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Background: Immune dysregulation and low-grade inflammation are central to the pathophysiology of polycystic ovary syndrome
(PCOS). However, putative causal relationships inferred from genetic instruments and their consistency with transcriptomic readouts
remain underexplored.

Methods: We conducted two-sample Mendelian randomization (MR) to estimate potential causal relationships between 731 immune
immunophenotypes and PCOS. In an independent, small whole-blood transcriptomic dataset (Gene Expression Omnibus [GEO]:
GSE54248; PCOS n=4, controls n=4), we applied gene-signature-based deconvolution (xCell and Microenvironment Cell
Populations-counter [MCP-counter]) and single-sample pathway scoring to profile myeloid cell composition and IL-6/JAK/STAT3
and tumor necrosis factor-o/nuclear factor kB (TNF-o/NF-kB) pathway activity. Robustness of the MR findings was examined by
standard sensitivity analyses.

Results: MR indicated opposite-direction associations for key myeloid traits: higher absolute monocyte count was inversely
associated with PCOS risk (odds ratio [OR] per standard deviation [SD] increase 0.52, 95% confidence interval [CI] 0.39-0.69,
P=6.21x10"°, false discovery rate [FDR] q=0.002), whereas higher CD33"HLA-DR" absolute count was positively associated with
PCOS (OR per SD 1.61, 95% CI 1.27-2.03, P=6.39x10 >, FDR q=0.024). In the exploratory GSE54248 dataset, transcriptomic
deconvolution suggested myeloid enrichment in PCOS, with tendencies toward higher signatures of monocytes, macrophages (M1/
M2), and myeloid dendritic cells (DCs) and higher composite myeloid scores versus controls. Single-sample pathway analyses were
consistent with increased IL-6/JAK/STAT3 and TNF-o/NF-«B activities in PCOS, with large effect sizes (Cohen’s d=2.27 and 2.16,
respectively) but modest P-values (Wilcoxon P=0.057; Benjamini—~Hochberg FDR q=0.143 for both pathways).

Conclusion: Genetic and transcriptomic evidence jointly support the concept of a myeloid—inflammation axis in PCOS. The inverse
MR association for absolute monocyte count alongside positive risk for CD33"HLA-DR" compartments, together with cross-cohort
evidence of myeloid enrichment and inflammatory pathway activation, is compatible with a potential mechanistic link between
immune imbalance and PCOS and provides a hypothesis-generating framework for future therapeutic investigation.

Keywords: polycystic ovary syndrome, immune cells, immunophenotypes, Mendelian randomization, inflammation, transcriptomics,
myeloid cells

Introduction

Polycystic ovary syndrome (PCOS) is the most common endocrine disorder in women of reproductive age, affecting
~5%-20% globally and characterized by anovulatory infertility, hyperandrogenism, obesity, and insulin resistance (IR).'~
Beyond reproductive manifestations, PCOS confers increased risks of type 2 diabetes mellitus (T2DM), cardiovascular
disease, and endometrial cancer, underscoring its systemic nature.” Converging evidence indicates that chronic low-grade
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inflammation is a hallmark of PCOS and interfaces with metabolic and reproductive phenotypes to drive disease
progression.

Observational and epidemiologic studies link immune dysregulation to multiple clinical features of PCOS.*’
Hyperandrogenism has been proposed to prime innate immune activation—facilitating monocyte recruitment and pro-
inflammatory cytokine release—while IR and adiposity amplify systemic inflammation through adipose-tissue immune
remodeling.*”” Expanded neutrophil, macrophage, and T-cell populations have been reported in adipose depots, with
adipokines (eg, leptin) and macrophage-derived mediators contributing to endocrine—immune crosstalk.®’” Clinically,
PCOS is associated with elevated circulating cytokines, including interleukin-6 (IL-6), interleukin-1 (IL-1), interleukin-
17 (IL-17), interleukin-18 (IL-18), and tumor necrosis factor-o (TNF-a), consistent with activation of canonical
inflammatory axes.” Collectively, these observations support a working model in which immune and cytokine distur-
bances are integral—not merely epiphenomenal—to PCOS pathophysiology,®” yet the specific immune cell compart-
ments that mediate this chronic inflammatory state remain incompletely defined.

