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Progressive immune dysfunction and AIDS develop in most cases of human immunodeficiency virus type
1 (HIV-1) infection but in only 25 to 30% of persons with HIV-2 infection. However, the natural history and
immunologic responses of individuals with dual HIV-1 and HIV-2 infection are largely undefined. Based
on our previous findings, we hypothesized that among patients with dual infection the control of HIV-1 is
associated with the ability to respond to HIV-2 Gag epitopes and to maintain HIV-specific CD4* T-cell
responses. To test this, we compared the HIV-specific ex vivo IFN-y enzyme-linked immunospot
(ELISPOT) assay responses of 19 dually infected individuals to those of persons infected with HIV-1 or
HIV-2 only. Further, we assessed the functional profile of HIV Gag-specific CD4* and CD8" T cells from
nine HIV dually infected patients by using a multicolor intracellular cytokine staining assay. As deter-
mined by ELISPOT assay, the magnitude and frequency of IFN-vy-secreting T-cell responses to gene
products of HIV-1 were higher than those to gene products of HIV-2 (2.64 versus 1.53 log,, IFN-y
spot-forming cells/10° cells [90% versus 63%, respectively].) Further, HIV-1 Env-, Gag-, and Nef- and
HIV-2 Gag-specific responses were common; HIV-2 Nef-specific responses were rare. HIV-specific CD4™
T helper responses were detected in nine of nine dually infected subjects, with the majority of these T cells
producing gamma interferon (IFN-y) and tumor necrosis factor alpha (TNF-a) and, to a lesser extent,
interleukin-2. The HIV-1 plasma viral load was inversely correlated with HIV-2 Gag-specific IFN-y-/TNF-
a-secreting CD4™ and HIV-2 Gag-specific IFN-y-secreting CD8™ T cells. In conclusion, the T-cell memory
responses associated with containment of single HIV-1 and HIV-2 infection play a similar significant role
in the immune control of dual HIV-1 and HIV-2 infection.

In West Africa both human immunodeficiency virus type 1
(HIV-1) and HIV-2 cocirculate, and a small percentage of
individuals have both infections (referred to here as an “HIV-
1/2” infection) (8, 11, 12, 23). The natural history of dual HIV
infection has been difficult to study and is incompletely under-
stood. Several investigations in the Ivory Coast and Gambia
examined dually infected persons presenting to HIV or sexu-
ally transmitted disease (STD) clinics and reported that the
HIV-1 viral loads and annual mortality rates for these patients
were characteristic of individuals infected with HIV-1 alone.
Further, T-cell activation was increased in dually infected per-
sons compared to those with single HIV-1 infection, suggesting
that the natural history of HIV disease in dually infected pa-
tients is similar to, or even more aggressive than, that of HIV-1
infection alone (1, 16, 18, 26). However, contrasting results
were reported in the only published study to examine dually
infected subjects not presenting to such clinics (2). This latter
study in Guinea-Bissau examined dually infected patients ini-
tially recruited into tuberculosis and occupational cohort stud-
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ies (without knowledge of HIV serostatus). These patients had
lower HIV-1 plasma RNA levels than those with HIV-1 only
who were identified in a similar manner within these cohorts.
More than 30% of these dually infected untreated persons had
HIV-1 plasma RNA levels below 10,000 copies/ml. Possibly,
the contrasting findings in these studies were the result of the
selection basis encountered in clinic-based studies.

Over the last 10 years we have enrolled hundreds of HIV-
1-infected and more than 150 dually infected patients into
various studies in Senegal, West Africa. Comparison of HIV-1
viral loads among those with dual infection versus those in-
fected with HIV-1 alone is complicated since recruitment cri-
teria for these two groups of patients frequently differed. How-
ever, among those recruited regardless of CD4 T-cell counts,
the HIV-1 plasma RNA loads of those with dual infection
tended to be lower than those with HIV-1 alone (mean plasma
RNA of 3.61 versus 4.23 log,, copies/ml, respectively; P =
0.08) (8a). However, interpretation of such data is difficult,
given that the date of initial infection was unknown, and most
patients had little follow-up.

In our previous studies we examined the homologous and
heterologous (i.e., “cross-reactive”) T-cell responses of sub-
jects with single HIV-1 or HIV-2 infection. We found that
subjects with HIV-1 infection had high frequencies of cross-
reactive responses to HIV-2 (and vice versa for those with



9062 ZHENG ET AL.

HIV-2 infection) (33). HIV-1-infected subjects with the ability
to respond to HIV-2 Gag, as well as HIV-1 protein products
had lower HIV-1 plasma viral loads than those without “cross-
reactive” responses to HIV-2 Gag (33). At least in theory, the
results suggested that among those infected with HIV-1 the
additional presence of HIV-2 might result in increased devel-
opment of HIV-2 Gag responses and perhaps provide for in-
creased control of HIV-1 replication. Further, previous stud-
ies, including our own, have demonstrated that in contrast to
most subjects with HIV-1 alone, most persons infected with
HIV-2 alone maintain both CD4™ T-cell responses to HIV-2
protein products (10, 21, 22, 29, 33). In addition, recent studies
have suggested that the production of multiple cytokines is
important in the maintenance of functional CD4" and CD8"
T-cell responses in long-term nonprogressors (4). We hypoth-
esized that if dually infected subjects did develop increased
HIV-2 Gag responses, such patients might also better maintain
functional CD4™" T cells responses to HIV-1 and HIV-2 pro-
tein products. To determine whether HIV-1 viral load and
CD4™" T-cell counts are associated with the ability to respond
to HIV-2 Gag protein products, as previously described among
singly infected persons, and to determine whether dually in-
fected persons are more likely to have such responses than are
those with single HIV-1 infection, we characterized the HIV-1-
and HIV-2-specific cellular immune responses among dually
infected persons, comparing their responses to those seen with
single infection.

