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Long-lived memory B cells (BMem) provide an archive of historic Ab
responses. By contrast, circulating Abs typically decline once the
immunogen is cleared. Consequently, circulating Abs can under-
estimate the nature of cognate humoral immunity. On the other
hand, the BMem pool should provide a comprehensive picture of Ab
specificities that arise over the entire course of infection. To test
this hypothesis, we compared circulating Ab and BMem from natural
virus suppressors who control HIV-1 without therapy and maintain
a relatively intact immune system. We found high frequencies of
BMem specific for the conserved neutralizing CD4 induced or CD4
binding site epitopes of gp120, whereas low Ab titers to these
determinants were detected in contemporaneous plasma. These
data suggest that plasma Ab repertoires can underestimate the
breadth of humoral immunity, and analyses of BMem should be
included in studies correlating Ab specificity with protective im-
munity to HIV-1.

CD4i antibody � CD4bs antibody � human monoclonal antibody �
natural viral suppressors � elite controller

A lthough an HIV-1 vaccine continues to be elusive after more
than 20 years of effort, it remains the single best hope to stop

the epidemic (1, 2). The recent failure of an Ad5-vectored ‘‘CTL’’
vaccine and the earlier failure of a gp120 subunit vaccine are
sobering testaments to the difficulty of this task (2). Because of
these failures, there is renewed focus on the identification and
characterization of protective humoral responses in groups of
HIV-1-infected individuals who control their infections. These
groups include long-term nonprogressors, who maintain stable
CD4 counts without disease over many years (3), and elite con-
trollers (4) or, in our clinic, natural viral suppressors (NVS) (5, 6),
who control viral replication to undetectable levels without anti-
retroviral therapy. Several recent studies have attempted to char-
acterize the anti-Env Abs found in the plasma or sera of rare
HIV-infected humans that exhibit broadly neutralizing activity (7,
8). However, the specificities of circulating Abs are likely to change
and/or decline significantly over time, given the high mutability of
the HIV envelope (9), particularly under conditions whereby
antigenemia is limiting. Thus, circulating Ab specificities in chron-
ically HIV-1-infected persons are unlikely to represent the full
spectrum of Abs elicited by the virus from the time of early acute
infection. Furthermore, potentially important Ab responses that
occur during the critical period of acute infection might not be
detected by serologic analyses of samples taken after viral loads
have declined to setpoint. For example, it is known that elite
controllers have lower titers of HIV-1-specific Abs than chronic
progressors (10, 11).

One way to overcome this limitation is to census HIV Env-
directed Ab specificities in the memory B cell (BMem) compartment.
It is well established that long-lived BMem provide a historical
archive of Ab specificities that have occurred over much of the host
lifespan (12). For example, BMem can persist for 50 years after
vaccination with vaccinia (13). By contrast, circulating Abs usually
decline after antigen clearance. For instance, up to half of vaccinees

lose protective Abs within a few years after vaccination with the
hepatitis B virus (HBV) vaccine (14). On the other hand, HBV-
specific BMem persist in the absence of Ab and set the stage for rapid
protective Ab responses upon exposure to HBV or the vaccine
(15–18). These studies provide strong collective evidence that BMem
are a highly stable record of prior Ab responses.

Analyses of the BMem compartment in HIV-1-infected persons
are inherently difficult because HIV-1 pathogenesis includes sig-
nificant immune dysfunction that extends to humoral immunity (19,
20). Fortunately, elite controllers or NVS individuals who maintain
a relatively intact immune system provide an opportunity to census
the archive of humoral immunity elicited by the HIV-1 Env protein
during infection. Accordingly, we used a local NVS cohort (5, 6) to
compare and contrast archived BMem specificities with contempo-
raneous plasma Ab repertoires directed against 2 highly conserved,
cross-reactive neutralization targets on gp120: the CD4 binding site
(CD4bs) and the coreceptor binding domain, which includes a
subset of CD4-induced (CD4i) epitopes (21–24). Analyses of the
BMem compartment indicate a magnitude of prior Ab response that
is not apparent in the contemporaneous plasma samples. These
results strongly support the use of BMem analyses to complement
serologic studies in attempts to correlate Ab specificities and
protective immunity against HIV-1. Furthermore, these studies
suggest a means for identifying novel targets for broadly cross-
reactive anti-Env neutralizing Abs.

