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One mechanism of immune evasion utilized by human immunodeficiency virus (HIV) and simian immuno-
deficiency virus (SIV) envelope glycoproteins is the presence of a dense carbohydrate shield. Accumulating
evidence from in vitro and in vivo experiments suggests that alterations in N-linked glycosylation of SIV gp120
can enhance host humoral immune responses that may be involved in immune control. The present study was
designed to determine the ability of glycosylation mutant viruses to redirect antibody responses to shielded
envelope epitopes. The influence of glycosylation on the maturation and specificity of antibody responses
elicited by glycosylation mutant viruses containing mutations of specific N-linked sites in and near the V1 and
V2 regions of SIVmac239 gp120 was determined. Results from these studies demonstrated a remarkably
similar maturation of antibody responses to native, fully glycosylated envelope proteins. However, analyses of
antibodies to defined envelope domains revealed that mutation of glycosylation sites in V1 resulted in increased
antibody recognition to epitopes in V1. In addition, we demonstrated for the first time that mutation of
glycosylation sites in V1 resulted in a redirection of antibody responses to the V3 loop. Taken together, these
results demonstrate that N-linked glycosylation is a determinant of SIV envelope B-cell immunogenicity in
addition to in vitro antigenicity. In addition, our results demonstrate that the absence of N-linked carbohy-

drates at specific sites can influence the exposure of epitopes quite distant in the linear sequence.

Immune responses to human immunodeficiency virus (HIV)
and simian immunodeficiency virus (SIV) appear early in in-
fection, limiting virus replication and controlling the initial
primary viremic episode. While host immune responses are
capable of controlling virus replication for several months to
years following HIV and SIV infection, these viruses eventu-
ally escape the apparent immune control and result in the
ultimate destruction of the host immune system. Understand-
ing the early virus-host interactions that result in immune con-
trol and the mechanisms responsible for immune evasion by
these viruses is critical to the development of effective vaccine
strategies. Detailed characterizations of antibody responses di-
rected to SIV and HIV type 1 (HIV-1) envelope proteins
revealed a complex maturation process characterized by grad-
ual, ongoing changes in both quantitative and qualitative an-
tibody properties during the first 6 to 10 months following
infection (9, 11, 13, 14, 33). This antibody maturation process
has been associated with the development of protective immu-
nity (9, 13, 20, 33, 48). However, further studies are needed to
understand the prolonged time needed to achieve this matu-
ration process and to define the mechanisms used by lentivirus
envelope proteins for the early evasion of immune recognition
and control.
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The envelope proteins of HIV and SIV are heavily glycosy-
lated, containing approximately 24 N-linked (Asn-X-Ser/Thr)
glycosylation sites (35). These carbohydrates comprise about
50% of the total glycoprotein mass and are required to gener-
ate properly folded and processed proteins (29). However,
once fully glycosylated proteins have been produced, these
carbohydrate moieties do not appear to be required to main-
tain native protein structure, since enzymatically deglycosy-
lated core envelope proteins retain their ability to bind CD4
and many conformationally dependent antibodies (28-30). In
addition, despite the general requirement for carbohydrates in
the production of envelope proteins, it is possible to remove
some individual sites without impairing the ability of these
glycosylation mutant envelope proteins to bind CD4 or yield
replication-competent viruses (3, 4, 26). For years, it has been
suggested that these carbohydrates serve as a barrier to shield
the virus from effective immune recognition and control. The
first evidence of this comes from studies with caprine arthritis
encephalitis virus (CAEV). While treatment of CAEV with
neuraminidase did not reduce infectivity of the virus particles,
it enhanced the kinetics of neutralization of the virus by goat
antibodies (19). These results strongly suggest that carbohy-
drates on the surface of CAEV are important in protection of
the virus from rapid neutralization by antibodies. A second line
of evidence comes from studies with both human and animal
lentiviruses, where variation in the envelope glycoproteins fre-
quently results in the deletion, addition, or relocation of po-
tential N-linked glycosylation sites, suggesting a role for im-
mune selection in the evolution of viral variants. These
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variation studies are further supported by the observation that
the binding and neutralizing properties of some HIV-1 mono-
clonal antibodies (MAbs) are affected by changes in N-linked
glycosylation (2, 4, 5, 16, 45). Recent studies also suggest that
glycosylation in the V1, V2, and V3 regions may play critical
roles in determining HIV-1 gp120 interactions with receptors
(22, 37, 38) and in preventing access of neutralizing antibodies
to the receptor binding domains (31).

While these studies demonstrate the effects of glycosylation
on in vitro antigenicity, little has been reported on the role of
glycosylation on immunogenicity in vivo. Nara et al. first dem-
onstrated the emergence of V3-specific neutralization-resistant
viruses in plasma samples from chimpanzees infected with
HIV-1 (36). These results were suggested to be the result of
immune pressure, resulting in the emergence of viral variants
exhibiting conformational changes in gp120 that prevented
antibody recognition of the V3 loop. While the relevance of
these studies was originally questioned due to concerns over
the use of the highly adapted HIV-1/IIIB laboratory strain,
more recent studies have demonstrated that the V3 region may
be an early neutralization target in primary HIV-1 isolates as
well (23). Chackerian et al. reported that the evolution of
SIVmne variants containing an additional N-linked glycosyla-
tion site in V1 in vivo were neutralized less efficiently by mon-
key sera than was the parental virus strain in vitro (7). Studies
by Reitter et al. demonstrated that mutation of specific
N-linked glycosylation sites in the V1 and V2 regions of
SIVmac239 gp120 resulted in attenuated but replication-com-
petent viruses (41) capable of eliciting increased levels of neu-
tralizing antibody to the wild-type (WT) virus in vivo (42).
More recently, Johnson et al. reported that mutations to re-
move glycosylation sites in the SIVmac239 gp41 ectodomain
resulted in attenuated, replication-competent viruses that were
more sensitive to in vitro antibody-mediated neutralization
with WT SIVmac239-infected monkey serum (21). In addition,
mapping of T-helper epitopes elicited by attenuated SIV in-
fection demonstrated a suppressed recognition of T-helper
epitopes in glycosylated regions of gp120 (44). Finally, recent
studies in the HIV-1 and EIAV systems have demonstrated the
emergence of neutralization-resistant viruses early after infec-
tion that contained mutations to introduce or relocate poten-
tial N-linked glycosylation sites in gp120 (17, 32, 49). Taken
together, these results suggest that alterations in N-linked gly-
cosylation of SIV gp120 can substantially alter host humoral
immune responses that may be involved in immune control.

