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Background. Immunogenetic correlates of resistance to HIV-1 in HIV-1-exposed seronegative (HESN) indi-
viduals with consistently high exposure may inform HIV-1 prevention strategies. We developed a novel approach
for quantifying HIV-1 exposure to identify individuals remaining HIV-1 uninfected despite persistent high expo-
sure.

Methods. We used longitudinal predictors of HIV-1 transmission in HIV-1 serodiscordant couples to score
HIV-1 exposure and define HESN clusters with persistently high, low, and decreasing risk trajectories. The model
was validated in an independent cohort of serodiscordant couples. We describe a statistical tool that can be
applied to other HESN cohorts to identify individuals with high exposure to HIV-1.

Results. HIV-1 exposure was best quantified by frequency of unprotected sex with, plasma HIV-1 RNA levels
among, and presence of genital ulcer disease among HIV-1-infected partners and by age, pregnancy status, herpes
simplex virus 2 serostatus, and male circumcision status among HESN participants. Overall, 14% of HESN individu-
als persistently had high HIV-1 exposure and exhibited a declining incidence of HIV-1 infection over time.

Conclusions. A minority of HESN individuals from HIV-1-discordant couples had persistent high HIV-1 expo-
sure over time. Decreasing incidence of infection in this group suggests these individuals were selected for resistance
to HIV-1 and may be most appropriate for identifying biological correlates of natural host resistance to HIV-1
infection.

Investigators have sought to characterize correlates of
resistance to human immunodeficiency virus type 1
(HIV-1) among individuals who have been exposed to
HIV-1 yet remain seronegative, a population previous-
ly referred to by a diverse nomenclature but now com-
monly referred to as HIV-1-exposed seronegative
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(HESN) individuals [1, 2]. To date, however, only the
CCR5-A32 mutation has consistently been associated
with host resistance to HIV-1 [3], while observations
regarding HIV-1-specific T cell responses, T-helper
proliferation, interleukin 2 production, HIV-1-specific
antibodies, immune activation, and CCL3L1 copy
number variation have been inconsistent [4, 5].

One possible explanation for these disparate find-
ings is that inaccurate quantification of HIV-1 expo-
sure (ie, the likelihood that HIV-1 reaches target host
cells) may result in misclassification of low-risk indi-
viduals as being highly exposed, leading to false asso-
ciations with putative host resistance factors. For
example, HESN individuals whose infected sex part-
ners have initiated antiretroviral therapy (ART) [6-9]
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or who rarely have unprotected sex with their infected sex
partners [10, 11] have lower risks of infection despite persis-
tent sex with infected partners. In addition, absence of male
circumcision [12-14], presence of other sexually transmitted
infections [15, 16], and current pregnancy [17] have repeatedly
been associated with HIV-1 transmission. These associations
may be attributable to changes in the infectiousness of source
partners or may reflect their influence on the likelihood that
HIV-1 reaches target host cells in uninfected partners. Indeed,
HIV-1 exposure characteristics may collectively modify infec-
tion risk by up to 300-fold [18]. Furthermore, because these
characteristics are dynamic, cross-sectional measurement may
inadequately capture ongoing levels of exposure. Thus, quanti-
fying longitudinal HIV-1 exposure in biological studies of
resistance could reduce exposure misclassification and, ulti-
mately, improve precision.

To evaluate how factors quantifying HIV-1 exposure can
predict HIV-1 acquisition risk, we modeled HIV-1 exposure
using longitudinal data from a cohort of HIV-serodiscordant
couples and validated the model in an independent cohort.
We used this model to identify a subset of HESN partners
with persistently high HIV-1 exposure who exhibited a declin-
ing HIV-1 infection incidence, suggesting selection for indi-
viduals with resistance to HIV-1. Thus, we propose that this
approach to quantifying longitudinal HIV-1 exposure can
identify individuals most likely to be enriched for biological
factors mediating host resistance to HIV-1.

