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Abstract

Syphilis, caused by the spirochete Treponema pallidum subspecies pallidum, continues to be a 

prevalent disease in low- and middle-income countries, and has re-emerged in key populations, 

including men who have sex with men, in high-income nations. The rising number of cases shows 

syphilis elimination will require augmentation of public health screening and treatment campaigns 

with syphilis vaccine development and implementation initiatives. Optimal vaccine candidates, 

deciphered from careful consideration of the pathogenic mechanisms employed by T. pallidum, 

will need to be paired with appropriate human-track adjuvants designed to elicit the correlates of 

protection needed to prevent infection/disease. This article provides an overview of the 

development pipeline customized for a syphilis vaccine, including the preferred product 

characteristics, the investment case, and a proposed vaccinogen selection strategy outlining the 

essential qualities that need to be targeted by a syphilis vaccine.
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Global resurgence of syphilis

Syphilis is a chronic, multistage disease caused by Treponema pallidum subsp. pallidum, 

with a global burden of 36 million cases and 11 million new infections per year.1 While 

~90% of syphilis cases occur in developing nations, outbreaks are occurring in Europe, 

Britain, the United States, Canada, and China.1–6 In the United States, primary and 

secondary syphilis rates have doubled over the period of 2005 to 2013, with over 90% of 

new infections occurring in men and the highest proportion of cases found among men who 

have sex with men.7 Congenital syphilis is the most common infection associated with fetal 

loss or stillbirth in low income settings, with ~1.4 million pregnant women infected with 

active syphilis per year,8 resulting in 305,000 cases of fetal loss/stillbirth and 215,000 infants 

with prematurity and clinical syphilis.9 While the predominant congenital syphilis burden is 

in sub-Saharan Africa and South America, rate increases are being observed in other 

geographical regions. This is exemplified by the dramatic increase experienced recently in 
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China, where congenital syphilis cases rose to a rate of 20 per 100,000 live births.10 

Additionally, symptomatic syphilis infections are estimated to increase HIV transmission 

and acquisition 2 to 5-fold.11 The global public health threat posed by syphilis highlights the 

need for effective syphilis control.

The complementary approach of public health screening/treatment 

initiatives and vaccine development for syphilis elimination

Targeted public health control initiatives, pioneered by the Centers for Disease Control 

(CDC - National Plan to Eliminate Syphilis from the US12,13) and the World Health 

Organization (WHO - Initiative for the Global Elimination of Congenital Syphilis14), have 

successfully raised awareness of syphilis prevalence and have undoubtedly averted an even 

greater spike in disease incidence, but have not achieved the goal of syphilis elimination. 

The continued high incidence of syphilis worldwide, despite the existence of inexpensive 

and effective penicillin treatment for over 70 years, emphasizes the need to seek an 

alternative approach for syphilis control. Further, elimination of syphilis as a risk factor for 

HIV can be achieved only through prevention of new syphilis cases, as the highest risk for 

HIV acquisition and transmission coincides with early symptomatic syphilis and frequently 

precedes diagnosis. Similarly, early maternal syphilis poses the highest risk for T. pallidum 
transmission to a developing fetus,15 and therefore syphilis prevention through vaccination 

represents the optimal strategy for congenital syphilis elimination. Thus although continued 

support of public health syphilis prevention and control programs is imperative, it is 

apparent that disease elimination will only be realized through implementation of a parallel 

path of syphilis vaccine development.

Vaccine target population and cost analysis

Apart from a few countries, the demographics of syphilis show a clear divide between high-

income and middle- and low-income countries. In industrialized countries, syphilis is found 

predominantly among men who have sex with men, while in low- and middle-income 

nations infections occur widely in the heterosexual population. A syphilis vaccine initiative 

could be targeted to match this demographic profile, at least initially. Immunization of men 

who have sex with men and other high-risk populations (e.g. sex workers) would be 

expected to stem the spread of syphilis and to decrease HIV transmission. In nations with a 

high disease burden, including sub-Saharan Africa and South America, vaccine uptake 

would be encouraged for the general population, with emphasis on reproductive-aged 

women to curtail the incidence of congenital syphilis. Recent mathematical modeling studies 

predict development of a vaccine with an 80% efficacy would eliminate or markedly reduce 

congenital/infectious syphilis cases, a prediction that remained consistent regardless of 

