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Purpose: Syphilis is a sexually transmitted bacterial infection caused by Treponema pallidum (T. pallidum), which can lead to chronic
morbidity and adverse complications. In clinical practice, serofast status (SF) patients present with clinical symptoms that are very
similar to those of healthy individuals or syphilis-cured patients, and often require prolonged follow-up for diagnosis. Currently, there
is increasing interest in the potential of plasma exosome-derived miRNA as a biomarker for the detection of infectious diseases. In this
study, we aimed to explore the diagnostic potential of miRNA in SF and its possible biological implications.

Patients and Methods: Exosome-derived miRNAs were isolated from peripheral plasma samples obtained from 20 patients with
secondary syphilis (SS), SF, serologically cured syphilis (SC), and healthy controls (HC), and differentially expressed miRNAs
(DEmiRNAs) were identified by microarray analysis. Prediction of potential target genes, functional annotation, gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were then performed. The expression of selected miRNAs
was confirmed in 37 patients by quantitative reverse transcription polymerase chain reaction (RT-qPCR). A receiver operating
characteristic (ROC) analysis was performed to evaluate the diagnostic performance of these miRNAs in differentiating syphilis
from HC or SC.

Results: The expression profile of plasma exosome-derived miRNA was discovered in individuals with SF through microarray
analysis. The targeted genes of DEmiRNAs were found to be involved in diverse biological processes according to GO and KEGG
analysis, such as regulation of transcription, mitochondria, Golgi, immune system, apoptosis, Ras signaling pathway, etc. Using RT-
gPCR validation, miR-1273g-3p, miR-4485-5p, miR-197-3p, and miR-1908-3p showed significant upregulation in patients with SF.
These miRNAs exhibited a superior diagnostic ability, either individually or combined, to distinguish SF from SC or HC.
Conclusion: The DEmiRNAs in plasma exosomes may play a role in the pathogenesis of SF and have the potential to become a noble
and effective diagnostic method.
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Introduction

Syphilis is still a serious worldwide public health problem as a sexually transmitted infectious disease. The spirochete Treponema
pallidum (T. pallidum) is difficult to culture in vitro, making syphilis a disease with unknown pathogenic mechanisms. Global
estimates show that there were 7 million new syphilis infections in 2020." In China, the incidence of syphilis has continued to
rise, with up to 36 cases per 100,000 population reported in 2018.> Syphilis is a multistage, progressive systemic disease that
presents with multiple characteristic symptoms, including chancres, gummas, disseminated skin lesions, and cardiovascular and
brain involvement.” The effects of syphilis are far-reaching, with untreated maternal syphilis causing an estimated 6.2% and 9.7%
of global neonatal deaths and stillbirths, respectively.* Although most patients are cured after recommended syphilis therapy,
some individuals may experience a “serofast status (SF)”. The SF refers to a situation in which persons with a positive TPPA and
a low pretreatment titers of TRUST results (also sometimes said<4-fold or no change following standard treatment).>® A study
reported that 20.6% of 465 early syphilis patients who were randomized to receive penicillin or azithromycin had transferred into
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SF at six months, including 13% with primary syphilis, 14.2% with secondary syphilis, and 37.9% with early latent syphilis.” In
China, a study including 1327 syphilis patients confirmed that the prevalence of the SF is 34.4% at 12 months after recommended
therapy, and the likelihood of a substantial decline in the SF proportion over time is low.®

The persistent positive serological reaction following syphilis treatment remains a puzzling clinical problem, with uncertain
indicators of occult foci of T° pallidum infection or a common state of immune response in circulating blood. One study found that
48.6% of SF patients with early syphilis achieved serological cure 12 months after retreatment with 2.4 million units of
benzathine penicillin weekly for three weeks.” However, another study suggested that the serological cure rate dropped to only
27% with a single dose of benzathine penicillin for retreatment.'” Although some studies have shown changes in the immune

1713 the pathogenic mechanism of SF remains unclear. The lack of highly sensitive and specific diagnostic

status of SF patients,
tests to detect the activity of 7. pallidum in the body is a major issue in syphilis diagnosis. Therefore, the diagnosis of SF often
relies on clinical and experimental tests with long-term follow-up visits to the patients after treatment.

