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To better define the effects of sequence variation and tropism on the ability of the simian immunodeficiency
virus SIVmac V3 loop to act as a target of antibody-mediated neutralization, a series of experiments were
performed. Three SIV strains, SIVmac239, SIVmac316, and SIVmac155/T3, each with defined differences in env
sequence and tropism, were used to construct a panel of viruses chimeric for a portion of envelope that includes
the V2 and V3 regions. Peptides with sequences corresponding to the V3 loops of the parental viruses were used
to immunize rabbits. The polyclonal rabbit antibodies and plasma from SIVmac239-infected animals were then
used to assess the neutralization sensitivity of the parental and chimeric viruses. One of the parental viruses,
SIVmac316, which is able to replicate to high titer in alveolar macrophages and can infect cells in a CD4-
independent fashion, was highly sensitive to neutralization by plasma from SIVmac-infected rhesus macaques,
with average 50% neutralization titers of 1:20,480; this same strain was also sensitive to neutralization by the
anti-V3 loop peptide sera. Other parental and chimeric viruses were less sensitive to neutralization with this
same panel of antibodies, but as seen with SIVmac316, those viruses that were able to productively replicate
in alveolar macrophages were more sensitive to antibody-mediated neutralization. To further define the amino
acids involved in increased sensitivity to neutralization, a panel of viruses was constructed by changing
envelope residues in SIVmac316 to the corresponding SIVmac239 amino acids. The increased neutralization
sensitivity observed for SIVmac316 was mapped principally to three amino acid changes spread throughout
gp120. In addition, the increased sensitivity to neutralization by V3-directed antibodies correlated with the
ability of the various viruses to replicate to high levels in alveolar macrophage cultures and a CD4-negative cell
line, BC7/CCR5. These results demonstrate that the V3 loop of SIVmac Env can act as an efficient target of
neutralizing antibodies in a fashion that is highly dependent on sequence context. In addition, these studies
suggest a correlation between decreased dependence on CD4 and increased sensitivity to antibody-mediated
neutralization.

The mechanisms by which different strains of human immu-
nodeficiency virus (HIV) and simian immunodeficiency virus
(SIV) display specific cell tropism are slowly becoming eluci-
dated. Members of the G-protein-coupled chemokine receptor
family have been shown to be coreceptors, along with CD4, for
entry of the immunodeficiency viruses (1, 2, 7, 9–11, 16, 31).
Differential expression of these coreceptors among blood-de-
rived monocytes, tissue macrophages, primary T cells, and
transformed T-cell lines contributes to selective entry by dif-
ferent viral strains. The exact sequence and structural elements
of the viral envelope protein which determine coreceptor us-
age are becoming clearer, although questions still exist. Several
studies have defined the importance of sequences in the V3

loop in coreceptor binding and tropism (6, 20, 27, 44, 54, 56).
However, sequences throughout the envelope protein can reg-
ulate the ability of virus to productively replicate in tissue
macrophages.

Differential coreceptor usage does not completely explain
viral tropism. For example, human macrophages express the
CXCR4 coreceptor but are not permissive for all strains of
CXCR4 utilizing T-cell-tropic viruses (60). Recently, two
groups, Mori et al. (36) and Bannert et al. (3), have shown that
CD4 expression can dramatically influence the ability of virus
to enter into macrophages. The restricted replication of SIV-
mac239 in macrophages appears to be due principally to the
limiting amounts of CD4 on these cells (3, 36). The high rep-
licative capacity of the SIVmac239 variant called SIVmac316
appears to be due to its increased affinity for CD4 and/or its
ability to infect cells independent of CD4 (3, 36). Thus, in
addition to differential coreceptor usage, sequences through-
out the envelope protein that influence CD4 affinity and CD4
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dependence also govern the ability of the virus to replicate in
different types of cells, particularly macrophages.

Historically, the V3 loop of HIV type 1 (HIV-1) was initially
identified as the principal neutralizing determinant of the virus
(18, 19, 39, 62). In analogous studies, the V3 loop of SIV was
found not to be a target of neutralizing antibodies (23, 24, 51).
It is now becoming clear that the V3 loop of HIV-1 is an
important epitope for neutralization of T-cell line-adapted
strains but not an efficient target of neutralization of primary
isolates (47, 55). Passage history and changes in envelope se-
quence influence the ability of the V3 loop of HIV-1 to act as
a target for neutralization. Additionally, Palker and coworkers
(40) have shown that the V3 loop of SIV can act as a linear
neutralization epitope of SIVmac251, while Javaherian et al.
(24) have shown that it contributes to a conformational neu-
tralization epitope. Here we present data that the exposure of
neutralization epitopes on SIVmac316 gp120 differs from that
on SIVmac239, resulting in increased neutralization sensitivity
to both V3 loop-directed antibodies and plasma from SIV-
mac239-infected macaques. We also present data that the dif-
ference in neutralization sensitivity maps principally to three
amino acids, all of which are outside the V3 loop and are

spread throughout gp120. Furthermore, we present data that
this phenomenon of increased neutralization sensitivity ex-
tends to other SIVmac variants and correlates, among this
small group of closely related SIV strains, with decreased de-
pendence on CD4 for viral entry and the ability to replicate in
alveolar macrophages.

MATERIALS AND METHODS

Viruses. Viruses SIVmac239 (25), SIVmac251 primary stock (8, 30), SIV-
mac316 (35), and SIVmacMER (35) have been described previously.

Viral genome plasmids. Plasmids pSIV-239-59, pSIV-239-39, pSIV-316-39, and
pSIV-MER-39 have been described previously (35, 38). Plasmid pSIV-155/T3-39

was constructed by subcloning an SphI-EcoRI fragment of pSIVmac155/T3 con-
taining the envelope sequences of SIVmac155/T3 into a vector containing the
rest of the SIVmac239 39-half sequences, creating a virus expressing the SIV-
mac155/T3 envelope in a SIVmac239 backbone.

Production of viral stocks. Viruses for all experiments were produced by
cotransfecting CEMx174 cells by the DEAE-dextran method with the appropri-
ate 39- and 59-half viral clones (38). Each half was cut with SphI, column purified,
and ligated prior to transfection. Supernatant was collected 3 days after appear-
ance of the first syncytia, around the peak of viral replication, and spun to remove
cellular debris. A portion was used to determine p27 antigen levels (described
below), and the rest was aliquoted and stored at 280°C.

