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Poly(ethylene glycol) (PEG) 5 kDa and 20 kDa have been previously conjugated to two anti-sialoadhesin (Sn)
monoclonal antibodies (mAbs), SER-4 and 3D6, and shown to dramatically increase their inhibitory potency in
solid-phase red blood cell binding assays. In the present study, we evaluated the effect of anti-Sn SER-4 and 3D6
mAbs PEGylation on their inhibition of cell adhesion in mouse peritoneal macrophages. We also examined whether
Sn-mediated PEGylation could affect plasma membrane functions of macrophages as to prevent accessibility,
binding, and endocytosis of macromolecules and particles. Conjugation of PEG to plasma membrane is known
to cause immune tolerance by impairing protein—protein and cell—cell interactions. PEGylation of SER-4 and
3D6 mAbs increased by 4-fold their inhibition of Sn-mediated erythrocyte binding to macrophages. PEGylated
SER-4 and 3D6 mAbs did not impair macrophage membrane integrity, cell metabolism, nor pinocytosis of
macromolecules and phagocytosis of latex particles. Thus, PEGylation of antibodies directed to cell surface receptors
could be potentially exploited in a therapeutic setting to increase inhibitory potency of antibodies without impairing

vital functions of cells.

INTRODUCTION

The covalent coupling of poly(ethylene glycol) (PEG) to
proteins is a well-established technique to enhance the thera-
peutic potential of peptides and proteins. Multiple benefits of
PEGylation include prolongation of protein half-life in the body
and elimination of its immunogenicity (for reviews, see refs 1,
2:). PEGylation has also been extended to cells and tissues. Red
blood cells (RBC) were the first example of cell surface
PEGylation to produce transfusable universal blood (3). The
covalent coupling of PEG (molecular weight, MW, 5 kDa) to
proteins exposed on RBC surfaces could attenuate the im-
munologic recognition of surface antigens without adversely
affecting viability, morphology, deformability, and other mem-
brane functions (4, 3). Interestingly, PEGylation of proteins
exposed on the surface of rat pancreatic islets (PEG MW, 5
kDa) conferred immunotolerance of the islets without interfering
with glucose homeostasis and islet viability in vitro (5). In vivo,
the PEGylation of the islets extended their survival despite a
reduced dose of immunosuppressive medication (6). The im-
munoprotective effect of PEG was mainly due to the large steric
exclusion volume provided by the flexibility of PEG molecules.

In a recent study, we explored an additional benefit of
PEGylation based on the concept of PEG-dependent steric
hindrance. We showed that PEGylation of two monoclonal
antibodies (mAbs), SER-4 and 3D6, directed to the macrophage
adhesion molecule, sialoadhesin (Sn), dramatically increased
their efficacy for blocking Sn-mediated interactions (7). Sn
(Siglec-1, CD169) is a 185 kDa macrophage-restricted adhesion
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molecule and a member of the Siglec family of sialic acid
binding immunoglobulin (Ig)-like lectins (8). Sn mediates sialic
acid-dependent adhesion of macrophages to a range of cell types
including lymphoid and myeloid cells (9). Sn was originally
characterized in the mouse as a nonphagocytic sialic acid-
dependent sheep erythrocyte receptor expressed on macrophage
subsets (/0), especially those in secondary lymphoid organs (/7).
Sn can be upregulated on monocytes and macrophages during
inflammatory responses, including autoimmune diseases (12, 13),
and on macrophages that infiltrate human breast tumors (/4).
The inhibitory potencies of PEGylated mAbs were evaluated
using a well-defined solid-phase RBC binding assay in which
recombinant Sn was coated on a plate and allowed to bind RBC
in the presence and absence of anti-Sn mAbs. In this assay,
neither unconjugated SER-4 nor 3D6 mAb was able to inhibit
RBC binding to Sn when added alone, whereas both mAbs were
originally identified as blocking antibodies for RBC binding to
peritoneal macrophages (/5). These contradictory results might
be explained by the density of Sn coated on the microplate
versus that expressed on macrophages. Considering that the
interaction of Sn with sialoglycoconjugates is multivalent, the
large amount of Sn coated on the plate generated a higher-order
multivalency with sialoglycoconjugates on RBC surfaces (16, 17).
Therefore, the high-density coating of Sn used in the solid-
phase RBC binding assay led to higher avidity binding of RBC,
which were less efficiently inhibited by SER-4 or 3D6.

The present study aimed to evaluate the inhibitory potency
of PEGylated SER-4 and 3D6 in a cellular environment using
peritoneal macrophages induced to express Sn (/8). As PEGy-
lation of cells, such as RBC, and pancreatic islets were shown
to camouflage their surface and repel the binding of immune
cells and proteins, we also tested the specificity of the inhibition,
that is, we evaluated if Sn PEGylation, using PEGylated SER-4
and 3D6, only affected Sn-mediated macrophage interactions
or led to Sn receptor-independent side effects, as to prevent the
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Table 1. Assessment of Cell Integrity”
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cell viability tests

Trypan blue exclusion
(% of viable cells)

treatment (10 ug/mL)

LDH release
(% of total)

MTT conversion
(% of untreated cells)

untreated cells (control) 92.1+7.3 133428 100 £ 11.6
SER-4 and 3D6 80.0 +42 13.04+49 108.1 +19.4
SER-4—2PEG 20 kDa 84.5+3.9 1534+4.0 90.0 4+ 11.3
3D6—2PEG 5 kDa 88.0+ 1.9 142436 89.3+ 4.4

