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ABSTRACT

Human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) strains differ in their capacity to replicate in
macrophages, but mechanisms underlying these differences are not fully understood. Here, we identify a highly conserved N-
linked glycosylation site (N173 in SIV, corresponding to N160 in HIV) in the V2 region of the SIV envelope glycoprotein (Env) as
a novel determinant of macrophage tropism and characterize mechanisms underlying this phenotype. Loss of the N173 glycosy-
lation site in the non-macrophage-tropic SIVmac239 by introducing an N173Q mutation enhanced viral replication and multi-
nucleated giant cell formation upon infection of rhesus macrophages, while the addition of N173 to SIVmac251 had the opposite
effect. The removal of N173 in SIVmac239 enhanced CD4-independent cell-to-cell transmission to CCR5-expressing cells.
SIVmac239 with N173Q mediated CD4-independent cell-cell fusion but could not infect CD4-negative cells in single-round in-
fections. Thus, CD4-independent phenotypes were detected only in the context of cell-to-cell contact. Similar results were ob-
tained in SIVmac251 with and without N173. N173 decreased the neutralization sensitivity of SIVmac251 but had no effect on
the neutralization sensitivity of SIVmac239. The N173Q mutation had no effect on SIVmac239 binding to CD4 in Biacore assays,
coimmunoprecipitation assays, and enzyme-linked immunosorbent assays (ELISAs). These findings suggest that the loss of the
N173 N-linked glycosylation site increases SIVmac239 replication in macrophages by enhancing CD4-independent cell-to-cell
virus transmission through CCR5-mediated fusion. This mechanism may facilitate the escape of macrophage-tropic viruses
from neutralizing antibodies while promoting spreading infection by these viruses in vivo.

IMPORTANCE

In this study, we identify a genetic determinant in the viral envelope (N173) that increases replication and spreading infection of
SIV strains in macrophages by enhancing cell-to-cell virus transmission. This effect is explained by a novel mechanism involving
increased cell-to-cell fusion in the absence of CD4, the primary receptor that normally mediates virus entry. The same genetic
determinant also affects the sensitivity of these viruses to inhibition by neutralizing antibodies. Most macrophage-tropic HIV/
SIV strains are known to be neutralization sensitive. Together, these findings suggest that this efficient mode of virus transmis-
sion may facilitate the escape of macrophage-tropic viruses from neutralizing antibodies while promoting spreading infection by
these viruses to cells expressing little or no CD4 in vivo.

Human immunodeficiency virus (HIV) and simian immuno-
deficiency virus (SIV) strains differ in their ability to infect

and replicate in macrophages. Macrophage tropism is determined
primarily by the envelope glycoprotein (Env), which forms trim-
ers composed of three noncovalently bound heterodimers of
gp120 and gp41 subunits. The gp120 exterior subunit interacts
with CD4 and a coreceptor, mainly CCR5 (1, 2), and the gp41
transmembrane subunit mediates virus-cell fusion. Env determi-
nants of both HIV and SIV macrophage tropism have been shown
to confer reduced CD4 dependence, a phenotype frequently asso-
ciated with enhanced neutralization sensitivity to soluble CD4
(sCD4) and antibodies targeting the CD4 and CCR5 binding sites
(3–7). These findings suggest that macrophage-tropic Envs might
adopt structures with more exposed CD4 and/or CCR5 binding
sites, a phenotype that allows these Envs to overcome the restric-
tion to virus entry imposed by low levels of CD4 expressed on
macrophages by facilitating Env interactions with the receptors
and thereby to enhance membrane fusion and entry in cells ex-
pressing low levels of CD4 (8–11).

As the only viral protein on the virion surface, HIV/SIV Env is
the main target of humoral immune responses and therefore the
main determinant of neutralization sensitivity. Mechanisms that
these viruses evolve to prevent antibody recognition include high
sequence variability and heavily glycosylated Env (12–15). The
variable regions of Env, in particular the V1V2 region, can shield
other conserved epitopes on Env, including the CD4 and CCR5
binding sites (16–19). Glycans cover 50% of the molecule and
form a silent face protecting Env from the binding of neutralizing
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antibodies (12, 20). Recent findings suggest more complex roles of
the V1V2 region and glycans in this region in determining Env
structure and immunogenicity. Of particular interest are studies
from the recent RV144 vaccine trial, which found that the pres-
ence of V2-specific antibodies was the only variable correlating
with protection. These results suggest that the V2 region may be a
key immunogenic epitope that plays an important role in modu-
lating neutralization sensitivity (21, 22). Series of broadly neutral-
izing antibodies, including 2G12, PG9, PG16, PGT120s, and
PGT130s, have been identified to recognize and target specific
glycan patterns on HIV Env (23–28), suggesting that glycans are
also susceptible to neutralizing antibody binding. Together, these
findings show that immune selection pressures induce mutations
in the V2 region, including changes at glycosylation sites, which in
turn may alter Env structure.

Comparative studies of amino acid sequences, together with
functional studies, identified viral determinants for macrophage
tropism in the V1V2, V3, V4, C1, C2, and C3 regions of HIV/SIV
Env (4, 11, 29–39). Of particular importance are determinants in
the V1V2 region, which can strongly influence viral entry, repli-
cation, and cell-cell spread in macrophages (11, 30, 31, 36). Fur-
thermore, changes in V1V2 sequences have been associated with
the emergence of macrophage-tropic simian/human immunode-
ficiency virus (SHIV) in vivo (37, 38). Structural and mathematical
modeling studies suggest that the V1V2 loop may interact with
other regions of Env, including the V3 loop, which constitutes part
of the coreceptor binding site, and thereby may modulate Env
structure and interactions with CCR5 (40–43). However, relation-
ships between changes in the V1V2 region that influence macro-
phage tropism and Env interactions with CD4/CCR5 are poorly
understood.

