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HIV-infected, but this declined to less than 50% after 1997. Also,
incidence dropped dramatically in these sex workers [10]. In these
women, the per–unprotected-sex-act rate of HIV acquisition fell
over 4-fold between 1985 and 2005, and in a recent analysis of
2008–2011, HIV incidence was 2.2% in over 1,500 person-years
of follow-up (McKinnon et al., submitted).
This rapid decline has occurred at a time when we still do not
fully understand why HIV struck sub-Saharan Africa so exceptionally hard in the first place. At its peak, HIV prevalence in
several countries in Africa exceeded more than 20% of the adult
population, although there was a lot of heterogeneity both within
and between countries [11]. The epidemic onset in sub-Saharan
Africa was also often extremely rapid, with estimated prevalence
doubling rates of as little as one year, implying that each HIVinfected person annually infects, directly or indirectly, another
(susceptible) individual [12]. With transmissions apparently
occurring over the entire infected period [13], this would seem
to suggest high levels of the basic reproduction number R0 (i.e., the
average number of secondary cases generated by an infected
individual, over the duration of his infection, when all contacts are
uninfected). This, however, seems to conflict with what studies
have shown about HIV transmission (in)efficiency. For example,
some 50% of HIV-affected couples are still discordant when
discovered, and during follow-up the annual seroconversion rate of
the HIV-negative partner has ranged from 2% to 12% [14–16].
With an average—untreated—survival after HIV infection being
approximately ten years, this would seem to suggest that, in the
heterosexual population, R0 cannot be much larger than one. With
such a low R0, generalized heterosexual epidemics either cannot
occur or only spread slowly [17]. This is, in fact, also what
happened outside of sub-Saharan Africa.
This discrepancy between high-prevalence sub-Saharan Africa
countries and the rest of the world has sparked many theories and
debates about what made Africa ‘‘special.’’ Indeed, there is still no
full consensus about the reasons why various African countries

Abstract: Several countries with generalized, highprevalence HIV epidemics, mostly in sub-Saharan Africa,
have experienced rapid declines in transmission. These
HIV epidemics, often with rapid onsets, have generally
been attributed to a combination of factors related to
high-risk sexual behavior. The subsequent declines in
these countries began prior to widespread therapy or
implementation of any other major biomedical prevention. This change has been construed as evidence of
behavior change, often on the basis of mathematical
models, but direct evidence for behavior changes that
would explain these declines is limited. Here, we look at
the structure of current models and argue that the
common ‘‘fixed risk per sexual contact’’ assumption favors
the conclusion of substantial behavior changes. We argue
that this assumption ignores reported non-linearities
between exposure and risk. Taking this into account, we
propose that some of the decline in HIV transmission may
be part of the natural dynamics of the epidemic, and that
several factors that have traditionally been ignored by
modelers for lack of precise quantitative estimates may
well hold the key to understanding epidemiologic trends.

Introduction
Since the discovery of the first HIV/AIDS case more than three
decades ago, enormous progress has been made in understanding,
treating, and preventing the infection. For example, there is now
solid evidence that antiretroviral therapy (ART) taken by either
HIV-infected or uninfected individuals can prevent HIV transmission [1–4]. Nevertheless, the epidemic keeps surprising us. In
particular, it has been noted that in many countries, notably in
highly affected sub-Saharan Africa, but also in India, HIV
prevalence is dropping fast [5]. In Zimbabwe, once one of the
worst affected countries, HIV prevalence levels have halved over
the past 12 years, dropping from 30% in 1998 to 15% in 2011 [6].
However, Zimbabwe is certainly not the first country to
experience such an epidemiological change, as in east and central
Africa, declines have been observed as early as the mid-1990s
(Figure 1A) [7–9].
While these drops in HIV prevalence are dramatic, underlying
changes in HIV incidence must have occurred several years earlier
and more rapidly (Figure 1B). This is because with an average
survival time of approximately ten years (in the absence of
treatment), even a sudden complete interruption in transmission
would translate into a gradual decline in prevalence. In Nairobi,
changes in infection risk seemed to occur in high-risk populations
first, while HIV prevalence in the general population was still
stable or increasing. In 1986, over 80% of sex workers were
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Figure 1. Adult (15–49) HIV prevalence (A) and annual incidence (B) in Zimbabwe, Kenya, Malawi, and Mozambique, 1990–2009 [8].
doi:10.1371/journal.pcbi.1003459.g001
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experienced severe generalized HIV epidemics while most of the
rest of the world did not. Most of the hypotheses focus on high-risk
sexual behavior such as rapid partner change and low condom
use, aggravated by transmission co-factors, notably other sexually
transmitted infections that are spread by the same high-risk sexual
behavior. Undoubtedly, highly connected sexual networks generated by unprotected, often transactional, sex with many different,
frequently concurrent, partners are common in Africa [18–27].
This is also shown by the high levels of conventional, bacterial
sexually transmitted infections (STIs) as well as HSV-2 in subSaharan Africa, infections that have been implicated as transmission co-factors, although their exact role is still moot [28–34].
These risk factors have been incorporated in many mathematical
models of the HIV epidemic, models that have also been used to
interpret the recent decline in HIV transmission. Several modeling
studies interpreted the fall in HIV transmission, therefore, as a
decline in the very factors that made sub-Saharan Africa special.
However, as throughout history epidemics have always come
and gone, even without interventions, we should consider the
possibility that the decline in HIV transmission may also have
‘‘natural’’ causes. Here we discuss findings, both epidemiological
and from the basic sciences, which are currently ignored in HIV
transmission models and suggest that some of the dramatic decline
in HIV incidence may be part of the natural dynamics of the HIV
epidemic and might have occurred even in the absence of any
major behavior change. To fully explore the impact of these
findings, they should be incorporated in future modeling studies.

