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Editorial on the Research Topic

Syphilis infection: clinical, epidemiology, basic science, and behav-
ioral research

Syphilis is an ancient sexually transmitted disease caused by the spirochete Treponema
pallidum subspecies pallidum (T. pallidum). Over the past decade, syphilis incidence has
increased in many countries. Untreated syphilis can lead to serious health problems,
including blindness, neurocognitive disorders, cardiovascular injury, and adverse
pregnancy outcomes. Syphilis research is urgently needed to decrease morbidity and
mortality. This Frontiers Research Topic focuses on diverse aspects of syphilis infection. Its
purpose was to expand our knowledge of syphilis epidemiology, clinical management,
public health control measures, vaccine development, and basic science.

Estimates of the incidence trends and general impact on the healthcare system are
essential for syphilis prevention strategies. Fu et al. estimated global syphilis incidence in
partnerhisp with the Global Burden of Disease Group. They found substantial increases in
syphilis among men and people in higher-income countries. SSmit et al. estimated that the
incidence of syphilis in Germany rose from 5/100,000 person-years to 6.2/100,000 persons
over a three-year period, resulting in a minimal annual cost to the German healthcare
system of €20,292,110. A study from Solaimalai et al. in Southern India found that syphilis
prevalence increased from 0.5% in 2015 to 2.1% in 2020 among non-pregnant persons at a
single site in southern India. These data highlight the need for additional public health
interventions and strategies. Tucker et al. called for the application to syphilis of COVID-
19 prevention and control strategies, including new diagnostic pathways (e.g., syphilis self-
testing), contact tracing services, and public engagement. Routine anal self-examination
may enhance syphilis detection and control, especially among men who have sex with men
(MSM). Aung et al. conducted a longitudinal study examining adherence to weekly anal
self-examinations among MSM and concluded that men adhered well to weekly anal self-

5 frontiersin.org
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examination. Tran et al. evaluated interventions that did not focus
on increasing condom use or testing among MSM and found
evidence that doxycycline post-exposure prophylaxis (PEP)
reduces syphilis incidence.

Early diagnosis and treatment of syphilis are of great
importance in determining disease prognosis. Ren et al. presented
a case report of an atypical form of primary cutaneous syphilis
without a chancre called Folmann Balanitis. This case underscores
the diversity of clinical manifestations associated with syphilis
infection. In addition, clinical diagnosis and treatment of
neurosyphilis remain challenging. This issue also included two
neurosyphilis reviews, one focused on China and one broader in
scope. [Zhou et al,, Du et al.]. Many patients treated for syphilis
infection do not have a robust serological response based on
changes in nontreponemal titers, but little is known about the
serofast state. The serofast state is defined as the failure of
nontreponemal titers to decline with disappearance of clinical
symptoms after an appropriate follow-up period following
treatment. Luo et al. found that serofast responses were more
common among older adults compared to younger adults. Liu
et al. examined rates of serological cure in patients with
asymptomatic neurosyphilis. These reports underline the need for
more research on neurosyphilis.

T. pallidum is an invasive bacterium that can evade the host
immune response and persist for decades, hence its designation as
“the stealth pathogen”. The Research Topic includes articles on
bacterial-host interactions and vaccine development. Houston et al.
investigated the possibility of antimicrobial peptides (AMPs)
production as an unrecognized defense strategy used by T.
pallidum during infection. They demonstrated that AMPs exhibit
bacteriostatic and bactericidal activity against a panel of biologically
relevant bacteria. In addition, AMPs can differentially regulate the
expression of two pro-inflammatory chemokines - monocyte
chemoattractant protein-1 (MCP-1) and interleukin-8 (IL-8). The
finding that T. pallidum expresses AMPs to defend against
competing microbes and modulate the host immune response
could be important for its ability to establish infection following
transmission. Li et al. reported the potential role of m6A
methylation in syphilis pathophysiogenesis, and they provided
evidence that YTHDF1 negatively regulates T. pallidum-induced
inflammation in the THP-1 macrophage cell line by promoting
socs3 translation in an mé6a-dependent manner. The paper by
Xu et al. aimed to elucidate the role of the outer membrane
lipoprotein TP0136 in activation and aggregation of human
platelets. Their results suggest that Tp0136 elicits these effects by
downregulating PARI and triggering PAR1-dependent Gq and Gi
pathway activation.

There is still much research needed in order to develop an
effective syphilis vaccine. Kojima et al. reviewed current
technologies and approaches towards a syphilis vaccine.

Frontiers in Immunology

10.3389/fimmu.2023.1182069

Additionally, Molini et al. investigated B-cell epitopes of TprC
and TprD variants and demonstrated that humoral responses are
primarily directed to sequences predicted to be on surface-exposed
loops of TprC and TprD proteins. This supports further exploration
of TprC and TprD as vaccine candidates. This important research
paves the way for further multi-disciplinary syphilis research.

This collection of papers has implications for policy, programs,
and research. From a policy perspective, the costing analysis
demonstrates the substantial cost of syphilis within health
systems. The high prevalence of syphilis in many communities
underscores that more resources are needed for syphilis control.
From a program perspective, some of changes inspired by COVID-
19 (e.g., greater attention to partner services and self-testing) may
help to enhance syphilis programs. From a research perspective,
further basic science and immunological research towards a vaccine
are essential. A better understanding of syphilis pathogenesis could
also enhance diagnostics.
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Objective: The aim of this study was to explore the seronegative conversion status of
syphilis patients after centralized management and to analyze potential determinants.

Materials and Methods: A retrospective population-based cohort study was
conducted, and data for individuals who had been diagnosed with syphilis between
2011 and 2019 were retrieved from the Shenzhen Nanshan Center for Chronic Disease
Control. Seroconversion statuses were summarized as percentages. Univariable and
multiple Cox proportional hazard regression models were used to analyze the factors
associated with seronegative conversion among syphilis patients.

Results: During the study period, 1,545 patients with syphilis participated in the
syphilis convergence case management program on a voluntary basis, of whom 290
were excluded due to missing follow-up data. A total of 27.6% (346/1255) of patients
with syphilis showed seronegative conversion. Multivariable analysis revealed that the
following significantly determined syphilis seroconversion from positive to negative:
younger age (15-19 years vs. >30 years: HR = 2.18), male gender (HR = 1.45),
lower baseline toluidine red unheated serum test (TRUST) titer of <1:8 (HR = 2.23),
and different disease stages, including latent syphilis (HR = 1.98), primary syphilis
(HR = 7.67), and secondary syphilis (HR = 4.83).

Conclusions: Few patients with syphilis tested negative after treatment at the end of the
study. Seronegative conversion in the patients was associated with age, sex, baseline
TRUST titer, and syphilis stage.

Keywords: syphilis, seroconversion, Shenzhen, China, multivariable analysis, TRUST titer, centralized
management, STIs

INTRODUCTION

Syphilis is a sexually transmitted infection (STI) caused by Treponema pallidum and is spread
through contact with infectious lesions or body fluids (1). Patients typically develop cutaneous
manifestations such as genital ulcers and various complications, including neurologic, renal,
gastrointestinal, and hepatic diseases (2).
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Post-syphilis Seronegative Conversion Predictors, China

Despite the availability of inexpensive and effective antibiotic
therapy, syphilis remains a prevalent disease in developing
countries and has re-emerged as a public health threat in
developed nations. Syphilis has an estimated global prevalence
of 36 million cases and an incidence of over 11 million cases
annually (3). In the South African adult (15-49 years) population
in 2017, the estimated prevalence of syphilis among women and
men was 0.50% (95% CI: 0.32-0.80%) and 0.97% (0.19-2.28%),
respectively (4). In the United States, from 2013 to 2017, the
national annual rate of reported primary and secondary (P&S)
syphilis cases increased by 72.7%, from 5.5 to 9.5 cases per
100,000 individuals (5). A review of syphilis studies in Eastern
Europe showed that even though the incidence was generally
declining, high prevalence was reported in key populations,
particularly sex workers and users of injectable drugs (6). In
China, a range of unique biological and social forces, such as
depletion of individuals with immunity, income gaps and a
cultural climate that favors the re-emergence of sex work, are
driving the spread of syphilis (7). With the current economic
and social developments, the prevalence of sexually transmitted
disease (STD) remains an important concern.

To control the disease, China has continually implemented
massive syphilis control programs. However, during the past
20 years, syphilis has resurged in China (7), with a significant
increase in incidence from 2003 to 2013 (8, 9). The syphilis
burden has been greatest in coastal urban China areas, such
as Guangdong Province (10). A meta-analysis showed that
Guangdong was among the provinces of China with a very high
syphilis prevalence of more than 10% (11). A significant rise in
syphilis cases has been observed in Guangdong Province over the
last decade (12). From January 2014 through June 2015, 82,554
syphilis cases were reported in this province. Concurrently,
syphilis spatial clustering was found in the city of Shenzhen (13).
A total of 6,807 syphilis cases were reported in 2013 in Shenzhen
(14). The burden of syphilis in Shenzhen is large, and syphilis
control should therefore be regarded as a public health priority.

Although some researchers have reported on seroconversion
and its determinants after treatment (15-17), studies on syphilis
seronegative conversion and associated factors in Shenzhen are
limited. Generally, patients with effective treatment for syphilis
have been defined as patients having a >4-fold decreased titer
after treatment during follow-up. However, some patients do
not exhibit seronegative conversion but rather enter a serofast
state. Although seroconversion from positive to negative is
recognized as the final goal of treatment for doctors and
patients, some studies have found that a serofast state can
also reduce the psychological burden of patients. Seronegative
conversion means that syphilis has been cured completely,
without risk of recurrence; thus, it is an important index of
effective treatment. Therefore, this study was conducted to
explore post-syphilis seronegative conversion predictors. The
results can facilitate the identification of high-risk populations

Abbreviations: STI, sexually transmitted infection; TRUST, toluidine red unheated
serum test; HR, hazard ratio; CI, confidence interval; STD, sexually transmitted
disease; TPPA, Treponema pallidum particle agglutination; BPG, benzathine
penicillin G; RPR, rapid plasma reagin.

and promote treatment outcomes. Moreover, they can provide
a scientific basis for the centralized management of syphilis.
In April 2011, Nanshan District, Shenzhen, launched the
Syphilis Convergence Case-Management Program to consolidate
prevention, treatment, and management for better syphilis
control. All health organizations in the district were asked to
refer patients with syphilis seropositivity to the STD clinic of
the Department of Dermatology and Venereology in Nanshan
Center for Chronic Disease Control, where patients were subject
to centralized management, standardized treatment, and regular
serologic follow-up. By running this program, we aimed to
observe the outcome of seronegative conversion after the
centralized management of patients with syphilis and to explore
potentially associated factors.

MATERIALS AND METHODS
Study Population

A retrospective population-based cohort study was conducted.
We retrospectively analyzed the data from syphilis patients
managed in the clinic of Shenzhen Nanshan Hospital for Chronic
Diseases between 2011 and 2019. Patients who met the following
criteria were included in the study: (1) diagnosed with syphilis,
(2) had related information about treatment, and (3) completed
at least one serological follow-up visit after treatment. People
with any of the following conditions diagnosed by a doctor
were excluded: severe heart, liver, or kidney disease; malignant
disease; chronic infectious disease, such as tuberculosis, leprosy,
or viral hepatitis; systemic autoimmune disease, such as lupus
erythematosus, rheumatoid arthritis, or dermatomyositis; and
severe mental illness.

Diagnosis, Treatment, and Follow-Up

The patients were diagnosed with syphilis infection according
to epidemiological history, clinical signs and symptoms, and
toluidine red unheated serum test (TRUST)/ Treponema pallidum
particle agglutination (TPPA) results. Some patients actively
underwent syphilis testing when they had venereal symptoms or
had engaged in high-risk behavior. Syphilis infection in other
patients was discovered through passive testing, such as physical
examinations, blood donation and preoperative examination.
Non-penicillin-allergic participants were treated with benzathine
penicillin G (BPG) in one or two courses (2.4 million units BPG
weekly for 2 weeks as one course). Penicillin-allergic participants
received doxycycline (100 mg taken orally twice daily for 14
days). All participants were notified of the need for follow-up
for 1 year after treatment. Quantitative and qualitative testing
of TRUST, indicating serological conversion negativity or lack
thereof, was performed during follow-up, and the resolution of
clinical signs and symptoms was evaluated.

Data Collection

Qualified professional STD physicians were installed as program
investigators to collect data. They underwent unified training
and became familiar with a written investigation manual prior
to data collection. Face-to-face interviews were conducted with
a designed questionnaire to obtain related information from the
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patients at the beginning of the study. Written patient consent
was obtained according to institutional guidelines.

Laboratory Testing

Blood specimens were tested for syphilis. TRUST (Rongsheng
Biotech Company, Shanghai, China) and TPPA tests (Fujirebio,
Tokyo, Japan) were performed on serum samples. The
operational instructions were strictly obeyed, and the outcomes
were identified by multiple researchers.

Statistical Analysis

The information was recorded in a database using EpiData 3.0
and analyzed using SPSS 25.0. Descriptive statistics and chi-
square tests were used to analyze the differences in seronegative
conversion of different syphilis subpopulations. The endpoint
was defined as the outcome of the TRUST test becoming negative.
If the endpoint was not reached, the patient was defined as
censored. If someone was lost to follow-up, the final follow-
up result was used. Univariable and multiple Cox proportional
hazard analyses were performed to determine the factors
associated with seronegative conversion among the patients with
syphilis. Variables in the univariable analyses with a p-value
<0.30 were included in subsequent multivariable regression
models. Multiple regression models were built using stepwise
techniques. The selection of variables in the final model was
conducted using a forward-conditional method, with significance
levels of <0.05 for inclusion and >0.1 for exclusion. A p-value
<0.05 was considered statistically significant.

RESULTS

Characteristics of the Patients

During the study period, 1,545 patients with syphilis received
routine syphilis management; 290 were excluded due to missing
follow-up data. Finally, a total of 1,255 eligible patients with
syphilis were included. The average observation time was 9.5
=+ 3.2 months. A total of 750 (59.8%) and 505 (40.2%) patients
were male and female, respectively, corresponding to a sex ratio
of 1.5:1. The mean age was 35.9 £ 11.9 years, and the ages
ranged from 15 to 89 years. There were 490 (39.0%) unmarried
patients, 673 (53.6%) married patients, and 92 (7.3%) patients
who were divorced or widowed. There were 651 (51.9%) patients
with latent syphilis, 113 (9.0%) patients with primary syphilis,
249 (19.8%) patients with secondary syphilis, and 242 (19.3%)
patients receiving adequate treatment.

Outcomes of Seronegative Conversion
Among Syphilis Patients

Table 1 shows the outcome of seronegative conversion among the
patients. According to the TRUST results, the total percentage
of seronegative conversions among the patients was 27.6%
(346/1255).

At the end of the study, ~257 (34.3%) male patients with
syphilis tested negative, which was more than the number of
female patients (n = 89, 17.6%) (p < 0.01). Patients who adopted
the syphilis test actively showed a higher frequency of TRUST

TABLE 1 | Outcomes of TRUST seronegative conversion among syphilis patients.

N TRUST seronegative x2 P
conversion (n, %)

Age (years) 2.605 0.272
15~19 32 12 (37.5)

20~29 427 124 (29.0)

>30 796 210 (26.4)

Sex 41.861 <0.01
Male 750 257 (34.9)

Female 505 89 (17.6)

Marital status 4.966 0.084
Unmarried 490 152 (31.0)

Married 673 169 (25.1)

Divorced/Widowed 92 25(27.2)

Method of syphilis discovery 22.226 <0.01
Active detection 897 281(31.3)

Passive detection 358 65(18.2)

Initial TRUST titer 5.2563 0.022
<1:8 711 214 (30.1)

>1:8 544 132 (24.3)

Syphilis stage 178.673 <0.01
Latent 651 136 (20.9)

Primary 1183 84 (74.3)

Secondary 249 95 (38.2)

After adequate treatment 242 31(12.8)

Treatment regimen 18.776 <0.01
Untreated 159 22 (13.8)

One course of BPG 928 281 (30.3)

Two courses of BPG 134 34 (25.4)

Replacement therapy with 34 9 (26.5)

doxycycline

People living with HIV 1.978 0.159
Yes 148 48 (32.4)

No 1,107 298 (26.9)

Male homosexuality 3.361 0.067
Yes 174 58 (33.9)

No 1,081 288 (26.6)

Bisexuality <0.01
Yes 41 22 (53.7)

No 1,214 324 (26.7)

seroconversion from positive to negative than those who received
the test passively (n = 281, 31.3% vs. n = 65, 18.2%, p < 0.01).
Patients with a baseline TRUST titer of <1:8 had a higher
frequency of seronegative conversion than those with a TRUST
titer of >1:8 (n = 214, 30.1% vs. n = 132, 24.3%, p = 0.022).
Eighty-four (74.3%) patients with primary syphilis underwent
TRUST seronegative conversion, with a higher frequency of
conversion observed in these patients than in patients with
secondary syphilis (n = 95, 38.2%), patients with latent syphilis
(n = 136, 20.9%), and patients who were receiving adequate
treatment (n = 31, 12.8%) (p < 0.01). Patients with one course of
BPG had a higher frequency of TRUST seronegative conversion
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(n = 281, 30.3%) than those with no treatment (n = 22,
13.8%), two courses of BPG (n = 34, 25.4%), or replacement
therapy with doxycycline (n = 9, 26.5%). A higher frequency of
TRUST seronegative conversion was found in bisexual patients
with syphilis (n = 22, 53.7%) than in heterosexual patients (p
< 0.01). TRUST seronegative conversion for syphilis was not
significantly associated with age, marital status, HIV infection, or
male homosexuality (p > 0.05).

Factors Associated With Seronegative

Conversion Among Syphilis Patients
Univariable Cox proportional hazard regression analyses were
performed to identify the factors associated with seronegative
conversion. Male patients with syphilis were more likely to test
seronegative than were female patients (HR = 1.88, 95% CI =
1.48-2.39; p < 0.01). Patients who had actively undergone the
syphilis test were more likely to show seronegative conversion
than those who had undergone the test passively (HR =
1.61, 95% CI = 1.23-2.11, p < 0.01). Furthermore, patients
with a lower initial TRUST titer of <1:8 were more likely
to test negative than those with an initial TRUST titer of
>1:8 (HR = 1.34, 95% CI = 1.08-1.67, p = 0.01). Compared
to patients who were receiving adequate treatment, patients
with latent syphilis (HR = 1.84, 95% CI = 1.24-2.71, p <
0.01), primary syphilis (HR = 7.60, 95% CI = 5.03-11.48,
p < 0.01), and secondary syphilis (HR = 3.18, 95% CI =
2.12-4.76, p < 0.01) were more likely to show seronegative
conversion. Compared to untreated patients, those receiving
treatment regimens, including one course of BPG (HR = 2.38,
95% CI = 1.54-3.67, p < 0.01), two courses of BPG (HR =
1.84, 95% CI = 1.08-3.14, p = 0.03), and replacement therapy
with doxycycline (HR = 2.26, 95% CI = 1.04-4.90, p = 0.04),
were more likely to test negative. Male homosexual individuals
were more likely to show seronegative conversion (HR = 1.36,
95% CI = 1.03-1.80, p = 0.03) and bisexual syphilis patients
(HR = 1.71, 95% CI = 1.11-2.64, p = 0.01) were associated
with syphilis TRUST seroconversion from positive to negative
(Table 2).

All variables at p < 0.3 in the univariable analyses were
included in the multivariable Cox regression analysis. A forward
selection (conditional) method was conducted to select variables,
with a significance level of <0.05 required for inclusion and of
>0.1 required for exclusion. The multivariable analysis suggested
that patients of younger age (15-19 years vs. >30 years: HR
= 2.18, 95% CI = 1.21-3.94, p = 0.01) and male gender (HR
= 1.45, 95% CI = 1.12-1.88, p = 0.01) were more likely to
test negative. Patients with a lower initial TRUST titer of <1:8
more easily underwent TRUST seroconversion from positive to
negative than those with a TRUST titer of >1:8 (HR = 2.23,
95% CI = 1.72-2.88). Moreover, compared to patients who were
receiving adequate treatment, patients at different disease stages,
including latent syphilis (HR = 1.98, 95% CI = 1.34-2.93, p
< 0.01), primary syphilis (HR = 7.67, 95% CI = 5.01-11.74, p
< 0.01), and secondary syphilis (HR = 4.83, 95% CI = 3.09-
7.54), were significantly more likely to show syphilis TRUST
seroconversion (Table 2).

DISCUSSION

Syphilis is a persistent public health issue in many countries.
Its prevalence has recently increased in some countries
(18, 19). In Guangdong Province, the syphilis incidence rate
increased yearly between 2005 and 2014—from 21.08/100,000
to 52.55/100,000 over this period (20). A systematic review
found that 90% of syphilis patients were from resource-
limited countries (21). Therefore, the Syphilis Convergence
Case-Management Project was implemented to promote
prevention and control. Through our research, the state
of seronegative conversion and a few significant factors
associated with seronegative syphilis conversion were
discovered. The research results provide some basis for
building an effective and synthetic model of syphilis prevention
and control.

Only 27.6% of the patients showed TRUST seronegative
conversion at the end of our study. A previous study reported
that the rate of syphilis serological cure (17, 22) was 65-
79%; however, the sample size was smaller than that in the
present study. Moreover, some of the patients in our study
originated from other health care facilities, and their past
medical history and treatments were comparatively complicated.
In addition, treatment cost, treatment adherence, and type of
health care system might be correlated with seroconversion. The
percentage of seronegative conversion in our study also suggests
that the level of management of syphilis convergence cases,
such as treatment, follow-up, and data collection, needs to be
strengthened in the future.

In our study, we found that seronegative conversion was
independently associated with younger age, as was also reported
by Sena et al. (17), who revealed that the probability of
achieving serological cure decreased with age. This association
may be related to the senescence of the immune system at
older age, which can be expected to influence the serological
response to syphilis therapy (22). In addition, more male
patients tested negative for TRUST than female patients
(34.3% vs. 17.9%). The multivariable analysis also showed
that male patients with syphilis were more likely to test
seronegative. This difference might be related to the differences
in the immune system between men and women (23), which
influence the serological response. The exact mechanism
underlying the association with sex is still unclear and needs
further investigation.

Understanding the relationship of quantitative
treponemal titers with disease is vital for evaluating treatment
response, which can reflect the activity of the disease process
or the immune response. Generally, non-treponemal antibody
titers are related to disease activity. However, some studies
demonstrated that patients with higher baseline rapid plasma
reagin (RPR) titers were more likely to achieve serological cure
(17, 22). Baker-Zander et al. (24) found that Venereal Disease
Research Laboratory (VDRL)-immunized rabbits exhibited
partial protection against reinfection with T. pallidum, which
meant that high VDRL antibody titers might help control the
infection. However, in our study, the patients with lower initial
TRUST titers easily became seronegative. The multivariable

non-
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TABLE 2 | Results of univariable and multivariable analyses of factors associated with TRUST seronegative conversion among syphilis patients.

Univariable analysis

Multivariable analysis

b Wald 2 P Hazard ratio (95% CI) b Wald x2 P Hazard ratio (95% CI)
Age (years) 2.66 0.27 6.82 0.03
15~19 0.44 2.22 0.14 1.56 (0.87, 2.79) 0.78 6.71 0.01 2.18(1.21, 3.94)
20~29 0.10 0.75 0.39 1.10(0.88, 1.38) 0.01 0.01 0.93 1.01(0.80, 1.27)
>30 1 1
Sex
Male 0.63 26.34 <0.01 1.88(1.48, 2.39) 0.37 7.72 0.01 1.45(1.12,1.88)
Female 1 1
Marital status 4.30 0.12
Unmarried 0.10 0.22 0.64 1.11(0.73, 1.69)
Married -0.13 0.37 0.54 0.88 (0.58, 1.34)
Divorced/Widowed 1
Method of syphilis discovery
Active detection 0.48 11.92 <0.01 1.61(1.28, 2.11)
Passive detection 1
Initial TRUST titer
<18 0.29 7.02 0.01 1.34 (1.08, 1.67) 0.80 36.77 <0.01 2.23(1.72,2.88)
>1:8 1 1
Syphilis stage 142.04 <0.01 125.75 <0.01
Latent 0.61 9.30 <0.01 1.84 (1.24,2.71) 0.68 11.73 <0.01 1.98 (1.34, 2.93)
Primary 2.03 93.00 <0.01 7.60 (5.03, 11.48) 2.04 87.72 <0.01 7.67 (5.01, 11.74)
Secondary 1.16 31.22 <0.01 3.18 (2.12, 4.76) 1.58 48.02 <0.01 4.83 (3.09, 7.54)
After adequate treatment 1 1
Treatment regimen 16.48 <0.01
Untreated 1
One course of BPG 0.87 15.31 <0.01 2.38 (1.54, 3.67)
Two courses of BPG 0.61 4.94 0.03 1.84(1.08, 3.14)
Replacement therapy with doxycycline 0.81 4.22 0.04 2.26 (1.04, 4.90)
People living with HIV
Yes 0.13 0.68 0.41 1.14 (0.84, 1.54)
No 1
Male homosexuality
Yes 0.31 4.57 0.03 1.36 (1.08, 1.80)
No 1
Bisexuality
Yes 0.54 5.99 0.01 1.71(1.11, 2.64)
No 1

model also revealed that the likelihood of TRUST seronegative
conversion was increased with a decrease in the initial TRUST
titer. There may be a negative association between the TRUST
titer and the quantity of T. pallidum. The detailed mechanism
requires clarification through further studies. Hence, the level of
syphilis antibody titer might correspond to the levels of syphilis
and immune response. Facilitating routine syphilis serological
tests and follow-up in the clinic is integral to observing the
efficacy of treatment and preventing adverse outcomes.

We also found that patients with primary syphilis were
more likely to experience TRUST seronegative conversion than
those who were receiving adequate treatment before enrollment

and more so than patients with secondary and latent syphilis.
The results of the current study were consistent with a
previous observation that patients with secondary syphilis were
more likely to experience treatment failure than those with
primary syphilis (25). In addition, Tong et al. reported that
the rate of serological cure decreased in the order of primary,
secondary, latent, and tertiary syphilis (22). The differences in
immunological functions among different disease stages may
be responsible for this observation. These results suggest that
enhancing early diagnosis, treatment, and city-specific syphilis
screening strategies is very important and that the clinical stages
of syphilis often overlap.
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LIMITATIONS

Our study has several limitations. First, there may be some
selection bias because several patients were excluded due to
missing data. Second, the results correspond to only one
district and might not be generalizable to other areas; thus, the
representativeness of the sample needs to be improved. Third,
some reporting bias may have been inherent in this study because
some subjects may have hidden sensitive information.

CONCLUSION

The present study showed that syphilis TRUST seronegative
conversion after treatment was poor. However, syphilis
seroconversion from positive to negative was significantly
associated with sex, baseline TRUST titer, and disease stage.
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Background: Chancre self-healing, a typical clinical phenomenon of primary syphilis, is
essentially wound healing. The first response to a wound is constriction of the injured
blood vessels and activation of platelets to form a fibrin clot. However, the role of
Treponema pallidum in platelet activation and clot formation remains unclear.

Objectives: We aimed to elucidate the role of the outer membrane Treponema pallidum
lipoprotein Tp0136 in human platelet activation and aggregation and explore the related
mechanism.

Methods: A series of experiments were performed to assess the effects of Tp0136 on
human platelet activation and aggregation in vitro. The effect of TpO136 on platelet
receptors was studied by detecting PAR1 protein levels and studying related receptor
sites. The involvement of the G/G; signaling pathway downstream of PAR1 was explored.

Results: Tp0136 significantly accelerated the formation of human platelet clots as well as
platelet adhesion to and diffusion on fibrinogen to promote platelet aggregation. Tp0136
also potentiated P-selectin expression and PF4 release to promote platelet activation and
downregulated PAR1 expression. The activation and aggregation induced by Tp0136
were reverted by the specific PAR1 antagonist RWJ56110 and the human PAR1
antibody. In addition, Tp0136 significantly enhanced G, and G signaling activation,
thereby triggering p38 phosphorylation and Akt-PI3K activation, increasing the release
of intraplatelet Ca®* and attenuating the release of cytosolic cAMP. Furthermore, the
specific PAR1 antagonist RWJ56110 significantly suppressed Gg and G; signaling
activation.

Conclusions: Our results showed that the Treponema pallidum Tp0136 protein
stimulated human platelet activation and aggregation by downregulating PAR1 and
triggered PAR1-dependent G, and G; pathway activation. These findings may
contribute to our understanding of the self-healing of chancroid in early syphilis.

Keywords: Tp0136, platelet activation, platelet aggregation, protease-activated receptor 1, Gg, G,
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Tp0136 Activates Platelets Through PAR1

HIGHLIGHTS

1. Tp0136 enhances platelet activation and aggregation by
downregulating PARI.

2. Tp0136-downregulated PAR1 selectively stimulates PARI-
dependent Gq and G; pathway activation.

INTRODUCTION

Syphilis, a chronic multistage disease punctuated by asymptomatic
periods of latency, is caused by the spirochete Treponema pallidum
subsp. pallidum (hereafter T. pallidum) and is primarily
transmitted sexually or vertically during pregnancy (1). Syphilis
is clinically manifested when spirochetes replicating at the site of
inoculation induce a local inflammatory response sufficient to
generate a papule that subsequently ulcerates, forming a chancre;
chancres are the defining lesions of primary syphilis and are
typically painless and resolve spontaneously (2). Thus far, our
understanding of the mechanism of chancre self-healing in
syphilis is limited.

Wound healing is one of the most complex processes in the
human body, involving the spatiotemporal synchronization of
multiple cell types with different roles in the phases of
hemostasis, inflammation, growth, reepithelialization, and
remodeling (3). The first reaction to a wound is constriction of
the injured blood vessels and activation of platelets that adhere to
the damaged site and aggregate to form a fibrin clot, resulting
in the early stabilization of platelet thrombi that thereby initiate
hemostasis (4, 5). Human platelets express protease-activated
receptor 1 (PARI), the prototypical member of the G-protein-
coupled receptor family, which is activated by a variety of
proteases (6). The activation of PARI is sufficient to trigger
platelet secretion and aggregation (7), and PARI can couple with
members of the Gg, G513, and G; families to impact a substantial
of signaling pathway networks (8).

Tp0136, an outer membrane lipoprotein of T. pallidum, is
also an adhesin that is predicted to bind to different host cells and
thereby mediate the colonization of T. pallidum in different
tissues during infection (9, 10). Our previous study found that
Tp0136 promoted the migration and proliferation of fibroblasts
(11) and microvascular endothelial cells (12), which could
contribute to the mechanism of chancre self-healing in
syphilis. In addition, high titers of anti-Tp0136 antibodies
promoted the infiltration of inflammatory cells into local
lesions and intensified tissue damage, thus delaying wound
healing (13). While platelets have been shown to be a T.
pallidum target (14), whether T. pallidum activates platelets
through Tp0136 and promotes platelet aggregation to mediate
the self-healing of chancre remains unclear. In the current study,
we performed a series of in vitro experiments to elucidate the
effect of Tp0136 on platelet activation and aggregation and
analyzed PARI receptors and subsequent signaling pathways
that involved in this process.

MATERIALS AND METHODS

Preparation of the Tp0136 Protein and
Removed Endotoxin

Full-length Tp0136 was directly cloned into the pEXP-5-CT vector,
and the Tp0136-His-Tag protein was purified by affinity
chromatography using Ni-NTA as described previously (12).
Endotoxin was removed from the recombinant Tp0136 protein
with an EtFraser' " Endotoxin Removal Kit (Chinese Horseshoe
Crab Reagent Manufactory, Ltd., Xiamen, China). Tachypleus
amebocyte lysate (Chinese Horseshoe Crab Reagent Manufactory,
Ltd., Xiamen, China) was used to detect endotoxin in the Tp0136
preparation, which was found to have less than 0.05 endotoxin units
(EUs)/mL. A cytotoxicity assay was performed to evaluate the effect
of Tp0136 on endothelial cells viability using a lactate
dehydrogenase kit (NEOBIOSCIENCE Biotechnology Co., Ltd.
Beijing, China). The results showed no significant cytotoxicity in
Tp0136-treated cells.

Preparation of Human Platelets

Platelets from healthy volunteers were separated by the
differential centrifugation of whole blood in anticoagulation
tubes containing 3.8% sodium citrate as previously described
(15, 16). Platelet-rich plasma (PRP) was separated from the
plasma samples and centrifuged at 180 g for 15 minutes at
room temperature. The samples were then centrifuged at 800 g
for 20 minutes to obtain the platelet precipitates, which
were then resuspended in modified Tyrode’s solution (Solarbio,
Beijing, China) and diluted to 2.0-3.0 x 10%/mL for the following
experiments. The studies involving human participants were
reviewed and approved by the Ethics Committee of Zhongshan
Hospital, Xiamen University. All volunteers provided written
informed consent in accordance with the Declaration
of Helsinki.

Assessment of Platelet Adhesion

and Spreading

Platelet adhesion assays were performed according to Boncler
et al. (15). Samples in 96-well microplates coated with 2 mg/mL
fibrinogen (4°C, overnight) were blocked with 0.2% bovine
serum albumin (1 hour, 37°C). The PRP samples were
incubated for 15 minutes with thrombin (0.5 U/mL), Tp0136
(10 pug/mL), Tpl7 (10 pg/mL) or phosphate-buffered saline
(PBS) in the absence or presence of different antagonists or
agonists. Then, 50 uUL aliquots of PRP were added to the wells for
1 hour at 37°C. After washing, the wells were filled with a
substrate solution and incubated for 1 hour. To estimate “total
platelet adhesion”, the PRP samples were mixed with the
substrate solution and added to the uncoated wells. Platelet-
deficient plasma was used as a blank control. Sodium hydroxide
(2 M) was added to stop the enzymatic reaction, and the
absorbance at 405 nm was read using a microplate analyzer
(Thermo Scientific Multiskan FC, USA). The percentage of
adherent platelets was calculated using the following formula:
(sample-blank)/(total-blank) x 100.
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Platelet cytoskeleton staining assays were performed as
described in a previous study (17). PRP samples were treated
with thrombin (0.5 U/mL), Tp0136 (10 ug/mL), Tpl7 (10 ug/
mL) or PBS with or without RWJ56110 (a PAR1 antagonist) (1
UM) or an anti-PAR1 antibody (1:100) and placed onto
fibrinogen-coated Millicell glass slides for 1 hour at 37°C.
Adherent platelets were fixed with 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100, blocked with 5%
bovine serum albumin and then stained with TRITC-labeled
phalloidin at room temperature for 30 minutes. Fluorescence
images were obtained on a confocal microscope (Zeiss Axio
Observer LSM780, Oberkochen, Germany). The number of
platelet adhesion events and the platelet spreading surface area
were determined using NIH Image] software (NIH, Bethesda,
MD, USA).

Determination of Platelet Aggregation
Agonist-induced platelet aggregation was measured using the
PL-16 aggregometer (Sinnowa, Jiangsu, China) at 37°C and a
constant stirring speed of 50 g to analyze platelet function.
Briefly, platelets were incubated with thrombin (0.5 U/mL),
Tp0136 (10 ug/mL), Tpl7 (10 pg/mL) or PBS with or without
different inhibitors or antagonists (RW]56110, U73122 or PTX)
for 5 minutes at 37°C and assessed on an aggregometer according
to the manufacturer’s protocol.

Platelet-Mediated Clot Retraction Assay

The platelet clot retraction experiment was performed as
described by Ren et al. (17). After incubation with 10 pg/mL
Tp0136 and Tpl7 (PBS as a control), platelets were stimulated
with 20 pg/mL fibrinogen and 0.5 U/mL thrombin and recorded
at the indicated time point using a camera. The clot area was
quantified based on the ratio of the clot area to the platelet
suspension area at different time points using Image] software
(National Institute of Mental Health, Bethesda, MD, USA).

Platelet Activation Assays

Measurement of the platelet surface molecules P-selectin (18, 19)
and PF4 (20) as indices of platelet activation was performed by
flow cytometry (BD FACSCanto II, NJ, USA) and the enzyme-
linked immunosorbent assay (ELISA). For the P-selectin
measurement, platelets were diluted to 2.0 x 10%/mL with
modified Tyrode’s buffer and incubated for 15 minutes with
thrombin (0.5 U/mL), Tp0136 (10 pug/mL) or PBS in the absence
or presence of different antagonists or agonists. The aliquots (100
UL) were then stained with an APC-labeled anti-human CD41
antibody (Biolegend, Shanghai, China) as a platelet identifier and
with a FITC-labeled anti-human P-selectin antibody (Biolegend,
Shanghai, China) before being analyzed by flow cytometry. Data
were analyzed with FlowJo (TreeStar Software, Ashland, OR,
USA). The levels of PF4 in PRP samples were assessed by ELISA
(Human PF4 Simple Step ELISA® Kit, Abcam, MA, USA).

cAMP Release Assays

Cyclic adenosine monophosphate (cAMP) in PRP samples was
assessed by a competition-based assay (cAMP ELISA Detection
Kit, GenScript, NJ, USA). The PRP samples were preincubated

with iloprost (final concentration, 100 ng/mL) for 2 minutes, after
which 10 pg/mL Tp0136 (PBS as a control) and RWJ56110 (1
uM) were added alone or in combination. The samples were
incubated for 15 minutes at 37°C and then analyzed for
cAMP content.

Determination of Ca®** Fluxes

The kinetics of intracellular Ca** mobilization were assessed as
previously described (21). Platelets diluted in modified Tyrode’s
buffer (2.0 x 10%/mL) were incubated in Fluo-3-AM solution
(Sigma, MO, USA) for 30 minutes at 37°C. After determining the
basal Ca" levels, Tp0136 (10 pg/mL) was added to the tube in
the absence or presence of RWJ56110 (1 uM), and the samples
were assayed immediately. Flow cytometric analysis was then
performed (BD FACSCanto II, NJ, USA).

Cell Culture, Plasmid Cloning

and Transfection

Chinese hamster ovary (CHO) cells were cultured in DMEM
supplemented with fetal bovine serum (10% vol/vol), penicillin
(100 U/mL) and streptomycin (100 pg/mL). Full-length human-
PAR1 cDNA was amplified and cloned into a pcDEF3-CMV-T7-
tagged vector (MiaoLingBio, Wuhan, China) to obtain a
pcDEF3/PAR1 T7-tagged wild-type plasmid that was used to
generate all mutants. pcDEF3 vectors encoding the T7-tagged
PARI mutants L38S, D39S, P40N, R41A, S42D, and F43R were
generated as described previously (22). CHO cells were
transiently transfected with pcDEF3/PAR1 T7-tagged wild-type or
PAR1 mutants using LipofectamineTM 3000 Reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
recommendations and assessed by flow cytometry.

Western Blotting Assays

Platelets were stimulated with Tp0136 at different
concentrations, and the PARI1 protein levels were measured by
western blot as described previously (22). Platelets were treated
with thrombin receptor activating peptide (TRAP)-6 (10 uM) or
Tp0136 (10 pug/mL) in the absence or presence of RWJ56110 (1
uM) for 15 minutes at 37°C. The cell lysates were collected, and
the protein levels of phosphorylated and total PI3K, Akt, and p38
were detected by western blotting (23). Antibodies against PARI
and PI3K/Akt/p38 signaling pathway components were
purchased from Cell Signaling Technology (Danvers, MA,
USA) or R&D Systems (Minneapolis, MN, USA).

Data Analysis and Statistics

All results are expressed as the mean + standard error of the
mean (SEM). Multiple groups were compared by one-way
analysis of variance (ANOVA). Comparisons between two
groups were made using paired Student’s t-tests. Differences
in calcium levels over time were assessed by repeated-measures
ANOVA followed by Dunnett’s post hoc test. All calculations
were performed with the GraphPad Prism 6.0 program
(version 5.0, GraphPad Software Inc, San Diego, CA, USA)
and IBM SPSS statistics version 26 (SPSS, Inc., Chicago, IL,
USA). A two-tailed P value of <0.05 was considered
statistically significant.
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RESULTS

Tp0136 Promoted Human

Platelet Adhesion and Aggregation

To elucidate the effect of Tp0136 on platelet adhesion and
aggregation, platelets were treated with the Tp0136 protein,
Tpl7 protein, PBS (as a blank control) and thrombin (as a
positive control). Platelet staining with TRITC-phalloidin
revealed that the number of platelets adhered to the precoated
fibrinogen in the Tp0136 group was higher than that in the PBS
group (P <0.001), Tpl7 group was no change (Figure 1A). The
platelet spreading surface area was assessed using NIH Image]J
software, and the average diffusion area of Tp0136-treated
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platelets immobilized on fibrinogen was markedly increased
compared with that of PBS-treated platelets (P <0.001), and
Tpl7-treated platelets was no statistical difference (Figure 1B).
The effect of Tp0136 on platelet adhesion to fibrinogen was
confirmed by the significantly higher adhesion of Tp0136-
stimulated platelets to the fibrinogen-coated surface as
determined by ELISA (P <0.001), compared with that of PBS-
treated platelets, and platelet adhesion was no change stimulated
by Tp17 (Figure 1C). The platelet aggregation assay (Figure 1D)
revealed an increased response to Tp0136-treated platelets
(P <0.001) and no increased in the Tpl7-treated platelets.
In addition, the result of the clot retraction assay showed that
Tp0136-treated human platelets accelerated platelet aggregation
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FIGURE 1 | Tp0136 promoted human platelet adhesion and aggregation. (A, B) Effect of Tp0136 on platelet adhesion as determined by staining with TRITC-labeled
phalloidin. Statistical data were determined based on the number of platelet adhesions (A) and were calculated from the mean of the average surface area of
individual platelets (B). (C) Platelet adhesion as assessed by ELISA. (D) The maximum aggregation rate of platelets was determined by an aggregometer. (E) Platelet
clot retraction was quantified by the ratio of the clot area to the platelet suspension area at different time points. The values are presented as the mean + SEM of
experimental triplicates and are representative of the results of three independent experiments. Values among multiple groups were compared by one-way ANOVA.
Comparisons between two groups in the platelet clot retraction experiment were made using a paired t-test (NS, no significance, **P < 0.01, **P < 0.001).
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and that the aggregation area was significantly lower than that in
the PBS group after 5 minutes (P <0.01). The Tp0136-treated
human platelets almost formed a very small clot after 30 minutes,
while these was no difference between Tp17-treated group and
PBS group, as demonstrated in Figure 1E. These data indicated
that Tp0136 promoted human platelet adhesion and aggregation.

Tp0136 Promoted Human Platelet
Activation

Given the promotional effect of Tp0136 on platelet adhesion and
aggregation, we next investigated whether Tp0136 affects platelet
activation. The flow cytometry results showed that the surface
expression of P-selectin was increased in the Tp0136-treated
platelet group by threefold compared with that in the PBS group
(P <0.001) (Figure 2A). In addition, Tp0136 significantly
promoted the secretion of PF4 (vs. PBS-treated group, P <0.01)
(Figure 2B). These data indicated that Tp0136 promoted
platelet activation.

Tp0136 Promoted Platelet Activation and
Aggregation Through PAR1

Human platelets express PAR1, and the activation of PARI1 is
sufficient to trigger platelet secretion and aggregation (7). To
confirm the regulation of platelet PAR1 receptors by Tp0136,
platelets were treated with Tp0136 at different concentrations.
The protein expression of PAR]1 was decreased after treatment
with Tp0136 at a concentration of 5 ig/mL (P <0.01), and the best
response was achieved with 15 pg/mL Tp0136 (P <0.01)
(Figure 3A), indicating a concentration-dependent pattern. In
addition, the pretreatment of platelets with RWJ56110 (a specific
PARI antagonist) or an anti-human-PAR1 antibody ameliorated
the activation and aggregation of platelets induced by Tp0136.
RWJ56110 and the human-PAR1 antibody significantly reduced the
expression of P-selectin on platelets (P <0.001) (Figure 3B), the
secretion of PF4 (P <0.05) (Figure 3C), platelet aggregation
(P<0.001) (Figure 3D), platelet adhesion (P <0.001) (Figures 3E,
F) and the average platelet diffusion area (P <0.01) (Figure 3G).
Taken together, these results demonstrate that PARI is essential for

the Tp0l136-mediated promotion of platelet activation
and aggregation.

Serine proteases, such as plasmin, thrombin, and activated
protein C, hydrolyze PARI to generate a tethered ligand that, in
turn, activates PAR1 by interacting with the body of the receptor,
thus triggering transmembrane signaling (7, 24, 25). In our
study, the cleavage of platelet PAR1 by Tp0136 was confirmed
in CHO cells expressing the T7-tagged wild-type PAR1 plasmid
(Figure 3H). To identify the specific cleavage site of Tp0136, we
performed site-directed mutations of the key residues of the
PARI N-terminus between amino acids 38 and 43, generating
the T7-tagged PAR] mutants L38S, D39S, P40N, R41A, S42D,
and F43R (Figure 3I), and expressed them in CHO cells. The
cleavage of PAR1 by Tp0136 was suppressed in T7-S42D PARI-
transfected cells compared with T7-wild-type PAR1-transfected
cells (Figure 3]). Thus, Tp0136 cleaves PARI at LDPR*' | S**FL
to generate the S*’FLLRN-tethered ligand (TRAP-6), similar to
that produced by thrombin (22).

Tp0136 Enhanced G, Signaling Through
PAR1 During Platelet Activation

Activated PARI1 can couple with members of the G, and G; families
and trigger numerous intracellular signaling pathways (8). To
determine whether Tp0136 activated Gg-protein-coupled
pathways through PAR1 to promote platelet activation and
aggregation, the expression levels of Akt, PI3K and P38 were
detected. As shown in Figure 4A, Tp0136 triggered the
phosphorylation of Akt (P <0.01), indicating PI3K activation
(P <0.01), and the phosphorylation of p38 (P <0.01), confirming
Gg-dependent signaling, similar to TRAP-6. To determine whether
Tp0136 enhances G signaling through PARI, the PAR1 antagonist
RW]J56110 was utilized. Interestingly, the RWJ56110 treatment of
platelets significantly reduced the activation ability of Akt, PI3K and
p38 compared with that of the conditioned media-treated controls,
reversing the changes caused by Tp0136 (Figure 4A). In addition,
Tp0136 significantly elicited a Gq-triggered increase in intraplatelet
calcium levels (P <0.05), as measured using the Fluo-3AM calcium
indicator, and this effect was inhibited by the PAR1 antagonist
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FIGURE 2 | Tp0136 promoted human platelet activation. (A) Expression of platelet P-selectin as measured by flow cytometry. A representative histogram is shown.
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FIGURE 3 | Tp0136 promoted platelet activation and aggregation through PAR1. (A) PAR1 protein expression as determined by western blotting. (B-G) Effects of
the PAR1 antagonist RWJ56110 and the anti-PAR1 antibody on platelet activation and aggregation induced by Tp0136. (B) P-selectin expression as measured by
flow cytometry. (C) PF4 expression as measured by ELISA. (D) Maximal platelet aggregation as determined by an aggregometer. (E) Platelet adhesion as assessed
by ELISA. (F,G) Platelet adhesion as assessed by staining with TRITC-labeled phalloidin. Statistical data are based on the number of platelet adhesions (F) and were

calculated from the mean of the average surface area of individual platelets (G). (H) Effect of Tp0136 on PAR1 as determined by flow cytometry. (I) Amino acid
sequences of WT (wild-type) PAR1, PART proteins with mutations in the extracellular domain and a PAR1 peptide agonist (TRAP-6). (J) Exploration of the Tp0136
protein sites that act on PAR1. The values are presented as the mean + SEM of experimental triplicates and are representative of the results of three independent
experiments. Values among multiple groups were compared by one-way ANOVA. Comparisons between two groups were made using a paired t-test (NS, no

significance, *P < 0.05, *P < 0.01, **P < 0.001).
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RWJ56110 (P <0.05) (Figure 4B). The involvement of
G%-dependent signaling during Tp0136-induced platelet activation
was significantly inhibited by U73122, a phospholipase C inhibitor
(P <0.001) (Figure 4C). The inhibitor U73122 significantly
abolished the potentiating effect of Tp0136 on P-selectin
expression (P <0.001) (Figure 4D), the secretion of PF4 (P <0.01)
(Figure 4E) and platelet aggregation (P <0.001) (Figure 4F).

Tp0136 Enhanced G; Signaling Through
PAR1 During Platelet Activation

Furthermore, cAMP was measured to determine whether the
effects of Tp0136 on platelets involve G;-dependent signaling
pathways. The iloprost-induced increase in the intraplatelet
cAMP concentration was affected by Tp0136 (P <0.05), and
pretreatment with RWJ56110 increased the cAMP level
compared to that in the group stimulated with only Tp0136
(P <0.05) (Figure 5A). To assess the contribution of G; signaling
to the activation of platelets by Tp0136, pertussis toxin (PTX), an
inhibitor of the G; signaling pathway, was utilized to specifically
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FIGURE 4 | Tp0136 enhanced G, signaling through PAR1 during platelet activation. (A) The protein expression of phosphorylated/total p38/Akt/PI3K and GAPDH
was assessed by western blotting. (B) Cytosolic free Ca®* was measured by flow cytometry. (C) The protein expression of phosphorylated/total p38/Akt/PI3K and
GAPDH was assessed by western blotting. (D) Expression of platelet P-selectin as measured by flow cytometry. A representative histogram is shown. (E) PF4 as
determined by ELISA. (F) Maximal platelet aggregation as determined by an aggregometer. The values are presented as the mean + SEM of experimental triplicates
and are representative of the results of three independent experiments. Comparisons between the two groups were analyzed using a paired t-test. Differences in the
calcium levels over time were determined by repeated-measures ANOVA followed by Dunnett’s post hoc test (P < 0.05, *P < 0.01, **P < 0.001).

inhibit G;. PTX significantly reversed the enhancing effect of
Tp0136 on platelet surface P-selectin expression (P <0.001)
(Figure 5B) and PF4 granular secretion (P <0.01) (Figure 5C)
and weakened the enhancement of platelet aggregation induced
by Tp0136 (P <0.01) (Figure 5D), showing that G;-dependent
signaling was involved in the activating effect of Tp0136
on platelets.

DISCUSSION

The well-recognized capacity of T. pallidum, the etiological agent
of venereal syphilis, for early dissemination and immune evasion
has earned it the designation of ‘the stealth pathogen’ (26).
Patients with primary syphilis present with typical chancres,
painless ulcerations, that heal spontaneously over several weeks,
which gives the illusion that the person has not been infected
with syphilis and thus causes the best treatment period to be
missed; thereafter, T. pallidum enters a latent state, inducing an
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FIGURE 5 | Tp0136 enhanced G; signaling through PART1 during platelet activation. (A) cAMP as analyzed by ELISA. (B) P-selectin as measured by flow cytometry.
A representative histogram is shown. (C) PF4 as measured by ELISA. (D) Maximal platelet aggregation as determined by an aggregometer. The values are
presented as the mean + SEM of experimental triplicates and are representative of the results of three independent experiments. Comparisons between the two
groups were analyzed using a paired t-test (*P < 0.05, **P < 0.01, **P < 0.001).

insidious infection. Self-healing of chancre is essentially wound
healing, which is an important multifaceted and complicated
process in humans and animals that is governed by sequential
but overlapping phases, including the hemostatic, inflammatory,
proliferative, and remodeling phases (27). It is important to
understand the first signals that activate the cellular response of
injured tissue. After injury to the skin, the exposed
subendothelial, collagen and tissue factors activate platelet
aggregation, which results in degranulation and the release of
chemotactic and growth factors to form the clot that initiates
wound healing (28). In the present study, we found that Tp0136,
a predicted T. pallidum adhesin that mediates its colonization
during infection (9), enhanced platelet activation and
aggregation through PARI and then initiated the receptor Gq
and G; signaling pathways. This process may represent the first
step of platelet recruitment to syphilitic lesion sites and the
initiation of wound healing. However, a recently research by
Cameron group reported that T. pallidum directly, preferentially,
and reversibly interacted with platelets, altered their movement
and increased blood-brain barrier permeability, eventually
facilitating their dissemination (14). Tp0136 as an important
adhesion protein of T. pallidum, here we found that it could
stimulate platelet activation and aggregation. Therefore, Tp0136
protein could play an important role in interaction with platelet
mediating the dissemination of T. pallidum, which would need
more research.

In our study, Tp0136 activated platelets and promoted
platelet-fibrinogen adhesion and aggregation, resulting in the
formation of platelet clots, which are naturally involved in

wound healing (29). Upon activation, platelets secrete more
than 300 active substances from their intracellular particles.
Herein, Tp0136 activated platelets and promoted the platelet
secretion of granules, such as PF4, P-selectin, and Ca**, into the
surrounding cellular milieu. These secreted platelet granule
components contribute to blood coagulation (30). P-selectin is
an inflammatory coagulation biomarker involved in clotting
(31). Our results showed that Tp0136 promoted the expression
of P-selectin in platelets and promoted platelet activation and
aggregation, which may have initiated the self-healing of
chancres in the early stages of syphilis. Of course, this
phenomenon needs to be further studied in animals (in vivo)
infected with syphilis.

PARs are G-protein-coupled receptors that utilize a
fascinating mechanism to convert an extracellular proteolytic
cleavage event into a transmembrane signal; these receptors carry
their own ligands, which remain hidden until unmasked by
receptor cleavage (8). PARI, the prototype of this family, is
activated when thrombin cleaves its amino-terminal extracellular
domain at a specific site. This cleavage reveals a new N-terminus
that acts as a tethered ligand for intramolecular binding to the
body of the receptor and thus affects transmembrane signaling
(32). We observed that Tp0136 enhanced platelet activation and
aggregation through PAR1. We next carried out site-directed
mutagenesis of PAR1 and found that Tp0136 acted on the N-
terminal extracellular domain of PAR1 between residues 41 and
42 (LDPR*!'|S*’FL), which was consistent with thrombin.
However, whether the Tp0136 protein has the characteristics
of an active enzyme still needs to be determined.
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PARI1 can couple to members of the G4 and G; families and
thus to a host of intracellular effectors. Our results showed that
Tp0136 enhanced platelet activation through PARI1, thereby
initiating Gq- and G;- activated intracellular pathways and thus
predisposing platelets to be fully activated by a subsequent
subthreshold stimulus. G, generates a pathway for calcium-
regulated kinases, mitogen-activated protein kinase cassettes,
and other proteins that mediate cellular responses ranging
from particle formation to integrin activation to platelet
aggregation (33, 34). Furthermore, Akt is a serine/threonine-
specific protein kinase that plays a key role in platelet
aggregation, integrin signaling, particle secretion, and clot
retraction (35). In our study, Tp0136 stimulated G, activation
through PARI in human platelets, as shown by Akt-PI3K
activation and p38 phosphorylation, and increased the release
of intraplatelet Ca®*, a key second messenger, from intracellular
stores (36, 37). As reported herein and in agreement with the
findings of others (38), the treatment of platelets with U73122, a
phospholipase C inhibitor, partially attenuated the upregulated
expression of P-selectin and PF4 as well as the subsequent
platelet adhesion and aggregation. These observations clearly
underscore the critical regulatory effect of Tp0136 on the G-
activated intracellular pathways downstream of PARI. In
addition, Tp0136 reduced the cAMP levels in iloprost-exposed
platelets. Cytosolic cAMP is synthesized by adenylyl cyclase and
is known as a powerful inhibitor of platelet aggregation (39).
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FIGURE 6 | Schematic model of the mechanism by which Tp0136 modulates platelet signaling. Tp0136 promotes human platelet activation and aggregation
through PAR1 and generates an S*?FLLRN-tethered ligand that interacts with the receptor to induce PART signaling. In particular, Tp0136 activates the G signaling
pathway through PAR1, thereby inducing PAR1-dependent Akt-PI3K activation, p38 phosphorylation and Ca®* flux, and the G' pathway, thereby attenuating the
release of cytosolic CAMP.

Moreover, PTX, which inhibits Gj-receptor coupling pathways,
affected the potentiating activity of Tp0136 on platelet
aggregation. Based on the information discussed above,
Tp0136 induces Akt-PI3K activation, p38 phosphorylation and
Ca®" movement in platelets; however, to achieve full platelet
activation, Tp0136 must be induced by regulating the
intracellular cAMP levels and thereby triggering the
concomitant G; signaling pathway. A similar mechanism has
been reported for other agents enhancing platelet activation,
such as PGE, (24) and MMP-2 (22), and explains the difference
between platelet primers and full platelet agonists (40).

Several limitations should be noted. First, we showed that
Tp0136 activated platelets to promote their aggregation in vitro,
and further studies, such as in vivo experiments, is needed to
confirm our in vitro findings. Second, we detected changes in the
protein expression of only PAR1 and related downstream
signaling molecules, and further study is needed to determine
whether other platelet receptors are involved in this process.
Third, the effect of Tp0136 promoting platelet activation and
aggregation on the development of syphilis infection remains to
be further studied.

In conclusion, were herein elucidated a mechanism of platelet
activation and aggregation in which Tp0136 effects platelets
through PARI and thereby triggers downstream G; and Gq
signaling (Figure 6). This study suggests that Tp0136 plays a
role in platelet function, and the elucidation of relevant
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mechanisms represents another step toward understanding
chancre self-healing in the early stages of syphilis.
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Objective: Sexually transmitted infections (STls) are common worldwide and pose a
challenge to public health. We conducted this study to assess the annual incidence of
five common STls, including syphilis, chlamydia, gonorrhea, trichomoniasis, and genital
herpes at the global, regional, and national levels.

Materials and Methods: We obtained detailed data on STls excluding HIV from
1990 to 2019 from the Global Burden of Disease (GBD) 2019 database. Estimated
annual percentage change (EAPC) was calculated to quantify trends in age-standardized
incidence rates (ASR) of STls, stratified by gender, sociodemographic index (SDI) region,
and pathogenic microorganism.

Results: Globally, incident cases of STls increased by 58.15% from 486.77 million in
1990 to 769.85 million in 2019, but the annual change in ASR was only —0.04% (95%
Cl —0.09 to 0.01) per year. EAPC was 0.16 (0.06 to 0.26) for syphilis, 0.09 (0.05 to
0.13) for genital herpes, 0.06 (0.03 to 0.09) for trichomoniasis, —0.21 (—0.36 to —0.06)
for chlamydia, and —0.14 (—0.19 to —0.08) for gonorrhea. High SDI regions reported
significant increases in ASR of syphilis and chlamydia.

Conclusions: The burden of disease from STls remains large, though control of STls
has contributed to the decreasing incidence in most regions, especially in the low-SDI
regions. Globally, over the past 20 years, the ASR has remained stable for trichomoniasis
and genital herpes decreased for chlamydia and gonorrhea, and increased for syphilis.

Keywords: global burden, STls, syphilis, chlamydia, gonorrhea, trichomoniasis, genital herpes
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Incidence Trends of STls

INTRODUCTION

Sexually transmitted infections (STIs) are among the most
common infectious diseases reported worldwide (1). More than
one million people are newly infected with STIs per day (2). In
2016, the World Health Organization (WHO) estimated there
were 376 million new infections of four curable STIs, including
chlamydia (127 million), gonorrhea (87 million), syphilis (6
million), and trichomoniasis (156 million), respectively (2-4).
Additionally, more than 500 million people are living with genital
herpes (2). Although most STIs are usually not fatal; they result
in a substantial burden of diseases (1). STIs such as herpes and
syphilis are associated with an increased risk of HIV transmission
(3, 5). STIs, including chlamydia and gonorrhea can result in
reproductive tract morbidities, such as infertility and pelvic
inflammatory diseases among women (6-8). Mother-to-child
transmission of STIs can result in neonatal death, congenital
deformities, and other adverse birth outcomes (3, 5, 9, 10).
A report published by the United States Centers for Disease
Control and Prevention in 2016 warned that high levels of
antibiotic resistance in the USA might soon make gonorrhea
untreatable, and a similar trend is now emerging in chlamydia
(3, 11, 12). Although the incidence of STIs is high, prevention
efforts targeting STIs have been largely ignored because safe-sex
messaging related to HIV is assumed to be sufficient to control
STIs transmission (11, 13). Most STIs are asymptomatic and
therefore easily neglected (14, 15). Changes in sexual behaviors
due to increasing availability of HIV pre-exposure prophylaxis,
including decreased condom use and increased number of sexual
partners, may led to a significant increase in STIs (16).

To date, there have been limited population estimates of the
burden of STIs in different regions around the world (4). Two
systematic reviews of estimates of STIs in 2012 and 2016 reported
the global prevalence and incidence of chlamydia, gonorrhea,
trichomoniasis, and syphilis in adults remained high; nearly one
million new infections with curable STIs were detected every
day, but varied by region and gender (4, 17). Estimates of the
incidence of specific STIs at the regional level, such as herpes
simplex virus and congenital syphilis, show that despite the
decrease, the prevalence remains stable and poses a huge global
burden (18). Previous studies have focused on cross-sectional
snapshots of STI burdens in specific regions and populations
but have not reported distribution patterns or trends over time.
Existing monitoring data on STIs are scattered, and systematic
monitoring and comparison at the national level are needed to
inform the rational allocation of health resources (3).

The Global Burden of Disease Study (GBD) 2019 is a
systematic effort to assess the burden of many diseases according
to age, gender, and geography across the world from 1990
to 2019 (19). STIs excluding HIV have been estimated and
classified into six categories: syphilis, chlamydia, gonorrhea,
trichomoniasis, genital herpes, and other STIs. No previous
study has quantified annual trends in the incidence of STIs,
excluding HIV and specific pathogenic microorganisms over
a specified time period. The first strategic direction of the
WHO Global Health Sector Strategy on Sexually Transmitted
Infections 2016-2021 is to collect information on STI prevalence

and incidence across representative populations (20). Therefore,
understanding the incidence of STIs in regions and countries is
essential to advocating, funding, planning, and implementing the
prevention and control of STIs. In the present study, we used
the results of the GBD 2019 to estimate the burden of syphilis,
chlamydia, gonorrhea, trichomoniasis, and genital herpes by
determining temporal trends in incidence at the global, regional,
and national levels.