Exosomes have been widely accepted as possible novel biomarkers for the detection of infectious diseases.'*'> They
are small (approximately 30-100 nm) vesicles formed inside secreting cells and then secreted into various body fluids,
including blood, urine, milk, and cerebrospinal fluid.'® Exosomes are relatively stable due to their lipid bilayer, which
encapsulates a variety of proteins, lipids, and nucleotides. As proficient bioinformatics transporters, exosomes protect
their contents from degradation and deliver them to target cells, leading to changes in the biological behavior of the
receiving cells.'” The main function of exosomes is mediated by miRNAs. As a subtype of small non-coding RNAs
composed of approximately 21 nucleotides, miRNAs regulate mRNA translational regulation in cells and affect virtually
all biological functions.'® Previous studies have shown changes in host miRNA profiles in response to infection with
diverse pathogens, including viruses, bacteria, parasites, and fungi.'”** Regarding 7. pallidum infection, the miRNA
profiles in peripheral blood mononuclear cells (PBMCs) of patients with syphilis were investigated.”* >° Exosomes were
isolated from plasma and cerebrospinal fluid, and DEmiRNAs were associated with neurosyphilis.”® In our previous
studies,”” we found that exosome-derived miR-146a-5p from T. pallidum-stimulated macrophages targets JAM-C,
reducing endothelial cells permeability and monocyte transendothelial migration. Therefore, studying exosome-derived
miRNAs in SF would be beneficial for exploring new detection indicators for SF and understanding the associated
regulatory mechanisms of syphilis.

In this study, we collected peripheral blood samples from healthy volunteers and patients with different stages of
syphilis. We then used miRNA microarray analysis to identify DEmiRNAs in exosomes derived from plasma. Specific
miRNAs were subsequently screened and identified using quantitative reverse transcription polymerase chain reaction
(RT-gPCR), and their functions were explored through bioinformatics techniques. Our study aims to provide new insights
into the diagnosis and pathogenesis of SF.

Material and Methods
Study Group and Samples

Blood samples were collected from 40 syphilitic patients and 17 healthy volunteers, aged 18-86 visited to the
Department of Dermatology and Venereal Diseases at the Institute of Dermatology, Chinese Academy of Medical
Sciences & Peking Union Medical College between August 2018 and October 2021. After obtaining consent, the
patients were divided into three groups according to the diagnostic criteria for syphilis issued by the National Health
Commission of the People’s Republic of China (WS 273-2018).%® SS is defined as a disease manifested by skin rash
often seen on the palms of the hands and soles, condylomata lata, mucocutaneous lesions, and generalized lymphadeno-
pathy combined with positive laboratory testing results from rapid plasma reagin test(RPR) and 7. pallidum Particle
Agglutination(TPPA). SC was defined as a syphilis patient with positive TPPA and negative RPR test after treatment. SF
is inconsistently defined but generally entails a lack of a four-fold decline and/or persistence of baseline low titer (< 1:4
or < 1:8 in different studies), 6-12 months after adequate treatment.>* 17 healthy volunteers were recruited. For all of the
participants, pregnant or breastfeeding women and patients who had comorbidities like AIDS, tuberculosis, viral
hepatitis, autoimmune disease, cancer, and other systemic or infective diseases were excluded. The clinical characteristics
of this study are presented in Table 1. It is worth mentioning that blood samples from SS were collected before treatment.
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Table | Information on the Clinical Samples Used for the Microarray Study and RT-qPCR Validation Study

Microarray Study RT-qPCR Validation Study

SS HC SF SC HC SF SC
Number of participants 5 5 6 4 12 13 12
Sex (male/female) 2/3 32 4/2 4/0 4/8 6/7 1171
Age (years, average; range) 46 (31-55) | 46 (38-52) | 46 (32—68) | 41 (27-50) | 34 (24-67) | 41 (22-72) | 51 (28-86)
Confirmation time(months, average; range) | 3 (1-10) 0 19 (13-26) | 8 (4-12) 0 18 (12-26) | 9 (4-15)
TPPA (positive/negative) 5/0 0/5 6/0 4/0 0/12 13/0 12/0
RPR titer (positive/negative) 5/0 0/5 6/0 0/4 0/12 13/0 0/12
RPR titer |: 128 | 0 0 0 0 0 0
RPR titer |: 64 3 0 0 0 0 0 0
RPR titer I: 32 | 0 0 0 0 0 0
RPR titer I: 16 0 0 0 0 0 0 0
RPR titer I: 8 0 0 | 0 0 3 0
RPR titer I: 4 0 0 3 0 0 6 0
RPR titer I: 2 0 0 | 0 0 2 0
RPR titer I: | 0 0 | 0 0 2 0