3D6—1PEG 20 kDa 87.6 + 2.8 147 +£42 93.5+13.0
3D6—2PEG 20 kDa 90.0 £3.6 147 +£2.6 87.04+17.4
SER-4—2PEG 20 kDa and 3D6—2PEG 20 kDa 92.1+£3.6 13.7+£4.6 89.2 4 14.7
Triton 1% (cell death by necrosis) 0.7 £1.3% 98.9 +3.3° 17.9 £2.2°

“ Plasma membrane integrity and cell metabolism of Sn-expressing TPM were assessed by LDH release, Trypan blue exclusion, and MTT reduction.
Data are the mean & SD of 3 pooled independent experiments (carried out in duplicate). * Tukey test, p < 0.0001.

accessibility, binding, and endocytosis of macromolecules and
particles by macrophages.

EXPERIMENTAL PROCEDURE

Animals. Female C57BL6 mice were bred at the Faculty of
Medicine animal facilities of the Université catholique de
Louvain (Belgium) and used between 7 and 11 weeks of age.
Animals had free access to tap water and laboratory diet during
the experimental period. All experimental protocols with mice
were approved by the Institutional Animal Care and Use
Committee of the Faculty of Medicine of the Université
catholique de Louvain.

Preparation of Sn-Expressing Peritoneal Macrophages.
Thioglycollate-elicited peritoneal macrophages (TPM) from
female C57BL6 mice were obtained 4 days after intraperitoneal
injection of 1 mL Brewer’s modified thioglycollate broth. About
15 million cells per mouse were recovered by peritoneal lavage
with 5 mL HBSS of which ~70% are macrophages (19). TPM
were seeded at 1.25 x 10° macrophages/cm” on collagen I
precoated multiwell tissue culture plate (Corning Life Sciences,
Lowell, MA, USA) in RPMI 1640 supplemented with 2 mM
L-glutamine and 10% fetal bovine serum. Nonadherent cells
were removed by washing after 40 min of incubation in a
humidified atmosphere at 37 °C in 5% CO,. In order to induce
sialoadhesin expression, TPM were incubated in fresh medium
supplemented with 2 mM L-glutamine and 10% C57BL6 mouse
serum during 3 days (/8).

PEGylation of SER-4 and 3D6 mAbs. The most amine
reactive groups of SER-4 and 3D6 mAbs were conjugated to 1
or 2 molecules of PEG 5 kDa or 20 kDa, as previously described
(7). Modification of mAb with PEG molecules was abbreviated;
for example, SER-4—2PEG 5 kDa and denotes a modification
of SER-4 mAb with 2 linear PEG chains of 5 kDa.

Evaluation of Cell Membrane Integrity and Cell
Metabolism. After 3 days in culture with mouse serum, Sn-
expressing TPM were washed with RPMI + 0.1% BSA and
precooled at 4 °C. Fcy receptors on TPM surfaces were blocked
using a rat monoclonal antibody against mouse CD16/32
receptors (clone 2.4G2, 1:150) at 4 °C for 20 min. Cells were
then incubated with fresh serum-free medium containing 10 ug/
mL of SER-4—2PEG 20 kDa, 3D6—2PEG 5 kDa, 3D6—1PEG
20 kDa, 3D6—2PEG 20 kDa, or a combination of SER-4—2PEG
20 kDa and 3D6—2PEG 20 kDa at 4 °C for 45 min. Cells were
finally transferred in a humidified atmosphere at 37 °C in 5%
CO; during 4 h. Plasma membrane integrity of cells after
incubation with PEGylated mAbs was assessed by the release
of lactate dehydrogenase (LDH) and the exclusion of Trypan
blue. LDH activity was assessed by measuring the NADH
consumption during the reduction of pyruvate into lactate (20).
Results were expressed as the percentage of activity detected
in the medium over the sum of the activities in the medium
and in the cells. Trypan blue exclusion results were expressed

as the percentage of viable cells. Cell metabolism was assessed
by the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), a yellow water-soluble tetrazolium
dye reduced by metabolically active cells to a water-insoluble
purple formazan (27). Results were expressed as the percentage
of metabolically active cells. In all assays, untreated cells and
Triton-treated cells were used as controls.

Red Blood Cell Rosetting Assay. 5 x 10* TPM were added
in wells of a collagen I precoated 48-well tissue culture plate
and induced to express Sn by culture in 10% mouse serum for
3 days. Cells were washed with RPMI + 0.1% BSA and
precooled at 4 °C. Fcy receptors on TPM surface were blocked,
as described above, at 4 °C for 20 min. Cells were then
incubated with 300 uL of 3-fold serial dilutions of the different
species of SER-4-PEG or 3D6-PEG alone or in combination at
4 °C for 45 min. Three hundred microliters of freshly prepared
human RBC at 1% vol/vol was added directly to the wells and
incubated at 37 °C for 30 min. Unbound RBC were removed
by repeated washing with medium. The percentage of mac-
rophage binding of >4 RBC, i.e., rosettes, was determined under
optical microscopy (100 cells counted; Axiovert S100, Zeiss,
Minneapolis, MN, USA) (22). The percentage of rosettes was
normalized to the percentage of rosetting activity in the absence
of mAbs (considered to be equal to 100%). As controls, TPM
were incubated with an irrelevant rat IgG2a, to test the specificity
of mAbs, or with nonfunctional PEG in RPMI + 0.1% BSA,
to evaluate a possible nonspecific effect of the polymer on RBC
binding. In the latter case, the concentration of PEG solution
was adjusted to the number of PEG molecules found in a
solution composed of a mixture of both PEGylated mAbs.

