
GalNAc-Specific Soybean Lectin Inhibits HIV Infection of
Macrophages through Induction of Antiviral Factors

Runhong Zhou,a Xu Wang,b Hang Liu,a Le Guo,a Qijian Su,c He Wang,b Theodore Vasiliadis,b Wenzhe Ho,a,b Jieliang Lib

aSchool of Basic Medical Sciences/State Key Laboratory of Virology, Wuhan University, Wuhan, Hubei, People's
Republic of China

bDepartment of Pathology and Laboratory Medicine, Temple University Lewis Katz School of Medicine,
Philadelphia, Pennsylvania, USA

cCenter for AIDS Research, Ruikang Hospital Affiliated with Guangxi University of Chinese Medicine, Nanning,
Guangxi, China

ABSTRACT Although it has been shown that some mannose-binding lectins
(MBLs) exhibit significant activity against HIV infection, little is known about whether
N-acetylgalactosamine (GalNAc)-binding lectins have the ability to inhibit HIV infec-
tion. Here, we demonstrate that a soybean-derived lectin (SBL) with GalNAc-binding
affinity could potently suppress HIV infection of macrophages in a dose-dependent
fashion. Unlike the MBLs, which block HIV only through binding to the glycosylated
envelope proteins (gp120 and gp41) of the virus, SBL inhibited HIV at multiple steps
of the virus infection/replication cycle. SBL could activate the beta interferon (IFN-
�)–STAT signaling pathway, resulting in the upregulation of a number of antiviral
interferon-stimulated genes (ISGs) in macrophages. In addition, SBL treatment of
macrophages induced the production of C-C chemokines, which bind to HIV entry
coreceptor CCR5. Deglycosylation of cell surface galactosyl moieties or presaturation
of GalNAc-binding capacity could compromise SBL-mediated induction of the antivi-
ral factors. Furthermore, SBL exerted its anti-HIV activity in the low nanomolar range
with no mitogenic effect on CD4� T cells, a major advantage in the development of
SBL as a potential anti-HIV agent compared with MBLs. These data indicate a neces-
sity to further investigate SBL as an alternative and cost-effective anti-HIV natural
product.

IMPORTANCE Mannose-binding lectins (MBLs) can block the attachment of HIV to
target cells and have been suggested as anti-HIV microbicides. However, the mito-
genic effect of MBLs on CD4� T cells limits this potential in clinical settings. Lectins
with galactose (Gal)- or N-acetylgalactosamine (GalNAc)-binding specificity are an-
other important category of carbohydrate-binding proteins (CBP). Compared to high-
mannose N-linked glycans, GalNAc-type glycans present much less in HIV gp120 or
gp41 glycosylation. Here, we demonstrate that GalNAc-specific soybean lectin (SBL)
triggers antiviral signaling via recognition of the cell surface galactosyl group of
macrophages, which results in the suppression of HIV at multiple steps. More impor-
tantly, SBL has no mitogenic effect on the activation of CD4� T cells, a major advan-
tage in the development of Gal/GalNAc-specific lectins as naturopathic anti-HIV
agents.
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Lectins are a heterogeneous group of specific carbohydrate-binding proteins (CBP)
that are distributed across a variety of species and are particularly prevalent in

legumes and grains (1). These nonimmunoglobulin proteins are characterized by their
binding affinity for complex carbohydrates, which are abundant on cell surfaces or
associated with virulence factors. The N-linked glycans account for almost 50% of the
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molecular weight of the heavily glycosylated HIV envelope glycoproteins (gp120 and
gp41), and about 33% of these N-linked glycans are high-mannose type (2–5). The
lectins with mannose-binding capacity (mannose-binding lectins [MBLs]), such as the
lectins from banana (BanLec) (6, 7), from snowdrop (GNA) (8), from the cyanobacterium
Microcystis aeruginosa (microvirin [MVN]) (9), and from the red alga Griffithsia sp.
(Griffithsin [GRFT]) (10), have been reported to have significant anti-HIV activity via
interaction with the mannose moieties on viral envelope proteins. Therefore, MBLs
have been suggested for use as antiviral microbicides to prevent HIV sexual transmis-
sion (11).