METHODS

Cohorts and Study Procedures

HIV-1 exposure scores were developed using data from a ran-
domized clinical trial of 3408 HIV-serodiscordant heterosexu-
al African couples that evaluated the efficacy of acyclovir in
preventing HIV-1 transmission over 12-24 months of quarter-
ly follow-up, as previously described [19]. All HIV-1-infected
partners were herpes simplex virus 2 (HSV-2) seropositive,
had CD4 cell counts >250 cells/mm?®, and were not taking
ART at enrollment. A separate validation cohort of 485 HIV-
serodiscordant couples from Kampala, Uganda, and Soweto,
South Africa, was followed quarterly for 1 year in an observa-
tional study of HIV-1 transmission. This secondary cohort did
not have the same HSV-2 or CD4 cell count eligibility criteria
as the primary cohort. Both studies determined HIV-1 infec-
tion by serologic analysis, and infection dates were estimated
using reverse-transcription polymerase chain reaction (RT-
PCR) analysis of the HIV-1 RNA level in preseroconversion
plasma [20]. Genetic sequencing of env and gag gene regions
of HIV-1 obtained from plasma specimens from both partners
was used to assess transmission linkage within the partnership
[19, 21]. Both studies were approved by human subjects re-
search committees at the University of Washington and all

local study sites and affiliated institutions. All participants pro-
vided written informed consent.

Definition and Correlates of HIV-1 Exposure

HIV-1 exposure was conceptualized as HIV-1 reaching host
target cells following heterosexual contact with an HIV-infected
partner and was defined by correlates of HIV-1 infectivity and
susceptibility. Specifically, we evaluated plasma HIV-1 RNA
levels, pregnancy, and genital ulcer disease among infected part-
ners [8,9,22], unprotected sex between partners [10,11], and sex,
age, male circumcision [12-14], HSV-2 serostatus, pregnancy
[17], and genital ulcer disease [15,16] among HESN partners.
We did not include CD4 cell counts or ART use by the HIV-1-
infected partner since effects of these factors are correlated with
HIV-1 RNA levels. Age, sex, and male circumcision data were
obtained at enrollment. Plasma HIV-1 RNA levels were deter-
mined using the COBAS AmpliPrep/COBAS TagMan HIV-1
RNA assay, version 1.0 (Roche Diagnostics, Indianapolis, IN),
with a limit of quantification of 240 copies/mL, on plasma col-
lected from infected partners at the enrollment visit; the 3-, 6-,
9-, and 12-month visits; and study exit.

We created a time-dependent dichotomous variable based
on unprotected sex reported by either partner since the last
quarterly visit. The genital ulcer disease variable included self-
report of genital ulcer disease or ulcer diagnosis upon quar-
terly examination. Pregnancy was assessed using urine tests
for HIV-1-infected women and using self-report and optional
urine tests for HESN women. Pregnancy duration was defined
as the time from the last menstrual period preceding pregnan-
cy to delivery or pregnancy loss.

HIV-1 Outcomes

Infection dates for HIV-1 seroconverters without a positive
HIV-1 RNA RT-PCR result before seroconversion were esti-
mated as the midpoint between the last seronegative visit and
the first seropositive visit, or 45 days before the first seroposi-
tive visit for individuals who missed a quarterly follow-up
visit and thus had a large gap between visits. For seroconvert-
ers with a positive RT-PCR result prior to seroconversion, in-
fection dates were estimated as 17 days before the visit with
first RT-PCR-positive result [23, 24].

HIV-1 Exposure Quantification

To quantify HIV-1 exposure among HESN participants, we de-
termined a best-fitting Cox proportional hazards model with
time-dependent covariates for predicting HIV-1 infection, using
backward variable selection based on Akaike’s information crite-
rion, and we used regression coefficients and individual covari-
ates to estimate visit-specific exposure scores. The Cox model
outcome was time from enrollment to acquisition of HIV-1 in-
fections that were genetically linked to the source partner’s virus.
Seroconverters who acquired HIV-1 from outside partnerships
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were censored at their estimated date of infection, and those who
remained uninfected were censored at their last HIV-1 test. Po-
tential predictors included the last known value before each
HIV-1 test for each covariate described above. Validation of the
model using the secondary cohort was performed using receiver
operating characteristic (ROC) curves [25].

