:*¥*° Others may opt for an indirect format®*“® or
measuring solution affinity based on FcRn active concentration determination using an
antibody-immobilized assay format.?® The latter methods bypass the need of direct
modification of lysine residues during the amine coupling immobilization; however, there
are other limitations associated with them. Depending on the nature of the interaction
between a rhumAb and the capture molecule (usually antigen or anti-Fab antibodies), it
Is' possible that a positive charge patch in the paratope of a rhumAb can be occluded. In
addition, rhumAbs, when complexed with capturing molecules, may exhibit different

FcRn binding due to allosteric effect. Our study provided, for the first time, clear
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evidence of a fundamental caveat associated with format 1 due to the potential
disruption of a positive charge patch in the Fab region. It is reasonable to further
speculate that the solution affinity determination using the antibody-immobilized format
may suffer a similar limitation.

As rhumAb-FcRn interactions are mainly governed by charge-charge
interactions, it is crucial to assess physicochemical attributes of therapeutic mAb
candidates early in drug development. Our study will have a general impact on
decisions regarding how to best evaluate FcRn-rhumAb interactions using SPR
biosensor assays because the positive charge patch observed with rhumAb2 is not an

isolated case. Schoch et al*®

recently reported that a rhumAb with a short half-life in
human, briakinumab, also possesses a large positive.charge patch in the Fab region,
which contributed to the antibody’s binding to FERn. Interestingly, we found that
rhumADb2 had faster clearance than rhumADbl in the cynomolgus monkey (14.2+3.4 vs.
5.0+0.6 mL/day/kg) (4 animals were used in each PK study; details not shown). This
faster clearance could potentially be attributed to multiple causes, such as off-target
binding due to the positive charge patch® or FcRn interactions. The unexpected binding
characteristic of rhumAb2 to FcRns observed using Biacore assay format 2, which
would.be missed if only assay format 1 was used, might potentially offer insightful
information in better understanding the PK behavior of this antibody. Despite the fact
that many methods have been developed to evaluate FcRn-rhumADb interactions, there

remains a need for a robust and reliable methodology that can provide biologically

meaningful FcRn binding information. As reported here and elsewhere, multiple
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mechanisms can be involved in rhumAb-FcRn binding.?*3¢*® Therefore, a sensitive
technology that provides relevant information and the ability to delineate different
contributions from various interactions (e.g., FcRn binding that involves Fc vs. non-Fc
regions) can be of great value. SPR biosensor assays offer a unique feature in that
different formats can be readily constructed and rich information such as binding
affinities and kinetics can be obtained, but data can be confusing because the
commonly used immobilization method may alter actual binding events. Therefore,
careful experimental design is needed in studying bimolecular interactions by biosensor
assays.

Here, we described the binding of a closely related pair of monoclonal antibodies
to the FcRn. One of this pair shows the expected canonical binding profile while the
second, which shares 99% sequence identity in the Fc region with the first, shows an
additional, non-saturable binding'component at low pH when FcRn is coupled to the
biosensor chip. This additional binding'can be linked to a patch of positively charged
residues in the Fab region of rhumAb2; SPR analysis of variants created by site
directed mutagenesis showed that removal of this charge patch eliminated non-
saturable binding. The difference in binding profiles for the two antibodies can clearly be
seen using one SPR biosensor assay format, but not using a more commonly used
alternate format. For therapeutic monoclonal antibodies in early development, surface
charge distribution is often unknown. The use of two independent SPR biosensor assay

formats is highly desirable and should be applied whenever possible. Subsequent
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studies are ongoing to further understand the effect of charge distribution on rhumAbs

binding to FcRn.
Materials and Methods
FcRn expression and purification

Recombinant human, cynomolgus monkey, and rat FCRn proteins were
expressed in Chinese hamster ovary (CHO) cells. Plasmids were transiently transfected
into CHO cells using PEI (Polyplus) as previously described.® In all cases, harvested
cell culture fluid (HCCF) was ultrafiltered (UF) 10-fold‘using a tangential flow filtration
(TFF) system equipped with 10 kDa molecular weight cutoff (MWCQO) membranes. The

resulting UF HCCFs were all purified by affinity chromatography.

