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Immunophenotypic variations in
syphilis: insights from Mendelian
randomization analysis
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Department of Clinical Laboratory Medicine, Shanghai Skin Disease Hospital, School of Medicine,
Tongji University, Shanghai, China

Background: Infection with Treponema pallidum instigates complex immune
responses. Prior research has suggested that persistent Treponema pallidum
infection can manipulate host immune responses and circumvent host defenses.
However, the precise role of immune cells in Treponema pallidum infection
across different stages remains a contentious issue.

Methods: Utilizing summary data from genome-wide association studies, we
employed a two-sample Mendelian randomization method to investigate the
association between 731 immunophenotypes and syphilis. Syphilis was
categorized into early and late stages in this study to establish a more robust
correlation and minimize bias in database sources.

Results: Our findings revealed that 33, 36, and 27 immunophenotypes of
peripheral blood were associated with syphilis (regardless of disease stage),
early syphilis and late syphilis, respectively. Subsequent analysis demonstrated
significant variations between early and late syphilis in terms of
immunophenotypes. Specifically, early syphilis showcased activated, secreting,
and resting regulatory T cells, whereas late syphilis was characterized by resting
Treg cells. More B cells subtypes emerged in late syphilis. Monocytes in early
syphilis exhibited an intermediate and non-classical phenotype, transitioning to
classical in late syphilis. Early syphilis featured naive T cells, effector memory T
cells, and terminally differentiated T cells, while late syphilis predominantly
presented terminally differentiated T cells. Immature myeloid-derived
suppressor cells were evident in early syphilis, whereas the dendritic cell
immunophenotype was exclusive to late syphilis.

Conclusion: Multiple immunophenotypes demonstrated associations with
syphilis, showcasing substantial disparities between the early and late stages of
the disease. These findings hold promise for informing immunologically oriented
treatment strategies, paving the way for more effective and efficient
syphilis interventions.
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1 Introduction

Syphilis, a chronic sexually transmitted disease caused by the
bacterium Treponema pallidum (TP), poses a significant threat to
global health. The World Health Organization reported a surge in
cases, reaching 7.1 million in 2020 (1). Syphilis is classified as early
stages (primary, secondary, and latent syphilis) and late stages (late
latent and tertiary syphilis) (2). Untreated latent syphilis can
progress to neurosyphilis, cardiosyphilis or syphilitic gumma,
causing damages to the brain, heart or nerves (3).

During the initial stages of infection, TP lipoproteins activate
dendritic cells (DCs) and macrophages through Toll-like receptor 2
(TLR2)-dependent signaling pathways. As these lipoproteins are
primarily located beneath the outer membrane of TP, systemic
inflammation in early syphilis is not evident (4). Rare TP’s outer
membrane proteins makes it difficult for pathogen-associated
pattern molecules to engage TLRs on macrophages and DCs,
hindering the activation of the innate pathogen recognition
system (4). TP appears to be primarily cleared through cellular
immunity, which is mediated by CD4" and CD8" T cells (5-8).
Research has predominantly focused on the changes in CD4*/CD8"
T cell ratios during disease development (6, 9, 10), TP immune
evasion facilitated by regulatory T (Treg) cells (7, 11, 12), and
immunosuppression resulting from an imbalance in T helper (Th)
1/Th2 cell differentiation (6, 13, 14). B cells have been less studied in
TP infection compared to T cells. However, some studies
demonstrate their role as immunoregulatory cells in addition to
antibody production and activation of T cells as antigen-presenting
cells (15). Notably, regulatory B cells have been found to inhibit
CD4'T cell proliferation and enhance forkhead box protein P3
(Foxp3) and cytotoxic T-lymphocyte associated protein (CTLA)-4
expression in Treg cells (16, 17). Understanding how immune cells
function after syphilis infection requires further study. Although
progress has been made in vitro culturing of syphilis (18), the lack of
a suitable inbred animal model and in vitro culture model poses
challenges for syphilis immunologic studies (19, 20). Despite
studying differences in immune cell types and functions in
syphilis patients with varying disease courses, how syphilis evades
the immune system remains controversial. Additionally, different
samples including peripheral blood (14, 21), cerebrospinal fluid
(22), blister fluid (21), and tissue (6) exhibit distinct
immunological compartments.

