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Background: Human Siglec-1 mediates HIV trans-infection by interaction with virion-associated sialylated gangliosides.
Results: Here, Siglec-1 on mouse macrophages mediated trans-infection of surface-bound MLV. This could be inhibited by
biosynthetic modification of sialic acids’ N-acyl side chain in virus-producer cells.

Conclusion: The N-acyl side chain is a critical determinant of Siglec-1-dependent MLV trans-infection.

Significance: Glycoengineering allows manipulation of sialic acid-dependent virus/receptor interactions.

Siglec-1 (sialoadhesin, CD169) is a surface receptor on human
cells that mediates trans-enhancement of HIV-1 infection
through recognition of sialic acid moieties in virus membrane
gangliosides. Here, we demonstrate that mouse Siglec-1, ex-
pressed on the surface of primary macrophages in an interferon-
a-responsive manner, captures murine leukemia virus (MLV)
particles and mediates their transfer to proliferating lympho-
cytes. The MLV infection of primary B-cells was markedly more
efficient than that of primary T-cells. The major structural pro-
tein of MLV particles, Gag, frequently co-localized with
Siglec-1, and trans-infection, primarily of surface-bound MLV
particles, efficiently occurred. To explore the role of sialic acid
for MLV trans-infection at a submolecular level, we analyzed the
potential of six sialic acid precursor analogs to modulate the
sialylated ganglioside-dependent interaction of MLV particles
with Siglec-1. Biosynthetically engineered sialic acids were
detected in both the glycolipid and glycoprotein fractions of
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MLV producer cells. MLV released from cells carrying N-acyl-
modified sialic acids displayed strikingly different capacities for
Siglec-1-mediated capture and trans-infection; N-butanoyl,
N-isobutanoyl, N-glycolyl, or N-pentanoyl side chain modifica-
tions resulted in up to 92 and 80% reduction of virus particle
capture and trans-infection, respectively, whereas N-propanoyl
or N-cyclopropylcarbamyl side chains had no effect. In agree-
ment with these functional analyses, molecular modeling indi-
cated reduced binding affinities for non-functional N-acyl mod-
ifications. Thus, Siglec-1 is a key receptor for macrophage/
lymphocyte trans-infection of surface-bound virions, and the
N-acyl side chain of sialic acid is a critical determinant for the
Siglec-1/MLYV interaction.

The cellular lectin Siglec-1 and the sialyl-lactose-containing
ganglioside, GM3, in the viral membrane were recently identi-
fied as critical determinants for HIV-1 particle capture and
storage by human monocyte-derived dendritic cells (DCs)* as
well as for DC-mediated trans-infection of T-cells (1). The term
trans-infection refers to a two-step process as follows: the cap-

4 The abbreviations used are: DC, dendritic cell; MLV, murine leukemia virus;
BMDM, bone marrow-derived macrophage; PDB, Protein Data Bank;
mSiglec, mouse Siglec; But, N-butanoyl; iBut, N-isobutanoyl; Pent, N-
pentanoyl; m.o.i, multiplicity of infection; ManNAc, N-acetyl-D-man-
nosamine; ManNProp, N-propanoyl-b-mannosamine; ManNBut, N-bu-
tanoyl-D-mannosamine; ManNiBut, N-isobutanoyl-D-mannosamine; ManNPent,
N-pentanoyl-D-mannosamine; ManNCyclo, N-cyclopropylcarbamyl-b-
mannosamine; ManNGc, N-glycolyl-o-mannosamine; Neu5G, N-glycolyl-
neuraminic acid; ConA, concanavalin A; MD, molecular dynamics; Neu5Ac,
N-acetylneuraminic acid; DMB, 1,2-diamino-4,5-methylenedioxybenzene:
2HCI.
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ture of virus particles by low or non-permissive cells that can
retain viruses for a certain period and then mediate viral trans-
mission to permissive neighboring target cells, promoting vig-
orous infection and spread (2). Siglec-1 is a transmembrane
protein belonging to a family of sialic acid-binding immuno-
globulin-like lectins. As a group-defining structural character-
istic, Siglec proteins consist of an N-terminal V-set domain
followed by a variable number of C2-set domains, a transmem-
brane domain, and a cytoplasmic tail (3). Characterizations of
Siglec-1 in humans, mice, rats, and pigs indicate a preferential
physiological expression of the lectin receptor on cells of the
myeloid lineage. Its expression is mainly restricted to macro-
phage subsets, and in mice, it is highly exposed on macrophage
subsets in the marginal zone of the spleen and in the subcapsu-
lar sinus of lymph nodes (4).

The physiological roles of Siglec-1 are still under debate. Al-
though initially proposed to be a regulator of hematopoiesis (5-7),
knock-out (KO) mice were viable, displayed no gross develop-
mental abnormalities, and exhibited only subtle changes in B-
and T-cell populations (8). Evidence is emerging that Siglec-1
may contribute to shaping various inflammatory and auto-
immune responses (4). Furthermore, a role of Siglec-1 for
infection, trans-infection, or clearance of sialylated patho-
gens other than HIV has been suggested (3, 9—11). Earlier work
indicated arole of Siglec-1 as a receptor for infection of alveolar
macrophages by porcine reproductive and respiratory syn-
drome virus. However, this was called into question in a study
using Siglec-1 KO pigs (12). Both human and mouse Siglec-1
(mSiglec-1) expressed on human cells were recently shown to
capture ecotropic murine leukemia virus (MLV), a simple ret-
rovirus and mouse pathogen, in a ganglioside-dependent man-
ner (13). Siglec-1 may also function as a recognition and uptake
receptor for sialylated bacteria and protozoa, including Neisse-
ria meningitides, Campylobacter jejuni, and Trypanosoma
cruzi (4).

Siglec-1 binds promiscuously to a variety of sialylated mole-
cules (9). For the lectin receptor the molecular basis of carbo-
hydrate binding has been investigated by site-directed mu-
tagenesis (14), crystallography (15), and nuclear magnetic
resonance analysis (16). Accordingly, within the critical V-set
domain of Siglec-1, arginine 97 and tryptophans at positions 2
and 106 were identified as key residues interacting with sialic
acid. Siglec-1 has a preference for N-acetylneuraminic acid
(Neu5Ac), the most abundant of the mammalian sialic acids, in
a-2,3-linkage to D-galactose and does apparently not recognize
Neu5Gc or NeubAc9Ac (17, 18). In line with these results, the
sialylated carbohydrate headgroup of gangliosides constitutes
the molecular recognition domain of HIV-1 particles as well as
liposomes for human Siglec-1 (1). GM3 and possibly also GM2
gangliosides, all built of sialyl-lactose consisting of a sialic acid-
D-galactose-D-glucose-trisaccharide linked to ceramide, appear
to be critical for the HIV/Siglec-1 interaction (19, 20).

Reutter and co-workers and Bertozzi and co-workers (21, 22)
identified biosynthetic engineering as an efficient tool to meta-
bolically incorporate sialic acids with unnatural N-acyl side
chains into cellular glycoconjugates. Synthetic N-acyl-modified
D-mannosamines can be metabolized by the promiscuous sialic
acid biosynthetic pathway and are incorporated into sialylated
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cell surface glycoconjugates replacing ~10—-85% of natural
sialicacids (23). This approach has enabled studies on sialic acid
modifications in their native environment on the surface of
living cells (24-27) as well as in vivo (16), and it has been
exploited to introduce chemically reactive ketone or azide
groups (22, 28).