MATERIALS AND METHODS

Data Source

We extracted data from the GBD 2019 using the Global
Health Data Exchange query tool (http://ghdx.healthdata.org/
gbd-results-tool). The GBD 2019 reports estimates of incidence,
prevalence, mortality, years of life lost (YLLs), years lived with
disability (YLDs), and disability-adjusted life-years (DALYs) due
to 369 diseases and injuries, for two genders as well as for 204
countries and territories. Incident cases, incidence rates, and
age-standardized incidence rates (ASR) of syphilis, chlamydia,
gonorrhea, trichomoniasis, and genital herpes from 1990 to
2019, segregated by gender, age, location, and specific STI, were
extracted using GBD’s operation guide (19, 21). A Bayesian meta-
regression modeling tool, DisMod-MR 2.1, was used to ensure
consistency between incidence, prevalence, remission, excess
mortality, and cause-specific mortality for most causes. The
estimated incidence of trichomoniasis, genital herpes, syphilis;
each in separate models in DisMod-MR 2.1. The incidence of
chlamydia and gonorrhea was estimated in a custom process
outside of Dismod, as described in a previous study (19).
Available data were collected from 21 GBD regions in terms
of geography, e.g., East Asia (Table 1), and 204 countries and
territories. Age was extracted by five-year age groups for a
total of 20 GBD age groups. Because the GBD database groups
the age according to the interval of 5 years, it is divided into
1-4, 5-9, etc. In order to facilitate the comparison between
different age groups, we did not include people under the age
of one year in this study. The 204 countries and territories were
categorized into five regions based on the sociodemographic
index (SDI): low, low-middle, middle, high-middle, and high
SDI regions. The SDI is a summary measure that estimates
a location’s position on a spectrum of development, which is
a composite indicator of a country’s lag-distributed income
per capita, average years of schooling, and the fertility rate
in females under the age of 25 years. The cutoff values used
to determine quintiles for analysis were then computed using
country-level estimates of SDI for 2019. Additional details on
results from the SDI calculation are available in the GBD2019.
The general methods for the GBD 2019 have been detailed in
previous studies (19). Data collection for syphilis from case
notification, ante-natal and community surveillance data, cross-
sectional studies and claims data; for chlamydia and gonorrhea
from case notification, ante-natal and community surveillance
data and cross-sectional studies; for trichomoniasis from case
notification and cross-sectional studies; for genital herpes from
cross-sectional studies. Case definitions for all of these infections
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TABLE 1 | Incident cases and age-standardized incidence rates of sexually transmitted infections in 1990 and 2019 and estimated annual percentage change from 1990 to 2019.

Characteristics

1990

2019

Incident cases
No. x 10° (95% UlI)

ASR per 100,000
No. (95% UI)

Incident cases
No. x 10°% (95% UlI)

ASR per 100,000
No. (95% UlI)

1990-2019

EAPC
No. (95% Cl)

Overall
Sex
Male
Female
SDI category
Low-SDI
Low-middle-SDI
Middle-SDI
High-middle-SDI
High-SDI
Sexually transmitted infections
excluding HIV
Syphilis
Chlamydia
Gonorrhea
Trichomoniasis
Genital herpes
Region
East Asia
Southeast Asia
Oceania
Central Asia
Central Europe
Eastern Europe
High-income Asia Pacific
Australasia
Western Europe
Southern Latin America
High-income North America
Caribbean
Andean Latin America
Central Latin America
Tropical Latin America
North Africa and Middle East
South Asia
Central Sub-Saharan Africa
Eastern Sub-Saharan Africa
Southern Sub-Saharan Africa
Western Sub-Saharan Africa

486,771.20 (416,757.41-565,524.92)

271,108.35 (230,667.77-316,253.28)
215,662.85 (185,370.23-250,535.94)

50,472.93 (43,231.14-58,660.96)
89,265.65 (76,517.23-103,797.10)
181,5687.51 (165,220.87-211,757.46)
112,059.983 (95,563.15-130,936.37)
53,073.66 (44,435.87-62,521.66)

8,845.22 (6,562.51-11,588.86)
151,695.68 (113,998.56-199,144.01)
67,732.22 (51,820.12-89,251.61)
205,446.49 (151,261.12-273,107.88)
53,051.59 (45,029.38-61,934.04)

137,725.48 (116,644.99-162,625.37)
49,962.40 (42,687.23-58,572.42)
871.37 (746.46-1,014.18)
8,196.70 (6,894.45-9,713.17)
11,629.25 (9,869.73-13,512.87)
23,434.74 (20,089.42-27,523.04)
11,073.03 (9,351.29-13,025.79)
1,143.33 (970.08-1,346.40)
15,705.13 (13,112.74-18,669.09)
2,747.36 (2367.56-3,189.59)
20,552.26 (16,813.62-24,896.24)
4,325.39 (3,700.06-5,029.65)
3,163.54 (2,712.04-3,676.01)
18,546.46 (15,786.31-21,785.53)
18,910.45 (16,142.13-22,082.28)
28,845.03 (24,682.92-33,559.92)
67,172.26 (57,095.03-79,685.03)
5,650.89 (4,931.90-6,496.61)
26,026.33 (22,217.09-30,528.73)
10,475.91 (9,095.70-12,113.61)
20,613.89 (17,656.99-24,123.30)

9,328.71 (7,994.18-10,804.75)

10,369.15 (8,814.94-12,091.21)
8,262.58 (7,107.40-9,594.72)

11,817.48 (10,145.19-13,761.86)
8,906.49 (7649.99-10,325.71)
10,830.67 (9,263.26-12,636.21)
9,238.83 (7,913.02-10,785.43),
5,940.18 (5,004.14-6,988.20)

160.083 (120.66-208.10)
2,867.67 (2,150.60-3,741.43)
1,178.58 (912.29-1,5636.00)
4,157.14 (3,061.97-5,439.34)
960.29 (822.81-1,116.81)

10,607.48 (8,996.37-12,490.97)
11,326.64 (9,713.89-13,174.51)
14,688.13 (125,49.89-16,873.11)
12,383.96 (10,497.47-14,530.25)
9,173.26 (78,07.47-10,696.18)
9,909.11 (8,510.07-11,739.04)

5,780.52 (4,877.69-6,788.02
5,247.11 (4,465.01-6,157.35
3,768.35 (3,139.71-4,497.39
5,654.43 (4,850.87-6,571.61
6,692.36 (5,494.37-8,065.15)
12,460.65 (10,649.93-14,467.67)
9,278.14 (7,938.01-10,763.57)
12,5690.93 (10,713.35-14,664.66)
(
(

)
)
)
)

12,809.55 (10,978.92-14,976.17)
9,652.82 (8,178.98-11,091.56)
6,818.42 (5,796.52-8,055.92)
12,289.81 (10,723.69-14,164.84)
17,697.87 (14,939.06-20,625.45)
21,090.11 (18,370.38-24,194.60)
18,319.18 (11,355.57-15,603.23)

769,851.91 (6569,059.33-892,663.79)

426,072.07 (362,331.77-496,890.04)
3438,779.88 (298,773.14-399,266.98)

107,712.82 (91,841.64-125,724.84)
160,814.99 (137,884.69-186,617.47)
264,896.29 (226,459.24-309,655.39)
148,390.88 (126,213.58-173,312.20)

65,804.44 (55,027.33-77,434.49)

14,114.11 (10,648.49-18,415.97)
232,534.84 (174,269.19-303,009.11)
87,951.95 (68,461.02-112,961.84)
354,466.58 (260,117.34-461,359.68)
80,784.43 (68,810.96-94,200.33)

178,904.41 (150,660.79-211,566.79)
82,549.05 (70,604.05-96,081.74)
1,862.95 (1,576.67-2,184.08)
12,178.68 (10,273.85-14,353.30)
10,679.92 (9,118.03-12,422.30)
21,459.59 (18,307.99-25,324.18)
11,164.35 (9,321.58-13,155.00)
1,521.33 (1,288.04-1,781.82)
17,190.14 (14,251.86-20,319.64)
3,990.25 (3,429.68-4,646.06)
24,479.62 (20,010.26-29,207.73)
6,136.82 (5,240.39-7,115.89)
6,028.75 (5,141.35-7,050.07)
33,539.52 (28,375.32-39,254.34)
32,029.05 (27,292.76-37,417.34)
58,679.34 (49,671.26-68,405.06)
125,287.68 (106,806.37-147,313.92)
14,097.74 (12,225.69-16,294.45)
59,742.73 (50,627.16-70,681.29)
16,722.29 (14,470.90-19,371.69)
51,607.69 (43,835.11-60,708.46)

9,635.71 (8,169.73-11,054.76)

10,471.683 (8,892.20-12,176.10)
8,602.40 (7,358.00-10,001.18)

10,988.50 (9,332.30-12,773.10)
8,883.31 (7,608.08-10,298.21)
10,085.26 (8,646.52-11,806.73)
9,222.42 (7,864.23-10,753.14)
6,117.57 (5,136.38-7,209.63)

178.48 (134.94-232.34)
2,883.87 (2,161.21-3,762.80)
1,124.39 (872.97-1,441.08)
4,327.29 (3,176.53-5,645.76)
1,021.68 (869.15-1,191.20)

10,476.70 (8,849.86-12,376.60)
11,230.92 (9,620.76-13,068.46)
14,285.59 (12,118.18-16,679.43)
12,235.85 (10,365.83-14,354.40)
9,126.48 (7,756.82-10,664.06)
9,895.41 (8,480.04-11,724.59)
5,705.97 (4,794.87-6,714.58)
5,018.90 (4,251.70-5,907.28)
3,729.40 (3,099.27-4,444.56)
5,51.23 (4,849.22-6,583.30)
6,489.07 (5,320.69-7,797.60)
12,540.87 (10,720.36-14,571.42)
9,213.75 (7,866.87-107,48.10)
12,756.44 (10,798.14-14,937.03)
12,955.71 (11,074.32-15,125.80)
8,946.10 (7,619.55-10,371.37)
6,652.49 (5,662.30-7,819.84)
12,093.61 (10,531.43-13,910.25)
17,033.30 (14,330.44-20,087.35)
19,973.12 (17,382.69-23,001.57)
13,358.91 (11,298.50-15,721.57)

—0.04 (-0.09 to 0.01)

—0.04 (~0.09 to 0.02)
~0.04 (~0.10 t0 0.02)

~0.09 (~0.17 to —0.02
—0.05 (~0.08 to —0.03
~0.15 (~0.23 to —0.08
—0.20 (—0.29 to —0.11
0.06 (0.05 to 0.08)

)
)
)
)

0.16 (0.06 t0 0.26)
—0.21 (—0.36 to —0.06)
—0.14 (=0.19 to —0.08)

0.06 (0.03 to 0.09)

0.09 (0.05 10 0.13)

—0.41 (~0.57 to —0.24)
—0.03 (~0.04 to —0.03)
0.01 (~0.03 t0 0.04)
~0.10 (=0.12 to —0.08)
—0.04 (—0.05 to —0.03)
—0.06 (—0.07 to —0.04)
—0.02 (—0.04 to 0.00)
—0.14 (—0.24 to —0.05)
—0.03 (—0.05 to —0.01)
—0.01 (—0.02 to 0.01)
—0.24 (—0.28 to —0.20)
—0.01 (—0.02 to 0.01)
0.00 (~0.02 t0 0.01)
0.11 (0.08 t0 0.14)
—0.06 (~0.12 to 0.00)
—0.20 (~0.22 to —0.18)
~0.11 (~0.13 to —0.09)
—0.07 (~0.09 to —0.05)
—0.22 (~0.27 to —0.18)
—0.26 (—0.32 to —0.20)
—0.01 (—0.06 to 0.03)

Ul, uncertainty interval; ASR, age-standardized incidence rate; Cl, confidential interval; EAPC, estimated annual percentage change.
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were based on laboratory findings, except late syphilis, which
was ascertained from administrative data using ICD-9.093-
095 and ICD-10A52 and 198.0. For chlamydia, gonorrhea, and
trichomoniasis, the reference case definition was diagnosis with a
nucleic acid amplification test (NAAT). For all STTs, sources were
excluded if the sample population was drawn exclusively from a
high-risk group (e.g., HIV-positive, men who have sex with men
[MSM], or sex workers).

For all STIs excluding genital herpes, the datasets were
supplemented with a manual search of national ministry of
health websites, antenatal clinic surveillance reports, data from
the GBD collaborator network, and case-notification data from
locations where centralized reporting was mandatory. The genital
herpes dataset was only supplemented by sources from the GBD
collaborator network. With regard to specific STIs, details on
the flow chart, definitions, input data, and modeling strategy are
available in the online Supplementary Appendix 1 of the GBD
2019 (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7567026/
bin/mmcl.pdf) (19). The human development index (HDI)
values of all nations were collected from the World Bank (http://
hdr.undp.org/en/composite/trends).

Statistical Analysis

Incident cases of all STIs from 1990 to 2019 were summarized.
According to the previous study, the estimated annual percentage
change (EAPC) is a summary and widely used measure of
the ASR trend over a specified interval. ASR and EAPC were
calculated to estimate trends of STI incidence (22). ASR (per
100,000 persons) was calculated using the following formula:

YOIy i
N

i=1 Wi

ASR =

Where «; and w; represent the age-specific rate and number
of people (or the weight) in the i age group, respectively.
N represents the number of age groups. The 95% uncertainty
interval (UI) was generated from 2.5% and 97.5% quantiles
extracted 1,000 times from the posterior distribution. To
summarize ASR trends over a specified interval, EAPC and its
95% confidence interval (CI) were calculated using the following
linear regression model (23, 24):

y=oa+px+e¢
EAPC = 100 x (f — 1)

where y = In (ASR), and x = calendar year.

An ASR was determined to represent a trend of increasing or
decreasing incidence over time if both the EAPC and its 95% CI
was above or below 0, respectively. To explore factors that may
influence EAPC, correlation analyses were conducted comparing
EAPC and ASR (1990), and HDI (2019), respectively, for each
included STI. The global, regional, and national incidence rates
of syphilis, chlamydia, gonorrhea, trichomoniasis, and genital
herpes were described using maps, including ASR in 2019, the
percentage change in incident cases, and EAPC in ASR from 1990

to 2019. Correlation analysis was used to estimate the p indices
and p values for the association of EAPC with HDI and baseline
ASR. The breakpoint was estimated by the change of p indices in
the smoothed curve. All data were analyzed using R software 3.6.0
(R Core Team, Vienna, Austria). A P value <0.05 was considered
statistically significant.

RESULTS

Incident Cases of STis

Globally, from 1990 to 2019, the total number of combined
incident cases of syphilis, chlamydia, gonorrhea, trichomoniasis,
and genital herpes increased by 58.15% from 486.77 (95%
CI 416.76 to 565.52) million to 769.85 (659.06 to 892.66)
million (country-specific details see Supplementary Table 7 and
Figures 1A,B). The group aged 30-34 years had the highest
number of incident cases in 2019. Except for the groups aged 10—
14, 15-19, 20-24, and >85 years, men had a higher incidence of
all STIs than women in 2019 (426.07 vs. 343.78 million, Table 1;
Figures 2A,B). The change in STT incidence varied considerably
between nations, with the most prominent increase observed in
Qatar (661.68%), United Arab Emirates (552.08%), and Maldives
(297.78%), and the most prominent decline observed in Georgia
(—36.64%). The largest number of incident cases occurred in
China (172.83 million), India (99.91 million), and Indonesia
(32.61 million) in 2019.

ASR and EAPC of STls

Globally, ASR of all STIs was 9,535.71 per 100.000 in 2019,
which was significantly heterogeneous across the world, with the
highest ASR in South Africa (21,759.56 per 100.000) and lowest
in Belgium (3,465.76 per 100.000) (Figure 1A). From 1990 to
2019, ASR of all ST1s globally decreased, with an EAPC of —0.04
(95% CI —0.09 to 0.01). However, this trend was not statistically
significant. EAPC for men and women was —0.04 (95% CI —0.09
t0 0.02) and —0.04 (95% CI —0.10 to 0.02), respectively (Table 1).
The largest increase in ASR was seen in Mexico (0.17,95% CI 0.12
to 0.22), while the most significant decreases were seen in Iraq
(—0.47,95% CI —0.56 to —0.38), Morocco (—0.46, 95% CI —0.52
to —0.41), and China (—0.42, 95% CI —0.59 to —0.25) from 1990
to 2019 (Table 1; Supplementary Table 7; Figure 1C).

In the analysis by geographic region, ASR was highest in
Southern Sub-Saharan Africa (19,973.12 per 100.000 in 2019),
Western Sub-Saharan Africa (17,033.30 per 100.000 in 2019), and
Oceania (14,285.59 per 100.000 in 2019). Significant decreases
in ASR from 1990 to 2019 were found in East Asia (EAPC =
—0.41; 95% CI —0.57 to —0.24), Southern Sub-Saharan Africa
(EAPC = —0.26; 95% CI —0.32 to —0.20), and High-income
North America (EAPC = —0.24; 95% CI —0.28 to —0.20). In the
analysis by SDI region, an increase in ASR from 1990 to 2019 was
only observed in high SDI regions (EAPC = 0.06, 95% CI 0.05
to 0.08).

Incidence of STls by Pathogenic Organism
Incident cases of each STI in 1990 and 2019 at the global
and regional levels are presented in Figures3, 4. Globally
in 2019, trichomoniasis incident cases outnumbered other
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FIGURE 1 | The global disease burden of STls excluding HIV for men and women in 204 countries and territories. (A) The ASR of STls excluding HIV in 2019; (B) The
relative change in incident cases of STls excluding HIV between 1990 and 2019; (C) The EAPC in STI ASR from 1990 to 2019 ASR, age-standardized rate; EAPC,
estimated annual percentage change; STls, sexually transmitted infections; HIV, human immunodeficiency virus.
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FIGURE 2 | Global STls incident cases by 20 GBD age groups. (A) Global STls incident cases by age for men and women combined in 1990 and 2019. For each
group, the left column presents case data from 1990 and the right column presents data from 2019. (B) Difference by gender in global STl incident cases by age in
2019 GBD, Global Burden of Disease; STls, sexually transmitted infections.

STIs, followed by chlamydia, gonorrhea, genital herpes, and
syphilis, accounting for 46.04, 30.21, 11.42, 10.49, and 1.83%
of total incident cases, respectively. These proportions were
relatively stable at the global and regional levels over time.
Among these STIs, the largest increase in the number of

incident cases was trichomoniasis (72.53%) from 1990 to 2019.
Globally, ASR of syphilis increased from 1990 to 2019, with
an EAPC of 0.16 (95% CI 0.06 to 0.26) (Table 1). However,
ASR decreased for chlamydia and gonorrhea, with an EAPC of
—0.21 (95% CI —0.36 to —0.06) and —0.14 (—0.19 to —0.08),
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FIGURE 3 | Number of incident cases of STls excluding HIV 1990-2019, stratified by SDI region. SDI regions with lower number of cases are magnified in the top-
right of the panel SDI, sociodemographic index; STls, sexually transmitted infections; HIV, human immunodeficiency virus.

respectively. ASR remained stable for trichomoniasis and genital
herpes, with an EAPC of 0.06 (95% CI 0.03 to 0.09) and
0.09 (95% CI 0.05 to 0.13).

ASR trends for each STI were significantly heterogeneous
across 5 SDI regions. The highest EAPC for syphilis was observed
in high-SDI regions and the Caribbean, for chlamydia in high-
SDI regions and western Sub-Saharan Africa, for gonorrhea in
low-middle SDI regions and Oceania, for trichomoniasis in high-
SDI regions and Oceania, and for genital herpes and in low-
middle SDI regions, southern Sub-Saharan Africa, and South
Asia (Figure 5A). Men had a larger increase in EAPC than
women for syphilis (0.43 vs. —0.30) and gonorrhea (0.07 vs.
—0.52). Detailed information of the incident cases, ASR, and
EAPC for each STI by age, gender, region, and country or
territory are presented in supplementary files.

Factors Associated With STls Incidence
Figures 5B,C show the correlation between EAPC and ASR in
1990 and HDI in 2019 for all five STIs and for each of the
204 included countries and territories. A significant negative
correlation (p=-0.25, P<0.001) was observed between EAPC
and ASR (in 1990) for any incident STI. A significant positive
relation was also detected between EAPCs and HDIs (p=0.26,
P<0.001). Countries and territories with higher HDI experienced
a more rapid increase in ASR from 1990 to 2019. These
correlations for each of the five included STIs are presented in
supplementary files.

DISCUSSION

To our knowledge, this is the first study to comprehensively
analyze the GBD database for trends in incidence of
chlamydia, gonorrhea, trichomoniasis, syphilis, and genital
herpes at global, regional, and national levels from 1990

to 2019. The incident cases of these five common STIs
increased by 58.15%, and ASR decreased by an average of
0.04% per year.

The trend in STI incidence over time was similar to that
of other diseases whose ASR has not substantially changed
(24). Global population growth appears to be the main reason
for the increase in the number of incident STI cases, which
increased by 25.7%, from 6.2 billion (6.0-6.3) in 2000 to 7.7
billion (7.5-8.0) in 2019, estimated by GBD 2019 Demographics
Collaborators (24-26). However, trends in the incidence of
these five STIs varied considerably by region and country. For
example, in low and low-middle income countries, the trend in
ASR for all STIs was mainly attributable to changes in syphilis.
Conversely, in high-middle income regions, the decreasing trend
in ASR of all STIs may be due to the decrease in the incidence
of chlamydia and gonorrhea. Notably, ASR of syphilis and
chlamydia was only found to be rapidly increasing in high
SDI regions, a trend also reflected in the significant positive
association between EAPC and HDI between 1990 and 2019.
EAPC was negatively associated with baseline ASR. The baseline
ASR in high-income countries was generally low, and lower
the baseline ASR may explain the positive EAPCs observed in
high SDI countries. It is critical to understand the exact trends
in STIs with specific pathogenic microorganisms to effectively
prevent STTs.

Significant increases in ASR of syphilis from 1990 to 2019
were found in male and high-SDI regions. The re-emergence
of syphilis has also been reported in upper-middle-income and
high-income regions, such as the United States (27, 28), Greece
(29, 30), Japan (31, 32), and the UK recently (33), which is
consistent with this study. Over the past decade, the incidence of
syphilis among MSM has increased markedly in many countries.
For example, the rate of primary or secondary syphilis among
MSM in the United States increased from 11.7 cases per 100,000
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population in 2014 to 18.7 per 100,000 in 2018 (34). A recent
meta-analysis reported that the global pooled prevalence among
MSM from 2000-2020 was 7.5% (35). Among MSM who are

receiving preexposure prophylaxis against HIV infection, the
incidence of syphilis is particularly high due to the increase in
condomless sex (36). Although the burden of syphilis in low-SDI
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regions is still heavy, the high-SDI regions are areas of concern.
Regular syphilis screening in the high-risk population, health
education, and management of sexual partners are necessary to
prevent the spread of syphilis.

Consistent with previous global estimates, we found the ASR
of chlamydia and gonorrhea were highest in the middle, high
middle-SDI countries and low middle, middle-SDI countries,
respectively (17). Globally, the trend in ASR of chlamydia and
gonorrhea decreased from 1990 to 2019. However, an increasing
trend in ASR of chlamydia was observed only in countries
with high SDI. Given that there are currently few data available
to monitor population-based chlamydia incidence over time,
the trends found in this study should be interpreted with
caution. The decreasing trend of chlamydia and gonorrhea in
specific populations has been reported in studies based on the
Spectrum-STI model or population surveillance in some regions,
such as Morocco, Washington State, Mongolia, and Western
Australia (37-40). The declines in gonorrhea and chlamydia
might be attributable to a combination of factors associated with
the expanded HIV/STT response, including improved treatment
coverage, improved reporting of cases treated, and a fall in
sexual risk behaviors, possibly in part due to testing and
counseling services for HIV (37). In GBD2019, the data used to
estimate the incidence of chlamydia and gonorrhea are mainly
derived from community surveillance data and cross-sectional
research data based on the laboratory-confirmed diagnosis.
Chlamydia and gonorrhea and are divided into asymptomatic
and symptomatic health states, based on assumptions about the
probability and duration of symptoms, including an estimate
of the proportion of experiencing epididymal-orchitis (19).
Chlamydia is a largely asymptomatic infection, and reported
incidence is highly dependent upon rates of test uptake,
particularly among asymptomatic persons at risk of infection.
In high SDI countries, governments are paying more attention
to screening for asymptomatic infection among sexually active
young adults, which may affect estimates of the incidence of
chlamydia, and partly explain the increase in incidence in
these countries.

ASR of trichomoniasis and genital herpes remained stable
across SDI regions from 1990 to 2019, with the highest rates
being reported in lower SDI regions. Africa and Asia remain
key areas for trichomoniasis and genital herpes prevention and
control, which are similar to previous global surveys (17, 41). The
WHO global and regional estimates for 2012 and 2016 suggested
that trichomoniasis was especially common in low-income areas
(17). Unlike the other four STIs, included in this study, women
are more susceptible to genital herpes than men. Since many
women of childbearing age have been or will be infected with
HSYV, the risk of transmission from mother to fetus or newborn
is a major health problem (42, 43). Neonatal herpes infection
is not a reportable disease, which may be why there is a high
incidence of genital herpes among people aged 10-14 years in this
study. Current epidemiological evidence suggests genital herpes
also increases susceptibility to HIV infection and may increase
HIV infectiousness in people living with HIV (44-46). However,
due to the lack of data or case reports on these two STIs to

investigate trends in incidence over time at national and global
levels, making it is difficult to compare our findings to previously
published studies.

Our study has several limitations. First, this is a secondary
analysis of data extracted from the GBD 2019. The accuracy and
robustness of GBD estimates depend on the quality and quantity
of data used in its creation. Comparable studies are limited, so
more population-based studies are needed to externally validate
the findings of this study. Different sources of data in the input
DisMod models, which have been clarified in the method, may
hinder the comparison of the given STIs in this study. In order
to sex-split data sources reported for both sexes combined,
sources reporting for each sex separately were matched by age
and location for each STI. Log ratios between the prevalence of
each STI in females and the prevalence of each STI in males
were input into MR-BRT to estimate an adjustment factor.
An adjustment factor to split both sex data points into sex-
specific data points was calculated for each STI, as pooled
values across all ages and geographies. Second, since limited
incidence data were available, estimates for a given infection
and region are therefore extrapolated from a small number
of data points, and ratios were used to generate estimates for
some regions. The incidence in areas where key populations
contribute disproportionately to sexually transmitted infection
epidemics may have been underestimated despite the applied
correction factor. Third, types of available tests have changed
over time or are different across countries and regions. Nucleic
acid amplification tests are more sensitive and specific than
older techniques and are more commonly used in high SDI
countries. In the absence of data on which tests were used,
it is difficult to determine if changes over time or differences
between locations are true or reflect differences in tests used.
Fourth, many other STIs excluding HIV, are not included in the
current study. Fifth, the age patterns of the incidence in this
study should be interpreted with caution due to the different age
patterns and different estimation processes in the input DisMod
models for the incidence of different STIs. For example, GBD
2019 estimated the incidence of gonorrhea and chlamydia in
a custom process outside of DisMod. Finally, the effect of the
different health systems across different countries or regions was
not evaluated.

The global estimates of the incidence trends of STIs are
important in the first strategic direction of the WHO Global
Health Sector Strategy. Currently, the Spectrum-STI estimation
tool is often used to estimate the trend of national STI incidence
(17, 47, 48). Compared with the GBD study, systematic reviews
in the Spectrum-STT are updated, and its age group and gender
data are more accurate (17). However, due to the large differences
in the quality of the data included between different countries, it
may affect the comprehensive comparison of global trends. The
systematic literature reviews for incidence input data on STIs
in GBD 2019 were completed on April 17, 2015 (19). Although
the data processing and modeling strategy were different, it
still needs to be updated. Despite the use of correction factors
in a representative sample of the general population, such
as age groups and sex ratios, the quality of studies on the

Frontiers in Medicine | www.frontiersin.org

34

March 2022 | Volume 9 | Article 851635


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Fu et al.

Incidence Trends of STls

incidence of STIs needs to be improved. The comparison between
GBD2017 and GBD2019 in this study shows that the difference
in EAPC is essentially <0.1, and the reason for the difference
can be found on the official website of GBD 2019 (http://
ghdx.healthdata.org/gbd-2019). The process of generating future
incidence estimates can be made more effective through
continuously updated systematic reviews and continuously
optimized model strategies. More population-based national
monitoring data are needed to verify the accuracy of GBD
estimates in STIs.

STIs remain a major public health concern globally. Efforts
to combat STIs in lower-income countries are commendable.
Estimates of incidence trends are essential for effective control
of STIs, optimization of primary and secondary prevention
strategies, including enhanced screening programs in high-
risk regions, active health promotion, and construction
of comprehensive STI surveillance networks. Despite the
weaknesses, this study will fill a gap where actual data on STIs
burden are sparse or unavailable.
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Several recent studies have focused on the identification, functional analysis, and
structural characterization of outer membrane proteins (OMPs) of Treponema pallidum
(Tp). The Tp species encompasses the highly related pallidum, pertenue, and endemicum
subspecies of this pathogen, known to be the causative agents of syphilis, yaws, and
bejel, respectively. These studies highlighted the importance of identifying surface-
exposed OMP regions and the identification of B-cell epitopes that could be protective
and used in vaccine development efforts. We previously reported that the TprC and TprD
OMPs of Tp are predicted to contain external loops scattered throughout the entire length
of the proteins, several of which show a low degree of sequence variability among strains
and subspecies. In this study, these models were corroborated using AlphaFold2, a state-
of-the-art protein structure modeling software. Here, we identified B-cell epitopes across
the full-length TprC and TprD variants using the Geysan pepscan mapping approach with
antisera from rabbits infected with syphilis, yaws, and bejel strains and from animals
immunized with refolded recombinant TprC proteins from three syphilis strains. Our
results show that the humoral response is primarily directed to sequences predicted to be
on surface-exposed loops of TprC and TprD proteins, and that the magnitude of the
humoral response to individual epitopes differs among animals infected with various
syphilis strains and Tp subspecies. Rather than exhibiting strain-specificity, antisera
showed various degrees of cross-reactivity with variant sequences from other strains.
The data support the further exploration of TprC and TprD as vaccine candidates.
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TprC/D B-Cell Epitope Mapping

INTRODUCTION

The human treponematoses (syphilis, yaws, and bejel) are caused
by a group of highly related pathogens classified as subspecies of
the spirochete bacterium Treponema pallidum (Tp). Classically,
the pallidum subspecies is said to causes syphilis, while the
pertenue and endemicum subspecies are regarded as the causes
of yaws and bejel, respectively (1), although the modes of
transmission and the clinical manifestations may overlap
among subspecies. These diseases are still a concern for public
and global health, as they continue to result in substantial
morbidity and mortality worldwide. According to the World
Health Organization, the global prevalence of syphilis is ~20
million cases, with an incidence of ~6.3 million new cases every
year (2). Although most of these infections occur in low- and
middle-income countries, syphilis has resurged also in
industrialized nations (3-7). If left untreated, syphilis can
progress to affect the cardiovascular and central nervous
systems of patients, potentially leading to death (8).
Additionally, vertical transmission of syphilis is estimated to
account for ~1/3 of stillbirths in sub-Saharan Africa (9, 10). Past
public health initiatives to eliminate syphilis and congenital
syphilis promoted by the CDC and WHO (11, 12) have
significantly aided in reducing syphilis incidence and in
generating awareness of this disease, but have not achieved
their intended elimination goals. Compared to syphilis, less
accurate epidemiological data are available on yaws and bejel
(13). While the ongoing yaws elimination campaign in Asia and
Africa using mass administration of azithromycin has
demonstrated promising results (14), such efforts could be
undermined by the spreading of macrolide resistant Tp subsp.
pertenue, as recently demonstrated in Papua New Guinea (15).
Foci of bejel have been reported in the last two decades, mostly in
the Near East and Sahelian Africa (16-19), and bejel strains have
recently reported to be transmitted sexually (20).

The chance of success of current and future control
campaigns for all treponematoses would significantly increase
if effective vaccines were available (21, 22). The most rational
approach to vaccine development for these infections requires a
clear understanding of the type of immune response that is
protective and the identification of suitable candidate antigens to
be tested in a pre-clinical animal model (21, 22). Furthermore,
because there is very limited or no cross-immunity between
subspecies of Tp and only sporadic cross-immunity between
syphilis strains (23, 24), the identification of antigenic differences
in potential vaccine candidates among subspecies and strains is
of pivotal importance, as such differences could be key to
devising a broadly protective vaccine (22). There is consensus
that vaccine candidates are most likely to be found among these
spirochetes’ surface-exposed antigens, such as (but not limited
to) integral outer membrane proteins (OMPs). Integral Tp OMPs
will necessarily contain a membrane-embedded B-barrel domain
composed of antiparallel B-strands joined together by loops that
alternatively protrude toward the extracellular environment or
the periplasm (25). Because Tp clearance from early lesions is
dependent on opsonophagocytosis of Tp cells by activated
macrophages (26, 27), the identification of surface-exposed

epitopes that can be targeted by immunization to induce
opsonic antibodies and promote macrophage activation is key
to vaccine development. Such tasks, however, have been
historically challenging due to the inability to steadily
propagate the Tp subspecies in vitro, which was only recently
achieved (28), and also because of the uncommon fragility and
limited protein content of these spirochetes” OM (29, 30). These
limitations have been partially overcome by the ability to predict
in silico OMP-encoding genes and the structure of their encoded
proteins, enabling investigation using structural and functional
experimental approaches (31, 32).

Among Tp putative OMPs identified to date, there are several
members of the T. pallidum repeat (Tpr) family of paralogous
proteins, including TprC and TprD (encoded by the tp0117 and
tp0131 genes in the reference Nichols strain, respectively) (33);
these are reported to have OM localization and porin activity
(34, 35). These paralogs have been identified as vaccine candidates
by past studies in which it was demonstrated that the N-terminal
conserved region of these antigens elicited strong antibody and
T-cell responses during infection, and immunization with this
region attenuates syphilitic lesion development upon infectious
challenge (36). In this study, we examine the protein sequence
variation in TprC and TprD among T. pallidum strains and
subspecies, and predict, then confirm, the locations of B cell
epitopes using antisera from infected and immunized rabbits.
Variant specificity and cross-reactivity are analyzed so that
epitopes with broad coverage among strains and subspecies can
be identified for future evaluation as vaccine antigens.

RESULTS

Sequence Analysis of TprC and

TprD Variants

Although the TprC and TprD proteins are identical in the Nichols,
Chicago, and Bal73-1 strains, allelic variants of TprC and TprD
exist among syphilis strains and the three Tp subspecies (35, 37).
Among the treponemal strains used in this study (Figure 1), four
alleles were found at the #prD locus, which include the reference
tprD allele (found in the syphilis Nichols, Chicago, and Bal73-1
strains), and the tprD2 allele (found in the syphilis strains
MexicoA, Sea81-4, Bal3, and UW249) which encodes the TprD,
protein (35). Also the subsp. pertenue SamoaD strain and subsp.
endemicum IragB strains harbor a tprD, allele in the prD locus,
but their TprD, amino acid sequences differ from the subsp.
pallidum TprD, sequence due to five amino acid substitutions
scattered throughout the length of the protein (Figure 1) (35).
TprD2 has four unique regions that differentiate it from the
reference TprD sequence. These include a large central region of
110 amino acids and three smaller regions toward the COOH-
terminal end of the protein (Figure 1) (35). As previously
reported, the tprC locus of MexicoA, Sea81-4, and Bal3 encodes
a TprC variant with a limited number of amino acid (aa) changes
(15 aa for MexicoA, 9 aa for Sea81-4, and 9 aa for Bal3) compared
to the reference TprC found in Nichols, Chicago, and Bal73-1
strains (Figure 1) (35). The TprC protein of the pertenue and
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FIGURE 1 | Alignment of amino acid sequences of the TprC and TprD/Ds variants. Tp. subsp. pallidum strains (Nichols, MexicoA, Sea81-4, Bal3, and UW249) are
indicated in red font on the left of the sequence. The Tp subsp. pertenue strain (SamoaD) is in green font, and the Tp subsp. endemicum (IragB) strain is in blue font.
The Chicago and Bal73-1 TprC and TprD sequences (not shown) are identical to the Nichols strain. The MexicoA, Sea8-14, Bal3, UW249, SamoaD, and IragB
strains harbor a TprD, variant within the {prD locus. CSP, predicted cleavable signal peptide; ExL, External Loop. Amino acids encompassing the ExLs predicted by
AlphaFold2 are highlighted in red with yellow text only in the top sequence. DVR, Discrete Variable Region. DVRs are highlighted in black along the ruler. *Indicates a
DVR found in TprD, but not TprC and TprD variants.
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endemicum strains studied here also shows limited amino acid
changes compared to the reference TprC (31 aa for SamoaD and
26 aa for IraqB; Figure 1), albeit higher compared to the subsp.
pallidum strain (35). We previously reported that TprC and TprD/
D, sequence variation does not occur randomly, but rather is
localized in discrete variable regions (DVRs; Figure 1) (35). When
TprC and TprD variants are compared (with the exclusion of
TprD,), seven DVRs are found throughout the protein sequence,
while 8 DVRs can be identified within the TprD, sequences
(Figure 1). To obtain predictions of TprC and TprD, structures
from their amino acid sequences (Figure 1) and map the DVRs on
these models, we used the recently developed AlphaFold2 software
(https://AlphaFold.ebi.ac.uk/) (38). These new models revealed
remarkably similar structures for TprC and TprD, and identified
these proteins as relatively large B-barrel integral OMPs of 20 3-
strands connected by ten external loops (ExLs, protruding toward
the extracellular milieu), and nine periplasmic loops (Figure 2).
Elevated structural identity of the transmembrane region was also
supported by a 0.75 backbone root-mean-square deviation
(RMSD) score (Figure 2A). The local model quality, indicated
by the Predicted Local Distance Difference Test (pLDDT) value
was high in the transmembrane and periplasmic loop regions, and
slightly lower in the predicted ExLs, suggesting conformational

flexibility (Figure 2B). Except for two substitutions (aa 407 and
410 mapping to a periplasmic B-turn), all DVRs localized within a
subset of the surface-exposed ExLs (Figure 2C). More specifically,
DVRs were located in ExL1, ExL5-6 and ExL8-10 of the TprC and
TprD, models; while ExL.2-4 harbored conserved loops. ExL6 is
also conserved between TprD, sequences from various isolates,
although its shows only 60% of sequence identity to the ExL6 of
other TprC and TprD variants (Figure 1). DALI software (39) and
PDB analyses to identify structurally similar porins (Table SI)
showed that the highest-scoring structures did not contain the
exact number of 3-strands predicted by AlphaFold2 for TprC and
TprD, B-barrels, but slightly higher or slightly lower, but well
within the models of integral OMPs with no large periplasmic
domains. These results suggest that these Tpr proteins belong to a
new family of porins not yet represented in the PDB database.
In silico prediction of B-cell epitopes using BepiPred2.0
(http://www.cbs.dtu.dk/services/BepiPred/), IEDB (https://
www.iedb.org/), and BCpreds (http://ailab-projectsl.ist.psu.
edu:8080/bcpred/data.html) (Tables S2-S5 and Figure S1)
showed that the putative TprC and TprD ExLs were also
enriched in immunogenic epitopes. Therefore, it is possible
that the antigenic variability in the ExLs regions has functional
significance in immunity to the T. pallidum subspecies.

TprC

RMSD: 0.75 A
(beta-barrel)

Discrete Variable Regions (DVRS)

based on Figure 1 alignments are predicted to be in ExL1, ExL5-6 and ExL8-10.

pLDDT

External loops

FIGURE 2 | Predicted structures of TprC and TprD, using AlphaFold2. TprC and TprD, sequences were obtained from the Sea81-4 genome (NZ_CP003679.1/
CP003679.1). (A) Both TprC and TprD. are predicted to fold into similar 20-strands beta-barrels structures. The predicted structures are nearly identical in the
transmembrane region (backbone RMSD = 0.75). (B) Compared to the scaffolding, slightly lower confidence in the structural models for TprC and TprD, are seen in
the external loop regions based on the per-residue model confidence (pLDDT) mapped on the predicted TprC and TprD, structures, suggesting structural flexibility
for these regions. Noteworthy, however, is that the largest loop (ExL7) is predicted to have a similar helical-rich structure in both TprC and TprD.,. Full pLDDT analysis
for TprC and TprDs is reported in Figure S3. (C) The DVRs (in red on the TprC model structure) identified by aligning TprC and TprD. sequences of different strains
(Figure 1) mostly localize in the predicted extracellular loops. (D) AlphaFold identified ten surface-exposed external loops (ExLs). Discrete variable regions (DVRs)
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To validate the B-cell epitope prediction and evaluate the cross-
reactivity of these epitopes across species and strains, we
performed experimental B-cell epitope mapping of the TprC,
and TprD/D, proteins with a Geysan pepscan approach based on
overlapping synthetic peptides (40) using sera from animals
infected with Tp subsp. pallidum, Tp subsp. pertenue, and Tp
subsp. endemicum strains. Furthermore, we compared antibody
reactivity in sera from infected rabbits with that of sera from
rabbits immunized with a subset of full-length refolded
recombinant TprC proteins.

Humoral Responses to Homologous

TprC and TprD/D, Peptides in
Experimentally Infected Rabbits

Groups of three laboratory rabbits were infected intratesticularly
(IT) with one of seven syphilis strains (Nichols, Chicago, Bal73-
1, MexicoA, Sea81-4, Bal3, and UW249), one yaws strain
(SamoaD), and one bejel strain (IragB). From these animals,
serum samples were obtained at day 30, 60, and 90 post-
infection. Pooled sera from animals in each infection group/
time point were tested in ELISA to assess reactivity to
homologous overlapping synthetic peptides (20-mers
overlapping by 10 amino acids) representing the TprC and
TprD/D, variants previously identified in each strain. The full
list of synthetic peptides used in this study, with amino acids
encompassing predicted ExLs highlighted in red with yellow text,
and percentage amino acid homology among peptides across
strains is shown in Table S6. Peptide nomenclature is explained
in Table S6 footnote. Cumulative absorbance data from the three
timepoints (sum of the mean absorbance values for day 30, 60, 90
values for each infected rabbit group) are reported in
Figures 3A-C. Epitope mapping studies of the NH,-terminal
portion of the protein resulted in the identification of six highly
reactive peptide regions (Figure 3A) representing sequences
shared by all TprC and TprD genes in the studied subspecies
pallidum strains: C1-C3, C6, C13-C14, C18, C20, and C25-C29.
Based on AlphaFold2 structural predictions, 9 of these 13
peptides had at least 7 amino acids mapping to the predicted
external loops of the protein, while only four reside in predicted
transmembrane scaffolding and periplasmic loop regions (Cl1,
C6, C20 and C25; Figure 1A and Table S7). It is noteworthy that
all three B cell epitope prediction programs uniformly predicted
all six of the experimentally determined epitope-containing
regions of the NH,-terminal portion of the subspecies pallidum
TprC and D proteins (Tables S2-S5 and Figure S1).

Several epitopes were also identified in the COOH-terminal
region of these proteins, and corresponded to peptides the same
regions in pallidum and non-pallidum subspecies: C46 and C47
homologs from Nichols (Figure 3A and Table S§7), SamoaD (S-
C46, S-C47; Figure 3B and Table S7) and IragB (I-C46, I-C47;
Figure 3B and Table S7), C51 homologs from Nichols (N-C51),
SamoaD and iragB (S/I-C51) (Figures 3A, B and Table S7); and
C53-C55 homologs from Nichols, Bal3/Sea81-4 (Figure 3A and
Table S7), and IraqB (Figure 3B and Table S7). Similarly, the
C43, and D45-D47 (ExL8) peptides, mapping to the TprD,
COOH-terminus were found to contain B-cell epitope(s)

(Figure 3C and Table S7). Additional TprD, peptides found
to be reactive were D33-D35 (ExL6), I-C39, D40-41 (ExL7), C49,
and D51 (ExL9). In our 3D models of these proteins, all the
reactive peptides in the COOH-terminus fall within predicted
ExLs (Tables S6-S7 and Figure 1), except for C43, most of I-C39
(75%), C49, and C53, which are predicted transmembrane
scaffolding sequences. Of these “scaffold epitopes”, only one
(C43) was predicted by a B-cell prediction program (Tables
$2-S5 and Figure S1).

The percentage of immune sera that showed reactivity to
many of the peptides was variable. For example, peptides C3, and
C13 were recognized by rabbits infected with 28% of the Tp
subsp. pallidum strains; peptides C1, and C27 were recognized by
rabbits infected with 42% of the strains; peptides C14 and C28
were recognized by rabbits infected with 57% of the strains; C6
was recognized by rabbits infected with 71% of the strains; and
peptides C2 and C18 were recognized by rabbits infected with
85% of the Tp subsp. pallidum strains (Figure 1). Overall, based
upon the AlphaFold2 models, these results show that humoral
reactivity elicited to these Tpr antigens during experimental
infection is directed primarily to predicted surface-exposed
regions of the TprC/D and TprD, proteins.

Reactivity to Non-Homologous TprC and
TprD, Peptides

Epitope mapping using short peptides based on the TprC and
TprD/D, sequences from multiple Tp strains and sera from
infected animals also allowed us to investigate cross-reactivity
to non-homologous peptides to determine the fine specificity of
the antibody response to these antigens. Such analyses focused
on peptides mapping to the proteins’ COOH-terminal regions,
due to the higher sequence variability in this region, compared
to the more conserved NH,-terminal region (Figure 1). Major
variable regions include peptides C46 - C47 (mapping to the
predicted ExL8), C51 (ExL9), and C55 (ExL10) (Figure 1 and
Tables S6-S7). Four distinct variants of each of the C46, C47,
and C55 peptides, and three variants of C51, representing all
sequences found in the strains studied here, were tested against
all nine pools of immune sera obtained at day-90 post-
experimental infection.

As shown in Figures 4A-D, very few sera were reactive only
to their homologous peptide. For example, the Bal73-land
SamoaD antisera were primarily reactive only to their own C46
sequences (Figure 4A), although the Bal73-1 antiserum showed
a very modest reactivity to the IragB peptide variant (Figure 4A).
When reactivity against the C47 peptide was analyzed, the
Chicago, Bal73-1 sera reacted only to their own peptide, the
IragB antiserum reacted to all variants but the SamoaD peptide,
and the Sea81-4 serum only saw the Nichols C46 variant, but not
its homologous peptide. (Figure 4B). Only Chicago, Bal73-1, and
SamoaD sera showed complete strain-specificity for the C51
peptides (Figure 4C), while none of the sera reactive to C55
showed complete strain-specificity (Figure 4D). When tested
against TprD2 peptides, most antisera did not show any
reactivity. There were, however, two exceptions, as the Chicago
sera cumulatively showed reactivity to the D34 and D47 peptides,
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FIGURE 3 | Reactivity of sera from experimentally infected animals to homologous peptides representing the TprC, TprD and TprD, variants. (A) Reactivity to
homologous peptides spanning TprC and TprD proteins of sera from rabbits infected with Tp subsp. pallidum (Nichols, Chicago, Bal73-1, MexicoA, Sea81-4, Bal3,
and UW249B) collected at day 30, 60, and 90 post-infection. Nichols, Chicago, and Bal73-1 sequences are identical. (B) Reactivity to homologous peptides
spanning TprC variants of immune sera from groups of rabbits infected with Tp subsp. pertenue (SamoaD) or Tp subsp. endemicum (IragB) strains collected at day
30, 60, and 90 post-infection. (C) Reactivity to homologous peptides spanning TprD and TprD. variants of sera collected at day 30, 60, and 90 post-infection from
all TprD,-containing Tp subspecies and strains studied here. Cumulative Absorbance values are the sum of the mean OD values obtained from all animals in the
infection group at all three time points. Boxed peptides contain at least seven amino acids (35% of the peptide length) belonging to a predicted ExL. Strain names on
x axis are abbreviated as follows: N, Nichols; M, MexicoA; Sea, Sea81-4; B, Bal3; U, UW249; S, SamoabD; |, IragB.
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FIGURE 4 | Reactivity of sera from experimentally infected animals to homologous and non-homologous peptides C46, C47, C51, and C55. Humoral reactivity of
day-90 sera from experimentally infected animals to homologous and non-homologous TprC peptides. (A-D) reactivity to C46, C47, C51, and C55 variants. Strain
names on x axes are abbreviated as follows: N, Nichols; M, MexicoA; Sea, Sea81-4; B, Bal3; U, UW249; S, SamoaD; |, IragB.

with OD values of 3.6 and 6.6, respectively. However, only the
D47 peptide was consistently recognized at all time points, while
D34 was recognized only at day 60. Overall, these data indicate
that cross reactivity is possible, and perhaps suggest that
immunization with a given sequence might generate cross-
reactive antibodies able to overcome the obstacle of sequence
diversity among TprC epitopes, a feature that is desirable in
vaccine development as they may be broadly opsonic
or neutralizing.

Humoral Response to TprC Peptides
Following Rabbit Immunization With
Full-Length Refolded Antigens

Refolded antigens, analyzed using circular dichroism (CD), were
found to have a B-pleated sheet component of about 48% for all
three antigen variants. Random coil was also found to be 48% of
the protein structure, while only 4% was identified as alpha
helices. Epitopes recognized following immunization with any of
three recombinant full-length TprC variants from Tp subsp.

pallidum strains (Nichols/Chicago/Bal73-1, Sea81-4/Bal3, and
MexicoA) were also identified to evaluate differences with
infection-induced antibody responses. Results showed that sera
from animals immunized with the Nichols TprC sequence were
highly reactive to peptides C1-C3, C6 and C47, and moderately
reactive to peptides C5, C9, C16-18, C28, C32, C34-C35, C53 and
C55 (Figure 5A). Of these 16 peptides, six mapped almost
exclusively to putative surface-exposed loop regions (C28, C32,
C34, C35, C47, and C55), five (C1, C5-C6, C16, and C53)
mapped to predicted transmembrane scaffolding sequences,
while five peptides (C2-C3, C9 and C17-C18) contained both
surface-exposed loops and scaffold regions. Sequences of these
peptides and location in the predicted protein models are
reported in Table S8. When tested against non-homologous
peptides (Figure 5B), the Nichols TprC-immunized sera
strongly recognized the SamoaD/IragB C2-C3 variants, and all
three heterologous C47 variants (SamoaD, Iraq B, and Sea81-4),
while modest reactivity was seen towards the MexicoA/UW249
C55 peptide variant, the SamoaD/IraqB C34, and both C26
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FIGURE 5 | Humoral reactivity to TprC peptides following immunization with refolded recombinant full-length TprC antigens. Reactivity to TprC homologous (left

panels) and non-homologous peptides (right panels) in sera from rabbits immunized with Nichols (A, B), Bal3 (C, D), and Mexico A (E, F) variants of TprC. Asterisk
(*) indicates significant reactivity compared to no antigen control. Peptides encompassing sequences predicted to be within ExLs are boxed. Peptide sequence and
homology among strains are reported in Table S$6. Strain names on x axes are abbreviated as follows: N, Nichols; M, MexicoA; Sea, Sea81-4; B, Bal3; U, UW249;

variants from SamoaD and IraqB (Figure 5B). Immunization
with the Bal3 variant of TprC elicited high reactivity to peptides
C1-3, C6, and C13, and moderate reactivity to peptides C7, C16-
18, C20, C43, C47, and C49 (Figure 5C and Table S8). Of these
thirteen peptides, six (C2-C3, C13, C17-C18, and C47) mapped
predominantly to ExLs, and seven (Cl1, C6, C7, C16, C20, C43,
and C49) predominantly to the protein transmembrane
scaffolding (Table S8). Cross-reactivity to non-homologous
peptides was seen predominantly to the SamoaD/IraqB C2 and
C3, IragB C22, and all variants of C47 and C51 (Figure 5D).
Antisera from rabbits immunized with the MexicoA TprC

variants primarily recognized homologous peptides C1-3 and,
secondarily, C5, C6, and C28 (Figure 5E). Of these six, one
peptide mapped to the predicted ExL6 (C28), three mapped only
to the transmembrane scaffolding (C1, C5-C6) and two mapped
to a peptide predicted to contain portions of both (C2-C3)
(Table S8). Cross-reactivity to the non-homologous SamoaD/
IragB C2 and C3 was also detected (Figure 5F). Overall, these
data show that, as seen in infection-induced antibody responses,
the humoral response following immunization with full-length
TprC variants is mainly elicited by predicted surface-exposed
sequences, rather than sequences mapping to the [B-barrel
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transmembrane scaffolding, and that cross-reactivity to non-
homologous peptides is possible.

A side-by-side comparison of the infection- vs.
immunization-induced humoral response to peptides is shown
in Figure 6. For this comparison, the mean value of the
cumulative reactivity seen in sera at day 30, 60, and 90 sera
post-experimental infection is shown for each peptide. Sera from
immunized animals were obtained three weeks after the last
immunization. All sera were tested at the same dilution. In
general, immunization-induced reactivity to most peptides
appeared to be higher than that elicited by experimental

infection; specific examples include C1-C3, C5, C9, C16-C17,
C28, C32, C34-C35, N-C47, and C53 peptides (Figure 6A). For
Nichols-clade T. pallidum strains (Figure 6A), which contain
identical tprC and tprD loci, this was most noticeable for epitopes
located in the NH,- and COOH-terminal regions of the protein.
In contrast, infection-induced antibody responses to epitopes in
the central part of the protein were comparable to or higher than
those induced by immunization. For TprD2-containing subsp.
pallidum strains (Figures 6B, C), immunization-induced
responses were limited to the NH,-terminal portion of the
protein (including ExL1-3) and virtually no immunization-
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FIGURE 6 | Comparison of reactivity of sera from infected animals vs. immunized animals. (A-C) Reactivity to peptides following immunization with TprC variants
compared to experimental infection. Data shown are means +/- SEM of 3 rabbits per group: 3 weeks post final boost (immunized) and mean +/- SEM of values for
days 30, 60, 90 post-infection (infected). Asterisk (*) indicates a significant difference in reactivity compared to the reactivity value following immunization. Peptides
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induced antibodies were detected for epitopes in the central and
COOH-terminal regions, although these were recognized by
infection-induced responses. Overall, these data support that,
in most cases, immunization elicits a higher reactivity to TprC B-
cell epitopes compared to experimental infection, particularly for
those epitopes located in the NH,-terminal portion of the
protein. These data support the preferential use of the amino
portion of TprC, which contains multiple conserved ExLs, for
vaccine studies.

DISCUSSION

The continuing prevalence of syphilis, in the face of highly effective
therapy and active control programs, highlights the need for a
protective vaccine. The development of such a vaccine calls for a
deeper understanding of the mechanisms of protective immunity
and the antigens and adjuvants that induce protection. Our
laboratories have been examining these issues for many years
(22, 31, 36, 41-48). Much of that work has focused on the Tpr
antigens of T. pallidum. In this current study, B-cell epitope
mapping studies of the TprC/D and TprD, proteins of Tp reveal
that antibodies arising during experimental infection recognize
sequences predicted, using state-of-the-art modeling systems, to
fall largely in the proteins’ surface-exposed loops. Because opsonic
antibodies are required for efficient ingestion and killing of T.
pallidum by macrophages, surface-exposed epitopes are attractive
targets as vaccine candidate antigens.

A broadly protective vaccine would need to be effective
against most strains of T. pallidum, optimally including the
agents of syphilis as well as the endemic treponematoses yaws
and bejel. Because some of the external loops of Tpr C/D and
TprD, demonstrate sequence heterogeneity among strains and
subspecies of T. pallidum, we expected that these epitopes might
be strain-specific, similar to the specificity demonstrated for the
variable regions of TprK (43, 45, 49). For this reason, we included
seven strains of Tp subsp. pallidum as well as strains from the
subspecies pertenue and endemicum in our work. Unexpectedly,
we saw cross reactivity of antibodies toward the variant peptides
(Figure 4). These findings support the use of TprC/D as at least
one component of broadly effective candidate vaccine. It was
intriguing that in two instances (Sea81-4 serum for C47; and
MexicoA serum for C55) antisera only recognized non-
homologous peptides (Figures 4B, D). In the case of the
Sea81-4 serum, reactivity was detected at day 30 post-infection,
but not the at later time points. For the MexicoA serum, one
could hypothesize that masking of key epitope residues occurred
for the non-recognized homologous peptide during absorption
to the ELISA plate which, in turn, could have reduced assay
sensitivity, as discussed for peptide arrays by Cretich et al. (50).

The AlphaFold2 structural predictions for TprC/D and
TprD,, as well as our CD analyses of purified refolded
recombinant TprC variants, support our model (35) that these
Tprs are membrane-localized 20-stranded B-barrel proteins
containing numerous surface-exposed loops. Very similar
models for TprC were previously obtained using I-TASSER

(51) (https://zhanggroup.org/I-TASSER/) (35). Interestingly,
when AlphaFold2 and I-TASSER results are compared, the
only difference is that I-TASSER splits ExL6 (Figure 1) into
two external loops separated by a -hairpin, so that I-TASSER
predictions harbor 11 external loops instead of 10. AlphaFold2,
on the contrary, predicts a significantly larger ExL6, mapping
approximately to the proteins’ central domains. AlphaFold2 is
the new standard for ab-initio structural prediction, and in the
2020 Critical Assessment of protein Structure Prediction (CASP)
global challenge, it outperformed any other structure prediction
algorithm, including I-TASSER (https://predictioncenter.org/
caspl4/zscores_final.cgi). Furthermore, in a recent preprint
(52), AlphaFold2 was shown to work well on structural
prediction for membrane proteins, although the exercise
focused mostly on alpha-helical membrane proteins, and
additional analyses are necessary to establish the same
benchmark for B-barrel proteins.

In previous work by Anand et al. (34, 53) significantly different
models for the TprC/D proteins were reported, compared to those
provided here. These models, however, are not supported by
AlphaFold2, which finds the structure of all Subfamily I and
Subfamily II Tpr family members to be very similar to the
structures for TprC/D and TprD, in Figure 2A. Although there
is not unanimous agreement on the structure of these antigens
within our scientific community, our epitope mapping data
support our AlphaFold2 models, predicting a predominantly -
barrel structure for TprC and TprD/D2 (34, 53). Further studies
and integration of all the structural, functional, and
immunological data are needed to establish a consensus on the
structure of these antigens until crystallographic (or equally
reliable) data become available.

This study also provides evidence that infection with different
strains might lead to differences in the breadth and intensity of
the humoral response against the same epitope, as reported
previously for responses to longer portions of the Tpr proteins
(54). It is the case, for example, of rabbits infected with the
Sea81-4 strain of Tp that overall recognize more TprC/D
peptides compared to other Tp subsp. pallidum strains. The
biological basis for these differences is unclear at this time, in part
due to the limitations of our understanding of Tp biology and
syphilis pathogenesis. As the technical gap in the approaches to
study this difficult pathogen narrows, and genomics, proteomics,
and transcriptomics data populate public repositories, more light
will be shed on the causes of differential reactivity. Overall,
however, it is plausible to postulate that enhanced serological
reactivity might be due to an overall increased expression of the
target antigen in each strain. This hypothesis is supported by
previous work where we showed the tprC mRNA level was higher
in the Sea81-4 strain compared to other Tp subsp. pallidum
strains (Nichols, Chicago, Bal73-1) used in this study (55).

Our studies further demonstrated that epitopes in TprC/D and
TprD, are nearly-uniformly distributed across the length of the
protein, even though the most reactive peptide epitopes are in the
NH,- and COOH-terminal regions. Previously published (36)
experiments have shown that both of these regions in the
Nichols TprC protein contain protective epitopes, as
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immunization with these antigen fragments significantly
attenuated lesion development upon infectious challenge (36),
and polyclonal antisera elicited by immunization with these
portions facilitated treponemal ingestion by macrophages in
opsonophagocytosis assays compared to normal rabbit sera (36).
Further work, however, will be necessary to identify which specific
surface-exposed sequences provide targets for opsonic antibodies,
which may not coincide with sero-dominant epitopes, as the
pathogen gains an obvious advantage by exposing to the
immune system epitopes with little or no protective value.
Assuming that differentially recognized peptides are located on
the antigens’ protective epitopes, one could hypothesize that
protective epitopes are immunologically sub-dominant during
natural infection, which, per se could represent an additional
strategy the pathogen uses to survive in the host despite the
immune response that naturally develops to these antigens. If
this was found to be the case, effort would need to be put into
outflanking and overcoming immunodominance to target
subdominant protective epitopes. Upon immunization, the
immunodominance hierarchy is established at the germinal
center, where B cells compete for the antigen through based on
binding affinity, and subsequently undergo clonal expansion to
become plasma cells or memory B cells (56). Controlling this
process to drive antibody responses to increase recognition of
subdominant protective epitopes would therefore be of primary
importance. A possible strategy, referred to as germline targeting,
relies upon the activation and expansion of rare but specific B cell
lineages in naive individuals (57, 58). For patients that are no
longer naive due to natural exposure to the pathogen, however, the
same outcome would need to be achieved by manipulating
established B cell immunodominance hierarchies and remodel
antibody responses toward more desired targets (57, 58).

Protective B-cell epitopes (contrary to T-cell epitopes) are
often conformational, and even when a significant portion of an
epitope appears to be a short linear peptide, as in our study, it
does not necessarily mean that the peptide represents the full
epitope or, if it does, that the sequence will not require a certain
conformation to elicit optimal bioactivity. For this reason, in the
immunization studies performed in this study, we used CD-
confirmed refolded recombinant antigens. The immunization-
induced antibodies generally identified the same epitopes seen in
infection, supporting the role of refolding in mimicking native
structure, but immunization also resulted in recognition of a
broader range of epitopes than seen during infection, including
transmembrane scaffolding regions. This is likely because the
scaffold regions are not shielded by the outer membrane in an
immunization setting and are thus more easily processed for
recognition. Thus, the design of vaccine immunogens is critical.
Possible approaches vary from placing epitopes within chimeric
antigens that could work as scaffold or, alternatively, using
portions of the protein containing protective epitopes as
structural elements of the antigen, or even using single B-
hairpins instead of the full-length antigens. The work reported
here represents an important step in evaluating TprC/D and
TprD, epitopes as part of the process that will lead to an effective
vaccine for syphilis.

