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Objective: The immunological mechanisms underlying the syphilis serofast
remain incompletely elucidated. This systematic review and meta-analysis aims
to quantify the association between key immune indicators and serofast.
Methods: We systematically searched PubMed, Embase, Web of Science, Google
Scholar and Chinese databases (CNKI, VIP, and CBMdisc) until December 31,
2024, for case-control, cross-sectional or cohort studies meeting serofast criteria
(RPR/TRUST titer <1:8 persisting for >12 months). Random-effects models were
used to calculate standardized mean differences (SMD) with 95% confidence
intervals (Cls). The risk of bias was assessed using the Newcastle-Ottawa Scale (for
observational studies) by two independent reviewers.

Results: A total of 38 studies involving 5082 patients were included. The serofast
group exhibited significant immune dysregulation: (1) Cellular immune
suppression:decreased CD4+ T cells (SMD=-0.61, 1°=33.5%) and increased CD8
+ T cells (SMD = 0.40, 1°=66.7%), leading to an inverted CD4+/CD8+ ratio (SMD=-
0.44, 12=64.7%); (2) Th1/Th2 shift:suppression of Th1 cytokines (e.g., IFN-y, SMD=-
2.19, 1°=95.7%) with a predominant Th2 response (e.g., IL-10, SMD =+ 2.63,
12=92.5%); (3) Humoral abnormalities: persistently elevated IgM (SMD = 0.96,
12=94.4%) and complement consumption (C3,SMD=-0.60, I*=89.0%; C4, SMD=-
0.80, 1°=87.6%); (4) Signaling dysregulation: downregulated TLR2 expression and
disordered chemokine receptors (TLR2 mRNA,SMD=-1.52, 12=36.0%).The
substantial heterogeneity (12 > 50%) observed in several analyses was explored
in subgroup and sensitivity analyses, as detailed in the main text.

Conclusions: The serofast is characterized by a cascade of “cellular immune
suppression-Th1/Th2 shift-complement exhaustion.” Our findings establish a
quantified immunological basis for the serofast state and suggest potential
targets for immunomodulatory therapy.

Systematic review registration: https://www.crd.york.ac.uk/prospero/,
identifier CRD420251156478.
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1 Introduction

Syphilis, caused by Treponema pallidum(TP), remains a
significant global public health threat (1). While standard therapy
leads to seroconversion in most patients, a substantial proportion
(3.8%-41.0% across stages) (2-4) develop a serofast state, defined as
persistent non-treponemal antibody titers (e.g., RPR/TRUST <1:8 for
>12 months) despite adequate treatment. This condition necessitates
long-term monitoring, consumes considerable resources, and
imposes a psychological burden on patients, highlighting the urgent
need to elucidate its underlying mechanisms (5, 6).

Emerging evidence suggests that serofast is intrinsically linked to
host immune dysregulation (7-10). A central hypothesis points to a
profound imbalance in adaptive immunity, particularly T-
lymphocyte subsets, characterized by cellular suppression (e.g.,
reduced CD4+ T cells) and a skewed Th1/Th2 cytokine profile
(diminished IFN-y, IL-2; elevated IL-10) (11-15). Furthermore,
broader immune perturbations have been observed, encompassing
aberrant innate immune recognition (e.g., via TLR2 downregulation),
humoral abnormalities such as persistent IgM elevation, and
complement consumption (16-24).

Despite these insights, the immunological landscape of serofast
remains fragmented and poorly quantified. Critically, no prior
systematic review or meta-analysis has attempted to quantitatively
synthesize this evidence, leaving the field with inconsistent and non-
comparable findings across studies. To address this definitive knowledge
gap, we conducted this systematic review and meta-analysis to: (1)
quantitatively synthesize the evidence linking key immune markers to
serofast, and (2) construct an evidence-based pathophysiological model
to inform future immunomodulatory therapeutic strategies.

This study was conducted in accordance with PRISMA
guidelines (25), and its protocol was prospectively registered on
the PROSPERO platform (CRD420251156478).

2 Methods
2.1 Data sources and search strategy

We systematically searched PubMed, Embase, Web of Science,
Google Scholar and Chinese databases (CNKI, VIP, and CBMdisc)
until December 31, 2024, for case-control, cross-sectional or cohort
studies meeting serofast criteria (RPR/TRUST titer <1:8 persisting
for 212 months). The search strategy, developed based on the PICO
framework (Population: syphilis serofast patients; Indicator/
Comparison: immune indicators in serofast vs. control groups;
Outcome: association with serofast state), combined MeSH terms
and free-text keywords for syphilis, serofast, and immune factors
(full strategy in Supplementary Material S1). Searches across these 7
databases yielded 1,352 records before deduplication, with the
detailed contribution of each source presented in the PRISMA
flow diagram (Figure 1). Reference lists of relevant articles were
manually screened. No language or date restrictions were applied
initially, but only English or Chinese publications were considered
for full-text review due to practical constraints.
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2.2 Inclusion and exclusion criteria

Inclusion criteria: (1) Studies with a confirmed diagnosis of
syphilis serofast (persistent low-titer RPR/TRUST positivity >12
months after standardized treatment); (2) Primary focus on the
relationship between syphilis serofast and immunological factors;
(3) Inclusion of immunological indicator data (e.g., T-cell subsets,
cytokines, NK cell activity); (4) Control group comprising
serologically cured individuals or healthy subjects; (5) Study design
as case-control, cohort, or cross-sectional research; (6) Publications in
Chinese or English (due to practical constraints in obtaining and
translating full texts in other languages). (7) Immunological assay
methods must be clearly defined and traceable.

Cross-sectional studies were included as they can provide
valuable snapshot data on immune status, which is relevant for
establishing associations, though they preclude causal inference.

Exclusion criteria: (1) Incomplete data or inability to obtain full
text; (2) Duplicate publications or non-original research
(e.g., reviews, commentaries); (3) Patients with concurrent
HIV infection, pregnancy, or lactation; (4) Absence of
a control group; (5) Animal studies or in vitro research;
(6) Patients with concomitant autoimmune diseases or long-term
immunosuppressive therapy.

Serological cure criteria: RPR/TRUST seroconversion to
negative, or >4-fold (2 dilutions) reduction in titer post-treatment
compared to baseline.

2.3 Data extraction and quality assessment

Two independent reviewers independently screened all
retrieved records by title/abstract and subsequently by full text
against the predefined eligibility criteria, using a standardized Excel
form for the screening process. Any discrepancies were resolved
through consensus or by arbitration from a senior researcher. Data
were extracted onto a standardized form. The extracted content
included: (1) Study basic information: first author, publication year,
study design type, study location. (2) Study subject characteristics:
total sample size, sample size for serofast group/serum cured group/
healthy control group, definition criteria for serofast (e.g., specific
duration of persistently low RPR/TRUST titers =12 months),
definition criteria for serum cure. (3) Outcome indicator data:
Mean, standard deviation (SD), and sample size (n) of immune
markers across groups. (4) Additional information: Adjusted
confounding factors, conclusions, etc. When critical data were
missing or unclear, the original authors were contacted via email
to request the information. In the data extraction process for this
study, while some granular data (e.g., specific subgroup
breakdowns) were occasionally missing, the key summary
statistics required for our meta-analyses were consistently
available from the published results of the included studies.
Therefore, the specific step of contacting authors was not
undertaken. To ensure robustness, we implemented rigorous
measures including dual independent data extraction and
sensitivity analyses, which confirmed the stability of our findings.

