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Background: Recent evidence indicates that immune cells are crucial in modulating the pathogenesis of postherpetic neuralgia 
(PHN), with significant associations identified between immune responses and the development of PHN. However, the specific 
dynamic immune profile, the underlying molecular mechanisms, and especially the causal relationship between immune cells and PHN 
have yet to be comprehensively elucidated.
Methods: We implemented a comprehensive analytical framework incorporating two-sample Mendelian randomization (MR), 
multivariable Mendelian randomization(MVMR), and colocalization analyses to elucidate the causal relationships between immune 
cell phenotypes and PHN. Utilizing publicly available genetic datasets, we explored potential causal associations between 731 immune 
cell phenotypes and susceptibility to PHN. Comprehensive sensitivity analyses were performed to assess the robustness of the findings, 
evaluate heterogeneity, and investigate horizontal pleiotropy.The Steiger directionality test was utilized to address and reduce the 
likelihood of reverse causation.
Results: After applying the Bonferroni-adjusted, eight immune cell phenotypes exhibited significant causal associations with PHN. 
Further MVMR analysis revealed a significant positive causal relationship between CD27 on IgD- CD38dim B cell and the risk of 
PHN, with an odds ratio (OR) of 1.228 (95% confidence interval [CI]: 1.059–1.566, P = 0.011). Colocalization analysis offered limited 
evidence supporting a shared genetic architecture.
Conclusion: Our findings present compelling genetic evidence that identifies CD27 on IgD- CD38dim B cell as a potential 
therapeutic target for the prevention and treatment of PHN. This study reinforces the mechanistic connection between immune cell 
function and the pathogenesis of PHN, highlighting the necessity for further exploration in this area. These insights provide significant 
guidance for future clinical research and the development of therapeutic strategies.
Keywords: postherpetic neuralgia, causal relationships, colocalization analysis, MVMR, immune cells, CD27 on IgD- CD38dim 
B cell

Introduction
Postherpetic neuralgia (PHN), a prevalent and debilitating sequela of herpes zoster (HZ), is clinically delineated by the 
persistence of pain extending beyond three months subsequent to the initial onset of HZ infection.1,2 This severe form of 
neuropathic pain is typified by enduring cutaneous discomfort within the affected dermatomes, resulting in a significant 
decline in patients’ quality of life.3 The condition is characterized by a multifaceted array of symptoms, encompassing 
sleep disturbances, psychological manifestations such as depression and anxiety, and substantial impairment of physical 
function. In severe instances, PHN may advance to permanent disability and potentially result in life-threatening 
complications.4
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The pathogenesis of PHN is characterized by a complex and multifactorial process. A critical mechanism in this 
process is immune activation, during which the immune system produces cytokines and inflammatory mediators that 
cause neuronal damage, ultimately resulting in chronic pain.5 Additionally, immune dysregulation can significantly 
modify central pain processing mechanisms, leading to prolonged pain perception even after the initial injury has 
resolved.6 Immune-mediated inflammatory responses have been identified as critical factors in the pathogenesis and 
progression of neuropathic pain. A growing body of evidence indicates a substantial role for immune cells in the 
development of neuropathic pain.7,8 Design-based stereological analyses comparing CD1a(+) Langerhans cell (LC) 
populations in skin biopsies from pain-affected and non-affected areas in adults with and without PHN demonstrated 
no significant differences in LC density between herpes zoster-affected sites and control specimens.9 Subsequent study 
has identified macrophages expressing Agtr2 as the primary immune cell infiltrate at sites of nerve injury, where they 
play a crucial role in mediating pain sensitization.10 Additionally, patients with PHN demonstrated significantly higher 
frequencies of PD-1+CD4+ T cells and varicella-zoster virus (VZV)-specific PD-1+CD4+ T cells, along with increased 
production of tumor necrosis factor-alpha (TNF-α) by VZV-specific T cells, in comparison to individuals without PHN.11 

Despite these compelling associations, traditional observational studies exhibit intrinsic limitations, including potential 
reverse causation and residual confounding variables. As a result, the precise causal relationship between specific 
immune cell subtypes and the development of PHN has yet to be definitively established. Therefore, a more robust 
approach is needed to determine which immune cell populations may causally contribute to PHN development.

