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Characterization of virus-specific immune responses to human immunodeficiency virus type 1 (HIV-1) and
simian immunodeficiency virus (SIV) is important to understanding the early virus-host interactions that may
determine the course of virus infection and disease. Using a comprehensive panel of serological assays, we have
previously demonstrated a complex and lengthy maturation of virus-specific antibody responses elicited by
attenuated strains of SIV that was closely associated with the development of protective immunity. In the
present study, we expand these analyses to address several questions regarding the nature of the virus-specific
antibody responses to pathogenic SIV, SIV/HIV-1 (SHIV), and HIV-1 infections. The results demonstrate for
the first time a common theme of antibody maturation to SIV, SHIV, and HIV-1 infections that is characterized
by ongoing changes in antibody titer, conformational dependence, and antibody avidity during the first 6 to 10
months following virus infection. We demonstrate that this gradual evolution of virus-specific antibody
responses is independent of the levels of virus replication and the pathogenicity of the infection viral strain.
While the serological assays used in these studies were useful in discriminating between protective and
nonprotective antibody responses during evaluation of vaccine efficacy with attenuated SIV, these same assays
do not distinguish the clinical outcome of infection in pathogenic SIV, SHIV, or HIV-1 infections. These results
likely reflect differences in the immune mechanisms involved in mediating protection from virus challenge
compared to those that control an established viral infection, and they suggest that additional characteristics
of both humoral and cellular responses evolve during this early immune maturation.

Immune responses to infections with human immunodefi-
ciency virus (HIV) and the closely related simian immunode-
ficiency virus (SIV) are detected within the first several weeks
following infection (25, 26). These responses include the pro-
duction of virus-specific antibodies and the expansion of virus-
specific populations of both CD41 and CD81 T cells. While
cytotoxic T lymphocytes have been proposed to play an impor-
tant role in controlling the initial primary viremia (4, 23),
vigorous humoral immune responses to several viral antigens
are also generated during this primary viremic episode (14, 31).
Following this acute stage of infection, HIV type 1 (HIV-1)-
infected patients then enter a period of asymptomatic clinical
latency during which time the quantitative levels of virus-spe-
cific antibodies in the plasma remain high (32). It is during this
asymptomatic period that virus-specific immune responses ap-
pear to effectively control virus replication (17, 45).

Characterization of the specific immune responses involved
in controlling and limiting HIV-1 and SIV virus replication in
vivo is important to understanding the early virus-host inter-
actions that may determine the course of virus infection and
disease. In addition, these studies can identify the nature of
protective immune responses for vaccine development. To
date, the most successful vaccines have resulted from experi-

mental inoculation of macaques with naturally or genetically
engineered attenuated strains of SIV that establish infection
without resulting in clinical signs of disease (10, 12, 27, 35, 46).
Infection of monkeys with attenuated virus strains was capable
of eliciting immune responses necessary to limit virus infection
and disease progression; however, broadly protective immunity
was found to be highly dependent on the length of time postin-
fection, suggesting a necessary maturation of immune re-
sponses. This time-dependent ability of monkeys infected with
attenuated SIV to control virus replication and disease follow-
ing experimental challenge with pathogenic SIV provides an
ideal model in which to elucidate the protective parameters
involved in this immunologic control.

We have previously used a comprehensive panel of serolog-
ical assays to define a complex and lengthy maturation of viral
envelope-specific antibody responses in macaques inoculated
with attenuated strains of SIV (11). These studies identified
discriminating differences in both the quantitative and quali-
tative properties of the envelope-specific antibody that in gen-
eral paralleled the development of protective immunity. Dur-
ing the first 6 to 8 months postinfection, we identified a gradual
evolution of envelope-specific antibody responses that was
characterized by progressive changes in antibody titer, confor-
mational dependence, and antibody avidity (immature immu-
nity). These virus-specific antibody responses eventually
achieved a relatively consistent antibody titer, conformational
dependence, and antibody avidity that were maintained indef-
initely (mature immunity). In addition to defining a maturation
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of virus-specific antibody responses, these serological studies
described for the first time an association between the effec-
tiveness of an attenuated vaccine and its capacity to produce a
mature antibody response, and they further indicated that a
combination of several antibody parameters was superior to a
single antibody parameter as a prognostic indicator to evaluate
candidate vaccines. To complement our studies demonstrating
that this lengthy maturation of virus-specific antibodies was
common to several different attenuated strains of SIV (includ-
ing both macrophage-tropic and lymphocyte-tropic attenuated
strains), we have also reported a similar maturation of anti-
body responses in equine infectious anemia virus (EIAV) in-
fection of ponies (16), determined by using these same sero-
logical assays. These results suggest that this complex and
lengthy maturation of virus-specific antibody responses may be
a common property of all lentivirus infections that has pro-
found implications for the design and evaluation of future
immunization strategies.