Characterization of Endocytosis Modes. Nonspecific
Adsorptive Endocytosis. FITC-albumin was used as tracer of
nonspecific adsorptive endocytosis (23). Sn-expressing TPM
were first washed with warm medium without serum and
incubated at 37 °C during 30 min. The uptake of FITC-albumin
by Sn-expressing TPM was measured using increasing concen-
trations of FITC-albumin in serum-free medium at 37 °C for
2 h. After 6 washes for 30 s with PBS-Ca*"-Mg”" (removing
75—80% of tracers bound at 4 °C), intracellular uptake of FITC-
albumin was measured in cell lysates prepared in 0.05% (vol/
vol) Triton X-100 by fluorimetry (Aex. 485 nm, Aep 530 nmy;
Packard Fluorocount Microplate Fluorometer, Packard Instru-
ment Company, Meriden, CT, USA). For competition studies,
fresh serum-free medium containing 700 M bovine albumin
(A4378, Sigma-Aldrich, St Louis, MO, USA) was incubated
with Sn-expressing TPM 1 h at 4 °C prior to a coincubation
with 7 uM FITC-albumin at 37 °C for 2 h. Cells were then
washed 6 times with PBS-Ca?"-Mg?" and digested with 0.05%
(vol/vol) Triton X-100. Energy depletion of Sn-expressing TPM
was performed by incubation with 5 mM sodium azide (NaNj3)
and 60 mM 2-deoxy-D-glucose (2-DOG) in serum-free medium
(ATP depletion medium). Cells were preincubated in ATP
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Inhibitor IC, (ng/mL)
SER-4 SER-4 702 3.5
SER-4 & 306 306 71267
SER-4-2PEG20 SER-4 & 3D6 367 £9.2
SER-4-2PEG20 SER-4-2PEG20 160 2.6
& 3D6-2PEG20
3D6-2PEGS 8510
Irrelevant rat IgG2a
PEG 6000 3D6-1PEG20 9.1+07
3D6-2PEG20 107 £2.3
SER-4-2PEG20 &
3D6-2PEG2D 88x22

Figure 1. Inhibition of RBC binding to Sn-expressing TPM by PEGylated SER-4 and 3D6 mAbs. Data are the mean % SD of two pooled independent
experiments (carried out in duplicate). Rosette formation is the % of macrophages that bound >4 RBC. ICs, are concentrations inhibiting 50% of
rosette formation. Experiments with irrelevant IgG2a and PEG 6 kDa used in comparable concentrations did not show any inhibitory effect on

rosette formation.
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Figure 2. Creation of a sterical hindrance by PEG on Sn molecules.
Interaction between an erythrocyte and a macrophage occurs when both
sialic acids and Sn cluster, to create high-avidity binding. At the same
concentration, unmodified 3D6 mAb did not inhibit erythrocyte binding
to the macrophage (a), whereas PEGylated 3D6 mAb did (b). The higher
potency of PEGylated mAbs to inhibit erythrocyte binding was likely
due to a sterical effect created by PEG molecules around Sn.

depletion medium at 37 °C for 20 min and incubated with 7
uM FITC-albumin in ATP depletion medium for 2 additional
hours. Cells were then washed 6 times with PBS-Ca?t-Mg?*
and digested with 0.05% (vol/vol) Triton X-100.
Receptor-Mediated Endocytosis. Iron-saturated transferrin was
labeled with '°I using iodogen-precoated tubes to a specific
radioactivity of 2600—3300 cpm/ng protein. Sn-expressing TPM
surface binding of '*I-transferrin was determined by incubating
cells precooled at 4 °C with increasing concentrations of '*1-
transferrin in serum-free medium supplemented with 0.1% BSA
for 1 h. Cells were then washed and radioactivity was measured
in cell lysates prepared in 0.05% (vol/vol) Triton X-100
(Minaxiy gamma counter, Packard Instrument Company, Meri-
den, CT, USA). For competition studies, human serum was
incubated with Sn-expressing TPM 1 h at 4 °C prior to a
coincubation with 50 nM !*I-transferrin for one additional hour
at 4 °C. Cells were then washed 6 times with PBS-Ca?*-Mg?*
and surface-digested with 0.2% (wt/vol) Pronase in RPMI at 4
°C for 45 min to distinguish transferrin accessible on the plasma
membrane (Pronase-sensitive) from sequestered transferrin
(Pronase-resistant) (24). Pronase-resistant fraction (containing
intracellular '»I-transferrin) was pelleted by centrifugation at

250 x g at 4 °C for 5 min. The supernatant (containing surface-
accessible transferrin) was kept, and the pellet was finally
washed twice with PBS-Ca?"-Mg?* and lysed in 0.05% (vol/
vol) Triton X-100. Radioactivity was measured in Pronase-
resistant and Pronase-sensitive fractions. Energy depletion of
Sn-expressing TPM was performed by incubation in ATP
depletion medium at 37 °C for 20 min (see above). Cells were
then precooled at 4 °C and incubated with 50 nM '*I-transferrin
in ATP depletion medium for 1 h. Cells were washed and
reincubated at 37 °C in fresh prewarmed ATP depletion medium
for 10 min. Cells were then rapidly cooled down to 4 °C, washed
6 times with PBS-Ca?"-Mg?", surface digested, and radioactivity
in Pronase-resistant and Pronase-sensitive fractions were mea-
sured.

