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ABSTRACT

Monoclonal antibodies (mAbs) as therapeutics necessitate favorable pharmacokinetic properties, includ-
ing extended serum half-life, achieved through pH-dependent binding to the neonatal Fc receptor
(FcRn). While prior research has mainly investigated IgG-FcRn binding kinetics with a focus on single
affinity values, it has been shown that each IgG molecule can engage two FcRn molecules throughout an
endosomal pH gradient. As such, we present here a more comprehensive analysis of these interactions
with an emphasis on both affinity and avidity by taking advantage of switchSENSE technology, a surface-
based biosensor where recombinant FcRn was immobilized via short DNA nanolevers, mimicking the
membranous orientation of the receptor. The results revealed insight into the avidity-to-affinity relation-
ship, where assessing binding through a pH gradient ranging from pH 5.8 to 7.4 showed that the half-life
extended IgG1-YTE has an affinity inflection point at pH 7.2, reflecting its engineering for improved FcRn
binding compared with the wild-type counterpart. Furthermore, IgG1-YTE displayed a pH switch for the
avidity enhancement factor at pH 6.2, reflecting strong receptor binding to both sides of the YTE-
containing Fc, while avidity was abolished at pH 7.4. When compared with classical surface plasmon
resonance (SPR) technology and complementary methods, the use of switchSENSE demonstrated super-
ior capabilities in differentiating affinity from avidity within a single measurement. Thus, the methodol-
ogy provides reliable kinetic rate parameters for both binding modes and their direct relationship as
a function of pH. Also, it deciphers the potential effect of the variable Fab arms on FcRn binding, in which
SPR has limitations. Our study offers guidance for how FcRn binding properties can be studied for IgG
engineering strategies.

ARTICLE HISTORY
Received 1 October 2023
Revised 21 May 2024
Accepted 24 May 2024

KEYWORDS

Affinity; avidity; binding
kinetics; biosensor; FcRn; ph
dependency; switchsense;
therapeutic I1gG

Introduction blood, and acts as a key component of humoral immunity. In

The use of monoclonal antibodies (mAbs) to treat diseases
such as cancer and inflammatory diseases is rapidly
expanding.l’2 These bivalent, homodimeric, and Y-shaped
molecules are composed of two antigen-binding fragments
(Fabs), responsible for specific binding to an antigen (target)
and a constant crystallizable fragment (Fc) that mediates Fc
receptor functionality. Regarding monospecific therapeutic
mAbs, current research activities focus on their target specifi-
city, binding strength, and developability.”~> For instance,
a key challenge is to achieve optimal selectivity for the recogni-
tion of (heterogeneous) antigens on tumor or immune cells or
for soluble antigens while avoiding detrimental off-target
binding to healthy cells.

While the constant Fc can engage Fc receptors to mediate
effector functions, it is also responsible for a long serum half-
life, which for natural IgG antibodies is approximately 3 weeks
at average.’® As such, IgG is the dominant antibody class in

this regard, the long serum half-life of natural IgG and IgG-
based therapies results from engagement of the neonatal Fc
receptor (FcRn).”

FcRn is a ubiquitously expressed cellular receptor across
mammalian cells, encompassing both hematopoietic and non-
hematopoietic cells.® In contrast to classical Fcy receptors,
which are primarily displayed on the surface of immune
cells, FcRn is predominantly localized within acidified endo-
somes. The intricacies of FcRn’s expression density within the
endosome remain incompletely understood. However,
D’Hooghe et al.” have proposed a dynamic model of FcRn
activity that suggests an interplay between the plasma mem-
brane and endosomal FcRn levels. According to this model,
a minimal expression of FcRn is present on the plasma mem-
brane, with the majority residing in the endosomal system.
This distribution is facilitated by the fluidity of the membrane,
which allows for high local concentrations of FcRn within
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endosomes, enabling the receptor to engage with IgGs in
a unique manner. Pzyik et al.'” describe a scenario in which
two FcRn molecules simultaneously bind to a single IgG,
a process termed avidity. Avidity is known as the cumulative
binding strength that results from multiple non-covalent inter-
actions where simultaneous binding increases the overall sta-
bility of the interaction beyond the strength of individual
affinities.' '

In addition, the expression level of FcRn can vary depend-
ing on the cell type and tissue, as well as species.'> For instance,
data support that FcRn is highly expressed in immune cells and
epithelial cells of tissues such as the placenta, liver, intestine,
and endothelial cells of blood vessels."*'* In disease such as
cancer, different FcRn expression profiles have been observed,
and the effect on tumor growth is debated.'®"”

The long half-life of IgG is regulated by FcRn-mediated
recycling of monomeric IgG molecules in a range of cell
types, which happens in a strictly pH-dependent manner,
with strong binding at acidic pH and no or weak binding at
neutral pH. Mechanistically, cellular uptake occurs via fluid-
phase pinocytosis of IgG followed by engagement of FcRn in
acidified endosomes (pH < 6.0), which results in recycling and
exocytosis of the FcRn-IgG complex that, upon exposure to the
physiological condition (pH 7.4) of the extracellular space,
triggers release of IgG from the receptor due to negligible
binding affinity.'®'®"** As such, FcRn rescues IgG from intra-
cellular lysosomal degradation, while other serum proteins are
designated for degradation. The principle is the same for
FcRn-mediated transcytosis of both monomeric IgG and IgG-
immune complexes that occurs bidirectionally across polarized
epithelial cells.” > These transport pathways explain the high
abundance of IgG in blood and its long serum half-life. In
addition, FcRn has been shown to enhance processing of IgG-
containing immune complexes in concert with the classical
Fcy receptors expressed by antigen-presenting cells, such as
dendritic cells, which leads to antigen presentation and activa-
tion of T cells.**"%°

Structurally, FcRn is related to class I major histocompat-
ibility complex (MHC) molecules, consisting of a unique
membrane-bound alpha chain (alpha-FcRn) that is non-
covalently associated with the common soluble beta-2--
microglobulin.”’ > The extracellular part of FcRn binds to
the Fc’s CH2-CH3 interface via residue Ile253 and inter- and
intra-molecular interactions mediated by His310 and His
435°%°" These histidine residues change charge as
a function of pH by becoming protonated at pH 6.0, which
is required for strong binding to FcRn at acidic pH and
negligible binding at pH 7.4.>> Replacement of these or
neighboring amino acid residues could either reduce, abolish
or enhance FcRn binding. For instance, mutating the three
key residues to alanines (I253A, H310A, H435A; AAA) com-
pletely abolishes binding while combination of mutations
has shown to improve pH-dependent binding beyond that
of wild-type (WT) IgG. For the latter, examples are LS
(M428L/N434S), KF (H433K/N434F) and YTE (M252Y/
S254T/T256E) that all show extended serum half-life in
animal models and humans.>*738 Specifically, a YTE-
containing human IgG1 that demonstrated 10-fold stronger
in vitro binding to human FcRn at acidic pH while still

showing weak binding at neutral pH exhibited an extended
half-life of up to 100 days in humans compared to the WT
counterpart.33’35’39

While the principle for pH-dependent binding between
FcRn and IgG is well established, there is still a matter of
debate regarding how FcRn embedded in a cell membrane
engages the homodimeric IgG molecule regarding stoichiome-
try, orientation, and binding kinetics throughout the pH gra-
dient. Abdiche and co-workers ** demonstrated that two FcRn
molecules can bind independently to a homodimeric IgG1 Fc
at two opposing sites with equal affinity, a finding supported
by the symmetrical FcRn-Fc complex structure reported by
Burmeister et al. *® Furthermore, Abdiche et al. ** found that
heterodimeric IgG1 with only one available FcRn binding site
had a significantly reduced plasma half-life compared to the
WT counterpart, highlighting the need for bivalent engage-
ment (avidity) of both IgG heavy chains for extended serum
persistence. Conversely, Gurbaxani and Morrison *' proposed
a more intricate model with multiple binding modes, which
could not account for all observed data. Avidity plays a crucial
role not only in FcRn biology but is also essential across anti-
body biology including antibody-antigen interactions** and
effector functions such as complement activation.*>**

In addition, a growing body of evidence also supports that
the biophysical features of Fab arms may modulate the inter-
action with FcRn, and as such the half-life.*>*® Thus, it is
attractive to develop interaction assays that take this complex
biology into consideration.

The interaction between FcRn and IgG, typically measured
using surface plasmon resonance (SPR)***" and other
technologies,*® is often assessed at acidic pH around 5.8 and
neutral pH at 7.4. However, these conditions may not accu-
rately reflect the bivalent Fc binding that occurs across a pH
gradient, where two FcRn molecules can simultaneously inter-
act with one IgG in a 2:1 stoichiometry.