Thus, this study was designed to address several questions: Is
the evolution of envelope-specific antibody in a pathogenic
SIV infection similar to that observed with an attenuated SIV
infection? Are there differences in the nature of the antibody
response in a pathogenic SIV infection that can be associated
with (or predictive of) the progression to disease? Do we
observe a similar maturation of envelope-specific antibody to
an HIV-1 envelope when it is expressed in an SIV background
(i.e., in an SIV/HIV-1 [SHIV] infection)? Does this complex
and lengthy antibody maturation observed in SIV infection of
monkeys also occur in HIV-1-infected patients?

MATERIALS AND METHODS

Sources of serum antibody. (i) SIV/B670Tulane-infected macaques. Rhesus
macaques born at the Tulane Regional Primate Research Center were infected
intravenously with 10 animal infectious doses of the heterogeneous primary
isolate SIV/B670Tulane (34). Following experimental infection, all monkeys were
monitored for clinical signs of infection and disease progression as previously
described (10). While all monkeys infected with SIV/B670Tulane remained chron-
ically infected (as determined by detectable levels of viral RNA by reverse
transcription-PCR), there was a wide spectrum of disease progression evident
(32a). In general, the majority of the monkeys experimentally infected with
pathogenic SIV/B670Tulane developed clinical signs of disease (determined by
high viral loads with consistent virus recovery, CD41 T-cell decline, and the
development of clinical disease) during the first 2 years postinfection and are
classified as progressors (N245, M835, N415, and M834). While a small percent-
age of monkeys infected with SIV/B670Tulane are classified as rapid progressors,
developing fatal disease within a few months after infection, these monkeys had
no detectable virus-specific antibody responses at any time postinfection and
therefore could not be included in the study. In addition, a small percentage of
monkeys infected with SIV/B670Tulane remained healthy and asymptomatic for
more than 2 years postinfection and are classified as nonprogressors (N033,
N129, and N395).

(ii) SHIV-infected macaques. SHIV DNA encoding the env, tat, rev, and vpu
genes of HIV-1/HXBc2 on a background of SIVmac239 was transfected into
CEMx174 cells to produce a virus stock that was passaged in macaques as
previously described (21, 22). Pigtailed macaques inoculated with passages 2 and
3 (SHIV-P2 and SHIV-P3) of this virus developed simian AIDS. As previously
described, virus from a pigtailed macaque inoculated with SHIV-P3 was propa-
gated in peripheral blood mononuclear cells from a naive macaque in vitro and
designated SHIVKU-1; SHIVKU-2 was obtained by the in vivo passage of
SHIVKU-1 in rhesus macaques. The SHIV-infected monkeys were also divided
into two groups: those that progressed to disease as determined by repeated virus
recovery and high viral loads, CD41 T-cell decline, and clinical signs of disease
(monkeys 14A, 16C, 19G, and PQc) and those that remained healthy and asymp-
tomatic (monkeys 14B, 19A, and Pfb). As described above for SIV/B670Tulane-
infected monkeys, a small percentage of rapid progressors were also observed in
this panel of SHIV-infected monkeys. However, since they also failed to make
detectable virus-specific antibody responses, they could not be included in this
study.

(iii) HIV-1-infected patients. Longitudinal serum samples from four HIV-1-
infected patients were obtained from the University of Alabama at Birmingham
(4, 9, 36). FASH and WEAU progressed to disease more rapidly (determined by
rapid CD41 T-cell decline, high viral loads, and the early onset of opportunistic
infection following seroconversion), while HOBR and SUMA experienced a
more gradual immune decline and onset of disease. These patients did not

receive antiviral therapy at any time during the study, and the final time points
used in this study do not represent terminal samples for each patient.

For the serological studies described herein, all serum samples were derived
from peripheral blood and were heat inactivated at 56°C for 30 min prior to use
to inactivate any infectious virus.

