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Abstract

Galectin-1 (gal-1), an endogenous lectin secreted by a variety of cell types, has pleiotropic
immunomodulatory functions, including regulation of lymphocyte survival and cytokine secretion
in autoimmune, transplant disease, and parasitic infection models. However, the role of gal-1 in
viral infections is unknown. Nipah virus (NiV) is an emerging pathogen that causes severe, often
fatal, febrile encephalitis. The primary targets of NiV are endothelial cells. NiV infection of
endothelial cells results in cell-cell fusion and syncytia formation triggered by the fusion (F) and
attachment (G) envelope glycoproteins of NiV that bear glycan structures recognized by gal-1. In
the present study, we report that NiV envelope-mediated cell-cell fusion is blocked by gal-1. This
inhibition is specific to the Paramyxoviridae family because gal-1 did not inhibit fusion triggered
by envelope glycoproteins of other viruses, including two retroviruses and a pox virus, but
inhibited fusion triggered by envelope glycoproteins of the related Hendra virus and another
paramyxovirus. The physiologic dimeric form of gal-1 is required for fusion inhibition because a
monomeric gal-1 mutant had no inhibitory effect on cell fusion. gal-1 binds to specific N-glycans
on NiV glycoproteins and aberrantly oligomerizes NiV-F and NiV-G, indicating a mechanism for
fusion inhibition. gal-1 also increases dendritic cell production of proinflammatory cytokines such
as IL-6, known to be protective in the setting of other viral diseases such as Ebola infections.
Thus, gal-1 may have direct antiviral effects and may also augment the innate immune response
against this emerging pathogen.
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Emerging viral pathogens pose a threat to global health and the global economy. Nipah virus
(NiV)# emerged in a 1999 outbreak among livestock workers in Malaysia and Singapore,
resulting in 40% mortality among infected patients. In humans, NiV causes a severe
encephalitic syndrome, with an average time of 9-10 days from fever onset to death (1).
Livestock workers appeared to contract the virus from infected pigs; although NiV infection
in animals causes respiratory illness and is not fatal, the transmission rate in animals
approaches 100%. Thus, the threat to livestock workers (2) resulted in destruction of
livestock worth more than $100 million in the 1999 outbreaks (3). From 2001 to 2004, NiV
outbreaks occurred in Bangladesh (4); in Bangladesh, pigs were not found to be infected,
suggesting that the virus may have jumped directly from its natural host, the flying fox
(genus Pteropus) (5), to humans. In more recent NiV outbreaks, mortality rates increased
(up to 74% in Bangladesh) (4), similar to or exceeding those seen with other viruses such as
Ebola (6). Thus, NiV has potential to be an agent of human and economic bioterrorism (3).
In addition, recent outbreaks of viral diseases such as severe acute respiratory syndrome and
avian influenza highlight the need for new antiviral strategies that exploit innate immunity
(7, 8).

In humans, NiV infects endothelial cells, particularly in the CNS, lung, kidney, and heart.
The pathognomonic feature of NiV infection is endothelial cell syncytia formation (1),
resulting in endothelial cell destruction, inflammation, and hemorrhage. Coexpression of
codon-optimized NiV-F and NiV-G alone results in syncytia formation of permissive cells;
furthermore, we found that specific N-glycans in NiV-F and NiV-G are critical to the fusion
process (H. C. Aguilar et al., manuscript in preparation).

Glycosylation of envelope glycoproteins of HIV, influenza, West Nile, and Ebola viruses
regulates both fusogenicity of the envelope glycoproteins and viral pathogenicity (9, 10).
Moreover, direct interaction of N-glycans on viral glycoproteins with cellular receptors has
been implicated in Dengue virus entry into cells (11). The viral glycoproteins are recognized
by endogenous lectins or carbohydrate-binding proteins, such as dendritic cell (DC)-specific
ICAM-3 grabbing nonintegrin, that are expressed on the surface of the target cells and that
mediate viral entry or viral transmission to other cell types (12).

Galectin-1 (gal-1) is a member of a family of lectins with a variety of immunomodulatory
functions. gal-1 regulates pre-B cell development and thymocyte and T cell survival (13—
17). Administration of gal-1 in animal models of autoimmune and transplant-related disease
results in altered T cell cytokine production (18-21). However, the effects of gal-1 on innate
immune function are not well understood, and no direct antimicrobial effects of gal-1 have
been previously described. As both NiV-F and NiV-G bear complex N-glycans that can be
recognized by the galectin family of mammalian lectins, we examined the effect of gal-1 on
NiV-F/G-mediated cell fusion.