FIG. 1. Schematic overview of the chimeras and mutants used. The gp120 open reading frame of each virus is designated by a box; red lollipops
above the boxes indicate locations of amino acid differences versus SIVmac239. The three parental viruses are indicated by boxes of different
colors: SIVmac239, white; SIVmac316, black; SIVmac155/T3, gray. Also indicated are a scale of amino acid numbers, locations of the variable
regions, and locations in the SIVmac239 plasmid of SpeI and XcmI restriction sites used in this study. A green arrow shows the location of an amino
acid insertion in SIVmac155/T3 with respect to SIVmac239. SIVmac316 gp41 also contains two amino acid changes versus SIVmac239 gp41 that
are not shown.
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Sera and sCD4. All rhesus macaque plasma samples were from monkeys
housed at the New England Regional Primate Research Center. All plasma
samples were heat inactivated at 56°C for 30 min before use. Soluble CD4
(sCD4) was purchased from NEN Research Products, Boston, Mass. The 2D7
antibody for CCR5 staining was purchased from Pharmingen (San Diego, Calif.),
and the OKT4 antibody for CD4 staining was purchased from Becton Dickinson
(San Jose, Calif.).

Cells. Human CD41 CEMx174 cells (NIH AIDS Research and Reference
Reagent Program, Rockville, Md.) were grown in RPMI 1640 medium supple-
mented with 10% fetal calf serum (FCS). The CEMx174 LTR-SEAP cells have
been described previously (34). Alveolar macrophages were obtained by bron-
chioalveolar lavage performed under sterile conditions on rhesus macaques
seronegative for SIV, type D retrovirus, and simian foamy virus. Approximately
150 ml of sterile phosphate-buffered saline (PBS) was introduced into and then
removed from the left lung of healthy rhesus macaque, using an endoscope. The
aspirate was spun, and the resulting cells were washed twice with PBS containing
5% FCS. The resulting cells were then resuspended in RPMI 1640 containing
10% FCS and 5% human type AB serum at 105 cells/ml and plated into a six-well
plate. The cells were allowed to settle for 1 h and were then washed vigorously
with PBS–10% FCS to remove any floating or loosely attached cells. Full RPMI
1640–5% human type AB sera was then added, and the cells were maintained in
a CO2 incubator.

Construction of the BC7/CCR5 cell line. Ectopic expression of human CCR5
was achieved using the puromycin resistance-conferring retroviral vector, LP-M/
CCR5, and standard retrovirus-mediated gene transfer (17). BC7, a CD4-nega-
tive variant of SupT1 (15), was used to derive a human T-cell line that expressed
CCR5 in the absence of CD4. Following selection in medium containing puro-
mycin (200 ng/ml), polyclonal populations of cells expressing high levels of

surface CCR5 were further selected by cell sorting with a flow cytometer using a
CCR5-specific monoclonal antibody, 2D7 (Pharmingen). Cells were then cloned
by limiting dilution to derive a line that stably expressed high levels of CCR5,
termed BC7/CCR5. In parallel, CD4-positive SupT1 cells were engineered to
express high levels of CCR5 by a similar method.

Neutralization assay. The neutralization sensitivity of each virus was tested
using the secreted, engineered alkaline phosphatase (SEAP) reporter cell assay
previously described by our laboratory (34). Briefly, 96-well plates were set up as
follows. To the first three columns, 25 ml of RPMI 1640–10% FCS containing a
1:20 dilution of mock plasma was added. To each of the other columns, 4 through
12, 25-ml aliquots of successive twofold dilutions of test sera or plasma in full
RPMI 1640 were added. Next, 75 ml of test virus at the indicated concentration
was added to each well in columns 3 through 12. Virus-free complete RPMI 1640
was added to columns 1 and 2. The plate was incubated for 1 h at room
temperature with occasional mixing. After incubation, 40,000 cells in a volume of
100 ml were added to each well. The first column received the parental cell line
without the SEAP reporter construct. All of the other columns received the
appropriate pLNLTR-SEAP cell line. The plate was then placed into a humid-
ified chamber within a CO2 incubator at 37°C for 52 to 72 h. SEAP activity was
measured according to the manufacturer’s recommendations, with slight modi-
fications as described previously (34). Neutralization by sCD4 was performed in
a similar manner, substituting various concentrations of sCD4 in place of the
potentially neutralizing sera or plasma.

Production of anti-V3 antibodies. Peptides containing the sequence of the
parental viruses, SIVmac239, -316, and -155/T3, as well as a peptide containing
the sequence of a related virus, SIVmac239/321,325, were produced and chem-
ically circularized. These peptides were then resuspended at 0.5 mg/ml in com-
plete Freund’s adjuvant (Sigma) and injected subcutaneously into New Zealand

FIG. 1—Continued.
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White rabbits. After 3 weeks, the rabbits were boosted by subcutaneous injec-
tions of peptide in incomplete Freund’s adjuvant. One additional boost was
performed 3 weeks later. Two weeks after the second boost, blood was collected
by cardiac puncture and the animals were sacrificed.

Antibody quantitation. The levels of specific antibodies produced in peptide-
inoculated rabbits were measured in two ways: against peptide and against lysed
virions. Reactivity against peptide was measured by coating the wells of a 96-well
plate with the appropriate peptide. Each peptide was resuspended in PBS at a
concentration of 1 mg/ml, and 100 ml of this suspension was put into each well
and allowed to air dry. The wells were washed three times with distilled H2O, and
then 100 ml of 10% bovine serum albumin was added. After a 1-h incubation the
wells were washed three times with distilled H2O. The plates were tapped dry
and used for antibody quantitation. Serial twofold dilutions of each antibody
were added to the wells and allowed to react for 1 h at 37°C. Wells were then
washed three times with PBS containing 0.05% Tween 20, and an appropriate
dilution of alkaline peroxidase-conjugated goat anti-rabbit antibody (Kirkegaard
& Perry, Gaithersburg, Md.) was added. Next, each well received 200 ml of
p-nitrophenyl phosphate (Kirkegaard & Perry) substrate solution. After 30 min,
50 ml of 3 N NaOH was added to each well, and the absorbance at 410 nm was
read.

To measure reactivity against virus, the same protocol as described above was
used except that 1 mg of p27 antigen/ml of virus in PBS was added to the wells
instead of peptide. Blocking and quantitation of antibody binding was performed
as above.