Results
NVS Volunteers. The clinical characteristics are shown in Table 1 for
each NVS volunteer (6). The times since diagnosis were 5 years for
NVS9 (53-year-old African American male; risk factor, i.v. drug
use), 13 years for NVS10 (57-year-old African American female;
risk factor, sex), and 17 years for NVS5 (50-year-old African
American female; risk factor, sex). None of these individuals
received antiretroviral therapy during this time. Total B cell and
BMem frequencies are in the normal range (20), indicating the lack
of global immune dysregulation in these individuals (Table 1).
NVS9 and NVS10 suppressed viral replication to undetectable
levels (�75 copies/mL of plasma) at all times tested (supporting
information Fig. S1). By contrast, NVS5 had transient spikes of
low-level viremia of up to �300 copies/mL of plasma during the first
3 years of observation, followed by �4 years of control to unde-

Author contributions: Y.G., M.M.S., R.K.-L., Z.Z., R.R.R., A.L.D., R.C.G., and G.K.L. designed
research; Y.G., M.M.S., T.R.F., A.D., A.L.D., and G.K.L. performed research; Y.G., M.M.S.,
T.R.F., A.D., Z.Z., R.R.R., A.L.D., and G.K.L. contributed new reagents/analytic tools; Y.G.,
M.M.S., R.K.-L., T.R.F., A.D., Z.Z., R.R.R., A.L.D., R.C.G., and G.K.L. analyzed data; and Y.G.,
A.L.D., and G.K.L. wrote the paper.

The authors declare no conflict of interest.

Freely available online through the PNAS open access option.

1To whom correspondence may be addressed. E-mail: glewis@ihv.umaryland.edu or
rgallo@ihv.umaryland.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0813392106/DCSupplemental.

© 2009 by The National Academy of Sciences of the USA

3952–3957 � PNAS � March 10, 2009 � vol. 106 � no. 10 www.pnas.org�cgi�doi�10.1073�pnas.0813392106

http://www.pnas.org/cgi/data/0813392106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0813392106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/content/full/0813392106/DCSupplemental
http://www.pnas.org/cgi/content/full/0813392106/DCSupplemental


tectable levels (Fig. S1). Interestingly, a viral spike of �100 cop-
ies/mL of plasma was observed shortly after specimens were
obtained for the studies reported here. Importantly, all 3 donors
had stable CD4� T cell counts in the normal range throughout the
time of observation (Fig. S1). Taken together, these data show that
the 3 NVS volunteers maintain undetectable viral loads over many
years in the absence of antiretroviral therapy and that in terms of
gross phenotypes, their lymphocyte subsets are normal.

Despite apparent strong control of viral replication, all 3 NVS
volunteers remained seropositive for Env epitopes. This was de-
termined by 3 ELISA formats using gp120Ba-L, a full-length single-
chain (FLSC) fusion protein of gp120Ba-L and CD4-D1D2, or
gp140Ba-L, all based on the HIV-1Ba-L Env protein, as described in
Materials and Methods. As shown in Fig. 1A, each volunteer had
plasma Abs that recognize each of the 3 antigens, with titers in the
range of 10�3 to 10�4. These ELISA formats do not permit
epitope-specific discrimination, but they do show that the 3 NVS
volunteers are seropositive for Env epitopes at low levels despite
undetectable viral loads at the time of specimen collection.

Plasma CD4bs and CD4i Ab Titers. Of the known conserved neutral-
ization epitopes of HIV-1, those associated with the CD4 and
coreceptor binding sites of gp120 are the most consistently immu-
nogenic during infection (21, 25). For this reason, our early analyses
focused on the plasma and BMem responses to these epitopes in NVS
volunteers. We probed the NVS plasmas for CD4bs Abs using 3
independent competition assays. First, serial 0.5 log plasma dilu-
tions were evaluated for their ability to block binding of a limiting
concentration of biotinylated mAb b12 to gp120Ba-L captured on

ELISA plates. mAb b12 recognizes a highly conserved neutraliza-
tion epitope associated with the CD4bs of gp120 (26). Second, serial
0.5 log plasma dilutions were evaluated by capture ELISA for their
ability to block binding of soluble (s)CD4-Ig to plates captured with
gp120Ba-L. Third, serial 0.5 log plasma dilutions were evaluated by
flow cytometry for their ability to block the binding of Allophyco-
cyanin (APC)-tagged gp120-Ig to the CD4� T cell line, CEM-NKr.
As shown in Fig. 1C (Top), the plasma Ab responses to CD4bs
epitopes were nil to marginal in all 3 NVS volunteers, with the
strongest competitions in any assay format being only 0.5 log above
the limit of detection. For example, the half-maximum competition
values for each of the plasmas for blocking the binding of b12 were
�10�2, whereas the background competition is 10�1.5. These mar-
ginal titers in each of the 3 independent assay formats strongly
suggest that the NVS volunteers studied here have little in the way
of ongoing plasma Ab responses to CD4bs epitopes. Similar anal-
yses were also carried out for broadly cross-reactive CD4i Abs that
are found in most HIV-1 infected individuals at titers in the 10�3

to 10�5 range by a CD4-triggered neutralization assay using an
HIV-2 indicator virus that selectively detects these Abs (21). Using
this neutralization assay (Fig. 1B), NVS5 had CD4i-neutralizing
Abs, with an IC90 titer of �1.5 � 10�3. As expected for CD4i Abs,
neutralization was observed only in the presence of limiting con-
centrations (9 nM) of sCD4 (Fig. 1B). By contrast, NVS9 and
NVS10 showed low and negative titers, respectively, in this assay.
Thus, the rank order of neutralization in the CD4-triggered assay
is NVS5 � NV9 � NVS10.