4 Abbreviations used in this paper: NiV, Nipah virus; DC, dendritic cell; gal-1, galectin-1; wt, wild type; PNA, peanut lectin
agglutinin; DMNJ, deoxymannojirimycin; MDDC, monocyte-derived DC; BS?, bis(sulfosuccinimidyl) suberate; sulfo-GMBS, N-(-
maleimidobutyryloxy)sulfosuccinimide ester; GNV, Galanthus nivalis; GnT V, N-acetylglucosaminyltransferase V; PHA-E,
Phaseolus vulgaris.
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Materials and Methods

NiV and HeV codon optimization and expression plasmids

Codon optimization of F and G genes from NiV and HeV was performed by Geneart
according to an in-house proprietary software that addresses codon usage, elimination of
cryptic splice sites, as well as the stability of DNA/RNA secondary structures. The codon-
optimized NiV and HeV F and G genes were synthesized chemically and subcloned into the
pcDNA3.1 mammalian expression vector (Invitrogen Life Technologies). The sequences of
the codon-optimized genes have been deposited into GenBank (pcNiV-Fopt, accession no.
AY816748; pcNiV-Gopt, accession no. AY816746). The codon-optimized NiV- F and G
were tagged at their C terminus with an AU1 sequence (DTYRY]).

Lectin-binding assay
293T cells were transfected with codon-optimized, AU1-tagged NiV-F or NiV-G.
Biotinylated lectins (Vector Laboratories) specific for the indicated glycans were added to
NiV-F or NiV-G cell lysates. Lectin-bound NiV-F or NiV-G was precipitated with
streptavidin beads and subsequently detected by immunablotting with anti-AU1 mAb
and 1251-labeled protein A. The amount of lectin-precipitated protein was quantified by
densitometry using a Phosphorlmager (445Sl1; Molecular Dynamics) and ImageQuant
(version 5.2).

Fusion assay

Fusogenicity of wild-type (wt) or mutant NiV-F or NiV-G envelope glycoproteins was
determined by transfecting 2 ug of a 1:15 ratio of NiV-F:G expression plasmids into Vero
cells (6-well plates) and culturing for 16 h (n = 4 for each mutant). After 4’,6’-diamidino-2-
phenylindole staining, nuclei inside syncytia per x100 field were counted by fluorescence
microscopy (at least 10 fields/condition). Syncytia were defined as four or more nuclei
within a common cell membrane. The fusogenic index was defined by normalizing the
number of nuclei in syncytia per field formed by the specified experimental condition or the
various N-glycan mutants to that formed by the wt NiV-F and NiV-G proteins, which was
set at 100%. The buffer control includes DTT; as gal-1 has unpaired cysteines in the binding
pocket that, in the absence of saccharide ligand, can form intramolecular disulfide bonds and
prevent saccharide ligand binding, we routinely store and prepare gal-1 in a buffer with
DTT, as described in the original gal-1 purification (22). As gal-1 forms noncovalent
dimers, reducing agents have no effect on gal-1 dimerization. Buffers with this
concentration of DTT have no effect on fusion in the assays.

Recombinant dimeric and monomeric gal-1

Recombinant human gal-1 was made exactly as described in Ref. 23. Monomeric gal-1 is
the N-Gal-1 mutant (24) and was made as previously described, except that a 3 x 7-cm
lactosyl-Sepharose affinity column was used to isolate the recombinant gal-1.

J Immunol. Author manuscript; available in PMC 2015 May 12.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Levroney et al. Page 4

Production of N-glycan mutants

There are five potential N-linked glycosylation sites in NiV-F. The N-glycan consensus
sequence, NXS/T, where X is any amino acid except for proline, was altered specifically to
produce F1 to F5 glycan mutants. In each case the arginine (N) was mutated conservatively
to a glutamine (Q) by changing the AAT/AAC codons to CAG using the QuickChange Site-
Directed Mutagenesis kit (Stratagene), according to the manufacturer’s directions. Each
mutant was sequenced in its entirety to confirm sequence fidelity.

Oligomerization of NiV envelope

Increasing concentrations of gal-1 or N-Gal-1 were added to 293T cells expressing NiV-F or
NiV-G for 30 min. Excess gal-1 was removed by washing with PBS, and the indicated
amounts of the membrane impermeant cross-linkers (bis(sulfosuccinimidyl) suberate (BS3)
for NiV-F and N-(y-maleimidobutyryloxy)sulfosuccinimide ester (sulfo-GMBS) for NiV-G
(Pierce)) were added to the cells. The reactions were quenched according to the
manufacturer’s directions, and cells were lysed in 1% Triton X-100. Lysates were separated
by SDS-PAGE and NiV-F or -G detected by immunoblotting with monoclonal anti-AU1.
Proteins were visualized and quantified by radiometric densitometry using 1251-labeled
protein G to detect the amount of bound anti-AU1.