MATERIALS AND METHODS

Strain Propagation and

Experimental Infection

Outbred adult male New Zealand White rabbits ranging from 3.0-4.0
Kg were obtained from R&R Rabbitry (Stanwood, WA). Prior to
entry into the study, serum from each animal was tested with both a
treponemal (FTA-ABS) and a non-treponemal (VDRL; BD,
Franklin Lakes, NJ) test to rule out infection with the rabbit
syphilis agent Treponema paraluiscuniculi. Only rabbits
seronegative in both tests were used for either propagation or
experimental infection for sample collection. Tp strains were
propagated by intratesticular (IT) inoculation and harvested at
peak orchitis as previously described (60). For experimental
infections, groups of three rabbits were infected IT with a total of
5x107 Tp cells per testis. In total, nine Tp isolates (one isolate per
rabbit group) were used: seven Tp subsp. pallidum isolates (Nichols,
Chicago, Bal73-1, Sea81-4, Bal3, MexicoA, and UW249), one Tp
subsp. endemicum (IragB) and one Tp subsp. pertenue (SamoaD)
(Table S9). Briefly, on the day of infection bacteria were extracted
from rabbit testes in sterile saline containing 10% normal rabbit
serum (NRS), and testicular extract was collected in sterile 15-ml
tubes. Extracts were centrifuged twice at 1,000 rpm (180 x g) for 10
minutes in an Eppendorf 5810R centrifuge (Eppendorf, Hauppauge,
NY) to remove gross rabbit cellular debris. Treponemes were
enumerated under a dark-field microscope (DFM) and percentage
of motile organisms was recorded. Extracts were then diluted in
serum-saline to the desired concentration (5x10”/ml). Following IT
injection, treponemal motility was assessed again to ensure that the
time elapsed before injection into the new host did not affect
pathogen viability. After IT inoculation, establishment of infection
was assessed by monitoring development of orchitis during the
following three weeks as well as by performing FTA-ABS and VDRL
tests on sera collected at day 30 post-inoculation. Immune sera were
collected from the animals at day 30, 60, and 90 post-infection.
Animals were then euthanized. Extracted sera were heat-inactivated
at 56°C for 30 min and stored at -20°C until use for ELISAs.

Amplification and Cloning of Full-Length
tprC Gene Variants for Expression of
Recombinant Antigens

Sequences for the tprC gene of Tp isolates (Nichols, Sea81-4, and
MexicoA) were previously cloned (35). For expression, the tprC
sequences were sub-cloned into the pET23b+ vector (Life
Technologies) between BamHI and HindIIl using the primers
C-S (5’-cgggatccgatgg gegtactcactcegea) and C-As (5-gcaagcttecat
gtcactttcattccac). For sub-cloning, the tprC ORF was amplified in a
100-pl final volume using 0.4 units of GoTaq polymerase
(Promega) with approximately 10 ng of DNA template. MgCl,
and dANTP final concentrations were 1.5 mM and 200 UM,
respectively. Initial denaturation and final extension (72°C) were
for 10 min each. Denaturation (94°C), annealing (60°C), and
extension (72°C) were carried out for 1 min each for a total of
35 cycles. Amplicons were purified, digested, and ligated into the
PET23b+ vector. As a result of cloning into pET23b+, 28 additional
amino acids were added to the TprC ORFs (14 NH,-terminal and
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14 COOH-terminal amino acids), including the COOH-terminal
6xHis tag for affinity purification. Ligation products were used
to transform OneShot TOP10 chemically competent E. coli cells
(Life Technologies) according to the provided protocol.
Transformations were plated on LB-Ampicillin (100 pg/ml) agar
plates for selection. For each cloning reaction, individual colonies
were screened for the presence of insert-containing plasmids using
primers annealing upstream and downstream of the pET23b+
vector poly-linker (T7 promoter and terminator primers). Positive
plasmids were extracted from overnight liquid cultures obtained
from replica colonies by using the Plasmid Mini kit (Qiagen,
Germantown, MD), and two to five clones for each strain were
sequenced to ensure sequence fidelity to the previously cloned
templates (35). For expression of recombinant antigens, a suitable
clone for each tprC gene variant was used to transform E. coli
Rosetta (DE3) competent cells (Life Technologies).

Expression, Purification and Refolding of
Recombinant Proteins

E. coli cells were grown overnight in LB media supplemented with
ampicillin (100 pg/ml). The following day, multiple flasks
containing 200 ml of auto-inducing media (61), were inoculated
with 20 ml of overnight culture in a 2-liter baffled flask and grown at
room temperature for 72 h at 175 rpm in a shaking incubator.
Expression of recombinant antigens in induced and un-induced
controls was assessed by immunoblot using a monoclonal anti-poly-
histidine antibody (Millipore-Sigma, diluted 1:2000) after SDS-
PAGE. Prior to purification, presence of the recombinant protein
in the soluble and insoluble cellular fractions was evaluated by SDS-
PAGE and immunoblot. Recombinant TprC purification was
carried on under denaturing conditions. Briefly, E. coli cell pellets
were resuspended in 5 ml/g of dry culture weight of binding buffer
(50 mM NaH,PO,, 10 mM imidazole, pH 8.0) w/o denaturing
agent, and the suspension was sonicated in ice with 100 pulses of 6 s
each, with each pulse being separated by 10-s intervals. Insoluble
components (containing the desired products) were precipitated by
centrifugation and resuspended in 5 ml/g of culture weight of
binding bufter (50 mM NaH,PO,, 5 mM imidazole, pH 8.0)
containing 6M Guanidine-HCl denaturing agent and sonicated
again as above. Insoluble components were precipitated again by
centrifugation and the supernates were saved. For affinity
chromatography, 5.0 ml of nickel-agarose (Ni-NTA agarose,
Qiagen) was packaged into a 1.5x14 c¢cm column (Bio-Rad,
Carlsbad, CA) and washed with 3 column volumes of molecular-
grade H,O and 6 column volumes of binding buffer + denaturing
agent. Cell lysate was then loaded, and the flow was adjusted to 1
ml/min. Unbound proteins were washed using 10 bed volumes of
binding buffer, followed by 6 column volumes of wash buffer (50
mM NaH,PO,, 20 mM imidazole, pH 8.0) containing denaturing
agent. Washing continued until the A,g of the flow through was
<0.01 AU. Recombinant TprC was eluted with 15 ml of elution
buffer (50 mM NaH,PO,, 300 mM imidazole, pH 8.0) containing
denaturing agent. Eluted fractions devoid of visible contaminants by
SDS-PAGE and Coomassie staining were pooled, and protein
concentration was assessed by micro-bicinchoninic (BCA) assay
(Thermo-Fisher). Pooled fractions were then dialyzed in PBS using
a 10 kDa MWCO Slide-A-Lyzer dialysis cassette (Thermo-Fisher)

over 12 hours, ensuring PBS change every ~4 hours. Precipitated
protein, resulting from elimination of Guanidine-HCl during
dialysis was transferred into microcentrifuge tubes and spun
down at full speed. After removing the supernate, the pellet was
resuspended in a volume of PBS containing 6M urea suitable to
achieve a protein concentration of ~4 mg/ml, and protein
concentration was then reassessed using the micro-BCA assay kit
(Thermo-Fisher). Prior to immunizations, urea was eliminated
using Profoldin (Hudson, MA) M7 renaturing columns for
membrane proteins, which were used according to the
manufacturer’s protocol. M7 renaturing columns were found to
provide the best yield when screened along with 19 other conditions
offered by Profoldin. Lipid composition of the elute buffer included
lysophosphatidylcholine (~5 mM), arginine (~150 mM), glycerol
(~10%), dodecyl maltoside (0.7 mM), and Tris-HCI (0.1 mM), pH
7.5). Following buffer exchange, soluble protein concentration was
evaluated using micro-BCA assay and analyzed by circular
dichroism (CD) to evaluate percentage of P-sheet, alpha-helix,
and random coil. CD spectra (190 to 260 nm) were acquired in
triplicate at room temperature using 0.5 mg/ml of recombinant
refolded TprC in a Jasco-1500 high-performance CD spectrometer.
CD spectra were analyzed using the online platform Dichroweb
(http://dichroweb.cryst.bbk.ac.uk/html/home.shtml) (62) and the
spectra from buffer alone for background subtraction.

Rabbit Immunization

Groups of three rabbits each were immunized with one of the
purified, refolded recombinant TprC variants. Rabbits were
injected with 125 ug of refolded protein every 3 weeks for a
total of three immunizations. Prior to injection, antigen was
mixed with an equal volume of in Titermax Gold Adjuvant
(Millipore-Sigma), a water-in oil emulsion containing squalene,
the block co-polymer CRL-8300, and a microparticle stabilizers
to obtain a final volume of 1 ml. Immunogen-adjuvant
preparation was performed according to the manufacturer's
instruction, and immunizations were performed via four 250
pl injections (each containing 31.25 ug of protein) into 4
intramuscular sites. Three weeks after the last boost,
immunized animals were deeply anaesthetized, bled through
cardiac puncture, and then euthanized.

ELISA Using Synthetic Peptides

Overlapping synthetic peptides (20-mers overlapping by 10 aa)
were designed to represent the sequences of all TprC and TprD/
D; loci present in each of the seven strains examined in this study
starting after the predicted signal peptide (AA 1-22; Figure 1 and
Figure 2). Only the C56 peptide and its variants (Table S6),
which represent the proteins’ COOH-terminus, were synthesized
as 26-mers. A total of 120 peptides (Table S6) were produced by
Genscript (Piscataway, NJ). Upon receipt, lyophilized peptides
were rehydrated in sterile PBS to a stock solution of 200 pg/ml.
Solubility of hydrophobic peptides was increased by adding up to
4% (v/v) DMSO per manufacturer’s instruction when needed
(peptides C1, C4-7, C10, C15-16, C20, C25, C38-C39, C43-44,
C53; Table S6). Reconstituted peptides were stored at -20°C until
use. For ELISA, peptides were further diluted to 10 plg/ml in PBS,
and 50 pl of working dilution (500 ng total) were used to coat the
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wells of a 96-well Microwell Maxisorp flat-bottom plate
(Thermo-Fisher, Waltham, MA) as previously described (44).
Absorbance was measured at OD,y5 using a Molecular Devices
SpectraMax Plus microplate reader (Molecular Devices, San Jose,
CA). A micro-BCA protein assay (Thermo Fisher) was
performed in plates coated with Ag and washed to
demonstrate that all peptides bound to the well surfaces in the
plates (data not shown). For each serum from each group, the
value of each replicate experimental wells minus background
reactivity (i.e., three times the mean of the wells tested with
pooled uninfected rabbit serum) was calculated and plotted. If
residual value for the No-antigen control wells was present after
subtraction, statistical significance was calculated with one-way
ANOVA with the Bonferroni correction of multiple comparisons
or t-test, with significance set at p<0.05. Except for figures
showing cumulative absorbance, graphs represent the mean +
SEM for triplicate wells tested with pooled sera from the 3 rabbits
in each group after background subtraction.

TprC/D and D2 Structure Modeling

We used the ColabFold interface (63) to construct Multiple
Sequence Alignments (MSA) for the TprC and TprD, query
sequences by searching UniRef30 (64), Mgnify (65) and
ColabFold sequence databases with MMSeq2 (66). The MSA
was used as input for structure prediction with AlphaFold2 (38)
using the default settings (template=False, amber_relax=False, 3
recycles). Visualization was performed using PyMol software
(https://pymol.org) (67).
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YTHDF1 Negatively Regulates
Treponema pallidum-Induced
Inflammation in THP-1 Macrophages
by Promoting SOCS3 Translation in
an m6A-Dependent Manner

Zhijia Li, Muzhou Teng, Yinbo Jiang, Litian Zhang, Xi Luo, Yuhui Liao * and Bin Yang*

Dermatology Hospital, Southern Medical University, Guangzhou, China

Background: Previous studies have confirmed that the bacterium Treponema pallidum
(TP) or its proteins provide signals to macrophages that induce an inflammatory response;
however, little is known about the negative regulation of this macrophage-mediated
inflammatory response during syphilis infection or the underlying mechanism. Recent
evidence suggests the role of the RNA modification, N6-adenosine methylation (M6A), in
regulating the inflammatory response and pathogen-host cell interactions. Therefore, we
hypothesized that m6A plays a role in the regulation of the inflammatory response in
macrophages exposed to TP.

Methods: We first assessed mBA levels in TP-infected macrophages differentiated from
the human monocyte cell line THP-1. The binding and interaction between the m6A
“writer” methyltransferase-like 3 (METTL3) or the m6A “reader” YT521-B homology (YTH)
domain-containing protein YTHDF1 and the suppressor of cytokine signaling 3 (SOCSS3),
as a major regulator of the inflammatory response, were explored in differentiated TP-
infected THP-1 cells as well as in secondary syphilitic lesions from patients. The
mechanisms by which YTHDF1 and SOCS3 regulate the inflammatory response in
macrophages were assessed.

Results and Conclusion: After macrophages were stimulated by TP, YTHDF1 was
upregulated in the cells. YTHDF1 was also upregulated in the syphilitic lesions compared
to adjacent tissue in patients. YTHDF1 recognizes and binds to the m6A methylation site
of SOCS3 mRNA, consequently promoting its translation, thereby inhibiting the JAK2/
STATS pathway, and reducing the secretion of inflammatory factors, which results in anti-
inflammatory regulation. This study provides the first demonstration of the role of m6A
methylation in the pathological process of syphilis and further offers new insight into the
pathogenesis of TP infection.
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INTRODUCTION

Syphilis is a sexually transmitted disease that is caused by
infection with the bacterium Treponema pallidum (TP). The
annual incidence of syphilis has increased in recent years, and its
prevalence has caused serious public health problems. TP can
invade the skin, mucosal membranes, and nerves, among other
sites, thereby causing multi-system damage (1). As an important
subpopulation of cells that are involved in the innate immune
response, macrophages bind to TP lipoprotein via the pattern
recognition receptor on the macrophage cell surface, which leads
to their self-activation and initiation of the immune response
(2, 3). Macrophages eradicate TP directly through phagocytosis
and the secretion of a large number of inflammatory cytokines
(4). In addition, the inflammatory cytokines secreted by
macrophages can further stimulate CD4+ T cells to produce
Thl-type cytokines, such as interferon (IFN)-y and tumor
necrosis factor (TNF)-o,, to indirectly eliminate TP (4), which
also occurs in syphilitic lesions (5, 6). As these TP infection-
induced immune responses can cause tissue damage,
macrophages may also negatively regulate the inflammatory
response upon TP stimulation through related pathways to
prevent overwhelming systemic inflammation. Our previous
study revealed that TP infection upregulated the expression of
the microRNA miR-101-3p, which inhibited the Toll-like
receptor 2 signaling pathway and reduced cytokine production
(7). However, few studies have focused on the negative regulation
of the inflammatory response in macrophages during syphilis
infection, and the underlying mechanism remains to be clarified.

N6-adenosine methylation (m6A) is the most abundant
mRNA modification, which plays an important role in the
regulation of various pathophysiological processes, including
the inflammatory response and immune regulation, and has
thus attracted widespread attention in recent years (8, 9). m6A
methylation is dynamically regulated by three regulatory factors
—writers, erasers, and readers. m6A methylation participates
several mRNA metabolic processes, including mRNA
degradation, splicing, folding, nucleation, and translation (10).
Writers, methyltransferase-like (METTL) 3 (METTL3),
METTLI14, and other methyltransferases form a protein
complex that modifies mRNAs via m6A methylation in the
nucleus. Moreover, demethylases (erasers), such as FTO and
ALKBHS5, can oxidize and remove some methyl sites (11, 12).
Subsequently, the readers, including members of the YT521-B
homology (YTH) domain-containing protein family (YTHDF1/
2/3 and YTHDC1/2) and heterogeneous nuclear
ribonucleoprotein (HNRNP) proteins, can recognize and
interact with m6A sites (11, 12). For example, YTHDF1
controls mRNA degradation and promotes translation
efficiency (10).

Given the importance of m6A methylation in the regulation of
genes that are involved in immune and inflammatory responses,
we hypothesized that this modification might also be involved in
the inflammatory response of macrophages during syphilis
infection. To test this hypothesis, we compared the levels of m6A
methylation in macrophages cultured in vitro with and without TP

infection, and the influence of TP infection on the changes in m6A-
related proteins. We further investigated the effect of TP infection
in macrophages using knockdown and overexpression experiments
of m6A-related proteins and examined the changes in the gene
expression profiles and impact of SOCS3 expression. SOCS3 is a
negative regulator of the JAK2-STAT3 pathway, which plays an
important role in inflammation and the response to infection.

MATERIALS AND METHODS

Cell Culture and Infection

THP-1 cells, a human monocyte cell line, were provided by Dr.
Chuncai Gu, PhD (Nanfang Hospital, Southern Medical
University, Guangzhou, China). THP-1 cells were grown in
culture media, containing RPMI 1640 media (HyClone, Logan,
UT, USA) supplemented with 10% fetal bovine serum (Gibco,
Australia) and 1% penicillin-streptomycin. Cells were grown in a
humidified 5% CO, atmosphere at 37°C. The culture media was
then supplemented with 100 ng/mL phorbol 12-myristate 13-
acetate (Sigma-Aldrich, St. Louis, MO, USA) and incubated for
24 h to induce the differentiation of the monocytes into MO
macrophages. The obtained macrophages were then cultured in a
media without penicillin-streptomycin. The cells were split into
two treatment groups cultured with TP (Nichols strain, kindly
provided by Yinbo Jiang, Dermatology Hospital, Southern
Medical University, Guangzhou, China) at a multiplicity of
infection (MOI) of 20:1 (TP:cell) or phosphate-buffered saline
(PBS) as the control group. The two treatment groups were
incubated for 24 h.

Small Interfering RNA (siRNA)-Mediated
Knockdown and Plasmid Transfection
YTHDFI1, METTL3, SOCS3, and control siRNAs (Sangon Biotech,
Shanghai, China) were transfected into THP-1 cells at a final
concentration of 10 nM using RNA MAX siRNA Transfection
Reagent (Invitrogen) according to the manufacturer’s instructions.
THP-1 cells were incubated at 37°C in a CO, incubator for 48 h,
and the transfection efficiency was evaluated using western
blotting analysis as described below. The siRNA sequences are
listed in Supplementary Table S1.

THP-1 cells were transfected with the SOCS3-expressing
plasmid (Sangon Biotech, Shanghai, China) using
Lipo3000 (Invitrogen).

Immunofluorescence

The Ethical Approval Board of Dermatology Hospital, Southern
Medical University, China approved the use of tissue wax blocks
from patients with secondary syphilis (GDDHLS-20180510). For
immunofluorescence analysis of the tissues, the sections were
permeabilized with 0.25% Triton X-100 for 0.5 h and blocked
with 5% goat serum for 1 h. Tissue sections were then incubated
with primary antibodies against CD68 (Cat. No. 66231-2-Ig,
Proteintech, Wuhan, Hubei, China) and YTHDF1 (Cat. No.
17479-1-AP, Proteintech) at 4°C overnight, followed by
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incubation with the secondary antibody, Alexa Fluor® 488
donkey anti-rabbit IgG (H+L) (A21206, Life Technologies) or
Alexa Fluor® 594 donkey anti-mouse IgG (H+L) (A21203, Life
Technologies). The coverslips were mounted onto slides using an
antifade mounting medium containing DAPI. The images were
captured using a fluorescence microscope.

Enzyme-Linked Immunosorbent

Assay (ELISA)

Levels of cytokines (TNF-o and IL-B) in the supernatant of the
THP-1 cells were determined using ELISA kits (DAKEWE,
Beijing, China) according to the manufacturer’s instructions.

Reverse Transcription-Quantitative
Polymerase Chain Reaction (RT-qPCR)
RT-qPCR was performed to determine SOCS3 mRNA levels.
Total RNA was extracted from THP-1 cells using TRIzol reagent
(Life Technologies), following the manufacturer’s protocol.
cDNA was synthesized using a PrimeScript RT Reagent Kit
(Takara, Japan). The cDNA was then used as a template for
qPCR with SYBR Green Master Mix (Takara, Japan), according
to the manufacturer’s protocol. After amplification, cycle
threshold (Ct) and AACt values were obtained for quantification.

Western Blotting

Total protein from each group of cells was isolated and measured
using a BCA Protein Assay Kit (EpiZyme, Shanghai). Total
proteins were separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to
polyvinylidene fluoride membranes. The membrane was
blocked with Protein-Free Rapid Blocking Buffer (EpiZyme,
Shanghai) for 15 min at room temperature and incubated with
the following primary antibodies overnight at 4°C: anti-METTL3
(Cat. No. 15073-1-AP, Proteintech), anti-METTL14 (Cat. No.
26158-1-AP, Proteintech), anti-YTHDEF1 (Cat. No. 17479-1-AP,
Proteintech), anti-SOCS3 (Cat. No. 14025-1-AP, Proteintech),
anti-JAK2 (17670-1-AP, Proteintech), anti-p-JAK2 (ab32101,
Abcam), anti-STAT3 (Cat. no. 60199-1-Ig, Proteintech), anti-p-
STAT?3 (ab267373; Abcam), and anti-GAPDH (Cat. N0.60004-1-
Ig, Proteintech), as a loading control. After washing thrice, the
PVDF membrane was incubated with the secondary antibody for
2 h at room temperature. The membranes were visualized using
chemiluminescence. The signal intensities were quantified using
the Image] software (version 1.49).

Flow Cytometry

Single-cell suspensions were prepared from cultured THP-1 cells
and incubated with anti-CD206 (374208) and anti-CD86
(321110) antibodies (both from Abcam) for 30 min at 4°C for
cell-surface staining. Data were recorded on a BD Celesta flow
cytometer and analyzed using the FlowJo software
(V10, Treestar).

m6A Quantitation

The m6A levels were measured using an m6A RNA Methylation
Assay Kit (Colorimetric) (Abcam, No. ab185912) according to
the manufacturer’s instructions.

RNA-Sequencing

Total whole-cell RNA from the control and TP-infected cells was
extracted using the TRIzol reagent (Invitrogen) and quantified
using a Qubit® RNA Assay Kiton a Qubit® 2.0 fluorometer (Life
Technologies, CA, USA). The RNA purity was assessed using a
NanoPhotometer spectrophotometer (IMPLEN, CA, USA). The
cDNA library was constructed using NEBNext® UltraTM RNA
Library Prep Kit for Ilumina® (NEB, USA). Sequencing was
performed using an Illumina NovaSeq 6000 platform
(Novogene, Beijing, China). High-quality reads were mapped
to the human reference genome (hg38) using the HISAT2
program. Differential expression analysis of the two groups
was performed using the DESeq2 package in R (1.10.1). Genes
with expression levels differing between groups at an adjusted
P value <0.05 were considered to be significantly differentially
expressed. Sequencing was performed in three independent
biological replicates.

m6A RNA Immunoprecipitation
(MeRIP)-gPCR

Total RNA was extracted using TRIzol reagent (Invitrogen) and
fragmented using a fragmentation buffer. The fragmented
mRNA (100 ng) was then used as an input control, and the
remainder of the RNA was incubated with magnetic ChIP
protein A/G magnetic beads to isolate methylated RNA
according to the manufacturer’s instructions (Magna MeRIP
m6A Assay, Millipore, 17-10499). MeRIPed RNA was analyzed
using RT-qPCR.

RIP-gPCR

The procedure for RIP-qPCR was adapted from a previous study
(13). THP-1 cells transfected with siNC, siMETTL3, or
siYTHDF1 were washed twice with PBS, collected, and
resuspended in immunoprecipitation lysis buffer. 10% of the
cell lysate were saved as input, and the remaining sample was
incubated with IgG antibody, YTHDF1 antibody, and protein G
beads (Invitrogen) overnight at 4°C. After washing three times
with wash buffer, the co-precipitated RNAs were extracted using
TRIzol reagent and ethanol-precipitation with glycogen. Fold
enrichment was determined by RT-qPCR.

Statistical Analysis

Data were expressed as the mean + standard deviation, and
statistical significance was determined using an unpaired Student
t-test for the two groups and ANOVA for multiple groups with
SPSS 19.0 and GraphPad Prism 5.0. Statistical significance was
set at P < 0.05.

RESULTS

Effect of TP on m6A Methylation

in Macrophages In Vitro and

Secondary Syphilitic Lesions

To explore whether m6A methylation is related to the
inflammatory response of macrophages in syphilis infection,
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we first investigated m6A levels in TP-infected macrophages.
Compared to the control, TP stimulation upregulated the m6A
levels (Figure 1A). We also investigated the expression patterns
of the m6A writers (METTL3 and METTL14) and readers
(YTHDF1) in TP-infected macrophages. After stimulation with
TP for 24 h (MOI = 20:1), the expression levels of METTL3 and
YTHDF1 were significantly elevated compared with those in the

control group (Figures 1B, C and Supplementary Figure S1).
Similarly, immunofluorescence analysis showed upregulated
expression of METTL3 and YTHDF1 in CD68+ macrophages
from secondary syphilitic lesions compared with those of paired
healthy skin tissue samples (Figures 1D, E). These data
suggested that m6A methylation may participate in the
pathological process of macrophages in syphilis.
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FIGURE 1 | m6A methylation: the m6A writer METTL3 and the reader YTHDF1 are upregulated in TP-infected macrophages. (A) Colorimetric quantification of m6A
methylation in RNA from THP-1 cells with or without TP infection. (B, C) Western blot analysis of METTL3, METTL14, and YTHDF1 in THP-1 cells with or without TP
infection. GAPDH was used as a control. “P < 0.05, **P < 0.01. (D, E) Immunofluorescence analysis of YTHDF1 or METTL3 in CD68+ macrophages in secondary
syphilitic lesions and paired non-lesional skin tissue. Scale bar: 20 um or 5 um.
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YTHDF1 Regulates Macrophage
Polarization and the Inflammatory
Response When Exposed to TP

Given the upregulation of YTHDFI protein and RNA in TP-
infected macrophages, we next verified its role in macrophage
polarization. YTHDF1 silencing mediated by siRNA transfection
markedly inhibited at least 80% of the YTHDF1 protein
expression (Supplementary Figure S2). Flow cytometry
showed that YTHDF1 knockdown also upregulated the M1
markers (CD86 and iNOS) and downregulated the expression
of M2 markers (CD206 and ARGI1) (Figures 2A, B and
Supplementary Figure S3), which demonstrated that YTHDF1
inhibited M1 polarization and induced M2 polarization.
Moreover, TP infection significantly upregulated the secretion
of inflammatory cytokines (TNF-o. and IL-1f) by macrophages,
which was further enhanced by YTHDFI1 knockdown
(Figures 2C, D).

YTHDF1 and METTL3 Mediate the

Protein Expression of SOCS3 in an
m6A-Dependent Manner

The RNA-sequencing results clearly showed that the mRNA
expression patterns between the control and TP-infected
macrophages significantly differed. Analysis of mRNA
expression profiles showed that 3,110 genes were significantly
dysregulated (log2-fold change > 0, P < 0.05) in the TP-infected
cells (859 upregulated genes and 1,251 downregulated genes)
compared with those of the control group (Supplementary
Figure S4). Kyoto Encyclopedia of Genes and Genomes
analysis revealed that the upregulated genes in TP-infected
macrophages were enriched in cytokine production and
inflammatory signaling pathways such as the TNF signaling
pathway, along with pathways associated with infection, and
endocytosis (Figure 3A). We also investigated the top 15
upregulated genes (Figure 3B), which suggested that SOCS3
may be associated with the negative regulation of the
inflammatory response during TP infection. Furthermore, we
predicted the association of YTHDF1 and SOCS3 with binding
and perturbation using the m6A2Target tool' (Figure 3C). Given
that YTHDF1 functions by binding to m6A-methylated mRNA
to promote its translation (9, 14), the potential m6A sites on
SOCS3 mRNA were analyzed using m6Avar, demonstrating high
confidence for position 172 of SOCS3 mRNA as an m6A
site (Figure 3D).

Indeed, the results of MeRIP-qPCR confirmed that TP
infection increased m6A levels in SOCS3 mRNA (Figure 4A).
Furthermore, RIP-qPCR analysis revealed that SOCS3 mRNA is
a target of YITHDFI1 protein in TP-infected THP-1 cells
(Figure 4B). To ascertain whether SOCS3 mRNA is a substrate
for YTHDFI, we further examined the influence of YTHDF1 on
the translation of SOCS3. Western blot analysis demonstrated
that the SOCS3 expression level was elevated in the THP-1 cells
after stimulation with TP (Figure 4C). YTHDF1 knockdown did
not affect SOCS3 mRNA expression (Figure 4D); however,

"http://m6a2target.canceromics.org/

knockdown of YTHDF1 significantly decreased the protein
expression of SOCS3 (Figures 4E, F). Treatment with
cycloleucine, an m6A methylation inhibitor, negatively
regulated SOCS3 expression in the cells (Figures 4G, H).
Furthermore, SOSC3 protein levels were elevated in THP-1
cells with YTHDF1 overexpression compared to those in
control cells but were reduced after cycloleucine pretreatment
(Figure 4I). In addition, we investigated whether METTL3
affects the m6A modification of SOCS3 mRNA. Western
blotting showed that siRNA eftectively repressed the expression
of METTL3 (Supplementary Figure S5). Further MeRIP-qPCR
analysis showed that, compared with that in the control group,
the m6A modification level of SOCS3 mRNA was decreased in
the METTL3-knockdown group (Figure 4J). Besides, the m6A
levels in the SOCS3 mRNA were elevated in the THP-1 cells with
METTL3 overexpression compared to those in control cells but
were reduced after cycloleucine pretreatment (Figure 4K).
Silencing METTL3 impaired the protein expression of SOCS3
(Figures 4L, M). Protein levels of SOSC3 were elevated in the
THP-1 cells with METTL3 overexpression compared to those in
control cells but were reduced after cycloleucine pretreatment
(Figure 4N). Collectively, these results indicate that METTL3
promotes the m6A modification of SOCS3 mRNA, and that
YTHDFI1 recognizes the m6A-modified SOCS3 mRNA to
promote its translation.

SOCS3 Negatively Regulates the Secretion
of Cytokines by Macrophages Upon TP
Infection via JAK2/STATS3 Signaling

Previous studies have demonstrated that SOCS3 is an important
negative regulator of JAK2-STAT3 signaling, which plays an
indispensable role in regulating the inflammatory response (9,
14). Based on the above findings, we investigated whether SOCS3
negatively affects the inflammatory response by inhibiting JAK2-
STATS3 signaling in macrophages infected with TP. Compared
with those of control cells, the secretion levels of inflammatory
cytokines (TNF-o. and IL-1B) increased in SOCS3-knockdown
cells infected with TP (Figures 5A, B). Furthermore, silencing of
SOCS3 promoted the activation of JAK2-STAT3 signaling
(Figures 5C, D). The overexpression of SOCS3 partially
rescued the activation of JAK2-STAT3 signaling caused by
YTHDF1 knockdown (Figure 5E).

DISCUSSION

Syphilis is a chronic, sexually transmitted disease that seriously
endangers human health. The clinical manifestations of syphilis
are extremely complex and involve almost all organs and systems
in the body. In the early stages, syphilis infects the skin and
mucosal membranes, and in the later stages, it causes irreversible
damage to vital organs, including the nerves, bones, and
cardiovascular system (15). Effective control and prevention of
syphilis have become a serious social and public health problem
of global concern (16). Studying the immune mechanisms of the
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FIGURE 2 | YTHDF1 regulates M2 macrophage polarization and suppresses the secretion of inflammatory cytokines in THP-1 cells infected with TP. (A, B) Flow
cytometry profile of the expression of M1 and M2 markers (CD86 and CD206) in THP-1 cells infected with TP. (C-D) The concentrations of inflammatory cytokines
(TNF-o. and IL-1B) in the supernatants of THP-1 cells treated with TP. Data are shown as the mean + S.D. **P < 0.01, ***P < 0.001,***P < 0.0001.

human body after TP infection may help to find a strategy to ~ P2X7R (3). In addition, macrophages upregulate IL-6 and IL-8
eliminate syphilis. expression via the TLR5 and MAPK/NF-kB signaling pathways
When microorganisms invade, rapid cytokine production in ~ when infected with TP (3). Thus, it has been confirmed that TP
the host is beneficial for their elimination; however, an  and its proteins induce an inflammatory response in
exaggerated inflammatory response may cause severe systemic ~ macrophages. However, the specific negative intracellular
inflammation and organ dysfunction, such as the persistent  regulators mediating these effects have not yet been thoroughly
inflammatory factor storm that occurs in patients severely  investigated. The negative effects of lipopolysaccharide (LPS), a
infected with SARS-CoV-2 (17, 18). Understanding how the  gram-negative bacterial endotoxin that causes severe systemic
body controls the intensity of the secretion of inflammatory  inflammation and elicits numerous negative regulatory
factors is a key focus of scientists studying microbial infections ~ mechanisms, such as those involving A20, IRAKM, MyD88s,
(19). As the main effectors of innate immunity, macrophages  and SOCSI1, have been investigated in a range of different hosts
play an essential role in phagocytosis and clearance during (19, 22). We speculate that many negative regulatory
microbial infection. Xu et al. (20) reported that there is a large ~ mechanisms participate in the inflammatory response caused
amount of mononuclear macrophage infiltration in the skin by TP infection and the prevention of severe inflammation.
lesions of patients with syphilis and rabbit models, and the Increasing evidence has shown that m6A modification is
level of the macrophage activator IFN-y was significantly  related not only to normal physiological processes but also to
increased, along with the upregulation of the macrophage  immune processes involved when the body encounters pathogens.
activation markers CD68, CD80, and CD86 in secondary  During viral and bacterial infection, m6A modifications regulate
syphilitic lesions (21). Previous studies have also shown that  the inflammatory response and metabolic processes (23, 24). Xu
macrophages secrete IL-1f and promote TP phagocytosis via et al. (25) demonstrated that LPS can significantly upregulate the
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FIGURE 3 | SOCS3 may be the target of the m6A reader YTHDF1 in TP-infected macrophages. (A) KEGG pathway analysis of biological processes associated with
inflammation and infection in the RNA-seq dataset. (B) Heat map of the top 15 significantly upregulated mRNAs in TP-infected macrophages compared with control
cells. (C) The association of binding and perturbation between YTHDF1 and SOCS3 was predicted by m6A2Target. (D) The potential m6A sites on SOCS3 mRNA
were analyzed by m6Avar.
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FIGURE 4 | YTHDF1 and METTL3 regulate SOCS3 translation in an m6A-dependent manner. (A) MeRIP-qPCR analysis of the m6A levels of SOCS3 mRNA in
THP-1 cells with or without TP infection. Total RNA was isolated from the NC group or TP-infected group. Methylated RNA was immunoprecipitated and then
RT-gPCR analysis of the immunoprecipitated RNA was performed. (B) RIP analysis of the interaction of SOCS3 mRNA with YTHDF1 protein in THP-1 cells with
or without TP infection. Enrichment of SOCS3 with YTHDF1 was assessed by RT-PCR and normalized to the input. (C) Western blot analysis of SOCS3 in THP-
1 cells with or without TP infection. GAPDH was used as a control. (D) RT-PCR analysis of SOCS3 mRNA in THP-1 cells with or without TP infection following
transfection with siNC or siYTHDF1. *P < 0.05 compared with siNC group. (E, F) Western blot analysis of SOCS3 in THP-1 cells with or without TP infection
following transfection with siNC or siYTHDF1. GAPDH was used as a control. (G, H) Western blot analysis of SOCS3 in THP-1 cells with or without TP infection
and with or without cycloleucine treatment. (I) Western blot analysis of SOCS3 in THP-1 cells transfected with control or YTHDF1 plasmid. (J) MeRIP-gPCR

*P < 0.05, P < 0.01, P < 0.001; ns, no significance.

analysis of the mBA levels of SOCS3 mRNA in TP infected-THP-1 cells with or without METTL3 knockdown. (K) MeRIP-gPCR analysis of the m6A levels of
SOCS3 mRNA in THP-1 cells transfected with control or YTHDF1 plasmid. (L, M) Western blot analysis of SOCS3 in THP-1 cells with or without TP infection
following transfection with control or METTL3 knockdown. (N) Western blot analysis of SOCS3 in THP-1 cells transfected with control or METTLS3 plasmid.

expression and biological activity of METTL3 in macrophages,
which induces inflammation via NF-xB. Additionally, they
showed that the overexpression of METTL3 significantly
inhibited the proliferation and reduced the inflammation in
macrophages (25). Many other infection mechanisms that
involve in m6A modification have been explored, such as those
involving Salmonella typhimurium (23), vesicular stomatitis virus
(24), and the gut microbiota (26). In this study, we provide the first

evidence that the m6A modification level was enhanced in
macrophages in vitro after TP infection and that the writer,
METTL3, and the reader, YTHDF1, were upregulated both in
vitro and in secondary syphilitic lesions. We inferred that
METTL3 and YTHDFI might be involved in the pathological
processes of TP-stimulated macrophages. Indeed, YTHDF1
silencing experiments showed that YTHDF1 could inhibit the
M1 polarization of macrophages and secretion of inflammatory
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FIGURE 5 | SOCS3 suppresses inflammation in TP-infected macrophages via the JAK2-STAT3 pathway. (A, B) The concentrations of inflammatory cytokines (TNF-
o and IL-1B) in the supernatants of THP-1 cells with or without TP infection following transfection with siNC or siSOCS3. (C, D) Western blot analysis of SOCSS3, p-
JAK2, JAK2, p-STATS, and STAT3 in THP-1 cells transfected with siNC or siSOCS3. (E) Western blot analysis of SOCS3, p-JAK2, JAK2, p-STAT3, and STAT3 in
piPSCs with or without YTHDF1 knockdown and transfected with control or SOCS3 plasmid. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

factors, suggesting that YTHDF1 may be one of the key factors
negatively regulating the inflammatory response of macrophages.

The SOCS family is typically induced during inflammation
and infection, which stimulates the expression of the members
and negatively regulates cytokine production through various
signaling pathways (27, 28). SOCS3 is a negative regulator of the
JAK-STAT pathway, which plays an important negative
regulatory role in inflammatory diseases and cellular immune
responses (29). The effect of SOCS3 on the immune response is
achieved by inhibiting the signal transduction of LPS, IL-6, and
other related mediators. The SH2 domain of SOCS3
competitively binds to JAK2 and blocks the activation
of STAT3, thereby inhibiting the inflammatory factors,
including STAT3 and TNF-o (29). Previous studies have
shown that SOCS3 has a negative regulatory effect on
autoimmune inflammation in macrophages and that the
absence of SOCS3 can cause subacute inflammation in mice

(30). In addition, SOCS3 is considered an important mediator of
gastrointestinal inflammation, and the knocking out of SOCS3 in
gastric epithelial cells can promote the occurrence of gastritis
(31). In a mouse model of colitis, the methyltransferase METTL3
was shown to modify the mRNA levels of SocsI and Socs3
mRNAs by m6A methylation, which reduced the attenuation
of both mRNAs and increased their translation, thereby
negatively regulating IL-7/STAT5 signaling and the
inflammatory response in T cells (32). In this study, we found
that m6A modification regulates SOCS3 translation in a
METTL3/YTHDF1-orchestrated manner when macrophages
are stimulated by TP. Mechanistically, we propose that
METTL3 promotes the m6A methylation of SOCS3 mRNA,
and then YTHDFI recognizes and binds to the m6A-
containing mRNA of SOCS3 and promotes SOCS3 protein
expression. Previous studies have demonstrated that the JAK2-
STATS3 pathway is involved in the expression and secretion of the
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which YTHDF1 mediates the protein expression of SOCS3 in an m6A-
dependent manner and regulates the inflammatory response in macrophages
infected with TP.

inflammatory cytokines TNF-o. and IL-1f (33, 34). Our results
further suggest that YTHDF1 and SOCS3 negatively regulate the
inflammatory response by regulating the JAK2-STAT3 pathway.

In summary, we found that after macrophages are stimulated
by TP, YTHDF1, an m6A methylation reader is upregulated and it
recognizes and binds to the m6A methylation site of SOCS3 to
promote its translation. SOCS3 inhibits the JAK2/STAT3 pathway
and reduces the secretion of inflammatory factors, which achieves
an anti-inflammatory effect (Figure 6). This study helps to explain
why TP infection does not cause an excessive outburst of
inflammation. Moreover, this study is the first to focus on the
impact of m6A methylation in the pathological process of syphilis,
providing new insights for exploring the mechanism of immune
damage along with associated prevention and control strategies for
syphilis, and improving our understanding of the pathogenesis of
TP infection.
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Background: A multi-dimensional model can be a useful tool for estimating the general
impact of disease on the different sectors of the healthcare system. We chose the sexually
transmitted disease syphilis for our model due to the good quality of reported data
in Germany.

Methods: The model included gender- and age-stratified incident cases of syphilis
(in- and outpatients) provided by a German statutory health insurance company, as
well as seroprevalence data on syphilis in first-time blood donors. Age standardized
rates were calculated based on the standard German population. The test quality was
assessed by extrapolating the number of false-positive and false-negative results based
on data from Europe-wide external quality assessment (EQA) schemes. The model
analysis was validated with the reported cases and diagnosis-related group (DRG)-
statistics from 2010 to 2012. The annual direct and indirect economic burden was
estimated based on the outcomes of our model.

Results: The standardized results were slightly higher than the results reported between
2010 and 2012. This could be due to an underassessment of cases in Germany or due
to limitations of the dataset. The number of estimated inpatients was predicted with
an accuracy of 89.8 %. Results from EQA schemes indicated an average sensitivity of
92.8 % and an average specificity of 99.9 % for the recommended sequential testing for
syphilis. Based on our model, we estimated a total average minimal annual burden of
€20,292,110 for syphilis on the German healthcare system between 2010 and 2012.

Conclusions: The linking of claims data, results from EQA schemes, and blood donor
surveillance can be a useful tool for assessing the burden of disease on the healthcare
system. It can help raise awareness in populations potentially at risk for infectious
diseases, demonstrate the need to educate potential risk groups, and may help with
predictive cost calculations and planning.

Keywords: syphilis, healthcare utilization database, blood donor database, Germany, retrospective model analysis,
EQA, economic model
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INTRODUCTION

Syphilis is a systemic disease caused by the bacteria Treponema
pallidum. The pathogen can be transmitted via transplacental
transmission, sexual contact with infectious lesions, and blood
transfusions (1). Untreated or undetected infections can lead
to severe health outcomes (f. e. neurosyphilis) and can
even compromise pregnancy outcomes (including stillbirth
and congenital syphilis) (2); thus it represents a serious
health concern.

While treatment of syphilis is assessable and cost effective, the
diagnosis of syphilis is challenging because traditional tools like
cultivation and gram staining are not available (3). In addition,
the clinical symptoms often indicate more than one possible
differential diagnosis result (4, 5). Since the disease tends to
manifest inconspicuously, an infection often remains undetected
(6), resulting in an underassessment of infections. Currently,
most syphilis cases are diagnosed through serological testing (7)
and, in Germany, all laboratories are obliged to anonymously
report treponemal pallidum positive serological test results to
the Robert Koch Institute (RKI) (8). This offers a good insight
into incident cases. Syphilis antibodies detected in blood donor
samples must also be reported to the RKI (9). Transmission
via transfusion has not happened for over 15 years in Germany
(10). However, blood donor data is a useful tool in providing
information on the seroprevalence of syphilis in the population,
making it suitable for monitoring the effects of public health
programs (11, 12).

Nevertheless, these sources offer only limited information on
some aspects, like treatment patterns and loss of productivity
due to sick leave. Claims data from statutory health insurance
companies can close this information gap since they reflect real-
life healthcare provisions better than clinical trials (13).

Combining different datasets into a model analysis is a helpful
tool for developing recommendations and guidelines and for
initiating effective public health measures (13).

The aim of this study is to provide a robust, multi-dimensional
model analysis of the possible impact of syphilis on the German
healthcare system in order to support healthcare decision-
making by linking various health-related data sources.

It is the first study to combine cross-validated data from a
German statutory health insurance company with information
on seroprevalence derived from blood donor screening data from
2010 to 2012 and to conduct an evaluation based on actual data
and diagnosis-related group (DRG) statistics, reported during
this period. The claims data and blood donor data are normalized
to the German population in the observed period of time
as a retrospective model analysis to estimate the diagnostic
and economic burden on the German healthcare system. The
normalization of both datasets to population levels should act
as an indicator of any underestimation as a result of either
underreporting or underassessment of syphilis cases in Germany.

Abbreviations:  ASR, age standardized rates; DAK-G, Deutsche
Angestellten Krankenkasse-Gesundheit; DRG, diagnosis-related group; EBM,
Einheitlicher Bewertungsmassstab; EQA, external quality assessment; GoAe,

Gebuehrenordnung fuer Aerzte; RKI, Robert Koch Institute.

Furthermore, data from Europe-wide external quality assessment
(EQA) schemes are used to access the current data on the quality
of in vitro serological testing of Treponema pallidum and its
impact on the German healthcare system. These EQA schemes
are conducted by INSTAND, one of the three organizations in
Germany designated as a reference institution by the German
Medical Association.

MATERIALS AND METHODS

Analysis of Health Insurance Datasets
The basic dataset consisted of health insurance data from
the German statutory health insurance company Deutsche
Angestellten Krankenkasse-Gesundheit (DAK-G) from 2010 to
2012 and covered around 5.8 million people insured during
the study period. The relevant international classification of
disease (ICD-10-German Modification) for syphilis was used:
syphilis (A50. - congenital syphilis, A51.x - early syphilis, A52.x
- late syphilis, A53.x - other or unspecified syphilis). Data were
available up to December 31, 2012 (Supplementary Tables 1, 2).
All analyses were based on anonymized subject-specific data.
The personal data were exclusively handled by DAK- G in
accordance with legal data protection requirements. Information
on comorbidities was not included in this model, since we
wanted to focus on the sole impact of syphilis. The quality of
the data was checked for completeness, correct usage of inclusion
criteria, and plausibility prior to analysis according to existing
standards (14, 15). Incident cases of syphilis diagnosed on an
inpatient and outpatient basis in 2010, 2011, and 2012 were
analyzed and extrapolated to the German population. Incident
cases were defined as follows: diagnostic code A50.x, A51.x, A52.x
or A53.x, identifier “G” indicating a confirmed diagnosis (16)
and the concurrent treatment with a suitable antibiotic (J01CEO08,
JO1AA02, JOIDDO04) in the corresponding quarter of the year.
Informed consent is not required for these analyses in Germany.
We extracted patient data (subject specifier, gender, year
of birth, code for current residence, date of begin and end
of insurance) and treatment procedures (inpatient, outpatient,
medication). Additionally, data on productivity loss were
included to assess possible indirect costs using the human capital
method. Reported sick leave time of inpatients right before or
after the hospitalization was attributed to the inpatient cohort.

Epidemiological Data

The reported Treponema pallidum-positive lab results are
accessible in a simplified form via the German database
SurvStat@RKI 2.0. The number of syphilis cases for 2010,
2011, and 2012 was retrieved from the database by age (5-
year interval), gender and region (17). Residual titers of past
infections, suspected double reporting, as well as suspected cases
of insufhiciently treated syphilis (syphilis non satis curate) were
excluded from this dataset by RKI prior to the analysis (18).

The seroprevalence of syphilis in blood donors was kindly
provided by RKI and is based on blood donor surveillance data
(9). The number of positive blood donors was calculated based on
the reported seroprevalence rates and the corresponding number
of blood samples. We only analyzed data on new blood donors as
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repeat blood donors are repeatedly screened. Thus they are less
likely to be infected and are considered a low-risk population for
blood-borne diseases (19). It should be noted that the statistical
power of this small study population would be insufficient for
further extrapolations.

German EQA Schemes for Treponema

Pallidum

Between 2010 and 2012, six EQA surveys for syphilis were
conducted by the German Society for Promoting Quality
Assurance in Medical Laboratories (INSTAND) in cooperation
with the central reference laboratory at the Institute for
Laboratory Medicine, Microbiology & Infection Control at the
Northwest Medical Center, Frankfurt/Main (Germany) and with
the six reference laboratories of the Bacteriologic Infection
Serology Study Group of Germany (BISSGG). Previous reports
summarize the organization, structure and detailed evaluation
procedures of the German EQA program for bacteriologic
infection serology (20-22).

Participants can report qualitative and quantitative results
together with additional information on the test kit provider,
lot number and laboratory equipment used. In this study, the
accuracy of the qualitative as well as the quantitative results were
evaluated for TPPA, TPHA, VDRL, FTA-abs IgG and FTA-abs
IgM. All EQA samples are derived either from patients with a
confirmed diagnosis of syphilis or from healthy blood donors,
where absence of Treponema pallidum antibodies was confirmed
prior to the EQA survey.

Statistical Analysis

The data on the insured individuals and the epidemiological
data were stratified by gender, age (<25, 25-34, 35-44, 45-54
and >54) and, in the case of the health insurance dataset, 5-
digit postal codes. The data were standardized to the general
population of Germany for the corresponding years. German
population data for 2010, 2011, and 2012 were obtained
from the official reports published by the Federal Statistical
Office (www.destatis.de). Age-distributed annual incidences
were calculated. For the model analysis, age standardized
incidence rates (ASR) from the health insurance dataset and age
standardized seroprevalence rates from the blood donor dataset
were calculated for 2010, 2011, and 2012 to allow comparisons to
be drawn with the incidence of reported cases. 95 %-confidence
intervals were calculated based on the assumption of a Poisson
distribution of the reported cases (23). Congenital syphilis was
excluded from the standardization of the population level due to
the low numbers and the thorough screening system for pregnant
women in Germany.

To calculate the averages for sensitivity, specificity and
accuracy (pass rate) from the German EQA survey data
(Supplementary Table 3), the reported diagnoses of sample
donors were used as the “gold standard”. Average net sensitivity
and average net specificity were calculated by sequential
testing (two-stage screening) using TPHA/TPPA or ELISA
as the first test and FTA-abs IgG, IgG Blot, IgG ELISA
methods or TPHA/TPPA as the second test. This test algorithm
is currently recommended in Germany (16, 24). Average

sensitivity and average specificity were used to calculate false
positives, false negatives, true positives, and true negatives
based on the standardized incidence or, in the case of blood
donors, the seroprevalence. Positive predictive values (PPV) and
negative predictive values (NPV) were calculated using Bayes’
theorem (25).

Cost Analysis

For this study, we calculated direct medical costs for inpatient
and outpatient treatment, screening, and confirmatory testing,
as well as indirect costs from loss of productivity for 1 year.
Indirect costs from loss of productivity were calculated using
existing German standards (Hanover consent). Our estimates of
indirect costs were based on average earnings (€ 3,014) (26)
and the median number of productivity days lost for German
syphilis patients aged between 18 and 64. Short-term (< 3 days)
absence from work without a doctor’s note was not included
due to lack of data. The serological testing costs for statutory
health insurance patients (~ 90 % of the German population) and
the blood donor population were calculated using the diagnostic
claims code “Einheitlicher Bewertungsmassstab” (EBM) (27),
while the costs for the serological tests for the privately insured
patients (~10 % of the population) were calculated based on
“Gebuehrenordnung fuer Aerzte” (GoAe) (28). The percentage
of antibiotics prescribed in our insurance dataset were used to
calculate medication costs (Supplementary Table 4). We were
unable to calculate treatment costs for patients coded with
unspecified syphilis (A53.x), since we had no information
about the detailed dosage and duration of therapy. Therefore,
these patients were excluded from the cost analysis. Total
costs calculated from the claims data were extrapolated to the
German population.

RESULTS

Summary of Reported Cases of Syphilis

From all Datasets

Table 1 shows the general distribution of syphilis cases in all
datasets, including basic characteristics of the corresponding
populations. The average ages of the DAK-G cohort and the
German population were comparable, while the first-time blood
donor cohort was notably younger. The insurance dataset
consisted of a higher proportion of women to men than the other
two datasets.

The RKI data showed higher male-to-female ratios in the
reported incident syphilis cases than the other two datasets, while
the average age of syphilis patients was highest in the DAK-G
dataset. The age-stratified distribution of the syphilis cases from
the individual datasets are presented in Figures 1-3.

The reported cases show the highest number of cases for men
in the age group 35-44 years; the highest number of cases for
women is between 25 and 34 years. In contrast to the reported
cases, the number of incident cases in the DAK-G dataset was
highest in the older age groups, especially for women, where most
cases were observed in the age group > 54 years. The largest
proportion of all seropositive new donors was seen in the age
group 35-44 for both sexes.
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TABLE 1 | Basic characteristics of the datasets used for this model analysis for
2010 to 2012.

2010 2011 2012 Average

(@)

Population 81,751,602 80,327,900 80,523,746 80,867,749
Male to female ratio 1:1.0 1:11 111 1:1.0
Average age men 42 42 42 42
Average age women 44 45 45 45
No. of syphilis cases 4,077 4,633 5,012 4,574
Incidence rate / 100,000 5.0 5.8 6.2 5.7
person-years
Male to female ratio 10.0:1 11.8:1 12.5:1 11.5:1
Average age cases men 40 40 40 39
Average age cases women 39 39 37 39
2010 2011 2012 Average
()
Population 6,119,470 5,800,795 5,683,710 5,867,922
Male to female ratio 1:1.5 1:1.5 1:1.5 1:1.5
Average age men 41 41 41 41
Average age women 48 48 48 48
No. of syphilis cases 438 359 317 371
Incidence rate / 100,000 7.2 6.2 5.6 6.3
person-years
Male to female ratio 2.7:1 3.3:1 3.1:1 3.2:1
Average age cases men 48 47 48 48
Average age cases women 66 62 65 65
2010 2011 2012 Average
©
No. of samples from first-time 561,642 542,492 496,771 533,635
donors
Male to female ratio n.l. 1:1.0 1:1.0 1:1.0
Average age men n.l n.l. n.l. 26
Average age women n.l. n.l. n.l. 26
No. of anti-Treponema positive 236 223 221 227
samples
Seroprevalence / 100,000 blood 421 411 44.4 425
samples
Male to female ratio 2.2:11 1.7:1 2.1:1 1.9:1
Average age cases men 137 37 37 37
Average age cases women 143 41 44 43

@ Reported data on total German population (www.destatis.de) and reported syphilis
cases (RKI) (17).

PIDAK-G dataset.

©)First-time blood donors (blood donor surveillance, hosted by the RKI) (12, 29). Missing
data was coded n.l. (no information).

The insurance cohort included more detailed information
about the diagnosis as well as the form of therapy. Of
all incident diagnoses, 87 % were outpatients and 13 %
inpatients. Most cases were coded with either early syphilis
(33 %), late syphilis (34 %) or other/unspecified syphilis
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FIGURE 1 | Age stratified reported incidences of syphilis reported to RKI from
2010 to 2012 for the female (A) and the male (B) population.

(30 %), while 3 % of the incident diagnoses were coded
congenital syphilis.

Extrapolation to Population Level

The syphilis incidence of the insurance and the donor datasets
was extrapolated to the population level by calculation of age
standardized rates (ASR), since the age structure of both study
populations differs from that of the reference population.

The ASR for syphilis incidence based on the insured
population dropped from 7.4 [CI: 6.7-8.1] incident cases per
100,000 standardized person-years in 2010 to 5.9 [CI: 5.2-6.5]
incident cases per 100,000 standardized person-years in 2012.

In the case of first-time donors, the estimated seroprevalence
rate rose from 73.7 [CI: 57.4-89.9] cases per 100,000 standardized
person-years to 82.9 [CI: 64.5 - 101.3] cases per 100,000
standardized person-years (Table 2, Figure 4).

Geographical Distribution of Estimated

Cases
Since the insurance dataset contained the patient’s current postal
code, it was possible to extrapolate a geographical distribution
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TABLE 2 | ASR for the insurance data set and the first-time blood donor cohort
from 2010 to 2012.

Dataset Year ASR/100.000 95 %-Cl
person-years

DAK-G 2010 7.4 6.7 - 8.1
2011 6.3 5.6-6.9
2012 5.9 52-6.5

First-time blood donors 2010 73.7 57.4 -89.9
2011 78.0 60.8 - 95.2
2012 82.9 64.5-101.3

of the expected syphilis cases based on the extrapolated and
standardized insurance data (Figure 5A).

The highest standardized incidence was estimated for
Berlin (> 12 expected cases per 100,000 standardized person-
years). Hamburg, Bremen, North Rhine-Westphalia, Hesse and
Rhineland-Palatinate showed between 6 and 12 expected cases
per 100,000 standardized person-years. All other federal states

showed a lower estimated incidence rate. This distribution is in
line with the Germany-wide pattern of the actual incidence cases
reported to RKI (Figure 5B).

Results From Germany’s Proficiency

Testing Program

We analyzed the data from six Europe-wide EQA surveys for
Treponema pallidum antibodies conducted between 2010 and
2012. In this period, an average of 1,033 laboratory results were
reported per year (2010: 892; 2011: 1,191; 2012: 1,014). The
mean accuracy rate of the qualitative test results (96.4 %; range
78.0-100 %) was slightly higher than that of the quantitative
test results (94.0 %, range 74.5-100 %). The accuracy rate for
the different detection methods used in the EQA schemes is
displayed in Figure 6.

In terms of the qualitative results, the cardiolipin detection
had the highest average accuracy (98.6 %, range 91.7-100 %) and
the IgG-ELISA had the lowest (94.0 %, range 78.0-97.6 %). In the
case of the quantitative results, Cardiolipin tests also showed the
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highest average accuracy (98.0 %, range 88.5-100 %) and the IgG-
FTA-abs detection methods showed the lowest average accuracy
rate (90.6 %, range 74.5-100 %).

All serum samples used in these EQA schemes were derived
from single donors with a clear clinical history (20-22), which
enables the basic performance parameters for the different test
methods to be calculated for the model. The observed average
sensitivity for the recommended sequential testing for syphilis via
qualitative test methods was 92.8 % and the combined specificity
was 99.9 %.

Assessment of Possible Effect of Test

Quality on Estimated Cases

Our estimated incidence rate for syphilis (6.5/100,000
standardized person-years) would result in an estimated
5,256 syphilis cases for the German reference population. In our
model, the average sensitivity (92.8 %) and specificity (99.9 %)
of sequential screening for syphilis antibodies in the EQA results
leads to in 4,880 true positive and 64,195 false positive cases. The
specificity 80,798,298 true negative and 377 false negative test
results in the German reference population.
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These quality parameters of the test algorithm and the
estimated average incidence for syphilis in Germany would result
in a PPV of 7.1 % and an NPV of > 99.9 % if the test algorithm
were used for population-wide screening purposes.

When the estimated seroprevalence based on first-time
blood donors (78.2/100,000 standardized person-years) was used
to calculate both PPV and NPV for a possible population-
based screening for seroprevalence of syphilis antibodies, the
PPV would increase to 47.7 % while the NPV would remain
at > 99.9 %.

Economic Evaluation of the Insured

Population
Based on the insurance dataset, we calculated the average annual
direct and indirect costs for syphilis in our insurance population.

Between 2010 and 2012, an average of 72,234 tests were
performed each year (TPHA/TPPA & ELISA: 93 %, VDRL test: 7
%, FTA-abs IgG test & blots: 1 %). As the average cost for testing
statutory insured outpatients was €4.96 per test, the average
annual costs for screening and confirmatory testing amounted
to €358,087.

In the insured population, an average of 312 incident cases
of syphilis, without syphilis connata were diagnosed in an
outpatient setting. 108 cases were treated as early and 106
as late syphilis; both groups were treated with benzathine
penicillin, doxycycline and ceftriaxone in accordance with
German treatment guidelines (12). Since the exact treatment
regime of the average 98 patients with unspecified syphilis
(A53.x) was unknown, they were excluded from this analysis.
The average annual per-patient cost of benzathine penicillin,
doxycycline or ceftriaxone in outpatients was calculated at
€33.24, €9.40 and €184.70 respectively for early syphilis and
€99.72, €18.80 and €258.58 respectively for late syphilis. This
led to an estimated average annual cost for early and late
outpatient treatment of €3,584 and €3,455 respectively. The
average annual number of inpatients was 49 patients with an
individual median length of stay of 6 days per year (min. 1 day,
max. 55 days) average annual cost of €118,503.

236 outpatient and 40 inpatient cases in the age group of
18 to 64 years were included in the calculation of productivity
loss on the basis of an average cost of €100.40 per sick day in
accordance with the Hanover consent. During 2010 and 2012,
inpatients were absent from work for a median of 6 days per
year and patient (min. 1 day, max. 446 days), while 4.7 % of all
observed outpatients were absent from work for a median of 15
days per year and patient (min. 1 day, max. 546 days), resulting
in average annual indirect costs of €24,096 for inpatients and
€16,705 for outpatients.

Taken together, the average annual burden for our insurance
population was €524,430 for the observed period (Table 3).

Extrapolated Economic Evaluation of
Syphilis in Germany

The expected average number of 5,256 incident cases of syphilis
per year is based on the German standard population and our

TABLE 3 | Economic burden of syphilis in the insurance study population. Missing
data was coded n.l. (no information).

Average annual expected costs (€)

Direct costs
Treatment, outpatients (N = 312)

Early (A51.x) (N = 108) 3,584
Late (A52.x) (N = 106) 3,455
Unspecified (A53.x) (N = 98) n.l

Total treatment, outpatients 7,039
Screening and confirmatory testing, outpatients (N = 72,234)

Total screening and confirmatory testing, outpatients 358,087
Inpatient care (N = 49) 118,503
Total direct costs 483,630
Indirect costs (N = 276)

Productivity losses?, outpatients (N = 236) 16,705
Productivity losses?, inpatients (N = 40) 24,096
Total indirect costs 40,801
Total cost of syphilis 524,430

@Productivity losses are costs due to the incapacity to work.

estimated incidence rate of 6.5/100,000 standardized person-
years. Using the inpatient-outpatient ratio from our insurance
population as a reference, this would result in an average of 4,573
outpatients and 683 inpatients annually when extrapolated to
the German standard population. This would produce expected
treatment costs for outpatients of €99,960. The treatment of the
expected inpatients would lead to an average annual economic
burden to healthcare of €1,652,466.

Based on our insurance data, it was estimated that an average
of 1,006,727 tests would be performed, leading to a total average
annual cost for screening and confirmatory testing of €5,787,886
for outpatients. Since about 10 % of the German population is
covered by private health insurance, the total estimated costs
for laboratory tests consist of €1,296,279 for privately insured
persons and €4,491,607 for persons covered by statutory health
insurance. The differences in costs were based on the different fee
catalogs of the statutory and private health insurance companies
in Germany (27, 28).

Based on average population data, 67,2% of all patients were
estimated to be of working age (age group 18 to 64 years),
leading to a total of 3,074 expected outpatients and 460 expected
inpatients. As for social costs, we estimated the total average
indirect costs to be €494,375 annually.

Thus, the total average cost of syphilis for the entire German
population is estimated to be €8,034,688 annually during our
study period (Table 4).

With respect to the cost of screening and testing in the blood
donor population, 2,472,587 tests were performed on blood
donors in Germany, leading to a further €12,257,422 in screening
and confirmatory testing costs.

Taken together, the cost for blood sample screening as well
as the number of estimated costs based on health insurance
data in our model would result in an estimated annual cost
0f €20,292,110.
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TABLE 4 | Expected economic burden of syphilis in Germany. Missing data was
coded n.l. (no information).

