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Abstract The interaction between P-selectin glycoprotein
ligand-1/mouse IgG,;, (PSGL-1/mlgG,y,) fusion protein carry-
ing multiple copies of the influenza hemagglutinin receptor
Siax2-3Gal on different O-glycan chains and recombinant
human influenza H5SN1 A/Vietnam/1203/04 hemagglutinin
was investigated with a Biacore biosensor. The fusion protein
was produced by stable cell lines in large scale cultures and
purified with affinity- and gel filtration chromatography. The
C-P55 and 293-P cell lines were established by transfecting
the Chinese hamster ovary (CHO)-K1 and Human embryonic
kidney (HEK)-293 cell lines with plasmids encoding the
PSGL-1/mlgG,y, fusion protein, while the C-PSLex cell line
was engineered by transfecting CHO-K1 cells with the plas-
mids encoding the core 2 31,6GnT-1 and FUT-VII glycosyl-
transferases. Glycosylation was characterized by lectin West-
emn blotting of the proteins and liquid chromatography - mass
spectrometry of released non-derivatized O-glycans. Biacore
experiments revealed that PSGL-1/mlgG,y, is a good binding
partner of HS5. The binding curves displayed a slow dissocia-
tion indicating a multivalent binding. The H5 hemagglutinin

S. Gaunitz (<)

Division of Clinical Immunology and Transfusion Medicine,
Department of Laboratory Medicine, Karolinska University
Hospital, Karolinska Institute, Huddinge, Sweden

e-mail: stefan.gaunitz@ki.se

J. Liu - J. Holgersson

Department of Clinical Chemistry and Transfusion Medicine,
Institute of Biomedicine, the Sahlgrenska Academy,
University of Gothenburg, Gothenburg, Sweden

A. Nilsson
Recopharma AB, Arvid Wallgrens backe 20, Gothenburg, Sweden

N. Karlsson

Department of Medical Biochemistry, Institute of Biomedicine,
Sahlgrenska Academy, University of Gothenburg, 405

30 Gothenburg, Sweden

binds with similar strength to PSGL-1/mlIgG,;, carrying most-
ly sialylated core 1 (clone C-P55), a mix of sialylated core 1
and sialylated lactosamine (clone 293-P) or mainly sialylated
lactosamine (clone C-PSLex) O-glycans, indicating that this
hemagglutinin is unable to discriminate between these struc-
tures. The potential use of the large, flexible PSGL-1/mlgGy,,
mucin-type fusion protein carrying Siac2-3Gal as a multiva-
lent inhibitor of influenza virus is discussed.
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Abbreviations
P-selectin glycoprotein PSGL-1/mlgGy;,
ligand-1/mouse I1gGyy,

LC-MS liquid chromatography mass
spectrometry

HexNAc N-acetylhexosamine

GalNAc N-acetylgalactosamine

GIcNAc N-acetylglucosamine

Hex hexose

Gal galactose

CHO chinese hamster ovary cells

NeuSAc N-acetylneuraminic acid

Sia sialic acid

Introduction

Influenza A virus is categorized by the two surface antigens it
carries in the envelope, hemagglutinin (HA) and neuramini-
dase (NA). Sixteen HA subtypes (H1-H16) have been identi-
fied and nine NA subtypes (N1-N9) [1]. HA binds to sialic
acid (Sia) on the cell surface and mediates membrane fusion
and cellular uptake of the virus due to a conformational
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change of HA [2, 3]. NA hydrolyzes sialic acid (neuraminic
acid) on the cell surface which is needed for release of bud-
ding virus particles [2]. HA is composed of a homotrimer in
the virus envelope, but may form aggregates of several tri-
mers, “rosettes”, if produced in soluble form [4—6]. Only three
influenza A subtypes have been adapted to humans, HINT,
H2N2 and H3N2 [7, 8]. Variants of these strains are respon-
sible for the seasonal epidemics of influenza which cause 3—5
million clinical infections and 250 000-300 000 deaths annu-
ally [9]. Novel variants of influenza A are accountable for
pandemic outbreaks with the 1918 HIN1 “Spanish flu” being
the most severe with an estimated 50 million deaths [10]. The
latest pandemic 2009 was caused by a novel influenza A
HINI strain of swine origin [9].

Avian influenza A preferentially binds to sialic acid «2-3
linked to galactose, while human adapted influenza binds
preferentially to sialic acid «2-6 linked to galactose [3, 11].
The distribution of these receptors in the avian and human
hosts contribute to the different disease symptoms [12, 13]. In
humans, Siax2-3Gal is prevalent on secreted mucins while
Siac2-6Gal is common on glycoproteins present on the sur-
face of cells in the respiratory tract [11, 14]. Avian influenza A
virus thus have problems establishing an infection in the upper
respiratory tract since the cell layer has low amounts of
Siax2-3Gal receptors and is covered with mucins that carry
Siax2-3 decoy receptors. This underscores the selection pres-
sure of avian HA and NA to adapt to human receptors in order
to be able to bind to the cell surface and to avoid binding to
sequestered mucins [11]. The limited few cases of infections
caused by avian influenza A virus with strict Siax2-3Gal
specificity may be explained by the presence of these recep-
tors in the lower respiratory tract [15]. The location site of
receptor expression may also contribute to the severity of
these infections, but consequently human to human infections
are scarce [9, 16]. Several adaptations of avian influenza A are
necessary for efficient transmissibility in-between humans
(i.e. air-borne transmission), including virus attachment to
the upper respiratory tract, efficient replication in these tissues
and release and aerosolization of single virus particles [17]
[16]. The emerging avian influenza A strain HSN1 is respon-
sible for occasional outbreaks with limited spread among
humans, but with high death rates. It is therefore of great
concern that HSN1 might adapt to humans and cause a high
number of fatalities [18, 19]. Interestingly, in some outbreaks
of avian influenza, the main clinical symptoms have been
conjunctivitis, exemplified in the Dutch avian influenza
H7N7 outbreak 2003 and HS5N1 outbreaks in Hong Kong
1997 and 2003 [20]. Some of the infected cases also devel-
oped traditional influenza symptoms [20]. This suggests that
avian influenza may initiate infection in the ocular epithelium
of humans from where the virus can spread to the respiratory
tract. Replication of avian influenza virus in human ocular
cells in vitro and the ability of multiple strains of avian and
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human influenza to cause severe respiratory tract infections in
ferrets by inoculation via the ocular route seem to confirm this
hypothesis [21, 22]. This route of infection is facilitated by
Siac2,3 expression on ocular epithelium of humans, while
Siax2,6 is found on mucins in the tear fluid [11].

In vitro studies on the recombinant H5 derived from
the highly pathogenic avian H5N1 A/Vietnam/1203/04
strain suggest that it binds almost exclusively to Siacx2-
3, and that the inner carbohydrate chain is of less
importance [23, 24].

Vaccines against the latest pandemic influenza (por-
cine HIN1, 2009) proved to be efficacious in approxi-
mately two thirds of the cases, but with big variations
within different groups [25]. Traditional vaccine produc-
tion with chicken eggs is both expensive and time
consuming. Although novel techniques utilizing reverse
genetics in order to produce viral proteins in cell lines
can speed up the process considerably [25], there is still
a need for treatment of influenza when no vaccine is
yet available, such as when a novel influenza virus
emerges.

The surface antigens HA and NA have been suggested as
targets for inhibitory molecules, in order to prevent infection
and ameliorate disease. This has been demonstrated with
Tamiflu (Oseltamivir) and Relanza (Zanamivir) [26], which
irreversibly bind to influenza NA. Speaking against these
drugs is their relatively low efficacy and that escape-mutants
have started to appear [27-29].

Efficient inhibition of HA seems to require multivalent
display of the sialic acid moiety and is further improved by
optimizing its density and spacing, as well as the size of the
carrier molecule [14, 17, 30-32]. Monovalent sialic acid de-
rivatives have shown low affinity to influenza with K;=10""—
107> M [33, 34], while multimeric Sia conjugates may inhibit
at levels below 107> M [17] and references within).

Selectins and their glycoprotein ligands are important
in leukocyte trafficking, including migration across the
vascular endothelial cells during inflammation and lym-
phocyte migration to lymphoid organs [35]. The P-
selectin glycoprotein ligand-1 (PSGL-1, CDI162) is a
heavily O-glycosylated mucin-like protein. The specific
binding of PSGL-1 to P-selectin (CD62P) is dependent
on sialyl-Lewis x glycosylation and tyrosine sulfation at
specific residues [36].

Previously, we have published a number of articles
describing the concept of using glyco-engineered cell
lines in which we produced a mucin-like fusion protein
with tailored glycosylation by expressing a genetically
fused extracellular part of P-selectin glycoprotein ligand-
1 with the Fc part of mouse IgG,, (PSGL-1/mlIgGj,,) in
cells transfected with specific glycosyltransferases. [31,
37-41]. The frequent O-glycosylation of the mucin part
of PSGL-1/mlIgG,;, provides the scaffold for multivalent



Glycocon;j J (2014) 31:145-159

147

display of bioactive carbohydrate determinants, which
makes it suitable as an inhibitor of carbohydrate-
binding bacterial adhesins [42], toxins [43], antibodies
[31, 38, 44], and viral surface proteins; the topic of this
paper. The aim of this investigation was to evaluate if
recombinant mucins with tailored glycosylation may
serve as efficient binding partners of the H5N1 A/
Vietnam/1203/04 hemagglutinin.