Although many studies have been focused on the binding of the MBLs to HIV
envelope glycoproteins, there is little information about the impact of lectins binding
to the target cell glycans upon HIV infection. It is important to note that the mammalian
cell surface exhibits a variety of both N-linked and O-linked glycans, including galac-
tosyl groups affiliated with membrane-bound proteins or glycolipids (http://www
.functionalglycomics.org), which are involved in essential biological functions (12). It
has been reported that human recombinant macrophage galactose-type C-type lectin
could interfere with the function of regulatory T cells through binding to cell surface
N-acetylgalactosamine (GalNAc) (13). Recombinant human galectin 9 (rhGal-9) with
galactose (Gal) binding specificity could potently reverse HIV latency through oligo-
saccharides on the T cell surface and induce robust expression of host antiviral factors
(14). RhGal-9 has also been shown to interact with Tim-3 on activated CD4� T cells,
resulting in the downregulation of HIV coreceptors and rendering cells less susceptible
to HIV infection and replication (15). Soybean lectin (SBL) is a glycoprotein isolated from
the seeds of soybeans that has binding affinity to GalNAc. It has been documented that
SBL could inhibit HIV reverse transcriptase (RT) in a non-cell-culture system (16). Here,
we investigate the antiviral activity of SBL on HIV infection of macrophages and explore
the underlying mechanism(s) of SBL-mediated viral inhibition. Our data demonstrate
that GalNAc-specific SBL can induce multiple antiviral factors via recognition of mac-
rophage surface galactosyl moieties and has potential to be further developed as an
anti-HIV-1 naturopathic agent.

RESULTS
SBL inhibits HIV infection of macrophages. We first determined the anti-HIV

potency of SBL under several treatment conditions. As shown in Fig. 1, SBL treatment
of macrophages prior to HIV infection for 24 h dose-dependently inhibited HIV infec-
tions (50% inhibitory concentration [IC50], 3.4 nM for strain Bal and 6.0 nM for strain
Jago). At a concentration of 100 nM, SBL inhibited nearly 90% of HIV infection at both
the extracellular and intracellular levels. In addition, SBL treatment of macrophages
during HIV infection (simultaneously) or 24 h postinfection also significantly suppressed
viral infection (Fig. 1). The inhibitory activity of SBL against HIV should not be attributed
to the cytotoxic effect of SBL, as treatment with up to 1,000 nM SBL for 72 h showed
no cytotoxicity to macrophages (data not shown).

SBL induces rapid IFN-� induction and IRF3 phosphorylation. Type I interferons
(IFNs) play a critical role in the innate immunity against viral infections. Interestingly,
SBL specifically induced the expression of IFN-� (Fig. 2A). The secretion of IFN-� was
induced as early as 1.5 h, lasted for the next 4 h, and then diminished afterward (Fig.
2B). Because IRF3 is a master regulator of IFN-�, we examined the impact of SBL on IRF3
expression. There was no change in the expression of total IRF3 in SBL-treated mac-
rophages. In contrast, SBL rapidly induced IRF3 phosphorylation (Ser396) as early as 30
min posttreatment, with maximal induction reached at 2 h (Fig. 2C). The effect of SBL
on IRF3 phosphorylation was also dose dependent (Fig. 2D).

SBL activates STAT kinetics and induces antiviral ISGs. We next investigated the
effect of SBL on STAT activation, which is essential for IFN-mediated antiviral signaling.
Figure 2C shows that SBL increased total STAT1/3 expression and induced the phos-
phorylation of STAT1 and STAT3. STAT1/3 phosphorylation was observed as early as 1.5
h posttreatment and reached the maximal level at 2.5 h. In addition, SBL triggered the
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formation of interferon-stimulated transcription factor 3 gamma 48 kDa (ISGF3-�p48)
starting from a later time point, 6 h posttreatment. SBL-induced STAT phosphorylation
and ISGF3-�p48 expression was also dose dependent (Fig. 2D). The expression of a
pattern of interferon-stimulated genes (ISGs) (ISG15, ISG56, OAS-1, Viperin, and Mx2)
was upregulated by SBL at both the mRNA (Fig. 2E) and protein (Fig. 2F) levels.
Preincubation of macrophages with anti-IFN-�/� receptor chain 2 (IFNAR) neutraliza-
tion antibody significantly attenuated the induction of ISGs by SBL (Fig. 2G), as well as
compromising SBL-mediated anti-HIV activity (Fig. 2H), suggesting that IFN-� was
responsible for SBL-mediated ISG induction and anti-HIV activity.