In a previous study, we identified two N-linked glycosylation
sites in the V2 and C5 regions of SIV Env that modulate macro-
phage tropism and enhance the neutralization resistance of
SIVmac251 (P.-J. Yen, M. E. Mefford, J. A. Hoxie, K. C. Williams,
R. C. Desrosiers, and D. Gabuzda, submitted for publication). The
N-glycosylation site in V2, N173, is at a position analogous to HIV
N160 (HxB2 numbering), a critical residue for PG9 binding (24)
that is localized near the trimer apex in the recent HIV Env trimer
crystal and cryo-electron microscopy (cryo-EM) structures (44,
45). The N-glycosylation site in C5, N481, is located near a region
of the CD4 binding site. Here, we examined the functional roles of
these N-glycosylation sites in macrophage tropism in SIVmac251
and SIVmac239 and the mechanisms by which they mediate ef-
fects on viral replication in macrophages.

MATERIALS AND METHODS
Recombinant SIV Envs and viruses. N173 and N481 mutations were in-
troduced into Env-expressing plasmids in pSIV�gpv (46) by site-directed
mutagenesis. The recombinant Envs were then subcloned into full-length
SIVmac239 proviruses (293-FL, provided by Ronald Desrosiers) (47), which
are used to transfect 293T cells for the production of replication-competent
viruses. Pseudotyped viruses were generated by cotransfecting 293T cells
with pSIV�gpv and a SIV-based Env� luciferase vector (46). For gener-
ating SIVmac251 recombinant clones, T173N and S481N mutations were
introduced by site-directed mutagenesis into SIVmac251BK28 (48). The
gp120 and N-terminal gp41 (residues 1 to 213) regions of these plasmids
were then subcloned into pSIV�gpv and 293-FL (Yen et al., submitted).
These SIVmac251 recombinant viruses express gp41 sequences from
SIVmac239 and differ from the SIVmac239 sequence at only 4 positions
(D633K, D637E, I697V, and V699T in the N-terminal region of gp41).

Viruses used for infection were normalized by reverse transcriptase
activity or the SIV p27 antigen concentration (enzyme-linked immu-
nosorbent assay [ELISA] from Advanced Bioscience Laboratories, Inc.,
Kensington, MD).

Viral replication in peripheral blood mononuclear cells and mono-
cyte-derived macrophages. Peripheral blood mononuclear cells (PBMC)
were isolated from rhesus macaque peripheral blood (New England Pri-
mate Research Center) by Histopaque (Sigma) density centrifugation and
activated in RPMI 1640 supplemented with 10% fetal bovine serum
(FBS), 1% penicillin-streptomycin (P/S), 20 U/ml interleukin-2 (IL-2),
and 1 �g/ml phytohemagglutinin (PHA-P) for 3 days. Activated PBMC
were then maintained in RPMI supplemented with 10% FBS, 1% P/S, and
20 U/ml IL-2 prior to infection with replication-competent viruses (10 ng
p27) in duplicate wells in 96-well plates. At 3 h postinfection (p.i.), viruses
were removed by washing cells three times with RPMI. To obtain mono-
cyte-derived macrophages (MDM), PBMC were cultured in RPMI con-
taining 15% FBS, 10% human serum type AB, 1% P/S, and 20 ng/ml
macrophage colony-stimulating factor (M-CSF) for 5 days in 96-well
plates. Nonadherent cells were then removed by washing three times with
RPMI. Adherent cells were cultured in RPMI supplemented with 15%
FBS, 5% human serum type AB, 1% P/S, and 20 ng/ml M-CSF for two
additional days before infection. For infection, viruses (10 ng p27) were
cultured with MDM for 24 h and then removed by washing once with
RPMI. The culture supernatant was collected twice a week, and the p27
concentration in the supernatant was measured by ELISA (Advanced Bio-
science Laboratories, Inc., Kensington, MD).

Cell-to-cell transmission. Cf2 canine thymocyte donor cells were in-
fected with vesicular stomatitis virus G protein (VSV-G)-pseudotyped
SIV generated in 293T cells cotransfected with plasmids expressing
VSV-G envelope and full-length replication-competent SIV proviruses.
Two days after infection, donor cells were washed and mixed with target
Cf2-luc reporter cells (49) at a 1:1 ratio, directly or in transwells (24-well
plates). Cf2-luc target cells were transfected to express different levels of
rhesus CD4 and CCR5, and cell surface receptor levels were quantified by
flow cytometry. Viral transmission to target cells was quantified by mea-
suring luciferase activity in cell lysates 2 days after coincubation. A cell-cell
fusion assay was performed in a similar format by using Env-expressing
instead of SIV-infected donor cells.

Env expression and cell-cell fusion assays. Recombinant Envs were
expressed in 293T cells transfected with pSIV�gpv. At 2 days posttrans-
fection, cells were lysed, and Env expression was examined by Western
blotting. Env levels on virions were analyzed by Western blotting of viri-
ons, which were normalized by p27 levels. For cell-cell fusion assays, 293T
cells cotransfected with pSIV�gpv and pLTR-Tat, a Tat-expressing plas-
mid, were incubated with Cf2-luc cells transiently expressing rhesus CD4
and CCR5. Expression of the reporter luciferase gene in Cf2-luc cells is
under the control of the HIV-1 long terminal repeat (LTR). The ratio of
293T cells to Cf2-luc cells was 1:10. Ten hours after coincubation, cells
were lysed, and luciferase activity was quantified as an indication of cell-
cell fusion. 293T cells transfected with green fluorescent protein (GFP)
served as a negative control for background luciferase activity.

Affinofile, Cf2-luc, and TZM-BL cell single-round infection assays.
Affinofile cells (50) were seeded at 3 � 104 cells per well into 96-well plates
1 day prior to induction. Cells were induced with 0, 0.6, and 0.8 ng/ml
doxycycline (to induce CD4) and 0, 0.25, and 0.5 �M ponasterone (to
induce CCR5) in a 3-by-3 matrix format for 21 h at 37°C. CD4 and CCR5
expression was analyzed by flow cytometry and quantified with Quan-
tiBRITE PE (R-phycoerythrin; BD Biosciences). The induced cells were
infected with the indicated pseudotyped viruses in the presence of 40
�g/ml DEAE-dextran for 16 h. The viruses were then removed by replac-
ing the medium, and luciferase activity was measured 48 h later as an
indication of infection.

For Cf2-luc and TZM-BL cell infections, cells were infected with rep-
lication-competent viruses (10 ng p27) in the presence of 15 �g/ml of
DEAE-dextran. At 2 days p.i., luciferase activity in cell lysates was mea-
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sured. Cf2-luc cells were transfected with CD4 and CCR5 expression plas-
mids 24 h before infection.