In this study we analyzed the role of the lectin receptor
mSiglec-1, endogenously expressed on primary macrophages,
for capture of MLV and trans-infection of primary lymphocytes
ex vivo. Furthermore, we explored whether metabolic engineer-
ing of sialic acids in virus-producer cells using synthetic N-acyl-
modified precursor analogs is a feasible approach to modulate
sialyl-lactose-containing gangliosides in released MLV parti-
cles and, importantly, whether this method can be used to
assess the impact of N-substituted sialic acids on the functional
interaction of viruses with mSiglec-1.

Experimental Procedures

Cell Culture—Cell lines S1A.TB.4.8.2 (S1A.TB; T-cell lym-
phoma from BALB/c mice), ANA-1 (myelomonocytic cell line
established from bone marrow cells of C57BL/6 (H-2) mice
infected with J2 recombinant retrovirus for immortalization),
L1929 cells (NCTC clone 929, subcutaneous areolar and adipose
tissue of a 100-day-old male C3H/An mouse, secreting M-CSF),
and 293T cells (human embryonic kidney cells) were obtained
from the American Type Culture Collection and cultivated
under standard conditions in Dulbecco’s modified Eagle’s
medium or RPMI 1640 medium supplemented with 10% fetal
bovine serum, 1% penicillin/streptomycin, and 1% L-glutamine
(all from Gibco). The hybridoma producing rat anti-MLV Gag
p30 antibody R184 was a kind gift from Dr. Carol Stocking.

Primary Mouse Cells—The generation of Siglec-1 KO mice
on a C57BL/6 background has been reported (8). To prepare
bone marrow-derived macrophages (BMDM), mice were sac-
rificed, and femur and tibia were extracted; bone marrow cells
were collected by centrifugation and cultivated overnight in
complete RPMI 1640 medium. Next, cells were seeded in
BMDM differentiation medium containing 25% 1929 superna-
tant as a source of colony-stimulating factor. 2—3 days later,
fresh 1929 supernatant was added to the cultures. Cells were
reseeded for an experiment 6 days after preparation. For some
experiments, 500 IU/ml mouse interferon « (IFN«, PBL Assay
Science) was added 2 days prior to the experiment. Spleen and
lymph nodes were placed in cold RPMI 1640 medium and
gently passed through a 100-um cell strainer. Cell suspensions
were washed once in PBS, resuspended in complete RPMI 1640
medium, counted, and seeded in 96-well plates at a density of
5 X 10° cells/ml. In case of B- or T-cell activation, lipopolysac-
charide (LPS, Sigma; 7.5 pg/ml) or concanavalin A (ConA,
Sigma, 2 ug/ml) in combination with human interleukin 2
(IL-2, Biomol; 100 IU/ml) was added to the cultures.

Siglec-1 Genotyping—DNA was prepared from tail cuts of
newborns using the DNeasy blood and tissue kit (Qiagen)
according to the manufacturer’s protocol for rodent tails. Fol-
lowing DNA extraction, a PCR, using allele-specific primers
NEO (5'-CGTTGGCTACCCGTGATATTGC), SND1F3 (5'-
CACCACGGTCACTGTGACAA), and SND2R2 (5'-GGC-
CATATGTAGGGTCGTCT), was performed in a thermocy-
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cler (Eppendorf). PCR products were separated and visualized
by agarose gel electrophoresis. The predicted sizes of diagnostic
PCR products are as follows: WT(+/+), 495 bp; heterozy-
gous(—/+), 495 and 204 bp; and homozygous KO(—/—), 204
bp.

Virus Preparation—The generation, production, and titra-
tion of MLV-GFP and MLV-Gag-GFP have been reported (29,
30).

Generation of MLV-GFP Particles in ManN Analog-treated
293T Cells—293T cells were seeded for virus production in the
presence or absence of ManN analogs at non-toxic concentra-
tions (5 mm for ManNAc¢, ManNProp, ManNBut, ManNiBut,
ManNPent, and ManNCyclo or 0.3 mm for Ac,ManNGc,
Ac,ManNAc, and Ac,ManNProp). Peracetylated ManN deriv-
atives were used to enhance membrane permeability. After
entering the cell, the O-acetyl groups were cleaved by cytosolic
esterases, releasing the active sialic acid precursors. After 5
days, cells were re-seeded and transfected with the MLV-GFP
proviral plasmid. 4-6 h post-transfection, the medium was
changed, and new ManN analogs were added. 48 h post-trans-
fection, supernatants were collected, and viruses were purified
by ultracentrifugation through a 20% sucrose cushion. All viral
titers were determined on S1A.TB cells and identical titers were
used in subsequent (¢trans or direct) infection experiments.

MLV Capture and Transfer Assays—To assess capture of
MLV particles, L929-differentiated BMDM were incubated
with MLV-GEP for 4 h at 37 °C and then washed extensively in
PBS to remove unbound virus. BMDM were either analyzed for
MLV p302¢ expression by intracellular flow cytometry using
rat anti-MLV Gag p30 antibody R184, an Alexa488-conjugated
donkey anti-rat antibody (Invitrogen), and the cytofix/cy-
toperm protocol (BD Biosciences) or for cell-associated MLV
RT activity using a SYBR Green I-based product-enhanced RT
assay, as reported previously (31).

In transfer experiments assessing Siglec-1-dependent trans-
fer of MLV particles from macrophages to lymphocytes,
BMDM or ANA-1 cells were incubated with virus particles
according to the description above (in case of antibody block-
ing, BMDM were treated with 10 pg/ml anti-mSiglec-1 mAb
(clone 3D6.112) or an isotype control mAb (Aviva Systems Biol-
ogy) for 30 min at 4 °C before virus pulse). After extensive wash-
ing, either activated splenocytes or SIA.TB cells were added
and co-cultured with macrophages in a ratio of 1:1 for 48 h.
S1A.TB cells were harvested and analyzed for GFP expression;
splenocytes were stained using phycoerythrin-conjugated anti-
mCD19 and allophycocyanin-conjugated anti-mCD3 antibod-
ies (BD Biosciences) and were acquired on a FACSVerse flow
cytometer (BD Biosciences) using the FACSuite software and
analyzed using FlowJo Software (Tree Star, Inc.).

Pronase Treatment—MLV-exposed BMDM were washed
extensively in PBS and treated with increasing concentrations
of Pronase (Roche Applied Science) for 30 min at 4 °C. Heat-
inactivated Pronase that had been boiled for 10 min served as a
control for the enzymatic activity. After extensive washing in
medium containing FBS, target cells were added and co-cul-
tured with macrophages in a ratio of 1:1 for 48 h. As an addi-
tional control to ensure that the Pronase treatment of the
BMDM did not have any effect on splenocyte infectivity per se,
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a direct infection of LPS-activated splenocytes was carried out
in BMDM supernatants that had been treated with Pronase,
washed, and then incubated in medium for 1 h.