Peptide competition. The ability of peptide to compete away neutralizing
activity of serum was measured using a modification of the standard neutraliza-
tion assay. Rows of a 96-well plate received either no sera or peptide, a 25-ml
aliquot of a 1:40 dilution of serum 321,325-2, which had been previously shown
to give 90% neutralization of SIVmac316, a 25-ml aliquot of serial twofold
dilutions of peptide 321,325 or 25 ml containing both serum 321,325-1 at a 1:40
dilution, and serial dilutions of peptide 321,325. Virus was added and allowed to

incubate for 1 h before the addition of cells. The plate was then put into a
humidified chamber within a CO2 incubator at 37°C for 52 to 72 h. After this
incubation, SEAP activity was measured as described above.

Chimeric envelope construction. Chimeric envelope protein-containing vi-
ruses were constructed through use of two unique restriction sites, SpeI (nucle-
otide 7045) and XcmI (nucleotide 7625), in the 39-half plasmids, pSIV-239-39,
pSIV-316-39, and pSIV-155/T3-39. These sites flank the upstream side of the V2
loop after V1 and the downstream side of the V3 loop, respectively. The V2V3
chimeric plasmids were constructed by cutting each of the parental plasmids with
both SpeI and XcmI, and the resulting fragments were purified by gel extraction.
The appropriate fragments were then ligated to give each of the combinations
desired.

For construction of the 239SX316 and 316SX239 plasmids, plasmids pSIV-
239-39 and pSIV-316-39 were cut with SphI, which cuts at the 59 end of the viral
DNA contained in the parental plasmids, along with XcmI. The resulting frag-
ments were purified by gel extraction and ligated to give the desired clones. The
239SS316 and 316SS239 plasmids were made in a similar way except that the
parental 239-39 and 316-39 plasmids were first cut with SpeI and then EcoRI,
which cuts at the 39 end of the viral DNA contained in the parental plasmids.
Each ligation mix was transformed into XL2-Blue Supercompetent Escherichia
coli (Stratagene) according to the manufacturer’s recommendations. Plasmid
DNA from individual colonies was screened using the appropriate enzymes, and
those plasmids with the correct pattern were further screened by sequencing.

The 239SS316R/G and 239SS316Y/H mutations were introduced into the
239SS316 plasmid by splice overlap PCR mutagenesis. Two overlapping, muta-
genic primers, one positive sense and one negative sense, were used along with
nonmutagenic primers of the opposite orientation to amplify overlapping PCR
fragments for each mutation. These fragments were then spliced together by
additional rounds of PCR using the two outer primers, producing a single PCR
fragment for each of the two mutations. This product was cleaved with XcmI and
SacI and cloned into 239SS316 with the XcmI-SacI fragment removed. The

FIG. 2. Schematic representation of peptides used to inoculate rabbits. Peptides containing the amino acid sequences of the V3 loops of
SIVmac239, SIVmac316, SIVmac321, 325 and SIVmac155/T3 were produced and chemically circularized. Each peptide was used to subcutane-
ously inoculate two rabbits, for a total of six rabbits. The rabbits received two additional booster inoculations with the appropriate peptide. Sera
were harvested 3 weeks after the second boost. Amino acid differences from SIVmac239 are shown in black.
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resulting plasmids were sequenced across the entire PCR insert to ensure that
there were no additional mutations.

The 239SS316R-G/D-N, 239SS316R-G/E-K, and 239SS316R-G/I-M mutants
were also created by splice overlap PCR mutagenesis. The mutagenized PCR
products were cut with SpeI and XcmI and cloned into 239SS316R/G with the
XcmI-SpeI fragment removed. The resulting plasmids were sequenced across the
entire PCR insert to ensure that there were no additional mutations.

Splice overlap PCR mutagenesis primers. The same outer primers were used
for each mutation. Primer env F3 59-AACAGCATCAACAACATCAACGA
C-39 was used as a positive-sense primer, and primer env R13 59-GGCCTCAC
TGATACCCCTACCA-39 was used as a negative-sense primer. For the Arg-to-
Gly mutation of 239SS316 to create 239SS316R-G, primer R-G(1) 59-ACGGC
TCCTGGAGGAGGAGATCCGGAAG-39 and primer R-G(2) 59-TCCTCCA
GGAGCCGTCAAATTGATTTTATC-39 were used. To introduce the Tyr-to-
His mutation of 239SS316 to create 239SS316Y-H, primer T-H(1) 59-ACTTG
GCATAAAGTAGGCAAAAATGTTTATTTG-39 and primer T-H(2) 59-TTA
TGCCAAGTGTTGATTATTTGTCTAATATG-39 were used. For the Asp-to-
Asn mutation of 239SS316R-G to create 239SS316R-G/D-N, primer D-N(1)
59-GGTTAACACTGGTAATGAAAGTAGATGTTAC-39 and primer D-N(2)
59-CAGTGTTATTCCCTTGTTCACATAC-39 were used. For the Glu-to-Lys
mutation of 239SS316R-G to create 239SS316R-G/E-K, primers E-K(1) 59-GT
TAAAAAGAGACAAGAAAAAAGAGTAC-39 and E-K(2) 59-GTCCTCTTT
TTAACCCTGTCATGTTGAAT were used. For the Ile-to-Met mutation of
239SS316R-G to create 239SS316R-G/I-M, primers I-M(1) 59-GCAAATGAT
AAGCTGTAAATTCAACAACATGACAG-39 and I-M(2) 59-GCTTATCATT
TGCTCTTGTTCCAAG-39 were used. The primers were purchased from Gene
Link, Inc. (Thornwood, N.Y.).

Viral growth curves. For growth curves in CEMx174 cells, 2.5 3 106 cells were
infected with 10 ng of p27 of each virus. One day postinfection, the cells were
pelleted and resuspended in virus-free RPMI 1640–10% FCS. Cell-free super-
natant was harvested on the indicated days, and the amount of p27 antigen was
determined with a commercial antigen capture kit (Coulter Co., Hialeah, Fla.).
Rhesus macrophage culture growth curves were performed as described above
but in Dulbecco modified Eagle medium containing 10% human type AB sera
and 5% FCS. Growth curves in CD41 SupT1/CCR5 cells and CD4 BC7/CCR5
cells were performed by infecting 2 3 106 cells with 20 ng of p27 of each virus in
six-well plates. One day postinfection, the cells were thoroughly washed with
RPMI 1640–10% FCS and resuspended in 2 ml of fresh virus free RPMI 1640–
10% FCS. Virus production was quantitated at various times postinfection as
described above.