SBL inhibits HIV infection of macrophages at the entry level. To determine
whether SBL can function like MBLs that inhibit HIV infection through binding to the
viral envelope protein, we compared SBL with GNA, one of the MBLs, with regard to HIV
inhibition at the entry level. A short incubation of macrophages with GNA (0.5 h,
without washing it off) inhibited the expression of HIV strong-stop DNA, an indicator of
HIV entry. However, 24-h pretreatment with GNA (washing it off) of macrophages had
no effect on HIV entry (Fig. 3A), implying that inhibition depends on the interaction of
GNA with HIV. In contrast, we found that a short treatment of macrophages with SBL
(0.5 h, without washing it off) could not suppress the HIV strong-stop DNA levels, while
24-h pretreatment of macrophages with SBL (washing it off) inhibited HIV entry (Fig.
3A). The extended SBL pretreatment inhibited strong-stop DNA expression in a dose-
dependent manner (Fig. 3B).

SBL subdues macrophage susceptibility to HIV by inducing C-C chemokine
expression. We also determined the impact of SBL on HIV coreceptor CCR5 expression.
Although SBL had no effect on suppressing CCR5 expression at the mRNA level (data
not shown), SBL treatment of macrophages significantly inhibited the surface expres-
sion of CCR5 as examined by flow cytometry (Fig. 4A). We then examined the effect of
SBL on C-C chemokines, the natural ligands of CCR5. As shown in Fig. 4B and C, SBL
pretreatment of macrophages dose-dependently induced C-C chemokine (MIP-1� and
RANTES) expression at both the mRNA and protein levels. These C-C chemokines
subdued the macrophages’ susceptibility to HIV, as the SBL-conditioned medium
(SBL-SN) exerted a suppressive effect on HIV strong-stop DNA expression, and neutral-
ization antibodies to C-C chemokines could partially reverse the suppression (Fig. 4D).

FIG 1 SBL inhibits HIV infection of macrophages. Macrophages were cultured in the presence or absence of the
indicated concentrations of SBL either 24 h prior to HIV infection (Before), simultaneously (Simul), or 24 h
postinfection (After). Three hours postinfection, unbound viruses were washed away and fresh medium containing
the indicated concentrations of SBL was added to the cell cultures. (A and B) Cell-free supernatant was collected
on day 12 postinfection for HIV Bal or HIV Jago RT assay. (C and D) The expression of cell-associated HIV gag mRNA
was measured by qRT-PCR. The data are expressed as the means and SD of the results of three independent
experiments with cells from three donors (*, P � 0.05; **, P � 0.01).
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FIG 2 SBL induces the IRF3–IFN-�–STAT axis and ISG expression. (A) Macrophages were treated or not with SBL (50 nM) for 2 h, and IFN genes were
examined by qPCR. (B) Macrophages were treated with 50 nM SBL for the indicated times, and IFN-� levels in cell-free medium were measured by ELISA.
(C and D) Macrophages were treated with SBL (50 nM) for the indicated times (C) or with the indicated concentrations of SBL for 2 h (D). The expression
of IRF3, STAT1/3, and ISGF3�p48 was determined by immunoblotting. (E and F) Macrophages were treated with the indicated concentrations of SBL for
6 h (E) or 24 h (F), and the expression of different ISGs was measured. (G and H) Macrophages were treated with the neutralization antibody to IFN-�/�
receptor (anti-IFNAR; 10 �g/ml) or control IgG for 1 h and then incubated with SBL for an additional 6 h (G) or anti-IFNAR- or control IgG-treated
macrophages were incubated with SBL for 24 h prior to HIV (strain Bal) infection (H). The expression of HIV gag was measured at 72 h postinfection. The
data are expressed as means and SD of the results of three independent experiments (*, P � 0.05; **, P � 0.01).
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SBL triggers the antiviral response of macrophages via the recognition of
surface galactosyl moieties. To characterize the role of GalNAc-binding specificity in
the SBL-induced antiviral response, we presaturated the sugar binding capacity of
SBL by competitive inhibition assay. Incubation of fluorescein isothiocyanate (FITC)-
conjugated SBL (SBL-FITC) with macrophages rapidly delivered the complex into the
cells, as evidenced by the dispersed green fluorescence inside the PKH26-labeled
plasma membrane (Fig. 5A). Preincubation of SBL-FITC with GalNAc decreased the entry