Average annual expected costs (€)

Direct costs
Antibiotic treatment, outpatients (N = 4,573)

Early (A51.x) (N = 1,534) 50,894
Late (A52.x) (N = 1,505) 49,066
Unspecified (A53.x) (N = 1,534) n.l.
Total treatment, outpatients 99,960
Screening and confirmatory testing, outpatients (N = 1,006,727)

Statutory insured (N = 906,054) 4,491,607
Privately insured (N = 100,673) 1,296,279
Total screening and confirmatory testing, outpatients 5,787,886
Inpatient care (N = 683) 1,652,466
Total direct costs 7,540,312
Indirect costs (N = 3,534)

Productivity losses?, outpatients (N = 3,074) 217,623
Productivity losses?, inpatients (N = 460) 276,752
Total indirect costs 494,375
Total cost of syphilis 8,034,688

aProductivity losses are costs due to the incapacity to work.

DISCUSSION

In this paper, we present a multi-dimensional retrospective
model analysis that combines several data sources to estimate the
expected burden of syphilis on the German healthcare system.
This includes an economic estimation, which we evaluated based
on data for the years 2010 to 2012.

Since all syphilis-positive diagnoses must be reported
anonymously to the RKI, we have an overview of incident
cases in Germany. From 2010 to 2012 the incidence rose from
5/100,000 person-years to 6.2/100,000 persons with an average
of 5.7 cases/100,000 inhabitants (17). Meanwhile, the incidence
rate in our insurance dataset declined from 7.2/100,000 cases to
5.6/100,000 cases. This contrasting development of incidences
was most likely due to the differences in the two populations
as well as the composition and number of members of the
German statutory healthcare providers (e.g., socio-economic
status, gender distribution) (13).

Both populations furthermore differed in age structure and
therefore we used the ASR approach to calculate the expected
incidence rate for the German population between 2010 and 2012
based on our insurance dataset. The estimated incidence rates
were 7.4 [CI: 6.7-8.1] incident cases per 100,000 standardized
person-years in 2010, which dropped to 5.9 [CI: 5.2-6.5] incident
cases per 100,000 standardized person-years in 2012, with an
average of 6.5 [CI: 5.8-7.2] incident cases per 100,00 standardized
person-years in this study period.

The higher incidence rate in our insurance cohort in
comparison to the reported cases could be an indication of a
slight underreporting of syphilis cases in Germany. This could
be due to the fact that only positive laboratory results have to be
reported (8), not the clinical diagnosis in general, which is why

certain data could be missing in the RKI dataset. Furthermore,
the RKI data do not include cases of residual titers of past
infections, suspected double reporting, or suspected cases of
insufficiently treated syphilis (syphilis non satis curate) (18).
Taken together, a slightly higher incidence within the claims data
was to be expected. This highlights the usefulness of the inclusion
of health insurance data in these models, since all the excluded
cases can also impact the healthcare system-be it further testing
or treatment costs in the case of syphilis non satis curate.

The unusually high number of syphilis cases among the older
female insurance population could have several reasons: it could
be an artifact within the dataset, or the age group might consist of
a bigger proportion of women at a higher risk of being infected
with syphilis, or it could be a remnant of the surviving World
War II generation. Since Treponema pallidum-specific antibodies
show a lifelong persistence regardless of treatment status (30), a
rising seroprevalence of Treponema pallidum-specific antibodies
is not uncommon in aging populations (31-33).

Despite the possible limitations of our dataset, we were able
to identify regional hotspots of syphilis infections in the different
federal states in Germany in line with the actual reported data.
In particular, the higher number of syphilis cases in this region
could have been an indicator of a rise in cases since the reported
incidence in the federal state of Rhineland-Palatinate rose from
3.8/100,000 person-years to 5.0/100,000 person-years (+ 31.6 %)
from 2012 to 2013 (17).

Since the realization that Treponema pallidum could be
transmitted via blood, screening tests for syphilis are routinely
performed (34) and it is still mandatory for a blood donor
sample to be negative for Treponema pallidum antibodies before
it can be released for donation (35). In our study period, the
mean seroprevalence for Treponema pallidum specific antibodies
in first-time blood donors was 42.5/100,000 donations (0.04 %
of all samples) and therefore notably higher than the reported
incidence rates. These numbers were still considerably low
in comparison to other countries, like the USA (36) or less
industrialized countries (32, 37, 38). Data from blood donor
surveys are a suitable tool for monitoring infectious disease
(11, 12) and might reflect the German population better than our
insurance cohort alone. We concentrated our model on first-time
blood donors since they are less monitored than repeat donors,
are often unaware of their behavioral risks (38, 39), and are less
likely to be affected by selection bias (36).

After ASR normalization, the seropositive rate rose to an
average seroprevalence rate of 78.2 [CI: 61.1-95.4]/100,000
person-years. Since a thorough anamnesis of current and past
infections, including syphilis, is mandatory in Germany (35),
one could assume that the observed seroprevalence indicates
a high factor of underassessment in the German population.
But since the anamnesis is mostly done by questionnaires, it
is prone to errors or information bias. Other publications have
already highlighted the fact that donors sometimes give false or
insufficient information about their health history and possible
risk factors (40-42). In Germany, a notable number of male
seropositive donors stated that their way of potentially becoming
infected was having sex with other men (MSM), a group that was
originally excluded from blood donations at the time due to their
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high risk for STIs (12, 29). Therefore, the data might include
people from risk groups as well as people who have already
recovered from a syphilis infection. As the assessment is made by
directly testing for syphilis, which detects lifelong acquired anti-
Treponema antibodies, it is not possible to distinguish between a
cured or an active infection, as discussed above with respect to
the older insurance cohort.

We used the data on laboratory diagnosis, therapy and days
absent from work from the insurance dataset to estimate the
possible direct and indirect economic burden of syphilis for
Germany in our study period. The average annual costs in our
insurance cohort amounted to €524,430 in our study period.
When extrapolated to the corresponding German population,
this would amount to an estimated total annual economic burden
for the diagnosis and treatment of syphilis of €8,034,688.

Combining this with the costs for screening all blood
donor samples (first-time and repeated), the total estimated
economic burden of syphilis based on our model would amount
to €20,292,110. In comparison to the average annual total
healthcare costs from 2010 to 2012 as 29,730 Mio. € (https://
www.gbe-bund.de/), the individual contribution of syphilis
might be small, but one should keep in mind that the general
incidence of syphilis in Germany was quite low at that time. A
rising incidence could change the importance of this infectious
disease within a few years, so these model analyses are a useful
tool to estimate the expected economic burden.

In our study we used data from 2010 to 2012, because these
data were available for our research. Notably, the average number
of reported cases from RKI in the period from 2013 to 2019
was almost doubled in comparison with the average number of
reported cases in the period from 2010 to 2012, with a peak of
7880 cases in 2019. This 1.5-fold increase in cases would result in
€2.6 treatment costs for in- and outpatients. In addition the test
costs would rise to 8.7 mio. Forthermore, from the societal point
of view, we projected the total indirect costs to be 681,285 €.
Thus, the total average cost of syphilis for the entire German
population is projected to be nearly €12 Mio, without including
blood donor testing costs.

To test the extrapolations of our insurance cohort, we
compared the number of expected syphilis inpatients with the
number of actual reported cases. Despite the limitations of our
insurance cohort, the extrapolation of an average of 683 expected
inpatients per year underestimated the actual number of patients
reported under the DRG by 10.8 % (on average 766 cases per
year) (43).

Finally, we combined the extrapolated data from the
insurance dataset with the accuracy of the test systems
observed in the evaluation of international EQA surveys
conducted by INSTAND between 2010 and 2012. The
EQA schemes for syphilis antibodies are performed
with sample material from single donors with a clear
medical history (20-22), which makes bias due to matrix
effects unlikely.

The various test systems showed high accuracies for
qualitative (96.4 %, range: 78.0 %- 100 %) und quantitative (94.0,
range 74.5-100 %) test results, which are slightly higher than

previously reported results (44). Using the known diagnosis for
the EQA sample as a gold standard, we calculated the average
sensitivity and specificity within the observed period to be 92.8
and 99.9 %, respectively.

The use of the reverse test algorithm for Treponema pallidum
on the basis of the reference population would result in 64,195
false-positive results and 377 false-negative results. While the
false-negative results could lead to a further rise in syphilis
cases due to transmission, the falsepositive results would result
in overtreatment.

Our study has some limitations. First, the insurance dataset
differed from the German reference population with respect
to age and male-to-female ratio. German statutory healthcare
providers differ in terms of composition (e.g., socio-economic
status, gender distribution) and number of members (13);
therefore, the use of data from just one insurance institution
could not be representative enough and data from further
insurance providers should be included in future models to
strengthen the validity.

We were unable to adjust for possible differences in socio-
economic status of both populations because the information
was missing in the DAK-G dataset. A low socio-economic status
is a risk factor for syphilis infection (31, 36) and an unnoted
difference between both datasets could contribute to the observed
differences in the estimated and reported incidence rates. We
did not include costs derived from possible coinfections, like
HIV, even though an active syphilis infection is a known risk
factor for the transmission of HIV (45, 46). This impact could be
quite notable due to the high costs of anti-retroviral therapy (47),
but we wanted to develop a model focusing on syphilis, which
should be more easily transferable to other infectious diseases.
Furthermore, we were unable to include the impact of short-term
absence from work (> 3 days) since this information was missing
as well. The limitation of the blood-donor dataset includes a
possible underestimation of the seroprevalence based on this
exclusion criteria for risk groups (12). Since we were missing
detailed information about the treatment regime for outpatients
coded with unspecified syphilis (A53.x), we could not include
them in our economic evaluation of the direct costs. This leads to
a slight underestimation of direct treatment costs for outpatients.

The strength of our model concerning the linkage of real-
life population data, based on claims data from a large statutory
health insurance company in Germany, with surveillance data
from blood donors and the observed test quality based on
international EQA schemes. Futhermore, our results show a good
condordance with corresponding DRG data.

These results show the usefulness of claims data in estimating
the (economic) burden of a disease on the corresponding
healthcare system, especially since they often include data other
than health surveys, including most prominently a treatment
algorithm. Our model was able to predict the expected number
of syphilis inpatients with an accuracy of 89.2 %. The assessment
of the ‘real-life’ test quality, as estimated based on our EQA
schemes, is a useful tool to further estimate the possible
impact of overtreatment and possible underestimation based on
test quality.
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CONCLUSIONS

The linkage of claims data, results from EQA schemes and
screening information, such as blood donor surveillance,
can be a useful tool for assessing the burden of certain
diseases like syphilis on the healthcare system-including
the financial burden and indirect economic burden due
to absence from work. This model might help to raise
the awareness of health care professionals in special
geographic regions.

Furthermore, it can help to raise awareness in possible at-
risk populations and may help to estimate the minimum future
budgets. The use of old datasets is useful to test the strengths and
weaknesses of such model analysis.
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The etiological agent of syphilis, Treponema pallidum ssp. pallidum, is a highly invasive
“stealth” pathogen that can evade the host immune response and persist within the
host for decades. This obligate human pathogen is adept at establishing infection
and surviving at sites within the host that have a multitude of competing microbes,
sometimes including pathogens. One survival strategy employed by bacteria found
at polymicrobial sites is elimination of competing microorganisms by production of
antimicrobial peptides (AMPs). Antimicrobial peptides are low molecular weight proteins
(miniproteins) that function directly via inhibition and killing of microbes and/or indirectly
via modulation of the host immune response, which can facilitate immune evasion.
In the current study, we used bioinformatics to show that approximately 7% of
the T. pallidum proteome is comprised of miniproteins of 150 amino acids or less
with unknown functions. To investigate the possibility that AMP production is an
unrecognized defense strategy used by T. pallidum during infection, we developed
a bioinformatics pipeline to analyze the complement of T. pallidum miniproteins of
unknown function for the identification of potential AMPs. This analysis identified 45
T. pallidum AMP candidates; of these, Tp0451a and Tp0749 were subjected to further
bicinformatic analyses to identify AMP critical core regions (AMPCCRSs). Four potential
AMPCCRSs from the two predicted AMPs were identified and peptides corresponding
to these AMPCCRs were experimentally confirmed to exhibit bacteriostatic and
bactericidal activity against a panel of biologically relevant Gram-positive and Gram-
negative bacteria. Immunomodulation assays performed under inflammatory conditions
demonstrated that one of the AMPCCRs was also capable of differentially regulating
expression of two pro-inflammatory chemokines [monocyte chemoattractant protein-1
(MCP-1) and interleukin-8 (IL-8)]. These findings demonstrate proof-of-concept for our
developed AMP identification pipeline and are consistent with the novel concept that
T. pallidum expresses AMPs to defend against competing microbes and modulate the
host immune response.

Keywords: antimicrobial peptides, syphilis, Treponema pallidum, bacteriostatic, bactericidal
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INTRODUCTION

The spirochete bacterium, Treponema pallidum ssp. pallidum
(hereafter T. pallidum), is the causative agent of syphilis, a
chronic, multistage infection that is transmitted sexually or in
utero. Following infection, T. pallidum traverses endothelial
barriers and undergoes rapid and widespread dissemination via
the circulatory system to infect every organ and tissue, including
immunologically privileged sites such as the eyes (Marra et al.,
1991; Muller et al., 2007), testes (Sell et al., 1980), and central
nervous system (Collart et al., 1971; Lukehart et al, 1988).
Despite host-initiated innate and adaptive immune responses,
T. pallidum is able to persist within the host for decades (Lafond
and Lukehart, 2006). The remarkable ability of T. pallidum to
evade the immune system and establish and maintain persistent
infection has earned it the designation of the “stealth” pathogen
(Radolf, 1994).

During infection of a host, T. pallidum, which has a slow
generation time of 30-33 h (Magnuson and Eagle, 1948;
Cumberland and Turner, 1949), are introduced into anatomical
sites that are abundant in species of microbiota, including the
genital tract, skin, rectum, and oral cavity (Lafond and Lukehart,
2006), features that may put T. pallidum at a growth disadvantage
in a polymicrobial environment. In addition, T. pallidum can
present as a co-infection with other viral, fungal, parasitic,
and bacterial pathogens, including the sexually transmitted
pathogen, Neisseria gonorrhoeae (Bala et al., 2011; World Health
Organization, 2019; Pinho-Bandeira et al., 2020; Coelho et al,,
2021). Inhibition and elimination of competing microorganisms
via production of antimicrobial peptides (AMPs) allows the
microbiota and pathogenic bacteria found at polymicrobial sites
to gain a competitive advantage (Meade et al, 2020). The
ability of T. pallidum to establish an infection and survive
in anatomical locations with a complex polymicrobial profile
raised the question of whether this bacterium could use AMP
production to eliminate microbial competition.

AMPs are a structurally and functionally diverse class
of low molecular weight proteins produced by all branches
of life (Kumar et al., 2018). Typically comprised of 10-
150 amino acids, they often form amphipathic alpha helices
facilitated by their net positive charge and high hydrophobic
content (Kumar et al., 2018). AMPs have a direct mechanism
of action that occurs via electrostatic interactions between
positively-charged AMPs and negatively-charged microbial
surfaces (Kumar et al, 2018). The amphipathic secondary
structure of AMPs promotes membrane integration and pore
formation, resulting in membrane destabilization and cell lysis
as well as inhibition of essential intracellular functions such as
DNA and protein synthesis (Kumar et al., 2018; Mishra et al.,
2018). A second, indirect effect of AMPs can be alteration of the
host immune response, including modulation of inflammatory
cytokine production, immune cell recruitment and activation
(Hilchie et al, 2013). The immunomodulatory effects of
eukaryotic AMPs have been well documented, and recent studies
have shown bacterial AMPs can have similar immunomodulatory
activities (Kindrachuk et al., 2013; Malaczewska et al., 2019) that
can promote bacterial survival and host infection via subversion
and evasion of the host immune response (Li et al., 2014).

An important characteristic of AMPs is the presence of
functionally essential regions that correspond to the shortest
stretch of amino acids (often ~10-20 residues) that retain
antimicrobial effects (Chang et al., 2015). Identification of these
key regions, defined as antimicrobial peptide critical core regions
(AMPCCRes), allows for the design and development of discrete
peptides with antimicrobial activity that are derived from, and
more tractable than, their larger precursor proteins (Torrent
et al., 2009, 2012).

More than two decades have passed since the first T. pallidum
whole genome sequence was published (Fraser et al, 1998).
Since then, many laboratory and clinical strains of T. pallidum
ssp. pallidum have been sequenced, yet only three genes have
been annotated as homologs of known AMP-related genes
in other bacteria. These are tp0688 [Bacillus anthracis mccF,
encoding the Microcin C7 self-immunity protein (Gonzalez-
Pastor et al., 1995)], tp0522 [Escherichia coli cvpA, encoding the
Colicin V Production protein that is required for production
and secretion of the AMP Colicin V (Gilson et al., 1990)],
and tp0405 [E. coli mcbG, encoding the Microcin B17
self-immunity protein (San Millan et al., 1985)]. Recent
T. pallidum genome sequencing also identified a novel 91-
amino acid miniprotein (TPANIC_RS05485) which has been
annotated as a putative CPBP (CAAX Protease and Bacteriocin-
Processing) family intramembrane metalloprotease. Evidence
suggests some members of this family may be involved in
bacterial AMP processing (Pei et al., 2011). One reason
that may partially account for the low number of AMP-
related genes detected within T. pallidum to date is that the
bacterium is phylogenetically distinct, with approximately 300
genes/30% of the genome predicted to encode proteins with
no known orthologs or assigned functions (Fraser et al., 1998;
Petrosova et al., 2013).

The present study shows that approximately one quarter of
T. pallidum genes of unknown function are predicted to encode
miniproteins of 150 amino acids or less. Bioinformatic analyses
show a portion of these miniproteins possess characteristics
consistent with known AMPs. These findings, when considered
in the context of the success of this bacterium at establishing
infection at polymicrobial anatomical sites, prompted us
to investigate whether AMP production is an unexplored
pathogenic mechanism used by T. pallidum to defend against
competing microbes and the host. Herein, we investigated this
potential treponemal defense strategy using a combination of
bioinformatics, structure modeling, antimicrobial susceptibility
testing, and immunomodulation assays. Our investigations have
provided experimental confirmation of AMP activity within two
T. pallidum miniproteins, consistent with the novel concept that
T. pallidum expresses AMPs to establish and maintain infection
at polymicrobial sites in the human host.

MATERIALS AND METHODS

Bacterial Strains and Culture

Bacterial strains used in this study were: E. coli ATCC
9723H, Pseudomonas aeruginosa ATCC 10148, Staphylococcus
aureus ATCC 6538P (penicillin resistant), Streptococcus pyogenes
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(hospital isolate, strain unknown), Mycobacterium smegmatis
MC?2155, N. gonorrhoeae ATCC 700825 (streptomycin resistant),
and Salmonella enterica subsp. enterica serovar Typhimurium
SL1344 (streptomycin resistant). E. coli, P. aeruginosa, S. aureus,
M. smegmatis, and S. enterica were cultured aerobically at
37°C in Mueller Hinton broth (MHB) (Sigma-Aldrich, MO,
United States) and on nonselective Mueller Hinton agar (MHA)
plates. S. pyogenes was cultured in 5% carbon dioxide at 37°C
in MHB supplemented with 5% lysed horse blood (Quad Five,
MT, United States) (MHB + 5% HB) and on nonselective MHA
plates supplemented with 5% defibrinated sheep blood (Quad
Five, MT, United States) (MHA + 5% SB). N. gonorrhoeae was
cultured in 5% carbon dioxide at 37°C in gonococcal (GC)
chocolate broth medium and on nonselective GC agar plates
[GC medium base (BD Difco, MD, United States) supplemented
with 1% BBL™ hemoglobin (BD Biosciences, MD, United States)
and 1% IsoVitaleX (BD Biosciences, MD, United States)].
Prior to antimicrobial susceptibility assays (as described below),
N. gonorrhoeae cultures were subcultured on nonselective GC
agar plates (as described above), to ensure bacterial viability. All
bacterial stocks were stored in 20% glycerol at -80°C.

Treponema pallidum Propagation and

in vitro Culture

Treponema pallidum subsp. pallidum (Nichols strain) was
propagated in, and extracted from, New Zealand White rabbits
as described elsewhere (Lukehart and Marra, 2007), and stored
in liquid nitrogen. Frozen treponemal stocks were then used for
in vitro culture and sub-culture of T. pallidum in the presence
of Sf1Ep (NBL-11) cottontail rabbit epithelial cells (ATCC CCL-
68) [American Type Culture Collection (ATCC), Rockville, MD,
United States]. Continuous axenic culture of T. pallidum in
the absence of mammalian cells has not been achieved, and it
is believed that the direct adherence of T. pallidum to SflEp
cells is required for the long term replication of T. pallidum
in vitro (Edmondson et al., 2018). Dissociation of T. pallidum
from Sf1Ep cells was accomplished using trypsin-free dissociation
buffer [2 mL: 64% cell culture grade water (Sigma Aldrich), 10%
modified EBSS (Earle’s Balanced salt solution, 10x), 1% non-
essential amino acids (Thermo Fisher Scientific), 0.15% sodium
bicarbonate (Sigma Aldrich), 0.728% 100 mM sodium pyruvate
(Sigma Aldrich), 0.136% 0.5M EDTA (Thermo Fisher Scientific),
0.16 mg dithiothreitol (DTT) (Sigma Aldrich)] followed by a low
speed centrifugation step (220 x g) to separate T. pallidum from
the rabbit cells, as previously described (Edmondson et al., 2018;
Edmondson and Norris, 2021).

Bioinformatics Pipeline: In silico Analysis
of T. pallidum Whole Proteomes

The flow diagram shown in Figure 1 outlines all major steps that
comprised our bioinformatics pipeline for the identification of
potential AMPs and AMPCCRs in the T. pallidum proteome. As
the first step in this approach, the whole proteome of T. pallidum
(Nichols strain NC_021490) was obtained from the National
Center for Biotechnology Information (NCBI) Genome database’

Uhttps://www.ncbi.nlm.nih.gov/genome/?term=treponema+pallidum

A T. pallidum Whole Proteome
(964 proteins)
Proteome v

Miniproteins (€150 aa) of Unknown Function

Analysis

(68 proteins)

Y

Three AMP Prediction Servers
([i] AMP Scanner [ii] iAMPpred [iii] CAMP)

Potential AMP Ranking and Identification

(Based on [i] No. positive AMP predictions [ii] Probability Scores)

B " " n "
Leader Peptide/Physicochemical/Expression Analyses
AMP ([i] SignalP/LipoP/GG leader [ii] APD3 [iii] Omics literature searches)

Prediction v

Proteome Clustering Analysis
([i] Proteins <150 AAs of unknown function [ii] Proximal proteins of interest

AMP Candidate Selection: Tp0451a and Tp0749
(Top 40 Candidates: >6/8 algorithms +ve AMP prediction / >78% Probability)

Potential Critical Core Region (CCR) Mapping
(i) AMPA [ii] CAMP-ARP [iii] AntiBP [iv] AntiBP2)

Cc AMPCCR 2° Structure Analysis and Modeling

([i] Jpred4/PSIPRED/HeliQuest [ii] Modeller/ICM/PEP-FOLD3/PROMALS3D)
AMPCCR
Prediction v

AMPCCR Homology Search
(APD3)

Cell Penetrating Peptide Prediction
(CellPPD)

FIGURE 1 | Bioinformatics pipeline for the identification of potential AMPs and
AMPCCREs in the proteome of T. pallidum. (A) Proteome Analysis: The whole
proteome (from NCBI genome database, July 2021 annotation) of T. pallidum
was searched for proteins with no assigned function and 150 amino acids or
less. (B) AMP Prediction: Complete amino acid sequences of 68 T. pallidum
proteins (<150 amino acids) of unknown function were submitted to three
AMP prediction servers which allowed for ranking from most likely AMP to
least likely AMP. Additional leader peptide, physicochemical, expression, and
proteome clustering analyses facilitated the identification of two potential
AMPs (Tp0451a and Tp0749) for further analyses. (C) AMPCCR prediction: A
combination of critical core region (CCR) mapping, structural, homology, and
cell penetrating peptide analyses were then performed to further confirm the
initial AMP predictions generated by the three prediction servers and to
identify putative antimicrobial peptide critical core regions (AMPCCRs) within
the identified predicted AMPs, Tp0451a and Tp0749.

and manually searched in order to identify all functionally-
unannotated miniproteins containing 150 amino acids or less
(Figure 1A). All in silico proteomic analyses performed on the
T. pallidum strain reported in the current study were based on
the NCBI whole proteome annotation from July 2021.

Bioinformatics Pipeline: AMP Prediction
The full-length amino acid sequences of all functionally-
unannotated miniproteins identified in the above analyses
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were submitted to three AMP prediction servers: (i) AMP
Scanner Version 2 (Deep Neural Learning Method for predicting
antibacterial activity only)® (Veltri et al., 2018), (ii) iAMPpred
[Support Vector Machine (SVM) algorithms for predicting
antibacterial, antiviral, and antifungal activities; machine learning
method based on amino acid composition, physicochemical,
and structural features]®* (Meher et al., 2017), and (iii) CAMP
[SVM, Random Forest (RF), Artificial Neural Network (ANN),
and Discriminant Analysis (DA) algorithms for predicting
antimicrobial activity; machine learning method based on
different physicochemical properties of proteins]* (Waghu et al.,
2016; Figure 1B). All T. pallidum miniproteins of unknown
function were ranked from most likely AMP to least likely AMP
based on the number of different server algorithms (out of eight
total) that produced positive AMP predictions. Corresponding
mean probability scores (1 [most likely prediction score]-0 [least
likely prediction score]) were then used to rank all miniproteins
within each positive AMP prediction class (Figure 1B).

Bioinformatics Pipeline: Leader Peptide,
Physicochemical, and Proteome
Clustering Analyses of Putative

T. pallidum AMPs

To determine if any of the miniproteins of unknown function
from T. pallidum contain potential Sec-dependent leader
peptides (Sec/SP1 peptides), we used the signal peptide prediction
servers, SignalP 5.0° (Almagro Armenteros et al., 2019) and LipoP
1.0° (Juncker et al., 2003). Manual searches of the T. pallidum
miniproteins for the conserved double-glycine/glycine-alanine
leader peptide motif (M[R/K]JELX3E[I/L]X,[I/V]XG[G/A]) that
has been observed in AMPs from Gram-negative bacteria
(Michiels et al.,, 2001; Dirix et al., 2004) were performed to
identify proteins that contain Glycine-Glycine and/or Glycine-
Alanine pairs within the first 31 residues of the N-terminus
(Figure 1B). A multiple sequence alignment of the N-termini of
each of the Glycine-Glycine and/or Glycine-Alanine-containing
proteins was generated using Clustal Omega’ (Madeira et al,,
2019). WebLogo® (Crooks et al., 2004) was then used to
generate a sequence logo for the identification of sites within
the N-terminal residues of these proteins that exhibit homology
to the conserved double-glycine/glycine-alanine leader peptide
motif found in AMPs from Gram-negative bacteria (Michiels
et al, 2001; Dirix et al., 2004). Physicochemical properties,
including hydrophobicity, net charge, and presence/absence
of cysteine residues, of the T. pallidum miniproteins of
unknown function were analyzed using the APD3 database
Antimicrobial Peptide Calculator and Predictor’ (Wang et al.,

Zhttps://www.dveltri.com/ascan/
3http://cabgrid.res.in:8080/amppred/
“http://www.camp.bicnirrh.res.in/predict
Shttps://services.healthtech.dtu.dk/service.php?Signal P-5.0
Shttps://services.healthtech.dtu.dk/service.php?LipoP- 1.0
“https://www.ebi.ac.uk/Tools/msa/clustalo/
8https://weblogo.berkeley.edu/logo.cgi
“https://aps.unmc.edu/prediction

2016; Figure 1B). Tertiary structure modeling of functionally-
unannotated proteins of interest (> 150 amino acids) found to be
located in close proximity to T. pallidum miniproteins identified
above, was performed using the protein structure modeling
server, Phyre2'’ (Kelley et al., 2015).

Bioinformatics Pipeline: Tp0451a and

Tp0749 AMPCCR Prediction

Two identified AMP candidates [Tp045la (accession
number WP_014342798) and Tp0749 (accession number
WP_010882194)] were further analyzed using our in-house
bioinformatics pipeline (Figure 1C). This analysis was performed
to help confirm the initial AMP predictions generated by the
three prediction servers and to identify potential antimicrobial
peptide critical core regions (AMPCCRs) within Tp0451a and
Tp0749. This pipeline was comprised of the following four stages:

(i) Multi-server AMPCCR mapping

Full-length amino acid sequences of Tp045la and Tp0749
were submitted to four servers: AMPA" (Torrent et al., 2012),
CAMP antimicrobial region prediction server (CAMP-ARP)"
(Waghu et al., 2016), AntiBP* (Lata et al., 2007), and AntiBP2"
(Lata et al., 2010). Potential AMPCCRs were identified in each
protein based on high probability scoring regions (15-23 amino
acid stretches) that were predicted by three or more servers.

(ii) Structure analyses and modeling

Secondary structure analyses of potential AMPCCRs were
performed using the structure prediction servers Jpred 4"
(Drozdetskiy et al., 2015) and PSIPRED 4.0"(Jones, 1999) and
the alpha helix screening and physicochemical characterization
server, HeliQuest” (Gautier et al., 2008). Structure modeling
of potential AMPCCRs based on PSIPRED secondary structure
predictions were performed using the de novo peptide structure
prediction server, PEP-FOLD 3" (Thevenet et al., 2012; Shen
et al.,, 2014) and Swiss Model® (Bienert et al., 2017; Waterhouse
etal., 2018). All models were then vetted through the comparative
protein structure modelling server, Modeller®*® (Webb and Sali,
2016) and the homology modeling program, ICM (Molsoft
L.L.C., CA, United States)* (Cardozo et al., 1995), for their
lowest normalized discrete optimized protein energy value
(zDOPE) and GA341 score closest to 1. Comparative homology
modeling using structure-based alignment was performed using

Ohttp://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index
Uhttp://tcoffee.crg.cat/apps/ampa/do
2http://www.camp.bicnirrh.res.in/predict_c/
Bhttps://webs.iiitd.edu.in/raghava/antibp/submit.html
“https://webs.iiitd.edu.in/raghava/antibp2/submit.html
Bhttp://www.compbio.dundee.ac.uk/jpred/
LShttp://bioinf.cs.ucl.ac.uk/psipred/
http://heliquest.ipmc.cnrs. fr/

Bhttps://mobyle.rpbs.univ- paris- diderot.fr/cgi- bin/portal. py#forms:: PEP- FOLD
Yhttps://swissmodel.expasy.org/
2https://salilab.org/modeller/
Zhtps://www.molsoft.com/index.html
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PROMALS3D* (Pei et al, 2008). Together, these structure
prediction analyses were used to support the multi-server
AMPCCR predictions through the identification of structural
folds known to be important for AMP function and for
facilitating subsequent peptide design via the prediction of intact
secondary structure elements.

(iii) AMPCCR homology analyses

Amino acid homology searches using the APD3 database (see
text footnote 9) (Wang et al., 2016) were employed to determine
similarity and identity of predicted T. pallidum AMPCCRs
with known and experimentally-validated AMPs and for the
identification of short orthologous AMP sequences that would be
otherwise missed using the NCBI BLAST tools* (Altschul et al.,
1990);

(iv) AMPCCR cell penetration prediction

AMPCCR cell penetrating abilities, a key functional feature
of AMPs, were predicted using the CellPPD Protein Scanning
Tool* (Gautam et al., 2013) (peptide fragment length = 10;
prediction method = SVM based with scores ranging from -1.0
to +1.0). To increase prediction stringency, the SVM threshold
for positive cell penetrating peptide predictions was increased
from the default threshold (0) to >0.1.

RNA Extraction and RT-PCR

RNA was isolated and purified from in vivo-harvested T. pallidum
subsp. pallidum (Nichols strain) using Invitrogen TRIzol™
reagent (Thermo Fisher Scientific, MA United States) and
the RNeasy mini kit (Qiagen, ON, Canada), according to
the manufacturer’s instructions. RT-PCR was performed (after
genomic DNA digestion/removal) using the orientation-specific
RT-PCR sense (5-aatgtcggctaccatcgetc) and antisense (5-
acgtgctctgecaattactge) primers for tp0451a and the Invitrogen
SuperScript™ IV First-Strand Synthesis System (Thermo Fisher
Scientific), according to the manufacturer’s instructions. The
negative control RT-PCR reaction did not include reverse
transcriptase. PCR products were electrophoresed on agarose gels
and visualized with ethidium bromide staining.

Peptide Synthesis

For the experimental validation of antimicrobial and
immunomodulatory activity, four putative AMPCCR peptides
(Table 1) from two T. pallidum miniproteins that were identified
using our AMP bioinformatics prediction pipeline (Tp0451a_N,
Tp0451a_C, Tp0749_N, and Tp0749_C), a cysteine-to-
serine substituted version of Tp0749_C (Tp0749_C_C61S),
and a cysteine-to-serine substituted version of Tp0451a_C
(Tp0451a_C_C85S), were synthesized without chemical
modifications using the PepPower™ solid state peptide
synthesis (SSPS) platform at GenScript (NJ, United States). The
known AMP, human cathelicidin LL-37 (Turner et al., 1998), the
known bullfrog (Rana [Lithobates] catesbeiana) AMP, RaCa-2

Zhttp://prodata.swmed.edu/promals3d/promals3d.php
Zhttps://blast.ncbi.nlm.nih.gov/Blast.cgi
Zhttps://webs.iiitd.edu.in/raghava/cellppd/submit_prot.php

(Li et al., 2022), a scrambled version of LL-37 (sLL-37), and
a peptide (Tp0751_p5) from the T. pallidum adhesin Tp0751
(Cameron et al., 2005) (Table 1) were also synthesized via the
same SSPS platform at GenScript, and used as positive (LL-37
and RaCa-2) and negative (sLL-37 and Tp0751_p5) controls in
antimicrobial susceptibility and immunomodulation assays, as
described below.

Antimicrobial Susceptibility

Assay—Broth Microdilution

The broth microdilution technique (Wiegand et al., 2008) was
used to determine if the T. pallidum peptides are capable of
exhibiting bacteriostatic [minimal inhibitory concentration
(MIC) measurements] and/or bactericidal [minimal bactericidal
concentration (MBC) measurements] activity. Bacterial
suspensions were prepared by transferring bacterial colonies
into MHB and resuspending using a vortex mixer to ensure
complete suspension of any bacterial aggregates. Turbidity of
the colony suspensions was adjusted spectrophotometrically to
the required optical densities to achieve a turbidity equivalent to
that of a 0.5 McFarland standard (1-2 x 103 CFU/mL) followed
by dilution in MHB to achieve the standardized microbial
inoculum of approximately 5 x 10> CFU/mL. Total viable counts
(TVC) were routinely performed on all inoculum suspensions to
ensure correct bacterial cell densities. The standardized bacterial
suspensions were then incubated with two-fold serial dilutions
of each peptide (dissolved in 11 pL of ultrapure sterile water;
final peptide concentration range of 256 pwg/mL-0.5 pg/mL)
in Greiner polypropylene round bottom 96-well microtiter
plates (Sigma-Aldrich, MO, United States). Each peptide was
tested once per experiment, with a range of 3-9 independent
experiments performed per peptide. Negative growth/sterility
control wells contained bacterial growth media (100 pL) and
the peptide solvent (11 L of ultrapure sterile water). Positive
growth control wells contained the standardized number of
bacterial cells (100 WL of ~ 5.0 x 10° CFU/mL) and peptide
solvent (11 L of ultrapure sterile water). Plates were incubated
at 37°C for 16-24 h and MICs were determined using the
unaided eye to identify the lowest concentration of AMP that
inhibited visible growth of the tested bacterial species. If the
sterility control well was turbid, the test was not considered
valid. MBCs were determined by plating the entire content of the
wells containing the peptide/bacteria mixture representing the
MIC and the entire contents of the preceding wells containing
two-fold and four-fold more concentrated AMP dilutions onto
nonselective agar plates. Plates were incubated for 24 h at 37°C
and MBCs were calculated as the percentage of bacteria killed at
the different AMP concentrations tested (decrease in TVCs from
the MBC plates compared to the initial bacterial suspension of
~5 x 10°> CFU/mL).

Antimicrobial Susceptibility
Assay—Neisseria Modified Agar Dilution

Method

The potential antimicrobial activity of the T. pallidum peptides
against N. gonorrhoeae was determined using a modified agar
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TABLE 1 | Chemically synthesized peptides used in the current study.

Peptide name Peptide source and description

Amino acid sequence

TpO451a_N Tp AMPCCR (Tp0451a N-terminal peptide)
Tp0451a_C Tp AMPCCR (Tp0451a C-terminal peptide)
Tp0749_N Tp AMPCCR (Tp0749 N-terminal peptide)
Tp0749_C Tp AMPCCR (Tp0749 C-terminal peptide)

Tp0451a_C_C85S
Tp0749_C_C61S

LL-37 (+ve) Known human cathelicidin AMP
RaCa-2 (+ve) Known bullfrog AMP
sLL-37 (-ve) Scrambled version of LL-37

Tp0751_p5 (-ve)

C-to-S substituted version of Tp0451a_C
C-to-S substituted version of Tp0749_C

T. pallidum peptide from adhesin Tp0751

GCGSHCNCNVGYHRSLHCYGNELHGKQCGFSRCG
IGRARAITHTWGIWCRWGKVWRRS
PFMQVITWARLYHKNQKRYEKIKK
KGIVAERILKPCVRRKVNGKFRS
IGRARAITHTWGIWSRWGKVWRRS
KGIVAERILKPSVRRKVNGKFRS
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES
FFPIARLAAKVIPSLVCAVTKKC
RSLEGTDRFPFVRLKNSRKLEFKDIKGIKREQFVKIL
AMRIALWNRATHGEQGALQHLLAG

Tp, T. pallidum; AMPCCR, antimicrobial peptide critical core region (identified in the current study); -ve, negative control peptide; +ve, positive control peptide.

dilution method. In this assay, N. gonorrhoeae colonies from GC
chocolate agar plates were resuspended in MHB and the turbidity
of the suspension was adjusted, as described above, to achieve
the standardized microbial inoculum of approximately 5 x 10°
CFU/mL. A two-fold serial dilution of the peptides (11 pL in
sterile ultrapure water) was then prepared in wells 1-10 of a
96-well sterile polypropylene plate to obtain a dilution series
corresponding to 10 times the required testing concentrations
(2,560, 1,280, 640, 320, 160, 80, 40, 20, 10, 5 pLg/mL). The bacterial
suspension (100 pL) was dispensed into the wells containing the
peptides. A negative growth/sterility control (well 12) contained
bacterial growth media (100 wL) and the peptide solvent (11 nL
of ultrapure sterile water). A positive growth control (well 11)
contained the standardized number of bacterial cells (100 L of
~ 5.0 x 10° CFU/mL) and peptide solvent (11 pL of ultrapure
sterile water). The 96-well plate was then incubated at 37°C in
an atmosphere of 5% CO, for 3 h to allow for peptide binding
and antimicrobial activity. After the incubation period, an aliquot
(20 L) from wells 1-12 was removed and spotted onto the
surface of a GC chocolate agar plate. N. gonorrhoeae spotted
plates and TVC plates were incubated at 37°C in an atmosphere
of 5% CO, for 18-24 h. Following the incubation period, MICs
were determined by identifying the lowest concentration of
peptide that completely inhibited visible growth on the agar plate.
To determine the bactericidal activity of peptides, total viable
counts (TVCs) were also prepared on GC chocolate agar plates
for the 3 h-incubated peptide/bacteria mixtures. These counts
were compared with TVCs from the corresponding positive
growth wells to give the percentage of bacteria killed by each of
the peptides following the 3-h incubation.

Antimicrobial Susceptibility Assay -
T. pallidum

An antimicrobial susceptibility assay was developed to assess
the activity of the four treponemal peptides (Tp045la_N,
Tp0451a_C, Tp0749_N, and Tp0749_C), an equimolar mix of
Tp0451a_N and Tp0451a_C, and the negative (Tp0751_p5) and
positive (LL-37) control peptides, against T. pallidum. In vitro-
grown T. pallidum (100pL; 1.0-1.2 x 10® Tp/mL), prepared
as described above, were incubated with each peptide at three
concentrations (4, 16, 64 jLg/mL) or the Tp0451a_N/Tp0451a_C
mix (21.6 pM; ~85 pg/mL Tp045la_N and ~64 pg/mL

Tp0451a_C) at 34°C in an atmosphere of 93.5% nitrogen, 5%
carbon dioxide, and 1.5% oxygen. Darkfield microscopy was used
to monitor T. pallidum viability by counting motile treponemes
at 0, 1, 2, and 4 h post co-incubation. For each viability
measurement, at least 50 treponemes were observed for each
sample at each time point.

THP-1 Monocyte Culture and

Macrophage-Like Differentiation

Human THP-1 (ATCC TIB-202) monocytes (American Type
Culture Collection, VA, United States) were cultured and
maintained in 5% CO, at 37°C in RPMI-1640 medium (Gibco,
Life Technologies, ON, Canada) supplemented with 10% (v/v)
fetal bovine serum (FBS) (Fisher Scientific, ON, Canada),
0.05 mM 2-mercaptoethanol (BME) (Sigma-Aldrich, ON,
Canada), penicillin (100 units), and streptomycin (0.1 mg/mL)
(Sigma-Aldrich, ON, Canada) (hereafter referred to as “complete
RPMI-1640 medium”). Cells were passaged at a density of
8 x 10° cells/mL to a maximum of 15 passages and re-seeded
at 3 x 10° cells/mL for maintenance. For differentiation into
plastic-adherent macrophage-like cells, THP-1 monocytes were
seeded at a density of 3 x 10° cells/mL in T75 tissue culture
flasks (Fisher Scientific, Ottawa, ON, Canada) and stimulated
with a low concentration (25 ng/mL) of phorbol-12-myristate-
13-acetate (PMA) (Sigma-Aldrich, ON, Canada) in complete
RPMI-1640 medium for 48 h in 5% CO, at 37°C. The PMA-
mediated differentiation method results in the generation of
cells with phenotypic characteristics that are similar to human
peripheral blood mononuclear cell (PBMC) monocyte-derived
macrophages; they are adherent, larger, more phagocytic, are
less proliferative, and exhibit cell surface markers that are
characteristic of macrophages (Chanput et al., 2014).

Following incubation with PMA, light microscopy was
used to ensure the differentiated cells were adherent, and
exhibited morphological changes consistent with PBMC
monocyte-derived macrophages. Non-adherent cells were then
removed by washing with sterile, calcium- and magnesium-free
phosphate-buffered saline (PBS) (ThermoFisher Scientific, MA
United States). Plastic-adherent macrophage-like cells were
detached by a three- to five-minute treatment with trypsin-
EDTA (0.05%) (ThermoFisher Scientific, MA, United States)
and physical agitation. The macrophage-like cells were then
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centrifuged at 1,500 rpm using a Sorvall Model STR04 centrifuge
(ThermoFisher Scientific, MA United States) for 5 min at room
temperature and seeded in PMA-free complete RPMI-1640
media, as described below.

AMP Stimulatory and AMP/IL-32y
Co-stimulatory Immunomodulation

Assays

THP-1 monocytes and THP-1 macrophage-like cells were seeded
into the wells of 12-well plates (Thermo Fisher Scientific, ON,
Canada) in complete RPMI-1640 medium (1 mL) at a density of
0.5 x 10% cells/mL. Following seeding and prior to stimulation,
macrophage-like cells were rested overnight. For AMP alone
stimulation, monocytes or macrophages were exposed for 24 h at
37°Cin 5% CO; to either (i) no stimulation (negative control for
baseline cytokine production), (ii) lipopolysaccharide [LPS; from
S. enterica serovar Typhimurium (Sigma-Aldrich, ON, Canada)]
(positive control for cytokine production; final concentration
1.0 pg/mL), or (iii) the test peptides (control peptides and
potential T. pallidum AMPs listed in Table 1; final concentration
25 pg/mL). For AMP/IL-32y co-stimulation, 20 ng/mL IL-32y
(R&D Systems, MN, United States) in fresh complete RPMI-
1640 medium was added to the rested macrophages. IL-32y
stimulation was immediately followed by co-stimulation by
the addition of the test peptides at a final concentration of
25 pg/mL. Macrophage cells left unstimulated or stimulated
with IL-32y alone were used as negative and positive controls,
respectively. Cells were stimulated for 24 h at 37°C in 5% CO,.
Following stimulation, monocytes and macrophage cells were
centrifuged at 1,500 rpm using a Sorvall Model STR04 centrifuge
(ThermoFisher Scientific, MA, United States) for 5 min at room
temperature and the cell-free supernatant was stored at -80°C
prior to quantification of cytokine levels, as described below.

THP-1 Monocyte and Macrophage

Cytokine Expression Analyses

The BD™ Cytometric Bead Array (CBA) system (BD
Biosciences, CA, United States) was used to quantify the
expression of tumor necrosis factor (TNF), MCP-1, IL-6, IL-8,
IL-10, and IL-1f according to manufacturer’s instructions.
For statistical analyses, data were analyzed for normality
using a D’Agostino-Pearson omnibus normality test and a
Shapiro-Wilk normality test. An ordinary one-way ANOVA
followed by Dunnetts multiple comparisons test was used to
assess differences between three or more groups of normally
distributed data. A Kruskal-Wallis test followed by Dunn’s
multiple comparisons test was used to assess differences between
three or more groups of data that were not normally distributed.

RESULTS

Identification of T. pallidum Miniproteins

of Unknown Function
Although the size of AMPs can vary greatly, ranging from
approximately five amino acids to several hundred amino acids,

a search of the AMP database, APD3* (Wang et al.,, 2016),
indicated that 97% of the 3324 AMPs listed at the time of
analysis fall within the 10-150 amino acid size range. With
this knowledge, we sought to identify potential T. pallidum
AMPs by manually searching the whole proteome of T. pallidum
and filtering for proteins containing 150 amino acids or less.
This resulted in the identification of 151 miniproteins (<150
amino acids) (Supplementary Table 1), representing ~16% of
the T. pallidum proteome. We then filtered for miniproteins with
no assigned function or weak/incomplete annotated functions
and for miniproteins with a potential AMP-related function,
resulting in the identification of 68 proteins (Supplementary
Table 2), representing 7% of the T. pallidum proteome. Genes
corresponding to four of these 68 proteins (Tp0039, Tp0130,
Tp0451a, and Tp0867) were not included in the latest annotation
of the T. pallidum proteome (Nichols strain NC_021490),
however, all four genes have been shown to be expressed at
the transcript level (Smajs et al, 2005 and current study)
justifying their inclusion in this study (Supplementary Table 2).
Sixty-seven of the 68 miniproteins of unknown function that
were identified in T. pallidum were annotated in the published
proteome from July 2021 as either “hypothetical proteins,
“DUF (Domains of Unknown Function) domain-containing
proteins,” or as proteins with motifs/domains that do not
provide enough insight to confidently indicate potential protein
functions (e.g., helix-turn-helix domain-containing proteins,
DNA- or RNA-binding proteins, zinc ribbon domain-containing
protein) (Supplementary Table 2). One of the 68 miniproteins
was annotated as a putative CPBP family intramembrane
metalloprotease (TPANIC_RS05485), some of which may be
involved in AMP processing (Pei et al., 2011). However, this 91-
amino acid treponemal protein is at least two-four-fold smaller
than other bacterial CPBP proteins, is only predicted to contain
one transmembrane segment (unlike the four or more present in
known CPBP proteins), and does not contain the four conserved
sequence motifs required for proteolytic activity that are found in
other CPBP proteins (Pei et al., 2011). In light of these findings,
Tp_RS05485 was included in the list of 68 miniproteins for
further bioinformatics analyses (Supplementary Table 2).

Prediction Analyses for the Identification
and Ranking of Putative T. pallidum
AMPs

Full-length amino acid sequences of all 68 miniproteins identified
in the analyses described above were submitted to three
AMP prediction servers. Prediction data were then used to
rank the 68 treponemal proteins from most likely AMP
(ranking 1/68) to least likely AMP (68/68) depending on (i)
how many of the eight server algorithms produced positive
AMP predictions and (ii) the mean probability scores from
each of the AMP predictions for each protein. In summary,
45 high-priority T. pallidum AMP candidates predicted by
at least four of the eight algorithms were assigned mean
probability scores of at least 0.505 (50.5% probability) (Figure 2

2 https://aps.unmc.edu/
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and Supplementary Table 3). AMP prediction results for all
68 T. pallidum miniproteins and corresponding probability
scores from each of the AMP prediction servers are listed in
Supplementary Table 3.

Leader Peptide Analyses of T. pallidum
Miniproteins

Many bacterial AMPs are synthesized as inactive preproteins with
N-terminal leader/signal peptides whose presence and cleavage
are required for export and activation, respectively. These include
signal peptides recognized by the general secretory (Sec) pathway
[Sec-dependent signal peptides (Sec/SP1 peptides)] (Leer et al.,
1995; Chiorean et al., 2018) and Sec-independent double-
glycine/glycine-alanine (GG/GA) leader peptides that have been
documented in AMPs from both Gram-positive and Gram-
negative bacteria (Havarstein et al,, 1994; Oman and van der
Donk, 2010). The signal peptide prediction servers, SignalP and
LipoP, were used to search for the presence of Sec-dependent SP1
signal peptides, which predicted the presence of Sec/SP1 signal
peptides in only four of the 68 miniproteins (Supplementary
Table 4). Manual searches of the 68 T. pallidum AMP candidates
for the conserved double-glycine/glycine-alanine leader peptide
motif identified 24 proteins that contain Glycine-Glycine and/or
Glycine-Alanine pairs within the first 31 residues of the
N-terminus (Supplementary Figure 1). WebLogo analysis of the
24 proteins identified an N-terminal region with similarity to the
double-glycine/glycine-alanine leader peptide motif from AMPs
from Gram-negative bacteria, suggesting the presence of a similar
secretion/activation recognition signal in T. pallidum candidate
AMPs (Supplementary Figure 2).

Physicochemical Analyses of T. pallidum
Miniproteins

Physicochemical properties known to be important for AMP
function were calculated using the APD3 online AMP calculator
and predictor tool. Consistent with the high content of arginine
and lysine residues in AMPs, the top 22-ranking potential
T. pallidum AMPs were found to have mean net charges at
pH 7.0 of 5.56 (8 proteins with 8/8 positive AMP predictions)
and 7.91 (14 proteins with 7/8 positive AMP predictions)
(Figure 3A and Supplementary Table 4). Although no trend was
observed between AMP likelihood rankings and the percentage
of hydrophobic amino acids found within this group of proteins,
the mean hydrophobic residue content of all 68 miniproteins
was high (43.1%), with 66/68 proteins comprised of more
than 30% hydrophobic residues (Figure 3B and Supplementary
Table 4). Also observed was a trend in AMP likelihood rankings
and the number / percentage of cysteine residues per protein.
In general, cysteines were found to be more common in
higher-ranking predicted AMPs (Figure 3C and Supplementary
Table 4). In comparison to an average cysteine content of
~1.9% found in all T. pallidum proteins [calculated from the
Nichols strain (NC_021490) proteome], the top eight-ranking
predicted AMPs (8/8 positive AMP predictions) contained on
average almost three-fold more cysteines (mean cysteine residue
content = 5.31%). Interestingly, the cysteine-rich nature of
these T. pallidum miniproteins is shared with distinct classes of
eukaryotic (Simmaco et al., 1994; Fahrner et al., 1996; Shafee et al.,
2016) and prokaryotic (Baindara et al., 2017; Sugrue et al., 2020)
AMPs, and thus may represent an important physicochemical
property for protein structure and/or function.

0/8

FIGURE 2 | Distribution of the number of positive AMP predictions and corresponding mean probability score ranges for T. pallidum miniproteins of unknown
function. Pie chart indicating the number of positive AMP predictions following submission of the full-length amino acid sequences of 68 T. pallidum miniproteins
(<150 amino acids) to three AMP prediction servers (eight AMP prediction algorithms total). The arrow begins at the 0/8 positive AMP prediction class and finishes at
the 8/8 positive AMP prediction class. The corresponding mean probability score range for all proteins from each positive AMP prediction class is also shown.

No. of Mean
Positive AMP Probability
Predictions Score Range
m 8/8 0.989-0.926
7/8 0.969-0.687
m 6/8 0.834-0.673
5/8 0.691-0.537
o 4/8 0.641-0.505
m 3/8 0.598-0.414
m 2/8 0.328-0.281
m 1/8 0.366-0.191
m 0/8 0.253-0.055
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FIGURE 3 | Physicochemical properties of T. pallidum miniproteins of unknown function. Physicochemical properties known to be important for AMP function were
calculated for the 68 T. pallidum proteins (<150 amino acids) of unknown function using the APD3 online AMP calculator and predictor tool. Left: Scatter plots
depicting (A) net charges, (B) hydrophobic residue content, and (C) cysteine residue content (orange circles represent the mean values, +/- standard error) of all
proteins from each positive AMP prediction class. Right: Bar graphs showing (A) net charge, (B) hydrophobic amino acid content, and (C) cysteine residue content
of all 68 miniproteins (<150 amino acids) from predicted AMP ranking 1-68. No. +ve AMP Predictions equates to the number of AMP prediction programs that

assigned the miniprotein as an AMP.
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Expression Analyses of T. pallidum
Miniproteins

Most of the 68 T. pallidum miniproteins from the current
study are annotated in the published T. pallidum proteome
as “hypothetical” proteins. However, DNA microarray-based
analysis of the T. pallidum transcriptome following experimental
rabbit infection (Smajs et al,, 2005) demonstrated that 56/68
genes encoding these functionally uncharacterized proteins are
expressed at the transcriptional level (Supplementary Table 5).
Transcripts from most of the other 12 genes were not searched
for in the study (Smajs et al., 2005) as they were not annotated
in the T. pallidum genome at the time the study was performed.
In addition, peptides from 15/68 miniproteins were detected in
mass spectrometry-based proteomics studies of rabbit infections
(McGill et al., 2010; Osbak et al., 2016), including the protein
with the highest level of expression in the Osbak and colleagues
study, Tp0214 (Supplementary Table 5). The use of trypsin
for T. pallidum protein digestion in the two mass spectrometry
studies may have contributed to the low number of miniproteins
detected in these experiments. Given that miniproteins are small
and contain high numbers of lysine and arginine residues, trypsin
treatment, which results in cleavage after lysine and arginine
residues, would be expected to cleave the miniproteins into many
small peptides. Many of these peptides would be below the size

detection limit, a major limiting factor for protein identification
in mass spectrometry studies.

Proteome Clustering of T. pallidum
Miniproteins

Bacterial genomic analyses show genes with related functions
tend to form gene clusters (Tamames et al., 1997). To determine
the spatial arrangement of all 68 miniproteins (<150 amino
acids) of unknown function within the T. pallidum proteome,
each protein was arranged from the lowest (Tp0004) to the
highest (Tp1032) locus tag number and clusters comprised of
at least two miniproteins separated by five or less intervening
proteins were identified. Forty-three of the 68 miniproteins
(63%) were found to be located within one of 17 clusters,
with 23 of the 43 proteins located in clusters comprised of at
least three miniproteins of unknown function (Supplementary
Table 6 and Figure 4A). Twenty of the top 30-ranking
predicted AMPs (67%) were found to be located within 13
miniprotein clusters, with 11 of the 20 proteins located in
clusters containing at least three miniproteins of unknown
function (Supplementary Table 6 and Figure 4B). The top-
ranking predicted AMP (Tp_RS02215) was found in a three-
miniprotein cluster including the 8"-ranking predicted AMP
(Tp0451a). Interestingly, analysis of the surrounding proteome
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FIGURE 4 | Proteome clustering of T. pallidum (Nichols strain) miniproteins of unknown function. Each of the T. pallidum (Nichols strain) proteins (<150 amino acids)
of unknown function were arranged from the lowest (Tp0004) to the highest (Tp1032) locus tag number within the proteome (Tp0001-Tp1041) and clusters
comprised of at least two miniproteins separated by five or less intervening proteins were identified. (A) Schematic depicting the spatial arrangement of all
miniproteins (<50 amino acids) of unknown function within the T. pallidum (Nichols strain) proteome. The location of each protein within the proteome is represented
by a vertical black line. (B) Schematic showing the spatial arrangement of the 30 top-ranking predicted AMPs within the T. pallidum (Nichols strain) proteome. The
location of proteins corresponding to rankings 1-10, 11-20, and 21-30 are shown in red, blue, and green, respectively. Asterisks denote the location of 20 of the top

30-ranking predicted AMPs that are found to be located within 13 miniprotein clusters.

identified two annotated proteins of note including the outer-
membrane inner-leaflet-associated lipoprotein, Tp0453, which
contains multiple outer membrane-inserting amphipathic alpha
helices that result in membrane bilayer destabilization and
enhanced permeability (Hazlett et al., 2005; Luthra et al., 2011).
Also included in this region is Tp0454; structure modeling of
Tp0454 using Phyre2 predicted tertiary structure similarity to
several response regulators (Supplementary Table 6), including
the DNA-binding response regulator, PhoP, from the PhoP-
PhoQ two-component system that is a central regulator for AMP
resistance in Gram-negative bacteria (Brodsky and Gunn, 2005).
Proteome functional annotation analyses and Phyre2 structure
modeling of open reading frames located close to other putative
AMPs identified several additional potential homologs and
structural orthologs with potential functions that are consistent
with AMP secretion, activation, transport, and self-immunity
(Supplementary Table 6), including the ORFs Tp0405 and
Tp0688 that have been previously annotated as self-immunity
proteins (Fraser et al., 1998). The close spatial arrangement of
the miniproteins, in particular the high-ranking predicted AMPs,
together with the observed proximity of potential AMP accessory
proteins in the proteome of T. pallidum is consistent with the
concept that functionally-related genes have a tendency to form
clusters within bacterial genomes (Tamames et al., 1997).

AMP Candidate Selection: Tp0451a and

Tp0749
Two AMP candidates, Tp045la (accession number
WP_014342798) and Tp0749 (accession number

WP_010882194), were selected for the identification of potential
AMPCCRs, the important minimalistic functional regions of
AMPs. Tp0451a was selected as it (i) is one of the top-ranking

predicted AMPs (8/8 positive AMP predictions, mean probability
score of 92.6%) (Supplementary Table 3), (ii) possesses classical
AMP properties (high content of positively-charged and
hydrophobic amino acid residues) (Supplementary Table 4),
(iii) is clustered in the proteome with several other potential
AMPs/related proteins, as described above, and (iv) tp0451a is
expressed at the transcript level, as described below. Although
Tp0749 is a lower-ranking predicted AMP (ranked 24/68, 6/8
positive AMP predictions, mean probability score of 78.4%)
(Supplementary Table 3), it was selected for further analyses as
it (i) is highly positively-charged and contains high hydrophobic
content, consistent with pore-forming AMPs (Supplementary
Table 4), (ii) was identified in preliminary bioinformatics
analyses as having clearly defined potential critical core regions,
indicative of future success in AMPCCR design and synthesis,
(iii) is known to be expressed at the transcript level (Smajs et al.,
2005), unlike several of the higher-ranking predicted AMPs
(Supplementary Table 5), (iv) is the second highest expressed
OREF at the transcript level in the top-30 ranking T. pallidum
miniproteins (Smajs et al., 2005) (Supplementary Table 5), and
(v) of particular importance, it is one of only six minproteins
within the top-30 ranking predicted AMPs whose expression
has been detected at the protein level in experimental rabbit
infections (Osbak et al., 2016) (Supplementary Table 5). To date,
protein expression of all eight miniproteins from the top-eight
ranking predicted AMPs (8/8 positive AMP predictions, mean
probability score range 98.9-92.6%) has not been demonstrated
in rabbit models of infection (McGill et al., 2010; Osbak et al,,
2016), and only three of the top-eight ranking predicted AMPs
have been shown to be expressed at the transcript level (Smajs
et al, 2005). The strong experimental evidence confirming
expression of Tp0749 at both the RNA and protein levels in
rabbit infections increased the prioritization of this predicted
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treponemal AMP over higher-ranking predicted AMPs for
further bioinformatics and functional characterization studies.

Reverse Transcription-PCR Analysis of
tp0O451a

To confirm expression of tp0451a, we analyzed RNA isolated
from T. pallidum by reverse transcription PCR (RT-PCR) using
sense and antisense primers. When reverse transcriptase was
present (RT+), the primer pair amplified a 198 base pair
product, matching a similarly sized amplicon generated from
T. pallidum genomic DNA (Supplementary Figure 3 lanes 2 and
4, respectively). In comparison, only a very faint amplicon was
detected when reverse transcriptase was omitted from the RT-
PCR reaction (RT-) (Supplementary Figure 3 lane 3), indicating
that the 198 base pair product from the RT+ reaction was
amplified from RNA and not contaminating DNA. Together with
the previous finding that showed expression of Tp0749 at the
protein level (Osbak et al., 2016), this result allowed us to proceed
with investigations into potential AMP activity in T. pallidum
by focusing on two miniproteins, Tp0451a and Tp0749, that are
known to be expressed at either the transcript or protein level.

Bioinformatic Identification of Potential
Critical Core Regions in Two Putative

T. pallidum AMPs

The first step for mapping AMPCCRs in Tp0451a and Tp0749
involved using four prediction servers [AMPA (one algorithm),
CAMP (three algorithms), AntiBP (three algorithms), and
AntiBP2 (one algorithm)] to identify the amino acid boundaries
of potential antimicrobial active regions (critical core regions,
CCRs) within the two T. pallidum proteins based on clusters of
high probability scoring regions predicted by at least three of the
four servers. For both Tp0451a and Tp0749, two potential active
regions were identified in the N-and C-termini of each protein
(Figures 5A,B).

In the second step of our pipeline, secondary structure
analyses and structure modeling of the two proteins and
their identified potential active regions were performed.
For Tp0451a, Jpred 4, and PSIPRED analyses predicted a
predominantly coiled/beta strand structure that corresponded
to the N-terminal predicted active region and an alpha helical
structure that corresponded to the C-terminal predicted
active region (Figure 5A). HeliQuest analysis showed that
the predicted C-terminal alpha helix exhibited amphipathic
properties (Figure 5A), a common structural characteristic in
AMPs that is important for membrane integration and pore
formation. Structure modeling using a combination of PEP-
FOLD 2, Swiss Model, Modeller and Molsoft ICM was unable to
generate high confidence models for either the N- or C-terminal
regions that correspond to the predicted antimicrobial active
regions. However, a robust model was generated for the
intervening central region (residues E36-171) (Figure 5A and
Supplementary Figure 4). In agreement with the secondary
structure predictions, this central region was modeled as two
hydrophobic alpha helices. The structure prediction analyses
were consistent with the multi-server AMPCCR mapping

predictions by defining potential structural elements, one of
which is important for AMP function, that corresponded to
high-scoring predicted active regions. Together, these findings
allowed for the identification of two potential critical core regions
within the N- (Tp045la_N) and C-terminus (Tp045la_C) of
Tp0451a (Figure 5A).