As a “natural randomized controlled trial”, Mendelian
randomization (MR) minimizes the impact of confounding
factors on results by using complementary base pairing
between alleles for passage (23). This study employs MR to
analyze how different syphilis courses correlate with distinct
immunophenotypes, providing a foundation for testing syphilis

Abbreviations: TP, Treponema pallidum; GWAS, genome-wide association
studies; MR, Mendelian randomization; ¢DCs, circulating dendritic cells; SNPs,
single nucleotide polymorphisms; IVs, instrumental variables; AC, absolute
count; MFI, median fluorescence intensity; MP, morphological parameter; RC,
relative count; OR, odds ratio; 95%CI, 95% confidence interval; DCs,

dendritic cells.
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detection targets, developing, and delving deeper into the study of
disease mechanisms.

2 Methods
2.1 The assumptions of MR

Single nucleotide polymorphisms (SNPs) were selected as
instrumental variables (IVs) for genetic variation. In a two-
sample MR analysis, these SNPs were employed to explore the
correlation between 731 immunophenotypes across 7 panels and
syphilis. To minimize the potential bias affecting the results,
three crucial hypotheses were adopted as follows (Figure 1): (1)
Strength of the correlation between IVs and exposure was
assessed using F statistics. A robust relationship was defined by
F > 10. (2) IVs were assumed to be independent of confounding
variables, safeguarding against potential sources of bias. (3) IVs
were postulated to exert their impact solely through the
exposure, ensuring a direct and unadulterated influence on
the outcome.

2.2 IVs selection

To ensure the robustness of our findings, the significance level
of immunophenotype IVs was set to 1 x 10~°. The selection process
involved SNPs from Genome-wide association studies (GWAS)
with stringent criteria, including P < 5 x 10® and no linkage
disequilibrium (r* < 0.001, clustering distance = 10000 kb) in
summary statistics (Figure 2). The strength of each IV was
evaluated through the calculation of the F statistic. After filtering
out I'Vs with low F statistics (F < 10), 17097 IVs were retained for
subsequent analysis.

2.3 Data sources for immunophenotypes

Comprehensive information on 731 immunophenotypes in
peripheral blood was obtained from published articles (24). These
immunophenotypes were classified into 4 trait types, comprising
118 absolute counts (AC), 389 median fluorescence intensity (MFI),
32 morphological parameters (MP) and 192 relative counts (RC).
These trait types were further divided into 7 panels, including B cell,
circulating DC, Treg cell, mature stages of T cell, TBNK (T cell, B
cell, natural killer cell), monocyte and myeloid cell (Figure 2).

2.4 GWAS data sources for syphilis

Syphilis GWAS summary statistics were sourced from 3
different GWAS datasets available in IEU OpenGWAS (https://
gwas.mrciew.ac.uk/) (Figure 2). The syphilis GWAS, irrespective of
the disease stage, involved 213302 European individuals (N =
350, Neontrol = 212952). A total of 213117 European individuals
were part of the early syphilis GWAS (Neyse = 165, Neontrol =
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212952), and 213125 European individuals participated in the late
syphilis GWAS (Negse = 173, Neonuror = 212952).

2.5 Statistical analysis

R 4.2.2 software was used for data analysis. The “TwoSample
MR” software package (version 0.5.7) was utilized to assess the
correlation between 731 immunophenotypes and syphilis. The
MR analysis was conducted using three methods: inverse variance
weighting (IVW), MR Egger, and weighted median, with IVW as
the primary method. Details could be reached in
Supplementary files.

3 Results

A total of 17907 SNPs were identified as IVs for GWAS. Each
SNP demonstrated an F statistic exceeding the empirical threshold
of 10, indicating robust validity.

3.1 Correlation between
immunophenotypes and syphilis
(regardless of disease stage)

Two-sample MR analysis using IVW method unveiled a
significant correlation between 731 immunophenotypes and
syphilis (regardless of disease stage). Among these, 33
immunophenotypes exhibited significant association to syphilis
(P <0.05). Notably, B cell panels accounted for 27.3% (9/33), Treg
cells for 24.2% (8/33), cDC for 18.2% (6/33), TBNK for 12.12% (4/
33), monocytes for 9.09% (3/33), maturation stages of T cells for
6.06% (2/33), and myeloid cells for 3.03% (1/33). The forest pot
depicting these correlations is presented in Figure 3.

