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Background: The gut microbiota plays an important role in the development of neurological disorders such as Parkinson’s disease
and Alzheimer’s disease. However, studies on the gut microbiota of patients with neurosyphilis (NS) were rarely reported.
Methods: In this study, we collected fecal samples from 62 syphilis patients, including 39 with NS and 23 with non-NS. Among the
NS patients, 18 were general paresis (GP). The white blood cell counts, protein concentrations, and Venereal Disease Research
Laboratory test positive rates of cerebrospinal fluid from patients in NS or GP group were significantly higher than those from patients
in non-NS group. 168 ribosomal RNA sequencing results revealed that the alpha and beta diversities of the gut microbiota were similar
between NS and non-NS patients or GP and non-NS patients.

Results: Linear discriminant analysis with effect size (LEfSe) analysis showed that some taxa, such as Coprobacter, were increased in
both NS group and GP group, compared with non-NS group. Besides, the clade of Akkermansia was also overrepresented in GP
Patients. Meanwhile, some taxa such as Clostridia UCG-014 and SC-1-84 were underrepresented in NS patients. The abundances of
class Bacilli and genus Alloprevotella were decreased in GP patients. Among them, the abundances of some taxa such as Coprobacter
and Akkermansia have been reported to be associated with other neuropsychiatric disorders.

Conclusion: Our findings suggest that the alternation of the gut microbiota in NS patients may contribute to the course of NS, which
will deepen our understanding of NS.
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Introduction
There has been a resurgence of syphilis worldwide over the last decades, and the steady increase in incidence proves that
syphilis remains a threat to public health." According to the World Health Organization, there were 6 million new
syphilis cases worldwide in 2016.> Over the past decade, China has experienced an increasing trend in the prevalence of
syphilis with 537,720 new cases reported in 2021.° During the infection, 7. pallidum can propagate through multiple
organs of the human host. If left untreated, 7. pallidum can invade the central nervous system at any stage,” resulting in
neurosyphilis (NS) in approximately one-third of syphilis patients.”® NS can be asymptomatic or manifest with
a multitude of psychiatric symptoms, including general paresis (GP), meningovascular syphilis, tabes dorsalis, etc.,’
which greatly affect the patients’ quality of life.®

The human gastrointestinal tract harbours trillions of microorganisms, and gut microbiota has a multifaceted impact
on host physiology.” Over the past few decades, researches on the microbiome-gut-brain axis interactions have flourished
and the association studies between neurological disorders and gut microbiota have attracted considerable attention.'*"
Understanding the mechanisms of the microbiome-gut-brain axis provided us with new insights for innovative ther-
apeutic strategies.'> Gut microbiota can influence the development of neurological diseases directly or indirectly through
the gut-brain axis.'>'* Studies on neuropsychiatric disorders such as multiple sclerosis, autism spectrum disorder,
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Parkinson’s disease, stroke, and Alzheimer’s disease have shown that the gut microbiota plays an important role in the
development of neurological damage.'>2°

NS is a chronic progressive disease involving central nervous system injury. Numerous studies support the association
of the microbiome-gut-brain axis with dementia such as Alzheimer’s disease.”! However, to the best of our knowledge,
the gut microbiota in NS has not been reported yet and the association between the gut microbiota and NS is also poorly
understood. In this study, we aimed to analyze the bacterial community composition of the gut microbiota in syphilis
patients and identify the bacterial taxa alternations specific to NS patients. The NS-associated bacterial taxa found in this
study further the understanding of the pathogenesis of NS through the gut microbiota view and provide new insights for

therapeutic interventions for NS.

Materials and Methods

Ethics Statement and Subjects

The study was conducted at the Sexually Transmitted Disease (STD) clinic of the Shanghai Skin Disease Hospital and
was approved by the Ethics Committee of Shanghai Skin Disease Hospital. Eligible patients who were first hospitalized
from December 2020 to June 2021 were invited to participate in this study. A total of 62 syphilis patients were included
in this study. All patients signed the informed consent and agreed to participate in this study.