Results

P-selectin glycoprotein ligand-1/mouse immunoglobulin Gy,
is mainly expressed as a dimer in C-P55, 293-P and C-PSLex
cells

PSGL-1/mlgGj,y, produced in C-P55, 293-P and C-PSLex was
affinity purified, gel filtered and analyzed by SDS-PAGE and
Western blot (Fig. 1, lane 1-3). Staining of the SDS-PAGE gel
with Pro Q Emerald (stains glycosylated proteins) followed by
Ruby (stains all proteins) revealed strong glycosylated bands
above the 180 kDa marker (Fig. 1a and b). Minor glycosylated
bands were also seen below the 180 kDa MW marker and may
represent degradation products of PSGL-1/mlgG,,. Western
blots probed with anti-PSGL-1 and anti-IgG (Fc-specific)
antibodies stained strongly with bands migrating between
the 268 and 460 kDa MW markers (Fig. 1c and d). Running
the gel under reducing conditions roughly halves the apparent
MW of the protein on the gel, suggesting that the PSGL-1/
mlgG,;, molecule is dimeric (data not shown). The theoretical
molecular weight of dimeric PSGL-1/mlIgG,;, is only
117 kDa, indicating that the degree of glycosylation is high.
The anti-IgG (Fc-specific) antibody staining of PSGL-1/
mlgGy,, produced in C-P55 (Fig. 1d, lane 1) showed weak
binding to additional bands between 117 and 268 kDa, most
likely representing degradation products of PSGL-1/mlIgG,;,
carrying the 1gG Fc-moiety.

ProQ
A Emerald B Ruby
(S— [ ™
180 180
66 66
42 42
18 18
12 3 1:2 8

Fig. 1 Western blot and SDS-PAGE analysis of the P-selectin glycopro-
tein ligand-1/mouse immunoglobulin Gy, fusion protein produced in C-
P55, C-PSLex and 293-P cells. PSGL-1/mlgG,;, produced in CP55 (lane
1), C-PSLex (lane 2) and 293-P (lane 3) was affinity purified, gel filtered
and analyzed with SDS-PAGE under non-reducing conditions on Tris-
Acetate 3-8 % gels. Gel staining of SDS-PAGE with Pro Q Emerald (A),

268,

Characterization of O-glycans released from PSGL-1/mlIgG,;,
produced in C-P55, 293-P and C-PSLex cell lines with liquid
chromatography mass spectrometry

Purified PSGL-1/mlgG,,, protein produced in the C-P55, 293-
P, and C-PSLex cell lines was subjected to (3-elimination in
order to release O-linked glycans. After wash-up, the reduced
non-derivatized O-glycans were analyzed with liquid chroma-
tography - mass spectrometry in negative mode (Fig. 2). The
O-glycans were separated on the column with an increasing
acetonitrile gradient and in each scan (m/z 383-2000) the top
three most abundant ions were fragmented to give MS? spectra.
This allows the collection of a comprehensive data-set with
MS? spectra of most separated glycans. The MS? spectra of all
annotated spectra in this report have been submitted to the
UniCarb-DB (http://www.unicarb-db.org/) for public access.

C-P55. The chromatogram and spectrum of O-glycans de-
rived from PSGL-1/mlIgGy;, produced in the C-P55 cell line
are shown in Fig. 2a, with the major ions annotated with CFG
cartoons. We suggest that the dominant ions in the spectrum
represent mono- and disialylated core 1 ((M—H] ions of m/z
675.3 and 966.3), which are also found with acetylated sialic
acid ((M—H] ions of m/z 717 and 1008). Non-sialylated core
1 is also observed ([M—H] ion of m/z 384). A minor m/z
1040.3 ion may represent a tentative core 2 structure carrying
a type 2 chain with terminal sialic acid, i.e. Siac3Galp34GIcN
Acp6(Galf33)GalNAcol or Galp4GlcNAcP6(Siax3Gal33)
GalNAcol as suggested by the MS? spectrum (not shown)
and knowledge of available glycosyltransferases in CHO
cells. In conclusion, the LC-MS analysis shows that the major
O-glycan structures in the C-P55 cell line are mono- and
disialylated core 1.

HEK-293-P. The chromatogram and spectrum of O-glycans
derived from PSGL-1/mIgGj,, produced in the 293-P cell line
are shown in Fig. 2b. Similar to the C-P55 derived O-glycan

Anti- Anti-
C  PSGL-1 D lgGFc
460 o 460 an
-
238 3 268, 238 M
171 171 4
17 17
123 123

which stains glycosylated proteins, and Ruby (B), which stains all pro-
teins, revealed strong glycosylated bands above the 180 kDa marker
(5 pg protein/lane). Western blotting with anti-PSGL-1 (C) and anti-
IgGFc (D) strongly stained proteins migrating between the 268 and
460 kDa MW marker (0.5 pg/lane)
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Fig. 2 LC-MS chromatogram and spectra in negative mode of O-glycan
oligosaccharide alditols released from PSGL-1/mlgG,,, produced in C-P55,
293-P and C-PSLex cells. Major compositions are assigned in the base peak
chromatogram and spectra of alditols derived from C-P55 (A), 293-P (B)
and C-PSLex (C and D). Tentative carbohydrate structures are assigned with

—4

cartoons according to the nomenclature su§gested by Varki et al. [68].
The fragment ions of the C-PSLex LC-MS~ spectrum of [M—H] ion of
m/z 749 (D) are annotated according to nomenclature suggested by
Domon and Costello [69]

Reducing end

— ZorB fragment Y or C fragment
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Fig. 2 (continued)

spectrum, we suggest that the major ions represent mono- and
disalylated core 1, but significant ions representing tentative
lactosamine on core 2 with one or both chains terminated with
sialic acid are also observed (m/z 1040.4 and 1331.4).

C-PSLex The chromatogram and composite spectrum of O-
glycans derived from PSGL-1/mlIgG,, produced in the C-
PSLex cell line are shown in Fig. 2c¢. In contrast to the spectra
of C-P55 and 293-P, the major ion in the C-PSLex derived
spectrum represents monosialylated lactosamine on core 2
(m/z 1040.6). The position of the sialic acid could not be
determined. A range of smaller but significant ions
representing core 2 (m/z 587.3) and extended structures
thereof were also observed, including sialylated core 2
(m/z 878.5), tentative lactosamine on core 2 (m/z 749.5)
and tentative lactosamine on core 2 with both chains terminat-
ed with sialic acid (m/z 1331.4). Core 1 with and without sialic
acid was also observed (m/z 384.3 and m/z 675.4). The minor

ion m/z 1186.4 represents a tentative SLe™ structure on core 2,
i.e. Sian3GalB4(Fuca3)GIcNAc6(Gal33)GalNAcol.

An LC-MS based method by which a 1-4 linkage of
terminal Hex or HexNAc residues can be confirmed has
previously been developed (Schulz ef al. 2002). The presence
of the diagnostic “*A,, [M — H] fragment ion of m/z 263.0 in
the MS? spectrum of the m/z 749.3 mother ion suggest that the
terminal Hex is 1-4 linked (Fig. 2d). We therefore suggest that
the m/z 1040.6 ion represents sialylated lactosamine on core 2,
Siax3GalP4GlcNAcB6(Gal33)GalNAcol.

Lectin Western blot indicates the presence of terminal Siacx2-3
on lactosamine on PSGL-1/mlgGy,;, produced in 293-P
and C-PSLex cell lines

PSGL-1/mlgGy, produced in C-P55, 293-P and C-PSLex
cells was affinity purified and gel filtered prior to being
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analyzed by Western blot using antibodies and lectins. PSGL-
1/mlIgGyy, purified from C-P55 (lane 1), 293-P (lane 2) and C-
PSLex (lane 3) stained strongly with both goat anti-mouse
IgG Fc-HRP (Fig. 3a) and anti-PSGL-1 (Fig. 3b), while
PSGL-1/mlgGo,;, from P-PM (control, lane 4) stained strongly
only with goat anti-mouse IgG Fc-HRP, which has been noted
before [39].

Western blot using MAL-I recognizing sialylated
lactosamine (Siax2-3Gal31-4GIcNAc), binds strongly to
PSGL-1/mlgG,, produced in 293-P and C-PSLex cells
(Fig. 3c, lane 2 and 3), but only weakly to PSGL-1/mIgGy,
produced in C-P55 (Fig. 3c, lane 1). Binding was also seen to
bovine fetuin which has been shown to carry sialylated
lactosamine structures (Fig. 3c, lane 6) [45].