10.3389/fimmu.2024.1380720

3.2 Correlation between
immunophenotypes and early syphilis

In the analysis of early syphilis, 36 immunophenotypes
demonstrated significant correlations (P < 0.05). Treg cell panels
were prominent, accounting for 44.44% (16/36), followed by B cell
panels at 16.67% (6/36), maturation stages of T cell panels at 16.67%
(6/36), monocyte panels at 8.33% (3/36), myeloid cell panels at
8.33% (3/36), TBNK panels at 5.56% (2/36). The forest plot
depicting these correlations is presented in Figure 4.

3.3 Correlation between
immunophenotypes and late syphilis

In the context of late syphilis, 27 immunophenotypes displayed
significant correlations (P < 0.05). B cell panels were prevalent,
constituting 48.15% (13/27), followed by Treg cell panels at 7.41%
(2/27), TBNK panels at 11.11% (3/27), monocyte panels at 11.11%
(3/27), ¢cDC panels at 11.11% (3/27), myeloid cell panels at 7.41%
(2/27), maturation stages of T cell panels at 3.70% (1/27). The forest
plot depicting these correlations is presented in Figure 5.

3.4 Comparison of immunophenotypes
across syphilis stages

Upon comparing all immunophenotypes across the three syphilis
stages, early syphilis exhibited 13 shared immunophenotypes with
syphilis (regardless of disease stage), while late syphilis shared 10
immunophenotypes. Notably, CD25 on IgD*CD38 B cells and
IgD*CD38%™B cells were consistently present in all stages of
syphilis, emphasizing their potential as key markers (Table 1). Treg
cell immunophenotypes, especially activated and secreting types,
were predominantly associated with early syphilis. Monocytes in

Independence
x Confounders
Relevance Exposure
> immunophenotypes
(F>10) ( phenotypes)

Instrumental Variables
(SNPs)

Outcome
( Syphilis )

Exclusion restrictions

FIGURE 1
Overview of MR assumptions.
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GWAS summary data for 731 immunophenotypes (exposure) GWAS summary data for Syphilis (outcome)

© B cell © Monocyte @ TBNK
Treg @ Myeloid cell 731 immunophenotypes I:B:I
of peripheral blood
1. Syphilis ( cases = 350 controls = 212952 )

@ <DC @ Maturation stages 2. Early Syphilis ( cases = 165 controls = 212952 )
of T cell 3. Late Syphilis ( cases = 173 controls =212952)

Males and Females of European

Data preparation:

I P<1X10%0rP<5X 108

2. 12<0.001, clumping window = 10 000 kb
3. Remove weak Vs (F < 10)

4. Harmonize data

MR analyses:
1. Inverse variance weighted(IVW) sitivity anal detecti lei
2. MR Egger Sensitivity analyses detecting pleiotropy

3. Weighted median(WM)

FIGURE 2
Overview of MR analysis.

early syphilis displayed intermediate type (CD14'CD16"). Effector 4 Discussion
memory mature T cells were present in early syphilis, while

terminally differentiated mature T cells were found in late syphilis. In this study, we conducted a comprehensive analysis using

Intriguingly, cDC immunophenotypes only emerged in late syphilis, ~ publicly available GWAS data to explore the correlation between

