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Abstract

Background: HIV preferentially establishes productive infection in activated CD4+ T cells. Since proportions of activated
CDA4+ T cells vary between individuals, this study aimed to determine if individuals with a greater proportion of activated
CDA4+ T cells would be more susceptible to in vitro HIV infection.

Methodology/Principal Findings: Unstimulated peripheral blood mononuclear cells (PBMC) from various donors were
inoculated with HIVj 1956 in vitro. HIV replication was evaluated by HIV p24 ELISA of culture supernatants and intracellular
staining for HIV p24, which was detected by flow cytometry. Baseline T cell phenotypes and infected cell phenotypes were
also evaluated by flow cytometry. Ex vivo phenotyping at the time of blood draw showed that elevated T cell activation and
reduced Tregs were associated with increased cellular susceptibility to in vitro infection. Furthermore, the infected CD4+ T
cell population was enriched for activated cells.

Conclusion/Significance: These data suggest that CD4+ T cell quiescence provides an environment less conducive to the
establishment of HIV infection by limiting the pool of activated target cells.
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Introduction which was characterized by reduced frequencies of activated
‘ ) ) CD69+ CD4+ and CD8+ T cells [12], low levels of gene

Known risks factors for sexual transmission of HIV include high transcription in CD4+ T cells [13] and whole blood [14] and
viral l9ads .in t.he ipfected partner or  concurrent s.exu.a.lly reduced baseline production of cytokines by CD4+ T cells [13]
transmitted infections in the uninfected partner. The availability in HESN. Regulatory T cells (Tregs), which are involved in
O.f HIV-sgsceptible target cells 1n the uninfect.ed. partner may suppressing immune activation, were shown to be elevated in
similarly influence the probability of transmission [1]. HIV HESN from the Pumwani cohort, and represent a potential
preferentially establishes productive infection in activated CD4+ driver of T cell immune quiescence [12]. Evidence for T cell
T cells due its dependency on host substrates for viral entry and immune quiescence has also been observed in other cohorts.
rep.lication [2,3,4,5,6]. Since individua.ls vary in their levels of Low frequencies of activated T cells have been identified in
activated CD4+ T cells, we hypothesize that those who have HESN men who have sex with men [15], uninfected partners of

greater numbers of activated target CD4+ T cells may have HIV-infected individuals [16 17] and HESN CSW [18].
elevated susceptibility to i vitro HIV infection.

In HIV-infected individuals, T cell activation is considered to
be a major driving force in disease progression [7,8,9,10,11],
but the relationship between immune activation and HIV
infection susceptibility is not well defined. This issue has
recently been explored in observational studies of HIV-exposed
seronegative (HESN) individuals who remain uninfected by

Reduced spontaneous lymphoproliferation has also been ob-
served in HESN compared to healthy control groups [15,19].

In the present study, we sought to characterize T cell
phenotypes before and after i vitro HIV infection and examined
the relationship between infection susceptibility and target cell
activation. We show that elevated cellular susceptibility to

infection is associated with high levels of T cell activation ex vivo

HIV, despite multiple exposures to the virus. While no single and that HIV preferentially targets activated CD4+ T cells.
factor accounts for resistance to infection in all cases of HESN,

recent studies from the Pumwani cohort point to a role for T
cell immune quiescence in protection [12,13,14]. T cell immune
quiescence refers to a state of low baseline immune activation,
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Results

PBMC from Select Individuals Demonstrate Relative
Resistance to HIV Infection in vitro

Unstimulated PBMC from 21 HIV-uninfected study partici-
pants from the Pumwani cohort were infected with HIV ;1956 at
a MOI of 0.1 in six replicate wells. Virus levels were quantified in
supernatants collected on day 9 post-inoculation.

The level of viral production varied between individuals.
Fourteen of 21 individuals demonstrated productive infection in
at least two replicate wells. Five individuals demonstrated
productive infection in all six replicate wells and had higher
average levels of virus production per well compared to the other
participants. At the other end of the spectrum, seven individuals
had no detectable p24 levels in any of the replicate wells (Figure 1).