The present study was designed to examine the influence of
glycosylation on the development of antibody responses elic-
ited by glycosylation mutant viruses in which specific N-linked
sites in and near the V1 and V2 regions of SIVmac239 gp120
were removed. Results from these studies demonstrated for
the first time that mutation of glycosylation sites in V1 resulted
in the redirection of antibody responses to V3 and that N-
linked glycosylation is a determinant of SIV envelope B-cell
immunogenicity in addition to in vitro antigenicity.

MATERIALS AND METHODS

Sources of antibody. Longitudinal serum samples were collected from two
individual monkeys per group inoculated with either WT SIVmac239 or SIV-
mac239 containing genetic mutations of N-linked glycosylation sites 4 and 5
(g45), 4 and 6 (g46), 5 and 6 (g56), or 5, 6, 8, 12, and 13 (M5) in V1 and V2
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regions, previously described (41). All serum samples used in these studies were
taken at time points after infection when no reversion of the original mutation(s)
was observed (42). Reference immature (1 to 3 months) and mature (>12
months) immune sera obtained from monkeys inoculated with SIV have been
described previously (9, 13, 14) and were used as controls in all experiments.
Reference HIV-1 immune serum 25814-52 was obtained from the AIDS Re-
search and Reference Reagent Program, National Institutes of Health (NIH),
Rockville, Md.

Rhesus MADbs were generated from four individual monkeys infected with
SIV/17E-CL for at least 12 months (9). All rhesus MAbs were produced, purified
by immunoaffinity chromatography, and characterized as described previously
(10, 43).

MAbs 50-69, Md-1, 98.6, 126-6, and F240 that recognize epitopes in the
ectodomain of HIV-1 gp41 were obtained from the NIH AIDS Research and
Reference Reagent Program of NIH.

SIV envelope glycoprotein antigens. Native envelope glycoproteins (gp120 and
gp41) were derived from detergent-disrupted, gradient-purified SIVsmB7 (24) as
described previously (13). SIVsmB7 was chosen as our reference source of viral
envelope following comparison of several SIV strains (including SIVsmB7,
SIVmac251, and SIVmac239) in our panel of serological assays; results from
these analyses revealed similar antibody maturation profiles.

Synthetic 20-mer peptides (overlapping by 10 amino acids) representing the 5’
half of the primary sequence of STVmac239 gp120 (obtained from the NIH AIDS
Research and Reference Reagent Program) were used to measure antibody
responses directed to linear envelope determinants.

Baculovirus recombinant envelope proteins containing small segments of the
SIV/17E-CL gp120 in the HIV-1/HXB2 envelope (gp120 and the ectodomain of
gp41) backbone were constructed essentially by the HIV-2/HIV-1 chimeric en-
velope antigen construction method of Morikawa et al. (34). For production of
these chimeras, the HIV-1/HXB2 envelope (gp120 and the ectodomain of gp41)
was subcloned into a baculovirus expression system (Gibco/BRL) to produce
multimeric envelope proteins. Using an overlapping PCR strategy, recombinant
envelope DNA that contained the SIV/17E-CL region of interest flanked by
conserved HIV-1/HXB2 backbone sequence and that contained restriction sites
unique to the HIV-1 sequence was generated. The chimeric DNA was then
subcloned into the HIV-1/HXB2 envelope backbone, and recombinant baculo-
viruses were generated. Recombinant, chimeric envelope proteins were pro-
duced by the infection of Sf21 insect cells, and secreted envelope proteins were
purified by immunoaffinity chromatography. Using the same baculovirus expres-
sion system, native SIV/17E-CL and HIV-1/HXB2 envelope proteins were also
produced. Due to a lack of cross-reactivity between SIV serum antibodies and
the HIV-1/HXB2 envelope protein, these chimeric antigens allowed for the
measurement of antibody responses directed against defined SIV epitopes ex-
pressed in the context of a native envelope protein. For analyses described in this
study, chimeric envelope proteins containing the V1 (HSgpV1) or the V2
(HSgpV2) regions of SIV were used (see Fig. 6).