MAL-II recognizes monosialylated core 1 (Siax2-3Gal31-
3GalNAc) and showed strong binding to PSGL-1/mlgG,,
produced in C-P55 and 293-P (Fig. 3d, lane 1 and 2) and
weaker binding to C-PSLex (Fig. 3D lane 3), while no binding
was seen to the fusion protein produced in Pichia pastoris (P-
PM, Fig. 3d, lane 4). The lack of MAL-I binding to the
positive controls AGP, which reportedly carries terminal
Siax2-3 and Siac2-6 [46], and Siax2-3-LacNAc-APE-HSA
indicates that the controls may present Siac2-3 in a different
manner than the fusion proteins.

SNA (recognizing sialic acid «2-6-linked to terminal
galactose) Western blots revealed staining of bovine fetuin
and human transferrin which both carry sialic acid in an «2-6-
linkage to lactosamine [45, 47]. No staining was observed to
PSGL-1/mlgGy,;, produced in C-P55, 293-P and C-PSLex.
The results of the lectin experiments are in good agreement
with the LC-MS structural characterization of the O-linked
glycans derived from the fusion proteins (Fig. 2a—d).

The avian influenza H5 hemagglutinin binds strongly
to sialylated PSGL-1/mIgGyy,
and Siax2-3-LAcNAc-APE-HSA in a Biacore assay

The H5N1 A/Vietnam/1203/04 hemagglutinin (ligand) was

immobilized on the dextran surface with amine coupling
chemistry and the fusion proteins or controls (analytes)

A B C

Anti Anti
lgGFc PSGL-1 MAL-I
460 + '
268/ 238 W L L
171 > o
71>
55+
41+ -
3" >
1234 1234 1234586

Fig. 3 Lectin Western blot analyses of PSGL-1/mlgG,;, produced in C-
P55,293-P and C-PSLex. The following samples were applied: lane 1, C-
P55; 2, 293-P; 3, C-PSLex; 4, P-PM (control); 5, Galx1-3Gal-BSA; 6,
bovine fetuin; 7, human AGP-1; 8, 3’-Neu5Ac-N-Acetyllactosamine-
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flowed over the surface and binding was measured in
real-time. Representative sensorgrams of the fusion pro-
tein derived from C-P55 (Fig. 4a), 293-P (Fig. 4c), C-
PSLex (Fig. 4e), positive control Siax2-3-LAcNAc-
APE-HSA (Fig. 5a), negative controls LacNAc-APE-
HSA (Fig. 5¢) and P-PM (Fig. 5d) are shown. The
binding curves obtained for the different fusion proteins
are similar with a rapid buildup of analyte-ligand complex
and most of the curves stabilizing near steady-state at the end
of the injections (Fig. 4a, 4c and 4e). In contrast, the positive
control Siax2-3-LacNAc-APE-HSA curves have a slower
association and do not reach steady-state (Fig. 5a). The disso-
ciation phase of the fusion proteins and Siax2-3-LacNAc-
APE-HSA derived curves display an initial sharp drop in
response signal, while the subsequent dissociation was
markedly slow, which indicates stable binding of the
analyte to the ligand. The negative controls lacking the
sialic acid that is needed for specific binding to hemagglutinin
did not bind well. Pichia pastoris derived PSGL-1/mlIgG,;,
(P-PM), which is heavily mannosylated, and LacNAc-APE-
HSA bound weakly to HS and generated curves below zero
after reference subtraction. These results show that no specific
binding occurred with these analytes (Fig. 5S¢ and 5d).

Estimations of affinity

None of the sensorgrams could be fitted to a simple 1:1
binding model in order to calculate K, and K 4. This indicates
that the analyte-ligand interactions are more complex. The
steady-state section of the curves near the end of the injections
was thus used in order to calculate the dissociation equilibri-
um constant, K. The response (RU) vs. concentration was
plotted and fitted to a simple 1:1 model fit available in the
Scrubber 2 software. The fitted concentration plots and the
calculated kinetic constants are shown in Fig. 4b, 4d and 4f
and Table 1. The C-P55, 293-P and C-PSLex derived
sensorgrams showed similar binding curves. Consequently,
the equilibrium dissociation constant, Kp, was comparable
between the different PSGL-1/mlgG,,;, proteins analyzed: C-
P55 0.8+£0.1 nM; 293-P 0.8+0.1 nM and C-PSLex 3.1+1 nM

D E

MAL-1I SNA
L]
—

789 1234567809 12345678%9

APE-HSA; 9, human transferrin. Five pg of fusion protein, fetuin,
AGP-1 and transferrin, and 500 ng of BSA-neoglycoconjugates were
loaded per lane
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Table 1 Equilibrium dissociation constants (K p) of PSGL-1/mlgG,;, and
neoglycoconjugates for binding to H5 (A/Vietnam/1203/04), determined
with 1:1 binding model of steady-state curves (160-180 s)

Analyte Equilibrium dissociation constant
(Kp)*standard deviation
of fit (nM)

C-P55 produced PSGL-1/mlgG,y, 0.8+0.1*

293-P produced PSGL-1/mIgGyy 0.8+0.1

C-PSLex produced PSGL-1/mIgG,, 3.1£0.3

Siax2,3LacNAc-HSA 29+2

LacNAc-HSA n.d*
P-PM produced PSGL-1/mlgGy,,, nd

#not determined

*standard deviation of fit

(Table 1). The Kp value for Siax2-3-LacNAc-APE-HSA
obtained in the same manner was 29+2 nM. The true
Kp values for the fusion proteins and Siax2-3-LacNAc-
APE-HSA may be greater than or equal to the values
obtained because the response vs. concentration plots
did not reach a clear plateau at high concentrations,
which indicates that the surface was not saturated
(Fig. 4b, 4d and 4f). The obtained affinity values are
the sum of multiple binding sites and will thus reflect
the avidity, rather than the affinity.

Discussion

The aim of this study was to evaluate if recombinant mucins
with tailored glycosylation may serve as efficient binders of
the highly pathogenic HSN1 A/Vietnam/1203/04 hemagglu-
tinin. We chose to monitor the avian HSN1 A/Vietnam/1203/
04 strain since it is considered to be one of the most threaten-
ing of the emerging avian influenza strains, with very high
death rates in reported outbreaks [19].

PSGL-1/mlgGgy, produced in stable cell lines carry Siac2-3
on different core chains

In order to find a suitable binding partner of the avian H5
hemagglutin, we have produced PSGL-1/mIgGy, carrying the
Siax2,3Gal terminal on different carbohydrate core chains.
For this purpose the cell lines C-P55, 293-P and C-PSLex
were used. The C-P55 cell line is only transfected with the
cDNA encoding PSGL-1/mlIgG,, and represents the mother
cell line that we further engineered in order to produce the
fusion protein carrying the ABH blood group antigens
on type 1, 2 and 3 chains [38]. CHO cells mainly
express core 1 based O-glycans and have limited ca-
pacity for terminal Siax2-6 sialylation [48, 49]. In
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addition, we have shown that there is an active endogenous
[31,4-galactosyltransferase which will elongate core 2 struc-
tures with a type 2 chain, if a core 2 substrate is provided [31].
The LC-MS spectrum of O-glycans from PSGL-1/mlgGyy,
derived from the C-P55 cell line was dominated by ions
representing a tentative Siax3Galf33GalNAcol O-glycan
(Fig. 2a). The isomeric Galf33(Siax6)GalNAcol glycan
that eluted earlier from the column is also observed
but is a less abundant ion. An unexpected finding was
the minor ion representing a tentative core 2 structure
carrying a type type 2 chain with terminal sialic acid,
i.e. Sian3GalPB4GIlcNAcB6(Galf33)GalNAcol or Gal34G
IeNAcP6(Siac3GalP3)GalNAcol. Contamination with
culture medium-derived glycans is less likely since the
cells were grown in serum-free medium. However, it is
possible that silent genes have somehow been activated.
The CHO genome contains homologues to 99 % of all
human glycosylation-associated transcripts, but only half
of them are expressed [48].

The 293-P cell line (HEK-293 origin) has the capacity to
produce the fusion protein with simple elongated core 2 struc-
tures, including sialylated lactosamine. We have previously
utilized 293-T cells to probe the activity of human Se and H
«1,2 glycosyltransferases and showed that the blood group A
epitope can be produced in 293-T cells that are transfected with
the genes encoding these enzymes and the blood group A gene
[41]. The HEK-293 cells are of human origin but it is not
clear if these cells have the capacity to make glycans with
terminal Siax2,6Gal. The 293-P derived LC-MS spectrum
contained a mixture of tentative Siax3Gal(33GalNAcol and
Siax3GalP3(Siacx6)GalNAcol, with small amounts of tenta-
tive mono- (Siaa3GalP4GlcNAc(Gal33)GalNAcol) and
disialylated (Siac3Gal(34GlcNAc(Siax3Gal33)GalNAcol)
type 2 on core 2 chain structures (Fig. 2b). In a variant of
the HEK-293 cells, 293-T, we previously detected tentative
O-linked Galx1-3Gal epitopes and NeuGe glycans [42]. In
this study, none of these structures were detected among the
released O-glycans from PSGL-1/mlgGy,, produced in 293-P
cells (Fig. 2c). A possible explanation to the discrepancy is
that the 293-T cells were grown with serum-containing medi-
um, while the 293-P cells were grown in serum-free medium.