Since study subjects were high-risk HIV-uninfected participants
enrolled in the Pumwani commercial sex worker cohort, this study
population included individuals who are HESN. In this cohort, we
have defined an extreme phenotype of HESN, in which
individuals are considered HESN if they remained HIV-uninfect-
ed for greater than 7 years of follow-up in the Pumwani cohort and
were active in sex work during that time. Therefore, the
proportion of individuals meeting these criteria for HESN was
compared between those individuals with detectable viral replica-
tion and those with no detectable viral replication. No difference
was detected in the proportion of HESN among individuals who
did have detectable levels of viral replication (7/14) and those
without detectable levels of viral replication (4/7) (p=1.0). Age
was also not significantly different between groups (p = 0.35).

High Levels of T Cell Activation and Reduced Tregs at
Baseline are Associated with Elevated Susceptibility to
HIV Infection in vitro

PBMC were phenotyped ex vivo (day 0) to address the roles of
baseline T' cell activation and Tregs in cellular susceptibility to

HIV p24 production
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Figure 1. Infection of unstimulated PBMC inoculated with
HIV 1056 Graph shows average level of HIV infection of replicate
wells as determined by HIV p24 ELISA. Individual patients are
represented by their study ID numbers. The number of replicate wells
demonstrating productive infection (out of 6) is indicated below the
patient study ID numbers.

doi:10.1371/journal.pone.0045911.g001
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infection. Baseline T cell phenotypes were compared between the
14 individuals who demonstrated viral replication and the seven
individuals with no detectable viral replication (Table 1). Individ-
uals with detectable levels of virus production had significantly
higher baseline levels of CD4+ CD69+ T cells (p=10.028). In
addition, a trend was observed in which the presence of infection
was associated with a modest reduction in Treg frequency
(p=0.093) (Figure 2).

Since comparing proportions of activated cells between groups
does not account for differences in the size of CD4+ or CD8+ T
cell populations, the estimated number of cells of each phenotype
were calculated based on the percentages observed by flow
cytometry. These calculated T cell counts were compared between
the 14 individuals who demonstrated viral replication and the
seven individuals with no detectable viral replication (Table 1).
Clonsistent with the differences in percentages of CD4+ CD69+ T
cells between groups, a trend was observed in which individuals
with detectable levels of virus production had higher baseline levels
of total CD4+ CD69+ T cells (p =0.093). Although the calculated
number of Tregs was lower in individuals with detectable viral
replication, this difference was not statistically significant. Also of
note, the estimated count of CD8+ CD69+ T cells was higher in
individuals demonstrating detectable viral replication, consistent
with an activated T cell phenotype in these subjects.

Activated CD4+ T Cells are Enriched in the HIV p24+ Cell
Population

When infection cultures were terminated, cells were harvested
and stained for intracellular HIV p24 and markers of T cell
activation and Tregs (Figure 3A). T cell phenotypes were
compared between infected (HIV p24+) and uninfected (HIV
p24-) CD4+ T cells from infection cultures (n=12). A higher
proportion of infected cells were CD69+ HLA DR+ (p =0.005),
CD69+ HLA DR- (p=0.0005) or CD69- HLA DR+ (p =0.0005)
compared to uninfected cells (Figure 3B). In addition to CD69 and
HLA DR, expression of CD25 and CDI127 was evaluated on
infected cells. A greater proportion of infected cells were CD25™
CD127" compared to uninfected cells (p = 0.0005) (Figure 3B).
This is consistent with a Treg phenotype, but these markers may
also reflect the phenotype of activated conventional T' cells.

Discussion

HIV preferentially establishes productive infection in activated
T cells. While it is established that immune activation is a major
driving factor in HIV disease progression, its relevance in
susceptibility to infection is not well understood. We hypothesized
that cells from individuals with high levels of baseline immune
activation would be more susceptible to i vitro HIV infection. As
such, we assessed the infectability of unstimulated PBMC from 21
HIV-uninfected women and addressed the role of target cell
activation on susceptibility to infection.

Of the 21 samples exposed to HIV 11956 at an MOI of 0.1, one
third showed no evidence of HIV replication following 9 days of
culture. However, lack of detectable viral replication does not
imply absolute resistance to infection. The assay used in the
present study does not rule out the presence of low levels of viral
replication or latent infection.