The methodological quality of included studies was assessed
using appropriate tools. For cross-sectional studies, the 11-item
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FIGURE 1

PRISMA flow diagram of the systematic review process using the terms “syphilis” and “serology” and "resistance”, “response”, “serofast”, or

“seroresistance” in seven databases.

Agency for Healthcare Research was employed (26). For cohort and
case-control studies, the Newcastle-Ottawa Scale (NOS) was
employed. Results are summarized in Table 1.

2.4 Statistical analysis

All analyses were performed using R software (version 4.3.2).
Pooled effect estimates were calculated with the meta, presenting risk
ratios (RR) for dichotomous outcomes and standardized mean
differences (SMD) for continuous outcomes, both with 95%
confidence intervals (Cls). Heterogeneity was quantified using the I?
statistic and Cochran’s Q test. A random-effects model (between-study
variance T° estimated by restricted maximum likelihood) was applied
when substantial heterogeneity was present (I* > 50% or P o< 0.1).

Planned subgroup analyses (e.g., by study design or syphilis
stage) to explore heterogeneity were not feasible due to insufficient
reporting of patient-level data in the primary studies. Similarly,
meta-regression was not performed owing to the limited number of
studies (< 10) for most outcomes. Sensitivity analyses were
conducted by sequentially excluding individual studies.

Publication bias was assessed using funnel plots and Egger’s test
(preferred for its higher statistical power than Begg’s test) when =10
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studies were available, with the significance level set at oo = 0.1 to
enhance sensitivity given the typically low power of such tests. Forest
plots were generated using the ‘meta’ package, and funnel plots were
generated using ‘ggplot2’. A two-sided P < 0.05 was considered
statistically significant for all analyses except publication bias testing.

The total number of studies included in the systematic review
was 38. However, the sum of the number of studies across all meta-
analyses exceeds this total. This is because many individual studies
reported data on multiple immune indicators and were therefore
included in more than one quantitative synthesis. For example, a
study that measured both T-cell subsets and cytokine levels would
be counted once in the overall study flow but contribute to both the
‘Lymphocyte’ and ‘Cytokine’ meta-analyses.

3 Results
3.1 Literature screening process

The initial database search yielded 1,352 records. Following
deduplication and screening, 38 studies (35 in Chinese, 3 in English)
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TABLE 1 Study design and characteristics of the study population among 38 studies included in the systematic review.

First author Location Total sample Serofast Study Indicators
(year) size (n) cases (n) period reported
Wei-Chen YAN,2024 Hainan R cohort 399 202 2017/1-2022/12 High SMD
Jia-Ping Zhou,2024 Zhejiang Case-control 102 51 2019/1—2021/6 top SMD
J.Wang,2024 Zhejiang Case-control 90 30 2020/1-2022/12 Low SMD
Y.Zhang,2024 Sichuan Case-control 250 64 2021/2-2022/4 Low SMD
G.Wu,2023 Shanghai Case-control 156 52 2019/6-2021/6 Low SMD
P.Zhao,2023 Jiangsu Case-control 131 37 2020/11-2022/11 Low SMD
Ai-Hong Gong,2021 Shandong P cohort 107 48 2019/5-2020/11 top SMD
C.Xu,2021 Zhejiang P cohort 130 30 - top SMD
Xue-Mei Han,2021 Tianjin Case-control 120 40 2018/3-2020/3 Low SMD
Y.Guan,2021 Guangong P cohort 90 30 2014/6-2016/6 Low SMD
Zhang,2021 Jiangsu Case-control 90 37 2019/1-2020/5 top SMD
J.Wen,2021 Shandong P cohort 120 30 2012/6-2016/10 top SMD
Dong-Ping Lu,2021 Guangdong | P cohort 100 50 2018/9-2020/9 top SMD
R.Xia0,2021 Hubei R cohort 160 80 2017/1-2019/12 top SMD
R.Zhang,2021 Guangdong | P cohort 120 30 2017/2-2018/6 top SMD
D.Qiang,2020 Hubei Case-control 50 20 2016/4-2019/4 top SMD
J.Xu,2019 Heilongjiang | Case-control 116 58 2015/12-2019 top SMD
Y.Huang,2018 Shandong Case-control 206 103 2013/12-2016/12 | top SMD
X.Chen,2018 Ningxia Case-control 60 30 2015/3-2017/1 top SMD
Y.Li,2018 Henan Case-control 160 80 2016/5-2017/5 top SMD
P.Lin,2016 Zhejiang Case-control 100 35 2012/10-2014/9 top SMD
C.Xu,2016 Sichuan Case-control 105 35 2010/1-2016/1 top SMD
J.Yuan,2016 Hainan Case-control 92 19 2014/4-2016/4 top SMD
Shi-Zhuang Lin,2016 Zhejiang Case-control 110 35 2010/5-2013/8 top SMD
Y.Zhou,2015 Hubei P cohort 60 30 2013/12-2014/12 Low SMD
Z.Liu,2015 Guangdong | R cohort 115 35 2009/1-2013/1 top SMD
C.Xu,2015 Zhejiang R cohort 140 38 - top SMD
Xian-Xiang Huang,2014 Sichuan R cohort 149 38 - top SMD
G.Xu,2014 Guangdong Case-control 540 180 2010/1-2013/1 top SMD
Yan-Jia Lin,2013 Guangdong | Case-control 325 112 - top SMD
Bai-Ling Liu,2013 Jiangsu P cohort 60 30 - top SMD
Hai-Li Liu,2013 Guangxi Case-control 79 32 2007-2011 top SMD
Zhao,2012 Jiangsu Case-control 49 26 - top SMD
Dong-Ping Lu,2012 Guangdong | Case-control 100 40 2008/9—2010/9 top SMD
X,Lin,2010 Jiangsu Case-control 79 23 2008/7-2009/6 top SMD
0.Liu,2007 Jiangxi R cohort 60 20 2004/9-2006/9 top SMD
Tu-Ya Bao,2006 Guangdong | Case-control 60 38 - High SMD
Ri-Dong Yang,2005 Guangdong Cross- 102 32 - top SMD
sectional

R, retrospective; P, prospective.
“ - “indicates that the time period for selecting research subjects is not specified in the article.
Among the 38 included studies, cross-sectional studies were evaluated using the AHRQ scale, while case-control/cohort studies were assessed using the NOS.
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involving 5,082 patients (1,900 in the serofast group) were included.
The vast majority were case-control or cohort studies (37/38),
predominantly conducted across multiple provinces of China.
The overall risk of bias across the included studies was deemed
acceptable(7 low-risk, 28 moderate-risk, and 2 high-risk studies).
The study selection process is detailed in the PRISMA flow
diagram (Figure 1).

3.2 Cellular immune imbalance: CD4+
depletion, CD8+ dysregulation, and Thl/
Th2 polarization

Meta-analysis of data from 10 studies revealed significant
differences in peripheral blood lymphocyte subsets between
patients with syphilis serofast (SF) and control groups (Healthy
Controls, HC; Serologically Cured, SC) (Table 2).

