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HIV-2 has a lower pathogenicity and transmission rate than HIV-1. Neutralizing antibodies could be contributing to these ob-
servations. Here we explored side by side the potency and breadth of intratype and intertype neutralizing activity (NAc) in
plasma of 20 HIV-1-, 20 HIV-2-, and 11 dually HIV-1/2 (HIV-D)-seropositive individuals from Guinea-Bissau, West Africa. Pan-
els of primary isolates, five HIV-1 and five HIV-2 isolates, were tested in a plaque reduction assay using U87.CD4-CCR5 cells as
targets. Intratype NAc in HIV-2 plasma was found to be considerably more potent and also broader than intratype NAc in HIV-1
plasma. This indicates that HIV-2-infected individuals display potent type-specific neutralizing antibodies, whereas such strong
type-specific antibodies are absent in HIV-1 infection. Furthermore, the potency of intratype NAc was positively associated with
the viral load of HIV-1 but not HIV-2, suggesting that NAc in HIV-1 infection is more antigen stimulation dependent than in
HIV-2 infection, where plasma viral loads typically are at least 10-fold lower than in HIV-1 infection. Intertype NAc of both
HIV-1 and HIV-2 infections was, instead, of low potency. HIV-D subjects had NAc to HIV-2 with similar high potency as sin-
gly HIV-2-infected individuals, whereas neutralization of HIV-1 remained poor, indicating that the difference in NAc between
HIV-1 and HIV-2 infections depends on the virus itself. We suggest that immunogenicity and/or antigenicity, meaning the neu-
tralization phenotype, of HIV-2 is distinct from that of HIV-1 and that HIV-2 may display structures that favor triggering of po-
tent neutralizing antibody responses.

Whereas human immunodeficiency virus type 1 (HIV-1) is
spread globally, HIV-2 is mainly confined to West Africa,

with the highest prevalence being in the general population of
Guinea-Bissau (15, 37). It has been proposed that the spread of
HIV-2 in this region may have been facilitated by the colonial wars
in the 1960s and 1970s (28). Today, the HIV-2 epidemic seems to
be contained or even decreasing, while HIV-1 is spreading rapidly
(15, 29).

HIV-2 is known to be less virulent and less pathogenic than
HIV-1, and the majority of HIV-2-infected individuals remain
asymptomatic much longer than HIV-1-infected individuals (20,
22, 30). Plasma viral load is approximately 1 log unit lower in
HIV-2 than HIV-1 infection when matched for CD4� T cell count
(4), whereas the proviral load does not appear to differ between
the two infections (7, 36). The underlying mechanism for this
difference has yet to be clarified. However, factors within the host
immune response, including neutralizing antibodies, could play a
part. HIV-1 is notoriously known to evade the immune response
of the infected host by constantly producing variant viruses that
are resistant to neutralizing antibodies (1, 6, 40, 50, 53). In con-
trast, as shown in earlier work, all HIV-2-infected individuals had
sera with contemporaneous autologous neutralizing capacity
(11), rarely encountered in HIV-1 infections. Similarly, we noted
in another study comprising sera and HIV-2 isolates sequentially
collected over a 10-year period, that unlike HIV-1 infection, emer-
gence of neutralization-resistant HIV-2 variants could not be
demonstrated in the HIV-2-infected patients (47). In the same
study, we also noted that serum IgG of HIV-2-infected individuals
displayed a marked ability to cross-neutralize heterologous HIV-2

isolates of different subtypes. Instead, the development of anti-
bodies with the capacity to neutralize a broad range of heterolo-
gous viruses has been shown in only a fraction of HIV-1-infected
individuals (48). Moreover, the emergence of broadly neutralizing
antibodies in HIV-1 infection is usually not detected until several
years after infection (32), and it has been suggested that the po-
tency and breadth of these responses are driven by either virus
divergence (13, 39) or elevated virus burden (16, 34, 43). In con-
trast, the presence of autologous neutralizing activity against con-
temporaneous HIV-2 strains (11), as well as heterologous strains
(47), in HIV-2 infections may suggest that HIV-2 infection repre-
sents a suitable model for the study of immune responses that may
control an HIV infection.

Despite intense research and enormous amounts of effort in-
vested in the search for an HIV vaccine, no effective vaccine has yet
been found. In addition, it is still unclear what type of immune
response is necessary for control of an HIV infection. Develop-
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ment of a vaccine able to induce both broadly neutralizing anti-
bodies and a T lymphocyte response against the virus would most
likely represent the best strategy to pursue (9). So far, no vaccine
candidate has managed to induce broadly neutralizing antibodies,
leaving many open questions to be answered.

The current study was set up to compare, side by side, the
breadth and potency of type-specific, i.e., intratype, and cross-
neutralizing, i.e., intertype, neutralizing activity (NAc) in plasma
of HIV-1- and HIV-2-infected subjects from the same geographic
area, Guinea-Bissau. For the first time, this study also allowed
analysis of NAc in plasma of dually HIV-1/HIV-2 (HIV-D)-
infected individuals. NAc in plasma was tested against a panel of
HIV-1 and HIV-2 primary isolates, including isolates of the
CRF02_AG subtype, which is currently the most common HIV-1
subtype in this area (5, 17). The results show that the potency of
intratype neutralization differed between HIV-1 and HIV-2 infec-
tion, where high-titer NAc characterized the plasma of HIV-2-
infected individuals. The fact that in HIV-D infection NAc was
present against HIV-2 but not HIV-1 suggests differences in im-
munogenicity and/or antigenicity of the two viruses.