In order to elucidate the causal relationships between immune cell phenotypes and the development of PHN, we 
utilized MR methodology. This robust genetic epidemiological approach employs genetic variants as instrumental 
variables, thereby mitigating the confounding and reverse causation issues commonly associated with traditional 
observational studies.In the absence of randomized controlled trials (RCTs), MR stands out as a particularly persuasive 
approach for investigating causal associations between exposures and outcomes.12,13 Through the utilization of genetic 
variants as instrumental variables (IVs) for exposures, such as the levels of a specific Immune cell, MR analysis can 
enhance the robustness of causal inference by mitigating unobserved confounding and attenuating reverse causation.14,15 

The IVs approach employed in this study closely resembles RCTs by randomly assigning genetic variations at concep-
tion. Under specific assumptions, the MR framework also emulates a randomized controlled trial.16 In contrast to 
traditional epidemiological methods, this approach minimizes the impact of confounding factors such as gender and 
age, thereby facilitating more reliable causal inference.17 Additionally, the risk of reverse causation is reduced in MR 
studies due to the formation of genotypes before the onset of disease.

In this study, we employed a comprehensive analytical framework that integrates both univariable Mendelian 
randomization (UVMR) and Mendelian randomization (MVMR) analyses. By using genetic variants as IVs, we aimed 
to assess the causal relationships between immune cell phenotypes and PHN. This dual-approach strategy facilitated the 
evaluation of both direct and pleiotropic effects within the causal pathway.We identified evidence of associations between 
genetic variants and potential confounding factors influencing immune cell levels, which were subsequently addressed 
through sensitivity analyses. Assuming that genetic variants affect PHN development exclusively through their impact on 
exposure (the exclusion restriction assumption), MR analysis offered a robust framework for assessing the causal effect 
of immune cell characteristics on PHN susceptibility.Additionally, we utilized colocalization analysis to examine the 
shared genetic architecture and immune-mediated mechanisms underlying the pathogenesis of PHN. This complementary 
methodology facilitated the identification of potentially causal variants that influence both immune cell phenotypes and 
PHN risk via common biological pathways.

Methods And Materials
Study Design
This study utilized comprehensive UVMR and MVMR analyses to investigate potential causal relationships between 
Immune cells and PHN. The MR analysis and design schematic are depicted in Figure 1.In order to ensure the validity of 
MR studies, adherence to three key criteria is essential. Firstly, the single nucleotide polymorphisms (SNPs) of the selected 
IVs must exhibit a significant association with the Immune cells under investigation. Secondly, the IVs should demonstrate 
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independence from other potential confounding factors. Lastly, the IVs must exert their influence on the outcome through the 
exposure factor rather than through their own effects.18 Given that this study made use of publicly available GWAS data, no 
additional ethical approval was necessary. The MR analyses conducted in this study were carried out using the Two Sample 
MR, MRPRESSO, and coloc MR packages within the R software platform (version 4.2.1).

GWAS Data for Immune Cells
Summary statistics from genome-wide association studies (GWAS) pertaining to immune traits were sourced from the 
GWAS Catalog (ID: GCST0001391-GCST0002121), covering 731 unique immune phenotypes.19 The initial GWAS was 
executed on a cohort comprising 3757 individuals of European descent, ensuring no population overlap between studies. 
High-density array genotyping was employed to analyze approximately 22 million SNPs, utilizing a reference panel 
derived from Sardinian sequences. Association testing was performed with adjustments for pertinent covariates, includ-
ing sex, age, and age-squared (age²).20 Comprehensive information regarding the aggregated GWAS data can be accessed 
in the primary publication and the GWAS Catalog. Supplementary Table 1 contains a complete list of the 731 Immune 
cells, along with their respective names, the GWAS Catalog IDs, and ancestry.

GWAS Data for PHN
Initiated in 2017, the FinnGen study (https://finngen.gitbook.io/documentation/) represents a substantial national cohort 
endeavor established through a public-private partnership. This initiative integrates genetic data from the Finnish 

Figure 1 The flowchart presented in this study delineates the fundamental assumptions underlying MR analysis: (1) the relevance assumption - IVs must exhibit a strong 
association with the exposure phenotype; (2) the Independence assumption - IVs should not be correlated with any potential confounding factors; and (3) the exclusion- 
restriction assumption - IVs can solely impact the outcome through the exposure phenotype. 
Abbreviations: IV, instrumental variable; UVMR, univariable Mendelian randomization; MVMR, multivariable Mendelian randomization; PHN, postherpetic neuralgia.
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Biobank with digital health records from the Finnish Health Register, thereby providing a distinctive opportunity to 
examine genetic variations linked to disease trajectories within isolated populations.21 We acquired summary-level 
estimates of genetic associations with RA from the most recent publicly available R11 data release of the FinnGen 
study (https://storage.googleapis.com/finngen-public-data-r11/summary_stats/finngen_R11_G6_POSTZOST.gz). PHN 
diagnoses were classified according to the International Classification of Diseases, Tenth Revision (ICD-10) code 
B02.2, encompassing 420 cases and 395,832 controls. Genome-wide association analyses for each trait were adjusted 
for variables including sex, age, genetic ancestry, and genotyping batch.