Envelope glycoprotein antigens. The uncloned SIV/B7 is a noninfectious virus
produced by a CEMx174 cell line stably infected with a reverse transcriptase-
defective variant of SIVsmH3 (24). HIV-1/IIIB was kindly provided by Larry
Arthur (National Cancer Institute-Frederick Cancer Research and Development
Center, Frederick, Md.) (37). Preparations of SIV/B7 or HIV-1/IIIB were puri-
fied by gradient centrifugation as previously described (33), and the protein
concentrations were determined by using the Bio-Rad DC protein assay.

Gradient-purified preparations of SIV/B7 or HIV-1/IIIB were disrupted with
1% Triton X-100 (TX) and used as sources of native viral envelope glycoproteins
in the concanavalin A (ConA) enzyme-linked immunosorbent assay (ELISA)
(38). To produce denatured viral envelope glycoproteins, TX-disrupted gradient-
purified virus (SIV/B7 or HIV-1/IIIB) was treated with 0.12 M b-mercaptoetha-
nol and 8 M urea to reduce disulfide bonds and then with iodoacetic acid to
irreversibly carboxymethylate the reduced sulfhydryl groups (28). The denatured
virus was then dialyzed against phosphate-buffered saline (PBS) and concen-
trated by spinning through a Centricon filter (Millipore). The final protein
concentration was determined using the Bio-Rad DC protein assay.

Measurement of viral envelope glycoprotein-specific antibody endpoint titers
by ConA ELISA. Serum samples from SIV/B670Tulane-infected macaques, SHIV-
infected macaques, or HIV-1-infected patients were analyzed for their reactivity
to native viral envelope glycoproteins in a ConA ELISA as previously described
(11). Briefly, Immulon 2HB plates (Dynex Corporation) coated with ConA (5
mg/well; Vector Laboratories) were used to adsorb the viral envelope glycopro-
teins from TX-disrupted virus (1 to 3 mg of total viral protein represents approx-
imately 30 to 90 ng of envelope glycoprotein per well). After blocking of the wells
with 5% (wt/vol) nonfat dry milk diluted in PBS (BLOTTO), serial twofold-
diluted monkey or human serum was added to each well and incubated for 1 h
at room temperature. Following extensive washing with PBS, the wells were
incubated with peroxidase-conjugated anti-monkey or anti-human immunoglob-
ulin G (IgG; Sigma) for 1 h at room temperature. The wells were again exten-
sively washed with PBS and incubated with TM Blue substrate (Intergen), and
color development was achieved by the addition of 1 N sulfuric acid. Antibody
reactivity to the ConA-anchored glycoprotein substrate was then determined by
measuring the optical density (OD) at 450 nm, using an automated plate reader
(Dynatech Laboratories). Endpoint titers are reported as the last serial twofold
dilution whose OD was twice that of normal monkey or normal human serum or
as an OD of 0.1, whichever value was greater. All endpoint titer values represent
at least two independent experiments.

Measurement of viral envelope glycoprotein-specific conformational depen-
dence. Serum samples were analyzed for conformational dependence by com-
paring the serum antibody reactivities to native and denatured glycoprotein
substrates in a ConA ELISA as previously described (11). Briefly, native or
denatured viral envelope glycoproteins were captured onto microtiter plates by
using ConA as described above for the endpoint titer ELISA. Test sera, diluted
in BLOTTO to produce an OD at 450 nm of 1.0 to 1.5 in the endpoint titer ConA
ELISA procedure, were reacted in triplicate wells with either the ConA-an-
chored native or denatured envelope glycoproteins. Following extensive washing
with PBS, the wells were incubated with peroxidase-conjugated anti-monkey or
anti-human IgG and developed as described above for the endpoint titer ConA
ELISA. A conformation ratio was then calculated from the antibody reactivities
to native versus denatured envelope glycoprotein substrates. Thus, the confor-
mation ratio is a direct measure of the conformational dependence of a partic-
ular antibody sample (i.e., the larger the conformation ratio above 1.0 the greater
the requirement for native envelope glycoprotein structure, while conformation
ratios below 1.0 reflect predominant specificity for linear envelope determi-
nants).