MATERIALS AND METHODS
Study population. The study participants resided in three adjacent sub-
urban districts, Bandim 1, Bandim 2, and Belem, in Bissau, Guinea Bissau.
They were part of general population cohorts of adult individuals that
have been followed for retroviral infections since 1987 within the frame-
work of the Bandim Health project (15, 26, 37, 38). The last serosurvey of
HIV infection took place from 2004 to 2006 (15). It comprised 2,548
individuals in 384 randomly selected houses; the number of houses rep-
resented a 10% sample of the total number of houses in the study area.
From this screening, all individuals with HIV-1/HIV-2 dual infection
(HIV-D) were identified. Singly HIV-1- or HIV-2-infected individuals

were randomly selected from the same cohort in a case-control manner.
In the present study, plasma from 20 HIV-1-infected individuals (of
whom 5 were also positive for human T cell leukemia virus type 1 [HTLV-
1]), 20 HIV-2-infected individuals (of whom 9 also were positive for
HTLV-1), and 7 HIV-D-infected individuals was investigated (Table 1).
In addition, since a low number of HIV-D infections were identified,
plasma from four HIV-D-infected individuals of a professional cohort of
police officers in Guinea Bissau (29) was also included. These samples
were collected within the same time frame, i.e., during 2004 and 2005, and
handled in the same way. The study participants were characterized by
assessment of CD4� cell count, plasma viral load, and IgG levels (Table 1).

Blood sampling and HIV-1, HIV-2, and HTLV-1 status determina-
tions. Venous blood samples were drawn and collected in CPT tubes (BD
Biosciences, San Jose, CA) with sodium citrate as anticoagulant, and
plasma was separated according to the manufacturer’s instructions.
Plasma was then kept frozen until use in neutralization assays, virus iso-
lation, viral load determinations, and other laboratory analyses. Serolog-
ical testing for HIV antibodies was done using the Behring Enzygnost
HIV-1/HIV-2 enzyme-linked immunosorbent assay (ELISA; Behring,
Marburg, Germany). Confirmation and HIV-1/HIV-2 diagnosis were
performed using Capillus HIV-1/HIV-2 (Cambridge Biotech Limited,
Galway, Ireland) and Immunocomb II HIV-1 and HIV-2 BiSpot RST
(Origenics, Yavne, Israel) test kits. Testing for HTLV antibodies was per-
formed using an HTLV enzyme immunoassay (Murex, Dartford, United
Kingdom), and confirmation was done using the line assay INNO-LIA
(Innogenetics, Ghent, Belgium). T lymphocyte subsets were deter-
mined by conventional flow cytometry (FACStrak; Becton Dickinson,
San Jose, CA).

Primary HIV-1 and HIV-2 isolates. For the analysis of neutralizing
activity of HIV-positive plasma, five HIV-1 and five HIV-2 primary iso-
lates were used. The HIV-1 panel included one subtype B isolate from
Sweden (B Sw); two subtype C isolates, one from Brazil (C Br) and one
from India (C IN); and two HIV-1 CRF02_AG isolates (AG GB/30 and AG
GB/48) originating from the same Guinea-Bissau study population from

TABLE 1 Characteristics of study participants

Characteristic
HIV-1-positive plasma
(n � 20)

HIV-2-positive plasma
(n � 20)

HIV-1/2-positive plasma
(n � 11) P valuea

Median (IQRb) age (yr) 35.1 (29.3–49.0) 61.6 (54.8–68.0) 47.0 (33.1–55.6) �0.001
Gender (% women) 75 70 73 0.939
HTLV status (% positive) 25 45 0 0.026
% with viral load (no. of RNA

copies/ml) ofc:
�1,001 22 72 14
1,001–10,000 22 22 14
�10,000 56 (data missing for 2) 6 (data missing for 2) 72 (data missing for 4) 0.003

Median (IQR) CD4� T cell
count/�ld

227 (176–341) 422 (261–500) 376 (69–489) 0.198

% with CD4� T cell count/
�ld of:

�499 16 28 20
200–499 53 67 50
�200 31 (data missing for 1) 5 (data missing for 2) 30 (data missing for 1) 0.346

Median (IQR) total IgG level
( mg/dl)e

22.6 (15.3–25.7) (data
missing for 4)

13.0 (10.3–15.6) (data missing
for 2)

17.8 (10.8–27.1) (data missing
for 5)