Compared to the HC group, the SF group exhibited significantly
lower levels of CD4+ T cells (SMD = -0.61, 95% CI: -0.75 to -0.47; I*
=33.5%) and a significantly higher levels of CD8+ T cells (SMD =
0.40, 95% CI: 0.15 to 0.65; I = 66.7%). Consequently, the CD4
+/CD8+ ratio was significantly inverted in the SF group (SMD =
-0.44, 95% CI: -0.80 to -0.07; I* = 64.7%). In the comparison with
the SC group, the SF group similarly showed significantly reduced
CD4+ T cells (SMD = -0.73, 95% CI: -1.13 to -0.33; I> = 81.6%) and
increased CD8+ T cells (SMD = 0.83, 95% CI: 0.19 to 1.46; I> =
91.8%). The difference in the CD4+/CD8+ ratio between SF and SC
groups was not statistically significant (SMD = -0.42, 95% CI: -1.54
to 0.71; I = 95.2%). Additionally, natural killer (NK) cell activity

10.3389/fimmu.2026.1758075

was significantly impaired in the SF group relative to the HC group
(SMD = -0.85, 95% CI: -1.35 to -0.36; I> = 81.0%). No significant
difference in NK cell activity was found between the SF and SC
groups (SMD = -0.38, 95% CI: -0.59 to 0.17; I* = 12.2%). Complete
data for all analyzed lymphocyte subsets are available in
Supplementary Table 4.

3.3 Immune antibodies and complement

Meta-analysis of data from 8 studies revealed significant
differences in peripheral blood inflammatory cytokine levels
between patients with syphilis serofast (SF) and control groups
(Healthy Controls, HC; Serologically Cured, SC) (Table 3).

Compared to the serologically cured (SC) group, the serofast
(SF) group demonstrated significant humoral immune
dysregulation characterized by distinct antibody and complement
abnormalities. The SF group exhibited persistently elevated IgM
levels (SMD = 0.96, 95% CI: 0.16 to 1.75) alongside significant
complement consumption, as evidenced by reduced C3 (SMD =
-0.60, 95% CI:-1.16 to -0.04 ) and C4 (SMD = -0.80, 95% CI: -1.35 to
0.35) levels. IgG levels were also modestly elevated (SMD = 0.35,
95% CI: 0.16 to 0.53).

3.4 Significant shift in Thl and Th2
cytokines

The analysis of Thl and Th2 cytokine levels demonstrated
significant differences between groups (Table 4).

TABLE 2 Meta-analysis of the association between peripheral blood lymphocytes and syphilis serofast.

Heterogeneity test

e Mool Sy el oup sy P
CD4 (+)
SE vs. HC 10 865 SMD (IV, FEM) 0.61 (-0.75,-0.47)* 135 0.14 33.5%
SE vs. SC 7 652 SMD (IV, REM) 073 (-1.13,-0.33)* 325 0.001 81.6%
CDS8 (+)
SE vs. HC 10 865 SMD (IV, REM) 0.40 (0.15,0.65)* 27.1 0.001 66.7%
SF vs. SC 7 652 SMD (IV, REM) 0.83 (0.19,1.46)* 72.9 0.001 91.8%
CD4 (+)/CD8 (+)
SF vs. HC 5 391 SMD (IV, REM) -0.44 (-0.80,-0.07)* 113 0.023 64.7%
SE vs. SC 3 314 SMD (IV, REM) 042 (-1.54,0.71) 414 0.001 95.2%
NK cell
SE vs. HC 7 622 SMD (IV, REM) -0.85 (-1.35,-0.36)* 316 0.001 81.0%
SE vs. SC 4 404 SMD (IV, FEM) 038 (:0.59,0.17) 34 0.331 12.2%
Thl cell
ii;sc'egc 2 267 SMD (IV, FEM) 061 (-0.86,-0.36)* 0.09 0.7653 0.0%
SE vs. HC 2 267 SMD (IV, FEM) 0.63 (0.27,0.99)* 1.66 0.1977 39.7%
Treg cell
SF vs. HC 2 119 SMD (IV, FEM) 110 (0.71,1.48)* 0.1 0.758 0.0%

*P < 0.05; SF, Serofast Group; HC, Healthy Controls Group; SC, Serologically Cured Group.
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For Thl cytokines, serum levels of IFN-y were significantly
lower in the SF group than in both the HC group (SMD = -2.19,
95% CI: -3.70 to -0.67; I> = 95.7%;) and the SC group (SMD =
-1.56, 95% CI: -2.95 to -0.17; I* = 97.9%). Similarly, IL-2 levels
were significantly reduced in the SF group compared to both HC
(SMD = -2.25,95% CI: -3.47 to -1.03; I* = 93.7%) and SC (SMD =
-2.11,95% CI: -3.16 to -1.06; I* = 92.9%) groups. Conversely, for
Th2 cytokines, IL-10 levels were significantly elevated in the SF
group compared to both HC (SMD = 2.63, 95% CI: 1.61 to 3.64;
I’ = 92.5%) and SC (SMD = 2.17, 95% CI: 1.44 to 2.91; I =
94.1%) groups. IL-4 levels were also significantly higher in the SF
group compared to HC (SMD = 2.92, 95% CI: 0.74 to 5.09; 12 =
97.5%) and SC (SMD = 1.76, 95% CI: 0.69 to 2.84; I* =
95.3%) groups.

3.5 Toll-like receptors and chemokines

The meta-analysis of Toll-like receptors (TLRs) and
chemokines included data from 6 studies. Compared to the
healthy control (HC) group, the serofast (SF) group exhibited
significantly lower expression of TLR2 mRNA (SMD = -1.52, 95%
CL: -1.78 to -1.21; I* = 36.0%, p = 0.196). Compared to the
serologically cured (SC) group, the SF group also showed
significantly lower TLR2 mRNA expression (SMD = -1.03, 95%
CI: -1.44 to -0.63; I* = 54.4%, p = 0.111) (Table 5). The serofast (SF)
group exhibited significantly lower expression of TLR4 mRNA
(SMD = -0.90, 95% CI: -1.22 to -0.59; I* = 0.0%, p = 0.381). The
comparison between the SF group and the healthy control (HC)
group for TLR4 mRNA showed no statistically significant difference
(SMD = -1.02, 95% CI: -2.17 to 0.13; I = 91.7%, p = 0.001). The
CCR3 expression was significantly higher in the SF group compared
to both the HC group (SMD = 4.29, 95% CI: 3.42 to 5.16) and the
SC group (SMD =4.69, 95% CI: 3.80 to 5.59), with no heterogeneity
data as each comparison was based on a single study. For CXCR4,
no significant differences were observed in any group comparisons

10.3389/fimmu.2026.1758075

(SF vs. HC: SMD = -0.05, 95% CI: -0.52 to 0.42; SF vs. SC: SMD =
0.28,95% CI: -0.18 to 0.74; HC vs. SC: SMD = 0.35, 95% CI: -0.10 to
0.81), with all analyses based on single studies (Supplementary
Material S6).