The CD4i neutralization rank order was confirmed by blocking
studies in which the NVS plasmas were probed for competition with
the binding of 2 biotinylated CD4i mAbs, 17b and ED47, to FLSC
in ELISA and with the binding of fluorescent FLSC-Ig to CCR5 on
CfT2h-CCR5 cells. As shown in Fig. 1C (Bottom), NVS5 plasma
had higher competition titers in all 3 assays than NVS9 and NVS10.
The differences in competition titers for 17b or ED47 were less
apparent between NVS9 and NVS10, although the titers were
slightly higher for NVS9. By contrast, plasma from NVS9 blocked
the binding of fluorescent FLSC-Ig to CfT2h-CCR5 cells at a titer
of �2 � 10�2, whereas no competition was observed for plasma

Table 1. Characterization of 3 NVS donors

Donor
Year of

diagnosis
Sampling

date
B cell

(PBMC %)
BMem cell
(B cell %)

Plasma IgG
(mg/mL)

NVS5 1991 July2006 10.5 32.7 34.2
NVS9 2003 July2006 10.8 52.8 13.6
NVS10 1995 July2006 10.6 36.0 18.4

Normal values were described in the literature (19, 20).

Fig. 1. Characterization of plasma Abs to HIV-1 Env protein. (A) Plasma Abs against FLSC, gp120Ba-L, and gp140Ba-L were detected by ELISA, and half-maximum
binding titers are shown on a log scale. (B) CD4i Abs in plasma of NVS donors were detected by enhanced neutralization of HIV-27312A-V434M in the presence of
a subinhibitory concentration of sCD4 (9 nM). IC90 titers are shown; the dashed line is the detection limit. (C) Top shows results of CD4bs Abs in plasma detected
by competition ELISA against b12 mAb (Left), competition ELISA against sCD4-Ig (Middle), and inhibition of gp120-Ig binding to cell surface CD4 (Right). Bottom
shows results of CD4i Abs in plasma detected by competition ELISA against 17b mAb (Left), competition ELISA against ED47 mAb (Middle) and inhibition of FLSC-Ig
binding to cell surface CCR5 (Right). Results of NVS5, NVS9, and NVS10 are shown as circles, squares, and triangles, respectively.
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from NVS10. Taken together, the competition data confirm that
the rank order of CD4i Ab responses is NVS5 � NVS9 � NVS10.

Neutralizing Abs in NVS Plasmas. NVS plasmas were also evaluated
in 2 independent ‘‘conventional’’ neutralization formats to further
assess their rank order of activity. In the first format, plasma
samples from the 3 NVS volunteers were evaluated using a periph-
eral blood mononuclear cell (PBMC)-based assay. As shown in
Table 2, despite the absence of anti-CD4bs Abs, the NVS5 plasma
exhibited broad cross-reactivity and neutralized all 10 isolates
tested, with IC50 titers ranging from 1.8 � 10�2 to 6.8 � 10�3. By
contrast, plasmas from NVS9 and NVS10 neutralized 2 of 10
isolates and 1 of 10 isolates, respectively, at marginal titers in the
range 4 � 10�1 to 6 � 10�1.

Similar plasma neutralizing activity was seen in a second format
of a cell line-based pseudovirus assay (data not shown). To deter-
mine whether the neutralizing activity of plasma is derived from Ab,
whole IgG was purified from NVS plasma and evaluated in the
second assay format. In accordance with the plasma neutralizing
activity, NVS5 IgG neutralized 11 of the 12 pseudoviruses, with IC90
at IgG concentrations ranging from �10 �g/mL to 200 �g/mL
(Table 3). On the other hand, IgG from NVS9 and NVS10
neutralized 5 of 12 and 3 of 12 pseudoviruses, respectively, at titers
in the range of �10 �g/mL to 290 �g/mL (Table 3). It should be
noted that in both assays (Tables 2 and 3) plasmas or IgGs from
NVS9 and NVS10 selectively neutralized X4 viruses or relatively
sensitive R5/dual-tropic viruses. Taken together, these data show
that the rank order for neutralization is NVS5 �� NVS9 � NVS10
in 2 independent assay formats, indicating that NVS5 has an
ongoing Ab response that is broadly neutralizing, whereas NVS9
and NVS10 have very weak ongoing neutralizing Ab responses that
are narrow in specificity.