0.041

a P values calculated using the Kruskal-Wallis test, comparing means over the columns, the chi-square test, or Fisher’s exact test when appropriate.
b IQR, interquartile range.
c The plasma HIV-1 and HIV-2 loads were analyzed by measuring RT activity using the Cavidi ExaVir Load kit (Cavidi Tech AB, Uppsala, Sweden) according to the manufacturer’s
instructions. Both HIV-1 and HIV-2 were detected with this method ,and results are presented as number of RNA copy equivalents/ml.
d The percentage and absolute CD4� T cell counts were determined either by flow cytometry on a FACStrak instrument (Becton Dickinson, San Jose, CA) using three two-color
immunofluorescence reagents (CD45/CD14, CD3/CD4, and CD3/CD8; Simultest; Becton Dickinson, San Jose, CA) in combination with leukocyte counts or by flow cytometry on
a CyFlow instrument (Partec GmbH, Münster, Germany) using a CD4% antibody kit (CyTecs GmbH, Görlitz, Germany) according to the manufacturer’s instructions.
e IgG levels were measured by an in-house ELISA (47) with reagents from Jackson Immunotech (Marseille, France). In brief, plates were coated overnight with AffiniPure goat anti-
human IgG (20 �g/ml), alkaline phosphatase-conjugated anti-human IgG (diluted to 1:5,000) was used as a detection antibody, and purified human IgG was used as a standard.
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which the analyzed plasma was obtained (Table 2) (23, 42, 52). The HIV-2
panel contained five subtype A HIV-2 isolates, where two isolates origi-
nated from Guinea-Bissau (GB/1682 and GB/1812) and three isolates
originated from West Africa but from locations other than Guinea-Bissau
(A WA/1, A WA/2, and A WA/3) (3, 47). Eight viruses were isolated from
peripheral blood mononuclear cells (PBMCs) (1, 2), while HIV-1 AG
GB/30 and AG GB/48 were isolated from plasma (14). In brief, 2 days
prior to the start of the isolation, PBMCs were separated from buffy coats
of healthy blood donors and depleted of CD8� T cells using a magnetic
cell sorting system (MACS; Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany) according to the manufacturer’s instructions. CD8� T cell-
depleted PBMCs were then stimulated by the addition of phytohemagglu-
tinin (PHA) to a final concentration of 2.5 �g/ml in complete medium,
i.e., RPMI 1640 GlutaMAX medium supplemented with 10% fetal calf
serum (FCS), 0.1 �g/ml streptomycin (Invitrogen, Carlsbad, CA), and 0.1
U/ml penicillin (Invitrogen, Carlsbad, CA). Two days later, 1 ml plasma
from the HIV-infected individuals was centrifuged at 18,000 rpm for 1.5 h
and the sediment was resuspended in 500 �l infection medium, i.e., com-
plete medium supplemented with 2 �g/ml of the cationic polymer Poly-
brene and 10 U/ml interleukin 2 (Sigma-Aldrich, St. Louis, MO). The
resuspended virus pellet was then added to 500 �l of infection medium
containing 10 � 106 PHA-activated CD8� T cell-depleted PBMCs from
two different donors, and next, the mixture was incubated for 2 h at 37°C
in a 5% CO2 atmosphere. Subsequently, medium was added to a volume
of 10 ml and the incubation was continued. Cultures were kept for 4 weeks
with weekly harvest of supernatants and the addition of 3 � 106 fresh
PHA-activated CD8� T cell-depleted PBMCs. Cell-free culture superna-
tants were analyzed for reverse transcriptase (RT) activity using a Cavidi
HS Lenti RT kit (Cavidi Tech AB, Uppsala, Sweden). The viruses included
in the HIV-1 and HIV-2 panels were tested for coreceptor use on
U87.CD4 indicator cell lines as previously described (12, 33, 47). All iso-
lates were found to use CCR5 for cell entry, which was the rationale for the
use of U87.CD4-CCR5 cells as targets in the neutralization assays.

Neutralization assay by plaque reduction. The intra- and intertype
NAc of plasma from HIV-1- and/or HIV-2-infected individuals was de-
termined using a plaque reduction assay in U87.CD4-CCR5 cells (46).
U87.CD4-CCR5 cells were grown in complete Dulbecco’s modified Eagle
medium (DMEM), i.e., DMEM supplemented with 10% FCS, 0.1 �g/ml
streptomycin, and 0.1 U/ml penicillin (Invitrogen, Carlsbad, CA), and
split 1:3 to 1:6 twice a week. Briefly, virus stocks and heat-inactivated
plasma were mixed and diluted in DMEM infection medium, i.e., com-
plete DMEM supplemented with 2 �g/ml Polybrene (Sigma-Aldrich, St.
Louis, MO), to give a final concentration of virus giving 20 to 50 PFU/well
and a final plasma dilution starting at 1:40. Following incubation of virus-
plasma mixtures for 1 h at 37°C, 200 �l/well of virus-plasma mixtures was

distributed in triplicate to 48-well microtiter plates containing U87.CD4-
CCR5 cells at 50% confluence (seeded the day before). After 2 h incuba-
tion at 37°C, 300 �l/well of fresh medium was added and incubation was
continued overnight. On the day after infection, medium was replaced
with 1 ml of DMEM infection medium. Positive neutralization controls
consisted of wells with virus and plasma with known NAc, positive virus
controls consisted of wells with cells and virus without plasma, negative
controls consisted of wells with virus mixed with a pool of plasma from
five HIV-uninfected individuals participating in the serosurvey of HIV
infection in Bissau from 2004 to 2006, and cell controls consisted of wells
with cells only. The assay was terminated on day 3 by fixation with
methanol-acetone (1:1). The number of PFU was determined following
hematoxylin staining. NAc of the plasma was calculated by the formula
[1 � (number of PFU with plasma/number of PFU without plasma)] �
100, which expresses the degree of reduction in the number of PFU in the
presence of plasma relative to wells without plasma. The cutoff for neu-
tralization in this assay was based on intra-assay variation, which was
determined in three consecutive assays run on the same day and was
repeatedly found to have a standard deviation (SD) of �10%. The cutoff
chosen corresponded to �3 SDs, that is, a 30% reduction in the number of
plaques (46). Negative-control plasma tested individually from HIV-
uninfected subjects repeatedly did not result in reduction in the number
of plaques by more than 30% (data not shown). A pool was prepared and
used throughout the experiments. The assay has been standardized and
compared with other neutralization assays, including the conventional
PBMC-based HIV neutralization assay (18, 46).

