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ABSTRACT

During the development process of therapeutic monoclonal antibodies (mAbs), it is crucial to control
(critical) quality attributes such as N-glycosylation influencing pharmacokinetics (PK) and Fc effector
functions. Previous reports have shown that mAbs containing high-mannose N-glycans are cleared faster
from blood circulation, leading to reduced half-lives. The high-mannose N-glycan content of mAbs can be
influenced during the cell culture process by factors such as cell lines, process conditions, and media.
Furthermore, mAbs have either one high mannose N-glycan (asymmetrical high-mannose glyco-pair) or
two high mannose N-glycans (symmetrical high-mannose glyco-pair). The hypothesis that the mannose
receptor (MR, CD206) accelerates clearance by facilitating their internalization and subsequent lysosomal
degradation is widespread. However, the interaction between MR and mAbs has not been explicitly
demonstrated. This study aimed to investigate this interaction, providing the first systematic demonstra-
tion of MR binding to the Fc region of mAbs with high-mannose N-glycans. Two novel analytical
methods, MR surface plasmon resonance and MR affinity chromatography, were developed and applied
to investigate the MR-mAb interaction. The interaction is found to be dependent on high-mannose
content, but is independent of the mAb format or sequence. However, different glyco-pairs exhibited
varying binding affinities to the MR, with the symmetrical high-mannose glyco-pair showing the stron-
gest binding properties. These findings strengthen the hypothesis for the MR-mediated mAb interaction
and contribute to a deeper understanding of the MR-mAb interaction, which could affect the criticality of
high-mannose containing mAbs development strategies of IgG-based molecules and improve their PK
profiles.
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Introduction o . .
binds in a calcium-dependent manner to specific carbohydrate

The pharmacokinetics (PK) of therapeutic monoclonal antibo-
dies (mAbs), such as the clearance rate and half-life, are crucial
for their efficacy as drug candidates and are influenced by
several factors. The neonatal Fc receptor (FcRn) is known to
regulate the serum half-life of mAbs, a process that is hardly
affected by the N-glycans of mAbs. However, other receptors,
such as the asialoglycoprotein receptor and the mannose recep-
tor (MR), can facilitate the clearance of mAbs dependent on
specific N-glycans." Early studies” indicated that administration
of yeast mannan slows down the clearance of IgG1-Lecl, a mAb
with high-mannose N-glycans. This suggests the involvement of
a mannose-specific lectin, i.e., the MR, in the clearance mechan-
ism. Furthermore the MR is involved in the faster clearance of
high-mannose-containing glycoproteins like ovalbumin, bovine
serum albumin (BSA), tissue plasminogen activator (TPA) or
a mannosylated antibody-enzyme fusion protein.”™°

The MR plays a crucial role as an endocytic and phagocytic
pattern recognition receptor in the immune system. The MR

structures, such as high-mannose, fucose or N-acetylglucosa-
mine N-glycans, on the surface of various pathogens and endo-
genous glycoproteins.”® This interaction facilitates the clearance
of these molecules from circulation and contributes to the
regulation of immune responses.” The MR is predominantly
expressed on the surface of macrophages (e.g., Kupffer cells),
dendritic cells, and certain endothelial cells. Structurally, the MR
is a type I transmembrane glycoprotein, and its extracellular
region is composed of a N-terminal cysteine-rich domain,
a fibronectin type II domain, and eight C-type lectin-like
domains (CTLDs). CTLD4, along with CTLD5, is primarily
responsible for binding to high-mannose structures on glyco-
proteins. Hence, these two domains are typically referred to as
carbohydrate recognition domains (CRDs) 4 and 5.*'°"'* The
homeostasis mechanism of endogenous glycoproteins reveals
that the MR has the ability to internalize glycoproteins.™”
Recent findings have shed light on the faster clearance of
therapeutic mAbs containing high-mannose N-glycans in
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different organisms. It has been observed that the relative level
decrease for high-mannose N-glycans is a function of circula-
tion time, while other complex N-glycans remain constant.
The recent PK data indicate an effect of the N-glycan and
not of the protein itself.>'>'® It is believed that glycosidases
in circulation convert high-mannose structures from M6-M9
into the smaller structure, M5."> Notably, this in vivo enzy-
matic conversion from M6-M9 to M5 results in a temporary
increase of M5 within the first hours after administration.
However, due to enzyme specificity, this mechanism does not
extend to M5, necessitating a separate explanation for its faster
clearance."'®'”** While the half-life of serum IgG is typically
mediated by FcRn, differences in FcRn binding could poten-
tially be the reason for the variance in clearance among
glycoforms.”' Nevertheless, the impact of post-translational
modifications is largely defined by oxidation of Met252 in
the Fc region of mAbs and the different glycoforms lead only
to minor differences in FcRn binding, which are unlikely to
translate into a PK difference in vivo.”>">> The findings corro-
borated the theory that a receptor possessing lectin-like char-
acteristics, like the MR, is necessary for the faster clearance of
high-mannose containing mAbs. A more plausible reason for
the preferential clearance of certain mAbs containing high-
mannose N-glycans could be the clearance process facilitated
by naturally present lectins on mammalian cell surfaces.
A hypothesis suggesting that the MR contributes to the faster
clearance of high-mannose-containing mAbs has been
proposed.>*7

MAbs, based on IgGl, are glycoproteins with one
N-glycosylation site at each heavy chain (Asn297 (EU number-
ing)), leading to a combination of two N-glycans, hereinafter
assigned to glyco-pair.”®*® There are three types of N-glycans:
complex, hybrid or high-mannose type structures.”
Recombinant mAbs produced in Chinese hamster ovary (CHO)
cells primarily contain complex N-glycans, in detail biantennary
fucosylated neutral glycans with varying levels of terminal galac-
tose, along with some high-mannose structures. High-mannose
N-glycans were recently reported to average between less than 1%
to 3%.>° However, the high-mannose content can be up to 25-
35% due to factors in the cell culture process, such as cell line,
process conditions and media compositions.”’>* Furthermore,
mAbs can include either one high-mannose N-glycan (asymme-
trical high-mannose glyco-pair) or two high-mannose N-glycans
(symmetrical high-mannose glyco-pair).**

