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Background: Intrathecal protein synthesis (ITS) occurs in various central nervous system disorders, but few quantitative studies have focused on ITS for neurosyphilis (NS) in southwestern China. We made a study to quantitatively assess the ITS in patients with NS and to investigate the association between ITS and the stages of NS.

Methods: CSF–serum specimen pairs from 142 patients (66 NS and 76 non-NS/syphilis) were collected for routine CSF and serum tests. The NS group was divided into slight and severe subgroups according to the NS stages. Three formulas for the quantitative determination of the intrathecal synthesis were calculated to characterize the specimens, including the Ig index (QIg/Qalb), Ig extended index (Ig_EI), and intrathecally synthesized fraction (IgIF) using the hyperbolic function. The role of QTPPA/QIgG as an antibody index (AI = Q specific Ig/QIgG) was also explored.

Results: Sero_TRUST titres (1:16, 1:1-1:256), sero_TPPA titres (1:163840, 1:1280-1:1310720), total protein (MTP), and CSF_Igs (p < 0.05) were found to be significantly elevated in the NS group. Intrathecal Ig synthesis can be identified using all three formulas in the NS group. The pattern of Ig intrathecal synthesis was IgIF-G (48.62%) > IgIF-A = IgIF-M (p < 0.05), with the dominant intrathecal fraction being IgG (median, 48.62%), which was also verified by QIgG >Qalb >QIgM = QIgA. In the slight NS group, the intrathecal fractions of IgM (>0 in 4 out of 20 cases) and IgG (>0 in 16 out of 20) were lower than the intrathecal fractions of IgM (>0 in 19 out of 35 cases) and IgG (>0 in 33 out of 38) in the severe group (p < 0.05). The area under the curve (AUC) of the CSF_TPPA antibody index was 0.867 (0.792, 0.922), with an optimal cutoff point of 0.81, providing a sensitivity of 88.91% and specificity of 84.62%.

Conclusion: Although the intrathecal synthesis pattern is IgG dominant in patients with NS, brain-derived IgM and IgA can also be found. Moreover, intrathecal IgM and IgG were associated with a parenchymatous type of neurosyphilis. Syphilis-specific antibodies are a new potential tool for NS diagnosis.
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Introduction

Neurosyphilis (NS), syphilis of the central nervous system (CNS), has attracted a lot of attention in recent years (1, 2). NS has varied presentations and can be detected by laboratory tests. Diagnosis and treatment, as in previous eras, depend on clinical recognition. Guidelines from different countries, including Canada (3), Germany (4), the UK (5), and China, or organizations (6), such as the EU, highlight the role of cerebrospinal fluid (CSF) syphilis serology treponemal (TTs) and nontreponemal (nTTs) and CSF abnormalities. Due to the imperfect sensitivity and specificity of serology markers and the lack of benchmarks of CSF white-cell count (WBC) and protein level, the diagnosis of neurosyphilis is challenging from a clinical practical standpoint.

CSF_TPPA (Treponema pallidum particle agglutination assay) titers, CSF_CXCL13, and serological trust titers have the potential to diagnose or predict neurosyphilis in recent years (7–9). Additionally, nTTs and TTs might reflect CSF abnormalities before therapy, and the RPR response can succeed in predicting the normalization of CSF abnormalities after therapy (10). CSF syphilis serology is a breakthrough in the diagnosis of NS (11). The theoretical basis of CSF serology in NS is the role of humoral immunity in the inflammatory response and may be involved in CNS damage caused by T. pallidum (12), especially the role of ectopic germinal centers (EGCs). In other words, a brain-derived pathogen-specific antibody can be measured by the detection of intrathecal or local antibodies against T. pallidum. Due to impairment or selective function of the blood CSF barrier (BCB), it is difficult to discriminate the source of TTs and/or nTT antibodies, as immunoglobulins (Ig) in CSF might be brain-derived or blood-derived. Rieber and other researchers have developed formulas for assessing the intrathecal synthesis of immunoglobin quantitatively (13–16). The assessment of protein intrathecal synthesis (ITS) is an essential step in CSF analysis, especially pathogen-specific immunoglobin.

There are few quantitative studies focusing on ITSs in neurosyphilis in southwestern China, though T. pallidum expands and spreads globally (17). Here, we quantitatively assessed ITS in patients with NS and investigated the association between ITS and the stages of neurosyphilis. Additionally, the syphilis-specific response in the central nervous system was investigated. We hope that the intrathecal humoral response may be a future potential target for therapies or diagnoses that can help to prevent persistent infection and progression of the disease.