The C-PSLex cell line was originally developed together
with C-PLeb in order to produce mucins with the binding
epitopes of H. pylori, SLe* and Le® [42]. The cell line was
established by transfecting CHO-K1 cells with cDNA
encoding the core 2 (31,6 N-acetylglucosaminyl transferase |
(C2 GnT-I) and FUT-VII [50]. Even though the levels of O-
linked SLe* was limited, the activity of the core 2 enzyme was
enough to generate high levels of sialylated lactosamine [42].
The C-PSLex derived LC-MS spectrum was dominated by
Siax3GalP4GlcNAc(Galp3)GalNAcol (Fig. 2c).

The lectin Western blot staining indicated the presence of
Siax2-3-terminated core 1 on PSGL-1/mIgG,; produced in
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C-P55 and 293-P (Fig. 2d, lane 1 and 2) and Siax2-3-termi-
nated lactosamine on PSGL-1/mlgG,;, derived from 293-P
and C-PSLex (Fig. 2c, lane 2 and 3). The lack of SNA binding
to all fusion proteins (Fig. 2e, lane 6 and 9) indicates that
terminal Siax2-6Gal is not abundant on the fusion proteins.

HS5 binds strongly to multivalent Sia2-3 on PSGL-1/mlgG,y,
and Siac2-3-LacNAc-APE-HSA

A Biacore biosensor analysis was set up where the recombi-
nant HS A/Vietnam/1203/04 hemagglutinin was immobilized
on the chip surface and the fusion proteins or controls
(analytes) flowed over the surface at different concentrations
with binding monitored in real-time. Strong binding to the
immobilized H5 was observed for the fusion proteins pro-
duced in C-P55, 293-P and C-PSLex (Fig. 4). The
neoglycoconjugate control Siacx2,3-LacNAc-APE-HSA, also
bound strongly to the HS5 surface (Fig. 5), while LacNAc-
APE-HSA and P-PM lacking sialic acid did not appear to bind
specifically to hemagglutinin since reference subtraction gen-
erated negative response curves (Fig. 5). High levels of back-
ground binding were noted for all analytes, possibly through
interaction with the dextran surface. Using a chip surface with
lower degree of carboxymethylation (CM4) with reduced
negative charge might have circumvented this problem. The
surfaces with immobilized hemagglutinin were not stable
enough for consecutive experiments with different analytes.
Therefore new surfaces were coated for each analysis. Since
the surfaces differed in the immobilized levels of hemagglu-
tinin, direct comparison of the relative responses of the differ-
ent fusion proteins may not be possible. The fusion proteins
and Siac2-3-LacNAc-APE-HSA did not saturate the surface
as demonstrated by the almost linear concentration vs. log
response plots (Fig. 4b, 4d, 4f and 5b). Injections of fusion
proteins at higher concentrations sometimes resulted in erratic
behaviour of the curves, but we believe that all fusion proteins
have a similar binding capacity. The multivalency of the
fusion proteins and HS5 may explain the slow decrease in
response signal during dissociation (buffer injection starting
at 180 s, Fig. 4a, 4c, 4e and 5a). Initially, weakly bound
proteins come off, but subsequent dissociation is slow due to
the strong binding of PSGL-1/mlIgG,;,. The multiple binding
sites may lead to a Velcro-effect where many Siax2-3 mole-
cules contribute to the binding to HS5.

PSGL-1/mlgGgy, - HS binding avidity

The Kp values of PSGL-1/mlgGs;, produced in C-P55, 293-P
and C-PSLex were calculated from the sensorgrams of steady-
state curves using a simple 1:1 model. The calculated values
for all fusion proteins were in the low nanomolar range, with
the Kp value of Siax2-3-LacNAc-APE-HSA being slightly
worse than the different PSGL-1/mIgGy, variants (Table 1).

The calculated affinities are representing the combined
strength of all binding sites involved in the binding complex
and reflect the avidity, rather than the affinity. The calculated
K p values for the fusion proteins and Siax2-3-LacNAc-APE-
HSA may be lower than the real Kp values because the
concentration plots did not appear to reach saturation
(Fig. 4b, 4d, 4f and 5b). Both the mucins and the influenza
HS5 have multiple binding sites, which are not accounted for in
the simple 1:1 binding model. Even if such a model existed, it
would not be feasible to use it because the exact valency of the
mucins and the immobilized HA is not known in this system.
The experimental set-ups of previous SPR studies that have
measured the affinity of influenza virus and recombinant
hemagglutinin to various carbohydrate receptors vary greatly
and the methods used to determine the kinetic constants were
not always the same or not always shown. This should be
taken into account when comparing the determined K values
of these studies. However, it is interesting to note that the
SPR-obtained Kp values of recombinant H5 binding to
glycoconjugates [24], influenza virus binding to gangliosides
(HIN1 and H3N2 [51]) and influenza virus binding to the
glycoprotein fetuin (HIN1 [52]) have all been reported to be
in the low nanomolar range. This is in the same range as the
K values we report in this study.

HS receptor specificity

The PSGL-1/mlgGyy, proteins used in this assay do not carry a
single homogenous well-defined carbohydrate structure (LC-
MS spectra of Fig. 2a—d) as would be preferred if the goal is to
determine the fine receptor specificity of the HSN1 (A/Viet-
nam/1203/04) hemagglutinin. Based on the data obtained by
LC-MS (Fig. 2a—d), lectin Western blot (Fig. 3a—¢) and the
Biacore sensorgrams (Figs. 4 and 5), we suggest that the
H5N1 (A/Vietnam/1203/04) hemagglutinin requires Siac2-
3@Gal for binding. However, it does not discriminate between
the different core saccharide chains carrying this disaccharide,
i.e. Siao3GalP3GalNAc, mostly abundant in C-P55 (Fig. 2a),
or Siac3Gal34GlcNAcR6(Gal33)GalNAc which is the dom-
inant structure on PSGL-1/mlIgG,, produced in C-PSLex
(Fig. 2c¢).

Our reported binding specificity of H5 (A/Vietnam/1203/
04) is in close agreement with a recent Biacore biosensor
study determining the fine receptor specificity of HS (A/Viet-
nam/1203/04) using multivalent defined glycoconjugates. H5
binds equally well to poly(acrylic acid)amide (PAA) conju-
gates carrying sialylated core 1 and sialylated lactosamine in a
Biacore single cycle kinetics assay, while notably other strains
were more discriminating in their binding epitope requirements
[24]. The calculated K1, values were in the low nanomolar
range for Siax2,3 on core 1 (2.9 nM), type 1 (2.0 nM) and
type 2 (1.6 nM) chains, while no binding was observed to «2-
6-linked sialic acid on type 2 chain. In another study,
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Stevens et al. set up a glycan microarray assay with an
immobilized library of glycans and glycoproteins. The
highest binding signal of recombinant HSN1 A/Vietnam/
1203/04 hemagglutinin was observed to «;-acid glyco-
protein (orosomucoid) [23]. o;-acid glycoprotein is
heavily glycosylated and is known to carry Siax2-3 and
Siax2-6 in a multivalent fashion (5N-glycosylation sites)
[46]. Among the glycoconjugates screened, structures carry-
ing terminal Siax2-3- bound well, while almost no binding
was observed to glycans carrying Siax2-6-. The best
glycoconjugate ligands were substituted with sulfate, such as
sulfated sialylated core 1 (Siac3Galf33(S6-)GalNAco—), sul-
fated sialylated lactosamine (Siac3Gal(34(S6-)GIcNAc(3-)
and sulfated sialyl Lewis x (Siax3Galp4(S6-)(Fuca3)
GIcNAcp). Taken together, these studies demonstrate that
HS5 bind to several receptors carrying terminal Siax2-3, while
Siax2-6 binding is absent, and that multivalent presentation of
the receptor yields a strong binding.

PSGL-1/mlgGyy, as a potential inhibitor of influenza virus

There is a general understanding that multivalency is impor-
tant in biological systems, including ligand receptor interac-
tions [53]. In the case of virus, the multiple copies of binding
molecules in the virus envelope result in a near irreversible
association to the host membrane. In order to inhibit virus
attachment, a suitable inhibitor must thus bind with higher
affinity than the natural HA receptor, be present in higher
concentration than the natural receptor or possess an even
higher avidity than the natural HA receptor. The first strategy
includes using synthetic mono- or multivalent compounds,
while the inhibitory effect of PSGL-1/mlgG,, would be to
competitively inhibit the binding of virus hemagglutinin by
presenting the natural Siax2-3Gal receptor in multiple copies.
Studies on deformable and non-deformable spherical multi-
valent nanoparticles, suggest that good binders of virus parti-
cles should be large and not too rigid [53]. A large flexible
binding partner can interact with several hemagglutinin mol-
ecules on the surface of virus particles, which a small and solid
inhibitor cannot [53]. Although the strong binding between
PSGL-1/mlgG,;, and HS observed in the Biacore assay indi-
cate that the binding is multivalent, it remains to be shown if
PSGL-1/mlgGy,,;, can also bind multiple H5 trimers in the
envelope of avian influenza A virus. While some of the
synthetic multivalent binding partners used to study the fine
receptor specificity of influenza may not be appropriate for
in vivo use due to toxicity problems [17, 54], we believe the
toxicity of PSGL-/mlIgGy, is low. In this study we have
demonstrated that PSGL-1/mIgG,, with tailored glycosyla-
tion bind specifically to avian influnenza HS in vitro. How-
ever, introducing foreign glycoproteins into the human body
(in circulation or topical treatment) always warrants great
caution since unintended immune responses and rapid
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clearance should be avoided. One concern may be that recom-
binant PSGL-1/mlgG,, may somehow interfere with the nat-
ural binding between human PSGL-1 and P- and E-selectins if
introduced in high concentrations. Conceivably, this risk can
be avoided if recombinant PSGL-1/mlIgG,;, does not carry the
sialyl-Lewis x epitope and sulfation that is required for spe-
cific binding [36]. Our analysis of PSGL-1/mlIgG,;, suggest
that C-P55 and 293-P may thus be more suitable than C-
PSLex in this regard (Fig. 2a—c).