Immunofluorescence Microscopy—BMDM were seeded onto
coverslips 1 day prior to the virus pulse. Washed cells were fixed
in 4% paraformaldehyde/PBS for 30 min and then permeabi-
lized with 0.1% Triton X-100/PBS for 2 min. Cells were blocked
for 20 min in PBS containing 5% FCS, 0.1% BSA-c (Aurion), and
5% horse serum (Sigma). Cells were incubated with Alexa647-
conjugated rat monoclonal anti-mouse Siglec-1 mAb 3D6.112
diluted in blocking buffer for 60 min at room temperature. Cov-
erslips were mounted onto glass slides using DAPI mounting
medium (Sigma). Epifluorescence images were acquired using a
Nikon eclipse Ti-S microscope and the NIS-Elements imaging
software. Acquired images were processed using Image] and
Adobe Photoshop CS5.

Molecular Dynamics Simulations—Molecular dynamics sim-
ulations of Siglec-1 in complex with Neu5Ac, Neu5Gc, Neu5Prop,
or Neu5But were performed in explicit solvent for 50 ns at 298
K using YASARA (29). The starting structures were built from
the crystal structure of mouse Siglec-1 (PDB code 10D7) by
modifying the ligand using the YASARA graphical interface.
Pressure control was performed by scaling the periodic simula-
tion box to keep the water density at 0.997 g/liter. The
AMBERO3 (32) force field was used for the protein and GAFF
parameters with AM1-BCC charges (33) for the carbohydrates.
Long range Coulomb interactions were calculated using the
Particle Mesh Ewald algorithm (34). Because the side chain of
Arg-97 was flexible despite the presence of the ligand, a dis-
tance restraint of 100 newton/m was applied between the NH
atoms of Arg-97 and the carboxylate oxygens of the ligands to
maintain the hydrogen bonds. Simulation snapshots were
recorded every 25 ps. The average interaction energy was cal-
culated from all snapshots using a Yanaconda macro based on
Equation 1,

E = (E(receptor) + E(ligand) — E(receptor + ligand))
(Eq.1)

where E(receptor) = potential energy of siglec-1; E(ligand) =
potential energy of Neu5Ac, Neu5Gc, Neu5Prop, or Neu5But,
respectively; E(receptor + ligand) = potential energy of the
complex; () means averaging over all snapshots.

The solvation energy was calculated using the boundary ele-
ment method implemented in YASARA (29). The boundary
between solvent (dielectric constant 78) and solute (dielectric
constant 1) was formed by the latter’s molecular surface, con-
structed with a solvent probe radius of 1.4 A, and the following
radii for the solute elements: polar hydrogens 0.32 A; other
hydrogens 1.017 A; carbon 1.8 A; oxygen 1.344 A; nitrogen 1.14
A; sulfur 2.0 A. The solute charges were assigned based on the
AMBERO3 force field (32), using GAFF/AM1BCC (35) for the
ligands.

Docking and Post-scoring—The receptor was prepared for
docking using LeadIT 2.1.7 (BioSolvel T GmbH, Sankt Augus-
tin, Germany) based on the crystal structure of mouse Siglec-1
(PDB code 10D7). Neu5Ac, Neu5Gc, Neu5Prop, and Neu5But
were minimized using YASARA (29) and docked using FlexX
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(37). Ten poses were generated for each ligand and scored using
SeeSAR (BioSolvel T GmbH, Sankt Augustin, Germany), which
uses the HYDE scoring function (38).

Analysis of Modified Sialic Acids—Concentrations of total
membrane-bound and glycolipid-bound sialic acids were mea-
sured by DMB-HPLC (39). Approximately 100,000 293T cells
were cultured in DMEM (10% EBS, 2 mm L-glutamine, 2 mm
sodium pyruvate) containing ManNAc or its analogs (5 mm
ManNAc, 5 mM ManNProp, 5 mm ManNCyclo, 5 mm ManNBut,
0.3 mMm Ac,ManNAc, or 0.3 mMm Ac,ManNGc). The medium
was renewed on day 5. After 7 days the cells were harvested and
homogenized by sonication in ice-cold lysis buffer (150 mm
NaCl, 10 mM Tris, 5 mm EDTA, 1 mm PMSF, 40 um leupeptin,
1.5 uM aprotinin, pH 8.0) (40). A stepwise chloroform/metha-
nol precipitation was performed on half of each sample to
extract the glycolipid fractions (41). Membrane fractions were
isolated from the remaining cell lysates by centrifugation at
21,000 X gand 4 °C for 2 h. Protein concentrations in the super-
natants (representing the cytosolic compartment) were mea-
sured using the bicinchoninic acid assay (BCA, Pierce). All
membrane and glycolipid fractions were hydrolyzed with 1 m
trifluoroacetic acid (TFA) for 4 h at 80 °C, as described previ-
ously (42). Hydrolyzed samples were dried and subsequently
dissolved in 5 ul of TFA (120 mm). Samples were labeled for 2 h
at 56 °C with 30 ul of DMB solution (6.9 mMm DMB, 0.67 mm
B-mercaptoethanol, 0.19% sodium bisulfite).

Labeled samples were analyzed on an Agilent 1200 HPLC
system using a Gemini-NX C18 column (110 A, 3 wm particle
size, 4.6 X 150 mm, Phenomenex). Probes were separated at
0.5 ml/min flow rate with methanol/acetonitrile/water (6:8:86)
as eluent. The detector was configured with 373 nm for excita-
tion and 448 nm for emission. To quantify the occurring sialic
acid species, DMB-labeled standards were injected: Neu5Ac
(Sigma), Neu5Gc (a gift from R. Schauer, University of Kiel),
and Neu5But (a gift from C. R. Bertozzi, Stanford University).
Concentrations of Neu5Prop and Neu5Cyclo were estimated
according to the Neu5Ac standard. Unlabeled standards and
HPLC retention peaks of interest were further analyzed by LC-
electrospray-ionization mass spectrometry (ESI-MS). There-
fore, 20 ul of collected sample or 500 ng of the respected stan-
dard dissolved in H,O were injected into an Agilent 1100 series
LC/MSD system with 79.9% methanol, 20% isopropyl alcohol,
and 0.1% formic acid as eluent, 0.5 ml/min flow rate, 4 kV cap-
illary voltage, and 350 °C capillary temperature.

Statistical Analyses—Plotting of graphs and general statisti-
cal analyses were performed using the GraphPad Prism 5 soft-
ware package (GraphPad Software Inc., La Jolla, CA). This soft-
ware was also used to calculate Pearson correlation coefficients
and significance values by applying the two-tailed, unpaired
Student’s £ test.

Results

Mouse Siglec-1 Is Expressed on Macrophages, Up-regulated
by IFNw, and Mediates MLV trans-Infection of Lymphocytes—
To explore the expression of Siglec-1 on the cell surface of
mouse macrophages, macrophage cell line ANA-1 and primary
BMDM were stained with either rat anti-mouse Siglec-1 mAb
3D6.112 or an isotype control mAb and processed for flow

27348 JOURNAL OF BIOLOGICAL CHEMISTRY

A
ANA-1 cells BMDM
'