UF HCCF was pH adjusted to 6.5 with 1 M phosphoric acid. The pH adjusted UF HCCF
was purified as a series of cycles on an IgG Sepharose 6 Fast Flow affinity
chromatography column (GE Healthcare). The column was equilibrated with 50 mM
Tris, 150 mM NacCl, 0.02% sodium azide, pH 6.5. Following loading of the UF HCCF,
the column was washed with the same equilibration buffer, and then eluted with 50 mM
Tris, 150 mM NaCl; 0.02% sodium azide, pH 8.0. Fractions containing the FCcRn

reagents were:-pooled for formulation.

The 1gG Sepharose pools were concentrated using Amicon Ultra 10 kDa MWCO
units (Millipore Corporation), and then formulated using Sephadex G-25 size-exclusion

chromatography (SEC) (GE Healthcare). The SEC column was cleaned with one
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column volume (CV) of 0.5 M NaOH, and then equilibrated with three CVs of
phosphate-buffered saline (PBS), pH 7.2. Following loading, the SEC column was
developed with PBS, pH 7.2. Fractions containing the FCRn reagents were pooled for

final concentration.

The Sephadex G-25 pools were concentrated to a protein concentration of 10--
15 mg/mL using Amicon Ultra 10 kDa MWCO units. Final concentrated, recombinant
FcRn reagents in the formulation buffer were characterized for freeze-thaw stability by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and high
performance liquid chromatography size-exclusion chromatography (HPLC-SEC). The
reagents were further characterized by N-terminal sequence analysis and peptide mass

fingerprinting (PMF) to confirm identify and.purity.

Generation of rhumAb 1 and rhumAb 2 and their F(ab)'2

rhumAb1 and rhumAb2, which are both IgG1 antibodies, were manufactured in-
house at Genentech (South San Francisco, CA). To generate the F(ab)'2, 30 mg of
rhumAbs at 10 mg/mlin PBS pH 7.4 were digested with 1000U of Fabricator (Genovis)
for 2 hours.at 37°C. The F(ab)’2 digest was then separated on an S200 (GE Healthcare)
size exclusion column in 200 mM arginine, 137 mM succinic acid, 1 mM sodium azide,
pH 5.0; fractions corresponding to the F(ab)’'2 peak were pooled and buffer exchanged
into PBS. Mass spectrometry (Agilent 6210 Time-of-Flight LC/MS) confirmed the
predicted mass of the F(ab)’'2. The formulated proteins were greater than 95% pure and

contained no high molecular weight species as determined by SDS-PAGE gel and SEC
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analysis using OD280 and multi-angle static light scattering (Wyatt Optilab rex, Dawn

Helios-II, Agilent HPLC).

Kinetics affinity measurement of rhumAbs binding to FcRn

Binding kinetics and affinities between FcRn and rhumAbs were evaluated on two
different assay formats by SPR technology on a Biacore T200 instrument (GE

Healthcare; Piscataway, NJ).

The first assay format involved immobilizing rhumAbs directly onto the sensor chip.
Briefly, rhrumAbs manufactured in-house were coupled onto two of the four different flow
cells, designated here as FC1-4, of a Series S CM5 sensor chip (GE Healthcare), FC2
and FC4, using a standard amine coupling.and blocking procedure recommended by
the manufacturer.®® The immobilization levels were ~ 200 response units (RU). The
remaining two flow cells, FC1 and FC3, were treated in a similar manner except that no
proteins were immobilized before blocking. FC1 and FC3 were used as in-line reference
cells for FC2 and FC4, respectively. FCRn at various concentrations diluted into running
buffer (PBS, 0.05% polysorbate 20, pH 6.0 or pH 7.4) were injected over all 4 flow cells
at a flow rate of 50 uL/min for 1 minute, and the dissociation of FcCRn was allowed to
proceed for 2. minutes. Surfaces were regenerated using PBS (pH 7.4) between cycles
at a flowrate of 50 uL/minute twice for 35 seconds each. This protocol takes advantage
of the unique pH dependency of FcRn: they typically bind to IgGs at acidic pH (<6.5)

and release IgG at physiological pH (~7.4). The experiments were carried out at 37°C.
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Experiments measuring binding interactions between FcRn and rhumAbs on the second
assay format were performed as described above, except for the changes described
below. FcRn were immobilized onto FC2 and FC4 of the sensor chip at densities of ~25
RU. rhumAbs diluted in running buffer were injected over all 4 flow cells at.a flow rate of
50 uL/minute for 1 minute and the dissociation of rhumAbs from immobilized FERn on

the CM5 chip was allowed to proceed 2 minutes.