Natural Viral Suppressors Preserve High Frequency of BMem Specific
for Conserved Epitopes of the HIV-1 Env Protein Independent of
Serologic Status. The above results show that although there are
only small differences in total circulating Ab titers to gp120 or gp140
epitopes among the NVS subjects, there are marked differences in
Ab fine specificity. The Ab responses to CD4bs epitopes were weak
to nil in all 3 subjects, and the rank order for circulating Abs to CD4i
epitopes was NVS5 � NVS9 � NVS10. Collectively, these data
provide no apparent relationship between plasma Ab specificity
and control of infection in the 3 NVS subjects. However, given that
antigen loads are likely low in these individuals, because they
control their infections, it is possible that significant Ab responses
have occurred and waned as antigen burdens decrease. In this case,
circulating Ab repertoires would provide a poor indication of the
initial repertoires that might correlate with the control of infection.

Because BMem persist for much of the host lifespan, they should
provide a record of these repertoires and might offer a new window
through which Ab specificities can be correlated with viral control
in our NVS cohort.

To test this hypothesis, we evaluated the NVS subjects for the
presence of BMem specific for Env epitopes discordant with those
recognized by plasma. First, we established culture conditions and
assays to detect anti-Env Abs secreted by single BMem precursors.
Our culture conditions were based on those described to poly-
clonally activate BMem to divide and secrete Abs (27). Preliminary
studies showed that culturing 50–100 enriched BMem for 7–14 days
was sufficient to induce IgG anti-Env Abs to levels permitting ready
analysis of specificity by ELISA. Each culture supernatant was
tested in 3 ELISA formats using gp120Ba-L, FLSC, or gp140Ba-L, as
described in Materials and Methods. This approach enabled us to
differentiate Abs specific for CD4bs and CD4i epitopes from each
other and from other HIV-1 Env epitopes. This strategy was
validated using human mAbs specific for CD4bs, CD4i, and other
HIV-1 Env epitopes. The CD4bs mAbs b12 and M14, as well as
CD4-Ig, reacted selectively with gp120, confirming that reactivity
with gp120 but not FLSC is indicative of Abs specific for CD4bs
epitopes (Fig. S2 A, Middle). By contrast, the CD4i mAbs 17b,
ED47, and A32 reacted with FLSC but only poorly when gp120 was
used in lieu of FLSC, confirming that reactivity with FLSC but not
gp120 detects CD4i-specific mAbs (Fig. S2 A, Left). We were also
able to detect Abs specific for other epitopes that are expressed on
gp120 as shown by reactivity with mAb 2G12, which binds to
carbohydrate epitopes (Fig. S2 A, Right). In this case, there was no
difference in binding whether FLSC or gp120 was captured on the
plate. Finally, we also evaluated each culture supernatant for
reactivity with gp140Ba-L. Because we are comparing binding of
single supernatants to multiple Env preparations, it was important
to standardize the ELISAs using known mAbs to detect specific
binding at levels expected for Abs in BMem culture supernatants.
The data shown in Fig. S2 B are indicative of the degrees of
binding for different mAbs to gp120, FLSC, or gp140 when their
IgG concentrations are at levels typical of those found in
supernatants from activated BMem. In the studies that follow,
selective reactivity with FSLC is taken as putative CD4i speci-
ficity, selective reactivity with gp120 is taken as putative CD4bs
specificity, and reactivity with all antigen preparations or gp140
alone is denoted as ‘‘Other’’ Abs. We have confirmed this
strategy by mAb isolation from activated BMem (Fig. S3 and
unpublished data) and by control studies using either BMem
isolated from HIV-1-negative individuals or from CD19�

CD27� cells (naïve B cell) from these NVS subjects. In both
cases, no Env-specific precursors were observed.

Using these assays, we censused BMem for precursors that rec-

Table 2. Neutralization in PBMC format

Donor

IC50 (dilution of plasma) for HIV-1 strain

BaL ADA 92BR020 IIIB 2044 2005 89.6 SF2 92HT594 92HT599

NVS5 380 520 1,040 320 240 180 520 6,800 320 320
NVS9 �30 �30 �30 �30 40 �30 �30 60 �30 �30
NVS10 �30 �30 �30 �30 �30 �30 �30 60 �30 �30