MATERIALS AND METHODS

Study population. As previously described (33), beginning in October 2000 all
patients 16 years of age and older who presented to the University of Dakar
Infectious Disease Clinic (Fann Hospital, Dakar, Senegal, West Africa) were
offered screening for HIV infection. Commercial sex workers, who are required
to present to the STD clinic in Dakar (Institut d’Hygiene Sociale) each month for
routine STD and HIV screening, were also tested. HIV testing was performed by
HIV-1/HIV-2 enzyme immunoassay (Genescreen, version 2, HIV-1/HIV-2; Bio-
Rad) after written informed consent was obtained, and HIV seropositivity was
confirmed by synthetic peptide-based membrane immunoassay (Immunocomb
11, bispot, phosphate-buffered saline). All patients who tested positive by both
assays were counseled in compliance with the Senegalese AIDS National Com-
mittee and the University of Washington Human Subjects Institutional Review
Board. All untreated HIV-2 and dually infected patients, as well as all untreated
HIV-1-infected patients with CD4* T-cell counts of =350 cells/pl at their
screening visit, were invited to enroll in an immunological study. All consenting
participants underwent a physical examination, a standardized interview, veni-
puncture for CD4™ T-cell counts, PCR confirmation of their HIV status, and
immunologic assays.

By October 2004, 291 HIV-infected patients were enrolled. The T-cell re-
sponses were measured by enzyme-linked immunospot (ELISPOT) assay in 112
HIV-1-infected, 78 HIV-2-infected, and 19 HIV-1/HIV-2 dually infected treat-
ment-naive patients. The overall HIV-1- and HIV-2-specific responses in a sub-
set of these patients, including 68 HIV-1 and 55 HIV-2 singly infected patients,
were previously reported (33). A subset of study subjects (78 HIV-1-infected, 53
HIV-2-infected, and 12 HIV-1/HIV-2 dually infected patients) was typed for
their human leukocyte antigens (HLA). HLA-A23, -A33, -B49, -B78, -C02, -C04,
-C07, and -C08 were common in the population. A33 and CO8 alleles were
somewhat more frequently detected in dually infected individuals than in HIV-1
or HIV-2 singly infected patients. However, these differences were not significant
after adjustment for multiple comparisons. No significant differences were found
in the frequencies in some known important HLA types such as B27, B35, B57,
B58, and the homozygosis of HLA-A, -B, and -C in these groups (data not
shown).

Virological and T-cell subset analyses. Plasma HIV-1 and HIV-2 RNA was
determined by using the Amplicor Monitor HIV-1 test and the quantitative
HIV-2 assay, respectively, as previously described (33). For the Amplicor Mon-
itor HIV-1 Test, the lower level of sensitivity was 50 copies/ml, with reliable
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quantitation at levels greater than 400 copies/ml. The quantitative HIV-2 assay
had a limit of detection of 40 HIV-2 RNA copies/ml, with reliable quantitation
at levels greater than 200 HIV-2 RNA copies/ml. A quantitative in-house real-
time reverse transcription-PCR assay was also used for testing plasma HIV-1 and
HIV-2 RNA levels for nine individuals from whom we had adequate samples for
intracellular cytokine staining (ICS) assays. Briefly, 1 ml of plasma from HIV-
1/2-infected patients or diluted standards (purified HIV-1 and HIV-2 from Ad-
vanced Biotechnologies, Inc.) was centrifuged at 22,065 X g for 1 h at 4°C.
Immediately, 860 pl of supernatant was removed carefully, and viral RNA was
extracted by using a QTAGEN QIAmp viral RNA minikit (QIAGEN catalog no.
52904). The HIV RNA was then quantified via a real-time one-step RT-PCR
assay using sequence-specific probes and an ABI 7900HT (for HIV-1, forward
primer [GGGGACATCAAGCAGCCAT], forward primer2 [GGGGACACCA
GGCAGCAAT], reverse primer [TACTAGTAGTTCCTGCTATGTCACTTC
C], and probe [reverse complement; 6FAM-TCTGCAGCTTCCTCATTGAT-
nfqMGBJ; for HIV-2, forward primer [GCGGAGAGGCTGGCAGAT], reverse
primer [GAACACCCAGGCTCTACCTGCTA], and probe [[FAM-AGAGAA
CCTCCCAGG-nfqMGB]). The viral load was quantified according to the stan-
dard curve; the limit of detection was 50 copies/ml for both HIV-1 and HIV-2.
Samples with a value below the detection limit were assigned a value of 50
copies/ml. Peripheral blood CD4* and CD8" T-cell counts were measured by a
consensus flow cytometry method (9) and are expressed as cells/pl.

Synthetic peptides. To express HIV epitopes for use in ELISPOT and ICS
assays, peptides of 15 amino acids (aa) (15-mers) were synthesized (Chiron
Corp., Emeryville, CA) that overlapped by 10 aa spanning the entire HIV-
1CRF-02 (HIV-1 A/G recombinant virus, accession no. AJ251056) Gag (n = 97),
Env (n = 171), Nef (n = 40), and Tat (n = 19) proteins and HIV-2 ROD
(accession no. M15390) Gag (n = 103), Env (n = 170), Tat (n = 24), and Nef (1
to 180 aa, n = 34) proteins. The HIV-2 Nef (181 to 256 aa, n = 15) peptides were
synthesized by the Shared Resources Center at Fred Hutchinson Cancer Re-
search Center (Seattle, WA) (as described by Zheng et al. [33]). The peptides
were reconstituted in 100% dimethyl sulfoxide (Sigma Chemical Co., St. Louis,
MO) and used at a final concentration of 2 pg/ml. Peptides corresponding to
each protein were used in small pools—Gag (five pools), Env (nine pools), Nef
(four pools), and Tat (two pools)—for both HIV-1 and HIV-2 in the ELISPOT
assay. For the CD4™ and CD8™" T-cell subset responses and functional cytokine
profile ICS assay, one large pool per gene product was used.

