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The landmark HIV Prevention Trials Network (HPTN) 052 trial in HIV-discordant couples demonstrated
unequivocally that treatment with antiretroviral therapy (ART) substantially lowers the probability of
HIV transmission to the HIV-uninfected partner. However, it has been vigorously debated whether
substantial population-level reductions in the rate of new HIV infections could be achieved in “real-world”
sub-Saharan African settings where stable, cohabiting couples are often not the norm and where
considerable operational challenges exist to the successful and sustainable delivery of treatment and care
to large numbers of patients. We used data from one of Africa’s largest population-based prospective
cohort studies (in rural KwaZulu-Natal, South Africa) to follow up a total of 16,667 individuals who were
HIV-uninfected at baseline, observing individual HIV seroconversions over the period 2004 to 2011.
Holding other key HIV risk factors constant, individual HIV acquisition risk declined significantly with
increasing ART coverage in the surrounding local community. For example, an HIV-uninfected
individual living in a community with high ART coverage (30 to 40% of all HIV-infected individuals
on ART) was 38% less likely to acquire HIV than someone living in a community where ART coverage
was low (<10% of all HIV-infected individuals on ART).

One of the most successful public health
interventions ever undertaken has been
the provision of combination antiretro-

viral therapy (ART) to more than 6.2 million peo-
ple in sub-Saharan Africa (1). The ART scale-up
has resulted in substantial population-level reduc-
tions inHIV-relatedmortality inmany populations
(2, 3) and overall is estimated to have saved a total
of more than nine million life-years (1). The re-
sults of the landmark HIV Prevention Trials Net-
work (HPTN) 052 trial in HIV-discordant couples
demonstrated unequivocally that reducing the in-
fected partner’s viral load through ART substan-
tially lowers the probability of HIV transmission
to the uninfected partner (4). This finding has
further fueled hope that widespread use of ART
could not only substantially increase life expect-
ancy but also reduce the rate of newHIVinfections
at a population level and reverse the epidemic (5).
Indeed, predictive mathematical models have sug-
gested that under certain conditions high coverage
of ARTcould lead to a substantial decrease in the
rate of new HIV infections (6, 7).

The HPTN 052 trial was run under the con-
trolled conditions of a well-conducted clinical
study, and hopes of a substantial reduction in the
rate of new HIV infections in the hyperendemic
communities of sub-Saharan Africa have been
tempered with legitimate concerns relating to up-
take of HIV testing and treatment, retention, ad-
herence, resistance development, risk compensation
in sexual behavior, high rates of migration, and the
capacity of health systems to deliver ART. Fur-
ther, it is unclear to what extent the results of

the trial can be extrapolated to communities where
stable, cohabiting couples are not the norm (8).

The existing global evidence of the population
effect of HIV treatment as prevention has been
based on “ecological” associations (correlations
between group-level variables and group-level out-
comes) between increasingARTcoverage and HIV
outcomes, such as the number of new HIV diag-
noses in a given administrative region of (9). Such
designs provide a weak basis for causal inference
and may be subject to “ecological fallacy” (10),
that is, the inferential fallacy that occurs when a
statistical association observed between variables
on an aggregate level does not reflect the associa-
tion that exists at an individual level. In this study,
we use data from a population cohort of nearly
17,000 individuals who were HIV-uninfected at
baseline and follow them up over several years
(2004 to 2011), observing individual HIV serocon-
versions.We regress the individual-level outcome—
time-to-HIV seroconversion—on ART coverage
in the local community surrounding each HIV-
uninfected individual to estimate the effect of in-
creasing coverage on their risk of HIVacquisition.
Although our exposure variable of interest—
community-level ART coverage—is necessarily
ecological in nature, our outcome and other varia-
bles are measured at the individual level, avoiding
ecological fallacies in effect attribution. An alter-
native, rigorous approach to measure the impact
of ARTcoverage onHIVacquisition risk is a cluster-
randomized controlled trial. One such trial is already
under way at the Africa Centre for Health and Pop-
ulation Studies, and several other such trials will be
starting shortly (11). However, the results of these
trialswill not be available for at least another 4 years.