IVs Selection
In order to test hypothesis (1), we employed a rigorous selection process to identify instrumental variables (IVs) 
associated with Immune cells from various perspectives. Due to the limited availability of single nucleotide polymorph-
isms (SNPs) linked to Immune cells, we adjusted the significance threshold to P < 5×10-6 for the selection of relevant 
SNPs. Subsequently, we pruned the SNPs by excluding those in linkage disequilibrium (LD), defined as R2 > 0.001 
within a 10,000 kb range, a criterion commonly utilized in prior research.22,23 To address potential bias stemming from 
weak IVs, we computed the R2 and F-statistics for each SNP.24 SNPs with F < 10 were defined as weak IVs and were 
subsequently excluded from the analysis.17 Subsequently, SNPs linked to metabolites were isolated from the findings 
while SNPs correlated with the outcomes (P < 1×10-5) were excluded. The SNPs were then standardized for both 
exposures and outcomes by eliminating palindromic SNPs and those with allele discrepancies. In accordance with 
hypothesis (3), SNPs associated with outcomes (P < 1×10-5) were omitted from the IVs. Ultimately, MR analysis was 
performed on metabolites with a minimum of two SNPs.25

Statistical Analysis and Secondary Analysis
The principal MR analysis employed the inverse-variance weighted (IVW) method. Specifically, a fixed-effect model 
IVW was applied in the absence of significant heterogeneity, whereas a random-effect model IVW was utilized when 
heterogeneity was detected.26 The IVW method synthesizes the Wald estimates of genetic causal associations for 
individual SNPs to quantify the effect of the exposure on the outcome, contingent upon the assumption that all selected 
SNPs are valid IVs.27,28 This methodology produces accurate estimates and constitutes the primary statistical technique 
for evaluating causal relationships.17,29 Therefore, we utilized IVW-based estimates to conduct an initial screening of 
Immune cells for their potential causal effects on PHN.In order to enhance the robustness of our findings, we employed 
two supplementary methods, the MR-Egger method and the weighted median (WM) method, to assess metabolites 
exhibiting significant IVW estimates (P < 0.05). These additional analyses were conducted to improve the reliability of 
our estimates in less stringent conditions.The WM method permits the inclusion of a maximum of 50% of SNPs that may 
be invalid, whereas MR-Egger provides capabilities for testing horizontal pleiotropy and detecting heterogeneity in the 
presence of pleiotropy.30,31 MR-Egger regression is able to yield unbiased estimates under the InSIDE assumption 
(Instrument Strength Independent of Direct Effect).32,33

The secondary analyses in MR involve assessing heterogeneity, pleiotropy, and sensitivity. Heterogeneity among 
SNPs associated with exposures was examined through the application of Cochran’s Q test.17 The Q statistic and I² (%) 
value were utilized to quantify heterogeneity, with I² defined as I² = [Q - (K - 1)] / Q, where K represents the number of 
SNPs, and Q is the Q statistic. Horizontal pleiotropy was assessed using the MR-Egger intercept method34 and the global 
test in MR-PRESSO.35 An intercept close to zero suggests a reduced likelihood of horizontal pleiotropy.Following the 
identification of outliers through MR-PRESSO, a repeat MR analysis was conducted after excluding heterogeneous 
SNPs. Subsequently, MR-PRESSO was utilized once more to ascertain the presence of heterogeneous SNPs. Sensitivity 
assessment was carried out through leave-one-out (LOO) analysis,36 systematically removing each SNP to assess its 
impact on the overall causal estimate. Furthermore, sensitivity analyses involved comparing results from different MR 
methods to ensure the stability and reliability of the conclusions.37

To strengthen the exclusion restriction assumption in MR analyses, the Steiger test was employed. This test evaluates 
the direction of causality by comparing the variance explained by genetic variants in the exposure (immune cell subtypes) 
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versus the outcome (PHN), helping confirm that our identified genetic instruments primarily affect PHN through their 
influence on immune cells rather than the reverse causal pathway.38

In conclusion, we employed a comprehensive multi-step analytical framework to identify immune cell populations 
with potential causal effects on the development of PHN, adhering to the following stringent criteria: (1) statistical 
significance in the preliminary analysis, defined as P < 0.05 using the IVW method; (2) consistency in both direction and 
magnitude across various MR methodologies; (3) absence of heterogeneity or horizontal pleiotropy in MR estimates; and 
(4) minimal influence of individual SNPs on the overall MR estimates.Subsequent to the initial analysis, positive findings 
were subjected to multiple testing corrections in accordance with the previously described methods and protocols. 
Statistical significance was determined using Bonferroni-adjusted P-values, calculated as P < 0.05/N, where N denotes 
the number of tests conducted.39 The threshold for statistical significance was established at P < 0.0125 (0.05/4), and only 
results that met this rigorous criterion were deemed statistically significant.