To gain insights into the complexity of the FcRn-IgG inter-
actions with the aim to determine both affinity (1:1) and
avidity (2:1) as a function of pH, we explored the use of the
switchSENSE technology. In contrast to direct amine coupling
of a ligand to a biosensor surface or via capture molecules done
by SPR,*’ this technology relies on a planar gold electrode
where the ligand is attached to the distal end of DNA nano-
levers that are covalently attached to the surface, whereas the
analyte is injected with a constant flow.*® This setup has shown
to allow measurement of complex interactions that can directly
correlate affinity and avidity parameters.”’ >*

By immobilizing a recombinant human single-chain FcRn
(hsc-FcRn), which engages IgG monovalently, followed by
injection of IgG, which engages bivalently, we demonstrate
that the switchSENSE technology results in monovalent (affi-
nity) and bivalent (avidity) receptor interactions simulta-
neously at a certain ligand density and pH. We performed
a comprehensive analysis of the FcRn-IgG interactions reveal-
ing insights into the direct relationship between both binding
modes, which could more adequately decipher affinity from
avidity compared with that of comparable SPR experiments,
and that complemented studies using analytical FcRn affinity
chromatography and a human endothelial cell-based recycling
assay (HERA).



Assay configurations differ significantly, and the resulting
dissociation constants (Kps) for IgG-FcRn interactions can
vary widely, ranging from 10 to 100 nM with immobilized
FcRn, to 0.2 to 2.3 uM with immobilized IgG.”>**>>>">® These
variations in affinity measurements preclude a straightforward
extrapolation of a standardized, meaningful method for com-
paring IgG affinities. The switchSENSE protocol presented
herein promises to be a valuable tool for guiding research on
the interaction dynamics between FcRn and various IgG for-
mats, including Fc-engineered variants and other receptor-
targeting modalities. This method offers a refined approach
to dissecting the nuances of pH-dependent binding and pro-
vides a robust framework for differentiating between affinity
and avidity, thereby enriching our understanding of FcRn-IgG
interactions in a comprehensive manner.

Results
Assay design considerations

To investigate an interaction between an analyte and a ligand
using a surface biosensor, two assay orientations are possible.
Which one that is preferred will depend on the biology in
question, resulting in immobilization of a bivalent or mono-
valent-binding partner, as shown in Figure 1. If the bivalent-
binding partner, such as IgG, is immobilized (Figure 1a), the
monovalent partner in solution, FcRn, would be able to bind
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IgG in a monovalent fashion. This binding mode will occur
independently from the ligand surface density, and bivalency
of the immobilized partner is not relevant in orientation A as it
merely affects the number of available binding sites on the
surface. Hence, orientation A exclusively probes the affinity-
binding mode. When measuring the interaction between FcRn
and IgG in setup A, the pH-dependent self-interaction of the
receptor should be taken into consideration, which may occur
concurrently with the FcRn-IgG interaction under acidic pH
conditions and pose a challenge in distinguishing between the
two effects.”® To circumvent problems with ligand density
control and measurement artifacts on conventional sensors,
it has been suggested as good practice to choose assay orienta-
tion A to avoid the occurrence of avidity altogether. This assay
orientation may be beneficial for undisturbed affinity values
and has also been demonstrated to resolve affinity values for
FcRn,* however the IgG-FcRn interaction reflects a more
complex mechanism.

In the opposite orientation (Figure 1b), the monovalent-
binding partner (FcRn) is immobilized and the bivalent part-
ner is in solution (IgG). In this case, IgG may engage the
immobilized receptor with either one or two Fc binding sites,
which may result in measurement of both binding modes -
affinity and avidity - simultaneously. At medium immobilized
densities, one fraction of the receptor may become interlinked
by IgG (2:1 binding) while another fraction not interlinked
(1:1 binding), cf. Figure 1b and Table 1.

Affinity

a
Affinity Affinity
N
ﬁﬁﬁ.
b
Affinity

Avidity

Figure 1. Assay orientations to investigate the interaction between a monovalent and bivalent-binding partner. (a) The monovalent partner as solute analyte = FcRn.
(b) The bivalent partner as solute analyte = IgG. lllustrations are created with BioRender.com.
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Table 1. The relationship between assay orientation, ligand density, and resulting
binding modes. IgG = bivalent binder, FcRn = monovalent binder.

Assay orientation A B

IgG (bivalent) FcRn (monovalent)

FcRn (monovalent) IgG (bivalent)
Binding mode(s)

Ligand is immobilized
Analyte in solution
Ligand density

Low Affinity Affinity
Medium?® Affinity Affinity/Avidity
High® Affinity Avidity

“Contributions of affinity and avidity modes should be of similar magnitude for
good fit quality.
Measurement artifacts (rebinding, mass transport limitations) are likely to occur
at high ligand densities, which is why measurements have to be interpreted
with care.

Irrespective of the technology used, our approach does not
rely on immobilizing an absolute number of FcRn ligand
molecules, acknowledging the dynamic expression of FcRn
on the membrane. We focus on achieving a ligand density
that allows for the clear detection and discrimination of both
affinity and avidity interactions with FcRn. By employing
switchSENSE technology, we aim to simultaneously measure
these binding modes of similar magnitude, ensuring accurate
analysis of the FcRn-IgG interactions without the influence of
artifacts.

To test this, a commercially available switchSENSE biochip
was used, with medium FcRn density. Specifically, the DNA
nanolevers, 32nm in length, are covalently attached to the
surface with approximately 50 nm in distance. The comple-
mentary strand is functionalized with soluble recombinant
FcRn via a short linker, both (DNA + linker) allow flexibility
and rotation. As such, the receptor is disengaged from the
surface within the flow channel, which reduces surface-
related effects like steric hindrance.

Utilizing fitting models to evaluate SPR or switchSENSE-
derived sensorgrams exhibiting biphasic-binding behavior
typically leads to the expression of two overlapping dissocia-
tion phases. One dissociation phase results from the affine
binding (fast dissociation) and the second one from the avid-
binding mode.

To address avidity effects, we chose orientation B. Model
mAbs (WT vs YTE), mAbl, and mAb2, both human IgG1
(hIgG1) antibodies were characterized. Mabl and mab2 WT
as well as mabl and mAb2 YTE variant, share the same Fc
part for each set, but show different target binding (Fab
patches). For immobilization, we took advantage of
a recombinant human single-chain FcRn (hsc-FcRn) in
which the truncated alpha chain is fused to beta-2-micro-
globulin via a 4G4S linker to ensure a stable folded complex,
as described.*

Here, we established a universal assay using the
switchSENSE platform, without the necessity for surface den-
sity adjustment and revealed all relevant kinetic parameters,
including both, affinity and, critically the avidity-binding
mode of FcRn. The association and dissociation kinetics of
FcRn - IgG antibodies were measured by fluorescence proxi-
mity sensing (FPS) in real-time. Kinetic rates for affinity and
avidity were modeled accordingly.

Comparative interaction analysis of antibody Fc variants
with FcRn at pH 6.0 across different technology platforms

In a first set of experiments, we show that our chosen assay
setup works robustly having hsc-FcRn immobilized and the
model hIgGl in solution (Figure 1b). Here, we compare
a mAbl and mAb 2 (Fc WT vs. Fc YTE) at pH 6.0 with SPR
and FcRn affinity chromatography. Immobilizing FcRn emu-
lates the physiological context of cell surface interactions,
representing an optimal experimental design for assay imple-
mentations across technologies. Consequently, we opted to
utilize an FcRn density exhibiting complex-binding kinetics.
Our system is anticipated to measure both the affine (1:1) and
avid (2:1) binding mode simultaneously. In accordance with
these expectations, we analyzed the acquired sensorgrams by
implementing a bivalent binding model that accurately repre-
sents the kinetic data (materials and methods). As shown in
Figure 2 bivalent binding is mainly prominent during the
dissociation phase, having two species on the biosensor surface
that can be resolved, while the association phase is
monophasic.