Fy

S - = - - Isotype control mAb

3 Untreated "

g IFNa-treated| ¢ MSiglec-1 mAD

o

Siglec-1 Siglec-1

B C

2100

3 Target lymphocyte

£ ©

>

-

=

B MLV particles - - Siglec-1+

o macrophage
D 29
g BMDM| Isotype mAb
154 T H ANA-1
BMDM

a-mSiglec-1 mAb

O ANA-1

% MLV-GFP+ T-cells
B

5 I
- P -

IFN -treated

Untreated

FIGURE 1. Siglec-1 is expressed on mouse macrophages in an IFNa-re-
sponsive manner and supports MLV trans-infection. A, ANA-1 cells or
BMDM were stimulated with mouse IFNa (500 units/ml) for 48 h or left
untreated. Mechanically detached cells were stained using a phycoerythrin-
conjugated anti-mSiglec-1 mAb or an isotype control mAb and analyzed by
flow cytometry. Shown are untreated cells (black lines) or IFNa-treated cells
(shaded histograms) stained for mSiglec-1 and untreated cells (dotted line)
stained with the isotype mAb. B, each of the indicated cell types was infected
with MLV-GFP (m.o.i. 0.1) and 2 days later analyzed for GFP expression, indic-
ative of productive infection, by flow cytometry. C, experimental setup for
assessment of MLV trans-infection. 1, addition of MLV particles to macro-
phages; 2, addition of target lymphocytes to macrophage culture. D, BMDM
or ANA-1 cells were stimulated with mouse IFN« (500 units/ml) for 48 h or left
untreated. Cells were preincubated with an anti-Siglec-1 mAb or an isotype
control mAb at 4 °C, exposed to MLV-GFP (m.o.i. 0.1) for 4 h at 37 °C, and
washed three times in PBS. STA.TB cells were then added in a 1:1 ratio to the
virus-pulsed macrophage cultures for 48 h and then analyzed for GFP expres-
sion by flow cytometry. Data are expressed as the arithmetic means = S.D. of
triplicate samples from one mouse and are representative of at least two
experiments each performed using 2-3 mice.

cytometry. Cells that had either been left untreated or exposed
to mouse IFNa« for 48 h were analyzed. ANA-1 cells expressed
low constitutive levels of Siglec-1 on the surface, the expression
of which could be induced 3-fold by IFN« stimulation (Fig. 1A).
BMDM expressed markedly higher constitutive levels but also
INFa-responsive levels of the sialic acid-binding Ig-like recep-
tor on their cell surface (Fig. 14).

For studies on direct infection or trans-infection, we em-
ployed a replication-competent ecotropic Moloney MLV car-
rying an IRES-egfp element (MLV-GFP) (67) that had been
produced in human 293T cells. The GFP reporter encoded by
this recombinant retrovirus is expressed only upon productive
infection of target cells. We first characterized the susceptibil-
ity of the cell lines and primary cells used in this study for di-
rect, productive MLV-GFP infection. Virus exposure of the
S1A.TB.4.8.2 (S1A.TB) T-cell lymphoma or LPS-activated pri-
mary mouse splenocytes demonstrated their high level suscep-
tibility, although BMDM were non-permissive (Fig. 1B). The
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FIGURE 2. BMDM from WT, but not from Siglec-1KO mice, support MLV capture and trans-infection. A, genotyping of KO and heterozygous mice by PCR.
DNA extracted from mouse tails was amplified using an allele-specific PCR. Product sizes of 495 or 204 bp are diagnostic for the WT and KO allele, respectively.
B and C, Siglec-1 phenotyping of KO and WT mice. L929-differentiated BMDM (B) or freshly isolated, mechanically disrupted inguinal lymph nodes (C) were
stained for mSiglec-1 surface expression (in C, co-stained for mCD11b) and analyzed by flow cytometry. B, shown are WT-BMDM (shaded histogram) or
KO-BMDM (black line) stained for mSiglec-1 and WT-BMDM (dotted line) stained with the isotype mAb. D-G, BMDM from WT and KO mice were exposed to
MLV-GFP for 4 h at 37 °Cand subsequently washed three times with PBS. D and F, MLV-GFP-pulsed BMDM were detached and analyzed for MLV capture by two
methods. D and , first, pulsed cells (m.o.i. 0.5) were fixed, permeabilized, and stained with rat anti-p30°? mAb followed by an Alexa488-conjugated secondary
antibody. D, dot plots from flow cytometric analyses depicting (left panels) the forward and side scattering of light to identify live cells (gate R7) and (right panels)
Alexa488 staining to identify cell-associated MLV p30%29 (gate R2) are shown. The percentage of viable, p30°?9 + cells within R2 is indicated. £, chart bars depict
the arithmetic means =+ S.D. of the percentage of p309-positive cells from triplicates. F, second, pulsed cells (m.o.i. 0.1) were detached, lysed, and analyzed
for cell-associated RT activity. G, MLV-GFP-pulsed BMDM were co-cultivated with LPS-activated splenocytes or STA.TB cellsata 1:1 ratio. 48 h later, lymphocytes
were analyzed for GFP expression by flow cytometry. Data are expressed as the arithmetic means * S.D. of triplicate samples from one KO and one WT mouse

and are representative of at least two experiments each performed using 2-3 mice.

inability of MLV to infect non-cycling macrophages is well
established (43, 44) and an important characteristic to unam-
biguously assess their role as a virus donor in MLV trans-infec-
tion of lymphocytes in this study.

To explore the ability of mouse macrophages to capture and
trans-infect target cells with MLV-GEFP in a Siglec-1-dependent
manner, BMDM or ANA-1 cells were first pretreated for 30
min at 4 °C with blocking anti-Siglec-1 or isotype control mAbs,
then exposed to MLV-GEFP particles for 4 h at 37 °C, washed
extensively, and subsequently co-cultured with target SIA.TB
lymphoma cells (Fig. 1C). Two days later, the percentage of
GFP-positive S1A.TB cells was analyzed by flow cytometry as a
quantitative readout for the efficiency of trams-infection.
ANA-1 cells and BMDM, which had been pretreated with an
isotype control mAb, mediated a robust MLV-GFP trans-infec-
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tion (Fig. 1D). Their capacity for trans-infection was increased
by IFNa pretreatment (Fig. 1D), and this effect largely corre-
lated with their Siglec-1 surface levels (Fig. 1A and data not
shown). Importantly, MLV trans-infection was efficiently and
specifically blocked when macrophages were pretreated with
the anti-mouse Siglec-1 mAb 3D6.112 (Fig. 1D). Thus, Siglec-1
on the cell surface of BMDM is constitutively expressed, IFNa-
responsive, and has the capacity to mediate trans-infection of
the retroviral pathogen MLV to permissive lymphocytes.
BMDM from Wild-type, but Not from Siglec-1 KO Mice, Sup-
port MLV Capture and trans-Infection—To further corrobo-
rate the role of mSiglec-1in MLV trans-infection, we employed
Siglec-1 KO mice (8). The genotype of mice was determined
using an allele-specific PCR (Fig. 2A). The absence of Siglec-1
expression in KO mice carrying the homozygous(—/—) dele-
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tion was demonstrated in cultured BMDM (Fig. 2B) and
mCD11b-positive cells of the monocyte/macrophage lineage in
a freshly isolated lymph node suspension (Fig. 2C), in line with
previous characterizations (45).

In a comparative assessment of Siglec-1 KO and wild-type
(+/+, WT) mice, we quantified Siglec-1-dependent capture of
MLYV particles by BMDM. Two experimental approaches were
taken; BMDM from WT and KO mice were incubated with
MLV for 4 h at 37 °C, washed with PBS, detached by gentle
scraping, and processed for detection of either cell-associated
MLV p30%28 structural protein or cell-associated reverse tran-
scriptase (RT) activity. For the first approach, BMDM were fixed,
permeabilized, and stained using a rat anti-p305°¢ mAb. Although
flow cytometric analysis of MLV-exposed KO-BMDM showed
only background staining (Fig. 2, D, upper panel (gate R2), and
E),BMDM from WT littermates revealed a robust signal for the
p30°°€ capsid staining (Fig. 2, D, lower panel (gate R2), and E).