Materials and methods


Definitions

Neurosyphilis refers to syphilis patients with (1) CSF abnormalities: elevated CSF protein (>450 mg/L) and/or leukocyte count (>10 cells/μl) and (2) clinical symptoms or signs consistent with neurosyphilis without other known causes for these clinical abnormalities or a reactive CSF_TRUST. We divided the NS group into slight and severe subgroups according to the stages of neurosyphilis. Here, asymptomatic neurosyphilis, meningeal syphilis, meningovascular syphilis, and ocular syphilis were divided into the slight group, while general paresis and tabes dorsalis were classified into the severe group. Patients with syphilis without a confirmed diagnosis of neurosyphilis were defined as the non-neurosyphilis (N-NS) group.


Subjects and samples

In this study, we included 162 syphilis patients with CSF examinations between December 2019 and July 2021 at West China Hospital. The patients' basic characteristics were collected such as sex, age, syphilis stage, and HIV coinfection. The stages of syphilis were based on clinician diagnosis. Their residual CSF-serum specimen pairs were collected and stored at −80°C for subsequent analysis. CSF samples with macroscopic blood contamination or from duplicate patients were excluded. A total of 142 patients (66 patients with NS and 76 patients with N-NS) were ultimately included, whose information is illustrated in Table 1.


TABLE 1 Characteristic of the study population.
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Tests

Some related clinical and routine laboratory parameters, including routine CSF results and serum results, were collected from the hospital information system (HIS) and laboratory information system (LIS). The syphilis serological tests, including TRUST (Rongsheng, China), TPPA (Fujirebio, Japan) tests, Elecsys Syphilis assays (Roche, German), and FTA-ABS (Euroimmun, German), were performed according to the manufacturer's instructions. CSF IgA and IgM were measured by Siemens Healthcare Diagnostics on a BN II platform (Siemens, German), while CSF IgG was measured by immunoturbidimetry (Beckman Coulter GmbH, America). Serum Igs were measured by immunoturbidimetry (Beckman Coulter GmbH, America). However, some values were missing, which may have been caused by a lower limit of detection in CSF (6.2 mg/L for albumin, 9.3 mg/L for IgG, 1.25 mg/L for IgA, and 0.13 mg/L for IgM).



Formulas designed for the quantitative determination of intrathecal synthesis

The albumin quotient (Qalb) was used to evaluate the function of BCB. The IgG index (QIg/Qalb) is considered to be the most commonly used measure to evaluate the function of BCB and can be used in patients with normal BCB function (18). Since 1989, Ohman et al. (13, 16) improved the Ig index to the Ig extended index (Ig_EI = QIg/ [image: image], constant a) based on the linear relationship between ln (QIg) and ln (Qalb). However, the groundwork of ITS laid by Reiber et al. is a hyperbolic curve between QIg and Qalb (15, 19–22). The ITS refers to the intrathecal fraction (IgIF) in % of total Ig in CSF (23). All three formulas can quantitatively determine the intrathecal synthesis, but in this study, we used an antibody index (AI = QTPPA/QIgG), providing indirect evidence for T. pallidum invasion in the CNS, to reflect the local pathogen-specific antibody response.



Statistical analysis

The data were expressed as X ± SD or median (Range) according to its distribution. The unpaired t-test, Mann–Whitney U test, χ2 test or Fisher's exact test, linear regression, and logarithmic transformation were used in this study. The abovementioned statistical analyzes were performed using SPSS 26.0 for Windows or GraphPad Prism 8.30. Receiver operating characteristic (ROC) analysis was performed on MedCalc Statistical Software version 15.2.2 to determine the performance of the Treponema-specific antibody index, and the optimal cutoff was determined corresponding to the maximal Youden's index (sensitivity + specificity−100%). Missing values were not taken into the statistical calculations mentioned. A p < 0.05 was considered statistically significant.



Ethics statements

This study was approved by (2020-920) the Ethics Committee of West China Hospital of Sichuan University.




Results


Characteristics of the study participants

In total, 66 patients with NS and 76 patients with N-NS were enrolled (Table 1). Nearly all patients with NS except one were reactive to CSF_TRUST (1:2,0-1:128), while all patients with N-NS were nonreactive with CSF_TRUST. There was no significant difference in age distribution between patients with N-NS and NS (p > 0.05). However, more male patients were seen in the NS group (p < 0.05). Higher sero_TRUST titres (1:16, 1:1-1:256) and sero_TPPA titres (1:163840,1:1280-1:1310720) were observed in the NS group (p < 0.001). No statistically significant differences were found in sero_Igs between the two groups (p > 0.05). Compared with CSF protein levels in the N-NS group, the total protein (MTP) and CSF_Igs were elevated in the NS group, but the ALB level was not elevated.