Binding of NiV-F/G to gal-1
Membrane proteins were isolated from 1 x 107 293T cells expressing NiV-F or NiV-G (25).
Isolated membrane proteins were solubilized in 0.1% Triton X-100 and applied to a gal-1
affinity column (22). After washing with wash buffer (PBS, 0.1% Triton X-100, and 0.02%
NaN3), bound proteins were eluted with 0.1 M flactose or 0.1 M sucrose in wash buffer.
Samples were resolved by 10% SDS-PAGE and blotted with anti-AU1 mAb. Proteins were
visualized using ECL (Amersham Biosciences).

Coimmunoprecipitation of gal-1 and NiV-F

To coprecipitate NiV-F and gal-1, 20 uM gal-1 was first added to 293T cells expressing
equivalent amounts of F or F3 Env proteins for 1 h at 37°C. Cells were washed twice with
PBS, lysed, and lysates immunoprecipitated with rabbit anti-gal-1 antiserum (1:100 in 10
mM NaPOy,, 150 mM NacCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, and
1x Complete protease inhibitor mix (Roche)). Precipitated proteins were captured on protein
G beads, washed three times with wash buffer 1 (100 mM Tris-HCI, 150 mM NaCl, 2 mM
EDTA, and 0.2% Nonidet P-40), and three times with wash buffer 2 (100 mM Tris-HCI, 500
mM NaCl, 2 mM EDTA, and 0.2% Nonidet P-40). Bound material was separated by SDS-
PAGE, and precipitated NiV-F was detected with an anti-AU1 mAb.

gal-1 stimulation of DCs

Monocytes were cultured for 5 days with IL-4 (100 ng/ml) and GM-CSF (50 ng/ml) in
RPMI 1640 medium. At day 5, recombinant gal-1 (20 uM) or N-Gal-1 (20 uM) was added,
and cells were cultured for an additional 48 h. In one well, 100 mM lactose were added 20
min before addition of recombinant gal-1. To control for potential endotoxin contamination
in the gal-1 or N-Gal-1 stocks, all cells were preincubated with 10 ug/ml polymyxin B at
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37°C for 30 min (26). Supernatant was collected after 48 h; 1L-6 and TNF-« levels were
measured with the cytometric bead array human inflammation kit (BD Biosciences). Values
shown are averages from several independent experiments.

Results

Glycosylation screen of NiV-F and NiV-G suggests the presence of gal-1 binding sites

NiV-F and NiV-G are glycosylated heavily. NiV-F and NiV-G have five and seven N-linked
glycosylation sites, respectively (Fig. 1), but the structures of the N-glycans at those sites are
not known, nor is it known if NiV-F or NiV-G bear O-glycans, although potential sites of O-
glycosylation have been identified in NiV-G (Fig. 1). We used a semiquantitative lectin-
binding assay to characterize broad classes of glycans on NiV-F and NiV-G (Table I). To
identify O-glycans, we used peanut lectin agglutinin (PNA), which recognizes the
Galp(1,3)GalNAc sequence on core 1 or core 2 O-glycans; the presence of PNA binding
indicates that O-glycans are present, whereas the absence of PNA binding can indicate lack
of O-glycans or capping of the GalA(1,3)GalNAc sequence by sialic acid (27). As shown in
Table I, NiV-G displayed greater PNA binding compared with NiV-F, indicating that NiV-G
has more asialo O-glycans than NiV-F.

N-glycans can be high mannose, complex, or hybrid structures. Terminal mannose residues
on high mannose or hybrid structures are recognized by the Galanthus nivalis (GNV) lectin,
and both NiV-G and NiV-F bound GNV, although to different extents. Complex or hybrid
structures can be modified by the N-acetylglucosaminyltransferase V (GnT V) enzyme to
create the (1,6)Glc-NAc branch; this branch can be elongated with a polylactosamine
sequence (28). The A(1,6)GIcNAc branch is recognized by the Phaseolus vulgaris (PHA-E)
lectin (29). Both NiV-F and NiV-G bound PHA-E, demonstrating that both NiV-F and NiV-
G bear processed N-glycans. Importantly, as the polylactosamine sequences preferentially
added to the GnT V branch are recognized by gal-1 (30, 31), this screen suggested that both
NiV-G and NiV-F could bind gal-1.