Measurement of viral envelope glycoprotein-specific antibody avidity. The
avidity index values of serum antibodies to the native viral envelope were deter-
mined by measuring the resistance of serum antibody-envelope glycoprotein
complexes in the ConA ELISA to 8 M urea as previously described (11). Briefly,
native viral envelope glycoproteins were captured onto microtiter plates by using
ConA as described above for the endpoint titer ELISA. All test sera were again
diluted in BLOTTO to produce an OD at 450 nm of about 1.0 to 1.5 in the
endpoint titer ConA ELISA procedure and were plated in two sets of triplicate
wells. Following the serum incubation, triplicate wells were treated in parallel
with either PBS alone or a solution of 8 M urea in PBS (three times for 5 min
each). Following extensive washing with PBS, the wells were incubated with
peroxidase-conjugated anti-monkey or anti-human IgG and developed as de-
scribed above for the endpoint titer ConA ELISA. The avidity index was then
calculated from the ratio of the absorbance value obtained with urea treatment
to that observed with PBS treatment multiplied by 100%. Antibodies with avidity
index values of ,30% are designated low avidity, those with index values be-
tween 30 and 50% are designated intermediate avidity, and those with index
values .50% are designated high avidity (18).

While measurements of antibody conformational dependence and antibody
avidity were performed at the dilution producing an OD at 450 nm of about 1.0
to 1.5 in the endpoint titer ELISA procedure, at least three independent exper-
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iments using several different dilutions within this linear range were performed
to ensure that the variation in actual values was within 10%.

RESULTS

Evolution of envelope-specific antibody responses in mon-
keys experimentally infected with pathogenic SIV/B670Tulane.
Previous studies of rhesus macaques infected with attenuated
strains of SIV revealed a lengthy maturation of virus-specific
antibody responses following infection (11). To determine
whether the length of time required to achieve antibody mat-
uration was due to the low levels of virus replication associated
with attenuated SIV infections, we sought to characterize the
evolution of virus-specific antibody responses in rhesus ma-
caques following infection with a pathogenic virus that repli-
cates to much higher levels in vivo. In general, we were inter-
ested in determining whether the time required for antibody
maturation following pathogenic SIV infection would occur
more rapidly in the presence of higher levels of virus replica-
tion in vivo. In addition, we sought to determine whether the
evolution of antibody responses differed in progressor and
nonprogressor monkeys infected with a pathogenic strain of

SIV. For these studies, we used a longitudinal panel of serum
samples taken at monthly intervals from rhesus macaques in-
fected with a pathogenic primary isolate SIV/B670Tulane that
were determined to be progressors or nonprogressors as de-
fined in Materials and Methods. These serum samples were
analyzed for antibody titer, conformational dependence, and
antibody avidity by the ConA ELISA procedure.

As shown in Fig. 1A, envelope-specific antibodies were de-
tected in SIV/B670Tulane progressors by 1 month postinfection
and continued to gradually increase over the first several
months, reaching maximum titers ranging from 1:51,200 to
1:102,400 by about 6 months postinfection. Once these maxi-
mum endpoint titers were achieved, they remained relatively
constant for at least 18 months postinfection. In addition to the
quantitative increase observed in serum antibody (endpoint
titers), qualitative properties of this SIV-specific antibody re-
sponse also evolved during the first few months postinfection,
as reflected by changes in conformational dependence (Fig.
1B) and antibody avidity (Fig. 1C). While the serum antibody
response was preferentially conformational at all time points
after infection (indicated by conformation ratios of .1), the

FIG. 1. Maturation of envelope-specific antibody responses in monkeys infected with SIV/B670Tulane. Longitudinal serum samples were obtained from rhesus
macaques at the indicated times after infection with SIV/B670Tulane. (A and C) The reciprocal endpoint titer was determined by measuring the serum reactivity to native
viral envelope glycoproteins in the ConA ELISA. (B and D) The conformational dependence of serum antibodies to SIV envelope glycoproteins was determined by
measuring the serum reactivity to native viral glycoproteins compared to that of denatured viral glycoproteins in the ConA ELISA. (C and F) The avidity of serum
antibodies for SIV envelope glycoproteins was determined by measuring the resistance of serum antibody-envelope glycoprotein immune complexes to disruption by
treatment with 8 M urea in the ConA ELISA. All three techniques are described in Materials and Methods.
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conformational dependence of the envelope-specific antibod-
ies rapidly decreased from a high of 5 at 1 month postinfection
to an average ratio of about 2 by 6 months postinfection, where
it was maintained for at least 18 months postinfection. These
changes in conformational dependence were accompanied by
changes in antibody avidity, determined by the stability of the
envelope antigen-serum antibody complexes to treatment with
8 M urea. Early postinfection, the envelope antigen-serum
antibody complexes were predominantly sensitive to 8 M urea,
as reflected by the avidity index values of #5% at 1 to 2 months
postinfection. However, during the first several months postin-
fection, the avidity index values gradually increased, reaching
high values averaging 57% by 6 months postinfection. Once
achieved, these levels of high-avidity antibodies were main-
tained for at least 18 months postinfection. Thus, these results
reveal similar maturation of envelope-specific antibody re-
sponses during infections with pathogenic and attenuated SIV
during the first 6 months postinfection, indicating that the
observed immune maturation is evidently not accelerated by
higher levels of virus replication and associated higher levels of
antigen exposure.