when incidence declines, the common fixed risk per sexual contact
assumption implies the conclusion of substantial sexual behavior
changes.
As in various countries the decline in HIV transmission started
prior to the year 2000, major biomedical interventions such as
antiretroviral therapy (ART) or male circumcision campaigns
cannot explain the decline in HIV transmission. Most current
models thus necessarily interpret the epidemiological change as
evidence of (large) changes in sexual behavior or depletion (by
higher AIDS mortality rates) of the group with the highest rates of
partner change or as proof of success of behavioral interventions
[51–54]. Several modeling studies have indeed come to this
conclusion, although it is unclear whether direct empirical studies,
mostly self-reported and therefore potentially biased, support
commensurate declines in risk behavior [55–69]. While such
behavior changes undoubtedly contributed to the decline in
transmission [70], they may not be the only explanation. That
other factors may play a role is supported by the observation that
population behavior change appears to fail to explain the early,
rapid declines in risk per unprotected contact among Kenyan sex
workers [10].

Non-linearity of the Relationship between the
Number of HIV Exposures and Infection Risk
It is widely believed that HIV transmission is very inefficient.
On average, a very small proportion of sexual encounters between
infected and uninfected partners lead to transmission [71]. When
transmission does take place, infection is often the result of a clonal
expansion of a single founder virus, and the probability of any one
virion (virus particle) successfully infecting a person must be on the
order of one in a billion [72]. This is corroborated by SIV (monkey
HIV) infection experiments, which often show a single cluster of
infected cells in the female genital tract in the first few days of SIV
infection [73]. Special factors, such as an STI cofactor effect,
therefore have to be invoked to plausibly explain and model the
observed epidemics.
Potentially misleading, however, may be the concept of percontact transmission risk. Several observations disprove a constant
per-coitus risk of transmission [74,75]. Downs and Vincenzi,
among the first authors to study this, have shown the relationship
between the number of sexual contacts and risk of HIV
transmission to be highly non-linear. In their study involving
563 heterosexual partners of HIV-infected subjects, the risk of
transmission was 10% for those with less than ten unprotected
contacts and increased to only 23% after 2,000 unprotected
contacts [76,77]. Thus, the first few sexual exposures are clearly
more dangerous than subsequent ones. Sex worker contacts of
Thai military conscripts were also associated with high per-contact
risk, as were contacts among adult film actors [78–80]. Low-dose
mucosal SIV challenge experiments in non-human primates
suggest a similar phenomenon; while some monkeys become
infected quite rapidly, others require far more challenges, at times
with higher virus doses, to achieve infection [81]. It is unclear,
however, how to unambiguously interpret this non-linearity with
major implications for modeling and model predictions. Interestingly, another transmission non-linearity exists in the relationship
between viral load and the risk of infection at each sexual contact.
Each 10log increase in plasma HIV-1 RNA increases the per-act
risk of transmission by 2.9-fold; that is, the transmission risk seems
to be approximately proportional to the square root of the viral
load [82]. A similar non-linear relationship appears to exist
between HIV-1 RNA in the genital tract and the risk of
transmission to an uninfected partner [83].