Baseline T cell phenotypes were analyzed in unstimulated
PBMC prior to inoculation with virus, demonstrating that
individuals with detectable levels of HIV replication by day 9
post-infection had significantly higher levels of CD4+ CD69+ T
cells and a trend toward lower levels of Tregs compared to those
with no detectable viral replication by day 9 (Figure 2). This i vitro
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Table 1. Effect of ex vivo T cell phenotype on susceptibility of unstimulated PBMC to infection with HIVj ;956 virus at a MOI of 0.1.

T cell phenotype No Detectable Virus (n=7) Virus Detected (n=14) p-value®

Relative Expression®
CD4+ CD69+ 0.41 (0.24-1.00) 1.45 (0.48-2.31) 0.028
CD4+ CD38+ 38.8 (23.8-49.6) 423 (34.9-46.2) 0.628
CD4+ HLA DR+ 1.56 (0.80-2.32) 1.65 (1.24-2.48) 0.479
CD4+ CD38+/HLA DR+ 0.75 (0.28-1.20) 0.73 (0.61-1.24) 0.737
CD4+ CCR5+ 0.70 (0.46-1.56) 0.99 (0.63-1.35) 0.628
CD4+ CXCR4+ 73.6 (35.2-86.1) 54.0 (40.8-84.0) 0.970
CD8+ CD69+ 1.06 (0.53-1.88) 1.91 (0.67-4.59) 0.192
CD8+ CD38+ 47.2 (41.1-48.2) 44.9 (43.3-46.8) 0.852
CD8+ HLA DR+ 4.90 (2.92-8.60) 4.52 (3.56-5.28) 0.794
CD8+ CD38+/HLA DR+ 2.81 (1.58-4.50) 2.44 (1.92-2.74) 0.682
Tregs (CD25+ FOXP3+) 1.07 (1.00-1.43) 0.94 (0.78-1.12) 0.093
Treg/CTLA-4+ 23.2 (11.1-26.4) 22.0 (18.9-27.7) 0.682

Estimated number of cells®
CD4+ CD69+ 314.7 (156.5-432.5) 677.6 (311.4-1150) 0.093
CD4+ CD38+ 19195 (15565-35354) 24400 (14117-29307) 0.970
CD4+ HLA DR+ 804.6 (520.9-1212) 1020 (663.4-1335) 0.737
CD4+ CD38+/HLA DR+ 476.1 (182.6-585.1) 476.1 (281.0-688.7) 0.794
CD4+ CCR5+ 452.8 (206.1-1195) 482.4 (344.7-881.0) 0.970
CD4+ CXCR4+ 47987 (15983-59581) 31633 (18104-51924) 0.576
CD8+ CD69+ 210.9 (109.2-332.8) 379.3 (183.3-1013) 0.093
CD8+ CD38+ 8514 (7642-12602) 10586 (7726-13124) 0.433
CD8+ HLA DR+ 779.6 (499.8-2236) 1139 (798.6-1341) 0.852
CD8+ CD38+/HLA DR+ 563.4 (286.6-1160) 615.7 (450.7-743.0) 0.970
Tregs (CD25+ FOXP3+) 740.4 (393.4-972.8) 537.6 (347.2-717.4) 0.109
Treg/CTLA-4+ 171.8 (42.66-285.3) 107.0 (62.77-222.3) 0.433

p-values calculated using non-parametric Mann-Whitney U test. Parameters that demonstrated statistically significant (p<<0.05) or trending (p<0.10) p-values are

highlighted in bold text.

PRelative expression of phenotypic markers is listed as median of percent positive (+) cells. Interquartile range is shown in parentheses.