Thus, we sought to determine whether gal-1 could bind directly to NiV-F or NiV-G. The
envelope glycoproteins were expressed in 293T cells, cell membrane extracts were applied
to a gal-1 affinity matrix, and bound glycoproteins were eluted with lactose. Fig. 1B shows
that both NiV-G and NiV-F bound to gal-1.

gal-1 inhibits envelope-mediated fusion

Endothelial cells express several galectins that recognize cell surface saccharides on
bacteria, fungi, and parasites (19, 32, 33). As NiV-F and NiV-G bear complex N-glycans
that could be recognized by gal-1 (Table I) and endothelial cells are a primary target for NiV
infection, we asked whether gal-1 would affect syncytia formation mediated by NiV-F and
NiV-G. Because endothelial cell syncytia is a pathognomonic feature of NiV infection (1),
we reasoned that a syncytia formation assay would be relevant to test the antiviral activity of
gal-1.

Addition of recombinant human gal-1 to Vero cells expressing NiV-F and NiV-G abrogated
syncytia formation by ~90% (Fig. 2A). gal-1 also inhibited NiV-F/G-mediated fusion in
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other permissive cell lines such as human 293T and mouse NIH 3T3 cells (data not shown).
The inhibitory effect of gal-1 was specifically antagonized by polyclonal anti-gal-1
antiserum. Importantly, anti-gal-1 antiserum alone in the absence of exogenous gal-1 did not
inhibit syncytia formation, indicating that endogenous gal-1 (that can be secreted and bind
back to cell surfaces) is not a viral receptor on the cell surface. Moreover, the inhibitory
effects of gal-1 on NiV F/G-mediated cell fusion appeared specific for the Paramyxoviridae
family (Fig. 2B). gal-1 inhibited fusion mediated by Hendra and human parainfluenza virus
type 111 F and G glycoproteins (both are paramyxoviruses) but had no effect on fusion
mediated by two retroviruses, human T lymphotrophic virus Il and murine leukemia virus,
or by a pox virus, vaccinia (WR strain) (Fig. 2B). In addition, gal-1 inhibition of NiV fusion
is fully reversible with lactose, a cognate ligand for gal-1, but not sucrose (Fig. 2C),
indicating that the fusion inhibitory effect of gal-1 is dependent on its interaction with
carbohydrate moieties on the viral envelope glycoproteins.

The fusion inhibitory activity of gal-1 is dependent on its ability to dimerize. The ICsq of
gal-1 in blocking cell fusion induced by NiV-G and NiV-F was in the 7-10 uM range (Fig.
3A). gal-1 forms noncovalent homodimers at this concentration (34, 35), suggesting that
dimeric gal-1 was essential for the inhibitory effect on fusion. We confirmed that dimeric
gal-1 was required to inhibit NiV-F- and NiV-G-mediated fusion by using a mutant N-Gal-1
that remains monomeric < 250 uM (24). N-Gal-1 had no effect on fusion of cells expressing
NiV-F and NiV-G (Fig. 3A), although N-Gal-1 retained specific carbohydrate-binding
activity (Fig. 3B). As also shown in Fig. 3C, the N-Gal-1 is monomeric because we observed
no agglutination of T cells by the N-Gal-1 at concentrations up to 20 uM, while we see clear
T cell agglutination by native gal-1 at the same concentration. Thus, the inhibitory effect of
gal-1 on syncytia formation is dependent on both the ability to dimerize and the ability to
bind carbohydrate ligand (Fig. 2C).

gal-1 binds to specific N-glycans on NiV-F

To determine whether gal-1 preferentially binds to specific N-glycan sites on NiV-F, we
performed a gal-1 dose-response curve for NiV-F and the NiV-F1, NiV-F2, NiV-F3, NiV-
F4, and NiV-F5 mutants (see Materials and Methods). All the N-glycan mutants were
similarly sensitive to gal-1 inhibition as wt NiV-F (Fig. 4A), with the exception of the NiV-
F3 mutant (Fig. 4B). For example, note that 20 uM gal-1 abrogated fusion for NiV-F and the
NiV-F1, F2, F4, and F5 mutants (Fig. 4A), whereas the NiV-F3 mutant still exhibited 50%
of control fusion activity at this gal-1 concentration (Fig. 4B) (p < 0.0125, Student’s t test
after Bonferroni inequality correction for paired-wise comparison of wt NiV-F against F1,
F2, F3, F4, and F5 mutants). Thus, the NiV-F3 mutant was significantly more resistant to
gal-1 inhibition, suggesting that the F3 glycan was important for gal-1 binding to NiV-F.