For the second approach, BMDM were lysed and processed
for a SYBR Green I-based product-enhanced RT assay, a
method previously developed for the quantitation of retrovi-
ruses in culture supernatants (31, 46). MLV exposure of WT-
BMDM, but not of KO-BMDM, resulted in a significant cell-
associated RT activity (Fig. 2F).

Next, BMDM derived from WT and KO mice were analyzed
side-by-side for their capacity to mediate MLV trans-infection.
In line with the above antibody-blocking studies (Fig. 1D), WT-
BMDM efficiently trans-infected SIA.TB T-lymphocytes and
LPS-stimulated splenocytes (Fig. 2G). In contrast, KO-BMDM
were unable to support MLV trans-infection, and IFN« stimu-
lation could not overcome this limitation (Fig. 2G). Together,
these results demonstrate that primary macrophages from mice
are capable of capturing infectious MLV particles and of medi-
ating a subsequent trans-infection of lymphocytes in a Siglec-
1-dependent manner.

MLV-GFP trans-Infection Is an Efficient Process That Prefer-
entially Targets Primary Activated B-cells—Next, we sought to
assess the relative contribution of direct infection as compared
with trans-infection to the overall infection of cultured primary
lymphocytes in the context of a constant multiplicity of infec-
tion. Moreover, we tested the impact of two activation proto-
cols for splenocyte cultures, i.e. treatment with either LPS or
ConA/IL-2, which preferentially stimulate the proliferation of
B-cells and T-cells, respectively (47, 48), on the MLV-GFP sus-
ceptibility of lymphocytes under these conditions.

WT splenocyte cultures following LPS activation for 3 days
consisted of 64% CD19-positive and 31% CD3-positive cells,
expressed as fractions within the viable lymphocyte gate (Fig.
3A, left lower panel). In contrast, stimulation with ConA/IL-2
resulted in 97% CD3-positive T-cells (Fig. 3B, left lower panel).
Two interesting observations were made. First, in the absence
of BMDM (“splenocytes only”), only LPS stimulation allowed
for arobust direct infection of WT splenocytes (4.0 * 0.8%, Fig.
3C), the vast majority of which were blasted CD19-positive
B-cells (99.8%, data not shown). In comparison, the low level
infection of the ConA/IL-2-stimulated culture (0.2 * 0.08%,
Fig. 3C) represented both T-cells (63%) and B-cells (24%) (data
not shown). Second, the experimental setup, in which WT
splenocytes (targets for both direct and trans-infection) and
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FIGURE 3. BMDM-mediated trans-infection of MLV-GFP efficiently tar-
gets activated primary B-cells. Splenocytes from WT mice were activated
with either LPS (A) or ConA/IL-2 (B) for 3 days and then seeded either alone or
onto BMDM from WT or KO mice in a ratio of 1:1. Cultures were challenged
with MLV-GFP (m.o.i. 0.2) and splenocytes analyzed for GFP expression 48 h
later by flow cytometry. A and B, effect of activation protocols, and the iden-
tity of MLV-GFP-infected splenocytes was determined by co-staining for the
lineage markers CD3 (T-cells) and CD19 (B-cells). R7 identifies the viable cells.
R2* (red box) identifies the MLV-GFP-positive cells and R2 (black box) all viable
cells. Dots plots in the lower panels depict the respective mCD3/mCD19 stain-
ings. C, chart bars depict the arithmetic means =+ S.D. of the percentage of
GFP-positive, viable cells from analyses performed in triplicate. Experiments
were performed using 2-3 KO or WT mice and were repeated at least twice
showing similar results.

SASBMB

VOLUME 290-NUMBER 45-NOVEMBER 6, 2015



N-Acyl Chain and Siglec-1-dependent MLV trans-Infection

BMDM (donor cells for trans-infection) were present in the
culture at the time of virus addition, revealed that WT-BMDM,
but not KO-BMDM, were able to markedly boost the overall
infection level of lymphocytes, respectively (Fig. 3C). For LPS-
stimulated splenocytes, the co-culture with WT-BMDM raised
the percentage of GFP-positive lymphocytes to 14.0 = 1.3%,
representing a 3-5-fold increase over the conditions with
splenocytes alone or co-culture with Siglec-1-deficient BMDM
(Fig. 3C). Virtually all infected cells were CD19-positive B-cells
(Fig. 3A, lower right panel). Remarkably, co-culture with WT-
BMDM resulted also in a notable infection of ConA/IL-2-acti-
vated splenocytes translating to a 15-fold enhancement over
the reference conditions (Fig. 3C) with both T-cells and B-cells
being infected (Fig. 3B). Collectively, these results indicate that
Siglec-1-dependent trans-infection via macrophages may con-
tribute to a more efficient infection process of lymphocytes in
the context of a limited number of infectious MLV particles.
Moreover, activated primary B-cells appear to be a preferential
target of direct infection as well as trans-infection of MLV.

Mouse Siglec-1 and MLV Gag Partially Co-localize Early
after Virus Exposure—Next, we investigated the fate of Siglec-1
and MLV in BMDM early and late after virus exposure by co-im-
munofluorescence microscopy and trans-infection analysis.
BMDM derived from WT or KO mice were pulsed with either
MLV-GFP or MLV-Gag-GEFP for 4 h at 37 °C and then exten-
sively washed. The latter virus carries Gag-GFP fusion proteins
within the particle.

BMDM cultured on coverslips were either fixed immediately
after pulse (“4 h”) or cultivated for another 20 h (“24 h”) and
stained with antibodies to mSiglec-1. At the 4-h time point,
mSiglec-1 and Gag-GFP partially co-localized in distinct punc-
tae in WT-BMDM (Fig. 44, upper and middle panels). Here,
two phenotypes were frequently observed. A dominant single
accumulation of the mSiglec-1 receptor and the viral structural
protein was observed in 69% of cells (Fig. 4, A (upper panels)
and B), resembling the sac-like compartment reported for
human Siglec-1 and HIV p24<°8 in myeloid dendritic cells (1,
34). In 31% of BMDM, a more scattered cytoplasmic localiza-
tion of Siglec-1 and Gag-GFP was noted with up to 100 distinct
punctae, in which signals for both proteins partially overlapped
(Fig. 4, A (middle panels) and B). No co-localization of the
mSiglec-1/Gag-GFP-positive punctae with a marker for acidic
lysosomes was observed (data not shown). BMDM from KO
mice displayed only background staining for mSiglec-1 and at
most a few small Gag-GFP signals (Fig. 4A (lower panels)).
Interestingly, at 24 h, the frequency and intensity of the punctae
for both mSiglec-1 and Gag-GFP in WT-BMDM were strongly
diminished (Fig. 4C).