Table 3. Neutralization in Env-pseudotyped virus format

Donor

IC90 (�g/mL of total IgG) for HIV-1 strain

6535 APV6 APV14 APV17 APV19 BaL BX08 MN NSC SF162 JRCSF NL4–3 VsVg

NVS5 134 125 �300 144 128 193 112 67 12 32 203 90 �300
NVS9 �300 �300 �300 260 �300 �300 �300 80 9 25 �300 243 �300
NVS10 �300 �300 �300 �300 �300 �300 �300 201 80 136 �300 �300 �300
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ognize CD4bs, CD4i, and ‘‘Other’’ Env epitopes. An example of the
type of ELISA data generated is shown in Fig. 2A for NVS10. In
this subject, the BMem precursors were approximately equal for
CD4i, CD4bs, and ‘‘Other’’ specificities in the range of 200–300
precursors per 106 BMem (Fig. 2 B and C). Further subdivision
within the ‘‘Other’’ category is apparent in Fig. 2A, with �70% (10
of 14) of the BMem precursors selectively recognizing the gp140
oligomer. We are hesitant at this point to read too much into the
apparent specificity for oligomer because the gp140 preparations
are heterogeneous in size and perhaps in native structures once they
are adsorbed to plastic. This caveat does not change the conclusion
that CD4i and CD4bs BMem precursors are prevalent in NVS10,
which is not true for the specificities of circulating anti-Env Abs in
this individual. A similar picture was found for NVS9 (Fig. 2 B and
C), who also had approximately equal frequencies of BMem specific
for CD4i, CD4bs, and ‘‘Other’’ Env epitopes in the range of
400–600 precursors per 106 BMem. Again, the prevalence of BMem
precursors specific for CD4i and CD4bs epitopes was discordant
with the titers of circulating Abs to these epitopes. BMem precursor
analysis for NVS5 presented a different and potentially important
picture. This individual had very low levels of CD4bs-specific BMem,
at �20 precursors per 106 BMem. This corresponds to 5.6% of the
total Env-specific BMem precursors for this individual and is barely
above our limit of detection in this assay format of 10 precursors per
106 BMem. By contrast, the BMem precursor pool was dominated by
BMem specific for CD4i and ‘‘Other’’ Env epitopes, corresponding
to 50% and 44.4% of detectable Env-specific precursors, respec-
tively (Fig. 2 B and C). The absence of CD4bs-specific plasma Abs
and very low levels of CD4bs-specific BMem strongly indicates that
the broad neutralizing Ab response for NVS5 is not due to Abs
specific for CD4bs epitopes.

Because our conclusions are based on analysis of supernatants of
BMem activated under limiting dilution conditions, it was important
to confirm that the Ab specificities found in the supernatants match
those of the BMem themselves. This was addressed by mAb isolation
using a new algorithm developed for this purpose. A more detailed
description of the method will be published elsewhere, but as proof
of principle 3 mAbs (N5-I1, N5-I2, and N5-I3) were cloned from
BMem in wells whose supernatants were positive for CD4i antibod-
ies. As shown in Fig. S3, all 3 IgG1 mAbs showed strong reactivity
with FLSC and low reactivity with gp120 in ELISA. Furthermore,
each mAb was encoded by the VH1–69 gene segment (data not
shown) that is found in the majority of CD4i mAbs reported to date
(28). This is also confirmed by an ongoing analysis of 30 additional
Env-specific mAbs isolated from BMem cultures in our NVS cohort

(unpublished data). Taken together, the data described above
strongly suggest that the specificities of BMem should be evaluated
as a component of studies aimed toward correlating Ab specificity
and control of HIV-1 infection.

Discussion
The present study tests the hypothesis that analyses of BMem
provides a facile and informative method for dissecting past Ab
responses against cross-reactive HIV-1 Env epitopes in clinical
cohorts in which these responses might not be evident in the
circulating Ab pool. Our NVS cohort (5), which comprises HIV-1
infected individuals who control viremia to undetectable levels for
many years without antiretroviral therapy, is one such population.
These individuals are expected to have low antigen burdens con-
sequent to viral control, and this should be reflected by simulta-
neously low steady-state Ab responses to certain HIV-1 epitopes.
Results from our serologic analyses (Fig. 1) of reactivity with
conserved receptor binding sites on gp120 are consistent with this
prediction. Our data also agree with recent studies showing that
elite controllers and highly active antiretroviral therapy-treated
patients with undetectable viremia have lower levels of both
Env-binding and neutralizing Abs compared with viremic chronic
progressors (10, 11). Nevertheless, our studies show that specifici-
ties to conserved neutralizing targets (CD4bs and CD4i epitopes)
are clearly evident in the BMem pool of 2 NVS subjects (NVS9 and
NVS10) who had little or no cognate Ab titers at the time of plasma
collection. Moreover, the high frequencies of these BMem suggest
that responses to CD4i and CD4bs epitopes were robust at some
point during an earlier stage of infection. Using larger cohorts, it
should now be possible to determine whether these archived
repertoires correlate with NVS status or some form of transient
immunologic control that eventually wanes as viremia is cleared.