For Tp0749, both Jpred 4 and PSIPRED analyses predicted
alpha helices that corresponded to the N- and C-terminal
predicted active regions (Figure 5B). Consistently, a high
confidence (92%) alpha helix was modeled for the N-terminal
region that was predicted to exhibit antimicrobial activity
(Figures 5B, 6A). Importantly for potential AMP function,
this modeled N-terminal alpha helix was also shown to be
amphipathic with one face of the helix rich in positively-charged
residues and the opposing face rich in hydrophobic residues
(Figures 6A,B). In addition, a structure-based alignment using
PROMALS3D of the Tp0749 N-terminal alpha helix model and
a solved structure from the known AMP, human cathelicidin LL-
37 (PDB:5NMN), predicted structural similarity between the two
peptides (RMSD—0.31 A over 19 Ca atoms) and conservation
of 3/6 positively charged residues involved in binding target
cell membrane lipids (Sancho-Vaello et al., 2017) (Figure 6C).
In agreement with secondary structure predictions, a lower
confidence (69%) partially amphipathic alpha helix model was
also modeled for the C-terminal predicted antimicrobial active
region (Figures 5B, 6D,E). The combined approach of multi-
server AMPCCR mapping, secondary structure prediction, and
modeling allowed for the identification of two potential critical
core regions located in the N- (Tp0749_N) and C- (Tp0749_C)
terminus of Tp0749 (Figure 5B).

To help further resolve the potential active regions identified
above, the four candidate AMPCCRs were then analyzed for
similarity with known, experimentally-validated AMPs from
the APD3 database and for their predicted cell penetrating
capabilities using CellPPD. Amino acid sequence-based
homology searches identified similarities of each of the four
AMPCCRs with established AMPs with homologies ranging
between 37 and 44% (Table 2). CellPPD analysis also predicted
that three of the four potential AMPCCRs with predicted
amphipathic alpha helices (Tp045la_C, Tp0749_N, and
Tp0749_C) (Figures 5A, B, 6) contain peptide stretches that
may have the ability to penetrate cell membranes (Table 3), a
key functional feature of AMPs. The positive control peptide
(LL-37) was also predicted to contain cell penetrating peptide
regions, unlike the negative control peptide, Tp0751_p5
(Table 3). Together, these results bolstered the initial AMP
predictions generated by the four prediction servers and
identified two potential AMPCCRs within each of Tp045la
and Tp0749. These putative functionally-active core regions
were prioritized for peptide synthesis and AMP functional
characterization studies.

In vitro Antimicrobial Activity of
T. pallidum AMPCCR Candidates

To evaluate the potential antimicrobial activity of the
four predicted T. pallidum AMPCCRs identified via our
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FIGURE 5 | In silico identification of potential T. pallidum AMPCCRs. The critical core regions of two candidate AMPs, (A) Tp0451a and (B) Tp0749, were predicted
using our bioinformatics pipeline. The first step of the pipeline involved CCR mapping (A,B, top): four prediction servers [AMPA (one algorithm), CAMP (three
algorithms), AntiBP (three algorithms), and AntiBP2 (one algorithm)] were used to identify the amino acid boundaries of potential antimicrobial active regions (critical
core regions, CCRs). High probability/scoring regions predicted by at least three of the four servers are shown with their corresponding probabilities (AMPA and
CAMP algorithms) or scores (AntiBP and AntiBP2 algorithms). Hydrophobic residues: green; Positively-charged residues: red; Cysteines: blue. In the second step of
the pipeline, secondary structure analyses and modeling were performed (A and B panels, middle): secondary structure analyses of the full-length proteins were
performed using Jpred 4 (H: alpha helix; E: beta strand; dashed line: coiled) and PSIPRED (pink highlight: alpha helix; orange highlight: beta strand; gray highlight:
coiled). HeliQuest was used to generate helical wheel diagrams for potential alpha helices (yellow: hydrophobic residues; purple: serine or threonine; blue: positively
charged residues: gray: glycine or alanine). Structure modeling using Modeller generated a confident model for the central region of Tp0451a (residues E36-171), but
confident models were not generated for the N- or C-terminal regions. Structure modeling using a combination of PEP-FOLD-2, Swiss-Model, Molsoft ICM, and
Modeller generated models for the N- and C-terminal regions of Tp0749 (residues P14-S48 and 152-K65, respectively). Together, these findings allowed for the
identification of two potential critical core regions within the N-terminus (Tp0451a_N and Tp0749_N) and C-terminus (Tp0451a_C and Tp0749_C) of Tp0451a and
Tp0749 (A and B panels, bottom).
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FIGURE 6 | Structure modeling of the candidate T. pallidum AMP, Tp0749. (A, Left): Table showing the scoring functions of the Tp0749 N-terminal model (residues
P14-S48) generated by a combination of PEP-FOLD-2, Swiss-Model, Molsoft ICM, and Modeller. (Middle) Model ribbon structure of Tp0749 residues P14-S48 and
rotated view showing amphipathicity. (Right) Helical wheel schematic of Tp0749 (P14-S48) generated using HeliQuest. Dashed line separates the hydrophilic/polar
and hydrophobic/non-polar faces of the predicted alpha helix. (B) Ribbon and surface/charge distribution images of the Tp0749 (P14-S48) model showing one face
of the alpha helix rich in positively-charged/polar residues (blue) and the opposing face rich in hydrophobic/non-polar residues (white). Red: negatively-charged/polar
residues. (C) PROMALS3D was used to generate a structure-based comparative model of the Tp0749 N-terminal alpha helix model (P14-S48) using the structure of
the known AMP, human cathelicidin LL-37 (PDB:5NMN) as a template. RMSD—0.31 A over 19 Ca atoms and 3/6 positively charged residues involved in binding
target cell membrane lipids are conserved (indicated by rectangles; triangles show non-conserved residues). (D) Left: Table showing the scoring functions of the
Tp0749 C-terminal model (residues 152-K65) generated by using a combination of PEP-FOLD-2, Swiss-Model, Molsoft ICM, and Modeller. (Middle) Model ribbon
structure of Tp0749 residues 152-K65 and rotated view showing partial amphipathicity (red: negatively charged/polar residue side chains; blue: positively
charged/polar residue side chains; yellow: cysteine residue side chain). (Right) Helical wheel schematic of Tp0749 (152-K65) generated using HeliQuest. Dashed line
separates the hydrophilic/polar and partially hydrophobic/non-polar faces of the predicted alpha helix. (E) Surface and charge distribution views of Tp0749 (152-K65)
(red: negatively charged/polar residues; blue: positively charged/polar residues; white: hydrophobic/non-polar residues).
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TABLE 2 | Known AMPs with the highest similarity to four T. pallidum candidate AMPCCRs.

Tp AMPCCR Similar known AA Similarity (%) Source Activity
AMP

TpO451a_N Beta Defensin 6 37.20 Mammals Anti-Gram-negative
(Yamaguchi et al.,
2001)

Tp0451a_C ecPis3 (Zhuang 37.03 Fish Anti-Gram-negative
etal., 2017) Anti-Gram-positive

Antifungal Antiparasitic

Tp0749_N Brevinin-1CHb 37.08 Amphibians Anti-Gram-negative
(Conlon et al., Anti-Gram-positive
2011) Antifungal

Tp0749_C P15s (Oyama et al., 44.44 Mammals Anti-Gram-negative
2017)

The four candidate AMPCCRs from T. pallidum were analyzed for amino acid sequence similarity with established, experimentally-validated AMPs using homology

searches in the APD3 database. Tp, Treponema pallidum; AA, amino acid.

TABLE 3 | Treponema pallidum candidate AMPCCRs with predicted cell penetrating abilities.

Tp AMPCCR Cell penetrating predictions SVM Score
Tp0451a_N GCGSHCNCNVGYHRSLHCYGNELHGKQCGFSRCG Non-CPP
Tp0451a_C IGRARAITHTWGIWCRWGKVWRRS 0.38
Tp0451a_C IGRARAITHTWGIWCRWGKVWRRS 0.12
Tp0749_N PFMQVITWARLYHKNQKRYEKIKK 0.36
Tp0749_N PFMQVITWARLYHKNQKRYEKIKK 0.33
Tp0749_N PFMQVITWARLYHKNQKRYEKIKK 0.10
Tp0749_C KGIVAERILKPCVRRKVNGKFRS 0.46
Tp0749_C KGIVAERILKPCVRRKVNGKFRS 0.21
Tp0749_C KGIVAERILKPCVRRKVNGKFRS 0.20
Tp0749_C KGIVAERILKPCVRRKVNGKFRS 0.19
Tp0749_C KGIVAERILKPCVRRKVNGKFRS 0.15
LL-37 (+ve) LL GDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 0.31
LL-37 (+ve) LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 0.16
LL-37 (+ve) LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 0.15
LL-37 (+ve) LL GDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 0.13
LL-37 (+ve) LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 0.1
LL-37 (+ve) LL GDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 0.10
Tp0751_p5 (-ve) AMRIALWNRATHGEQGALQHLLAG Non-CPP

The four candidate AMPCCRs from T. pallidum and positive (LL-37) and negative (Tp0751_p5) control peptides were analyzed for predicted cell penetrating capabilities
using CellPPD (10 amino acid peptide scan). Predicted 10-amino acid cell penetrating peptides are highlighted in bold. Corresponding Support Vector Machine (SVM)
scores [0.1 (lowest probability) — 1.0 (highest probability)] for each predicted cell penetrating peptide (in bold) are shown. Tp, Treponema pallidum; non-CPF, no cell

penetrating peptides predicted.

bioinformatics pipeline, synthetic peptides were produced
and antimicrobial susceptibility assays were performed to test
for bacteriostatic and bactericidal activities against a panel
of biologically and clinically relevant Gram-negative and
Gram-positive bacteria. In broth microdilution assays, all four
candidate AMPCCRs were active against M. smegmatis (Table 4).
Consistent with our bioinformatics pipeline analyses, the three
T. pallidum peptides with predicted amphipathic alpha helices
(Tp0451a_C, Tp0749_N, and Tp0749_C) (Figures 5A,B, 6) and
highest AMPCCR mapping scores (Figures 5A,B) all exhibited
robust anti-mycobacterial activity, unlike the lower-scoring
Tp0451a_N. The lack of activity in the latter peptide aligns
with the observation that this was the only peptide that lacked
predicted (amphipathic) helical structure (Figure 5A). With

the exception of Tp0451a_N, the treponemal peptides exhibited
anti-mycobacterial activity that was similar to the positive
control AMPs, LL-37 and RaCa-2. Tp045la_N showed no
antimicrobial activity against any of the other tested bacteria,
whereas Tp045la_C showed considerable bacteriostatic and
bactericidal potency toward the Gram-positive bacterium,
S. pyogenes, to a level that exceeded that observed with the
positive control AMPs, LL-37 and RaCa-2. None of the other
three treponemal peptides exhibited anti-streptococcal activity
and all four treponemal peptides were inactive against S. enterica
and S. aureus. Together, these findings demonstrate that
each of the four treponemal peptides identified in our AMP
discovery bioinformatics pipeline are capable of exhibiting both
bacteriostatic and bactericidal activity.
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TABLE 4 | Antimicrobial susceptibility testing of T. pallidum candidate AMPCCRs using broth microdilution.

Peptide E. coli P. aeruginosa S. enterica S. aureus S. pyogenes M. smegmatis
ATCC 9723H ATCC 10148 SL1344 ATCC 6538P Unknown strain; MGC2155
Clinical Isolate

MIC MBC MIC MBC MiC MBC MIC MBC MiC MBC MiC MBC
Tp0451a_N - - - - - - - - - - 34.7-69.5 69.5
Tp0451a_C - - - - - - - - 5.4-10.8 54-433 1.4-2.7 1.4-5.4
Tp0749_N - - - - - - - - - - 0.3-1.3 1.3
Tp0749_C 12.0 48.2-96.4 24.1-48.2 96.4 - - - - - - 1.5-3.0 1.5-3.0
Tp0451a_C_C85S 10.9-21.8 10.9-43.6 - - - - - - 5.4-10.9 10.9-43.6 5.4 10.9
Tp0749_C_CB61S  24.2-48.5 - 97.0 - - - - - - - 12.1-24.2 24.2-48.5
Tp0751_p5 (—ve) - - - - - - - - - - - -
sLL-37 (~ve) - - >57 - - - - - - - 14.2-28.5 >57
LL-37 (+ve) 1.8-71 1.8-7.1 3.6-14.2 3.6-14.2 1.8-285 1.8-28.5 71-28.5 7.1-57.0 28.5-57.0 28.5-57.0 0.45-1.8 0.45-1.8
RaCa-2 (+ve) 3.1-12.4 6.2-24.7  49.4-98.9 >98.9 6.2-49.4  12.4-98.9 3.1-6.2 83.1-12.4 6.2-49.4 6.2-494 1.5-3.1 1.5-6.2

All peptides were tested between three and nine times in independent experiments against a panel of six clinically and biologically relevant Gram-negative, Gram-positive,
and Mycobacterium species. MIC and MBC ranges (wM) are shown for each peptide. Strains are indicated for each bacterium with the exception of S. pyogenes (clinical
isolate, unknown strain). -ve, negative control peptide; +ve, positive control peptide; —, no AMP activity.

Based on our six-member panel of bacteria, we found
Tp0749_C to be the most broad-spectrum AMP of the four
treponemal peptides. In addition to its anti-mycobacterial
properties, it also showed moderate bacteriostatic activity
towards E. coli, moderate-low bacteriostatic activity against
P. aeruginosa, and low bactericidal activity against both E. coli
and P. aeruginosa (Table 4). The positive control peptide, LL-37,
was more active against E. coli and P. aeruginosa than Tp0749_C.
The positive control peptide, RaCa-2, was more active against
E. coli than Tp0749_C but exhibited lower anti-pseudomonal
activity. The other three treponemal peptides showed no activity
against these two Gram-negative bacteria. The negative control
peptide, Tp0751_p5, a 24-mer peptide from the T. pallidum
adhesin Tp0751 with similar physicochemical properties to
AMPs, was inactive against all six bacteria in all experiments.
Surprisingly, the negative control peptide, sLL-37, a scrambled
version of LL-37, exhibited a low degree of antimicrobial activity
against M. smegmatis and minimal bacteriostatic activity against
P. aeruginosa (Table 4). Since sLL-37 retains many of the
same physicochemical properties, including overall charge and
amino acid composition, as LL-37, but is predicted to lack the
helical content found in native LL-37, this may explain the
low-level activity observed with the scrambled version of this
peptide. Indeed, a similar low level of antimicrobial activity for
sLL-37 has been demonstrated previously in an independent
study (Gordon et al., 2005). Together, the Tp0451a and Tp0749
results suggest that T. pallidum is capable of producing AMPs
that target Gram-negative bacteria, Gram-positive bacteria, and
mycobacteria, and established proof-of-concept for our AMP
discovery bioinformatics pipeline.

To evaluate if cysteine residues are important for
T. pallidum AMP function, cysteine-to-serine substituted
versions of Tp045la_C (Tp045la_C_C85S) and Tp0749_C
(Tp0749_C_C61S) were synthesized and tested for antimicrobial
activity using our panel of six bacteria and broth microdilution
assays. These peptides were chosen as they have broad-spectrum
AMP activity, and only contain one cysteine residue each.

As shown in Table 4, compared to the unmodified, cysteine-
containing AMPCCR, Tp0451a_C, the antimicrobial activity
of Tp0451a_C85S against M. smegmatis was reduced two- to
eight-fold, whereas the cysteine substitution had no effect on
anti-streptococcal activity. Interestingly, the cysteine substituted
version of Tp0451a_C exhibited moderate antimicrobial activity
against E. coli, unlike the unmodified version. Compared to
the unmodified, cysteine-containing AMPCCR, Tp0749_C,
the bacteriostatic activity of Tp0749_C_C61S against E. coli
and P. aeruginosa was reduced two- to four-fold, and reduced
eight-fold against M. smegmatis (Table 4). Furthermore, the low
bactericidal activity of Tp0749_C against E. coli and P. aeruginosa
was abolished in Tp0749_C_C61S and the strong bactericidal
activity against M. smegmatis was reduced 16-fold. Consistent
with the high abundance of cysteines in the top-ranking
predicted AMPs, these findings show that the cysteine residues
are important for the AMP activity.

To investigate the potential antimicrobial activity of the
T. pallidum AMPCCRs against the frequently co-infecting
sexually transmitted pathogen, N. gonorrhoeae, an antimicrobial
susceptibility assay based on agar dilution was developed and
performed to test for bacteriostatic and bactericidal activities.
Although growth was visibly inhibited by Tp0451a_C, none of
the four treponemal AMPCCRs completely inhibited Neisseria
growth on the agar plates at any of the peptide concentrations.
The visible inhibition of growth by Tp045la_C prompted
us to test whether any of the treponemal peptides were
bactericidal against N. gonorrhoeae by comparing TVCs of
the 3 h-incubated peptide/bacteria mixtures with TVCs from
the corresponding positive control growth wells to give the
percentage of bacteria killed by the peptides. In agreement with
our modified agar dilution results, we found Tp0451a_C to be
the only treponemal peptide capable of exhibiting bactericidal
activity against N. gonorrhoeae, with Neisseria-killing activity
consistently observed at peptide concentrations of 64 jLg/mL and
higher (Table 5). The loss of anti-Neisseria activity in the cysteine
substituted version of Tp0451la_C (Tp045la_C_C85S) further
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TABLE 5 | Antimicrobial susceptibility testing of T. pallidum candidate AMPCCRs
against N. gonorrhoeae using a modified agar dilution method.

Peptide 256 pg/mL 128 ng/mL 64 ng/mL 32 ng/mL
N. gonorrhoeae killing (%)
Tp0O451a_N 0 0 nt nt
Tp0451a_C 97.6-100 94.4-100 90.5-100 0-93.0
Tp0749_N 0 0 nt nt
Tp0749_C 0 0 nt nt
Tp0451a_C_C85S 0 0 0 0
Tp0749_C_C61S 0 0 nt nt
Tp0751_p5 (-ve) 0 0 0 0
sLL-37 (-ve) 0 0 0 0
LL-37 (+ve) 100 100 100 100
RaCa-2 (+ve) 100 100 100 100

The bactericidal activity of treponemal peptides was analyzed by comparing
TVCs following a 3-h incubation period in the presence of N. gonorrhoeae
with the TVCs from the positive growth control samples (N. gonorrhoeae,
no peptides present). All peptides were tested in three to six independent
experiments against N. gonorrhoeae (ATCC 700825, streptomycin resistant). The
percentage killing of N. gonorrhoeae from all experiments is shown for each of the
peptides. nt, not tested.

suggested the importance of cysteine residues in treponemal
AMP function. These findings suggest that T. pallidum may
express proteins that are capable of killing Neisseria during co-
infections involving these two sexually transmitted pathogens.

AMPCCR Susceptibility Testing of
T. pallidum

Treponema pallidum exhibits vigorous motility which can be used
as an indication of bacterial viability. To assess the activity of
the treponemal peptides against T. pallidum, in vitro-cultured
T. pallidum was incubated with each peptide at three different
concentrations. Treponeme viability was then determined by
counting motile treponemes using darkfield microscopy. As
shown in Supplementary Figure 5, only Tp45la_C showed
antimicrobial activity against T. pallidum at 64, 16, and 4 pg/ml
peptide concentrations, when compared to the negative control
peptide, Tp0751_p5. The positive control peptide, LL-37, and
Tp0749_N also showed a low level of inhibitory activity against
T. pallidum at 64 pg/ml. These findings demonstrate that, similar
to other bacteria (Beis and Rebuffat, 2019; Smits et al., 2020),
T. pallidum is susceptible to the antimicrobial activity of some
of the AMPs it produces, at least when added exogenously.

Immunomodulatory Capabilities of

T. pallidum AMPCCRs

Based upon the well-established propensity for AMPs to suppress
or induce cytokine production and the persistent nature of
T. pallidum infection, we assessed potential immunomodulatory
functions of the T. pallidum AMPCCRs through examining their
capacity to influence cytokine production (IL-1f, IL-6, IL-8, IL-
10, MCP-1, and TNF) from a human monocyte/macrophage
cell line. Initially, we quantified cytokine production from
monocytes (THP-1 cells) stimulated with the treponemal
peptides under non-inflammatory conditions. Stimulation with

treponemal peptides resulted in the production of several
cytokines from monocytes, but the levels of cytokine were low
(Supplementary Figure 6). No statistically significant differences
in cytokine production between monocytes stimulated with
Tp0751_p5 (peptide with no antimicrobial activity in the
present study), and the treponemal AMPCCR, Tp0451a_C, was
detected. Exposure of each of the peptides to macrophages
(differentiated THP-1 cells) failed to induce a significant
difference in cytokine expression when compared to the
unstimulated control (Supplementary Figure 7). In summary,
no treponemal AMPCCR-specific effect on cytokine secretion
by undifferentiated monocytes or macrophages was observed in
these non-inflammatory immunomodulation assays.

Previously, it has been shown that LL-37 modulates
macrophage cytokine production under conditions where
macrophages have been highly activated by exposure to the
pro-inflammatory cytokine IL-32y (Choi et al, 2014). IL-
32y also plays key roles in pathogen defense and persistence
of chronic infection (Bai et al, 2010; Dos Santos et al,
2017; Li et al, 2018). To assess whether the T. pallidum
AMPCCRs identified in the current study also modulate cytokine
expression levels under cytokine-induced pro-inflammatory
conditions, macrophages were activated with IL-32y and
immediately additionally stimulated with one of our control
peptides (LL-37, sLL-37, and Tp0751_p5), or one of the four
treponemal AMPCCRs (Tp0451a_N, Tp0451a_C, Tp0749_N,
and Tp0749_C), or not exposed to a peptide (IL-32y only)
or IL-32y (no stimulation). IL-32y elicited robust production
of the chemokine MCP-1 from macrophages compared to
non-IL-32y stimulated cells, demonstrating that the cells
were successfully activated, and notably, both LL-37 and the
treponemal AMPCCR Tp045la_C were found to be the only
peptides that significantly downregulated (p < 0.0001 for
both peptides) IL-32y-induced expression of MCP-1, in three
independent experiments (Figure 7A). Additionally, LL-37 and
Tp0451a_C were able to modulate macrophage-production of the
chemokine IL-8 following IL-32y stimulation: IL-32y stimulation
resulted in lower levels of IL-8 release compared to unstimulated
cells, and co-stimulation of macrophages with IL-32y and LL-
37 or Tp045la_C caused significantly higher levels of IL-8
release compared to from macrophages stimulated with IL-
32y alone (p < 0.0001 for both peptides in three independent
experiments (Figure 7B). Co-stimulation of macrophages with
each of the peptides failed to significantly affect the expression
levels of IL-1p, IL-6, TNF, or IL-10 (Supplementary Figure 8).
In addition to the antimicrobial activities described above,
these findings demonstrate that the T. pallidum AMPCCR
Tp0451a_C is also capable of immunomodulatory activities in
certain inflammatory contexts.

DISCUSSION

In this study, we investigated the potential for T. pallidum to
express AMPs as a previously unrecognized strategy to defend
against competing bacteria and the host immune response.
To conduct these studies, we developed a bioinformatics
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FIGURE 7 | Analysis of the immunomodulatory capacities of the T. pallidum AMPCCRs. Human THP-1 cells were differentiated to macrophages and then stimulated
with or without IL-32y. Cells were then immediately exposed to either LL-37, sLL-37, Tp0751_p5, Tp0451a_C, Tp0451a_N, Tp0749_C, or Tp0749_N and analyzed
for expression of (A) MCP-1 and (B) IL-8. Each data point is representative of cells from one well of a 12-well plate. Data shown is representative of three
independent experiments. A Dunnett’s multiple comparisons test was used for normally distributed data and a Dunn’s multiple comparisons test was used for data
that was not normally distributed. For statistical analyses, mean values from each peptide were compared to the mean of the unstimulated control (IL-32y only
stimulation); p-values (Dunnett’s multiple comparisons test) indicating statistically significant differences observed in three independent experiments are indicated.

pipeline for the identification of candidate T. pallidum AMPs.
By using AMPCCR mapping, followed by a combination of
structure, modeling, homology, and cell penetration prediction
analyses, potential AMPCCRs were identified in two T. pallidum
proteins, Tp0451a and Tp0749. Together, these findings enabled
the design and synthesis of four putative AMPCCRs to
evaluate these T. pallidum proteins for antibacterial and
immunomodulatory functions.

Using antimicrobial susceptibility assays, we demonstrated
bacteriostatic and bactericidal activity for the four predicted
T. pallidum AMPCCRs. All four peptides were active against
the model Mycobacterium sp., M. smegmatis, three of which
(Tp0451a_C, Tp0749_N, and Tp0749_C) exhibited robust

anti-mycobacterial activity that was similar or more potent
than the activity of many antimycobacterial AMPs from other
organisms (Abedinzadeh et al., 2015; Gupta et al., 2015; Helbing
etal., 2019). Mycobacterium smegmatis is generally considered as
nonpathogenic, however, it has been shown on rare occasions to
cause disease in humans (Wallace et al., 1988; Newton et al., 1993;
Pennekamp et al., 1997; Hong et al., 2003; Ergan et al., 2004).
Interestingly, M. smegmatis was originally isolated from syphilitic
chancres and gummas (Bloom, 1885) and is known to be
present in normal genital (smegma) secretions. Mycobacterium
smegmatis is neither a true Gram-negative nor Gram-positive
due to its unusual cell envelope ultrastructure and composition,
which is similar in all known mycobacteria species, including
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the important human pathogen Mycobacterium tuberculosis
(Brennan and Nikaido, 1995; Cook et al., 2009). Although
few cases have been documented, T. pallidum/M. tuberculosis
coinfections in HIV patients have been reported (Latif et al.,
2020). Given the cell envelope conservation observed within
mycobacteria, the T. pallidum proteins demonstrated in this
study to possess AMP activity may also be capable of targeting
M. tuberculosis during situations of co-infection.

One of the treponemal AMPCCRs (Tp045la_C) exhibited
bacteriostatic and bactericidal activity against a clinical isolate of
the Gram-positive extracellular bacterial pathogen, S. pyogenes.
At the time of writing, searches of the AMP database, APD3
(see footnote 26) (Wang et al., 2016), identified only 71 known
AMPs (out of a total of 3324 known AMPs) with antimicrobial
activity against S. pyogenes, including only 12 from other
bacteria, most of which are non-pathogenic members of the
microbiota. In line with these results, few reports have been
published describing this rare antimicrobial activity, making
Tp0451a_C a new addition to this select group of S. pyogenes-
targeting AMPs. Furthermore, the anti-S. pyogenes activity of
Tp0451a_C was found to be generally comparable (Cogen
et al., 2010; Uhlmann et al., 2016; Ma et al.,, 2020) or more
potent (Sornwatana et al., 2018; Li et al., 2022) than known
AMPs from other organisms. The relatively small number of
AMPs that show activity against S. pyogenes is attributed to
the expression of several proteins involved in AMP resistance,
including the streptococcal cysteine protease SpeB (Schmidtchen
et al., 2002) which is involved in the proteolytic degradation
and inactivation of AMPs, the M1 protein, streptokinase, and
the streptococcal inhibitor of complement, the latter three of
which are involved in resistance against defensins and/or LL-37
(Frick et al., 2003; Lauth et al., 2009; Hollands et al., 2012). Our
findings show that the AMP-activity identified in Tp0451a_C is
capable of circumventing the resistance mechanisms developed
by pathogenic S. pyogenes. Importantly, S. pyogenes colonizes
and infects several host sites that T. pallidum also encounters,
particularly during T. pallidum transmission. These shared host
sites include the skin and the mucosal membranes of the
oropharynx, rectum, and genitals (Stamm et al., 1978; Mead
and Winn, 2000; Lafond and Lukehart, 2006; Sobel et al., 2007;
Minami et al., 2010; Verstraelen et al., 2011; Nelson et al.,
2016; Norimatsu and Ohno, 2020). Taken together, these findings
suggest that Streptococcus-killing AMPs may comprise a defense
strategy that facilitates survival during infection by protecting
T. pallidum against this clinically relevant, competing microbe
in key host infection sites such as the genital mucosa, via direct
inhibition and killing.

Tp0451a_C was also demonstrated to be the only treponemal
peptide capable of exhibiting bactericidal activity against
the frequently co-infecting sexually transmitted pathogen
N. gonorrhoeae (Bala et al., 2011). This finding is consistent
with the concept that T. pallidum and N. gonorrhoeae localize
to the same environmental niches within the urogenital region,
particularly during transmission and primary stage syphilis when
treponemes are localized within the chancre at the initial site of
infection. In light of the increasing global public health threat
posed by N. gonorrhoeae due to the rapid emergence of multiple

drug resistant strains and with an estimated 78 million new cases
per year (Alirol et al., 2017), our finding of a Neisseria-active
AMP is relevant to the goal of developing novel therapeutics
against this pathogen.

Most AMPs from bacteria exhibit narrow antimicrobial
spectra; they are produced in order to defend themselves and
their environmental niche from a few genus/species-specific
competing species that are often also closely related to the
AMP-producing bacterium (Cleveland et al., 2001; Cotter et al,,
2005; De Vuyst and Leroy, 2007). This is most likely because
closely related bacterial species often reside within the same
environmental niches. However, identification of broad spectrum
AMPs has become increasingly common, particularly amongst
non-pathogenic Gram-positive bacteria (Kemperman et al,
2003a,b; Zendo, 2013; Todorov et al., 2019). Here we found
Tp0749_C and Tp0451a_C to exhibit the most broad-spectrum
activity of the four treponemal peptides tested. Interestingly,
Tp0749_C exhibited bacteriostatic and bactericidal activity
against a non-pathogenic strain of the Gram-negative bacterium,
E. coli. Non-pathogenic E. coli strains are normal, prevalent
residents of the human lower gastrointestinal tract, including
the rectum (Zhang et al., 2002; Tenaillon et al., 2010). The fact
that syphilis chancres commonly occur in the rectum and anal
canal of men-who-have-sex-with-men infected with T. pallidum
(Lafond and Lukehart, 2006), suggests (i) the likelihood of a
close association between non-pathogenic E. coli and T. pallidum
during primary stage syphilis in these individuals and (ii) the
possibility that T. pallidum AMPs are expressed that target non-
pathogenic E. coli in this host infection site. It is also likely
that T. pallidum encounters pathogenic / uropathogenic strains
of E. coli during infection. Although these strains were not
tested in our antimicrobial susceptibility assays, previous studies
have shown that AMPs from other organisms exhibit similar
levels of antimicrobial activity against both non-pathogenic and
pathogenic / uropathogenic E. coli strains (Fedders et al., 2010;
Aghazadeh et al, 2019; Mardirossian et al., 2019; Moazzezy
et al, 2020; Li et al, 2022; Lin et al, 2022). Tp0749_C
also exhibited antimicrobial activity against the Gram-negative
bacterium, P. aeruginosa. P. aeruginosa is an opportunistic
pathogen that is the causative agent of both severe acute and
chronic infections in immunocompromised individuals, and is
one of the major etiological agents of urinary tract infections
(Ronald, 2002; Shigemura et al., 2006). Given that T. pallidum /
HIV co-infections are common (Shockman et al., 2014; Burchell
et al,, 2015), and the potential for co-localization of T. pallidum
and P. aeruginosa to the same environmental niches within
the urogenital region in immunocompromised patients, these
findings support the concept that T. pallidum may produce anti-
pseudomonal AMPs as a defense mechanism during infection.
Together, T045la and Tp0749 were capable of inhibition
and/or killing of five of the seven diverse bacterial species
tested, including three Gram-negative bacteria, a Gram-positive
bacterium, and a mycobacterium. This finding is consistent with
the ability of T. pallidum to invade and disseminate to any host
organ or tissue during the different stages of syphilis and the
variable, and often complex, polymicrobial environments that
exist within different sites of infection.
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As part of our physicochemical analyses of T. pallidum
miniproteins, we determined that the rare amino acid cysteine
appears frequently in high-ranking predicted AMPs. Substitution
of the single cysteine residue in Tp0451a_C with the structurally
similar residue serine reduced its antimicrobial activity against
N. gonorrhoeae and M. smegmatis, but resulted in a gain of
antimicrobial activity against E. coli. Substitution of the single
cysteine residue in Tp0749_C with serine greatly reduced the
antimicrobial activity against E. coli and P. aeruginosa, and even
more so against M. smegmatis. This unusual physicochemical
property is shared with specific classes of AMPs, in particular
certain eukaryotic AMPs, including defensins which typically
contain six to twelve cysteines (Shafee et al., 2016), protegrins,
which are active against several sexually transmitted pathogens
and often contain four cysteines (Tamamura et al., 1995; Fahrner
etal., 1996; Qu et al., 1996; Yasin et al., 1996), and brevinins which
usually contain two cysteine residues (Simmaco et al., 1994).
More recently, increasing numbers of cysteine-rich and defensin-
like AMPs are being discovered in bacteria (Baindara et al.,
2017; Sugrue et al., 2020). The even number of cysteine residues
in these AMPs allows for the formation of intra-molecular
disulfide bonds, which are important for AMP stability (Dias
Rde and Franco, 2015). Literature and PDB searches indicate
that most cysteine-containing AMP structures that have been
solved are monomers that contain even numbers of cysteines
/ intra-molecular disulfide bonds. However, some AMPs with
an odd number of cysteines form inter-molecular disulfide
bonds resulting in dimers that can increase activity and stability
compared to monomeric forms (Campopiano et al., 2004; Min
etal., 2017). The AMPCCRs, Tp0451a_C and Tp0749_C, should
only be capable of forming inter-molecular disulfide bonds /
multimers, as they only contain one cysteine each. However,
full-length Tp045la_C contains seven cysteine resides and
Tp0749 contains two cysteine residues, suggesting the additional
possibility of intra-molecular disulfide bond formation. Similar
to the aforementioned cysteine-rich AMPs, our findings are in
agreement with the hypothesis that cysteines are important for
the demonstrated treponemal AMP activity, possibly via the
formation of inter- and/or intra-molecular disulfide bonds and
miniprotein multimerization.

Due to the antimicrobial findings described herein, the fact
that many AMPs have the ability to modulate immune functions
(Lai and Gallo, 2009; Kindrachuk et al., 2013; Dicks et al., 2018;
Malaczewska et al., 2019), and the stealth nature of T. pallidum,
we investigated the immunomodulatory capabilities of the
four treponemal peptides under both non-inflammatory and
cytokine-induced inflammatory conditions, through assaying
cytokine production from a human monocyte/macrophage cell
line. Given that IL-32y plays key roles in pathogen defense
and persistence of chronic infection (Bai et al, 2010; Dos
Santos et al., 2017; Li et al.,, 2018), and that AMP-mediated
immunomodulatory activities have been shown to modulate
IL-32y-induced cytokine production (Choi et al, 2014), IL-
32y was selected as a biologically relevant co-stimulatory agent
for our assays to mimic the pro-inflammatory environment
present during T. pallidum infection (Lafond and Lukehart,
2006). Interleukin-32 is a recently discovered pro-inflammatory

cytokine that functions in the persistence of inflammation
via induction of other pro-inflammatory cytokines and in the
control of infectious and chronic diseases (Khawar et al., 2016;
Ribeiro-Dias et al., 2017). It has been found to be elevated in
human infections, where it can have a protective (Mycobacterium
tuberculosis, HIV) or detrimental (Helicobacter pylori) effect
on the host (Rasool et al., 2008; Bai et al., 2010; Peng et al.,
2014). Although the up-regulation and involvement of IL-32
isoforms in T. pallidum infection has yet to be demonstrated, the
inflammation associated with T. pallidum infection is consistent
with this possibility. Furthermore, IL-32 is upregulated in HIV
infection (Rasool et al,, 2008), a pathogen that is frequently
involved in co-infections with T. pallidum.

Under IL-32y-induced pro-inflammatory conditions in
macrophages, we found that co-stimulation with Tp0451la_C
resulted in decreased production of the pro-inflammatory
chemokine MCP-1 and increased production of the pro-
inflammatory chemokine, IL-8, compared to macrophages
not exposed to peptides. MCP-1 is produced by a variety
of cell types, several of which are relevant to T. pallidum
infection, including monocytes, macrophages, epithelial, and
endothelial cells (Yoshimura et al., 1989a,b; Cushing et al., 1990;
Standiford et al., 1991). Monocyte chemoattractant protein-1
is the main chemoattractant for monocytes and macrophages
to sites of inflammation where recruited monocytes undergo
transformation into macrophages (Deshmane et al, 2009).
During infection, clearance of T. pallidum is dependent on
macrophages via antibody-mediated opsonophagocytosis and
subsequent killing by macrophages (Lukehart and Miller, 1978;
Baker-Zander and Lukehart, 1992; Baker-Zander et al., 1993).
However, in the absence of antibiotic intervention, treponemes
are never fully cleared from the host. The ability of Tp0451a
to down-regulate expression of pro-inflammatory cytokines,
including MCP-1, may contribute to treponemal survival via
local suppression of the inflammatory response and dampening
of macrophage recruitment.

In the present study, we also found Tp0451a_C capable of
significantly increasing production of IL-8 in co-stimulated
macrophages. This pro-inflammatory cytokine is a potent
neutrophil chemoattractant that can induce neutrophil
morphology changes and degranulation, and neutrophil
migration to sites of infection and inflammation (Baggiolini
and Clark-Lewis, 1992; Kolaczkowska and Kubes, 2013; Arango
Duque and Descoteaux, 2014). Similar to the findings described
herein, IL-8 has been shown to be up-regulated in macrophages
stimulated with T. pallidum peptides derived from the major
immunogenic lipoprotein, TpN47 (Sellati et al., 1998). If IL-8
up-regulation, by Tp045la_C or other treponemal proteins,
is recapitulated at the level of viable whole T. pallidum,
the following consequences may be envisioned that could
promote T. pallidum pathogenesis. Since neutrophils are largely
ineffective against T. pallidum during early infection (Lafond
and Lukehart, 2006), IL-8 production may function as an
early infection immune diversion mechanism. Alternatively, an
increase in IL-8 expression may redirect the immune response
towards competing neutrophil-sensitive = microorganisms
in polymicrobial host sites, such as uropathogenic E. coli
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(Svanborg-Eden et al., 1987). As IL-8 is also a pro-angiogenic
chemokine (Li et al., 2003), up-regulation may contribute to
the vascular inflammation and increased angiogenesis observed
during secondary syphilis (French, 2007; Gao et al.,, 2019) and
may promote treponemal accessibility to the host’s circulatory
system via proliferation of endothelial cells and formation of
new blood vessels, similar to the mechanism proposed for the
IL-8-inducing T. pallidum protein TpF1 (Pozzobon et al., 2016).

Here we employed a combination of bioinformatics,
antimicrobial susceptibility testing, and immunomodulation
assays that allowed for the experimental identification of the
first proteins with AMP activity from a spirochete bacterium.
However, there are limitations with our approach. First,
due to difficulties with expression, full-length versions of
the treponemal proteins were not used in antimicrobial
susceptibility or immunomodulation experiments. Confirmation
of AMP activity with the full-length proteins would be
optimal, and may uncover an enhanced AMP activity
due to the additive effects of the AMPCCRs. Second, in
our antimicrobial susceptibility assays, we only tested for
antibacterial activity and thus may have missed antifungal,
antiviral, and/or antiparasitic activities. Third, although most
AMPs are smaller than 150 amino acids, our bioinformatics
pipeline omitted larger proteins from our analyses thereby
excluding potential colicin-like bacteriocins. Fourth, the
expression status of approximately three-quarters of all
T. pallidum miniproteins of unknown function remain to
be determined, due in part to the experimental difficulty
with identifying small, positively-charged proteins via mass
spectrometry-based proteomic analyses. Furthermore, the
identification of potentially secreted T. pallidum proteins
from in vivo and in vitro cultures by mass spectrometry and
other methodologies is not possible due to the overwhelming
abundance of contaminating rabbit/host proteins and the
complexity of the culture medium, respectively. Fifth,
similar to other AMP studies, the in vitro nature of the
antimicrobial susceptibility assays, which were based on
established, standardized protocols (Wiegand et al., 2008),
are not representative of the complex host environments
encountered during infection. Therefore, it remains to be
determined if the concentrations of T. pallidum peptides
that resulted in bacteriostatic and bactericidal activities are
representative of the concentrations that are expressed and
secreted into diverse host sites during infection.

Finally, and most significantly, similar to other recently
discovered AMPs, our functional characterization of the
treponemal proteins with AMP activity has yet to determine
iffhow they are processed/activated, and the mechanisms
involved in self-immunity and export. Most bacterial AMPs
that have been functionally characterized are synthesized as
inactive protein precursors comprised of a N-terminal leader
peptide/signal peptide, that is required for export, and a
C-terminal proprotein that contains the critical core regions
(Torrent et al., 2009, 2012; Chang et al., 2015; Perez et al., 2018).
Following specific protease-mediated cleavage of the leader /
signal peptide, the mature, functionally-active AMP is exported
from the AMP-producing bacteria to the external environment

via ATP-binding cassette (ABC) transporters (Beis and Rebuffat,
2019). In the present study, we showed that several T. pallidum
candidate AMPs contain N-terminal amino acid sequences
with similarity to the Gram-negative Sec-independent double-
glycine/glycine-alanine (GG/GA) leader peptides, suggesting that
a subset of T. pallidum AMPs may also use this recognition signal
to direct secretion and allow for activation of precursor AMP
forms. In addition, proteome functional annotation analyses and
Phyre2 structure modeling of open reading frames located close
to several potential AMPs identified (1) putative homologs and
structural orthologs of proteases with potential roles in AMP
leader peptide cleavage and activation and (2) ABC transporters
that may mediate export of the mature active treponemal AMPs
to the external host environment during infection. Notably, an
emerging class of bacterial AMPs with varying characteristics,
referred to as leaderless AMPs, do not undergo post-translational
processing or modification, are produced without an export-
mediating N-terminal leader/signal peptide, and are fully active
immediately following expression (Perez et al., 2018). Leaderless
AMPs are the most poorly understood group of bacterial
AMPs, and the molecular mechanisms underlying self-immunity,
secretion, and export remain largely unknown (Perez et al,
2018). Although no common secretion or export mechanism
has been discovered for leaderless AMPs, an ABC transporter
protein (LmrB) has been shown to be involved in the immunity
and export of a leaderless AMP from Lactococcus lactis, LsbB
(Gajic et al., 2003). Additionally, an ABC transporter protein
(DDHIJ) from Enterococcus faecalis has been implicated in the
active export of the leaderless AMP, Enterocin DD14 (Ladjouzi
et al., 2020). It is possible that Tp0451a and Tp0749 belong to,
or are related to, the leaderless group of bacterial AMPs. In
this situation, the two T. pallidum AMPs would be expressed
without processing/proteolytic cleavage, followed by export via
one or more of the many ABC transporter proteins located within
the T. pallidum proteome (Fraser et al., 1998). This mechanism
would result in the N- and C-terminal AMPCCRs identified
in the current study to remain fully intact and associated with
each other, potentially allowing for enhanced, broad spectrum
AMP activity due to the additive effects of the AMPCCRs. This
is consistent with the knowledge that AMP activity is often
localized to more than one discrete peptide region, or domain
(AMPCCRs), within the full-length protein (Todorov, 2009;
Torrent et al., 2012; Snyder and Worobo, 2014).

In the present study, we showed that the viability of
T. pallidum was reduced following incubation with Tp0451a_C.
This result was not surprising, given that AMPs from
other bacteria are highly toxic to the AMP-producing strain,
necessitating the expression of self-immunity proteins and
dedicated ABC transporters that protect the AMP-producing
bacteria during expression within the cell through extrusion
outside and away from the cell (Smits et al., 2020). The unique
composition of the T. pallidum cell envelope may confer a
degree of protection against AMPs, as suggested in a previous
study that investigated the activity of the full-length mammalian
AMP LL-37 against T. pallidum (Cox et al., 2003). Specifically,
the T. pallidum outer membrane has low anionic phospholipid
content compared to other Gram-negative bacteria, contains
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few outer membrane proteins including porins and negatively-
charged proteins, lacks LPS, and contains cholesterol. Thus,
T. pallidum possesses a cell envelope that is reminiscent of the
host cell membrane with regards to a neutral surface charge and
the presence of the AMP inhibitory molecule, cholesterol (Feigin
etal.,, 1995; Matsuzaki et al., 1995; Glukhov et al., 2005). Together,
these may help prevent the electrostatic binding of cationic AMPs
to the T. pallidum surface, which is consistent with our findings
in the current study that showed only minor or no decrease in
T. pallidum viability following incubation with all but one of the
AMPs that were tested.

In conclusion, this study has established proof-of-concept for
our AMP discovery bioinformatics pipeline via the experimental
identification of proteins with AMP activity in T. pallidum.
The ability of T. pallidum to produce proteins with dual
antimicrobial and immunomodulatory activities may contribute
to treponeme survival by eliminating competing microbes via
direct inhibition and killing effects, and by modulating the
host immune response to promote both indirect inhibition and
killing of competing bacterial species and immune evasion. This
research has the potential to enhance our understanding of the
unique pathogenesis of T. pallidum and reveal novel defense
and survival mechanisms with broad applicability to bacterial
pathogens, including other pathogenic spirochetes.
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Considered the increased threaten of neurosyphilis in China, a review on cases
reported in the literature to describe the clinical epidemiological characteristics of
neurosyphilis cases, may be beneficial to the early detection and management strategies
of neurosyphilis for clinicians. We searched the literature on Chinese neurosyphilis
cases published from January 1, 2009 to December 31, 2021, described their clinical
epidemiological characteristics and calculated the prevalence of neurosyphilis amongst
other associated diseases, according to the individual study criteria. A total of 284 studies
including 7,486 neurosyphilis cases were included. No meta-analysis was performed
due to the heterogeneity of the data. Among 149 case reports and 93 retrospective
case series studies, the main clinical manifestation of 3,507 neurosyphilis cases
was cerebral parenchymal syphilis (57.3%), followed by asymptomatic neurosyphilis
(16.7%), meningovascular syphilis (13.6%), meningitis syphilis (7.7%) and ocular syphilis
(2.8%), etc. In addition, the initial diagnosis was incorrect in 53.2% patients, and the
most frequent misdiagnoses were mental disorders (31.0%), stroke (15.9%), cognitive
impairment (9.0%), etc. The positive or abnormal rates of cerebrospinal fluid non-
treponemal and treponemal tests, white blood cell counts and protein concentrations
were 74.2%, 96.2%, 61.5%, and 60.9%, respectively. Aqueous penicillin was the first
choice for treatment in 88.3% cases, and 81.7% and 50.0% patients had response in
the improvement of symptoms and serological effective in CSF, respectively. Among 26
studies on neurosyphilis patients amongst other associated diseases, the prevalence of
neurosyphilis amongst central nervous system infectious diseases, syphilis-associated
neurological symptoms, serofast status, coinfected with human immunodeficiency virus
were 10.6%-30.1%, 23.2%-35.5%, 9.8%-56.1%, and 8.9%, respectively. In summary,
the lack of early detection of neurosyphilis cases remains a clinical challenge. The high
rate of misdiagnosis and high prevalence of neurosyphilis amongst associated diseases
strongly remind clinicians to focus on the early detection among suspected cases.
Besides, the standard treatment regimen and long-term follow-up, which complied with
guideline should be provided. Further prospective studies are urgent to better delineate
the clinical epidemiological characteristics of neurosyphilis in China.
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Neurosyphilis in China

INTRODUCTION

Neurosyphilis, historically caused by Treponema pallidum (T.
pallidum) infection, was reported increasing with the expansion
of syphilis screening in China. T. pallidum invades the central
nervous system (CNS) and may cause severe and irreversible
neurologic sequelae in patients if left untreated (1). According to
the latest report, the number of newly reported cases of syphilis
was 438,199 (32.2 per 100,000) in 2016 and increased by an
annual average of 8.6% from 2007 to 2016 in China; moreover,
the number of reported cases of tertiary syphilis increased by
8.0% annually from 2007 to 2016 (2). Previous studies showed
that the epidemiology of neurosyphilis largely paralleled that of
syphilis (3, 4), and most tertiary syphilis cases were diagnosed
as neurosyphilis (5), which indicated an increasing incidence of
neurosyphilis in China.

Neurosyphilis has puzzled dermatologists, neurologists and
psychiatrists in clinical settings for over two centuries because
of its atypical symptoms and lack of a golden criteria of
diagnosis. Early injury to CNS in neurosyphilis patients affects
the mesenchyma, such as the meninges and blood vessels,
manifesting within months to the several years after primary
infection as meningismus, blindness, stroke, etc., while late injury
affects the brain and spinal cord parenchyma within years to
decades and presents as general paresis and tabes dorsalis (6, 7).
Therefore, the rates of misdiagnosis and missed diagnosis in
clinical settings are relatively high because of the diverse and
atypical symptoms (8, 9). It is necessary for clinicians to be aware
of the most common misdiagnosed diseases and specific clinical
features of neurosyphilis when making a differential diagnosis.

Clinical recognition of neurosyphilis depends on the
comprehensive assessment of clinical characteristics and
cerebrospinal fluid (CSF) findings. However, no single specific
and sensitive test for neurosyphilis exists. CSF pleocytosis and
elevated protein concentrations are frequently observed in
patients with neurosyphilis. Reactive CSF serologic tests are
required for the diagnosis of neurosyphilis, and the Venereal
Disease Research Laboratory (VDRL) test for CSF is thought
to be the gold standard for specificity in the absence of blood
contamination, but its sensitivity is still debated (10). The
rapid plasma reagin (RPR) test, toluidine red unheated serum
test (TRUST), fluorescent treponemal antibody adsorption
(FTA-ABS) test and treponema pallidum particle agglutination
(TPPA) test for CSF have all been assessed to have variable
sensitivity and specificity in diagnosing neurosyphilis (11-13).
Besides, no VDRL kits in China gets the approved of State Food
and Drug Administration (SFDA) to date. Together the above
all, the RPR and TRUST were recommended as the alternative
tests by the ‘China National Guidelines for the Diagnosis and
Treatment of Syphilis, Gonorrhea and Chlamydia Trachomatis
Infection (2020)’ (14). The diagnostic criteria for neurosyphilis
differed between studies due to the lack of a gold standard
test. Consequently, the methodological quality of neurosyphilis
diagnosis among studies is unknown and need to be evaluated.

Although many cases of neurosyphilis in China were reported,
their clinical features and management information have not
reviewed comprehensively to date. In this paper, all cases of

neurosyphilis reported in China in the past 13 years were
reviewed, and their clinical epidemiological characteristics were
presented, which will be helpful to clinicians to early detection
and management of neurosyphilis.

MATERIALS AND METHODS

The research and reporting methods of this review were
consistent with the preferred reporting items for systematic
reviews (PRISMA) (Supplementary Table S1).

Search Strategy

We searched the PubMed, EMBASE, and some Chinese Journal
databases including China national knowledge infrastructure
(CNKI) and WanFang databases for studies on neurosyphilis
in China and limited the search to studies published between
1 January 2009 to 31 December 2021.We searched for ((“CSF”
OR “lumbar puncture” OR “meningitis” OR “meningovascular”
OR “stroke”) AND “syphilis”) OR (“neurosyphilis” OR “tabes
dorsalis” OR “general paresis”) AND (“China”) in the PubMed
and EMBASE databases and searched for “neurosyphilis” in the
CNKI and WanFang databases (15). No language restrictions
were set.

Inclusion/Exclusion Criteria

We selected unduplicated references and excluded reviews if
the studies did not address neurosyphilis, did not describe
the clinical features of neurosyphilis patients, reported patients
already described in a different paper, did not include Chinese
patients, did not report new primary material or could not be
downloaded. We did not limit inclusion based on the diagnostic
criteria used for neurosyphilis.

Selection Process

The selection was conducted by two independent reviewers
working in parallel, first excluded duplication literature, then
screening for title and abstract followed by the full text according
to the inclusion/exclusion criteria. After the screening of 50
references, a validation of the screening process was conducted
by comparing the screening results and discussing them within
the team. Throughout the screening process, discrepancies were
discussed and a third reviewer was consulted if consensus was not
reached. The reasons for exclusion were documented only for full
text publications (Figure 1).

Data Extraction

We extracted variables including available demographic
information of neurosyphilis patients, duration of the study,
inclusion criteria, diagnostic criteria for neurosyphilis, clinical
syndromes and misdiagnosis, neuroimaging findings, and the
number of human immunodeficiency virus (HIV) -infected
patients in each study. We also extracted information on the
treatment and follow-up of patients in these studies.

Statistical Analysis
For case reports and retrospective case series, we analyzed the
sex ratio, age distribution, clinical spectrum, misdiagnosis rate,
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FIGURE 1 | Study inclusion flowchart.

treatment, and the proportion of anomalies of CSF tests and
neuroimaging findings. For studies on neurosyphilis in patients
with syphilis or HIV, we calculated the proportion of study
participants who were diagnosed with neurosyphilis according
to the individual study criteria. No meta-analysis was performed
due to the heterogeneity of the data.

The chi-squared test was used to compare categorical
variables. The Wilcoxon signed-rank test was used to compare
related continuous variables with skewed distributions. A P-value
of < 0.05 was considered statistically significant. All statistical
analyses were conducted in SPSS 21.0 (IBM Corp, Armonk, NY).

RESULTS

A total of 962 articles were identified in the PubMed and
EMBASE databases, and 412 duplicated articles were excluded.
Among the remaining 550 articles, 458 articles were excluded
based on full-text reviews. A total of 2,604 articles were identified
from the CNKI and Wanfang databases, and 831 duplicated
articles and 1,413 articles that were not included in Chinese Core
Journals were excluded. Among the remaining 360 articles, 192
articles were excluded based on full-text reviews. Finally, 284
articles that met our inclusion criteria were selected (Figure 1).

Clinical Characteristics of Cases
The 149 case reports included 180 patients, consisting of 128
males and 52 females. The average age was 47.7 £+ 12.9

(range from 12 to 79 years old), and the age of most patients
ranged from 41 to 60 (56.7%, 102/180). The 93 retrospective
case series included 3,327 patients (2,520 males, 783 females
and 24 unknown), and neurosyphilis was more likely to
occur in males than in females (|Z| = 824, P < 0.001)
(Supplementary Table S2).

As shown in Tablel, among the 3,200 patients with
clearly defined clinical subtypes, 533 (16.7%) has asymptomatic
neurosyphilis, 726 (22.7%) had mesenchymal syphilis (245
(7.7%) had meningitis syphilis, 435 (13.6%) had meningovascular
syphilis and 46 had undefined syphilis), 1,832 (57.3%) had
parenchymal neurosyphilis (1,537 (48.0%) had general paresis,
115 (3.6%) had tabes dorsalis, 54 (1.7%) had syphilitic gumma
and 126 had undefined syphilis), 90 (2.8%) had ocular syphilis,
42 (0.6%) had mixed-type syphilis, and 210 had undefined
syphilis. The initial diagnosis was correct in 774 (46.8%) patients
and incorrect in 847 (53.2%) patients among 173 studies, the
correct diagnostic rate ranged from 17.0 to 100% (95%CI, 59.1-
76.2%). Among the 847 misdiagnosed patients, 578 patients
showed the misdiagnosed diseases, including mental disorders
(179 patients, 31.0%), stroke (92 patients, 15.9%), cognitive
impairment (52 patients, 9.0%), encephalitis (46 patients, 8.0%),
ophthalmic diseases (40 patients, 6.9%), Alzheimer’s disease
(AD) (22 patients, 3.8%), brain tumors (20 patients, 3.5%),
epilepsy (13 patients, 2.3%), myeleterosis (12 patients, 2.1%),
peripheral neuropathy (11 patients, 1.9%), demyelinating disease
or multiple sclerosis (10 patients, 1.7%), Parkinson’s disease
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TABLE 1 | Clinical characteristics of neurosyphilis cases from 149 case reports and 93 retrospective case series.

Clinical characteristics

Number of cases Proportion (%) *

Asymptomatic 533 16.66%
Mesenchymal syphilis Meningitis 245 7.66%
Meningovascular 435 13.59%
Not mentioned 46 1.44%
Clinical subtypes 196 studies mentioned Parenchymal syphilis General paresis 1,637 48.03%
Tabes dorsalis 115 3.59%
Syphilitic gumma 54 1.69%
Not mentioned 126 3.94%
Ocular syphilis 90 2.81%
Mixed 19 0.59%
Not mentioned 97
46 studies (28 case reports) not mentioned 210
Diagnosis correct diagnosis 744 46.76%
173 studies misdiagnosed diseases mentioned Mental disorders 179 30.97%
Stroke 92 156.92%
Encephalitis 46 7.96%
Cognitive impairment 52 9.00%
ophthalmic diseases 40 6.92%
Brain tumor 20 3.46%
Alzheimer’s disease 22 3.81%
Epilepsy 13 2.25%
Myeleterosis 12 2.08%
Peripheral neuropathy 11 1.90%
Parkinson’s disease 9 1.56%
Demyelinating disease and multiple sclerosis 10 1.73%
Ataxia 4 0.69%
Hydrocephalus 6 1.04%
menopausal symptom 4 0.69%
Encephalatrophy 3 0.52%
Others 55 9.52%
Not mentioned 269
69 studies (21 case reports) not mentioned 1,916

*The denominator is the sum of the cases who mentioned the clinical characteristics.

(PD) (nine patients, 1.6%), hydrocephalus (six patients, 1.0%),
ataxiaor menopausal symptom (four patients, 0.7%, respectively),
encephalatrophy (three patients, 0.5%), and other diseases (55
patients, 9.5%).

Laboratory Characteristics and Auxiliary

Examination of Cases

Among 180 patients from 149 case reports studies,
nontreponemal tests (VDRL/RPR/TRUSTs) were performed in
83.3% (150/180) of the patients, and 82.0% (123/150) of them
patients had positive results. Treponemal tests (TPPA/TPHA)
were performed in 78.3% (141/180), and 95.0% (134/141) of
them had positive results. As shown in Table 2, patients were
more likely to have positive results on the treponemal tests
than non-treponemal tests (x? = 11.97, P = 0.001). However,
there were no differences in the abnormal CSF white blood
cell counts (WBC) rate (74.6%, 82/110) and abnormal CSF

protein (PRO) rate (78.9%, 86/109) between these two groups
(x* = 0.58, P = 0.52). We also found that 24 patients were
diagnosed with neurosyphilis without reactive CSF serologic
tests. (Supplementary Table S1).

Among the 93 retrospective case series studies, non-
treponemal tests (VDRL/RPR/TRUST) were performed in 88.8%
(2,491/2,805) of the patients, and 73.7% (1,747/2,370) of
them had positive results, the positive rates ranged from
0 to 100% (95%CI, 69.5-81.2%). Treponemal tests (FTA-
ABS/TPPA/TPHA) were performed in 91.0% (2,552/2,805) of the
patients, and 96.2% (2,339/2,431) of them had positive results,
the positive rates ranged from 66.7 to 100% (95%CI, 90.8-
97.3%). Patients were more likely to have a positive result on a
treponemal test than a nontreponemal test (|Z = 5.78, P < 0.001).
CSF-WBC were abnormal among 61.0% (1,654/2,712) patients,
the abnormal rates ranged from 22.2% to 100% (95%CI, 59.0-
69.7%). CSF-PRO test was abnormal among 60.2% (1,665/2,765)
patients, the abnormal rates ranged from 11.1 to 100% (95%ClI,
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TABLE 2 | Laboratory findings of neurosyphilis cases from 149 case reports and 93 retrospective case series.

Laboratory findings Number of Positive or abnormal x2 12| P
cases proportion
(%) *
CSF Case reports VDRL/RPR/TRUST- 123 82.00% 11.97 0.001
serological positive
test
FTA-ABS/TPPA/TPHA- 134 95.04%
positive
WBC count abnormal 82 74.55% 0.58 0.523
PRO level abnormal 86 78.90%
Retrospective VDRL/RPR/TRUST- 1,747 73.71% 5.78 <0.001
case series positive
FTA-ABS/TPPA/TPHA- 2,339 96.22%
positive
WBC abnormal 1,654 60.99% 1.1 0.267
PRO level abnormal 1,665 60.22%
Neuroimaging 215 studies Abnormal 1,750 81.89%
examination mentioned
(MRI/CT)
Normal 387 18.11%
Not mentioned 475
27 studies (12 897
case reports) not
mentioned
EEG 50 studies Abnormal 458 77.50%
mentioned
Normal 133 22.50%
Not mentioned 494
192 studies (129 2,422
case reports) not
mentioned
HIV 135 studies Positive 228 8.34%
mentioned
Negative 2,505 91.66%
107 studies (73 774
case reports) not
mentioned

CSF, cerebrospinal fluid; VDRL, venereal disease research laboratory; RPR, rapid plasma reagin; TRUST, toluidine red unheated serum test; FTA-ABS, fluorescent treponemal
antibody adsorption;, TPPA, treponema pallidum particle agglutination; TPHA, treponema pallidum hemagglutination assay; WBC, white blood cell; PRO, protein; MRI, magnetic
resonance imaging; CT, computed tomography; EEG, electroencephalography; HIV, human immunodeficiency virus. *The denominator is the sum of the cases who mentioned the

laboratory findings.

T The Wilcoxon signed-rank test was used to compare the difference in positive rate between CSF non-treponemal tests and treponemal tests, as well as the abnormal rate between

CSF WBC and PRO level.

65.1-75.8%). There were no differences in the rates of abnormal
CSF-WBC and CSF-PRO results among studies (|Z| = 1.1, P =
0.27). The diagnostic criteria for neurosyphilis were not provided
in two studies including 51 patients, and the results of CSF
serologic tests were not mentioned in 12 studies including 474
patients. (Supplementary Table S3).

The numbers of patients with HIV infection were described
in 135 studies, including 2,733 patients, and the coinfection
rate was 8.34% (228/2,733). In addition, imaging examination
results were presented in 215 studies; 81.8% (2,137/2,612)
of the patients underwent neuroimaging examinations
(skull/spine/orbital magnetic resonance imaging (MRI) or
computed tomography (CT)), and 81.9% (1,750/2,137) of them
had abnormal results (Table 2), the abnormal rates ranged from
25.0 to 100% (95%CI, 80.5-88.2%). Forty-two studies presented
electroencephalography (EEG) findings; 54.47% (591/1,085) of

the patients underwent EEG, and 77.50% (458/591) of them had
abnormal results, the abnormal rates ranged from 11.5% to 100%
(95%CI, 70.6-87.8%) (Supplementary Table S3).