The bivalent-binding model we chose, revealed similar
observations for both mAbl Fc WT and YTE variant. The
monophasic association phase (koy) is followed by a biphasic
dissociation phase showing a fast dissociation rate
(kOFF,AFFINITY) and slow dissociation rate (kOFF,AVIDITY)
reflecting affinity and avidity-binding mode (Table 2). The
avidity effect is mainly visible via the dissociation rate kogg.
To account for subtle alterations in kon we focused on asses-
sing the dissociation constant (Kp) in the comparative evalua-
tion of the two antibody variants and all further experiments.
At pH 6.0 we find an Kp appmrry,wr Of 45.4 nM for mAb1 Fc
WT compared to Fc YTE showing a Kp sppmnrry,yre of 3.09
nM. The second kinetic species displays a much slower dis-
sociation rate constant (Kp aviprry)s reflecting the FcRn avid-
ity-binding mode. For Fc WT and Fc YTE, Kp AvipITY,mab1-wT
was 6.24 nM and Kp aviprry,mabi-yre was 0.29 nM. To con-
firm the switchSENSE affinity from the applied bivalent
model, we generated a low FcRn density. The binding kinetic
of mAbl Fc WT and FcRn at pH 6.0 could be exclusively
described by a monovalent fit model (Figure Sla,b). This
reflects the affinity-binding mode where one IgG interacts
with one FcRn. The weak interaction resulted in similar kinetic
parameters in accordance with the medium ligand density
showing affinity and avidity (Kp appmNiTy,medium 45.4 01M vs
KD,AFFINITY,IOW 57.0 HM, Table S].)

The second antibody set, mAb2 WT/YTE, share the same
Fc regions corresponding with mAbl variants, but bind
a different target, thereby displaying different variable regions
(Vy/Vy). As mADb2 shows a different Fab patch, it differs from
mAbl in affinity and avidity (different kinetic profile, Figure
S2, Table S2). At pH 6.0 mAb2 WT is 21x more affine, while
YTE is fivefold stronger in affinity, compared to the mAbl
variants. For a direct comparison with Biacore SPR technol-
ogy, we captured low (12 RU) and medium FcRn (140 RU)
levels on a C1 chip, allowing affinity (low) and affinity and
avidity (medium) to occur simultaneously. To ensure the
validity of our kinetic analyses, we meticulously assessed the
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Figure 2. Kinetic analysis of immobilized human FcRn and a human IgG1 (mAb?1) in solution at pH 6.0 utilizing a medium FcRn density on a switchSENSE biosensor chip.
(a) shows the schematic assay configuration allowing affinity and avidity to occur simultaneously. mAb1 was injected in five different concentrations as two-fold
dilution series with a highest concentration of 300 nM for higg1 Fc WT (b) and 60 nM for hlgg1 Fc YTE (c). Each plot (b,c) shows the measured raw data (gray) and the
global fit analysis as solid lines (blue fading). The sensorgram display a monophasic association phase and biphasic dissociation phase reflecting affinity and avidity
binding mode. The determined kinetic parameters are described in Table 2. lllustration a is created with BioRender.com.

Table 2. Summary of the affinity and avidity measurements of immobilized
human FcRn and an mAb1 Fc variants in solution using a switchSENSE biosensor
chip having a medium ligand density. The kinetic rate parameters are determined
from analyzing the sensorgrams shown in Figure 2. The kon, kogr and Kp values
are results from a global fit analysis + fitting error.

Affinity Avidity
kON6
(X10 kOFF,AFFINIT\( KD,AFFINITY I(OFF,AVIDITY KD,AVIDIT‘(
Sample M7'sT)  (x1072s7) (nM) (x107%s7") (nM)
higG1 Fc WT  7.53+038 342+150 454+30 470+030 6.24+0.51

higG1 Fc YTE  8.42+0.15 2.60+0.06 3.09+0.09 0.25+0.01 0.29+0.01

goodness-of-fit for each sensorgram. This assessment was
based on the examination of residuals and the analysis of the
kinetic rate parameters obtained. SPR was not capable of
resolving reliable-binding kinetics for mAbl WT and mAb2
WT on both densities (Figure S3 A-C and Table S3).
Furthermore, SPR could not distinguish between affinities and
avidities and the resulting Fab influence of both YTE variants
(Figure S3d-e and Table S3) as switchSENSE did. In contrast to
SPR, FcRn affinity column clearly resolved the varying FcRn
interactions in the same ranking as switchSENSE (from weak to
strong binding): mAbl WT < mAb2 WT < mAbl YTE < mAbl
YTE (Figure S4). A human endothelial cell-based recycling assay
(HERA assay, Figure S5) is also in agreement with our findings
(method described previously.”' Here, the mAbl YTE variant
demonstrated improved uptake and recycling, leading to
enhanced trafficking properties, in contrast to the WT, which
lacked efficient trafficking.

We demonstrated the feasibility of resolving the FcRn-IgG
interaction applying switchSENSE, and its superiority in differ-
entiating between affinity and avidity within one measurement
resolving all relevant kinetic rates. We confirmed that the two
events correspond to interlinked (slow dissociation, avidity-

binding mode) and non-interlinked (fast dissociation, affinity-
binding mode) species. Our results indicate that there is no
discernible benefit in performing additional measurements at
lower or higher ligand densities that could potentially modify
the affinity-avidity relationship or give rise to measurement
artifacts. SwitchSENSE could also differentiate between mAbl
and mAb?2, displaying a potential Fab contribution.

Considering the weak interaction of mAbl WT - FcRn at
pH 6.0 (kOFF,AFFINITY:0~35 s- 1, pH 60), and its insignifi—
cance for antibodies with improved pharmacokinetics, an in-
depth analysis performing a pH screening is not conducive to
the goal. Therefore, we decided to conduct subsequent mea-
surements using mAbl Fc YTE, which exhibits enhanced
binding strength for FcRn, and directly compare
switchSENSE with SPR in more detail.

Transition from affinity to avidity: a systematic analysis of
the pH-dependent FCRn-mAb1 (YTE) interaction

The cell surface dynamics of FcRn are highly complex, with
membrane-bound FcRn and FcRn associated with intracellular
endosomal compartments (>90%) showing significant
variation.” It has been proposed that 50% is rapidly endocytosed
and mixes with 96% of cellular FcRn in an internal pool.” This
leads to drastically increased FcRn concentration at the acidified
endosomal membrane, where avidity presumably occurs. FcRn-
associated vesicular trafficking is a dynamic process with speeds
up to 3 um/s, indicating rapid IgG uptake and intracellular
movement where affinity and avidity are assumed to be
important.®> Understanding FcRn-IgG interactions requires
analyses of pH modulation from acidic to neutral throughout
the endosomal acidification process, rather than just at extreme
pH values, to assess affinity and avidity effectively.
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Binding kinetics of FcRn — mAb1 YTE applying switchSENSE
and SPR

To characterize how the affinity and avidity of mAbl YTE and
hFcRn change over a pH range from 5.8 to 7.4, we inject mAbl
YTE over immobilized hFcRn while incrementally increasing
the pH by 0.2. The obtained sensorgrams are shown in Figure 3
with the derived kinetic rate parameters in Table 3. mAbl YTE
was injected at 5 different concentrations in a two-fold dilution
series for each pH value in an overall concentration range from
3.75nM to 800 nM. MAbl YTE mutant shows binding over
a broad range. This enables us to understand how the change
in pH influences the kinetic rate parameters (kon and kopg) up
to a pH of 7.4. All kinetic-binding experiments were conducted
with careful consideration of ligand density and the potential
for measurement artifacts. Even in the case of monovalent
interaction, which solely permits affinity, measurement arti-
facts may arise due to excessively high ligand densities and
insufficiently low flow rates.

For this reason, the implementation of an assay setup that
allows simultaneous analysis of affinity and avidity is explained
in detail. In all kinetic measurements, especially in the assay
setup presented here, control over the ligand density is critical.
Ligand molecules on a biosensor surface exhibit a random
distribution, rendering the interlinking of ligands by
a bivalent analyte a statistically driven process. Regulation of
the spatial arrangement of ligands is a crucial parameter, as it
influences the extent of interlinking. There are two (hypothe-
tical) extreme assay setups having very low density or very high
densities. Analyzing 100% avidity or 100% affinity is challen-
ging to achieve and both extremes do not reflect the real
experimental situation.

For low densities, a non-negligible probability exists that
two ligands are close enough to become interlinked. Due to
a lower limit of detection for technologies, it might not be
resolvable. For high densities, the successive adsorption of
analytes to the surface results in the creation of monovalent
ligand sites. Some ligands that potentially cannot engage in
a bivalent interaction will always be left.

