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Sexually transmitted infections (STIs) have plagued humans for millennia and can result in chronic disease, preg-
nancy complications, infertility, and even death. Recent technological advances have led to a better understanding 
of the causative agents for these infections as well as aspects of their pathogenesis that might represent novel thera-
peutic targets. The articles in this Review Series provide excellent updates on the recent advances in understanding 
of the pathogenesis of some very important and persistent STIs and discuss the importance of considering each 
pathogen in the broader context of the environment of the individual who it infects.

With the discovery of antibiotics, the development of vaccines 
and effective disease control programs, and the availability of con-
doms, why are sexually transmitted infections (STIs) still with us 
and thriving? Certainly sex is necessary for species survival and is 
a basic drive, but why should STIs still present as a possible result 
of the activity? Why haven’t we treated our way out of the high 
prevalence rates of some STIs? Globally, congenital syphilis is still 
a leading cause of stillbirth and neonatal death (1). Quinolone-
resistant gonorrhoea is a worldwide problem (2). Indeed, five out 
of the top ten reportable diseases in the US are STIs. There are 
over 19 million new cases of STIs reported each year in the US, and 
global rates are staggering (Figure 1). Direct and indirect costs to 
the US for STIs are estimated to be $10–$17 billion dollars a year 
(3). Given the rapidly expanding genomic, proteomic, and metabo-
lomic databases, why haven’t we produced more and more effec-
tive vaccines? Perhaps the answer is simply that we don’t have all 
the pieces to solve these puzzles yet. To forge ahead we need first 
to return to the basics — determine what we know, what we need 
to know, and where we go next.

The articles in this Review Series focus on three sexually trans-
missible microbes and also describe the microbiome of the female 
reproductive tract, which may play a leading role in their infectivity 
and pathogenesis. The authors review the diseases associated with 
or caused by the pathogens, new discoveries of their pathogenesis, 
and the contributions of molecular technologies and genomic 
advances to this knowledge and offer suggestions regarding where 
our future research needs to focus regarding vaccine development 
and prevention efforts.

Shining a new light on an old and persistent disease
In the first review of this series (4), Emily L. Ho and Sheila A. Luke-
hart describe the complex challenges presented by Treponema pal-
lidum subsp. pallidum, the agent of syphilis, and review recent prog-
ress in the application of modern molecular techniques toward 
understanding its pathogenesis, improving diagnosis, and devel-
oping better treatment strategies. Understanding syphilis infection 
has been a challenge for researchers, in part, because T. pallidum 
cannot be cultured or genetically manipulated. Consequently, the 
publication and analysis of the T. pallidum genome has enabled a 

better understanding of the molecular basis of syphilis pathogen-
esis (5). The application of new molecular techniques may uncover 
why this ancient disease persists and sometimes flourishes.

Recognizing clinical manifestations of syphilis, explaining 
how it vacillates between active disease and latent infection, and 
achieving accurate diagnoses has always been challenging. Syphi-
lis has been described clinically as the “great imitator,” because of 
its protean clinical manifestations (6). Untreated infection may 
evolve through several stages: the primary stage manifests classi-
cally as a painless ulcer referred to as a “chancre;” the secondary 
stage is the bacteremic phase, accompanied by protean systemic 
symptoms such as rash, generalized lymphadenopathy, malaise, 
and low-grade fever; the latent phase has no clinical manifes-
tations and may persist as such for life; and the tertiary stage 
presents with signs and symptoms of end organ destruction. To 
complicate matters, the disease does not always march through 
consecutive clinical stages. An infected individual may present in 
the latent stage with no recollection of prior symptoms. Further-
more, the stages of primary and secondary infection, if clinically 
evident, occur relatively early after the infection, within weeks to 
months of inoculation, whereas the time interval between second-
ary and tertiary syphilis can be years, if that progression occurs 
at all. Predicting who is at greatest risk of developing the clinical 
manifestations of neurosyphilis has been particularly challeng-
ing. Discovering the nature of the host-parasite interaction may 
help solve some of these clinical conundrums.