We next determined whether the maturation of virus-spe-
cific antibody to pathogenic SIV/B670Tulane infection differed
between monkeys that progressed to disease and those that
remained asymptomatic. To characterize the evolution of vi-
rus-specific antibody in the small percentage of nonprogressor
monkeys infected with SIV/B670Tulane, endpoint titer, confor-
mational dependence, and antibody avidity were analyzed by
the ConA ELISA. As with progressor sera, we observed de-
tectable envelope-specific antibodies by 1 month postinfection
that continued to gradually increase over the first several
months, reaching maximum titers ranging from 1:51,200 to
1:102,400 by 4 to 6 months postinfection (Fig. 1D). Once these
maximum endpoint titers were achieved, they also remained
relatively constant for at least 18 months postinfection. In
addition to changes in the quantitative levels of virus-specific
antibody, changes in conformational dependence (Fig. 1E) and
antibody avidity (Fig. 1F) were also evident during the first
several months postinfection. While the serum antibody re-
sponse again remained preferentially conformational at all
time points after infection, the conformational dependence of
the envelope-specific antibodies rapidly decreased from a high
of 5 at 1 month postinfection to an average ratio of 1.8 by 4 to
6 months postinfection, where it was maintained for at least 18
months postinfection. Finally, antibody avidity gradually in-
creased from extremely low avidity index values of #5% at 1 to
2 months postinfection to high values averaging 53% by 6
months postinfection. Once achieved, levels of these high-
avidity antibodies were also maintained for at least 18 months
postinfection.

In general, the pattern of antibody maturation observed in
the panel of nonprogressors was identical to that observed in
progressors, indicating that these serological assays do not
predict disease progression. The lack of correlation between
immune maturation and disease progression is in distinct con-
trast to the close association previously reported between im-
mune maturation and protection from virus exposure in mon-
keys inoculated with attenuated SIV strains (11). This
difference may reflect an important distinction between im-
mune control of an existing SIV infection and virus exposure.

Evolution of envelope-specific antibody responses in mon-
keys infected with pathogenic SHIV. To determine whether the
relatively slow antibody maturation observed in both attenu-
ated and pathogenic SIV infections was unique to SIV enve-
lope antigens, we characterized the evolution of virus-specific
antibody responses to the HIV-1 envelope expressed in the

context of a SHIV chimeric virus infection of monkeys. For
these studies, we used a panel of monkeys infected with various
strains of pathogenic SHIV (22). Once again we analyzed lon-
gitudinal serum samples from monkeys infected with patho-
genic SHIV that were determined to be progressors or non-
progressors as defined in Materials and Methods.

As shown in Fig. 2, quantitative and qualitative changes in
HIV-1 envelope-specific serum antibody were evident during
the first several months postinfection in both groups of SHIV-
infected monkeys. Serum antibodies directed against the
HIV-1 envelope were detectable in all monkeys by 1 month
postinfection, and these antibody titers gradually increased
during the first 6 months postinfection, reaching maximum
titers averaging from 1:6,000 to 1:10,000. Once maximum titers
were achieved, they were maintained at relatively constant
levels for at least 18 months postinfection for both progressors
(Fig. 2A) and nonprogressors (Fig. 2D). Similar to the anti-
body maturation observed in SIV-infected monkeys, qualita-
tive changes in antibody conformational dependence (Fig. 2B
and E) and antibody avidity (Fig. 2C and F) were also observed
during this period. All SHIV-infected monkeys displayed se-
rum antibodies that were predominantly conformational at all
time points postinfection (conformation ratios of .1). How-
ever, the conformational dependence of the envelope-specific
antibodies rapidly decreased from a high of 5 in both groups of
SHIV-infected monkeys at 1 month postinfection to an aver-
age steady state ratio of about 1.5 both for progressors and
nonprogressors by 4 to 6 months postinfection. In addition,
changes in antibody avidity were also evident during the first
several months postinfection. While extremely low avidity in-
dex values of #5% were evident at 1 to 2 months postinfection,
antibody avidity values gradually increased during the first 10
months postinfection, reaching maximum intermediate values
of 30 and 35% for the progressors and nonprogressors, respec-
tively.