indicating distinctive immune responses across syphilis stages. syphilis and 731 immune immunophenotypes. The findings
trait.type  panel exposure nsnp pval or(95%Cl)
RC B cell IgD+ CD38dim B cell 15 0.024315490 S — 1.32(1.04 to 1.68)
RC B cell IgD+ CD38dim B cell 32 0.006130130 ""'i 0.88(0.80 to 0.96)
MFI B cell IgD on IgD+ CD38dim B cell 20 0.043706323 ' 0.87(0.77 to 1.00)
RC B cell IgD+ CD24- B cell 18 0.045075586 —— 1.18(1.00 to 1.39)
RC B cell IgD- CD38dim B cell 25 0.040265987 i—'—' 1.13(1.01 to 1.26)
RC B cell CD20- B cell 18 0.007493310 3 — 1.22(1.05 to 1.41)
MFI B cell CD20 on IgD+ CD38dim B cell 29 0.043119830 Q—'—' 1.19(1.01 to 1.40)
MFI B cell CD25 on IgD+ CD38- B cell 27 0.010582233 l}""‘ 1.10(1.02 to 1.19)
MFI B cell CD25 on memory B cell 24 0.036899862 | 1.17(1.01 to 1.35)
MFI B cell CD27 on IgD- CD38dim B cell 32 0.029509492 :’—'—‘ 1.13(1.01 to 1.26)
RC Treg Activated CD4 Treg cell 19 0.048170933 '_'—‘: 0.83(0.69 to 1.00)
RC Treg CD39+ secreting CD4 Treg cell 20 0.016750078 ""‘i 0.87(0.78 to 0.98)
MFI Treg CD3 on CD39+ activated CD4 Treg cell 27 0.008868453 j—— 1.22(1.05 to 1.41)
MFI Treg CD4 on secreting CD4 Treg cell 26 0.018933669 3'—'—' 1.18(1.03 to 1.36)
RC Treg CD28- CD127- CD25++ CD8+ T cell 20 0.023145273 E'—'_' 1.23(1.03 to 1.46)
RC Treg CD28- CD127- CD25++ CD8+ T cell 18 0.029033182 :’—'—' 1.22(1.02to0 1.47)
RC Treg CD28- CD4-CD8- T cell 24 0.028919586 '—'_‘E 0.81(0.67 to 0.98)
RC Treg CD28+ CD45RA+ CD8+ T cell 106 0.040992170 * 1.01(1.00 to 1.02)
MFI Treg ©D28 on CD4 Treg cell 25 0.030549890 — 1.10(1.01t0 1.21)
RC cDC CD86+ myeloid DC 24 0.039327099 ""‘: 0.92(0.84 to 1.00)
MFI cDC CD123 on plasmacytoid DC 18 0.022723801 :""‘ 1.11(1.01t0 1.21)
MFI cDC CD123 on CD62L+ plasmacytoid DC 18 0.022660813 ?"" 1.11(1.01t0 1.21)
MFI cDC HLA DR on myeloid DC 16 0.021021504 et 1.18(1.02 to 1.35)
MFI <DC HLA DR on plasmacytoid DC 22 0.036776965 —— 1.17(1.01 to 1.35)
MFI cDC HLA DR on DC 19 0.037828988 :'—'—‘ 1.19(1.01 to 1.41)
AC TBNK HLA DR++ monocyte 23 0.048337017 f_'_‘ 1.20(1.00 to 1.44)
MP TBNK FSC-A on CD14+ monocyte 24 0.009085395 L~ E 0.80(0.68 to 0.95)
AC TBNK CD4+ CD8dim T cell 17 0.046747899 —— 1.25(1.00 to 1.55)
RC TBNK TCRgd T cell 18 0.041288351 i_'_‘ 1.16(1.01 to 1.34)
RC Maturation stages of T cell ~ Terminally differentiated CD4+ T cell 22 0.043762410 '_'_‘: 0.75(0.56 to 0.99)
MFI Maturation stages of T cell  CD4 on effector memory CD4+ T cell 20 0.003894491 — 5 0.77(0.64 to 0.92)
MFI Monocyte CD40 on CD14+ CD16+ monocyte 20 0.003567080 - E 0.85(0.76 to 0.95)
MFI Monocyte CD14 on CD14+ CD16+ monocyte 17 0.013809473 ——f 0.69(0.52 to 0.93)
MFI Monocyte CD40 on CD14- CD16+ monocyte 28 0.041994262 e 0.90(0.80 to 1.00)
MFI Myeloid cell CD11b on CD33+ HLA DR+ CD14dim myeloid cell 20 0.027443206 — 0.83(0.71 to 0.98)
P<0.05 was considered statistically significant & 1' 2'

protective factor risk factor

FIGURE 3
Forest plot: 33 immunophenotypes correlated with syphilis (regardless of disease stage).
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trait.type  panel exposure nsnp  or_uci9% or(95%Cl)