Potency and breadth determination of neutralizing activity. For
analysis of the magnitude of NAc, plasma samples were titrated against
five HIV-1 and five HIV-2 isolates. The magnitude of NAc in an individual
plasma sample was determined by its neutralization score, defined as log-
transformed titers (48). Log-transformed titers were calculated by divid-
ing the highest dilution giving neutralization by 100 before applying a
log-base 3 transformation and then adding 1 {Y � [log 3(highest dilution
giving neutralization/100)] � 1}. All titers below the limit of detection
were given a value of 33 for the sake of calculation of a neutralization
score. The potency score was then calculated by summarizing the magni-
tude of the neutralization score for each plasma sample against each virus
and then dividing by the total number of viruses tested (Table 2). The
breadth of an individual plasma sample was defined by the number of
viruses neutralized at 1:40 and 1:80 dilutions in the plaque reduction
assay.

Statistical methods. For comparisons between categorical variables,
Fisher’s exact test or the chi-square test was used as appropriate. Differ-
ences between subgroups of numerical variables, such as potency and
breadth, were assessed by Mann-Whitney’s two-sample test or the

TABLE 2 Origins and characteristics of HIV isolates

Isolate Original name Yr Country of origin
Isolate
source Disease state ARTa HIV load

CD4� T cell
count Reference or source

HIV-1 B Sw 435:3415b 1990 Sweden PBMCs Asymptomatic No NAc 290 23
HIV-1 C Br 92Br025d 1992 Brazil PBMCs Asymptomatic No NA NA WHO Network (42)
HIV-1 C IN 98IN007d 1998 India PBMCs Asymptomatic No NA NA WHO Network
HIV-1 AG GB/30 CC30 2005 Guinea-Bissau Plasma AIDS No 118,300 100 52
HIV-1 AG GB/48 CC48 2005 Guinea-Bissau Plasma AIDS No 340,850 162 52
HIV-2 GB/1682 1682 1988 Guinea-Bissau PBMCs Asymptomatic No NA NA 33
HIV-2 GB/1812 1812 1988 Guinea-Bissau PBMCs AIDS No NA NA 33
HIV-2 A WA/1 12524 1997 West Africae PBMCs AIDS No 7,100 190 47
HIV-2 A WA/2 01va566 2001 West Africae PBMCs AIDS No 33,700 30 47
HIV-2 A WA/3 02va425 2002 West Africae PBMCs AIDS 3TC, d4T 21,900 290 47
a ART, antiretroviral treatment; 3TC, lamivudine; d4T, stavudine.
b Isolated 37 months after seroconversion.
c NA, not available.
d Collected within 2 years of seroconversion.
e Country in West Africa other than Guinea-Bissau.
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Kruskal-Wallis test as appropriate. The Spearman rank coefficient was
used to assess correlations. Multivariate regression was performed and
included the following variables: age group, gender, HTLV status, HIV
load, CD4� T cell count, and IgG level. Analyses were performed using
STATA, version 11, and SPSS software.

Ethical considerations. The study was approved by the Guinea-Bissau
Government Ethics Committee and the Ethical Committee at the Univer-
sity of Lund, Lund, Sweden. Study participants were counseled and pro-
vided informed verbal consent. Participants were offered medical exami-
nation with free essential medications. Antiretroviral treatment was not
available in the country at the time of plasma sampling but is now pro-
vided to this study population.

RESULTS
Comparison of intratype neutralization between HIV-1 and
HIV-2 infections. In order to study intratype NAc in HIV-1 and
HIV-2 infections, we analyzed plasma from 20 HIV-1-infected
individuals against a panel of five HIV-1 isolates and plasma from
20 HIV-2-infected individuals against a panel of five HIV-2 iso-
lates. Results are shown in a heat map with reciprocal neutraliza-
tion titers indicated for each individual plasma-virus combination
(Table 3). Considering intratype neutralization against the most
sensitive isolate, mean reciprocal titers were in the ranges of 104

and 102 for HIV-2 and HIV-1 plasma, respectively. The highest
reciprocal titers encountered in the intratype neutralization with
HIV-2 plasma were over 106, whereas HIV-1 reciprocal titers did
not exceed 103 (Table 3). Notably, neutralization of HIV-1 isolates
by HIV-1 plasma rarely exceeded 1:160, and when it did it was
against only one isolate, HIV-1 C Br. In contrast, neutralization
titers of HIV-2 plasma against HIV-2 isolates were �1:320 in 64%
of tests (Table 3).