The study we report here took place in Hlabisa
subdistrict, one of the five subdistricts in the rural
district of Umkhanyakude in northern KwaZulu-
Natal, South Africa (fig. S1). ART has been rap-
idly scaled up in the district through the Hlabisa

HIV Treatment and Care Programme, and by
mid-2012 treatment had been initiated in more
than 20,000 patients (12). The study area is char-
acterized by high adult HIV prevalence (24% in
adults aged 15 years and older in 2011) and high
levels of poverty and unemployment (in 2010,
67% of adults over the age of 18 in the study
area were unemployed). ART was delivered in
17 community-based clinics by nurses and ART
counselors using the standard South African drug
regimens, which conform to World Health Or-
ganization (WHO) ART guidelines (13). Initial-
ly, adults with WHO clinical stage 4 disease or
CD4+ cell counts of <200 cells/ml were eligible for
ART. The treatment eligibility threshold was in-
creased to CD4+ <350 cells/ml for pregnant women
and tuberculosis patients in April 2010, and this
new threshold was subsequently extended to all
adults in August 2011. During the period of ob-
servation, no population groups were eligible for
treatment initiation at CD4+ ≥350 cells/ml.

Within the Hlabisa subdistrict lies the Africa
Centre demographic surveillance area,with ~60,000
resident individuals under demographic surveil-
lance at any given time (14). Between 2004 and
2006, all women age 15 to 49 years and men age
15 to 54 years resident in the surveillance area
were eligible for HIV testing. In 2007, eligibil-
ity for the HIV survey was extended to cover all
residents age ≥15 years. This HIV population co-
hort is open, and any individual whomigrates into
the area immediately becomes eligible for partic-
ipation in the HIV survey.Within a 5-year period,
about 80% of all individuals consented to HIV
testing. However, in a single year of testing, the
HIV consent rate was ~50%; the rate increased in
the most recent 3-year period. To determine the
proportion of the total HIV-infected population re-
ceiving ART, data from the Hlabisa HIV Treat-
ment and Care Programme’s database [maintained
by Africa Centre personnel and described else-
where (12)] were matched to the Africa Centre’s
demographic data using strict matching criteria:
A person was linked either by his/her unique
South African identification number or by his/her
name, if both first and last name matched.

The16,667repeat testerswhowereHIV-uninfected
at first test in theAfrica Centre’s population-based
cohort were individually geolocated to their home-
steads, using the comprehensive Africa Centre geo-
graphic information system. HIV prevalence and
ARTcoverage for each individual’s own surround-
ing communitywere then determined for every year
of observation. ART coverage and HIV prevalence
around each individual were measured by means of
a moving two-dimensional Gaussian kernel of 3 km
search radius (fig. S3) for each year of observation
(2004 to 2011). The size of the kernel was deter-
mined from the results of previous work (15). The
kernel moves systematically across the map and
measures spatial variation in HIV prevalence [de-
rived from the ~10,000 participants who consent
to HIV testing each year (14)] across the surveil-
lance area. It then uses the resulting prevalence
and geographic distribution of the total eligible
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population to calculate the number of HIV-infected
individuals in the surrounding local community
for each cell on the grid. In the same manner, each
patient on ARTwas geolocated to their homestead
of residence, and the number of individuals in the
surrounding local community on ART was com-
puted for each cell on the grid. These data are then
used to derive ARTcoverage (which we define as
the proportion of all HIV-infected individuals
receiving ART) at every location. Given the
scattered distribution of the population (home-
steads are not concentrated into villages or com-

pounds as in many parts of Africa), the method
is well suited to this setting because it does not
impose any static geographical boundaries on
the data but uses the precise location of each in-
dividual (fig. S2) to derive a sensitive community-
level measure that is both responsive to local
variations and robust to the effects of random
noise. The resulting ART coverage measure is a
true population estimate because its denominator
includes all HIV-infected individuals in this com-
munity, independently of whether they have ever
accessed an ART program or not.

The group of 16,667 repeat HIV testers in this
study are 75% of all individuals (≥15 years of
age) ever observed to be HIV-uninfected through
theAfrica Centre’s population-basedHIV surveil-
lance (2004 to 2011). Themedian duration between
tests in these individuals was 1.8 years. We used
survival analysis to examine the effect of ART
coverage in the surrounding local community on an
HIV-uninfected individual’s risk of HIVacquisition
while controlling for a range of well-established
demographic, behavioral, economic, and environ-
mental determinants of acquisition of new HIV
infection (16, 17). These control variables rule out
confounding by the individual and community
characteristics they capture. In the analysis an in-
dividual from this group of repeat HIV testers was
considered to be at risk of acquiring HIVafter the
date of their first HIV-seronegative test.