This knowledge may help to explain the clearance mechan-
ism of therapeutic mAbs containing high-mannose N-glycans.
Based on it, the following hypothetical MR-mediated clearance
process could be proposed. With the binding of the mAbs to
the MR at the cell surface under physiological conditions (pH
7.4, in the presence of Ca®*), an MR-mAb complex is formed.
The complex is then internalized into the cell. In the cell
endosome, a pH-dependent conformational change of the
MR through acidification results in the disruption of the MR-
mAb interaction. The mAbs are finally degraded in the lyso-
some, while the MR is then recycled back to the cell
surface.”®**” The reason why the high-mannose containing
mAb is not immediately rescued in the endosome via the FcRn
salvage pathway, despite the co-expression of FcRn and MR in
a variety of cells, has not been investigated. This could

potentially be attributed to the presence of endogenous IgGs
in the late endosome, which are nonspecifically internalized
and compete with the therapeutic mAbs for binding to FcRn. If
the concentration of endogenous IgGs is sufficiently high, they
will be rescued first, likely leading to the degradation of the
high-mannose-containing mAbs. However, this hypothesis
cannot be explained by available data and is not the subject
of this study.

The binding mechanism of the MR to mAbs has not
been systematically shown, which could lead to potential
inaccuracies in critical quality attribute (CQA) assessments.
The aim of this study was to gain a deeper understanding
of the MR-mAD interaction to strengthen the hypothesis,
which will inform development strategies of IgG-based
molecules and contribute to the ongoing efforts to improve
their PK profiles. This study provides insights into the
interaction of therapeutic mAbs with the MR, as well as
factors influencing the interaction, such as high-mannose
N-glycan content, mAb design and format, and symmetri-
cal or asymmetrical high-mannose glyco-pairs. Novel ana-
lytical methods have been developed and applied, including
mannose receptor-surface plasmon resonance (MR-SPR)
analysis and mannose receptor-affinity chromatography
(MR-AC) to investigate the MR-mAD interaction.

Results
MAbs with different high-mannose content

In this study, the MR interaction with 11 mAbs, including differ-
ent IgG based formats such as IgG1 and IgG4, as well as bispecific
formats, was investigated. The starting material of these mAbs
(reference mAb) revealed a typical IgG N-glycosylation profile as
characterized by glycan map. The N-glycans were primarily com-
posed of A2GOF and A2GI1F, and 2-16% high-mannose
N-glycans, mainly M5, as exemplarily demonstrated for IgG1-A
(Figure 1a). In order to more sensitively examine the MR-mAb
interaction, two approaches were used to produce material with
a higher high-mannose content. First, material with enriched
high-mannose N-glycan content was prepared by Concanavalin
A (ConA) chromatography. ConA chromatography is a type of
lectin affinity chromatography that selectively binds to alpha-
mannose moieties.”® In a second approach to produce material
with predominantly high-mannose N-glycans, specifically M5-
M9, kifunensine, a mannosidase inhibitor, was used in the cell
culture process.”>* The high-mannose content of all materials
was quantified by glycan map. The glycan map profiles compar-
ing the reference mAb with the respective ConA product pool
and the material expressed with kifunensine, are presented using
IgG1-A as an example (Figure lab,c). As a result, the ConA
product pool of the 11 mAbs was enriched in high-mannose
N-glycans to a range of 35-56% and the kifunensine material
contained 87-96% high-mannose N-glycans. Along the observed
enrichment of high-mannose N-glycans in the ConA product
pool, there was an increase in truncated, mono-antennary com-
plex N-glycans, indicating preferred pairing with high-mannose
N-glycans. The relevant N-glycan structures are presented in
Figure S1.
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Figure 1. Overview of the glycan map chromatograms of the material with different high-mannose content. The reference mAb (a), which was also enriched in high-
mannose content by ConA chromatography (b) and expressed with kifunensine (c) is shown exemplified for IgG1-A. The main N-glycan structures are annotated to

their respective peaks.

Analytical methods to investigate MR - mAb interaction

Two distinct orthogonal methods were developed to investi-
gate the interaction between the MR and mAbs: MR-SPR
analysis with the full-length extracellular domain of MR
immobilized on the sensor chip and MR-AC, which uses the
full-length extracellular domain of MR coupled to the resin.
The MR was produced in transiently transfected HEK-F cells
and was subsequently purified to 295% monomer. RNAse B,
a high-mannose glycoprotein with a single N-glycosylation
site*” containing mainly M5 and M6 N-glycans (Table S1),
was used to set up the methods.

Given that MR interacts with other glycoproteins in a Ca**-
dependent manner under physiological pH of 7.4,>*” RNAse
B binding to MR was explored whether it is influenced by pH
and Ca**. For MR-SPR analysis, the association and dissocia-
tion of the RNase B was measured. RNase B binds to MR under
physiological pH of 7.4 in presence of Ca**, but did not bind
under physiological conditions in absence of Ca** and at acidic
environment (pH 5.0) in presence of Ca®" mimicking endoso-
mal conditions (Figure S2a). For MR-AC, the binding condi-
tions were evaluated in different steps using RNAse B. The
binding of mAbs to the MR was achieved under physiological-
like conditions, requiring pH 7.4 with Ca®*, whereas binding
conditions at pH 7.4 without Ca*" or at pH 5.0 with Ca*"
showed no interaction. In the following steps, the chromato-
graphic elution conditions were optimized by testing both
a pH gradient and an ethylenediaminetetraacetic acid
(EDTA) gradient. It has been reported that the acidification
and the lower concentration of Ca®" in the endosomes are
essential for the ligand-receptor dissociation.”> While the pH
gradient did not lead to an elution peak of RNAse B, the EDTA

gradient achieved the desired elution peak. The injection of
RNAse B onto the column revealed a single peak at 14.0 min
retention time and 20.7% elution buffer B corresponding to
~4.1 mM EDTA (Figure S2b). Furthermore, the specificity of
the column was tested using BSA. The injection of BSA onto
the column revealed a flow-through peak at 1.9 min (0%B)
(Figure S2c).