Neutralization assays. Viruses were preincubated with serial dilutions
of heat-inactivated SIVmac251 antiserum (NIH AIDS Research and Ref-
erence Reagent Program), mouse ascites containing monoclonal antibod-
ies (provided by James Hoxie) (51), or sCD4 (Immunodiagnostics) at
37°C for 1 h. After preincubation, TZM-BL cells (provided by Norman
Letvin) were added with DEAE-dextran (final concentration, 15 �g/ml).
Two days later, cells were lysed, and luciferase activity was measured.

Generation of soluble gp120. To generate recombinant soluble gp120
(sgp120) proteins, 293F cells were transfected with a His-tagged sgp120-
expressing plasmid by using 293 Fectin (Invitrogen). At 3 days posttrans-
fection, the supernatant of transfected cells was harvested, filtered
through a 0.45-�m filter, mixed with a 1/10 volume of equilibration buf-
fer (500 mM NaCl, 500 mM NaH2PO4 [pH 7.9]) and Superflow Ni-nitri-
lotriacetic acid (NTA) beads (Qiagen), and rotated overnight at 4°C. The
solution was then loaded onto a Poly-Prep chromatography column (Bio-
Rad). The column was washed with wash buffer (300 mM NaCl, 50 mM
NaH2PO4 [pH 7.9]). After washing, sgp120 was eluted stepwise with elu-
tion buffer (300 mM NaCl and 50 mM NaH2PO4 [pH 7.9] containing 10,
20, 50, 100, or 250 mM imidazole). The eluted sgp120 fractions were
analyzed by SDS-PAGE. The 50 mM and 100 mM imidazole fractions
were concentrated by Amicon Ultra-4 centrifugal filter units (30 kDa) and
resuspended in phosphate-buffered saline (PBS).

Coimmunoprecipitation (co-IP). sgp120 (2 �g) was mixed with hu-
man CD4-Ig (2 �g) and placed onto a rotator at room temperature for 1
h. Protein G Plus-agarose (Santa Cruz) was then added and incubated at
room temperature for another hour. After incubation, the protein-aga-
rose complex was washed three times with PBS, and binding of sgp120 to
human CD4-Ig was analyzed by Western blotting.

Biacore analysis. Kinetic analysis was performed on a Biacore 3000
optical biosensor (General Electric), as previously described (52), with the
following modifications. sCD4 was immobilized onto flow cells 2, 3, and 4
on a CM5 sensor chip to surface densities of �700, �1,400, and �2,100
response units, respectively, Flow cell 1 was activated and deactivated and
used as a control for nonspecific binding and refractive index changes.
Different concentrations of sgp120 were injected over all flow cells at a
flow rate of 50 �l/min for 1.2 min. Each concentration was injected in
triplicates, the order of the injections was randomized, and dissocia-
tion was measured at the end of each injection for 10 min. The binding
surfaces were regenerated after each injection by 2 sequential injec-
tions of 25 and 10 �l of 10 mM glycine (pH 2.5). All procedures were
done at 25°C by using standard HBS (HEPES buffer saline; GE) as a
running buffer. The response from the reference flow cell was sub-
tracted from the responses from all active surfaces. The association and
dissociation phase data of triplicate injections were fitted simultane-
ously with BIAevaluation (version 3.2) software using a 1:1 Langmuir
model of binding.

Cell-based ELISA. CD4 binding to Env trimers was examined by using
a cell-based ELISA as previously described (53), in which we measured
binding of human CD4-Ig and SIVmac251 antiserum to Env trimers ex-
pressed on the cell surface. Briefly, cells from the human osteosarcoma cell
line (HOS cells) cultured in a 96-well plate were transfected with SIV
Env-expressing plasmids. Three days later, the cells were incubated with
human CD4-Ig or with SIVmac251 antiserum for 30 min at room tem-
perature. The cells were then washed, and horseradish peroxidase (HRP)-
conjugated secondary antibody was added. For samples incubated with
human CD4-Ig, we used goat anti-human HRP-conjugated polyclonal
antibody as the secondary antibody. For samples incubated with
SIVmac251 antiserum, we used HRP-conjugated protein G. Binding was
quantitated after adding Western Lightning reagents by measuring lumi-
nescence. Binding to SIVmac251 antiserum was used to normalize
CD4-Ig binding relative to Env cell surface expression levels.

RESULTS
N173 and N481 N-linked glycosylation sites are highly con-
served in SIV strains but are missing in SIVmac251BK28. In a
previous study, we identified two N-linked glycosylation sites in
the V2 and C5 regions of gp120 that reduce macrophage tropism
but enhance the neutralization resistance of SIVmac251BK28 (Yen
et al., submitted). These N-linked glycosylation sites, N173 and
N481, are present in other well-studied SIVmac clones and in
sequences isolated from a SIVmac251 uncloned stock (47, 54–56)
but are lost in SIVmac251BK28 (Fig. 1A). Furthermore, they are
highly conserved in 7,119 SIV sequences in the Los Alamos HIV
sequence database (99.79% and 99.83% for N173 and N481, re-
spectively). The analogous glycosylation site of N173 in HIV,
N160, is also highly conserved (91.75%) in 3,710 representative
HIV sequences from all clades and in 14,630 of 16,318 (89.7%)
sequences from clade B in the database. Crystal structures of
gp120 show glycan moieties at SIV N481 and HIV N160, suggest-
ing that these two glycosylation sites are indeed utilized, as pre-
dicted from the sequences (24, 41, 44). Modeling of the N173 and
N481 glycans on these structures provides clues for their possible
roles in Env function (Fig. 1B and C). N173 is located in the V2
region, which plays a role in modulating the formation and expo-
sure of the CD4 binding site, interacting with V3 loop and mod-
ulating the CCR5 binding site, and Env trimer association (16–19,
40–43). Recent crystal and cryo-EM structures of a soluble cleaved
HIV Env trimer show that V1/V2 is located at the top of the trimer
and that the N173/N160 glycan is near the trimer apex (44, 45)
(Fig. 1C). The V1/V2 and V3 loops are involved in intra- and
interprotomer interactions at the trimer apex that are important
for trimer association. These structures suggest that changes in the
N173/N160 glycosylation site may affect V1/V2 and V3 interac-
tions, which in turn may influence trimer structure and Env-
CCR5 interactions, since V3 forms part of the CCR5 binding site.
N-linked glycans in the V1/V2 region have also been identified as
determinants of neutralization sensitivity, fusion activity, and
CD4-independent infection (18, 57–64) and may alter the posi-
tion of the V1/V2 loop (64). N481 is located in the outer domain of
gp120, which is on the surface of the Env trimer, in close proximity
to the CD4 binding loop. Therefore, glycosylation at this site
might play a role in shielding gp120-neutralizing epitopes from
antibody recognition and may also influence the structure of the
CD4 binding site.