Treatment for the first patients in the surveil-
lance area began in September 2004, and by July
2011, an estimated 37% of all HIV-infected adults
in the area had been successfully started on ART.
Overall, the speed with which ART has been
scaled up in this population has been rapid but
heterogeneous in time and space (Fig. 1A). In
2007, 6.4% of the population lived in commu-
nities where coverage of all HIV-infected indi-
viduals exceeded 30%, and by the middle of
2011 this figure had increased to 90.8%. The
geography of ART coverage did not follow a
clear spatial pattern over the period of observa-
tion (2004 to 2011). HIV prevalence was con-
sistently highest in the peri-urban communities
next to the National Road (Fig. 1B), where >30%
of the adult population were infected with HIV.
The lowest HIV prevalence occurred among com-
munities in the more remote rural areas (<15%).
There was little correlation between community-
level HIV prevalence and ARTcoverage (correla-
tion coefficient = 0.17).

We directly observed 1413HIV seroconversions
in the 53,605 person-years at risk observed over the
period 2004 to 2011 in the 16,667 individuals who
wereHIV-uninfected at baseline. See table S1 for the
characteristics of the HIV-uninfected individuals.
The crude HIV incidence over the observation pe-
riod was 2.63 new infections per 100 person-years
[95% confidence interval (CI) 2.50 to 2.77]. In-
cidence peaked at 6.6 per 100 person-years in
women at age 24, and 5 years later in men at 4.1
per 100 person-years of observation (Fig. 2).

After controlling for differences in the age and
sex distribution, the risk of an HIV-uninfected in-
dividual acquiring HIV (that is, the acquisition
hazard) was substantially lower in areas of high
ART coverage (Fig. 3A). Specifically, the risk of
infection to an individual living in an area where
the ART coverage was 30 to 40% was 34% (P <
0.0001) less than to an individual living in an area
withARTcoverageof<10%.To increase the strength
of causal inference based on the observed asso-
ciation between ART coverage and individuals’
risk of newly acquiringHIV, we also controlled for a
wide range ofwell-known demographic, behavioral,
economic, and environmental determinants of an

Fig. 1. Time series of maps showing the evolution of the proportion of the HIV-infected adults (≥15 years of
age) receiving ART (A) and HIV prevalence (B) across the demographic surveillance area (2005 to 2008, left
to right, top row; 2009 to 2011, left to right, bottom row). A, Africa Centre; B, Mtubatuba Town; C, KwaMsane
Township. Main roads are also superimposed for ease of reference. Each pixel on the map corresponds to the
proportion of the total HIV-infected population receiving ART (A) and total population infected with HIV (B) in
the surrounding local community as measured using a standard Gaussian kernel of radius 3 km. Over the
study period, estimated HIV prevalence in the adult population (≥15 years of age) increased from 18 to 24%,
which is likely a consequence of the increasing life span of HIV-infected people due to ART. The proportion of
the total HIV-infected population receiving ART was estimated at 37% in mid-2011.
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individual’s risk of HIVacquisition (community-
level HIV prevalence, marital status, household-
levelwealth, and the number of sexual partners in
the past 12 months). After ruling out confound-
ing by these factors, there was a steep and highly
significant decline in an individual’s adjusted HIV
acquisition hazard with increasing ART cover-
age (Fig. 3B). Holding other factors equal, an
HIV-uninfected person who lived in a communi-
ty with ART coverage of 30 to 40% was on av-
erage 38% (P < 0.0001) less likely to acquire HIV
infection than anHIV-uninfected person living in
a community with ART coverage of <10% (Fig.
3B). When we include ARTcoverage (%) in the
model as a continuous variable we find that, over-
all, a 1% increase in ART coverage is associated
with a 1.4%decline [adjusted hazard ratio (aHR) =

0.986] in the risk of acquisition of new HIV in-
fection (Table 1).