Binding of MR to IgGs dependent on high-mannose
N-glycans and regardless of mAb format or sequence

To investigate if mAbs bind to the MR and the interaction is
dependent on high-mannose N-glycans, IgG1-A and IgG4
with varying high-mannose content were analyzed using MR-
SPR. 1gG1-A comprised between 14% and 87% high-mannose
content and IgG4 contained between 2% and 96% high-
mannose content. Deglycosylated mAbs were used as controls.
For deglycosylation, IgG1-A and IgG4 were treated with Endo
S, which removed all N-glycans with or without core fucosyla-
tion, except for the initial N-acetylglucosamine residue. This
complete deglycosylation of the mAbs was confirmed by
reverse phase chromatography (RPC) - mass spectrometry (
MS) and hydrophilic interaction liquid chromatography
(HILIC) (Figure S3). The MR-SPR analysis showed an
enhanced response signal with higher high-mannose content
for both mAbs. No binding of EndoS treated IgG1-A and 1gG4
was detected (Figure 2a,b).

To examine if M9 to M6 N-glycans exhibit a different
binding response than M5 N-glycans, the 1gG1-A with 87%
M9 to M5 N-glycans were digested with a-1,2-mannosidase to
obtain 1gG1-A with primarily M5 N-glycans. The digestion
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Figure 2. Interaction of IgG1-A (a,c) and IgG4 (b,d) with the MR analyzed by MR-SPR. Different high-mannose variants of each mAb are compared to the Endo S treated

control, reflecting a deglycosylated mAb..

was monitored by intact RPC-MS (Figure S4a). The MR-SPR
results showed high similarity in association and complex
dissociation between IgG1-A with M5 and IgG1-A with M9
to M5 (Figure S4b).

To examine the impact of other factors than high-mannose
content on MR binding, such as mAb format or sequence,
characterization of the binding between the MR and RNase
B or six mAbs was conducted using MR-SPR analysis. These
reference mAbs, which vary in their sequences and formats,
included IgG1 and bispecific formats known as ZweimAb (two
chain knob-into-hole construct) or DoppelmAb (IgG1-scEv),
which have been previously described*' and are schematically
illustrated in Figure 3c. The sequence and structure of the
IgG1l-based Fcs, especially the carbohydrate-containing Cy2
domain, is identical among the tested molecules except for
substitutions for the knob-into-hole construct or effector func-
tion silencing substitutions.

Varying concentrations of RNAse B and the mAbs were
injected onto the SPR sensor chip surface and binding
responses were recorded and analyzed. Figure S5 shows the
representative datasets obtained from the analysis of MR-

RNAse B and MR-mAb interactions with steady state affinity
analyses. From the data set, apparent binding affinity constants
(Kp) were obtained. K, values were all in the single-digit uM
range (2.7-6.3 uM), demonstrating that all constructs bind
with similar affinity via their N-glycans to the MR independent
of their differences in format or sequence. Only RNAse B
showed a slightly different binding behavior (KD =1.3 uM)
(Table 1).

MR-SPR analysis was chosen to provide overall kinetic or
binding data of the MR-mAD interaction. MR-AC was applied
as a low-pressure functional chromatography orthogonal to
MR-SPR to further characterize the MR-mAb interaction and
reflect or resolve mAb heterogeneity regarding the various
N-glycan structures. The MR-AC method was set up in a bind-
elute mode that separated mAb variants due to different bind-
ings affinities in the flow-through peak or/and elution peak.
Optional fractionation and secondary analysis facilitated the
identification of the variants. Investigations were conducted to
compare the results of MR-SPR by MR-AC analysis of IgG1-A
and 1gG4 high-mannose and deglycosylated variants. The ana-
lysis by MR-AC was evaluated by determining the elution peak

Table 1. Measured Ky, values of MR interaction for different mAbs and RNAse B by MR-SPR. Data are shown as mean of 4-fold measurement for RNAse B and duplicate

measurement for mAbs. The mean Kp value of all six mAbs was calculated.

Molecule RNAse B 1gG1-A 1gG1-B 19G1-C

ZweimAb-A ZweimAb-B DoppelmAb-B Mean mAbs

Ko [¥107° M] 13 41 5.4 45

3.7 2.7 6.3 45+13
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Figure 3. MR-AC analysis of mAbs differing in their sequence and format. The chromatograms of the reference mAbs (a) and the ConA product pools (b) of 11 different
mAbs are overlayed. The schematic illustration of the different formats is shown (c). The elution peak areas of the MR-AC analysis are correlated with the respective

high-mannose content of the mAbs (d).

area reflecting MR binding. For both mAbs, the elution peak
area increased with increasing high-mannose content, and all
mAbs eluted with the same retention time at 13.8 min. An
increase in high-mannose content led to a decrease in the flow-
through peak area. Additionally, an increase in high-mannose
content resulted in more noticeable asymmetry of the flow-
through peak due to tailing suggesting a slight MR interaction.
Endo S treated 1gG1 A and 1gG4 eluted in the flow-through
demonstrating no observable MR binding (Figure 2c,d).
A panel of 11 mAbs was screened to compare the elution
peak area obtained from the MR-AC with the high-mannose
content as determined by glycan map. This was done for both
the reference mAbs and the ConA product pools (Figure 3a,b).
The elution peaks of all mAbs exhibited identical retention
times, with differences only in elution peak area. The flow-
through peak, however, displayed differences in peak shape,
with more pronounced tailing observed for the ConA product
pools. The results demonstrated a linear correlation between
the elution peak area of the MR-AC and the high-mannose
content of the glycan map (Figure 3d). Overall, this indicates
that the high-mannose N-glycan of the Fc primarily contri-
butes to the MR binding.