IFN-y ELISPOT assay. To evaluate T-cell responses recognizing HIV-1 and -2
epitopes, peripheral blood mononuclear cells (PBMC) were isolated from anti-
coagulated blood and evaluated fresh in gamma interferon (IFN-y) ELISPOT
assays (33). Spots formed by IFN-y-secreting cells were counted by using an
automated ImmunoSpot plate reader (Cellular Technologies, Cleveland, OH),
and the results are presented as spot-forming cells (SFC) per 10° PBMC. A
response was considered positive when (i) the mean SFC for the experimental
wells was at least twofold greater than the mean SFC for the negative control
wells and (ii) the mean SFC/10° PBMC in the experimental wells was greater
than 100 after subtraction of the mean SFC/10° of the control wells. To deter-
mine the magnitude of the number of IFN-y SFC, responses with <100 SFC/10°
cells were considered negative and scored as “0,” whereas for positive responses
(>100 SFC/10° cells), SFC were summed across all pools within a gene product
and scored as the total number of SFC minus 100. To determine the breadth of
responses to HIV-1 and HIV-2 gene products, the IFN-y SFC frequencies
recognizing each individual gene product were combined and expressed as a
percentage of total responses. The number of HIV genes recognized was mea-
sured as the breadth of responses.

ICS. In the Senegal laboratory, one million PBMC (isolated from anticoagu-
lated blood)/well (in 96-well round bottom plates) were stimulated with HIV
peptide pools, a cytomegalovirus (CMV) peptide pool or staphylococcal entero-
toxin B (for a positive control) or 2% dimethyl sulfoxide (for unstimulated
negative controls) for 6 h at 37°C in the presence of 1 pg of anti-CD28 and
CD49d monoclonal antibodies/ml and 10 wg of brefeldin A/ml. EDTA and
ethidium monoazide were then added, and the cells were washed and fixed in
fluorescence-activated cell sorting solution. The 96-well plates were stored in a
—70°C freezer and dry shipped to the Seattle Fred Hutchinson Cancer Research
Center laboratory.

In Seattle, intracellular staining was performed by using standard techniques
(BD Biosciences, cytokine flow cytometry protocol) with previously titrated an-
tibody reagents. Anti-CD3-PerCpCy5.5, anti-CD4-fluorescein isothiocyanate,
anti-CD8-APCCy7, anti-CD14-PerCp, anti-CD19-PECy5, anti-IFN-y-PECy7,
anti-interleukin-2 (IL-2)-phycoerythrin, and anti-tumor necrosis factor alpha
(TNF-a)-allopycocyanin monoclonal antibodies were supplied by BD Bio-
sciences and BD Pharmingen. The data acquisition was performed on an LSRII
flow cytometer (BD Biosciences), collecting 100,000 to 200,000 lymphocyte
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TABLE 1. Demographic, clinical, and virological profiles of participants at enrollment
Value (% or range)
Parameter
HIV-1/2 HIV-1#° HIV-2¢
No. of subjects 19 112 78
No. female 18 (95) 93 (85) 62 (79)
Mean age in yr 41 (26-57) 34 (16-55) 41 (26-68)

Mean CD4" T-cell count (IQR cells/pl)
Mean CD8" T-cell count (IQR cells/p.l)
HIV-1 plasma RNA (log,, copies/ml)

329 (133-461)
1,088 (649-1532)

461 (332-538)
965 (601-1235)

543 (240-827)
717 (450-840)

Mean RNA 4.29 3.84 NA*®
<1,000 5(26) 21 (19) NA
1000-10,000 2(11) 33(29) NA
10,000-100,000 2(11) 37(33) NA
>100,000 10 (53) 21 (19) NA
HIV-2 plasma RNA (log,, copies/ml)
Mean RNA 2.23 NA 2.35
<100 10/14 (71) NA 34/56 (61)
100-1,000 1/14 (7) NA 9/56 (16)
>1,000 3/14 (21) NA 13/56 (23)
WHO clinical stage (no. at stage/total no.)
1 6/19 (32) 60/109 (55) 41/77 (53)
2 3/19 (16) 22/109 (20) 12/77 (16)
3 9/19 (47) 25/109 (23) 21/77 (27)
4 1/19 (5) 2/109 (2) 3/77 (4)
Study populations
Commercial sex worker STD clinic
No. of subjects 12 33 26
Mean CD4" T-cell count (cells/pl) 453 453 813
Mean HIV-1 plasma RNA (log,, copies/ml) 3.35 3.56 NA
Mean HIV-2 plasma RNA (log,, copies/ml) 2.52 NA 2.11
WHO clinical stage (no. at stage/total no.)
1 6/12 (50) 25/32 (78) 20/26 (77)
2 2/12 (11) 5/32 (16) 2/26 (8)
3 4/12 (33) 2/32 (6) 4/26 (15)
4 0/12 (0) 0/32 (0) 0/26 (0)
Infectious disease clinic patients
No. of subjects 7 79 52
Mean CD4" T-cell count (cells/pl) 116 465 408
Mean HIV-1 plasma RNA (log,, copies/ml) 5.57 3.96 NA
Mean HIV-2 plasma RNA (log,, copies/ml) 1.70 NA 2.49
WHO clinical stage (no. at stage/total no.)
1 0/7 (0) 35/77 (45) 21/51 (41)
2 1/7 (14) 17/77 (22) 10/51 (20)
3 5/7 (71) 23/77 (30) 17/51 (33)
4 1/7 (14) 2/77 (3) 3/51 (6)

“In a subset of 68 HIV-1 and 55 HIV-2 singly infected patients that were described previously (33).
> 'We only enrolled HIV-1-infected patients with CD4* T-cell counts of more than 350 cells/p.l.

¢ NA, not applicable.

gated. All analyses were performed by using Flowjo software from Treestar (San
Carlos, CA). Responses were determined to be positive when the percentage of
bright cytokine™ CD4" or CD8" T cells was twice that of the negative control
and >0.02% of the total CD4" or CD8" T cells. Antigen-specific responses
lower than 0.01% are shown as 0.01% on the figures. All data shown are
background subtracted. SPICE (for simplified presentation of incredibly complex
evaluations program, version 2.8.2, created by Mario Roederer, National Insti-
tutes of Health) was used to generate the pie charts for the HIV-1 and HIV-2
Gag- and CMV-specific cytokine functional profiles.