As expected, a key independent predictor of
the risk of acquiring new HIV infection was the
level of existing HIV infection in the local com-
munity surrounding an HIV-uninfected individual
(Fig. 3C). Controlling for other factors, an HIV-
uninfected individual was 2.2 times as likely to
acquire HIV in a community where HIV prev-
alence was >25% relative to the base category
of <10% (P < 0.0001). In line with previous re-
search conducted in this population, age, sex,
number of sexual partners in the past 12 months,
and marital status were other independent pre-
dictors of HIV acquisition (Table 1). The ART
coverage hazard ratios were robust to the addition
of different control variables and changed little

across four nested models (table S2). Living in a
peri-urban community was also associated with a
greater risk of acquiring infection, but this effect
was rendered insignificant by the addition of
community-level HIV prevalence (table S2).

In the multivariable base-case model, we con-
trol for the known important determinants of HIV
acquisition in this population (16, 17). More-
over, the lack of spatial clustering observed in the
model residuals (see supplementary materials) in
this analysis suggests that unmeasured community-
level factors are not influencing our results.
Nevertheless, we also wanted to further exclude
the potential influence of other HIV prevention
services whose scale-up over space and time
could have correlated with that of ART. To this
end, we analyzed the time trends in six variables

Fig. 2. Female (A) and male (B) age variations in HIV incidence (95% CI) by 5-year age-group for entire sample of repeat testers (N = 16,667; 53,605 person-
years of observation). Superimposed on the graphs are log-normal functions (obtained by maximum likelihood) fitted to the incidence point estimates.

Fig. 3. Results of the multivariable analysis showing an HIV-uninfected
individual’s HIV aHR (95% CI) and associated P values for different
categories of ART coverage, that is, the proportion of the total HIV-
infected population receiving ART (A and B), and HIV prevalence (C) in
the surrounding local community (derived using a standard Gaussian
kernel of radius 3 km, as shown in Fig. 1, A and B). (A) displays the aHRs
adjusted for systematic differences in age and sex, and (B) and (C)
display the aHRs adjusted for all other variables in the final model (see
Table 1 and table S2 multivariable analysis).
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that capture the behavioral (18) or biological out-
comes of other HIV prevention interventions: (i)
the proportion of people who had ever had sex,
(ii) the average number of sexual partners in the
past year, (iii) the point prevalence of concurrent
sexual partnerships, (iv) the mean age difference
between partners, (v) proportion using condoms
at last sexual activity, and (vi) proportion of cir-
cumcised men. We found that neither circumci-
sion rates (which were 5.8% in 2004 and 5.0%
in 2011) nor sexual partnership indicators (18)
changed significantly over the study period. How-
ever, condom use at the last sexual activity with
a regular partner increased significantly, from
26.2% in 2005 to 54.3% in 2011. We therefore

analyzed the distribution of condom use across
the surveillance area using the Gaussian kernel
methodology (fig. S4) and ran a subanalysis in
which we added condom use as a time- and
space-varying community-level control variable to
the multivariate base-case model. Controlling for
condom use did not affect the strong relationship
between the ART coverage and the risk of HIV
acquisition (table S3 and fig. S5). This null find-
ing is likely a consequence of the fact that con-
doms are only effective in preventingHIVinfection
if they are used correctly and consistently over a
long period of time (19).

The adjusted hazard of acquiring HIV (fig. S7)
shows a declining trend between 2004 and 2011.

To investigate whether changes in the commu-
nity over time, other than the behavioral and bio-
logical risk factors that we directly measured,
might explain the ARTcoverage result, we added
time-period dummy variables to our regression
equation (table S4). After inclusion of these dum-
my variables, the ART coverage effect size esti-
mates remain essentially unchanged.

The ART coverage result proved to be robust
to a wide range of changes in the multiple sen-
sitivity analyses we performed, including different
survival model specifications (table S8), different
age-eligibility criteria (table S10), different meth-
ods for imputing the date of HIV seroconversion
(tables S5 and S6), and a range of different size

Table 1. Output from the final multivariable survival model showing the effect of coverage of ART in the surrounding community on an HIV-uninfected
individual’s hazard of acquiring HIV infection (N = 16,667).