whether a mass vaccination or targeted high-risk vaccination strategy was employed.16
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Preferred product characteristics, tailored for a syphilis vaccine: 

considerations and challenges

Due to the complexity, extended timeframe and high cost associated with vaccine 

development pipelines, it is essential that the preferred product characteristics of a syphilis 

vaccine be thoroughly considered, defined and customized early in the process. Further, the 

global nature of the public health problem posed by syphilis suggests the vaccine be 

manufactured for use in low-, middle- and high-income target populations. Standard 

required qualities from a production standpoint will include a vaccinogen that (1) requires 

only standard operating procedures and equipment for generation of a high quality vaccine 

product; (2) can be easily produced and manufactured on large scale to meet supply demand; 

and (3) exhibits no or minimal batch-to-batch variability and optimal stability regardless of 

storage conditions. From a public heath perspective, standard required qualities will include 

a vaccine that (1) uses a routine route of administration; (2) can be inexpensively produced 

to appeal to industry partners and public health officials and ensure the vaccine reaches 

target groups; (3) achieves sufficient protection with a reasonable number of immunizations 

and a convenient immunization schedule to help achieve vaccinee return visit compliance; 

(4) can be administered safely with no adverse health consequences post-vaccination; and 

(5) provides long-lasting protection against infection irrespective of age, gender, or route of 

sexual activity. Pre-clinical studies conducted in the animal model will decipher the immune 

correlates required for protection from infection/disease, after which a human-track adjuvant 

can be customized to achieve the necessary correlates of protection using a vaccine 

formulation safe for clinical trials.

Additional requirements unique to syphilis vaccine development include the following: first, 

there is a need for the vaccine to be safe for use in pregnant women at any stage of gestation, 

to combat the deadly consequences of congenital infections. Second, the vaccine needs to be 

efficacious at preventing all stages of infection to avoid the potential for disease transmission 

in primary syphilis, the establishment of latency in an infected individual, as well as the 

debilitating symptoms of secondary and tertiary syphilis. Third, the vaccine must be efficient 

at inducing cross-strain protection, which is required to protect against reinfection due to the 

numerous T. pallidum strains circulating globally, the well-documented lack of cross-

protection induced by syphilis infection17, and the propensity for individuals to be infected 

multiple times. And fourth, the vaccine must be effective when administered to HIV-positive 

individuals, including those taking antiretroviral therapy, due to the high prevalence of HIV/

syphilis co-infections18 and the altered immunity in co-infected individuals. Further, the 

vaccine would need to be effective in HIV-negative individuals on PrEP, due to the current 

trend towards expanded use of PrEP amongst higher-risk populations.

The multi-stage disease phenotype and public health significance of syphilis pose unique 

challenges not encountered with other infectious diseases. The protection afforded by a 

vaccine must encompass both individual protection (against pathogen dissemination within 

the body and development of disease symptoms) and public health protection (against 

disease transmission amongst populations). The period of post-vaccination protection will 

need to be of a duration that ensures public health protection; if protection is too short in 
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duration then the public health burden would be great, with a false sense of protection 

against infectious and congenital syphilis infections and an increased risk for HIV 

transmission and acquisition. Vaccine implementation initiatives would need to be married 

with enhanced screening initiatives, to ensure the highest level of global public health is 

maintained. Complications can be envisioned with previously-infected individuals who 

remain in a serofast state despite adequate treatment, a situation predicted to affect 

approximately 12% of syphilis patients.19 These individuals are likely to maintain their 

serofast state post-vaccination, despite a presumed lack of active infection, and will thus 

need to be closely monitored and alternatively assessed for markers of active infection.

Investment case for syphilis vaccine development

An investment in syphilis vaccine development is worthwhile. In the United States, more 

than $966 million in direct and indirect costs is spent each year as a result of syphilis, 

including cost of care associated with infectious syphilis ($185.5 million), congenital 

syphilis ($28.5 million), and HIV attributable to syphilis ($752.2 million).20 Further, syphilis 

has the highest disability-adjusted life-years (DALYs) lost of all the curable STIs,21 and 

thus, according to this metric, elimination of syphilis would have the highest impact on 

decreasing disability due to disease morbidity and mortality. The 2015 Global Burden of 

Disease concluded that syphilis causes 8.71 million years of life lost (YLL), primarily due to 

the catastrophic and widespread effects of congenital syphilis.22 Maternal syphilis screening 

and treatment costs have been estimated at $11–15 per DALY averted.23 Syphilis 

vaccination would further reduce this cost/DALY averted, making this one of the most cost-

effective public health interventions in the field of sexually transmitted infections.