Statistical methods. Values of HIV-1 and HIV-2 plasma RNA viral loads, as
well as counts of IFN-y SFC, were log;, transformed in order to normalize the
distribution of these measurements for all statistical analyses. Pearson x> or
the Fisher exact tests were performed to assess univariate associations between
the two HIV types and categorical factors of interest, whereas ¢ tests were
performed to compare groups with respect to continuous factors of interest.
However, continuous factors of interest that were not normally distributed were
analyzed by Wilcoxon rank sum tests. McNemar’s test and paired ¢ tests were
performed to compare paired categorical and continuous factors of interest.
Multivariable logistic and linear regression analyses were performed to evaluate

the independent magnitude of associations between HIV-specific IFN-y re-
sponses (from ELISPOT assay) and HIV status and HIV plasma viral loads, after
adjusting for the possible confounding effects of CD4™ T-cell counts, plasma
viral load, study site, and gender. A two-sided 0.05 level test determined the
statistical significance for analyses concerning ELISPOT assays.

To determine the positivity of antigen-specific responses from the ICS assay,
Freedom-Holton exact tests were first performed to assess the overall association
between stimulation type (antigen-stimulated or negative control) and distribu-
tion of counts of CD4* or CD8 cells eliciting the intracellular cytokines IFN-y,
IL-2, and TNF-a. The Fisher exact tests were then used to conduct pairwise
comparisons for each cytokine phenotype between antigen-stimulated and neg-
ative control wells. Resampling-based multiplicity adjustment using the discrete
Bonferroni method (32) was used to adjust for the multiple comparisons. A
two-sided nominal significance level of 0.003 was used in these positivity analyses.
A lab-specified filter was also applied at the end to ensure a positive response
with background-corrected responses of =0.02% for both CD4* and CD8"
T-cell responses. The data analyses were conducted by using SAS 9.1 for Win-
dows (SAS Institute, Cary, NC) and GraphPad Prism (Macintosh version 4.0).
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HIV-1 and HIV-2 dually-infected subjects

FIG. 1. Frequency, magnitude, and breadth of IFN-y secreting T-cell recognizing HIV peptides within Gag, Env, Nef, and Tat among subjects
with dual HIV-1 and HIV-2 infection (n = 19). (A) Frequency of IFN-y T-cell responses recognizing Gag, Env, Nef, Tat, and any gene product
of HIV-1 only, HIV-2 only, both HIV-1 and HIV-2, or neither. (B) Magnitude of IFN-y T-cell responses to HIV-1 and HIV-2 peptides recognizing
epitopes within Gag, Env, Nef, and Tat. The magnitude of total (any) HIV-1 responses was significantly greater than the median magnitude of total
HIV-2 responses (2.64 log,, compared to 1.53 log,, SFC/10%, respectively [*, P = 0.002]). This difference was mostly a result of significantly
increased levels of Nef responses in HIV-1 compared to HIV-2 (1.88 log,, versus 0 log,, SFC/10%, respectively [**, P < 0.0001]). —, Median of
responses. (C) Breadth of responses to HIV-1 and HIV-2 gene products. *, Patient 19 had no detectable HIV-1- or HIV-2-specific responses.

RESULTS

Study population. Of the 209 study participants enrolled with
T-cell responses measured by ELISPOT assay (Table 1), 19 had
HIV-1/2, 112 had HIV-1, and 78 had HIV-2 infections. The ma-
jority of dually infected subjects (63%) were commercial sex
workers who were identified through their participation in a Sen-
egalese national program that registers female commercial sex
workers, educates them about and monitors them for various
STDs (including HIV), and provides condoms. The mean age of
dually infected patients was similar to that of HIV-2-infected
subjects but was greater (41 versus 34 years, respectively [P =
0.004]) than those with HIV-1 infection alone.

All stages of HIV disease, based on the World Health Or-
ganization criteria (3), were represented among those with
HIV-1/2. Commercial sex workers were significantly healthier
than the patients who originally presented to an infectious
disease clinic, with higher CD4™" T-cell counts (453 versus 116
cells/ul), lower HIV-1 plasma viral load (3.35 versus 5.57 log,,

copies/ml [P = 0.0045]), and lower stage of HIV disease (33%
versus 85% with WHO stage 3 or worse disease) (Table 1). In
all patients infected with HIV-2, HIV-2 plasma viral loads
were generally very low, with 78% of dually infected persons
and 77% of those with HIV-2 alone having HIV-2 loads below
1,000 copies/ml. As noted above, since all dually infected pa-
tients but only HIV-1-only infected ones with CD4 counts
above 350 were enrolled, we could not compare the HIV-1
mean RNA loads between those infected with HIV-1 alone
and those with dual infection. Interestingly, however, among
commercial sex workers, mean HIV-1 loads of dually infected
patients were similar to those with single HIV-1 infection,
despite the differences in enrollment criteria.

Frequency and magnitude of HIV-specific IFN-y-secreting T-
cell responses among HIV-1/2 dually infected subjects. Ninety-
five percent of dually infected subjects exhibited IFN-y-secreting
T cells upon ex vivo stimulation with at least one peptide pool of
each HIV gene product, and the majority (58%) recognized both
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TABLE 2. Frequency of HIV-specific T-cell responses in study participants as measured by IFN-y ELISPOT assay”

Frequency of response:

Penti To HIV-1 To HIV-2
eptide

HIV-1/2 (%) HIV-1 (%) HIV-1/2 (%) HIV-2 (%)

(n = 19) (n = 112) OR (%5% €D (n = 19) (n = 78) OR (95% CI)

Env 11 (58) 37(33) 2.80 (0.9-8.6) 7(37) 32 (41) 1.11 (0.4-3.4)
Gag 11 (58) 69 (62) 1.23 (0.4-3.9) 10 (53) 48 (62) 0.75 (0.2-2.4)
Nef 13 (68) 67 (60) 2.09 (0.6-7.2) 0 (0) 15 (19) NA
Tat 6(32) 5(4) 11.24 (2.5-49.6) 2(11) 11 (14) 0.76 (0.2-3.8)
Any peptide 17 (89) 87 (78) 10.26 (0.9-113.3) 12 (63) 57(73) 0.85 (0.3-2.9)

“ For OR determinations, multivariate logistic regression models, adjusted for CD4* T-cell count (duals versus HIV-1), were applied. NA, not applicable (could not

be compared). n, Number of subjects.