Avidity effect for symmetrical high-mannose glyco-pair of
mAbs with MR

Due to the pronounced peak tailing of the flow-through peak
in the MR-AC, indicating a slight interaction additionally to
the stronger interaction of the elution peak, fractionation and
extended characterization of the peaks was performed. The
peak tailing was more distinct for the high-mannose enriched
mADbs obtained from the ConA product pool. Consequently,
the peaks of the ConA product pools of three different mAbs
(IgG1-A, IgGl-C, and ZweimAb-A) were fractionated. The
flow-through peak was fractionated divided into three frac-
tions (F1 “start”, F2 “middle”, F3 “end”) to isolate the peak
tailing (F3), as well as the elution peak (F4) was fractionated
(Figure 4a). Subsequently, the fractions were analyzed for
intact mass using RPC-MS, showing that only symmetrical
high-mannose glyco-pairs (M5/M5) were present in the elu-
tion peak (Figure S6). To further characterize the differences
between symmetrical and asymmetrical high-mannose glyco-
pairs, the fractions were digested with Endo F3. This enzyme
cleaves all complex N-glycans, with core fucosylation, after the
initial N-acetylglucosamine as described previously.** Since
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the mAbs mainly contain M5 high-mannose N-glycans, this complex fucosylated N-glycans, 2) mAb with one high-
digestion results in three different mAb glyco-pairs repre- mannose N-glycan, and 3) mAb with two high-mannose
sented by three peaks in the intact mass spectra: 1) mAb with  N-glycans. Non-fucosylated N-glycans that are not cleaved
no mannose N-glycans due to prior glycosylation with only by Endo F3 were not considered in the data analysis because



their abundance was marginal in all mAbs of this study. The
Endo F3-digested samples were analyzed by RPC-MS, and the
percentage intensity of each signal in the mass spectrum was
determined relative to the other two signals, leading to the
distribution of the three mAb glyco-pairs within one fraction
(Figures 4b-d and S7). In this case, the elution peak (F4)
contained the symmetrical high-mannose glyco-pairs for all
three analyzed mAbs. By comparing the three fractions of the
flow-through peak, an enrichment of the asymmetrical high-
mannose glyco-pair from F1 to F3 toward the peak tailing was
detected. Thus, the MR affinity column differentiates between
the binding of different high-mannose glyco-pairs to the MR.
The symmetrical high-mannose glyco-pair demonstrated the
strongest MR binding, while the asymmetrical high-mannose
glyco-pair showed the lowest. Characterization of the peak
tailing (F3) and elution peak (F4) fractions by MR-SPR
(Figure 4e-g) revealed a clear distinction between these frac-
tions in the response signal height, showing a higher signal for
F4 containing symmetrical high-mannose glyco-pair com-
pared to F3 containing asymmetrical high-mannose glyco-
pair, confirming the MR-AC results.

The ConA product pools of the mAbs leading to enriched
high-mannose content were used to enhance the sensitivity of
both the MR interaction and the intact mass spectra. The
fractionation and characterization considering the glycan-
pairing workflow was also applied to the reference mAb directly,
exemplified by IgG1-A, to ensure that no bias was introduced
from the ConA enrichment. The same different binding proper-
ties to the MR of the symmetrical and asymmetrical high-
mannose glyco-pairs were determined (Figure S10). Thus, the
observed effect is not attributable to the enriched high-mannose
material leading to limited binding capacity of the column.

Due to the different MR binding affinity of the symmetrical
and asymmetrical high-mannose glyco-pair, the elution peak
area correlation was adapted to the Endo F3 symmetrical high-
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mannose glyco-pair percentage (Figure 5a). This adjustment
still reveals a linear relationship between the elution peak area
and the percentage of the symmetrical high-mannose glyco-
pair. Additionally, the degree of flow-through peak tailing was
measured by determining the asymmetry at 30% peak height
where the tailing was most prominent. This was then corre-
lated with the percentage of Endo F3 asymmetrical high-
mannose glyco-pair (Figure 5b). The results indicate that
a higher degree of peak tailing, reflected in increased asymme-
try, corresponds to a higher percentage of the asymmetrical
high-mannose glyco-pair.

To investigate whether the flow-through peak tailing occurs
due to high-mannose N-glycan of the asymmetrical glyco-pair
or if there is a contribution of the complex N-glycan, IgG1-A
was treated with Endo H. This enzyme specifically cleaves all
high-mannose N-glycans, but no complex N-glycans.** The
cleavage was monitored using RPC-MS. The digested and
undigested IgG1-A was analyzed by MR-SPR and MR-AC
and involved the reference mAb and the ConA product pool
(Figure S8). Upon comparing the results with the undigested
material, the flow-through peak tailing and the elution peak
were not determined for the Endo H-treated mAb. The
digested mAb eluted in a flow-through peak, indicating no
MR binding. Additionally, the MR-SPR sensorgrams showed
a response signal for the undigested mAb, but none for the
digested mAb.