In parallel to the microscopic analyses, we assessed the ability
of BMDM to trans-infect SIA.TB cells immediately after the
virus pulse (4 h) and after the prolonged storage period of 24 h.
Remarkably, delayed addition of target T-cells at only 24 h
resulted in a drastic drop in the efficiency of trans-infection,
levels of 2% compared with the condition in which the SIA.TB
cells had been added to the BMDM at the 4-h time point (Fig.
4D). Similarly, levels of cell-associated RT activity were also
found to be drastically decreased at the 24-h time point (Fig.
4E). Of note, neither the loss of capsid signal in immunofluo-
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rescence nor the drop in trans-infection could be rescued by
pretreating the BMDM with proteasomal or lysosomal inhibi-
tors at non-toxic concentrations (data not shown). In conclu-
sion, mSiglec-1 and MLV Gag partially co-localize in BMDM
early after virus exposure. Within 24 h, the detection of the
viral structural protein is greatly diminished coinciding with
a marked reduction in the ability of pulsed BMDM to
trans-infect.

Mainly Surface-bound MLV Particles trans-Infect Lympho-
cytes—To investigate whether the MLV particles responsible
for trams-infection are internalized into BMDM or are still
accessible at the cell surface, we used short term proteolytic
digestion to remove surface-bound particles after virus pulse.
We found that BMDM that had been treated with Pronase, a
protease mixture that digests extracellular proteins, including
viral proteins, transferred considerably less MLV particles than
untreated BMDMs (Fig. 4F). The reduction was dependent on
the Pronase concentration, while BMDM viability was not
affected. As controls of specificity, boiled Pronase had no effect
on trans-infection (Fig. 4F), and supernatants from Pronase-
treated and subsequently washed BMDMs, which had not been
exposed to MLV, did not affect the ability of MLV-GEP for
direct infection of target lymphocytes (Fig. 4G). Collectively,
these results indicate that MLV particles that are captured by
Siglec-1-positive macrophages and that are responsible for
trans-infection remain surface-bound and are not internalized
into a strictly “intracellular” compartment in BMDM.

Detection of Biosynthetically Modified Sialic Acids in Glyco-
lipids and Glycoproteins in Cells Pretreated with N-Acyl-modi-
fied D-Mannosamines—W e then sought to functionally explore
the role of sialic acid for the Siglec-1-dependent trans-infection
of MLV at a submolecular level in living cells by employing
metabolic glycoengineering (23, 49). This experimental ap-
proach is based on the established ability of synthetic N-substi-
tuted b-mannosamine (ManN) derivatives to act as metabolic
precursors for sialic acids with structurally altered N-acyl side
chains incorporated into cellular glycoconjugates, including
sialylated gangliosides that are incorporated into budding ret-
roviruses (50, 51).

We first pretreated 293T cells with six different synthetic
N-acyl-modified ManN analogs (Fig. 54) or the most common
physiological precursor, N-acetyl ManN (ManNAc), for 5 days
at non-toxic concentrations. For two analogs (ManNProp and
ManNGc) and ManNAc also, peracetylated (Ac4) derivatives
were used, which facilitate the cellular uptake of the com-
pounds and therefore require considerably lower concentra-
tions for treatment. Subsequently, re-seeded cells were trans-
fected with MLV-GFP proviral DNA and cultivated in the
presence of the respective ManN derivatives for 2 more days.
Released MLV-GFP particles were concentrated and purified
by ultracentrifugation through a sucrose cushion.

As quality controls for analysis, ESI-MS was used to deter-
mine the purity of the sialic acid standards (Fig. 5B), and the
presence of the DMB-labeled sialic acid species was verified in
the collected retention peaks (Fig. 5C). Chromatograms of gly-
colipid-bound (Fig. 6A4) and total membrane-bound (data not
shown) sialic acids were used to quantify their respective con-
centrations. Alterations of the sialylation pattern of the cells
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FIGURE 4. Captured MLV particles partially co-localize with Siglec-1in BMDM early after virus exposure, and surface-bound MLV is the primary source
for trans-infection. BMDM derived from either WT or KO mice were pulsed with MLV Gag-GFP, which carries a Gag-GFP fusion protein (A-C), or MLV-GFP, for
4hat37°C(DandE). PBS-washed BMDM were either co-cultivated with S1A.TB-cells added eitherimmediately after washing (4 h) or 20 h later (24 h) (D) or fixed,
permeabilized, and stained using an Alexa647-conjugated anti-Siglec-1 mAb (A-C). Representative images for a dominant single accumulated MLV Gag/
Siglec-1 signal (A, upper panels, 4 h) or multiple scattered punctae from WT-BMDM (A, middle panels, 4 h) are shown. A, bottom panel, images of MLV-Gag-GFP-
pulsed KO-BMDM stained for mSiglec-1. B, MLV Gag pattern (“scattered” or “accumulated”) and frequency of WT-BMDM displaying this phenotype were
quantified. At least 70 cells from each of three mice were analyzed. E, cell-associated RT activity was quantified using SG-PERT, and values are depicted as
activity associated with WT cells relative to KO cells. Fand G, BMDM were pulsed with MLV-GFP for 4 h at 37 °C. PBS-washed BMDM were treated with increasing
concentrations of cleavage-competent active Pronase for 30 min at 4 °C. After Pronase inactivation through washes in FBS-containing medium, cells were
co-cultured with LPS-activated splenocytes for assessment of trans-infection. F, BMDM, in the absence of MLV, were treated as in G, then washed with PBS, and
cultivated for 1 h more at 37 °C. These culture supernatants were then mixed with MLV-GFP to assess their potential impact on direct MLV-GFP infection of
splenocytes.

were noted for all treatment conditions, both in the total mem-  acid carrying the corresponding N-acyl substitution. Both the
brane fraction (glycoproteins and glycolipids) and in the glyco-  overall concentration of N-acyl-modified sialic acids (Fig. 6B)
lipid fraction alone (Fig. 6, A and B). Growth of 293T cellsinthe and their abundance relative to Neu5Ac varied considerably;
presence of either synthetic ManNProp, ManNCyclo, ManN-  Neu5But represented 23% of all sialic acids in the total mem-
But, or AcManNGc resulted in the detection of unnatural sialic ~ brane fraction and 48% in the glycolipid fraction of ManNBut-
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treated cells. In ManNProp-treated cells, Neu5Prop com-
prised 76% of the detected sialic acids in the total membrane
fraction and 83% in the glycolipid fraction. Representing the
most drastic change in sialic acid composition, 91 or 93% of
all sialic acids in ManNCyclo-pretreated cells were identified
to be Neu5Cyclo in the total membrane or glycolipid frac-
tion, respectively (Fig. 6, A and B). Overall, there was a trend
toward a higher abundance of biosynthetically modified
sialic acids in the glycolipid fraction alone as compared with
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the total membrane fraction. As a side note, small amounts
of Neu5Gc, which is normally not found in human cells (52),
were also detected in some of the cells that had not been
pretreated with synthetic Ac,ManNGc (Fig. 6, A and B). This
most likely occurred through a salvage pathway that recruits
Neu5Gc from fetal bovine serum sialoglycoconjugates in the
media (53). Thus, addition of p-ManN analogs carrying
N-acyl substitutions to cultured 293T cells for several days
prior to their use as MLV producer cells resulted in the bio-
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Neu5Ac standard (*). B, data shown represent the mean values and S.D. of two independent experiments (n = 2).

synthetic incorporation of up to 93% of unnatural sialic acid
in cellular glycoconjugates.

Biosynthetic Modulation of the N-Acyl Side Chain of Sialic
Acid in Virus Producer Cells Affects the Ability of Released MLV
Particles for Siglec-1-dependent Capture and trans-Infection—
The preparations of MLV-GEFP particles released from ManN
analog-pretreated 293T cells were first titered on S1A.TB
T-cells, the binding and infection process of which is mediated
by the mCAT-1 receptor in a sialic acid-independent manner
(54).

