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Innate Immune Activation Enhances HIV
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The antiretroviral agent, tenofovir, formulated as a vaginal microbicide gel, reduces human immunodeficien-
cy virus (HIV) acquisition by 39% in women. This study assessed the role of preexisting immune activation
in HIV acquisition in women from the CAPRISA 004 trial, to identify potential strategies to increase the
effectiveness of tenofovir gel. Systemic cytokine and cellular immune mediators (platelets and natural killer
[NK] cells) were assessed in women at high risk for HIV assigned to either tenofovir or placebo gel in the
CAPRISA 004 trial. Notwithstanding tenofovir gel use, women who acquired HIV had significantly higher
systemic innate immune activation prior to infection than women who remained uninfected. Activation of
both soluble (cytokine) and cellular (NK cells) immune mediators were associated with HIV acquisition, indi-
vidually or in combination. Hence, an innate immune activation suppressant could be added to tenofovir gel
as a potential combination gel strategy in developing the next generation of higher efficacy antiretroviral

microbicides.

Women comprise just over half of the 33.3 million
people living with human immunodeficiency virus
(HIV) globally [1]. Each year there are 2.6 million new
infections [1]. The highest prevalence is in sub-
Saharan Africa, where young women (15-24 years)
bear the brunt of this epidemic [2]. Reducing HIV in-
fection rates in young women is key to altering
current epidemic trajectories and is the impetus for
developing prevention modalities for women [3].

Received 2 December 2011; accepted 6 April 2012; electronically published 24
July 2012.

This work was presented at the 18th Conference on Retroviruses and Opportu-
nistic Infections, Boston, Massachusetts (27 February—2 March 2011), session 46,
paper 159.

Correspondence: Salim S. Abdool Karim, MBChB, PhD, CAPRISA, Nelson
R. Mandela School of Medicine, Doris Duke Medical Research Institute, University
of KwaZulu-Natal, Private Bag X7, Congella, 4013, South Africa (caprisa@ukzn.ac.
za).

The Journal of Infectious Diseases  2012;206:993-1001

© The Author 2012. Published by Oxford University Press on behalf of the Infectious
Diseases Society of America. All rights reserved. For Permissions, please e-mail:
journals.permissions@oup.com.

DOI: 10.1093/infdis/jis465

Results from preexposure prophylaxis (PrEP) studies
of both oral and topical formulations of antiretroviral
drugs signal new hope for preventing sexual transmis-
sion in young women [4]. Notwithstanding the 2 oral
PrEP trials [5, 6] that have been stopped for futility,
the 3 positive trials involving women [7, 8] demon-
strate partial protection that ranges from 39% to 73%.
New technologies that further enhance the efficacy of
antiretroviral agents are therefore needed.

The CAPRISA 004 study was a phase IIb, random-
ized, placebo-controlled clinical trial to assess the safety
and effectiveness of 1% tenofovir gel in preventing HIV
infection in women [9, 10]. The trial showed a 39% re-
duction in HIV infection. Even in the most adherent of
women, protection was no higher than 54%. Thus, the
occurrence of infections even in women using tenofovir
gel highlights the need to identify strategies to enhance
the effectiveness of tenofovir gel.

Some recent studies have suggested that higher levels
of systemic immune activation are associated with the
risk of HIV acquisition and concluded that a “quiescent
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immune” phenotype is protective [11-14], but others conclude
that activation is protective [15-19]. To resolve this question we
investigated the role of immune activation in HIV acquisition
in the CAPRISA 004 trial.