The mouse IgG Fc portion of PSGL-1/mlIgG,, may be
immunogenic if introduced in humans, and the fusion protein
may also be targeted to Fc gamma receptors with unwanted
immune reaction as a result. In order to largely avoid these
problems a fusion protein carrying a human IgG Fc portion
should thus be designed, preferably non-glycosylated to avoid
Fc gamma receptor targeting [55].

We have previously shown that mannosylated PSGL-1/
mlgG,, can improve immune responses in mice (possibly by
targeting immune lectins such as DC-SIGN, MR and MBL)
[37, 39] and that PSGL-1/mlgG,,, carrying different blood
group determinants bind specifically to chain type specific
human antibodies [38, 44]. However, for a multivalent glycan
inhibitor, both these types of immune reactions are undesirable.

Siglecs are a group of sialic-acid binding membrane bound
lectins that belong to the immunoglobulin supergene family.
Cell bound Siglecs may bind to glycan determinants termi-
nated with sialic acid within the same cell membrane (cis
binding) or on other cells (frans binding). The role of the
many Siglecs is still being explored but they appear to be
involved in immune cell-cell interactions and may have a
regulatory role [56]. Some pathogens bind to Siglecs and
thereby improve uptake and possibly modulate the immune
response [56]. It seems that the function of Siglecs is closely
related to the balance between cis and #rans binding. It is thus
possible that high concentrations of sialylated glycoproteins
such as PSGL-1/mlgG,, may interfere with this balance with
unknown immune-modulatory effects.

The effect of glycosylation on pharmacokinetic stability of
therapeutic proteins has been studied for a long time [57, 58].
It has been realized that many lectins are involved in clearance
of (glyco-)proteins from the circulation and that insufficient
glycosylation lead to rapid clearance from the blood stream
[59]. We believe that the large size (avoid excretion via
kidneys) and terminal sialylation should render an acceptable
half-life of PSGL-1/mIgGyy,.

A family of C-type lectins in innate immunity has been
suggested to be pattern recognition receptors (PRRs) similar
to Toll-like receptors (TLRs), which recognize pathogen-
associated molecular patterns (PAMPs) [60, 61]. PRR binding
may trigger many immunological events such as phagocytosis
by macrophages, activation of natural killer cells or induction
of genes encoding costimulatory molecules, cytokines or
chemokines. Several PRR lectins recognize Lewis blood
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group antigens, why these glycans should be avoided on a
multivalent glycan inhibitor [60].

The use of a sialic acid receptor that is identical to the
natural binding target of the virus lowers the risk of escape
mutations, which have started to appear against the neuramin-
idase inhibitors [30] [29]. An inhibitor that closely resembles
the natural receptor of HA may also become a substrate of
influenza neuraminidase. Hydrolysis of sialic acid by neur-
aminidase has been suggested to contribute to release of
budding virus particles from infected cells [62]. However, a
greater understanding of what role the neuraminidase plays
during penetration of the mucus layer and subsequent binding
to the host cell surface is needed. Inhibiting an enzyme such as
neuraminidase has been more efficient compared to blocking
an attachment site such as hemagglutinin. This may be ex-
plained by the notion that an enzyme has a high turnover
number, while the hemagglutinin molecule may be used only
once [63]. Because there is a fine balance between the activ-
ities of NA and HA it should be possible to inhibit host cell
attachment with a multivalent inhibitor carrying the natural
influenza receptors without further modifications of the bind-
ing epitope. A possible future application in man of an avian
influenza inhibitor could be as a topical treatment of the eyes
based on the notion that avian influenza may gain access to the
respiratory tract via the ocular route.

Material and methods
Lectins, antibodies and neoglycoconjugates

Goat anti-mouse IgG Fc (cat no M4280), goat anti-mouse IgG
Fc-HRP (cat no A2554), goat anti-mouse IgG(Fab)-HRP (cat
no A2304) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). The mouse anti-PSGL-1 antibody, CD162 (clone
KPL-1, cat no 556052), was bought from BD PharMingen
(San Diego, CA). Biotinylated Maackia amurensis lectins
MAL-I, MAL-II and Sambucus nigra agglutinin (SNA) were
acquired from Vector laboratories (Burlingame, CA, USA).
N-Acetyllactosamine-aminophenylethyl (APE)-human serum
albumin (HSA) (MW 72340) and 3'-NeuS5Ac-N-
Acetyllactosamine-APE-HSA (MW 70590) was purchased
from IsoSep (Botkyrka, Sweden). Both have a substitution
grade of 10 mol carbohydrate/mol protein. Galac1-3Gal-BSA
was bought from Dextra Laboratories (Reading, UK). Bovine
fetuin (F3385), human alpha 1-acid glycoprotein, AGP-1,
(G9885) and human transferrin (T2036) were purchased from
Sigma-Aldrich.

Engineered cell lines

HEK-293 cells were transfected with plasmids encoding the
PSGL-1/mlgG,y, fusion protein resulting in the stable cell line

293-P, as described previously [31], with the exception of
using HEK-293 cells (ATCC CRL-1573) instead of 293-T
cells [42]. The C-P55 cell line was established by transfection
with ¢cDNA encoding PSGL-1/mlgG,, as described before
[38]. The stable cell line, C-PSLex, expressing the fusion
protein, the C2 31,6GnTI and FUT-VII was generated as
previously described [50].

Large scale cultivation of 293 and CHO cells

Large scale culture of 293-P was performed on a Wave biore-
actor (Wave System 20/50 EH, GE Healthcare, Uppsala,
Sweden; 20 L bag) in 293 s serum free media (293 s CDM
serum free media, Lonza) supplemented with penicillin 50 U/
ml, 50 pg/ml streptomycin (PEST, Invitrogen, Carlsbad,
USA), L-glutamine 4 mM/ml (Invitrogen), Puromycin 2 pg/
ml (Invitrogen) and dextransulfate 50 pg/ml (Mr 5000, Fluka,
Sigma-Aldrich). The culture was started at a cell density of
0.74x10° cells/ml in a volume of 5.7 L. A continuous cell
medium feed set to 39 ml/h facilitated steady growth and pH
was maintained above 7.0 with sodium carbonate until a
maximum volume of 10.8 L was reached. Cell viability and
pH was monitored daily and the culture was stopped when
viability dropped to 3.2x 10° cells/ml (77 % viability). Culture
of C-PSLex and C-P55 were performed as described previ-
ously [31, 38].

Purification of PSGL-1/mIgG,y,

The 293-P cell culture supernatant was prepared for subsequent
chromatographic purification of the secreted fusion proteins by
removing the cells using microfiltration and concentrating the
cleared supernatant 20x followed by buffer exchange to PBS
using diafiltration, as described previously [42]. A protease
inhibitor cocktail (1 mL/L, Sigma-Aldrich) and 0.02 % NaNj
(Sigma-Aldrich) were added to the product solution, which was
stored at 4 °C until purification. Affinity purification and size
exclusion chromatography was performed on an
AKTAExplorer 100 instrument with MabSelect SuRe (protein
A) and Sephacryl S-300 columns as described previously [42].
Purification of PSGL-1/mlgG,,, derived from cell culture su-
pernatants of C-PSLex and C-P55 was performed as described
previously with the exception that the fusion protein derived
from C-PSLex was eluted from the size exclusion column
Sephacryl S-200 column with 3 M sodium thiocyanate [31, 38].

Purified fractions were pooled based on WB analysis, dia-
lyzed against water (12—14 kDa cutoff, Spectrapor, Houston,
TX, USA), lyophilized and stored in —80 °C until further use.

Quantification of PSGL-1/mlgGy,, with ELISA

The concentrations of recombinant PSGL-1/mlIgG,,, pro-
tein in supernatants and in purified fractions were
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determined by a two-antibody sandwich ELISA method
as described previously [42].

SDS-PAGE and Western blot

The fusion protein was analyzed with WB on blotted nitro-
cellulose membranes and directly on SDS-PAGE gels stained
with the ProQ Emerald 300 Glycoprotein Detection kit and
Ruby stain (Molecular Probes, Leiden, the Netherlands) as
described previously [42]. Lectins and antibodies that were
used are listed in a separate section above.