To allow quantitative comparisons between HIV-1 and
HIV-2 neutralization, the magnitude of neutralization by each
individual plasma sample was expressed as a neutralization
score defined as log-transformed titer, i.e., [log 3(highest dilu-
tion giving neutralization/100) � 1]. (Conversions of recipro-
cal neutralization titers to neutralization scores appear in foot-
note a of Table 3.) The potency of NAc was then calculated as
the mean neutralization score obtained against the different
panels of tested isolates. The analysis showed that the NAc of
HIV-1 plasma against HIV-1 isolates (mean potency score,
0.53) was significantly lower than the NAc of HIV-2 plasma
against HIV-2 isolates (mean potency score, 3.18) (P � 0.0001)
(Fig. 1A). However, it should be noted that in both virus pan-
els, individual viruses varied in their sensitivity to neutraliza-
tion and did so more in the HIV-2 panel than in the HIV-1
panel (magnitude scores, 7.5-fold and 22-fold, respectively)
(Fig. 1B and C). The results indicate that HIV-2-infected indi-
viduals display a potent type-specific NAc, whereas such a
strong type-specific NAc is absent in HIV-1 infection.

Considering the breadth of intratype NAc, we found no differ-
ence between HIV-1 and HIV-2 plasma tested at a dilution of 1:40,
such that HIV-1 plasma neutralized nearly as many HIV-1 isolates
as HIV-2 plasma neutralized HIV-2 isolates (on average, 4.2 and
4.45 out of the possible 5, respectively) (Fig. 2A). Due to the high
percentage of neutralization in both groups at this low plasma
dilution (1:40), any difference between HIV-1 and HIV-2 with
regard to the breadth of neutralization might have been over-
looked. Analysis was therefore repeated at the level of a 1:80
plasma dilution. In this case, we found a difference such that
plasma from HIV-2-infected individuals displayed broader intra-

type NAc than plasma from HIV-1-infected individuals (average
breadth scores, 3.6 and 1.6, respectively; P � 0.001) (Fig. 2B). In
other words, only one of the HIV-1 isolates (C Br) was neutralized
by more than 50% of HIV-1 plasma samples diluted 1:80, whereas
four out of the five HIV-2 isolates were neutralized by 50% or
more of HIV-2 plasma samples at the same dilution (Fig. 2C and
D). From these results, we conclude that if the potency of NAc is
taken into consideration, the breadth of the intratype NAc of
HIV-1 and HIV-2 can be distinguished.

Comparison of intra- and intertype neutralization in HIV-1
and HIV-2 infections. Intertype neutralization was analyzed in
three ways. First, we asked the question whether the NAc of HIV-2
plasma against HIV-1 isolates differed from the NAc of HIV-1
plasma against HIV-2 isolates (cross-analysis opposite intratype
potency in Fig. 1A). The overall potency of neutralization showed
that HIV-1 plasma neutralized HIV-2 isolates more potently than
HIV-2 plasma neutralized HIV-1 isolates (mean potency scores,
0.51 and 0.16, respectively; P � 0.001) (Fig. 1A). Similarly to in-
tratype neutralization, a difference in breadth of intertype neutral-
ization between HIV-2 and HIV-1 was revealed at a 1:80 but not
1:40 plasma dilution (overall breadth scores of NAc, 1.6 and 0.4,
respectively; P � 0.001) (Fig. 2A and B).

Second, we asked the question whether the NAc in plasma had
type specificity (horizontal analysis in Fig. 1A and 2). Unexpect-
edly, we observed that HIV-1 and HIV-2 isolates were neutralized
with similar potency by HIV-1 plasma (potency scores, 0.53 ver-
sus 0.51). This was in sharp contrast to HIV-2 plasma, where the
difference in capacity to potently neutralize HIV-2 compared with
HIV-1 isolates was highly significant (potency scores, 3.18 versus
0.16; P � 0.001) (Fig. 1A). Comparably to potency, the breadth of
intratype and intertype NAc was not significantly different in
HIV-1 plasma diluted 1:80. On the other hand, HIV-2 plasma,
whether diluted 1:40 or 1:80, neutralized HIV-2 isolates signifi-
cantly better than HIV-1 isolates, whereas type specificity of neu-
tralization by HIV-1 plasma was revealed only at the 1:40 dilution
(Fig. 2A and B).

In a third comparison, we asked whether the sensitivity of
HIV-1 and HIV-2 would be different in intra- and intertype neu-
tralization (vertical analysis in Fig. 1A and 2A and B). We found
here that HIV-1 isolates in general were more sensitive to neutral-
ization by HIV-1 plasma than by HIV-2 plasma (overall potency
scores and breadth, P � 0.01 and P � 0.001, respectively) (Fig. 1A
and 2B). Likewise, HIV-2 isolates were found to be more sensitive
to neutralization by HIV-2 plasma than by HIV-1 plasma (overall
potency scores and breadth, P � 0.05 and P � 0.001, respectively)
(Fig. 1A and 2C). When each virus in the two panels was consid-
ered separately, we also noted these differences, especially when
comparing the sensitivity of HIV-2 isolates to neutralization by
HIV-1 and HIV-2 plasma (Fig. 1 and 2).

Taken together, comparisons of NAc of intra- and intertype
neutralization suggest that HIV-2 displays a more neutralization-
sensitive phenotype than HIV-1, since HIV-2 isolates were more
potently neutralized by HIV-1 plasma than HIV-1 isolates were by
HIV-2 plasma. The more neutralization-sensitive phenotype dis-
played by HIV-2 may also explain why HIV-1 plasma neutralized
both types of viruses with equal potency.