Abbreviations: RPR, rapid plasma reagin; TPPA, T. pallidum particle agglutination; SS, Secondary syphilis; HC, healthy controls; SF, Serofast status; SC, Serological cure.

Blood collected from patients were centrifuged to obtain plasma, then stored at —80°C before miRNA microarray and RT-
qPCR validation.

Extraction of Exosome-Derived miRNA

Exosome-derived miRNAs were collected from 3mL of plasma using exoRNeasy plasma/serum Midi Kit (Exiqon
QIAGEN, #77044). Operation adhered to the manufacturer’s instructions. In brief, the plasma was pipetted to the
exoEasy spin column and centrifuged in turn. Then the lysate was collected from the column after QIAzol washing. Then
we mixed the lysate and chloroform, shook it vigorously, and centrifuged it for 15 min at 4°C. After this we mixed the
upper aqueous phase with ethanol and then added the mixture into a new RNeasy MinElute Spin Column, centrifuged for

15 second at room temperature. Finally, miRNAs were collected from the column after RNase-free water washing.

Microarray Analysis

Exosome-derived miRNA samples were analyzed using the Agilent Human miRNA (8*60K) V21.0 microarray at
Shanghai Biotechnology Co., Ltd. (Shanghai, China), and following the manufacturer’s protocols for labeling and
hybridization. We removed spots with a flag < 0 and normalized spot intensities before transforming them into gene
expression log2 ratios. Genes with |log2 ratio| > 1.0 and a p-value < 0.05 were considered significantly differentially
expressed.

RT-gPCR Assay

The extracted miRNA was reversed into cDNA using the Mir-X™ miRNA First-Strand Synthesis Kit (Takara
Biomedicals, Shiga, Japan) according to the manufacturer’s instructions. The expression levels of target miRNAs were
measured using the SYBR Premix Ex Taq kit (Takara Biomedicals, Shiga, Japan). U6 was selected as the internal
reference. All specimens were evaluated twice. The primer sequences were as follows: 5'- gttcaccaccttetccac-3' for miR-
197-3p; 5’ -ggccgeegget-3' for miR-1908-3p; 5" -gaccgectgecca —3' for miR-4485-5p; 5'-cactgeactecagect-3' for miR-
1273g-3p and 5-TGGAACGCTTCACGAATTTGCG-3' (forward) and 5-GGAACGATACAGAGAAGATTAGC-3’

2*AACt

(reverse) for U6. Triplicate samples were assessed by the method. Differential expression of miRNAs was

determined by the Independent variance #-test.
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MicroRNA-Predicted Target Genes, Gene Ontology (GO), and Pathway Analyses
Potential target genes of miRNAs were predicted and analyzed by the bioinformatics algorithm TargetScan. Gene ontology and
KEGG pathway enrichment analysis were performed to elucidate the biological annotation and potential pathways, respectively.

Statistics

R 3.5.0 software was used to analyze Microarray data, and GraphPad Prism (V.7.0, GraphPad Software) software was
used to analyze RT-qPCR data. Subsequently, MedCalc 15.2.2 was used to draw receiver operating characteristic (ROC)
curves and calculate the area under the ROC curve (AUC), optimal diagnostic value (largest Youden’s index), sensitivity,
and specificity. A significance level of p < 0.05 was considered.

Results

Sample Quality Control and Principal Component Analysis

To assess the biological separation of the groups, principal component analysis (PCA) was performed based on probe
intensities. Samples were divided into four groups according to the clinical diagnosis (Figure 1). The principal
component of the SS group was significantly different from that of the HC group. The principal components one
accounted for 85.7% of the contribution rate. Only one sample “SC006” showed a large degree of dispersion and
difference from that of the group of SC. As a means of quality control, PCA analysis verified the rationality of the
grouping of samples and experimental design, and the homogeneity of biological repeated samples.