Mutation of N173 in SIVmac239 enhances viral replica-
tion and syncytium formation in rhesus macrophages, while
addition of N173 to SIVmac251 has the opposite effect. We
previously showed that the introduction of both N173 and N481
decreased macrophage tropism of SIVmac251 (Yen et al., submit-
ted). To dissect the roles of each N-glycosylation site, we intro-
duced them individually into the SIVmac251 clone. We also gen-
erated N173Q and N481Q mutants of the T-cell-tropic clone
SIVmac239 to test whether the removal of these glycosylation sites
enhanced macrophage tropism. Mutations at either N-glycosyla-
tion site did not significantly influence SIVmac251 and SIVmac239
viral replication in rhesus PBMC (Fig. 2A). In contrast, the addi-
tion of N173 to SIVmac251 reduced viral replication in MDM,
whereas the addition of N481 had only a modest effect, resulting in
delayed replication and lower peak levels (Fig. 2B). The removal of
N173 from SIVmac239 enhanced viral replication in MDM, while
the removal of N481 had no significant effect. Infection with SIV
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lacking N173 (SIVmac251 and SIVmac239 N173Q) induced cyto-
pathic effects and multinucleated giant cell (MNGC) formation in
MDM (Fig. 2C). These results suggest that N173 was more important
as a determinant of macrophage tropism and MNGC formation than
N481. Effects of N173 on viral replication were also examined in the
macrophage-tropic SIVmac316 clone. Although the introduction of
N173Q into SIVmac316 reduced replication in rhesus PBMC (Fig.
2A), SIVmac316 N173Q replicated efficiently in rhesus macrophages
but at slightly lower levels than did SIVmac316 (Fig. 2B). Thus, the
effects of N173Q on SIV replication and macrophage tropism are
strain dependent.

Mutation of N173 increases cell-to-cell transmission of SIV
to CCR5� cells expressing low levels of or no rhesus CD4. SIV

infection of rhesus macrophages with viruses lacking N173
(SIVmac251 and SIVmac239 N173Q) induced multinucleated gi-
ant cells (Fig. 2C), suggesting that these macrophage-tropic vi-
ruses mediate high levels of cell-cell fusion and may spread infec-
tion through cell-to-cell transmission. Previous studies showed
that the ability of HIV/SIV to mediate fusion and viral entry with
cells expressing low levels of CD4 is an important feature associ-
ated with enhanced tropism for macrophages, which express low
levels of cell surface CD4 compared to CD4� T cells (8–11). To
determine whether the enhanced viral replication in rhesus mac-
rophages is due to more efficient transmission between cells ex-
pressing little or no CD4, we designed and optimized a cell-to-cell
transmission assay. First-round infection of donor Cf2 cells was

FIG 1 N-linked glycosylation sites N173 and N481 are highly conserved among SIV strains but are missing in the SIVmac251BK28 clone. (A) Alignment of SIV gp120
sequences of the V1/V2 and the C4-V5-C5 regions shows that the N173 and N481 glycosylation sites are conserved in other well-studied SIV clones but are missing in
SIVmac251BK28 (48). SIVmac239 and SIVmac32H (pJ5) are T-cell tropic (39, 95–97), whereas the other clones are macrophage tropic (6, 39, 48, 98–101). (B and C)
N-linked glycosylation sites are shown in red, with N173 and N481 highlighted in red rectangles. The two N-linked glycosylation sites are mapped onto an unliganded
SIV gp120 structure (41) (B) and an HIV gp120 structure from a soluble cleaved HIV Env trimer (44) (C), with the first sugar residues of the glycans and asparagine side
chains shown as spheres. N173 and the V1/V2 region were substituted with a GAG linker in the original SIV gp120 structure. Here, we removed the GAG linker and
modeled an HIV V1/V2 domain structure containing the analogous N160 glycan (red) (24), based on the orientation of V1/V2 in the HIV Env trimer structure. In the
HIV Env trimer, V1/V2 forms a four-stranded�-sheet associated with V3 (blue) at the top of the Env trimer. The analogous N160 glycan is near the trimer apex. SIV N481
(orange) is at the �24 strand in the C5 region, in close proximity to the conserved GGDPE domain of the CD4 binding loop (magenta). The HIV Env protein shown here
lacks the glycosylation site analogous to SIV N481. The �24 strand is shown in orange, as in the SIV gp120 structure.
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normalized by using VSV-G-pseudotyped SIV. Cf2 target cells
were transfected to express different levels of rhesus CD4/CCR5
(Fig. 3A). When target cells expressed high levels of CD4 and
CCR5, such as TZM-BL cells expressing high levels of human

CD4/CCR5 and Cf2-luc cells transfected to express high levels of
rhesus CD4/CCR5, viruses with or without N173 were transmit-
ted at similar high levels (Fig. 3B). In contrast, for target cells
expressing rhesus CCR5 and low levels of or no rhesus CD4,