Current HIV Models, Common Assumptions, and
Their Limitations
Mathematical modeling of infectious diseases is a highly
developed science or technology, and software to accelerate the
development and implementation of models is increasingly
available [35–39]. For modeling complex situations that are
difficult to capture in finite sets of (differential) equations,
individual- or ‘‘agent-’’ based micro-simulation, such as used in
STDSIM and SimulAIDS, is now well developed [40–42].
Advanced methods for fitting models to data and to incorporate
uncertainty into inference and predictions have been used [43,44].
From the very beginning of the HIV epidemic, mathematical
modelers, together with epidemiologists and statisticians, have
been heavily involved in shaping our understanding of the
infection and its transmission [45]. They have also been
instrumental in the interpretation of observed trends, in planning
of prevention strategies, in guiding data collection, and in
developing scenarios for the future course of the epidemic [46–48].
Most models, irrespective of their implementation and mathematical detail, incorporate a constant per-sexual-contact transmission risk, which may depend on the phase of infection of infected
partners, and STI cofactor effects that increase this risk. Given
these parameter values, infection can spread through dynamic
networks modeled with variable complexity. This constant risk
assumption implies that ‘‘pre-emptive saturation’’ is the only
density-dependent mechanism at play [49]. That is, transmission
will continue to increase until so many sex partners of HIVinfected individuals are already infected that (on average) each
HIV-positive individual only infects one still uninfected individual.
The latter condition defines endemic equilibrium, which will set in
and remain ‘‘forever’’ unless behavior change or interventions shift
this equilibrium to lower levels. Moreover, in homogeneous
populations this equilibrium will be reached after a continuously
increasing prevalence with perhaps a minor ‘‘overshoot,’’ as
mortality lags—by about a decade—behind incidence [50]. Thus,
PLOS Computational Biology | www.ploscompbiol.org
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Perhaps, if (cumulative) risk is determined by numbers of
virions to which a person is exposed, irrespective of the number
of coital acts, then the non-linearity between number of contacts
and transmission risk may well reflect the same biological
phenomenon as between per-coitus viral dose and transmission
risk.

Immunity
Current mathematical models of HIV ignore the possibility of
naturally acquired immunity. There is evidence of (cellular and
other) immune responses to HIV among exposed but uninfected
individuals, some of which are associated with reduced infection
risk, but whether such responses are evidence of (long-term)
protective acquired and/or adaptive immunity is unclear [93–97].
The success of the RV144 vaccine trial in Thailand should also
alert us to the possible existence of forms of protective immunity to
HIV [98,99]. Immunity could develop, for example, after
exposure to defective virions, i.e., virus particles unable to establish
a reproductive infection. Given these data, the non-linearity of the
relationship between number of contacts and transmission risk
may also be due to such acquired immunity, including mucosal
immune mechanisms such as HIV target cell availability, for
example [100]. If so, this immunity perhaps may only offer
protection against one of several strains, or subtypes (clades) of the
virus, with implications for the risks of partner change [101].
Another form of immunity that may be relevant is alloimmunity, i.e., immunity to (HLA) antigens expressed by sex partners.
Early studies demonstrated potent anti-HIV activity induced by
allo-immunization in humans [102]. There is evidence that
transmission often takes place by HIV hitching a ride in cells.
As such cells express HLA molecules of the host, alloimmune
responses may be protective [103]. Evidence, albeit somewhat
conflicting, for the importance of these responses comes from both
mother-to-child and sexual transmission studies [104–108].
With the high strain diversity of HIV and the extremely high
degree of polymorphism of HLA antigens, one would expect
regular partners of HIV-infected individuals to benefit much more
from these types of immunity than (say) sex workers whose
immune systems have to cope with widely divergent HIV strains
and HLA antigens and whose alloimmune responses may even be
compromised by their high levels of concurrency [109]. If the nonlinearity of risk is due to some form of specific immunity, then this
would imply much greater risks associated with multiple and/or
concurrent partnerships than if it were due to, for example, innate,
broadly protective, susceptibility factors. New HIV-positive
partners would entail a very high risk during the first couple of
contacts, whereas innate resistance or susceptibility would not
discriminate between contacts with the same and with different
HIV-infected partners.
Interestingly, with alloimmunity, the risk associated with acute
phase infection of a seroconverting regular partner would be much
lower than the risk associated with a new seroconverting partner,
as it (the alloimmunity) is acquired before HIV exposure. This
would not be the case with immunity against the virus itself. It
seems likely that this may affect the relative importance of
concurrent versus new partnerships. To our knowledge, no study
has explored the implications of these types of immunity for the
spread of HIV. Infections for which immunity is a densitydependent mechanism, such as measles, are often characterized by
epidemiological patterns of (periodic) violent outbreaks, followed
by subsequent declines when high levels of immunity in the
population (herd immunity) form an impediment to ongoing
transmission. Therefore, the epidemiological implications of HIV
immunity merit further study.