RESULTS

Sensitivity of SIVmac strains to neutralization. The neutral-
ization sensitivities of three SIVmac virus isolates were tested
using the SEAP induction assay. The strain of SIVmac316 used
in these experiments differs by six amino acids in gp120 and
two amino acids in gp41 from SIVmac239 (Fig. 1A). SIV-
mac155/T3 was isolated from the lymph node of an SIV-
mac239-infected macaque, and its envelope protein has 22
amino acid differences compared with SIVmac239 gp120, in-
cluding five substitutions and one insertion in the V3 loop (Fig.
1A and 2). These changes from SIVmac239 in SIVmac316 and
SIVmac155/T3 have been shown to influence the ability of
these viruses to replicate in various cell types. SIVmac239 and

FIG. 3. Neutralization of SIVmac239, SIVmac316, and SIV-
mac155/T3 by rhesus macaque plasma. Plasma samples were taken
from naive or SIVmac239-infected rhesus macaques and pooled. Two-
fold dilutions of plasma were added to wells containing 2 ng of p27 of
the indicated virus. After 1 h of incubation, 3 3 104 CEMx174 SIV-
SEAP cells were added to each well, and the plate was transferred to
a humidified chamber within a 37°C CO2 incubator. Approximately
60 h later, SEAP activity in the supernatant was measured using a
Phospha-light kit according to the manufacturer’s recommendations,
with slight modifications as described previously (34). Activity is ex-
pressed as a percentage of the amount of SEAP activity secreted from
cells infected with mock-neutralized virus.

FIG. 4. Neutralization of SIVmac239 (A), SIVmac316 (B), and
SIVmac155/T3 (C) by peptide-inoculated rabbit sera. Each of the
three viruses was tested for neutralization sensitivity to sera from the
peptide-inoculated rabbits as described for Fig. 3.
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SIVmac155/T3 replicate poorly in alveolar macrophage cul-
tures, while SIVmac316 replicates to high levels. Plasma sam-
ples from naive or SIVmac239-infected rhesus macaques were
pooled and tested for the ability to neutralize the three viruses.
The same amount of input p27 protein (1 ng per well) was used
for each of the virus stocks, and the induced SEAP activity per
nanogram of p27 differed by less than 20% among the different
viruses. The neutralization curves were normalized to a mock-
neutralized control where the same concentration of serum
from an uninfected rhesus macaque was added in place of the
test serum. The plasma from the SIV-positive macaques gave
50% neutralization titers of .1:5,120 against SIVmac316 (Fig.
3). Further titration showed that the 50% neutralization titer
against SIVmac316 was 1:20,480 (data not shown). Plasma
titers against SIVmac239 were much lower, with an average
50% neutralization titer of 1:80. Neutralization titers against
SIVmac155/T3, which differs from SIVmac239 at 23 amino
acids in gp120, had an average 50% neutralization titer of only
1:20. Similar results were obtained when each of the plasma in
the pool were tested individually (data not shown).

Characterization of anti-V3 loop peptide antibodies. Pep-
tides were synthesized that corresponded to the V3 loop se-
quences of each of the three viruses plus one additional virus,
SIVmac321,325, a variant containing two amino acid changes
in the V3 loop which abrogates the ability of virus to replicate
in CEMx174 and macrophages (26). SIVmac316 and SIV-
mac239 have identical V3 loop sequences; thus, three peptides,

corresponding to SIVmac239 and 316, SIVmac321,325, and
the 155/T3 V3 loop sequences, were produced (Fig. 2). These
peptides were used to induce antibodies in New Zealand
White rabbits. An initial inoculation and two boosts were given
subcutaneously. Six rabbits, two per peptide, were used; 3
weeks after the final boost, sera were collected and tested for
reactivity with the immunizing peptide by enzyme-linked im-
munosorbent assay. Each of the sera, in general, bound the
homologous peptide better than the heterologous peptide
(data not shown). However, there was not a strict correlation,
likely due to animal-to-animal variation in the immune re-
sponse and the high degree of sequence homology between the
three peptides. The sera were next tested for the ability to bind
to detergent-lysed virion proteins by enzyme-linked immu-
nosorbent assay. The sera generally bound better to wells con-
taining protein from virus containing the homologous V3 loop
sequence than to those containing proteins from virus with
heterologous V3 loop sequences (data not shown). Two of the
sera, 239/316-1 and 321,325-2, had consistently high titers
against all of the viruses.

Differences in the ability of SIV strains to be neutralized by
anti-V3 loop peptide antibodies. Each of the rabbit sera was
examined for its ability to neutralize parental virus infectivity
in the SEAP neutralization assay. SIVmac239 and SIV-
mac155/T3 were essentially insensitive to neutralization by the
anti-V3 loop peptide sera (Fig. 4). SIVmac239 was detectably
neutralized at a 1:10 dilution of serum 321,325-2, but the 50%
neutralization titer was ,1:10 (data not shown). SIVmac316,
however, was quite sensitive to neutralization by several of the
sera (Fig. 4B). Sera 239/316-1, 321,325-1, and 321,325-2 gave
50% neutralization titers of 1:60, 1:25, and 1:80, respectively.
Serum 155/T3-2 was able to significantly neutralize SIVmac316
virus infectivity, but not by 50% at the dilutions that were
tested. The other sera were not able to significantly reduce
SIVmac316 infectivity (data not shown). SIVmac155/T3 was
not detectably neutralized by any of the antipeptide sera (Fig.
4C and data not shown).

Neutralization of SIVmac316 by serum 321,325-2 can be
competed by peptide 321,325. To verify that the neutralizing
activities of the rabbit sera were directed against sequences
contained in the inoculated peptide, we performed a modified
neutralization assay in which the amount of serum and virus
was kept constant but an increasing amount of the immunizing
peptide was added. An assay plate was set up with twofold
serial dilutions of peptide 321,325 from 0.004 up to 1.0 mg per
well. To these wells, SIVmac316 containing 2 ng of p27 and a
1:40 dilution of serum 321,325-2 were added. The presence of
peptide 321,325 at high concentrations was able to completely
block the neutralization of SIVmac316 by serum 321,325-2
(Fig. 5). The presence of peptide without serum had no effect
on viral infectivity, while serum controls without peptide neu-
tralized viral infectivity by 84%.