Our third NVS subject, NVS5, had broadly neutralizing Abs in
the circulation as determined in the CD4-triggered and 2 conven-
tional neutralization assay formats (Fig. 1B, Table 2, and Table 3).
This individual had the strongest-binding Ab responses to CD4i
epitopes of the NVS subjects, whereas significant responses to
CD4bs epitopes were not apparent. This pattern was also reflected
in the BMem pool, where �50% of the precursors were specific for
CD4i epitopes and only a marginal 5.6% were specific for CD4bs
epitopes.

It has recently been posited that the broadly neutralizing activity
seen in some HIV-positive individuals is attributed to Abs directed
against the CD4bs (7, 8) and that natural or vaccine-induced control
of infection must rely on such specificity. Because one mAb specific

Fig. 2. Identification of HIV-1 Env-specific BMem. One hundred BMem per well were stimulated for 2 weeks, and supernatants were screened for total CD4i, CD4bs,
and ‘‘Other’’ HIV-1 Env protein-specific BMem by ELISA using a mixture of anti-� and anti-� Abs. (A) Representative ELISA data for supernatants of NVS10. (B) HIV-1
Env-specific BMem in 3 NVS donors are shown as frequency per 106 total BMem. The detection limit is 10 precursors per 106 BMem. (C) Percentages of BMem of CD4i
(blue), CD4bs (red), and ‘‘Other’’ specificities (yellow) in each donor (NVS5, NVS9, and NVS10) are shown in a pie chart.
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for a CD4bs epitope is broadly neutralizing (26), there is intense
interest in identifying such responses in vivo as a correlate of
protection (7, 8). Our data showing that NVS5 developed little or
no circulating Ab response or BMem precursors specific for CD4bs
epitopes over the course of infection yet harbored broadly neutral-
izing Ig suggest that there are additional and equally important
targets for vaccine design. On the basis of our data, it seems unlikely
that CD4bs-specific Abs contribute to viral control in NVS5.

NVS5 was also distinct in that there was a good specificity match
between the circulating Ab response and the BMem precursor pool.
Notably, NVS5 was the individual who exhibited transient, low-level
viremias in the range of 100–400 copies during the first 3 years of
observation and again in the 8th year of observation, shortly after
the specimens studied above were collected (Fig. S1). It is possible
that the neutralizing Abs observed in the plasma of NVS5 were
elicited in response to the increase in viral load that occurred
around the time that the test specimens were collected. Because
subsequent analyses of viral loads (Fig. S1) indicate that this
rebound is being controlled, NVS5 offers a unique opportunity to
implicate particular Ab specificities in the control of infection.

Although our data do not allow us to establish a firm relationship
between viral control and Ab specificities, it is interesting to note
that CD4i-specific BMem were present at high frequencies in all 3
NVS subjects. Circulating Abs specific for CD4i epitopes were nil
to low in the 2 NVS subjects who exhibited tight control of viremias.
By contrast, NVS5 exhibited much higher titers of Abs specific for
CD4i epitopes in each of the assay formats. This observation is
consistent with boosting of these responses by transient viremia and
possibly implicates CD4i Abs in the dampening of viral replication
in NVS5. At this point it is impossible to establish causality between
viral control and the presence of CD4i-specific Abs in NVS5;
however, they are consistent with our recent demonstration of a
correlation between viral control and circulating Abs specific for
CD4i epitopes in rhesus macaques immunized with a version of
FLSC in which the CD4 component was derived from rhesus
macaques (rhFLSC) (29). It is interesting to note that most HIV-
1-infected individuals mount Ab responses to CD4i epitopes and
that these responses appear around the time of initial viral control
in people (30) and in our rhFLSC vaccine model in rhesus
macaques (29).

Overall, our data show that comprehensive analysis of BMem
specificity pools will allow for more precise characterization of
anti-Env humoral responses than are possible with serologic anal-
yses of plasma Ab responses alone. This view is obvious for subjects
NVS9 and NVS10, in whom plasma CD4bs and CD4i responses are
low to negative but both sets of specificities are well represented in
the BMem pool. Thus, in at least some individuals who strictly control
viremia, serologic responses underrepresent the true Ab responses
made by that individual at times that the virus was being brought
under control. In addition, we have developed a new algorithm to
isolate mAbs from BMem precursors that obviates many of the
problems encountered with conventional methods, such as hybrid-
omas, EBV transformation, and phage display. This method, cou-
pled with BMem precursor analysis in well-defined controller co-
horts, greatly increases the probability that Ab specificity can be
correlated with viral control if a causal relationship exists.

Materials and Methods
Subjects and Reagents. Blood was obtained from NVS donors (5, 6) and normal
healthy volunteers under approval of the University of Maryland Institutional
Review Board. Plasma was collected from blood after centrifugation and was
keptat�80 °C.PBMCswere isolatedbyFicoll-Hypaque(Histopaque-1077,Sigma-
Aldrich) centrifugation and were stored in liquid nitrogen after resuspension in
freezing medium [90% (vol/vol) FBS, DMSO].

