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Abstract


Design and application of a vaccine for syphilis is proposed. Syphilis, once a widespread and crippling disease, has decreased in prevalence and significance due to public health education and the use of penicillin, which is extremely effective in curing the disease. This decline has reduced the urgency for a vaccine for syphilis. However, in recent years the incidence of syphilis has been increasing. A persistent reservoir remains in highly impacted groups such as sex workers and men who have sex with men. It is proposed that the critical application of a vaccine for syphilis to these groups could eventually eliminate this disease. Evidence is presented that the most effective immune response to syphilis infection is delayed type hypersensitivity (DTH). In this review a design for a vaccine for syphilis directed to the induction of DTH is described.







Abbreviations: DTH: Delayed Type Hypersensitivity; TPRK: Treponema Pallidum Repeat Protein K; BCG: Bacille-Calmette-Guerin; APH: Aminoglycoside Phosphotransferase; ORIE: Origin of Replication; AATP: Attachment Site and the Gene Encoding the Integrase Protein 











Introduction




Syphilis has a long and devastating history. It first appeared in Europe shortly after the return of Columbus' ships from the new world. Treatises by Francisco Lopez de Villalobos in 1498 [1] and Ray Diaz de Isla in 1539 [2] accurately describe the clinical symptoms and epidemiology as syphilis jumped form the new world to the old world. The disease spread rapidly throughout Europe because of the dispersal of infected soldiers after the conquest of Naples by Charles VIII in 1494. Although some questions have been raised that there might have been a form of syphilis in the old world before this, this idea has largely been discredited [3]. In addition, at that time syphilis was spreading through Europe, sexual behavior was not yet restricted by religious beliefs. In fact, D. H. Lawrence attributed the rise of puritanism and its sexual restrictions in Europe to the arrival of syphilis [4]. In the early 20th century Syphilis was considered one of the three great plagues, along with tuberculosis and cancer [5]. An extensive investigation by The Royal Commission on Venereal Diseases in England and Wales in 1916 concluded that the number of persons with syphilis "cannot fall below 10 per cent of the whole population...” [6] and more than 20% of patients in U.S. mental hospital in the 1920s had tertiary syphilis [7].



Syphilis occupied a prominent position in the minds of clinicians of the time not only because of the prevalence but also because of the wide range of presentation of signs and symptoms. Sir William Osler, recognized as the preeminent physician of his time, noted that syphilis was the great imitator and that "he who knows syphilis knows medicine” [8]. He noted that syphilis struck terror into the hearts by the rapidity of its spread, the ravages it made, and the apparent helplessness of the physicians to cure it.



Although vaccines had been effectively applied to other infectious diseases, no one appeared to have an idea how to make a vaccine for syphilis. Then Interest I should be lc in a vaccine for syphilis declined as the prevalence of the disease decreased. The incidence of syphilis first declined because of extensive public education efforts in the mid-20th century, but was even more affected by the introduction of penicillin. Penicillin is an extremely effective treatment for syphilis and the use of penicillin to treat syphilis resulted in a marked decline in the prevalence of the disease. Between 1940 and 1951 the incidence of syphilis dropped from close to 400 cases per 100,000 to less than 100 per 100,000 in 1950. In 2000 the national number of reported primary and secondary syphilis was 2.1 cases per 100,000 population. However, the rate has increased almost every year since then. In 2016 the rate increased to 8.7, the highest seen since 1993 [9].



Recently an argument for the need of a vaccine for syphilis has been made [10]. It is unlikely that syphilis vaccination would be applied to the general population. However, it could be very applicable to selected populations, for example: sex workers and men who have sex with men. Up to 5% of sex workers in 20 of 45 reporting countries are infected with syphilis [11]. Thus, prevention of syphilis in sex workers by vaccination could by itself greatly reduce spread of infection, particularly in vulnerable populations. In the United States over 50% of diagnosed cases of primary or secondary syphilis are in men who have sex only with men [9]. Thus, this population would also be a prime target for vaccination. In addition, 1 million pregnant women world-wide have active syphilis infection and are at risk for adverse pregnancy outcomes such as stillbirth and neonatal death due to congenital syphilis. Congenital syphilis has increased by 27.6 % between 2015 and 2016 [9]. Selective immunization of women at high risk for syphilis and pregnancy should also be considered.