Confounding Analysis and Multivariable MR Analysis
To substantiate our findings, we performed extensive sensitivity analyses to assess horizontal pleiotropy within our MR 
results and to identify any SNPs that may contravene the assumptions of MR.While recognizing the potential for residual 
confounding due to a limited number of SNPs, we conducted a systematic investigation of genetic instruments linked to 
immune cell phenotypes using the GWAS Catalog (https://www.ebi.ac.uk/gwas/). This analysis aimed to identify 
potential associations with established risk factors for PHN, encompassing demographic variables (such as age and 
female sex), clinical parameters (including the severity of acute pain and rash), immunological status (such as HIV 
infection and organ transplantation), timing of treatment, neurological history, psychological factors,40 and disease- 
specific characteristics. SNPs exhibiting significant associations (P < 1×10⁻5) with any of the confounding variables or 
the outcome were identified. Subsequently, MR analyses were conducted again, excluding these SNPs, to validate the 
robustness of our findings and ensure the reliability of our causal inferences.

In order to adhere to the assumptions 2 and 3 of MR, it is imperative to confirm the association of genetic variants 
with a singular risk factor. Nonetheless, certain genetic variants exhibit associations with multiple risk factors, a concept 
referred to as pleiotropy. In instances of pleiotropy, MVMR can effectively account for the interactions among genetic 
variants linked to various exposures that may impact one another.41 MVMR offers a solution to the challenges of 
independence, dominance, and comparability that single-variable MR is unable to address.Essentially, single-variable 
MR analyzes the overall impact of exposure on the outcome, whereas MVMR examines the specific impact of each 
exposure on the outcome, without considering other exposures.In this research, we utilized MVMR to account for the 
interactions of the Immune cells identified. MVMR was implemented through the IVW,42 MR-PRESSO,35 and LASSO 
regression43,44 techniques. The IVW method in MVMR entails regressing SNPs for all exposures against the outcome, 
with weights determined by the inverse variance of the outcome. MR-PRESSO was employed to identify and remove 
outliers in order to address pleiotropy among IVs. LASSO regression was utilized to eliminate exposures exhibiting 
collinearity.

Colocalization Analysis
In order to explore the potential relationship between the Immune cells identified in PHN, we conducted 
a colocalization analysis utilizing the coloc R package.45 This analysis enabled us to identify a shared causal variant 
locus within a specific genomic region that may drive the association between these factors and the two phenotype. 
The Coloc method assessed the posterior probabilities (H0, H1, H2, H3, H4) of five hypotheses within a Bayesian 
framework for each variant locus: (1) no association with either trait; (2) association with trait 1 only; (3) association 
with trait 2 only; (4) both traits are associated with different causal variants specific to each trait; (5) both traits are 
correlated and share the same causal variant.46 The colocalization analyses utilized default priors (p1 = 1 × 10–4, p2 = 
1 × 10–4, p12 = 1×10-5).pp.H4 > 80% of the results of the colocalization analyses (H4) provide strong evidence in 
support of the existence of shared causal variants affecting gene expression and the risk of PHN in specific genomic 
regions.47
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Results
Preliminary Analysis
Utilizing a significance criterion of P < 5×10 ^ - 6, this study discovered 10,059 SNPs linked to 731 Immune cells. The 
F-statistics of these SNPs varied from 10.03 to 6,287,907.51, affirming the statistical soundness and dependability of the 
chosen phenotype as IVs in the MR analysis. Detailed information regarding the IVs can be found in Table S2. Prior to 
conducting the formal MR analysis, all outliers were identified and eliminated through the screening of confounders and 
MR-PRESSO (Table S3). In this extensive MR analysis, which examined 731 immune cell phenotypes in relation to 
PHN characteristics, we identified significant causal associations utilizing the IVW method. After applying stringent 
statistical corrections, including the Bonferroni adjustment (P < 0.0125), and excluding one pleiotropic exposure (BAFF- 
R expression on IgD+ CD38+ B cells), eight immune cell populations exhibited strong causal relationships with the 
development of PHN (Table S4; Figures 2 and 3). Further details are provided below:CD27 on IgD- CD38dim B cell 
(OR: 1.240, 95% CI:1.064–1.446, P = 0.006), FSC-A on myeloid Dendritic Cell (OR: 1.134, 95% CI: 1.029–1.249, P = 
0.011), BAFF-R on naive-mature B cell (OR: 0.845, 95% CI: 0.747–0.956, P = 0.007), BAFF-R on transitional B cell 
(OR: 0.845, 95% CI: 0.744–0.961, P = 0.010), CD123 on CD62L+ plasmacytoid Dendritic Cell (OR: 0.780, 95% CI: 
0.649–0.936, P = 0.008), CD123 on plasmacytoid Dendritic Cell (OR: 0.779, 95% CI: 0.649–0.935, P = 0.007), CD25 on 
activated and secreting CD4 regulatory T cell (OR: 0.824, 95% CI: 0.714–0.950, P = 0.008), and CD33+ HLA DR+ 
CD14- Absolute Count (OR: 0.907, 95% CI: 0.841–0.978, P = 0.011)(Figures 3). The alignment of the MR Egger, 
Weighted Median, and Weighted Mode methodologies with the IVW approach in the MR analysis underscores the 
robustness of the findings.