Proof-of-principle

The most compelling evidence in support of the feasibility of successful syphilis vaccine 

development is the protection against infection that was achieved by Dr. James Miller in 

1973.24 In fact, syphilis is the only bacterial STI for which a proof of concept vaccine has 

been developed. In his study, Miller used an extended immunization regimen in rabbits, the 

optimal animal model for syphilis investigations, with 60 intravenous injections of γ-

irradiated T. pallidum over 37-weeks, followed by intradermal challenge with the 

homologous T. pallidum strain. Immunized rabbits displayed complete protection against 

infectious challenge that persisted for at least one year, as demonstrated by lack of chancre 

development at challenge sites and the absence of infectious treponemes in lymph nodes 

from the challenged immunized rabbits (Rabbit Infectivity Test, RIT).24 Miller perceived 

that the failure of previous attempts to induce protection using T. pallidum inactivated by 

mechanical or chemical treatments was due to destruction of labile surface antigens, which 

serve as the critical interface between the pathogen surface and the mammalian host. This 

ground-breaking study demonstrates the feasibility of syphilis vaccine development and 

highlights the importance of treponemal surface proteins in generating protective immunity. 

Indeed the unique T. pallidum surface, which has few integral outer membrane proteins25,26 

and an unusual lipid content27, is a major contributing factor to the “stealth” quality of T. 
pallidum27 and its outer membrane proteins have long been touted as the optimal targets for 

syphilis vaccine development17,27–29.
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Vaccine development strategy

The most appropriate strategy for developing a successful syphilis vaccine can be predicted 

by an examination of the natural history of syphilis. Early infection is typified by a primary 

stage ulcerative lesion, called a chancre, at the site of infection, followed by a disseminated 

rash and mucosal lesions during the secondary stage of infection.17 Because syphilis 

transmission occurs by contact with the infectious primary chancre or secondary lesions, 

prevention or attenuation of these lesions would be a necessary requirement of a syphilis 

vaccine, as it would serve to eliminate or reduce person-to-person syphilis transmission. A 

second critical requirement of a syphilis vaccine is to target dissemination of T. pallidum 
within the infected host. The highly invasive nature of T. pallidum is evidenced by the ability 

of the pathogen to cross the placental barrier to cause congenital syphilis, to invade the 

central nervous system in ~ 40% of early syphilis patients,30 to cause the widespread 

secondary rash, and by the early involvement of liver and kidneys. Animal studies suggest 

dissemination via the bloodstream and lymphatics begins within hours of infection.31 The 

invasive capability of T. pallidum is crucial to the development of the serious sequelae of 

infectious and congenital syphilis, and elimination of treponemal dissemination must thus be 

a central target of a syphilis vaccine. Such a dual pronged approach, combined with the 

selection of vaccine antigens that are conserved in sequence to ensure broad protection 

against circulating T. pallidum strains and reinfection, will provide a comprehensive vaccine 

strategy to protect against syphilis infection at both a public health and an individual level.

Concluding remarks

It is clear that augmentation of public health measures for controlling syphilis with 

initiatives to foster vaccine development is warranted, and indeed appears to be the only 

viable path to decrease the burden of infectious and congenital syphilis worldwide. Due to 

the high prevalence of syphilis/HIV co-infections, particularly amongst men who have sex 

with men, and the fact that syphilis infection increases the risk of acquisition and 

transmission of HIV,11 syphilis control is anticipated to have the added benefit of lessening 

the global public health burden of HIV. Syphilis vaccine development requires careful 

consideration of the unique pathogenic strategies and unusual ultrastructure of T. pallidum, 

to enable identification of the optimal vaccine candidates that will target critical steps in the 

infection process. Future investigations will require determination of the immune correlates 

associated with protection from disease, and selection of human-track adjuvants to achieve 

these immune correlates. The syphilis vaccine development pathway will be aided by the 

pre-existence of an animal model that recapitulates the majority of the disease stages in 

humans and can be adapted to enable studies of congenital infection, as well as the 

continued susceptibility of syphilis to penicillin treatment ensuring the safety of downstream 

clinical trials. A comprehensive syphilis elimination approach that includes vaccine 

development will allow eradication of a disease that has devastating consequences for sexual 

and fetal/newborn health, strikes regardless of gender or sexual orientation, and transcends 

socio-economic status to affect both resource-limited and resource-rich nations.