The association phase of IgG to FcRn is characterized by
a monoexponential fit, while the dissociation phase displays
a biphasic pattern, with relative amplitudes of (50 +20)%,
representing equal contributions from affinity (1:1) and avidity
(2:1) binding interactions. This indicates that the applied
ligand density successfully captures both binding events
(Figure S6). Notably, the amplitudes Ag, and Ay, of each
exponential term in the dissociation show a dependency of the
analyte (IgG) concentration used (Figure S7). With increasing
concentrations of hIgG1 Fc YTE, the contribution to the fast,
affinity-based species to the overall dissociation curve
increases while the slow avidity driven species decreases. This
phenomenon was also previously described elsewhere.™

The analysis of the biphasic dissociation phase using
a double exponential fit model is readily achieved through
non-linear least square fitting algorithms, which is
a computational method employed to minimize the sum of
the squares of the differences between observed and predicted
values in a data set (Materials and Methods). However, the
following preconditions have to be met. First, for a robust fit

analysis, the amplitude of each component needs to be signifi-
cant, i.e, larger than 10%. The amplitude reflects the respective
contributions of the different dissociating species to the overall
dissociation curve. Second, the measurement time selected has
to long enough that the slow time constant can be analyzed
(one-time the observable time constant taugpp = 1/kopp as
reference value). Resolving a dissociation rate of 0.01 s™'
requires measurement of the dissociation for 100 sec or an
kopr of 0.001 s~ for 1000sec. A 5% rule is cited in
literature,*® but here we exceeded this for all kinetic data sets.
Next, the selected sampling rate must be high enough to
generate data points (here 10 Hz) sufficient for the analysis of
fast time constants. For the mathematical deconvolution of the
two species, it is imperative that the two time constants exhibit
a significant disparity, with a minimum factor of two distin-
guishing them, to ensure accurate differentiation. Ultimately,
a flow rate of 1000 pL/min was implemented to effectively
surmount any potential mass transport limitations that may
arise during the experiment.

To strengthen the primary objective of our study to simul-
taneously differentiate between affinity and avidity in the con-
text of the FcRn - IgG interaction and to elucidate the pH
dependency of this interaction in detail, showing that
switchSENSE is a viable and effective platform for its charac-
terization, we performed a comparison with Biacore SPR.

We captured hsc-FcRn (via Neutravidin) at 3 different
densities, low (12 RU), medium (140 RU), and high (1100
RU) on a CI chip and injected mabl YTE at different con-
centrations for 5 different pH values (5.8, 6.0, 6.4, 6.8, 7.4).
Low FcRn densities could be modeled applying a 1:1 fit
(BiaEvaluation Software), displayed by the small and randomly
distributed residuals, demonstrating the affinity-binding mode
(Figure S8, Table S4). At pH 7.4 SPR reached its limitation in
reliability measuring kinetic rates (koy). SwitchSENSE and
SPR dissociation rates (kopp appmniry) are within the same
range (max. two-fold difference), but on rates (koy) deter-
mined with switchSENSE are >10-fold faster (Table 3 vs.
Table S4). For medium and high density, more complex mod-
els (bivalent analyte and heterogeneous ligand model) were
applied (Figure S9), to account for simultaneous occurrence of
both affinity and avidity interactions, which was the inten-
tional aspect of our experimental design. Both models could
not resolve high-FcRn density data (Figure S9 B+D), shown by
the systematic pattern of residuals, indicating a poor fit.

To further investigate the potential of SPR to decipher
affinity and avidity within one experiment, medium FcRn
density was evaluated, applying the heterogeneous ligand
model (Figure S9 C). Notably, the model clearly showed sys-
tematic deviations (compared to switchSENSE, Figure 3J),
suggest it is lacking critical factors and the underlying assump-
tions are not applicable to the data set in question. However,
we applied it to all FcRn medium density sensorgrams (Figure
$10 and Table S5), as it is the model with the highest degree of
freedom available within Biacore’s SPR Evaluation Software.
Results were compared with switchSENSE data. The “fast”
component of the model, which is intended to represent the
affinity interaction, aligns approximately with the 1:1 binding
model results for low FcRn density. However, the “slow”
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Figure 3. Kinetic analysis of human FcRn immobilized and a human IgG1 (mAb1) Fc YTE mutant in solution at nine different pH values on switchSENSE biosensor chip.
mAb1 Fc YTE was injected in five different concentration as two-fold dilution series with a highest concentration of (a) 60 nM at pH 5.8, (b) 60 nM at pH 6.0, (c) 100 nM
at pH 6.2, (d) 150 nM at pH 6.4, (e) 200 nM at pH 6.6, (f) 300 nM at pH 6.8, (g) 400 nM at pH 7.0, (h) 800 nM at pH 7.2 and (i) 800 nM at pH 7.4. Note that the x axis for
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Table 3. Summary of the affinity and avidity measurements of immobilized
human FcRn and mAb1 Fc YTE mutant as solute using a switchSENSE biosensor
chip having a medium ligand density. The kinetic rate parameters are determined
from analyzing the sensorgrams shown in Figure 3. The koy, kogr and Kp values
are results from a global fit analysis + fitting error.

hlgG1 Fc YTE Affinity Avidity
kON

(x106 kOFF,AFFlNlTV KD,AFFlNlTV kOFF,AVlDlTV KD,AV\DlTV
pH M) (x1072s7) (nM) (x1072s7") (nM)
58 7.58+0.11 215+0.03 2.84+0.06 0.17+0.01 0.23+0.01
6.0 842+0.15 260+0.06 3.09%+0.09 0.25%0.01 0.29+0.01
6.2 6.42+0.17 339+0.07 528+0.18 0.45+0.01 0.70 +£0.03
6.4 6.14+0.14 6.57+£0.12 10.7+£0.31 0.94+0.01 1.53+0.04
6.6 923+042 128+046 139080 2.05%0.12 222+0.17
6.8 6.20+031 263+1.62 424+338 4.83+035 7.79 £0.69
7.0 469+021 441+192 940+586 7.51+037 16.0 £ 1.06
7.2 3.81+£0.18 90.0+0.54 236+180 17.6+0.71 46.2 287
74 241+£045 119+£6.00 494+95.5 NA NA

component, which is hypothesized to reflect the avidity inter-
action, did not yield reliable kinetic rates. The rates were
similar across different pH levels, contradicting the expected
trend of decreased binding with increasing pH. Additionally,
the maximum response levels (Ry.,) were too low to confi-
dently determine valid kinetic rates. Further increasing the
density results in even poorer fitting as for medium density
(residuals) thus was not applicable.

Here, we demonstrated the feasibility of switchSENSE in
measuring, differentiating and analyzing affinity and avidity of
the FcRn - mAbl YTE interaction by using an assay setup
designed to facilitate the simultaneous occurrence of both
binding events. While SPR is a reliable technology in deter-
mining affinities, it was not capable of capturing the complex-
ity of the FcRn-antibody interactions, particularly in the
context of avidity.

Developing an affinity-to-avidity binding model

The elucidation of FcRn - mAbl YTE’s complex interactions
provides substantial insights for the establishment of
a representative model system, facilitating the characterization
of the fundamental mechanisms governing this molecular
interplay. Typically, the interaction dynamics of biomolecules
are governed by transient, non-covalent binding occurrences.
The simplest form of binding, the monovalent interaction of
two molecules with exactly one binding site for each other, can
be characterized by three biophysical parameters: the kinetic
rate constants of association and dissociation (kox and kogg),
and the dissociation constant (Kp = kopp/kon). When two or
more binding sites are involved in a molecular interaction
simultaneously, the interpretation of binding needs to be
expanded by the concept of avidity, which denotes the

enhancement of the overall binding strength of a molecular
complex due to the formation of multiple bonds. The avidity
enhancement may result from an increased formation propen-
sity of the molecular complex (a faster koy), or a higher com-
plex stability (a slower kogg), but frequently arises from
a combination of both effects. To comprehend the mechanism
of action and regulation of such systems, it is necessary to
understand avidity effects in detail. However, even if the affi-
nities of the individual-binding sites are known, currently it is
impossible to predict the avidity enhancement quantitatively.

Figure 4 depicts an illustration of the free state and the two
types of bound states for a bivalent analyte interacting with
ligands on a surface. In the simplified picture, the avidity
adjusts according to the absolute and relative contributions
of the individual on- and off-rates of the transitions 0 <> 1 and
1o 2.