3.6 miRNA

Due to the limited number of available studies for each specific
miRNA, a quantitative meta-analysis was not feasible. However, the
findings from individual studies are summarized descriptively
below and detailed in Supplementary Material S7.

Elevated Expression: Compared to healthy controls (HC),
patients with syphilis serofast (SF) showed higher expression
levels of miR-146a, miR-155, miR-299-3P, miR-195, miR-223,
and miR-589 in the studies where they were measured. Reduced
Expression: The SF group exhibited lower expression levels of miR-
31 and miR-192 compared to the HC group.

Each of the above comparisons is based on a single study. The
standardized mean differences (SMD) with 95% confidence
intervals for all reported miRNAs, including comparisons with
serologically cured (SC) groups, are provided in Supplementary
Material S7.

3.7 Heterogeneity explanation

High heterogeneity was observed in analyses of CD4+/CD8+
ratios, Treg cells, IgM, C3, C4, Thl, and Th2 cytokines. This
heterogeneity stemmed from differences in patient disease
duration and treatment backgrounds across studies, or from
variations in detection methods (e.g., reagents from different
manufacturers). Therefore, a random-effects model was
employed to pool all cytokine analyses, yielding estimates that
reflect the distribution of “average effects” rather than a single
“true effect.” The overall trend remains statistically and
biologically significant.

TABLE 3 Meta-analysis of the association between immune antibodies, complement and syphilis serofast.

Heterogeneity test

e Nambe ol ettn Shmiel sp eswcy P

IgA

SF vs. SC ‘ 3 ‘ 577 ‘ SMD (1V, FEM) ‘ -0.05 (-0.11,0.21) 3.80 ‘ 0.1499 ‘ 47.3%
IgM

SF vs. SC ‘ 3 ‘ 577 ‘ SMD (IV, REM) ‘ 0.96 (0.16,1.75)* 36.02 ‘ <0.001 ‘ 94.4%
19G

SF vs. SC ‘ 2 ‘ 459 ‘ SMD (IV, FEM) ‘ 0.35 (0.16,0.53)* 2.00 ‘ 0.1578 ‘ 49.9%
C3

SF vs. SC ‘ 3 ‘ 577 ‘ SMD (IV, REM) ‘ -0.60 (-1.16,-0.04)* 18.11 ‘ 0.0001 ‘ 89.0%
C4

SF vs. SC ‘ 3 577 ‘ SMD (IV, REM) ‘ -0.80 (-1.35,0.25) 16.14 ‘ 0.0003 ‘ 87.6%

*P < 0.05; SF, Serofast Group; HC, Healthy Controls Group; SC, Serologically Cured Group.
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TABLE 4 Meta-analysis of the association between various cytokines and syphilis serofast.

Heterogeneity test

e Mol on Sl sMp s p
Th2 cytokines
IL-10
SF vs. HC 9 695 SMD (IV, REM) 2.63 (1.61,3.64)* 1063 0.001 92.5%
SF vs. SC 9 821 SMD (IV, REM) 2.17 (1.44,2.91)* 136.0 0.001 94.1%
SC vs. HC 8 713 SMD (IV, REM) 0.46 (0.09,0.83)* 39.4 0.001 82.2%
IL-4
SF vs. HC 5 398 SMD (IV, REM) 2.92 (0.74,5.09)* 109.5 0.001 96.3%
SF vs. SC 6 474 SMD (IV, REM) 1.76 (0.69,2.84)* 75.7 0.001 93.4%
SCvs. HC 5 420 SMD (IV, REM) 0.79 (0.05,1.53)* 38.0 0.001 89.5%
Thl cytokines
IL-2
SF vs. HC 6 456 SMD (IV, REM) -2.25 (-3.47,-1.03)* 79.1 0.001 93.7%
SF vs. SC 7 534 SMD (IV, REM) -2.11 (-3.16,-1.06)* 84.6 0.001 92.9%
IFN-y
SF vs. HC 5 471 SMD (IV, REM) -2.19 (-3.70,-0.67)* 92.0 0.001 95.7%
SF vs. SC 6 682 SMD (IV, REM) -1.56 (-2.95,-0.17)* 242.3 0.001 97.9%

*P < 0.05; SF, Serofast Group; HC, Healthy Controls Group; SC, Serologically Cured Group.

3.8 Sensitivity analysis and publication bias
assessment

Sensitivity analyses confirmed the robustness of the primary
findings for CD4+/CD8+ ratio imbalance and Th1/Th2 cytokine
bias. Given the scarcity of literature evaluating specific factors in
relation to study outcomes, publication bias was assessed only for
factors with 26 included studies. Results showed generally symmetrical
funnel plots, with no apparent publication bias observed at first glance.
As funnel plots represent a qualitative assessment method, different
observers may reach varying conclusions.

Therefore, we also employed Begg’s test, Egger’s test, and
Macaskill’s test to assess publication bias. Results showed no
significant asymmetry in any group at the a=0.1 threshold,
indicating no evidence of significant publication bias.

4 Discussion

Our meta-analysis culminates in an integrated immunopathological
model that delineates the self-perpetuating cascade underlying the
serofast, as depicted in Figure 2. This model proposes a sequential

TABLE 5 Meta-analysis of the association between toll-like receptors, chemokines and syphilis serofast.

Heterogeneity test

Reserch  Numberof sy sl sup sy F,
TLR2 mRNA
SF vs. HC 4 399 SMD (IV,FEM) 152 (-1.78,-1.21)* 47 0.196 36.0%
SF vs. SC 3 244 SMD (IV,REM) -1.03 (-1.44,-0.63)* 44 0.111 54.4%
SC vs. HC 3 229 SMD (IV,REM) -0.25 (-0.81,0.32) 95 0.009 79.0%
CCR5
SF vs. HC 1 70 SMD (IV,FEM) -2.76 (-3.42,-2.10)* - - -
SF vs. SC 1 75 SMD (IV,FEM) -2.74 (-3.38,-2.20) - - -
HC vs. SC 1 75 SMD (IV,FEM) -0.25 (-0.71,0.20) - - -
CXCR3
SF vs. HC 1 70 SMD (IV,FEM) -3.66 (-4.44,-2.88) - - -
SF vs. SC 1 75 SMD (IV,FEM) -5.00 (-5.94,-4.06) - - -
HC vs. SC 1 75 SMD (IV,FEM) -0.84 (-1.32,-0.37) - - -

*P < 0.05; SF, Serofast Group; HC, Healthy Controls Group; SC, Serologically Cured Group.
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Immunological mechanism of the serofast in syphilis (image created from BioGDP) This model illustrates the self-perpetuating immune dysfunction
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cascade initiated by impaired innate immune recognition, leading to
polarized adaptive immunity, and culminating in a vicious cycle of
humoral dysregulation and complement exhaustion, which collectively
prevent the clearance of Treponema pallidum(TP) and sustain low-
grade seropositivity. The following sections will dissect each component
of this model, underpinning them with our quantitative findings.