Diagnostic and Exclusion Criteria
Syphilis was diagnosed as patients with positive serum rapid plasma reagin (RPR) and Treponema pallidum particle
agglutination (TPPA) tests. NS is defined as syphilis patients with 1) reactive cerebrospinal fluid (CSF)-Venereal
Disease Research Laboratory (VDRL) and CSF-TPPA tests or 2) nonreactive CSF-VDRL but positive CSF-TPPA
with CSF protein concentration >450 mg/L and/or white blood cell (WBC) count >8 x 10° cells/L.**** Syphilis patients
without any neurological or psychiatric symptoms and with negative CSF-TPPA plus with normal CSF protein
concentration and WBC count were diagnosed as non-NS. In this study, non-NS group includes latent syphilis,
secondary syphilis, and ocular syphilis. NS group included GP, asymptomatic NS, tabes dorsalis, and secondary
syphilis. Asymptomatic NS is defined as the absence of neurological or psychiatric manifestations with CSF abnorm-
alities consistent with N'S. GP is characterized by dementia and personality changes. Tabes dorsalis presents as sensory
loss, ataxia, and lancinating pains.

Exclusion criteria include 1) co-infection with HIV; 2) other inflammatory diseases; 3) a history of metabolic diseases
such as diabetes; 4) any other neurological or psychiatric disease; 5) a history of antibiotic use in the past 4 weeks; 6)
recent abnormal eating behavior, or special dietary habits such vegetarianism; 7) during pregnancy and lactation.

Fecal Sample Collection

Fecal samples were collected in a sampling cup by patients according to the instructions and immediately put into an
incubator at 0—4°C. The samples were then transported into storage tubes and stored at —80 °C within 24 hours. The fecal
samples were only subjected to a single free-thaw cycle before sequencing processing.

Bacterial 16S rRNA Gene Sequencing and Analysis

Bacterial genomic DNA was extracted using the FastDNA™ SPIN kit according to the manufacturer protocol (MP
Biomedicals, Santa Ana, CA, USA), and the final DNA quality was detected using 1% agarose gel electrophoresis.”***
The V3-V4 variable region of the bacteria’s 16S ribosomal RNA (rRNA) gene was amplified by PCR system (GeneAmp
9700, ABI, USA) with barcode-indexed primers 341F and 806R, which were adapted from the previous protocol.”®
Reactions were electrophoresed by agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA). Extracted DNA is quantified using QuantiFluor™-ST (Promega, USA). The
sequence processing was performed using the MiSeq platform (Illumina, San Diego, CA, USA) by Genergy

Biotechnology Co., Ltd. (Shanghai, China).
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Sequencing of the 62 fecal samples from syphilis patients generated 14,824,368 raw reads. Raw reads were processed
using Trimmomatic and FLASH and clustered into operational taxonomic units (OTUs) at a 97% similarity using
Usearch (v 7.1). Then, the data were deposited into the SILVA 16S rRNA gene reference alignment database to calculate
the relative abundances of microbiota at different taxonomic levels.

Data Availability
The genome sequences have been deposited in the DDBJ/ENA/GenBank under the bioproject PRINA898084.

Statistical Analysis

For clinical and laboratory characteristics of study participants, statistical analyses were performed using SPSS (version
26.0; IBM, Chicago, IL, USA). Baseline characteristic data were given as proportion, median or IQR. #-tests were used
for continuous variables. Chi-square tests or Fisher’s exact tests were applied for categorical variables. Mann—Whitney
tests were adopted for serum RPR titer.

Alpha diversity, including Coverage, Chao, Ace, Simpson, Shannon, and Sobs diversity indices were calculated using
mothur. Beta diversity analysis includes principal component analysis (PCA), principal coordinates analysis (PCoA), and
non-metric multidimensional scaling (NMDS). PCA and PCoA were calculated using R, and NMDS was calculated using
Qiime and drawn by the R package “vegan”. Wilcoxon rank-sum tests were performed to detect differential abundance at
the phylum and genus. Linear discriminant analysis with effect size (LEfSe) was performed to determine taxonomic
differences from the phylum to the genus level. A p-value <0.05 (two-sided) was considered to be statistically significant.