HIV-1 exposure scores (n;;) at each visit t were determined
for every HESN participant i by use of linear predictors from
the final model. Because the Cox model is a relative risk model,
linear predictors were normalized to the sample average so the
average exposure score was 0, with scores >0 representing
greater than average risk. Specifically, the exposure score for par-
ticipant i at study visit t was calculated as follows:

1
exposure score;, = mM; = BX; — (;) Z BX;
j

where X and f represent covariates and model coefficients, re-
spectively, and X; represents the covariate value for the jth of n
participants. The vector of exposure scores for an individual i
over follow-up (7, = [M;1, M, - - - M) is referred to as their
“risk trajectory.”

Finally, we subdivided participants into clusters with
similar HIV-1 exposure trajectories, using K-means cluster
analysis that can handle missing values [26]. Depending on
the number of prespecified clusters, this approach typically
identifies a cluster with persistent high exposure, 1 or more
clusters with persistently lower levels of HIV-1 exposure, and
a cluster whose exposure scores decreased dramatically over
follow-up. We plotted hazard functions for these risk groups
to evaluate empirical changes in infection risk [27].

Simulating Effects of HIV-1 Exposure in Studies of Resistance
We used simulations to demonstrate effects of selecting low
exposure HESN controls when studying a potential correlate
of resistance in scenarios in which we assumed different asso-
ciations between exposure and a hypothetical host factor and
different associations between the hypothetical host factor and
HIV-1 acquisition. For each scenario, we simulated 100 popu-
lations of 3400 participants with similar exposure score distri-
butions, HIV-1 incidences, and associations between exposure
scores and infection as in the primary cohort. Next, we simu-
lated the distribution of a continuous host factor in each pop-
ulation on the basis of assumed true relationships of the host
factor with both exposure scores and infection. Finally, we
evaluated observed associations between the hypothetical host
factor and HIV-1 infection when HESN controls were selected
either randomly or by exposure score matching to cases.

Supplemental R Program for Determining Exposure Scores

We developed a free R package for determining HIV-1 expo-
sure scores that can be applied to other cohorts (Supplementary
Materials).

RESULTS

Baseline Characteristics

Of 3408 HESN participants, 3321 had >1 follow-up HIV-1
test. A total of 2236 (67.3%) tested HESN participants were
male, and, of these, 1336 (59.7%) were circumcised. Median
ages among uninfected females and males were 31 years (in-
terquartile range [IQR], 26-38 years) and 35 years (IQR, 30-
42 years), respectively. At baseline, >1 partner in 1175 couples
(35.4%) reported unprotected sex in the previous month, and
2261 HESN participants (68%) were HSV-2 seropositive. Fur-
thermore, 780 HIV-1-infected partners (23%) and 344 HIV-
1-uninfected partners (10%) had symptomatic genital ulcer
disease. Among HIV-1-infected partners, the median baseline
plasma HIV-1 RNA level was 4.1 log, copies/mL (IQR,
3.3-4.7 log; copies/mL).

HIV-1 Infection Incidence

Seroconversion was detected in 151 participants who were ini-
tially HESN (4.5%), of whom 24 were HIV-1 RNA RT-PCR
positive at enrollment and were excluded from the analysis. Of
the remaining 127 seroconverters, HIV-1 in 86 (67.7%) was
genetically linked to HIV-1 in their infected partner, as re-
vealed by viral sequencing [21]. The overall incidence of
linked infections was 1.7 cases/100 person-years and was
greater in the first year of follow-up than in the second (2.0 vs
1.2 cases/100 person-years; P =.04).

HIV-1 Exposure Scores

By use of backward variable selection, the best-fitting model
for HIV-1 acquisition included unprotected sex with, HIV-1
RNA load of, and symptomatic genital ulcer disease for the
infected partner and HSV-2 serostatus, current pregnancy, sex,
age, and male circumcision of the uninfected partner
(Table 1). Evaluation of Schoenfeld residuals did not suggest
any time-varying effects. We used this model to calculate
visit-specific exposure scores for HESN participants on the
basis of the product of regression coefficients and the partici-
pant’s covariates, and we normalized these to the average ex-
posure score across the full cohort. Exposure scores ranged
from —3.6 to 4.7, with a score of 0 representing the average
exposure and a 1-unit increase indicating an exp(1) = 2.7-fold
increased risk of infection.