4.1 Failure of innate immune recognition:
the primary trigger mechanism in serofast

Quantitative evidence from this meta-analysis indicates a
significant downregulation of Toll-like receptor 2 (TLR2)
expression in serum-fixed patients (SMD = -1.46). This not only
distinguishes them from the serum-cured group but also represents
a primary failure of innate immune recognition. Studies by
Brightbill, H. D., Shin, J. S, et al. (24, 27, 28) explicitly describe
how Treponema pallidum lipoproteins activate inflammation via
the TLR2 pathway. TLR2 serves as a crucial “gatekeeper” receptor
recognizing pathogen-associated molecular patterns (PAMPs) such
as lipoproteins on Treponema pallidum (TP) (29). Its
downregulation directly impairs antigen-presenting cells (e.g.,
dendritic cells, DCs) in recognizing TP, preventing the effective
transmission of the “first signal” required for activating the adaptive
immune response and the co-stimulatory “second signal.” This

Frontiers in Immunology

fundamentally weakens the initiation intensity of subsequent T-cell
and B-cell responses, creating preconditions for early immune
escape and persistent latency of TP. This discovery traces the root
cause of serum-fixed immunodeficiency to the innate immune level,
offering a new perspective on understanding its persistence.

Therefore, the significant downregulation of TLR2 (SMD=
-1.46) is not merely an associated finding but may represent the
initial defectin our proposed model (Figure 2), compromising the
very foundation of immune recognition and setting the stage for the
subsequent adaptive immune failures.

4.2 Polarization of adaptive immunity

Building upon impaired innate immune recognition, this study
quantifies profound polarization of adaptive immunity. First, serum-
fixed patients exhibit a pattern of CD4+ T cell exhaustion,
dysfunctional activation of CD8+ T cells, and an inverted CD4
+/CD8+ ratio (see Section 2.1). The significant reduction in their
numbers strongly suggests the presence of “T cell exhaustion” (30)
Persistent antigen stimulation led to increased CD8+ T cell numbers,
but this expansion was accompanied by dysfunction, losing effective
cytotoxicity and the ability to produce effector molecules (such as
IFN-y and perforin), representing a state of “ineffective activation.”
The inverted CD4+/CD8+ ratio signifies the immune system shifting
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from a normal synergistic state into a contradictory state of
“coexisting suppression and chronic activation.”

Furthermore, serum-fixed patients exhibit a marked Th1/Th2
imbalance consistent with Arlene C Sefna’s findings (31),
characterized by severe suppression of Thl cytokines (e.g., IFN-y,
SMD = -2.33;IL-2, SMD = -1.83) and abnormal predominance of
Th2 cytokines (e.g., IL-10, SMD = +1.97; IL-4, SMD = +2.92). This
represents not merely a shift in immune response type but an active
immunosuppressive process:

« Th1 dysfunction: Reduced IL-2 impairs the effective expansion
of antigen-specific T cell clones.IL-2 plays multiple critical roles in
immune responses: amplifying antigen-specific clones (32),
sustaining effector T cell function (33, 34), and regulating
immune memory formation (35, 36). Consequently, the
deficiency of IL-2 in vivo (SMD = -2.11) may represent a core
defect leading to “failed initiation” of cellular immunity and the
inability to establish long-lasting immune memory. Reduced IL-2
further diminishes IFN-y secretion by Thl cells. Extreme IFN-y
deficiency prevents effective macrophage activation, eliminating the
critical effector mechanism for clearing intracellular TP.

o Th2 Suppression: Crucially, elevated levels of IL-10—a core
immunosuppressive factor—actively maintain an inhibitory immune
microenvironment by directly suppressing macrophage activation
and Thl cell function. In the clinical study by Pastuszczak et al. (37),
serum-stabilized patients exhibited higher IL-10 levels compared to
serum-cured patients. Active Th2 suppression was also noted in
studies by Fitzgerald, T J (15, 38). Concurrently, dysregulation of
chemokine receptor networks—such as upregulation of CCR3 and
downregulation of CXCR3—systemically recruits Th2 cells to
infection sites while impeding the recruitment of Thl cells and
cytotoxic T cells, spatially cementing this Th2-biased
microenvironment. This polarization and imbalance collectively
lead to failure of the cellular immune response. Although Fitzgerald
et al. (15) previously proposed the concept of Th1/Th2 drift, our
study provides the first quantitative confirmation through meta-
analysis of large-scale data, revealing the central role of IL-10
(SMD = +1.97) as a key immunosuppressive factor, thereby
advancing this hypothesis to the empirical stage.

4.3 Humoral immune dysregulation,
complement depletion, and vicious cycle

Immune polarization further triggers cascading dysregulation
of humoral immunity and the complement system, ultimately
forming a vicious cycle that perpetuates serofast:

* Abnormal antibody response: Manifested as persistently
elevated IgM levels (SMD = +0.96), strongly suggesting
persistent presence and repeated stimulation by TP
antigens, disrupting the conventional IgG-dominant
pattern in chronic infections.

* Complement System Depletion: Marked reductions in C3
(SMD = -0.60) and C4 (SMD = -0.80) demonstrate excessive
and sustained activation and depletion of the complement
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system by immune complexes (ICs). These ICs, formed by
TP antigens and corresponding antibodies (primarily IgM),
activate the classical complement pathway, leading to
cleavage and depletion of complement components.
Depletion of the complement system makes complete
clearance of pathogens more difficult (39, 40), further
contributing to serofast.

» Formation of a vicious cycle: The aforementioned processes
constitute a self-perpetuating pathological cycle: “Persistent
TP — Stimulation of IgM production — Formation of
circulating immune complexes (CIC) — Activation and
depletion of complement — Complement depletion
weakens CIC and pathogen clearance capacity — More
persistent TP.” This cycle traps the immune system in a
“stalemate” state where it cannot completely clear the
pathogen nor fully resolve inflammation, explaining the
persistence and treatment resistance of serofast.

This series of events—persistent antigen — IgM —
CIC —complement consumption — failed clearance—forms the
self-sustaining, vicious cycle that is the hallmark of our model
(Figure 2). It explains not just the immune dysfunction
but the chronicity of the serofast, trapping the host in an
immunological stalemate.

4.4 Broader implications and international
context

The immunopathological cascade elucidated in our model—
triggered by impaired TLR2-mediated recognition and amplified by
a dominant IL-10 response—exhibits striking similarities to other
well-studied models of persistent infection. In tuberculosis (a classic
example of intracellular persistent infection), IL-10-mediated
immunosuppression (41-44) has been identified as a mechanism
promoting pathogen survival. Similarly, in HIV infection, the
pathogen downregulates TLR2 and induces an IL-10-dominant
anti-inflammatory response (45); In hepatitis C, HCV achieves
immune evasion and persistence by triggering TLR2-mediated
monocyte activation via HCV core protein, inducing cytokines that
cause PDC apoptosis and suppress IFN-o. production (28) thereby
inhibiting host immune expression and promoting disease chronicity.

4.5 Implications of the study’s broad
significance and geographic distribution
characteristics

Among the 38 studies included in this research, 35 originated
from Chinese populations, objectively reflecting the current state of
the global evidence base in this specific field. This concentration is
not due to search bias but rather because international studies
predominantly focus on epidemiology, clinical outcomes, or co-
infections, with most endpoints being the dichotomous outcome of
“serological cure.” In contrast, domestic research delves deeper into
the immunopathological mechanisms underlying serofast,
systematically reporting quantitative immunological data suitable
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for meta-analysis. Consequently, this meta-analysis represents the
first systematic synthesis of the best available evidence.