Recombinant gp120Ba-L from the HIV-1Ba-L isolate and an FLSC fusion protein
of gp120Ba-L and human CD4 D1D2 were produced in the laboratory as described
previously (31). An HIV-1Ba-L gp140 oligomer protein (gp140Ba-L) with a chimeric
N-terminal gp41 of simian immunodeficiency virus was prepared at Advanced
BioScience Laboratories according to published methods (32). Soluble human

CD4-D1D2 fused to the Fc domain of human IgG1 (sCD4-Ig) was isolated from
293T cells stably transfected with a sCD4-Ig construct generously provided by Dr.
Brian Seed (Massachusetts General Hospital, Boston, MA). Soluble human CD4-
D1D4 protein was provided generously by Biogen. An IgG chimera of FLSC
(FLSC-Ig) was prepared in our laboratory as described previously (33). An IgG
chimera of gp120Ba-L (gp120-Ig) was derived from the FLSC-Ig construct by re-
moval of the CD4-D1D2 coding region and fusing the gp120 region plus the
flexible serine-glycine linker of FLSC with the human IgG Fc fragment of the
chimera. The resulting gp120-Ig protein was isolated in the laboratory from a
stably transfected 293T cell using protein-A Sepharose columns (Sigma-Aldrich)
(31). An affinity-purified goat Ab (D7324) specific for the C-terminal peptide of
HIV-1 gp120 was purchased from Cliniqa. HIV-1 CD4i mAbs 17b, 19e, ED47, C11,
and A32 were purified by protein A affinity chromatography from hybridoma
cells or 293T supernatants prepared by transfecting heavy- and light-chain genes
encoding the Abs. These mAbs were kindly provided by Dr. James Robinson of
Tulane University (New Orleans, LA). CD4bs mAb M14 (34) was kindly provided by
Dr. Dimiter Dimitrov of the National Cancer Institute (Frederick, MD). CD4bs mAb
b12 (26) was made from 293T cells transfected with synthesized b12-IgG1 expres-
sion vectors. The broadly neutralizing mAb 2G12 was purchased from Polymun
Scientific.

ELISA. ELISA was performed using a modified protocol (31, 35). All incubations
were performed at 37 °C and used a 50-�L-per-well volume format. Blotto buffer
[Tris-bufferedsaline (TBS;10mMTrisand100mMNaCl;pH8.0)with10%drymilk
and 0.1% Nonidet P-40] was used as blocking solution and diluting solution for
sample and detecting Abs. TBS-T buffer (TBS with 1% Tween-20) was used as
washing solution. Briefly, plates were coated with D7324 (2 �g/mL) in TBS at 4 °C
overnight. Recombinant gp120Ba-L (1 �g/mL) or FLSC (1 �g/mL) were captured
onto the plates by incubation for 1 h, and then Ab or supernatant of B cell culture
diluted 4 times in blotto was incubated in plate for 1 h. Bound Abs were then
incubated 1 h with 1:1,000-diluted alkaline phosphatase (AP)-goat antihuman
IgG (for detection of mAb) or antihuman �-chain and/or �-chain Abs (for detec-
tion of total reactive Ab and determination of light chain) (Southern Biotech;
catalog no. 2040–04) and detected with Blue Phos Microwell Phosphatase Sub-
strate System (KPL 50–88-00). The gp140 ELISA was performed as above, except
gp140Ba-L was directly coated on the plate at 1 �g/mL overnight at 4 °C. Similarly,
an in-house quantitative human total IgG ELISA was set up by coating with
unconjugated goat antihuman � and antihuman � Abs (all from Southern Bio-
tech), detecting with AP-goat antihuman IgG.

Competition ELISA was used as described previously (36) to determine
whether plasma samples contain CD4i Abs that block CD4i mAbs (17b and ED47)
binding to FLSC or CD4bs Abs that block CD4bs mAbs (b12 and sCD4-Ig) binding
to gp120. Briefly, we captured FLSC or gp120 to 96-well plates as above. After
washing, captured Env was incubated with the indicated concentrations of
plasma samples premixed with a biotinylated mAb of half-maximum binding
concentrationfor1handthendetectedwithAP-conjugatedStreptavidin (South-
ern Biotech) as described above. Data were normalized to the percentage of
reactivity seen in the presence of normal serum, and IC50 titer was calculated.