Construction of viruses with envelopes chimeric for V2 and
V3. Plasmids containing the envelope sequences of each of the
three parental viruses were cut with the restriction enzymes
SpeI and XcmI, each recognizing a single site in the plasmid.
The SpeI recognition site is located just 59 of the V2 loop
sequences, and the XcmI site is located just 59 of the sequences
for the downstream cysteine of the V3 loop region (Fig. 1A).

FIG. 5. Peptide competition assay. The ability of peptide 321,325
V3 loop to compete away neutralization of serum 321,325-2 was tested
in a modified SEAP neutralization assay as described in Materials and
Methods. SIVmac316 was incubated in the presence of twofold dilu-
tions of peptide along with a 1:40 dilution of serum 321,325-2. As
controls, part of the wells received peptide only, part received serum
only, and part received neither. CEMx174 LTR-SEAP cells were
added to each of the wells; approximately 60 h postinfection, SEAP
activity was measured and normalized as described in the legend to
Fig. 3. The solid line shows the amount of SEAP activity in the medium
of cells infected with virus in the presence of a 1:40 dilution of serum
321,325-2; the dotted line represents the amount of SEAP activity in
the medium of cells infected with virus in the absence of both serum
and peptide.
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SpeI-XcmI fragments from each of the parental viruses were
then inserted into SpeI-XcmI-digested vectors that contained
SIV 39 sequences, thus creating six SIVs containing envelope
proteins chimeric for their V2 and V3 loop sequences (Fig.
1B). The resulting plasmids were named according to the
source of their backbone and V2-V3 loop region. Each plasmid
was used to create a virus by cotransfection into CEMx174 cells
with a plasmid encoding the 59-half SIVmac239 sequences.

Growth of V2V3 chimeric viruses in macrophage and T cells.
Since SIVmac239, SIVmac316, and SIVmac155/T3 differ in
tropism, we examined the ability of each of the chimeric viruses
to grow in both CEMx174 T cells and rhesus alveolar macro-
phages. The parental viruses grew with nearly identical kinetics
in CEMx174 cells (Fig. 6A, top). Four of the six chimeras also
grew with wild-type kinetics. Two of the chimeras, 239 V2V3
155/T3 and 316 V2V3 155/T3, grew with delayed kinetics and
to a lower peak of viral production than the parental viruses.
SIVmac316 replicated well in macrophage cultures, giving a
peak p27 antigen production of almost 100 ng/ml, while the
other two parental viruses produced levels of p27 that were
undetectable (Fig. 6A, bottom). Four of the chimeric viruses
were able to grow to detectable levels in macrophage cultures.
One, 316 V2V3 239, grew as well as SIVmac316, while the
other three, 239 V2V3 316, 155/T3 V2V3 316, and 155/T3
V2V3 239, were able to replicate in macrophage cultures, but
not to as high a level as SIVmac316. The ability of the 155/T3
V2V3 239 and 155/T3 V2V3 316 viruses to replicate in mac-
rophage cultures is interesting since growth of the parental
virus SIVmac155/T3 is undetectable in macrophages. Thus, the
restriction of SIVmac155/T3 for replication in macrophages is
determined principally by sequences in the V2-V3 region.

FIG. 6. Characterization of the V2V3 chimeric viruses. Stocks of
the chimeric viruses were produced by transfection into CEMx174 cells
and then tested for growth kinetics (A) and neutralization sensitivity
(B). (A) Growth in CEMx174 cells (top) or rhesus alveolar macro-
phages (bottom) was tested by infection of cultures with equal amounts
of virus and then measurement of viral p27 antigen levels at various
days postinfection (P.I.). The p27 antigen levels were determined with
a Coulter SIV antigen capture kit. (B) Dilutions of serum 239/316-1
(top), serum 321,325-2 (middle), and pooled rhesus macaque plasma
(bottom) required to neutralize 50% of viral infectivity of each of the
parental and V2V3 chimeric viruses under study. These values were
derived from curves of neutralization sensitivity measured using the
SEAP neutralization assay described in the legend to Fig. 3.

VOL. 75, 2001 V3 LOOP OF SIV AS TARGET OF NEUTRALIZING ANTIBODIES 3909



Compared with SIVmac239, SIVmac155/T3 has 10 amino acid
differences in this region, including 7 within the V3 loop.

V2V3 chimeric viruses are mostly insensitive to neutraliza-
tion. Each of the chimeric viruses was tested for neutralization
sensitivity using the SEAP neutralization assay. Plasma from
SIVmac239-infected rhesus macaques and sera from the V3
loop peptide-immunized rabbits were tested for their ability to
neutralize viral infectivity. None of the chimeras was as sensi-
tive to neutralization as SIVmac316 (Fig. 6B and data not
shown). One chimeric virus, 239 V2V3 155/T3, displayed in-
creased sensitivity to serum 239/316-1 but no increase in sen-
sitivity to the pooled rhesus macaque plasma or the other
anti-V3 loop peptide antibodies. 155/T3 V2V3 316 was neu-
tralized to comparable levels as SIVmac316 by two of the
rabbit sera, but it was not neutralized by the rhesus macaque
plasma to the same extent as was SIVmac316 (Fig. 6B and data
not shown). This may be due at least in part to the divergence
of the envelope sequence in this virus compared with SIV-
mac239, the virus used to infect the rhesus macaques.

Construction and characterization of additional SIVmac239
and SIVmac316 chimeras. To better define the amino acids

responsible for the increased neutralization sensitivity of SIV-
mac316 versus SIVmac239, four additional chimeras were con-
structed. Restriction enzyme recognition sites at the extreme 39
and 59 ends of the envelope sequence were used to digest the
viral gp120 sequence. Using the two additional restriction sites,
the 59 or 39 third of the one parental virus envelope was
exchanged with the corresponding fragment of the other pa-
rental virus. The resulting viruses were named 316SS239,
316SX239, 239SS316, and 239SX316, based on the fragments
that were exchanged (Fig. 1C). The middle-third exchanges,
316 V2V3 239 and 239 V2V3 316, had already been con-
structed in the original set of chimeras (Fig. 1B).