“Estimated number of cells was calculated from flow cytometry proportions based on seeding 10° cells per well. Interquartile range is shown in parentheses.

doi:10.1371/journal.pone.0045911.t001
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Figure 2. T cell phenotypes of unstimulated PBMC with differential susceptibility to in vitro infection with HIVy 1956. PBMC were
immunophenotyped ex vivo to assess T cell activation and Tregs prior to inoculation with HIVj_19s6 in vitro. PBMC with no detectable infection (n=7)
were compared to those demonstrating productive infection (n=14) at 9 days post-inoculation. (A) PBMC with undetectable levels of virus
production by day 9 post-inoculation had lower frequencies of CD4+ CD69+ T cells. (B) PBMC with undetectable levels of virus production by day 9
post-inoculation had higher frequencies of Tregs (defined as CD25" FOXP3+), but the difference was not statistically significant. P-values were
calculated using the Mann-Whitney U test.

doi:10.1371/journal.pone.0045911.g002
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Figure 3. Phenotypes of HIV-infected unstimulated CD4+ T cells. (A) CD4+ T cells were evaluated for infection by intracellular staining for HIV
p24. Cells were gated on singlets, lymphocytes and live cells before discriminating CD4+ T cells. Infected (p24+) and uninfected cells (p24-) were
phenotyped for markers of Tregs (defined as CD25™, CD127'°) and T cell activation (CD69, HLA DR). (B) Comparison of T cell phenotypes between
infected and uninfected CD4+ T cells (n=12). Higher frequencies of infected cells were activated (CD69+ HLA DR+, CD69+ HLA DR- or CD69- HLA
DR+) or demonstrated a Treg phenotype (CD25" CD127'°) compared to uninfected cells. P-values were calculated using the Wilcoxon signed-rank

test for matched pairs.

doi:10.1371/journal.pone.0045911.g003
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data supports our previous observation of low CD4+ CD69+ T
cells and elevated Tregs in ex vivo PBMC from HESN women
compared to susceptible controls [12].

There was no association between in vitro HIV susceptibility
and expression of the chronic activation markers HLA DR or
CD38 (Table 1). This suggests that increased cellular susceptibility
to m witro infection is largely a consequence of activation at the
earliest stages of the cell cycle. Future studies should include
additional markers of cell cycle entry such as Ki67 to confirm this
observation.

High levels of T cell activation may promote HIV infection by
increasing the availability of activated target cells. HIV can enter
quiescent CD4+ T cells [20,21,22,23,24], but the processes of
reverse transcription and integration are inefficient and often
result in abortive infections [20,21,23]. CD69 is expressed early in
the cell cycle, indicating that CD69- cells are quiescent, and do not
effectively support HIV replication [25,26]. As such, the associ-
ation between lack of detectable viral replication on day 9 post-
inoculation and reduced baseline frequencies of CD4+ CD69+ T
cells supports the hypothesis that T cell immune quiescence can
limit infection by reducing the pool of activated HIV target cells.
Tregs suppress T cell activation and responses, so elevated levels of
Tregs may protect against HIV infection by limiting activation of
target CD4+ T cells. Additionally, Tregs can directly suppress
HIV infection through a cAMP-dependent mechanism [27,28].
HIV replication is negatively regulated by cAMP due to inhibition
of HIV DNA nuclear import, integration and transcription
[29,30], and blockage of HIV LTR activation by NF-kB [31].
Further studies involving Treg depletion experiments will be
needed to ascertain the role of Tregs in modulating susceptibility
of unstimulated PBMC to HIV infection i vitro.

To characterize the activation status of cells that did support
HIV replication, phenotypes of infected cells were analyzed by
flow cytometry. Consistent with the preferential infection of
activated CD4+ T cells by HIV, the infected (HIV p24+) CD4+ T
cell population contained a significantly higher proportion of
activated T cells than the uninfected (HIV p24-) CD4+ T cell
population. Tregs were also significantly enriched within the HIV
p24+ CD4+ T cell population. However, it should be noted that in
the present study, Tregs were defined by expression of high levels
of CD25 and low levels of CD127/IL-7Ra, and not by FOXP3,
due to complications with co-staining of the intracellular markers
p24 and FOXP3. Since activated cells upregulate CD25 and
downregulate CD127, the Treg populations evaluated here may
not be pure, and potentially represent some activated cells. As
discussed above, Tregs suppress immune activation so they may
play a beneficial role in preventing infection. However, Tregs can
also be infected with HIV [32,33,34], suggesting that elevated
Tregs may actually provide additional target cells for HIV
infection.