Results

Patient Characteristics
A total of 62 syphilis patients were enrolled in this study, with 39 diagnosed as NS and 23 were non-NS (Figure 1).
Among the 39 NS patients, 18 patients were with GP, 16 were asymptomatic, 3 had tabes dorsalis, and 2 were diagnosed
as secondary syphilis but with CSF abnormalities consistent with NS. While among the non-NS patients, 14 patients were
diagnosed as latent syphilis, 7 were secondary syphilis, and 2 were ocular syphilis.

The clinical and laboratory characteristics of patients are shown in Table 1. The median age of patients in NS group
was 60 years old, while the patients in non-NS group were significantly younger (40 years old). The WBC counts, protein
concentrations and VDRL positive rates of CSF from patients in NS group or GP group were significantly higher than

Hospitalized
syphilis patients?

CSF tests

Diagnostic and
exclusion criteria

NS group (n=39)
> GP (n=18)
» Asymptomatic NS (n=16)
» Tabes dorsalis (n=3)
» Secondary syphilis (n=2)

Non-NS group (n=23)
» Latent syphilis (n=14)
» Secondary syphilis (n=7)

» Ocular syphilis (n=2)

Figure | Flow chart of the study. *Syphilis patients who were first hospitalized from December 2020 to June 2021.
Abbreviations: CSF, cerebrospinal fluid; NS, neurosyphilis; GP, general paresis.
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Table | Clinical and Laboratory Characteristics of Study Subjects

Characteristics NS Group GP Group* Non-NS Group P value
(n=39) (=18) (0=23) NS vs Non-NS | GP vs Non-NS

Age 60 (53-66) 62 (56-68) 40 (26-60) 0.015 0.007
Sex 0.347 0.075

Female 11 (28.21%) 2 (11.11%) 9 (39.13%)

Male 28 (71.79%) 16 (88.89%) 14 (60.87%)
I/serum RPR titer 16 (32-64) 20 (48-64) 16 (32-64) 0.499 0.181
CSF-WBC count (10%/L) 30 (16-48) 30 (17-48) 2 (0-6) <0.01 <0.01
CSF-protein concentration (mg/L) 700 (498-1096) 1114 (917-1268) 390 (289-485) <0.01 <0.01
CSF-VDRL positive 35 (87.18%) 18 (100%) 0 (0%) <0.01 <0.01

Notes: *GP group belongs to NS group. Data were given as proportion or median, IQR. t-tests was used for continuous variables, chi-square tests or Fisher’s exact test was
used for categorical variables, and Mann—Whitney tests was adopted for serum RPR titer.
Abbreviations: RPR, rapid plasma reagin; NS, neurosyphilis; CSF, cerebrospinal fluid; WBC, white blood cell; VDRL, Venereal Disease Research Laboratory.

those from patients in non-NS group. Meanwhile, no significant difference was found in serum RPR titers between NS
group and non-NS group or GP group and non-NS group.

Gut Microbiota Changes in NS or GP Patients Compared to Non-NS Patients

The 16S rRNA of the gut microbiota was extracted from the fecal samples of patients and sequenced on MiSeq platform
with 300bp pair-end reads. The pair-end reads were merged and clustered into operational taxonomic units (OTUs) at
97% similarity. A total of 3504 OTUs were identified in NS group, 2664 OTUs in GP group, and 2778 OTUs in non-NS
group. The Venn diagrams showed that 2441 OTUs were shared by NS and non-NS group, and 1929 OTUs were shared
by GP and non-NS group (Figure 2). The bacterial community richness and diversity in the fecal samples were assessed
by alpha diversity indices including Coverage, Chao, Sobs, ACE, Simpson and Shannon indices. However, no significant
difference was observed between samples from NS and non-NS group nor GP and non-NS group (Figure S1). To explore
the community structure differences between different groups, beta diversity was analyzed by the PCA, PCoA, and

A ® NS B GP

@ Non-NS ® Non-NS

Non-NS GP Non-NS

2664
2000

1000

0-

NS Non-NS GP

Non-NS

Figure 2 Venn diagram of NS versus non-NS group and GP group versus non-NS group. (A) Venn diagram for NS group and non-NS group. (B) Venn diagram for GP group
and non-NS group.
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Figure 3 Community analysis of NS, GP, and non-NS groups. (A) Percentage of community abundance for all samples from NS, GP, and non-NS groups at the genus level.
(B) Percentage of community abundance of NS, GP, and non-NS groups at the phylum level.