After production of viral stocks, each of the viruses was
tested for the ability to grow in CEMx174 and macrophage
cultures. All of the viruses grew with kinetics and peak p27
antigen production similar to those for the parental viruses in
CEMx174 cells (Table 1 and data not shown). While none of
the chimeras replicated as well as SIVmac316 in macrophages,
all but one replicated better than SIVmac239 in macrophage
cultures (Fig. 7 and Table 1). Chimera 239SS316 grew to the

FIG. 7. Growth of the SS and SX viruses in macrophage cultures.
Stocks of the chimeric viruses were produced by transfection of
CEMx174 cells and then tested for growth kinetics in rhesus alveolar
macrophages. Cultures were infected with equal amounts of each virus,
and p27 antigen levels were determined with a Coulter SIV antigen
capture kit at the indicated days postinfection (P.I.).

FIG. 8. Growth of the 239SS316R-G point mutants in macrophage
cultures. Stocks of the chimeric viruses were produced by transfection
of CEMx174 cells and then tested for growth kinetics in rhesus alveolar
macrophages. Cultures were infected with equal amounts of each virus,
and p27 antigen levels were determined with a Coulter SIV antigen
capture kit at the indicated days postinfection (P.I.).

TABLE 1. Properties of chimeric viruses

Virusa
Growthb (peak viral p27 antigen [ng/ml]) Neutralizationc

CEMx174 cells Macrophages Pooled macaque 239/316-1 321/325-2

239 600 — 25 ,20 ,20
316 750 105 .20,000 40 80
MER 750 80 6,500 ,20 ,20
316SS239 810 5 20 ,20 20
316SX239 750 27 5,000 20 20
239SS316 700 55 .20,000 20 45
239SX316 570 40 .20,000 ,20 20
239SS316 R-G 620 50 .20,000 20 80

a 239, SIVmac239; 316, SIVmac316; MER, SIVmacMER. Other viruses are as named in the text.
b Data from one representative experiment are shown. The kinetics of viral growth in CEMx174 cells were essentially identical, while differences in the kinetics of

growth in macrophages are shown in Fig. 7. The dash indicates a level of p27 antigen below the limit of detection. Growth curves were performed in triplicate.
c 50% reciprocal neutralization titer as determined in the SEAP neutralization assay (see Materials and Methods).
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highest titer of all the chimeras, while 316SS239, with only a
single amino acid change from SIVmac239, had replication
kinetics only slightly higher than that of SIVmac239 (Fig. 7 and
data not shown).

All of the SS and SX series chimeras were tested for neu-
tralization sensitivity. Two of the chimeras, 239SS316 and
239SX316, demonstrated neutralization sensitivity to pooled
plasma from infected macaques that was equal to the sensitiv-
ity of SIVmac316 (Table 1 and data not shown). In addition,
239SS316 was sensitive to neutralization by the V3 loop-di-
rected rabbit sera to almost the same extent as SIVmac316
(Table 1 and data not shown). Chimera 316SX239 also dem-
onstrated increased neutralization sensitivity to all of the an-
tibodies, but not to the extent seen with 239SS316 (Table 1 and
data not shown). Chimera 239SX316, although highly sensitive
to neutralization by rhesus macaque plasma, was only weakly
sensitive to neutralization by one of the rabbit sera (Table 1
and data not shown).

239SS316R-G is sensitive to neutralization and grows in
macrophages. Due to its high sensitivity to neutralization,
239SS316 was used to further define the sequences necessary
for increased V3 loop-directed neutralization sensitivity. It
contains five amino acid differences compared to SIVmac239,
including the 176Glu and 382Arg changes found in SIVmac-
MER (35). The other amino acid differences, 165Ile, 199Asp,
and 442Tyr, are present only in SIVmac316. We constructed
mutants of 239SS316 by changing the two C-terminal envelope
differences of 239SS316 versus SIVmac239, 382Arg and
442Tyr, individually to the residues found in SIVmac239 to
create the viruses 239SS316R-G and 239SS316Y-H (Fig. 1D).
Plasmids for the 39 sequences of these two viruses were co-
transfected with plasmids containing the 59-half SIVmac239
sequences into CEMx174 cells. 239SS316R-G grew in these
cells, but 239SS316Y-H did not produce detectable p27 anti-
gen or infectious virus in three separate transfections. The
kinetics of growth and peak p27 antigen production of

FIG. 9. Receptor expression on SupT1/CCR5 and BC7/CCR5 cells. Flow cytometry was used to examine CCR5 and CD4 expression on the
SupT1/CCR5, BC7/CCR5, and parental cell lines, using 2D7, an anti-CCR5 antibody, and OKT4, an anti-CD4 antibody. Levels of CCR5
expression on BC7/CCR5 (left) and SupT1/CCR5 (middle) cells are shown as filled curves, while levels on the parental cells are shown as open
histograms, on the right, cell surface expression of CD4 for the SupT1/CCR5 cells is shown as a bold line and levels on the BC7/CCR5 cells is shown
as a thin line.

TABLE 2. Properties of mutant viruses

Virusa

Growthb (peak viral p27 antigen [ng/ml]) Neutralization

CEMx174
cells Macrophages BC7/CCR5

cells
Pooled

macaquec 239/316-1c 321/325-2c sCD4d (ng/ml)

239 540 5 0.5 20 ,20 ,20 280
316 600 120 5 15,000 20 90 20
R-G 580 85 ND 15,000 20 90 25
R-G/D-N 520 65 2.0 8,000 20 40 28
R-G/E-K 575 65 7.5 500 ,20e 20 40
R-G/I-M 520 25 1.8 250 ,20e ,20e 50
R-G/9 530 5 0.5 20 ,20 ,20 230

a 239, SIVmac239; 316, SIVmac316; R-G, 239SS316R-G; R-G/D-N, 239SS316R-G/D-N; R-G/D-N, 239SS316R-G/E-K; R-G/I-M, 239SS316R-G/I-M; R-G/9,
239SS316R-G/9.

b Data from one representative experiment are shown. The kinetics of viral growth in CEMx174 cells were essentially identical, while differences in the kinetics of
growth in macrophages are shown in Fig. 8. Growth curves were performed in triplicate. ND, not determined.