To summarize, increased cellular susceptibility to @ vitro HIV
infection was associated with elevated activated CD4+ T cells and
a trend toward reduced Tregs ex wviwo. Furthermore, viral
production was preferentially established in activated CD4+ T
cells. These data are supported by findings in non-human primate
models of SIV transmission, in which acute SIV infection is
established in resting cells, but viral propagation and dissemination
are fuelled by activated target cells present at sites of viral
replication [2,3,35,36]. Interestingly, use of the anti-inflammatory
compound glycerol monolaurate blunted the inflammatory
response and prevented infiltration of activated target cells, and
resulted in protection from SIV infection [37].

There are several limitations to this study. First, the study
subjects are high-risk HIV-uninfected women from the Pumwani
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cohort, and a proportion of these individuals are HESN. Lack of
virus production was not restricted to HESN, and individuals with
detectable levels of productive infection did not differ from those
with no detectable productive infection in the proportion of
participants who were HESN. However, it is likely that some of
these subjects have additional mechanisms of resistance to
infection. Future studies should include a low-risk HIV-uninfected
control group and evaluate the effect of HESN status on
susceptibility to i vitro infection. Second, the limited sensitivity
of the HIV p24 ELISA and delayed kinetics of unstimulated
infections required prolonged maintenance of cells in culture.
Cultures with undetectable infection may have been latently
infected or had low levels of viral replication. In addition, changes
in the phenotype of the population of cells can be expected to
occur over time. As such, future studies should employ more
sensitive infection readouts and earlier time points.

The data presented here, along with observational studies in
HESN [12,13,14,15,16,17,18,19] and  animal  models
[2,3,35,36,37], demonstrate that T cell immune quiescence is
associated with resistance to HIV infection. The T cell immune
quiescence model suggests that mechanisms of reducing inflam-
mation and target cell activation should be considered during
future HIV vaccine and microbicide development.

Materials and Methods

Study Subjects and Ethics Statement

The Research Ethics Boards at the University of Manitoba and
Kenyatta National Hospital approved the study protocols. Study
subjects were high-risk HIV-uninfected women enrolled in the
Pumwani Commercial Sex Worker Cohort based in Nairobi,
Kenya. Subjects were considered HESN if they remained HIV-
uninfected for greater than 7 years of follow-up in the Pumwani
cohort and were active in sex work during that time. Written
informed consent was obtained from all study participants.

Virus Strain

The HIV-1 strain that was used for the i wvitro infections was
HIVyir,1956, @ primary isolate from a HIV-infected participant of
the Pumwani cohort. HIVy, 956 was originally derived by
primary co-culture with PHA-stimulated PBMC [38]. Briefly,
PBMC from HIV-uninfected donors were stimulated with PHA
for 3 days then co-cultured with PHA-stimulated PBMC from the
HIV-infected patient. Co-cultures were maintained in RPMI
containing 10% FCS, 1% Penicillin/Streptomycin/Fungizone and
100 IU IL-2, and were supplemented periodically with fresh PHA-
stimulated feeder cells. Virus production was monitored in culture
supernatant by HIV p24 ELISA. The supernatant was harvested
at peak p24 production, and the virus was collected and stored at
—135°C for future studies.

Full-length HIV  proviral sequencing performed on the
HIVy1.1956 isolate revealed that it is a recombinant of clades
A2, C and D, consistent with a high proportion of circulating
recombinant viruses in the cohort [39].

Infection of PBMC in vitro

Unstimulated PBMC (10° cells/well in 96 well microplates)
from HIV-uninfected women (n=21) were inoculated with
HIVaigs6 at a multiplicity of infection (MOI) of 0.1 in six
replicate wells. Cells were incubated with virus for 4 hours in a
total volume of 200 pl/well. The cells were then washed twice by
centrifugation at 1200rpm for 5 minutes, and 150 pl of media was
removed from the wells and replaced with fresh media after each
wash. Cultures were maintained in RPMI containing 10% FCS,
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1% Penicillin/Streptomycin/Fungizone and 10 IU IL-2. On day 3
post-inoculation, 100 pl of supernatant was removed from each
well and replaced with 100 pl of fresh media. On days 9 and 16
post-inoculation of unstimulated cells, 100 pl of supernatant was
harvested from each well and treated with 10 pl of 10% Triton-X-
100 then frozen at —80°C for later HIV p24 determinations.
Infection cultures were then terminated and cells were harvested
for evaluation of infected cell phenotypes by flow cytometry.