Biological Mechanisms of the Non-linearity in HIV
Transmission
Below we present some mechanisms that may account for the
non-linearity in the relationship between exposure and transmission risk.

Susceptibility of the HIV-negative partner
As with everything biological, susceptibility to infection is likely
to vary both among and within individuals. Early in the HIV
epidemic, it was discovered that individuals homozygous for the
D32 mutation of the CCR5 gene were practically resistant to HIV
infection [84]. Other genetic factors also appear to play a role in
susceptibility and resistance, but much of the genetics and biology
of resistance have remained elusive, and behavior and acquired
factors may also be important [85–89]. This raises the issue of
whether the increased transmission during acute infection is totally
due to an increased infectivity of the infected partner. Acute
infection in the HIV-positive partner is often the first exposure of
the negative partner to HIV, and it seems logical that the most
susceptible individuals get infected first and fast.
In statistical terms, when such heterogeneity is taken into
account, the duration to infection (in terms of exposure) is a
mixture of exponential distributions, with characteristically
declining hazard rates; i.e., risk appears to decline with the total
number of previous exposures [90]. As people can seroconvert
only once, heterogeneity in susceptibility is notoriously hard to
measure directly, but studies are highly suggestive that it can be
substantial. Sex workers in Nairobi in the 1980s reached very high
(.80%) infection levels, but the risk of seroconversion was strongly
negatively associated with duration of exposure and there was even
evidence of a small, highly resistant subgroup [91]. In our most
recent analysis, this decrease in risk was 24% per year of exposure
(McKinnon et al., submitted). The same has been observed in
other sex worker cohorts [92]. Whether heterogeneity in
susceptibility between individuals offers a totally satisfactory
explanation of the rapid HIV epidemiological change is still
unclear. By itself, it seems to fail to satisfactorily explain the onset
of the epidemic. It may be of interest that for the same final size of
the epidemic, heterogeneity in susceptibility could give rise to
faster epidemic onset. Perhaps because of the difficulty of
obtaining empirical estimates of the level of heterogeneity in
susceptibility, this variable has usually been ignored in HIV
epidemic models. Yet, heterogeneity in susceptibility and resistance can have a major effect on the course of the epidemic. In
fact, models that incorporate this heterogeneity predict that
prevalence peaks and then drops, as actually observed (Figure 2)
[50]. Heterogeneity in susceptibility in its most extreme form,
where only a subset of individuals are (highly) susceptible, and the
rest minimally susceptible, may also lead to a fragmentation of
sexual networks as all connections (edges) via non-susceptibles
(nodes) are effectively removed. Thus, sexual networks consisting
of loosely connected ‘‘cliques’’ would fragment into disjointed subnetworks, with obvious implications for HIV spread. Heterogeneity in susceptibility over time, within individuals, almost certainly
also exists but, except in the context of STIs, has remained largely
elusive.
PLOS Computational Biology | www.ploscompbiol.org

Heterogeneity in infectiousness
As viral load varies among people, one can expect some
individuals to be greater shedders of infectious virions, and thereby
more infectious, than others. Early-stage, acute infection has
been associated with high viral loads and high infectiousness, and
this seems to be the preferred ‘‘consensus’’ interpretation of the
4
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Figure 2. The projected course of the HIV epidemic (prevalence) under simplified assumptions about heterogeneity in
susceptibility to HIV infection [50]. For comparison, the dashed curve shows the projected course in the absence of such heterogeneity, but with
similar final size of the epidemic.
doi:10.1371/journal.pcbi.1003459.g002