Perhaps one of the biggest challenges, given that T. pallidum 
cannot be cultured in vitro, is confirming the diagnosis of active, 
incident, or even persistent infection. Currently marketed diag-
nostic tests for syphilis rely on detection of IgG and IgM antibod-
ies directed against the pathogen’s proteins TpN17 and TpN47, 
which may also be produced in persons with periodontal disease 
due to oral treponemes (7). Therefore, teasing through the array of 
polypeptides predicted to be in the T. pallidum proteome will help 
in identifying more specific antibodies for screening and diagno-
sis. Furthermore, the currently available assays cannot distinguish 
between recent or remote syphilis infections or among the various 
stages of infection and cannot be used reliably with cerebral spinal 
fluid to diagnose neurosyphilis.

Untangling the pathogenesis and discovering an accurate diag-
nostic for neurosyphilis is yet another persistent challenge. Inva-
sion of the nervous system by T. pallidum occurs early in infection, 
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within days to weeks of inoculation (6). Although some patients 
appear to control or clear CNS infection, in others T. pallidum 
“escapes” immune detection to cause persistent and advanced dis-
ease. This evasion may be due to antigenic variation of bacterial 
surface proteins. Bioinformatic approaches have identified sev-
eral outer membrane proteins, but these can differ substantially 
among and within individual strains, and molecular studies show 
that new variants arise by segmental gene conversion, which may 
enable the organism to evade clearance and persist (8). Why some 
individuals have persistent yet chronic latent infection and others 
reactivate to tertiary disease is unknown.

Since T. pallidum can be cultured only transiently in vitro in rab-
bit epithelial cells, assessment of antibiotic sensitivity profiles 
cannot be done. Parenteral penicillin is the recommended treat-
ment, based on over 50 years of treatment success, which is defined 
as clinical resolution and prevention of sexual transmission (9). 
When a penicillin allergy arises in nonpregnant persons, macro-
lides and tetracyclines have been used. However, clinical failure 
has been documented with use of macrolides, and this resistance 
is attributed to an adenine-to-guanine mutation at the position 
cognate to A2058 in the E. coli 23S rRNA gene (10). This resistance 
seems widespread, with scattered reports from many continents 
(11–13). Molecular strain typing may uncover important infor-
mation, which not only documents antibiotic resistance, but also 
aids our understanding of transmission dynamics within sexual 
networks as well as identification of unique strains prone to neu-
roinvasion and may lead the way to vaccine development.

Human papillomavirus — vaccine success for all?
With the discovery that certain high-risk strains of human papil-
lomavirus (HPV) cause nearly 100% of invasive cervical cancer (14), 
followed by the development of the highly efficacious HPV vac-
cines, we can assume that the major challenges in HPV control and 
cervical cancer prevention have been met (15). Or can we? There is 
no doubt that the vaccine, if given to girls and boys before sexual 
debut, is extremely effective. In the Review by Patti Gravitt (16), 
some remaining challenges are discussed. HPV is a very common 
infection (Figure 2), but what is the natural history of HPV infec-
tion across the lifespan, particularly in older women? How do we 
reliably determine incident HPV infection? Can infected women 
truly clear HPV, or do they immunologically control persistent 
infection? Do serum antibodies detected after natural infection 
confer protection against reinfection with the same HPV genotype? 
The answers to these questions may (and should) influence policy 

debates regarding best practices for vaccine implementation. A 
major limitation of predictive models is the lack of a true measure 
of HPV infection status; Gravitt discusses three possible pathways 
for the natural history of HPV infection in women and presents 
the data supporting each possibility. Typically, HPV DNA-positive 
women are considered “infected,” and HPV DNA-negative women 
are considered “uninfected;” however, natural history studies of 
HPV infection are based on HPV DNA measures repeated at four, 
six, and twelve month intervals, and more frequent sampling is 
needed to determine whether women clear infection or merely 
transition from active viral shedding to latency.

Difficulty also exists in determining whether serum antibodies 
developed against HPV are protective against reinfection. A major 
issue here is that different serological assays are used to detect anti-
bodies in various studies. The most intriguing data come from the 
placebo arm of the quadrivalent HPV vaccine trial on women aged 
24–45 (protocol 019), which showed that HPV-seropositive young-
er women appear to have protection against new HPV infection, 
but older women do not (17). This may be due to waning immu-
nity, acquiring new sexual partners and thus increased chance of 
exposure, or merely a transition from undetectable to detectable 
DNA from a latent HPV infection. Clarification of these issues is 
important, because the difference between new acquisition and 
reactivation goes beyond the bench and may lead literally to the 
bedside, causing questions of sexual infidelity in relationships.