DEmiRNAs in Plasma Exosomes of Patients with SF

Based on the microarray results, we observed distinct patterns of differentially expressed microRNAs (DEmiRNAs)
between different stages of syphilis. The volcano plots indicate that only miR-1908-3p was down-regulated in HC
compared with SF (Figure 2a, Supplementary Table 1). We also observed 24 downregulated miRNAs and 20 upregulated

miRNAs in SS compared with SF (Figure 2b, Supplementary Table 2). Conversely, seven miRNAs were downregulated

and four miRNAs were upregulated in SC compared with SF (Figure 2¢, Supplementary Table 3). The numbers of
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Figure | Principal component analysis (PCA) of miRNA expression data from human plasma exosomes. Red, SF; yellow, HC; green, SC; blue, SS.
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Figure 2 DEmiRNAs across different stages of syphilis. Changes in miRNA expression (|log2 ratio| 2 1.0, P < 0.05) are illustrated by volcano plot. Up-expressed miRNAs
were shown as red dots, and down-expressed ones were marked as blue dots. (a) DEmiRNAs between HC compared with SF. (b) DEmiRNAs between SS compared with
SF. (c) DEmiRNAs between SC compared with SF. (d) Number of DEmiRNAs corresponding to all groups. (e) Venn diagram of up-expressed miRNAs. (f) Venn diagram of
down-expressed miRNAs. “A” represents DEmiRNAs in SS compared with HC. “B” represents DEmiRNAs in SC compared with HC. “C” represents DEmiRNAs in HC
compared with SF in (a). “D” represents DEmiRNAs in SS compared with SC. “E” represents DEmiRNAs in SS compared with SF in (b). “F” represents DEmiRNAs in SC

compared with SF in (c).
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DEmiRNAs between different groups are further displayed in Figure 2d. The Venn diagram highlights miRNAs that
exhibit either concurrent upregulation (Figure 2e) or downregulation (Figure 2f) in different group comparisons. Notably,
miR-4419b is down-expressed in both SS and SC compared with SF (Figure 2f).

Additionally, heat maps are created by utilizing clustering algorithms that enable the analysis of gene expression
patterns in large-scale gene expression datasets. Through classification and clustering of genes, genes that share similarities
can be grouped together to form clusters that provide a more visual representation of the overall structure and pattern of the
data. Upon comparing the SS and SF samples, a heat map was generated, which effectively segregated the samples into two
clusters in each respective group. This distinction was visibly apparent and was represented in Figure 3a. Further
comparisons were made between SC and SF samples, most SF samples clustered together in an independent group, with
all SC samples forming their own individual cluster. However, a sample “SF017” was observed to cluster with the SC
samples in Figure 3b. Despite this discrepancy, the sample was retained within Group SF due to the implementation of
biological repetition. It was deemed justifiable to retain this sample given its resemblance to other SF samples across
different inter-group comparisons and its negligible influence on the overall precision and credibility of the study.
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Figure 3 miRNA screening in SC, SF, and SS. Red boxes indicate up-regulated miRNAs, and blue boxes indicate down-regulated miRNAs. The brightness indicates the
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Differential Gene Target Sequence Prediction and Pathway Enrichment Analysis

To investigate the possible functions of the DEmiRNAs between SC and SF, the target sequences of miRNAs were
predicted by using the Targetscan database. The target genes were then subjected to GO and KEGG pathway enrichment
analysis. GO classification analysis (Figure 4a) and the Top 30 GO enrichment analysis (Figure 4b, Supplementary
Table 4) showed that the DEmiRNA target genes are associated with various biological processes such as DNA-binding

transcription factor activity, regulation of transcription, RNA biosynthetic process, GTP binding, nucleoside binding,
aromatic compound biosynthetic process, and regulation of the structure and function of mitochondria and Golgi. The
KEGG pathway classification (Figure 5a) and enrichment analysis (Figure 5b, Supplementary Table 5) revealed that