HIV-1- and HIV-2-directed neutralization by HIV-D
plasma. It is to be expected that individuals dually infected with
HIV-1 and HIV-2 have NAc against both types of viruses. How-
ever, it is not known to which level plasma of HIV-D-infected
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TABLE 3 Reciprocal titers of neutralizing activity in individual plasma samples against individual isolates from
HIV-1 and HIV-2 panelsa

a The given reciprocal titers correspond to 1/dilution of plasma giving the 30% inhibitory concentration (IC30) in the plaque reduction
neutralization assay applied, and boxes are color coded as follows: white, �40 to 160; yellow, 320 to 1,280; orange, 2,560 to 81,920; red,
163,840 to 2,621,440. Magnitude of neutralization was then calculated according to the formula [log 3(highest dilution giving
neutralization/100) � 1] and corresponds to titers as follows: �40 � 0; 40 � 0.166; 80 � 0.797; 160 � 1.428; 320 � 2.059; 640 � 2.69;
1,280 � 3.321; 2,560 � 3.952; 5,120 � 4.582; 10,240 � 5.213; 20,480 � 5.844; 40,960 � 6.475; 81,920 � 7.106; 163,840 � 7.737;
327,680 � 8.368; 655,360 � 8.999; 2,621,440 � 10.261.
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individuals can neutralize the two viruses compared with the level
that it can neutralize viruses from individuals singly infected with
either HIV-1 or HIV-2. Here we observed that HIV-D plasma
neutralizes HIV-2 isolates with a significantly higher potency
than HIV-1 isolates (potency scores, 2.75 versus 0.35; P �
0.001), mimicking the intratype NAc of HIV-2 plasma (Fig.
1A). When HIV-2 isolates were analyzed separately, the mag-

nitude of NAc of HIV-D plasma was elevated against two
HIV-2 isolates, GB/1682 and GB/1812, compared with HIV-1
plasma (P � 0.001 in both cases) (Fig. 1B). With all other
viruses, the magnitude of neutralization by HIV-D plasma ei-
ther did not differ or was intermediate between HIV-1 and
HIV-2 singly infected plasma (Fig. 1B and C). In addition,
overall NAc of HIV-D plasma was broader against HIV-2 than

FIG 1 Potency and magnitude of intra- and intertype NAc in HIV-1, HIV-2, and HIV-D plasma. (A) Mean potency scores of intra- and intertype NAcs of HIV-1
(n � 20), HIV-2 (n � 20), and HIV-D (n � 11) plasma tested against five HIV-1 and five HIV-2 isolates. (B and C) Mean magnitudes of intra- and intertype NAc
in plasma against the individual isolates. The diameters of the illustrated circles correspond to the potency/magnitude scores of plasma NAc, where scores of 1,
3.1, 5.2, and 7.3 correspond to reciprocal titers of 102, 103, 104, and 105, respectively.�, P � 0.05; ��, P � 0.01; ���, P � 0.001.
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HIV-1 isolates when tested at the 1:80 but not at 1:40 dilution
(Fig. 2A and B). When each isolate was considered separately,
the breadth of neutralization by HIV-D plasma rarely differed
from that of plasma from singly HIV-1-infected individuals,
and breadth scores were most often intermediary between
those of HIV-1 and HIV-2 plasma (Fig. 2C and D). Taken
together, these results indicate that plasma of HIV-D-infected
individuals displays a more potent type-specific NAc to HIV-2
than to HIV-1.

Modulators of neutralizing activity in HIV-1, HIV-2, and
HIV-D plasma. In order to gain insight into the mechanisms gov-
erning the potency and breadth of NAc present in plasma of HIV-
1-, HIV-2-, or HIV-D-infected individuals, we studied the impact

of demographic, clinical, and immunological parameters by the
use of Spearman rank correlations and multivariate statistics.
Analyses comprising relationships between NAc and various pa-
rameters, including age, viral load, CD4� count/ml, and plasma
IgG levels, revealed that both the potency and breadth (assayed at
the 1:80 plasma dilution) of HIV-1 intratype neutralization cor-
related with viral load (P � 0.05) (Table 4). This was further sup-
ported by multivariate statistics, including the above-listed pa-
rameters, in addition to gender and HTLV status (P � 0.02). In
contrast, the potency and breadth of HIV-2 intratype NAc did not
correlate with viral load. Interestingly, age was independently as-
sociated with the breadth of NAc in both HIV-1 and HIV-2
plasma (P � 0.01). In addition, in the Spearman rank analyses, the

FIG 2 Breadth of intra- and intertype NAc in HIV-1, HIV-2, and HIV-D plasma. Mean breadth of intra- or intertype NAc in HIV-1 (n � 20), HIV-2 (n � 20),
and HIV-D (n � 11) plasma, where the indicated numbers correspond to the mean numbers of neutralized isolates tested against five HIV-1 and five HIV-2
isolates at 1:40 (A) and 1:80 (B) dilutions. (C and D) Breadth, here illustrated as percentage of HIV-1, HIV-2, and HIV-D plasma samples displaying NAc against
individual isolates in the HIV-1 and HIV-2 panels. �, P � 0.05; ��, P � 0.01; ���, P � 0.001.
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potency of HIV-1-directed NAc was associated with the breadth
of HIV-1 neutralization in plasma of HIV-1-, HIV-2-, as well as
HIV-D-infected individuals and the potency and breadth of
HIV-2 neutralization in plasma of HIV-1- and HIV-D-infected
individuals. In summary, our results suggest that viral load may
impact the potency and breadth of intratype HIV-1 but not HIV-2
neutralization. Moreover, age appears to influence the breadth of
both HIV-1 and HIV-2 intratype neutralization.