Binding affinity & kinetic parameters (association and dissociation rate constants, and
dissociation equilibrium constant) were calculated with the Biacore T200 Evaluation
Software (version 1.0; GE Healthcare) using eithera 1:1 binding model or a steady-
state equilibrium model. All sensorgrams were generated after in-line reference cell

correction followed by buffer sample subtraction.

rhumAb and F(ab)’2 binding to FCRn in.the presence of salt

Experiments measuring the binding interactions between FcRn and rhumAb F(ab)’2
were performed essentially as described above, except that each injection consisted of
a 2-minutes association phase at a flow rate of 5 yL/minute. rhumAb and F(ab)’2
samples were diluted to 5 uM in running buffer with different amount of NaCl added (0O-
0.5 M). The reference-corrected binding responses were reported 5 seconds before the

end of each injection.
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Binding of rhumAb2 and its mutants to FcRn

rhumAb2 mutants with residues replaced with alanine at the following four
positions in rhumAb2 (HC-R57, HC-K65, LC-K31, LC-K67) were created in-house at
Genentech: R57A, K65A, K31A, K67A, K65A/K67A, and R57A/K67A. Binding
interactions between rhumAb2 mutants and FcRn were evaluated with rat FcRn being
immobilized on biosensor chip. Wild type rhumAb2 and its mutants diluted in running
buffer were injected over all 4 flow cells at a flow rate of 50 uL/minute for 90 seconds.
The binding activity of mutants to immobilized rat FcRn.was reference flow cell and
buffer subtracted, and was reported as the response five seconds before the end of

each injection. The experiments were carried out at 37°C.
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Table 1. Binding affinities of recombinant rat, cynomolgus monkey, and human

FcRn proteins to immobilized rhumAbs at pH 6.0

Mean Kp ( + SD) (uM)
Species of FCRn rhumAbl rhumAb2
Rat 2.0£0.1 1.2+0.02
Cynomolgus monkey 3.0+0.1 2.7+0.1
Human 3.5+£0.2 3.2+0.2

Kp = dissociation equilibrium constant.

Notes: Mean and standard deviation (SD) were calculated based-on three
independent experimental runs. The binding data of rat’'FcRn to immobilized
rhumAbs were obtained by kinetics analysis using:a monovalent binding model in
the Biacore T200 evaluation software. The averaged k, and kq values for rhrumAb1
are (2.1+0.2)x10* 1/Ms, and (4.2+0:2)x1072 1/s; for rhumAb2 are (3.8+0.1)x10*
1/Ms, and (4.4+0.1)x1072 1/s.“The binding data of cynomolgus monkey and human
FcRn proteins to immobilized rhumAbs were obtained by steady-state equilibrium

analysis using Biacore T200 evaluation software.

37



Table 2. Binding affinities of rnumAbs to immobilized recombinant rat,

cynomolgus monkey, and human FcRn proteins at pH 6.0

Mean Kp ( + SD) (uM)
Species of FCRn rhumAbl rhumAb2
Rat 0.9+0.04 <0.3*
Cynomolgus monkey 3.7+0.1 <0.3*
Human 4.3+0.1 <0.6*

Kp = dissociation equilibrium constant.

Notes: Mean and standard deviation (SD) were calculated based-on four
independent experimental runs. The binding data of rhumAbl to immobilized rat
FcRn was obtained by kinetics analysis using a bivalent binding model in the
Biacore T200 evaluation software. The averaged kay and ky; values for rhumAb1l are
(9.9+0.6)x10* 1/Ms, and (8.6+0.8)x1072 1/s. The binding data of rhumAb1 to
immobilized cynomolgus monkey and human FcRn proteins were obtained by
steady-state equilibrium analysis using Biacore T200 evaluation software.