HIV-1 and HIV-2 epitopic peptides (Fig. 1A). HIV Gag-specific
responses were common (68%) among those with dual infection,
with 42% responding to both HIV-1 and HIV-2 pools. Seventy-
four percent of dually infected patients exhibited Env-specific
responses, although these responses were more likely directed to
epitopes of a single HIV type (53%) rather than to both HIV-1
and HIV-2 epitopes (21%). Although HIV-1 Nef-specific re-
sponses were frequent (68%), HIV-2 Nef-specific responses were
not detected (P < 0.001). Infrequent HIV Tat-specific responses
were primarily directed to HIV-1 rather than HIV-2 epitopic
peptides (P = 0.046).

As shown in Table 3 and Fig. 1B, the total magnitude of
IFN-y-secreting T cells recognizing HIV-1 peptides (2.64
log,,) was significantly greater than IFN-y-secreting T cells
recognizing HIV-2 peptides (1.53 log,,) (P = 0.002) among
patients with dual infection. This was largely attributable to the
greater magnitude of responses to HIV-1 Nef (1.88 log,,) than
HIV-2 Nef (0 log;,) (P < 0.0001) and, to a much lesser extent,
to HIV-1 Tat in comparison to HIV-2 Tat (0.56 log,, com-
pared to 0.13 log,, SFC/10° respectively [P = 0.04]). The
IFN-y-secreting PBMC recognizing HIV-1 and HIV-2 Gag
were similar in frequencies (Table 2 and Fig. 1B). The breadth
of responses to HIV-1 gene products (Env, Gag, Nef, and Tat)
was significantly higher than to HIV-2 gene products (P =
0.0005), with dually infected patients mounting responses to an
average of 2 (range, from 0 to 4) HIV-1 gene products and to
1 (range, from 0 to 3) HIV-2 gene products (Fig. 1C).

Comparison of HIV-specific T-cell responses among sub-
jects with dual HIV-1/2 and single HIV-1 or HIV-2 infection.
To determine whether the host cellular responses to one HIV
type are altered by the presence of infection with another HIV
type, we compared the frequency and magnitude of HIV-spe-

cific IFN-y responses seen among dually infected patients to
those with a single infection (Tables 2 and 3). The frequency of
responses was evaluated by using multivariate logistic regres-
sion adjusted for CD4" T-cell counts, and the magnitude of
responses was evaluated by multivariate linear regression ad-
justed for CD4" T-cell counts. In comparison with singly in-
fected subjects, HIV-1 Tat-specific responses were of greater
frequency (odds ratio [OR] = 11.24; 95% confidence interval
[CI] = 2.5 to 49.6) and magnitude (B = 0.54; P = 0.0004)
among dually infected patients. This finding remained after
additional adjustment for HIV-1 plasma viral load, clinic site,
and gender (data not shown). Compared to singly infected
subjects, persons with dual infections also tended to have ele-
vated frequencies (OR = 2.80; 95% CI = 0.9 to 8.6) and
(marginally) elevated magnitudes of response (B = 0.72; P =
0.05) to any HIV-1 peptide, as well as an elevated frequency of
responses to HIV-1 Env (OR = 10.26; 95% CI = 0.9 to 113.3).
None of the results significantly changed after additional ad-
justment for HIV-1 plasma viral load, study sites, and gender
(data not shown). T-cell recognition of HIV-2 Nef was even
less common in those with dual infection than in those infected
with HIV-2 alone (P = 0.04 [Fisher exact test]). Otherwise, no
significant differences were found in the frequency or magni-
tude of HIV-2 responses between those with dual infection and
those infected with HIV-2 alone.

Cytokine profile of HIV-specific T cells among dually in-
fected subjects. The production of multiple cytokines is believed
to be important in the maintenance of functional CD4" and
CD8" T-cell responses, with recent studies reporting LTNP hav-
ing an increased proportion of functional HIV-specific CD8"
T-cell responses (4). To determine whether dually infected pa-
tients maintained such responses, we assessed the antiviral cyto-

TABLE 3. Magnitude of HIV-specific T-cell responses in study participants as measured by IFN-y ELISPOT assay”

Mean magnitude of response (log;, SFC/10° PBMC):

. To HIV-1 To HIV-2
Peptide

HIV-1/2 HIV-1 HIV-1/2 HIV-2

(n = 19) (n = 112) B P (n = 19) (n = 78) B (P
Env 121 0.73 0.45(0.2) 0.66 0.94 ~0.08 (0.8)
Gag 1.36 1.65 ~0.06 (0.9) 1.34 1.65 ~0.16 (0.6)
Nef 1.88 1.49 0.48 (0.2) 0.00 0.41 ~0.22(0.3)
Tat 0.56 0.09 0.54 (0.0004) 0.13 0.25 ~0.09 (0.6)
Any peptide 2.64 222 0.72 (0.05) 1.53 1.99 ~0.21(0.5)

4 B, For multivariate linear regression models, adjusted for CD4* T-cell count. n, Number of subjects.
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FIG. 2. Cytokine profile of CD4" (A) and CD8" (B) T-cell responses recognizing HIV Gag- and CMV pp56 in HIV-1/2 dually infected subjects
(n =9). Antigen-specific responses of >0.02% of the total CD4" or CD8" T cells producing each cytokine were considered positive. Each pie chart
represents the mean responses of all subjects to the HIV-1, HIV-2 Gag, and CMV pp56 overlapping 15 mers. Responses are grouped by cytokines
secreted and matched to the pattern in the legend. The arc outside the pie chart indicates the mean percentage of HIV-1-, HIV-2-, or CMV-specific
IFN-y (blue)-, IL-2 (red)-, or TNF-a (green)-producing cells. The dot plots represent the mean magnitude of response to CMV, HIV-1, and HIV-2
Gag with multiple functional cytokine profile indicated in the legend. Each “+” in the legend denotes IFN-y, IL-2, and TNF-« positivity.

kine profiles of nine dually infected patients (six from the STD
clinic and three from the infectious disease clinic, who had ade-
quate material remaining), by evaluating the production of
IFN-y, IL-2, and/or TNF-a in CD4" and CD8™ T cells recogniz-
ing HIV-1 Gag, HIV-2 Gag, and, as a control, CMV pp65.