Recent immunologic work has begun to dissect which leukocyte compartments are perturbed in PCOS. Detailed
phenotyping in blood, adipose tissue, and ovarian samples indicates broad activation of both innate and adaptive arms of
the immune system, with particular involvement of myeloid lineages. Women with PCOS exhibit higher circulating
monocyte and neutrophil counts, increased infiltration and activation of macrophages and dendritic cells in ovarian and
adipose tissues, and androgen-sensitive shifts in B-cell subsets.” ! These observations support the notion that myeloid-
biased inflammation may be a key mediator of metabolic and reproductive dysfunction in PCOS and motivate a
systematic evaluation of immune cell subgroups in relation to PCOS risk. Notably, a recent MR study has reported
potential causal associations between genetically proxied immune cell traits and PCOS,'? but systematic integration of
detailed immunophenotypes with transcriptomic signatures of myeloid activation remains limited.

Observational associations are vulnerable to confounding and reverse causation and therefore cannot establish
directionality. MR addresses this limitation by leveraging germline variants as instrumental variables to estimate putative
causal effects under explicit assumptions, providing quasi-experimental evidence for risk factor—disease relationships.'*
Because genetic variants are fixed at conception and are generally not influenced by environmental exposures or disease
status, MR can help disentangle whether immune perturbations are more likely to represent upstream determinants or
downstream consequences of PCOS. This design is particularly valuable in PCOS, where adiposity, insulin resistance,
and inflammatory markers are tightly correlated and difficult to separate in conventional observational cohorts. Recent
immunogenomic resources quantify hundreds of circulating immunophenotypes, enabling systematic interrogation of
immune traits in complex disease,'*'*> while GWAS and biobank-scale datasets provide well-powered outcome statistics
for PCOS.'® Together, these advances enable movement beyond correlation to prioritize immune cell features with
potential causal relevance to PCOS.

Building on this rationale, we conducted a two-sample MR analysis of 731 immunophenotypes to test their effects on
PCOS risk, using independent European-ancestry datasets for exposures and outcomes.'*'® For orthogonal validation
beyond genetic instrumentation, we analyzed an external whole-blood transcriptomic cohort (GSE54248) and inferred
cell-type signals using complementary deconvolution frameworks—xCell'” and MCP-counter'® —which offer distinct
modeling biases. We then quantified single-sample pathway activities with singscore,'® focusing on Molecular Signatures
Database (MSigDB) Hallmark collections relevant to inflammation, including IL-6/JAK/STAT3 and TNF-a/NF-kB.?
This integrated strategy was designed to (i) reduce confounding through genetic instrumentation, (ii) cross-validate with
physiologic transcriptomic readouts, and (iii) converge on cell-type and pathway-level mechanisms that may underpin
immune—metabolic coupling in PCOS. In doing so, we sought to delineate a myeloid—inflammation axis in PCOS that is
grounded in both genetic and transcriptomic evidence.
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Materials and Methods
Two-Sample MR Analyses

Data Sources of Immunity

For each immune trait, datasets at the summary level were retrieved from a catalog of large-scale GWAS (accession
numbers from GCST0001391 to GCST0002121)."* The datasets recruited 3735 European individuals with approximately
22 million single-nucleotide polymorphisms (SNPs).'> A total of 731 immunophenotypes were identified, including
median fluorescence intensities (MFI) reflecting surface antigen levels (n = 389), relative cell (RC) counts (n = 192),
absolute cell (AC) counts (n = 118), and morphological parameters (MP) counts (n = 32). More specifically, the MFI, RC,
and AC features contained measurements for B cells, mature T cell stages, conventional dendritic cells (DCs), mono-
cytes, myeloid cells, TBNK (T cells, B cells, natural killer cells), and regulatory T cells (Tregs) panels. The MP features
contained CDC and TBNK panels. Genetic associations were adjusted for sex, and age.