Cameron Page 5

Sex Transm Dis. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

Sources of Support: National Institute for Allergy and Infectious Diseases, National Institutes of Health, Grant 
Numbers AI051334 and AI123196

References

1. World Health Organization. [accessed August 23, 2017] Global prevlance and incidence of selected 
curable sexually transmitted infections-2008. 2012. (http://apps.who.int/iris/bitstream/
10665/75181/1/9789241503839_eng.pdf)

2. Savage EJ, Hughes G, Ison C, Lowndes CM. Syphilis and gonorrhoea in men who have sex with 
men: a European overview. Euro Surveill. 2009; 14(47):19417. [PubMed: 19941803] 

3. Savage EJ, Marsh K, Duffell S, Ison CA, Zaman A, Hughes G. Rapid increase in gonorrhoea and 
syphilis diagnoses in England in 2011. Euro Surveill. 2012; 17(29):20224. [PubMed: 22835469] 

4. Simms I, Fenton KA, Ashton M, et al. The re-emergence of syphilis in the United Kingdom: the 
new epidemic phases. Sex Transm Dis. 2005; 32(4):220–226. [PubMed: 15788919] 

5. Tucker JD, Cohen MS. China’s syphilis epidemic: epidemiology, proximate determinants of spread, 
and control responses. Curr Opin Infect Dis. 2011; 24(1):50–55. [PubMed: 21150594] 

6. Centers for Disease Control. [accessed August 23, 2017] 2012 Sexually transmitted diseases 
surveillance. 2013. (http://www.cdc.gov/Std/stats12/default.htm)

7. Patton ME, Su JR, Nelson R, Weinstock H. Primary and secondary syphilis--United States, 2005–
2013. MMWR MorbMortalWklyRep. 2014; 63(18):402–406.

8. Goldenberg RL, Thompson C. The infectious origins of stillbirth. Am J Obstet Gynecol. 2003; 
189(3):861–873. [PubMed: 14526331] 

9. Newman L, Kamb M, Hawkes S, et al. Global estimates of syphilis in pregnancy and associated 
adverse outcomes: analysis of multinational antenatal surveillance data. PLoS Med. 2013; 
10(2):e1001396. [PubMed: 23468598] 

10. Lozano R, Naghavi M, Foreman K, et al. Global and regional mortality from 235 causes of death 
for 20 age groups in 1990 and 2010: a systematic analysis for the Global Burden of Disease Study 
2010. Lancet. 2012; 380(9859):2095–2128. [PubMed: 23245604] 

11. Douglas JM Jr. Penicillin treatment of syphilis: clearing away the shadow on the land. Jama. 2009; 
301(7):769–771. [PubMed: 19224755] 

12. Centers for Disease Control and Prevention. [accessed August 23, 2017] 2000. (http://
www.cdc.gov/stopsyphilis/SyphElimCommPlanAll.pdf)

13. Centers for Disease Control and Prevention. [accessed August 23, 2017] The national plan to 
eliminate syphilis from the United States. 2006. (http://www.cdc.gov/stopsyphilis/
seeplan2006.pdf)

14. World Health Organization. [accessed August 23, 2017] The global elimination of congenital 
syphilis: rationale and strategy for action. 2007. (http://www.who.int/reproductivehealth/
publications/rtis/9789241595858/en/index.html)

15. Sheffield JS, Sanchez PJ, Morris G, et al. Congenital syphilis after maternal treatment for syphilis 
during pregnancy. Am J Obstet Gynecol. 2002; 186(3):569–573. [PubMed: 11904625] 

16. Champredon D, Cameron CE, Smieja M, Dushoff J. Epidemiological impact of a syphilis vaccine: 
a simulation study. Epidemiol Infect. 2016; 144(15):3244–3252. [PubMed: 27477823] 

17. LaFond RE, Lukehart SA. Biological basis for syphilis. Clin Microbiol Rev. 2006; 19(1):29–49. 
[PubMed: 16418521] 

18. Kalichman SC, Pellowski J, Turner C. Prevalence of sexually transmitted co-infections in people 
living with HIV/AIDS: systematic review with implications for using HIV treatments for 
prevention. Sex Transm Infect. 2011; 87(3):183–190. [PubMed: 21330572] 