Among these nine dually infected patients, seven had de-
tectable HIV-1 Gag-specific, eight had HIV-2 Gag-specific,
and seven had CMV-specific CD4* T cells (i.e., cells producing
either IFN-y, IL-2, and/or TNF-«a after stimulation). More
than 80% of HIV-1 or HIV-2 Gag-specific CD4™ T cells pro-
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TABLE 4. Association between HIV-specific IFN-y SFC
frequencies and HIV-1 plasma viral load in 19 HIV-1/2
dually infected subjects

IFN-y SFC frequency

Univariable Multivariable
Peptide regression regression®
Log,, plasma P Log,, plasma P
HIV-1 RNA HIV-1 RNA
HIV-1
Env 0.04 0.92 0.02 0.94
Gag —0.36 0.21 -0.32 0.21
Nef —0.03 0.91 —0.06 0.79
Tat -0.22 0.63 —0.04 0.93
Any HIV-1 peptide -0.29 0.44 0.14 0.68
HIV-2
Env -0.59 0.15 —0.34 0.38
Gag -0.52 0.06 —0.43 0.07
Nef’ NA“ NA NA NA
Tat 0.55 0.58 0.68 0.39
Any HIV-2 peptide —0.50 0.09 -0.33 0.19

“ Values were adjusted for CD4™ cell counts, study site, and gender.
> None of the dually infected subjects had HIV-2 Nef responses.
¢ NA, not applicable.

duced both IFN-y and TNF-a. However, only 12% of HIV-1
and 24% of HIV-2 specific CD4™" cells produced IL-2. Fewer
than 5% of HIV-specific CD4 " cells were able to produce the
three cytokines (IFN-y, TNF-a, and IL-2) examined. Approx-
imately 15% of HIV-2 Gag-specific CD4™" T cells, but none of
the HIV-1 Gag- CD4™" T cells were positive for both IL-2 and
TNF-a. Overall, there was no difference in the median fre-
quency of HIV Gag- and CMV-specific cells that produced
IL-2, IFN-v, or TNF-a. However, in contrast to HIV-specific
CD4™" T cells, 42% of CMV-specific CD4" T cells produced
IL-2, with 30% of CMV-specific CD4™ T cells simultaneously
producing these three cytokines (Fig. 2A).

As for CD8 T-cell function, all nine dually infected persons
examined had HIV-1 Gag- and CMV-specific CD8" T-cell re-
sponses, and eight had HIV-2 Gag-specific CD8% T-cell re-
sponses. Overall, there is no difference in the cytokine profiles of
HIV-1- and HIV-2-specific CD8™" T cells in the HIV-1/2-infected
subjects. All HIV-1- or HIV-2- specific CD8" T cells were posi-
tive for IFN-y, with 15% positive for IFN-y or TNF-q, (Fig. 2B).
However, <10% of HIV-1- or HIV-2-specific CD8™" T cells were
able to secrete IL-2. In contrast, all CMV-specific CD8" T cells
were able to produce IFN-y, with 90% also producing TNF-o and
10% producing all three cytokines examined.

Association of HIV-specific responses, HIV-1 plasma viral
load, and CD4" T-cell counts among dually infected patients.
In our previous study among subjects with single HIV-1 infection,
we found that those able to respond to both HIV-1 and HIV-2
Gag proteins had a greater ability to control HIV-1 replication
(lower HIV-1 viral loads) than those without such responses (33).
We hypothesized that likewise, among dually infected persons,
control of HIV-1 replication was associated with the presence of
responses to HIV-2 Gag. We first examined the association be-
tween the magnitudes of HIV-specific PBMC IFN-y responses
(ELISPOT) and HIV-1 plasma viral load and noted that HIV-2
Gag-specific responses were somewhat inversely associated with
HIV-1 viral load (B = —0.52 log,, plasma RNA copies per log;,
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increase in HIV-2 Gag-specific responses [P = 0.06]; B = —0.43
log,, plasma RNA copies per log,, increase in HIV-2 Gag-spe-
cific responses [P = 0.07 adjusted for CD4" T-cell counts, study
sites, and gender]) (Table 4). However, no significant associations
between the magnitudes and breadth of T-cell responses and
CD4" T-cell counts were found in this small sample of dually
infected patients.

Since IFN-y responses may not be an accurate measure of
functional T-cell responses, we next examined the functional
cytokine profiles of HIV-1 and HIV-2 Gag-specific CD4™" or
CD8" T cells in relationship to viral load among the nine
dually infected patients. As in our previous studies, we found
no association between the presence of HIV-1 Gag-specific
CD4" or CD8" T-cell responses and HIV-1 plasma viral load;
however, even in this very small sample, a suggestion of an
inverse association was found between HIV-1 plasma viral load
and the presence of HIV-2 Gag-specific CD4™, TNF-a™, and
IFN-y* T-cell responses (r = —0.773 [P = 0.01] and r = —0.79
[P = 0.01], respectively; Spearman test; Fig. 3A). Further, the
HIV-1 viral load was also somewhat associated with the pres-
ence of HIV-2 Gag-specific CD8* T-cell responses (r =
—0.728 [P = 0.03, Spearman test]; Fig. 3B). However, these

b

A TNF-  (r=-0.778, p=0.01)
IFN-y (r=-0.728, p=0.03)
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FIG. 3. Negative correlation between the frequencies of HIV-2
Gag-specific IFN-y* or TNF-a* CD4" (A) and IFN-y* CD8" (B) T
cells with HIV-1 plasma viral load in dually infected subjects. A Spear-
man ranking test was used to analyze the correlation. Positive re-
sponses were designated when the percentage of bright cytokine™*
CD4" or CD8" T cells was twice that of the negative control and
>0.02% of the total CD4™ or CD8* T cells. Antigen-specific responses
of <0.01% are shown as 0.01% on the figures.
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V-1 and HIV-2 Gag. (A) Amino acid conservation between HIV-1 and
V-1 and HIV-2 Gag. The sequence conservation of every nine amino

acid sequence in HIV-2 Gag (Rod) was compared to all of the HIV-1 subtype CRF-02 Gag sequences available in the HIV-1 database at the same

position. Amino acid sequences at seven regions in HIV-1 and HIV-2 sha

re 36 to 94% similarity. (B) Position and amino acid sequence at the

conserved regions between HIV-1 and HIV-2. Amino acids that differ between HIV-1 and HIV-2 at the conserved region are highlighted in red).
(C) Detection of cross-reactive responses to epitopes at the conserved regions between HIV-1 and HIV-2 Gag. The line shows the cutoff of positive

responses (at 100 SFC/10° PBMC).

associations did not achieve statistical significance (P < 0.003)
after adjustments for multiple comparisons. Interestingly,
HIV-2 Gag-specific, IFN-y-secreting CD8™ cells were signifi-
cantly positively associated with HIV-1 Gag-specific CD4" IL-
2-secreting T cells (r = 0.923 [P = 0.0004]).