NMDS. The results also showed no significant difference between NS and non-NS group (Figure S2) nor GP and non-NS
group (Figure S3).

The community composition of each sample at the genus level is shown in Figure 3A. The results showed that the gut
microbiota of patients was highly diverse intra and inter groups. At the phylum level, the gut microbiota of all three
groups was dominated by Firmicutes, Actinobacteriota, Bacteroidota, Proteobacteria, and Verrucomicrobiota
(Figure 3B). Compared with non-NS patients, the relative abundance of Verrucomicrobiota of GP patients was
significantly increased (5.3% versus 1.1%, P = 0.02) (Figure 4), while no significant difference between NS and non-
NS group at the phylum level could be observed (Figure S4).

The gut microbiota was further investigated at the genus level by Wilcoxon rank-sum tests (Figure 5). The results
showed that the relative abundances of Erysipelatoclostridiaceae, Coprobacter, Streptococcaceae, and Actinomycetaceae
were significantly increased, and the relative abundances of Clostridia UCG-014, Actinobacteria, Erysipelotrichales,
Gardnerella, and SC-1-84 were significantly decreased in NS patients compared to non-NS patients (Figure 5A).
Meanwhile, in the GP group, the relative abundances of Akkermansia, CHKCI002, Candidatus Soleaferrea,
Holdemania, Coprobacter, Erysipelatoclostridiaceae, Clostridiaceae, and Actinomycetaceae were significantly increased
and the relative abundance of Alloprevotella was significantly decreased compared to non-NS group (Figure 5B).

= GP
H Non-NS
95% confidence intervals
I I
Verrucomicrobiota h = o | * 0.02488
! 5
unclassified k norank d Bacteria P (©) *  0.04172 &
1
AN Y T Y Y O I Y Y R R IR A AN NN N B
00 10 20 3.0 40 5.0 4 -2 0 2 4 6 8 10 12 14
Proportions (%) Difference between proportions (%)
Figure 4 Wilcoxon rank-sum test bar plot of GP group and non-NS group at the phylum level. *P value <0.05.
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Figure 5 Wilcoxon rank-sum test bar plot of NS versus non-NS group and GP group versus non-NS group at the genus level. (A) Wilcoxon rank-sum test bar plot of NS
group and non-NS group at the genus level. (B) Wilcoxon rank-sum test bar plot of GP group and non-NS group at the genus level. *P value <0.05 **P value <0.01.

The Disease-Associated Bacterial Taxa in NS or GP Patients

The LEfSe analysis was used to identify the most differentially abundant bacterial taxa in NS or GP patients compared to non-
NS patients (Figure 6). In NS group, an increased abundance of Erysipelatoclostridiaceae, Coprobacter, and CHKCI002 was
observed (Figure 6A and C). Meanwhile, the underrepresented bacterial taxa include Clostridia_ UCG-014 at the order, family,
and genus levels, Erysipelotrichales at the family and genus levels, Actinobacteria at the order, family, and genus levels, and
SC-1-84 at the family and genus levels.

The differentially abundant bacterial taxa between GP and non-NS group are shown in Figure 6B and D. As the
genera in NS group, Erysipelatoclostridiaceae, Coprobacter, and CHKCI002 were also overrepresented in GP group.
Besides, the clade of Verrucomicrobiota to Akkermansia and unclassified bacteria were overrepresented, indicating an
important role of Akkermansia in GP patients. In addition, the abundances of order Flavobacteriales, genus UBA1819,
and Clostridiaceae and Actinomycetaceae at the genus level were also increased in GP patients. The abundances of class

Bacilli and genus Alloprevotella were decreased in GP patients.

Discussion
After centuries of research, NS is still poorly understood.”*” An increasing number of studies have revealed that the
microbiota-gut-brain axis contributes to the pathogenesis of numerous neuropsychiatric disorders, including Parkinson’s
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Figure 6 LEfSe analyses of NS versus non-NS group and GP group versus non-NS group. (A) Cladogram of NS group and non-NS group. (B) Cladogram of GP group and
non-NS group. (C) Histogram of the LDA scores computed for features differentially abundant between NS group and non-NS group. (D) Histogram of the LDA scores
computed for features differentially abundant between GP group and non-NS group.