Extensive sensitivity analyses conducted for all positive findings indicated no evidence of SNPs exhibiting horizontal 
pleiotropy, as assessed through standard pleiotropy evaluations and MR-PRESSO analysis (see Table S5). This supports 
the reliability of our IVs. Additionally, heterogeneity tests for positive outcomes revealed no significant heterogeneity in 

Figure 2 Volcano plot of Immune cells associated with the risk of developing PHN. PHN, postherpetic neuralgia.
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Figure 3 Forest plot of Immune cells versus PHN (Bonferroni-adjusted p-values highlighted in red indicate significant associations at P < 0.0125). 
Abbreviations: SNP, single nucleotide polymorphism; 95% CI, 95% confidence interval; IVW, inverse variance weighted; OR, odds ratio.
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MR estimates (refer to Table S6), thereby further validating our results.Furthermore, LOO analyses revealed no 
significant sources of bias among the positive results (see Supplementary Figure 1). All analyses successfully passed 
the Steiger directionality tests, indicating the absence of reverse causation in our instrumental variables (refer to Table 
S7). Additional visual data are provided in Supplementary Figures 2 and 3.

MVMR Analysis
To address potential interactions and confounding effects among immune cell populations, we conducted a MVMR 
analysis. This approach facilitated a comprehensive examination of the independent contributions of different immune 
cell populations to the risk of PHN. The MVMR analysis incorporated three robust methodologies: IVW analysis, MR- 
PRESSO testing, and LASSO regression. These methods were chosen to ensure the reliability and consistency of our 
findings while effectively mitigating potential bias and confounding variables.

Our analysis identified a single immune cell population (CD27 expression on IgD- CD38dim B cells) that maintained 
significant association with PHN risk after controlling for other immune cell populations (OR: 1.288, 95% CI: 
1.059–1.566, P = 0.011). This finding suggests that genetic predisposition to altered CD27 expression on IgD- 
CD38dim B cells may independently influence PHN susceptibility. The positive odds ratio suggests that individuals 
with a genetic predisposition for this immune cell phenotype may have an elevated risk of developing or experiencing 
more severe PHN. Importantly, these findings were consistent across all three analytical methods used in the MVMR 
analysis, underscoring the robustness of our results and demonstrating the stability of the observed association across 
various statistical approaches.(Table S8, Figures 4).

Colocalization Analysis
Colocalization analyses were conducted on all eight immune cell populations that exhibited statistical significance 
following Bonferroni correction. Robust evidence for a shared genetic architecture between PHN risk and immune cell 
expression was found in two populations: CD123 expression on plasmacytoid dendritic cells (posterior probability of 
hypothesis 4 [PP.H4] = 70.65%, with no lead SNP identified) and CD123 expression on CD62L+ plasmacytoid dendritic 
cells (PP.H4 = 69.50%, with no lead SNP identified)(Table S9, Figure 5).Key loci identified in genome-wide association 
studies may specifically confer a reduced risk of PHN through the biological regulation of these two immune cell 
populations. Conversely, other immune cell populations did not exhibit evidence supporting colocalization hypotheses 
with PHN susceptibility.