FIG 2 SIVmac251 and SIVmac239 with N173 replicate well in rhesus macaque PBMC but poorly in rhesus macaque macrophages. (A) All SIVmac251 and
SIVmac239 recombinant viruses replicated at high levels in rhesus PBMC, while SIVmac316 replication in these cells was reduced by the N173Q mutation. (B)
Addition of N173 reduced SIVmac251 replication in macrophages, while mutation of N173 enhanced SIVmac239 replication in macrophages. SIVmac316
N173Q replicated efficiently in rhesus macrophages but at slightly lower levels than those of SIVmac316. (C) Infection of SIVmac251 and SIVmac239 N173Q
induced MNGC (arrows) in MDM. Viruses used for infection were normalized by the p27 concentration (10 ng p27). Shown are means and standard deviations
of samples from duplicate wells.
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FIG 3 Macrophage-tropic SIVmac239 N173Q mediates CD4-independent cell-cell transmission and enhanced cell-cell fusion with CCR5-expressing cells
compared to non-macrophage-tropic SIVmac239. (A) Expression of rhesus CD4/CCR5 on Cf2-luc target cells used in both cell-cell transmission and cell-cell
fusion assays. Percentages and mean fluorescent intensities (MFI) of CD4� or CCR5� cells are shown. Unstained cells and CD4-negative cells, included as
negative controls, yielded signals similar to those of the isotype controls (data not shown). (B) VSV-G-pseudotyped SIVmac239 or SIVmac251 with or without
N173 was transmitted at similar levels from infected Cf2 donor cells to TZM-BL target cells expressing human CD4/CCR5 or Cf2-luc target cells expressing high
levels of rhesus CD4/CCR5. RLU, relative light units. (C and D) Mutation of N173 in SIVmac239 enhances CD4-independent cell-cell transmission (C) and
Env-mediated fusion activity (D). Results are representative of 2 to 3 independent experiments. Error bars represent standard deviations for means of duplicate
samples. An asterisk indicates a significant difference by Student’s t test (P 	 0.05).
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the macrophage-tropic SIV viruses (SIVmac239 N173Q and
SIVmac251) mediated higher levels of cell-to-cell transmission than
the non-macrophage-tropic viruses (SIVmac239 and SIVmac251
T173N) (Fig. 3C). These differences in cell-cell transmission be-
tween SIVmac239 and SIVmac251 with versus without N173 were
dependent on the levels of CD4. Both viruses showed significant
effects of N173 at low levels of CD4. In contrast, the magnitude of
the effect of N173Q in SIVmac239 was greatest in CD4� CCR5�

target cells, whereas differences between SIVmac251 with and
SIVmac251 without N173 in these cells showed only a trend to-
ward significance (P 
 0.13). SIVmac239 N173Q mediated cell-
to-cell transmission to CD4� CCR5� target cells about 3-fold
more efficiently than did parental SIVmac239. Viral transmission
between donor and target cells was dependent on direct cell-cell
contact, as it was abolished when donor and target cells were sep-
arated by transwells. In contrast, cell-free virus infection occurred
efficiently when a large amount of cell-free virus (50 ng of SIV
p27) was used for infections in a similar transwell assay format
(data not shown). Cell-cell transmission was strictly CCR5 depen-
dent, as these viruses were not transmitted to cells lacking both
CD4 and CCR5. These results suggest that these macrophage-
tropic viruses mediate efficient CD4-independent cell-to-cell
transmission to CCR5-expressing cells and raise the possibility
that the ability of viruses to mediate cell-to-cell transmission to
target cells with low levels of or no CD4 is important for promot-
ing viral replication and spreading infection in macrophages.

Macrophage-tropic SIV Envs (SIVmac239 N173Q and
SIVmac251) mediate CD4-independent fusion with CCR5-ex-
pressing target cells. Next, we examined the relationship between
cell-cell virus transmission and Env-mediated fusion. To address
this question, we performed a cell-cell fusion assay in a format
similar to that used for the above-described cell-to-cell transmis-
sion experiments but with Env-expressing instead of SIV-infected
donor cells. Using this assay, we showed that cell-cell fusion activ-
ity showed patterns corresponding to the ability of viruses to me-
diate cell-to-cell transmission, with the macrophage-tropic Envs
(SIVmac239 N173Q and SIVmac251) mediating CD4-indepen-
dent fusion with CCR5-expressing target cells more efficiently
than non-macrophage-tropic Envs (SIVmac239 and SIVmac251
T173N) (Fig. 3D). Similar to cell-to-cell transmission, CCR5 was
required for cell-cell fusion, as fusion was not detected with target
cells lacking both CD4 and CCR5. Together, these findings suggest
that the loss of the N173 N-glycosylation site increases SIVmac239
macrophage tropism by enhancing Env-CCR5 interactions and
CD4-independent cell-to-cell virus transmission during spread-
ing infections in macrophages, which express very low levels
of CD4.

Mutation of N173 enhances cell-cell fusion activity of
SIVmac239 Env but has no significant effect on Env expression
and processing. Glycosylation plays an important role in the cor-
rect folding of HIV Env (65, 66). To examine whether N173 and
N481 have effects on Env expression and processing, we examined
the expression of the N173 and N481 mutants in 293T cells trans-
fected with Env expression plasmids. Western blots showed simi-
lar expression levels for SIVmac239 and SIVmac251 recombinant
Envs with and without the N-glycosylation sites (Fig. 4A). gp120
and gp160 protein bands for Envs with N173 and N481 migrated
more slowly than those without N173 and N481, consistent with
the addition of glycans at these sites (Fig. 4A).

We then examined the fusion activity of Envs expressing the

FIG 4 Mutation of N173 enhances SIV Env fusion activity but does not alter
Env expression. (A) 293T cells transfected with Env expression plasmids were
analyzed by Western blotting. N173 did not significantly affect Env expression.
The shift in mobility of the gp120 and gp160 bands between the Envs with and
those without N173/N481 glycosylation sites suggests the addition of glycans
at these sites. (B) Env fusion activity was examined by a cell-cell fusion assay
measuring fusion between 293T cells expressing SIV Envs and Cf2-luc cells
expressing low or high levels of rhesus CD4 and CCR5. The loss of N173
enhanced cell-cell fusion mediated by SIVmac239 Env, whereas the addition of
N173 reduced cell-cell fusion mediated by SIVmac251 Env. Results are repre-
sentative of three independent experiments. Error bars represent standard
deviations for means of duplicate samples. An asterisk indicates a significant
difference versus the parental virus (P 	 0.05 by Student’s t test). A double
asterisk indicates a significant difference versus the parental virus (P 	 0.01).
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N173 and N481 mutants, using a cell-cell fusion assay different
from the one described above. In this alternative assay format,
we used 293T cells as Env-expressing effector cells instead of
Cf2 cells, the ratio of effector cells to target cells was 1:10 in-
stead of 1:1, and the coincubation time was 10 h rather than 2
days. The N173 mutation induced a more significant difference
in fusion activity under these conditions (compare Fig. 4B to
3D). Envs without N173 mediated higher levels of fusion than
those with N173, with cells expressing either low or high levels
of CD4. In contrast, the N481 mutation had only minor effects
and did not significantly alter fusion activity when introduced
into SIVmac251. Normalization of these fusion assay results to
gp120 expression levels gave similar results, supporting the
same conclusion (data not shown).