Treatment and Prognosis

Of the 242 studies, treatment of neurosyphilis was described
in 201 studies including 1,738 patients. As shown in Table 3,
the treatment drugs were described for 1,634 patients. Aqueous
penicillin was the first choice for treatment (88.3%, 1,442/1,634),
and ceftriaxone (7.4%, 121/1,634) and doxycycline (0.5%,
8/1,634) were the alternative choices for those who were allergic
to penicillin. The remaining 63 (3.9%) patients were not treated
with the drugs recommended by the National Guidelines,
such as benzathine penicillin (3.2%, 53/1,634), minocycline,
azithromycin, traditional Chinese medicine (TCM), etc. Thirty
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TABLE 3 | The treatment and follow-up of neurosyphilis cases from 149 case reports and 93 retrospective case series.

Treatment and prognosis

Number of cases Proportion (%) *

Treatment Aqueous penicillin 1,442 88.25%
drugs
Ceftriaxone 121 7.41%
Doxycycline 8 0.49%
201 studies Benzathine penicillin 53 3.24%
mentioned
Other drugs 10 0.61%
Refused treatment 10 -
Referred 38 -
Not mentioned 56 -
41 studies (11 case reports) not mentioned 1,769 -
Symptoms improved 650 68.06%
recovery 130 13.61%
no-response 175 18.32%
(persisted,
deteriorated, or
recurrence)
Follow-up 181 studies Serum non-treponemal test dropped at least 2 titers or turn to negative 195/288 67.71%
and mentioned
Prognosis
CSF non-treponemal test dropped at least 2 titers or turn to negative 89/178 50.00%
CSF WBC decreased 145/188 77.13%
CSF PRO decreased 1563/202 75.74%
Neuroimaging improved 35/36 97.22%
Death 9 -
20 studies (9 679 -

case reports)
not mentioned

CSF, cerebrospinal fluid; WBC, white blood cell; PRO, protein. *The denominator is the sum of the cases who mentioned the treatment and prognosis.

eight patients were referred to other hospitals and 10 patients
refused treatment.

The follow-up and prognosis of patients were described in
181 studies. The longest follow-up time was 6 years, while
the efficacy of treatment among 19.3% (29/150) patients were
evaluated before discharge and only 17.3% (26/150) patients
follow-up at least 1 year. Most patients (52%, 78/150) follow-
up for 3 to 6 months. As shown in Table 3, during the follow-
up period, 81.7% (780/955) patients had an improvement or
recovery of clinical symptoms (range from 0 to 100% in 47 cases
series studies, 95%CI: 75.0-88.3%, Supplementary Table S2).
Unfortunately, the persistence, deteriorate or recurrence of
symptoms were occurred among 18.3% (175/955) patients.
The results of nontreponemal test in serum or CSF turned
negative or dropped by at least two titers in 67.7% (195/288)
(range from 0 to 100% in 14 cases series studies, 95%CI:
33.0%—73.3%, Supplementary Table S2) and 50% (89/178)
(range from 0 to 100% in 10 cases series studies, 95%CI:
23.2-73.7%, Supplementary Table S2) of patients, respectively.
The CSF WBC or PRO decreased or return to normal range
in 77.1% (145/188) (range from 429 to 100% in 12 cases
series studies, 95%CI: 64.5-94.8%, Supplementary Table S2)

and 75.7% (153/202) (range from 45.5 to 100% in 10 cases
series studies, 95%CI: 64.8-93.4%, Supplementary Table S2) of
patients, respectively. In addition, the rate of improvement or
recovery on neuroimaging findings was 97.2% (35/36) mentioned
in 34 case report studies. Nine patients died during follow-up
(Supplementary Tables S2, S3).

Among 121 cases report studies, 131 and 13 patients were
mentioned treated by using aqueous penicillin or ceftriaxone,
and the response to clinical symptoms after treatment were
mentioned in 107 and 12 cases, respectively. We found that there
is no difference in the rate of improvement or recovery of clinical
symptoms between patients treated by using aqueous penicillin
or ceftriaxone (87.9% (94/107) vs. 83.3% (10/12), P = 1.0). Data
about the syphilitic serological response rate in serum and CSF
was too few for comparison.

Neurosyphilis Amongst Patients With

Other Associated Diseases

Seven studies reported cases of neurosyphilis amongst CNS
diseases (Table4, Supplementary Table S3). The diagnostic
criteria of neurosyphilis were not stated in five studies, and the
results of CSF serological tests were presented in only one study.
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TABLE 4 | Studies reporting cases of neurosyphilis with CNS diseases.

ID  Study Province Year Neurosyphilis Prevalence of Study design Study Duration Inclusion criteria CSF criteria % HIV
neurosyphilis for positive
diagnosis of
neurosyphilis
1 DailLL '® Beiing 2014 2 3.33% retrospective 2009-2011 HIV/AIDS patients (>13  Not Stated 100.00%
years old) with a
complaint of new or
recurrent neurological or
psychiatric
symptoms/signs
2 Guan LQ Shanghai 2016 36 10.62% retrospective 2010-2015 HIV with CNS lesions Positive result  100.00%
19 on
CSF-VDRL,
or FTA-ABS
tests with
abnormal
CSF-WBC
FFYU®®  Tianjin 2021 11 22.92% retrospective 2017-2020 HIV with CNS diseases ~ Not Stated 100.00%
LvIX?"  Tianjn 2015 1 Syphilis: 0.22%  retrospective 2011-2014 Inpatient with nervous Not Stated Not Stated
system disease
CNS diseases:
0.0028%
5 QinLH?? Guangxi 2014 1 1.43% retrospective 2003-2012 HIV with neuropathy Not Stated 100.00%

CNS, central nervous system,; CSF, cerebrospinal fluid; HIV, human immunodeficiency virus; AIDS, acquired Immune Deficiency Syndrome; VDRL, venereal disease research laboratory;

FTA-ABS, fluorescent treponemal antibody adsorption; WBC, white blood cell.

Twenty one studies reported cases of syphilis with neurosyphilis
(Table 5). The performance of LP was mentioned in all studies,
however, the CSF serologic tests were not performed among 238
patients in three studies.

CNS Diseases

A case-control study in patients with CNS infection showed
that 30.1% (84/279) of patients were diagnosed as neurosyphilis
with evidence of positive reaction on CSF serological tests (16).
Another study in patients with cognitive impairment showed
that neurosyphilis was prevalent in 17.1% (6/35) of the patients
with CNS infectious diseases; however, the diagnostic criteria
of neurosyphilis were not provided (17). Other three studies
reported neurosyphilis amongst HIV-infected patients with CNS
disorders. There were 60, 339, and 48 patients recruited, and
2, 36 (10.6%) and 11(22.9%) of them were diagnosed with NS,
respectively (18-20). However, only one study (19) provided
evidence in positive results on the CSF-VDRL test or FTA-ABS
test and abnormal CSE-WBC for the diagnosis of neurosyphilis.

Other Nervous System Diseases

One study reported syphilis serological test results among 36,151
patients hospitalized for nervous system disorders; only one
neurosyphilis patient was identified among 449 patients with
reactive syphilis serological tests (21). Another study recruited 70
HIV-infected patients with nervous system disorders, and only
one patient (1.4%) was diagnosed with neurosyphilis (22). These
two patients were diagnosed without any evidence on CSF tests.

Syphilis Patients With Neurological Symptoms or
Who Received Lumbar Puncture

Three retrospective studies reported neurosyphilis among
syphilis patients with neurological symptoms. The prevalence
of neurosyphilis was 23.7% (100/422), 33.2% (123/370), and
35.5% (156/440) (23-25), respectively. All neurosyphilis patients
were diagnosed according to reactive CSF serological tests.
Four retrospective studies reported patients with suspected
neurosyphilis who underwent lumbar puncture (LP). The
prevalence of neurosyphilis in these studies ranged from 13.6
to 61.2% (26-29), respectively. However, only 67.72% (426/630)
of the patients were diagnosed with neurosyphilis according to
reactive CSF serological tests; the remaining 204 patients had
only abnormal routine CSF test results.

Serofast Status and RPR/TRUST Titer Fluctuations
After Treatment

Six retrospective studies reported 1,171 serofast syphilis patients
and 44 patients with RPR/TRUST titers that fluctuated
continuously (30-35). A total of 405 (33.3%) patients were
diagnosed with neurosyphilis according to reactive results in
CSF serological tests and/or abnormal results on CSF routine
tests. The prevalence of neurosyphilis in these studies ranged
from 9.8 to 56.1%. Unfortunately, 99 neurosyphilis patients were
diagnosed without CSF serological evidence, and one study did
not provide the results of CSF serological tests.

Individuals With HIV and Syphilis Coinfection
A retrospective study recruited 157 patients with HIV and
syphilis coinfection, and 8.9% (14/157) of them were diagnosed
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TABLE 5 | Studies on neurosyphilis among patients with syphilis.

ID Study Province Year Neurosyphilis Prevalence of Study design Study Duration Inclusion criteria CSF Criteria for diagnosis of % HIV +
Neurosyphilis neurosyphilis
1 LiK? Shanghai 2013 100 23.70% retrospective  2009-2012 Syphilis LP performed CSF-VDRL (87 cases) and TPPA (13 0.00%
case-control cases) reactivity
2 Xiao Y 24 Fujian 2017 123 33.24% retrospective  2008-2014 HIV-negative with neurological CSF-RPR (123 cases) reactivity 0.00%
symptoms
3 Zhang L % Guang 2010 156 35.45% clinical trial  2007-2010 Syphilis diagnosed in a dermatology ~ VDRL/FTA-ABS (156 cases) reactivity ~ Not Stated
dong clinic
4 Zhu L %6 Shanghai 2014 210 13.63% retrospective  2009-2012 Syphilis in patients >18 years old Positive CSF-TPPA in the absence of ~ 0.00%
contamination with blood or CSF-VDRL
reactivity (210 cases)
5 ShiM 27 Shanghai 2016 191 22.90% retrospective  2009-2013 HIV-negative syphilis (1) CSF-VDRL reactivity or nonreactivity 0.00%
(117 cases) and (2) an elevated
CSF-protein level (>50 mg/dL) or WBC
(>10 cells/L) in the absence of other
known causes of the abnormalities
6 Ma CD %8 Jiangsu 2013 7 26.92% retrospective  2007-2011 Inpatients with syphilis CSF-RPR (7 cases) and TPHA (13 Not Stated
cases) reactivity
7 Lin DH 2° Fujian 2017 222 61.16% retrospective  2005-2013 Syphilis LP performed CSF-RPR (92 cases) or TPPA reactivity 0.00%
and WBC count or PRO level
abnormality
8 LiSL® Fujian 2012 115 56.10% retrospective  2006-2009 Serofast syphilis CSF-TRUST (58 cases) and TPPA (93  0.00%
cases) reactivity
9 Cai SN °1 Beijing 2017 139 34.58% retrospective  2008-2016 Serofast syphilis Presence of one or more CSF 0.00%
abnormalities (pleocytosis, elevated
protein concentration, or CSF-RPR
reactivity (40 cases))
10 Zheng TH Guang 2016 6 9.84% cost-benefit 2013 Serofast syphilis CSF-RPR (6 cases) reactivity and an Not Stated
82 dong analysis abnormal CSF-WBC
11 He WQ % Guang 2015 12 26.09% retrospective  Not Stated Serofast syphilis CSF-FTA-ABS (5 cases) or CSF-TPHA  0.00%
dong case-control (11 cases) reactivity
12 Ye YJ 34 Zhejiang 2018 127 27.79% clinical trial ~ 2012-2015 Serofast syphilis CSF-VDRL (67 cases), CSF-RPR (73 0.44%
cases), CSF-TPPA (252 cases), or
CSF-FTA-ABS (244 cases) reactivity
13 Chen XS % Guang 2011 6 13.64% retrospective  2002-2009 Syphilis patients whose RPR titer CSF-RPR and TPPA (1 case) and Not Stated
dong increased by 2 times or more without ~ CSF-RPR and TPPA and VDRL (5 cases)
reinfection after standardized treatment reactivity
14 Wang YJ % Taiwan 2012 14 8.92% retrospective  2000-2009 HIV and syphilis coinfection CSF-WBC >20 cells/pL (7 cases) or 100.00%
elevated VDRL titers in CSF samples (7
cases)
15 XX Sun®’ Henan 2020 51 50.00% retrospective  2014-2017 CSF abnormal and HIV-coinfection CSF TPPA (51 cases) and RPR (15 100.00%
cases) reactivity and abnormal
CSF-WBC and PRO
16 Zhu L 38 Shanghai 2019 7 26.92% retrospective  2008-2018 Malignant syphilis CSF-VDRL (7 cases) reactivity 14.29%
(Continued)
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TABLE 5 | Continued

ID Study Province Year Neurosyphilis Prevalence of Study design Study Duration Inclusion criteria CSF Criteria for diagnosis of % HIV +
Neurosyphilis neurosyphilis
17 Tang WM ® Guang 2017 1615 0.54% retrospective  2009-2014 Syphilis LP performed CSF-VDRL reactivity or a CSF WBC >  Not Stated
dong 20 cells/pL
18 Wang H % Sichuan 2011 24 1.25% retrospective  2006-2010 Inpatient status CSF-TRUST (24 cases) reactivity and an Not Stated
abnormal CSF-WBC and CSF-PRO level
19 J Yan*® Beijing 2021 416 78.79% retrospective  2013-—2019 patients >18 years old; reactive CSF TPPA or TRUST, CSF WBC 73.08%
laboratory-confirmed syphilis in >5 cells/pL for HIV-negative patients
Department of Neurology or HIV and >20 cells/pL for HIV-positive, or
infection elevated protein (>~500mg/L); if CSF
TPPA or TRUST was not reactive, no
evidence of other diseases of the CNS
could cause CSF pleocytosis or elevated
protein.
20 J Cao*! Xinjiang 2021 10 13.70% retrospective  2016-2019 Serofast syphilis, or coinfection with CSF TPPA (10 cases) reactivity, or CSF  10.00%
HIV, or with neurological symptoms, or TRUST (5 cases) reactivity and CSF
serum titer 4 times fluctuation WBC or PRO abmormal
21 YH Hua*? Jiangsu 2021 121 23.63% retrospective  2016-2019 Serofast syphilis, or with neurological ~ CSF TPPA (121 cases) reactivity, or CSF Not Stated

symptoms, or serum titer fluctuation

TRUST (77 cases) reactivity and CSF
WBC (59 cases) or PRO (68 cases)
abmormal

CSF, cerebrospinal fluid; LP, lumbar puncture; VDRL, venereal disease research laboratory; TPPA, treponema pallidum particle agglutination; HIV, human immunodeficiency virus; RPR, rapid plasma reagin; FTA-ABS, fluorescent
treponemal antibody adsorption; WBC, white blood cell; PRO, protein; TRUST, toluidine red unheated serum test; CNS, central nervous system.
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TABLE 6 | Diagnostic criteria in 93 retrospective case series and 26 studies on neurosyphilis in patients with other diseases.

Criteria for the diagnosis of neurosyphilis

Number of studies

VDRL/RPR/TRUST and/or FTA-ABS/TPPA/TPHA positivity and abnormal CSF-WBC or PRO levels
VDRL/RPR/TRUST and/or FTA-ABS/TPPA/TPHA positivity and no evidence of CSF-WBC or PRO level abnormalities
Only TPPA/TPHA positivity, with no evidence of CSF-WBC or PRO level abnormalities

RPR/TRUST positivity, or TPPA/TPHA positivity, or CSF-WBC or PRO level abnormalities

Not mentioned

—

D W N o O
o

NS, neurosyphilis; VDRL, venereal disease research laboratory; RPR, rapid plasma reagin; TRUST, toluidine red unheated serum test; FTA-ABS, fluorescent treponemal antibody
adsorption; TPPA, treponema pallidum particle agglutination; TPHA, treponema pallidum hemagglutination assay; CSF, cerebrospinal fluid; WBC, white blood cell; PR, protein.

with neurosyphilis according to reactive CSF-VDRL (seven cases)
or CSF-WBC >20 cells/mL (seven cases) (36). Another study
recruited 102 syphilis patients coinfected with HIV and with
abnormal CSF routine tests, and half of patients were diagnosed
with neurosyphilis according to reactive CSF-TPPA with/without
reactive CSF-RPR (15 cases) (37).

Malignant Syphilis

A retrospective study reported 26 malignant syphilis patients
with typical, serious skin lesions and high non-treponemal
tests titers (38). Seven (26.9%) patients were diagnosed with
neurosyphilis according to the reactive CSF-VDRL test among
these patients. The study found that the proportion of malignant
syphilis patients who developed concurrent neurosyphilis was
higher than common syphilis patients (13.1%).

Other Studies

A retrospective study reported an 1.3% prevalence of
neurosyphilis in 1,927 inpatients with positive syphilis screening
results (39). Another study reported an 82.1% prevalence
of neurosyphilis in 1,968 tertiary syphilis and only 27.1% of
neurosyphilis patients received standard treatment (5). Recently,
a study reported a 78.8% prevalence of neurosyphilis in 528
laboratory-confirmed syphilis in department of neurology or
HIV infection patients (40). Another two studies reported 13.7%
and 23.6% prevalence of neurosyphilis in 73 and 512 patients
with serofast status, or coinfection with HIV, or with neurological
symptoms, or serum titer fluctuation after treatment, respectively
(41, 42).

Ocular Syphilis and Otic Syphilis
Four case reports included 6 ocular syphilis patients,
and 11 retrospective case series included 244 patients
(Supplementary Table S4) which comprised 163 males and
81 females, indicating that ocular syphilis tended to occur more
frequently in males than in females (|Z| = 2.56, P = 0.01). LP
was not performed in two case reports and four retrospective
case series; 91.9% (136/148) of the patients in the remaining
nine studies received LP, and 56.1% (78/139) (ranged from 9.1 to
91.7%) of them were diagnosed with neurosyphilis according to
the reactive CSF serological tests.

A retrospective case series analysis reported 6 syphilis patients
with recurrent refractory vertigo and sensorineural deafness.
Only one patient with CNS symptoms underwent LP and was

diagnosed with neurosyphilis according to the reactive CSF
serological tests. (Supplementary Table $4).

Diagnostic Criteria

The CSF diagnostic criteria differed among 93 retrospective case
series studies and 26 studies on neurosyphilis amongst other
diseases (Table 6), 42 of which mentioned that neurosyphilis
was diagnosed according to US CDC or/and European
guidelines, and 25 of which mentioned diagnosed according
to Chinese guidelines. It was worthy to note that most
studies (84.0%, 100/119) met diagnostic criteria established
by the Chinese National Guidelines (14), which included
VDRL/RPR/TRUST  and/or the FTA-ABS/TPPA/TPHA
positivity for CSF samples, as well as abnormal CSF-WBC
or CSF-PRO levels. Unfortunately, eight studies (6.7%) did not
present the results of routine CSF tests. Two studies diagnosed
neurosyphilis with only TPPA/TPHA positivity in CSF. Three
studies defined neurosyphilis as reactive CSF-RPR/TRUST or
CSF-TPPA/TPHA or abnormal CSF-WBC or CSF-PRO levels.
The diagnostic criteria were not mentioned in six studies.

DISCUSSION

This is the first review of the literature on the clinical
epidemiological characteristics of neurosyphilis in China from
2009 to 2021, as well as neurosyphilis in patients with other
associated diseases. The inconsistent diagnostic criteria in these
studies and the heterogeneity among case sources led to
limited conclusions.

Although the incidence of neurosyphilis in China is unknown,
the number of reported cases increased over 13 years according
to the results of this review (Supplementary Figure S1),
indicating an increasing health threat requiring neurosyphilis
prevention and control. The regional distribution of cases
showed a concentration in the eastern coastal areas,
including Guangdong, Fujian, Beijing, Zhejiang, Shanghai,
etc. (Supplementary Figure S2). YS Tao et al. found that the
incidence of early syphilis in inland provinces has increased
over time and has been higher than that in eastern coastal
provinces since 2010 (2). Considering that the prevalence of
neurosyphilis is similar to that of syphilis, more attention
probably be paid to the detection and research of neurosyphilis
in eastern coastal areas than inland areas. Therefore, more
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training in the management of neurosyphilis in inland areas is
needed in the future.

Among all the studies, we found that neurosyphilis, as well
as ocular syphilis, tended to occur most frequently in middle-
aged males, consistent with previous reports (27, 43). We also
found that parenchymal syphilis was the main manifestation of
neurosyphilis, and general paresis with progressively impaired
memory, mental abnormalities and occasional seizures was the
most common symptom. This clinical spectrum is consistent
with those in previous reports in China but is very different
from those associated with cases in Western countries (7).
In the penicillin era, early forms, such as meningitis and
meningovascular, are more common than late forms in
Western countries because treatment can effectively prevent the
progression of neurosyphilis (44), as indicated in the most recent
reports (45). This result suggests that the early detection and
treatment of neurosyphilis in China probably be insufficient. In
addition, with the rapid expansion of syphilis screening among
all populations, an increasing number of patients infected with
syphilis have been diagnosed with neurosyphilis, which has
probably progressed to the late stage at the time of diagnosis.
It is worth noting that many patients present with atypical, ill-
defined neurological complaints (46, 47), causing great challenges
in the diagnosis of neurosyphilis for clinicians. Unfortunately, the
results showed that the misdiagnosis rate of neurosyphilis was
more than 50%, and the most common misdiagnosed diseases
were neurodegenerative diseases (including stroke, cognitive
impairment, Alzheimer’s disease, Parkinson’s disease, epilepsy,
etc.), mental disorders, encephalitis and ophthalmic diseases.
Two studies reporting patients with reactive CSF serological tests
and diagnosed with neurosyphilis showed that the prevalence
rates of neurosyphilis among patients with CNS-associated
infectious diseases and CNS disorders and HIV coinfection
were 30.1 and 10.6% (16, 19), respectively. In addition, among
patients with syphilis infection, the prevalence of neurosyphilis
ranged from 23.2 to 35.5% among patients with neurological
symptoms (23-25), 13.6 to 67.7% among patients with suspected
neurosyphilis who underwent LP (26-29), and 9.8 to 56.1%
among syphilis patients with serofast status (30-35); additionally,
the rates were 8.9, 26.9 and 43.0% in individuals coinfected with
HIV, malignant syphilis and ocular syphilis (36, 37), respectively.
The results suggest that clinicians in neurology, psychiatry
and ophthalmology departments should pay much attention to
detecting suspected neurosyphilis. Serum syphilis tests can be
performed in patients with neurological, psychiatric, or ocular
symptoms caused by unknown etiologies, especially patients with
CNS-associated infectious diseases or HIV infection, to examine
the status of syphilis infection. Moreover, CSF serological
testing is recommended for syphilis patients with neurological
symptoms, serofast status, coinfection with HIV or the presence
of serious skin lesions.

Penicillin G has been demonstrated to be effective for the
serological and clinical cure of neurosyphilis since 1940 (48, 49),
and it has always been the first-line drug for the treatment of
neurosyphilis. Ceftriaxone can be used as an alternative regimen
in patients with penicillin allergy, and no difference was found
in the efficacy of the two drugs in previous studies (50, 51). The

data from case reports studies in this paper also showed that there
was no difference in the recovery rate of clinical manifestations
of patients treated with penicillin or ceftriaxone. It was worthy to
note that approximately 4% of patients did not receive treatment
regimens recommended by the national guidelines according
to the available data in this review, which will be detrimental
to preventing the progression of CNS injury. In addition,
neurosyphilis patients need long-term follow-up for clinical
management according to the recovery of disease, however, the
follow-up results within 6 months were reported in more than
half of cases. Hence, medical institutions need to strengthening
the management of follow-up and increase the compliance, such
as call patients regularly to urge return visits, provide higher
quality of health care for patients, provide multidisciplinary
therapy, psychological guidance, etc. In addition, we found that
81.7% patients had an improvement of symptoms, and 77.1%
patients had a decrease of CSF WBC counts during the follow-up
period, however, only 66.7% and half of patients had responses
to serological tests of syphilis in serum and CSF, respectively.
Therefore, more sensitive and specific biomarkers for assessment
of prognosis of neurosyphilis are needed, especially if effective
biomarkers can be found in serum in patients unwilling to
undergo lumbar puncture during follow-up.

From the results of the case reports and retrospective
case series, the treponemal test positivity rate was over 95%,
which was significantly higher than the non-treponemal test
positivity rate (~75%), and abnormal CSF-WBC counts and
CSF protein levels were observed in nearly 70% of NS patients,
supporting the importance of CSF serological testing for
diagnosis (52). Although the CSF-TPPA testis diagnostically
sensitive, considering that TP-IgG can cross the intact blood
brain barrier (BBB), reactive treponemal testing of CSF samples is
not specific for the diagnosis of neurosyphilis (53). The specificity
of the CSF-TPPA test has been debated and ranges from 49
to 84% in some studies (54, 55), and its recommendation as a
diagnostic indicator varies according to different guidelines (14,
56, 57). Moreover, the cases in most studies were retrospectively
analyzed and included reactive treponemal test in the inclusion
criteria, which probably biased positivity rate toward 100% (53).
Therefore, CSF nontreponemal tests combined with treponemal
tests are needed to reduce the possibility of misdiagnosis.

Neurosyphilis ~ patients  frequently = have  abnormal
neuroimaging findings due to CNS inflammation and
impairment. Neuroimaging may also show progression in
patients who have no neurological symptoms or signs and
in patients who receive standardized treatment (58). In
addition, neurosyphilis patients may have specific EEG signal
characteristics that are different from those of non-neurosyphilis
patients (59), and the EEG-Lempel-Ziv complexity (LZC)
value may be used as a diagnostic index and the reference
index to assess neurosyphilis cure (60). According to our
review, abnormal neuroimaging or EEG findings were observed
in approximately 80% of patients, and the neuroimaging
findings of 97% cases improved or return to normal on follow-
up, supporting the recommendation of neuroimaging and
EEG examinations for the differential clinical diagnosis and
neurosyphilis follow-up (61).
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Progression to neurosyphilis is more common in patients
coinfected with HIV (62). We found that 8.9% of patients with
neurosyphilis were infected with HIV, but most studies have used
HIV infection as an exclusion or inclusion criterion, resulting in
inconsistent rates.

Although the diagnostic criteria in most of the included
studies followed international or national guidelines, unlike
previous reports from Africa (15), approximately one-tenth of
the studies provided insufficient evidence for a neurosyphilis
diagnosis. Hence, standardized diagnostic criteria and protocols
are urgently needed to ensure accurate diagnostic results and
research conclusions.

This review had several limitations. First, there were some
missing clinical information extracted from many studies,
especially the data of treatment and follow-up, may result in
information bias. Second, the great heterogeneity between studies
according to the different diagnostic criteria of neurosyphilis
may result in limited conclusions. Third, we did not review
the literature published before 2009 due to the lack of clinical
diagnosis and treatment guidelines for neurosyphilis in China
before 2008, may lead to selection bias.

CONCLUSIONS

In summary, through the review of clinical epidemiology
data on neurosyphilis in China, we found that the reported
cases of neurosyphilis in the literature presented an increasing
trend. More than half of the cases were in the late stage of
neurosyphilis, suggesting that early detection of neurosyphilis
was inadequate. The most common misdiagnosed diseases
and the high prevalence of neurosyphilis amongst patients
with CNS-associated infectious disease, CNS disease comorbid
with HIV, syphilis with neurological symptoms, serofast
status, coinfection with HIV or presesntations comprising
serious skin lesions should remind clinicians to pay much
attention to the early detection of neurosyphilis among
these cases. Meanwhile, standardized treatment and long-
term follow-up of neurosyphilis according to the national
guidelines should be strengthened to promote the recovery
of patients. During follow-up, neuroimaging and EEG
examinations should be performed, as they play a positive
role in auxiliary diagnosis and the observation of curative
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Since 2000, a resurgence of syphilis has been noted in many developed
and developing countries, especially among men who have sex with men
(MSM). Incidence and prevalence of syphilis in pregnant women have been
reduced drastically by mandatory screening in early pregnancy. Insufficient
data in other populations especially from developing countries limit targeted
public health interventions. This study aimed to describe the clinical and
epidemiological profile of serologically confirmed syphilis cases among the
non-pregnant high-risk group reporting to a tertiary care center in Southern
India. A retrospective study was carried out in a tertiary care center in Southern
India for 6 years from 2015 to 2020. A total of 265 serologically confirmed
syphilis patients were included. A statistically significant increase in positivity
from 0.52 to 2.1% was observed in this study (2015 to 2020). Among risk factors,
high-risk behavior with multiple heterosexual partners was the commonest
(51.3%), followed by marital partners who tested positive (9.4%) and MSM
(7.5%). The majority of the patients were diagnosed at the latent stage (79%),
followed by secondary syphilis (10%) and tertiary syphilis (8%). A quarter of
patients (23%) were coinfected with HIV. Serological non-responsiveness was
more common among HIV infected (47 vs. 24%). Sixteen had neurosyphilis
and six had ocular involvement. HIV co-infection complicated 50% (8/16) of
neurosyphilis patients. Syphilis is still prevalent, especially in high-risk groups
including those are attending STI clinics. Further prospective multicentric
studies are needed to identify and implement public health measures.
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Introduction

Syphilis is one of the four curable and preventable
sexually transmitted infections (STI) apart from chlamydia,
trichomoniasis, and gonorrhea. The incidence and prevalence
of syphilis had decreased after the introduction of the HIV
prevention program. However, the increased prevalence has
been noted in many developing countries and western countries,
especially among specific subgroups since 2000 (1). The recent
systematic analysis showed a very high pooled global prevalence
of 7.5% (2000 to 2020) among men who have sex with men
(MSM) compared to 0.5% among men in the general population
estimated in 2016 (2, 3). The Chinese notifiable infectious
diseases surveillance registry reported a three-fold increase in
syphilis cases over 10 years (from 135,210 in 2005 to 441,818 in
2014) (4).

The WHO periodically releases the global estimates of four
curable STI, providing evidence for policymakers to monitor,
evaluate and improve STI prevention programmes. According
to that, more than one million new curable STI are acquired
every day worldwide and 7.1 million new cases of syphilis
were estimated in 2020 (5). The WHO released a global
health sector strategy for 2016 to 2021, with a goal of a 90%
reduction in syphilis incidence worldwide and 50 or fewer
cases of congenital syphilis per 100,000 live births in 80% of
countries (6). This prioritized eliminating congenital syphilis by
implementing mandatory screening and treating syphilis among
pregnant women.

The National AIDS Control Organization (NACO) in India
launched a national strategy for the elimination of parent-to-
child transmission of syphilis in February 2015 based on the
global initiative by WHO in 2007. To eliminate parent-to-child
transmission of syphilis and HIV by 2020, the Government
of India has taken a policy of universal screening of pregnant
women for syphilis and HIV during the first visit (1st trimester)
as part of the essential antenatal care package. Testing is done
at all levels of healthcare facilities such as medical colleges,
district hospitals, primary health centers and subcentres at free
of cost (7, 8). At a tertiary care center in north Tamil Nadu, a
reduced seroprevalence rate among pregnant women from 0.4%
(1998-99) to <0.1% (2011-15) was observed due to an effective
intervention after mandatory screening in the early pregnancy
(9, 10). However, there is no clear epidemiological data to
support specific subgroup screening from India (11). Therefore,
this study aimed to describe clinical and epidemiological
profiles of serologically confirmed syphilis cases among the non-
pregnant high-risk group reporting to a tertiary care center in
Southern India.

Materials and Methods

We conducted a retrospective study in our 2600-bed
tertiary care center spanning 6 years (from January 2015 to
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December 2020). The Clinical Microbiology laboratory is a large
volume laboratory (ISO 15189: 2012 accredited) that receives
approximately 20,000 samples per year for syphilis serology
from the following groups of individuals: antenatal women,
neonates of suspected congenital syphilis, PLHIV patients before
starting cART, patients with suspicion of syphilis based on skin
or genital rash and patients seeking STT diagnosis and treatment.

For this study, we included adult non-pregnant patients
(>18 years) with serologically confirmed syphilis which is
defined as Venereal Disease Research Laboratory (VDRL)
reactive and Treponema pallidum haemagglutination (TPHA)
positive or TPHA alone positive. The VDRL assay was
performed using the VDRL antigen (Institute of Serology,
Calcutta, India) as described previously (9). The TPHA
assay (Omega Diagnostics, Scotland, UK) was performed and
interpreted according to the manufacturer’s instructions. In our
center, the traditional algorithm is followed for the screening
of syphilis. First, the patient is screened with a VDRL test. If
VDRL is reactive then confirmed with TPHA (specific test).
However, both the tests were performed simultaneously for the
patients who came to our center for confirmation of syphilis
(treated outside).

Pregnant women and children (<17 years) were excluded
from the study. The following clinical and epidemiological data
for each patient were recorded from the patients’ electronic
medical records: risk factors, clinical presentation, stage of the
disease, treatment, follow-up details, other associated STTs, and
cerebrospinal fluid (CSF) parameters for neurosyphilis cases.

The stage of the disease at diagnosis was assigned by
the treating clinicians as per the standard criteria (12).
Neurosyphilis cases were diagnosed by the combination of
serological tests for syphilis plus CSF analysis of elevated
cells >5/mm> with lymphocytic predominance with or
without elevated protein (>45 mg/dL). The symptomatic
patients were classified into early (meningitis, meningo-
vascular, neuro-ocular, ocular) and late (general paralysis of
insane) neurosyphilis based on the clinical presentation, CSF
parameters, eye examination and MRI brain by Infectious
Disease Physicians. Asymptomatic cases were diagnosed based
on CSF analysis that was performed for pre-ART/ co-infection
work-up among HIV-infected patients (13).

Serological response to the treatment was defined as a four-
fold reduction in VDRL titer between the initial titer and
subsequent testing. The time interval of retesting is at 6, 12
and 24 months on those reporting for follow-up. A fourfold
reduction in titer at any time during the 24 months of follow-
up is considered as definitive evidence of cure (12). The old
infection was not counted if the patient came for follow-up.

Data were summarized using mean and standard deviation
(SD) for continuous variables and frequency along with
percentage for categorical variables. All categorical associations
were tested using chi-square statistics. The analysis was done
using Microsoft Excel and a p-value < 0.05 was considered
statistically significant.
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Our Institutional Review Board and the ethical committee
approved the study (IRB Min No 13417, dated 23.9.2020).

Results

During the study period, a total of 1,12,689 samples were
tested for syphilis serology. Among these 86,691 (77%) samples
were collected from antenatal mothers and 25,998 (23%) from
other patients. Totally 265 non-pregnant patients satisfied the
inclusion criteria and were analyzed. The demographic details of
the study patients are described in Table 1. Male preponderance
was noted (218/265, 82.3%). The year-wise analysis of mean age
was performed and observed that slight decrease in mean age
from 38.5 in 2015 to 35 in 2020 (Table 1).

The confirmed cases increased gradually from 2015 to 2019.
We observed a sudden increase in the number of cases in the
year 2019. There was a decline in 2020 due to the COVID 19
pandemic and a smaller number of samples tested during that
period. However, the positivity increased from 1.86% in 2019 to
2.1% in 2020. The pooled percentage of patients who presented
with genital ulcers or other genital symptoms prior to 2020 (2015
to 2019) was 18% (41/228) compared to13.5% (5/37) in 2020.
This reflects the true increase in positivity, though samples tested
were less during the COVID 19 pandemic.

The samples tested during the study period (2015 to
2020) were 5,169, 5291, 5,628, 4,390, 3,756, and 1,764,
respectively. The year-wise distribution of confirmed cases and
seroprevalence is shown in Figure 1. A statistically significant
increase in positivity from 0.52 to 2.1% was observed in this
study (p = 0.0015).

Amongst the risk factors, a history of multiple sex partners
(heterosexual) was the most common risk factor (51.3%),
followed by marital partners who tested positive (9.4%) and
MSM (7.5%) (Table 1).

Stage of the Disease

Among 265 patients, 54 were partially treated elsewhere
before presentation in our center. These 54 patients were
excluded for further analysis due to insufficient data regarding
the stage of disease at diagnosis and treatment history. The stage
of the disease at the time of diagnosis is illustrated (Figure 2)
for 211 remaining patients. The majority of the patients were
diagnosed at the latent stage (166, 79%), followed by secondary
syphilis (22, 10%) and tertiary syphilis (17, 8%).

We looked at the various clinical settings where latent
syphilis was diagnosed (Figure 3). The latent syphilis cases
were diagnosed most commonly during an active screening
among those presenting with symptoms suggestive of STI
60) and PLHIV
(n = 45). Passive screening among blood donors, organ donors

with or without a high-risk behavior (n
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TABLE 1 The demographic details.

Parameters Observation
Male/female ratio 4.63 (218/47)
Married/ unmarried 3.5 (206/59)
Mean age (SD) 36 (£10.2)
Annual mean age and sex ratio Mean age Male/female ratio
2015 385 2.4 (19/8)
2016 39 5.4 (27/5)
2017 36.4 4.6 (37/8)
2018 35 2.9 (40/14)
2019 345 10.7 (64/6)
2020 35 5.2 (31/6)
Age-wise distribution and sex ratio n (%) Male/female ratio
17 to 24 29 (11%) 2.6 (21/8)
25to 34 109 (41%) 5.4 (92/17)
35 to 44 74 (28%) 5.2 (62/12)
45 t0 54 37 (14%) 4.3 (30/7)
55 to 64 12 (4.5%) 5(10/2)
>65 4 (1.5%) 3(3/1)
Year-wise positivity Number of Positivity n(%)
samples tested
2015 5169 27 (0.52%)
2016 5291 32 (0.6%)
2017 5628 45 (0.8%)
2018 4390 54 (1.2%)
2019 3756 70 (1.86%)
2020 1764 37 (2.1%)
Risk factors n (%)

Multiple sex partners 136 (51.3%)

Without HIV 84 (61.8%)
PLHIV 52 (38.2%)
MSM 20 (7.5%)
Without HIV 11 (55%)
PLHIV 9 (45%)
Partner tested positive 25 (9.4%)
Denied of any HRB 48 (18%)
Data not available 36 (13.6%)
Associated STIs and other n (%)
infections
HIV 61 (23%)
Herpes simplex virus 6(2.3%)
Hepatitis B virus 6 (2.3%)
Hepatitis C virus 2(0.8%)
Neisseria gonorrhea 1(0.4%)

PLHIV, People living with human immunodeficiency virus; MSM, Men have sex with
men; HRB, high risk behavior.

and medical evaluation (for a foreign work visa) identified 32
patients (Figure 3).

During the study period, a total of 17 patients were
diagnosed with tertiary syphilis. Sixteen patients were diagnosed
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FIGURE 2
The stage of syphilis at diagnosis.
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Year-wise distribution of cases and seroprevalence.
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with neurosyphilis and one with gummatous syphilis. Neuro-

ocular syphilis (n = 6) was the most common, followed by
asymptomatic neurosyphilis and meningeal (n = 4 each), and
2). CSF analysis showed a
characteristic pleocytosis with lymphocyte predominance and

elevated protein among all early neurosyphilis cases. However,

general paresis of insane (n

CSF analysis was normal in late neurosyphilis cases (general
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paresis of insane) (Table 2). HIV co-infection was identified in
50% (8/16) of patients. All except two patients were treated
either with intravenous aqueous crystalline penicillin G or Inj.
Ceftriaxone for 2 weeks. Nine out of 16 patients had at least
one follow-up visit with us after treatment and five among them
showed serological response i.e., either a four-fold reduction in
titer or non-reactive serum VDRL.
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Diagnosis of latent syphilis.
TABLE 2 Serum and CSF parameters of neurosyphilis patients.
Early neurosyphilis Late
neurosyphilis
Total cases (n = 16) Meningeal/ meningo- Asymptomatic Neuro- Ocular general paresis
vascular neuro ocular syphilis of insane
neurosyphilis syphilis syphilis (n=2) (n=2)
(n=4) (n=4) (n=4)
Mean age 37 39 39 37 52
Gender male n(%) 2 (50) 3(75) 4(100) 0 2 (100)
HIV positive n(%) 3(75) 4(100) 1(25) 0 0
Serum TPHA positive - n(%) 4(100) 4(100) 4 (100) 2(100) 2 (100)
Serum VDRL reactive - n(%) 4 (100) 4 (100) 3(75) 0 1 (50)
CSF VDRL/TPHA reactive - n(%) 3(75) 3(75) 2% (67) 0 1 (50)
CSF WBC >5 cell/mm? 3(75) 3(75) 3*(100) 0 0
CSF Protein >45 mg/dL -n (%) 3(75) 4 (100) 3*(100) 0 2 (100)

*CSF analysis not done in one patient.

Treatment and follow-up

In our hospital, 164 (77.7%) out of 211 diagnosed patients
were treated appropriately for the stage of the disease with
benzathine penicillin and 47 (22.3%) patients lost follow-up
after diagnosis.

With the available follow-up data among 52 patients, 7
(13.5%), 16 (30.8%), 10 (19.2%), 6 (11.5%) and 13 (25%)
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patients had a follow-up visit till 3 months, 6 months, 12
months, 18 months and > 24 months, respectively. Re-infection
or second infection was considered in a patient who was
treated adequately and had the same or rise in VDRL titer
in a follow-up visit. Those patients were treated again and
not counted as a new infection in the study. Moreover,

very few patients (n 2) were identified as re-infection in

this study.
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TABLE 3 Serological response to the treatment.

HIV HIV p-value
positive  negative
Total number of patients 15 37 0.21 (Chi-square
(n=52) statistic = 1.56)
Four-fold reduction of 8(53.3%) 28
titer observed n (%) (75.7%)

p-value <0.5 is significant.

Serological non-response to the treatment was higher among
HIV co-infected patients (46.7%) compared to HIV-negative
patients (24.3%). However, this is statistically not significant
(Table 3).

Discussion

Syphilis is not uncommon in developing countries despite
mandatory testing in pregnant women. There is a paucity of
data from other groups (1). We observed a steady increase in
syphilis positivity over 6 years in our study group (0.52 to 2.1%).
A previous Indian study reported a comparable increase from
0.95 to 1.76% in 6 years (14), while another HIV care clinic-
based study demonstrated an increase from 0.7 to 1.3% (15).
Given the public health perspective, this finding mandates the
need for constant surveillance among high-risk groups.

Amongst the risk factors, a history of multiple sex partners
(heterosexual) was the most common risk factor (51.3%),
followed by marital partners who tested positive (9.4%) and
MSM (7.5%). In western countries, MSM is the most common
risk factor (16). Interestingly, evidence of high-risk sexual
behavior was unavailable for approximately one-third of our
patients. This may be due to the healthcare provider’s concern
about the patient’s objection to the sensitive question regarding
sexual behaviors (17). The Centers for Disease Control and
Prevention (CDC) and US Preventive Services Task Force
(USPSTF) recommend screening of syphilis in asymptomatic
non-pregnant adults and adolescents who are at risk. The CDC
also recommends more frequent screening at 3 to 6 months
intervals in sexually active MSM and at least annually in people
with HIV (18, 19).

Early diagnosis and treatment is a must to prevent the
transmission and progression of the disease. Our study observed
that nearly one-fourth of the diagnosed patients were lost to
follow-up from our center. This has implications like disease
progression and transmission of disease to the sexual partners.
We also observed two untreated latent syphilis patients who
progressed to neurosyphilis. This indicates the importance of
follow-up and completion of treatment at any stage of the
disease (20).
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Syphilis and HIV co-infection is viewed as a potentially
dangerous combination since both diseases negatively impact
treatment response to each other. Previous studies observed
serological non-response to syphilis treatment, cognitive
impairment, and virological failure of ART among syphilis and
HIV co-infected patients (21-23). Our study observed that
nearly one-fourth of the study population had co-infection with
HIV. The co-infection rates are varied in the literature, ranging
from 6.4 to 34% (24-26). Serological non-responsiveness was
identified in 47% of HIV patients compared to 24% in non-HIV
patients among the available follow-up details in 52 patients,
although the finding was not statistically significant.

Neurosyphilis was diagnosed in 13% (8/61) of HIV-co-
infected patients. In concordance with other studies, ocular
manifestations were the most common presentation among
neurosyphilis patients (14, 27). Neuro-ocular syphilis was
commonly identified in HIV-negative patients (5/6), similar to
a study by Borges et.al (27).

We observed that most of the patients (166/211, 79%) were
diagnosed at the latent stage of the disease. This is comparable
to a study from China that identified 51.9% of latent syphilis, 9%
of primary syphilis, and 19.8% of secondary syphilis for a period
of 9 years from 2011 to 2019 (28). In contrast, other studies have
demonstrated primary and secondary syphilis as the common
presentation among STI clinic attendees (29, 30).

This study has limitations. First, as data was collected
retrospectively from the patients’ electronic medical records,
some subjects had incomplete data for some of the variables.
Second, though the patients were from wide geographic areas,
the results obtained are from a single tertiary care center. Third,
the follow-up of patients after diagnosis and treatment was
limited since the hometown of many patients was far from our
center. However, this study provides information that syphilis is
still prevalent and suggests that there is a rise in syphilis cases
amongst those at risk. Further, this is not a random sampling
as those with risk factors and reporting to a tertiary care center
were tested for syphilis (targeted sampling) and therefore our
reports are subject to bias.

Still, the data generated from this study provides
information regarding the age group affected and the nature
of transmission predominantly among heterosexuals. This
will help us make a policy regarding the possible preventive
measures to be taken.

In summary, we report in a large hospital-based study, a
sustained increase in cases of syphilis among non-pregnant
patients over a six-year period. We also show that the
drivers are very different in the Indian context - transmission
predominantly happens via multiple heterosexual contacts and
the contribution of MSM remains low. We also highlight a
considerable proportion of our patients are HIV coinfected -
highlighting the close association and need for complementary
efforts to prevent syphilis in our population. Appropriate
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management of syphilis according to the stage will reduce
morbidity and further transmission.

Conclusion

This hospital-based study suggests that syphilis is not
uncommon. Heterosexual transmission is the commonest risk
factor and the PLHIV group is also significantly affected.
To adequately control syphilis, first, awareness needs to be
increased among the general public about the disease especially
its association with HIV. Second, the screening and follow-up
of high-risk patients need to be intensified. Healthcare providers
must elicit the sexual history to identify the high-risk patients for
the screening (17, 31). Moreover, the rapid point of care tests for
syphilis will improve the identification of high-risk patients (31).
Third, all the diagnosed patients at any stage should be treated
appropriately to prevent the transmission and progression of the
disease. Healthcare setup should have a system to identify the
missing patients for treatment and follow-up.
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The quest for a syphilis vaccine to provide protection from infection or disease
began not long after the isolation of the first Treponema pallidum subspecies
pallidum (T. pallidum) strain in 1912. Yet, a practical and effective vaccine
formulation continues to elude scientists. Over the last few years, however,
efforts toward developing a syphilis vaccine have increased thanks to an
improved understanding of the repertoire of T. pallidum outer membrane
proteins (OMPs), which are the most likely syphilis vaccine candidates. More
has been also learned about the molecular mechanisms behind pathogen
persistence and immune evasion. Published vaccine formulations based on a
subset of the pathogen’'s OMPs have conferred only partial protection upon
challenge of immunized laboratory animals, primarily rabbits. Nonetheless,
those experiments have improved our approach to the choice of immunization
regimens, adjuvants, and vaccine target selection, although significant
knowledge gaps remain. Herein, we provide a brief overview on current
technologies and approaches employed in syphilis vaccinology, and possible
future directions to develop a vaccine that could be pivotal to future syphilis
control and elimination initiatives.

KEYWORDS

syphilis, treponema pallidum, vaccine, vaccines, treponema pallidum antibodies

Introduction

Syphilis, caused by the spirochete Treponema pallidum subspecies pallidum (T.
pallidum), remains a significant global and public health problem. The disease is still
endemic in low- and middle-income countries and resurgent in high-income ones. In the
United States, the number of syphilis cases in 2020 was the highest since 2000 (1).
Furthermore, congenital syphilis transmission is the most common infection associated
with fetal loss or stillbirth in low-income settings, with an estimated 1.4 million pregnant
women infected every year globally, resulting in an estimated 305,000 prenatal or
perinatal deaths, and 215,000 infants born prematurely and/or with clinical signs
of syphilis (2, 3). Past public health initiatives to eliminate syphilis and congenital
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syphilis promoted by the Centers for Disease Control and
Prevention (CDC) and the World Health Organization (WHO),
have significantly reduced syphilis incidence, but have not
achieved their intended elimination goals. Thus, new tools are
needed to aid the currently available diagnostic tests and
therapeutic options.

The only successful study of syphilis vaccination was
reported by Dr. James Miller in 1973 (4). In his study, Miller
used an extensive immunization regimen, injecting rabbits
intravenously 60 times over 37 weeks with y-irradiated T.
pallidum cells. Immunization was followed by intradermal
homologous challenge with the same T. pallidum strain.
Immunized rabbits displayed complete protection that
persisted for at least one year, as shown by the lack of
development of chancres at the challenge sites and the absence
of clinical/serological evidence of syphilis.

T. pallidum proteomic array to study
humoral immunity to syphilis

Evidence that repeated exposure to T. pallidum is conductive
to partially protective immunity was also provided by human
inoculation experiments conducted by Magnuson et al. in the
1950’s (5), which showed that a previous syphilitic infection of
sufficiently long duration would produce significant protection
against subsequent challenge. Others have found that in patients
with repeated episodes of syphilis, reinfections led to less severe
skin manifestations than in patients at their first syphilis
episode (6). The evidence that previous syphilis attenuates the
clinical manifestations associated with reinfection has been
recently reiterated by Marra et al. (7) The study of how the
immunological response to T. pallidum antigens differs in
patients diagnosed with active syphilis but with and without a
history of the disease could provide a basis for vaccine
development. By increasing the understanding and describing
the differences in immune responses between those two groups,
researchers hope to identify unique aspects of the adaptive
humoral response to inform vaccine development. If this
protective immunity could be replicated through vaccination,
the result could be a vaccine that leads to attenuation of early
symptoms and, hence, decreased infectivity and transmission of
T. pallidum (8). Therefore, a vaccine that can only induce partial
protection, but can prevent early symptoms, and possibly
pathogen dissemination could result in reduced syphilis spread
and be of substantial public health benefit for populations at
increased risk of syphilis.

Among the newest tools to study syphilis immunology is a
T. pallidum proteomic array developed by Antigen Discovery
Inc. (ADI) in collaboration with the Giacani laboratory (9). That
array is conceptually not dissimilar from that described by
Brinkman et al. in the early 2000’s based on the Nichols strain
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genome. However, the ADI array covers 99% of the proteome of
two strains of T. pallidum (Nichols and SS14) and is amenable to
high throughput analyses with mere microliters of serum. The
array is currently being evaluated with longitudinal serum
samples from long-term infected rabbits, and longitudinal
serum samples from rabbits that were infected, treated with
benzathine penicillin G (BPG) weeks after infection, and then re-
infected after residual antibiotic was cleared. Furthermore, the
array is being used to evaluate reactivity to ~150 clinical serum
samples provided by our group and collected in Peru.
Comparison of the differential reactivity to T. pallidum
antigens (with emphasis on putative vaccine candidates) in
serum from patients with and without a history of syphilis at
diagnosis will help pinpoint protective antigens to be tested in
pre-clinical vaccination/challenge experiments. Additionally, the
ADI system for cell-free synthesis of T. pallidum antigens could
be adapted to the investigation of T. pallidum antigens inducing
arobust cellular response during infection. Those antigens could
be added to a vaccine formulation to promote T cell activation
and IFN-y production to activate macrophages.

The usefulness of an instrument like the ADI proteomic
array becomes far more remarkable when a vast array of well-
characterized clinical samples is available. The institution of
centralized biospecimen repositories with serum and lesion swab
specimens would greatly benefit research efforts to understand
syphilis immunology and genetic diversity in this pathogen.

Genetic diversity and vaccine
development

The publication of the Nichols strain genome sequence in
1998 by Fraser et al. (10), opened the gateway to reverse syphilis
vaccinology. The conserved region of the variable antigen TprK
(encoded by the tp0897 gene) was one of the first vaccine
candidates identified with that approach and it is still included
in several modern experimental vaccine formulations (11, 12).
Some preliminary work has been conducted to improve
expression of surface-exposed integral outer membrane
proteins like TprK and Tp0435 genes on engineered non-
infectious Borrelia burgdorferi strains (13). Partial protection
was observed in rabbit models that underwent immunization
with B. burgdorferi that expressed TprK, while those that
were immunized with Tp0435 did not have the same
protection. Analysis of the humoral response to TprK antigen
suggested there was reactivity to conformational epitopes to
the antigen.

Dr. Caroline Cameron pioneered the application of genome-
wide-bioinformatics analyses to predict T. pallidum open
reading frames (ORFs) encoding putative outer membrane
proteins (OMPs) to identify adhesins that would interact with
receptors among the host extracellular membrane components
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(14). The result of that study was the identification of the Tp0751
adhesin. Lithgow et al. showed that Tp0751-immunized
animals had a significantly reduced T. pallidum organ burden
upon infectious challenge compared with unimmunized
animals (15). Although not unanimously accepted by the
research community (16), Tp0751 remains a current vaccine
candidate worthy of further exploration. Additional in silico
OMP-mining work further contributed to defining the
putative repertoire of T. pallidum surface-exposed integral
membrane proteins (17), which today consists of 27 proteins
—the current best candidates for syphilis vaccine development,
which are made up of components of the BAM complex,
Lpt complex, 9-stranded beta-barrels, FadL-like protein,
components of the efflux systems, and T. pallidum repeat
proteins (18).

As complete and partial genomes from historical and
modern isolates accumulated over the last two decades, it
became increasingly clear that substantial genomic diversity
was concentrated within the genes of T. pallidum encoding for
surface-exposed proteins (19-21). This evidence has profound
implications for developing a broadly protective vaccine and
emphasizes the necessity to obtain high-quality, near-complete
genomes that can be used to assess OMP variability. The
sequence of several T. pallidum OMP-encoding genes has been
notoriously challenging to elucidate through whole genome
sequencing due to the presence of repetitive sequences. Several
ongoing initiatives are addressing the necessity to obtain more T.
pallidum genomes to refine vaccine development. Upon
completing those efforts, the vaccine research community will
benefit from a vast array of genomes, primarily obtained directly
from patient samples and from many diverse geographical areas
spanning all continents, including areas where syphilis
is endemic.

Modern approaches that combine T. pallidum DNA
enrichment with pathogen-specific probes (19, 22), specific
genome amplification before high-throughput sequencing and
technologies capable of sequencing Kb-long DNA molecules will
ensure the availability of complete high-quality genomes for
comparative genomics analyses (23-28). Deposition of reads and
assembled genomes in public data repositories will enable more
researchers to participate in vaccine development. A syphilis
vaccine will likely need to be tailored to the genetic pedigree of
strains circulating locally. On the upside, T. pallidum modern
strains continue to share over 99% of genomic identity if we
exclude the hypervariable gene tprK, which undergoes intra-
strain gene conversion to foster T. pallidum persistence (29-31).
Evidence supports two major clades of this pathogen circulating
worldwide, the SS14-like and Nichols-like clade (28). The recent
strain sequencing work by Lieberman et al. with T. pallidum
isolates from Peru, Ireland, USA, Papua New Guinea,
Madagascar, Italy, Japan, and China were included in the 196
near-complete genomes sequenced from eight countries and six
continents (19).
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Omics and other approaches to
the rescue

As the genomics gap is being closed at unprecedented speed
for T. pallidum, the application of other “-omics,” mainly
transcriptomics and proteomics, will provide complementary
information to help identify vaccine candidates (32, 33). Only
limited work to date has focused on analyzing the T. pallidum
transcriptome and proteome (32-38). Yet those studies are
pivotal to understand the timing and level of expression of
potential immunogens. In addition to being poorly expressed,
selected OMP-encoding genes have been reported to undergo
stochastic modulation of gene expression through phase
variation, which might contribute to changing the pathogen
surface antigenic profile (39, 40). To date, a microarray study
describing transcriptome of Nichols strain was conducted and
found that the RNA transcript of T. pallidum profiles between in
vitro culture and rabbit infection were similar (33). A better
understanding of gene regulation and gene expression could lead
to exclusion of specific vaccine candidates whose transcription
might be turned off with no detriment to the pathogen.

To date, transcriptional profiles of T. pallidum have been
obtained from rabbit or in vitro-propagated strains (33). Although
those studies are valuable in improving our understanding of gene
expression in T. pallidum, an equally important endeavor would
be to assess gene expression in spirochetes from patient samples.
Transcriptomics of clinical samples can be challenging: the small
amount of clinical material obtained from clinical samples often
precludes sequencing of the entire genome. Producing high
quality whole genome sequencing data needs advanced
molecular techniques for selected whole genome amplifications
and bait enrichment of libraries to enable gathering meaningful
data from clinical samples. At the same time, determination
of levels of paralogous genes will be also very challenging
as many tpr genes share identical sequences and some
undergo recombinations.

An analysis of the T. pallidum transcriptome using bacterial
cells present in lesions from individuals diagnosed with early
syphilis, without strain propagation in rabbits, could also help
better understand the immunology of natural infection. That
work would inform whether specific gene expression patterns
correlate to the development of the immune response and
disease manifestations during early syphilis and, more
generally, which vaccine candidates are expressed during
different stages of the infection.

Successful genetic engineering of T. pallidum was reported in
2021 (41). Genetic manipulation of T. pallidum has the potential
to pinpoint vaccine candidates. Efforts have been made to ablate
the tprK ORF with no avail, which led to the hypothesis that
TprK is an essential T. pallidum gene. That hypothesis is also
supported by the evidence that extensive tprK sequencing never
yielded a variant carrying an early termination due to a
premature stop codon or a frameshift mutation, despite the
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extensive recombination events that involve this hypervariable
gene. A vaccine design based on an OMP necessary for pathogen
viability could be preferred to a design based on a non-essential
gene. Current experiments to assess the “essential” OMP
repertoire are ongoing in the Giacani laboratory through
genetic engineering. New molecular tools for T. pallidum, such
as transposon-mediated insertional mutagenesis, GFP-
expressing T. pallidum cells, and a T. pallidum strain
expressing constitutively spell out Cas9, are also being
evaluated to accelerate the discovery of genes that, albeit not
essential, might be necessary for T. pallidum virulence.

Protein structure and vaccine
development strategies

Immunization with recombinant treponemal proteins would
greatly benefit from increased knowledge of the native structure
of the candidate immunogens. However, no conclusive
experimental data exist on the structure of T. pallidum OMPs.
For about half of these molecules, the level of homology with
other bacterial proteins has been sufficient to obtain high-
confidence models using a battery of mainstream
computational and bioinformatic tools (18, 42). On the
contrary, there is an ongoing debate concerning the structure
of Tpr antigens because the structure that is inferred from
functional assays differs from that hypothesized based on
structural data from protein fragments. Refining the structural
models for all T. pallidum OMPs is therefore pivotal for vaccine
development. High-confidence models will allow the excision of
surface-exposed epitopes to be mounted on a carrier that is
easier to produce than a recombinant OMP, contains fewer
amino acid sequences that are not instrumental to developing a
protective response, but maintain the structural characteristics
of the native epitopes to allow the development of antibodies to
conformational epitopes. Carriers such as viral-like particles,
small beta-barrel antigens, liposomes, and outer membrane
vesicles are all options worth trying.

Adjuvants

Which adjuvant to use in a syphilis vaccine is also an issue
that requires additional experimentation. Currently as vaccine
research focuses on rabbit models, experimentation is conducted
using ribi, titermax, or SAS, none of which are approved for
human use. Experimentation has made clear that an adjuvant
necessary to induce a Thl response that will lead to INF-y
activated macrophages is crucial to an effective vaccine (43-46).
Any vaccine formulation that includes adjuvants not suitable for
humans will eventually have to be retested with adjuvants
approved for human use. The reliance on a rabbit model for
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vaccine discovery leads to inevitable but necessary gaps in the
potential for vaccine formulations to advance to human trials.

Vaccine efficacy and target
populations

To provide a favorable risk to benefit ratio, vaccines need to
be safe for users and effective in preventing disease. For other
vaccinations, a threshold of 50% efficacy rate had been
determined to be adequate by large governing bodies (47).
Given the need for syphilis vaccines in a global setting, heat-
stable vaccines would greatly benefit distribution.

Furthermore, syphilis epidemiology is different in high-
income versus low- and middle-income countries. In high-
income countries, syphilis predominantly affects men who
have sex with men (MSM), while in low- and middle-income
countries, where the disease is endemic, syphilis impacts the
general population. In implementing a syphilis vaccine,
especially one that is only partly effective, it would be sensible
to have different distribution strategies between high-income
and low- and middle-income countries. In high-income
countries, immunization should target those at increased risk
for syphilis such as MSM and sex workers. In low- and middle-
income countries, vaccination of the general population with a
focus on protecting those of reproductive age to decrease risk of
congenital syphilis would be recommended. With recent
increases in congenital syphilis in the United States,
vaccination of women of reproductive age may also
be worthwhile.

Cost analysis/Mathematical
modeling

A mathematical model was created for a hypothetical
syphilis vaccine assuming an efficacy of 80%. That study
focused on vaccination in Africa, using different estimates of
the prevalence of HIV infection in the general population (1.5%,
10%, and 15%). Syphilis vaccination reduced syphilis incidence
for all the studied scenarios. However, focusing solely on young
women or only on high-risk populations, was not as impactful
on syphilis prevalence over time as mass vaccination (48).
Additional work is needed to understand better how vaccines
with differing efficacy and/or the reduction of clinical symptoms
of syphilis can reduce transmission.

Concluding remarks

Despite the low costs associated with syphilis testing
and treatment, syphilis control has remained elusive.
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The years of life lost due to congenital syphilis are substantial
(49). A vaccine able to reduce syphilis incidence, especially
congenital syphilis, could significantly improve public
health and lower the estimated 3.6 million disability-adjusted
life years that are currently lost annually due to this
serious infection.
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Adherence to weekly anal
self-examination among men
who have sex with men for
detection of anal syphilis
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Faculty of Medicine, Nursing and Health Sciences, Monash University, Melbourne, VIC, Australia,
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Background: Men who have sex with men (MSM) practicing exclusively
receptive anal sex are more likely to present with secondary than primary
syphilis, implying primary anorectal lesions may be missed. If men could
detect anorectal lesions by regular anal self-examination, the duration of
infectiousness could be reduced. This study aimed to examine adherence to
weekly anal self-examination.

Method: We conducted a longitudinal feasibility study examining the
adherence to weekly anal self-examinations among MSM attending a sexual
health clinic in Melbourne, Australia between December 2020 and June 2021.
Adherence to weekly anal self-examinations over 12 weeks was assessed from
a logbook and 4-weekly surveys. Participants who identified abnormalities in
their anus were recommended to seek medical review.