DEmiRNAs are involved in a range of pathways including Immune system, Endocrine system, Signal transduction,
Apoptosis, Signaling pathways regulating pluripotency of stem cells, VEGF signaling pathway, p53 signaling pathway,
Fc epsilon RI signaling pathway, ErbB signaling pathway, HIF-1 signaling pathway, Rapl signaling pathway, and Ras
signaling pathway. These pathways play critical roles in regulating various biological processes and are often inter-
connected, highlighting the complex regulatory network controlled by miRNAs in syphilis patients. Therefore, the
dysregulation of miRNAs may affect the expression of genes involved in immune cell function, leading to impaired
immune responses and persistent infection, which would be one of the contributing factors for SF. Thus, understanding
the roles of miRNAs in regulating immune cell function in syphilis patients could provide insights into the mechanisms
underlying the pathogenesis of syphilis.

Validation of the Microarray Results by RT-qPCR

A total of 37 patients from different groups were recruited for the validation of the microarray results (Table 1).
Exosome-derived miRNAs were extracted in the same way as described before. Among the diverse DEmiRNAs, four
miRNAs were selected for RT-qPCR validation. As shown in Figure 6, the expression of miR-197-3p, miR-4485-5p,
miR-1273g-3p was significantly higher expressed at higher levels in SF compared to SC. And the expression of miR-
1908-3p was significantly higher expressed at higher levels in the SF compared to HC. These results were consistent with
microarray analysis and suggested that miR-197-3p, miR-1908-3p, miR-4485-5p, miR-1273g-3p may be the potential
biomarkers to predict SF.

The Diagnostic Value of the Individual miRNAs or Multiple miRNAs in SF

ROC curves were generated to evaluate the diagnostic value of the four miRNAs in syphilis (Table 2). MiR-1908-3p was useful
in discriminating SF from HC (AUC = 0.901, sensitivity = 92.3%, specificity = 91.7%). However, the combination of four
miRNAs had limited improved diagnostic value (AUC = 0.949, sensitivity = 92.3%, specificity =91.7%) (Figure 7a and Table 2).
To examine their capacity to discriminate between SF and SC, miR-1273g-3p, miR-4485-5p, and miR-197-3p showed better
diagnostic capability than miR-1908-3p (AUC = 0.904, sensitivity = 100%, specificity = 83.3%) (Figure 7b and Table 2).
Moreover, the combination of four miRNAs improved diagnostic value. In addition, miR-1908-3p and miR-197-3p could
separate SC from HC (Figure 7c and Table 2). The combination of four miRNAs improved this capacity, with an AUC value of
0.868 (sensitivity = 83.3%, specificity = 75.0%).

Discussion

At present, there is no consistent definition of the SF, with the primary difference being the follow-up time. In the USA,
a follow-up at 6 and 12 months after treatment for primary and secondary syphilis, and 24 months for early latent
syphilis, is recommended.*° In the UK, recommended clinical and serological (RPR or VDRL) follow-up is at 3, 6 and
12 months, and then, if indicated, every six months until VDRL/RPR negative or SF.*' However, according to Chinese
diagnostic criteria for syphilis, patients are considered to be in a SF after 12 months of recommended therapy for primary
syphilis, 2 years for secondary syphilis, and 3 years for late-stage of syphilis, if their nontreponemal test remains positive
and the titers neither increased nor decrease by at least four-fold (two dilutions).® To optimize practicality, the selection
of samples for this survey was predicated on the Chinese diagnostic criteria for syphilis, and the follow-up period for SF
patients was at minimum 12 months (Table 1). This particular sampling method affords us the opportunity to acquire
disease specimens that satisfy varying diagnostic criteria.
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Figure 5 Pathway analysis of target genes of DEmiRNAs between SC and SF. (a) KEGG classification of target genes. (b) Pathways associated with target genes. Analysis
Method: Fisher’s Exact Test (precision inspection), p-value < 0.05, with a minimum difference count of 4.
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Figure 6 Detection of exosomes miRNAs of different groups by the RT-qPCR assay. The expression of four miRNAs was measured in 37 samples. Four miRNAs (miR-197-
3p, miR-1273g-3p, miR-4485-5p, miR-1908-3p) were selected from the microarray data. Relative expression was used to normalize the gene expression data. U6 was set as
the reference gene. Statistical analysis of the two groups was performed using Student’s t-test. *P < 0.05.