METHODS

Subjects

This case-control study was nested in the CAPRISA004 Teno-
fovir gel trial [9, 10] (see supplementary methods). Samples
from 44 HIV acquirers (cases) were studied at the last prein-
fection visit for which cryopreserved plasma and peripheral
blood mononuclear cells (PBMCs) were available (mean, 12.1
months post-trial enrollment). Samples from 37 women were
selected as controls if they reported the highest sexual expo-
sure but remained uninfected during the trial (HIV nonac-
quirers), at the visit at which they reported the greatest
frequency of sex in the preceding month (mean, 7.8 months
post-trial enrollment). This study was approved by the Uni-
versity of KwaZulu-Natal Biomedical Research Ethics Com-
mittee (BE073/010). Participants gave informed consent for
their samples to be used for these studies.

Study Procedure

HIV serostatus, safety, sexual behavior, and gel and condom use
were assessed at monthly follow-up visits for up to 30 months
postenrollment In addition, plasma and PBMCs were obtained
and cryopreserved at 3, 12, and 24 months postenrollment.

Plasma Cytokine Quantitation

Plasma samples from cases and controls were assessed using a
high-sensitivity human cytokine premixed 13-plex kit (Milli-
pore, Billerica, Massachusetts) for 13 cytokines: GMCSF, inter-
feron gamma (IFN-y), interleukin (IL)-1B, IL-2 ,-4, -5, -6, -7,
-8, -10, -12(p70), -13, and tumor necrosis factor o (TNF-o)
per the manufacturer’s protocol. Plasma was assayed in dupli-
cate or triplicate after a single thaw, without dilution. Cytokine
measures beneath the detection limit of the assay were given a
value of the midpoint between zero and the lower detection
limit of the assay and were included in the analysis.

Phenotypic Analysis

Natural killer (NK) cell and T-cell activation was measured in
cryopreserved PBMCs in batch analyses using optimized flow
cytometry methods [20]. Cryopreserved PBMCs were rapidly
thawed in warm media, washed, and rested for 2 hours.
Sample viability and cell counts were determined by staining
with Viacount (Millipore) and run on a Guava PCA (Milli-
pore). PBMCs were stained with yellow viability dye (Invitro-
gen), anti-CD14 and -CD20 antibodies (to exclude nonviable
cells, monocytes, and B cells, respectively). In addition, the
cells were stained with anti-CD3, -CD16, -CD38, -CD56,

-CD69, -CD158a, -CD158b (BD Biosciences) and-CD158el/
€2 (Beckman Coulter) antibodies. Stained cells were run on a
BD LSRII, and the data were analyzed using Flowjo (Treestar).
NK cells were defined as viable, CD14"¢, CD20"¢, CD3",
and CD16/56"°° lymphocytes. The frequency of NK cells that
were CD69P°, HLA-DRP®, or CD38"“* was determined using
fluorescent minus one (FMO) gates. The frequency of T cells,
defined as viable, CD14"¢, CD20"¢, CD3P** cells, expressing
CD69 or both CD38 and HLA-DR was similarly determined.

NK-cell and T-cell effector functions were measured using
cryopreserved PBMCs in batched analyses. Each of the follow-
ing 4 NK-cell effector functions were quantified in the absence
of exogenous stimulation, excepting IL-2 in the culture media:
degranulation (using CD107a expression as a surrogate [21]),
cytokine secretion (IFN-vy), activation (CD69), and recent cell
division (using Ki-67 as a surrogate [22]). Cryopreserved
PBMC were rapidly thawed in warm media, washed, and
rested for 12 hours in media containing 50 U/mL IL-2. For ex-
periments in which cells were stimulated with K562 cells (Sup-
plementary Figure 1), NK cells from HIV-uninfected healthy
donors were cultured with equal numbers of K562 cells. Cells
were washed, resuspended in medium containing an antibody
directed against CD107a, and cultured for a further 6 hours.
Samples were processed for flow cytometry as detailed above
with the following modification. Cells were surface stained
with anti-CD3, -CD8, -CD56, -CD69 (BD Biosciences), and
-CD7 (Beckman Coulter) antibodies, then washed, fixed, and
permeabilized before staining with anti-Ki-67 and -IFN- y (BD
Biosciences) antibodies. To account for NK cells that have lost
CD16 expression due to activation [23], CD7 expression was
used to classify viable, CD14"¢, CD20"¢, and CD3"® cells as
NK cells [24]. FMO gates were used to determine the propor-
tion of cells responding with >1 of the 4 effector functions
measured (CD107a, CD69, IFN-y, or Ki-67). Boolean gates
were used to enumerate the proportions of NK cells or CD8
T cells expressing any particular combination of the 4 effector
functions. Spice (v5.2) and Pestle (v1.6.2) software (kindly pro-
vided by M. Roederer) were used to analyze these data.