Viruses lacking N173 do not infect cells expressing low levels
of or no CD4 more efficiently. To examine whether changes in the
N173 glycosylation site affect Env incorporation into virions, we
examined viral proteins in virions by Western blotting. These ex-
periments showed that Env levels on virions were similar between
the parental and the N173 mutants (Fig. 5A), suggesting that N173
does not influence Env incorporation into virus particles. Macro-
phages express lower surface levels of CD4 than do CD4� T cells
(8–11). To test whether the enhanced replication of SIV clones in
macrophages is due to increased infectivity on cells expressing low
levels of CD4 or CCR5, we used Affinofile cells, an inducible cell
line that can be simultaneously and independently induced to
express different levels of human CD4 and CCR5 (50) (Fig. 5B).
SIVmac239, SIVmac251, and the corresponding N173 mutants
infected Affinofile cells with a similar pattern. The addition or

removal of N173 did not alter the infection pattern of these viruses
on Affinofile cells expressing different levels of CD4 and CCR5
(Fig. 5C). Unexpectedly, viruses expressing N173 showed higher
infectivity than did those lacking N173 (Fig. 5C). Infection of Cf2-
luc cells expressing rhesus CD4 and CCR5 showed similar results
(data not shown). SIVmac239 and SIVmac251 without N173 did
not infect cells with or without CD4, and the lack of N173 im-
paired the infectivity of these SIV clones in cell-free infections.
Furthermore, the removal of N173 impaired the infectivity of
SIVmac239 in TZM-BL cells, whereas the addition of N173 en-
hanced SIVmac251 infectivity in TZM-BL cells (data not shown).
These results are in contrast to those of cell-cell transmission as-
says, in which viruses lacking N173 were transmitted to the same
Cf2-luc target cells more efficiently than those with N173. In par-
ticular, these viruses mediated CD4-independent cell-cell trans-
mission but could not infect CD4-negative cells in cell-free virus
infections. Together, these findings suggest that CD4-indepen-
dent infection required cell-cell contact.

The N173 mutation alters SIV neutralization sensitivity in a
strain-dependent manner. To probe structural changes induced
by the N173 and N481 mutations, we next tested the neutraliza-
tion sensitivity of the recombinant viruses to SIVmac251 antise-
rum and monoclonal antibodies targeting specific epitopes, in-
cluding CD4 and CCR5 binding sites. Previous studies showed
that the addition of both of these N-glycosylation sites enhanced
the neutralization resistance of SIVmac251 (Yen et al., submitted).
Here, we showed that this enhanced neutralization resistance was
due to changes in N173 but not N481 (Table 1). N173 enhanced
the neutralization resistance of SIVmac251 to SIVmac251 antise-

FIG 5 Mutation of N173 impairs single-round SIV infection of Affinofile cells. (A) Viral proteins in SIV virions were analyzed by Western blotting. (B) Affinofile
cells were induced with doxycycline and ponasterone to express different levels of human CD4 and CCR5. Levels of expression were analyzed by flow cytometry
and quantified by using QuantiBRITE. ABS, antibodies. (C) SIVs with Envs lacking N173 showed impaired infectivity compared to those with Envs with N173
and did not mediate CD4-independent infection in Affinofile cells.
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rum and monoclonal antibodies 5B11 and 7D3 (targeting CD4
and CCR5 binding sites, respectively) (51), resulting in �3-log
differences in the 50% inhibitory concentrations (IC50s), whereas
N481 did not alter neutralization sensitivity. In contrast to results
for SIVmac251 clones, the removal of N173 and N481 did not alter
the neutralization sensitivity of SIVmac239. SIVmac239 without
N173 or N481 was still highly neutralization resistant, similar to
parental SIVmac239. Thus, N173 enhanced the neutralization re-
sistance of SIVmac251, while removal of N173 from SIVmac239
had no effect on neutralization resistance. These results suggest
that N173 has strain-dependent effects on neutralization sensitiv-
ity of SIVmac251 and SIVmac239.

N173 does not significantly affect SIV gp120-CD4 binding.
To investigate whether the enhanced macrophage tropism and
cell-cell transmission of SIV lacking N173 was due to enhanced
gp120 interactions with CD4, we first tested the neutralization
sensitivity of these recombinant viruses to soluble CD4 (sCD4).
Viruses with N173 were slightly more sensitive to sCD4 neutral-
ization than their counterparts without N173 (Table 1). These
results were unexpected, because we originally hypothesized that
the removal of N173 would enhance gp120 interactions with CD4
and thereby increase fusion activity and the usage of low levels of
CD4 on macrophages. However, sensitivity to sCD4 neutraliza-
tion is not a direct indication of binding; other factors, such as a
propensity to adopt CD4-induced conformational changes, could
also be involved (53). To directly test interactions between the
recombinant Envs and CD4, we purified His-tagged soluble gp120
(sgp120) from supernatants of transfected 293F cells (Fig. 6A) and
examined binding to CD4 by co-IP (Fig. 6B) and Biacore (Fig. 6C)
assays. For the co-IP assay, similar amounts of SIVmac239 and
SIVmac239 N173Q sgp120 were pulled down by human CD4-Ig
(Fig. 6B), suggesting similar binding to CD4 by both sgp120s. The
binding kinetics and affinities between sgp120 and CD4 were an-
alyzed by Biacore assays with human sCD4 immobilized on the
chip surfaces at three different densities. Data from each surface
were fit to a 1:1 binding model using BIAevaluation software to

derive the kon, koff, and Kd (dissociation constant; Kd 
 Kon/Koff),
the averages of which are shown in Fig. 6C. The results suggest that
SIVmac239 and SIVmac239 N173Q gp120s bind to CD4 with
similar kinetics and affinities. Finally, to examine the binding
of Env trimers expressed on the cell surface to CD4, we used a
cell-based ELISA as described previously (53, 67). CD4-Ig and
SIVmac251 antiserum binding to cell surface Env trimers was
measured, and CD4-Ig binding was normalized by SIVmac251
antiserum binding to control for Env cell surface expression
levels. Consistent with results from the co-IP and Biacore as-
says, SIVmac239 and SIVmac239 N173Q Env trimers bound to
CD4-Ig at similar levels (Fig. 6D). Thus, N173 does not appear
to have significant effects on the binding of gp120 monomers
or Env trimers to CD4.