Longitudinal Changes in HIV-1 Exposure

Because of variation in time-dependent predictors, HIV-1 ex-
posure scores varied across study visits. For instance, among
1715 (52%) participants who reported unprotected sex at >1
visit, 938 (47%) reported unprotected sex at <25% of their
visits. Among 2764 HESN participants whose HIV-1-infected
partner had detectable HIV-1 plasma RNA at baseline, 241
(8.5%) had undetectable plasma HIV-1 levels by the end of
follow-up, and 163 HIV-1-infected partners who always had a

Quantifying Longitudinal HIV-1 Exposure e JID 2012:206 (15 October) e 1301


http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jis480/-/DC1
http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jis480/-/DC1

Table 1. Multivariable Hazard Ratios and Regression Coeffi-
cients From the Best-Fitting Cox Proportional Hazards Model
Used to Estimate Human Immunodeficiency Type 1 (HIV-1) Expo-
sure Scores

Hazard Regression
Characteristic Ratio 95% ClI P Coefficient
Couple
Any unErotected 4.2 (2.7-6.6) <.001 1.4
sex®
Seropositive partner
HIV-1 RNA load (per 1 2.7 (2.1-3.5)  <.001 1.0
log,g increase)®
Genital ulcer disease? 1.6 (.9-2.8) .08 0.5
Seronegative partner
Pregnancy?® 1.8 (.9-3.8) 12 0.6
HSV-2 seropositive 2.1 (1.2-3.8) .01 0.8
Male circumcision 0.6 (.3-1.1) .10 -0.5
Age (10y increase)®
Among females 0.4 (.2-0.8) -0.8
Among males 0.8 (.5-1.1) -0.3
Female vs male sex®
At 25y of age 0.9 (.5-1.8) -0.1
At 40y of age 0.5 (.2-1.01) -0.8

The best-fitting model was determined using backward variable selection
with Akaike’s information criterion as the stopping rule, which resulted in
retention of some covariates with P> .05.

Abbreviations: Cl, confidence interval; HSV-2, herpes simplex virus 2.

@ Frequency of unprotected sex, plasma HIV-1 RNA levels, genital ulcer
disease, and pregnancy were modeled as time-dependent variables. Baseline
measurements from enrollment were used for all other covariates.

® Unprotected sex was indicated if either partner reported at least 1
occurrence of sexual intercourse without using a condom since the previous
quarterly visit.

© Evidence of statistical interaction between the sex and age of the
HIV-1-seronegative partner (P=.1) suggests that increasing age results in
more substantial decrease in HIV-1 acquisition risk among females than
males. The coefficients associated with age, sex, and the interaction were
—0.2, 1.0, and —0.4, respectively.

detectable viral load experienced a decrease of >1 log;, copies.
Of these 404 HIV-1-infected participants, 124 (31%) began
using ART during the study. During follow-up, 1230 HIV-1-
infected partners (37%) had genital ulcer disease by self-report
or physical examination at >1 visit; however, ulcers were only
found at 1946 (26%) of 7500 study visits attended by these
participants. Finally, of 1873 visits attended by 293 uninfected
women who were pregnant at any time during the study, preg-
nancy was documented at 699 (37%). Overall, only 51% of
participants in the highest exposure score quintile at baseline
remained in the highest exposure quintile at the 3-month
follow-up visit.

HESN Clusters With Persistent Levels of HIV-1 Exposure

Despite variability across individual visits, participants could be
divided into clusters with persistent high exposure scores (475
[14%]), stable lower risk scores (2595 [79%]), or decreasing

exposure scores (214 [7%]) (Supplementary Figure 1). Com-
pared with participants with low exposure scores, participants
in the highest exposure group exhibited riskier characteristics
(Table 2). Specifically, high-exposure participants were more
likely to report at any time during the study that they had un-
protected sex with their study partner (75% vs 46%; P <.001),
and their HIV-1-infected partners had higher mean plasma
HIV-1 RNA levels (5.0 vs 3.9 log;o copies/mL; P <.001). Fur-
thermore, these participants were younger (mean age, 29.5 vs
34.9 years; P<.001) and were more likely to be female (50%
vs 29%; P<.001). Among male HESN participants, the
highest-exposure group was less likely to be circumcised (31%
vs 59%; P <.001).