Univariable analysis Multivariable analysis†
Variable

HR (95% CI) P aHR (95% CI) P
Community-level* ART coverage‡ (versus <10%)

10–20% 0.85 (0.74–0.98) 0.030 0.93 (0.8–1.08) 0.325
20–30% 0.72 (0.62–0.83) <0.0001 0.79 (0.67–0.92) 0.003
30–40% 0.51 (0.42–0.63) <0.0001 0.62 (0.50–0.76) <0.0001
>40% 0.40 (0.28–0.58) <0.0001 0.63 (0.44–0.91) 0.013

Community-level* HIV prevalence‡ (versus <10%)
10–15% 1.40 (1.02–1.93) 0.039 1.42 (1.03–1.97) 0.034
15–20% 1.63 (1.20–2.22) 0.002 1.69 (1.23–2.31) 0.001
20–25% 1.86 (1.37–2.54) <0.0001 2.00 (1.44–2.78) <0.0001
>25% 1.99 (1.45–2.74) <0.0001 2.20 (1.55–3.14) <0.0001

Age-sex strata‡ (versus male 15–19 years old)
Male 20–24 3.29 (2.34–4.64) <0.0001 3.03 (2.15–4.27) <0.0001
Male 25–29 5.77 (3.98–8.36) <0.0001 5.22 (3.6–7.58) <0.0001
Male 30–34 3.82 (2.35–6.2) <0.0001 3.67 (2.23–6.04) <0.0001
Male 35–39 4.15 (2.58–6.65) <0.0001 4.32 (2.67–6.99) <0.0001
Male 40–44 2.23 (1.23–4.05) 0.008 2.47 (1.36–4.5) 0.003
Male ≥ 45 1.25 (0.82–1.89) 0.294 1.71 (1.1–2.64) 0.017
Female 15–19 5.97 (4.40–8.09) <0.0001 6.36 (4.67–8.64) <0.0001
Female 20–24 8.45 (6.24–11.44) <0.0001 8.92 (6.56–2.12) <0.0001
Female 25–29 7.16 (5.13–9.99) <0.0001 7.74 (5.52–0.85) <0.0001
Female 30–34 4.62 (3.16–6.74) <0.0001 5.38 (3.66–7.91) <0.0001
Female 35–39 2.96 (1.99–4.39) <0.0001 3.71 (2.46–5.58) <0.0001
Female 40–44 2.91 (2.00–4.24) <0.0001 3.61 (2.44–5.36) <0.0001
Female ≥ 45 0.87 (0.60–1.24) 0.429 1.14 (0.78–1.67) 0.494

Area of residence‡ (versus rural)
Peri-urban 1.37 (1.23–1.53) <0.0001 1.13 (0.98–1.3) 0.105
Urban 1.00 (0.70–1.43) 0.985 0.93 (0.64–1.35) 0.703

Marital status (versus single)
Married monogamous 0.33 (0.27–0.41) <0.0001 0.67 (0.53–0.84) 0.001
Married polygamous 0.43 (0.25–0.75) 0.003 1.14 (0.65–2.01) 0.64

Number of partners in the last 12 months (versus zero)
One 3.22 (2.18–4.76) <0.0001 1.77 (1.17–2.67) 0.008
More than one 3.72 (2.47–5.61) <0.0001 2.49 (1.61–3.86) <0.0001

Household wealth quintile (versus poorest)
2nd poorest 0.99 (0.84–1.16) 0.881 0.96 (0.82–1.14) 0.658
3rd poorest 1.03 (0.88–1.21) 0.721 0.97 (0.82–1.14) 0.676
4th poorest 1.02 (0.87–1.20) 0.813 0.92 (0.78–1.08) 0.296
Wealthiest 0.94 (0.78–1.12) 0.468 0.82 (0.68–1.00) 0.044