Herpes simplex virus-2 — vaccine failure  
and where we go next
Herpes simplex virus-2 (HSV-2) is another ancient, persistent virus 
and remains a challenge to those working in vaccine development. 
While many vaccines have been studied in animal models, only a 
few have reached clinical trials, and these were not consistently 
effective. Perhaps, as Christine Johnston, David Koelle, and Anna 
Wald discuss in the third Review of this series (18), going back to 
basics and unravelling HSV pathogenesis might provide insight to 
new vaccine development.

HSV is one of the most prevalent sexually transmitted pathogens 
(19). Most infected persons are not aware of their infection and may 
transmit it during periods of subclinical viral shedding. Nonethe-
less, the morbidity associated with symptomatic disease is signifi-
cant. Genital HSV has a high recurrence rate and can cause compli-
cations such as aseptic meningitis and neonatal transmission, with 
resulting fetal death or severe and lasting neurologic compromise. 
Regardless of whether it is symptomatic or asymptomatic, its asso-
ciation with increased HIV transmission and acquisition highlights 
concern for better individual and population prevention (20, 21).

It was previously thought that HSV infection vacillated between 
active disease with visible ulcerations and latency. Eloquent studies 
by the authors of this Review demonstrated that HSV and its host 
are in constant conflict, with frequent HSV reactivation and rapid 
clearance, most likely involving both innate and acquired immu-
nologic processes (22–24). In fact, mathematical models and geni-
tal mapping studies suggest that a nearly constant, low quantity 
of HSV is likely to be released from sensory ganglia into the genital 
tract (25). Is this enough to transmit the infection? The relation-
ship between the inoculum dose and other epithelial variables 
has not been established. Clearly, from discordant partner stud-
ies, we know that not all sexual acts between these couples trans-
mit infection. The authors have, in fact, identified some HSV-2– 
seronegative persons in long-term HSV-2 discordant sexual rela-

Figure 1
Global estimates of prevalent cases of STIs in 2005. At any point in 
2005, there were approximately 318 million prevalent cases of curable 
STIs (syphilis, gonorrhea, chlamydia, and trichomonas) and 536 mil-
lion estimated HSV-2 infections (based on data from ref. 35).
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tionships who have T-cell responses to HSV-2, and these responses 
may be weighted toward certain HSV-2 proteins (26). Such data are 
very important in defining future subunit vaccine composition. 
Another long-standing belief was that individuals infected with 
one strain of HSV-2 rarely became infected with another HSV-2 
strain. Recent studies using more sensitive PCR techniques and 
newly identified variable regions in HSV-2 found multiple strain 
genital infections in 15% of healthy adults infected with genital 
HSV-1 and HSV-2 (27, 28). Due to increased knowledge of viral 
SNPs, these multi-strain HSV-2 infections can be more closely 
studied to determine whether immunity provoked by wild-type 
infection is a necessary component to a successful vaccine.

Understanding of the interplay between innate and cell-mediat-
ed immune responses to HSV infection is advancing. The authors 
review current discoveries in both pathways. While innate immune 
system agonists can lead to profound, local HSV resistance, classic 
vaccinology cannot yet achieve this response, and no clear acquired 
cellular immunity correlates of control of HSV reactivation or 
shedding have been elucidated in humans. Neutralizing anti-
bodies to viral envelope glycoproteins are required for viral entry 
into cells and have been the focus of several failed glycoprotein 
gB and gB subunit vaccines (29, 30). However, crystallographic 
structures of HSV proteins with their ligands and dynamic struc-
tural changes during viral entry are available, and this may allow 
the development of a vaccine modeled on the success of the HPV 
vaccine. Clearer understanding of specific HSV immune evasion 
mechanisms may inform the creation of replication competent or 
incompetent virus-based vaccines.

The authors also stress that although the ideal HSV vaccine 
will prevent primary infection, a therapeutic vaccine to improve 
the clinical course in individual patients and potentially decrease 
HSV shedding and therefore transmission, could have a signifi-
cant public health benefit. Successful outcomes for these vaccines 
would include a decrease in HSV shedding frequency and quantity. 
Regardless of which type of vaccine comes first, we are well on the 
way to its discovery.