19. Sena AC, Zhang XH, Li T, et al. A systematic review of syphilis serological treatment outcomes in 
HIV-infected and HIV-uninfected persons: rethinking the significance of serological non-
responsiveness and the serofast state after therapy. BMC Infect Dis. 2015; 15:479. [PubMed: 
26511465] 

Cameron Page 6

Sex Transm Dis. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://apps.who.int/iris/bitstream/10665/75181/1/9789241503839_eng.pdf
http://apps.who.int/iris/bitstream/10665/75181/1/9789241503839_eng.pdf
http://www.cdc.gov/Std/stats12/default.htm
http://www.cdc.gov/stopsyphilis/SyphElimCommPlanAll.pdf
http://www.cdc.gov/stopsyphilis/SyphElimCommPlanAll.pdf
http://www.cdc.gov/stopsyphilis/seeplan2006.pdf
http://www.cdc.gov/stopsyphilis/seeplan2006.pdf
http://www.who.int/reproductivehealth/publications/rtis/9789241595858/en/index.html
http://www.who.int/reproductivehealth/publications/rtis/9789241595858/en/index.html


20. Chesson HW, Pinkerton SD, Irwin KL, Rein D, Kassler WJ. New HIV cases attributable to syphilis 
in the USA: estimates from a simplified transmission model. Aids. 1999; 13(11):1387–1396. 
[PubMed: 10449293] 

21. Murray CJ, Vos T, Lozano R, et al. Disability-adjusted life years (DALYs) for 291 diseases and 
injuries in 21 regions, 1990–2010: a systematic analysis for the Global Burden of Disease Study 
2010. Lancet. 2012; 380(9859):2197–2223. [PubMed: 23245608] 

22. Wang H, Nahavi M, Allen C, et al. Global, regional, and national life expectancy, all-cause 
mortality, and cause-specific mortality for 249 causes of death, 1980–2015: a systematic analysis 
for the Global Burden of Disease Study 2015. Lancet. 2016; 388(10053):1459–1544. [PubMed: 
27733281] 

23. Kamb ML, Newman LM, Riley PL, et al. A road map for the global elimination of congenital 
syphilis. Obstet Gynecol Int. 2010

24. Miller JN. Immunity in experimental syphilis. VI. Successful vaccination of rabbits with 
Treponema pallidum, Nichols strain, attenuated by γ - irradiation. J Immunol. 1973; 110(5):1206–
1215. [PubMed: 4572631] 

25. Izard J, Renken C, Hsieh CE, et al. Cryo-electron tomography elucidates the molecular architecture 
of Treponema pallidum, the syphilis spirochete. J Bacteriol. 2009; 191(24):7566–7580. [PubMed: 
19820083] 

26. Liu J, Howell JK, Bradley SD, Zheng Y, Zhou ZH, Norris SJ. Cellular architecture of Treponema 
pallidum: Novel flagellum, periplasmic cone, and cell envelope as revealed by Cryo Electron 
Tomography. J Mol Biol. 2010; 403(4):546–561. [PubMed: 20850455] 

27. Cameron CE. T. pallidum outer membrane and outer membrane proteins. In: Radolf JD, Lukehart 
SA, editorsPathogenic Treponema, Molecular and Cellular Biology. Norfolk, England: Caister 
Academic Press; 2005. 237–266. 

28. Lithgow KV, Cameron CE. Vaccine development for syphilis. Expert Rev Vaccines. 2017; 16(1):
37–44. [PubMed: 27328030] 

29. Radolf JD. Treponema pallidum and the quest for outer membrane proteins. Mol Microbiol. 1995; 
16(6):1067–1073. [PubMed: 8577243] 

30. Lukehart SA, Hook EW, Baker-Zander SA, Collier AC, Critchlow CW, Handsfield HH. Invasion of 
the central nervous system by Treponema pallidum: implications for diagnosis and treatment. Ann 
Intern Med. 1988; 109(11):855–862. [PubMed: 3056164] 

31. Raiziss GW, Severac M. Rapidity with which Spirochaeta pallida invades the bloodstream. Arch 
Dermatol Syphilol. 1937; 35:1101–1109.

Cameron Page 7

Sex Transm Dis. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Summary

Syphilis vaccine development will complement public health-oriented syphilis prevention 

initiatives to deliver a two-pronged approach to stemming disease spread worldwide.
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