Internalisation Assays. Sn-expressing TPM were first washed
with warm medium without serum and incubated at 37 °C over
30 min. Cells were washed and precooled at 4 °C. Fcy receptors
on TPM surface were blocked as described above at 4 °C for
20 min. Cells were finally washed and incubated with a
combination of SER-4—2PEG 20 kDa and 3D6—2PEG 20 kDa
at 4 °C for 45 min prior to incubation with tracers of
endocytosis.

FITC-Albumin Endocytosis. FITC-albumin was directly added
to cells at a final concentration of 7 uM and incubated at 37 °C
for the indicated intervals. Cells were washed 6 times with PBS-
Ca’™-Mg”", and intracellular uptake of FITC-albumin was
measured on sonicated cell lysates prepared in 0.05% (vol/vol)
Triton X-100 by fluorimetry.

5. Transferrin Endocytosis. '»I-transferrin was directly
added to cells at a final concentration of 50 nM and allowed to
bind at 4 °C for 1 h. Cells were washed 6 times at 4 °C with
PBS-Ca*"-Mg** and reincubated at 37 °C in fresh prewarmed
serum-free medium supplemented with 0.1% BSA for the
indicated intervals. Cells were then rapidly cooled down to 4
°C, washed, and surface-digested with 0.2% (wt/vol) Pronase
in RPMI at 4 °C for 45 min. Radioactivity was measured in
Pronase-resistant and Pronase-sensitive fractions to distinguish
intracellular from surface-accessible transferrin.

Phagocytosis. Red fluorescent carboxylate-modified latex
beads of 2 um were used as tracer of phagocytosis. Following
the incubation with PEGylated mAbs, an equivalent volume of
latex beads in serum-free medium was added directly to the
wells at a final concentration of 270 beads/nL, mixed, and
incubated at 37 °C for the indicated intervals. After 6 washes
for 30 s with PBS-Ca*"-Mg?" (removing more than 80% of the
beads bound at 4 °C), uptake of the beads was measured on
sonicated cell lysates prepared in 0.05% (vol/vol) Triton X-100
by fluorimetry (Aexc 485 nm, Aer, 610 nm). To inhibit phagocy-
tosis (25), Sn-expressing TPM were first preincubated with 10
uM cytochalasin B in serum-free medium at 37 °C for 30 min
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Figure 3. FITC-albumin is taken up by nonspecific adsorptive
endocytosis in Sn-expressing TPM. (A) Adsorptive uptake of FITC-
albumin. FITC-albumin uptake was measured as a function of substrate
concentration in untreated cells at 37 °C for 2 h. Inset, scatchard analysis
of the uptake (In values in abscissa are in umol/ug cell protein; In/
Free ratios in the ordinate are in L/ug cell protein). Two components
of internalization were revealed with a high internalization constant
(Kuptake = 0.36 uM) for the first one and a low internalization constant
for the second one (Kypike = 18.88 uM). (B) No competition for FITC-
albumin uptake at 37 °C for 2 h. Cells were incubated with 7 uM FITC-
albumin alone (open bar) or with a 100-fold excess of unlabeled albumin
(filled bar); ns: no significant difference (t test, p > 0.05). (C) Endocytic
uptake of FITC-albumin is evidenced by inhibition at low temperature
and upon energy depletion. Cells were incubated with 7 uM FITC-
albumin at 4 °C for 1 h (open bar) or at 37 °C for 2 h (vertically striped
bar). Cellular ATP was depleted by incubating cells in ATP depletion
medium at 37 °C for 20 min. Cells were then incubated with 7 uM
FITC-albumin in ATP depletion medium at 37 °C for 2 h (horizontally
striped bar).

and incubated with latex beads (270 particles/nL) in serum-
free medium containing 10 uM cytochalasin B at 37 °C for the
indicated intervals. Cells were then washed 6 times 30 s with
PBS-Ca’"-Mg?>" and digested with 0.05% (vol/vol) Triton
X-100.

Localization of Fluorescent Latex Beads in Sn-Expressing
TPM by Confocal Microscopy. Untreated and PEGylated cells,
that is, pretreated with the combination of SER-4—2PEG 20
kDa and 3D6—2PEG 20 kDa, were incubated with 1 um green-
fluorescent latex beads or 2 um red-fluorescent latex beads at
37 °C for 3 h, washed 6 times 30 s with PBS-Ca?*-Mg?*, and
were fixed at room temperature in 4% paraformaldehyde for

Ducreux et al.

30 min. Cells were then washed 5 times with PBS and aspecific
sites were blocked by incubation in BSA/lysine solution at room
temperature for 30 min. To label the surface membrane of Sn-
expressing TPM, rat antimouse F4/80 mAb (1:200) was
incubated in BSA/lysine solution at room temperature for 1 h.
Cells were then washed 6 times 5 min with BSA/lysine and
incubated with Alexafluor 647-conjugated goat antirat IgG
antibody (1:200) at room temperature for 1 h. Cells were finally
washed 6 times 5 min with PBS, postfixed in 4% paraformal-
dehyde, washed 3 times with PBS, and mounted on glass slides
with mowiol. Cells were observed with a Zeiss confocal laser
scanning microscope LSM510 Meta-multiphoton. Data were
analyzed with Zeiss LSM software to obtain x—y, x—z, and y—z
views of cells.