Measurement of SIV envelope-specific antibody responses. Antibody re-
sponses directed against the native viral SIV envelope (gp120 and gp41) proteins
were measured in a concanavalin A (ConA) enzyme-linked immunosorbent
assay (ELISA) as previously described (13). Briefly, envelope glycoproteins from
detergent-disrupted SIVsmB7 virus were captured on ConA-coated plates, and
serum antibodies or MAbs were allowed to incubate with the ConA-anchored
envelope proteins for 1 h at room temperature. After the appropriate wash step
(phosphate-buffered saline [PBS] alone for endpoint titer and conformational
dependence; 8 M urea versus PBS for antibody avidity), all wells were incubated
with peroxidase-labeled goat anti-monkey immunoglobulin G (IgG) or goat
anti-mouse IgG (Nordic Immunology) for 1 h at room temperature. All wells
were incubated with TM blue (Serologicals Corp., Gaithersburg, Md.) substrate
for 20 min at room temperature, color was developed by the addition of 1 N
sulfuric acid, and the optical density at 450 nm (OD,s,) was read using an
automated ELISA plate reader (Dynex Technologies). Endpoint titers were
determined to be the last twofold dilution with an OD,5, twice that of healthy
monkey serum. Conformational dependence was determined by measuring the
reactivity to native versus denatured envelope proteins, where a ratio of >1
reflects predominant reactivity with native envelope proteins and a ratio of <1
reflects predominant reactivity with denatured envelope proteins. Antibody avid-
ity was determined by measuring the stability of the antigen-antibody complexes
to 8 M urea and is expressed as follows: percent antibody avidity = (OD of wells
washed with 8 M urea/OD of wells washed with PBS) X 100. The results are
averages of at least two independent experiments, with variation in individual
antibody avidity and conformational dependence values of less than 10%.

Antibody responses directed to synthetic 20-mer peptides, overlapping by 10
amino acids and representing the first 350 amino acids of the STVmac239 gp120
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sequence (kindly provided by the NIH AIDS Research and Reference Reagent
Program), were measured in a poly-L-lysine (PLL) peptide ELISA as described
previously (12). Briefly, synthetic peptides were fixed in the PLL-coated wells of
microtiter plates in an overnight incubation at room temperature. The remaining
ELISA procedure was performed as described above for the ConA ELISA.
Antibody reactivity to the peptides was determined by using a 1:200 dilution of
serum. The results are reported as the ODy,s, and represent the average of two
independent experiments.

Antibody responses directed to conformational epitopes as expressed in re-
combinant chimeric envelope proteins (HSgpV1 and HSgpV2) were measured in
a ConA ELISA using the method described above for endpoint titers to native
SIVsmB7 envelope proteins. The full-length native SIV (Sgp) and HIV-1 (Hgp)
envelope proteins were included as controls, and antibody reactivity to both
native and chimeric recombinant envelope proteins was determined by using a
1:200 dilution of serum. The results are reported as the OD,5, and represent the
average of two independent experiments.

SIV and HIV-1 MADb reactivity with native and chimeric envelope glycopro-
teins were determined in a ConA ELISA using the method described above for
endpoint titers to native SIVsmB7 envelope proteins.

CD4 binding ELISA. Reactivity of native and chimeric envelope antigens to
recombinant soluble CD4 (rsCD4) was determined in a ConA ELISA. Native or
chimeric envelope proteins were captured in ConA-coated wells as described
above. All wells were blocked with 10% powdered milk in PBS before being
incubated with 10 ng of rsCD4 (kindly provided by the NIH AIDS Research and
Reference Reagent Program) per well for 1 h at room temperature. All wells
were incubated with a 1:1,000 dilution of rabbit anti-CD4 antibody (kindly
provided by the NIH AIDS Research and Reference Reagent Program) for 1 h
at room temperature, followed by incubation with peroxidase-labeled goat anti-
mouse IgG (Nordic Immunology) for 1 h at room temperature. TM blue sub-
strate (Serologicals Corp.) was added to each well for 20 min at room temper-
ature, color was developed by the addition of 1 N sulfuric acid, and the ODys
was read using an automated ELISA plate reader (Dynex Technologies).

RESULTS

Antibody maturation to native, fully glycosylated SIV enve-
lope proteins in monkeys inoculated with glycosylation mutant
SIVmac239 viruses. To determine the effects of mutations of
N-linked glycosylation sites on antibody maturation to native,
fully glycosylated envelope proteins, plasma samples from
monkeys inoculated with either WT SIVmac239 or viruses
containing mutations to remove specific N-linked glycosylation
sites in and around the V1 and V2 regions of gp120 were
analyzed (42). Heat-inactivated plasma samples taken monthly
for the first year following infection with wild-type SIVmac239
or viruses containing mutations of glycosylation sites 4 and 5
(g45), sites 4 and 6 (g46), sites 5 and 6 (g56), or sites 5, 6, 8, 10,
and 11 (MS5) were analyzed for reactivity with native, fully
glycosylated envelope proteins in a ConA ELISA. A schematic
of the putative N-linked glycosylation sites for SIVmac239 and
the locations of the mutated sites in and near the V1 region are
shown in Fig. 1. Previously, rhesus macaques infected with
glycosylation mutant viruses were monitored for levels of virus
replication, disease progression, and envelope sequence
changes that effectively restored the original glycosylation site
or added a new glycosylation site in close proximity to the
original mutation site (42). While removal of glycosylation sites
in the V1 and V2 regions of SIVmac239 gp120 resulted in
attenuation of the virus, the four mutant viruses replicated to
levels similar to that of the WT virus, as determined by similar
peak viral loads in vivo. In addition, since sequence changes
that resulted in the restoration of specific N-linked glycosyla-
tion sites could influence the specificity of immune responses
to SIV envelope proteins, we selected samples from time
points at which no variation in the respective infecting viral
envelope were detected. In this manner, the maturation of
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antibody responses to fully glycosylated SIV envelope proteins
could be directly compared to those responses elicited by in-
fection of viruses lacking glycosylation at specific sites in the
V1 region.