Quantitative assessment of intrathecal Ig synthesis by different formulas

Compared with data in the N-NS group, increased concentrations of the three CSF_Ig classes were seen in the NS group (Table 1). In the NS group, elevated Qalb indicated BCB dysfunction (Table 1; p < 0.05). Intrathecal Igs can be found in the NS groups using all three formulas. However, more patients were found to have intrathecal Ig synthesis using the Ig index than those patients using the Ig extent index and IgIFs. In the N-NS group, the three intrathecal Ig syntheses were not so dissimilar among the three formulas. The molecular diffusion/CSF flow theory provides the sensitive identification of the intrathecal fraction of pathological protein (22, 24). When using the hyperbolic function, 79% of NS patients with brain-derived IgG and almost 50% of NS patients with brain-synthesized IgA and IgM. The pattern of Ig intrathecal synthesis was IgIF-G (48.62%) > IgIF-A = IgIF-M (p < 0.05), with the dominant intrathecal fraction being IgG (median, 48.62%) in the NS group, which was also verified by QIgG > Qalb > QIgM= QIgA. The Ig quotient diagram with hyperbolic curves is presented in Figure 1.
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FIGURE 1
 Ig quotient diagram with hyperbolic curves for the upper discrimination line (QLim) of the reference range for blood-derived Ig in CSF. The dark line is Qlim, the upper limit of the reference range for blood-derived Ig in CSF; the dashed line, indicates Qalb(10−3)>8; the solid point represents the cases in the NS group, while the hollow point indicates the cases in the N-NS group. Parameters for the calculation of the hyperbolic curves are obtained from a previous study (23).




Association between brain injury and Ig synthesis

Intrathecal IgM analysis is not considered a sign of the acute phase of a disease, as there is no Ig isotype switch in the brain (23). Moreover, the intrathecal IgM fraction is reported to be associated with a poor prognosis (25). As illustrated in Figure 2, the intrathecal fractions of IgM (4 out of 20 cases was >0) and IgG (16 out of 20 > 0) in the slight group were lower than the intrathecal fractions of IgM (19 out of 35 cases was >0) and IgG (33 out of 38 was >0) in the severe group (p < 0.05), while there was no statistically significant difference in the intrathecal fractions of IgA between the two groups. Moreover, intrathecal IgM and IgG were associated with general paresis and tabes dorsalis, late stages, or parenchymatous types of neurosyphilis.


[image: Figure 2]
FIGURE 2
 Association of brain injury and Ig synthesis. Asymptomatic neurosyphilis (n = 5), meningeal syphilis (n = 11), meningovascular syphilis (n = 6), and ocular syphilis (n = 3) were divided into the slight group, while general paresis (n = 38) and tabes dorsalis (n = 1) were classified into the severe group. ns, no significant. *P < 0.05.




Role of TP antibody index in neurosyphilis

The CSF_TPPA titer ≥ 1:320 or 1: 640 was specific for NS, but the CSF_TPPA index (CSF_TPPA/Sero_TPPA), which evaluates the intrathecal synthesis of treponemal antibody, has not yet been validated for the diagnosis. Here, the AUC of the CSF_TPPA index antibody index (QTPPA/QIgG) was 0.867 (0.792, 0.922), with an optimal cutoff of ≥0.81, a sensitivity of 88.91% and a specificity of 84.62% (Figure 3).


[image: Figure 3]
FIGURE 3
 The ROC of the TP antibody index in neurosyphilis. The AUC of the CSF_TPPA index antibody index was AUC: 0.867 (0.792, 0.922), with its optimal cutoff points for the identification of NS being ≥0.81, providing a sensitivity of 88.91% and specificity of 84.62%.





Discussion

In neurosyphilis, although sero_TRUST titers and neurological symptoms were developed to predict neurosyphilis (26, 27), routine CSF analysis and CSF serology are still deemed the “gold” standard. Enrichment of B cells, especially EGCs, as well as differential expression of cytokines and chemokines, were observed in the CSF of patients with neurosyphilis in previous studies (12, 28–30), suggesting the important role of humoral or cellular immunity in neurosyphilis. In this study, we quantitatively assessed intrathecal immunoglobulin synthesis and explored its role in neurosyphilis.

Increased protein levels were significantly observed in the NS group (p < 0.05). Compared with CSF protein levels in the N-NS group, the MTP and CSF_Igs were elevated in the NS group (p < 0.05), but the ALB level was not elevated since all CSF albumin is blood-derived (p > 0.05), interfering with the elevation of immunoglobulins and other brain-derived proteins. Intrathecal synthesis of immunoglobulins occurs in many CNS disorders (23, 31), which can be demonstrated in two different ways: by isoelectric focusing electrophoresis (IFE) using CSF-Serum sample pairs and calculation of “synthesized” Igs using formulas. Unfortunately, IFE is often not available in most clinical laboratories.