Weibull shape parameter – – 2.94 (2.80–3.13) 0.003
*Derived using a standard Gaussian kernel (radius 3 km) around each HIV-uninfected individual in the population cohort. †Corresponding values for a model in which community-level ART coverage
and HIV prevalence are used as continuous variables (%); ART coverage aHR = 0.986 (95% CI 0.981 to 0.991), P < 0.0001; HIV prevalence aHR = 1.038 (95% CI 1.026 to 1.050), P < 0.0001. We
sequentially added polynomial terms for the community-level HIV prevalence and ART coverage to this model, in order to allow greater flexibility in the functional form of the relationship between these
factors and HIV acquisition. However, none of these polynomial terms were significant and we thus did not include them in the analyses shown here. ‡Indicates variables that vary with time.
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(radius = 2.5 to 3.8 km) and shape kernels used in
constructing the community-level variables (table
S7). In the base-case analysis, values that were
missing for two of the covariates, marital status
and number of sexual partners in the past year, were
imputed usingmultiple imputation (see supplemen-
tary materials). As a sensitivity analysis, we re-
peated our regressions with the sample of complete
cases only, that is, the sample of individuals with-
out any missing values. The ARTcoverage effect
size estimates in this analysis remained very sim-
ilar to those in the base-case analysis (table S9).
As described above, the ART coverage results
also persisted after we controlled for the influence
of other prevention activities that had changed
over the study period (table S3), as well as after
adjusting for the trends in calendar time (table S4).
Consistent with the “treatment-as-prevention”
hypothesis, the decline in the risk of acquisition
of HIV infection with increasing ART coverage
in the older age groups (>35 years of age), where
ARTcoverage was highest, was more pronounced
than for the population as a whole (fig. S6). We
also formally investigated whether selection ef-
fects could affect the results, by imputing HIV
status for every individual who was eligible for
testing in a particular year (see supplementary
materials).We then used the sameGaussian kernel
technique as for the base-case analysis to derive a
prevalence map and resulting ART coverage es-
timates. Next, we reran themainmodel using these
alternative community-level estimates. Using the
imputed estimates to calculate community-levelHIV
prevalence and ART coverage had little bearing
on the results (table S12). Further, to ascertain
whether our findings would also continue to hold
if we used an alternative (but less sensitive) approach,
we ran an isigodi fixed-effects analysis, with HIV
prevalence and ART coverage as time-varying
variables. An isigodi is a traditional Zulu area
(plural: izigodi); there are a total of 23 izigodi in
this surveillance area. This analysis also confirmed
a strong ART coverage effect (table S11).

Our findings build on the results from the
recent HPTN 052 study that showed that if an
HIV-uninfected person adheres to an effective
antiretroviral therapy regimen, the risk of trans-
mitting the virus to their uninfected sexual partner
can be reduced by 96% (3). The trial was con-
ducted under highly controlled conditions among
stable, serodiscordant couples who had mutually
disclosed HIV status to each other. High levels of
ART adherence were achieved, and only 5% vi-
rologic failures in the intervention group were ob-
served over the 42-month study period. By contrast,
in the Hlabisa Treatment and Care Programme,
23%of patients initiated onART had unsuppressed
viral loads after having been on treatment for more
than 12 months (20). The results presented are in
line with recent modeling predictions in which an
established stochastic mathematical model was cal-
ibrated specifically to the demographics, sexual
behavior, and rate of ART scale-up observed in
this population (21). The model projects a steady
decline in the rate of new infections starting in

2010. Specifically, the model predicts an inci-
dence rate ratio of 0.74 in 2011 (ARTcoverage at
CD4+ <350 cells/ml = 63%) decreasing to 0.57 in
2020 (ART coverage at CD4+ <350 cells/ml =
84%) relative to the baseline year of 2004. Sim-
ilarly, a systematic comparison of 12 mathematical
HIVepidemic models demonstrated consistency in
the prediction that high levels of ART coverage
will reduce the rate of new infections (6).

In contrast to previous work that focused on
ecological associations between uptake of ART
and aggregate outcomes associated with the rate
of new HIV infections in a given geographical
unit (22–29), we directly measured time to HIV
seroconversion in each individual and were thus
able to avoid ecological fallacies and to control
for a wide range of potential individual-level
confounders in the analysis. By including both
community-level ART coverage and HIV prev-
alence in the model as space- and time-varying
variables, we have accounted for (and exploited
for effect size estimation) the rapid scale-up in
ART and associated changes in HIV prevalence
in this population between 2004 and 2011 and
the fact that each HIV-uninfected individual in
the population will have differing exposures over
time and space. It is a further strength of our data
and approach that our effect size estimates cap-
ture the combined effect of multiple pathways
through which ART coverage might reduce the
risk of new HIV infection that are in addition to
the biological effect of reducing mean viral load
and consequently HIV transmission probability.
For instance, HIV counseling and testing uptake
might conceivably have increased because the
availability of ARTadds an important motivation
to the other reasons for knowing one’s HIV status.
The increasing exposure to HIV counseling, in
turn, could have led to changes in sexual behavior
in both HIV-uninfected and HIV-infected individ-
uals. Other examples of ART-induced behavior
changes include risk compensation (30) (because
the availability of ARTmitigates the consequences
ofHIVinfection) and decreased sexual risk-taking
(because of increased optimism about the future
as ART increases life expectancy) (3). Such behav-
ioral effects of ART may contribute to the total
effect of ART coverage on HIV acquisition and
would have been captured by our approach. Fi-
nally, because ART is delivered through a public-
sector program in a typical rural sub-Saharan
African setting, we were able to test the effective-
ness of ART in reducing the risk of acquiring in-
fection in the context of a successful, but imperfect,
real-world ART program (3).