non-linearity of the relationship between exposure and risk. This
acute infection period (first few months) has been estimated to be
up to 26 times as infectious as the subsequent stage of infection
[13,110]. Yet, paradoxically, the elevation in transmissibility
observed during acute infection appears to be greater than would
be expected based on viral load alone (although not all virions may
be equally infectious), and direct evidence implicating acute
infections only comes from a single study that ignored alternative
explanations and whose methodology has been questioned [111–
113]. Nevertheless, several mathematical models have incorporated this aspect of transmission and even made quite definitive
estimates about the role of acute infections in overall HIV
transmission [114]. Unfortunately, the methodology used for
estimating this increased transmissibility completely ignores factors
such as heterogeneity in susceptibility (see above). Proper
estimation of the risk associated with acute infection per se would
require a comparison between new, HIV-naı̈ve partners of HIVinfected individuals in the acute and post-acute phase, which has
never been done. Other, less understood, sources of heterogeneity
in infectiousness also appear to exist. In a cross-sectional study
from South Africa, viral loads varied by a factor of more than
10,000, but the factors underlying this heterogeneity are not
completely clear [115]. Some factors have been recognized; for
example, HLA-B57 and HLA-B27 genotypes have been associated
with better viral control, and this leads one to expect that
individuals with these HLA types are, on average, less infectious
than others [116]. However, there is also within-person variation,
and individuals may temporarily shed more infectious virions than
PLOS Computational Biology | www.ploscompbiol.org

usual [117]. Some anecdotal ‘‘superspreading’’ events suggest that
heterogeneity in infectiousness can be substantial. A Zairian man
in Belgium infected 11 out of 19 female sex partners, often after a
single sexual contact [118]. Another case infected at least 11 of his
many female sex partners [119]. It is unclear what this implies for
HIV transmission in general, or the difference between transmission in Africa and other parts of the world. Africa has higher rates
of tropical infections, including malaria, which may increase HIV
viral load and transmission [120,121]. Heterogeneity in infectiousness, as with heterogeneity in susceptibility, would explain
why some exposed individuals seroconvert after a few sexual
contacts, while others never acquire infection.

Conclusions
We have identified several aspects of HIV transmission that may
provide additional, alternative reasons for the rise and fall of HIV
in high-prevalence countries in Africa. Current models may be
misleading because factors such as heterogeneity in susceptibility,
which may have substantially impacted the course of the HIV
epidemic, have been ignored due to a lack of precise quantitative
estimates. Key observations, such as non-linearity of the relationship between the number sex contacts and HIV transmission and
the high risks associated with a seroconverting partner have
consistently been interpreted, perhaps misinterpreted, in only a
single way, while other explanations, with different epidemiological impacts, have been discounted. Thus, when incidence
declines, the common assumption of fixed risk per sexual contact
5
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differential equations. Modelers should explore alternative interpretations of available data and, together with epidemiologists and
basic scientists, try to formulate empirical studies to discriminate
between these interpretations. Scientific journals and reviewers,
rather than encouraging conformity, should encourage and invite
debate and dissenting interpretations of epidemiological studies.
Understanding HIV’s rise and fall could offer important lessons as
this and future epidemics unravel.