To directly examine gal-1 binding to the NiV-F3 mutant, gal-1 was added to intact 293T
cells expressing either NiV-F or NiV-F3. Cell lysates were immunoprecipitated with anti-
gal-1 antiserum, and NiV-F or NiV-F3 was detected by immunoblotting. gal-1 precipitated
significantly less NiV-F3 compared with wt NiV-F, indicating that gal-1 binds less
efficiently to NiV-F3 (Fig. 4C). This result was not due to differential expression because
NiV-F and NiV-F3 were expressed equivalently on the cell surface (data not shown). Our
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results indicate that the F3 N-glycan contributes significantly to gal-1 binding to NiV-F;
however, the other NiV-F N-glycans can also contribute to gal-1 binding because a small
amount of NiV-F3 is still coimmunoprecipitated with gal-1. To demonstrate that NiV-F
binding requires complex N-glycans containing the preferred gal-1 saccharide ligands (see
Table 1), cells were treated with deoxymannojirimycin (DMNJ), which blocks the Golgi
mannosidase Il required for complex/hybrid N-glycan formation. As shown in Fig. 4D,
DMNJ treatment significantly reduced the ability of gal-1 to coimmunoprecipitate with NiV-
F. Next, we investigated the mechanism of gal-1 inhibition of NiV glycoprotein-mediated
cell fusion.

Oligomerization of NiV-F/G is aberrantly modulated by gal-1

NiV-F and NiV-G glycoproteins are closely associated on the plasma membrane because the
two glycoproteins can be coimmunoprecipitated (Fig. 5A). Because the attachment (G) and
fusion (F) proteins of paramyxoviral envelope glycoproteins are oligomeric and the
oligomeric structure is required for cell fusion (36), we asked whether gal-1 inhibition of
fusion resulted from altered oligomerization of NiV-F and/or NiV-G. As with other
paramyxoviruses (37), the NiV-F glycoprotein forms trimers (Fig. 5B). However, in the
presence of gal-1, an increased fraction of NiV-F was cross-linked into trimers; the ratio of
NiV-F trimers to monomers increased 5-fold, from 0.35 to 1.75, in the presence of
increasing amounts of gal-1 (Fig. 5B). gal-1 also markedly augmented the oligomerization
of NiV-G. Although we detected tetramers of NiV-G in the absence of gal-1, the addition of
gal-1 dramatically enhanced the amount of cell surface NiV-G tetramers; the ratio of NiV-G
tetramers to monomers increased >400-fold, from 3.8 to 1665, with increasing amounts of
gal-1 (Fig. 5B). Importantly, monomeric N-Gal-1 (10 pM) had no effect on the cross-linking
of NiV-F or NiV-G (Fig. 5B), demonstrating that dimeric gal-1 was required for enhanced
oligomerization of NiV glycoproteins and indicating that altered oligomerization was likely
responsible for the decreased cell fusion caused by dimeric gal-1.

gal-1 induces DC secretion of proinflammatory cytokines

CD45, an established cellular receptor for gal-1 (38, 39), is expressed on DCs (40). A link
between CD45 cross-linking and IL-6 signaling has been established in certain cell types,
and IL-6 is a proinflammatory cytokine in which increases correlate with increased
probability of survival in Ebola-infected patients (41). gal-1 expression is increased at sites
of inflammation (21). Thus, as DCs are likely to be exposed to high levels of gal-1 in
inflamed tissues, we investigated the effects of gal-1 on the production of proinflammatory
mediators by DCs. Monocyte-derived DCs (MDDCs) were matured as described in Fig. 6.
gal-1 was added to differentiated MDDCs. As shown in Fig. 6, gal-1 increased MDDC
production of IL-6 by at least two orders of magnitude and also stimulated TNF-« secretion.
In contrast to gal-1, the monomeric N-Gal-1 mutant failed to induce significant IL-6 or TNF-
a secretion, demonstrating that the dimeric form of gal-1 is required to stimulate cytokine
secretion by MDDCs. Addition of 100 mM lactose blocked gal-1-induced IL-6 or TNF-a
secretion, indicating that induction of proinflammatory cytokines required gal-1 binding to
glycan ligands on the MDDC:s.
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Discussion