A potential threat to the validity of our finding
is the possibility that individuals within low ART-
coverage communities differ systematically from
their counterparts in high ART-coverage commu-
nities in factors that affect HIVacquisition. Thus,
we exploited the detailed longitudinal, individual-
level information available in the Africa Centre
cohort to control for the well-known determinants
of HIV acquisition in this population, as well as
for the potential effects of other synchronous HIV

prevention interventions. However, as in any large
population-based prospective cohort study, such
as the Framingham Heart Study, we cannot com-
pletely rule out biases due to unobserved con-
founding factors. Furthermore, it is possible that
in other populations, the relationship between ART
coverage and HIV acquisition could differ—for
instance, due to different sexual behaviors. Future
studies, in particular cluster-randomized controlled
trials, are necessary to confirm and test the va-
lidity and generalizability of our findings.

Another issue to consider is the potential ef-
fect of “contamination” arising from differences
in the geography of sexual partner choice. In this
regard, it is important to note that our ART cov-
erage results were robust to a range of different
size and shape “communities” (kernels) used in
the analysis (see supplementary materials). In ad-
dition, we have previously shown that sexual part-
ner choice in this population has a strong local
geographical dimension (17). Indeed, over the du-
ration of this study, 67%of individuals in the cohort
report having at least one sexual relationship with
someone in the same small Zulu community or
isigodi. (Izigodi have a median area of 16.9 km2,
just 37% of the area searched around each HIV-
uninfected participant to derive the community-
level variables using the largest Gaussian kernel
in our analyses.) This observation is further sup-
ported by the striking relationship between local
HIV prevalence and risk of new infection (Fig.
3C). Moreover, such unsystematic contamination
effects, whereby individuals choose some sex part-
ners outside their community, will likely lead to
attenuation of the relationship between the expo-
sure and the outcome, biasing the results toward
the null hypothesis (31). It is thus unlikely that we
have overestimated the effect of ARTcoverage on
HIVacquisition due to contamination.

Our results suggest that population-level re-
ductions in the transmission ofHIV can be achieved
in nurse-led, devolved, public-sectorARTprograms
in rural sub-Saharan African settings where com-
plete coverage of therapy under existing treatment
guidelines has not yet been attained. Although
key questions remain about durability of protec-
tion, long-term adherence, and transmission of
ART-resistant strains to partners (32), our findings
indicate that commitment to further increasingART
coverage in sub-Saharan Africa can contribute
substantially to meeting the Political Declaration
of the United Nations General Assembly (33) of
halving sexual transmission of HIV by 2015.
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Minimal “Self” Peptides That Inhibit
Phagocytic Clearance and Enhance
Delivery of Nanoparticles
Pia L. Rodriguez,1 Takamasa Harada,1 David A. Christian,1 Diego A. Pantano,1
Richard K. Tsai,1 Dennis E. Discher1,2*

Foreign particles and cells are cleared from the body by phagocytes that must also recognize
and avoid clearance of “self” cells. The membrane protein CD47 is reportedly a “marker of self”
in mice that impedes phagocytosis of self by signaling through the phagocyte receptor CD172a.
Minimal “Self” peptides were computationally designed from human CD47 and then synthesized
and attached to virus-size particles for intravenous injection into mice that express a CD172a
variant compatible with hCD47. Self peptides delay macrophage-mediated clearance of
nanoparticles, which promotes persistent circulation that enhances dye and drug delivery to
tumors. Self-peptide affinity for CD172a is near the optimum measured for human CD172a
variants, and Self peptide also potently inhibits nanoparticle uptake mediated by the contractile
cytoskeleton. The reductionist approach reveals the importance of human Self peptides and
their utility in enhancing drug delivery and imaging.