As shown in Fig. 2, monkeys infected with either WT virus or
glycosylation mutant viruses demonstrated antibody titers that
emerged quickly, reaching maximum, steady-state, log recip-
rocal endpoint titers ranging from 12,800 to 102,400 by approx-
imately 10 weeks after infection. The g45, g46, and g56 mutant
viruses elicited quantitative antibody titers that were similar to
those achieved by WT SIVmac239 infection, while infection of
monkeys with the M5 mutant resulted in maximum endpoint
titers that were 1 to 2 log units lower than those observed in
SIVmac239-infected monkeys (Fig. 2). These differences in the
quantitative levels of antibody elicited by the M5 mutant are
likely due to the level of attenuation created by generating the
specific N-linked glycosylation site mutations (42).

Once quantitative titers were determined, the qualitative
properties of antibody avidity and conformational dependence
were analyzed. Antibody avidity, or the resistance of the
plasma antibody-envelope glycoprotein complexes to treat-
ment with 8 M urea, was determined for each plasma time
point listed above (Fig. 3). In general, the maximum antibody
avidity values achieved were similar in all monkeys infected
with either WT virus or glycosylation mutant viruses, where
maximum, steady-state antibody avidity values ranging from 46
to 52% were achieved. Despite similar maximum avidity values
in all five groups of monkeys, the time to achieve maturation of
antibody avidity differed slightly. For example, maturation of
antibody avidity in monkeys infected with g45, g56, and M5
mutant viruses was slightly delayed, requiring approximately 40
weeks compared to the 30 weeks observed in monkeys infected
with the wild-type virus (Fig. 3). Alternately, antibody avidity
to the g46 mutant virus demonstrated a slightly faster matura-
tion, achieving maximum avidity values by 20 weeks in one of
the two monkeys (Fig. 3).

To complement the studies of antibody avidity, we also as-
sayed for conformational dependence at these same time
points. As shown in Fig. 4, again only minor differences in the
time required for maturation to steady-state conformation ra-
tios were observed in monkeys infected with the double mutant
viruses. Both monkeys infected with the g45 or g46 mutant
virus and one of the two monkeys infected with the g56 virus
demonstrated antibody responses with conformational depen-
dence similar to that of STVmac239 (Fig. 4). The other monkey
infected with the g56 mutant required 40 weeks to achieve a
level of maturation similar to that observed for the monkeys
infected with the WT virus (Fig. 4). In contrast, the monkeys
infected with the M5 mutant displayed high conformational
dependence at all time points tested, never reaching a mature
state by 52 weeks after infection (Fig. 4).

Taken together, these analyses of both the quantitative and
qualitative antibody properties elicited by these glycosylation
mutant viruses demonstrated only minor differences in the
maturation of antibody responses to native, fully glycosylated
envelope glycoproteins that were not considered significant.
These studies demonstrated an averaging effect when using
whole, native envelope proteins and indicated the need for a
higher-resolution analysis of antibody responses to specific en-
velope domains.
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FIG. 1. Schematic of SIVmac239 gp120. Amino acids representing the entire primary sequence of SIVmac239 were drawn schematically based
on the known disulfide bonds for HIV-1 (27) and the hypothetical disulfide bonds for SIV and HIV-2 (18). The variable regions were based on
the designations defined by Choi et al. (8), and the V3 region corresponds to the analogous V3 loop of HIV-1. All 23 potential N-linked (N-X-S/T)
glycosylation sites for SIVmac239 are indicated by the addition of a CHO symbol at the asparagine (N) residue. In addition, nine amino acid
changes between the parental SIVmac239 and the recombinant SIV/17E-CL used to produce chimeric envelope proteins are designated at the
appropriate residue with a square denoting the amino acid change (1).

Removal of glycosylation sites in V1 increased antibody re-
activity to V1 and redirected reactivity to linear envelope de-
terminants in V3. To address the need for higher-resolution
analyses of antibody responses to envelope glycoproteins, we
have developed additional serological assays to monitor anti-
body responses to defined envelope domains (12). Plasma an-
tibody responses to linear envelope determinants were mea-
sured in plasma samples taken 8, 24, and 40 weeks after
infection with WT SIVmac239 or glycosylation mutant viruses.
For these assays, antibody reactivity to a panel of overlapping
20-mer synthetic peptides representing the 5’ half of the
SIVmac239 amino acid sequence was used. Plasma samples
were diluted 1:200 and assayed for reactivity to individual
peptides in a PLL peptide ELISA (12). Results from these
studies are summarized in Fig. 5. PLL peptide ELISAs re-
vealed a limited reactivity of these plasma samples for linear

envelope determinants, demonstrating reactivity to only 7 of
the 35 peptides screened for any of the monkeys tested. This
result was not surprising, since we have previously shown that
the predominant antibody response to SIV envelope proteins
is directed against conformational epitopes (9, 11-14, 33). A
summary of the specificity of these reactive peptides is shown
in Table 1.

While plasma samples from all monkeys reacted with these
same seven peptides, the quantitative levels of reactivity were
not equal. Monkeys infected with the WT SIVmac239 virus
demonstrated only low antibody reactivity to these seven pep-
tides, while monkeys receiving the g45 and g46 mutant viruses
demonstrated marked increases in antibody reactivity to pep-
tides in both the V1 and V3 loop regions of gp120. As shown
in Fig. SA, one of the two monkeys infected with the g45
mutant (monkey 346-95) demonstrated an eightfold increase in
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FIG. 2. Maturation of envelope-specific antibody titers in monkeys infected with glycosylation mutant viruses. Serum antibody responses from
monkeys infected with SIVmac239 (WT) or viruses with envelope proteins containing mutations of N-linked sites 4 and 5 (g45), sites 4 and 6 (g46),
sites 5 and 6 (g56), or sites 5, 6, 8, 12 and 13 (MS5) were analyzed for reactivity to SIVsmB7 envelope proteins in the ConA ELISA. Serum antibody
responses from monkeys infected with each glycosylation mutant virus are shown as open symbols and compared to the average response from
monkeys infected with WT virus (black squares). Endpoint titers were determined to be the last twofold dilution with an OD,5, twice that of normal
monkey serum and are reported as the log;, of the reciprocal endpoint titer.