In particular, the dynamic dissociation and re-association
of one to two binding sites, namely transitions of the kind 2 to
1 to 2 (kon"PP.and kopp™"), is crucially important for the
effective off-rate (Kopgaviprry) and hence for the avidity
enhancement. It is noteworthy in this context that, in the
majority of experiments, distinguishing between singly
bound and doubly bound states within the measurement signal
is not feasible. Consequently, only ‘observable’ on- and off-
rates (ko™ and kopr®*) between the free and any kind of
bound state are being measured, as indicated in the lower part
of Figure 4. The transition of 2 <> 1 < 2 is not visible in the
measurement signal. Utilizing the switchSENSE technology,
we discern the transition from 1 to 0 (kon; and kopg;) in the
fluorescence signal predominantly through a rapid dissocia-
tion rate, which mirrors the affinity-binding mode. It is
equivalent to the measured kinetic rate parameters koyn and
korr arrinrry- The affinity can be distinguished from the tran-
sition of 2 to 0, reflecting the avid-binding mode
(kopg,aviprTy). Avidity is only observed when both binding
sites (Fc heavy chains) are concurrently disengaged from FcRn
at a given point in time. In this scenario, a second association
rate (0 to 2) is not discernible as a change in the fluorescence
signal transpires through its initial contact.

Affinity-avidity analysis of FcRn with mAb1 Fc YTE

To comprehend how the affinity and avidity of mAbl Fc YTE
and FcRn alter over a pH range from acidic to neutral, we
graphed the kinetic rates from Table 3 in a rate scale plot
(Figure 5). The mAbl YTE variant demonstrates binding to
FcRn across a wide range, making it an ideal candidate for such
a comprehensive analysis and for examination of the kinetic
rate parameters in relation to pH. All kinetic rate parameters,

each sensorgram (a — i) has a different time scale. Each plot (a - i) shows the measured raw data (grey) and the global fit analysis as solid lines (blue fading). For (a - h)
the dissociation phase is biphasic characterized by two different dissociation rate constants reflecting the affinity (1:1) and the avidity (2:1) binding mode. The
interaction displays a biphasic dissociation curve reflecting affinity and avidity binding where one or two hFcrn are engaged with one mAb1 Fc YTE. The dissociation of
mAb1 Fc YTE and hFcrn at pH 7.4 (1) is described by a monophasic fit model reflecting the affinity binding mode (1:1) where one hFcrn is engaged with one mAb1 Fc
YTE. Panel (J) shows the applied, exemplary biphasic fit model for FcRn with mAb1 Fc YTE mutant injecting 300 nM at pH 6.0. The adequacy of the fit model is
confirmed by the minimal residuals, indicating no significant deviation. The association phase occurred to be monophasic while the dissociation phase is biphasic. The
overall dissociation curve is superposition of two exponential time-courses, namely the affinity binding mode (fast dissociation) and the avidity binding mode (slow
dissociation). The measured data is shown in blue and the fit in black solid lines, whereas the two deconvoluted exponential time-courses are shown in grey as dashed
lines. The contribution of fast and slow dissociation to the overall signal change is shown as Amplitude Ag,s; or Agow. The determined kinetic parameters are described

in Table 3.
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Figure 4. Schematic depiction of a bivalent analyte (IgG) interacting with a monovalent ligand (FcRn). State 0 shows the free state of monovalent FcRn (immobilized)
and bivalent IgG (in solution). The transition from State 0 to State 1 illustrates that the bivalent analyte associates with one binding site on FcRn (kon; and kogeq). in its
subsequent transition to State 2 the IgG concurrently binds via its second binding site to another FcRn, which is in close proximity to the first one, thereby forming
a bivalent complex. The avidity occurs accordingly to the absolute and relative contributions of the individual on- and off-rates of the transitions 0 <> 1 and 1 < 2. The
dynamic dissociation and re-association of one to two binding sites, the transition 2 <> 1 <> 2 (kon®™ and ko), is crucially important for the effective off-rate and
hence for the avidity. Typically, it is impossible to differentiate between singly bound and doubly bound states within the measurement signal. As a result, only the
‘observable’ kinetic rates (kon®>* and kope?®*) between the free and any type of bound state are measured. The illustration is created with BioRender.com.

indicative of affinity and avidity, were computed and ascer-
tained by applying a biphasic fit model for the dissociation
phase, while the association phase was observed to be mono-
phasic (Materials and Methods). The rate scale plot facilitates
a systematic analysis of kinetic rate parameters from multiple
conducted experiments, enabling an understanding of their
correlation at a single glance. As depicted in Figure 5, the
upper y-axis represents the association rate constant (koy),
while the lower y-axis signifies the dissociation rate constant
(kopr) for affinity (Kopraprinrry) and avidity (Koppaviprry)
respectively. Both axes are on a logarithmic scale. An inference
about the binding strength can be directly derived from the
rate scale plot. Both binding rates (kon and kogg), each repre-
sented by a data point, with increasing pH from left to right,
are linked by a vertical line. The distance between the data
points, or alternatively, the length of the connecting line,
mirrors the binding strength, i.e., weaker interactions result
in closer points.

For the mAbl YTE and FcRn, the association rate (koy)
exhibits only a minor alteration in response to pH variation.
Up to and inclusive of pH 6.6, it remains within the range of
6.14x 10° M~'s 7" t0 9.23 x 10° M™'s™" (konprss = 7.58 x 10°
M~'s™"). Commencing at a pH value of 6.8, it slightly decreases
by a factor of three up to pH 7.4 (konpnz.a=2.41 X 10°
M™'s™!). The corresponding affinity off-rates are
Korr,AppiNITY pHis.s = 2.15 X 1072 57" and Kopp, apriNtTy pr7.4 =
119 x 1072 s~ The affinity dissociation rate (KopparriNITY)
increases by a factor of 54 whereas the overall change in
Kp, arpintry i approx. 170-fold (Kp, arrmnrry.pHs.s = 2.84 nM
vs. Kp apriNiTy,pH7.4 =494 n1M). By using a four-parameter
regression model (Equation (6)) on the sigmoidal, increasing
affinity dissociation rates across the entire pH spectrum, an
inflection point is identified at pH 7.2 (Figure 5, Figure S11).

The avidity-binding mode exhibits a low dissociation con-
stant (Kp,aviprry) of Kpaviprryphss=0.23nM, which

increases to Kp aviprry,prz.2 = 46.2 nM at pH 7.2 and becomes
unobservable at pH 7.4. This results in a 200-fold change in
Kpaviprry- To thoroughly characterize the relationship
between avidity and affinity, it is crucial to examine the pH
dependency across the entire range.

Avidity switch of FcRn - higg1 Fc YTE variant

To address the question how avidity and affinity for the FcRn -
hIgG1 Fc YTE interaction correlate, we focused on comparing
the dissociation constants Kp arpnity and Kp aviprry and
performed a Kp, analysis (data from Table 3)

In the affinity or, correspondingly, avidity case, the antibody
binds through one or both Fc heavy chains to one or two FcRn
molecules. The overall-binding strength is a combination of
both components, affinity and avidity, which are influenced by
pH. As depicted in Figure 6, dividing Kp arrmnrry bY Kp aviprry
yields an avidity enhancement factor for each pH. Plotting the
avidity enhancement factors against the corresponding
Kp, arrmnry Values generates a graph illustrating the relationship
between avidity and affinity. It directly assesses the correlation
between affinity and avidity as a function of pH change.

As affinity decreases (lower binding strength) from acidic to
neutral pH, the avidity enhancement diminishes due to the
reduced stability of the affinity-binding mode. The avidity
effect is primarily driven by the dissociation rate. The faster
the affinity dissociation rates of FcRn to IgG Fc YTE, the less
significant its contribution to the overall avidity. Conversely,
the strong affinity of FcRn and IgG at acidic pH leads to an
increased contribution to the overall avidity. The IgG YTE
heavy chains are stabilized in the acidic environment via
FcRn and its avid-binding mode.

Specific to the characterized FcRn - IgG Fc YTE interaction
is the avidity enhancement factor around pH 6.2, which dis-
plays a pH-switch from strong to weak avidity enhancement,
as indicated by the dashed lines. This primarily results from
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Figure 5. Rate scale plot of FcRn (ligand) and mAb1 YTE variant (solute) at a pH from 5.8 to 7.4. The plot allows the comprehensive comparison of multiple kinetic rate
parameters obtained from several kinetic experiments/sensorgrams at one glance. The upper plot shows the association rate (koy) while the lower plot shows the
dissociation rate (korf) as logarithmic scale. Each kinetic rate parameter pair is connected via a vertical line where its length or else the distance of the two data points
gives insights about the binding strength of the measured interaction. The proximity of the data points corresponds to a weaker interaction, or in other words, an
increase in the dissociation constant Kp. The data points are shown as mean + SD* (*smaller than the data points, thus not visible). To obtain an inflection point the
affinity dissociation rates (KorrarriniTy) are fitted by a Four Parameter Logistic (4PL) fit shown in gray (Equation (6)) resulting in a transition at pH 7.2 (Figure S11).

the interplay of the absolute and relative contributions of the
individual on- and off-rates of the transitions from 2 to 1 to 2
(Figure 6). At a pH value of 7.4, the affinity dissociation rate is
so rapid that there is no observable contribution to an avidity
effect at all. Only the affinity-binding mode was resolved and
the avidity to affinity switch is off.