Macrophages evolved to engulf and clear
invading microbes and dying cells, but
they respond similarly to injected par-

ticles, viruses, and implants, which hampers
delivery of therapeutics and imaging agents.
Coating of nanoparticles or liposomes with poly-
ethylene glycol (PEG) creates “stealth” brushes
that mimic a cell’s glycocalyx and that delay im-
mune clearance of foreign particles (1–3), but
brushes can also hinder uptake by diseased cells
(4). Neither a polymer brush nor a glycocalyx
stops adsorption of abundant serum proteins,
such as immunoglobulin G (IgG) (table S1), which
promote clearance [e.g., (1–3, 5)], and any foreign
polymer can also be immunogenic (6). Targeting
diseased cells with ligand-modified particle con-

structs might make brushes unnecessary, but some
ligands also promote rapid clearance by phago-
cytes (2, 7). In the reductionist approach here, we
make a synthetic, human-based “Self ” peptide
that specifically binds and signals to phagocytes to
inhibit clearance of particles as small as viruses.

CD47 glycoprotein is a putative “marker of
self” in mice (8) and is expressed on all cell mem-
branes in humans, mice, and other mammals (9).
It associates in cis with integrins (10) and other
species-specific, immunogenic complexes on cells
(11–13). Mouse knockouts of CD47 (mCD47) are
viable, but when red blood cells (mRBCs) from
these mice are injected into the circulation of con-
trolmice, the deficient cells are clearedwithin hours
by splenic macrophages, whereas normal mRBCs
circulate for weeks (8). CD47’s extracellular do-
main interacts with CD172a (also known as signal
regulatory protein-a, SIRPa) on phagocytes (10).
Although binding is typically species-restricted
(13), SIRPa is highly polymorphic, even within a
species (14). Macrophages in nonobese diabetic/
severe combined immunodeficient (NOD/SCID)

strains of mice express a SIRPa variant that cross-
reacts with humanCD47 (hCD47), which explains
why human hematopoietic cells engraft and cir-
culate in NOD/SCID better than any other mice
(14, 15). In vitro, the CD47-SIRPa interaction
inhibits mouse macrophage uptake of antibody-
coated mRBCs (8), as well as human macro-
phage uptake of both human RBCs (hRBCs) and
hCD47-coatedmicroparticles (16). This is not sur-
prising as SIRPa signaling inhibits contractility-
driven uptake of micron-size cells and particles
(16). However, contractile forces are widely con-
sidered unimportant to internalization of nano-
particles and viruses, and so it is unclear whether
this inhibitory interaction could be exploited in
nanoparticle-based therapeutics.

We addressedwhether hCD47 and a synthetic
Self peptide can minimize phagocytic uptake
of nanoparticles and thereby enhance delivery
in NOD/SCID mice with X-linked severe com-
bined immunodeficiency (Il2rg−/−) mice (NSG).
We first showed that blocking mCD47 acceler-
ates clearance of mRBCs in NSGmice. Cells (or
nanobeads) were split into two samples, with
one sample labeled by red fluorophore and the
other sample labeled by far-red fluorophore plus
antibody againstmCD47. The samplesweremixed
1:1 for injection into the same mouse, and blood
samples at subsequent time points were analyzed
by flow cytometry for both colors, which produced
a ratio (fig. S1A) that minimizesmouse-to-mouse
variations. IgG and other serum proteins physisorb
in vivo to RBCs (17), viruses (18), and PEGylated
nanoparticles (19) (table S1), but in NSG mice,
IgG is very low or not detectable (versus ~100 mM
in normal animals). Controlled opsonization with
IgGwas therefore used in most of our studies to bet-
termimic immune-competent animals.WithRBCs,
mRBC-specific antibody was added to promote
clearance via phagocytosis (20). Consistent with
a marker-of-self function of mCD47, the persist-
ence ratio for the mixed sample [mRBCs/(mRBCs
with blocked mCD47)] increased exponentially
with a doubling time (T) of 33min (Fig. 1B); single-
color analyses also give T = 30 min (fig. S1B).
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ratory, University of Pennsylvania, Philadelphia, PA 19104,
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of Pennsylvania, Philadelphia, PA 19104, USA.

*To whom correspondence should be addressed. E-mail:
discher@seas.upenn.edu

www.sciencemag.org SCIENCE VOL 339 22 FEBRUARY 2013 971

REPORTS

 o
n 

F
eb

ru
ar

y 
21

, 2
01

3
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/