Data Sources of PCOS

The summary-level datasets regarding PCOS were collected from Apollo (https://doi.org/10.17863/CAM.27720), which
is the largest GWAS meta-analysis of PCOS in 10,074 PCOS cases and 103, 164 controls of European ancestry.'®
Diagnosis of PCOS was based on National Institutes of Health (NIH) criteria, the Rotterdam criteria, or self-report

questionnaire. Age in the cohort was adjusted for genetic associations. The other PCOS datasets were obtained from the
FinnGen study (https://finngen.gitbook.io/documentation/), including 118,870 European participants (642 cases, 118,228

controls) and 16,379,676 genotyped SNPs in total. All PCOS cases were defined on the basis of clinically diagnosed from
hospital discharge registries and cause of death registries using female-specific clinical endpoints (ICD-10: E282, ICD-8:
25,690). All GWAS summary statistics represent cross-sectional genetic associations and therefore do not provide direct
temporal information on disease progression.

Genetic Instrument Selection

Given the large number of SNPs, the significance threshold for instrument variables (IVs) associated with immune traits
was set to 5x10°¢. Independent SNPs were obtained using an r* threshold < 0.001 and 1000 kb clumping window, with
the 1000 Genomes Project as a reference. To avoid weak IVs, the results of F-statistics?' were calculated for each IV. IVs
with F-statistics < 10, indicating insufficient strength®® were excluded. For each immunophenotype, we documented the
number of conditionally independent instruments retained after clumping and weak-instrument filtering; traits instru-
mented by only one or two SNPs were a priori flagged as lower-confidence exposures whose MR estimates would be
interpreted in an exploratory, hypothesis-generating manner. Furthermore, MR Pleiotropy Residual Sum and Outlier
(MR-PRESSO) analysis was performed to evaluate significant SNPs while accounting for possible pleiotropy.”® The IVs
for GWAS and FinnGen were shown in Supplementary Table 1 and Supplementary Table 2, respectively.

Statistical Analyses

The inverse-variance-weighted (IVW) approach was applied for the main MR estimates to approximate the causal
associations in this study. We used fixed effects IVW assuming that neither heterogeneity nor pleiotropy were observed.
If the null hypothesis is rejected, random effects IVW was used instead of fixed effects IVW.'? Despite less efficient test
power, MR-Egger, and weighted median (WM) were also used as a complementary set of estimators for [IVW estimates,
since these approaches might take advantage of more robust estimates when analyzing in a broader set of scenarios
(wider Cls). P<0.05 represented statistical significance. The causal effect estimates, equivalent to B coefficients, were
calculated and then transformed to odds ratios. Multiple comparisons were adjusted using theFDR (Benjamini and
Hochberg). The analyses were carried out using “TwoSampleMR”, “MRPRESSO” in the R software (version 4.3.1, The
R Foundation, Vienna, Austria).

Sensitivity Analyses

Cochran Q—derived P<0.05 from the IVW and MR-Egger approaches were used to represent potential heterogeneity. To
exclude the effect of horizontal pleiotropy, MR-Egger was applied, which is an indicator if its intercept term is
signiﬁcant.23 Furthermore, PhenoScanner (http://www.phenoscanner.medschl.cam.ac.uk/) was used to determine all
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SNPs with positive results whether there were potential confounders. MR-PRESSO was performed to exclude possible
horizontal pleiotropic outliers. Additionally, we used a funnel plot to show heterogeneity and leave-one-out (LOO)
analysis was performed to evaluate whether the MR estimate was driven or biased by a single SNP. All sensitivity
analyses were pre-specified and used primarily to assess robustness. MR results showing substantial heterogeneity,
evidence of directional pleiotropy, or reliance on a very small number of instruments were treated as less reliable and
emphasized as exploratory.