Results: Of the 30 men who completed the study, anal self-examination was
performed at least weekly for 308 of 360 person-weeks (86% of the weeks, 95%
Cl: 82-89). The mean adherence was 3.6 (95% Cl: 3.3-3.9) examinations per
4-weeks per person in Weeks 1-4, 3.5 (95% ClI: 3.1-3.8) in Weeks 5-8 and 3.3
(95% Cl: 2.9-3.7) in Weeks 9-12 (Pyeng = 0.06). Six men (20%, 6/30) were seen
for medical review after they identified abnormalities, whilst eight men (27%,
8/30) reported abnormalities, but did not seek medical review. No participants
were diagnosed with syphilis during the study period.

Conclusion: We conclude that men adhered well to weekly anal
self-examination. Therefore, it is feasible to trial this as a routine practice
among MSM. Future studies should investigate possible reductions in
adherence over time and ways to increase medical review for abnormalities
that men find.

KEYWORDS

anal self-examination, syphilis, men who have sex with men (MSM), adherence, anal
syphilis, weekly exam, feasibility
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Introduction

High and rising rates of syphilis among gay, bisexual, and
other men who have sex with men (MSM) are occurring despite
substantial public health interventions and strategies to improve
syphilis control (1-4). These public health interventions include
widespread testing, contact tracing, contact treatment and
behavioral interventions such as promoting condoms. The
limited success in syphilis control with the existing public
health interventions and strategies highlights the need for
additional interventions.

Regular syphilis screening is one option for potentially
improving syphilis control. The current guidelines for screening
of human immunodeficiency virus (HIV) and sexually
transmitted infections (STIs) in Australia recommend 3
monthly screening (including syphilis serology) for sexually-
active MSM and also for MSM taking HIV pre-exposure
prophylaxis (PrEP) (5). An Australian study found a substantial
proportion of infectious syphilis cases (58% of primary syphilis
and 44% of secondary syphilis) were diagnosed between the
3-monthly routine clinic visits among MSM taking PrEP
(6). The findings indicate that even 3-monthly screening is
insufficient to detect all cases and a substantial number of cases
occur between these visits. Therefore, additional measures for
the early detection of syphilis are warranted.

One strategy to shorten the duration of infectious of syphilis
cases has been to improve the patients’ recognition of syphilis
symptoms and encourage early presentation to health care.
However, recent research has indicated some primary syphilis
lesions may be in anatomical positions that make their detection
difficult. A study examining the sexual position and staging of
syphilis reported that MSM who practiced exclusively receptive
penile-anal sex were four times more likely to present with
secondary syphilis than those who practiced exclusively insertive
penile-anal sex, suggesting primary anorectal lesions were often
missed leading to secondary syphilis (7). If there was a way
of detecting the missed ano-rectal primary syphilis lesions,
then progression to secondary syphilis would be prevented.
Preventing secondary syphilis is important not only because
there is substantial shedding of T. pallidum in this stage
(8) but also because secondary syphilis is associated with
systemic illnesses and complications such as ocular syphilis
and neurosyphilis. We hypothesized that if men examine their
anus regularly (e.g., once a week), men might be able to
detect primary anorectal lesions and therefore seek medical care
and receive timely diagnosis and treatment before progressing
to secondary syphilis, thereby reducing infectiousness and
further transmission.

Regular anal self-examination is a new concept for detecting
primary syphilis but has been investigated among MSM living
with HIV to detect anal cancer at an early stage (9). These
studies have shown that anal self-examination is acceptable for
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the detection of anal cancer (9, 10). Furthermore, qualitative,
and quantitative studies have shown that MSM are willing to
perform anal self-examinations for detecting anal syphilis (11,
12). Before we examine the effectiveness of anal self-examination
for early anal syphilis detection, we first need to examine
whether weekly anal self-examination is feasible as a regular
practice among MSM.

We designed this feasibility study to explore adherence to
weekly anal self-examination. The primary aim of this study was
to investigate the adherence to weekly anal self-examination,
and the secondary aim was to examine the proportion of men
returning for medical review when they detect abnormality in
the anus during anal self-examination.

Materials and methods

Anal self-examination

Anal self-examination in our study was defined as inserting
a finger into one’s anus, feeling around the anal canal (360°),
and using a mirror to check the anus and surrounding area for
any abnormalities.

Study population and recruitment

This was a cohort study conducted at the Melbourne Sexual
Health Center (MSHC) between 1st December 2020 and 17th
June 2021. The last participant was recruited on 10th March
2021 and the data collection of the last participant was on 17th
June 2021. MSHC is a public sexual health clinic in Victoria,
Australia, which provided approximately 50,000 consultations
in 2019. To be eligible in this study, men must be aged 18
years or above, identified as cis-male who had had receptive
penile-anal sex with another man in the past 12 months and
planned to reside in Victoria, Australia in the next 3 months.
Men who only had insertive penile-anal sex or men who had
been performing weekly anal self-examination were not eligible.
We aimed to recruit 30 MSM including ten men living with HIV,
ten men taking PrEP, and ten men not living with HIV and not
taking PrEP.

Eligible men were identified by clinicians and were referred
to the research team. One of the research team members
(EA, KM, ER) met with the potential participant on the
same day or arranged another appointment if they were
unavailable on the day. A member of the research team obtained
written informed consent from participants before the start
of the study. We sent the study website link via SMS to the
participants on the day of enrolment. We explained the process
of anal self-examination using anal self-examination instruction
(Supplementary Figure 1) and provided the instruction sheet to
the participants. The study website contained information about
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anal self-examination, an animated video about the instruction
on how to perform anal self-examination, contact details of
the research team if the participant found any abnormalities
during anal self-examination, a downloadable logbook and anal
self-examination instructions.

Study protocol

Baseline

At recruitment, demographics (e.g., age, gender), sexual
practices (e.g., sexual orientation and position of anal sex), and
medical history (e.g., HIV status, PrEP use, past history of
syphilis and previous experience of anal self-examination) were
collected using a self-administered questionnaire. Participants
were asked to perform weekly anal self-examination over 12
weeks and record their activity on a logbook (electronic or
paper-based) (Supplementary Table 1).

Follow-up

Participants were asked to complete another three surveys
at Weeks 4, 8, and 12. The follow-up surveys collected data
on adherence to anal self-examination, and abnormal findings
and problems encountered during anal self-examination. The
Week 12 survey also collected the willingness to perform anal
self-examination in the future. In order to differentiate anal
self-examination from At the end of Week 12, the participants
were also asked to return the logbook and complete the last
survey. Participants were given an AU$50 (~US$22) gift card
for remuneration at the end of the study.

Adverse event or abnormal findings

Participants were advised to contact the research team via
email or phone if they identified any abnormal findings in their
anus that concerned them. Once the participant contacted the
research team, an appointment was arranged at a time suitable
for the participant to see a study doctor, which was usually about
within 1-3 days. The study doctor examined the participant’s
anus to review the abnormal findings and the participant also
had a serological test for syphilis on the day. A polymerase chain
reaction (PCR) test for Treponema pallidum was also performed
if any anal lesions were present. If the participants could not
attend MSHC for review, the participants then opted to have a
review with a general practitioner, and they would inform the
research team of the review and diagnosis.

Syphilis diagnoses

Syphilis test results from the participants over the 12-week
study period were also extracted from the electronic medical
records at the Melbourne Sexual Health Center. In addition, we
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collected syphilis test results data 12 weeks after they completed
the final Week 12 visit.

Outcomes

The primary outcome was self-reported adherence to anal
self-examination (i.e., whether men performed weekly anal self-
examination) over a 12-week period. The secondary outcomes
were (1) adverse events where the participants identified
abnormal findings during anal self-examination or (2) diagnosed
with syphilis during the study period. The adverse events were
defined as any abnormal findings from anal self-examination.
There were two categories of adverse events: (1) participants
were concerned about abnormal findings and requested a
medical review, and (2) participants were not concerned about
abnormal findings and did not request a medical review. In
the group of men who requested a medical review due to
abnormal findings, the events were reported to the research
team via email or phone contact, or the events were noted from
the medical records at MSHC when they returned for review.
If the participants sought medical review with their general
practitioners instead, the participants would inform the research
team of the outcomes. In the group of men who had abnormal
findings but did not request a medical review, the events were
noted from the surveys and followed up by email or phone
contact with the participants.

Ethics approval

Ethical approval was obtained from the Alfred Hospital
Ethics committee, Melbourne, Australia (Project 603/20).

Sample size

We designed this study to provide reasonably precise 95%
confidence intervals (CI) around the primary aim of adherence
to weekly examinations over 12 weeks. With 360 weeks of
observation, we estimated the 95% CI will be £ 5% of the mean

proportion (13).

Statistical analysis

The primary outcome of the adherence to weekly anal
self-examination was the proportion of the number of weeks
expressed in person-time. It was defined as the number of weeks
where the participants had performed anal self-examination
divided by the total number of weeks in the study period for
total study participants. The outcome was expressed in person-
weeks. The 95% CI of the proportion were calculated using the
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TABLE 1 Demographic characteristics and sexual practices among 30
participants at baseline.

Demographic Number of participants,

characteristics and Percentage (%)

sexual practices

Age (median, interquartile 32 (IQR: 27-41)

range) (years)

Gender

Men 30 100%

Sexual orientation

Men who have sex with men 30 100%

Men who have sex with men and 0 0%

women

HIV and PrEP

Living with HIV 8 27.0%

Taking PrEP 11 37.0%

Not taking PrEP & not living 11 37.0%

with HIV

Anal sex position in the past 12

months

Receptive penile-anal 14 47.0%

sex only

Receptive and insertive 16 53.0%

penile-anal sex

Past syphilis infection

Yes 9 30.0%
One infection 7 23.0%
More than one infection 2 7.0%

No 21 70.0%

Condom use in the past 3 N =29

months”

Always 3 10.0%

Never 9 31.0%

Sometimes 17 59.0%

No anal sex 0 0.0%

Ever inserted their fingers in

their anus previously

Yes 25 83.0%

No 16.0%

Previous abnormalities N=25

reported by men who had

inserted their fingers in their

anus *

Yes' 9 36.0%

No 16 64.0%

Reasons for inserting their N=25

fingers in their anus among

those who had performed

previously*$

To check for symptoms of STI 15 58.0%

(Continued)
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TABLE 1 Continued

Demographic Number of participants,

characteristics and Percentage (%)

sexual practices

On recommendation by health 4 15.0%
professionals or
friends/family/partners

To check for abnormalities 12.0%

Pleasure/masturbation 8.0%

NN W

Hygiene 8.0%

Anal cancer screening 1 4.0%
Median sexual partners for 4 [IQR: 1-7]
receptive anal sex in the past 3
months*

Median frequency of anal 1 [IQR: 0.3-4]
self-examination* (per 4 weeks)
Mean frequency of anal 1[SD+1.1]

self-examination* (per 4 weeks)

*Refers to the men who had previously performed anal self-examination prior to the
enrolment in the study and the description in brackets were as described.

"The total number does not equal to 30 due to missing data.

SParticipants could provide more than one reason.

fReported abnormalities included hemorrhoids, anal fissure, lump, dry skin, anal STI
symptoms- bleeding, ulcer, discharge, pain.

IQR, interquartile range.

SD, standard deviation.

binomial exact method. We calculated the mean with 95% CI of
the frequency of anal self-examination every 4 weeks per person
and we examined the temporal trend on anal self-examination
per 4-week using linear regression analysis.

The
descriptive statistics by reporting the proportion of men

secondary outcomes were summarized using
who reported abnormal findings out of the total number
of participants. The adverse events were calculated for
the proportion of men who reported abnormal findings
and requested medical review (either at MSHC or with
their general practitioners), and for the proportion of
men who reported abnormal findings and did not request
medical review.

Kaplan-Meier survival curves were constructed to present
the cumulative proportion of men who first developed
adverse outcomes and received medical review. All statistical
analyses were conducted using STATA 16 (StataCorp LLC,
Texas, USA).

Results

There were 36 men recruited from December 2020 to March
2021, and the last participant finished the study in June 2021. Of
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TABLE 2 Sexual practices and anal self-examination including

motivators and views of ways to improve adherence to anal
self-examination.

Number Percentage (%)

Number of sexual partners for receptive 2(1-4)

anal sex in the past one month, median

(IQR)

Condom use in the past 3 months** N =28
Always

Sometimes 9
Never 13
No anal sex 2
Anal self-examination positions used by N =28
participants’#

Standing 6
Squatting 7
Standing & squatting 4
Lying on the back 3
Lying on the side 1
Lying on the back & squatting 2
Lying on the back & lying on the side 1
Using more than 2 positions 4
Items used in anal self-examination’* N =59
Lubricants 17
Soap 14
Water 18
Gloves 2
Mirrors 6

None of the above
Location to perform anal N =238

self-examination’#

Shower 21
Bed 5
Bathroom/toilet 12
Reasons for non-adherence’* N=16
Busy with work or study or life 11
Forgot to perform anal self-examination 10
Had not had anal sex 5
No symptoms of STI 6
Uncomfortable or difficult to perform

Participants’ views on the use of reminder N =30
system*?

Weekly reminder system via SMS or a 11

smartphone app or using phone as a

reminder

3-monthly SMS reminder 7
Smartphone app (frequency not specified) 6
Reminder not required 6
Logbook 1

14.0%
32.0%
46.0%

7.0%

21.0%
25.0%
14.0%
11.0%
4.0%
7.0%
4.0%
14.0%

29.0%
24.0%
31.0%
3.0%
10.0%
3.0%

55.0%
13.0%
32.0%

69.0%
63.0%
31.0%
38.0%
19.0%

34.0%

22.0%
19.0%
19.0%
3.0%
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TABLE 2 Continued

Number Percentage (%)

Monthly reminder (method not specified 1 3.0%
by participant)
Motivators to perform anal N =30

self-examination regularly**

Having symptoms of STI 6 22.0%
Increased sexual activity * 6 22.0%
Reminder 4 15.0%
Improvement in knowledge such as 4 15.0%
knowing what to look for and

differentiating normal and abnormal

Medical advice and recommendations or 3 11.0%
proven effective to be used as a screening

for anal syphilis

Does not need any motivation to perform 4 15.0%
regularly

*Some missing data.

*Multiple options and total may exceed 100%.

" Increased sexual activity refers to increased sexual partners, engaging in high-risk anal
sex such as condomless anal sex.

#Data were collected at Week 12.

the 36 men, four never completed the baseline surveys and were
classified as lost to follow-up. One completed only the baseline
survey, and one withdrew from the study at Week 9. A total
of 30 men who completed baseline and follow-up surveys were
included in the final analysis (Supplementary Figure 2). All 30
men tested negative for active syphilis at baseline.

Table 1 presents the demographic characteristics and sexual
practices of 30 participants. The age of the participants ranged
from 19 to 55 years (median 32 years, IQR: 27-41). Among the
25 men (83%) who had previously inserted their fingers in their
anus, the median frequency of performing this was once per 4
weeks (IQR: 0.3-4).

Adherence to performing weekly anal
self-examination

All 30 men were followed for 12 weeks and therefore
provided 360 person-weeks of follow up. Anal self-examination
was performed in 308 of 360 person-weeks (86% of the follow-up
weeks, 95% CI: 82-89). Of the 30 men, 47% (n = 14) performed
weekly anal self-examination over 12 weeks and 53% (n = 16)
did not perform weekly anal self-examination.

The mean frequency of anal self-examination per 4 weeks
changed from 3.6 (95% CI: 3.3-3.9) times in Weeks 1-4, to 3.5
(95% CI: 3.1-3.8) times in Weeks 5-8, and 3.3 (95% CI: 2.9-3.7)

frontiersin.org


https://doi.org/10.3389/fmed.2022.941041
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Aung et al.

times in Weeks 9-12; however, this change was not statistically
significant (P, = 0.06) (Supplementary Table 2).

Reasons for not performing anal
self-examination every week and
motivators

Among the 16 men who did not perform anal self-
examination every week, the commonly reported reasons were
busy with work, study, or life, and forgetting to perform their
anal self-examinations (Table2). They reported having STI-
related symptoms, increased sexual activity, and receiving a
reminder as the top three motivators to perform anal self-
examination regularly (Table 2).

Preferences and intention to perform
anal self-examination

At the end of the study, men reported standing, squatting
or a combination of the two positions as the most common
positions (81%, n = 17). The shower (55%, n = 21) was the
most common location to perform anal self-examination. Most
men (60%, n = 35) used water or lubricants to aid with anal
self-examination (Table 2 and Supplementary Figure 3).

More than half (53%, n = 16) of participants felt that weekly
anal self-examination was too frequent, while 37% (n = 11)
reported that weekly anal self-examination was acceptable.

Most men (63%, n
to continue performing anal self-examination if it were

17) expressed their intention

recommended in the future, while 23% (n = 7) were unsure if
they would continue. A small number of men (7%, n = 2) chose
not to continue to perform anal self-examination. Among those
men who decided to continue their examinations, the mean
preferred frequency was two times (95% CI: 1.4-2.6) per month.

Abnormal findings during anal
self-examination

Of the fourteen men (47%, 14/30, 95% CI: 28-66%) who
identified some abnormalities in their anus, six men (43%,
6/14, 95% CI: 18-71%) sought medical review (Figure 1); four
at MSHC and two at their general practitioners. One of
them presented twice with the same abnormalities and was
diagnosed with recurrent herpes simplex (Table 3). Half of
the men (50%, 3/6) who requested medical review reported
abnormalities in Weeks 1-4, while the other half (50%, 3/6)
reported abnormalities in Weeks 9-12.

Eight men (27%, 8/30 men, 95% CI: 12-46%) reported
abnormalities in surveys but did not seek medical review
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FIGURE 1

Graph showing the proportion of men who reported abnormal
findings and requested medical review during the 12-week
study period.

(Supplementary Table 3). The symptoms reported were pain,
lump, itch, dry skin, and blisters with anal pain being the most
commonly reported symptoms (Supplementary Table 3).

Syphilis diagnosis

None of the 30 men in the study were diagnosed with active
syphilis at baseline (recruitment), at the completion of the study
and also 3 months after completing the study (from reviewing
the syphilis test results at MSHC).

Discussion

This is the first study to examine adherence to weekly
anal self-examination as a potential means of detecting anal
syphilis in MSM. We found a high level of adherence (86%
of the follow-up weeks) among the participants indicating
that men might perform anal self-examination regularly if it
were recommended. Almost half of the participants reported
abnormalities in their anus but only about 40% of them
sought medical review. Future studies with a longer follow-
up period will be needed to assess the long-term adherence
to anal self-examination and its sensitivity to detect anal
syphilis. Nonetheless, finding abnormalities through anal self-
examination demonstrate that it was feasible for men to perform
anal self-examination and detect abnormalities.

There have been very limited studies examining the use
of anal self-examination for early detection of anal syphilis
and none examining adherence to these examinations (11, 12,
14, 15). Previous studies have involved both qualitative and
quantitative surveys of MSM and found anal self-examinations
to be highly acceptable (11, 12, 15). A survey of 574 MSM
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TABLE 3 Reported abnormalities and clinical diagnoses among six men who presented for medical review after identifying an abnormality.

Participant Number of weeks  Description of  Location of Diagnosis Syphilis Syphilis PCR
first reported abnormality medical review serology
abnormality

3 12 Pain, bleeding MSHC Anal tear Negative Negative

12 11 Pain, bleeding, itch GP Rectal chlamydia Negative Not done

17 1 Lump MSHC Possible anal wart Negative Negative

23 2 Lump GP No abnormality found* Negative Not done

25 11 Itch, rash MSHC No abnormality found* Negative Negative

30 3,12 Discomfort/pain MSHC Recurrent HSV-2 Negative Negative

MSHC, Melbourne Sexual Health Center.
GP, General Practitioner.
HSV-2, Herpes Simplex Virus Type II.

*No abnormality found: Clinicians could not find any abnormalities at review; therefore, no diagnosis was given at the reviews.

reported up to 68% of men had never performed anal self-
examinations but were willing to perform them in the future
(12). Consistent with these findings, we found that only a
small proportion of MSM (7%) indicated that they did not
want to continue performing anal self-examinations. Most of
the 20 MSM in the qualitative interview study expressed their
willingness to perform anal self-examination in the future if it
were recommended by a health professional (11). Taken together
with these findings, there is substantial evidence to support
anal self-examination having a potential role in the detection of
syphilis MSM.

Our study identified some issues that should be considered
when designing future studies. Our findings suggest adherence
to anal self-examinations may decline with time although this
was not statistically significant. However future studies should
consider incorporating SMS reminders in future studies on anal
self-examination as most men in our study chose SMS messaging
as a preferred reminder system. This finding was consistent with
other studies showing SMS reminders increased the odds of
adherence to intervention (16, 17). We also found that half of the
abnormalities were reported at the start of the study suggesting
men were identifying pre-existing abnormalities rather than
new abnormalities that developed during the study period.
This could potentially lead to an overestimation of the true
incident abnormalities.

In our study, we found a high proportion of participants
reporting abnormalities during self-examination yet none of the
men had syphilis. Importantly, only about half of them sought
medical review and we did not know the reasons why other
participants did not seek medical review. We also did not know if
anal syphilis was to occur, whether it would have an abnormality
that could be detected by men during anal self-examination.
Understanding these issues is going to be critical in determining
whether syphilis can be detected earlier and whether it would be
cost-effective or not.

Frontiersin Medicine

Limitations

There are several limitations to our study. First, clients
attending sexual health clinics tend to be more health-conscious
about their sexual health and therefore, there might be a
selection bias with participants more likely to be adherent than
the general MSM population. So, we may have overestimated
adherence in our study, although high levels of acceptance were
found in questionnaire studies (12). Second, the sample size
was not sufficient for the estimates of our secondary outcomes
such as the proportion reporting abnormalities. Third, self-
reported bias in the adherence to anal self-examination might
have occurred. There was a possibility of over-reporting and
overestimating the adherence. Fourth, the study was conducted
during the COVID-19 pandemic and lockdown periods
resulting in some men reducing their sexual practices and
changing the frequency of performing anal self-examination.
In the surveys, men reported increased sexual activity and
condomless sex would motivate them to perform anal self-
examination more frequently. Therefore, COVID-19 pandemic
restrictions could have affected their adherence (18-20).

Conclusions
Overall, we conclude that men adhered well to weekly anal

self-examination and therefore, they are feasible to trial as a
routine practice among MSM.
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Serofast status after therapy in syphilis patients is a common phenomenon.
A proportion of patients who have serofast status exhibit abnormal
cerebrospinal fluid test results, which can be defined as asymptomatic
neurosyphilis (ANS); however, it remains unclear whether ANS patients can
achieve serological cure after anti-neurosyphilis treatment as quickly as
other serofast patients. In this study, non-treponemal pallidum antibody
serological responses were studied in ANS and serofast control patients,
and the cumulative rates of serological cure in the ANS group were 9.6,
22.1, 25.9, and 30.2% in 3, 6, 9, and 12 month after treatment, which were
statistically higher than those of the serofast control group. The change gap
in serological cure rates was even more pronounced within 6 months after
treatment, but the majority of ANS patients had no change in serofast status at
12 months after treatment. Our study indicates that anti-neurosyphilis therapy
can partially change the serofast status. As serofast status cannot easily be
changed even under neurosyphilis treatment in the majority of patients, the
pathogenesis of this condition needs further research.

syphilis, serofast, asymptomatic neurosyphilis, serological cure, treatment

Introduction

Syphilis is an old disease that can cause serious health problems without treatment.
Since the introduction of penicillin in 1943, there have been great improvements in
syphilis treatment. Theoretically, syphilis is a sexually transmitted disease that can be
cured. However, in actual clinical settings, judging whether syphilis has already been
cured is not an easy task (1). Non-treponemal serological response is an important
laboratory indicator of whether treatment has been effective, and serological cure is
defined as either a negative rapid plasma regain (RPR) or > 4-fold decrease (twofold
dilution) in titer at 6-12 months following therapy. However, approximately 15-20%
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of patients with early syphilis do not meet the criteria
of serological cure and are therefore referred to as being
“serofast.” Serofast status is defined as a < 4-fold (twofold
dilution) decline in non-treponemal antibody titer at 6-
12 months or as persistently low titer after treatment
(2). The etiology and the optimal management of serofast
status remain unclear.

Retreatment is recommended for serofast patients if follow-
up cannot be ensured, which is common in clinical practice.
Several studies have reported no incremental benefit for re-
treating HIV-negative serofast patients (3, 4). In our previous
study, a subset of serofast patients exhibited cerebrospinal fluid
(CSF) abnormalities that could be defined as asymptomatic
neurosyphilis (ANS) according to the appropriate guidelines
(5). Neurosyphilis is caused by Treponema pallidum infecting
the central nervous system, which can occur at any stage of
syphilis. ANS is a type of neurosyphilis without any neurological
symptoms, and its diagnosis relies on CSF test abnormalities,
including positive venereal disease laboratory research tests
(VDRL), abnormal white blood cell (WBC) counts, and
elevated protein (6). At present, disputation surrounds ANS,
and thus, defining ANS has been extremely difficult and
controversial (2). Most definitions rely on a combination
of CSF laboratory tests (such as VDRL, WBC count, and
protein level), but no consensus definition exists. Some research
has suggested that a negative CSF fluorescent treponemal
antibody absorption (FTA-ABS) IgG test as the exclusion
criterion for neurosyphilis, but this is not unanimously
recognized (7).

There are many different views about ANS. On the one
hand, ANS is the early stage of neurosyphilis, which can
develop into symptomatic neurosyphilis; therefore, ANS should
be treated in accordance with neurosyphilis. On the other
hand, it is thought that abnormal changes in CSF are common
in the early stages of syphilitic infection, but most patients
heal naturally without intervention. Thus, debate continues
as to whether asymptomatic patients need CSF testing, but
there is not enough evidence to determine whether the
diagnosis and treatment of ANS could contribute to prognosis
in these patients.

The aim of this study was to compare changes in non-
treponemal antibody serum titer in ANS patients with those in
serofast patients. In addition, the study evaluated whether anti-
neurosyphilis treatment provides benefit for serological cure
in these patients.

Materials and methods

All patients in this study were enrolled from the clinical
database of Beijing Ditan Hospital, Capital Medical University,
between September 2015 and August 2018. All of the enrolled
patients were HIV-negative and in serofast status. Serofast
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status was defined as described in the previous studies
(5, 8, 9), as follows: (1) in early syphilis patients who
were at least 6 months after initial recommended treatment
and regular follow-up, no fourfold decline in serum RPR
titer was observed even after additional treatment; (2) RPR
titer exhibited a < 4-fold decline more than 1 year after
treatment in late latent syphilis; and (3) patients who had
a fourfold decline in serum RPR titer after initial treatment
but exhibited no seroreversion or decline in non-treponemal
antibody titer for more than 1 year. Lumbar puncture
and CSF tests were carried out, and ANS was diagnosed
as described in our previous study (5), which followed
the European Guidelines on the Management of Syphilis
and US CDC guidelines (2, 8). ANS was characterized by
reactive CSF RPR or negative CSF RPR but CSF WBC
count > 5 x 10°/L, or negative CSF RPR, CSF WBC
count < 5 x 10%/L but CSF protein concentration > 45
mg/dL, and without any neurological signs or symptoms. Other
neurological diseases were excluded based on clinical history
and physical examination.

According to the CSF examination results, serofast patients
were divided into two groups: serofast patients with abnormal
CSF test results were classified as the ANS group and
the serofast patients with normal CSF test results were
classified as the serofast control group. The ANS group
was treated according to the recommended neurosyphilis
treatment regime (8), and the serofast control group was
followed up without recommended treatment. All patients
were followed every 3 months for serological RPR card test.
Serologically defined treatment response was used to classify
the patients as serological cure (defined as patients whose
RPR titer dropped > 4-fold or RPR became negative), non-
response (RPR tier was not changed; drop or increase < 4-
fold), or treatment failure (RPR titer increased > 4-fold)

(9, 10).
The study was approved by the Institutional
Ethics Committee of Beijing Ditan Hospital, Capital

Medical University.

Data analysis and statistics

Data were analyzed using IBM SPSS version 19.0. Figures
were drawn using GraphPad Prism 8. Continuous variables
are described using median and interquartile range (IQR),
whereas categorical variables are described by numbers and
percentages. Associations between categorical variables were
assessed using the chi-square test. Titers were obtained
3, 6, 9, and 12 months after enrollment, and Kaplan-
Meier product-limit survival curves were used to examine
the rates of serologic response to treatment. All hypothesis
testing was two-sided, and P < 0.05 was considered to be
statistically significant.
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TABLE 1 Demographic and clinical characteristics of the ANS and the
serofast control groups.

ANS Serofast P-value
(n=136) control
(n=309)
Gender Male (1, %) 57 (41.9) 100 (32.4) 0.052
Female (n, %) 79 (58.1) 209 (67.6)
Age (years, 36 (28, 52) 32 (27, 43) 0.023
median and
interquartile
range)
Disease course 24 (12, 36) 24 (12, 36) 0.615
(months,
median and
quartile)
Syphilis stage ~ Latent 115 (84.6) 267 (86.4) 0.697
Primary 1(0.7) 4(1.3)
Secondary 20 (14.7) 38 (12.3)
RPR titer 1:8 (1:4,1:16)  1:8(1:4,1:16)  0.013
(median and <12 18 (13.2) 67 (21.7)
interquartile 1:4 28 (20.6) 79 (25.6)
range) 1:8 42 (30.9) 71 (23.0)
1:16 26 (19.1) 57 (18.4)
z 1:32 22 (16.2) 35(11.3)
Initial regimen 120 (88.2) 272 (88.0) 0.950
with benzathine
Penicillin (n, %)
CSF RPR Negative 118 (86.7) 309 (100) NA
1:1 11 (8.1) -
1:2 5(3.7) -
1:4 2(1.5) -
CSE WBC <5 28 (20.6) 309 (100) NA
count/pL (n, %)
>5 108 (79.4) -
CSF protein <45 94 (69.1) 309 (100) NA
concentration > 45 42 (30.9)

mg/dL (n, %)

NA, not available.

Results

Baseline demographics and patient
characteristics

According to the recommended CSF assessment criteria
for asymptomatic serofast patients, 445 HIV-negative serofast
syphilis patients were enrolled in Beijing Ditan Hospital, Capital
Medical University, between September 2015 and August 2018.
All of the patients had received lumbar puncture for CSF
testing, and the median time from first diagnosis of syphilis to
lumbar puncture was 24 (IQR 12, 36) months. Through CSF
examination, 136 participants (30.6%) exhibited an abnormal
CSF test that could be diagnosed as ANS (ANS group),
whereas 309 participants (69.4%) exhibited a normal CSF test
result (serofast control group). The demographic and clinical
characteristics of the two groups are listed in Table 1. The
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TABLE 2 Comparison of serological responses between the ANS
group and the serofast control group.

ANS (n, %) Serofast  P-value
(n=136) control (n,
%)
(n=309)
3 Months  Serological cure 13 (9.6) 13 (4.2) 0.027
Serofast 122 (89.7) 293 (94.8) 0.047
Treatment failure 1(0.7) 3(1.0) 1*
6 months  Serological cure 30 (22.1) 39 (12.6) 0.011
Serofast 104 (76.4) 270 (87.4) 0.004
Treatment failure 2(1.5) 0(0) 0.093*
9 months  Serological cure 35% (25.9) 52 (16.8) 0.029
Serofast 98* (72.6) 255 (82.6) 0.012
Treatment failure 2% (1.5) 2(0.6) 0.589*
12 months  Serological cure 41 (30.2) 62 (20.1) 0.020
Serofast 94 (69.1) 244 (79.0) 0.025
Treatment failure 1(0.7) 3(0.9) 1*

*Fisher’s exact test; “n = 135.

baseline data for the ANS and serofast control groups did not
exhibit any statistically significant differences in sex, duration of
serofast status, initial stage of syphilis, initial serum RPR titer, or
initial treatment regimen. The median age of the participants in
the ANS group was greater than that of patients in the serofast
control group (P = 0.023). The serum RPR titer of the ANS
group was higher than that of the serofast control group at
the time of lumbar puncture (Wilcoxon symbol rank and test,
P =0.013).

Treatment and serological response

The patients in the ANS group were treated with aqueous
crystalline penicillin G, 4 million units IV every 4 h for 14 days,
followed by benzathine penicillin G, 2.4 million units IM weekly
for 3 weeks. Re-treatment was not recommended in the serofast
control group. All of the participants were followed every
3 months for serological tests.

The proportion of evaluable participants who exhibited
serological response varied by group and time after therapy.
The rates of serological cure at 3, 6, 9, and 12 months are
shown in Table 2, the proportion of patients with serological
cure in the ANS group was higher than that in the serofast
control group and the difference was statistically significant
between the two groups.

Time-dependent proportion of
serofast patients

Survival analyses using the log-rank test were conducted to
determine the proportion of patients with unchanged serofast
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FIGURE 1

Kaplan—Meier plots of the number of patients remaining in
serofast status in the ANS group after therapy as compared with
the serofast control group (*P < 0.05).

status. The time-dependent accumulated serological cure rates
after treatment at 3, 6, 9, and 12 months are shown in
Figure 1. The trend of the change in serological cure rates
in both groups as shown in the talbe2 indicates that there
was a significant difference between ANS and serofast control
group in the serological cure rate at each follow-up time point,
majority of serological cure cases appeared in the half year after
treatment.

Serological cure rates based on
exhibited cerebrospinal fluid
fluorescent treponemal antibody
absorption

Some researchers have suggested CSF FTA-ABS as
an exclusion criterion for neurosyphilis diagnosis, but
others disagree (7). We tested the CSF FTA-ABS IgG and
IgM titers in the ANS group. All patients were negative
for CSF FTA-ABS IgM, but 75 patients were positive
for CSF FTA-ABS IgG and 61 were negative for CSF
FTA-ABS IgG. The serological responses between the two
groups were compared.

The rates of serological cure were 10.7, 25.3, 30.7, and
33.3% in the CSF FTA-ABS IgG(+) patients at 3, 6, 9, and
12 months, respectively. In contrast, the rates of serological
cure were 8.2, 18, 21.3, and 26.2% at 3, 6, 9, and 12 months,
respectively, in the CSF FTA-ABS IgG(-) patients. The difference
in serological cure rates between the two groups was not
significant (Figure 2).

Discussion

15-
20% of persons with early syphilis are referred to as being

Despite the availability of effective treatments,

serofast, and the incidence of serofast status in late syphilis
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FIGURE 2

Serological cure rates based on CSF FTA-ABS in ANS group.

is much higher (1-4). At present, the etiology of serofast
status remains unknown. Many studies have shown that
re-treatment does not significantly improve a patients
serological cure rate, and in serofast patients with early
syphilis, it may not provide any significant benefit, even
though re-treatment is commonly performed in clinical
(3, 4).
test results were observed in a substantial proportion of
serofast patients, which could be defined as ANS (5). CSF
recommended

practice In our previous study, abnormal CSF

assessment is in asymptomatic patients
who experienced serological failure or are serofast (2).
To our knowledge, there are no reports that describe the
changes in non-treponemal serological titer in ANS patients
after treatment.

In the present study, 136 serofast patients with abnormal
CSF tests were treated according to the guideline for
in RPR
titer was observed as early as 3 months after treatment
the control group. The of
serologic cure gradually increased over time, from 9.6%
in the third month to 22.1, 259, and 30.2% at 6, 9,
12 months, difference

in serological cure rates as compared with the control

neurosyphilis therapy. As expected, a decline

as compared with rates

and respectively. A significant
group was observed. Our results demonstrate the benefit
of serological cure in ANS patients after treatment and
indicate the importance of screening for ANS in serofast
patients. Treatment with a neurosyphilis-directed regimen
could significantly improve the serological cure rate in this
group of patients.

Some research has suggested that CSF FTA-ABS might
be better suited to exclude rather than confirm a diagnosis
of neurosyphilis, but there are limitations to CSF treponemal
testing, as the negative predictive value of any test is dependent
on the prevalence of the condition in the population in
which the test is undertaken (11). Therefore, in a patient with
a high pre-test probability, a negative CSF FTA-ABS result
cannot exclude the diagnosis with sufficient confidence. It
was observed that a negative CSF FTA-ABS is not sufficient
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evidence for clinicians to decide not to treat for neurosyphilis
(7). We were therefore interested to determine if there were
any differences in the rates of serological cure after treatment
between CSF FTA-ABS IgG(+) and FTA-ABS IgG(-) ANS
patients in our study. Interestingly, the serological cure rates
in the CSF FTA-ABS IgG(-) group were lower than those
in the CSF FTA-ABS IgG(+) group, but the differences were
not statistically significant. In both the CSF FTA-ABS IgG(+)
and CSF FTA-ABS IgG(-) groups, the serological cure rates
were higher than those in the serofast control group. Indeed,
CSF testing was repeated in 47 of the ANS patients after
6 months. Even though all of those patients had received
treatment for neurosyphilis, the CSF RPR for one of the
patients turned from negative to positive (titer of 1:1). In
addition, 5 patients’ CSF FTA-ABS IgG results turned from
negative to positive (data not shown). It is possible that a
negative CSF FTA -ABS IgG test does not mean that the
CSF FTA-ABS IgG test will always be negative in the future.
Therefore, in the setting of CSF abnormalities, the role of a
negative CSF FTA-ABS test in neurosyphilis diagnosis needs
further investigation.

The survival curve chart clearly shows that the increase
in the serological cure rate of syphilis is more obvious
after 3 months and 6 months of neurosyphilis treatment,
and the gap in the syphilis serological cure rate trend
between the ANS group and the serofast control group
became steady after 6 months. Although the difference
in serological cure rates between the ANS group and
serofast control group with neurosyphilis treatment was
statistically significant, nearly 70% of cases in the ANS
group retained serofast status at 12 months after treatment.
In our previous study, the neuron damage biomarker of
symptomatic neurosyphilis was not present in the majority
of patients with ANS (12). This indicated that ANS only
partly explains the serofast status. As the serofast status in
the majority of patients cannot easily be changed even with
neurosyphilis treatment, the pathogenesis of serofast status
requires further research.

In this study, all of the participant have experienced
secondary retreatment and at least one course of benzathine
penicillin G, 2.4 million units IM weekly for 1-3 weeks,
actually nearly 90% patients have received benzathine penicillin
G anti-syphilis treatment in the initial regime and others in
the secondary retreatment. So all of patients have enough
treatment when they are diagnosed to be serofast status.
because many studies have demonstrated that There is no
evidence that patients will benefit from multiple retreatments
in spite of this being commonly performed in clinical
practice (3, 4), the serofast control group did not re-treat
after CSF tests.

The present study has several limitations. First, this was
a retrospective cohort study. CSF testing was repeated in
only 34.6% (47 of 136) of patients in the 6 months after
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anti-neurosyphilis treatment in the ANS group. Good adherence
to CSF testing during long-term follow-up is difficult in actual
clinical settings. Although all ANS patients had undergone a full
course of anti-neurosyphilis treatment, we could not determine
the percentage of ANS patients in which the CSF returned to
normal; Second, Although there was no statistical difference in
the serological cure rate between the CSF FTA-ABS(+) and CSF
FTA-ABS (-) groups, there was a difference in the serological
cure rate between the two groups, which needs to be further
studied with an enlarged sample size in the future. Third, there
were some difference in baseline age and RPR titers between
ANS and serofast control groups, which might reflected the
facts in real world, we don’t think these difference will influence
the results, Since the inclusion and exclusion criteria were the
same, the indicator for evaluating the treatment effect was the
change in RPR titer before and after treatment, rather than
a direct comparison of RPR titers. Some studies suggest that
the RRP titer declines more slowly in the elderly, but in this
study, although there is a difference in age between the two
groups, the older patients are in the ANS group, which may
affect the serum cure rate of some ANS patients, but The
statistical results of the comparison between the two groups
were not affected.

Conclusion

ANS is one of reasons for serofast status of syphilis
patient, this study demonstrated that some ANS could achieve
serological cure after anti-neurosyphilis treatment, However,
a significant proportion of ANS remained serofast status
after 1 year of treatment, and the reasons deserve further
investigation.
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Syphilis control programs and research received fewer resources and attention
compared to HIV and other sexually transmitted infections (STls) in the pre-
pandemic era. The neglect of syphilis within comprehensive STI control efforts
may be related to diagnostic (poor diagnostics), historical (legacies of racism in
research), public health (limited partner services), and social problems (limited
public engagement). At the same time, there are increasingly compelling
reasons to prioritize syphilis control programs and research by harnessing
lessons learned and advances during COVID-19. The closure of many STI
facilities has accelerated new syphilis diagnostic pathways (e.g., syphilis self-
testing), providing new ways for people to be screened outside of clinics.
COVID-19 has underlined health inequities that fuel syphilis transmission,
providing an opportunity to reckon with the historical legacy of racism that
is linked to syphilis research. COVID-19 partner tracing efforts have also
contributed to additional resources for partner services which may enhance
syphilis control efforts. Finally, COVID-19 has demonstrated the importance of
public engagement, making the case for greater public involvement in syphilis
control and prevention programs. Urgent action is needed to prioritize syphilis
control in a wide range of settings.

KEYWORDS

syphilis, advocacy, COVID-19, partner services, crowdsourcing

Introduction

Prior to COVID-19, syphilis was often neglected in global health research and
programs. According to an analysis of data on infectious diseases research supported by
G20 (a group of twenty countries) countries across 18-years, syphilis received the least
amount of research grants per disability-adjusted life year (1). However, syphilis increases
the risk of acquiring and transmitting HIV infection (2). Syphilis infection among
pregnant women increases the risk of neonatal death, preterm labor, and other adverse
birth outcomes (3). In addition, there is substantial stigma associated with syphilis (4).
Improving syphilis services could decrease stillbirths, decrease syphilis-related stigma,
decrease persistent health disparities related to at-risk groups, and improve the lives of
many vulnerable individuals.
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Ultimately, repeated calls to action from academic
researchers and policy-makers (5) have not resulted in
meaningful policy change. Yet the COVID-19 provides a
new opportunity to re-think syphilis control because both
are infectious diseases that require partner services, have
self-testing options, and exacerbate health inequalities. This
policy perspective examines the relative neglect of syphilis
within comprehensive STI control systems, assessing critical
historical, diagnostic, public health, and social issues before
COVID-19. We also map out concrete ways that COVID-19
interventions could be used to prioritize syphilis control within
health systems.

Malign neglect

The prevailing approach to syphilis control efforts within
public health systems may be characterized as one of malign
neglect—causing harm by doing nothing. Routine syphilis
screening rates are low in many countries (6). The malign
neglect of syphilis within comprehensive STT control efforts may
be related to historical issues, diagnostics, partner services, and
social issues (Figure 1).

The unique history of syphilis research has cast a long
shadow on subsequent syphilis research. For example, in the
United States, the Tuskegee trial enrolled poor, black men
who were intentionally misled about the research study and
denied treatment (7). An analysis of US Centers for Disease
Control mortality data found that disclosure of the Tuskegee
mistreatment in 1972 was correlated with greater mortality,
medical mistrust, and delayed care health care seeking among
black men in the United States (8). The Tuskegee mistreatment
of black men and related inequalities may partly explain
the higher burden of syphilis among black men at the time
(9). Similar unethical syphilis research was organized by US
government scientists in Guatemala (10) and these unethical
trials have helped to inform human subjects training. The history
of unethical syphilis research may discourage investigators from
focusing on syphilis and research participants from joining
syphilis studies.

Until recently, poor syphilis diagnostics have been another
major barrier to expanded syphilis research in many settings.
Syphilis diagnostics remained largely unchanged over the course
of the 20th century (11). The most commonly used non-
treponemal test (rapid plasma regain, RPR) required equipment,
reagents, and training that many resource-constrained clinics
lacked (12). Centralized syphilis testing at clinics made it difficult
for many key populations to receive regular syphilis testing.
In recent years, affordable, sensitive and specific point of care
serological tests (13) have become available using the lateral
flow format. This requires no equipment and has been widely
used by the general public for SARS-CoV2 self-testing, opening
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new opportunities for syphilis screening in resource-limited
settings (14).

Partner notification and testing services are essential
components of a comprehensive syphilis response, but have
historically been constrained by limited financial resources.
Partner services include identification, testing, and treatment
of sexual partners of confirmed syphilis cases. Syphilis
transmission rates are extremely high (51-64% per sexual
partnership) (15), underlining the importance of timely partner
services. Incomplete partner services before COVID-19 have
thwarted syphilis control programs. Syphilis partner services
are chronically under-funded within many public health
departments (16), contributing to incomplete partner service
programs for early syphilis cases (17).

Finally, public engagement in syphilis research has been
under-developed. Public engagement refers to a mutually
beneficial interaction between specialists and non-specialists
to develop solutions. Whereas, HIV control benefitted from
strong public engagement in research dating back to the 1980s
(18, 19), syphilis has not inspired widespread public engagement
programs. There have been fewer public engagement programs
to engage local communities about syphilis infection compared
to HIV. Public health HIV screening programs have generally
not been integrated with syphilis screening programs in many
health systems (5), despite strong public engagement focused on
other STTs.

COVID-19 and syphilis

Lessons learned from COVID-19 have the potential to
transform sexual health service delivery systems, including
syphilis-specific strategies globally. Despite the lack of direct
links between COVID-19 interventions and syphilis, there
are several COVID-19 developments that could indirectly
help to prioritize syphilis in broader STI control research
and programs. Programs and research focused on COVID-19
inequities, diagnostics, partner services, and public engagement
may enhance syphilis projects during and beyond the
COVID-19 pandemic.

First, COVID-19 has accelerated public health systems
for decentralized diagnostic testing, including self-testing, self-
sampling, and community-based testing. Self-testing involves
a person conducting and interpreting their own test result.
Clinic closures and travel restrictions during COVID-19 have
accelerated syphilis self-testing uptake (20, 21) and expanded
self-sampling pilots (22). Expanding these opportunities for
syphilis testing in diverse settings could help to catalyze more
syphilis control programs, policies, and research.

Second, COVID-19 has highlighted the impact of inequities
in delivering health services. Many COVID-19 programs have
explicitly focused on better serving the needs of ethnic and racial
minorities. Racial disparities in COVID-19 vaccine uptake have
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increased urgency to rebuild trust in care providers (23). While
these are necessarily long-term efforts, the renewed attention
on health equity could help galvanize trust in medicine among
people at greater risk for syphilis.

Third, COVID-19 pandemic has increased attention to
the science and logistics of contact tracing which could help
syphilis contact tracing. Responses to the COVID-19 pandemic
have bolstered local public health infrastructure, especially
providing resources for contact tracing, rapid testing, and
related components of partner services. In some settings, the
pandemic response has also altered in-person partner services
toward digital adaptations. For example, a syphilis outbreak
investigation during COVID-19 organized by a local health
department was conducted entirely online (24).

Finally, COVID-19 provides an opportunity to strengthen
public engagement in infectious diseases service delivery.
Community-based coalitions that include diverse groups have
formed in response to COVID-19 and could be adapted for
syphilis responses (25, 26). In addition, innovative methods for
public engagement such as crowdsourcing have helped to inform
COVID-19 programs (27) and demonstrated to be effective in
randomized controlled trials (28). Crowdsourcing has a group
of people solve all or part of a problem and then implement
selected solutions (29). Crowdsourcing methods have been used
to increase syphilis test uptake (30, 31).

Discussion

As COVID-19 restrictions are lifted and there is additional
scope for sexual health programs, syphilis deserves greater
attention. This greater focus has implications for research,
implementation, and policy. From a research perspective,
increased public health research on decentralized testing
pathways that could be implemented in diverse settings is
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needed. Many people at greatest risk of syphilis do not attend
centralized clinics where serological syphilis testing is available.
From an implementation perspective, more intensive programs
to support the dual elimination of HIV and syphilis among
pregnant women through service integration is warranted. This
aligns with the WHO call for the elimination of mother-to-child
transmission of HIV and syphilis. From a policy perspective,
partner services need to be more completely transitioned into
the digital age. While COVID-19 has supported pilots, research
and policies are needed.

This perspective also underlines the need for action at
several levels of the public health system. Within local public
health programs, syphilis self-testing could provide a new
service delivery mechanism that does not require laboratory
equipment or trained staff. Syphilis self-testing could be used
in many remote settings and spur follow-up testing. At national
ministries of health, more financial resources for syphilis control
programs will be essential for strengthening control responses.
Finally, at the global level, innovative programs to encourage
syphilis testing and linkage to clinical care are necessary. Now
is the time for action on syphilis.
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Objectives: We assessed nonconventional interventions that did not
traditionally focus on increasing condom use and/or testing among men who
have sex with men (MSM) and the evidence for these interventions.

Methods: Guided by the Participants, Concept and Context (PCC) framework,
we searched five online databases from inception to 9 August 2021 for original
research on interventions that do not focus on increasing condom use and/or
testing to prevent gonorrhea and/or syphilis in MSM. Two researchers screened
titles and abstracts to assess eligibility, reviewed articles’ full text and resolved
discrepancies through discussion. We charted relevant study information, and
the included studies were critically appraised.

Results: Of 373 articles retrieved, 13 studies were included. These studies were
conducted in Australia (n = 3), Belgium (n = 2), China (n = 3), the Netherlands
(h = 1) and the US (n = 4). Two randomized controlled trials (RCTs) of
doxycycline as pre-exposure prophylaxis (PrEP) and post-exposure prophylaxis
(PEP) reduced any STI incidence (gonorrhea, syphilis, or chlamydia), but
only doxycycline PEP significantly reduced syphilis incidence. Six studies of
interventions that facilitated self-collection, self-examination, and self-testing,
found varied evidence for gonorrhea and/or syphilis prevention. Four RCTs and
one single-arm trial examined the efficacy of mouthwash, but the evidence
remains inconclusive on whether mouthwash use can prevent transmission
between men.

Conclusion: We found evidence for doxycycline PEP in reducing syphilis
incidence, evidence on the use of mouthwash to prevent gonorrhea
transmission between men remains inconclusive. More evidence is needed for
interventions that do not focus on increasing condom use and/or testing to
prevent gonorrhea and/or syphilis.

gonorrhea, syphilis, MSM, sexually transmitted infection, review, intervention
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Introduction

transmissible  infections  (STIs),
chlamydia, gonorrhea, and syphilis, disproportionately
affect men who have sex with men (MSM) (1-3). Globally, the
World Health Organization has estimated that ~131 million

people are infected with chlamydia each year, followed by

Sexually including

78 million people with gonorrhea and 6 million people with
syphilis (4). While the incidence rate for chlamydia remains
relatively stable (5-7), the incidence rates for both gonorrhea
and syphilis have increased in high-income settings since the
2010s in MSM (1, 2) and heterosexuals (8-10). This review
aimed to focus on the prevention of gonorrhea and/or syphilis
among MSM.
Gonorrhea, (N.
gonorrhoeae) (2, 11), can occur at the genitals (urethra/cervix),

caused by Neisseria gonorrhoeae
anorectum, and oropharynx. Since the 2010s, gonorrhea
incidence among MSM attending sexual health clinics has
significantly increased, particularly anorectal and oropharyngeal
infections (12-16). The commonly accepted route for gonorrhea
transmission between MSM is from an infected genital site to
the anus and oropharynx through condomless sexual contact
(17), but the importance of the oropharynx has recently been
raised (18).

Due to its potential of becoming increasingly resistant to the
antibiotics used for its treatment, gonorrhea has emerged as a
global public health concern (19). Studies have demonstrated
that due to lateral gene transfer, the oropharynx is an important
anatomical site for antimicrobial resistance (AMR) (20-24).
While decreasing gonorrhea incidence is key to reducing
AMR (25), gonorrhea prevention strategies often focus on
encouraging condom use. However, with the recent significant
decline in condom use for anal sex (11, 26) and even less
common use for oral sex among MSM (27), halting this decline
or attempting to increase condom use to prevent gonorrhea can
be challenging.

In addition to the decline in condom use, there have been
concerns over the effectiveness of condoms based on research
suggesting that the role of the penis may not be as important
for transmission between men. For instance, research has shown
that substantial bacterial loads of N. gonorrhoeae can be cultured
in the saliva of individuals diagnosed with oropharyngeal
gonorrhea (28, 29). Moreover, research has found that using
saliva as a lubricant for anal sex is a risk factor for anorectal
gonorrhea (30) and that tongue-kissing is an independent risk
factor for oropharyngeal gonorrhea in MSM (31, 32). Given
that most infections at the oropharynx are asymptomatic (33),
interventions that target the oropharynx may be required for
gonorrhea prevention.

Syphilis, caused by Treponema pallidum (T. pallidum),
continues to rise despite regular screening and contact tracing
(34-38). Individuals with primary syphilis often present with
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lesions (or chancres) at the site of infection, and those
with secondary syphilis present with relatively non-specific
symptoms such as a skin rash. In contrast, individuals with early
latent syphilis do not have symptoms (39). If left untreated,
syphilis can lead to serious health concerns, including cardiac
involvement (40), neurosyphilis (41), and ocular syphilis (41).

Previous research demonstrated that MSM who engaged
in receptive anal sex only (where a partner’s penis is inserted
into their anus) were almost four times more likely to present
with secondary syphilis than primary syphilis compared to men
who did not engage in receptive anal sex (42). This suggests
that a significant proportion of these men may have missed
primary anorectal lesions and, therefore, progress from primary
to secondary syphilis (43). Unrecognized oral and anal shedding
of T. pallidum occurs most frequently in MSM with secondary
syphilis. Therefore, progression toward this stage should be
prevented to reduce the duration of infectiousness (43).

MSM who take PrEP are at a higher risk of acquiring
syphilis, with an estimated incidence of 8.6 per 100 PY (39).
Research has demonstrated that the recommended 3-monthly
PrEP clinic appointments for syphilis screening have failed to
detect a proportion of primary and secondary syphilis infections
in MSM (39), suggesting that regular syphilis screening may
be insufficient. Therefore, additional strategies are required
to prevent onward transmissions of syphilis, especially in the
context of higher syphilis incidence among HIV PrEP users (44).

There is an existing body of literature that consists of studies
of interventions delivered by new media, such as websites, social
media, or smartphone apps (45, 46) to increase condom use
and clinic-based active recall interventions that aim to increase
testing (where healthcare attendance is required) among MSM
(38, 47). Therefore, the current review will not assess changes to
condom use and/or testing in MSM, as an intervention outcome.
Our scoping review aims to: (1) identify knowledge gaps and
scope within the current body of literature on interventions
that do not traditionally rely on increasing condom use and/or
testing to prevent gonorrhea and/or syphilis in MSM and (2)
synthesize knowledge to answer questions about the evidence for
these interventions.

This scoping review focused on the following questions:

1. What non-conventional interventions that do not
traditionally focus on increasing condom use and/or testing have
been investigated or examined to prevent Gonorrhea and/or
syphilis in MSM?

2. What is the evidence for these interventions?

As a guide to form our primary questions, we used
the Participants, Concept and Context (PCC) framework, as
recommended by Joanna Briggs Institute for scoping reviews
(48). Here, we considered participants as MSM aged >16
years, including men living with HIV. Our concept focused on
interventions that do not focus on condom use and/or testing to
prevent gonorrhea and/or syphilis; and with regards to context,
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we focused on interventions in all possible settings or in different
geographical regions and cultural contexts.

Methods

We followed the methodology outlined in the manual for
scoping reviews from the Joanna Briggs Institute (48).

Eligibility criteria

We included original research evaluating interventions that
do not focus on increasing condom use and/or testing to prevent
gonorrhea and/or syphilis in MSM. We included biomedical
self-
collection, self-examination, and self-testing). Self-collection

interventions and self-managed interventions (i.e.,
involves individuals only collecting their own samples, while
self-testing required individuals to collect, test, and interpret
sample results themselves. We also included interventions
incorporating eHealth (i.e., health communication, new

technology, technology-based engagement, and/or mHealth).

Exclusion criteria

We excluded editorials, reviews, and studies of interventions
that only focused on HIV and STIs that were not gonorrhea
and/or syphilis, such as chlamydia, Hepatitis B, Hepatitis C, and
Mycoplasma genitalium. We also excluded articles focusing on
interventions focused on the use, promotion, or distribution
of condoms, and campaigns that encourage testing without
post-intervention evaluation data.

Search strategy and study selection

We searched Ovid Medline, Ovid Global Health, Embase,
Scopus and Web of Science Core Collection from inception
to 9 August 2021. For each main concept, we used Medline
to identify relevant medical subject headings (MeSH). The
detailed search terms are provided in Supplementary Table S1.
The results from our database searches were imported, and
duplicates were removed in Endnote. Two researchers (JT and
HB) independently screened the titles and abstracts of all the
retrieved articles to assess eligibility, reviewed the full text of
articles, and resolved discrepancies through discussion. Searches
through the reference lists of included studies were conducted to
find relevant studies (see Figure 1).
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Data charting and critical appraisal

For each study, we extracted information about the
author, year of publication, study period, study location, study
objective, study design (RCT, pre-and post-intervention, and
post-intervention), study population, sample size, intervention
description, and relevant findings. According to the study
design, JT and ETA critically appraised the included studies
against Joanna Briggs Institute checklists for RCTs (49), quasi-
experimental studies and cross-sectional studies (50) for quality
assurance when determining the evidence for the interventions.

Results

We identified 374 articles from our database searches, of
which 13 were included (10 from our database searches and
three from our searches of reference lists of the included
studies). Of 13 included studies, two investigated the efficacy
of doxycycline prophylaxis, five examined the efficacy of
mouthwash use, and six focused on the effectiveness of self-
managed interventions in MSM. Of the six self-managed
interventions, two required men to self-collect their samples
only, two required men to self-examine their oral, anal, and
urogenital areas, and two required men to self-test. Table 1
summarizes the characteristics of the 13 included studies.

Quality assessment

Trial design was appropriate in all six RCTs included in this
review. Of the included RCTs, true randomization occurred in all
of six studies, while 67% concealed treatment group allocation,
67% blinded participants, 33% blinded those who delivered the
treatment assignment, and 33% blinded outcome assessors to
treatment assignment. Baseline data was similar in all of the six
studies. There were no other differences in care or treatment
received other than the intervention of interest across the
compared groups in all of the six trials. Follow-up was complete
in 67% of the studies and intention-to-treat analysis occurred in
50% of the studies. All studies measured their outcomes reliably
and analyses were appropriately conducted, and all six studies
measured their outcomes the same way in treatment groups. In
the one single arm trial included, the temporal relationship of
the cause and effect were clear. There was no control group,
and therefore, group comparisons were not applicable. There
were multiple measurements of the outcome, and these were
measured in a reliable way and were appropriately analyzed.

All six studies checked against checklists for analytical
cross-sectional studies clearly defined their inclusion criteria
and described their subjects and setting in detail. All reliably
measured their exposures. Of the six studies, 33% determined
their sample using objective criteria and this criterion was
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not applicable to 33% of the studies. Identifying and adjusting
for confounding was not applicable to all the studies. Most
studies (83.3%) reliably measured and appropriately analyzed
their outcomes.

Biomedical interventions

Doxycycline is a tetracycline antibiotic used to treat bacterial
infections. Two RCTs have demonstrated that using doxycycline
as pre- and post-exposure prophylaxis may be an effective
biomedical intervention to prevent STIs, including gonorrhea
and/or syphilis, in MSM. The first was a US-based, 48-week
open-label RCT of 30 MSM living with HIV and who also had
previous syphilis infection randomized at a 1:1 ratio. This trial
found that men who received 100 g of doxycycline pre-exposure
prophylaxis daily were significantly less likely to test positive for
any of the selected bacterial STTs (with 73% reduction in syphilis,
gonorrhea, chlamydia or a combination of these STIs) compared
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to men who received contingency management, where there was
a financial incentive if they remained STI-free throughout the
trial (p = 0.02) (51). When incidence for gonorrhea, chlamydia
and syphilis was examined individually, there were no significant
differences in incidence between the men in both groups. There
were no significant differences in sexual risk behaviors between
men in both groups.

In France, a 10-month open-label RCT of 232 MSM and
transgender women randomized at a 1:1 ratio, found that
there was a 47% relative reduction in the risk of acquiring
any STIs (syphilis, gonorrhea, chlamydia, or a combination of
these STIs) in individuals who received 200 g of doxycycline
as post-exposure prophylaxis (PEP) within 24-72h after sex
compared to individuals who did not receive doxycycline PEP.
There was a 73% relative risk reduction in acquiring syphilis in
individuals who received doxycycline PEP compared to those
who did not receive doxycycline PEP (p = 0.047). However,
the relative risk of acquiring gonorrhea did not significantly
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TABLE 1 Characteristics of the included studies of non-conventional interventions for gonorrhea and/or syphilis prevention in MSM.

References Study period Country Study objective Study design Population Sample size
Biomedical Sep 2011-Jan 2012 USA To determine whether daily doxycycline is RCT MSM and transgender women 30
Bolan et al. (51) efficacious in reducing STIs in high-risk groups 1:1 ratio with syphilis history
48-week follow-up
Molina et al. (52) Jul 2015-Jan 2016 France To assess whether doxycycline as post-exposure RCT MSM who had condomless 232
prophylaxis can reduce STT incidence 1:1 ratio sex and who used HIV PrEP
10-month follow-up
Mouthwash May 2015-February Australia To determine whether Listerine can inhibit N. RCT MSM 196
Chow et al. (53) 2016 gonorrhoeae 1:1 ratio
No follow-up
Chow et al. (54) Sep 2018-Feb 2020 Australia To examine whether a 14-day course of Parallel group, MSM 12
mouthwash twice daily is efficacious in treating open-label RCT
oropharyngeal gonorrhea 1:1 ratio
28-day follow-up
(Day 14: follow-up
visit 1; Day 28:
follow-up visit 2)
Chow et al. (55) March 2016-October Australia To compare the efficacy of Listerine Zero and RCT MSM 530
2018 Bioténe mouthwashes in preventing gonorrhea in 1:1 ratio
MSM. 12-week follow-up
Van Dijck et al. (56) Apr 2019-Mar 2020 Belgium To assess the use of an antiseptic mouthwash to RCT MSM 343
prevent STIs 1:1 ratio
6-month follow-up
(2 3-month visits)
Van Dijck et al. (57) NS Belgium To assess efficacy of a mouthwash containing Single-arm pilot MSM Asymptomatic 3
chlorhexidine in eradicating N. gonorrhoeae from trial oropharyngeal gonorrhea
the oropharynx
SELF-MANAGED 2016 USA To evaluate the effectiveness of a novel STI Pre- and MSM living with HIV 1,520 during the baseline year
Self-collection self-collection program in HIV treatment clinic post-intervention 1,510 during intervention year
Bardee et al. (58) study
Leenen et al. (59) March-May 2018 The To pilot a free home-based STT self-collection Post-intervention MSM living with HIV 28
Netherlands program at an HIV treatment clinic study
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Sample size

Population

Study design

Study objective

Study period Country

TABLE 1 (Continued)

References

Frontiersin Medicine

171 who had read the printed

MSM

Pre- and

To increase self-examination to detect syphilis in
MSM

USA

2010-2011

Self-examination

materials 735 who had not

post-intervention

Surie et al. (60)

read the print materials

689

Men living with HIV

76% MSM

MSM

Evaluate intervention to increase oral and rectal Pre- and post-

USA

February 2008-January

2009

Taylor et al. (61)

intervention study

self-examination for syphilis ulcers

371

Pre- and

To evaluate a program which involved social

China

Jun 2017-Nov 2019

Self-testing

post-intervention

media-based secondary distribution of

Wu et al. (62)

study

HIV/syphilis self-testing kits
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differ between individuals in both groups (52). These RCTs
demonstrated that results for specific STIs varied depending on
whether doxycycline was used as pre-exposure prophylaxis or
post-exposure prophylaxis.