c 50% reciprocal neutralization titer as determined in the SEAP neutralization assay (see Materials and Methods).
d Concentration required to neutralize 50% of viral infectivity as determined in the SEAP neutralization assay.
e While the 50% reciprocal neutralization titer was not achieved, significant viral neutralization occurred.
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239SS316R-G was essentially identical to those for SIVmac316
in CEMx174 cells (Table 1 and data not shown). Stocks of the
viruses were tested for growth in macrophages and for neu-
tralization sensitivity. 239SS316R-G grew to almost the same
level as SIVmac316 in macrophage cultures (Fig. 7 and Table
1), and its neutralization sensitivity was almost equal to the
sensitivity of 239SS316 (Table 1). Sensitivity to serum 239/
316-1 was slightly less than the sensitivity of SIVmac316; how-
ever, neutralization sensitivity to pooled 239-infected rhesus
macaque plasma and to serum 321,325-2 was equal to that of
SIVmac316. Having observed a correlation between growth in
macrophages and increased neutralization sensitivity of SIV-
mac, we also tested SIVmacMER for neutralization sensitivity.
SIVmacMER contains three amino acid changes with respect
to SIVmac239, 67Met, 176Glu, and 382Arg, that are also
present in SIVmac316 (Fig. 1D). These three changes allow for
replication in macrophage cultures, although not to as high a
level as SIVmac316 (Table 1). SIVmacMER was more sensi-
tive than SIVmac239 to neutralization by plasma from SIV-
mac239-infected rhesus macaques (Table 1). However, it was
insensitive to neutralization by the V3 loop-directed polyclonal
rabbit antibodies (Table 1).

Construction and testing of D-N, E-K, and I-M mutants.
The neutralization sensitive 239SS316R-G was next used as the
starting point for construction of one final set of viruses. The
239SS316R-G virus gp120 contains four amino acid differences
versus SIVmac239 (Fig. 1D). Since the 442Tyr-to-His mutation
in the context of 239SS316 abrogated viral growth, we focused
on mutation of each of the upstream amino acids from the
239SS316R-G residue to the amino acid found in SIVmac239.
This created the viruses 239SS316R-G/D-N, 239SS316R-G/
E-K, and 239SS316R-G/I-M (Fig. 1E). One other virus,
239SS316R-G/9 was created by swapping the XcmI-EcoRI
fragment of 239SS316R-G into the SIVmac239 39-half plas-
mid, effectively eliminating all three of the upstream residues
from 239SS316R-G (Fig. 1E). Each of these constructs was
transfected into CEMx174 cells and grew with the same kinet-
ics and peak p27 antigen level as the 239SS316R-G parental
virus (Table 2 and data not shown). The viruses were next
tested for the ability to replicate in alveolar macrophages.
SIVmac239 and 239SS316R-G/9 were essentially incompetent
for growth in macrophages, while each of the other viruses
grew to significant titer (Fig. 8 and Table 2). None of the
viruses grew to as great a peak titer as SIVmac316, with
239SS316R-G/I-M having the most significantly reduced
growth kinetics.

Each of the newly created viruses were tested for sensitivity
to neutralization by plasma from SIVmac239-infected rhesus
macaques and by anti-V3 peptide antibodies. The 239SS316R-
G/9 virus demonstrated the same sensitivity to each of these
agents as SIVmac239 (Table 2). The 239SS316R-G/D-N virus
was almost as sensitive to neutralization by pooled plasma
and V3-directed sera as SIVmac316 and 239SS316R-G. The
239SS316R-G/E-K and 239SS316R-G/I-M viruses were only
slightly more sensitive than SIVmac239 to neutralization.

Finally, the viruses were tested for sensitivity to neutraliza-
tion by sCD4. As we have previously reported (33), SIVmac316
is much more sensitive than SIVmac239 to neutralization by
sCD4. Each of the viruses in this panel capable of significant
growth in macrophage also displayed increased sensitivity to
sCD4 neutralization (Table 2). 239SS316R-G/9, which did not
grow significantly in macrophages, was neutralized to the same
extent as SIVmac239 (Fig. 8 and Table 2).

Increased neutralization sensitivity and ability to grow in
macrophages correlate with ability of virus to grow in a CD42

cell line. It was previously observed that SIVmac316 is able to
enter into cells in a CD4-independent manner (3). To investi-
gate whether any of the newly constructed SIVmac316 deriv-
atives also had this trait, we first constructed a CD4-negative,
CCR5-positive cell line called BC7/CCR5. BC7, a CD4-nega-
tive variant of SupT1 (15), was used to derive a human T-cell
line that expressed CCR5 in the absence of CD4. Cells were
selected in puromycin, sorted by flow cytometry for high CCR5
expression, and then cloned by limiting dilution. In parallel,
CD4-positive SupT1 cells were also engineered to express high
CCR5 levels. Both cell lines stably express high levels of CCR5
as detected by flow cytometry (Fig. 9, left and middle), but
unlike the SupT1/CCR5 cells, the BC7/CCR5 cells do not
express CD4 (Fig. 9, right).

Using the two new cell lines, we next performed growth
curves. All of the newly constructed SIVmac316 derivatives
grew with similar kinetics in the SupT1/CCR5 cells (Fig. 10A).

FIG. 10. Growth of various viruses in CD4-negative cells. Growth
curves in CD41 SupT1/CCR5 cells (A) and CD42 BC7/CCR5 cells (B)
were performed by infecting 2 3 106 cells with 20 ng of p27 of each
virus in six-well plates. One day postinfection (P.I.), the cells were
thoroughly washed with RPMI 1640–10% FCS and resuspended in 2
ml of fresh virus-free RPMI 1640–10% FCS. Virus p27 antigen pro-
duction was quantitated at various times postinfection using a Coulter
SIV antigen capture kit.
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However, SIVmac239 and 239SS316R-G/9 replicated poorly if
at all in the BC7/CCR5 cells (Fig. 10B). SIVmac316 and
239SS316R-G/E-K replicated the best of this group of viruses,
while the peak titers of 239SS316R-G/D-N and 239SS316R-G/
I-M were slightly lower.

DISCUSSION

Using a series of chimeras and point mutants, we have
mapped amino acid differences between SIVmac316 and SIV-
mac239 gp120 that allow for increased replication in CD4-
negative cells and confer increased sensitivity to V3-directed
neutralizing antibodies (Fig. 8 and Table 2). The 239SS316R-
G/D-N virus contains two amino acid changes in the C2 region
between the V1 and V2 loops and a third amino acid difference
in the C5 region, amino terminal of V4 (Fig. 1E). It is known
that the V1/V2 loop region of HIV-1 plays a critical role in
governing second receptor interactions and growth in a variety
of cell types (4, 28, 37, 46). In addition, antibody binding
experiments predict that the V1 and V2 loops shield the core-
ceptor binding site and change in conformation after CD4
binding (29, 42, 58). Thus, it is reasonable that the two changes
in this region might contribute to an altered envelope structure
capable of interacting with CCR5 in the absence of CD4.