Evaluation of the asymmetrical high-mannose glyco-pair
of mAbs

As already observed in the intact mass spectra and after the
Endo F3 digestion, mainly the asymmetrical high-mannose
glyco-pairs of the mAbs were detected in the flow-through
peak tailing (F3). To evaluate and relatively quantify these
asymmetrical high-mannose glyco-pairs, an Endo H digestion
of the fractions 1-4 for three different mAbs (IgG1-A, IgG1-C,
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Figure 5. Correlations of the mAb screening by MR-AC. The elution peak area was correlated with the respective symmetrical high-mannose glyco-pair percentage (a).
The asymmetry at the flow-through peak height of 30% was correlated with the respective asymmetrical high-mannose glyco-pair percentage (b). The percentage of
the symmetrical or asymmetrical high-mannose glycol-pair of each mAb was determined by RPC-MS after Endo F3 digestion.
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Figure 6. Determination of the complex N-glycan of the asymmetrical high-mannose glyco-pair and their distribution in the fractions of MR-AC analysis by RPC-MS after
Endo H digestion. IlgG1-A: data are presented as the average of two MR-AC columns, IgG1-C and ZweimAb-a: data are presented as the average of one MR-AC column,

n.d. means not detected.

and ZweimAb-A) were performed and analyzed by RPC-MS.
Endo H cleaves all high-mannose N-glycans after the initial
N-acetylglucosamine, resulting in three distinct peak groups in
the intact mass spectra: 1) the mADb peak of cleaved symmetrical
high-mannose glyco-pairs, 2) the peak group with one cleaved
high-mannose N-glycan, reflecting the asymmetrical high-
mannose glyco-pair and 3) the peak group with two complex
N-glycans containing mAbs. The second peak group facilitates
the identification of the complex N-glycan of the asymmetrical
glyco-pair. The intact mass spectra of the asymmetrical glyco-
pair exhibited differences between the fractions of the flow-
through peak (F1-3) of each mAb. The asymmetrical glyco-
pair was not detected in the elution peak (F4) (Figure S9). To
quantify these differences, the percentage intensity of each sig-
nal was calculated relative to the other signals in the mass
spectrum for each mAb (Figure 6). For all three mAbs, the
asymmetrical glyco-pair distribution at the “start” and “middle”
of the flow-through peak (F1 and F2) was similar, but changed
in F3, the flow-through peak tailing. In F3, the main asymme-
trical glyco-pairs are the truncated, mono-antennary complex
N-glycans lacking one N-acetylglucosamine, e.g., A1G0 and
A1GOF, although the most common complex N-glycan is
A2GOF (Figure 1).

Discussion

The MR is suggested to be responsible for the faster clearance rate
of mAbs containing high-mannose N-glycans.>">""7 To
strengthen the hypothesis of the MR-mediated clearance mechan-
ism, two methods were developed and applied to characterize the
MR-mAb interaction: MR-SPR and MR-AC.

The MR-SPR method used physiological-like conditions. The
method is similar to one reported previously.* Unlike Zhou et al.,
who used only the CRD4-7 domains, both methods presented
here use the full-length MR extracellular domain, allowing a more
natural construct. The orthogonal method MR-AC enabled use of
the full-length extracellular domain of the MR in the native state
by mimicking the physiological conditions for binding. The bind/
elute mode allowed quantification of the resolved peaks by their
respective peak area or characterization by other peak features like
asymmetry. Both methods were able to demonstrate the MR
interaction with mAbs containing high-mannose N-glycans.

This was shown by an increased response signal of MR-SPR or
elevated elution peak area of MR-AC compared to the Endo
S-treated mAD, representing a deglycosylated mAb. The interac-
tion of the MR with mAb material expressed with kifunensine,
which leads to high mannose N-glycans ranging from M5-M9,
was previously shown using MR-SPR.*

An increase in the high-mannose content of mAbs corre-
sponds to an elevation in the elution peak areas or response
signals, indicating a dependency of the MR-mAb interaction
on high-mannose N-glycans. The linear correlation between
the high-mannose content of different mAbs and the elution
peak area of MR-AC suggests that the MR directly interacts
with the high-mannose N-glycans. Additionally, the MR-mADb
interaction is not influenced by the length of the high-
mannose N-glycan structure (M5-M9), as previously shown
also for other molecules such as glucocerebrosidase.*

The CRDs of the MR have affinity to terminal mannose,
fucose, N-acetylglucosamine and slightly to galactose.” Despite
this, the linear correlation between high-mannose content and
elution peak area suggests that there is no interaction with other
complex N-glycans containing terminal N-acetylglucosamine or
galactose of mAbs. This is further supported by the analysis of
Endo Htreated samples, which cleaves high-mannose
N-glycans, resulting in a mAb primarily composed of complex
N-glycans. Compared to untreated samples, these treated sam-
ples exhibited no MR interaction neither in MR-AC nor MR-
SPR. However, the reported affinity in literature could be attrib-
uted to glycoproteins with surface-exposed N-glycans. The mAb
Fcs can have two different conformations: the open conforma-
tion and the compact conformation. Thus, the high-mannose
N-glycans may exhibit a more open conformation enabling MR
interaction than complex N-glycans. Similar effects are shown
for the Fcy receptors.***

To further confirm the binding of mAbs containing high-
mannose N-glycans, the flow-through peak divided into three
parts due to an asymmetrical peak shape and the elution peak
of the MR-AC analysis were fractionated and characterized
considering the glycan-pairing. The results revealed the bind-
ing of the symmetrical high-mannose glyco-pair to the MR
and the asymmetrical glycoform was detected in the flow-
through peak tailing, indicating a slight interaction with the
MR. The study suggested an avidity effect. In current