These data demonstrate a gradual maturation of HIV-1 en-
velope-specific serum antibodies in response to SHIV infection
during the first several months postinfection characterized by
increasing antibody endpoint titer, decreasing conformational
dependence, and increasing antibody avidity. While the abso-
lute values and length of time postinfection to reach antibody
maturation were slightly different from those observed in at-
tenuated or pathogenic SIV infections, the proposed model
that virus-specific antibody requires about 6 months postinfec-
tion to fully mature is strikingly similar between the two viruses
despite different origins of the viral envelope. Also as observed
in SIV infections, the evolution of HIV-1 envelope-specific
serum antibodies in SHIV infections appears to be indepen-
dent of the clinical course, as evidenced by similar antibody
maturation in SHIV-infected monkeys that progressed to dis-
ease compared and those that remained asymptomatic during
the first 18 months postinfection.

Evolution of envelope-specific antibody responses in HIV-1-
infected patients. Having defined similar maturation of enve-
lope-specific antibodies to several SIV strains and to the HIV-1
envelope in the context of a SHIV infection, it was of particular
interest to further these studies of antibody maturation by
looking at the evolution of viral envelope-specific serum anti-
bodies in patients infected with HIV-1. In particular, we were
interested in determining whether this model of antibody mat-
uration would hold true for the human immune system as it
encountered a diverse quasispecies of primary HIV-1 strains
present in the natural infection. For these studies, we obtained
longitudinal serum samples from four HIV-1-infected patients.
Once again, analyses of antibody endpoint titer, conforma-
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tional dependence, and antibody avidity were performed by
using the ConA ELISA.

Similar to the observations described for attenuated and
pathogenic SIV and SHIV infections, we observed a gradual
maturation of envelope-specific antibody responses in serum
from HIV-1-infected patients that was characterized by ongo-
ing changes in antibody endpoint titers, conformational depen-
dence, and antibody avidity. As shown in Fig. 3A, serum anti-
bodies to the HIV-1 envelope were detected in all patients by
1 to 2 months following seroconversion. These antibody titers
gradually increased, reaching average maximum titers of about
1:6,400 by 6 months after seroconversion. These changes in the
quantitative measure of antibody endpoint titers were accom-
panied by changes in conformational dependence (Fig. 3B)
and antibody avidity (Fig. 3C) during the first several months
following seroconversion. Once again, serum antibody directed
against the HIV-1 envelope remained predominantly confor-
mational at all times, as evidenced by conformation ratios of
.1. All of the patients demonstrated a gradual increase in the
conformational dependence during the first 6 months after
seroconversion; conformation ratios averaged 1.3 at 1 to 2

months after seroconversion, increasing to an average of 2.4 by
6 months after seroconversion. The changes in conformational
dependence were accompanied by changes in antibody avidity
(Fig. 3C). Low avidity index values of #5% were evident dur-
ing the first month after seroconversion but increased to max-
imum intermediate values averaging 44% by about 10 months
after seroconversion. It is interesting that all four patients
demonstrated sequential increases in antibody avidity accom-
panied by increases in antibody conformational dependence
over the same time period. These data indicate the absence of
a simple inverse correlation between serum antibody avidity
and conformational dependence, as suggested by Binley et al.
(3) using a different avidity assay (2).