Discussion

The importance of avidity in both in vitro and in vivo studies is
emphasized by the significant contrast in FcRn density
between the cell membrane and the endosomal compartment,
with the latter exhibiting much higher densities. This is parti-
cularly relevant given the ongoing endocytotic trafficking of
FcRn at the cell surface, where avidity is favored in the acidic
environment of recycling endosomes.”'® Abdiche et al. *° high-
lighted the critical role of avidity in FcRn-IgG interactions for
enhancing antibody serum half-life. Conversely, Tesar et al. **
suggested that while bivalent engagement is not imperative for
transcytosis or recycling at elevated antibody levels, avidity
may still influence FcRn-mediated IgG transport. Prior studies
that focused on single equilibrium dissociation constants for
IgG Fc variants fail to fully capture the intricate nature of their
in vivo behavior.*” These findings collectively imply a complex
interplay of affinity, avidity, antibody concentration, and FcRn
expression in modulating antibody serum half-life.

Our study presents an assay using switchSENSE technology
to simultaneously measure FcRn affinity and avidity in a single
experiment, capturing all relevant kinetic parameters. This was
achieved by examining the interaction between hsc-FcRn and
human IgGl (WT/YTE) variants across a pH range of 5.8 to

7.4. The study thoroughly explored the relationship between
FcRn and IgG binding modes and compared the results with
SPR, the established standard technique. The research yielded
five key insights that enhance the understanding of pH-
dependent FcRn-IgG binding, contribute to the broader
knowledge of FcRn-IgG biology, and demonstrate how Fc
engineering affects not only FcRn affinity but also significantly
increases avidity due to bivalent binding. A critical discovery
was that conventional SPR assays are insufficient to capture the
complexity of this interaction.

First, we highlighted the importance of assay design, ligand
density regulation, and meticulous artifact evaluation in study-
ing complex-binding interactions to discern affinity and avid-
ity accurately. By immobilizing FcRn and allowing bivalent
IgG to interact with it, our assay uniquely differentiates
between affinity and avidity. Considering the dynamic expres-
sion of FcRn in vivo, we focus on the robust differentiation
between these two binding modes (Figure S6) rather than
a fixed FcRn ligand count on the biosensor.

Second, the process of forming bivalent or monovalent FcRn-
IgG complexes is concentration-dependent during the associa-
tion phase (Figure S7). High concentrations of analyte favor the
formation of monovalent complexes with a 1:1 stoichiometry,
leading to higher contribution to affinity interactions. In con-
trast, at lower concentrations, bivalent complexes with a 2:1
stoichiometry are more likely, indicative of avid binding. The
prevalence of monovalent binding at high analyte concentra-
tions can be explained by the saturation of surface FcRn, thereby
preventing bivalent complex formation. This concept aligns
with observations from the kinetic analysis of emicizumab
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Figure 6. Avidity-to-affinity relationship of FcRn and mAb1 YTE variant from pH
5.8 to 7.2. The ratio of the Kp values (Kp arrinmy/Kp,avioiry), referred to as avidity
enhancement factor increases from neutral to acidic pH. The higher the binding
strength (affinity) the more its contribution to the overall avidity enhancement.
Weak affinities occurring at pH 6.4 to 7.4 only show a minor contribution to the
avidity effect while strong affinities from pH 5.8 to 6.2 show higher contribution.
A transition point is pH 6.2, indicated by the dashed lines. The data points are
shown as mean * SD* (*smaller than the data points, thus not visible).

using switchSENSE technology’ and suggests that high anti-
body concentrations could play a role in outcompeting avid
binding, as shown by Tesar et al.’s results,* notably measured
on an FcRn-overexpressing cell line at pH 6.0.

Third, Biacore SPR successfully measured FcRn affinities at
low ligand densities, but had limitations with medium densi-
ties, struggling to differentiate between affinity and avidity.
The data’s reliability was questionable due to potential biases
in technique and modeling. The heterogeneous ligand model
used by Biacore SPR, while flexible with two sets of rate
constants, did not precisely describe the binding data.
Although it is the best option available within the Biacore
software, it still lacks the capability to distinguish between
affinity and avidity compared to the switchSENSE model.
Our switchSENSE data indicate a monophasic association
phase, suggesting that a second binding event to FcRn, which
would contribute to avidity, occurs almost instantaneously due
to the proximity-induced high local concentration of FcRn.
These findings demonstrate the need for further analytical
models and technologies, such as switchSENSE, that can
more accurately reflect the biophysical nature of these inter-
actions. SwitchSENSE demonstrated superiority as reliable
technology for studying the nuances of FcRn-antibody affinity
to avidity relationship.

Fourth, we compare the affinities of IgG Fc YTE with IgG
Fc WT. In our study, the association phase appeared to be
monophasic as a signal change occurs through its initial con-
tact. Comparing our observations with published literature
revealed that changes in FcRn - IgG affinity were primarily
driven by a decreasing dissociation rate (kogg), corroborating
our (SPR and switchSENSE) and earlier findings.**®> Notably,
Biacore SPR revealed >10-fold decreased Kpappiniry than
switchSENSE. This distinction is primarily driven by
a significantly faster association rate as measured by
switchSENSE, exceeding the values obtained via SPR.
Dissociation rates are consistent for both technologies.
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SwitchSENSE utilizes a different methodological approach in
presenting the ligand onto the planar sensor surface, compared
to other biophysical techniques. Under physiological condi-
tions, the attachment of FcRn to a DNA nanolever via a short
linker allows target flexibility and rotation. This configuration
positions FcRn at the distal end of the nanolevers, thought to
effectively eliminate potential matrix-related surface effects,
ensuring optimal target accessibility within the flow channel.
A previous switchSENSE study” revealed similar findings
(both assay orientations), while the determined dissociation
constant Kp, for affinity matched Kinexa data.”>%*%”

The affinity dissociation rates for the mAbl YTE variant,
spanning from pH 5.8 to 7.4, exhibit an inflection point at pH
7.2, which could not be uniquely determined by SPR. The
structural basis of the pH-dependent antibody binding to
FcRn involves residue Ile253 and several histidine residues
within FcRn at positions 310, 433, and 435,283132 which are
implicated in the pH dependency by becoming protonated at
pH 6.0 (pKapigtigine = 6.0).°° At lower pH, FcRn is more ther-
modynamically stable and the dissociation is significantly
slower than at neutral/basic pH.””*® In a model compound,
the pKa for a histidine residue is 6.6, but in an actual protein
the pKa depends on the chemical surrounding of the involved
histidines and the solvent, with an observed pKa of histidine
residues in proteins ranging from 5 to 8.°>”° The discovery of
a pKa value of 7.2 for an Fc YTE variant indicates that the
histidine molecules are deprotonated relatively late in a nearly
neutral environment. This results in a strong affinity of Fc-
engineered YTE antibody for FcRn (Kp yrEe0=3.09 nM)
compared to an mAbl WT antibody (Kpwr,60=45.4 nM),
which is approximately 15 times more affine. The investigated
mab2 (WT/YTE), display higher affinities then mAb1, whereas
both antibodies only differ in their Fab fragment (Fab patches).
They vary in hydrophobic and electrostatic patches, which are
known to influence FcRn binding by Fab contributions, as
previously described.*>****”"”> Here, SPR data appears to be
inconsistent, as it could not resolve the difference in binding of
mADb1 YTE mab2 YTE nor measure the affinity for mAbl WT,
and differs with FcRn affinity chromatography data, which was
in agreement with the altered interaction found via
switchSENSE, as well as HERA assay showing superior recy-
cling of YTE vs. WT.

The robust affinity of the YTE variant at pH 6.0, coupled with
its late transition at pH 7.2, correlates with a weak, yet quantifi-
able affinity at pH 7.4. In direct comparison, we measure a Kp
for FcRn - mAb1 Fc YTE at pH 5.8 of 2.84 nM and for pH 7.4
the Kp is 494 nM, suggesting a 170-fold difference in affinity
(Kp,7.4/Kp58). This extensive range of binding, due to its late
deprotonation, further substantiates the superior pharmacoki-
netic properties of YTE compared to WT. These characteristics
contribute to a prolonged half-life and decelerated clearance in
transgenic mice, in comparison to the Fc wild type.