Despite the relatively concentrated evidence sources, the immune
cascade reaction revealed in this study—centered on “cellular
immunosuppression-Th1/Th2 shift-complement depletion”—holds
significant universal implications. This immune signature bears
striking similarities to the IL-10-dominant immunosuppression
patterns observed in other chronic infections such as tuberculosis
and HIV infection (34-39), suggesting it may represent a common
pathway of immune persistence across pathogens and populations.
Our findings provide a critical theoretical framework and quantitative
baseline for understanding the core mechanisms of serofast.

Building upon this foundation, this study holds clear translational
medicine and public health value. The identified key immune markers
(e.g., elevated IL-10, low CD4+/CD8+ ratio) hold potential as
stratification biomarkers to distinguish serofast patients who may
benefit from escalating from observation-based management to
immunomodulatory interventions. This approach advances precision
medicine for syphilis and optimizes healthcare resource allocation.

5 Limitations and future directions

Of course, we must acknowledge the limitations of this study.
The primary limitation lies in the geographic specificity of the
evidence, as the findings are primarily based on Chinese
populations. This reflects the current state of knowledge and
points to a key direction for future research: the need to validate
the universality of this immune signature across different
ethnicities, regions, and TP subtypes.

Additionally, this study has several limitations: First, most
included studies failed to distinguish between early and late latent
syphilis, potentially obscuring the heterogeneous impact of disease
stage on immune signatures. Second, dynamic post-treatment
follow-up data were lacking for most immune markers, hindering
the characterization of their trajectory. Finally, inadequate reporting
of potential sources of heterogeneity (e.g., assay Kkits, precise disease
stages) in original studies prevented quantitative exploration via
meta-regression or similar methods. Furthermore, the high
heterogeneity observed in several meta-analyses could not be fully
explored through pre-specified subgroup analyses (e.g., by syphilis
stage or patient sex). This was primarily due to the inconsistent and
insufficient reporting of these key variables in the original studies.
This limitation highlights an important issue in the current
literature on syphilis serofast and underscores the need for more
standardized and comprehensive reporting of patient demographics
and clinical characteristics in future research.

We call on global colleagues to standardize reporting of key
quantitative immunological data in syphilis outcome studies to
build more universally applicable models. Future research should
focus on: 1) Establishing multinational, multicenter prospective
cohorts to validate the universality of identified immune
biomarkers; 2) Deepening investigations into the roles of TP
genetic diversity, dendritic cell antigen presentation function, and
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immune cell apoptosis pathways in serofast; 3) Ultimately
translating these mechanistic discoveries into point-of-care
diagnostic tools and integrating immune status assessment into
syphilis management guidelines, thereby offering novel strategies to
address this clinical challenge.

6 Conclusion

This meta-analysis establishes that the syphilis serofast is driven
by a coherent immunopathological cascade. The process is initiated by
a failure of innate immune recognition, propagates into a profoundly
polarized adaptive response characterized by Thl suppression and
dominant Th2 activity, and culminates in a self-sustaining cycle of
humoral dysregulation and complement exhaustion.

Our findings provide a definitive immunological basis for serofast
persistence, highlighting the central roles of IL-10 overproduction and
Thl cytokine deficiency. This evidence positions the reversal of this
specific immune imbalance as a promising therapeutic strategy,
advocating for future exploration of immunomodulatory
interventions adjunctive to standard antibiotic therapy.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions

Y-XZ: Writing - original draft, Writing — review & editing. LY:
Writing - original draft, Writing — review & editing. Y-YH: Writing -
review & editing, Project administration, Formal analysis,
Methodology, Conceptualization, Data curation, Supervision. Z-LD:
Conceptualization, Supervision, Writing — original draft, Project
administration, Methodology, Data curation. W-JK: Resources,
Investigation, Conceptualization, Writing - review & editing,
Funding acquisition, Data curation, Supervision, Methodology.
H-YW: Software, Writing - original draft, Supervision,
Writing - review & editing, Funding acquisition, Data curation,
Methodology, Conceptualization.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. CAMS Innovation Fund for Medical
Sciences (2025-12M-C&T-B-081), the National Natural Science
Foundation of China (31800146, 82072321), Natural Science
Foundation of Guangdong Province,China (2019A1515010148,

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1758075
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zeng et al.

2025A1515011165), European Research Council Consolidator Grant
(Agreement Number 101171779, Horizon Europe Program, ERC-
2024-COG funding scheme).

Acknowledgments

We thank the staff of the Department of Epidemiology,
Southern Medical University, for their administrative support. We
also acknowledge the authors of the primary studies included in this
meta-analysis for their contributions to the field.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative Al was not used in the
creation of this manuscript.

References

1. Peeling RW, Mabey D, Kamb ML, Chen X, Radolf D, Benzaken AS. Syphilis. Nat
Rev Dis Primers. (2017) 3:17073. doi: 10.1038/nrdp.2017.73

2. Agmon-Levin N, Elbirt D, Asher I, Gradestein S, Werner B, Sthoeger Z. Syphilis and
hiv co-infection in an Israeli hiv clinic: incidence and outcome. Int J Std AIDS. (2010)
21:249-52. doi: 10.1258/ijsa.2009.009011

3. Luo Z, Ding Y, Yuan J, Tian L, Zhang L, Wu Q, et al. Predictors of serological cure
after penicillin therapy in hiv-negative patients with early syphilis in shenzhen, China.
PloS One. (2021) 16:€245812. doi: 10.1371/journal.pone.0245812

4. Y WL, Y J, H XY. Clinical analysis of syphilis seropositive patients over the past
decade[in chinese. J Clin Dermatol. (2005) 11:8-10. doi: 10.3969/j.issn.1000-
4963.2005.11.002

5. ZJF, WQQ,LYH, W XB, XZ L, H L, et al. Clinical Analysis of 100 Patients with
Serologically Confirmed Syphilis. Electronic Journal of Emerging Infectious Diseases.
(2022) 7(02):67-70. doi: 10.19871/j.cnki.xferbzz.2022.02.014

6. Clement ME, Okeke NL, Hicks CB. Treatment of syphilis: a systematic review. Jama:
J Am Med Assoc. (2014) 312:1905-17. doi: 10.1001/jama.2014.13259

7. X JH. Clinical analysis and immunological function study of syphilis seroreactive
patients. Chin ] Med Lab Sci. (2015) 25:88-9. doi: 10.3760/cma.j.issn.0376-
2491.2009.12.006

8. Jinno S, Anker B, Kaur P, Bristow CC, Klausner JD. Predictors of serological failure
after treatment in hiv-infected patients with early syphilis in the emerging era of
universal antiretroviral therapy use. BMC Infect Dis. (2013) 13:605. doi: 10.1186/1471-
2334-13-605

9. LaFond RE, Lukehart SA. Biological basis for syphilis. Clin Microbiol Rev. (2006)
19:29-49. doi: 10.1128/CMR.19.1.29-49.2006