favors the conclusion of substantial changes in average sexual
behavior.
What would our ideas imply for modeling? First, uncertainty in
model structure, more than uncertainty in parameter values,
dominates model uncertainty, and modelers should be aware of
qualitatively different interpretations of available data. Microsimulation can be used to effectively model complex, non-linear
processes, in contrast to most models consisting of sets of
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59. Buvé A, Lagarde E, Caraël M, Rutenberg N, Ferry B, et al. (2001) Interpreting
sexual behaviour data: validity issues in the multicentre study on factors
determining the differential spread of HIV in four African cities. AIDS 15:
S117–S126.
60. Curtis SL, Sutherland EG (2004) Measuring sexual behaviour in the era of
HIV/AIDS: the experience of Demographic and Health Surveys and similar
enquiries. Sex Transm Infect 80: ii22–ii27.
61. Morris M (1993) Telling tails explain the discrepancy in sexual partner reports.
Nature 365: 437–440.
62. Deuchert E (2011) The virgin HIV puzzle: can misreporting account for the
high proportion of HIV cases in self-reported virgins? J Afr Economies 20: 60–
89.
63. Beguy D, Kabiru CW, Nderu EN, Ngware MW (2009) Inconsistencies in selfreporting of sexual activity among young people in Nairobi, Kenya. J Adolesc
Health 45: 595–601.
64. Mensch BS, Hewett PC, Gregory R, Helleringer S (2008) Sexual behavior and
STI/HIV status among adolescents in rural Malawi: an evaluation of the effect
of interview mode on reporting. Stud Fam Plann 39: 321–334.
65. Williams BG, Taljaard D, Campbell CM, Gouws E, Ndhlovu L, et al. (2003)
Changing patterns of knowledge, reported behaviour and sexually transmitted
infections in a South African gold mining community. AIDS 17: 2099–2107.
66. Oster E (2012) HIV and sexual behavior change: why not Africa? J Health
Econ 31: 35–49.
67. Schmidt WP, Van Der Loeff MS, Aaby P, Whittle H, Bakker R, et al. (2008)
Behaviour change and competitive exclusion can explain the diverging HIV-1
and HIV-2 prevalence trends in Guinea-Bissau. Epidemiol Infect 136: 551–
561.
68. Paul-Ebhohimhen VA, Poobalan A, van Teijlingen ER (2008) A systematic
review of school-based sexual health interventions to prevent STI/HIV in subSaharan Africa. BMC Public Health 8: 4. Available: http://www.
biomedcentral.com/1471-2458/8/4. Accessed 3 January 2014.
69. Wariki WM, Ota E, Mori R, Koyanagi A, Hori N, et al. (2012) Behavioral
interventions to reduce the transmission of HIV infection among sex workers
and their clients in low- and middle-income countries. Cochrane Database Syst
Rev 2: CD005272.
70. Stoneburner RL, Low-Beer D (2004) Population-level HIV declines and
behavioral risk avoidance in Uganda. Science 2004; 304: 714–718. Erratum in:
Science 306: 1477.
71. Hladik F, McElrath MJ (2008) Setting the stage: host invasion by HIV. Nat Rev
Immunol 8: 447–457.
72. Keele BF, Giorgi EE, Salazar-Gonzalez JF, Decker JM, Pham KT, et al. (2008)
Identification and characterization of transmitted and early founder virus
envelopes in primary HIV-1 infection. Proc Natl Acad Sci U S A 105: 7552–
7557.
73. Li Q, Estes JD, Schlievert PM, Duan L, Brosnahan AJ, et al. (2009) Glycerol
monolaurate prevents mucosal SIV transmission. Nature 458: 1034–1038.
74. Powers KA, Poole C, Pettifor AE, Cohen MS (2008) Rethinking the
heterosexual infectivity of HIV-1: a systematic review and meta-analysis.
Lancet Infect Dis 8: 553–563.
75. Gray RH, Wawer MJ (2012) Probability of heterosexual HIV-1 transmission
per coital act in sub-Saharan Africa. J Infect Dis 205: 351–352.
76. Downs AM, De Vincenzi I (1996) Probability of heterosexual transmission of
HIV: relationship to the number of unprotected sexual contacts. European