Immunodefense Against Syphilis



To construct a useful vaccine for an infectious disease one must know the type of immune response that is effective in combatting the disease [12]. Studies in experimental infection of rabbits with syphilis have resulted in better understanding of the protective immune response to syphilis infection. In fact, the primary chancre of syphilis in humans grossly and microscopically is very similar to that of experimental infection of the skin of rabbits [13] (Figure 1). In experimental infection of the testes of rabbits with the causative agent of syphilis, Treponema pallidum, organisms can be identified by fluorescence microscopy in the connective tissue within 3 days of inoculation. The number of organisms increases exponentially in the interstitial connective tissue until about 11-12 days after infection; then within a few days the organisms disappear [14,15]. This sequence is accompanied by massive swelling of the testes to about twice normal size, infiltration of the infected tissue with T-cells and then macrophages which rapidly phagocytose and digest large number of the organisms (Figure 2). 
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Figure 1:  A. Human syphilitic chancre and Syphilitic skin lesions in infected rabbits. Both are DTH reactions.
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Figure 2:  A,B Gross photos of testes; C-F Immunofluorescence of T. pallidum in testes during infection. A. On day 10 after infection testes are essentially twice normal size. B. On day 30 after infection testes have returned to only slightly larger than normal. C. 3 days after infection a few organisms (small arrows) are present in interstitial tissue. Large arrow point to auto- fluorescent red blood cells. D. 10 days after infection the interstitial tissue is filled with T. pallidum. E. 13 days after infection only a few organisms (small arrows) can be identified and there is fluorescence of fragments, presumably in macrophages.. F 17 days after infection no organisms can be see and only fluorescent smudges remain.




 


 
Electron microscopy of the active infective stage shows the serpentine-like T. pallidum "swimming” in interstitial connective tissue. During the active clearing of the infection partially disrupted organisms can be seen within macrophages [16] (Figure 3). A similar reaction occurs after infection in the skin. This reaction correlates with hyperplasia of the diffuse cortex (T-cell zone) of the draining lymph nodes [17], histologic evidence of a T-cell response. Thus, it is concluded that the primary chancre of syphilis is, in fact, a
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Figure 3:  Electron microscopic photos of T. pallidum. A. In interstitial connective tissue during active infection. B. In phagosomes of a macrophage during clearing phase. Arrows point to lateral filaments of T. pallidum.
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Figure 4:  Proposed insertion of DNA sequence for T. pallidum antigen TpN47 into BCG. From ref. 12. See text.




 






delayed type hypersensitivity (DTH) reaction, that is exquisitely effective in curing the infection [13]. Secondary and tertiary infection may occur when organisms spread to "protected sites” or when the DTH response is inadequate and antibody production predominates [12]. In fact, the role of antibody and DTH in syphilis may be compared to that in leprosy [12]. In leprosy a strong DTH response (Tuberculoid Leprosy) is associated with arrested disease, whereas a strong antibody response is associated with prolonged and progressive infection (Lepromatous Leprosy) [18]. Similarly, in syphilis a strong DTH response correlates with limitation to a primary lesion (chancre) whereas a weak DTH response is associated with secondary and tertiary disease [13]. Thus, we concluded that a vaccine for syphilis should be designed to induce DTH. An effective vaccine for inducing DTH to T. pallidum should selectively deliver the immunogen to interdigitating reticulum cells for presentation in association with MHC class II antigens to paracortical CD4+ TDTH precursor cells [12].




T. Pallidum Immunization



A time-honored clinical observation is that patients that have recovered from a primary syphilis infection demonstrate what is called "chancre immunity [19]. Previously infected rabbits with healed chancres also demonstrate chancre immunity [20], i.e., rabbits which develop and heal a primary lesion (chancre) are now resistant to a second infection. In a related observation, if patients with syphilis are successfully treated with penicillin before a chancre has healed they will not be resistant and may be re-infected, so-called "ping-pong” syphilis [21]. If infection is eliminated before full DTH is established, the individual has not developed protective immunity. Thus, in both humans and rabbits, successful induction of delayed hypersensitivity to syphilis results in long-lasting protection against re-infection. Attempts to induce protective immunity using avirulent treponemes, attenuated or heat-inactivated organisms, or extracts of pathogenic organisms have been only partially successful and in only a few instances 10). Miller obtained complete long-term protection following a 37 week long, 60 intravenous immunization, schedule, using large doses of gamma-irradiated organisms [22]. The requirement to grow large numbers of organisms in rabbit testicles to obtain immunizing antigens renders such protocol impractical for other than experimental use. Further attempts at immunization have been attempted using selected antigen of T. pallidum (Tp).