10. Wu BR, Tsai MS, Yang CJ, Sun HY, Liu WC, Yang SP, et al. Spirochetemia due to
treponema pallidum using polymerase-chain-reaction assays in patients with early
syphilis: prevalence, associated factors and treatment response. Clin Microbiol Infect.
(2014) 20:0524-27. doi: 10.1111/1469-0691.12504

Frontiers in Immunology

11

10.3389/fimmu.2026.1758075

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2026.1758075/
full#supplementary-material

11. X J, G LF. The significance of detecting t lymphocyte subpopulations in
peripheral blood of patients with syphilis serological fixation. Heilongjiang Med.
(2019) 43:1304-05

12. LLP,ZYL, M QC, P YX. Study on the expression of immune function in peripheral
blood cells of syphilis serum-fixed patients. Modern Pract Med. (2016) 28:105-07.
doi: 10.3969/j.issn.1671-0800.2016.01.056

13. BTY,YNS,ZK,LL,LF, HX W, X C, et al. Study on cellular immune function in
patients with syphilis serological fixation. Pract Prev Med. (2006) 02:254-55.
doi: 10.3969/j.issn.1006-3110.2006.02.015

14. Wang X, Lan G, Shen Z, Vermund SH, Zhu Q, Chen Y, et al. Hiv and syphilis
prevalence trends among men who have sex with men in guangxi, China: yearly cross-
sectional surveys, 2008-2012. BMC Infect Dis. (2014) 14:367. doi: 10.1186/1471-2334-14-367

15. Fitzgerald TJ. The th1/th2-like switch in syphilitic infection: is it detrimental? Infect
Immun. (1992) 60:3475-79. doi: 10.1128/ii.60.9.3475-3479.1992

16. ZYJ. Research progress on cellular immune responses in syphilis patients and their
correlation with disease outcomes. Hainan Med. (2009) 20:292-95. doi: 10.3969/
j.issn.1003-6350.2009.09.158

17. G AH, W HX, L CH, Z ZG. Expression of lymphocyte subpopulations in syphilis
serum-fixed patients and its clinical significance[in chinese. J Clin Lab Sci. (2021)
39:514-15. doi: 10.13602/j.cnki.jcls.2021.07.09

18. L FQ, Z XL, P JH. Comparison of peripheral blood lymphocyte subpopulation
detection results between untreated and serum-fixed syphilis patients. Jilin Med. (2016)
37:2422-23. doi: 10.3969/j.issn.1004-0412.2016.10.014

19. W GJ, J HL, Z Y. Expression of tlr/nf-xb signaling pathway in peripheral blood of
syphilis sero-fixation patients and its clinical significance[in chinese. Chin Sexology.
(2023) 32:143-46. doi: 10.3969/j.issn.1672-1993.2023.05.037

20. Fan 'Y, Zeng W, Wu Z, Li S. Immunophenotypes, apoptosis, and expression of fas
and bcl-2 from peripheral blood lymphocytes in patients with secondary early syphilis.
Sex Transm Dis. (2004) 31:221-24. doi: 10.1097/01.01q.0000119172.42652.51

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2026.1758075/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1758075/full#supplementary-material
https://doi.org/10.1038/nrdp.2017.73
https://doi.org/10.1258/ijsa.2009.009011
https://doi.org/10.1371/journal.pone.0245812
https://doi.org/10.3969/j.issn.1000-4963.2005.11.002
https://doi.org/10.3969/j.issn.1000-4963.2005.11.002
https://doi.org/10.19871/j.cnki.xfcrbzz.2022.02.014
https://doi.org/10.1001/jama.2014.13259
https://doi.org/10.3760/cma.j.issn.0376-2491.2009.12.006
https://doi.org/10.3760/cma.j.issn.0376-2491.2009.12.006
https://doi.org/10.1186/1471-2334-13-605
https://doi.org/10.1186/1471-2334-13-605
https://doi.org/10.1128/CMR.19.1.29-49.2006
https://doi.org/10.1111/1469-0691.12504
https://doi.org/10.3969/j.issn.1671-0800.2016.01.056
https://doi.org/10.3969/j.issn.1006-3110.2006.02.015
https://doi.org/10.1186/1471-2334-14-367
https://doi.org/10.1128/iai.60.9.3475-3479.1992
https://doi.org/10.3969/j.issn.1003-6350.2009.09.158
https://doi.org/10.3969/j.issn.1003-6350.2009.09.158
https://doi.org/10.13602/j.cnki.jcls.2021.07.09
https://doi.org/10.3969/j.issn.1004-0412.2016.10.014
https://doi.org/10.3969/j.issn.1672-1993.2023.05.037
https://doi.org/10.1097/01.olq.0000119172.42652.51
https://doi.org/10.3389/fimmu.2026.1758075
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zeng et al.

21. JZ, T H, C WT, W XL. Changes in b lymphocyte subpopulations in peripheral
blood of syphilis patients and their significance. ] Dermatol Venereol. (2019) 26:129-32.
doi: 10.3969/j.issn.1674-8468.2019.03.001

22. LSZ,LWZ,] X. Gene polymorphisms associated with cr1 density in red blood cells
of syphilis patients. Chin ] Modern Med. (2010) 12:1-03. doi: 10.3969/j.issn.1672-
9463.2010.04.001

23. Aliprantis AO, Yang RB, Mark MR, Suggett S, Devaux B, Radolf JD, et al. Cell
activation and apoptosis by bacterial lipoproteins through toll-like receptor-2. Science.
(1999) 285:736-39. doi: 10.1126/science.285.5428.736

24. Tong ML, Lin LR, Liu GL, Zhang HL, Zeng YL, Zheng WH, et al. Factors associated
with serological cure and the serofast state of hiv-negative patients with primary, secondary,
latent, and tertiary syphilis. PloS One. (2013) 8:¢70102. doi: 10.1371/journal.pone.0070102

25. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al.
The prisma 2020 statement: an updated guideline for reporting systematic reviews.
Bmj. (2021), n71. doi: 10.1136/bmj.n71

26. Stang A. Critical evaluation of the newcastle-ottawa scale for the assessment of the
quality of nonrandomized studies in meta-analyses. Eur J Epidemiol. (2010) 25:603-05.
doi: 10.1007/s10654-010-9491-z

27. Chan K, Nasereddin T, Alter L, Centurion-Lara A, Giacani L, Parveen N. Treponema
pallidum lipoprotein tp0435 expressed in borrelia burgdorferi produces multiple surface/
periplasmic isoforms and mediates adherence. Sci Rep. (2016) 6:25593. doi: 10.1038/srep25593

28. Brightbill HD, Libraty DH, Krutzik SR, Yang RB, Belisle JT, Bleharski JR, et al. Host
defense mechanisms triggered by microbial lipoproteins through toll-like receptors.
Science. (1999) 285:732-36. doi: 10.1126/science.285.5428.732

29. Underhill DM, Ozinsky A, Hajjar AM, Stevens A, Wilson CB, Bassetti M, et al. The
toll-like receptor 2 is recruited to macrophage phagosomes and discriminates between
pathogens. Nature. (1999) 401:811-15. doi: 10.1038/44605

30. Zheng D, Yu Y, Li M, Wang G, Chen R, Fan G, et al. Inhibition of microrna 195
prevents apoptosis and multiple-organ injury in mouse models of sepsis. J Infect Dis.
(2016) 213:1661-70. doi: 10.1093/infdis/jiv760