Discussion
This study represents several groundbreaking advances in our understanding of PHN pathogenesis. First, while previous 
observational studies have only demonstrated correlative relationships between immune cells and PHN, our MR analysis 

Figure 4 Multivariate Mendelian randomization (MVMR) forest plot (significant p-values highlighted in red). 
Abbreviations: SNP, single nucleotide polymorphism; 95% CI, 95% confidence interval; IVW, inverse variance weighted; OR, odds ratio; MVMR, multivariable Mendelian 
randomization.

https://doi.org/10.2147/JPR.S503748                                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Pain Research 2025:18 1728

Chen et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=503748.zip
https://www.dovepress.com/get_supplementary_file.php?f=503748.zip
https://www.dovepress.com/get_supplementary_file.php?f=503748.zip
https://www.dovepress.com/get_supplementary_file.php?f=503748.zip
https://www.dovepress.com/get_supplementary_file.php?f=503748.zip
https://www.dovepress.com/get_supplementary_file.php?f=503748.zip
https://www.dovepress.com/get_supplementary_file.php?f=503748.zip
https://www.dovepress.com/get_supplementary_file.php?f=503748.zip


provides the first robust evidence of causal relationships between specific immune cell subtypes and PHN development. 
Second, our comprehensive analysis of multiple immune cell subtypes, combined with colocalization analysis, has 
revealed a previously unknown hierarchical importance of different immune cells in PHN pathogenesis. This novel 
finding was not achievable through traditional observational approaches. Third, by identifying causal genetic variants, 
our study opens new avenues for therapeutic targeting, potentially shifting the treatment paradigm from symptom 
management to preventive strategies based on immune modulation.

PHN, a prevalent complication of herpes zoster, constitutes its most severe sequela, leading to substantial physical, 
psychological, functional, and social impairments. Although an increasing body of evidence underscores the essential 
role of immune cells in the development and progression of PHN, the specific causal relationships and underlying 
mechanisms involving immune cell populations and PHN remain largely undefined.In this study, we utilized two-sample 
MR, MVMR, and colocalization analyses to investigate these causal relationships.Our findings revealed that individuals 
with genetically determined higher levels of CD27 expression on IgD- CD38dim B cells and FSC-A on myeloid dendritic 
cells showed increased PHN risk, while elevated levels of BAFF-R on naive-mature B cells, BAFF-R on transitional 
B cells, CD123 on CD62L+ plasmacytoid dendritic cells, CD123 on plasmacytoid dendritic cells, CD25 on activated and 
secreting CD4 regulatory T cells, and CD33+ HLA DR+ CD14- absolute count were associated with decreased PHN risk.

The MVMR analysis revealed that CD27 expression on IgD- CD38dim B cells may have a detrimental effect on the 
development of PHN, with each standard deviation increase correlating with a 28.8% heightened risk of PHN. Exploring 
these mechanistic pathways could offer new insights and potential therapeutic targets for managing PHN. Additionally, 
colocalization analyses indicated that certain genetic loci identified in GWAS studies might influence PHN susceptibility 
by regulating CD123 expression on both plasmacytoid dendritic cells and CD62L+ plasmacytoid dendritic cells.This 
research introduces an innovative methodological framework aimed at examining potential causal relationships between 
PHN and immune cell populations by employing an integrated approach of MVMR and colocalization analyses.Utilizing 
comprehensive publicly accessible genetic data, we examined the causal associations between 731 immune cell 

Figure 5 Colocalization results for Immune cell and PHN. (A) Colocalization analysis of BAFF-R on naive-mature B cell with PHN; (B) Colocalization of CD25 on activated 
and secreting CD4 regulatory T cell with PHN; (C) Colocalization analysis of CD27 on lgD- CD38dim B cell with PNH; (D) Colocalization analysis of BAFF-R on transitional 
B cell with PHN; (E) Colocalization of CD123 on plasmacytoid Dendritic Cell with PHN; (F) Colocalization analysis of CD123 on CD62L+ plasmacytoid Dendritic Cell with 
PNH; (G) Colocalization analysis of FSC-A on myeloid Dendritic Cell with PHN; (H) Colocalization of CD33+ HLA DR+ CD14- Absolute Count with PHN.
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phenotypes and susceptibility to PHN. To the best of our knowledge, this study constitutes the inaugural MR analysis 
investigating the causal relationships between multiple immune phenotypes and the development of PHN.