reactivity to peptide 12 at 8 weeks postinfection compared to
monkey 344-95 (g45) or the two monkeys infected with WT
virus. In addition, reactivity to the three peptides representing
the V3 loop at this same 8 week time point was similar for both
the WT and g45 viruses. In contrast, by 24 weeks postinfection,
both monkeys infected with the g45 mutant virus demonstrated
at least a 10-fold increase in reactivity to V1 peptide 12 and to
the V3 loop peptide 32. These marked increases in reactivity to
linear determinants in the V1 and cysteine loop regions were
maintained at 40 weeks postinfection.

Monkeys infected with the g46 mutant virus also demon-
strated increased antibody reactivity to the V1 and V3 loop
regions of SIVmac239 gp120 (Fig. 5B). However, the overall
levels of increased reactivity in the monkeys infected with the
g46 mutant were five- to sevenfold lower than the increases
observed in the g45-infected monkeys. Plasma antibody sam-
ples from monkeys infected with the g46 mutant also demon-
strated an increased breadth of reactivity compared to the
g45-infected monkeys. Monkeys infected with the g46 mutant
not only demonstrated increased reactivity to peptides 12 (V1)
and 32 (V3) previously observed with the g45 mutant but
expanded this increased reactivity to include peptides 15 and
33, also in the V1 and V3 loop regions, respectively. This
enhanced antibody reactivity to linear envelope determinants

in both V1 and V3 regions increased from 8 to 24 weeks and
was maintained at 40 weeks postinfection.

To determine whether the observed increases in antibody
reactivity to V1 (peptide 12) and V3 (peptide 32) in monkeys
infected with the g45 and g46 mutant viruses were significant,
a t test was performed. Results from these analyses demon-
strated statistically significant increases in reactivity to both
peptides 12 (V1) and 32 (V3) at 24 weeks postinfection in the
g45-infected monkeys (P = 0.001 and P = 0.016, respectively)
compared to antibody reactivity observed in monkeys infected
with WT SIVmac239. Monkeys infected with the g46 mutant
virus demonstrated significant increases to peptide 12 (P =
0.042) but not to peptide 32 (0.282) compared to monkeys
infected with WT virus. No significant increases in antibody
reactivity to any of the peptides were observed in either the
g56- or M5-infected monkeys. Taken together, these results
demonstrated that mutation of the g4 N-linked glycosylation
site in V1 resulted in increased antibody reactivity to linear
envelope determinants in close proximity to the glycosylation
site and in redirection of antibody reactivity to sites located
more distal in the linear amino acid sequence from the V1
region of gp120 (i.e., the V3 loop).

Removal of glycosylation sites in V1 increased antibody re-
activity to chimeric HIV-1 envelope glycoproteins containing
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FIG. 3. Maturation of envelope-specific antibody avidity in monkeys infected with glycosylation mutant viruses. Serum antibody responses from
monkeys infected with SIVmac239 (WT) or glycosylation mutant viruses g45, g46, g56, or M5 were analyzed for reactivity to SIVsmB7 envelope
proteins in the ConA ELISA. Serum antibody responses from monkeys infected with each glycosylation mutant virus are shown as open symbols
and compared to the average response from monkeys infected with WT virus (black squares). Antibody avidity was determined by measuring the
stability of the antigen-antibody complexes to 8 M urea and is expressed as the (OD of wells washed with 8 M urea/OD of wells washed with PBS)

X 100.

the SIV V1 region. Since the predominant antibody response to
SIV envelope proteins is directed against conformational
epitopes (9, 11-14, 33), it was necessary to further compare the
antibody responses of SIVmac239-infected monkeys with those
of monkeys infected with glycosylation mutant viruses to dis-
tinct envelope epitopes, as they are expressed in the context of
a full-length, recombinant envelope glycoprotein. For these
studies, chimeric envelope proteins in which small segments of
SIV gp120 containing defined variable regions were placed in
the HIV-1 envelope backbone (gp120 and the ectodomain of
gp41) were constructed and expressed using a baculovirus ex-
pression system. A schematic of the two chimeric envelope
proteins (HSgpV1 and HSgpV?2 containing either the V1 or V2
region of SIV/17E, respectively, in the HIV-1/HXB2 back-
bone) used in these studies is shown in Fig. 6. SIV/17E-CL is
a recombinant virus in which gp120 cloned from a brain isolate
derived from SIVmac239 was cloned into the SIVmac239
backbone (1); it differs from SIVmac239 by 10 amino acids in
gp120. These amino acid changes are highlighted in Fig. 1.
Once produced, immunoaffinity-purified chimeric envelope
glycoproteins were extensively characterized in an attempt to
determine the antigenic integrity and specificity of SIV-in-
fected monkey serum reactivity directed to the SIV-specific
amino acid fragments contained in the HSgpV1 and HSgpV2

chimeric antigens. Results from these characterizations are
shown in Fig. 7. To quantitatively characterize these envelope
proteins, antibody reactivity to Sgp, Hgp, HSgpV1, and
HSgpV2 was determined in the ConA ELISA against high-
titer reference immune serum from an SIV-infected monkey or
an HIV-1-infected patient. As shown in Fig. 7A, serum reac-
tivity with the native Sgp and Hgp envelope proteins was spe-
cific, i.e., reactivity of Sgp was observed only with SIV-infected
monkey serum antibody and reactivity of Hgp was observed
only with HIV-1-infected patient serum antibody. As expected,
the levels of reactivity to HSgpV1 and HSgpV2 with SIV-
specific serum were lower than that of the native Sgp envelope
protein. These quantitative differences were not surprising,
given that less than 10% of the total SIV envelope was ex-
pressed in each chimera. In contrast, similar levels of reactivity
with HIV-specific serum were observed with Hgp, HSgpV1,
and HSgpV2. These results confirmed the specificity of anti-
body reactivity with the native envelope proteins and demon-
strated a lack of cross-reactivity with SIV and HIV-1 envelope
proteins using polyclonal immune serum.