Chemical release of O-linked glycans from purified
PSGL-1/mlgGyy,

Glycans were released by reductive (3-elimination and ana-
lyzed as native reduced structures. Briefly, lyophilized PSGL-
1/mlgG,y, proteins were dissolved in water to 1 mg/ml con-
centration. The glycans were released in a solution of 1.5 M
NaBH, in 50 mM KOH and incubated over night at 60 °C.
The reaction was stopped with addition of concentrated acetic
acid. The released glycans were desalted on a homemade
column composed of AG50WXS8 cation exchange beads
(Bio-Rad, Hercules, CA, USA) packed on top of a micro-tip
with glass wool as stopper. Samples were eluted with water
and dried in a SpeedVac concentrator. Borate complexes were
removed with 1 % acetic acid in methanol and subsequent
vacuum centrifugation (5x). The dried glycans were dissolved
in water for analysis on LC-MS.

Mass spectrometry

Liquid chromatography electrospray MS/MS was performed
on a graphitized carbon column coupled to an LTQ LC/MS"
ion trap instrument. (ThermoFinnigan, San Jose, CA). The
method was previously developed by Karlsson ef al. [64]. The
column was packed with 5 pm Hypercarb particles (Thermo,
Hypersil-Keystone, Runcorn, UK). The glycans were eluted
with a gradient from 0-40 % acetonitrile in 8 mM NH,HCO;
buffer and detected in negative mode by full scans (m/z 383—
2000) followed by MS? scans of the most intense ions. The
needle voltage was —3.2 kV. Interpretation and annotation of
MS" spectra was facilitated by the GlycoWorkBench software
which allows in-silico fragmentation of glycans [65, 66].
Identification of structures was also based on diagnostic frag-
ments ions and fragment ion pattern matching to structures
found in the glycan MS database Unicarb-DB (http://www.
unicarb-db.org/), last accessed March 15 2013 [67].

Establishing a SPR method with immobilized hemagglutinin

A Biacore biosensor analysis was set up in which the H5
hemagglutin (ligand) was immobilized on the dextran surface
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with amine coupling chemistry and the fusion proteins or
controls (analytes) were flowed over the surface. The advan-
tage with this approach is that only a limited amount of
hemagglutinin is needed, while the disadvantage is that the
relative instability of the hemagglutin protein makes regener-
ation of the surface difficult. HA is meta-stable and will
undergo a conformational change between pH 5.0-5.5 which
means that low pH is not suitable during immobilization and
regeneration of the chip surface [5]. After testing a range of
buffers (acidic-, basic-, hydrophobic- and ionic- conditions)
30 s spikes of 1 M NaCl, 0.05 % P20 was selected as
regeneration regimen. However, the activity of the surface
still decreased slightly for each cycle so each surface with
immobilized H5 hemagglutinin was only used for two con-
secutive experiments.

Realtime SPR analysis

The analyses were performed using a Biacore 2000 instrument
with a research-grade CM5 sensor chip (Biacore, GE
Healthcare). The ligand, recombinant full length HSN1 A/
Vietnam/1203/04 (iha-010, ProSpec, Ness Ziona, Israel)
(70 kDa, >90.0 % pure as determined by SDS-PAGE) was
immobilized using amine coupling chemistry. Briefly, the
surfaces were activated for 7 min with a 1:1 mixture of
0.1 M NHS (N-hydroxysuccinimide) and 0.1 M EDC (3-(N,
N-dimethylamino) propyl-N-ethylcarbodiimide) at a flow rate
of 5 pl/min. The ligand was injected at a concentration of
16 pg/ml in 10 mM sodium maleate buffer pH 6.7 (Sigma-
Aldrich), 0.05 % surfactant P20 (GE Healthcare), for 30 min
at 5 ul/ml flow rate resulting in a density of approximately
3000-5000 response units (RU). The following levels of
hemagglutinin ligand were immobilized for the presented
sensorgrams: C-PSLex 2500 RU; C-P55 5000 RU; 293-P
3300 RU; P-PM 3600 RU; Siacx2,3-LacNAc-APE-HSA
4200 RU and LacNAc-APE-HSA 4100 RU. Channel one on
the CM5 sensor chip was only activated/deactivated and was
used as reference sensorgram for subtraction of buffer effects.
All the surfaces were blocked with a 7 min injection of 1 M
ethanolamine, pH 8.0. The analytes, (C-P55 (~300 kDa), C-
PSLex (~300 kDa), 293-P (~300 kDa) and P-PM (~250 kDa))
were dissolved in HBS-EP (10 mM HEPES, 150 mM NacCl, 0,
005 % P20, pH 7.4), GE Healthcare) supplemented with
0.05 % P20 and injected over the flow cells in a concentration
series 0f 0.13, 0.67, 3.36, 16.8, 84, 420 and 840 nM at a flow
rate of 20 pl/min and a temperature of 25 °C. Positive control
Siac2-3-LacNAc-HSA was injected with the dilution series
0.16, 0.8, 4.0, 20, 100 500 and 1,000 nM. The association
complex was built up during 180 s and then dissociated for
600 s. Surfaces were regenerated with 30 s injection of 1 M
NaCl 0.05 % P20 followed by 10 min stabilization time.
Samples were injected in decreasing concentration order with
at least one duplicate and buffer blanks. All experiments
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except the negative control (LAcNAc-APE-HSA) were per-
formed at least twice. Data were collected at 1 Hz and fitted
using a 1:1 interaction model available in the Scrubber 2
software (BioLogic software, Campbell, Australia). The equi-
librium dissociation constant (Kp) was calculated from
steady-state sections of the curves between 160 and 180 s.

Acknowledgments We acknowledge Dr. Jin Chunsheng and Liaqat Ali
for their assistance with the liquid chromatography mass spectrometry
analysis. We acknowledge Recopharma AB that provided PSGL-1/
mlgGoy, produced in C-P55, P-PM and C-PSLex and allowed us to use
the Wave Bioreactor for the production of the 293-P cells. We thank Asa
Bergstrom for access to the Biacore 2000 instrument at the Department of
Biosciences and Nutrition, Karolinska Institutet. We acknowledge Tom
Morton at BioLogic Software for providing the Scrubber 2 software. We
thank Catherine Hayes for helping us to publish the mass spectrometry
data in the UniCarb-DB.

Conflicts of interest J.H. is a part time CEO/CSO, board member and
shareholder of Recopharma AB.

Funding This work was supported by the Swedish Research Council
[K2011-65X-3031-01-6 to J.H. and 621-2010-5322 to N.G.K.], the County
Council of Véstra Gotaland (ALF) to J.H. and Karolinska Institute Faculty
funds (KID-funding) to S.G. The mass spectrometer was obtained by a
grant from the Swedish Research Council [342-2004-4434].

References

1. Fouchier, R.A., Munster, V., Wallensten, A., Bestebroer, T.M.,
Herfst, S., Smith, D., Rimmelzwaan, G.F., Olsen, B., Osterhaus,
A.D.: Characterization of a novel influenza A virus hemagglutinin
subtype (H16) obtained from black-headed gulls. J Virol 79(5),
2814-2822 (2005)

2. Baigent, S.J., McCauley, J.W.: Influenza type A in humans, mam-
mals and birds: determinants of virus virulence, host-range and
interspecies transmission. Bioessays 25(7), 657-671 (2003)

3. Skehel, J.J., Wiley, D.C.: Receptor binding and membrane fusion in
virus entry: the influenza hemagglutinin. Ann Rev Biochem 69, 531—
569 (2000)

4. Josefsberg, J.O., Buckland, B.: Vaccine process technology.
Biotechnol Bioeng 109 (6), 1443-1460 (2012)

5. Skehel, J.J., Bayley, P.M., Brown, E.B., Martin, S.R., Waterfield,
M.D., White, J.M., Wilson, .A., Wiley, D.C.: Changes in the con-
formation of influenza virus hemagglutinin at the pH optimum of
virus-mediated membrane fusion. Proc Natl Acad Sci U S A 79(4),
968-972 (1982)

6. Treanor, J., Nolan, C., O’Brien, D., Burt, D., Lowell, G., Linden, J.,
Fries, L.: Intranasal administration of a proteosome-influenza vaccine
is well-tolerated and induces serum and nasal secretion influenza
antibodies in healthy human subjects. Vaccine 24(3), 254-262 (2006)

7. Garten, R.J., Davis, C.T., Russell, C.A., Shu, B., Lindstrom, S.,
Balish, A., Sessions, W.M., Xu, X., Skepner, E., Deyde, V.,
Okomo-Adhiambo, M., Gubareva, L., Barnes, J., Smith, C.B.,
Emery, S.L., Hillman, M.J., Rivailler, P., Smagala, J., de Graaf, M.,
Burke, D.F., Fouchier, R.A., Pappas, C., Alpuche-Aranda, C.M.,
Lopez-Gatell, H., Olivera, H., Lopez, 1., Myers, C.A., Faix, D.,
Blair, PJ., Yu, C., Keene, K.M., Dotson Jr., P.D., Boxrud, D.,
Sambol, A.R., Abid, S.H., St George, K., Bannerman, T., Moore,
A.L., Stringer, D.J., Blevins, P., Demmler-Harrison, G.J., Ginsberg,
M., Kriner, P., Waterman, S., Smole, S., Guevara, H.F., Belongia,

10.