DISCUSSION

In the present work, we show that potent high-titer intratype NAc
distinguishes HIV-2 infection from HIV-1 infection. The mean
potency score of intratype neutralization in plasma of HIV-2-
infected individuals was found to be 3.18, which was well above
the potency score of NAc detected in HIV-1 plasma (mean, 0.53).
This difference was even more evident considering the magnitude
of intratype neutralization against the most sensitive isolate,
where mean reciprocal titers in HIV-2 and HIV-1 plasma differed
100-fold. Titers of NAc for HIV-2 and HIV-1 plasma were in the
ranges of 104 and 102, respectively. Instead, differences in the
breadth of intratype NAc depended on the level of plasma dilution
used in the analysis. At the lower plasma dilution, differences be-
tween the breadth of HIV-1 and HIV-2 plasma neutralization
were not apparent, whereas differences were revealed when a
higher plasma dilution was analyzed. This result shows that if the
potency of NAc is taken into consideration, the breadth of the
intratype NAc will also distinguish HIV-1 and HIV-2. Our find-
ings of differences in the breadth of intratype NAc in HIV-1 and
HIV-2 infection are in line with results published earlier by Ro-
driguez et al. (41). However, in regard to the potency of NAc, our
data are at variance with the data of Rodriguez et al., in that intra-
type NAc was of a higher magnitude in HIV-1 plasma than in

HIV-2 plasma (41). Notably, there are multiple differences be-
tween the two studies, and each of them may provide an explana-
tion. For example, the study populations differ in sociodemo-
graphic aspects: commercial sex workers (CSW) versus the
general population. Thus, it is plausible that the CSW have been
regularly exposed to exogenous HIV-1 and HIV-2 variants. This
antigenic stimulation may have different effects in HIV-2 and
HIV-1 infections. It is also conceivable that the length of HIV-2
infection may influence the outcome of neutralization, such that
prolonged exposure to antigenic stimulation may elicit neutraliz-
ing antibodies with high potency and/or breadth (51). The HIV-
2-infected subjects in our study were older than those in the study
of Rodriguez et al. (interquartile ranges, 55 to 68 years and 36 to
42.5 years, respectively) and were presumably infected for a longer
time (41). Indeed, our multivariate analysis revealed that the
breadth of both HIV-1 and HIV-2 intratype neutralization corre-
lated with age: NAc was broader in older than younger individu-
als. Furthermore, another reason for the differences for intratype
NAc potency could be the choice of viruses included in the neu-
tralization assays. In our case, we noted that the neutralization
sensitivity displayed a wide range, especially with HIV-2 isolates.
In addition, the type of assays differed in the two studies: our study
used a plaque assay with primary isolates propagated in activated
donor PBMCs, whereas in the study of Rodriquez et al. (41), re-
combinant viruses pseudotyped with envelope glycoproteins
(Env) of primary viruses were generated from transfection of 293T
cells.

It has repeatedly been demonstrated that in HIV-1 infec-
tion, the higher the HIV-1 plasma viral load is, the more potent
the plasma NAc is, suggesting that the amount of viral antigen
drives the immune response (reviewed in reference 24). We
find the same correlation for HIV-1 but, interestingly, not for

TABLE 4 Spearman rank correlates of breadth and potency of plasma neutralizing activitya

Sample Correlate

Potency Breadth

HIV-1 panel HIV-2 panel HIV-1 panel HIV-2 panel

HIV-1 plasma Age 0.156 �0.435 0.39 �0.163
Virus load 0.594 �0.316 0.530 �0.205
CD4� T cell count �0.185 0.404 0.062 0.330
IgG level 0.342 0.120 0.19 �0.049
HIV-1 panel potency 0.175 0.873 �0.174
HIV-2 panel potency 0.21 0.666
HIV-1 panel breadth �0.001

HIV-2 plasma Age 0.140 0.121 0.25 0.347
Virus load 0.254 �0.132 0.142 �0.15
CD4� T cell count �0.006 0.143 0.039 �0.003
IgG level 0.182 �0.034 0.129 0.025
HIV-1 panel potency 0.379 0.812 �0.08
HIV-2 panel potency 0.275 0.222
HIV-1 panel breadth 0.047

HIV-1/2 plasma Age �0.384 0.351 �0.306 0.321
Virus load 0.107 �0.108 0.255 0.472
CD4� T cell count 0.263 0.213 0.200 0.003
IgG level 0.543 �0.371 0.609 0.239
HIV-1 panel potency 0.197 0.856 0.456
HIV-2 panel potency �0.205 0.804
HIV-1 panel breadth 0.236

a Numbers correspond to rho values, and numbers in bold indicate statistically significant (P � 0.05) correlations.
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HIV-2. Another difference is that HIV-1 is more prone to vari-
ation than HIV-2, with the consequence of neutralization es-
cape. In fact, development of neutralization resistance has re-
peatedly been documented in HIV-1-infected subjects (1, 6, 40,
50, 53). This is not so in HIV-2 infection, where viruses remain
susceptible to autologous neutralization over a prolonged pe-
riod of at least 10 years (47). The emergence of new variant
viruses in HIV-1 infection may provide constant antigenic
stimulation, with a sustained high NAc in plasma as a conse-
quence (24). At the same time, neutralizing antibody responses
have been reported to drive the evolution of HIV-1 Env toward
neutralization resistance (19). In contrast, in HIV-2 infection,
high levels of NAc in plasma are concomitant with a low plasma
viral load and maintained neutralization sensitivity of isolated
viruses. This points to a qualitative difference in plasma NAc
present in HIV-1 and HIV-2 infection due to differences in
either the immunogenicity or antigenicity of the viruses.