HIV-1 Quantification in Supernatants

HIV p24 was measured in supernatants from infection cultures
using a sandwich enzyme-linked immunosorbent assay (ELISA).
ELISA plates were coated with anti-HIV p24 monoclonal IgG1
purified from supernatants of HIV-1 p24 hybridoma cells (183-
H12-5C, NIH AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH). Frozen supernatants from
infection cultures were thawed and 75 pl was transferred to ELISA
plates. Detection of HIV p24 in supernatants was done using
rabbit polyclonal anti-p24 detection antibody (Advanced Biotech-
nologies), followed by a biotin anti-rabbit goat IgG secondary
antibody (Sigma). Streptavidin horseradish peroxidase (Invitrogen)
and tetramethyl benzidine substrate solution (Invitrogen) were
used detect binding of the secondary antibody. When plates were
developed, 3% HCI was added to each well to stop the reaction.
Optical density of wells was read at ODys0,, on a SpectraMax
Plus spectrophotometer (Molecular Devices). Data were acquired
and analyzed using SoftMax Pro software, version 3.1.2 (Molec-
ular Devices). The ELISA detected HIV p24 concentrations
ranging from 280 to 0.273 ng/ml.

Flow Cytometry

PBMC were immunophenotyped to assess ex wviwo T cell
phenotypes at baseline (i.e. prior to infection). To assess T cell
activation and HIV coreceptor expression, cells were stained with
anti-CD69-FITC, anti-CD38-PECy5, anti-HLADR-APCCy7, an-
ti-CCR5-PE, anti-CXCR4-PECy7, anti-CD4-AlexaFluor700, an-
ti-CD3-Pacific Blue (all BD Biosciences), anti-CD8-PETR (Invi-
trogen) and Live/Dead Aqua dye (Invitrogen). To evaluate Tregs,
cells were stained with anti-CD25-PE, anti-CTLA4-PECy)5, anti-
CD4-AlexaFluor700, anti-CD3-Pacific Blue (all BD Biosciences),
anti-FOXP3-APC (clone PCH101, eBioscience) and Live/Dead
Aqua dye (Invitrogen). FOXP3 staining was performed using the
FOXP3 Staining Buffer Set (eBioscience). Tregs were defined as
CD4+ T cells co-expressing high levels of CD25 and FOXP3. The
total number of CD4+ or CD8+ T cells per well was calculated
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from flow cytometry percentages (i.e. CD4+ or CD8+ T cells as
percent of total events) based on seeding 10° cells per well.
Estimated number of cells of each phenotype was further
calculated using percentages obtained by flow cytometry.

Cells collected from infection cultures were stained with anti-
HLADR-PECy5, anti-CD69-APC, anti-CD127-PE, anti-CD25-
APCCy7, anti-CD4-AlexaFluor700 (all BD Biosciences), anti-
CD3-PETR (Invitrogen), anti-p24-FITC (KC57, Beckman Coul-
ter) and Live/Dead Aqua dye (Invitrogen) to evaluate phenotypes
of infected cells. Due to complications of co-staining HIV p24
and FOXP3, Tregs were defined by high expression of CD25
and low expression of CDI127 for the analysis of infected cell
phenotypes.

Stained samples were acquired on a LSRII flow cytometer (BD
Biosciences). Samples were suspended in 250 pl of fixation buffer
(BD Biosciences) prior to acquisition. When acquiring data,
50,000-100,000 lymphocyte events were acquired for each
sample. Analysis of flow cytometry data was performed using
FlowJo software, version 9.3.1 (Tree Star Inc., Ashland, OR).

Statistical Analysis

Comparison of HESN status between groups of individuals was
performed using Fisher’s Exact Test. Comparisons of baseline
phenotypes between groups of individuals were performed using
non-parametric Mann-Whitney U tests. Comparisons of T cell
phenotypes between infected and uninfected cells were performed
using the Wilcoxon signed-rank test for matched pairs. Differences
were considered to be statistically significant at p<<0.05. All
statistical analyses were performed using GraphPad Prism for Mac
OS X, version 5.0a (GraphPad software, La Jolla, CA).
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