glycoform-resolved PK studies the glycan pairing is neglected
due to analysis of the released N-glycans by glycan map or on
a peptide level.">'®** However, based on this MR-interaction
study, the different binding affinity of the asymmetrical and
symmetrical high-mannose glyco-pair to the MR could result
in different clearance rates for each glyco-pair. Likely, only the
symmetrical high-mannose glyco-pair of mAbs will be cleared
faster compared to the asymmetrical high-mannose glyco-pair
of mAbs or complex N-glycan containing mAbs. There can,
however, be variations, as the PK study reported by Goetze
et al. lead to the assumption that a single M5 N-glycan per
mAb is sufficient to increase clearance mediated by the MR.'®
Another PK study reported recently, implies that the clearance
rates in humans for mAbs containing high-mannose are com-
parable, irrespective of the asymmetrical or symmetrical
pairing.”* Herein the detected slight interaction of the asym-
metrical glyco-pair may indeed be sufficient for MR binding,
but further investigation is needed. Currently, the application
of MR-AC is designed solely for the purpose of thorough
characterization and not for PK prediction. The dimensions
of the MR-AC column are not optimal for the separation of the
asymmetrical glyco-pair. It could be possible that, with
a longer column and lower flow rate, the resolution will be
increased and the peak tailing could be resolved into a separate
peak. The potential differences in the clearances rates due to
the avidity effect of the symmetrical high-mannose glyco-pair
to MR need to be proven in a glyco-pair-resolved PK study. If
the avidity effect of the symmetrical high-mannose glyco-pair
is shown in vivo, an adjustment of the criticality with respect to
PK of high-mannose N-glycans in CQA assessments will be
necessary. This will affect the analytical strategy of N-glycans,
which is currently based on glycan maps, but usually does not
encompass the glycan-pairing.

Furthermore, this avidity effect is suggested to be specific to
mAbs. The control molecule RNAse B binds to the MR, which
has one N-glycosylation site” with mainly M5 and M6 N-glycans.
Other examples are TPA and ovalbumin. TPA has various
N-glycosylation sites, including one with high-mannose
N-glycans, and ovalbumin has one N-glycosylation site with high-
mannose N-glycans. It has been demonstrated that TPA and
ovalbumin can bind to the MR, resulting in faster clearance.”®
The control molecule RNAse B further showed differences in the
binding affinities compared to mAbs. This is probably due to
different surface exposure of the high-mannose glycans of various
glycoproteins leading to different MR accessibility.

Using MR-SPR, the binding affinities of various mAb for-
mats or sequence variants in the Fc-region, such as the
ZweimAb knob-into-hole structure, were compared, but no
effects were noticeable. The highly conserved Cy2 domain
contributes to the similar apparent binding affinities in the
single-digit uM range. Differentiating and comparing the
binding affinities using a mixture of molecules with varying
asymmetrical and symmetrical high-mannose mAb content is
challenging. To observe differences in the apparent binding
affinities, it may be necessary to normalize on the symmetrical
high-mannose mAb content rather than solely on high-
mannose content or protein concentration.

The slight MR interaction of the asymmetrical high-
mannose glyco-pair in the flow-through peak tailing
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prompted further investigation. Despite their low abun-
dance, M5 was primarily paired with truncated or monoan-
tennary N-glycans lacking N-acetylglucosamine. This is
contrary to expectations, as A2GOF, due to its prevalence
in mAbs, is typically anticipated to be the predominant
pairing partner. Falck et al. recently reported two recent
PK studies that showed high-mannose and truncated mono-
antennary N-glycans clear more rapidly than complex
N-glycans, but high-mannose N-glycans displayed the fastest
clearance.'*'” The effect of the faster clearance of truncated
N-glycans is likely not increased by the removal of
the second N-acetylglucosamine. This could indicate that
exposed core mannoses do not strongly increase clearance
compared to outer arm mannoses. Furthermore, the pairing
of M5 primarily with monoantennary complex N-glycans
and its slight interaction with the MR could account for
the increased clearance for different monoantennary com-
plex N-glycans observed by Falck et al. The flow-through
peak tailing suggests that monoantennary complex
N-glycans contribute minimally, if at all, to the MR binding.
This tailing disappears after the high-mannose N-glycans are
cleaved by Endo H, likely due to a minor interaction of the
M5 pairing partner with the MR rather than the affinity
from the core mannoses or the N-acetylglucosamine to the
MR. Furthermore, recent PK profiles showing the N-glycan
distribution over time after administration exhibit a biphasic
PK profile for M5 N-glycans meaning the clearance rate
varies over time.'>'” The M5 N-glycans decrease and then
a plateau tends to set up. Higel et al. previously reported the
incomplete removal of the M5 N-glycans from circulation
indicating different mechanisms for different glyco-pairs.'”
This could be correlated to possible different clearance rates
of asymmetrical or symmetrical high-mannose glyco-pairs
showing different MR binding affinities. The strong align-
ment between MR-mAb interactions and the recent PK
studies reinforces the hypothesis of the MR role in the
clearance mechanism of mAbs with high-mannose or mono-
antennary N-glycans.

In conclusion, this study systematically demonstrated the MR-
mAb interaction by applying two novel methods, MR-SPR and
MR-AC. The findings enhance the understanding of the MR-
mADb interaction and reinforce the theory of MR-mediated clear-
ance mechanism. The data indicate that the interaction of MR
with the Fc region of mAbs is dependent on high-mannose type
N-glycan presence, but not on the length of the high-mannose
structure (M5-M9). No interaction was observed with other com-
plex N-glycans that contain terminal N-acetylglucosamine or
galactose. Furthermore, the interaction is not influenced by the
sequence and mAb format, including IgG1 and IgG4, and bispe-
cific formats with substitutions for the knob-into-hole construct
and/or effector function silencing. A key finding was the stronger
binding of the symmetrical high-mannose glyco-pair to the MR
compared to the asymmetrical high-mannose glyco-pair, suggest-
ing an avidity effect that could result in differing clearance rates
for each glyco-pair, which has also been seen in published PK
studies. Further investigations such as glyco-pair resolved PK
studies are needed. This study could serve as a valuable guide
for potential cell-based and in vivo PK studies. The study also
revealed that M5 was primarily paired with monoantennary
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N-glycans, indicating that exposed core mannoses do not strongly
interact with MR compared to outer arms mannose residues and
the pairing with high-mannose N-glycans could explain the faster
clearance of these monoantennary N-glycans.

In summary, the presented data are in good agreement with
previously published N-glycan PK data and supports the
hypothesis of the MR being responsible for the increased clear-
ance of glycoproteins containing high-mannose type N-glycans.