RC Treg Resting CD4 Treg cell 29 1.4021882 " 1.24{1.09 to 1.40)
RC Treg Resting CD4 Treg cell 32 1.3452070 E'—'—‘ 1.18(1.04 to 1.35)
RC Treg CD39+ resting CD4 Treg cell 36 1.1424214 - 1.08(1.02 to 1.14)
RC Treg Secreting CD4 Treg cell 25 0.9962875 '—-—‘: 0.84(0.70 to 1.00)
RC Treg CD39+ secreting CD4 Treg cell 20 0.9940631 '—'—': 0.84(0.72 to 0.99)
AC Treg Activated & secreting CD4 Treg cell 21 0.9989154 '—'—': 0.89(0.79 to 1.00)
RC Treg Activated CD4 Treg cell 19 0.9036227 —— E 0.68(0.51 to 0.90)
MFI Treg CD3 on CD39+ activated CD4 Treg cell 27 1.6177987 j—— 1.30(1.05 to 1.62)
MFI Treg CD3 on CD28- CD8+ T cell 19 1.9591076 :'—'—‘ 1.41(1.02 to 1.96)
MFI Treg CD28 on CD4 Treg cell 25 1.2908448 E'—'—' 1.16(1.04 to 1.29)
MFI Treg CD28 on CD45RA+ CD4+ T cell 13 21654249 i 1.51{1.06 to 2.17)
RC Treg CD28+ CD45RA+ CD8dim T cell 4 0.9988658 "‘I 0.96(0.93 to 1.00)
AC Treg CD28+ CD45RA- CD8dim T cell 37 1.1101943 ol 1.06(1.01to 1.11)
AC Treg CD28- CD4-CD8- T cell 32 0.9286401 —— i 0.71(0.54 to 0.93)
RC Treg CD28- CD4-CD8- T cell 24 0.9976214 '—'—': 0.76(0.57 to 1.00)
RC Treg CD28- CD127- CD25++ CD8+ T cell 20 1.8416757 E = 140(1.06 to 184)
RC Treg CD28- CD25++ CD8+ T cell 25 1.9707625 i'_'_' 1.43(1.04 to 1.97)
MFI Treg CD25 on CD28+ CD4+ T cell 5 5.7556339 | > 264(1.21t0 5.76)
RC B cell 1gD+ B cell 18 09740502 — 0.82(0.68 to 0.97)
AC B cell IgD+ CD24- B cell 22 1.3044753 :'—'—' 1.15(1.01 to 1.30)
RC B cell IgD+ CD38dim B cell 32 0.9426430 — E 0.83(0.72to 0.94)
RC B cell IgD- CD38dim B cell 25 1.4502734 E'—'_' 1.23(1.04 to 1.45)
MFI Bcell CD25 on IgD+ CD38- B cell 27 1.2608640 1.13(1.01 to 1.26)
RC B cell Naive-mature B cell 20 24652008 —_— 1.58(1.01t0 2.47)
AC TBNK CD4+ CD8dim T cell 17 2.1005582 =" 1.56(1.15 to 2.10)
RC TBNK CD4+ CD8dim T cell 15 25529065 = 1.68(1.10 to 2.55)
RC TBNK HLA DR+ T cell 32 1.4449763 —— 1.23(1.05 to 1.44)
AC Maturation stages of T cell  Effector memory CD4+ T cell 23 0.9783635 — 0.84(0.73 to 0.98)
MFI Maturation stages of T cell  CD4 on effector memory CD4+ T cell 20 0.8048554 — i 0.62(0.48 to 0.80)
AC Maturation stages of T cell ~ Effector memory CD8+ T cell C1:C31 24 0.9707108 —— 0.83(0.71to 0.97)
AC Maturation stages of T cell ~ Terminally differentiated CD8+ T cell 19 2.0374191 > 1.46(1.05t0 2.04)
MFI Maturation stages of T cell  CD3 on naive CD4+ T cell 28 1.4591507 | e — 1.21(1.01 to 1.46)
MFI Maturation stages of T cell  CD3 on terminally differentiated CD4+ T cell 26 1.6365849 — 1.29(1.02 to 1.64)
MFI Monocyte CD40 on CD14+ CD16+ monocyte 20 0.9753152 = 0.83(0.71 to 0.98)
MFI Monocyte CD14 on CD14+ CD16+ monocyte 17 0.9482833 —— 0.63(0.42 to 0.95)
MFI Monocyte CCR2 on CD14- CD16+ monocyte 28 0.9829569 — 0.84(0.71 to 0.98)
AC Myeloid cell Immature myeloid-derived suppressor cells 23 0.9983753 — 0.78(0.61 to 1.00)
MFI Myeloid cell CD45 on CD33+ HLA DR+ CD14- myeloid cell 18 0.9674298 '_'_'E 0.72(0.54 to 0.97)
MFI Myeloid cell CD45 on CD33+ HLA DR+ myeloid cell 16 0.9957786 —— 0.83(0.70 to 1.00)
P<0.05 was considered statistically significant 0 1' 2'

protective factor risk factor

FIGURE 4
Forest plot: 36 immunophenotypes correlated with early syphilis.