12.

13.

14.

17.

18.

19.

20.

21.

22.

23.

24.

25.

E.A., Clark, P.A., Beatrice, S.T., Donis, R., Katz, J., Finelli, L.,
Bridges, C.B., Shaw, M., Jernigan, D.B., Uyeki, T.M., Smith, D.J.,
Klimov, A.L, Cox, N.J.: Antigenic and genetic characteristics of
swine-origin 2009 A(H1N1) influenza viruses circulating in humans.
Science 325(5937), 197-201 (2009)

. Scholtissek, C., Rohde, W., Von Hoyningen, V., Rott, R.: On the

origin of the human influenza virus subtypes H2N2 and H3N2.
Virology 87(1), 13-20 (1978)

. Kuiken, T., Riteau, B., Fouchier, R.A., Rimmelzwaan, G.F.:

Pathogenesis of influenza virus infections: the good, the bad and
the ugly. Curr Opin Virol 2(3), 276-286 (2012)

Johnson, N.P., Mueller, J.: Updating the accounts: global mortality of
the 1918-1920 “Spanish” influenza pandemic. Bull Hist Med 76(1),
105-115 (2002)

. Olofsson, S., Kumlin, U., Dimock, K., Arnberg, N.: Avian influenza

and sialic acid receptors: more than meets the eye? Lancet Infect Dis
5(3), 184-188 (2005)

Kuiken, T., Holmes, E.C., McCauley, J., Rimmelzwaan, G.F.,
Williams, C.S., Grenfell, B.T.: Host species barriers to influenza virus
infections. Science 312(5772), 394-397 (2006)

Suzuki, Y., Ito, T., Suzuki, T., Holland Jr., R.E., Chambers, T.M.,
Kiso, M., Ishida, H., Kawaoka, Y.: Sialic acid species as a determi-
nant of the host range of influenza A viruses. J Virol 74(24), 11825—
11831 (2000)

Matrosovich, M., Klenk, H.D.: Natural and synthetic sialic acid-
containing inhibitors of influenza virus receptor binding. Rev Med
Virol 13(2), 85-97 (2003)

. van Riel, D., Munster, V.J., de Wit, E., Rimmelzwaan, G.F., Fouchier,

R.A., Osterhaus, A.D., Kuiken, T.: HSN1 virus attachment to lower
respiratory tract. Science 312(5772), 399 (2006)

. Sorrell, E.M., Schrauwen, E.J., Linster, M., De Graaf, M., Herfst, S.,

Fouchier, R.A.: Predicting ‘airborne’ influenza viruses: (trans-) mis-
sion impossible? Curr Opin Virol 1(6), 635-642 (2011)

Totani, K., Kubota, T., Kuroda, T., Murata, T., Hidari, K.I., Suzuki,
T., Suzuki, Y., Kobayashi, K., Ashida, H., Yamamoto, K., Usui, T.:
Chemoenzymatic synthesis and application of glycopolymers con-
taining multivalent sialyloligosaccharides with a poly(L-glutamic
acid) backbone for inhibition of infection by influenza viruses.
Glycobiology 13(5), 315-326 (2003)

Horimoto, T., Kawaoka, Y.: Strategies for developing vaccines
against H5N1 influenza A viruses. Trends Mol Med 12(11), 506—
514 (2006)

Osterholm, M.T., Kelley, N.S.: Mammalian-transmissible H5N1 in-
fluenza: facts and perspective. mBio 3(2), €00045-00012 (2012)
Fouchier, R.A., Schneeberger, P.M., Rozendaal, F.W., Broekman,
J.M., Kemink, S.A., Munster, V., Kuiken, T., Rimmelzwaan, G.F.,
Schutten, M., Van Doornum, G.J., Koch, G., Bosman, A., Koopmans,
M., Osterhaus, A.D.: Avian influenza A virus (H7N7) associated with
human conjunctivitis and a fatal case of acute respiratory distress
syndrome. Proc Natl Acad Sci U S A 101(5), 1356-1361 (2004)
Michaelis, M., Geiler, J., Klassert, D., Doerr, H.W., Cinatl Jr., J.:
Infection of human retinal pigment epithelial cells with influenza A
viruses. Invest Ophthalmol Vis Sci 50(11), 5419-5425 (2009)
Belser, J.A., Gustin, K.M., Maines, T.R., Pantin-Jackwood, M.J.,
Katz, J.M., Tumpey, T.M.: Influenza virus respiratory infection and
transmission following ocular inoculation in ferrets. PLoS Pathog
8(3), €1002569 (2012)

Stevens, J., Blixt, O., Tumpey, T.M., Taubenberger, J.K., Paulson, J.C.,
Wilson, L.A.: Structure and receptor specificity of the hemagglutinin
from an HSN1 influenza virus. Science 312(5772), 404-410 (2006)
Suenaga, E., Mizuno, H., Penmetcha, K.K.: Monitoring influenza
hemagglutinin and glycan interactions using surface plasmon reso-
nance. Biosensors Bioelectronics 32(1), 195-201 (2012)
Osterholm, M.T., Kelley, N.S., Sommer, A., Belongia, E.A.: Efficacy
and effectiveness of influenza vaccines: a systematic review and
meta-analysis. Lancet Infect Dis 12(1), 3644 (2012)

@ Springer



158

Glycoconj J (2014) 31:145-159

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Moscona, A.: Neuraminidase inhibitors for influenza. New Engl J
Med 353(13), 1363-1373 (2005)

Ison, M.G., Hayden, F.G.: Therapeutic options for the management
of influenza. Curr Opin Pharmacol 1(5), 482-490 (2001)

Jefferson, T., Jones, M.A., Doshi, P., Del Mar, C.B., Heneghan, C.J.,
Hama, R., Thompson, M.J.: Neuraminidase inhibitors for preventing
and treating influenza in healthy adults and children. Cochrane
Database Syst Rev (Online) 1, CD008965 (2012)

Moscona, A.: Oseltamivir resistance—disabling our influenza de-
fenses. New England J Med 353 (25), 2633-2636 (2005)

Bovin, N.V., Tuzikov, A.B.., Chinarev, A.A., Gambaryan, A.S.:
Multimeric glycotherapeutics: new paradigm. Glycoconj J 21(8-9),
471-478 (2004)

Liu, J., Gustafsson, A., Breimer, M.E., Kussak, A., Holgersson, J.:
Anti-pig antibody adsorption efficacy of {alpha}-Gal carrying recom-
binant P-selectin glycoprotein ligand-1/immunoglobulin chimeras in-
creases with core 2 {beta}1, 6-N-acetylglucosaminyltransferase ex-
pression. Glycobiology 15(6), 571-583 (2005)

Ogata, M., Hidari, K.I., Murata, T., Shimada, S., Kozaki, W., Park,
E.Y., Suzuki, T., Usui, T.: Chemoenzymatic synthesis of
sialoglycopolypeptides as glycomimetics to block infection by avian
and human influenza viruses. Bioconjug Chem 20(3), 538-549
(2009)

Sauter, N.K., Bednarski, M.D., Wurzburg, B.A., Hanson, J.E.,
Whitesides, G.M., Skehel, J.J., Wiley, D.C.: Hemagglutinins from
two influenza virus variants bind to sialic acid derivatives with
millimolar dissociation constants: a 500-MHz proton nuclear mag-
netic resonance study. Biochemistry 28(21), 8388-8396 (1989)
Toogood, P.L., Galliker, P.K., Glick, G.D., Knowles, J.R.:
Monovalent sialosides that bind tightly to influenza A virus. J] Med
Chem 34(10), 3138-3140 (1991)

Lowe, J.B.: Glycan-dependent leukocyte adhesion and recruitment in
inflammation. Curr Opin Cell Biol 15(5), 531-538 (2003)

Carlow, D.A., Gossens, K., Naus, S., Veerman, K.M., Seo, W.,
Ziltener, H.J.: PSGL-1 function in immunity and steady state homeo-
stasis. Immunol Rev 230(1), 75-96 (2009)

Ahlen, G., Strindelius, L., Johansson, T., Nilsson, A., Chatzissavidou,
N., Sjoblom, M., Rova, U., Holgersson, J.: Mannosylated mucin-type
immunoglobulin fusion proteins enhance antigen-specific antibody and
T lymphocyte responses. PloS one 7(10), e46959 (2012)

Lindberg, L., Liu, J., Gaunitz, S., Nilsson, A., Johansson, T.,
Karlsson, N.G., Holgersson, J.: Mucin-type fusion proteins with
blood group A or B determinants on defined O-glycan core chains
produced in glycoengineered CHO cells and their use as immunoaf-
finity matrices. Glycobiology (2013).