Statistical Methods

Comparisons Between Cases and Controls

Assays were conducted blinded. All except the cytokine assays
were conducted prior to the unblinding of the CAPRISA004 trial
arm allocation. Comparisons were made using a nonparametric
Mann-Whitney U test in GraphPad Prism v5 (GraphPad). The
cytokine analysis was corrected for multiple comparisons using a
false-discovery step-down procedure. The heatmap presented in
Figure 1 was assembled in GeneCluster and visualized in TreeS-
tar (Michael Eisen, Stanford University). All other statistical
analyses were conducted in SAS v9.2 (SAS Institute, Cary, North
Carolina). Logistic regression analyses were implemented in SAS
v9.2 with the “Proc logistic” procedure.
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Principal Component Analysis

Principal component analysis (PCA) was run on all variables
that differed between cases and controls. Orthogonally rotated
(varimax) components that had an eigenvalue of >1 (see Sup-
plementary Figure 2 for the scree plot) and had at least 3
factors loading on it each with a loading score of >0.4, were
included. The principal components (PCs), their eigenvalues,
variance, and the important variables that composed a PC are
shown in Supplementary Table 1.

RESULTS

Behavioral and Biological Risk Factors for HIV Acquisition in
the CAPRISA 004 Trial

In the CAPRISA 004 trial population of 889 high-risk women
(445 randomized to 1% tenofovir gel, 444 randomized to
placebo gel), neither coital frequency (protected or unprotect-
ed by condoms), nor the number of sexual partners, nor
symptomatic sexually transmitted infections (STIs) were
strong predictors of HIV acquisition (data not shown). In con-
trast, younger age and prevalent herpes simplex virus type 2
(HSV-2) infection were predictive of HIV acquisition (data
not shown). But taken together, these risk factors did not en-
tirely explain HIV acquisition risk in this high-risk cohort of
young women.

Nested Case-Control Analysis of Inmunological Risk Factors
for HIV Acquisition

To identify immunological risk factors for HIV acquisition in
high-risk women from the CAPRISA 004 trial, we selected 44
cases who acquired HIV (cases), and 37 controls who, despite
being at the highest sexual risk in the trial, did not acquire
HIV. Baseline demographic characteristics, sexual behaviors
during the trial and HSV-2 serostatus by group are detailed
in Table 1. Controls had a higher average number of self-

reported sex acts per month and a congruently higher average
number of used vaginal gel applicators returned per month
than cases. Cases were, on average, younger than controls. In
total, 33 of 44 cases and 22 of 37 controls were in the
Tenofovir treatment arm (p-0.41).

Cases Had a Proinflammatory Signature of Plasma
Cytokine Expression

Cases had a distinctive pattern of plasma inflammatory cyto-
kines prior to infection compared with controls (Figure 1).
The cytokine profile (regardless of treatment arm assignment
in the trial) of cases was marked mainly by higher concentra-
tions of the proinflammatory and T-cell homeostatic cytokines
TNF-o, IL-2, IL-7, and IL-12p70 (Table 2). In an unsuper-
vised hierarchical cluster analysis, cases were clustered sepa-
rately from controls (data not shown). To probe for the source
or functional consequences of these cytokine differences, the
cellular profiles of peripheral blood collected at the same time-
points were studied.