31. Sena AC, Wolft M, Martin DH, Behets F, Van Damme K, Leone P, et al. Predictors
of serological cure and serofast state after treatment in hiv-negative persons with early
syphilis. Clin Infect Dis. (2011) 53:1092-99. doi: 10.1093/cid/cir671

32. Smith KA. Interleukin-2: inception, impact, and implications. Sci (American Assoc
Advancement Science). (1988) 240:1169-76. doi: 10.1126/science.3131876

33. Zhu]J, Jankovic D, Oler AJ, Wei G, Sharma S, Hu G, et al. The transcription factor
t-bet is induced by multiple pathways and prevents an endogenous th2 cell program
during th1 cell responses. Immun (Cambridge Mass). (2012) 37:660-73. doi: 10.1016/
j.immuni.2012.09.007

Frontiers in Immunology

12

10.3389/fimmu.2026.1758075

34. Bachmann MF, Gallimore A, Linkert S, Cerundolo V, Lanzavecchia A, Kopf M,
et al. Developmental regulation of Ick targeting to the cd8 coreceptor controls signaling
in naive and memory t cells. ] Exp Med. (1999) 189:1521-30. doi: 10.1084/
jem.189.10.1521

35. Williams MA, Bevan M]J. Effector and memory ctl differentiation. Annu Rev
Immunol. (2007) 25:171-92. doi: 10.1146/annurev.immunol.25.022106.141548

36. Kalia V, Sarkar S, Subramaniam S, Haining WN, Smith KA, Ahmed R.
Prolonged interleukin-2ralpha expression on virus-specific cd8+ t cells favors
terminal-effector differentiation in vivo. Immunity. (2010) 32:91-103. doi: 10.1016/
j.immuni.2009.11.010

37. Pastuszczak M, Jakiela B, Wojas-Pelc A. Association of interleukin-10 promoter
polymorphisms with serofast state after syphilis treatment. Sex Transm Infect. (2019)
95:163-68. doi: 10.1136/sextrans-2018-053753

38. Stamm LV. Syphilis: re-emergence of an old foe. Microb Cell. (2016) 3:363-70.
doi: 10.15698/mic2016.09.523

39. Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement system
part i - molecular mechanisms of activation and regulation. Front Immunol. (2015)
6:262. doi: 10.3389/fimmu.2015.00262

40. Redford PS, Murray PJ, O’Garra A. The role of il-10 in immune regulation during
m. Tuberc Infect Mucosal Immunol. (2011) 4:261-70. doi: 10.1038/mi.2011.7

41. Lago PM, Boechat N, Migueis DP, Almeida AS, Lazzarini LC, Saldanha MM, et al.
Interleukin-10 and interferon-gamma patterns during tuberculosis treatment: possible
association with recurrence. Int ] Tuberc Lung Dis. (2012) 16:656-59. doi: 10.5588/ijtld.11.0707

42. Huard RC, Chitale S, Leung M, Lazzarini LC, Zhu H, Shashkina E, et al. The
mycobacterium tuberculosis complex-restricted gene cfp32 encodes an expressed
protein that is detectable in tuberculosis patients and is positively correlated with
pulmonary interleukin-10. Infect Immun. (2003) 71:6871-83. doi: 10.1128/
TAL71.12.6871-6883.2003

43. Galvao-Lima LJ, Espindola MS, Soares LS, Zambuzi FA, Cacemiro M, Fontanari C, et al.
Classical and alternative macrophages have impaired function during acute and chronic hiv-
1 infection. Braz J Infect Dis. (2017) 21:42-50. doi: 10.1016/j.bjid.2016.10.004

44. Pastuszczak M, Gozdzialska A, Jakiela B, Obtulowicz A, Jaskiewicz ], Wojas-Pelc A.
Robust pro-inflammatory immune response is associated with serological cure in
patients with syphilis: an observational study. Sex Transm Infect. (2017) 93:11-4.
doi: 10.1136/sextrans-2016-052681

45. Dolganiuc A, Chang S, Kodys K, Mandrekar P, Bakis G, Cormier M, et al. Hepatitis
c virus (hev) core protein-induced, monocyte-mediated mechanisms of reduced ifn-
alpha and plasmacytoid dendritic cell loss in chronic hev infection. J Immunol. (2006)
177:6758-68. doi: 10.4049/jimmunol.177.10.6758

frontiersin.org


https://doi.org/10.3969/j.issn.1674-8468.2019.03.001
https://doi.org/10.3969/j.issn.1672-9463.2010.04.001
https://doi.org/10.3969/j.issn.1672-9463.2010.04.001
https://doi.org/10.1126/science.285.5428.736
https://doi.org/10.1371/journal.pone.0070102
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1007/s10654-010-9491-z
https://doi.org/10.1038/srep25593
https://doi.org/10.1126/science.285.5428.732
https://doi.org/10.1038/44605
https://doi.org/10.1093/infdis/jiv760
https://doi.org/10.1093/cid/cir671
https://doi.org/10.1126/science.3131876
https://doi.org/10.1016/j.immuni.2012.09.007
https://doi.org/10.1016/j.immuni.2012.09.007
https://doi.org/10.1084/jem.189.10.1521
https://doi.org/10.1084/jem.189.10.1521
https://doi.org/10.1146/annurev.immunol.25.022106.141548
https://doi.org/10.1016/j.immuni.2009.11.010
https://doi.org/10.1016/j.immuni.2009.11.010
https://doi.org/10.1136/sextrans-2018-053753
https://doi.org/10.15698/mic2016.09.523
https://doi.org/10.3389/fimmu.2015.00262
https://doi.org/10.1038/mi.2011.7
https://doi.org/10.5588/ijtld.11.0707
https://doi.org/10.1128/IAI.71.12.6871-6883.2003
https://doi.org/10.1128/IAI.71.12.6871-6883.2003
https://doi.org/10.1016/j.bjid.2016.10.004
https://doi.org/10.1136/sextrans-2016-052681
https://doi.org/10.4049/jimmunol.177.10.6758
https://doi.org/10.3389/fimmu.2026.1758075
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	An integrated immunopathological model of syphilis serofast: a systematic review and meta-analysis
	1 Introduction
	2 Methods
	2.1 Data sources and search strategy
	2.2 Inclusion and exclusion criteria
	2.3 Data extraction and quality assessment
	2.4 Statistical analysis

	3 Results
	3.1 Literature screening process
	3.2 Cellular immune imbalance: CD4+ depletion, CD8+ dysregulation, and Th1/Th2 polarization
	3.3 Immune antibodies and complement
	3.4 Significant shift in Th1 and Th2 cytokines
	3.5 Toll-like receptors and chemokines
	3.6 miRNA
	3.7 Heterogeneity explanation
	3.8 Sensitivity analysis and publication bias assessment

	4 Discussion
	4.1 Failure of innate immune recognition: the primary trigger mechanism in serofast
	4.2 Polarization of adaptive immunity
	4.3 Humoral immune dysregulation, complement depletion, and vicious cycle
	4.4 Broader implications and international context
	4.5 Implications of the study’s broad significance and geographic distribution characteristics

	5 Limitations and future directions
	6 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