Exosomes are nanovesicles involved in cell-to-cell communication, found in bodily fluids such as blood, milk, urine,
saliva, and cerebrospinal fluid. They can deliver bioactive substances such as protein, lipids, and RNAs, making them
attractive biomarkers detectable in liquid biopsies. Exosome-derived miRNAs detection is a noninvasive diagnostic
method that benefits from the protective lipid bilayer of exosome, and specially promising biomarkers due to their
stability and high sensitivity in peripheral blood compared to other body fluids.**>?

Prior to our study, also for the exosome-derived microRNA, a study has been carried out on neurosyphilis.?®
Exosome-derived miRNAs are derived from serum and cerebrospinal fluid, and the results show that miR-590-5p,
miR-570-3p, and miR-570-5p are significantly upregulated in patients with neurosyphilis in both cerebrospinal fluid and
serum. The other kinds of research focus on miRNAs from PBMCs that serve as novel biomarkers for syphilis diagnosis,
especially for the diagnosis of SF.**2° MiR-223-3p and miR-195-5p from PBMCs varied from patients with primary
syphilis or SF to HC, despite the difficulty of distinguishing latent syphilis from the SF.*” In addition, known and novel
predicted (np)-miRNAs in PBMCs in syphilitic patients with SF were identified and verified, such as miR-338-5p, np-
miR-163, np-miR-128, np-miR-244, and np-miR-5.%* It is evident that the exosome-derived miRNAs from serum and
cerebrospinal fluid in neurosyphilis and the miRNAs from PBMCs in SF show distinct expression patterns from the
exosome-derived miRNAs in plasma from SF. It is challenging to identify common DEmiRNAs across these groups,
possibly due to differences in subject selection and individual variation.

Our study identified several potential exosome-derived miRNAs as biomarkers for SF diagnosis, including miR-197-
3p, miR-1908-3p, miR-1273g-3p, and miR-4485-5p. Among these, miR-1908-3p had the highest diagnostic accuracy,
sensitivity, and specificity with an AUC value of 0.901, 92.3% sensitivity, and 91.7% specificity. When combined, all
four miRNAs showed a strong capacity to differentiate SF from SC or HC, with an AUC value of 0.904-0.949, 92.3—
100% sensitivity, and 83.3-91.7% specificity. These findings are clinically significant due to the vague definition of SF
and the lengthy follow-up times required for diagnosis.®*° The potential implications or applications of exosome-derived
miRNAs in SF are worth further research.

Nowadays, the exact mechanisms that lead to the SF in syphilis patients are not fully understood. However, it is
believed that several factors may contribute to the development of SF, including incomplete or inadequate treatment of
the infection, host immune responses, and genetic factors. One possible explanation is that the initial infection triggers
the activation of host immune responses, which, in turn, result in the formation of long-lived plasma cells that continue to
produce antibodies against 7. pallidum, even after the bacteria have been cleared from the body. Another possible
explanation is that the bacteria may be able to evade or suppress the immune system, allowing them to persist in the host
and cause chronic infection.

Previous studies have suggested that the SF may be associated with the latent infection of T pallidum,*® such as the
special molecular subtypes of T. pallidum repeat gene found in SF,* which was known to be linked with immune evasion
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Table 2 Discrimination Power of Single or Multiple miRNAs in Syphilis

AUC(95% CI) Sensitivity (%) Specificity (%)

SFvs HC

miR-1273g-3p 0.715 76.9 66.7
(0.501 to 0.876)

miR-1908-3p 0.901 923 91.7
(0.714 to 0.983)

miR-4485-5p 0.724 46.2 100
(0.511 to 0.882)

miR-197-3p 0.699 53.8 83.3
(0.484 to 0.864)

Combined miRNAs 0.949 923 91.7
(0.780 to 0.997)