Employing our standard experimental setup, these MLV-
GEFP particle preparations were assessed for their functionality
to be captured by Siglec-1-positive WT-BMDM and to trans-
infect SIA.TB T-cells. In parallel, the inocula of the different
MLV-GEFP stocks were used to infect SIA.TB T-cells directly
(Fig. 7A), confirming that comparable infectious titers had
indeed been applied.

Striking functional differences were, however, observed for
virus capture by BMDM and trans-infection. First, MLV-GFP
particles released from 293T cells pretreated with N-butanoyl,
N-isobutanoyl, N-glycolyl, or N-pentanoyl-modified sialic acid
precursor analogs were only inefficiently captured by BMDM,
whereas ManNProp or ManNCyclo treatments had no or only
slight effects (Fig. 7, B-D). Levels of cell-associated MLV
p30978 staining and cell-associated RT activity were reduced by
up to 92% (Fig. 7, B and C) and these readouts for virus capture
strongly correlated with each other (Fig. 7E, r = 091, p =
0.0008).

Second, in support of a cardinal role of virus capture for the
efficiency of subsequent trams-infection, levels of MLV-GEFP
infection in SIA.TB cells were markedly reduced for viruses
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derived from producer cells exposed to the N-butanoyl,
N-isobutanoyl, N-glycolyl, or N-pentanoyl ManNs (Fig. 7D),
and these infection levels correlated with both readouts for
virus capture (Fig. 7, Fand G).

Taken together, these results indicate that biosynthetic engi-
neering of glycoconjugates in virus-producer cells is a feasible
strategy to alter the composition of sialylated glycolipids and
glycoproteins within the envelope of viruses that bud from the
plasma membrane allowing their functional characterization.
Specifically, this approach allowed us to identify the N-acyl side
chain of sialic acid as a critical determinant for the interaction
of MLV particles with mSiglec-1 in a native environment.

Molecular Modeling of Siglec-1 in Complex with Sialic Acid
Derivatives Suggests Altered Interaction Affinities for Specific
N-Acyl Side Chain Modifications—T o further explore and pos-
sibly rationalize the impact of some of these N-acyl side chain
modifications on the interaction with mSiglec-1, molecular
modeling studies were carried out based on the crystal struc-
ture of the N terminus of the mouse receptor complexed with
ME-A-9-N-(naphthyl-2-carbonyl)-amino-9-deoxy-Neu5Ac (PDB
code 10D?7). Three-dimensional models of mSiglec-1 in com-
plexwith Neu5Ac, Neu5Gc, Neu5Prop, and Neu5But were gen-
erated. Notably, all ligands could be accommodated in the bind-
ing site without steric clashes (Fig. 84).

Based on these structures two different computational meth-
ods were applied to model an influence of the N-acyl side chain
modifications on the binding affinity. In a molecular dynamics
(MD)-based approach, the relative binding strength of the
ligands was estimated by calculation of the average potential
interaction energy between mSiglec-1 and the respective ligand
(Fig. 8B, Ist column). The estimation of the binding free energy
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expression. B-D, WT-BMDM were pulsed for 4 h at 37 °C with MLV-GFP stocks (B, m.o.i. 0.5; C and D, m.o.i. 0.1) produced in the absence or presence of the
indicated ManN analogs. Washed cells were then either analyzed for MLV capture by quantification of p30%29-positive cells by flow cytometry (B) or cell-
associated RT activity (C), or used for trans-infection of STA.TB cells (D). E-G, correlation analysis between the relative efficiency of virus capture and trans-
infection (data depicted in B-D) for the 10 different MLV-GFP stocks was performed using GraphPad Prism. Data are expressed as the arithmetic means =+ S.D.
of triplicate samples from one mouse and are representative of at least two experiments each performed using 2-3 mice. r and p values are shown.

from the MD data turned out to be difficult because of the
significant fluctuations of the solvation free energy related to
the protein (data not shown). For the isolated ligands, Neu5Gc
and Neu5But, compared with Neu5Ac and Neu5Prop, had a
significantly more favorable solvation energy (negative rela-
tive potential interaction energy values) indicative of a neg-
ative contribution to their binding affinity originating in the
solvation.

As an alternative method to predict relative binding affinities
of N-acyl-modified sialic acids to mSiglec-1, a “docking and
post-scoring” approach was applied (for details see under
“Experimental Procedures”). The values of the estimated
affinity (Fig. 8B, 2nd column) showed a similar trend as
found in the MD-based approach, i.e. Neu5Gc and Neu5But
were predicted to have the lowest affinity for mSiglec-1. Thus,
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in agreement with the functional analyses, these crystal struc-
ture-based molecular modeling studies suggest reduced bind-
ing affinities for N-butanoyl and N-glycoyl, but not for N-pro-
panoyl sialic acid side chain modifications, for the interaction
with mSiglec-1.

Discussion

In this study, we demonstrate that Siglec-1 is a key receptor
on primary mouse macrophages for capture of the retrovirus
and mouse pathogen MLV and the efficient trans-infection of
surface-bound particles to neighboring lymphocytes. Terminal
sialic acid residues on plasma membrane-derived sialyl-lactose-
containing gangliosides that are incorporated into the envelope
of budding retroviral particles are the key interaction moiety
with the lectin receptor Siglec-1. Using metabolic glycoengi-
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Relative Potential Interaction Energies and SeeSAR Affinity Scores

Relative Potential SeeSAR

Ligand Interaction Energy [kcal/mol] Affinity Score [mM]
Neu5Ac 0 5
Neu5Prop 55 12
Neu5But 6.2 26
Neu5Gc -5.8 33

The relative average potential interaction energies were calculated from 50 ns MD
simulations in water (higher values means better binding) and the average estimated affinity
values calculated by SeeSAR (lower values means better binding).

FIGURE 8. Molecular modeling of structural interaction, interaction
potentials, and binding affinities of mSiglec-1 in complex with sialic acid
derivatives. A, three-dimensional models of mSiglec-1 in complex with
Neu5Ac, Neu5Gc, Neu5Prop, or Neu5But were generated. B, relative potential
interaction energies and SeeSAR affinity scores.

neering we introduced various N-acyl-modified sialic acids into
glycoconjugates of virus-producer cells, and we demonstrated
that for specific substitutions newly produced MLV particles
were functionally impaired for Siglec-1-dependent capture and
trans-infection. This highlights the use of sialic acid precursor
analogs as a feasible approach to study the impact of submo-
lecular modifications in glycoconjugates incorporated into
enveloped viruses in a native environment and identifies the
N-acyl side chain as a critical determinant for the mSiglec-1/
MLV interaction. Collectively, mSiglec-1 is an important
receptor for the sialic acid-dependent macrophage/lymphocyte
trans-infection of MLV.