Several studies have demonstrated that while SIVmac239
and SIVmac316 both use CCR5 as their second receptor, their
specific interactions with CCR5 differ (12, 13, 57). SIVmac316
is able to utilize CCR5 either in the absence or at very low
concentrations of CD4 for entry into cells, while SIVmac239
requires CD4 to enter cells. Two groups, Mori et al. (36) and
Bannert et al. (3), have recently shown that this differential
usage in combination with variably low or absent CD4 expres-
sion on macrophages is largely responsible for the block to
SIVmac239 replication in these cells. These observations pro-
vide a rational framework for the linkage of decreased depen-
dence on CD4 with ability to replicate in tissue macrophages
that exhibit low or no CD4 expression. In our studies described
here, the neutralization sensitivity of various viruses correlated
with high-level growth in alveolar macrophage cultures and
with CD4-independent replication in the BC7/CCR5 cell line.
The linkage of these three properties is not expected to be
absolute; certainly there are neutralization-sensitive strains of
SIV and HIV that are not CD4 independent and not highly
competent for replication in tissue macrophages. However,
CD4 independence could conceivably be inexorably linked
with increased sensitivity to antibody-mediated neutralization.
Hoffman et al. (21) made the observation that adaptation of
HIV-1IIIB to CD4-independent growth led to increased sensi-
tivity to neutralization by HIV-positive human sera and anti-
gp120 polyclonal antibodies. Similarly, the neurovirulent SIV
varient 17E is capable of replicating in macrophage cultures,
utilizes CCR5 for entry, and is CD4 independent (14). Com-
pared with SIVmac239, this virus displays increased sensitivity
to neutralization by SIV-infected rhesus macaque plasma on a
variety of target cells (61). Nonetheless, examination of SIV
and HIV strains in other contexts will be needed to determine
whether CD4 independence is uniformly linked to increased
neutralization sensitivity.

In studies of SIVMne, Rudensey et al. (43) found that the
parental SIVMneCL8 cloned virus accumulated sequence

changes in the V1 loop region of envelope during infection of
pig-tailed macaques. These changes were shown to allow the
virus to escape from neutralizing antibodies and to decrease
the ability of the virus to replicate in macrophages. Separate
studies with viruses containing these same envelope sequences
indicated that changes in the pattern of N-linked glycosylation
were responsible for the decreased neutralization sensitivity
(5). While the sequence changes mapped in the present study
do not alter any potential N-linked glycosylation sites, the
overall conclusions of these studies are similar; increased abil-
ity to grow in macrophages correlated with increased suscep-
tibility to neutralization. Other groups have also reported that
changes in the V1 and V2 loop regions of both HIV-1 and SIV
affect the ability of the viruses to replicate in macrophages and
alter sensitivity to neutralization by sCD4 and antibodies (28,
32, 37, 41).

What potential models exist to explain the linkage between
increased neutralization sensitivity and decreased reliance on
CD4 for cell entry? A number of groups (48–50, 52, 53, 59)
have demonstrated that binding of virus to sCD4 induces a
number of conformational changes important for viral entry
that also increase viral neutralization sensitivity and/or specific
epitope exposure. Edinger et al. (13) have shown that several
strains of SIV with decreased dependence on CD4 for cell
entry also display increased CCR5 affinity. Taken together, this
suggests that amino acid changes mapped in these experiments
could alter protein structure such that it more closely resem-
bles the post-CD4 binding conformation. This potential struc-
ture, like the sCD4-bound envelope, would have greater expo-
sure of a number of neutralizing epitopes that are normally
protected by the relatively closed conformation of circulating
virus or by close proximity to the cell surface after CD4 bind-
ing. In addition, this altered structure would likely have a
greater affinity than wild-type envelope for binding to second
receptor, allowing for entry into cells expressing normal levels
of second receptor but low or nonexistent levels of CD4.

Another possible mechanism is that the amino acid changes
mapped in this work could be altering how the viral envelope
interacts with second receptor. Edinger et al. (12) have shown
that macrophagetropic and T-cell-tropic SIVs both utilize
CCR5 for entry in to cells, but in functionally different ways. In
experiments with chimeric receptors, it was found that the
macrophagetropic SIVmac316 interacts largely with the ami-
no-terminal region of CCR5, while SIVmac239 has stronger
interactions with the second extracellular loop (13). Changes in
gp120 which alter viral envelope interactions with CCR5 might
also change which regions of envelope constitute neutralizing
epitopes. These two models are not mutually exclusive and
both could contribute.

Our studies demonstrate that the V3 loop of SIVmac is a
target of neutralization. However, its ability to act as a target of
neutralizing antibodies is linked to the sequence context in
which it is found. Increased sensitivity to neutralization was
mapped to three of the six amino acids of SIVmac316 gp120
that differ from SIVmac239 gp120 (Fig. 1E and Table 2); these
same amino acid changes allow for high-level replication in
macrophage cultures and decreased dependence on CD4 (Fig.
8 and Table 2). The ability of V3 to serve as a target for
antibody-mediated neutralization is likely linked to its degree
of exposure on virions (22, 45). Our experiments suggest that
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increased exposure of V3 can result from amino acid changes
that confer CD4 independence in addition to those that confer
adaptation in the laboratory to growth in lymphoid cell cul-
tures (34).

Early studies of the immunological structures of HIV-1 and
SIV envelope proteins suggested differences between the two
viruses with respect to the antigenicity and immunogenicity of
the V3 loop (18, 19, 24, 39, 62). V3 region-directed antibodies
from HIV-infected individuals were able to efficiently neutral-
ize laboratory-adapted strains of HIV, leading researchers to
call the V3 loop the principal neutralizing determinant (62).
Early attempts to raise neutralizing antibodies to the V3 loop
of SIV were unsuccessful (24). The results presented here
suggest that the earlier findings may have been dependent on
the strains of virus that were used. Our data indicate that
envelope structure strongly influences neutralization by V3
loop-directed antibodies for SIV similar to what has been de-
scribed for HIV-1 (47, 55). Thus, SIVmac appears similar to
HIV-1 in that V3 can be a target for neutralization by anti-
bodies but its ability to do so is greatly influenced by the
envelope sequence context.
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