Cases Had Higher Numbers of Platelets Just Prior to

HIV Acquisition

Consistent with a proinflammatory cytokine profile in plasma,
cases had significantly higher platelet counts than did controls
(P =.04, Table 2). Cases and controls had similar neutrophil
and lymphocyte counts (Table 2). In contrast, there was no
difference in the platelet count between cases and controls at
study enrollment (data not shown). Next, we explored
whether the differences in platelet counts extended to other

components of the innate immune system.

Cases Had Higher Levels of Systemic Innate

Immune Activation

Cases had significantly higher proportions of activated NK
cells than did controls. The proportions of NK cells that

Table 1. Baseline Demographic Characteristics, Sexual Behavior, and Herpes Simplex Type 2 (HSV-2) Serostatus

Baseline Cases (n =44 women) Controls (n =37 women) P
Demographic characteristics
Mean age, years 23.3 27.6 <.001
Mean days preinfection at sample collection (range) 127 (15-404)
Sexual behavior
Mean no. of sex acts/month 5.7 11 <.001
Mean no. of returned used applicators/month 6 10.7 <.001
Mean no. of partners 0.9 1.2 .059
Overall mean self-reported condom use, % 87.1 84.6 .650
HSV-2 serostatus, no. (%)
HSV-2 positive at baseline 28 (63.6) 21 (56.8) .788
HSV-2 positive at exit 33 (75.0) 25 (67.6) .693
Gel arm comparison group, no. (%)
Tenofovir arm 33 (75) 22 (60) 417
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Figure 1.

increasing levels of cytokines relative to the median for all participants.

Controls

Heat map representation of 13 plasma cytokines measured in cases and controls. Color changes in the spectrum green to red denote

Table 2. Plasma Cytokine Levels, NK-Cell and T-Cell Activa-
tion, and Peripheral White Blood Cell Counts

Cases Controls
Variable (n =44 women) (n =37 women) P
Median plasma cytokine, pmol/L (IQR)
IL-10 7.82 (460-18.93)  5.00 (2.46-9.18) 1018
IFN-y 0.36 (0.15-2.84) 0.15 (0.15-0.95) 1012
TNF-o. 2.16 (1.26-3.17) 1.21 (1.01-1.98) 0178
IL-2 0.30 (0.15-1.07) 0.10 (0.06-0.28) .003°
IL-4 0.07 (0.07-2.02) 0.07 (0.07-1.36) 213
IL-6 0.67 (0.28-1.51) 0.48 (0.24-1.12) .338°
IL-7 0.55 (0.21-1.09) 0.12 (0.06-0.34) .003%
IL-1B8 0.03 (0.03-0.11) 0.03 (0.03-0.05) .084°2
IL-5 0.08 (0.03-0.19) 0.08 (0.08-0.14) 445°
IL-12p70 0.68 (0.06-3.19) 0.06 (0.06-0.11) .0078
IL-13 0.53 (0.24-1.52) 0.24 (0.24-0.24) .053%
IL-8 0.60 (0.26-0.99) 0.59 (0.21-1.15) .873?
GMCSF 0.23 (0.15-0.49) 0.23 (0.23-0.25) .0622
Median peripheral blood cell counts (IQR)
Platelets 345 (277-383) 289 (257-355) .038
(x10%/L)
WBC 6.76 (4.79-8.01) 5.89 (4.99-7.41) .763
Neutrophil 3.50 (2.39-4.57) 3.08 (2.31-4.36) .647
Lymphocyte ~ 2.11 (1.91-2.65) 2.32 (1.6-2.78) .289
Median NK-cell activation (IQR)
Y%HLA- 7.43(4.81-11.10)  4.08 (2.37-5.61) .0001
DRDOS
%CD38P°° 46.40 (35.00-55.90)  67.0 (49.8-76-95) .0001
%CD69P°° 0.07 (0.4-0.15) 0.04 (0.01-0.09) .049
Median (total) T-cell activation (IQR)
%CD38P%° 0.93 (0.66-1.14) 1.08 (0.77-1.56) .370
and HLA-
DRDOS
% CD69P°* 0.17 (0.10-0.31) 0.15 (0.7-0.30) .350

Abbreviations: GMCSF, granulocyte macrophage colony-stimulating factor;
IFN, interferon; IL, interleukin; IQR, interquartile range; NK, natural killer; TNF,
tumor necrosis factor; WBC, white blood cell.