Gustafsson, A., Sjoblom, M., Strindelius, L., Johansson, T.,
Fleckenstein, T., Chatzissavidou, N., Lindberg, L., Angstrom, J.,
Rova, U., Holgersson, J.: Pichia pastoris-produced mucin-type fu-
sion proteins with multivalent O-glycan substitution as targeting
molecules for mannose-specific receptors of the immune system.
Glycobiology 21(8), 1071-1086 (2011)

Lofling, J., Holgersson, J.: Core saccharide dependence of sialyl
Lewis X biosynthesis. Glycoconj J 26(1), 33—40 (2009)

Lofling, J.C., Hauzenberger, E., Holgersson, J.: Absorption of anti-
blood group A antibodies on P-selectin glycoprotein ligand-1/immu-
noglobulin chimeras carrying blood group A determinants: core
saccharide chain specificity of the Se and H gene encoded alphal,2
fucosyltransferases in different host cells. Glycobiology 12(3), 173—
182 (2002)

Gustafsson, A.: Carbohydrate-Dependent Inhibition of Protein-
Carbohydrate Interactions, Doctoral thesis. Sahlgrenska Academy
at Goteborg University (2005)

Cherian, R.M., Gaunitz, S., Nilsson, A., Liu, J., Karlsson, N.G.,
Holgersson, J.: Shiga-like toxin binds with high avidity to multivalent

@ Springer

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

O-linked blood group P1 determinants on mucin type fusion proteins.
Glycobiology (2013). doi: 10.1093/glycob/cwt086

Lindberg, L., Theinert, K., Liu, J., Holgersson, J.: Adsorption of
chain type-specific ABO antibodies on Sepharose-linked A and B
tetrasaccharides. Transfusion 52(11), 2356-2367 (2012)

Karlsson, N.G., Packer, N.H.: Analysis of O-linked reducing oligo-
saccharides released by an in-line flow system. Anal Biochem
305(2), 173-185 (2002)

van Dijk, W., Havenaar, E.C., Brinkman-van der Linden, E.C.: Alpha
1-acid glycoprotein (orosomucoid): pathophysiological changes in
glycosylation in relation to its function. Glycoconj J 12(3), 227-233
(1995)

Gornik, O., Lauc, G.: Glycosylation of serum proteins in inflamma-
tory diseases. Dis Markers 25(4-5), 267-278 (2008)

Xu, X., Nagarajan, H., Lewis, N.E., Pan, S., Cai, Z., Liu, X., Chen,
W., Xie, M., Wang, W., Hammond, S., Andersen, M.R., Neff, N.,
Passarelli, B., Koh, W., Fan, H.C., Wang, J., Gui, Y., Lee, K.H.,
Betenbaugh, M.J., Quake, S.R., Famili, 1., Palsson, B.O., Wang, J.:
The genomic sequence of the Chinese hamster ovary (CHO)-K1 cell
line. Nature Biotechnol 29(8), 735-741 (2011)

Beck, A., Wagner-Rousset, E., Bussat, M.C., Lokteff, M., Klinguer-
Hamour, C., Haeuw, J.F., Goetsch, L., Wurch, T., Van Dorsselaer, A.,
Corvaia, N.: Trends in glycosylation, glycoanalysis and
glycoengineering of therapeutic antibodies and Fc-fusion proteins.
Curr Pharm Biotechnol 9(6), 482-501 (2008)

Gustafsson, A., Holgersson, J.: A new generation of carbohydrate-
based therapeutics: recombinant mucin-type fusion proteins as ver-
satile inhibitors of protein—carbohydrate interactions. Expert Opin
Drug Disc 1(2), 161-178 (2006)

Hidari, K.I., Shimada, S., Suzuki, Y., Suzuki, T.: Binding kinetics of
influenza viruses to sialic acid-containing carbohydrates. Glycoconj J
24(9), 583-590 (2007)

Meng, B., Marriott, A.C., Dimmock, N.J.: The receptor preference of
influenza viruses. Influenza Other Respir Viruses 4(3), 147-153
(2010)

Fasting, C., Schalley, C.A., Weber, M., Seitz, O., Hecht, S., Koksch,
B., Demedde, J., Graf, C., Knapp, E.W., Haag, R.: Multivalency as a
chemical organization and action principle. Angewandte Chemie Int
ed 51(42), 10472-10498 (2012)

Chabre, Y.M., Roy, R.: The chemists way to prepare multivalency. In:
Gabius, H.-J. (ed.) The sugar code - fundamentals of glycosciences,
pp. 53-70. WILEY-VCH, Weinheim (2009)

Jefferis, R.: Recombinant antibody therapeutics: the impact of glyco-
sylation on mechanisms of action. Trends Pharmacol Sci 30(7), 356—
362 (2009)

Crocker, P.R., Paulson, J.C., Varki, A.: Siglecs and their roles in the
immune system. Nat Rev Immunol 7(4), 255-266 (2007)

Li, H., d’Anjou, M.: Pharmacological significance of glycosyl-
ation in therapeutic proteins. Curr Opin Biotechnol 20(6), 678—
684 (2009)

Durocher, Y., Butler, M.: Expression systems for therapeutic
glycoprotein production. Curr Opin Biotechnol 20(6), 700-707
(2009)

Sorensen, A.L., Clausen, H., Wandall, H.H.: Carbohydrate clearance
receptors in transfusion medicine. Biochim Biophys Acta 1820(11),
1797-1808 (2012)

Robinson, M.J., Sancho, D., Slack, E.C., LeibundGut-Landmann, S.,
Reis e Sousa, C.: Myeloid C-type lectins in innate immunity. Nature
Immunol 7(12), 1258-1265 (2006)

Mahla, R.S., Reddy, M.C., Prasad, D.V., Kumar, H.: Sweeten
PAMPs: role of sugar complexed pamps in innate immunity and
vaccine biology. Frontiers Immunol 4, 248 (2013)

Nayak, D.P., Hui, E.K., Barman, S.: Assembly and budding of
influenza virus. Virus Res 106(2), 147-165 (2004)


http://dx.doi.org/10.1093/glycob/cwt086

Glycocon;j J (2014) 31:145-159

159

63.

64.

65.

66.

Olofsson, S., Bergstrom, T.: Glycoconjugate glycans as viral recep-
tors. Annals Med 37(3), 154-172 (2005)

Karlsson, N.G., Schulz, B.L., Packer, N.H.: Structural determination
of neutral O-linked oligosaccharide alditols by negative ion LC-
electrospray-MSn. J Am Soc Mass Spectrom 15(5), 659—672 (2004)
Ceroni, A., Dell, A., Haslam, S.M.: The GlycanBuilder: a fast,
intuitive and flexible software tool for building and displaying glycan
structures. Source Code Biol Med 2, 3 (2007)

Ceroni, A., Maass, K., Geyer, H., Geyer, R., Dell, A., Haslam, S.M.:
GlycoWorkbench: a tool for the computer-assisted annotation of
mass spectra of glycans. J Proteome Res 7(4), 1650-1659 (2008)

67.

68.

69.

Hayes, C.A., Karlsson, N.G., Struwe, W.B., Lisacek, F., Rudd,
P.M., Packer, N.H., Campbell, M.P.: UniCarb-DB: a database re-
source for glycomic discovery. Bioinformatics 27(9), 1343—1344
(2011)

Varki, A., Cummings, R.D., Esko, J.D., Freeze, H.H., Stanley, P.,
Marth, J.D., Bertozzi, C.R., Hart, G.W., Etzler, M.E.: Symbol no-
menclature for glycan representation. Proteomics 9(24), 5398-5399
(2009)

Domon, B., Costello, C.E.: A systematic nomenclature for carbohy-
drate fragmentations in FAB-MS/MS spectra of glycoconjugates.
Glycoconj J 5(4), 397409 (1988)

@ Springer



	Avian...
	Abstract
	Introduction
	Results
	P-selectin glycoprotein ligand-1/mouse immunoglobulin G2b is mainly expressed as a dimer in C-P55, 293-P and C-PSLex cells
	Characterization of O-glycans released from PSGL-1/mIgG2b produced in C-P55, 293-P and C-PSLex cell lines with liquid chromatography mass spectrometry
	Lectin Western blot indicates the presence of terminal Siaα2-3 on lactosamine on PSGL-1/mIgG2b produced in 293-P and C-PSLex cell lines
	The avian influenza H5 hemagglutinin binds strongly to sialylated PSGL-1/mIgG2b and Siaα2-3-LAcNAc-APE-HSA in a Biacore assay
	Estimations of affinity

	Discussion
	PSGL-1/mIgG2b produced in stable cell lines carry Siaα2-3 on different core chains
	H5 binds strongly to multivalent Siaα2-3 on PSGL-1/mIgG2b and Siaα2-3-LacNAc-APE-HSA
	PSGL-1/mIgG2b - H5 binding avidity
	H5 receptor specificity
	PSGL-1/mIgG2b as a potential inhibitor of influenza virus

	Material and methods
	Lectins, antibodies and neoglycoconjugates
	Engineered cell lines
	Large scale cultivation of 293 and CHO cells
	Purification of PSGL-1/mIgG2b
	Quantification of PSGL-1/mIgG2b with ELISA
	SDS-PAGE and Western blot
	Chemical release of O-linked glycans from purified PSGL-1/mIgG2b
	Mass spectrometry
	Establishing a SPR method with immobilized hemagglutinin
	Realtime SPR analysis

	References