Glycan structures on the Nipah viral F and G envelope glycoproteins play critical roles in
viral entry and cell fusion (H. C. Aguilar et al., manuscript in preparation). Some of these
glycans bear oligosaccharide structures that can be bound by gal-1, an endogenous lectin
expressed by a variety of cell types, including endothelial cells and DCs. The primary
targets of NiV infection include endothelial cells and neurons, although the extensive
lymphoid necrosis and positive immunostaining for viral Ags seen in lymphoid tissue
suggest that this tissue could be similarly involved in primary replication (1). We found that
gal-1 can bind directly to NiV-F and NiV-G and that this binding inhibited the cell-cell
fusion mediated by NiV-F and NiV-G. It has been reported previously that endothelial cells
increase gal-1 synthesis and export to the cell surface in the presence of inflammatory
cytokines and that gal-1 is highly expressed by endothelial cells in inflamed lymph nodes
(32). In addition, extracellular matrix can concentrate and present enough gal-1 to induce T
cell apoptosis (42, 43), suggesting that the amounts of gal-1 that can be found in the
extracellular matrix could potentially be sufficient to affect the efficiency of envelope-
mediated fusion.

Given the histopathology associated with NiV infection and the elaboration of inflammatory
cytokines that participate in the innate immune response to many viral pathogens, our results
also suggest that up-regulation of gal-1 expression in the setting of NiV infection could be a
mechanism to limit viral spread. The ability of gal-1 to directly block NiV-F/G-mediated
cell-cell fusion may result from the ability of gal-1 to perturb NiV-F and NiV-G interactions
on the cell surface necessary for membrane fusion. Increased NiV-F and NiV- G homo-
oligomerization induced by gal-1 implies that gal-1 segregates NiV-F and NiV-G
glycoproteins on the cell surface, perhaps by binding to specific glycans, e.g., the F3 N-
glycan. The ability of gal-1 to aggregate cell surface glycoconjugates have been described
for the interaction of gal-1 with CD45 on T cells (22). Our report is the first demonstration
of a direct antiviral effect for gal-1 or any member of the galectin family. Moreover, the
ability of gal-1 to inhibit viral-induced fusion is relatively specific and thus far restricted to
Paramyxoviruses.

In addition to endothelial cells, we and others (Ref. 44 and data not shown) have detected
gal-1 expression in DCs. Importantly, gal-1 may be an autocrine regulatory factor for
endothelial cells and DCs as it is for T cells. For example, Pircher and coworkers (45) found
that CD8 cells secrete gal-1 after stimulation and suggested that gal-1 acts as an autocrine
factor to control T cell survival after an immune response. Similarly, gal-1 alters T cell
secretion of cytokines, including IFN-yand TNF-a (15, 21, 46). As DCs can express gal-1
and its cognate receptors (such as CD45 and CD43) and DCs adjacent to NiV-infected
endothelial cells would be exposed to gal-1 secreted as part of the inflammatory response,
we examined the effects of gal-1 on cytokine production by DCs.

In the present study, we report the novel observation that gal-1 dramatically increased IL-6
and TNF-a secretion by MDDCs. This indicates that, in addition to directly blocking NiV F-
and G-mediated cell fusion, gal-1 may also promote an innate inflammatory response that
would facilitate a successful host response to viral infection. Significantly, two groups have
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documented human cytokine responses that predict survival vs mortality in patients infected
with Ebola virus. Georges and coworkers (41) found that several proinflammatory
cytokines, including IL-6 and TNF-q, are markedly elevated in survivors of Ebola infection,
whereas both the Georges group and the Peters group (47) found that patients who
succumbed to infection typically had increased serum IFN-yand IL-2 but little or no
increase in IL-6 response (41, 47-49). Importantly, we and others (21, 50) have
demonstrated that gal-1 decreases I1L-2 and IFN-y production when administered in murine
models of immune-mediated disease. The proinflammatory response triggered by gal-1
binding to MDDC:s is a novel function for gal-1 and may be particularly important as DCs
may be an early target of NiV during lymph node infection (1). Significantly, IL-6 is a
prototypical proinflammatory mediator known to induce DC maturation and enhance Ag
presentation function or allostimulatory capacity and has been used to generate clinical
grade DCs for immunotherapy applications (51-54). Therefore, we hypothesize that gal-1
induction of IL-6 can be further protective during NiV infection by enhancing the Ag
presentation function of cognate DCs and acting as an immune adjuvant. Thus, gal-1 may
have multiple direct and indirect mechanisms, including inhibition of viral-mediated cell
fusion and promotion of cytokine production, to enhance the innate immune system’s
response to emerging viral pathogens such as NiV.
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FIGURE 1.