Self-managed behavioral interventions

Self-collection

Self-collection, where men only collect their own
pharyngeal, rectal and urine specimens, has been found
to increase detection among MSM. For instance, in a US
study by Barbee et al. (58), men were given kits to self-
collect their samples by following instructional posters
placed on the walls of a room designated for self-collection
at their local sexual health clinic during the intervention
year. Baseline data on infections was collected the year
prior to the intervention year. Self-collection during the
intervention year detected 147 gonorrhea infections, which
was 49 (31 oropharyngeal; 18 anorectal) more infections
compared to the 98 infections detected during the baseline year,
resulting in a 50% increase in detection. Sexual practices were
not measured.

Self-collection at home can also increase STI detection
among MSM. Conducted in the Netherlands, a study of 28
MSM living with HIV who were offered free home-based kits
for self-collection of pharyngeal, rectal and urine specimens, and
blood samples for syphilis testing at their routine care visit by
healthcare professionals, found that 17.9% (5/28) were newly
diagnosed with one or more STIs (59).

Self-examination

Several studies have been investigated self-examination,
which requires men to examine their oral, anal, and urogenital
areas, as an intervention to prevent syphilis in MSM. A US-
based study involved 689 men (76% MSM) living with HIV
who received posters of primary and secondary syphilis lesions
before their quarterly clinic visits. Syphilis prevention messages
were included at the top of each poster, for example: “Sores
caused by syphilis are painless and can be found in the
mouth, anus, rectum, and penis”, or “Neurosyphilis can cause
blindness, hearing loss, cognitive decline, stroke, and chronic
headaches”. At baseline and at each of their quarterly visits,
the men were asked questions about unprotected oral and
anal sex with their regular partner, or casual or anonymous
partners, and whether they had self-examined their oral and
anal areas for syphilis lesions. There were no significant
differences in the men’s number of unprotected oral and anal
sex activities with regular, casual, or anonymous partners at
baseline through to their third clinic visit. However, self-
examination of oral and anal areas increased from 46% at
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baseline to 72% among men with three clinic visits (p <
0.001) (61).

Another US-based study involved 906 MSM who were
provided with brochures about syphilis symptoms, transmission,
and prevention after their clinic visits. The men were asked
whether they had read the brochures and those who responded
“yes” were grouped as having read the brochures and those
who responded “no” were grouped as not having read the
brochures. The study found that men who read the brochures
from a previous visit (n = 171/906) were significantly more
likely than men who did not read the brochures (n = 735/906)
to self-examine their oral (adjusted prevalence ratio; aPR =
1.2, 95% CI: 1.14-1.36, p < 0.05), anal (aPR = 1.3, 95%
CI 1.15-1.52. p < 0.05), genital areas (aPR = 1.1, 95% CI:
1.01-1.14, p < 0.05) and their skin (aPR = 1.2, 95% CI
1.05-1.19) for at least once a week and were more likely to
examine their partners’ oral (aPR = 1.6, 95% CI 1.10-1.2.26,
p < 0.05) and anal areas (aPR = 1.3, 95% CI 1.03-1.73, p <
0.05) for at least once a week (60). There were no significant
differences in examining partner’s genitals and skin between
men in both groups.

Self-testing

Self-testing involves individuals collecting and testing their
specimens and interpreting the results. One way to increase
self-testing is through secondary distribution, which involves
giving an individual multiple self-testing kits to distribute to
people within their social networks. A study conducted in
Zhuhai, China, recruited 331 MSM (“indexes”) who distributed
HIV/syphilis self-tests to 281 individuals within their social
networks (“alters”) (62). The self-tests had to be ordered through
WeChat (a multifunctional social app) and were mailed out to
the 331 men. Using Quick Response (QR) codes, pictures of test
results were anonymously uploaded to WeChat. However, the
study concluded that there were no significant differences in the
reactive syphilis results between the indexes and alters.

A study by Yang et al. (63), also conducted in Zhuhai,
China, assessed HIV/syphilis self-testing among social networks
of sexual health influencers and non-influencers. Men were
sexual health influencers if they scored >3 and sexual health
non-influencers if they scored <3 on six items using a 5-point
Likert-type scale. The six items assessed whether men could
influence others to seek advice about HIV/STI issues and how
often they discussed HIV/STI topics with other people. The
study found that sexual health influencers were more likely to
influence people within their social networks to upload their test
results using QR codes to WeChat compared to sexual health
non-influencers (adjusted rate ratio = 2.07, 95% CI: 1.59-2.69).
Compared to the alters of sexual health non-influencers, sexual
health influencers had more alters who were from a rural area
(45.5 vs. 23.8%, p < 0.001), did not attend university (57.7 vs.
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37.1%, p < 0.001), and who had multiple casual sex partners
(25.2vs. 11.9%, p < 0.001) in the previous 6 months (63).

Mouthwash as an intervention

In the late 2010s, mouthwash was proposed as an
intervention for gonorrhea prevention and treatment by several
researchers. We identified three RCTs examining the efficacy
of mouthwash in preventing STIs; one RCT in Belgium (56)
and two were conducted in Australia (53, 55). Additionally, two
RCTs examined the efficacy of using mouthwash as treatment for
oropharyngeal gonorrhea (54, 57).

The
conducted in Belgium investigated the efficacy of daily use of

randomized, placebo-controlled, crossover trial
Listerine mouthwash and mouthwash use before and after sex
among 343 MSM taking PrEP and who also had an STT in the
previous 24 months. This trial found men who used Listerine
did not significantly reduce STI incidence (incidence rate ratio
1.17,95% CI 0.84-1.64) compared to men who used the placebo
mouthwash. In the Listerine-placebo group, the STI incidence
was 140.4 per 100 PY during the Listerine phase and 102.6
per 100 PY during the placebo phase. In the placebo-Listerine
group, the STT incidence rate was 133.9 per 100 PY during
the placebo phase and 147.5 per 100 PY during the Listerine
phase (56). A significantly higher proportion of oropharyngeal
gonorrhea cases were detected when using Listerine than when
using placebo (OR 5.78, 95% CI 1.52-136.56, p = 0.024).
However, Listerine use was not significantly associated with
gonorrhea cases at any anatomical site (OR 1.48, 95% CI
0.81-2.83). There were no significant differences in syphilis
cases between Listerine use and placebo.

The first ever RCT on mouthwash was conducted in
Australia that involved 196 MSM with untreated oropharyngeal
gonorrhea. Men were randomized at 1:1 ratio to either using
Listerine Cool Mint mouthwash (containing 21.6% alcohol) or
a saline solution. Men were asked to rinse and gargle 20 ml of
the allocated solution for 1 min. Swabs at the tonsillar fossae
and posterior oropharynx were taken before and 5 min after the
men rinsed and gargled. This trial found that culture positivity
on the pharyngeal surface was significantly lower in men who
use Listerine mouthwash (52%) compared to men who used the
saline solution (84%) (p = 0.013) (53).

The second mouthwash RCT was the OMEGA trial and
involved 530 MSM in Australia. Men were randomized at 1:1
ratio to either using Listerine Zero (0% of alcohol) mouthwash
or Bioténe mouthwash (i.e., a mouthwash did not have any
inhibitory effect against N. gonorrhoeae). Men were asked to
rinse and gargle the allocated mouthwash for 60s at least
once daily over 12 weeks. This trial found that the cumulative
incidence of oropharyngeal gonorrhea did not significantly
differ between men in the Listerine mouthwash group and men
in the Bioténe mouthwash group (adjusted risk difference 3.1%,
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95% CI —1.4 to 7.7) (55). However, the trial also found that a
significant reduction in urethral gonorrhea (<1 vs. 4%; adjusted
risk difference —4.3%, 95% CI —7.4 to —1.3) between men in
the Listerine Zero group compared to the Bioténe mouthwash
group, but not for anorectal gonorrhea (7 vs. 4%; adjusted risk
difference 2.5%, 95% CI —1.9 to 7.0). There were no significant
differences in syphilis incidence between the men in both groups
(adjusted risk difference —0.4%, 95% CI —2.2 to 1.3).

While the first two RCTS from Australia investigated the
efficacy of mouthwash for STI prevention, the third RCT in
Australia investigated mouthwash as potential STI treatment.
The OMEGA?2 trial was an RCT of 12 Australian MSM with
untreated oropharyngeal gonorrhea who were randomized at 1:1
ratio to either receive a 14-day course of mouthwash twice a
day or standard antibiotic treatment to cure their oropharyngeal
gonorrhea (54). Men were asked to abstain from sex and kissing
for 14 days after enrolling in the study. Of those who returned
on day 14, the cure rate for oropharyngeal gonorrhea was 20%
(1/5) for those randomly assigned to the mouthwash group,
while the cure rate was 100% (6/6) for the standard treatment
group (54). This trial failed to demonstrate using mouthwash
as an alternative treatment for oropharyngeal gonorrhea and
therefore, the trial was terminated early.

An open-label single-arm trial which also investigated
mouthwash as treatment for STIs was conducted in Belgium
and involved in 6 MSM with asymptomatic oropharyngeal
gonorrhea. The men were required to gargle mouthwash
(containing 0.2% mg/mL chlorhexidine) twice daily over 6 days.
Three men exited the trial before their day 7 visit. The use
of mouthwash containing chlorhexidine failed to eradicate N.
gonorrhoeae from the oropharynx of three asymptomatic men
(efficacy 0%; 95% confidence interval, 0-56.1%). Therefore, this
trial was terminated early.

Discussion

We identified studies of non-conventional interventions
to prevent gonorrhea and/or syphilis in MSM conducted in
different geographical regions and cultural contexts. While these
interventions seemed to be highly acceptable to the men, there
are potential issues related to terminology, transferability, and
sustainability of these interventions that need to be considered
if future interventions that do not focus on increasing condom
use and/or testing are going to target high-risk, hard-to-reach
groups and to be implemented at the population level.

The efficacy for doxycycline prophylaxis has only been
demonstrated in clinical trials. Doxycycline pre-exposure
prophylaxis did not reduce syphilis incidence in one study,
which was most likely due to its small sample size (i.e.,
15 patients per arm) (51), but doxycycline post-exposure
prophylaxis significantly reduced syphilis incidence in MSM
(52). Given the significance of antibiotic resistance, it is
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important to establish the effectiveness of doxycycline PEP
so that this benefit can be evaluated within the context of
the substantial increase in the use of antibiotics. An RCT
“Syphilaxis” examining the efficacy of doxycycline PrEP in
reducing the incidence of STIs (including gonorrhea, chlamydia,
and syphilis) among MSM is underway in Australia (Identifier:
NCT03709459). Additionally, this trial will also evaluate
resistance in the gut microbiota among men using doxycycline
PrEP. Four other RCTs are in progress or development for
doxycycline prophylaxis to prevent STIs in MSM (64).

We found that there are some inconsistencies and misuse of
the terminology related to self-testing. For instance, self-testing
requires individuals to collect and test their own specimen
and interpret the results themselves. Still, some interventions
that only required individuals to self-collect their samples were
labeled as self-testing. There is some evidence for interventions
that use instructional materials to influence self-collection
behaviors and in turn, detect gonorrhea (58). Similarly, there
is also evidence for using educational materials such as
syphilis prevention brochures to increase self-examination and
partner-examination (60, 61), however, without gonorrhea and
syphilis infections reported as associated outcomes, the evidence
is insufficient.

Secondary distribution as an approach to increase the
number of new self-testers among people within already
established social networks holds some promise, particularly
distribution by sexual health influencers (63). This approach
can be adapted to other geographical regions and cultural
contexts and cater to the needs of high-risk, hard-to-reach
groups, such as men residing in more isolated rural areas
with a high number of male casual sex partners (62). There
are two RCTs underway in China; one examining the efficacy
of social network distribution of syphilis self-testing in MSM
(Identifier: ChiCTR2000036988) (65) and the other examining
the efficacy of free syphilis self-tests in MSM (Identifier:
ChiCTR1900022409) (66). The findings from these studies may
help determine the transferability of these interventions.

Our review found RCTs that assessed the efficacy of
mouthwash use to prevent oropharyngeal gonorrhea in
MSM. One RCT demonstrated that culture positivity on
the pharyngeal surface was significantly lower in men who
gargled mouthwash compared to those who gargled the saline
solution (53), suggesting that mouthwash use can increase
gonococcal clearance. However, this was an immediate effect
5min after the use of mouthwash and the effectiveness of
consistent use or long-term use of mouthwash is unclear.
Two further RCTs examining the efficacy of daily use of
Listerine mouthwash for gonorrhea prevention but the results
are inconclusive (55, 56). Additionally, two other RCTs also
revealed that mouthwash appears to be an ineffective treatment
for oropharyngeal gonorrhea compared to antibiotics (54,
55). The oropharynx plays an important role in gonorrhea
transmission; and therefore, more conclusive evidence is needed
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to inform preventive options that target the oropharynx at the
population level.

Mathematical modeling has indicated that if upon
presentation for STT testing, 30% of MSM are vaccinated with
a gonococcal vaccine with 50 or 100% efficacy, gonorrhea
prevalence could be reduced by 94 or 62%, respectively,
within 2 years (67). There is some evidence for the cross-
over protection from an outer membrane vesicle Neisseria
meningitidis serogroup B (MeNZB) vaccine against N.
gonorrhoeae. For instance, a retrospective case-control
cohort study of 14,730 sexual health clinic attendees,
found that gonorrhea incidence decreased by 31% among
vaccinated individuals (68). Currently, a 24-month multi-
center, double-blinded, RCT is underway to investigate the
efficacy of the 4CMenB vaccine to reduced gonorrhea in MSM
(Identifier: NCT04415424).

This scoping review has several limitations. First, this review
may not have been able to identify and in turn, may have missed
published studies of self-managed behavioral interventions that
were labeled using terms other than self-screening, self-testing,
self-examination, and/or self-collection. Furthermore, while the
studies we assessed were conducted in various geographical
regions and cultural contexts, the potential for transferability
of the findings is yet to be determined due to the lack of

conclusive evidence.

Conclusions

While there is some promise in several of the alternative
strategies assessed, more robust evidence is needed to support
their effectiveness and transferability. Recent evidence supports
the effectiveness of doxycycline prophylaxis (69), but there are
concerns about the development of AMR and whether the
benefit outweighs the potential overuse of doxycycline and
the risk of AMR. Questions have also been raised about the
cost-effectiveness and sustainability of doxycycline prophylaxis.
While it is currently unavailable, an effective vaccine for
preventing gonorrhea in MSM and other groups who are at risk
could reduce infections markedly. Several trials investigating the
efficacy of the 4CMenB vaccine for gonorrhea prevention are
currently underway. While the use of antibacterial mouthwash
can inhibit the growth of N. gonorrhoeae in the oropharynx,
there is no evidence that daily use of antibacterial mouthwash
could prevent individuals from acquiring gonorrhea. There
is no evidence for self-managed strategies, such as regular
anorectal self-examination and syphilis self-testing facilitated
by social media platforms, like WeChat, for syphilis control
in MSM, as these strategies are currently not supported by
sufficient data linked to changes in men’s syphilis infections.
However, investigations are currently underway to examine the
effectiveness of these self-managed strategies for syphilis control
among MSM.
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Neurosyphilis is caused by Treponema pallidum invading the central nervous system, of
which the incidence is increasing worldwide. Due to its variable clinical manifestations,
diagnosis of neurosyphilis remains challenging, especially the asymptomatic form. This
review focuses on recent advances in neurosyphilis, including epidemiology, clinical
manifestations, laboratory findings, comorbidities, diagnosis, treatment, prognosis, and
basic research. The expansion of men who have sex with men and the infection of human
immunodeficiency virus mainly accounted for the increasing incidence of neurosyphilis.
The rate of some historically described forms of neurosyphilis in the pre-antibiotic era
declined significantly; atypical features are more prevalent. Neurosyphilis, regarded as a
great mimicker for neuro-ophthalmic, audio-vestibular, and psychiatric disorders, often
presents concomitantly with other diseases, including metabolic disorders. Studies on
long non-coding RNAs, miRNAs, chemokines, and metabolites in peripheral blood
and cerebrospinal fluid may facilitate exploring the pathogenesis and identifying novel
biomarkers of neurosyphilis. The drug resistance of Treponema pallidum to penicillin has
not been reported; ceftriaxone was proposed to be more effective than penicillin, whereas
few randomized controlled trials supported this view. This study may pave the way for
further research, especially the diagnosis and treatment of neurosyphilis.

Keywords: neurosyphilis, syphilis, Treponema pallidum, cerebrospinal fluid, ocular syphilis, otosyphilis, penicillin,
ceftriaxone

INTRODUCTION

Syphilis, caused by the infection of Treponema pallidum (T. pallidum), can progress to
neurosyphilis at any time after the initial infection. Due to the widespread use of antibiotics, the
reported cases of neurosyphilis are less than those in the pre-antibiotic era. However, there has
been a resurgence in recent years (1). Supporting evidence is anticipated for the diagnosis and
treatment of neurosyphilis, and new research progress has been made recently (2, 3). Therefore, this
article reviews recent advances in neurosyphilis, including epidemiology, clinical manifestations,
laboratory findings, comorbidities, diagnosis, treatment, prognosis, and basic research.

EPIDEMIOLOGY

In 2012, 18 million cases of syphilis were reported worldwide, among which 3,50,000 cases
caused adverse pregnancy outcomes (4). The incidence continues to rise due to the expansion
of susceptible populations, including men who have sex with men (MSM) and people living with
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HIV (PLWH) (5). The rate of neurosyphilis in PLWH is about
twofold as in the immunocompetent population (6). Although
the incidence of syphilis is low among women in the USA, it
increased by 30.0% in 2018-2019; as for congenital syphilis,
the incidence has also been increasing since 2013. In China,
from 1990 to 2017, the incidence of syphilis increased from
0.9 to 34.49 per million, second only to viral hepatitis and
tuberculosis among infectious diseases. The increasing trend
aligned with that of neurosyphilis (7). Male, MSM, advanced age
(>45 years), PLWH without combined antiretroviral therapy,
drug use disorder, lack of antisyphilitic therapy, reinfection
after a previous syphilis infection, and patients in serofast state
are risk factors for neurosyphilis, especially the late forms (8-
11). Elevated serum and cerebrospinal fluid (CSF) rapid plasma
reagin (RPR) titer, CSF protein concentration, and increased
burden of the cerebral small vessel diseases may indicate the
aggravation of neurological symptoms (10, 12, 13). Specific
subtypes of T. pallidum are more likely to induce neurosyphilis;
for instance, subtype 14d is the most common neurosyphilis-
related genotype in China (14). Specific genes the hosts carry also
determine their susceptibility of neurosyphilis, including some
single nucleotide polymorphisms on Toll-like receptor (TLR)1,
TLR2, TLR6, and the interleukin 10 (IL-10) promoter (15, 16).

Some novel characteristics of neurosyphilis have also
been observed nowadays. Currently, the most common
form of neurosyphilis is asymptomatic neurosyphilis and
meningoencephalitis, although meningovascular syphilis
had the highest incidence in some cohort studies (17). The
incidence of prevalent symptoms in the pre-antibiotic era,
such as tabes dorsalis, dementia paralytica, and gummatous
neurosyphilis declined dramatically, as the widespread
use of antibiotics in other diseases might indirectly treat
neurosyphilis, and timely diagnosis and treatment shortened
the course of the disease (18). Recent studies also reported
an increase in the incidence rate of ocular syphilis and
otosyphilis (19). However, molecular typing showed little
evidence of a type specifically causing ocular syphilis.
Thus, this increase might just reflect a resurgence in total
syphilis cases (20).

CLINICAL MANIFESTATIONS AND
LABORATORY FINDINGS

Based on the disease progression, neurosyphilis can be
divided into early and late stages. Manifestations that do
not fall into either of the two stages are classified as
atypical neurosyphilis. Early neurosyphilis can be classified as
asymptomatic and symptomatic forms, and the symptomatic
form includes symptomatic meningitis and meningo-vasculitis.
The manifestations of late neurosyphilis include dementia
paralytica and tabes dorsalis. Patients with early neurosyphilis are
more likely to have ocular involvement than those of late stage
(18). Cerebral small vessel disease, one of the major causes of
cognitive impairment, is more prevalent in patients of late stage
(12). These forms were detailed in the following sections.

Asymptomatic neurosyphilis is defined as a neurologically
asymptomatic form with serological and CSF abnormalities,
typically occurring in the early months of infection. Patients
can be diagnosed with the following features, CSF lymphocytosis
(<100 cells/pL), elevated protein concentration (<100 mg/dL), a
reactive result of cerebrospinal fluid-Venereal Disease Research
Laboratory (CSF-VDRL) assay, or a combination of these
abnormalities. However, these existing benchmarks cannot be
directly used in PLWH, for HIV itself may trigger CSF
lymphocytosis and elevated protein concentration.

As a common manifestation of early neurosyphilis,
symptomatic meningitis often appears within the first year
of infection, in the form of headache, nausea, vomiting, and neck
pain, accompanied by ocular involvement like inflammation
and blurry vision. It can further lead to cranial neuropathy,
meningo-vasculitis, and damage to the brain parenchyma.
CSF abnormalities in early symptomatic meningitis are more
severe than those in asymptomatic forms, with lymphocyte
count around 200-400 cells/\LL, protein concentration around
100-200 mg/dL, and CSF-VDRL tests almost always reactive (6).
Neuroimaging profile usually demonstrates enhancement of CSF,
meninges, or cranial nerves in this stage. Meningo-vasculitis can
cause thrombosis, ischemia, and infarction. For young patients
with strokes, syphilitic meningo-vasculitis should be considered,
since there was one study showing that 14.09% of patients with
neurosyphilis had an ischemic stroke as a primary symptom
(21). In southern Brazil, the reactive result of serological tests for
syphilis is common in patients with acute stroke (22). As in cases
of meningo-vasculitis, CSF white blood cell (WBC) count is
usually around 5-74 cells/p L, with protein concentration around
22-101 mg/dL, while CSE-VDRL tests are not always reactive
(23). In patients with meningo-vasculitis, focal narrowing,
dilatation, and occlusion may be seen in angiography, while
neuroimaging may show evidence of infarction. It was reported
that neuroimaging progression could continue in symptomatic
patients even after standardized antisyphilitic therapy, which was
confirmed by a study showing infarction lesions in 42.1%, mild to
severe brain atrophy in 47.4%, and white matter demyelination
in 15.8% of treated patients in the follow-up (24).

Dementia paralytica and tabes dorsalis are two major forms of
late neurosyphilis, usually appearing 15-20 years after the initial
infection. The CSF of patients with late neurosyphilis shows only
mild lymphocytosis or slightly elevated protein concentration,
compared to those with early neurosyphilis. Dementia paralytica
presents with neurasthenic syndromes and personality disorders
in the early stage, which is difficult to distinguish from
Alzheimer’s disease (25); however, in the middle and late stages,
patients will show physical symptoms, such as Argyll Robertson
pupils, optic atrophy, sensory ataxia, tremors, and dysarthria. In
those paretic patients, CSF protein concentration ranged from
20 to 186 mg/dL, and CSF WBC count ranged from 0 to 98
cells/pL, with 94.9% of CSE-VDRL tests turned to be reactive
(26). Signs of tabes dorsalis include areflexia, urinary retention,
sexual dysfunction; 60% of patients in that stage present with
Argyll Robertson pupils. In tabetic patients in a cohort study,
CSF protein concentration ranged from 14 to 64 mg/dL, and CSF
WBC count ranged from 2 to 145 cells/pLL (26).
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Atypical neurosyphilis is more frequently observed nowadays.
The symptoms of early neurosyphilis can mimic most neuro-
ophthalmic diseases, while the neurological involvement in the
late stage can mimic psychiatric or autoimmune disorders.
Rapidly progressive psychosis, such as dementia (27), cognitive
impairment (28), and subacute confusion (29), was reported
in some cases of late neurosyphilis, some of which were
initial clinical presentations. Thus, it is essential to ask
for consultation from psychiatrists. Additionally, herpesviral
encephalitis, polyradiculoneuropathy, mania, extrapyramidal
syndrome, amyotrophic lateral sclerosis, and cauda equina
syndrome were also reported in recent cases (28). For patients
without other common risk factors but with neuropsychiatric
symptoms, screening for syphilis should be recommended.

COMORBIDITIES

Patients with neurosyphilis may have other diseases, such
as HIV infection, posing great diagnostic and therapeutic
challenges to clinicians. Recent studies focused on the current
status and underlying mechanisms of the comorbidities of
neurosyphilis and HIV infection. A study from Missouri reported
that 7.4% of HIV-positive MSM patients were diagnosed with
primary or secondary syphilis in 2016, compared with 3.1% of
immunocompetent MSM patients (30). Syphilis can exacerbate
HIV infection and inflammation in the central nervous system,
increasing HIV viral load and decreasing CD4 + T lymphocyte
count. For HIV-uninfected individuals, syphilitic skin lesions
may also provide access to HIV acquisition (31). Meanwhile,
HIV-associated immunosuppression can increase susceptibility
to neurosyphilis. The diagnosis of neurosyphilis is also more
difficult in PLWH. On the one hand, PLWH may have false
positive reactions to serological tests for syphilis (32). On
the other hand, HIV itself can lead to a slight increase in
CSF WBC count and protein concentration (9). Besides, cases
of gonorrhea, viral hepatitis, and chlamydia comorbid with
syphilis were reported (33). Weathers et al. also showed that
comorbid hepatitis and herpes simplex would increase the risk
of syphilis (34).

Ocular syphilis and otosyphilis were discussed as
comorbidities of neurosyphilis here. Ocular syphilis, occurring at
any stage of syphilis, is becoming an important cause of uveitis.
Furtado et al. found that the most common form of intraocular
inflammation induced by ocular syphilis was posterior uveitis,
followed by panuveitis (35). Diminished vision, interstitial
keratitis, optic neuropathy, and retinal vasculitis are typical
manifestations, and ocular hypertension and cataract were
also reported (36). Mathew et al. found that 37% of patients
with ocular syphilis had neurosyphilis (37). The frequency of
neurosyphilis comorbid with ocular syphilis was significantly
higher in PLWH than in immunocompetent patients (37). In
one study on PLWH with comorbid neurosyphilis, those with
ocular syphilis were more likely to have elevated CSF WBC
count than those without ocular syphilis (38). Due to these
possible misleading symptoms, ocular syphilis was sometimes
misdiagnosed as, for example, retinal detachment or vitreous

hemorrhage. Delayed management of ocular syphilis can cause
poor vision in the follow-up (39). Otosyphilis is also a mimicker
for many audio-vestibular disorders, occurring at any stage of
syphilis. The main manifestation is sensorineural hearing loss,
which will develop into conductive hearing loss. Other common
manifestations include vertigo, tinnitus, and gait instability (40);
accompanying meningitis and ocular involvement were also
reported (41). Some studies suggest that T. pallidum may impair
the eighth cranial nerve, temporal bone, and cochleovestibular
apparatus (42). Regardless of the CSF profile, otosyphilis and
ocular syphilis should be treated with the same protocols for
neurosyphilis (43).

Patients with neurosyphilis might have specific metabolic
characteristics. The incidence of hyperlipidemia and
hypertension in patients with neurosyphilis was 21.4% and
45.9%, respectively, both significantly higher than that in
patients with other neurological infections. Patients with
neurosyphilis also presented with significantly higher levels of
low-density lipoprotein, total cholesterol, systolic and diastolic
blood pressure (44). Glycated hemoglobin Alc (HbAlc) is an
indicator of diabetes and neurosyphilis, playing an unclear role
in blood-brain barrier (BBB) disruption, an essential step in the
progression of both diseases (45).

DIAGNOSIS

The diagnosis of neurosyphilis is based on serum and CSF tests,
which can be further classified as treponemal and nontreponemal
tests. Nontreponemal serum tests mainly include rapid plasma
reagin (RPR) and venereal disease research laboratory (VDRL);
treponemal serum tests mainly include T. pallidum particle
agglutination assay (TPPA), T. pallidum enzyme immunoassay
(TP-EIA), chemiluminescence immunoassay, and fluorescent
treponemal antibody absorption (FTA-ABS). For patients with
ocular or neurological symptoms, features of tertiary syphilis,
or serofast status, lumbar puncture and CSF tests are needed
for the diagnosis of neurosyphilis. CSF tests mainly include
CSF WBC count, CSF protein concentration, CSF-RPR, CSEF-
TPPA, and CSF-FTA-ABS. As for nontreponemal tests, the
sensitivity varies by the progress of neurosyphilis; for patients
with late neurosyphilis, nontreponemal tests are of a high
false-negative rate (46).

Conventional diagnostic methods of neurosyphilis face some
challenges. The diagnosis relies heavily on CSF-VDRL, of
which the specificity is high (89-96%), but the sensitivity is
relatively low (12-48%) (47). Alternative methods, such as CSF
toluidine red unheated serum test (CSF-TRUST), might not
perfectly remedy the low sensitivity; CSF chemiluminescence
immunoassay was preferred, with the sensitivity of 99.57-
100%, and the specificity of 99.81-99.88% (38). Some studies
suggested chemokine (C-X-C motif) ligand (CXCL) 13 as
a promising indicator, with specificity from 76 to 81% and
sensitivity from 78 to 83% (47-49). However, the optimal
benchmark for CXCL13 remains controversial. CSF samples
from cohorts are needed to establish an appropriate cut-off
for the diagnosis of neurosyphilis (47). The combination of
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CXCL8, CXCL10, and CXCL13 might be a better indicator
with specificity of 92.9% and sensitivity of 90.4% (50). CSF
WBC count, protein concentration, and clinical manifestations
should all be considered along with CSE-TPPA; the sensitivity
of this combined diagnostic method was up to 98% (51).
Adjusting the cut-off of tests was also proposed as a solution
to low specificity and sensitivity. Serum TPPA, commonly
used in patients with unknown prior history of syphilis, was
recommended to enhance the specificity of CSF test, when
the titer cut-off was adjusted to >1:320. For those with high
suspicion of neurosyphilis but without a positive result of CSF
VDRL test, the CSF treponemal assay like CSF TPPA was a
reasonable recommendation to reduce the false-negative rate
(52). Polymerase chain reaction (PCR) and immunoblot were
recommended as new automated treponemal tests. A study
showed that the specificity and sensitivity of PCR ranged from
60 to 100% and 40 to 70%, respectively; as for immunoblot, the
specificity varied from 91.7 to 92.0%, and the sensitivity varied
from 93.8 to 100% (48). Nowadays, automated treponemal tests
are often accompanied by a nontreponemal test as a following
confirmatory step, which is called the reverse-sequence algorithm
and has shown ideal effects in the low-prevalence populations
(53). Consequently, the diagnosis should make full use of serum
and CSF samples by a combination of several tests in order to
obtain a convincing result.

Conventional benchmarks may not be convincing for
neurosyphilis patients coinfected with HIV, because HIV may
cause CSF lymphocytosis and elevated protein concentration.
Due to the difficulty in diagnosing asymptomatic neurosyphilis
in PLWH, lumbar puncture was recommended by some
experts for all syphilis patients coinfected HIV, which might
also cause unnecessary costs and risks. CDC suggested
that lumbar puncture should be given to PLWH with
neurological signs or symptoms, and/or serofast status,
and/or tertiary syphilis, which was supported by another
cohort analysis (30).

Recently, the point-of-care syphilis tests were gradually
popularized, due to the epidemic of syphilis in low-and middle-
income countries. Low-and middle-income countries also
showed high prevalence rates, long diagnostic delays, low follow-
up rates, and inaccessibility to trained clinicians and necessary
facilities (54). Optimized commercial immunochromatographic
strip tests, such as the CSF-Syphicheck and the DPP Chembio
syphilis assay, showed satisfying diagnostic specificity and
sensitivity compared to CSF-VDRL (62-64% sensitivity, 79—
81% specificity in CSF-Syphicheck; 63-92% sensitivity, 85-100%
specificity in DPP Chembio syphilis assay) (55, 56). Though
further evaluation is needed, point-of-care tests may be widely
applied in resource-limited regions and contribute to the control
of sexually transmitted diseases, especially for neurosyphilis and
congenital syphilis.

TREATMENT AND PROGNOSIS

Treatment guidelines for neurosyphilis released by the
United States, the United Kingdom, Europe, and China are

TABLE 1 | Treatment recommendations for neurosyphilis.

Guidelines Treatment modalities

IV# aqueous crystalline penicillin G 3-4
million U every 4 h, or continuous infusion
18-24 million U/d for 10-14 days.

IM* procaine penicillin G 1.8-2.4 million
U/d, following with oral probenecid 500 mg
every 6 h for 2 weeks; or IV penicillin G
1.8-2.4 g every 4 h for 2 weeks.

IV penicillin G 18-24 million U/d, as 3-4
million U every 4 h for 10-14 days; or IV
ceftriaxone 1-2 g/d for 10-14 days; or IM
procaine penicillin G 1.2-2.4 million U/d,
following with oral probenecid 500 mg
every 6h for 10-14 days, when IV
penicillin G cannot be used.

Guidelines from Centers for Disease
Control and Prevention of the
United States (6)

The United Kingdom National
Guidelines (52)

European Guidelines (43)

Guidelines from Chinese Center for
Disease Control and Prevention (57)

IV aqueous crystalline penicilin G 18-24
million U/d for 10-14 days, if necessary,
following with IM benzathine penicillin G
2.4 million U/week for 3 doses; or IM
procaine penicillin 2.4 million U/d and oral
probenecid 500 mg every 6 h for 10-14
days, if necessarily, following with IM
benzathine penicillin G 2.4 million U/week
for 3 doses. Second-line therapy option:
IV ceftriaxone 2 g/d for 10-14 days. For
penicillin-allergic patients, oral doxycycline
100 mg twice a day, for 1 month.

#IV = intravenous.
*IM = intramuscular.

outlined in Table 1. They all highlighted that PLWH should be
treated as immunocompetent patients, and ceftriaxone might
be an alternative treatment to penicillin. A divergence of views
lay on the adoption of steroids in patients with neurosyphilis,
which was only recommended in some of the guidelines. Efficacy
of different therapies is always a major concern, whereas it is
hard to draw a definite conclusion due to those low-quality,
small-size, and highly-biased trials (58, 59). A cohort study
including 208 patients with neurosyphilis during 1997-2017
showed serological cure rates of 88% in the ceftriaxone group
and 82% in the penicillin G group (2), while another study
showed clinical cure rates of only 44% in the ceftriaxone group
and 18% in the penicillin G group (59). Meanwhile, neurological
sequelae were reported in 41.8% of the neurosyphilis patients in
a retrospective study (60). PLWH coinfected with neurosyphilis
were more likely to fail the intravenous penicillin G therapy
(61, 62).

Penicillin is preferred worldwide as front-line therapy for
neurosyphilis, and the drug resistance of T. pallidum to penicillin
has not been reported (63). Some studies found that ceftriaxone
was more effective than penicillin, but few large randomized
controlled trials supported this view (2, 59, 60). Tetracycline,
erythromycin, and chloramphenicol have all been applied to
treat syphilis, whereas erythromycin and chloramphenicol were
reported to induce intestinal dysbiosis and irreversible aplastic
anemia, respectively (59). The treatment effects of penicillin and
doxycycline were similar in some series (64); doxycycline is
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cheaper yet forbidden in pregnant women. The only treatment
modality certified for pregnant women with syphilis is parenteral
penicillin G. The concurrent administration of probenecid is
widely used in antibiotic therapy for neurosyphilis. A recent
study proved that oral amoxicillin with probenecid could elevate
the drug level in CSF (43). However, oral probenecid with
intramuscular (IM) procaine penicillin should be carefully used
in HIV-positive MSM (65).

The Jarisch-Herxheimer reaction (JHR) may occur within the
first 24h of neurosyphilis treatment, presenting as headache,
chills, fever, rashes, and myalgias, of which the mechanism is
unclear (66). Commonly used antibiotics, including penicillin,
erythromycin, azithromycin, tetracyclines, clarithromycin, and
levofloxacin, could all cause JHR (67). JHR usually occurs among
patients with early syphilis, as the risk of JHR increases by 19%
for every twofold increase in RPR titer, suggesting that higher
spirochete load may cause a significantly higher risk of JHR (68).
For PLWH, particularly those with encephalitis, JHR may be
more severe (28). Steroids, like prednisolone, are routinely used
to prevent JHR; TNF-a antibodies and acetaminophen were also
used in some cases (69).

Serofast, a lack of serological response to antisyphilitic
therapy, is currently a major concern for clinicians. This clinical
scenario occurred in over one-third of patients, especially those
with lower test titers or late latent syphilis (70). A successful
response to antisyphilitic therapy is defined as a fourfold dilution
decline in CSF-VDRL and the normalization of CSF WBC count,
except for PLWH. Patients with serofast only show a decrease
less than fourfold in non-treponemal antibody titers after a
specific period of time (6 months for early-stage syphilis; 12
months for late-stage syphilis), or show low titers consistently
after treatment (6). The cause of serofast is still unclear. Possible
explanations of the lack of serological response to antisyphilitic
therapy include that the patients have undiagnosed neurosyphilis
and fail to respond to routine therapy; patients have comorbid
HIV, malignancies, or immune diseases; and patients are re-
infected by having sex with others (71, 72). Prediction of the
serofast occurrence is still difficult, and retreatment to serofast
patients can not significantly improve the cure rates (73, 74).

Several factors influence the prognosis of patients with
neurosyphilis, which can also be used as indicators to assess
the therapeutic effect. Although HIV coinfection may confound
the diagnosis of neurosyphilis, the prognosis of patients does
not differ by the HIV infection status (75). Diplopia and severe
atrophy of brain parenchyma were proved to be associated
with poor prognosis. Headache often contributes to an early
diagnosis of disorders in the central nervous system, which is a
favorable prognostic factor in patients with neurosyphilis (60);
the changes in electroencephalogram and metabolites in CSF
may be auxiliary indicators of the prognosis. Jiang et al. found
that the electroencephalogram Lempel-Ziv complexity (EEG-
LZC) value after treatment was significantly higher than that
before treatment, suggesting that neuron reconnection would
improve the brain function (76). In addition, CXCL13, tau,
neurogranin, and metabolites in CSF could also be used to
evaluate the cognitive function of patients with neurosyphilis and
the effectiveness of antisyphilitic therapy (25, 77).

Reinfection of syphilis, which can start with the latent or
tertiary stage (78), is more prevalent in MSM and PLWH (79,
80). A retrospective study on MSM in California from 2002
to 2006 showed that 5.9% of MSM had repeat infection of
syphilis within 2 years after the first infection (80). Another 8-
year surveillance in Brazil showed that 13.6% of patients had
reinfection with T. pallidum (81). A four-fold drop in serum
RPR titer of patients within 6-12 months is defined as the
serological cure. However, some patients have a rise in RPR
titer within the first 12 months, for which, the main reason
is usually reinfection, rather than recurrence (82). Molecular
studies are necessary when the corroborative history of patients
is inaccessible to determine whether the rise in RPR titer is due to
reinfection or recurrence (83). The mechanisms of reinfection are
related to the destruction of adaptive immunity by T. pallidum
(84). An immunodominant-evasion model further suggested that
the TprK, an outer membrane protein with prolific antigenic
variation, explained the ability of T. pallidum to escape the
adaptive immunity (84).

BASIC RESEARCH

A major obstacle for the research on T. pallidum is that it can
rarely be cultured continuously in vitro. Recent basic research
on neurosyphilis mainly focuses on the pathogenic mechanisms
of neurosyphilis, and the potential biomarkers for diagnosis or
prognosis monitoring.

Research in the pathogenic mechanisms has proved that T.
pallidum crosses the endothelial barriers through interjunctional
penetration, disseminating throughout the body and invading
various organs (85). This process depends largely on the outer
membrane proteins of T. pallidum, such as Tp92, to promote
the adhesion and proliferation of spirochetes, enhance the
permeability of endothelial cells, and immunomodulate in the
inflammatory responses (86). T. pallidum can activate both
humoral and cellular immunity by antigens such as T. pallidum
repeat protein (Tpr), whereas cellular immunity plays a major
role in eliminating pathogens but is also significantly suppressed
in the late stage of infection (87). The immune escape mechanism
of T. pallidum has been well studied. Due to the lack of exposed
lipoproteins on the outer membrane of T. pallidum, antigen-
presenting cells are more difficult to contact the pathogen-
associated molecular patterns and unable to activate the innate
immune system (88). The common targets of humoral immune
response are the variable region of membrane proteins such
as TprK (89). However, it was reported that the continuous
mutation of the TprK gene, especially the variable region,
enabled T. pallidum to escape the immune response and caused
persistent infection (90). Qin et al. reported that in syphilis
patients in serofast state, unbalanced T cell subsets could suppress
the cellular immunity with decreased levels of CD4+4 T cells,
decreased ratio of T helper (Th)1/Th2 cells, and increased levels
of CD8+ T cells (91). Another study found increased levels of
regulatory T cells and transforming growth factor-p in peripheral
blood of the serofast patients with secondary syphilis, which was
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mainly induced by the antigen TpF1 and might suppress the
cellular immunity (92).

Host immune response also plays an important role in
the pathogenesis of neurosyphilis, mainly in the form of T
cell-mediated delayed-type hypersensitivity (87). Recent studies
showed a significantly elevated levels of IL-8, CC chemokine
ligand 20 (CCL-20) in serum, elevated levels of CXCL13,
interferon(IFN)-y in CSE, and elevated levels of IL-6, IL-10, IL-
17 in both serum and CSF of neurosyphilis patients (49, 93—
96). While the imbalance between Th17 and Thl had been
proved to aggravate inflammation in patients with secondary
syphilis, how neurosyphilis developed in syphilis patients and
the role host immune response played in the development
of neurosyphilis remained unclear (97). The latest research
proposed that CXCL13/CXCR5 mediated the accumulation of B
cells and immunoglobulin G in the CSF of neurosyphilis patients
(98); IL-17 not only mediated the inflammatory response, but
also activated endothelial contraction and destroyed the tight
junctions of the BBB (99); IL-8 and CCL-20 induced by TpF1
could induce vascular inflammation and angiogenesis (100).
Liu et al. found that, compared to syphilis/non-neurosyphilis
patients, patients with symptomatic neurosyphilis showed a
significantly increased expression of CD8+ IFN-y+ cell but
decreased expression of CD8+ IL-17+ cell in the peripheral
blood, which might also explain the pathogenesis of symptomatic
neurosyphilis (96).

Recent studies also focused on the mechanisms of
neurological damage caused by T. pallidum. T. pallidum
can invade the central nervous system since the early stage
of syphilis; however, the relationship between T. pallidum
and the BBB remains unclear. Neurosyphilis, especially in
the stage of general paresis, is similar to Alzheimer’s disease.
Thus, Alzheimer’s-associated biomarkers are widely studied in
neurosyphilis patients with cognitive impairment. Receptors
expressed on myeloid cells 2 (sTREM2), neurofilament
light proteins, and phosphorylated neurofilament heavy
subunit were elevated in CSF of patients with neurosyphilis,
suggesting that activated microglia were associated with
neuron damage caused by T. pallidum (101, 102). B-
amyloid precursor protein cleaving enzyme (BACEI) and
neurogranin also increased in the CSF of patients with
neurosyphilis, indicating that the synaptic destruction would
appear in the stage of general paresis (25). CXCL13 was
also involved in CSF pleocytosis and neurological damage
(49, 103).

Studies on RNA, proteins, and metabolites in peripheral blood
and CSF have facilitated the discovery of novel indicators for
neurosyphilis. Long non-coding RNAs expressed in peripheral
blood of patients with neurosyphilis were emphasized in
recent studies. IFN-y production was proved to be mediated
by the interaction between IncRNA-ENST00000421645 and
PCM1 (104). miRNAs in exosomes released by neuroglial
cells could be potential biomarkers in CSF of patients with
neurosyphilis for brain parenchymal damage, including
miR-570-3p, miR-590-5p, miR-570-5p, and miR-21-5p
(105). The elevated level of chemokines was associated
with inflammatory disorders in the central nervous system

(50); CXCL13, CXCL8, and CXCL10 were suggested as novel
biomarkers with high sensitivity (49). Interleukin-10 in CSF
was also regarded as a biomarker of neurosyphilis, especially
of asymptomatic neurosyphilis (93). In addition, metabolomics
studies recently identified representative metabolites in CSF
of patients with neurosyphilis as new indicators, such as
L-histidine, bilirubin, alpha-kamlolenic acid, prostaglandin
E2, palmitoyl-L-carnitine, butyryl-L-carnitine, D-mannose, L-
gulono-gamma-lactone, hypoxanthine, and N-acetyl-L-tyrosine
(77, 106).

DISCUSSION

As the folk goes, “One night with Venus, a lifetime with
Mercury”. The everlasting stigmatization of syphilis has
hindered the development of diagnostic and therapeutic
management, especially in the follow-up, partner notification,
and wide-range screening in susceptible populations (107).
As a so-called prevalent disease in celebrities with a libertine
lifestyle, syphilis was said to have infected the most influential
people like Shakespeare and Columbus, and evoked further
panic in Europe by the horrible symptoms of mercury poisoning
during treatment (108). Mystified and misread for centuries,
syphilis was ultimately controlled by the wide use of antibiotics.
However, it has not been eliminated till now, due to the
increase in sexual risk behaviors mainly in homosexual
communities since the mid-1990s (109). Neurosyphilis, a
stage that T. pallidum invades the central nervous system,
may progress to severe cardiovascular complications and
irreversible neurological damages if treatment is delayed.
The alarming resurgence of syphilis also attracts attention
to the incidence of neurosyphilis, particularly in MSM
and PLWH.

The latest research progress on neurosyphilis in recent years
is summarized. In some series, neurosyphilis was diagnosed
disproportionately in young patients with ischemic stroke, which
argued for the screening in low-risk populations presenting
with specific abnormalities, including ischemic stroke, rapidly
progressed neuropsychiatric symptoms, and recurrent ocular
inflammation (110). However, the implementation of screening
for sexually transmitted infections may bring humiliation to the
subjects, damage their close relationships and personal image
in society (53). Comorbid neurosyphilis with HIV or other
sexually transmitted infections has been reported worldwide,
of which the comorbidities may cause misdiagnosis and failure
of conventional therapy; HIV coinfection does not affect the
prognosis of patients with neurosyphilis (75). Most of the basic
research focused on the pathogenesis of neurosyphilis, based
on the changes of non-coding RNAs, chemokines, proteins,
lymphocyte subtypes, and metabolites in CSF of patients with
neurosyphilis. These potential biomarkers may be promising
for diagnosis and disease monitoring, but whether they can
explain the pathogenesis of neurosyphilis remains unclear.
Evidence showed similarity between neurodegenerative diseases
and neurosyphilis in pathogenesis and clinical manifestations,
which suggested that the existing theories of Alzheimer’s
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disease might enlighten the research of neurosyphilis (25).
The epidemic of syphilis and neurosyphilis in low- and
middle- income countries is difficult to control due to the
resource-limited settings there. However, point-of-care syphilis
tests developed in recent years may relieve the pressure of
disease control for its feasibility and inexpensiveness (56).
JHR has also been reported in almost all types of commonly
used antibiotics for syphilis, especially in the treatment
of PLWH (68).

There are still some problems to be solved. (1) Due to the
inaccessible in-vitro culture and unknown host response to the
infection of T. pallidum, the development of vaccines still has a
long way to go (111). (2) The false-negative and false-positive
rates remain high in a single treponemal or nontreponemal
test, thus combined use of various diagnostic methods is
recommended, alongside neuroimaging and individuals’ history
of sex life. It should be noticed that not only false-negative
tests may delay the treatment, but false-positive tests may also
cause unnecessary management and stigmatization to patients.
(3) Penicillin remains the first choice for the treatment of
neurosyphilis, but there are few alternative treatment modalities
for patients with cross-allergy of penicillin and ceftriaxone
(59). Some conventional therapies also have side effects for
PLWH (65). (4) Another challenge in the treatment is serofast.
The cause of the serofast is still unclear and retreatment
to serofast patients can not significantly improve the cure
rates (71, 72). Prediction of the serofast occurrence is also
difficult. Moreover, some serofast patients may no longer be
threatened by syphilis, but other patients may still be at
risk, which is hard to evaluate. (5) Lumbar puncture also
remains controversial in the diagnosis of neurosyphilis, due to
its difficulty of implementation and potential risks posed to
patients. CDC does not recommend lumbar puncture for PLWH
with syphilis yet without neurological symptoms, and only one
lumbar puncture is allowed every 6 months after treatment
to monitor the prognosis. Thus, patients with neurosyphilis
are easily lost to follow-up. (6) Additionally, the ignorance of
patients about the symptoms of early syphilis or asymptomatic
neurosyphilis is common and often results in delayed diagnosis
and treatment, which might account for the rising incidence of
neurosyphilis. A study from Tanzania found that the average
consultation delay for rural patients was almost double that
for urban patients (112). Another study demonstrated that
only 16.7% patients with symptomatic neurosyphilis visited
dermatology department, as patients rarely paid attention to
their skin conditions (24). (7) Some essential approaches for
controlling neurosyphilis are still time-consuming and difficult
to undertake, including public education, partner notification,
and screening projects. Whereas, excessive screening and
prophylactic treatment of syphilis may bring humiliation to the
individuals and waste of resources to the society. Thus, when
developing new screening or prevention policies, balance should
be maintained carefully. For instance, prophylactic treatment is
not recommended for partners of neurosyphilis patients due to

the limited infectiousness of neurosyphilis, whereas serological
tests are necessary for them to exclude the risk of transmission
(54). Further research could concentrate on the pathogenesis,
standards and guidelines, treatment modalities, JHR and serofast,
follow-up, and the prevention of large-scale coinfection in MSM
and PLWH.

CONCLUSIONS

This article reviews recent advances in neurosyphilis,
including epidemiology, clinical manifestations, laboratory
findings, comorbidities, diagnosis, treatment, prognosis,
and basic research. The incidence of neurosyphilis has been
increasing in recent years, mainly in MSM. The incidence
of historically described forms of neurosyphilis in the
pre-antibiotic era declined significantly nowadays, with
atypical features becoming more common. Neurosyphilis
can mimic most neuro-ophthalmic, audio-vestibular, and
psychiatric disorders. Comorbidities of neurosyphilis are
also prevalent and variable, and patients may present with
specific metabolic characteristics. Clinical diagnostic methods
remain immature, whereas recent studies on long non-
coding RNA, miRNA, chemokines, and metabolites in
peripheral blood and CSF may facilitate the research on
the pathogenesis and new indicators of neurosyphilis. The
resistance of T. pallidum to penicillin has not been discovered.
Some studies also found that ceftriaxone was more effective
than penicillin, but few large randomized controlled trials
supported this view. Attention should also be paid to specific
populations, such as PLWH, pregnant women, and those
allergic to penicillin.
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Primary syphilis without
chancre — A case report of rare
syphilitic balanitis of Follmann

Xu-qi Renf, Qun-ling Niet and An-qi Liu*

Department of Dermatology, Affiliated Hospital of Nantong University, Nantong, China

Introduction: Syphilitic balanitis of Follmann (SBF) is a rare condition of
primary syphilis which is characterized by any kind of balanitis with or without
chancre on the penis combined with the presence of swollen inguinal lymph
nodes confirmed by the finding of Treponema pallidum in the lesions or by
the positive serological syphilitic testing. Timely identification of the SBF is
very important in properly treating the disease stopping the spread of syphilis.

Case presentation: A 42year-old heterosexual male patient came to our
clinic and complained of a painless, hard erythema nodule with a whitish
scale in his coronal sulcus of the penis for about a week. The dermatologic
examination revealed an infiltrative, hard erythematous lesion surrounding
the coronal sulcus of the patient's penis, with mild erosion and a small
amount of exudation. There was a whitish pseudomembrane-like covering
on the surface of the erythematous lesion in the coronal sulcus, which
is mimicked as candidal balanitis. The result of the fungus microscopic
examination was negative, while the laboratory findings showed positive
results in serologic syphilitic testing. The patient was diagnosed with primary
syphilis and intramuscularly treated with a dose of benzylpenicillin of 2.4
million units. The patient’s skin lesions disappeared completely 60 days after
penicillin treatment.

Conclusion: To our knowledge, this is the first SBF case reported in China.
Syphilitic balanitis of Follmann may have variable clinical appearances. We
emphasize that when balanitis with risky sexual activities or with sexually
transmitted diseases, the diagnosis of SBF should be kept in mind.

syphilis, primary, primary syphilis without chancre, syphilitic balanitis, rare

Introduction

The incidence of syphilis has been increasing steadily in recent years (1, 2). It
is believed that the agent of syphilis, Treponema pallidum (TP), invades the human
skin or mucosa, then spreads to our body, and forms a long-term persistent chronic
infection (3). Based on the time of infection, syphilis was divided into two stages, early
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and late stages. Early syphilis includes primary, secondary,
and early latent syphilis. Among those, primary and secondary
syphilis are very contagious. Therefore, it is very important
to treat the infected people in the early stages to stop the
spread of the disease.

The syphilitic chancre is usually described as a painless,
solitary, superficially eroded, genitalia involved, and self-healing
erythematous nodular lesion (4). Although the typical syphilitic
chancres are easy to identify, a low proportion of incident,
clinical primary, and secondary syphilis cases are reported in
the early stage, and in the United States, only 32% of primary
and secondary syphilis cases were identified in the primary
stage (5, 6). The fact suggests that a considerable number of
primary syphilis cases are misdiagnosed or missed, which will
greatly increase the spread of the disease. One of the reasons
for the misdiagnosis of primary syphilis is the “mysterious
character” of syphilitic chancers (7, 8). Herein, we report a
case of primary syphilis with mucocutaneous manifestations
mimicking candida balanitis, without obvious chancre, a rare
manifestation in primary syphilis, so-called “syphilitic balanitis
of Follmann” (SBF).

Case presentation

On 8th March 2022, a 42-year-old male patient came to our
clinic and complained that he had a skin lesion on his penis
for nearly a week and reported that he found a hard, strip of
erythema distributed in the coronal sulcus on the left side of
the penis at the beginning, and then quickly covered with the
whitish substance on the surface of the erythema. Thereafter,
the skin lesion gradually enlarged to a circle around the coronal
sulcus. The lesion was painless with a mild burning sensation.

The patient is heterosexual and had his first sexual activity at
the age of seventeen and divorced 4 years ago. He also reported
that he had a history of taking methamphetamine for more than
10 years and was treated in Yixing’s compulsory isolation drug
treatment center in Jiangsu Province, China from October 2018
to December 2020. There was no relapse after drug treatment
for more than 1 year. His medical history was generally normal
except that for hypertension and he had no erosion or ulcer
or blister on his penis before. When he was in the drug
rehabilitation center, he underwent sexually transmitted diseases
(STDs) testing, including Hepatitis B Virus (HBV), Hepatitis
C Virus (HCV), Human Immunodeficiency Virus (HIV), and
syphilis, which were all negative. He had unprotected sex with
multiple anonymous sex partners in the last 15 months after his
compulsory isolation drug treatment, and his last unprotected
casual sex was with a woman he met in a bar, which occurred
3 weeks before he visited our hospital.

On admission, physical examination revealed an infiltrative,
hard erythematous lesion surrounding the coronal sulcus,
with mild erosion and a small amount of exudation. There
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was a whitish pseudomembrane-like covering on the surface
of the erythematous lesion in the coronal sulcus and the
glans penis was not involved (Supplementary Figure 1).
There were no other mucosal or skin lesions observed on
the head, face, oropharynx, trunk, perianal, limbs, hands,
and feet. The patient’s inguinal lymph nodes were normal.
Considering the clinical manifestations of the patient’s lesion
(erythematous lesion with mild erosion, a small amount of
exudation, and the whitish covering) somewhat mimicked
clinical characteristics of candidal balanitis, fungi microscopic
examination was performed and showed a negative result.
The patient then received the blood tests for STDs, including
Treponema pallidum particle agglutination assay (TPPA), Rapid
plasma reagin (RPR) assay, and Human Immunodeficiency
Virus (HIV); Herpes simplex virus (HSV) type 11gG, IgM,
HSV type 2 IgG, IgM, which revealed positive in TPPA
and HSV1, 2IgG test, and negative in RPR, HIV, HSV1,
and 2 IgM tests.

Based on the fact that the patient had high-risk sexual
behaviors 3 weeks before visiting our hospital, that he
had an infiltrative, hard erythematous lesion surrounding
the coronal sulcus hardly with any symptoms, and that
he had no STDs history, a diagnosis of primary syphilis
was made and a dose of benzylpenicillin 2.4 million units
was given intramuscularly according to the guideline of
the STD Association, China CDC (9). One day after the
first dose of benzylpenicillin treatment, the patient came
back to our hospital and reported that his mild burning
sensation completely disappeared, and the hard erythematous
lesion tended to soften. On examination, the redness and
swelling of the erythematous lesion on the coronal margin
subsided, and the exudation could not be observed. The
whitish covering was significantly drier than that before
treatment and the hard erythematous lesion seemed to soften
(Supplementary Figure 2). After that, the patient returned
to the hospital every day for another 6 days to have the
above lesion observed. The erythematous lesion and whitish
covering disappeared gradually, and the test for syphilis
performed on day 7 after the treatment showed the result
of TPPA (+) RPR (-). Then, on the 14th follow-up, the
skin lesions of the coronal sulcus seemed to have almost
disappeared without sequelae other than slight erythema at
the site of previous lesions (Supplementary Figure 3). The
blood TPPA and RPR was then rechecked and
positive in TPPA and negative in RPR. Sixty days after

showed

treatment, the patient came back to the hospital again for
the follow-up of the serum treponema and non-treponemal
tests, which showed positive TPPA and RPR, and the RPR
titer was 1:1. Dermatological examination showed that the
skin of the coronal sulcus had completely returned to normal
(Supplementary Figure 4). No other skin or mucosal lesions
were observed, and the patient reported that he had no sex after
syphilis treatment.
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Discussion

The syphilitic chancre is in the first stage of syphilis,
appearing within 90 days from the Treponema pallidum
inoculation (4). The typical syphilitic chancres could be a
painless, hard, and erosive plaque or nodule or superficial
ulceration with a clear margin, which is easily recognized.
However, these typical clinical manifestations are seen only in
about 40% of primary syphilis cases, and the remaining cases
may be atypical, making the diagnosis difficult (7), especially
when chancre is absent in primary syphilis.

Syphilitic balanitis of Follmann (SBF) is a rare condition of
primary syphilis, which is characterized by any kind of balanitis,
with or without chancre on the penis, as well as with the
presence of swollen inguinal lymph nodes confirmed by the
finding of Treponema pallidum in the lesions or by the positive
serological syphilitic testing (8).

SBF was first described by Follmann, a dermatologist from
Budapest. In 1931, 1934, and 1939 he declared that erosive
balanitis could be the only manifestation of primary syphilis
(10). Thereafter, the reported cases of SBF could be seen
occasionally and the variable clinical manifestations of SBF
were revealed. People believe that except for the absence of a
chancre, SBF could be seen before, after, or at the same time as a
chancre (11). SBF can present with any kind of balanitis, not just
erosive balanitis.

Our case presented unusual clinical manifestations of
SBE the infiltration, erosion, exudation, pseudomembrane-like
covering, and hard erythematous lesion were mainly seen in
the coronal sulcus sparing the patient’s glans penis, and no
enlargement of inguinal lymph nodes was observed, which
were not consistent with the previous reports. Although the
whitish covering on the surface of the coronal sulcus and the
mild erosion of the erythematous base seemed somewhat like
candidal infection, an infiltrative, hard erythematous lesion
and the negative fungi microscopic examination refused the
diagnosis of candidal balanitis. The reported case by Babu et al.
described a patient who is HIV-positive with indurated SBF
(12), and recently Mainetti et al. pointed out that many clinical
manifestations are related to SBE, the skin lesions can be erosive
or only indurated and scaly (8), which may partially support the
viewpoint that our case is SBF. The short infection period of
our case may explain why inguinal lymphadenopathy was not
present. A suspicion of active herpetic infection could be made
because of the positive serological tests of HSV IgG in our case.
However, the patient reported that he had had no erosion or
ulcer, or blister on his penis previously. The quickly subsided
skin lesions after one dose of benzylpenicillin treatment, the
positive serum treponema test, and the positive non-treponemal
test could later be evidence of SBF diagnosis.

The diagnosis of primary syphilis could be a challenge
in some cases. It is reported that 20-30% of the patients
with chancre may have negative results in non-treponemal
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serological tests (13, 14). The positive serologic tests for

Treponema pallidum appeared before non-Treponema
pallidum. In our case, particularly, the short infection period
of our case may explain why the non-treponemal serological
test was negative before treatment. Then, the penicillin
treatment further delayed the emergence of non-treponemal
antibodies, which may explain why RPR was negative in the
second week after treatment, and RPR turned positive 60 days
after the treatment.

Since the patients refused to provide the skin samples, our
case lacked etiological evidence, such as dark-field examination,
histopathological findings, and PCR testing, which may limit its
convincingness. However, this is a rare presentation of primary
syphilis, which may help physicians to know more about the
syphilitic balanitis of Follmann.

Our case suggests syphilitic balanitis of Follmann, which is
a special type of primary syphilis that can have many different
clinical manifestations and is easy to misdiagnose, especially
when chancre is absent in this kind of primary syphilis. SBF can
mimic any kind of balanitis, such as balanitis xerotica obliterans,
plasma-cell balanitis, balanitis related to bacteria, virus, yeast,
or parasite infection, and even trauma or irritants balanitis.
Therefore, when balanitis with risky sexual activity or with other

STDs, the diagnosis of SBF should be kept in mind.

Conclusion

To our knowledge, this is the first SBF case reported in
China. The variable clinical manifestations of syphilitic balanitis
of Follmann indicate that SBF may not be as rare as believed. To
exclude the diagnosis of SBE a detailed sexual activity history
should be investigated and Dark-field examination (DFE) or the
polymerase chain reaction (PCR) swab testing for TP should be
given, or serological tests for syphilis should be performed when
patients are presented with any kind of balanitis.
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