Responses to epitopes at the conserved regions of HIV-1 and
HIV-2. Our previous study showed that HIV-1-infected subjects
with the ability to respond to HIV-2 Gag, as well as HIV-1 Gag,

had lower HIV-1 plasma viral loads than those without the re-
sponses to HIV-2 Gag (33). Ongoing mapping studies of HIV-2
Gag responses among those infected with HIV-1 alone suggested
that these responses are directed against epitopes in the con-
served regions of HIV-1 and HIV-2 (Zheng et al., unpublished).
We compared the sequence conservation of every 9-aa sequence
in HIV-2 Gag (Rod) for all of the HIV-1 subtype CRF-02 Gag
sequences available in HIV sequence database (www.hiv.lanl.gov)
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and found that the amino acid sequences at seven regions are
conserved (36 to 94%) across of all HIV-1 subtype CRF-02 Gag
(Fig. 4A). All of the seven regions are located within either Gag
pl7 or Gag p24 regions. One region (p17 17-33) is in the nuclear
localization domain, two regions (p24 73-81 and p24 97-110) are
in the cyclophilin A binding domain, and one region (p24 150-
161) is in the major homology region. Amino acid sequences at
the p17 17-33 and p24 97-110 regions are identical for HIV-1 and
HIV-2, whereas one or two amino acids show differences in se-
quences between HIV-1 and HIV-2 at the other five regions
(Fig. 4B).

Furthermore, we mapped the HIV-1 and HIV-2 responses
to the epitopes at the above seven regions in three dually
infected individuals (IE359, IE400, and IE182) (Fig. 4C). Re-
sponses to epitopes at pl17 17-33, p24 14-25, and p24 73-81
regions were detected in IE359 and IE400. IE400 recognized
an epitope at the p17 17-33 region presented by both HIV-1
(WERIRLRPGGKKKYR) and HIV-2 (LERIRLRPGGKK
KYR) peptides. IE400 also recognized an epitope at the p24
14-25 region presented only by the HIV-2 peptide (HIPLSPR
TLNAWVKL), whereas IE359 recognized an epitope at the
p24 73-81 region presented by both HIV-1 (TINEEAADWD
RTHPV) and HIV-2 (IINEEAAEWDVQHPI) peptides.
These data suggest that epitopes at the conversed functional
regions were targeted by dually infected individuals.

DISCUSSION

We provide here one of the first detailed studies of the clinical
and immunologic profiles of persons who are coinfected with
HIV-1 and HIV-2. Generally, this type of investigation has been
difficult to carry out because, although HIV infection is a global
pandemic, dual infection, while relatively infrequent, is primarily
concentrated in West Africa. Our findings support the premise
that the parameters of clinical disease in dual infection potentially
can be skewed by the source of population screening. In this case,
asymptomatic subjects, identified through screening as high-risk
groups (commercial sex workers), were significantly healthier
than those with symptoms seeking care in an infectious disease
clinic.

The supposition that the less-virulent HIV-2 infection may
provide a protective role against subsequent HIV-1 infection
and disease progression has received wide interest. We were
unable to ascertain the order of infection with the two types
because, since in other reports, these patients have chronic
infection typically at the time of diagnosis. Clearly, dually in-
fected patients can exhibit a broad spectrum of HIV disease
but, in contrast to HIV-1 infection alone, our findings suggest
that coinfection with HIV-2 may confer an advantage in slow-
ing HIV-1 disease. In our original study of single-infection
patients, we limited recruitment to those whose CD4 T-cell
counts were =350 cell/nl, whereas recruited patients in the
dual-infection study were eligible regardless of CD4 count.
Interestingly, however, despite the fact that only “healthy”
HIV-1-only patients were recruited, we noted no difference in
the mean CD4" T-cell counts and HIV-1 plasma viral load
among study patients enrolled in the STD clinic. Thus, dually
infected patients (not identified as a result of being symptom-
atic) did no worse and, in fact, might have done better than
patients infected with HIV-1 alone. While previous studies of
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dually infected subjects concluded that these persons have
aggressive disease, this impression appears to have been the
result of biased patient selection (1, 16, 18, 26).

One caveat for studies using peptide sets to screen T-cell re-
sponses is that the detection of responses is partly dependent on
the degree of mismatch between peptides and autologous viral
sequences in the patients. Studies by us and others have shown
that, in Senegal, the majority of circulating HIV-1 viruses are
HIV-1 CRF-02 (45%) and subtype A (20 to 30%) (12, 31) and
nearly all HIV-2 viruses are subtype A (24, 25). Furthermore, we
and others have shown that no significant difference in HIV-1 and
HIV-2 subtype distribution exists between individuals with dual
HIV-1/2 infections and individuals with single HIV-1 or HIV-2
infections (12, 25). Thus, we chose to screen HIV-1 responses
with the CRF-02 peptides and HIV-2 responses with HIV-2 sub-
type A Rod peptides. As determined by phylogenetic analysis,
CRF-02 Gag is subtype A, gpl120 is predominantly subtype A,
gp41 is predominantly subtype G, Nef is predominantly subtype
G, and Tat is both subtypes A and G (www.hiv.lanl.gov). We
compared the amino acid differences of Gag, Env, Tat, and Nef
proteins between consensus HIV-1 CRF-02 and consensus sub-
type A. The difference in Gag, Env, Nef, and Tat is 6.9, 10.3, 13.7,
and 21.8%, respectively. This suggests that, although there was
some HIV-1 peptide subtype mismatching, the overall effect was
no different than if we had used consensus or ancestral sequences
commonly used for HIV-1 analyses. Ideally, we would have pre-
ferred to use autologous peptides for each subject, or subtype-
specific peptides; however, the expense of such an approach (both
in viral sequencing costs and peptide production) made it infea-
sible in our population-based study.