*The lower limit of Kp value was the estimated concentration of rhumAb2 that
reached at (or is slightly higher than) the theoretical Rmax level of rhumAb1,

assuming rhumAb2 and rhumAbl have the same FcRn binding activities.
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Table 3. Binding response of recombinant rat FCRn rhumAbs on reference and

test flow cells (FCs) in assay formats 1 and 2 at pH 6.0

Format 1 (ligand: rhumADb; analyte: Format 2 (ligand: recombinant rat
recombinant rat FCRn) FcRn; analyte: rhumADb)
.rhumAp rat FCRn
immobiliz immobilized
Referenc .rhumAb ed.FC rat FcRn FC with
immobiliz with Reference | . .,
e FC immobilize | reference FC
ed FC reference | FC (RU) .
(RU) ) d FC (RU) signal
(RU) FC signal
subtracted
subtracted (RU)
(RU)
rlh”mAb 36 63 27 261 302 41
rzh”mAb 36 82 46 924 1634 710

Note: Each binding response was reported5 seconds before the end of each injection.
All data were corrected after the in-line reference subtraction followed by buffer sample
subtraction. In format 1, the concentration of recombinant rat FcRn is 5 uM. In format 2,
the concentration of the rhumAb is 5 pM.. Binding of rhumAbs to recombinant
cynomolgus monkey and human FcRn proteins had the similar trends, and therefore are

not shown here.
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Table 4. Change in binding of rhumAbs to immobilized recombinant rat,

cynomolgus monkey, and human FcRn proteins at pH 6.0 in the presence of 0.05

M NaCl
Binding response change (%)
Species of FCRn rhumAbl rhumAb2
Rat -22 -79
Cynomolgus monkey -40 =77
Human -43 -76

Notes: Binding changes are expressed in terms of the FcRn binding response of
rhumAb in the presence of additional 0.05 M of NaCl relative to the response obtained
without additional salt in the running buffer. Each binding response was reported 5
seconds before the end of each injection. All data were corrected by in-line reference

subtraction followed by buffer sample subtraction.
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Rat FcRn bound to immobilized rhumAb1

Rat FcRn bound to immobilized rhumAb2
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Figure 1. Representative sensorgrams of rhumADbs binding to recombinant rat FcRn on
two Biacore assay formats. (A) recombinant rat FCcRn bound to immobilized rhumAbs at
pH = 6.0; (B) recombinant rat FcRn bound to immobilized rhumAbs at pH = 7.4; (C)
rhumAbs bound to immobilized recombinant rat FcRn at pH = 6.0; (D) rhumAbs bound
to immobilized recombinant rat FcRn at pH = 7.4. The experimental data are
represented by colored lines. On format 1, at pH 6.0, concentrations of rat FCRn (from
bottom to top) are 0.078, 0.156, 0.313, 0.625, 1.25, 2.5, 5, and 10 uM.. The black lines
are fitted data using the kinetic monovalent binding model.<At pH 7.4 concentrations of
tested rat FcRn (from bottom to top) are 2.5, 5, 10, and 20 puM. On format 2,
concentrations of rhumAbs (from bottom to.top) are 0.039, 0.078, 0.156, 0.313, 0.625,
1.25, 2.5, and 5uM. The black lines are fitted data using the kinetic bivalent binding
model. At pH 7.4 concentrations of rhumAbs (from bottom to top) are 1.25, 2.5, 5, and
10 pM. The sensorgrams were generated after in-line reference cell correction followed
by buffer sample subtraction. The experiments were conducted using running buffer

containing PBS, 0.05% polysorbate 20, pH 6.0 or pH 7.4.
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Figure 2. Representative sensorgrams of rnumAbs binding to recombinant cynomolgus
monkey FcRn on two Biacore assay formats. (A) recombinant cynomolgus monkey
FcRn bound to immobilized rhumAbs at pH = 6.0; (B) recombinant cynomolgus monkey
FcRn bound to immobilized rhumAbs at pH = 7.4; (C) rhumAbs bound to immobilized
recombinant cynomolgus monkey FcRn at pH = 6.0; (D) rhumAbs bound to immobilized
recombinant cynomolgus monkey FcRn at pH = 7.4. The experimental data are
represented by colored lines. On format 1, at pH 6.0, concentrations of cynomolgus
monkey FcRn (from bottom to top) are 0.039, 0.078, 0.156, 0.313, 0.625, 1.25, 2.5, 5,
10, and 20 uM. The black lines are fitted data using the steady-state affinity binding
model (inserts). At pH 7.4 concentrations of tested recombinant cynomolgus monkey
FcRn (from bottom to top) are 2.5, 5, 10, and 20 puM. On format 2, at pH 6.0,
concentrations of recombinant cynomolgus monkey FcRn (from bottom to top) are
0.078, 0.156, 0.313, 0.625, 1.25,2.5, 5, and 10 uM. The black lines are fitted data using
the steady-state affinity binding model(inserts). At pH 7.4, concentrations of
recombinant cynomolgus monkey FcRn (from bottom to top) are 1.25, 2.5, 5, and