@ Adjusted for multiple comparisons using a false discovery rate step-down
procedure

expressed HLA-DR, a marker of chronic activation and CD69,
a marker of recent activation were raised in cases relative to
controls (P=.0001 and P =.05, respectively, Figure 2A and
Table 2). In addition, cases had markedly lower proportions of
CD38 expressing NK cells than controls (P <.0001, Figure 2B
and Table 2). In an independent analysis, we observed CD38
down-regulation following in vitro stimulation with K562 cells
(Supplementary Figure 1). Thus, lower CD38 expression on
NK cells is consistent with higher activation, unlike T cells.

To validate these findings as of functional relevance, the ef-
fector function of NK cells in cases and controls was studied.
In the absence of in vitro stimulation excepting for IL-2 in the
culture medium, cases had a greater proportion of degranulat-
ing NK cells than controls (median % CD107a"*® NK cells in
cases: 8.5%, interquartile range [IQR], 6.08%-11.58% vs con-
trols: 4.8%, IQR 2.52%-7.48%: P=.0004). Cases also had
fewer recently divided NK cells than controls (median, %XKi-
67P°° NK cells in cases: 8.94%, IQR 3.99%-18.85% vs controls:
17.1%, IQR 10.0%-24.03%: P =.003), but the proportion of
unstimulated NK cells secreting IFN-y was similar (median, %
IFN- yP°° NK cells in cases: 2.43%; IQR, 1.65%-4.95% vs con-
trols: 3.32%; IQR, 0.83%-8.04%, P =.93).

To account for the observed differences in NK-cell activa-
tion between cases and controls, NK-cell maturation status
and killer immunoglobulin-like receptor (KIR) genotypes and
phenotypes were examined. There was no difference in the
proportion of NK cells expressing CD57, a marker of lympho-
cyte differentiation (mean %CD57+ NK cells, 56.7% vs 50.7%
for cases and controls, respectively; P=.16) Furthermore,
there were no differences in KIR genotypes between cases and
controls in this study. In this study only 1 donor possessed the
KIR3DSI gene, which has been previously implicated in HIV
disease pathogenesis [25, 26]. Finally, there was no difference
between cases and controls in the proportion of NK cells ex-
pressing KIRs for which commercial antibodies for flow cyto-
metric staining were available (data not shown). Although
others have shown that HSV-2 infection is associated with
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Figure 2. Cases had higher levels of natural killer (NK) cell activation in blood. A-B, Proportion of NK cells expressing (A) HLA-DR or (B) CD38
shown as representative flow cytometry plots from a case (/eft) in comparison to a control (right) and summary graphs of the same (below). Squares,

cases; triangles, controls.

elevated white blood cell counts and increased NK cell degra-
nulation in HIV-coinfected individuals [27], there was no dif-
ference in NK cell activation between HSV-2 seropositive and
seronegative individuals in this study (data not shown).

Cases Had Higher Levels of Spontaneous Cytotoxic

T-Cell Degranulation

The degree of bulk T-cell activation using conventional
markers of activation (coexpression of CD38 and HLA-DR)
was similar between cases and controls (P =.37, Table 2). We
did not measure activation of T-cell subsets. In contrast, the
proportion of degranulating cytotoxic (CD8) T cells in
the absence of in vitro stimulation (excepting for IL-2 in the
culture medium) was significantly higher among cases com-
pared to controls (P =.0026, Figure 3).