The striking feature of our data, that the HIV-2-infected host is
able to mount and sustain a potent NAc in the presence of small
amounts of viral antigen, is reminiscent of features of data for a
third human retrovirus, human T cell leukemia virus type 1
(HTLV-1). It has been suggested that the outcome of infection—
control or disease— depends on whether the host is able to react to
small or large amounts of antigen (8). If small amounts of antigen
can elicit an immune response, control of infection ensues. How-
ever, if large amounts of antigen are required to evoke an immune
response, considerable virus replication is needed for eliciting ef-
fective immunity. It is tempting to speculate that HIV-2 elicits a
neutralizing antibody response in the absence of substantial virus
replication, whereas HIV-1 replication must occur to high levels
to produce a sufficient amount of antigen to trigger production of
neutralizing antibodies.

In comparison to HIV-2 NAc, HIV-1 NAc was never really
potent and intratype and intertype HIV-1 NAcs were equally in-
efficient. We hypothesize that the HIV-1 envelope glycoproteins
(Env) are differently targeted by neutralizing antibodies than
HIV-2 Env. It has been suggested that the conformation of HIV-2
Env is more open than that of HIV-1 Env, and thereby, HIV-2 Env
is more accessible to neutralizing antibodies (47, 49). Many HIV-2
isolates can infect cells independently of CD4 through direct bind-
ing to the coreceptor (49). Such isolates are more sensitive to
neutralizing antibodies, suggesting that the neutralization face of
Env is more exposed in such viruses than in viruses infecting cells
in a CD4-dependent manner. In fact, our most neutralization-
sensitive HIV-2 isolate has previously been reported to infect cells
independently of CD4 (27). Alternatively, spikes of the HIV-1 Env
may be too sparse for antibodies to bind effectively, resulting in
apparent neutralization resistance (25, 55). In this context, it
would be interesting to know whether Env of HIV-2 have a denser
placement of spikes and can more firmly bind antibodies that
successfully neutralize the virus.

Importantly, we could, for the first time, evaluate NAc in
HIV-D infections and observed highly potent neutralization of
HIV-2 isolates (mean potency score, 2.75) but not of HIV-1 iso-
lates (mean potency score, 0.35). Expressed in titers, NAc was over
1:160 in 49% of reactions against HIV-2 and in only one case
against HIV-1. HIV-D-infected patients can thus produce NAc to
HIV-2 with a potency nearly as high as that produced by singly
HIV-2-infected individuals, whereas neutralization of HIV-1 re-
mains poor. This again suggests that the difference between HIV-1

and HIV-2 infection relies on the virus itself and adds further
support to the notion that HIV-1 and HIV-2 Env differ in immu-
nogenic and/or antigenic properties.

From the dynamics of HIV-2 epidemics in Guinea-Bissau,
where the spread of HIV-2 has been linked to the independence
war back in the 1960s and 1970s and the HIV-1 epidemic has been
documented to be a more recent event, it is likely that HIV-2 was
the first to infect our HIV-D patients (unpublished data). If so, a
potent intratype HIV-2 NAc had been in place when the HIV-1
infection occurred. The poor intertype NAc elicited by HIV-2 may
explain why there was no protection against HIV-1 infection in
these subjects. Still, HIV-2 infection may have mitigated the con-
sequences of HIV-1 infection. Indeed, it has been reported that
HIV-1 plasma viremia may be controlled following superinfection
in an HIV-2-infected woman (21).

Variation of HIV-1 neutralization sensitivity is well docu-
mented, and, in fact, isolates have been classified into tiers 1 to 3,
with the most neutralization-sensitive viruses assigned to tier 1
(45). In our hands, the HIV-1 C Br isolate was neutralized by all
HIV-1 plasma and the magnitude of neutralization was highest in
comparison with that for the other HIV-1 isolates used. In com-
parison to HIV-2, the neutralization sensitivity of the five HIV-1
isolates used in the present study was low across the panel. The
overall neutralization sensitivity of HIV-2 isolates was higher than
that of HIV-1 isolates, even though the variation of neutralization
sensitivity was more striking. In a previous study involving 15
HIV-2 isolates from four patients, we proposed that the high sen-
sitivity to neutralizing antibodies of HIV-2 compared to HIV-1
may be due to differences in the structure of the V3 domain of Env
(47). We observed that HIV-2 isolates most often had only two
potential glycosylation sites (PNGS) in and around the V3 loop,
whereas HIV-1 isolates had four or five (47). Indeed, several stud-
ies showed that loss or removal of glycans in and around the
HIV-1 V3 loop may increase the sensitivity to neutralizing anti-
bodies (10, 31, 35, 44, 54). The difference in glycan density may
confer a more open and accessible V3 domain of HIV-2 than of
HIV-1 and may explain the greater neutralization sensitivity of
HIV-2.

Our results may provide insight into the nature of a potently
neutralizing humoral immune response. However, it is challeng-
ing to consider the possibility of changing the HIV-1 Env to make
them able to elicit humoral immunity similar in potency to the
immune response elicited by HIV-2.
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