T Pallidum Antigens



Over 40 T. Pallidum antigen are available commercially. Including T. pallidum TpN47, T. pallidum major membrane immunogens Tp15, Tp17 and Tp0453. Although antibodies to the variable regions of Treponema pallidum repeat protein K (TPRK) correlate with protection against infection [23], in general immunizations that induce antibody and not DTH are ineffective. Tomson et al immunized rabbits with Tp0155, Tp0326, Tp0326, and Tp0956 and although high antibody titers were obtained, the immunized rabbits did not demonstrate protection against infection [24]. This confirms many studies that show that although immunoglobulin antibodies may enhance macrophage killing of T. pallidum (opsonization) [25], humoral antibodies are relatively ineffective in preventing syphilis infection [26]. Thus, we proposed using modified BCG to induce DTH to T. pallidum as a potential effective vaccine [12].



BCG Vector for Syphilis Vaccine


According to the hypothesis presented above, selection of immunogen presentation for syphilis vaccination should be directed to induction of DTH. There are four proposed antigen processing pathways:



a)	Exogenous presentation via follicular dendritic cells to
Th2 helper cells for IgE/IgA production to helminths.


b)	Exogenous presentation via follicular dendritic cells to
Th1 helper cells for IgM/IgG antibody to bacteria.


c)	Presentation by interdigitating reticulum cells to Th1
helper cells to induce DTH to mycobacteria.


d)	Endogenous antigen processing by any nucleated cells to generate T-cytotoxic cells to viruses [12].



Many antigens expressed by vaccinia virus vectors have generated strong cell-mediated immune responses [27], but this approach whereby antigens are presented by infected epithelial cells is effective for inducing a T-cytotoxic response and not necessarily DTH [12]. To induce DTH we propose using BCG (Bacille-Calmette- Guerin) vectors [28]. Thus, rather than presenting antigens by the endogenous pathway, interdigitating reticulum cells in the cortex of lymph nodes would be presenting antigen To Th1 helper cells by the exogenous pathway



In experimental animals, Freund's adjuvant is effective in inducing DTH, but this is too toxic for human use. BCG is a live attenuated bovine tubercle bacillus approved for selective human use for vaccination against TB. It is effective in inducing specific TDTH cells which in the presence of antigen activate macrophages. Although now more limited in use, BCG is approved for human use and has been applied extensively in the past with a low incidence of serious complications. It is inexpensive to produce and can produce long term immunity. Since the Tp antigens listed above are recombinant proteins, the encoding DNA sequences are readily available for insertion into the proposed BCG vector. BCG vectors for producing such vaccines have been previously designed and constructed [29-31]. The procedure for the process using TpN47 is shown in Figure 4, reproduced from reference [12]. The extrachromosomal (PMV262) and integrative (PMV361) BCG expression vectors of BCG are available for cloning T. pallidum DNA.



Both plasmids contain the mycobacterium heat shock protein promoter (Phsp60), multiple sites for inserting DNA, a transcriptional terminator (mAbt1), the transposon Tn903-derived aminoglycoside phosphotransferase (APH) gene which confers kanamycin-resistance as a selection process, and an origin of replication (ORIE) for propagation in E. Coli. pMV261 also contains mycobacterial origin of replication (ORIM) and thus can propagated extra-chromosomally in BCG. PMV361 contains phage attachment site (AATP) and the gene encoding the integrase protein (int). The PMV 361 plasmids replicated in BCG by integration into the BCG genome through site-specific recombination and replication as part of the BCG chromosome [31]. This proposal was originally made in 1993 [12], and although there is a well worked out experimental model to test a vaccine for syphilis, funding has not been forthcoming to implement it [10].
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