In general, the serological analyses demonstrate a gradual
maturation of HIV-1 envelope-specific serum antibodies in
response to HIV-1 infection during the first several months
postinfection (reflected by ongoing changes in antibody end-
point titer, conformational dependence, and antibody avidity)
that is similar, but not identical, with the progression of serum
antibodies from SIV- or SHIV-infected monkeys. While a mat-
uration of antibody responses was observed, these results sug-

FIG. 2. Maturation of envelope-specific antibody responses in monkeys infected with SHIV. Longitudinal serum samples were obtained from rhesus macaques at
the indicated times after infection with recombinant SHIV. (A and C) The reciprocal endpoint titer was determined by measuring the serum reactivity to native viral
envelope glycoproteins in the ConA ELISA. (B and D) The conformational dependence of serum antibodies to HIV-1 envelope glycoproteins was determined by
measuring the serum reactivity to native viral glycoproteins compared to that of denatured viral glycoproteins in the ConA ELISA. (C and F) The avidity of serum
antibodies for HIV-1 envelope glycoproteins was determined by measuring the resistance of serum antibody-envelope glycoprotein immune complexes to disruption
by treatment with 8 M urea in the ConA ELISA. All three techniques are described in Materials and Methods.
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gest that this complex and lengthy maturation of virus-specific
antibody responses observed in SIV, SHIV, and HIV-1 infec-
tions may be common to all lentivirus infections.

DISCUSSION

We previously described a complex and lengthy maturation
of envelope-specific antibody responses to attenuated SIV in-
fection that is characterized by progressive changes in antibody
endpoint titers, conformational dependence, and antibody
avidity during the first 6 to 8 months postinfection (11). Once
achieved, these mature antibody responses are maintained in-
definitely and, together with cellular immune responses to the
same, are associated with the development of protective im-
munity to experimental virus challenge. To further these stud-
ies, the present study was designed to address several specific
questions regarding the nature of the virus-specific antibody
responses to SIV, SHIV, and HIV-1 infections. In particular,
we were interested in determining whether this complex mat-

uration of virus-specific antibody responses was unique to at-
tenuated SIV infections of monkeys or a common property of
all lentivirus infections. The results of these studies identified
several new important findings: (i) the gradual evolution of
envelope-specific antibodies to SIV in infected rhesus ma-
caques is similar, regardless of the replication properties of the
infecting viral strain; (ii) the lengthy maturation of envelope-
specific antibodies in rhesus macaques is similar, despite the
origin of the envelope (i.e., SIV or HIV-1); (iii) antibody mat-
uration of envelope-specific antibodies is common to SIV or
SHIV infections of monkeys and HIV-1 infection of humans,
although the time and pattern of antibody evolution may differ;
and (iv) the pattern of early antibody maturation does not
appear to distinguish the long-term clinical outcome of virus
infection (progressors versus nonprogressors).

Our initial studies focused on the characterization of enve-
lope-specific antibody responses to pathogenic SIV infection.
The relatively gradual maturation of envelope-specific anti-
body responses to SIV infection despite the presence of con-
stant immune stimulation is in distinct contrast to the rapid
maturation of the antibody response observed in other viral
infections (39, 47) and raises several questions regarding the
capacity of the immune system to mount an effective response
to lentiviruses. Previous studies from our lab indicated that
SIV envelope sequence variation was not required for matu-
ration of the antibody response (10). We previously hypothe-
sized that the gradual maturation of virus-specific antibody
responses to attenuated SIV infections may reflect the ex-
tremely low levels of virus replication in vivo (11). However,
the results presented here demonstrate that the increased lev-
els of virus replication did not accelerate the antibody matu-
ration process, since strikingly similar antibody maturation to
SIV/B670Tulane infection was observed in monkeys irrespective
of whether the rate of virus replication in the animals was rapid
or slow. Instead, these results suggest a requirement only for
continuous presence of viral antigens to achieve maturation of
antibody responses. Since maturation of the antiviral antibody
response is one of the factors associated with the development
of immune protection against virulent virus (10, 11), these
findings indicate that effective vaccines to SIV or HIV may
require strategies that facilitate prolonged presentation of viral
antigen to ensure sufficient maturation of antibody responses.
In this regard, vaccines consisting of attenuated live viruses or
viral DNA appear to be optimum candidates.

Several immunological parameters, including differences in
the quantitative amounts of antibodies to various viral proteins
(3, 14, 19, 41, 44, 46) and the qualitative differences in virus-
specific antibodies, such as neutralizing antibodies (1, 6, 15, 20,
29, 30, 44, 46), and in the binding avidities of the antibodies (5,
7, 8, 13, 40, 42) have been reported to be useful indicators for
disease progression in HIV-1 and SIV infections. We have
previously reported that the combination of serological anti-
body parameters (e.g., antibody conformation and avidity)
used in the present study were useful in discriminating between
protective and nonprotective antibody responses when one is
evaluating candidate subunit and attenuated SIV vaccines (10,
11). In contrast to the correlation between immune maturation
and protection from virus challenge, results of the present
study indicate that the serological parameters that define im-
mune maturation do not discriminate between progressors and
nonprogressors in either the SIV or the SHIV system. These
differences likely reflect critical differences in immune mecha-
nisms that mediate protection from virus challenge and those
that control an established viral infection. For example, im-
mune responses in monkeys inoculated with attenuated SIV
strains provide protection from virus challenge but do not