To demonstrate that the SIV epitope expressed in the HIV-1
envelope backbone has a conformation similar to its confor-
mation in the native SIV envelope, the chimeras were used as
antigens in the ConA ELISA to demonstrate binding to SIV-
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FIG. 4. Maturation of envelope-specific antibody conformational dependence in monkeys infected with glycosylation mutant viruses. Serum
antibody responses from monkeys infected with SIVmac239 (WT) or glycosylation mutant viruses g45, g46, g56, or M5 were analyzed for reactivity
to SIVsmB7 envelope proteins in the ConA ELISA. Serum antibody responses from monkeys infected with each glycosylation mutant virus are
shown as open symbols and compared to the average response from the monkeys infected with WT virus (black squares). Conformational
dependence was determined by measuring the reactivity to native versus denatured envelope proteins; ratios of >1 reflect predominant reactivity
with native envelope proteins, while ratios of <1 reflect predominant reactivity with denatured envelope proteins.

specific MAbs. Rhesus MAb 3.10A, previously shown to bind
to the SIV V1 region (10), demonstrated similar levels of
binding to the native SIV envelope (Sgp) and the V1 chimera
(HSgpV1), while no reactivity with the native HIV-1 envelope
backbone (Hgp) or the V2 chimera (HSgpV2) was observed
(Fig. 7B). In addition, the native and chimeric envelope anti-
gens also showed similar levels of binding to a panel of con-
formationally dependent HIV-1 MAbs (data not shown) and
rsCD4 (Fig. 7C). Finally, the premise for using the chimeric
envelope antigens is that the presentation of a small peptide
segment in the context of a complete protein will assume a
more specific conformation, and thus antibody reactivity, com-
pared to a linear synthetic peptide. To test this claim directly,
we compared the antigenicity of our HSgpV1 chimera with a
purified V1 synthetic peptide containing the same 47 amino
acids. Results from these studies revealed that a reference
serum sample with the V1 peptide required 10° more copies to
achieve a level of reactivity similar to that observed with
HSgpV1 (i.e., for every nanomole of V1 chimera, we needed at
least 1 mol of V1 peptide to obtain similar quantitative levels
of reactivity with a reference serum sample), suggesting that
the HSgpV1 chimera is more than one million times more
reactive per antigen copy that the V1 peptide (data not shown).
Taken together, these data suggest that presentation of a small
SIV epitope in the context of an HIV-1 envelope backbone

results in a conformational presentation that is similar to the
presentation of the native SIV envelope protein.

Once produced and characterized, the immunoaffinity-puri-
fied chimeric envelope proteins containing either the V1
(HSgpV1) or V2 (HSgpV2) region of SIV gp120 were used as
antigens in the ConA ELISA. As shown in Fig. 8A, plasma
antibodies from monkeys infected with WT or g45 mutant virus
and one of two monkeys infected with g46 demonstrated sim-
ilar reactivities to fully glycosylated, SIVsmB7 viral envelope
proteins, with reciprocal endpoint titers ranging from 51,200 to
102,400. In contrast, two- to fivefold-lower levels of reactivity
were observed for the g56 and M5 mutants, with maximum
endpoint titers of 37,500 and 12,800, respectively. This varia-
tion in the levels of reactivity to native envelope proteins is
likely to be related to either the level of attenuation of the
mutant viruses or the masking of specific antibody epitopes
available in the fully glycosylated protein. Reactivity to the
HSgpV1 (Fig. 8B) and HSgpV2 (Fig. 8C) chimeric envelope
proteins in all plasma antibody samples tested was 10- to 100-
fold lower than that observed for SIVsmB7 envelope proteins.
These results were expected, since reactivity to these chimeras
reflects the measurement of polyclonal antibody reactivity to a
single SIV variable region that comprises less than 10% of total
gp120 protein.

Despite lower overall levels of plasma antibody reactivity to
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FIG. 5. Serum antibody reactivity to linear envelope determinants. Sera obtained from monkeys infected with g45 (A), g46 (B), g56 (C), or M5
(D) glycosylation mutant viruses at the indicated time points after infection were analyzed for antibody reactivity to SIVmac239 synthetic peptides
spanning the first 350 amino acids of the gp120 in a PLL peptide ELISA. Reactivity of sera (1:200 dilution) to 6 of 35 peptides is reported as the
OD,so. The antibody reactivities of sera from monkeys infected with the WT or mutant viruses are indicated by four bars for each peptide; the
bars in the graphs from left to right correspond to the bars in the symbol keys from top to bottom.

the chimeric envelope proteins, significant differences were
observed in a comparison of the WT and glycosylation mutant
viruses. Monkeys infected with either the g45 or g46 mutant
virus demonstrated significantly higher levels of reactivity (up
to 10-fold) to HSgpV1 than monkeys infected with