Fate of Anti-Sn mAbs. 3D6 mAb was labeled with '*I using
iodogen-precoated tubes to a specific radioactivity of 2800—3500
cpm/ng of protein. Fcy receptors on Sn-expressing TPM surface
were blocked, and cells were then surface-labeled with 5 ug/
mL '®[-3D6 mAb in serum-free medium supplemented with
0.1% BSA at 4 °C for 45 min. Fresh prewarmed serum-free
medium was then directly added to '*’I-3D6 solution in wells,
and cells were incubated at 37 °C for the indicated intervals.
Cells were then rapidly cooled down to 4 °C, washed 6 times
with PBS-Ca?*-Mg?*, and surface-digested with 0.2% (wt/vol)
Pronase in RPMI for 45 min as described above.

Analysis. All data were normalized to the cell protein content.
Protein concentrations were measured by microBCA protein
assay using BSA as the protein standard. Unless otherwise
stated, results were expressed as mean =+ standard deviation
(SD) of 3 wells of 1 representative experiment. Statistical
comparisons of experimental values (by unpaired 7 test or one-
way analysis of variance (ANOVA) test and Tukey post-test)
and other mathematical analyses were performed using the
GraphPad Prism software for Windows (v 5.00, La Jolla, CA,
USA). Differences were considered significant at p < 0.05.

RESULTS AND DISCUSSION

SER-4 and 3D6 are monoclonal rat [gG2a anti-Sn antibodies
directed to two distinct epitopes of mouse Sn, domains 2 and/
or 3 for SER-4, and domain 1 for 3D6 (9). We showed
previously in solid-phase binding assays that PEGylation of
SER-4 and 3D6 mAbs strongly promoted their inhibitory
potencies against RBC binding (7). SER-4 carrying 2 molecules
of PEG 20 kDa (SER-4—2PEG 20 kDa) or 3D6 carrying 2
molecules of PEG 5 kDa (3D6—2PEG 5 kDa) alone each
resulted in about 75% inhibition, which was only reached by
the combination of unmodified mAbs. Moreover, 3D6 carrying
1 or 2 molecules of PEG 20 kDa (3D6—1PEG 20 kDa or
3D6—2PEG 20 kDa) could totally inhibit RBC binding as shown
by serial dilutions. When SER-4-PEG and 3D6-PEG were tested
in combination, their inhibitory potency further increased in line
with the degree of PEGylation.

In the present study, only these derivatized mAbs and the
combination of SER-4 and 3D6 with 2 molecules of 20 kDa
were tested. SER-4 and 3D6 mAbs with other extents of
derivatization that did not inhibit RBC binding in solid-phase
assays were not studied.

Effect of PEGylated Anti-Sn mAbs Binding on Sn-Express-
ing TPM Viability. PEG molecules larger than 400 Da are
considered nontoxic, and PEG has been approved by the FDA
for use in food and cosmetics (26). However, Murad et al.
showed that, when surface of RBC was highly derivatized with
PEG 5 kDa, PEGylation induced adverse structural and func-
tional effects on cells (4). Therefore, in the present assay, we
evaluated the effect of PEGylated SER-4 and 3D6 on Sn-
expressing TPM viability and cell function using different
cytotoxicity assays (Table 1): LDH release and Trypan blue
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Figure 4. '»I-transferrin endocytosis by Sn-expressing TPM. (A) Specific binding of '*I-transferrin at increasing concentrations at 4 °C. (B)
Kinetics of '*I-transferrin internalization. Cells were surface-labeled with 50 nM !*I-transferrin at 4 °C, washed, and reincubated at 37 °C in
transferrin-free medium for the indicated intervals. Increase in Pronase-resistant counts indicate values of intracellular transferrin. (C) Competitive
binding of '»I-transferrin at 4 °C. Cells were incubated with '*I-transferrin in serum-free medium for 1 h (open bar) or incubated with human
serum for 1 h then with '®I-transferrin in human serum for an additional hour (filled bar). Pronase-sensitive counts indicate values of surface-
accessible transferrin. Inset, Pronase-resistant counts of the same cells. (D) Endocytosis of '»I-transferrin is evidenced by incubation at low temperature
and upon energy depletion. Cells were surface-labeled with 50 nM '®I-transferrin at 4 °C and then washed (open bar) or further reincubated at 37
°C in transferrin-free medium for 10 min (vertically striped bar). ATP-depleted cells were surface-labeled at 4 °C with 50 nM 'I-transferrin in
ATP depletion medium for 1 h, washed, and reincubated at 37 °C in ATP depletion conditions for 10 min (horizontally striped bar). Inset, Pronase-

sensitive counts of the same cells.

exclusion to assess plasma membrane integrity and MTT
reduction to determine the metabolic activity. In these assays
and in the subsequent ones, we tested the PEGylated mAbs
concentration that inhibited with the highest efficacy the binding
of RBC to Sn in solid-phase binding assay (7). Whatever the
PEGylated mAbs, none of them showed any appreciable damage
to the plasma membrane or alteration of metabolic activity of
TPM.