Guided by our previous studies in the same clinic population
with HIV-1 or HIV-2 (33), we focused on the specificities of
HIV-specific T-cell responses that distinguish HIV-1 from
HIV-2 infection. Importantly, we found that the dominant
T-cell responses in the dually infected patients are specific for
HIV-1 rather than HIV-2. We postulate that this finding re-
lates to the >100-fold higher levels of HIV-1 plasma viremia
relative to HIV-2 in these patients. Interestingly, upon exam-
ination of representative HIV-specific T cells in dually infected
patients, the responses associated with enhanced control of
HIV-1 replication were indeed the same as those with HIV-1
infection alone (33). While Gag-specific T cells recognizing
both HIV-1 and HIV-2 predominated, the presence of HIV-2
Gag-specific responses was somewhat associated with lower
HIV-1 viral loads. Such responses likely represent “cross-re-
active” responses, directed at epitopes conserved between
HIV-1 and HIV-2 and particularly at those located within
functional domains essential to the replication competency of
both viruses (13, 19, 20).

Our sequence conservation analysis between HIV-1 and
HIV-2 revealed seven conserved regions in Gag. Four of these
seven regions are located at the nuclear localization and cy-
clophilin A binding domains of Gag (Fig. 4). Responses to
epitopes at these regions presented by both HIV-1 and HIV-2
peptides were detected in some dually infected patients. Thus,
the fact that such epitopes might be important for control of
both HIV-1 and HIV-2 replication is not surprising. Screening
for T-cell responses to HIV-2 peptides may have facilitated the
ability to distinguish the many HIV-1 Gag-specific T cells that
do not contribute to the control of viral load from the few that
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are important in control of HIV-1 replication. Finally, how-
ever, we concede that the use of exogenous small peptides to
induce T cells ex vivo to secrete antiviral cytokines may not
necessarily correspond to the ability of these T cells in vivo to
recognize naturally processed HIV proteins that are expressed
with MHC molecules on the cell surface and clear HIV-in-
fected cells of either subtype.

We observed that T-cell responses to HIV-1 were somewhat
different in specificity among those with dual infections than in
those with a single HIV-1 infection. Responses to HIV-1 Tat-,
Env-, and overall to any HIV-1-specific responses were more
frequently detected in the dually infected patients than in HIV-1
singly infected individuals, even after we took into account differ-
ences in CD4" T-cell count and HIV-1 plasma viral load. Since
HIV-1 Tat- and Env-specific responses are commonly seen in
acute rather than late HIV infection (6, 7), it is possible that
dually infected patients are better able to maintain such responses
long-term than are those with single HIV-1 infection. In contrast,
few differences were noted between the HIV-2-specific T-cell
responses seen in dually infected subjects compared to those of
HIV-2 singly infected subjects. Thus, while the presence of HIV-2
might alter the response to HIV-1, we found nothing to suggest
that HIV-1 alters the HIV-2-specific response. However, the or-
der of infection may possibly be important in determining the
presence and magnitude of specific responses present. Unfortu-
nately, we have no data on this issue.

We still do not fully understand why there was lack of HIV-2
Nef responses in HIV-1 and HIV-2 dually infected individuals.
We previously reported this observation in HIV-2 singly in-
fected individuals (33). One possibility is that HIV-2 Nef is
more variable, leading to greater sequence mismatch between
the screening peptides and the HIV-2 Nef viral sequences in
the patients. We tested this hypothesis by using an HIV-2 Nef
peptide set whose sequences were constructed according to the
potential T-cell epitope approach (17) to screen HIV-2 Nef
responses in cryopreserved PBMC of six dually infected indi-
viduals, which provides substantially more coverage of HIV-2
Nef variants. Surprisingly, no additional Nef-specific responses
were detected with the potential T-cell epitope versus Rod
peptide panel, providing additional support that dually in-
fected individuals naturally mount low levels of HIV-2 Nef
responses (data not shown).

Although we previously observed that only 8% of HIV-1-
infected subjects had detectable IFN-y-secreting HIV-1 spe-
cific CD4™" T cells (33), we identified these helper cells in seven
of the nine dually infected individuals examined here. This
pattern of response in the dually infected individuals is thus
more typical of HIV-2 infection than HIV-1. Previous studies
have shown induction and preservation of proliferating HIV-
1-specific CD4" T cells are essential for the maintenance of
effective antiviral CD8" T-cell responses and the generation of
functional CD8* T memory cells and for efficient neutralizing-
antibody-mediated viral clearance (5, 15, 27, 30). Whereas
CD4™" T cells of HIV-1-infected patients have been shown to
have a selective defect in IL-2 production, frequently produc-
ing IFN-y alone (14, 28), the frequency of those that can
produce IL-2- or IL-2/IFN-y has been shown to be negatively
correlated with the levels of viral load (14). Of note, IL-2-
producing HIV-specific CD4" T cells were uncommonly de-
tected in the patients with dual infections. However, the pro-
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duction of IFN-y- and TNF-a-secreting HIV-2 Gag-specific
CD4-T cells correlated with lower HIV-1 plasma viremia.

In summary, we have demonstrated that, although dually
infected patients mounted higher frequencies, magnitude, and
breadth of HIV-1- than HIV-2-specific responses, the re-
sponses to epitopes in the HIV-2 Gag or in the conserved
region between HIV-1 and HIV-2 Gag was inversely corre-
lated with the HIV-1 plasma viral load. Although the func-
tional cytokine profiles of HIV Gag-specific CD4" and CD8"
T cells from individuals with dual infections were partially
skewed, the majority of dually infected individuals still have
functional HIV Gag-specific CD4* and CD8" T-cell re-
sponses.
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