Macrophages and dendritic cells patrol peripheral mucosal
sites recognizing, capturing, and processing potential patho-
gens into antigenic peptides for MHC class II presentation to
CD4 T-cells in lymphoid tissue (55). Landmark studies pro-
posed that HIV-1 usurps this natural DC function in the newly
infected host by “hiding” inside DCs, which traffic to lymphoid
organs, probably taking advantage of the formation of DC-/T-
cell conjugates to promote its replication and spread (56 —58).
Today it is widely believed that human DCs capture and inter-
nalize infectious HIV particles into clustered “storage” com-
partments and subsequently transfer these virions to neighbor-
ing T-cells at virological synapses (1, 59). In contrast to the
virus-promoting scenario proposed for HIV, mSiglec-1-posi-
tive sinus macrophages residing underneath the lymph node
capsule were shown to act as gatekeepers at the lymph-tissue
interface capturing and trans-presenting lymph-borne viruses,
including vesicular stomatitis virus, to migrating B-cells in the
underlying follicles leading to activation of effective antiviral
humoral immune responses (11). Furthermore, these macro-
phages also appear to prevent vesicular stomatitis virus spread
and fatal neuroinvasion by additional innate mechanisms (10).
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Of note, Siglec-1 in these studies was used as a marker for this
subset of macrophages and not explored as a bona fide virus-
binding receptor.

In contrast to the notion of an intracellular storage compart-
ment for captured viruses that may be capable of efficient trans-
infection of HIV-1 for up to 4 days (56, 58), Cavrois et al. (60)
provided evidence that virions bound to the surface of mono-
cyte-derived DCs or CD34-derived Langerhans cells, but not
internalized HIV-1, was the major source of infectious virions
transmitted in trans. This observation was recently confirmed
(61). In line with these studies for HIV, our data also show that
MLV particles that are still attached to the outside of BMDM,
or at least accessible to protease treatment at their surface, are
mainly responsible for trans-infection of murine lymphocytes.
Moreover, we noted a marked drop of MLV trans-infection
between the 4- and 24-h time points following virus capture by
BMDM. Similarly, the HIV-1 trans-infection efficiency of
monocyte-derived DCs was shown to be most efficient in the
1st h (60, 62). These authors also detected large amounts of
internalized HIV-1 particles by confocal microscopy and sug-
gested that this may reflect a “dead end” for functional retrovi-
ral particles. However, although neither lysosomal nor protea-
somal inhibitors could prevent the apparent loss of MLV
structural proteins over time in BMDM, lysosomal inhibitors
did prevent the degradation of cell-associated HIV-1 in human
macrophages (63).

From another perspective, given the unique subanatomical
localization of Siglec-1-positive mouse macrophages in the
subcapsular sinus, a “long term storage” of captured infectious
virus may not at all be critical for interaction and efficient virus
transmission because the preferentially targeted B-lympho-
cytes in the lymph follicles are closely adjacent (45). Thus,
trans-infection of retroviruses appears to be mediated by cells
of the monocytic lineage by capturing particles via surface-ex-
posed Siglec-1. Retroviral particles that productively infect
lymphocytes in trans originate primarily from the surface of
macrophages/dendritic cells, and this process is most efficient
in the 1st h following capture.

A central question for the process of trans-infection is its
relative efficiency compared with direct infection. For HIV-1,
monocyte-derived DC trans-infection has been suggested to be
particularly effective for minimal virus doses that alone may not
be sufficient for productive infection of CD4 T-cells by direct
infection (56). Our results for MLV support this notion. The
Siglec-1-dependent trans-infection of activated primary lym-
phocytes via BMDM, compared with direct infection, was
4 -15-fold more efficient. Thus, it will be highly instructive to
compare WT and Siglec-1 KO mice for the ability to support
MLV replication and pathogenesis via lymphatic and intrave-
nous challenge routes with low multiplicities of infection.

To our knowledge this study for the first time investigated
the functional impact of metabolically modified sialic acids in
virus producer cells on newly released viruses carrying cell-
derived glycoconjugates. N-Substituted sialic acids could be
detected and quantified in total membrane fraction and, impor-
tantly, in the glycolipid fraction of the 293T virus producer cells
by DMB-HPLC and ESI-MS. More than 90% of the total cellular
sialic acid content could be replaced by N-acyl derivatives pro-

SASBMB

VOLUME 290-NUMBER 45-NOVEMBER 6, 2015



N-Acyl Chain and Siglec-1-dependent MLV trans-Infection

viding a sound basis for the assessment of viruses released from
these cells in sialic acid-dependent, functional assays.

Previous analyses of HIV-1 and MLV particles indicated that
the overall lipid content of these retroviruses mostly matched
that of the plasma membrane, with some lipids being enriched,
including cholesterol, ceramide, and GM3 (50, 51). Notably, a
single HIV-1 virion was estimated to contain ~12,000 sialyl-
lactose-containing GM3 molecules that may constitute the pri-
mary interactor with the lectin receptor (1). The rather low
millimolar affinity of Siglec-1 for different sialylated ligands was
postulated to result in high avidity binding by receptor and
ligand clustering (3). This may also be true for the interaction
with viruses; HIV-1, bound initially over the entire plasma
membrane, subsequently accumulated in many instances at
one pole of the cell (64).

Several lines of evidence suggest that metabolically engi-
neered gangliosides carrying N-acyl-modified sialic acids were
indeed incorporated into MLV particles without inflicting
gross structural changes to the infectious virion. First, the sialic
acid-independent mCAT-mediated direct infection of lympho-
cytes was comparable for all MLV preparations, irrespective of
the producer cell’s pretreatment. In contrast, particles derived
from N-butanoyl, N-isobutanoyl, N-glycolyl, or N-pentanoyl
ManN-treated cells displayed strongly reduced capacities for the
sialic acid-dependent mSiglec-1-mediated capture and trans-in-
fection. Second, in agreement with these functional analyses, both
in vitro interaction studies of sialylated ligands with Siglec-1 (4)
and our molecular modeling studies of mSiglec-1 in complex
with sialic acid derivatives indicated reduced binding affinities
for the N-glycoyl and N-butanoyl, but not for the N-propanoyl
substitution. This indicates at an atomic level that an elonga-
tion of the N-acyl side chain by one methyl group is still toler-
ated, although longer extension (Neu5But and Neu5Pent)
strongly reduced the binding affinity. Interestingly, the rather
bulky N-cyclo-propylcarbamyl side chain in glycoconjugates on
MLV particles does not appear to impact the interaction with
mSiglec-1, although the replacement of the methyl group
(Neu5Ac) by a hydroxyl group (Neu5Gc) abolished capture and
trans-infection.

Neu5Gc naturally occurs in mice but not in humans (65).
Interestingly, it has been reported that both resting T- and
B-cells preferentially carry Neu5Gc in @-2,6-linkage. Cell acti-
vation, however, results in marked changes in the glycosylation
pattern, including a shift to Neu5Ac in «-2,3-linkage (36, 66).
As a result, expression of Siglec-1 and Siglec-E ligands is
enhanced on these lymphocytes. These changes may of course
be highly relevant for MLV. On the one hand, the surface
expression of selective ligands fosters the interaction of acti-
vated lymphocytes with Siglec-1-positive macrophages, in-
creasing the likelihood for trans-infection. On the other hand,
MLV replicates in these Neu5Ac-containing proliferating B-
and T-cells, leading to the release of “Siglec-1/interaction-com-
petent” virions.

Altogether, our study reports fundamental characteristics of
trans-infection of the rodent pathogen MLV in primary mouse
cells. We describe biosynthetic engineering of the N-acyl side
chain of cellular sialic acid as a novel approach to study the
functional impact of submolecular modifications in sialogly-
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cans incorporated into budding enveloped retroviruses. This
allowed us to identify critical determinants at atomic resolution
for the Siglec-1-dependent MLV trans-infection in a native cel-
lular environment.
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