traittype  panel exposure nsnp  or_uci95 or(95%Cl)
RC B cell IgD+ CD38dim B cell 15 22142030 | = 157(1.11t0 2.21)
RC B cell IgD+ CD24- B cell 18 1.5698927 :'_'_' 1.26(1.01 to 1.57)
MF| B cell CD19 on IgD+ CD24- B cell 26 0.9875859 ’—'—(I 0.86(0.76 to 0.99)
MFI B cell CD19 on IgD+ CD38- B cell 32 0.9962861 —— 0.87(0.75 to 1.00)
I
RC B cell CD20- B cell 18 1.6479379 je—7—>——I 1.33(1.07 to 1.65)
MFI B cell CD20 on IgD+ CD38dim B cell 29 1.6264463 i—'—' 1.28(1.00 to 1.63)
MFI B cell CD24 on transitional B cell 20 21399274 E’—'—' 1.48(1.02 to 2.14)
MFI B cell CD25 on CD20- CD38- B cell 19 1.8703426 i'_'_‘ 1.40(1.04 to 1.87)
MFI B cell CD25 on IgD+ CD38- B cell 27 1.2648123 — 1.13(1.00 to 1.26)
MFI B cell CD25 on naive-mature B cell 25 0.9501988 — 0.68(0.48 to 0.95)
MFI B cell CD27 on memory B cell 24 1.4366963 i ——— 1.24(1.06 to 1.44)
RC B cell Plasma blast-plasma cell 27 0.9282135 —— i 0.76(0.62 to 0.93)
MFI B cell CD38 on plasma blast-plasma cell 14 0.9676875 i 0.66(0.45 to 0.97)
RC Treg CD28+ CD45RA- CD8+ T cell 28 0.9989598 L] 0.96(0.92 to 1.00)
'
MFI Treg CD45RA on CD39+ resting CD4 Treg cell 8 0.9864839 —_— 0.71(0.50 to 0.99)
MFI cDC HLA DR on myeloid DC 16 1.6004624 i e 1.35(1.14 to 1.60)
MFI cDC HLA DR on plasmacytoid DC 22 1.5684235 ?_'_' 1.26(1.01 to 1.57)
MFI cDC HLA DR on DC 19 1.6768789 | —— 1.34(1.07 to 1.68)
I
RC TBNK TCRgd T cell 18 1.5296870 | 1.24(1.01 to 1.53)
i
MFI TBNK CD45 on CD4+ T cell 12 0.9284088 — 0.58(0.36 to 0.93)
MP TBNK SSC-A on B cell 13 20622163 i'_'_' 1.47(1.05 to 2.06)
MFI Monocyte HLA DR on CD14+ CD16- monocyte 22 1.8404436 ?—'—‘ 1.37(1.01 to 1.84)
MFI Monocyte HLA DR on CD14+ monocyte 21 1.8755810 F——=—— 1.37(1.01t0 1.88)
i
MFI Monocyte PDL-1 on CD14- CD16- monocyte 26 15996535 | e — 1.27(1.00 to 1.60)
AC Myeloid cell M ic myeloid-derived cells 19 0.9425371 e E 0.76(0.62 to 0.94)
MFI Myeloid cell HLA DR on CD33- HLA DR+ myeloid cell 13 1.8094996 i'_'_‘ 1.36(1.02 to 1.81)
RC Maturation stages of T cell  Terminally differentiated CD4+ T cell 22 0.9525746 —— 0.64(0.43 to 0.95)
P<0.05 was statistically 6 1' 2'

protective factor risk factor

FIGURE 5
Forest plot: 27 immunophenotypes correlated with late syphilis.
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TABLE 1 The immunophenotypes that overlap with syphilis (regardless of disease stage) in early or late syphilis.