Disease and Alzheimer’s disease.'”*® In this study, we explored the gut microbiota in non-NS and NS patients and
investigated the bacterial community composition difference between the two groups. To our knowledge, the gut
microbiota has not yet been studied in NS or GP patients. Overall, we found that the alpha and beta diversities of the
gut microbiota were similar in non-NS patients and NS patients. However, several bacterial taxa including Coprobacter,
and Clostridia UCG-014, Erysipelotrichales,
Actinobacteria, and SC-1-84 were underrepresented in NS patients. We then further analyzed the gut microbiota of NS

CHKCI002, and Erysipelatoclostridiaceae were overrepresented,

patients with GP. No significant difference was found in alpha and beta diversities of the gut microbiota between GP and
non-NS groups, but compared to non-NS patients, Akkermansia was overrepresented in GP patients. Other taxa such as
CHKCI002, Candidatus Soleaferrea, Holdemania, and Coprobacter were also overrepresented, while Bacilli and
Alloprevotella were underrepresented.

The Akkermansia genus has long been recognized as a protective bacterium and the decreased abundance of this
commensal bacterium has been linked to multiple diseases, such as obesity, diabetes, and liver steatosis.?’ However, the
abundance of Akkermansia genus was increased in GP patients compared to non-NS patients in our study. Several studies
showed that the increased abundance of Akkermansia genus was associated with Alzheimer’s disease and seizure,>* 2
and Alzheimer’s disease has similar cognitive impairment manifestations to GP.>*** Given that caloric restriction or
starvation increases the abundance of Akkermansia genus in the human gut,* the abundance increase of Akkermansia
genus in GP patients might due to the limited food intake. It has been reported that Akkermansia could increase the

differentiation of T, cells in the colon and stimulate the production of interleukin-10.**” Our previous study revealed

eg
that compared to patients without central nervous system involvement, neurosyphilis patients had higher T, frequency
in peripheral blood.*® Other studies demonstrated that interleukin-10 levels were increased in NS patients compared to
non-NS patients.*® Therefore, we infer from these that the overrepresented Akkermansia may have a facilitative effect on
accelerating the progression of NS. Thus, further study should be investigated in the future.

Several reports showed that the decreased abundance of Alloprevotella genus was associated with cognitive

impairment.** Here, we also found that Alloprevotella genus was underrepresented in GP patients, indicating that
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Alloprevotella genus may contribute to cognitive impairment. Other taxon changes in NS or GP patients have also been
reported in other neuropsychiatric disorders. For example, the Coprobacter genus and Actinomycetaceae genus have been
reported enriched in the gut microbiota of autism patients with gastrointestinal disorder.*' The increases in the
abundances of Erysipelotrichales genus and Erysipelotrichaceae genus were observed in animal models of Parkinson’s
disease or neuropathic pain.**** Our findings indicated that the gut microbiota may play important roles in the
pathogenesis of NS, especially of NS complicated by GP.

Our study also has several limitations. First, the sample size is not large enough, which may lead to the omission of rare
bacteria. Second, the NS patients were older than non-NS patients and the gut microbiota difference might be resulted from
different ages. Third, all subjects were Chinese, and dietary habits also contributed to the gut microbiota characteristics.
Fourth, it remains to be further investigated whether the gut microbiota alterations change with the progression, aggravation,
and treatment of NS or with different NS categories. Our further studies will expand the sample size, exclude age and other
confounding factors, and further explore the relationship between altered gut microbiota and the severity of NS.

Conclusion

Based on this small sample study, we have a preliminary understanding of the composition of the gut microbiota in
Chinese syphilis patients. We found that the alpha and beta diversities of the gut microbiota were similar between NS and
non-NS patients or GP and non-NS patients. However, the abundances of Akkermansia, Coprobacter, Actinomycetaceae,
Erysipelotrichales, Erysipelotrichaceae, and Alloprevotella, which have been associated with other neuropsychiatric
disorders, were altered in NS or GP patients compared to non-NS patients. Our findings suggest that the alternation of the
gut microbiota in NS patients may contribute to the course of NS, which will deepen our understanding of NS.
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