Schematic of NiV-G and NiV-F envelope glycoproteins. A, NiV-G is a type |l
transmembrane protein. NiV-F (Fg) is a type | transmembrane protein cleaved into F; and F»
by a host cell protease. *, Potential N-linked glycosylation sites, F1 to F5 and G1 to G7. ¥,
Potential NiV-G O-linked glycosylation sites. Epitopes of NiV-F and NiV-G antipeptide
Abs are indicated. Codon-optimized NiV-G and NiV-F were AU1 epitope tagged at the
indicated termini. B, NiV-F and NiV-G bind gal-1. Extracts of cell membranes from 293T
cells expressing either NiV-F or NiV-G were applied to a gal-1 affinity column. Bound
glycoproteins were eluted with flactose and detected with anti-AU1 mAb. No glycoproteins
were eluted with sucrose wash.

J Immunol. Author manuscript; available in PMC 2015 May 12.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Levroney et al.

Page 14

A NiV-Fand G MLV
p<0.0001 p<0.012
1
s¢i 129 : . :
S 125 : : :
£ 00 H : AL
s " | s s
g’ 50 “m ; ' H
8 = H \ ‘
E 04 = $ m | . . 1
Galectin-1: wa o == b o o m = =
OTT: wa o o o o o o = F F F
Rb Anti-Gal-1: ws == == 1:30 1:100 1:500 == .00 == - -
ROIGG: wm == wm == == wm 130 == 1100 == ==
1 2 3 4 5 6 7 8 9 10 11

B 140
(]
> 1201
=
8 100 ‘}
Q¢
To =0
[}
%3 0
5 L
o a0-
o 2
o
0 H— |
Gal-1 LR T T S S
HPIV3 HeV HTLV-ll Vaccinia MLV
WR
C NiV-F and G
£ 450 -
@ [
%:,: " 400 | T
E T 350
O% 300
3 8 f
£ «© 250
3 ‘é 200
%%- 150
E 100 4
>
< 50 4
1]
Galectin-1 : - a2 i by
10mM Lactose: - - # -
10mM Sucrose: - - - +

FIGURE 2.
gal-1 blocks NiV envelope-mediated fusion. A, gal-1 inhibits NiV-F- and NiV-G-mediated

fusion. Vero cells expressing NiV-F and NiV-G were cultured for 16 h in medium with
gal-1 (20 uM in 0.32 mM DTT) or buffer control. gal-1 has unpaired cysteines in the
binding pocket that can form intra- or intermolecular disulfide binds in the absence of
saccharide ligands, which can lead to inactivation of the binding site. Thus, the buffer
control includes the same concentration of DTT, a reducing agent, which prevents gal-1
inactivation. To demonstrate the specificity of gal-1 inhibition, rabbit anti-gal-1 serum (in
increasing amounts) or preimmune serum (IgG) were added simultaneously with gal-1.
Fusion was quantified as described in Materials and Methods. Values of p were calculated
using the Student t test (unpaired samples with unequal variance). Mean + SD of one
representative experiment of three is presented. Note that anti-gal-1 sera alone did not
inhibit NiV-G/F-mediated fusion. B, Specificity of gal-1 inhibition for Paramyxoviridae
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family: inhibition was observed only for fusion mediated by Hendra virus (HeV)
glycoproteins and human parainfluenza virus type 111 (HPIV I11), whereas no significant
inhibition was seen for fusion mediated by glycoproteins from human T lymphotrophic virus
I (HTLV 1), murine leukemia virus (MLV), or vaccinia (WR strain). Mean + SE of two
determinations. C, Lactose reversal of gal-1 inhibition. A total of 10 mM lactose, a
saccharide ligand for gal-1, or 10 mM sucrose, which does not bind gal-1, was added to
fusion assays concurrently with gal-1. Fusion was quantified as above. Mean + SE of two
determinations.
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FIGURE 3.
Dimeric gal-1 is required to block NiV-F/G-mediated fusion. A, Monomeric (N-Gal-1) or

dimeric gal-1 was added to Vero cells transfected with NiV-F and NiV-G. Fusion was
quantified as in Fig. 2. Note that monomeric gal-1 had no effect on fusion even up to 25 uM.
Mean £ SD of one representative experiment of three is presented. B, N-Gal-1 bindsto T
cells in a lactose inhibitable fashion. Increasing concentrations of biotinylated monomeric
gal-1 were added to T cells. After binding for 30 min at 4°C, cells were washed once in 1x
PBS, and bound gal-1 was detected by addition of FITC-conjugated streptavidin and flow
cytometry. The highest amount of N-Gal-1 binding observed was reversed by the addition of
0.1 mM lactose. MFI, mean fluorescence intensity. C, N-Gal-1 is monomeric. gal-1 or N-
Gal-1 was added to CEM T cells for 30 or 180 min, and the cells examined by phase-
contrast microscopy. Dimeric gal-1 agglutinated T cells (arrows) due to the ability to bind
carbohydrate ligands on adjacent cells. N-Gal-1 was unable to agglutinate T cells, indicating
that N-Gal-1 is monomeric at this concentration.
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Effect of Galectin-1 on Nipah F mutants
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FIGURE 4.
gal-1 binds to a specific N-glycan site in NiV-F and NiV-G. A, F1, F2, F4, and F5 mutants