FIG 3 SBL inhibits HIV infection of macrophages at the entry level. (A) Macrophages were pretreated with
GNA or SBL (50 nM) for 0.5 h (without washing it off) or 24 h (washing it off) prior to infection with DNase
I-treated HIV (strain Bal). Three hours postinfection, the cellular DNA of the macrophages was harvested,
and strong-stop DNA was quantified by real-time PCR. The number of copies was normalized to the
control (100%). (B) Macrophages were pretreated with the indicated concentrations of SBL for 24 h prior
to infection with DNase I-treated HIV (Bal). Three hours postinfection, the cellular DNA of the macro-
phages was harvested, and strong-stop DNA was quantified by qPCR. The data are expressed as the
means and SD of the results of three independent experiments (**, P � 0.01).

FIG 4 SBL subdues macrophage susceptibility to HIV by enhancing C-C chemokine expression. (A) Macrophages were
incubated with or without SBL (50 nM) for 24 h. The CCR5 expression was measured by flow cytometry. (B and C) Macrophages
were treated with the indicated concentrations of SBL for 6 h (B) or 24 h (C), and the expression of the C-C chemokines MIP-1�
and RANTES at the mRNA (B) and protein (C) levels was measured. (D) Macrophages were incubated with or without SBL (50
nM) for 24 h, and the culture supernatants without SBL (Ctrl/SN) or with SBL (SBL/SN) were collected for treatment of
autologous macrophages. In addition, SBL/SN was incubated with 20 �g/ml control IgG (Ctrl/IgG) or a mixture of neutralization
antibodies to MIP-1�, MIP-1�, and RANTES for 1 h and then added to the macrophages for an additional 1 h prior to infection
with DNase I-treated HIV (Bal). HIV strong-stop DNA was quantified at 3 h postinfection. The number of copies was normalized
to the control (100%). The data are expressed as the means and SD of the results of three independent experiments (*, P �
0.05; **, P � 0.01).
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of SBL into macrophages, as observed by confocal imaging (Fig. 5A). In addition, the
binding of SBL-FITC to macrophages was also decreased by GalNAc competition
(Fig. 5B). Consequently, GalNAc preincubation suppressed SBL-induced upregulation of
Mx2 and MIP-1� (Fig. 5C). In contrast, GalNAc had no effect on the binding of GNA-FITC
to macrophages (Fig. 5B), suggesting the inhibition was glycan specific. There was no
induction of IFN-�, Mx2, and MIP-1� by GNA (see Fig. 7B). We next deglycosylated the
macrophage surface glycans to examine whether cell surface galactosyl moieties are
involved in SBL’s action. Figure 5A and D show that galactosidase treatment almost
abolished the entry of SBL-FITC into macrophages, as well as cell surface binding of
SBL-FITC, but not the binding of GNA-FITC, confirming that the binding of SBL is surface
galactosyl specific. Moreover, SBL-mediated induction of MIP-1� and Mx2 expression
could be suppressed by galactosidase treatment of macrophages (Fig. 5E).