CD27 on IgD- CD38dim B cell constitute a distinct subset of memory B lymphocytes, characterized by the absence of 
IgD expression (IgD-), intermediate expression of CD38 (CD38^dim), and the presence of CD27, a member of the tumor 
necrosis factor receptor superfamily. This cellular population represents a subset of antigen-experienced B cells that have 
undergone immunoglobulin class-switch recombination.CD27 is recognized as a classical marker for memory B cells, 
which possess the ability to swiftly differentiate into antibody-secreting cells upon subsequent antigenic exposure.48 This 
process is crucial for immunological memory and the expedited secondary immune response.While no direct evidence 
has previously established the association between CD27+IgD-CD38dim B cell and PHN, our Mendelian randomization 
analyses, specifically employing the MVMR approach, have demonstrated a positive causal relationship between 
genetically predicted levels of these cells and susceptibility to PHN. Several potential biological mechanisms may 
underlie this novel association: (1) Enhanced Neuroinflammatory Response: Previous studies have demonstrated that 
B cell-mediated autoimmune responses can contribute to neuropathic pain development,49 although specific investiga-
tions of CD27+IgD-CD38dim B cell in PHN are lacking. (2) Sustained Immune Activation: Research has shown that gut 
dysbiosis and immune system activation contribute to the development and progression of neuropathy,50 suggesting 
potential mechanisms for chronic pain states.3) Neuroimmune Modulation:Evidence indicates that immune cells can 
modulate neural function through various mediators, including serotonin and other immune modulators,51 which may 
influence pain sensitization.While these mechanistic hypotheses are supported by indirect evidence, further experimental 
validation is necessary to elucidate the precise role of CD27 on IgD- CD38dim B cell in the pathogenesis of PHN.

FSC-A (Forward Scatter-Area) on myeloid Dendritic Cells (mDCs) serves as a critical parameter for identifying and 
characterizing mDCs based on their size and granularity. Myeloid dendritic cells are professional antigen-presenting cells 
that bridge innate and adaptive immunity through antigen presentation and cytokine production. Although no direct 
evidence has previously confirmed an association between FSC-A on myeloid Dendritic Cell and PHN, our MR analyses 
demonstrated a positive causal relationship between genetically predicted levels of these cells and susceptibility to PHN. 
Two potential biological mechanisms may underpin this novel association: (1) Enhanced Antigen Presentation and T Cell 
Activation: During viral infections like VZV, the enhanced antigen presentation capabilities of dendritic cells contribute 
to sustained immune responses and potential tissue damage.52 The size and complexity of mDCs, indicated by FSC-A, 
may reflect their activation status and antigen-presenting capacity.(2) Cytokine-Mediated Neuroinflammation: Activated 
mDCs secrete pro-inflammatory cytokines, including interleukin-12 (IL-12), tumor necrosis factor-alpha (TNF-α), and 
interleukin-1 beta (IL-1β),53 which can sensitize nociceptors and contribute to neuropathic pain development.54 The 
physical attributes of mDCs, as indicated by FSC-A, may correlate with their cytokine-producing capacity. Further 
experimental validation is required to clarify the specific role of FSC-A in mDCs regarding PHN pathogenesis.

BAFF-R (B-cell activating factor receptor) expression on naive-mature and transitional B cells represents a crucial 
marker for B cell survival and maturation. BAFF-R signaling is essential for B cell homeostasis and function through the 
regulation of B cell survival, differentiation, and activation. Although no direct evidence has previously confirmed an 
association between BAFF-R expressing B cells and PHN, this MR analyse demonstrated a negative causal relationship 
between genetically predicted levels of these cells and susceptibility to PHN. Potential biological mechanisms may 
underpin this novel association:BAFF-R signaling in naive-mature and transitional B cells promotes the production of 
regulatory B cells (Bregs), which secrete anti-inflammatory cytokines such as interleukin-10 (IL-10) and Transforming 
growth factor beta (TGF-β).55 These immunomodulatory factors can suppress neuroinflammation and potentially 
alleviate neuropathic pain development.56 BAFF-R expressing B cells play a crucial role in maintaining B cell tolerance 
and preventing autoimmune responses.57 The reduced levels of these cells might lead to dysregulated immune responses, 
potentially contributing to neural tissue damage and chronic pain states.