Material and methods
Proteins

RNAse B was purchased from New England Biolabs. BSA was
from Merck. The different mAbs were produced by mamma-
lian cell culture technology using a CHO cell line and after-
wards purified and formulated. The mAbs are either IgG1 / 4
or formatted as ZweimAb or DoppelmAb as described
previously.*!

Preparation of mAbs with different high-mannose content

MADbs enriched in high-mannose content were achieved by
ConA chromatography. A 5mL HiTrap™ ConA 4B column
(Cytiva) was used on a Akta™ go system (Cytiva) at room
temperature, following the manufacturer’s protocol. Data
acquisition and instrument control were performed by
Unicorn (version 7.5., Cytiva). The column was loaded with
10 mg mAD and eluted by 0.2 M methyl-a-D-glucopyranoside.
A flow rate of 5mL/min was used except for binding and
elution, which was performed at 1 mL/min. The product pool
was collected, concentrated and analyzed by glycan map and
RPC-MS.

Kifunensine, a mannosidase inhibitor, was used in cell
culture as previously described,”®** to generate mAbs with
mainly high-mannose N-glycans. An inhibitor concentration
of 100 ng/mL was used. The material was purified by Protein
A chromatography and formulated, and subsequently analyzed
by glycan map and RPC-MS.

Enzyme digestions

Three different enzymes from New England Biolabs were
used to change the N-glycan compositions of the mAbs.
For 100ug mAb 4uL of Endo S were used in 1X
GlycoBuffer 1 with a final volume of 20 uL. After incuba-
tion of 1h at 37°C, the reaction was controlled by RPC-MS
and HILIC.

For 10 ug mAb 1 pL Endo F3 were used in 1X GlycoBuffer 4
in a final volume of 20 pL. For 10 pg mAb, 5 uL Endo H were
used in 1X GlycoBuffer 3 in a final volume of 20 pL. Endo F3
and Endo H digestions were incubated overnight at 37°C and
controlled by RPC-MS.

For 100pg mAb, 16uL of a-1,2-mannosidase from
Aspergillus saitoi (25 mU/mL, Agilent Technologies) were
used in 100 mM sodium acetate, 0.5 mM CaCl,, pH 5.0 with
a final volume of 30 pL. After incubation for >72 h at 37°C, the
digestion was controlled by RPC-MS, as previously
described.”

Characterization of samples and fractions

Glycan map: determination of 2-AA labeled N-glycans
composition by RPC

After buffer exchange to 1X phosphate-buffered saline (PBS)
of 50 pg sample, 1.5 pL Rapid PNGase F were added to release
the N-glycans of the mAbs followed by incubation for 30 min
at 50°C. Subsequently, 40 pL of labeling solution (0.73 M 2-AA
(2-anthranilic acid), 0.75 M 2-methypyridine borane complex
in 85:15 ethanol:acid mixture) was added. Labeling of
N-glycans was carried out for 2 h at 65°C. In order to remove
the reaction mixture, the solution was evaporated until com-
pletely dry using a vacuum concentrator. N-glycans were
reconstituted with 40 uL water. For purification of the
N-glycans from excess label and by-products of the reductive
amination, 35 pL were diluted with 400 uL acetonitrile and
loaded onto PhyTip® HILIC columns. Previously, the
PhyTips® HILIC columns were pre-conditioned with water
and acetonitrile. After three washing steps with 96% (v/v)
acetonitrile containing 2% (v/v) formic acid, the N-glycans
were eluted with two times 100 uL water. The purified
N-glycan solution was heated for an additional 30 min at
50°C to remove any remaining acetonitrile.

N-glycans were separated using RPC as previously
described.*® The chromatographic separation was performed
on Zorbax RRHD Bonus-RP column (2.1 x 150 mm, 1.8 um,
80 A, Agilent) using a 1290 Infinity II UHPLC system
(Agilent). RPC was operated at a flow rate of 0.250 mL/min
and a column temperature of 70°C. The mobile phases con-
sisted of water with 0.5% acetic acid and 0.5% formic acid (A)
and of water with 20% acetonitrile, 5% 1-propanol, 5% 1-buta-
nol, 0.5% acetic acid, and 0.5% formic acid (B). The following
linear gradient was applied 0.00:2, 33.00:35, 48.00:95, 53.00:95,
54.00:2, 59.00:2 (time in min:percentage of mobile phase B).
Fluorescence detection of 2-AA-labeled N-glycans was carried
out with an excitation wavelength of 350 nm and emission
wavelength of 440 nm.

Intact mass analysis of mAbs by RPC-MS

A BioAccord LC-MS system (Waters) consisting of an
ACQUITY UPLC I-Class PLUS system and an electrospray
ionization - time of flight (ESI-Tof)-based ACQUITY RDa
detector was used and controlled by UNIFI Scientific
Information Software (Waters). The MS data were collected
in positive ionization mode. RPC was performed on
a BioResolve Reverse Phase mAb Polyphenyl Column (450
A, 2.7uM, 2.1 x 50 mm, Waters) equilibrated at 80°C and
operated at a flow rate of 0.25 mL/min. Mobile phase A was
0.1% formic acid in water and mobile phase B was 0.09%
formic acid in 2-propanol. 2 ug sample were injected and
analyzed with the following gradient: 0.00:15, 1.00:15,
9.00:35, 9.20:95, 10.20:95, 10.40:15, 13.00:15 (time in min:per-
centage of mobile phase B). Elution was monitored at 214 nm.
In full scan mode, MS data were acquired within a mass range
of 400-7000 m/z at positive polarity, employing a 2 Hz scan
rate, 140 V cone voltage, and standard lockmass correction
mode. The capillary voltage was adjusted to 1.5 kV, the deso-
Ivation temperature was set to 550°C. Data analysis was



conducted using the UNIFI Scientific Information System,
which used the MaxEnt1 deconvolution algorithm.