SIVmac239. Maximum reciprocal endpoint titers of 6,400 to
12,800 were observed in monkeys infected with the g45 and g46
mutant viruses compared to titers of 800 to 1,200 for monkeys
infected with the WT virus. Using a ¢ test, increases in antibody
reactivity to HSgpV1 in monkeys infected with the g45 and g46
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mutant viruses were considered statistically significant (P <
0.0001). While one of the two monkeys infected with the M5
mutant virus demonstrated a threefold increase in reactivity to
HSgpV1, the second M5-infected monkey and the two g5-
infected monkeys demonstrated levels of reactivity to HSgpV1
that were comparable to those observed for monkeys infected
with WT virus. These differences were not considered statisti-
cally significant. Finally, seven of the eight monkeys infected
with glycosylation mutants demonstrated no significant differ-
ences in plasma reactivity to HSgpV2 compared to monkeys

15

16 17 32 33 34
Peptide number

TABLE 1. SIVmac239 reactive peptides

Peptide Aalé}gso Ell-lé/;ilé)rll)ﬂ Amino acid sequence I\Is—iltlg(lzgd
12 111-130 V1 MRCNKSETDRWGLTKSITTT g4
15 141-160 V1 KVDMVNETSSCIAQDNCTGL 25, gb
16 151-170 CIAQDNCTGLEQEQMISCKF 26
17 161-180 EQEQMISCKFNMTGLKRDKK g7
32 311-330 V3 CRRPGNKTVLPVTIMSGLVF gl8
33 321-340 V3 PVTIMSGLVFHSQPINDRPK
34 331-350 V3 HSQPINDRPKQAWCWFGGKW




1534 COLE ET AL.

A
HSgpV1

B siviviaa @ HIV/Viaa () HIV-1Backbone

J. VIROL.

HSgpV2

Bl S1v/v2aa @ HIV/V2aa

(O HI1V-1 Backbone

v1i
g6 (in SIVmac239)

SIV 109- CVKLsDLCITMRC@TDRWGLTKSITTTASTTSTTASARVDMV@SCIAQDN-.EQEQMIsc 164
HIV-1 127 - CVKLTPLCYSLKCTDLRND - - = = = = = = = == = = TNTNSSSGRMIM-- - - - o= - - EKGEIKNC-153

v2

g9 gl10 gll
SIV 164- CKF-ELNRDK KKEY@YSADLVCEQG@@CY MNHCNTSYIKESC-216
HIV-1 153-CSFNISTSIRGKVQKEYA- FFYKLDII--- -~ PIDNDTTSYKLTSCNTSVITQAC-201

FIG. 6. Schematic of HIV-1/SIV chimeric envelope proteins. (A) Two-dimensional schematic of recombinant HIV-1(SIV) chimeric envelope
proteins, highlighting the SIV variable region (white squares) inserted into the corresponding HIV-1 variable region (black circles). The remaining
HIV-1 gp120 backbone is shown by white circles. aa, amino acids. (B) Alignment of SIV and HIV-1 amino acid sequences. SIV/17E-CL inserted
sequences are aligned with HIV-1/HXB2 deleted sequences. The variable regions are shown by bold letters, and the residues comprising the
referenced N-linked glycosylation sites are shown boxed. Alignment spacers are indicated by dashes.

infected with WT virus. While one of the two monkeys infected
with M5 demonstrated a two- to threefold increase in reactivity
to HSgpV2 compared to that of monkeys infected with WT virus,
it appears that removal of glycosylation sites in the V1 and V2
regions did not enhance reactivity to epitopes in V2. Taken to-
gether, these studies using synthetic peptide and chimeric enve-
lope antigens demonstrated the need for a higher-resolution anal-
ysis of serum antibodies in monkeys infected with glycosylation
mutant viruses and stress the need to focus studies on defined
envelope epitopes to identify differences in immune responses
between WT and mutant virus infections.

DISCUSSION

The addition of complex carbohydrates to the surface enve-
lope proteins of SIV and HIV-1 has long been proposed to
serve as a shield to protect the virus from immune control.
Previous studies have clearly demonstrated that mutations of
defined N-linked glycosylation sites at the molecular level re-

sult in replication-competent viruses that are capable of elic-
iting stronger antibody responses against both mutant and WT
viruses (21, 41, 42). In the present study, we analyzed the
ability of SIVmac239 viruses containing mutations of specific
N-linked glycosylation sites in the V1 and V2 regions to redi-
rect B-cell responses in vivo. While no significant differences in
maturation of antibody responses to native envelope proteins
were observed, domain-specific serological analyses revealed
striking differences in a comparison of antibody responses elic-
ited by glycosylation mutant viruses to those elicited by WT
SIVmac239. Consistent with previous findings by Reitter et al.
(42), removal of N-linked glycosylation sites in the V1 region
served to increase antibody reactivity to V1 determinants (rep-
resented by linear peptides and in the context of a conforma-
tionally intact chimeric envelope protein). More striking was
the observation that mutation of glycosylation site 4 in V1 also
resulted in enhanced antibody recognition of epitopes in the
region of SIVgp120 analogous to the HIV-1 V3 loop. This is
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the first report to our knowledge demonstrating that removal
of N-linked glycosylation sites in SIV gp120 resulted in the
redirection of B-cell responses to regions that are distal in the
linear amino acid sequence.