DISCUSSION

In this study, we investigated functional roles of N173, a conserved
N-linked glycosylation site in the V2 region of the SIV envelope
glycoprotein, in macrophage tropism and neutralization sensitiv-
ity. The removal of N173 from SIVmac239 enhanced macrophage
tropism and CD4-independent cell-to-cell transmission but had
no significant effect on neutralization sensitivity. Similarly, the
addition of N173 to SIVmac251 reduced viral replication in mac-
rophages and decreased cell-to-cell transmission, but in contrast
to SIVmac239, neutralization resistance was enhanced. Infection
of macrophages by SIV lacking N173 was associated with the in-
duction of MNGC formation, a phenotype that is likely to be
explained by the increased fusion activity of Envs of these mac-
rophage-tropic viruses when CD4 is at low levels or absent. These
findings suggest that the loss of the N173 glycosylation site in-
creases SIVmac239 replication in macrophages by enhancing
CD4-independent cell-to-cell transmission through CCR5-medi-
ated fusion. This mechanism may be important for promoting
spreading infections by these viruses in tissues such as brain in
vivo.

CD4-independent cell-to-cell transmission represents a novel

TABLE 1 Neutralization sensitivity of SIV clones to SIVmac251 antiserum, monoclonal
antibodies, and sCD4

a The IC50 for the antiserum and monoclonal antibodies was calculated as the reciprocal dilution of antiserum
or ascites required for achieving 50% inhibition of infection with no serum or ascites control, respectively. The
IC50 for sCD4 is the concentration required for achieving 50% inhibition of infection with no sCD4 control.
b The IC50 could not be achieved at 1:100 dilutions of antiserum or ascites containing the monoclonal
antibodies.
c Epitopes of 5B11 and 7D3 were mapped to CD4 and CCR5 binding sites, respectively (51).
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mechanism to explain enhanced macrophage tropism. Consistent
with our results, previous studies showed that infected macro-
phages can transmit HIV to T cells (68–70) and that Env determi-
nants of macrophage tropism in the V1V2 region influence entry

and spread infections in macrophages (11, 36). Cell-to-cell trans-
mission is more efficient than cell-free virus infection (69, 71, 72)
and has been shown to protect viruses from inhibition by neutral-
izing antibodies, antiretroviral drugs, and cellular restriction fac-

FIG 6 There are no significant differences between SIVmac239 and SIVmac239 N173Q sgp120 binding to human CD4. (A) Coomassie blue-stained SDS-PAGE
gel of SIVmac239 and SIVmac239 N173Q sgp120 expressed in and purified from transfected 293F cells. (B) Co-IP of sgp120 with human CD4-Ig. (C) Kinetic
analysis of the interactions between sgp120 and human sCD4. Direct binding was measured by Biacore assays. (D) The N173 mutation does not significantly
affect CD4-Ig binding to Env trimers in a cell-based ELISA. Results shown are CD4-Ig binding after normalization by SIVmac251 antiserum binding.
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tors (72–77). This mechanism may be important to promote cell-
to-cell spread and replication of macrophage-tropic SIVs in vivo,
since these viruses are typically neutralization sensitive.

The CD4-independent SIV phenotypes were detected only in
the context of cell-cell interactions but not cell-free virus infec-
tion. Although macrophage-tropic viruses mediated enhanced
CD4-independent cell-cell fusion and cell-to-cell transmission,
they were not able to infect cell lines in the absence of CD4 in
single-round infection assays. This may be due to the transient
and short-lived intermediate state of Env required for CD4-inde-
pendent fusion. In SIV Envs lacking N173, the unliganded Env
might have an increased propensity to sample a CD4-bound con-
formation that facilitates interactions with CCR5 and thereby al-
lows CD4-independent fusion. This intermediate state may be
short-lived before undergoing spontaneous and irreversible con-
formational changes and may not be sustained long enough to
achieve cell-free virus infection. The rapid kinetics of cell-to-cell
transmission compared to those of cell-free virus infection (min-
utes versus hours) may allow this transient short-lived form of
Env to mediate CD4-independent cell-cell fusion. Within minutes
of cell-cell contact, virus on the donor cell (78), and receptors on
the target cell (79, 80) cluster to the junction of cell-cell contact.
High local concentrations of CCR5 may facilitate CD4-indepen-
dent infection in the context of cell-to-cell transmission. Previous
studies showed that the addition of a glycan motif (D470N), which
introduces an N-linked glycosylation site near the CD4-binding
pocket of gp120, is associated with SIVmac251 CD4 independence
and infection of CD4� T-cell-depleted rhesus macaques (81, 82).
Thus, SIV can evolve CD4 independence through different path-
ways.