HILIC for deglycosylation efficiency

For sample preparation, a denaturation buffer consisting of
6.0 M guanidine-HCI, 50 mM Tris-HCI and 5mM EDTA, as
well as a 5mg/mL Tris(2-carboxyethyl)phosphine (TCEP)
solution in 1X PBS was prepared. After buffer exchange of
the samples to 1X PBS, 100 ug of deglycosylated mAb and of
the control mAb were denatured by addition of the denaturing
buffer at 12.5 pL per 100 uL sample. The sample was incubated
for 15 min at 70°C and 1300 rpm.

For the analysis, 0.5 pL of the sample were injected onto the
Waters ACQUITY UPLC Glycoprotein (2.1 x 150 mm,
1.7 um, 300 A) column. The chromatographic separation was
performed on a 1290 Infinity II UHPLC system (Agilent).
HILIC was operated at a flow rate of 0.450 mL/min and
a temperature of 80°C. The mobile phases consisted of water
with 0.1% trifluoroacetic acid (A) and acetonitrile with 0.1%
trifluoroacetic acid (B). The following linear gradient was
applied 0.00:85, 0.20:72, 10.20:64, 11.00:10, 20.00:10, 21.00:85,
25.00:85 (time in min:percentage of mobile phase B). Elution
was monitored at 214 nm.

Cloning, expression and purification of human MR

The full extracellular domain of the human MR C-type 1 with
a C-terminal histidine tag and Biotin AviTag was cloned into
an expression vector. The MR was transiently expressed in
HEK-F cells. Just prior to transfection, HEK-F cells were
transferred with a cell density of 2.0 x 10° cells/mL and > 99%
cell viability into three 5 L shake flasks containing 2.2 L of Free
Style F17 medium (Invitrogen) with 6 mM L-glutamine and
0.1% Pluronic F68 in each flask. HEK-F cells were transfected
using polyethylenimine-mediated transfection method. Cells
were incubated at 37°C with 5% CO, and 110 rpm after
transfection. Twenty-four-hour post transfection, 2% Cytiva
Cell boost™, 0.02% Cytiva Cell boost™ 7b and 2 g/L glucose
were added. Fourty-eight-hour post transfection, 3 mM
Valproic acid was added and the temperature was shifted
from 37°C to 33°C. One hundred and twenty-hour post trans-
fection 1% Cytiva Cell boost™, 0.01% Cytiva Cell boost'™ 7b
were added. The supernatant was harvested 144h post-
transfection and clarified using 0.22 um membrane filter.

For purification a Ni-NTA affinity chromatography was
used as first step, followed by size exclusion chromatography
(SEC) using the formulation buffer of 20 mM HEPES, 100 mM
NaCl, 40 mM arginine, 0.01% CHAPS, pH 7.2. Purified MR
was quantified using a NanoDrop spectrophotometer and
analyzed by SDS PAGE and analytical SEC.

Affinity column preparation

After washing 1mL Streptavidin Sepharose High
Performance resin (Cytiva) with packing buffer (10 mM
HEPES, 140 mM NacCl, 2.5mM CaCl,, pH 7.4) 6 mg of
MR were added and incubated for 2h with shaking. The
coupling reaction was confirmed by RPC. The receptor
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coupled beads were filled in a 5/50 Tricorn column
(Cytiva). Equilibration of the MR affinity column was
performed with 12mM Tris, 140 mM NaCl, 2.5mM
CaCl,, pH 7.4 and column efficiency was tested by injec-
tion of 10 uL 1 M NaCl.

Mannose receptor affinity chromatography

The ~1 mL MR affinity column (0.5 x ~5.0 cm) was used
on a Akta™ go system (Cytiva) at room temperature. Data
acquisition and instrument control were performed by
Unicorn (version 7.5., Cytiva). The column was equili-
brated with mobile phase A (12mM Tris, 140 mM NacCl,
2.5mM CaCl,, pH 7.4) followed by injection of 20 g
sample. Subsequently, a 12min gradient from 0% to
100% mobile phase B (12 mM Tris, 140 mM NaCl, 20 mM
EDTA, pH 7.4) was conducted, followed by 5 min at 100%
mobile phase B. Re-equilibration was performed with
mobile phase A after each run. During analysis, flow rate
was kept at 0.50 mL/min and elution was detected via UV
at 280 nm. Fraction collection was conducted with the
Cytiva Fraction Collector F9-R. To obtain sufficient
amounts of protein, fractions of different chromatographic
runs were collected, pooled and concentrated. Samples
were buffer exchanged to mobile phase A. The column
was stored at 2-8°C in 10 mM acetate, 140 mM NaCl,
0.01 mg/mL PS20, 0.05% ProClin3000, pH 5.0 and
a protease inhibitor mixture (cOmplete ULTRA) was
added (1 tablet/50 mL).

Mannose receptor surface plasmon resonance analysis

A Biacore T200 instrument (Cytiva) and a flow cell refer-
enced method was used. The MR was captured onto immo-
bilized neutravidin on a sensor chip CM5 (Cytiva) to a level
of 800-1000 response units (RU). Neutravidin was immobi-
lized on the reference flow cell. All interaction analyses were
performed at 25°C at a flow rate of 10 uL/min with 10 mM
HEPES, 140 mM NaCl, 2.5 mM CacCl,, 0.05% Tween20, pH
7.4 as running buffer using mild regeneration (10 mM
HEPES pH 7.4, 140 mM NacCl, 20 mM EDTA or 10 mM
HEPES pH 5.8, 140 mM NaCl). All samples were prepared
by buffer exchange into the running buffer. Experiments
were processed and analyzed in Biacore T200 Evaluation
Software version 3.0. For the relative binding analysis, the
mAbs variants were diluted to a concentration of 1 uM and
measured with an association time of 120 s and
a dissociation time of 120 s. For kinetic analyses, the samples
were prepared as a 3-fold dilution series from 15 uM with an
association time of 180 s and a dissociation time of 360
s. Kinetic data were double referenced and fitted globally to
a steady state affinity.
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