outcome trait type panel exposure nsnp pval or(95%Cl)
RC B cell IgD- CD38dim B cell 25 0.040 1.13 (1.01 - 1.26)
RC B cell IgD+ CD38dim B cell 32 0.006 0.88 (0.80 - 0.96)
MFI B cell CD25 on IgD+ 27 0.011 1.10 (1.02 - 1.19)
CD38- B cell
RC Treg Activated CD4 19 0.048 0.83 (0.69 - 1.00)
Treg cell
RC Treg CD39+ secreting CD4 20 0.017 0.87 (0.78 - 0.98)
Treg cell
RC Treg CD28- CD127- CD25 20 0.023 1.23 (1.03 - 1.46)
++ CD8+ T cell
RC Treg CD28- CD4-CD8- 24 0.029 0.81 (0.67 - 0.98)
T cell
Early syphilis o
MFI Treg CD3 on CD39+ 27 0.009 1.22 (1.05 - 1.41)
activated CD4
Treg cell
MFI Treg CD28 on CD4 25 0.031 1.10 (1.01 - 1.21)
Treg cell
AC TBNK CD4+ CD8dim T cell 17 0.047 1.25 (1.00 - 1.55)
MFI Maturation stages CD4 on effector 20 0.004 0.77 (0.64 - 0.92)
of T cell memory CD4+ T cell
MFI Monocyte CD40 on CD14+ 20 0.004 0.85 (0.76 - 0.95)
CD16+ monocyte
MFI Monocyte CD14 on CDI14+ 17 0.014 0.69 (0.52 - 0.93)
CD16+ monocyte
RC B cell IgD+ CD38dim B cell 15 0.024 1.32 (1.04 - 1.68)
MFI B cell CD25 on IgD+ 27 0.011 1.10 (1.02 - 1.19)
CD38- B cell
RC B cell CD20- B cell 18 0.007 1.22 (1.05 - 1.41)
MFI B cell CD20 on IgD+ 29 0.043 1.19 (1.01 - 1.40)
CD38dim B cell
RC B cell IgD+ CD24- B cell 18 0.045 1.18 (1.00 - 1.39)
Late syphilis MFI cDC HLA DR on 16 0.021 1.18 (1.02 - 1.35)
myeloid DC
MFI cDC HLA DR on 22 0.037 1.17 (1.01 - 1.35)
plasmacytoid DC
MFI cDC HLA DR on DC 19 0.038 1.19 (1.01 - 1.41)
RC TBNK TCRgd T cell 18 0.041 1.16 (1.01 - 1.34)
RC Maturation stages Terminally 22 0.044 0.75 (0.56 - 0.99)
of T cell differentiated CD4+
T cell

AG, absolute count; MFI, median fluorescence intensitie; MP, morphological parameter; RC, relative count; DC, dendritic cell; nsnp, single nucleotide polymorphisms; Treg cell, regulatory T cell.

Bold value indicates immunophenotypes observed in all stages of syphilis.

revealed significant associations between syphilis and immune cell
panels, including B cells, cDCs, Tregs, TBNKs, monocytes, myeloid
cells, and maturation stages of T cells. Moreover, distinctive
immunophenotypic differences were identified between early and
late syphilis in peripheral blood.

In the context of early syphilis, a distinctive prominence of Treg
cell immunophenotypes was observed, constituting a substantial