Participants in the highest-exposure group had a 6.9-fold
increased risk of infection than the lower exposure group on
the basis of median exposure scores (1.7 [IQR, 1.5-2.1] vs
—0.2 [IQR, —1.0 to 0.5]) and had similar median exposure
scores as participants who acquired HIV-1 (Figure 1). Further-
more, this group had the highest incidence of HIV-1 acquisi-
tion, with 49 individuals (10%) acquiring HIV-1 during
follow-up, compared with only 28 (1%) in the lower-exposure
group. Empirical plots showing smoothed hazards of infection
among exposure clusters suggested that the risk of infection
decreased over time among participants in the highest-risk
group but remained constant among participants with lower
exposure scores (Figure 2).

Participants in the cluster with substantial decreases in ex-
posure over follow-up started at baseline with a median expo-
sure risk score of 1.4 (IQR, 0.9-3.0) but had much lower
scores across all subsequent visits (median, 0.4 [IQR, —0.5 to
0.9]). This drop in exposure was principally due to cessation
of unprotected sex or to the HIV-1-infected partner’s HIV-1
RNA levels decreasing after initiation of ART, with 39% of in-
fected partners of participants in the decreasing exposure
group reporting ART use during the study, compared with
13% and 7% in the highest- and lower-risk groups, respective-
ly (P<.001).

Evaluation of Simplified and HESN-Only HIV-1 Exposure Score
Models

To compare the best fitting longitudinal model to models that
can be applied in cohorts with less data, we also evaluated a
simplified model that included only baseline HIV-1 RNA
levels of infected partners and longitudinal unprotected sex,
along with age, sex, and male circumcision status of the HESN
partner, and a HESN-only model that included predictors
from the HESN partner (unprotected sex, sex, age, and male
circumcision status) without behavioral or clinical data from
the HIV-1-infected partner. Compared with the best-fitting
model, mean individual exposure scores from the simplified
model discriminated seroconverters from nonseroconverters
with a high degree of sensitivity and specificity, as measured
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Table 2. Characteristics of Longitudinal Exposure Risk Groups

HIV-1 Exposure Score Group

Characteristic Highest (n =475) Decreasing (n=214) = Lower (n = 2595) P2
Mean HIV-1 exposure score during follow-up® 1.7 (1.5-2.0) 0.4 (-0.5t0 0.9) <.001 —-0.2 (-1.0t0 0.5) <.001
Linked HIV-1 transmission® 49 (10) 7 (3) <.05 28 (1) <.05
Couples
Married to study partner 386 (81) 154 (72) <.05 1951 (75) <.05
Unprotected sex during study® 357 (75) 139 (65) <.05 1203 (46) <.001
Relationship duration, y 4.1 (1.8-7.5) 5.0 (2.4-9.7) <.05 4.8 (2.0-10.1) <.05
HIV-1-seronegative partner
Age, y 30 (25-35) 32 (27-40) <.001 35 (29-42) <.001
Female sex 238 (50) 71 (33) <.001 761 (29) <.001
Male circumcision 74 (31) 68 (48) <.05 1077 (59) <.001
HSV-2 seropositive 417 (88) 146 (68) <.05 1680 (65) <.001
Pregnant during study® 111 (47) 17 (24) <.05 163 (21) <.001
HIV-1-seropositive partner
Mean plasma HIV-1 RNA level,®° log; o copies/mL 5.0 (4.6-5.3) 4.0 (3.6-4.5) <.001 3.9(3.2-4.4) <.001
Mean CD4 cell count, Copies/mm3b‘° 371 (291-488) 373 (298-531) 466 (351-626) <.001
Initiated ART during study®¢ 64 (13) 83 (39) <.001 181 (7) <.001
Time of ART initiation after enrollment, mo®%® 15 (15-21) 9(9-12) <.001 15 (9-18) <.05
Genital ulcer disease during study® 224 (47) 95 (44) 905 (35) <.001

Data are no. (%), for categorical variables, and medians (interquartile ranges), for continuous variables. Numbers may not sum to the total number of participants
included in the study, because of missing data.

Abbreviations: ART, antiretroviral therapy; HIV-1, human immunodeficiency virus type1.

@ Values denote results of comparisons of groups with decreasing or lower HIV-1 exposure scores to those with the highest exposure scores. xz tests were used
for categorical variables, and t tests were used for continuous variables.