To our knowledge, this is the first study to identify an N-linked
glycosylation site as a determinant for cell-to-cell transmission of
HIV/SIV. Results from fusion assays suggest that mutation of
N173 enhances CCR5-mediated fusion activity, which in turn fa-
cilitates cell-to-cell transmission. Mutation of N173 may affect the
structure and/or orientation of the V1V2 loop, which in turn may
affect V3 loop and CCR5 binding site exposure and/or orienta-
tion, thereby increasing gp120-CCR5 interactions. Consistent
with this model, the introduction of N173 enhanced neutraliza-
tion resistance of SIVmac251 to 7D3, an antibody targeting the
CCR5 binding site, a CD4-induced epitope. In a previous study,
we showed that the addition of both N173 and N481 glycosylation
sites enhances neutralization resistance of SIVmac251 to the V3-
specific antibody 36D5 (Yen et al., submitted). This finding, along
with similar phenotypes of SIVmac251 T173N and SIVmac251
NN (SIVmac251 containing both T173N and S481N mutations)
observed in the present study, suggests that the addition of N173
may affect the position and/or exposure of V3. These models are
also supported by recent structural studies showing that the
V1/V2 loop is located at the trimer apex in association with the V3
loop and rotates upon CD4 binding to form an open conforma-
tion (44, 45, 83–90). The cryo-EM structure of an HIV Env trimer
reveals a cluster of basic residues at the trimer apex (45). The
removal of the N173 glycan may increase the exposure of these
basic residues, which in turn may facilitate Env interactions with
the negatively charged tyrosine-sulfated CCR5 N terminus and/or
nonspecific attachment with cell membranes, thereby promoting
fusion and cell-cell transmission. Further studies are required to
examine whether these models are relevant for mechanisms by
which changes at N173 affect cell-to-cell transmission.

The macrophage-tropic SIV clones (SIVmac251 and SIVmac239
N173Q) induced cell fusion and MNGC formation in macro-
phages and mediated higher levels of fusion in cell-cell fusion
assays in cells expressing low levels of or no CD4 than their coun-
terparts expressing N173. Our results suggest that these pheno-
types are probably not due to enhanced gp120 interactions with
CD4. In co-IP and Biacore assays, the removal of N173 had no
effect on the binding of purified SIVmac239 gp120 monomers to
CD4. Likewise, a cell-based ELISA showed no significant differ-
ences in CD4 binding between SIVmac239 and SIVmac239
N173Q Env trimers on the cell surface. In these binding assays, we
used human sCD4 or CD4-Ig. Human CD4 and rhesus CD4 have
similar amino acid sequences (�92% identical), and infectivity
and cell-to-cell transmission showed similar patterns between
cells expressing human CD4 and those expressing rhesus CD4
(Fig. 3B). Furthermore, overexpression of human or rhesus CD4
in macrophages enhances SIV infection and replication at compa-
rable levels (8). Together, these results suggest that human CD4 is
a reasonable surrogate for examining the usage of rhesus CD4.
Together with results of assays testing CD4-independent cell-to-
cell transmission and cell-cell fusion, these findings suggest that
enhanced macrophage tropism of SIV lacking N173 may result
from mechanisms other than enhanced Env-CD4 interactions,
possibly enhanced Env-CCR5 interactions.

The effects of N173 on neutralization sensitivity and macro-
phage tropism appear to be strain dependent. Changes in N173
altered the neutralization sensitivity of SIVmac251 but not that of
SIVmac239, suggesting differential effects on the exposure or con-
formation of neutralizing epitopes. Furthermore, although the in-
troduction of N173 reduced macrophage tropism of SIVmac251,
this N-glycosylation site is highly conserved among SIV strains
and is present in other macrophage-tropic clones, including
SIVmac316. SIVmac316 differs from SIVmac239 by 9 amino ac-
ids, with macrophage tropism being mapped to V67M, K176E,
and G382R in gp120 and to K573T and a stop codon at position
767 in gp41 (39). Mutation of N173 in SIVmac316 did not en-
hance its high macrophage tropism (Fig. 2B). Several well-charac-
terized macrophage-tropic HIV-1 clones, SF162, 89.6, R3A,
TYBE, dBR02, dBR07, and aBL01, and 118 of 666 brain-derived
HIV-1 clones (38%, with the majority coming from autopsied
cases with advanced disease) in the HIV Brain Sequence Database
(http://www.hivbrainseqdb.org/) lack N160. These findings are
consistent with a model in which HIV/SIV macrophage tropism
can be achieved through different pathways that can be influenced
by specific determinants in Env in a strain-dependent manner.
SIV macrophage tropism is often associated with CD4 indepen-
dence, while macrophage-tropic HIV remains CD4 dependent.
The roles of N160 in macrophage tropism and CD4 independence
of HIV-1 and HIV-2 strains are an open question that merits
further investigation.

The viruses examined in our study replicated at similar high
levels in rhesus PBMC regardless of the presence or absence of
N173. In contrast, viruses without N173 replicated more effi-
ciently in macrophages but were impaired in single-round infec-
tion of Affinofile, Cf2-luc, and TZM-BL cells. Viruses without
N173 may infect poorly in the first round of infection in PBMC
and macrophages, as suggested by the single-round infectivity de-
fect in these cell lines, while the second round of infection via
cell-to-cell transmission is enhanced. N160/N173 is highly con-
served among HIV and SIV strains, and a lack of this glycan may
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result in structural changes linked to the infectivity defect. Con-
sistent with our results, the loss of N160 abrogates viral infection
of HIV-1 FE in TZM-BL cell assays (91). This infectivity defect
might be context dependent in HIV, since N160 mutations had
only modest effects in HIV-1 YU-2 and Sc19-15 (91). An alterna-
tive explanation is that other cellular factors that facilitate infec-
tion by the viruses lacking N173 are present on primary macro-
phages but absent on these cell lines. Some HIV Envs interact with
integrin �4�7, which may serve as an attachment factor and facil-
itate viral infection (92–94). �4�7, however, is unlikely to be in-
volved in facilitating viral replication in the present study. Al-
though primary rhesus macrophages expressed �4�7 after 7 days
in culture with M-CSF and N173 is located 20 amino acids up-
stream of the putative �4�7 binding motif, anti-�4�7 antibody
had no significant inhibitory effects on macrophage infection with
viruses characterized in the present study (data not shown). Fur-
ther studies are required to examine whether the infectivity defect
in viruses lacking N173 is related to interactions with another
cellular attachment factor, structural changes, or other mecha-
nisms.

In summary, we identified an N-linked glycosylation site, N173
in the V2 region, as an important determinant of SIV macrophage
tropism. Our results suggest that mutation of N173 increases
SIVmac239 macrophage tropism by enhancing CD4-independent
cell-to-cell transmission through CCR5-mediated fusion. This
mechanism may facilitate the escape of macrophage-tropic vi-
ruses from neutralizing antibodies while promoting spreading in-
fections by these viruses in vivo.
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