CD123 expression on plasmacytoid Dendritic Cells (pDCs) and CD62L+ pDCs, along with CD25 on activated 
regulatory T cells (Tregs), represents crucial markers for these immunoregulatory cell populations. These cells play 
essential roles in immune homeostasis and inflammation regulation through various mechanisms including cytokine 
production and immune response modulation. This MR analyse demonstrated a negative causal relationship between 
genetically predicted levels of these cells and susceptibility to PHN. pDCs, characterized by CD123 expression, produce 
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type I interferons which can modulate microglial activation states.58 Through interaction with microglia, pDCs may 
suppress excessive neuroinflammation and reduce neuropathic pain development. The CD62L+ subset of pDCs shows 
enhanced capacity for tissue trafficking and immune regulation.59 CD25+ Tregs secrete anti-inflammatory cytokines (IL- 
10, TGF-β) that can directly influence microglial phenotype, promoting an M2-like anti-inflammatory state.60 This 
interaction between Tregs and microglia creates an immunosuppressive microenvironment that may protect against 
chronic pain development. Both pDCs and Tregs can infiltrate the nervous system and interact with resident microglia, 
forming a regulatory network that maintains immune homeostasis.61 This cellular interplay may prevent excessive 
microglial activation and subsequent neuroinflammation associated with PHN. The interaction between these immune 
cells and microglia appears crucial in PHN pathogenesis. Microglia, as central nervous system resident immune cells, 
respond to signals from both pDCs and Tregs, potentially shifting their phenotype from pro-inflammatory to anti- 
inflammatory states.62 This modulation of microglial function through immune cell interactions may represent a key 
mechanism in preventing or alleviating PHN.

CD33+ HLA-DR+ CD14- cells represent a subset of myeloid cells with immunoregulatory properties. These cells are 
characterized by the expression of CD33 (Siglec-3) and HLA-DR, while lacking CD14, suggesting their potential role in 
immune modulation and antigen presentation. Although no direct evidence has previously confirmed an association 
between CD33+ HLA-DR+ CD14- cells and PHN, our MR analyses demonstrated a negative causal relationship between 
genetically predicted levels of these cells and susceptibility to PHN. The protective mechanism may operate through 
Immunomodulatory Function: CD33+ myeloid cells can suppress excessive inflammatory responses through the produc-
tion of anti-inflammatory mediators and the regulation of T cell responses.63 The engagement of CD33 (Siglec-3) 
inhibitory receptors on these cells leads to reduced production of pro-inflammatory cytokines and promotes the resolution 
of inflammation,64 potentially limiting the development of chronic pain states like PHN. Further experimental validation 
is required to fully elucidate the protective role of CD33+ HLA-DR+ CD14- cells in PHN pathogenesis.

Advantages and Limitations
This MR demonstrates multiple strengths. Firstly, it represents the most comprehensive and methodical investigation to 
date into the causal association between Immune cells and PHN, encompassing an analysis of 731 immune cells. 
Secondly, a rigorous MR analysis was employed to mitigate inherent limitations such as reverse causality and 
confounding variables. To enhance the reliability of the findings, a variety of techniques were utilized to uphold the 
assumptions of MR and minimize potential biases. The strength of the findings is evidenced by the consistent 
directionality of the three MR estimates and sensitivity analysis. Additionally, the validity of the results was reinforced 
through a MVMR analysis. Furthermore, colocalization analyses were conducted to illustrate how modifications at key 
loci within the GWAS signaling pathway can impact PHN through the regulation of Immune cells expression at both the 
gene and protein levels.

There are several limitations to the current study. One limitation is the restricted number of SNPs available for 
identifying SNPs of interest at the genome-wide level. To mitigate this limitation, a more lenient threshold for MR 
analysis was employed, a practice commonly observed in other studies. Nonetheless, all selected SNPs exhibited 
F-statistic values exceeding 10, suggesting the robustness of our IVs. Additionally, to minimize the impact of ethnic 
diversity, only individuals of European descent from the FinnGen were included in the MR analysis. Hence, additional 
research is warranted to investigate the applicability of our findings to diverse databases and populations. Another 
constraint of this study is the reliance on sample size for the accuracy of MR estimation. Therefore, it is imperative to 
increase the sample size to ensure the credibility of our outcomes. Furthermore, while MR analysis offers valuable 
insights into causality, it is essential to underscore the importance of validating our results through rigorous RCTs and 
fundamental research prior to clinical application.

Conclusion
In summary, the present MR study has identified eight immune cells populations with genetic susceptibility that are 
causally linked to the development of PHN. Notably, CD27-expressing IgD- CD38dim B cells have been highlighted as 
a particularly promising therapeutic target, meriting further exploration. The identification of these immune cells 
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signatures holds substantial implications for the early detection, prevention, and management of PHN. These findings not 
only contribute to the design of future clinical trials but also offer new therapeutic perspectives. Moreover, the 
comprehensive analysis of genomic and proteomic data provides a robust framework for exploring the underlying 
etiology and molecular mechanisms of PHN, thereby potentially aiding in the development of targeted immunother-
apeutic strategies. Our findings constitute a substantial advancement in elucidating the immunological basis of PHN and 
may lay the groundwork for personalized therapeutic approaches informed by immune cells profiles.
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