In a Principal Component Analysis of Immunological
Drivers of HIV Acquisition, Innate Immune Activation
Was Predictive of Acquisition

To conduct a more comprehensive analysis, the putative
factors related to acquisition were subjected to a principal
components analysis. Four PCs with eigenvalues >1 were ex-
tracted (Supplementary Figure 2) and collectively explained
almost 70% of the variability in activation measures. Each PC
measured a qualitatively different immune response, which
were labeled accordingly (Supplementary Table 1): PC1-T-cell
homeostatic cytokines, PC2-innate immune activation, PC3-
innate immune quiescence, and PC4-innate immune activa-
tion (independent of CD8P® T-cell degranulation). The PCs

were included in an adjusted logistic regression model of HIV
acquisition.

In this logistic regression analysis, adjusted for treatment
arm, age and HSV-2 serostatus, PC2-innate immune activa-
tion was a significant risk factor for HIV acquisition (OR,
11.27; 95% CI: 1.84-69.09, P =.009, Table 3). Conversely and
in congruence, PC3-innate immune quiescence was a signifi-
cant independent protective factor (OR, 0.06; 95% CI:
.013-.33, P=.001, Table 3).

Finally, to exclude tenofovir treatment as a confounding
effect, and to determine whether immune activation enhances
HIV acquisition over and above the protective effect of tenofo-
vir gel, the logistic regression was repeated focusing on the 2
measures of activation most divergent between cases and con-
trols in the stratum of women who were using tenofovir gel. In
this analysis, which was also adjusted for age, HSV-2 infection,
and HLA-DR expressing NK cells, a reduced proportion of
CD38-expressing NK cells was independently associated with
HIV acquisition among women who were using tenofovir gel
(OR, 0.90; 95% CI: .82-.97, P=.005, Table 4). In summary,
after adjusting for multiple potential confounders, systemic
innate immune activation measured collectively in a principal
component or by a reduced proportion of CD38 expressing NK
cells in blood was associated with HIV acquisition.

DISCUSSION

In this study systemic innate immune activation was associat-
ed with HIV acquisition, even among women using tenofovir
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Figure 3. Cases had higher levels of spontaneous CD8 T-cell degranu-
lation. A-B, Proportion of CD8”° T cells expressing CD107a shown as
(A) representative flow cytometry plots from a case (/eft) in comparison
to a control (right), and (B) a summary graph of the same. Squares,
cases; triangles, controls.

gel. Relative to women at high HIV risk who remained unin-
fected, women who acquired HIV had higher levels of proin-
flammatory cytokines, platelets, activated NK cells, and
spontaneous cytotoxic T-cell degranulation in blood. Many of

these various measures of immune activation were predictors

Table 3. Logistic Regression Model for HIV Acquisition in
Case—Control Analysis Including Principal Components

Adjusted Odds Ratio

Component (95% Cl) for HIV Acquisition P

Placebo vs tenofovir 7.15 (1.02-50.28) .048

HSV-2P°% vs HSV-2"¢9 21.85 (1.31-364.45) .031
serostatus

Age (per year increase) 0.72 (.58-.88) .001

PC 1: "T-cell homeostatic 9.36 (.35-247.90) 181
cytokines”

PC 2: “Innate immune 11.27 (1.84-69.09) .009
activation”

PC 3: “Innate immune 0.06 (.013-.33) .001
quiescence”

PC 4: "NK-cell activation 1.65 (.69-3.95) .260

independent of CD8*
T-cell degranulation”

Abbreviations: Cl, confidence interval, HIV, human immunodeficiency virus;
HSV, herpes simplex virus; NK, natural killer; PC, principal component.