Inhibition of RBC Binding to Sn-Expressing TPM by
PEGylated Anti-Sn mAbs. In order to assess the inhibitory
potency of PEGylated SER-4 and 3D6 mAbs on Sn-mediated
interaction in a cellular environment, we used peritoneal
macrophages induced to express Sn. As already shown (22),
parent SER-4 and 3D6 mAbs inhibited RBC binding to
macrophages with a high efficacy when used alone (Figure 1).
However, PEGylated mAbs used alone were all better inhibitors
than unconjugated SER-4 or 3D6 mAbs used alone or in
combination. On the basis of ICsy, SER-4 containing 2 molecules
of PEG 20 kDa was a 4-fold stronger inhibitor than unlabeled
SER-4. The combination of SER-4 and 3D6, each carrying 2
molecules of PEG 20 kDa resulted in an ICsy of ~9 ng/mL, a
4-fold reduction ICsy as compared to the mixture of the non-
PEGylated mAbs. This suggested that PEG molecules conferred
an additional sterical hindrance around the antibody and, hence,
around the receptor that prevented with higher efficacy the RBC
approach (as illustrated in Figure 2). To verify that the decreased
RBC binding was not the result of a nonspecific interaction of
PEG molecules with macrophage surfaces, RBC binding to TPM
was evaluated after incubation with PEG alone (Figure 1). PEG
was not able to inhibit RBC binding by itself, indicating that
the increased inhibitory potency provided by PEGylated mAbs
was not due to a nonspecific binding of the polymer to the
macrophage surface. Because it was the most efficient, further

studies were carried out with the combination of SER-4 and
3D6 coupled with 2 molecules of PEG 20 kDa.

Effect of Sn-Mediated PEGylation of Macrophages on
Albumin and Transferrin Endocytosis. Scott et al. have shown
that, when erythrocytes are PEGylated, the rapid motility and
molecular flexibility of the heavily hydrated PEG chains affect
the global surface of cells and prevent protein—protein interac-
tions as antibody-mediated RBC agglutination via blood group
antigen (27). Therefore, PEGylation of Sn-expressing TPM with
PEGylated SER-4 and 3D6 mAbs could affect the entire cell
surface and thereby impair endocytosis mechanisms of mac-
rophages, one of their key functions. This was examined by a
series of endocytosis assays.

Nonspecific Adsorptive Endocytosis of Albumin by
Sn-Expressing TPM. Nonspecific adsorptive endocytosis is a
saturable process at high concentration involving, prior to
internalization, interaction with nonspecific sites on the plasma
membrane. In contrast to kidney proximal tubules or endothelial
cells, albumin is internalized in macrophages by nonspecific
interaction (23) and is accepted as a tracer of nonspecific
adsorptive endocytosis in this cell type (28). To characterize
the nonspecific adsorptive endocytosis of albumin in Sn-
expressing TPM, its uptake was investigated in various condi-
tions (Figure 3). FITC-albumin uptake was measured as a
function of substrate concentration in untreated cells. Figure
3A shows saturation of uptake at a concentration of 17.5 uM
indicating that FITC-albumin is internalized via a process
saturable at high concentration, characteristic of adsorptive
endocytosis. The efficiency of accumulation after 2 h was
estimated at about 150 x 10° molecules per cell, i.e., 2 orders
of magnitude higher than fluid-phase endocytosis. Subsequent
studies were carried out at a nonsaturating albumin concentration
(7 uM). To further clarify whether the binding of FITC-albumin
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Figure 5. Effect of PEGylated anti-Sn mAbs on nonspecific adsorptive
endocytosis of FITC-albumin (A) and on receptor-mediated endocytosis
of I-transferrin (B) in Sn-expressing TPM. Cells were either left
untreated (open circles) or pretreated with a combination of SER-
4—2PEG20 and 3D6—2PEG20 both at 10 ug/mL (filled circles) at 4
°C for 45 min. (A) FITC-albumin was added at a final concentration
of 7 uM and cells were reincubated at 37 °C for the indicated intervals.
Experiments were reproduced twice with similar results. (B) After
incubation with 50 nM '®I-transferrin at 4 °C for 1 h, cells were
reincubated at 37 °C in transferrin-free medium for the indicated
intervals. Increase of Pronase-resistant counts indicate the amounts of
intracellular transferrin. Experiments were reproduced three times with
similar results.

to Sn-expressing TPM was specific or not, a competition study
was carried out using a 100-fold excess of unlabeled albumin
(Figure 3B). Unlabeled albumin did not affect the uptake of
FITC-albumin, indicating that this tracer binds nonspecifically
to Sn-expressing TPM surface. To confirm that FITC-albumin
was taken up by endocytosis, we looked at the effect of low
temperature and energy depletion. Figure 3C shows that both
treatments dramatically reduced the uptake of FITC-albumin
in macrophages. Taken together, these results confirm that TPM
induced to express Sn internalize albumin by nonspecific
adsorptive endocytosis.