SF vs SC

miR-1273g-3p 0.846 76.9 83.3
(0.646 to 0.958)

miR-1908-3p 0.715 84.6 58.3
(0.501 to 0.876)

miR-4485-5p 0.801 53.8 100
(0.594 to 0.932)

miR-197-3p 0.878 61.5 100
(0.686 to 0.974)

Combined miRNAs 0.904 100 83.3
(0.718 to 0.984)

SC vs HC

miR-1273g-3p 0.569 91.7 333
(0.354 to 0.768)

miR-1908-3p 0.736 75.0 91.7
(0.518 to 0.893)

miR-4485-5p 0.618 58.3 75.0
(0.399 to 0.807)

miR-197-3p 0.729 58.3 83.3
(0.511 to 0.888)

Combined miRNAs 0.868 83.3 75.0
(0.668 to 0.970)

Abbreviations: HC, healthy controls; SF, Serofast status; SC, Serological cure; Combined miRNAs, miR-
1273g-3p and miR-1908-3p and miR-4485-5p and miR-197-3p.

by pathogens and chronic syphilis infection. Impaired immune function and dysfunction have been observed in SF
patients.*>*' Thus, we aim to explore the potential connection between DEmiRNAs and the development of SE. By
performing GO and KEGG enrichment analysis, we have discovered that the target genes of DEmiRNAs are linked with
a range of biological processes, including regulation of transcription, regulation of the structure and function of
mitochondria and Golgi, Immune system, Endocrine system, Apoptosis, VEGF signaling pathway, p53 signaling path-
way, etc. These pathways are frequently interconnected, indicating the intricate regulatory network that miRNAs
maintain in syphilis patients. Therefore, if miRNA expression is dysregulated, it may disrupt gene expression levels
that encourage the function of immune cells. Consequently, this may result in compromised immune responses and
ongoing infection, which may be one of the underlying factors for SF in syphilis patients.

Further analysis of the miRNA-protein coding gene relationships revealed that miR-197-3p, as one of the miRNAs
exhibiting high differential expression in circulating exosomes between SS or SF and HC, may be involved in regulating
the host immune system. Several studies have explored the possible roles of miR-197-3p in different types of cancer and

ailments. These studies have found that miR-197-3p can inhibit prostate cancer cell proliferation by regulating the
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ILIR1 gene.*” The facts suggest that miR-197-3p could be a significant candidate molecule for understanding the
pathogenesis of SF. It would be worthwhile to conduct further investigations on the differential exosome-derived
miRNAs to ascertain their contribution to the development of SF. Such investigations could provide valuable insights
into the mechanisms that drive the development of syphilis by elucidating the roles of miRNAs in regulating immune cell
activity.

Conclusion

In summary, our research effectively characterized DEmiRNAs within plasma exosomes isolated from individuals with
SF, subsequently conducting preliminary investigations on their respective target genes. Our findings shed valuable
insights into the potential significance of miRNA target genes in the pathogenesis of SF. Additionally, we successfully
confirmed the differential expression levels of identified DEmiRNAs, further validating their potential as diagnostic
markers for SF. Notably, miR-197-3p, miR-1908-3p, miR-1273g-3p, and miR-4485-5p demonstrated a favorable capa-
city to distinguish SF from HC or SC. The combination of all four miRNAs further improved the accuracy of
distinguishing SF from SC. Nevertheless, our study is limited by a relatively small sample size, and further research
and clinical trials are necessary to validate our findings and develop novel diagnostic methods. Considering the clinical
difficulties in diagnosing and predicting the prognosis of SF, our findings suggest that using exosome-derived miRNAs
from plasma may present a new and effective diagnostic approach.

Abbreviations

HC, healthy controls; SS, secondary syphilis; SF, serofast status; SC, serologically cured syphilis; DEmiRNAs,
differentially expressed miRNAs; T. pallidum, Treponema pallidum; PBMCs, peripheral blood mononuclear cells;
ROC, receiver operating characteristic; AUC, area under the curve; RT-qPCR, quantitative reverse transcription
polymerase chain reaction; PCA, Principal component analysis; GO, Gene ontology; KEGG, Kyoto Encyclopedia of
Genes and Genomes; np, novel predicted; RPR, rapid plasma reagin test; TPPA, Treponema pallidum Particle
Agglutination.
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