Two possible explanations for this observation exist. First,
while located distally in the linear sequence, the V1 and V3
regions of SIVmac239 may lie in close proximity when the
envelope glycoproteins are folded in their native, oligomeric
states. Thus, glycosylation present in the V1 loop (i.e., the g4
site) may simply serve as steric hindrance for antibody binding
sites present in the V3 loop. Alternately, these data may sug-
gest that glycosylation at the g4 site plays a role in maintaining
structural conformation that serves to shield critical epitopes in
V3 from immune recognition. On the basis of the crystallized
HIV-1 gp120 molecule (51), the V1, V2, and V3 loop stems
flank proposed coreceptor binding sites including CCRS, the
major coreceptor used by SIV strains. If we believe that the
SIV gp120 envelope protein is similar to that of HIV-1, it could
be predicted that removal of carbohydrates that lie in or near
this coreceptor binding region may serve to remove the shield
that limits immune recognition. By exposing the CCRS binding

site, coreceptor binding and in turn virus-cell and cell-cell
fusion would be facilitated in the absence of CD4. This would
allow for more efficient virus entry during the earlier stages of
infection when the immune response has not fully matured and
also may result in more efficient cell-to-cell spread of virus.
This hypothesis is supported by the recent findings of Puffer et
al. (39) that envelope proteins containing pairs of mutant N-
linked glycosylation sites (g45, g46, and g56) are capable of
facilitating cell-cell fusion in a CD4-independent manner. In
addition, recent site-directed mutagenesis studies suggest that
the presence of N-linked glycosylation sites in the V1, V2, and
V3 regions may strongly influence HIV-1 gp120 interactions
with coreceptors and may serve to limit recognition of these
receptor regions from effective immune recognition (22, 31, 37,
38).

The ability of N-linked glycosylation in the SIVmac239 V1
region to inhibit antibody recognition has clearly been demon-
strated (42), but the relevance of shielding these regions from
immune recognition is not totally understood. SIVmac239 vi-
ruses containing deletions of 100 amino acids, including the V1
and V2 loops, remain replication competent (21). The fact that
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infection were analyzed for antibody reactivity to SIVsmB7 native envelope proteins (A), HSgpV1 (B), and HSgpV2 (C) in a ConA ELISA.
HSgpV1 is a chimeric envelope protein containing the V1 region of SIV/17E-CL in the HIV-1/HXB2 envelope backbone, and HSgpV?2 is a
chimeric envelope antigen containing the V2 region of SIV/17E-CL in the HIV-1/HXB2 envelope backbone. Endpoint titers were determined to

be the last twofold dilution with an OD,s, twice that of normal monkey sera. Animal I.D., animal (monkey) identification number.
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the V1 and V2 regions of SIVmac239 are dispensable for virus
replication and infection may suggest that these regions are not
important targets for effective immune control in vivo. In con-
trast, removal of the V1 and V2 loops of HIV-1 renders the
virus replication deficient (6). While the two results appear to
contradict one another at first glance, the most likely explana-
tion for this difference comes from the inherent differences in
the need for CD4 and/or CCRS binding. HIV-1 requires CD4
binding to induce the conformational changes necessary for
efficient coreceptor binding and infection of target cells (25,
46, 47, 50); in contrast, most macrophage-tropic SIV strains
are capable of infecting target cells in a CD4-independent
manner (15, 39). SIVmac239 gp120 is CD4 dependent, while
the g45, g46 and g56 gp120 proteins are capable of inducing
cell-cell fusion in a CD4-independent manner (39). Thus,
the data reported in the present study strongly suggest that
removal of glycosylation in the V1 region of SIVmac239
resulted in envelope proteins that contain a more exposed
coreceptor binding site.

The ability of glycosylation in the V1 region of SIVmac239
to shield epitopes in the V3 loop also has important implica-
tions for virus neutralization. Previous findings by Reitter et al.
demonstrated that viruses containing mutations of glycosyla-
tion sites in the V1 and V2 regions elicited better neutralizing
antibody responses in vivo than did WT virus (42). This is
consistent with findings in the present study suggesting that
glycosylation at site 4 in the V1 region hinders antibody rec-
ognition of the V3 region, including the coreceptor binding
site. Recent studies of HIV-1-infected patients receiving
antiretroviral therapy (32, 49) and EIAV-infected horses
(17) also demonstrate the emergence of neutralization-re-

sistant viruses early after infection that were characterized
by the evolution of sequence changes in the surface enve-
lope glycoprotein to create or relocate potential N-linked
glycosylation sites. In addition, a recent report by Quinones-
Kochs et al. (40) suggests that the role of N-linked glycans
in the HIV-1 and SIV envelope proteins may be different;
while HIV-1 V1/V2 glycosylation mutant gpl20 proteins
were not significantly better at inducing neutralizing anti-
bodies compared to wild-type gp120, the mutant envelope
proteins were more sensitive to neutralization by antibodies
raised against wild-type HIV-1 gp120 (40). Thus, while it is
possible that the increased levels of virus neutralization
demonstrated in SIV-infected macaques are the result of
exposing V1 epitopes for antibody recognition, the more
plausible explanation is that removal of V1 glycosylation
removes the shield necessary to prevent effective immune
recognition of other critical envelope epitopes, such as the
coreceptor binding site.

Taken together, these studies support the hypothesis that
the addition of complex carbohydrates to SIV (and HIV-1)
gp120 and gp41 envelope proteins are most likely one mech-
anism by which the virus escapes effective immune recognition.
These studies with glycosylation mutant viruses have clearly
demonstrated the ability of such a strategy to augment B-cell
responses in vivo and have important implications on the ra-
tionale for future therapeutic and vaccine studies. Designing
immunogens that expose critical envelope epitopes for im-
mune recognition using strategies such as the creation of gly-
cosylation mutant envelope proteins and viruses may serve to
prime and enhance effective immune control upon wild-type
viral challenge.
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