Finally, we characterized the relationship between avidity
and affinity of FcRn and mAbl Fc YTE, demonstrating that
one IgG engages two FcRn via both heavy chains, resulting in
a proposition for a simplified model describing the correlation.
A review of the literature reveals diverse assay setups,40’73
binding modes*>*® and complex fit models*' primarily com-
paring single affinity values for both extremes’* (pH 6.0 vs 7.4).
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In our work, we systematically analyzed the FcRn - Fc YTE
interaction within a pH range from 5.8 to 7.4. This detailed
examination of the FcRn avidity to affinity relationship for
hIgGl Fc YTE allowed us to observe a pH-switch with
a transition point around pH 6.2, which SPR did not resolve.
Strong affinities from pH 5.8 to 6.2 show increased avidity
contribution (13x for pH 5.8), while weak affinities from pH
6.4 to 7.2 only show minor contribution to the avidity effect
(5% for pH 6.8). Notably, there is no measurable avidity con-
tribution at pH 7.4, and exclusively affinity was analyzed.
Particularly, the transitions of 2 to 1 to 2 (Figure 4) occur
more frequently at a pH value less than 6.2, leading to a strong,
observable avidity enhancement, while it is less pronounced
above pH 6.2. Comparing the avidity enhancement factor of
mAbl YTE (Kp arrinrry,yre/Kp,aviprry,yre = 11) and WT
(Kp,aremnrry,wt/Kp,aviprry,wr = 7) at pH 6.0 shows that Fc
YTE not only exhibits a higher affinity than Fc WT but also
a stronger contribution to the avidity effect. Furthermore, the
YTE variant shows a 22-fold stronger avidity compared to Fc
WT at pH 6.0 (Kp,aviprry,wt/Kp,aviprry,yre)-

Interpreting this finding in a physiological context implies
that during endosomal acidification, the YTE mutant binds to
FcRn much earlier than Fc WT due to its higher affinity and
avidity-driven FcRn complex stability. In the extracellular
space (pH 7.4), avidity is switched off, and a rapid antibody
release occurs. These properties are desirable for an antibody
Fc engineering with a superior recycling mechanism and an
extended serum half-life.

The outcome of our study confirms previous researc
where YTE displays a more pronounced pH-dependent binding
and exhibits a decelerated elution profile within a pH gradient
during FcRn affinity chromatography. This method allows func-
tional characterization of antibodies, where the packaging den-
sity of the FcRn column defines the degree of predominantly
avidly bound antibodies, and their retention time indicating
pharmacokinetic properties, but does not reveal kinetic rates.

In conclusion, our research demonstrates the importance of
understanding the pH-dependent FcRn-IgG recycling
mechanism and its implications for antibody engineering.
We highlighted the advanced capabilities of switchSENSE
technology for a detailed analysis of FcRn-IgG interactions,
offering quantitative insights into both affinity and avidity.
The technology has proven to be particularly adept at differ-
entiating these interactions across a spectrum of FcRn densi-
ties and pH levels, where SPR encounters limitations. Our
approach aligns with complementary methods, including the
HERA assay, reinforcing the robustness of our findings.
SwitchSENSE is a technology that bridges SPR, which provides
affinities, and FcRn chromatography to cellular assays like
HERA, deciphering complex kinetic interactions.

In future work, we intend to use our assay configuration and
binding model to elucidate the molecular interactions of various
antibody mutants and formats. Our objective is to employ
switchSENSE technology to dissect the kinetic interactions, par-
ticularly in terms of avidity, for novel antibody entities with
intricate designs, such as heterodimeric Fc modifications. This
will inform strategies for optimizing FcRn-mediated recycling of
these antibodies. The translational potential of our work lays the
groundwork for future in vivo investigations. Such studies are

h48,61,75

crucial for bridging the gap between our in vitro findings and
potential clinical applications.

Materials and methods
FcRn protein

The recombinant human FcRn protein was generated and
purified in-house (Roche) by transient transfection of HEK
Expi293F cells (Thermo Fisher Scientific). One plasmid was
used for the transfection reaction, which encoded for the
extracellular domain of human FcRn and human beta-
2-microglobluin (hf2 M) as single-chain protein. The
sequence of hp2M is encoded N terminally fused to the
hFcRn extracellular domain by a 4G4S linker. The acces-
sion number and aminoacid sequence are NP_001129491
(24-297) for hFcRn and NP_004039 (20-119) for human
hp2 M.

Antibodies

The recombinant human IgG1 antibodies were generated and
purified in-house (Roche) by transient transfection of HEK
Expi293F cells (Thermo Fisher Scientific). The formats were
produced by the expression of plasmids encoding for the light
and the heavy chain. Human IgGl Fc WT and Fc YTE
(M252Y, S254T, T256E) are tool antibodies that bind a target
that is non-relevant in vivo.

switchSENSE biosensor experiments

Real-time binding kinetic experiments were performed with
a switchSENSE DRX2 instrument (Dynamic Biosensors,
Germany) on a switchSENSE chip (MPC-96-2-G1R1-S,
Dynamic Biosensors, Germany) using the fluorescence proxi-
mity sensing (FPS) mode.”” The measurements were per-
formed at 25°C, applying a flowrate of 1000 uL/min and
using a running buffer of 10 mM Na2HPO4/NaH2PO4, 140
mM NaCl supplemented with 50 uM EDTA, 50 pM EGTA and
0.05% (v/v) Tween 20 (PE140 Buffer pH 5.8 to 7.4, Dynamic
Biosensors, Germany).

Binding kinetics - switchSENSE technology/switchSENSE
biochip

On a switchSENSE chip, ligand molecules are tethered to gold
microelectrodes via short DNA duplexes (96 bp, 32 nm), termed
nanolevers. In this work, a low, constant negative voltage of —100
mV was applied to repel the nanolevers from the microelectrodes.
This way, the nanolevers extend away from the surface, present-
ing the ligands to the flow of solution in the microfluidic channel,
and facilitate optimal accessibility by solute analyte (the electric
potential decays to sub-mV after several nm from the surface due
to jonic screening and thus hardly affects the molecules at the
nanolever top). The measurement mode is called fluorescence
proximity sensing (FPS) or Static Mode at constant voltage where
Vattrative = Vrepulsive =-0.1V.

One strand of the DNA nanolever duplex is covalently
connected to the surface via a gold-sulfur bond, while the



other strand is exchangeable and binds to the fixed strand
through DNA base pairing. For the detection of analyte and
ligand molecules, a dye molecule on a flexible linker protrudes
from the top end of the fixed strand. Acting as a probe on
a leash, the dye rapidly diffuses atop the nanolevers and
changes is fluorescence emission intensity when collisional or
static quenching occurs with ligand or analyte molecules that
are present in its proximity (FPS).

The single-photon counting unit of the DRX” analyzer
measures the fluorescence emission from a 0.01 mm® spot,
containing app. 10" nanolevers (depending on the adjusted
density) at a sampling rate of 1Hz (frequency setting
adjusted to 10 Hz for FcRn - IgG measurements). For the
preparation of low ligand densities, the switchControl soft-
ware (Dynamic Biosensors) was used by applying
a negative voltage (Viepuisive=—0.6 V) until an absolute
fluorescence value of 30 kcps was reached. The method is
previously described.”®

In a single-molecule picture, the association and dissocia-
tion of analyte and ligand molecules occur quasi-
instantaneously: at any given point in time, an individual
nanolever either has bound an analyte molecule, or not;
accordingly, the fluorescence emission of an individual nano-
lever either is fpouna (quenched) or is fumpouna (unquenched).
Considering the ensemble of all nanolevers on a detection spot,
the measured fluorescence intensity is
Fmeas(t) = nbound(t) 'fbound + nunbotmd(t) 'funhounda with I’I(t)
being the numbers of bound or unbound ligands at time t.
Hence, the sensor response Fyeqs(t) is directly proportional to
the number of bound molecules, i.e., the Fraction Bound.
Typical fluorescence count rates are of the order of 1 million
counts per second, but for straightforward comparison of dif-
ferent measurement series, fluorescence count rates are normal-
ized with respect to baselines that were recorded before the

E(t)

injection of analyte molecules, Fyop(t) = P

Further, refer-
ence data from blank runs without analyte molecules are sub-
tracted to compensate for potential signal drifts, e.g., caused by
fluorescence bleaching. Hence, signals are depicted as relative
fluorescence changes (Rel.Fluor.Change = Ff,%%le — F,Zeo";m) and
start at zero; for example, a signal change of —0.15 denotes
a quenching by 15% in the presence of analyte molecules.