SBL has no mitogenic effect on CD4� T cells. The mitogenic activity of HIV
candidate drugs may compromise their possible clinical application, as the activation of
T cells would exacerbate HIV replication (17). We next investigated whether SBL
affected peripheral blood mononuclear cell (PBMC)/peripheral blood lymphocyte (PBL)
activation and used phytohemagglutinin (PHA) as a positive control. Not surprisingly,
the well-known mitogenic lectin PHA significantly increased the cell surface expression
of CD69 and HLA-DR on CD3� CD4� T cells in PBMCs (Fig. 6A and B). In contrast, SBL
treatment did not increase the activation markers CD69 and HLA-DR on CD3� CD4� T
cells up to 72 h in PBMCs (Fig. 6A and B). SBL also exhibited no stimulatory effect on
the activation and proliferation of CD3� CD4� T cells in PBLs (Fig. 6C and D).

Gal/GalNAc lectins induce antiviral factors in macrophages. Based on the finding
that Gal/GalNAc-specific SBL could inhibit HIV infection of macrophages through
induction of antiviral ISGs and C-C chemokines (Fig. 2 and 4), we further examined

FIG 5 SBL triggers the antiviral response of macrophages via the recognition of surface galactosyl moieties. SBL-FITC (50 nM) was incubated with or without
GalNAc (200 mM) for 24 h and the mixtures were added to treat macrophages, or macrophages were pretreated with galactosidase for 24 h and then treated
with SBL-FITC. (A) Cells were stained with PKH26 and Hoechst 33342 and visualized by confocal imaging after 1 h of SBL-FITC treatment. (B and D) Cells were
washed with ice-cold PBS to halt binding, and the bound FITC-conjugated lectins were determined using flow cytometry. (C and E) Macrophages were treated
for 6 h, and the expression of Mx2 and MIP-1� was measured by real-time RT-PCR. The data are expressed as the means and SD of the results of three
independent experiments (**, P � 0.01).
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whether other Gal/GalNAc-specific lectins have effects on these antiviral factors. As
shown in Fig. 7B, similar to SBL, Dolichos biflorus agglutinin (DBA) induced both Mx2
and MIP-1� expression, and Ricinus communis agglutinin I (RCA I) could induce the
expression MIP-1� only. In contrast, the two MBLs GNA and concanavalin A (ConA)
were not able to induce the expression of these antiviral factors in macrophages
(Fig. 7B).

DISCUSSION

In the present study, we showed that the lectin isolated from soybeans (SBL) has
potent inhibitory effect against HIV infection of macrophages at the nanomolar level
(Fig. 1). SBL inhibits HIV, not only at the viral entry level, but also through inducing
multiple cellular antiviral factors. Importantly, with a carbohydrate-binding affinity for
GalNAc, SBL inhibited HIV infection with no mitogenic effect on the activation of CD4�

T cells (Fig. 6), as well as CD8� T cells (data not shown). These results support the
previous finding that SBL in its native form, which is divalent with respect to sugar
binding, was nonmitogenic in stimulating lymphocytes (18). Therefore, this nonmito-
genic property provides a superior advantage for the potential use of SBL in HIV
treatment. Studies have shown that lectins with mitogenic activity can activate CD4�

FIG 6 Effect of SBL on activation or proliferation of CD4� T cells. (A and B) PBMCs were treated with 50 nM SBL or PHA for 24 h or 72 h, respectively. The
activation markers CD69 (A) and HLA-DR (B) on CD3� CD4� PBMCs were measured by flow cytometry. PHA was used as a positive control for CD3� CD4� PBMC
activation. (Left and middle) Representative data from PBMCs obtained from one donor. (Right) Statistical data, expressed as means and SD, obtained from three
independent experiments using PBMCs from three donors (*, P � 0.05). (C) PBLs were treated with 50 nM SBL or PHA for 72 h. The activation markers CD69
and HLA-DR on CD3� CD4� PBLs were measured by flow cytometry. PHA was used as a positive control for CD4� PBL activation. (D) PBLs were labeled with
carboxyfluorescein succinimidyl ester (CFSE) (5 �M) and incubated with 50 nM SBL or PHA for 72 h. The CFSE expression of CD3� CD4� T cells was measured
by flow cytometry.
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T cells, which results in systemic inflammation and enhancement of HIV transmission (9,
19). The lectin from bananas (BanLec) suffers from potential side effects mediated by its
mitogenicity, although it has previously been identified as a potent inhibitor of HIV
infection (6). Increased cell surface expression of CD69 was observed in BanLec-treated
CD4� T cells, and this mitogenicity has been uncoupled from antiviral activity via
bioengineering. The modified BanLec without mitogenicity has been suggested as a
potential broad-spectrum antiviral agent (17). We revealed that two other Gal/GalNAc-
specific plant lectins (DBA and RCA I) can also induce antiviral Mx2 and MIP-1�

expression in macrophages (Fig. 7B). These two Gal/GalNAc-specific lectins are also
known to have very little mitogenic effect on lymphocyte activation (20, 21). In this
regard, the ability of natural SBL to suppress HIV infection or of other Gal/GalNAc-
specific lectins to induce antiviral factors without inducing systemic activation of CD4�

T cells is an important property that fits the clinical setting and warrants further study.
Pathogen-associated or cell surface N-linked and O-linked glycans may constitute

key targets for new therapeutics to treat HIV and possibly a variety of other infectious
diseases. To date, extensive studies have been focused on MBLs that can block the
binding of glycosylated HIV envelope proteins (high-mannose-type N-linked glycans) to
target cells. Unlike the reported anti-HIV MBLs (e.g., BanLec and GNA) that target
primarily high-mannose structures of HIV gp120, SBL has glycan binding specificity for
the GalNAc moiety and to a lesser extent for galactose. Compared to high-mannose
N-linked glycans, GalNAc-type glycans present much less in HIV gp120 or gp41 glyco-
sylation. Therefore, a short treatment of macrophages with SBL had no effect on HIV
infection at the entry level (Fig. 3A). In contrast, the pretreatment of macrophages with
nanomolar levels of SBL for 24 h exerted HIV inhibition activity at multiple steps.
Besides the inhibition of HIV entry by inducing C-C chemokine expression, SBL en-
hanced the expression of antiviral factors in macrophages. These findings have not
been reported for other viricidal lectins, such as BanLec, GNA, or MVN. The GalNAc
specificity was confirmed to be responsible for activation of the antiviral response in
macrophages by SBL, as sugar competition or degalactosidase markedly reduced SBL’s
binding to cells and subsequent ISG and C-C chemokine expression (Fig. 5B).

The innate immune system is crucial as a first line of host defense against pathogens

FIG 7 Effects of different sugar affinity lectins on ISG and C-C chemokine expression. (A) Three-
dimensional (3D) structures of the indicated lectins with the respective accession codes from the
Research Collaboratory for Structural Bioinformatics: Protein Data Bank (RCSB PDB). (B) Macrophages
were treated with the indicated lectins (50 nM) for 6 h, and then cellular RNA was extracted and the
expression of Mx2 and MIP-1� was measured by qPCR. The data are expressed as the means and SD of
the results of three independent experiments (**, P � 0.01).
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(22). A major aspect of the antiviral innate immune response is the induction and
secretion of IFNs, which perform antiviral and immunomodulatory functions (23). We
demonstrated that SBL could rapidly induce IRF3 phosphorylation and selectively
induce IFN-� expression in macrophages. Canonical IFN-� signaling activates the
JAK-STAT pathway, leading to a pattern of ISG transcription (24). We found that SBL
treated macrophages produce several antiviral ISGs (ISG15, ISG56, OAS-1, Viperin, and
Mx2). These ISGs are known to inhibit HIV by blocking several stages of the viral life
cycle, including assembling, releasing, and inhibiting the capsid-dependent nuclear
import of subviral complexes (25–27). In terms of antiviral ISG induction, SBL is similar
to Gal-9 of human origin, which has been shown to potently reverse HIV latency
through oligosaccharides on the T cell surface and to induce robust expression of host
antiviral factors (such as APOBEC3G) (14). The mammalian Gal-9 also has a binding
preference for glycans featuring galactose and its derivatives (28). Soluble Gal-9 has
been reported to interact with Tim-3 on activated CD4� T cells, resulting in the
downregulation of HIV coreceptors and rendering cells less susceptible to HIV infection
and replication (15). Thus, lectins with Gal/GalNAc-binding determinants may represent
an important category of lectins that can trigger host cell innate antiviral responses to
subdue their susceptibility to viral infection. Given that SBL is not mitogenic to T cells
while it is capable of inducing the antiviral response of macrophages, the effect of SBL
on the immune system warrants further study in animal models.