The vaginal microbiome — what is it  
and how does it work?
In the final Review in this series, Rebecca Brotman (31) considers 
STI prevention in the context of the vaginal microbiome. The vagi-
na houses a unique microenvironment, which is both complex and 

dynamic. Nearly all women are vaginally colonized by obligately 
anaerobic gram-negative rods and cocci as well as several species of 
anaerobic and not-yet-named bacteria (32). The balance of bacteria 
is influenced by hormonal changes that occur throughout a wom-
an’s lifetime and will be different during premenarche, reproductive 
years, and after menopause. Hydrogen-peroxide producing Lactoba-
cillus species have been thought to be very important in maintain-
ing an acidic environment and a low bacterial count. Disruption 
of this microbiome, termed bacterial vaginosis (BV), is associated 
with a loss of lactic acid–producing bacteria, an overgrowth of 
anaerobic bacteria, and a markedly increased risk for acquisition of 
STIs, including HIV, and the development of pelvic inflammatory 
disease. As a gynecologic condition, BV was described over 30 years 
ago by Amsel and was associated clinically with a homogeneous 
grayish-white vaginal discharge, bacterial overgrowth, elevated pH 
above 4.5, and an amine odor released upon addition of 10% KOH 
to the vaginal discharge fluid (33). Nugent et al. then quantitated 
the number and types of bacterial overgrowth observed in Gram-
stained vaginal fluid and developed a Nugent Gram stain score 
(34). Using Nugent’s score, it has been noted that many women 
with high quantities of bacteria consistent with BV do not have 
symptoms. The factors leading to and the adverse outcomes result-
ing from symptomatic versus asymptomatic BV are not fully under-
stood and are an active area of research.

More knowledge is needed regarding the dynamics of the vaginal 
ecosystem, with regards to documenting the frequency of fluctua-
tions in the composition of vaginal communities and the effect of 
behavioral factors, such as intercourse, microbicides, or intrinsic 
and extrinsic hormones, on its fluctuations. As with HSV, more 
frequent self-collected sampling and behavioral diaries are needed 
to increase our understanding and allow researchers to build a 
database that we might mine for information. The NIH Human 
Microbiome Project, hopefully, will add much to these data.

To date we do not understand how protective vaginal microbi-
ota are maintained, why frequent shifts in microbial composition 
occur, or how these shifts induce changes in the vaginal environ-
ment that relate to the dramatic increase in susceptibility to such a 
wide range of adverse health outcomes. However, new technologies 
are assisting in solving these mysteries.

Preventing STIs — where do we go from here?
The articles in this Review Series provide excellent updates of the 
recent advances in understanding the pathogenesis of some very 
important and persistent STIs. Furthermore, the review of the 
vaginal microbiome stresses the importance of considering each 
pathogen in the broader context of the environment of the indi-
vidual who it infects. Even though we’ve come a long way toward 
understanding how these specific STIs invade our bodies and 
stimulate and also evade our immune system, we don’t have all 
the answers. Basic questions remain. Why does T. pallidum persist 
in some individuals and cause neurosyphilis? Is that persistence 
related to the organism or the individual’s unique response to the 
organism? How can we improve syphilis diagnosis? Will T. palli-
dum antibiotic resistance become a global issue, and how can we 
monitor it? Questions also persist with HPV and HSV. What is 
the next step in HSV vaccine development? Should we strive for 
a vaccine to prevent infection or alter the natural history of HSV 
infection? Both approaches could significantly impact HSV-2 
transmission and acquisition. Although we have a very successful 
vaccine for HPV, should older women get it? Furthermore, when 

Figure 2
HPV, prevalence studies among female populations, 1995–2001 
(reproduced with permission from ref. 36).
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a woman tests positive for HPV DNA, do we really know if it is a 
new HPV infection or if it is a reactivation event? Finally, how does 
the individual’s microbiome influence the pathogenesis of STIs? 
Future research will shed light on this path to STI prevention, and, 
regardless of the direction, it will be an interesting journey. Fur-
thermore, it is clear that to answer these questions we must begin 

at the beginning and go back to the basic biology of each patho-
gen, for only then might our path forward be clear.
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