® HIV-1 exposure scores, plasma HIV-1 RNA levels, and CD4 cell counts are provided as the mean value across all study visits. HIV-1 transmission, unprotected
sex, pregnancy, and genital ulcer disease variables indicate if the condition was observed at any visit during follow-up. Baseline measurements from enrollment

were used for all other covariates.

¢ Mean values of plasma HIV-1 RNA levels and CD4 cell counts for each individual across all study visits.

9 Referrals for ART initiation were based on national guidelines at the time of the study.

€ HIV-1-infected partners were eligible for the study if they had CD4 cell counts >250 copies/mm? and were not receiving ART at enrollment following national

guidelines.

by areas under the ROC curve (AUCs) of 0.87 versus 0.85.
Furthermore, 71% of participants identified in the highest-
exposure cluster identified using the best-fitting model were in
the highest-risk cluster identified by the simplified model.
Only including baseline unprotected sex further reduced the
AUC to 0.82. The discriminatory power of a model that in-
cluded predictors from only the HESN participant was not as
strong as either the best-fitting model or the simplified model,
as indicated by an AUC of 0.71, with only 36% of highest-risk
participants identified through the best-fitting model being
captured as high risk in the model that was based on HESN
participant data only.

Model Validation

To validate use of exposure scores for discriminating HIV-1
seroconverters from HESN participants, we used the simpli-
fied model described above to determine exposure scores in a
second cohort of 485 HIV-1 serodiscordant couples. Although
the second cohort was recruited similarly to the primary

cohort, the second study only evaluated plasma HIV-1 RNA
levels at baseline, hence necessitating validation with the sim-
plified model only. Mean individual exposure scores generated
by the simplified model applied to this second cohort discrim-
inated seroconverters from nonseroconverters with a high
degree of sensitivity and specificity, as measured by an AUC
of 0.81, which was similar to the AUC of 0.85 achieved by the
simplified model in the primary cohort (Figure 3). The simpli-
fied model could also be used in the second cohort to identify
a highest risk cluster composed of 48 participants (10.4%),
which also showed a decreasing hazard of HIV-1 infection
over time.

Simulating Effects of HIV-1 Exposure in Studies of Resistance

We used data from our primary cohort to evaluate potential
effects of selecting HESN controls with low exposure when
studying a hypothetical biological factor that does or does not
correlate with host resistance to HIV-1. Scenario 1 assumes
that increased exposure is associated with increased levels of a
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Figure 1. Smoothed density curves representing human immunodefi-

ciency virus type 1 (HIV-1) exposure score distributions for all HIV-1 sero-
converters and HIV-1-exposed seronegative participants from the
highest, lower, and decreasing exposure risk groups. Longitudinal HIV-1
exposure scores were quantified using time-dependent predictors (unpro-
tected sex, plasma HIV-1 RNA levels, and symptomatic genital ulcer
disease in HIV-1-infected partners and age, pregnancy, herpes simplex
virus 2 serostatus, and male circumcision in HIV-1—exposed seronegative
participants), with a 1-unit increase representing a exp(1)=2.7-fold in-
creased risk of HIV-1 acquisition. HIV-1 exposure risk groups were based
on individual exposure score trajectories over time and were created
using longitudinal K-means cluster analysis. Area under the kernel
density curves between 2 HIV-1 exposure risk scores represents the prob-
ability that exposure risk scores for individuals in the respective partici-
pant subgroup fell between those 2 values of the exposure score.

hypothetical host factor and that this host factor is not associ-
ated with infection (Figure 4A). If controls are selected at
random (eg, not on the basis of HIV-1 exposure), a spurious
relationship between the host factor and HIV-1 acquisition is
observed (mean difference, 1.7; P<.001) that reflects con-
founding of HIV-1 exposure on HIV-1 acquisition (Figure 4B).
The correct relationship between the hypothetical host factor
and HIV-1 acquisition is observed once the level of HIV-1 ex-
posure is controlled by matching HESN participants to HIV-1
seroconverters by exposure score (observed mean difference,
0; P=.6) (Figure 4C). Scenario 2 assumed that increased expo-
sure is associated with increased host factor levels but that the
host factor was associated with infection, with the mean level
being 2 units lower among HIV-1 seroconverters (Figure 4D).
Here, randomly selecting HESN controls results in a false-
negative association (observed mean difference, 0.2; P=.4)
(Figure 4E). Once again, this false observation is rectified by
matching cases and controls by exposure levels, revealing the
true association between the hypothetical host factor and
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Figure 2. Empirical hazard functions for human immunodeficiency
virus type 1 (HIV-1) acquisition among HIV-1 exposure score risk groups,
determined by clustering initially HIV-1-exposed seronegative individuals
into homogenous groups on the basis of their longitudinal HIV-1 expo-
sure trajectories. Hazard rates represent the instantaneous risk of HIV-1
acquisition at time t conditional on survival until time t or later.