In summary, our findings reveal that GalNAc-specific SBL can initiate antiviral
signaling via recognition of host cell surface glycan moieties. The ability of SBL to
suppress HIV infection without inducing systemic activation implies the potential to
explore naturopathic lectins as novel anti-HIV therapeutics targeting the cell surface
glycan diversity.

MATERIALS AND METHODS
Reagents. SBL (Glycine max) was purchased from Sigma-Aldrich (St. Louis, MO). Fluorescein-

conjugated SBL (SBL-FITC), unconjugated and fluorescein-conjugated GNA (GNA-FITC), and unconju-
gated D. biflorus agglutinin (DBA), R. communis agglutinin I (RCA I), and ConA were purchased from
Vector Laboratories (Burlingame, CA). The primary antibodies against phospho-IRF-3, phospho-STAT1,
STAT1, phospho-STAT3, STAT3, ISG56, OAS-1, Viperin, ISG15, and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) were purchased from Cell Signaling Technology (Danvers, MA). Rabbit aniti-OAS-1
antibody was purchased from Sigma-Aldrich. Mouse anti-IRF3 (SL-12) and goat anti-Mx2 antibodies were
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). Anti-IFNAR was purchased from PBL Assay
Science (Piscataway, NJ). Pacific Blue (PB) anti-CD4 monoclonal antibody (MAb), FITC anti-CD69 MAb, and
phycoerythrin (PE) anti-HLA-DR MAb were from BD Biosciences (San Jose, CA).

Human primary monocyte-derived macrophages and PBMC cultures. Purified human peripheral
blood monocytes, PBMCs, and PBLs were obtained from the Human Immunology Core at the University
of Pennsylvania (Philadelphia, PA). The monocytes were cultured in Corning CellBind multiwell plates at
37°C with 5% CO2 in Dulbecco’s modified Eagle’s culture medium containing 10% heat-inactivated fetal
bovine serum (FBS) (HyClone, Logan, UT), 2 mM L-glutamine, 50 units/ml penicillin, 50 �g/ml strepto-
mycin, and 25 mM HEPES (Invitrogen). The monocytes were differentiated in complete culture medium
for 7 days, and the macrophages were characterized. For mitogenic activity assays or proliferation assays,
PBMCs or PBLs were cultured in 48-well plates at 37°C with 5% CO2 in RPMI 1640 supplemented with 10%
FBS for up to 72 h. The viability of the cells was determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS), assay (Promega, Madi-
son, WI).

HIV infection of macrophages. Human primary monocyte-derived macrophages were incubated
with 20 ng of p24-gag antigen equivalent of Bal (AIDS Research and Reference Program, NIH) or Jago
(Center for AIDS Research at the University of Pennsylvania) for 3 h. Unbound viruses were then removed
by three washes with basal medium, and the cultures were replenished with fresh complete medium
supplemented with corresponding concentrations of SBL. The culture media were collected every 3
days postinfection for HIV RT assay (29, 30). At day 12 postinfection, cellular RNA was also harvested
for determination of the number of intracellular copies of HIV gag (31, 32).