Table 4. Logistic Regression Model for HIV Acquisition: Tenofo-
vir Gel Arm Only Including Individual Measures of NK-Cell
Activation

Adjusted Odds Ratio

Component (95% Cl) for HIV Acquisition P

HSV-2P°% vs HSV-2"¢9 77.33 (.90-999) .056

Age (per year increase) 0.67 (.48-.91) .011

%CD38P°° NK cells 1.11 (1.03-1.22) .005
(per 1% decrease)

%HLA-DRP°® NK cells 1.38 (.99-1.92) .058

(per 1% increase)

Abbreviations: Cl, confidence interval; HIV, human immunodeficiency virus;
HSV, herpes simplex virus; NK, natural killer.

of HIV acquisition independent of other risk factors but when
these factors were assembled into principal components,
innate immune activation was a strong predictor of HIV ac-
quisition. We infer from these collective data that systemic
innate immune activation enhances HIV acquisition, and thus
modulating activation may provide a new strategy for improv-
ing the efficacy of antiretroviral agents in preventing HIV
acquisition.

The search for risk factors for HIV has yielded an array of
genetic, innate, humoral, and cellular immune response
factors that differentiate highly exposed seronegative (HESN)
individuals from healthy controls [28]. However, many prom-
ising correlates have not been reproducible: some studies
conclude that a quiescent immune phenotype is protective
[11-14], whereas others conclude that activation is protective
[15-19]. These divergent findings may be because of differenc-
es in comparison groups (HESN to healthy controls—women
with low/no sexual risk for HIV—or HIV-infected patients)
and the definition of exposure used. We propose that subse-
quent HIV acquisition is a more accurate measure of HIV ex-
posure. In the CAPRISA 004 trial of tenofovir gel,
conventional risk factors for HIV acquisition [29] did not fully
account for overall HIV risk. This confirmed the relative ho-
mogeneity in the risk profiles of the trial participants and the
underlying population [2]. Further, it validated the search for
additional immunological risk factors by comparing preinfec-
tion samples from women who acquired HIV (cases) to
samples from those who did not (controls).

Women who acquired HIV had higher levels of systemic
innate immune activation than those who remained HIV neg-
ative despite high risk exposure. Platelets, which are closely
intertwined with the innate immune system [30], were also
more abundant in the blood of cases than controls, consistent
with our data from a similar population in a previous study
[31]. NK cells are the first line of defense against a variety of
intracellular viral pathogens and are potently equipped to kill
HIV-infected cells or to recruit other cells [32]. Thus it was
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reasoned that their basal state of activation broadly portrays
the extent of innate immune activation and thereby may cor-
relate with HIV endpoints. Using several different measures of
activation, NK cells from cases were more activated and more
avidly degranulated than those from controls. An activated
NK-cell phenotype associated with higher levels of degranula-
tion and lower proliferation is reminiscent of a more differen-
tiated or exhausted NK cell. But the finding that a similar
proportion of NK cells in cases and controls expressed CD57,
a marker of differentiation [33], suggests that this does not
account for differences in NK-cell activation and function in
this study.

Our data suggest reduced CD38 expression on NK cells is
an activation phenotype associated with HIV. Ligation of
CD38 on NK cells results in proliferation, cytokine produc-
tion, and HLA-DR expression [34-36] but because CD38
colocalizes with CD16 [37, 38] and CD16 is rapidly down-
regulated on NK-cell activation [23], we conclude that in this
context, lower frequencies of CD38 expressing NK cells are
consistent with prior NK-cell activation. But the role of CD38
in HIV-infection is complex [39].

Although this study had a similar sample size to other
studies that have found specific KIR or KIR-HLA compound
genotypes associated with protection from HIV acquisition
[40-42], we did not find evidence to support this. High
genetic diversity of KIR genes has been described among sub-
Saharan Africans [43]. Thus, power to detect genetic associa-
tions in this study was limited.