Inhibition of HIV-1 Env Proteins Binding to CD4 or CCR5. The abilities of Abs to
block thebindingofgp120-Ig toCD4orFLSC-Ig toCCR5weredeterminedbyflow
cytometry using CEM-NKr cells (for CD4 assays) or C2fTh/CCR5 cells (for CCR5
assays). Briefly, FLSC-Ig or gp120-Ig was labeled with Zenon-APC reagent (Invitro-
gen) according to the manufacturer’s instructions and used in preliminary exper-
iments to confirm specific saturable binding of the ligands to their receptors. The
abilities of CD4bs or CD4i Abs in plasma to block binding of the ligands was
determined by preincubating limiting concentrations of APC-tagged gp120-Ig or
FLSC-Ig with plasma dilutions before incubation with the indicator cells and
measurement of bound ligand by flow cytometry using a FACSCalibur flow
cytometer (BD Biosciences).

Neutralization Assays. We tested plasma samples in neutralization assays of
conventional Phytohemagglutnin (PHA)-PBMC format (29, 37) performed by our
group and IgG purified from plasma in an Env-pseudotyped virus format (9, 38)
performed by Monogram Biosciences. As an additional measure of CD4i Abs,
plasma was tested in the ‘‘CD4-triggered’’ neutralization assay that uses TZM-bl
reporter cells and HIV-27312A/V434M, as described previously (21). This format
specifically detects CD4i Abs by markedly enhanced neutralization of the virus in
the presence of subinhibitory quantities (9 nM) of sCD4 (21, 29).

Detection of HIV-1 Env-Specific BMem cells. We adapted an in vitro B cell
stimulation method (27) to activate human BMem to become Ab-secreting cells. In
brief, B cells were first purified from PBMC by negative bead sorting (StemCell),
and BMem were further enriched by positive sorting using anti-CD27 mircrobeads
(Miltenyi Biotec). B cell populations depleted of BMem were also recovered to
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provide negative controls. One hundred BMem per well were cultured in 96-well
round-bottom plates, as described previously (27). Supernatants were collected
after 2 weeks’ incubation and screened for total anti-HIV-1 Env Abs by using a
mixture of antihuman �-chain and �-chain Abs. Anti-Env-positive supernatants
were subsequently evaluated for individual light-chain specificity and heavy-
chain isotype. Total IgG in the supernatants was also quantified by capture ELISA.
Total human IgG concentrations were typically in the range 0.5–2 �g/mL. Initial
studies established the linear relationship between cell concentration and cul-
tures positive for anti-Env Abs as predicted by the Poisson distribution. We chose
to use a seeding density of 100 BMem per well because this resulted in fewer than
10% of the wells being positive for Abs specific for Env epitopes. In a typical
experiment �95% of the culture wells were IgG positive. Thus, there is a high
probability that the anti-Env Ab found in a single well is derived from a single
Env-specific BMem precursor. Frequencies of HIV-1 Env-specific BMem precursors
were estimated from the fraction of wells containing Env-specific Abs relative to
the total wells and normalized as per 106 BMem after correction for BMem purity.
These frequencies are in good agreement with results from other studies mea-
suring the frequencies of human BMem for a variety of antigens (39).

Isolation of Env-Specific mAbs from BMem Cultures. To determine whether the
specificity of BMem is reflected accurately by the analysis of culture supernatants,
we isolated mAbs from the cultures. Initially we attempted to use a modified EBV
transformation method (27) but had no success in isolating stable cell lines
secreting Env-specific mAbs in a number of attempts. For this reason we devel-
opedanewalgorithmtoidentifyheavychainvariableregion(VH)andV�/�genes
that encode Env-specific Abs in ‘‘mini-libraries’’ prepared directly from the BMem

cultures.Briefly, cells fromEnvAb-positivewellswereharvestedwithoutpassage,
and total RNA was isolated. Human VH and V� or V� genes were then amplified
by RT-PCR and cloned into IgG1 and � or � expression vectors with modifications
of a previously reported method (40). Individual VH or V�/V� mini-libraries were
prepared for each positive well by pooling all of the VH plasmid clones and,
separately, all of the V� or V� plasmid clones. The VH and V� or V� mini-libraries
were mixed and used to transfect 293T cells, followed by analysis of culture
supernatantsbyELISAforEnv-specificAbs.ModelingstudiesusingclonedVHand
V�/V� genes from existing CD4i and CD4bs mAbs showed that this step could
detect the correct VH and V�/� pair if it was present in the mix at a frequency of
�1% or greater (Fig. S4), which is in a workable range when the mini-libraries are
made from 50 to 100 total B cells. Next, functional VH genes were identified by
cotransfecting293Tcellswith individualVHplasmidclonesmixedwitheitheraV�

or V� mini-library and screening culture supernatants by ELISA. Typically, screen-
ing 12–25 individual VH clones is sufficient to identify at least 1 that encodes a
functionalanti-EnvAb.FunctionalV�orV�genesare identifiedbycotransfecting
individual clones with the functional VH gene identified in the first step. Finally,
corresponding mAb was then produced by transient transfection of 293T cells
with the identified VH and V�/� pair and purification by protein A affinity
chromatography.
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