10 puM. The sensorgrams were generated after in-line reference cell correction followed
by buffer sample subtraction. The experiments were conducted using running buffer

containing PBS, 0.05% polysorbate 20, pH 6.0 or pH 7.4.
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Figure 3. Representative sensorgrams of rhrumAbs binding to recombinant human FcRn
on two Biacore assay formats. (A) recombinant human FcRn bound to immobilized
rhumAbs at pH = 6.0; (B) recombinant human FcRn bound to immobilized rhumAbs at
pH = 7.4; (C) rhumAbs bound to immobilized recombinant human FcRn at pH =6.0; (D)
rhumAbs bound to immobilized recombinant human FcRn at pH = 7.4. The experimental
data are represented by colored lines. On format 1, at pH 6.0, concentrations of
recombinant human FcRn (from bottom to top) are 0.039, 0.078, 0.156, 0.313, 0.625,
1.25, 2.5, 5, 10, and 20 pM. The black lines are fitted data using the steady-state affinity
binding model (inserts). At pH 7.4 concentrations of tested recombinant human FcRn
(from bottom to top) are 2.5, 5, 10, and 20 uM. On format 2, at pH 6.0, concentrations of
recombinant human FcRn (from bottom to top) are 0.078, 0.156, 0.313, 0.625, 1.25, 2.5,
5, and 10 pM. The black lines are fitted data using the steady-state affinity binding
model (inserts). At pH 7.4, concentrations of recombinant human FcRn (from bottom to
top) are 1.25, 2.5, 5, and 10 uM. The sensorgrams were generated after in-line
reference cell correction followed by buffer sample subtraction. The experiments were
conducted using running buffer containing PBS, 0.05% polysorbate 20, pH 6.0 or pH

7.4.
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Figure 4. Binding response levels of full-length rhrumAb (in blue) and the F(ab’)2 (in red)
of rhumADb binding to immohilized recombinant rat, cynomolgus monkey, and human
FcRn. (A) at acidic pH (pH = 6.0); (B) at physiological pH (pH = 7.4). Concentration of
tested full-length-and F(ab’)2 of rhumAb samples is 5 uM. The in-line reference
subtracted response was corrected by buffer sample, and was reported 5 seconds
before the end of each injection. The reported data was averaged from two individual
experimental runs. The experiments were conducted using running buffer containing

PBS, 0.05% polysorbate 20, pH 6.0 or pH 7.4.
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Figure 5. Binding response levels of the full-length molecules and F(ab’)2 of rhumAbs to
Immobilized recombinant rat, cynomolgus monkey, and human FcRn in the presence of
additionalsalt (0-0.5-M) in running buffers (PBS, 0.05% polysorbate 20, pH 6.0 or pH
7.4) (A) at acidic pH (pH = 6.0); (B) at physiological pH (pH = 7.4). F(ab’)2 of rhrumAbs
were only-tested only in PBS buffers with and without additional 0.1 M NacCl.
Concentration of tested the full-length molecules and F(ab’)2 of rhumAb samples is 5
MM. The in-line reference subtracted response was corrected by buffer sample, and was

reported 5 seconds before the end of each injection.
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Figure 6. Binding response levels of wild type rhumAb2 and its variants to immobilized
recombinant rat FcRn at acidic pH (pH 6.0). Concentration of tested rhumAb is 3 nM.
The in-line reference subtracted response was corrected by buffer sample, and was
reported 5 seconds before the end of each injection. The reported data was averaged
from two individual experimental runs. The experiments were conducted using running

buffers containing PBS, 0.05% polysorbate 20, pH 6.0.
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