Two limitations of this study warrant attention: its small
size and the paucity of longitudinal measures of activation.
Despite the increased Type II error because of a small sample
size, we found marked differences that remain statistically sig-
nificant after correcting for multiple comparisons. These dif-
ferences withstood rigorous testing in adjusted regression
models. Second, because of the rarity of stored samples (par-
ticularly PBMCs) in the CAPRISA 004 trial, the availability of
and access to longitudinal samples was limited. Nevertheless,
for women who did not acquire HIV, NK-cell and T-cell acti-
vation was similar at the highest sex visit (reported here) com-
pared to the last visit in the trial for controls (data not
shown). Hence, it could be inferred that the single timepoint
measurement accurately portrayed underlying activation.

A particular strength of this analysis is that it compares
women who acquire HIV to women who do not acquire HIV
followed prospectively. The participants were drawn from a
clinical trial population conducted in a community with high
background HIV incidence rates. Jennes and colleagues have
reported an immune quiescence phenomenon in highly
exposed seronegative African women in comparison to
healthy women [14]. Our data are consistent with these obser-
vations and suggest that prior to infection, women have a po-
tentially modifiable set of immunological parameters that are

strongly associated with their risk of HIV acquisition. The
temporal relationship between the presence of inflammation
prior to infection and HIV acquisition and the high degree of
consistency across multiple measures of systemic immune acti-
vation increase the likelihood that systemic immune activation
is causally related to HIV acquisition. But what biological
plausibility is there for immune activation as a driver of
acquisition?

There are at least 2 potential mechanisms by which innate
immune activation may drive acquisition. First, activated
T cells are more susceptible to HIV infection and support
higher rates of viral replication [44]. We did not observe evi-
dence of bulk T-cell activation, but importantly we did not
measure activation on T-cell subsets (CD4,0s or CD8o T
cells) in peripheral blood, nor at the site of HIV exposure
(genital tract). But an increased frequency of innate lympho-
cytes that activate these cells at the genital tract mucosa or re-
gional lymph node level may (1) recruit potential target cells to
the site of infection [45] or (2) increase the likelihood that the
initial viral reproductive rate R, will exceed 1 (Ry> 1), thereby
establishing productive infection [46]. In additional concor-
dant studies done in this study population, reported higher cer-
vicovaginal cytokine concentrations in women who acquired
HIV [47]. Further work to measure T-cell subset activation
and the crosstalk between genital and systemic activation is
warranted. Second, in the presence of generalized systemic
immune activation, the ability to generate a protective immune
response may be compromised. Immune activation is associat-
ed with greater rates of immunosenescence, disruption of
anatomic niches, and excessive bystander apoptosis [48]. Con-
sequently, these effects may impair defense against HIV, aside
from their effects on defense against other pathogens.

Perhaps the most promising finding from this study is the
identification of a potentially modifiable risk factor for HIV. If
methods to dampen immune activation were available, the effi-
cacy of tenofovir gel may be improved. One approach is to
identify and target the upstream drivers of immune activation.
The finding of systemic activation suggests that a multipotent
factor may be driving activation, perhaps a common pathogen.
In chronic HIV infection, there is evidence that herpes viruses,
such as human cytomegalovirus (CMV), may drive immune
activation, and reducing CMV replication with valganciclovir
reduces activation [49]. In our study population, almost all
adults are infected with CMV (A Kharsany, personal commu-
nication) so is unlikely to be distributed unequally in cases and
controls so as to account for differences in activation. But a
search for other pathogens is nonetheless warranted.

An alternative approach to targeted treatment of specific
pathogens is to develop and test methods that directly dampen
inflammation. There are recent data to suggest that reducing
inflammation may prevent HIV. In a monkey model of HIV
acquisition, the modulation of Toll-like receptor (TLR)
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signaling events at the genital tract mucosa protects from in-
fection [50].

Future studies will seek to identify pathogens that drive acti-
vation prior to HIV and to determine whether innate immune
activation in women who acquire HIV has an underlying host
genetic component. Incorporating an intervention that
dampens innate immune activation among the existing HIV
prevention methods may meanwhile provide additional pro-
tection for young African women, even in the tenofovir gel
era. More research is needed before the results can be confi-
dently translated into clinical applications.
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