Receptor-Mediated  Endocytosis  of  Transferrin by
Sn-Expressing TPM. Receptor-mediated endocytosis is a specific
adsorptive endocytosis mode characterized by the specific
binding of a ligand to its cell surface receptor followed by
internalization of ligand—receptor complexes. Transferrin is the
most commonly used tracer of receptor-mediated endocytosis,
and its internalization was at first studied in peritoneal mac-
rophages induced to express Sn (Figure 4). As shown in Figure
4A, "Pl-transferrin binding at 4 °C to untreated TPM reached
saturation at ~600 fmol/mg cell protein, corresponding to
~35000 binding sites/cell, with an apparent K4 of 30 nM.
Further studies were carried out with an initial concentration
of 50 nM '®I-transferrin (below saturation). Pronase-resistant
or intracellular transferrin increased very rapidly (~3500
molecules/cell/min) to level off after ~6 min (Figure 4B), a
time sufficient for apotransferrin—receptor complexes to be
recycled on the cell surface (29). In a competition study, human
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serum (containing 35 uM transferrin) significantly decreased
the binding of '*I-transferrin to the cell surface, indicating that
this tracer specifically binds to Sn-expressing TPM in a receptor-
dependent manner (Figure 4C, Pronase-sensitive fraction). As
expected for endocytosis, acquisition of intracellular '*I-
transferrin was largely inhibited at 4 °C (Figure 4D). Since
formation of clathrin-coated pits and -vesicles supporting
receptor internalization requires cellular ATP, receptor-mediated
endocytosis is an energy-dependent process (30). Cellular ATP
of Sn-expressing TPM was depleted, and '*I-transferrin inter-
nalization was studied for 10 min. Figure 4D shows that ATP
depletion significantly reduced the uptake of '*I-transferrin in
macrophages. Cellular ATP depletion also reduced the binding
of ®I-transferrin (Figure 4D, inset), as ATP is also needed for
the recycling of transferrin receptors (37). These results indicate
that TPM induced to express Sn internalize transferrin via
receptor-mediated endocytosis.

Effect of PEGylated Anti-Sn Mabs on Nonspecific
Adsorptive Endocytosis of Albumin and Receptor-Mediated
Endocytosis of Transferrin. To assess the effect of PEGylated
anti-Sn mAbs on FITC-albumin and 'I-transferrin uptake in
Sn-expressing TPM, the combination of SER-4—2PEG 20 kDa
and 3D6—2PEG 20 kDa mAbs was incubated with cells at 4
°C prior to addition of 7 uM FITC-albumin or 50 nM'?I-
transferrin. PEGylation of Sn-expressing TPM using PEGylated
SER-4 and 3D6 impaired neither the binding nor the kinetics
of internalization of either FITC-albumin or '*’I-transferrin at
any time (Figure 5). Uptake of FITC-albumin (Figure 5A) and
intracellular accumulation of !'*I-transferrin into cells (Figure
5B) were comparable in PEGylated and untreated TPM.
PEGylation of Sn expressed on the TPM surface using PEGy-
lated mAbs inhibited neither nonspecific adsorptive nor specific
receptor-mediated protein interactions, and this might be
explained in two ways. First, as Jang et al. showed that surface
PEGylation of pancreatic islets could not completely prevent
the infiltration of cytotoxic molecules into the islets (32), we
suggest that PEG molecules coupled to antibodies directed to
Sn on the TPM surface did not prevent the passage of
macromolecules, such as albumin and transferrin, across the
meshes of PEG. Second, it remains possible that the specific
and local PEGylation of Sn expressed on TPM surface using
PEGylated mAbs had no sterical impact on the whole cell
surface and therefore did not prevent the approach, the binding
and the internalization of albumin and transferrin (as illustrated
in Figure 6). Indeed, the studies on pancreatic islets showed
that an efficient immunocamouflage of cells by PEG is in part
governed by the surface concentration of PEG (33): the higher
the cell surface covered by PEG molecules, the higher the PEG
hindrance.

Effect of Sn-Mediated PEGylation of Macrophages on
Phagocytosis of Latex Beads. Phagocytosis is a receptor- and
actin-dependent process utilized by mononuclear phagocytes and
neutrophils to ingest and clear large particles (>0.5 um) (34).
This internalization process serves to remove foreign particles
such as parasites or to remove host cells such as apoptotic bodies
(35). Scott et al. showed that PEGylation of sheep erythrocytes
could inhibit their phagocytosis without impairing protein
interactions such as antibody-mediated agglutination via blood
group antigen (27). Therefore, although PEGylation of Sn
expressed on the TPM surface did not affect the internalization
of macromolecules such as albumin and transferrin, it could
negatively affect phagocytosis of particles. In comparison with
macromolecules, particles of larger size could not easily escape
the sterical effect created by PEG molecules on the cell surface.

Phagocytosis of Latex Beads by Sn-Expressing TPM. The
effect of PEGylation of TPM surface on phagocytosis was
investigated by studying the accumulation of red fluorescent
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Figure 6. SER-4 and 3D6 mAbs modified with 2 molecules of PEG 20 kDa did not inhibit protein interactions with Sn expressing macrophages.
The specific and local PEGylation of Sn expressed on macrophage surface using PEGylated SER-4 and 3D6 mAbs had no sterical impact on the
whole cell surface and therefore did not prevent the approach, the binding and the internalization of albumin. The number of Sn molecules per cell
was estimated from the number of '251-3D6 mAbs bound per cell (see Figure 10), and Sn molecules were homogenously distributed on the macrophage
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Figure 7. Inhibition of 2 um red fluorescent latex beads phagocytosis
in Sn-expressing TPM by 10 uM cytochalasin B. Sn-expressing TPM
were either left untreated (open circles) or preincubated with 10 uM
cytochalasin B at 37 °C for 30 min (filled circles). A final concentration
of 270 beads/nL was added and cells were reincubated at 37 °C for
the indicated intervals.
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Figure 8. Effect of PEGylated anti-Sn mAbs on phagocytosis of 2 um
red fluorescent latex beads in Sn-expressing TPM. Cells were either
left untreated (open circles) or pretreated with a combination of SER-
4—2PEG20 and 3D6—2PEG20 both at 10 ug/mL (filled circles) at 4
°C for 45 min. A final concentration of 270 beads/nL. was added, and
cells were reincubated at 37 °C for the indicated intervals. Experiments
were reproduced three times with similar results.

carboxylate-modified polystyrene latex beads of a large size (2
um, 270 particles/nL). Latex beads can be taken up by both
pinocytosis and phagocytosis, but the relative contribution of
phagocytosis increases with the particle diameter (25). Figure
7 shows that 2-um-diameter latex beads were largely internalized
by phagocytosis, as suggested by a ~50% inhibition by
cytochalasin B, an inhibitor of microfilaments formation during
phagocytosis (36).