are as sensitive to gal-1 inhibition as wt NiV-F. Vero cells transfected with NiV-G and wt
NiV-F or the indicated NiV-F mutants (F1, F2, F4, or F5) were cultured with indicated
concentrations of gal-1 and fusogenicity determined as in Fig. 1. Ten fields were counted for
each mutant per condition. The number of nuclei in syncytia per field with no gal-1
treatment is normalized to 100% (fusogenic index). Mean + SD of one representative
experiment of three is presented. B, NiV-F3 glycan mutant is resistant to gal-1 inhibition of
fusion. For clarity, results are shown only for wt NiV-F and F3 only. The experiment was
performed identically as described in A. C, The NiV-F3 mutant reduces gal-1 binding. gal-1
(20 uM) was added to 293T cells expressing equivalent amounts of NiV-F or NiV-F3
protein, cell lysates were immunoprecipitated with rabbit anti-gal-1 antiserum, and NiV-F
and NiV-F3 were detected with anti-AU1. D, gal-1 binding to NiV-F is dependent on lectin-
glycan interaction. DMNJ (2 mM), which blocks the processing required for formation of
complex/hybrid N-glycans, was added to 293T cells expressing NiV-F for 48 h. gal-1 (20
uM) was added to the cells, the cells were lysed, and the lysates were immunoprecipitated
with an anti-gal-1 Ab. Precipitated proteins were detected with anti-AU1. CL indicates the
input cell lysate while IP indicated precipitated protein. Note that DMNJ treatment itself did
not affect levels of NiV-F.
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FIGURE 5.
gal-1 modulates the oligomeric state of NiV-F and NiV-G. A, Association of NiV-F and

NiV-G. Extracts of 293T cells expressing NiV-F and NiV-G (F + G), or NiV-F or NiV-G
alone, were immunoprecipitated with anti-F peptide or anti-G peptide antisera. Precipitated
proteins were detected with anti-AU1 to detect both NiV-F and NiV-G. Anti-F and anti-G
coimmunoprecipitated NiV-G and NiV-F, respectively (lanes 1 and 2). When NiV-F and
NiV-G were expressed alone, anti-F and anti-G precipitated only the relevant glycoproteins
(lanes 3-6). No precipitated protein was seen in cells transfected with plasmid alone (lanes 7
and 8). B, gal-1 modulates oligomerization of NiV-F and NiV-G. gal-1 was added to 293T
cells expressing NiV-F or NiV-G. Cell surface proteins were cross-linked using membrane
impermeant cross-linkers (BSS for NiV-F and sulfo-GMBS (SG) for NiV-G), and NiV-F and
NiV-G were detected with anti-AU1. Uncleaved NiV-F monomer (Fg) and the estimated
NiV-F trimer (3x) are indicated. Molecular mass markers are shown. Molecular mass
estimates >180 kDa are not precise, but for NiV-G, the progressive laddering pattern
suggests that monomers (1x), dimers (2x), trimers (3x), and tetramers (4x) are formed. M,
10 mM monomeric N-Gal-1, does not enhance oligomerization.
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FIGURE 6.

no treatment 20 uM gal-1 20 uM N-gal-1 20 uM gal-1 +
100 mM lactose

gal-1 induces DC secretion of proinflammatory cytokines. Human PBMCs were cultured for
5 days with I1L-4 (100 ng/ml) + GM-CSF (50 ng/ml). At day 5, 20 pM gal-1 (with or without
100 mM lactose) or N-Gal-1 were added, and the culture was continued for an additional 48
h. Cytokine secretion was measured in tissue culture supernatant by cytometric bead array.
One experiment of three is shown. *, Lower limit of the linear range.
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Table |

Glycosylation profiling by lectin-immunoprecipitation/immunoblot assay?

Lectin Specificity BindingtoG  Bindingto F
GNV a(1,3)mannose + ++
PHA-E /A1,6)GIcNACc ++ +++
PNA (peanut)  Gal A1,3)GalNAc +++ +/-

aReIative amounts of NiV-F or -G precipitated by the indicated lectins were quantified by densitometry; arbitrary densitometric units: 1-40, +/-;
41-80, +; 81-120, ++; and 121-160, +++. Background is designated as -.
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