HIV-1 acquisition (mean difference, -1.97; P<.001)

(Figure 4F).

DISCUSSION

Our HIV-1 exposure scores for HESN partners from HIV-1
serodiscordant couples can prioritize participants for studying
biological correlates of resistance to HIV-1 and can be used to
adjust regression models when conducting future studies or
revisiting past analyses. By using this approach, we identified a
small subset of HESN participants (14%) with persistently ele-
vated HIV-1 exposure during follow-up who, consequentially,
had the highest HIV-1 acquisition rates. However, although
the instantaneous risk of acquiring HIV-1 in this subgroup of
HESN partners was highest early during follow-up, the inci-
dence of HIV-1 infection declined markedly over follow-up.
This decreasing HIV-1 infection risk is consistent with obser-
vations that the HIV-1 infection incidence among Kenyan
commercial sex workers decreased with increased duration of
sex work [28]. A plausible interpretation is that declining
HIV-1 incidence despite persistent high HIV-1 exposure in
our cohort reflects selection for HIV-1-resistant individuals.
Our approach may therefore permit identification of HESN
individuals who are most likely to yield biological correlates
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Figure 3. Receiver operating characteristic (ROC) curves comparing the

ability of an individual's average human immunodeficiency virus type 1
(HIV-1) exposure score across all study visits to discriminate HIV-1 acqui-
sition risk for participants in the primary and secondary cohorts. Models
for HIV-1 acquisition were developed with primary cohort of 3408 initially
seronegative partners from HIV-1—discordant couples in the Partners in
Prevention HSV/HIV Transmission Study. The final best-fitting Cox propor-
tional hazards model for HIV-1 acquisition included unprotected sex with,
HIV-1 RNA level of, and genital ulcer disease for the infected partner
and herpes simplex virus 2 (HSV-2) serostatus, pregnancy, sex, age, and
male circumcision for the uninfected partner. The reduced model includ-
ed the same variables as the primary model but used baseline rather
than longitudinal plasma HIV-1 RNA levels. The secondary cohort includ-
ed 485 seronegative partners from HIV-1 discordant couples in the
Couples Observational Study. Only baseline HIV-1 RNA levels for infected
partners were available for this cohort, so ROC curves were generated
for a reduced model that included baseline but not time-varying HIV-1
RNA concentrations. Abbreviation: AUC, area under the ROC curve.

when studying host resistance to HIV-1 and may limit false-
positive and spurious results.

Our model used established predictors of HIV-1 acquisi-
tion, with plasma HIV-1 RNA levels of infected partners and
unprotected sex having the strongest effects. Exposure scores
were dynamic, and our longitudinal model had greater sensi-
tivity and specificity than a cross-sectional model. Yet, predic-
tive power for HIV-1 infection remained high when the
baseline plasma HIV-1 RNA load was substituted for longitu-
dinal HIV-1 levels while keeping longitudinal information for
other variables. This likely reflects high concordance in HIV-1
RNA levels over time in the absence of ART initiation.

A strength of this analysis was use of epidemiologic and clinical
data for both sex partners, which substantially improved expo-
sure quantification. Confirmation of HIV-1 transmission linkage
by use of viral genetic sequences further improved model preci-
sion (Supplementary Figure 2). We also demonstrated the
model’s predictive capacity in an independently recruited

validation cohort of couples with stable HIV-1 serodiscordance.
The validity of our approach may be limited in epidemiologic
contexts in which little is known about HIV-1-infected part-
ners, such as cohorts of commercial sex workers or high-risk
men who have sex with men. This is supported by reduced pre-
dictive capacity when only using data from HESN partners.
Nevertheless, each cohort includes unique data that may
improve the performance of exposure models. To facilitate such
evaluations, we have created a freely available program for
quantifying HIV-1 exposure in diverse epidemiologic contexts.