In this study, three formulas were first used to assess the intrathecal immunoglobulin class in syphilis (Table 2). These three formulas showed that intrathecal fractions of CSF_IgM, CSF_IgG, and CSF_IgA were more common in the NS group than in the N-NS group (p < 0.05), suggesting the existence of brain-derived immunoglobulins. The discordant constituent ratio or pattern of ITS by different quantitative determinations is caused by different conditions of application of the three formulas in the NS group. The use of the Ig index assumes a linear relationship between the QIg and the Qalb. Logarithmic transformations of QIg and Qalb did not result in a linear response in the NS group, indicating that Ig_EI may also not be suitable. Compared with the Ig index and Ig-EI, the hyperbolic function showed high sensitivity and a low rate of false-positive findings for central nervous inflammatory diseases (32). Here, the intrathecal synthesis is calculated as the intrathecal fraction (IgIF) in % of total Ig in CSF according to the hyperbolic function. A total of 43.36% of patients with NS showed intrathecal synthesis of IgM, 51.85% of patients with NS showed intrathecal synthesis of IgA and 79.03% of patients with NS showed intrathecal synthesis of CSF_IgG (Table 2). Hence, the pattern of intrathecal immunoglobulin in NS is IgG dominant, with occasional IgM and IgA intrathecal synthesis. Our data are consistent with a previous report that approximately 50% of patients with neurosyphilis show intrathecal synthesis of IgM (33), and in contrast with this previous report, the data show the absence of IgA synthesis in NS (23). IgA ITS does not necessarily discriminate neurosyphilis from other inflammatory CNS disorders. Moreover, intrathecal IgM and IgG were associated with general paresis and tabes dorsalis, late stages or parenchymatous types of neurosyphilis (Figure 2). There was a positive correlation among the CSF B cells, immunoglobulin indices, and CSF CXCL13 levels (12). CXCL13/CXCR5 mediated the aggregation of B cells, which directed the aberrant humoral immune responses via the formation of EGCs, suggesting neurological damage in neurosyphilis (12). Hence, the reasons for IgG and IgM associated with late stages or parenchymatous types may be aroused by the aberrant humoral immune responses. Although intrathecal IgG synthesis is the most frequent immune response detectable in 50% of the inflammations in the daily routine CSF analysis, the role of IgM ITS in the progressive paralysis of neurosyphilis should not be ignored.


TABLE 2 Quantitative assessment of Intrathecal immunoglobulin synthesis by different formulas.

[image: Table 2]

The antibody index (AI), a quotient of CSF/serum albumin (Qalb) and immunoglobulin quotients (QIg), is useful to confirm a suspicion of infection in the CNS (31). Here, the CSF_TPPA index antibody index (QTPPA/QIgG), with a good AUC (0.867), suggested its potential diagnostic role in the NS. The cutoff (≥0.81) is different from the consensus that a cutoff ≥3 provides strong evidence of CNS infection (31). The CSF_TPPA antibody index has advantages, for all recent novel biomarkers, such as CXCL13 and other cytokines which are unspecific. Elevated CSF-TPHA titers/indices were associated with the signs of intrathecal Ig synthesis (34). Intrathecal anti-treponemal antibody production supports the diagnosis of active neurosyphilis, and with the use of the TPHA index, patients with abnormal CSF can be better classified in regard to their need for neurosyphilis therapy (35). However, careful interpretation of the AI result is still crucial due to the lack of a “gold standard” ideal cutoff, although measuring an AI for specific T. pallidum antibodies is a new potential tool for NS diagnosis (36). The high CSF treponemal-specific antibody response is a consequence of inflammatory pathology of the central nervous system (34). Further work on AI is needed.

In conclusion, the NS Ig ITS pattern was IgIF-G (48.62%) > IgIF-A = IgIF-M (P < 0.05), and intrathecal IgM and IgG were associated with general paresis and tabes dorsalis, late stages or parenchymatous types of neurosyphilis. The AI for specific T. pallidum antibodies is another new potential tool for NS diagnosis. However, there are several limitations in this study, including the small sample size, the possibility of misclassification of grouping error, and some missing data due to sample volume or detection limitation of assays. Also, we ignored the effect of HIV infection on intrathecal immunoglobulin synthesis and blood–cerebrospinal fluid barrier dysfunction due to only two cases of coinfection with HIV.
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