Effect of PEGylated Anti-Sn Mabs on Phagocytosis of
Latex Beads. To assess the effect of PEGylation of Sn-
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Figure 9. Effect of PEGylated anti-Sn mAbs on phagocytosis of latex
beads in Sn-expressing TPM: localization of latex beads in untreated
(A) and PEGylated (B) macrophages. After incubation with 1 um latex
beads (green; 270 beads/nL) for 3 h, cells were fixed and incubated
wit rat antimouse F4/80 mAb, then with Alexafluor 647-conjugated
goat antirat IgG antibody to identify the plasma membrane (blue).

expressing TPM on phagocytosis, the combination of SER-
4—2PEG 20 kDa and 3D6—2PEG 20 kDa mAbs was first
incubated with cells at 4 °C prior to addition of latex beads at
a final concentration of 270 particles/nL. Figure 8 shows that
PEGylation of Sn on TPM did not detectably interfere with
phagocytosis. The rate of accumulation of the beads was
constant and identical in PEGylated cells as compared with
untreated cells. Internalization of latex beads by both untreated
and PEGylated cells was confirmed by confocal microscopy.
Internalization of 1 um latex beads was observed into both
untreated (Figure 9A) and PEGylated cells (Figure 9B) by
reference to the plasma membrane that was immunolabeled in
blue using anti-F4/80 mAb. The same observations were made
with 2 um latex beads (data not shown).

These results suggest that PEGylation of Sn expressed on
the TPM surface using PEGylated mAbs only hindered the
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Figure 10. Fate of '’I-3D6 mAb in Sn-expressing TPM. Cells were
surface-labeled with 5 ug/mL '>I-3D6 mAb at 4 °C for 45 min. Fresh,
prewarmed serum-free medium was then directly added to '>1-3D6
solution in wells, and cells were incubated at 37 °C for the indicated
intervals. Intracellular 3D6 mAb molecules (open circles) were distin-
guished from surface-accessible 3D6 mAb molecules (filled circles)
by digestion of cell surface with 0.2% (wt/vol) Pronase.

receptor and its environment. Consequently, the PEG hindrance
did not affect the whole cell surface and did not impair the
binding and uptake of particles.

Fate of 'I-Anti-Sn mAb in Sn-Expressing TPM. Our
present study shows that Sn-mediated PEGylation of macroph-
ages improves the inhibition of cell adhesion activity of Sn
without affecting pinocytosis of macromolecules and phagocy-
tosis of particles. To verify that the absence of effect on
endocytosis and phagocytosis was not due to a shedding of
PEGylated mAbs from the cell surface, we studied the fate of
12I.3D6 mAb in Sn-expressing cells (Figure 10). '>I-3D6 mAb
was not detectably internalized when cells were incubated at
37 °C (Figure 10, open circles, Pronase-resistant counts), and
shedding of 'I-3D6 mAb bound to the cell surface was
moderate (Figure 10, Pronase-sensitive counts) over 1 h. Binding
of '%I-3D6 mAb at 4 °C to Sn-expressing TPM reached 400
fmol/mg cell protein, corresponding to ~24 000 molecules/cell.
A slight release of '1-3D6 mAb was observed during the first
15 min at 37 °C (~230 molecules/cell/min), decreasing the
number of binding sites to ~20 000 molecules/cell. Then, an
equilibrium between bound mAbs and free mAbs in solution
kept the binding of 'I-3D6 mAb to Sn-expressing cell surface
almost constant over 1 h. The release of mAbs from the cell
surface slowed down to ~80 molecules/cell/min, and ~17 000
molecules of '1-3D6 mAb remained bound to the cell surface
after 1 h at 37 °C (Figure 10, filled circles, Pronase-sensitive
counts).

In conclusion, this study reports that PEGylation of SER-4
and 3D6 mAbs directed to the macrophage adhesion molecule,
Sn, greatly increases their efficacy to inhibit RBC Sn-mediated
binding to macrophages as compared with unmodified mAbs.
Flexibility and motility of PEG molecules on SER-4 and 3D6
mAbs most likely create a steric hindrance around antibodies
that increases the inhibition of RBC specific binding to Sn.
Moreover, we show that a local Sn-mediated PEGylation of
macrophages and the consequent steric effects of PEG are safe
to cells, as PEGylated SER-4 and 3D6 mAbs did not impair
membrane integrity, cell metabolism nor the pinocytosis of
macromolecules and the phagocytosis of particles close to the
size of bacteria. Thus, PEGylation of antibodies directed to cell
surface receptors could be potentially exploited in a therapeutic
setting, such as autoimmune or inflammatory diseases, to
increase the inhibitory potency of antibodies without impairing
vital cell functions.
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