Frontiers in Immunology

44.44% of the identified correlations. Intriguingly, a spectrum of
Treg cell activity was noted, encompassing activated, secreting, and
resting Treg cells during this stage. In contrast, late syphilis
predominantly featured resting Treg cells, indicating a shift in Treg
cell dynamics over the course of the disease progression. Treg cells, as
a vital subset of CD4"T cells, played a crucial role in inhibiting the
host immune response during early syphilis. This inhibition
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facilitated the evasion of TP from the host immune defense
mechanisms, thereby contributing to the progression of the disease
(7, 12, 25). Remarkably, individuals with early syphilis exhibited a
higher prevalence of Treg cells in peripheral blood compared to
healthy counterparts (25). This phenomenon might be attributed to
the stimulation of monocytes by TpF1 (miniferritin produced by TP),
resulting in the release of immunosuppressive factors such as
interleukin (IL)-10 and transforming growth factor (TGEF)-f,
consequently fostering the differentiation of Treg cells (11).
Moreover, an augmentation in mature CD4"T cells and CD8T
cells was observed in early syphilis, aligning with analogous
findings in TBNK results. However, the available data did not allow
for conclusive inferences regarding alterations in the CD4"/CD8"
ratio. Notably, the peripheral blood of early syphilis patients exhibited
a significant decrease in CD4'T cells compared to CD8'T cells,
potentially attributed to the pyroptosis of CD4"T cells (9, 10). In the
context of late syphilis, B cell-related immunophenotypes took center
stage, constituting 48.15% of the identified correlations. This
prevalence included various B cell subtypes such as plasma cells,
memory B cells, transitional B cells, naive cells (IgD*CD38"), and
activated B cells (IgD*CD38%™). The presence of these B cell subsets
in early syphilis indicated a diverse and dynamic immune response.
Notably, neurosyphilis patients exhibited elevated levels of CXCL13
in their cerebrospinal fluid, suggesting a potential mediation of B cell
aggregation (26, 27). However, the precise mechanism by which B
cells in the peripheral blood of syphilis patients regulate immunity
remains unclear and warrants further investigation.

The differentiation of monocytes from hematopoietic precursor
cells in the bone marrow into macrophages and DCs plays a pivotal
role in the immune response (28). Monocyte subpopulations,
broadly categorized as classical (CD14"CD167), non-classical
(CD14°CD16"), and intermediate (CD14"CD16"), exhibit distinct
functions (24). Our data illuminate that the monocyte
immunophenotype in early syphilis is characterized by an
abundance of intermediate (CD14"CD16") and non-classical
(CD147CD16") monocytes, while late syphilis is marked by
classical (CD14"CD167) monocytes. Intermediate monocytes are
actively involved in antigen presentation and inflammation,
whereas classical monocytes primarily function as immune
surveillance cells, specializing in immune phagocytosis (29).
Consistent with our findings, studies by Liu et al. have
demonstrated that TP can augment the expression of CD14 and
CD16 in monocytes in vitro, leading to the differentiation of
monocytes into intermediate monocytes (30). This increase in
intermediate monocytes may exert a profound impact on T cell
subset differentiation and contribute to immune evasion. Notably,
stimulated by TP, intermediate monocytes have the capacity to
release immunosuppressive factors such as IL-10 and TGF-f,
thereby promoting the proliferation and differentiation of Treg
cells (11). In the immunological milieu of early syphilis, a significant
upregulation of interferon-gamma (IFN-y) is noted in the plasma,
accompanied by a propensity of Th cells to differentiate towards the
Thl phenotype (6, 14). Concurrently, the pro-inflammatory
characteristics of non-classical monocytes tilt the immune
response towards Th2 (31). Furthermore, TP, through the TLR2
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signaling pathway, can stimulate the maturation of DCs. These
activated DCs, in turn, secrete a repertoire of cytokines, including
IL-2, IL-6, and tumor necrosis factor (TNF)-o., triggering an
inflammatory response (32). Intriguingly, our early syphilis data
did not reveal a distinct conventional cDC immunophenotype. A
plausible hypothesis posits that DCs may initially encounter the
skin mucous membranes during early infection (33), as blister fluid
from skin lesions has been reported to contain higher
concentrations of activated monocytes, macrophages, and DCs
compared to peripheral blood (34, 35). This underlines the
dynamic interplay of immune cells at the site of infection,
offering valuable insights into the localized immune responses
during early syphilis.

Despite the robust analysis conducted in this study, several
limitations must be acknowledged. The lack of complete information
on the database hindered a precise definition and distinction between
early and late syphilis. Additionally, the study’s reliance on a European
database may limit the generalizability of conclusions to other ethnic
groups. Future research should aim to address these limitations and
conduct reverse MR verification. The identified syphilis-related
immunophenotypes offer valuable insights for vaccine development,
disease prevention, and research into immune escape mechanisms.
Further investigations, especially in diverse populations, will enhance
our understanding of syphilis immunopathogenesis.

In conclusion, this study provides a comprehensive analysis of
the correlation between syphilis and immune immunophenotypes,
unraveling distinct immune responses in early and late syphilis. The
findings may contribute to the broader understanding of syphilis
pathogenesis and offer implications for therapeutic and
preventive interventions.
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