PLOS Computational Biology | www.ploscompbiol.org

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

7

Study Group in Heterosexual Transmission of HIV. J Acquir Immune Defic
Syndr Hum Retrovirol 11: 388–395.
Leynaert B, Downs AM, de Vincenzi I (1998) Heterosexual transmission of
human immunodeficiency virus: variability of infectivity throughout the course
of infection. European Study Group on Heterosexual Transmission of HIV.
Am J Epidemiol 148: 88–96.
Nelson KE, Celentano DD, Suprasert S, Wright N, Eiumtrakul S, et al. (1993)
Risk factors for HIV infection among young adult men in Northern Thailand.
J Am Med Assoc 270: 955–960.
Mastro TD, Satten GA, Nopkesorn T, Sangkharomya S, Longini IM Jr (1994)
Probability of female-to-male transmission of HIV-1 in Thailand. Lancet 343:
204–207.
Taylor MM, Rotblatt H, Brooks JT, Montoya J, Aynalem G, et al. (2007)
Epidemiologic investigation of a cluster of workplace HIV infections in the
adult film industry: Los Angeles, California, 2004. Clin Infect Dis 44: 301–305.
Hansen SG, Vieville C, Whizin N, Coyne-Johnson L, Siess DC, et al. (2009)
Effector memory T cell responses are associated with protection of rhesus
monkeys from mucosal simian immunodeficiency virus challenge. Nat Med 15:
293–299.
Hughes JP, Baeten JM, Lingappa JR, Magaret AS, Wald A, et al. (2012)
Determinants of per-coital-act HIV-1 infectivity among African HIV-1serodiscordant couples. J Infect Dis 205: 358–365.
Baeten JM, Kahle E, Lingappa JR, Coombs RW, Delany-Moretlwe S, et al.
(2011) Genital HIV-1 RNA predicts risk of heterosexual HIV-1 transmission.
Sci Transl Med 3: 77ra29.
Huang Y, Paxton WA, Wolinsky SM, Neumann AU, Zhang L, et al. (1996)
The role of a mutant CCR5 allele in HIV–1 transmission and disease
progression. Nat Med 2: 1240–1243.
Songok EM, Luo M, Liang B, Mclaren P, Kaefer N, et al. (2012) Microarray
analysis of HIV resistant female sex workers reveal a gene expression signature
pattern reminiscent of a lowered immune activation state. PLOS ONE 7:
e30048. doi:10.1371/journal.pone.0030048
MacDonald KS, Fowke KR, Kimani J, Dunand VA, Nagelkerke NJ, et al.
(2000) Influence of HLA supertypes on susceptibility and resistance to human
immunodeficiency virus type 1 infection. J Infect Dis 181: 1581–1589.
Hardie RA, Luo M, Bruneau B, Knight E, Nagelkerke NJ, et al. (2008) Human
leukocyte antigen-DQ alleles and haplotypes and their associations with
resistance and susceptibility to HIV-1 infection. AIDS 22: 807–816.
Ramsuran V, Kulkarni H, He W, Mlisana K, Wright EJ, et al. (2011) Duffynull-associated low neutrophil counts influence HIV-1 susceptibility in high-risk
South African black women. Clin Infect Dis 52: 1248–1256.
Lingappa JR, Petrovski S, Kahle E, Fellay J, Shianna K, et al. (2011)
Genomewide association study for determinants of HIV-1 acquisition and viral
set point in HIV-1 serodiscordant couples with quantified virus exposure.
PLOS ONE 6: e28632. doi:10.1371/journal.pone.0028632
Mackelprang RD, Baeten JM, Donnell D, Celum C, Farquhar C, et al. (2012)
Quantifying ongoing HIV-1 exposure in HIV-1-serodiscordant couples to
identify individuals with potential host resistance to HIV-1. J Infect Dis 206:
1299–1308.
Fowke KR, Nagelkerke NJD, Kimani J, Simonsen JN, Anzala AO, et al. (1996)
Resistance to HIV-1 infection among persistently seronegative prostitutes in
Nairobi, Kenya. Lancet 348: 1347–1351.
Braunstein SL, Ingabire CM, Kestelyn E, Uwizera AU, Mwamarangwe L,
et al. (2011) High human immunodeficiency virus incidence in a cohort of
Rwandan female sex workers. Sex Transm Dis 38: 385–394.
Kaul R, Rutherford J, Rowland-Jones SL, Kimani J, Onyango JI, et al. (2004)
HIV-1 Env-specific cytotoxic T-lymphocyte responses in exposed, uninfected
Kenyan sex workers: a prospective analysis. AIDS 18: 2087–2089.
Fowke KR, Kaul R, Rosenthal KL, Oyugi J, Kimani J, et al. (2000) HIV-1specific cellular immune responses among HIV-1-resistant sex workers.
Immunol Cell Biol 78: 586–595.
Kaul R, Rowland-Jones SL, Kimani J, Fowke K, Dong T, et al. (2001) New
insights into HIV-1 specific cytotoxic T-lymphocyte responses in exposed,
persistently seronegative Kenyan sex workers. Immunol Lett 79: 3–13.
Hirbod T, Kaul R, Reichard C, Kimani J, Ngugi E, et al. (2008) HIVneutralizing immunoglobulin A and HIV-specific proliferation are independently associated with reduced HIV acquisition in Kenyan sex workers. AIDS
22: 727–735.
Horton RE, Ball TB, Wachichi C, Jaoko W, Rutherford WJ, et al. (2009)
Cervical HIV-specific IgA in a population of commercial sex workers correlates
with repeated exposure but not resistance to HIV. AIDS Res Hum
Retroviruses 25: 83–92.
Rerks-Ngarm S, Pitisuttithum P, Nitayaphan S, et al. (2009) Vaccination with
ALVAC and AIDSVAX to prevent HIV-1 infection in Thailand. N Engl J Med
361: 2209–2220.
Haynes BF, Gilbert PB, McElrath MJ, Kaewkungwal J, Chiu J, et al. (2012)
Immune-correlates analysis of an HIV-1 vaccine efficacy trial. N Engl J Med
366: 1275–1286.
McKinnon LR, Kaul R (2012) Quality and quantity: mucosal CD4+ T cells
and HIV susceptibility. Curr Opin HIV AIDS 7: 195–202.
McKinnon LR, Kaul R, Herman M, Plummer FA, Ball TB (2010) HIVspecific T cells: strategies for fighting a moving target. Curr HIV Res 8: 587–
595.