Detection of strong-stop DNA of HIV. To assess the viral entry of the laboratory-adapted HIV Bal
infection, we examined the expression of HIV long terminal repeat (LTR) R/U5 DNA (strong-stop DNA), the
first product of HIV reverse transcription, which is synthesized immediately after viral entry and
uncoating (33, 34). Briefly, the viral stock was treated with 10 units/�l of RNase-free DNase I (Roche,
Indianapolis, IN) for 30 min prior to its addition to macrophage cultures. The macrophages were then
washed, and cellular DNA was extracted using Tri-Reagent (MRC, Cincinnati, OH) 3 h postinfection.
Strong-stop DNA was quantified by real-time PCR. The primers were as follows: forward, 5=-TCTCTCTG
GTTAGACCAGATCTG-3=, and reverse, 5=-ACTGCTAGAGATTTTCCACACTG-3= (35).
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Reverse transcription and qRT-PCR. Total RNA was isolated as described previously (36) and then
subjected to reverse transcription according to the manufacturer’s protocol. Quantitative real-time PCR
(qRT-PCR) was performed by using SYBR green master mix (Bio-Rad, CA) as described previously (29).

Reverse transcriptase assay. Extracellular HIV RT activity in the macrophage culture supernatant
was determined as described previously (29, 37). Briefly, 10 �l of supernatant was incubated with 50 �l
of a cocktail containing poly(A), oligo(dT), MgCl2, and [32P]dTTP overnight at 37°C. The mixture (30 �l)
was then spotted onto DE81 paper (Whatman International Ltd., United Kingdom), dried, and washed 4
times with 2� saline-sodium citrate buffer and once with 95% ethanol. The radioactivity was measured
in a liquid scintillation counter (PerkinElmer, Waltham, MA).

Flow cytometric analysis. PBMCs or PBLs were washed with phosphate-buffered saline (PBS)
containing 1% bovine serum albumin (BSA) and then stained with PE-Cy5-CD3 MAb, PB-CD4 MAb,
FITC-CD69 MAb, and PE-HLA-DR MAb. For cell proliferation assays, PBLs were stained with 5 �M of
cell-permeable amine-reactive fluorescent dye (CFSE; Invitrogen) and then treated with 50 nM SBL for 72
h. The stained cells were measured on a FACSCanto II (BD Bioscience) and analyzed using FlowJo
software (Tree Star Inc., Ashland, OR). PHA (50 nM) was used as a positive control to activate the CD4�

T cells, whereas isotype IgG-stained cells were used as background controls.
Cell deglycosylation assay and sugar competitive-inhibition assay. For surface deglycosylation,

macrophages were treated with �-galactosidase (Sigma) for 24 h, washed with PBS, and then incubated
with SBL-FITC for 1 h or with SBL for 6 h. For the sugar competitive-inhibition assay, SBL-FITC or SBL was
incubated with 200 mM GalNAc at 37°C for 24 h, and the mixture was added to treat macrophages for
an additional 1 h or 6 h. The binding of SBL-FITC to macrophages was examined by flow cytometry, and
the expression of ISGs and C-C chemokines was examined by qRT-PCR.

ELISA. The protein levels of IFN-�, MIP-1�, and RANTES in the culture supernatants of macrophages
were measured using commercial enzyme-linked immunosorbent assay (ELISA) kits according to the
manufacturer’s instructions (IFN-�, PBL Assay Science; MIP-1� and RANTES, RayBiotech, Norcross, GA).

Immunoblotting. Macrophages were lysed with RIPA buffer supplemented with protease/phospha-
tase inhibitors (Sigma). The protein concentration was determined by the bicinchoninic acid (BCA)
method (ChemCruz, Dallas, TX). Equal amounts of lysates (20 �g) were separated on 4 to 12% Bis-Tris gels
(Invitrogen). Following transfer to a nitrocellulose membrane, the proteins were analyzed by immuno-
blotting and visualized using enhanced chemiluminescence (Amersham, Bucks, United Kingdom) in a Fuji
Film LAS-4000 imaging analyzer (GE Life Sciences, Piscataway, NJ).

Statistical analysis. Data were expressed as means and standard deviations (SD) from at least 3
independent experiments, and statistical significance was measured by the Student t test or one-way
analysis of variance, followed by the Newman-Keuls test where appropriate.
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