FIG. 3. Maturation of envelope-specific antibody responses in HIV-1-in-
fected patients. Longitudinal serum samples were obtained from HIV-1-infected
patients at the indicated times following seroconversion. (A) The reciprocal
endpoint titer was determined by measuring the serum reactivity to native viral
envelope glycoproteins in the ConA ELISA. (B) The conformational depen-
dence of serum antibodies to HIV-1 envelope glycoproteins was determined by
measuring the serum reactivity to native viral glycoproteins compared to that of
denatured viral glycoproteins in the ConA ELISA. (C and F) The avidity of
serum antibodies for HIV-1 envelope glycoproteins was determined by measur-
ing the resistance of serum antibody-envelope glycoprotein immune complexes
to disruption by treatment with 8 M urea in the ConA ELISA. All three tech-
niques are described in Materials and Methods.
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completely suppress or eliminate replication of the vaccine
strain. Therefore, it is apparently much easier to achieve im-
mune protection against challenge virus than to accomplish
immune control of an established lentivirus infection. In light
of these intrinsic differences, the antibody responses found in
nonprogressors may be an inappropriate and perhaps unnec-
essarily rigorous marker for vaccine efficacy against HIV-1.

In addition to the maturation of virus-specific antibodies to
SIV envelope antigens, this study revealed for the first time
similar patterns of evolution of envelope-specific antibodies in
response to SHIV infection during the first several months
postinfection. While the antibody maturation observed in
SHIV-infected monkeys was in general similar to that of SIV-
infected monkeys, some interesting differences in the progres-
sion of antibody avidity were observed. First, the maturation of
antibody avidity was a longer process for SHIV-infected mon-
keys, averaging 10 months compared to only 6 months for
SIV-infected monkeys. This delay was particularly interesting
since the antibody endpoint titer and conformational depen-
dence reached mature levels by 6 months postinfection in these
same SHIV-infected monkeys, 4 months ahead of avidity mat-
uration. A second difference between SIV and SHIV antibody
maturation patterns is that mature SHIV-specific antibody
reached only intermediate avidity values compared to the high-
avidity antibody observed with SIV-infected monkeys. Since
the serological measurement of antibody avidity differentiates
polyclonal serum antibody populations based on the relative
stability of the antigen-antibody interactions to a particular
chemical treatment, avidity values represent an average of
numerous variables, including antibody affinity, conforma-
tional dependence, and the molecular nature of the antigen-
antibody interaction (43). Thus, the absolute avidity value as-
sociated with completed maturation of antibody responses may
reflect differences in viral envelope antigenicity in vitro or
immunogenicity in vivo. Additional studies are required to
distinguish between these two possibilities.

Finally, we demonstrate here for the first time an evolution
of envelope-specific antibody responses in HIV-1-infected pa-
tients that in general closely resembles the maturation process
observed in SIV and SHIV infections of monkeys. While all
three lentivirus infections were characterized by increases in
antibody titer and antibody avidity during immune maturation,
it is interesting that all four HIV-1-infected patients displayed
increasing antibody conformational dependence, in contrast to
the decreasing conformational dependence associated with
SIV and SHIV infections of monkeys. This pattern of increas-
ing antibody conformational dependence prevalent in HIV-1
infections was previously observed with immune maturation to
EIAV infection of horses (16). Taken together, the results of
our studies in the EIAV, SIV, SHIV, and HIV-1 infection
systems indicate that a relatively complex and lengthy matura-
tion of antibody responses is a common feature of lentivirus
infections.

As with all serological assays, the results of this study need to
be interpreted with the understanding that we are measuring
only a very small number of antibody properties. It is likely that
many other, and perhaps more important, changes in antibody
populations as well as cellular immune responses occur during
the initial maturation of immune responses to a lentivirus
infection. Novel humoral and cellular immunoassays are
needed to more thoroughly define the evolution of responses
to lentivirus infections, to identify immune mediators of pro-
tection, and to define immune correlates of protection.
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