When multivalent analytes are measured, there is a subtle,
yet noteworthy difference in the signal response of the FPS
mode used here versus conventional refractive index biosen-
sors like SPR or biolayer interferometry: the fluorescence
signal changes for every bond that is formed on the surface,
while an SPR signal change is caused by the mere presence of
analyte at the sensor surface, no matter if the analyte is
engaged via one or more binding sites. In FPS mode,
a bivalent binder counts twice, i.e., its FPS signal is 2 times
the signal generated when a single bond is formed. This
needs to be taken into account when analyzing relative signal
amplitudes (Equation (3) and (4)). For instance, if the signal
amplitudes of a biphasic dissociation fit describing affinity
and avidity-binding modes are equal in magnitude, it means
that two-thirds of the analytes are linked monovalently and
1/3 are linked bivalently.
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switchSENSE surface functionalization

Human FcRn molecules were immobilized on the surface of
a switchSENSE multi-purpose chip (MPC-96-2-G1R1-S,
Dynamic Biosensors). FcRn was covalently conjugated in-
vitro to the 5" ends of the exchangeable strand of the DNA
nanolever before the biosensing experiments, using an amine-
reactive protein-DNA conjugation kit (CK-NH2-1-B96,
Dynamic Biosensors). Conjugates were purified and a 1:1 con-
jugation stoichiometry was verified using a protein-DNA con-
jugate purifier (proFIRE®, Dynamic Biosensors). 200 pg of
FcRn were used for the reaction, which produced enough
FcRn-DNA conjugate to functionalize the sensor 100 times.
FcRn-DNA conjugate was aliquoted in amounts required for
10 sensor regenerations each and stored at —80°C until use.
This way, experiments on different days were all performed
with the same batch of samples from one coupling reaction,
and differing numbers of freeze-thaw cycles between experi-
ments were avoided.

During the automated functionalization procedure, 200
nM conjugate solution was pumped across the chip surface
for 6 min. Hybridization kinetics were monitored in real
time until saturation was achieved to ensure complete func-
tionalization of the sensor surface.”” Modifying the chip
surface by “zipping” protein-DNA conjugates onto it is
convenient because the sensor can be regenerated quickly
and repeatedly using the same standardized hybridization/
denaturation protocols. To wash off used protein, the sur-
face is exposed to basic NaOH solution (pH 13) for five
seconds during the automated wash procedure performed by
the DRX2 instrument. Double-stranded DNA denatures
immediately into two separate single strands: the conjugate
between FcRn and the exchangeable DNA strand is removed
by the flow, while the fixed strand remains on the sensor
unharmed and can be hybridized again with fresh conjugate
for subsequent use.

switchSENSE kinetic data analysis

We observed biphasic dissociation kinetics and thus used
a biexponential dissociation model to account for the two
binding modes, assuming a 2:1 stoichiometry, unless otherwise
stated. Processing the data (normalization, referencing, fitting)
was done with switchAnalysis (Dynamic Biosensors,
Germany) and Origin Pro 2015 (OriginLab Corp.,
Northhampton, USA)
Biphasic Dissociation

Signal(t) = Apas - exp{ —korr arrniry £} + Asow
. exp{*koﬂm VIDITY 1} (1)

Monophasic Dissociation
Signal(t) = A - exp{—korr - t} (2)

korr arriniry and kopp aviprry are the dissociation rate con-
stants of the fast affinity and slow avidity-binding modes,
respectively, and Ay and Agp,, are their amplitudes following.
The relative amplitudes (%) for a bivalent binder discriminat-
ing monovalent and bivalent binding are given by Equation 3
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and 4 for single (Apy) and double (Ag,,) bound state,
respectively.

Aﬂmt
_ 1"’11\«) * 100 (3)
2

Aslow
ASZ();,1/((%ﬁ> — <m> * 100 (4)
ast 2

Association phases were observed to be monophasic and fitted
with mono-exponential model
Association

Sigi’lﬂll(t) = A():\!<1 — L’Xp{*((, : k()‘\v + k()]:[:) : t}) (5)

Here,koy is the association rate constant and c is the injected
analyte concentration. The fitting procedure was as follows:
First, a bi-exponential least-squares fit was performed for all
measured dissociation curves, optimizing for common
kOFRAFFINITY and kOFF,AVIDITY values that best fit all datasets
simultaneously (global fit). The dissociation kinetics neither
depend on the analyte concentration used during the associa-
tion phase nor do they depend on the achieved saturation level
(fraction bound). Second, mono-exponential fits were per-
formed for all association curves measured at different analyte
concentrations, using the known ¢ and kopr value, and koy
values were determined that best fit the global dataset.
Sigmoidal 4PL Fit Model

a—d

y=d+——3
1+ (%)

(6)

The calculation of the transition point within the affinity dis-
sociation rates (koppapriniry) measured from pH 5.8 to 7.4
was performed applying a Four Parameter Logistic (4PL)
Regression. Here, a is the minimum value that can be
obtainedd, the maximum value that can be obtained, ¢ the
point of inflection, in our case the pH value and b is the
Hill’s slope of the curve.

SPR experiments

SPR measurements were performed on a Biacore T200 instru-
ment (GE Healthcare) at 25°C. The sensor chip used was a C1
chip. The running buffer was phosphate-buffered saline with
polysorbate 20 (PBS-P) at different pH levels (5.8, 6.0, 6.4,
6.8,7.4).

Neutravidin (20 pg/mL) was amine-coupled to flow cells 1-
4 of the C1 chip using standard amine coupling protocol at pH
4.5 for 200 s at a flow rate of 10 uL/min. Subsequently, bioti-
nylated single-chain human FcRn was captured on the
NeutrAvidin-coated surface in HBS-N buffer at pH 7.4. The
captured levels of FcRn were 10-12 RU on flow cell 2, 140 RU
on flow cell 3, and 110 RU on flow cell 4.

Five different concentrations of antibodies were prepared in
the running buffer. Each concentration was injected over the
FcRn-coated surface at a flow rate of 50 uL/min. The associa-
tion phase was monitored for 180 s, and the dissociation phase
was monitored for a time period independent of pH.

After each cycle, the surface was regenerated by injecting
PBS at pH 8.0 for 45 s at a flow rate of 20 uL/min, twice. This
ensured the complete removal of bound antibodies from the
previous cycle and the restoration of the original-binding
capacity of the FcRn-coated surface.

The binding kinetics were analyzed using the Biacore T200
evaluation software. The data were fitted to a 1:1 binding
model to determine the association and dissociation rate con-
stants (kox and kopp) and the equilibrium dissociation con-
stant (Kp). More complex models were also applied (Bivalent
Analyte and Heterogeneous Ligand Model)

Analytical hFcRn affinity chromatography

Affinity chromatography was conducted to assess the interac-
tion between human FcRn and antibody variants. The chro-
matographic analysis was performed on an AKTA Avant 25
chromatography system (GE Healthcare). The procedure was
based on established protocols as detailed in previous
studies.*®”

Antibody variants were prepared at a concentration of 1
mg/mL. A volume of 50 uL of each antibody variant was
loaded onto the chromatography column. The elution of
bound antibodies was achieved by establishing a linear pH
gradient. This gradient ranged from pH 6.0 to pH 8.8 over
a period of 110 min. The low pH buffer consisted of 20 mM
MES sodium salt and 140 mM NaCl, adjusted to pH 5.5.
Conversely, the high pH buffer was composed of 20 mM
Tris/HCl and 140 mM NaCl, with the pH adjusted to 8.8.
The buffers facilitated the dissociation of antibody variants
from the hFcRn ligand, allowing for the analysis of their
relative affinities based on their elution profiles.

Data acquisition and analysis were performed using the
system’s software and GraphPad Prism (Version 8.4.2), and
the resulting chromatograms were used to evaluate the binding
characteristics of the antibody variants to hFcRn.

Abbreviations

4PL Fit Four Parameter Logistic Fit
Fc Fragment crystallizable

HERA human endothelial cell-based recycling assay
hIgG1 human Immunoglobulin G isotype 1
hsc-FcRn  human single-chain neonatal Fc receptor
hp2 M human beta 2 microglobulin

Kp equilibrium dissociation constant

kopr dissociation rate constant

Kope P apparent dissociation rate constant
kon association rate constant

kon™PP apparent association rate constant
kon® observable association rate constant
mADb monoclonal antibody

MTL mass transport limitation

PK Pharmacokinetics

pKa value negative log base ten of the acid dissociation
constant (Ka)

scFv single-chain variable fragment

sec seconds



SPR surface plasmon resonance
tauorr time constant of dissociation
WT wildtype
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