March 2014 | Volume 10 | Issue 3 | e1003459

102. Wang Y, Tao L, Mitchell E, Armstrong P, Vaughan R, et al. (1999) Alloimmunization elicits CD8+ T cell-derived chemokines, HIV suppressor factors
and resistance to HIV infection in women. Nat Med 5: 1004–1009.
103. Anderson DJ, Politch JA, Nadolski AM, Blaskewicz CD, Pudney J, et al. (2010)
Targeting Trojan Horse leukocytes for HIV prevention. AIDS 24: 163–187.
104. MacDonald KS, Embree J, Njenga S, Nagelkerke NJ, Ngatia I, et al. (1998)
Mother-child class I HLA concordance increases perinatal human immunodeficiency virus type 1 transmission. J Infect Dis 177: 551–556.
105. Luscher MA, Choy G, Embree JE, Nagelkerke NJ, Bwayo JJ, et al. (1998) AntiHLA alloantibody is found in children but does not correlate with a lack of
HIV type 1 transmission from infected mothers. AIDS Res Hum Retroviruses
14: 99–107.
106. Peters B, Whittall T, Babaahmady K, Gray K, Vaughan R, Lehner T (2004)
Effect of heterosexual intercourse on mucosal alloimmunisation and resistance
to HIV-1 infection. Lancet 363: 518–524.
107. Leith JG, Clark DA, Matthews TJ, Rosenthal KL, Luscher MA, et al. (2003)
Assessing human alloimmunization as a strategy for inducing HIV type 1
neutralizing anti-HLA responses. AIDS Res Hum Retroviruses 19: 957–965.
108. Dorak MT, Tang J, Penman-Aguilar A, Westfall AO, Zulu I, et al. (2004)
Transmission of HIV-1 and HLA-B allele-sharing within serodiscordant
heterosexual Zambian couples. Lancet 363: 2137–2139.
109. Jennes W, Evertse D, Borget MY, Vuylsteke B, Maurice C, et al. (2006)
Suppressed cellular alloimmune responses in HIV-exposed seronegative female
sex workers. Clin Exp Immunol 143: 435–444.
110. Pilcher CD, Tien HC, Eron JJ Jr, Vernazza PL, Leu SY, et al. (2004) Brief but
efficient: acute HIV infection and the sexual transmission of HIV. J Infect Dis
189: 1785–1792.
111. Cohen MS, Dye C, Fraser C, Miller WC, Powers KA, et al. (2012) HIV
treatment as prevention. Debate and commentary - will early infection
compromise treatment-as-prevention strategies? PLOS Med 9: e1001232.
doi:10.1371/journal.pmed.1001232

PLOS Computational Biology | www.ploscompbiol.org

112. Wawer MJ, Gray RH, Sewankambo NK, Serwadda D, Li X, et al. (2005)
Rates of HIV-1 transmission per coital act, by stage of HIV-1 infection, in
Rakai, Uganda. J Infect Dis 191: 1403–1409.
113. Gisselquist D, Potterat JJ (2005) Questioning Wawer et al.’s estimated rate of
sexual HIV transmission from persons with early HIV infections. J Infect Dis
192: 1497–1499; author reply 1499–1500.
114. Powers KA, Ghani AC, Miller WC, Hoffman IF, Pettifor AE, et al. (2011) The
role of acute and early HIV infection in the spread of HIV and implications for
transmission prevention strategies in Lilongwe, Malawi: a modelling study.
Lancet 378: 256–268.
115. Auvert B, Males S, Puren A, Taljaard D, Caraël M, et al. (2004) Can highly
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