Unsystematic quantification of HIV-1 exposure has likely
contributed to widely disparate correlates of resistance. This is
demonstrated in our simulations showing that inadequate
control of exposure may cause false-positive or false-negative
findings in host factor studies if exposure is associated with that
factor. This situation could arise through 2 mechanisms. First,
HIV-1 exposure may be directly associated with an immunolog-
ic factor via a direct biological relationship. For example, HIV-
specific interferon y cytotoxic T lymphocyte responses among
Kenyan HESN commercial sex workers were lost upon cessa-
tion of sex work [29]. Furthermore, changes in memory and
activated T cells from HESN partners in serodiscordant couples
are strongly correlated with plasma viral loads of the infected
partner [30]. HIV-1 exposure levels may also be indirectly asso-
ciated with a correlate of resistance. For instance, a protective
phenotype such as CCR5-A32 may be enriched in highly
exposed HESN individuals since highly exposed persons
without that mutation are likely to become infected early [31].
Last, while the HIV-1 exposure scores will be useful for select-
ing HESN individuals with the highest levels of exposure for
studies of immune correlates of protection, it will be important
to adjust for additional potential confounding variables (eg,
persistent inflammation from genital herpes [32]) on the basis
of populations and cofactors of each study.

Our analysis has several advantages over a recently reported
mathematical model of HIV-1 exposure-based risk [33]. First,
our model uses actual data from our primary cohort, whereas
the multipliers in the Bernoulli model came from the pub-
lished literature. The accuracy of that model assumes that mul-
tiplier effects are independent and are not distorted by
inclusion of other risk factors in the model, which may be in-
correct for highly correlated factors, such as an infected part-
ner’s HIV-1 load and disease stage. Exposure scores derived
from our model are likely more accurate because we accounted
for the interdependence of predictive factors by adjusting the
effects of each predictor for other variables in the model.
Second, the usefulness of our model is further supported by
its capacity to discriminate HIV-1 acquisition risk through
validation in an independently recruited cohort.

In summary, our approach to quantifying longitudinal
HIV-1 exposure risk may improve the sensitivity and specificity
of studies seeking to identify biological correlates of HIV-1
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Scenario 1
Host factor associated with HIV-1 exposure
but not HIV-1 acquisition

Scenario 2
Host factor associated with HIV-1 exposure
and HIV-1 acquisition
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Figure 4. Simulations demonstrating potential biases when evaluating potential correlates of human immunodeficiency virus type 1 (HIV-1) resistance
if HIV-1 exposure is not considered. Scenario 1 assumes that a 1-unit increase in HIV-1 exposure score is associated with a 1-unit increase in a
continuous hypothetical host factor and that the host factor is not associated with HIV-1 acquisition. A, True relationship of exposure score and HIV-1
exposure score with no difference in host factor for seroconverters and HIV-1—exposed seronegative (HESN) individuals. B, False-positive association of
HESN with elevation in the hypothetical host factor due to random selection of controls without regard to HIV-1 exposure levels. C, True-negative
association revealed by selecting controls with similar exposure scores as seroconverters. Scenario 2 assumes that a 1-unit increase in HIV-1 exposure
score is associated with a 1-unit increase in a continuous hypothetical host factor and that the average level of the continuous host factor was 2 units
lower among seroconverters than among HESN individuals of the same exposure level. D, True relationship of exposure score and HIV-1 exposure score
with a 2-unit difference in host factor for seroconverters and HESN individuals. E, False-negative association of HESN with the hypothetical host factor
due to random selection of controls. F, True-positive association revealed by selecting controls with similar exposure scores as seroconverters.
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resistance [1]. Our approach to estimating HIV-1 exposure
using longitudinal data from both partners in HIV-1-
serodiscordant couples provides an objective tool to identify
subsets of HESN individuals to target for identification of host
factors protecting against HIV-1.

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online (http://jid.oxfordjournals.org/). Supplementary materials consist of
data provided by the author that are published to benefit the reader. The
posted materials are not copyedited. The contents of all supplementary
data are the sole responsibility of the authors. Questions or messages
regarding errors should be addressed to the author.
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