Transcriptomic Validation Cohort

Dataset and Preprocessing

To cross-validate the MR-prioritized immune signals, we analyzed an independent whole-blood microarray/RNA-seq
cohort from GEO dataset (https://www.ncbi.nlm.nih.gov/) GSE54248 (Illumina HumanHT-12 v4 microarray) that
included PCOS (n=4) and control (n=4). Given the small, cross-sectional sample, all transcriptomic analyses were

prespecified and treated as exploratory, with emphasis on effect-size patterns and internal consistency rather than on
definitive hypothesis testing. Probe intensities were background-corrected, between-array normalized, log2-transformed,
and mapped to gene symbols; multiple probes per gene were collapsed by variance. Differential expression used limma
with Benjamini—-Hochberg (BH) FDR control. Because detailed clinical metadata on medication use, diet, body mass
index, smoking, and other lifestyle or treatment-related factors were not consistently available, no additional covariates
beyond case—control status were modeled, and residual confounding of transcriptomic differences by such factors cannot
be excluded.

Cell-Type Deconvolution

We inferred immune cell signatures using two complementary frameworks with distinct modeling assumptions: xCell
(gene-signature based) and MCP-counter (marker-based). For each method, we computed per-sample enrichment scores
for myeloid and lymphoid lineages relevant to PCOS pathophysiology. Concordance between methods was evaluated
qualitatively (direction) and quantitatively (correlation of score differences). Given the limited sample size, deconvolu-
tion outputs were interpreted as descriptive indicators of relative myeloid and lymphoid enrichment.

Pathway Activity Scoring

Single-sample pathway activities were quantified using singscore, a rank-based approach robust to platform differences.
We focused on MSigDB Hallmark collections with a priori relevance to immuno-metabolic coupling in PCOS (eg, IL-6/
JAK/STAT3, TNF-o/NF-«B). Pathway scores were compared between PCOS and control groups and correlated with
deconvolved immune signatures where appropriate to characterize patterns of inflammatory signaling associated with
PCOS.

Summary Indices and Statistics

A curated CD33"HLA-DR" myeloid gene signature was z-scored and averaged per sample. Composite myeloid scores
were computed as the first principal component (PC1) from principal component analysis (PCA) and as the mean of
z-scores. Group differences used the Wilcoxon rank-sum test; effect sizes were reported as Cohen’s d. Robustness
employed label permutation (empirical P) and leave-one-out analysis. Correlations used Spearman coefficients, and we
refrained from drawing strong conclusions based solely on P-values from these tests.

Results

Two-Sample MR Analyses

Genetic Instrument Variables for Immunophenotypes

The study workflow is summarized in Figure 1. After quality control and linkage disequilibrium (LD) clumping, a set of
genome-wide significant and mutually independent SNPs was retained as instruments for each immunophenotype. Per-
trait instrument counts and F-statistics are summarized in; Supplementary Tables 1-2; Table 1 (GWAS meta-analysis)

and Table 2 (FinnGen) report the MR results. Palindromic and strand-ambiguous variants were excluded prior to
harmonization.
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Figure | Study design of the two-sample Mendelian randomization (MR) analyses evaluating associations between genetically proxied immune traits and polycystic ovary
syndrome (PCOS). Single nucleotide polymorphisms (SNPs) associated with 73| immunophenotypes (P<5x10 (], linkage disequilibrium r2<0.001 within a 1000-kb window,
F-statistic>10, palindromic variants removed) were selected as genetic instruments from a genome-wide association study (GWAS) catalog of 3735 European individuals
(~22 million SNPs across seven immunophenotype panels: TBNK, Treg, dendritic cells [DCs], B cells, monocytes, myeloid cells, and T-cell maturation stages). Harmonized
exposure and outcome summary statistics were combined with PCOS data from a GWAS meta-analysis (10,074 cases, 103,164 controls) and from FinnGen (642 cases,
118,228 controls). Main MR analyses used the inverse-variance-weighted (IVW) estimator, with MR-Egger and weighted median (WM) as sensitivity estimators and MR
Pleiotropy RESidual Sum and Outlier (MR-PRESSO) for outlier and pleiotropy detection.

Causal Effects of the Genetically Predicted Immunophenotypes on PCOS in GWAS Meta-Analysis Datasets

As depicted in Figure 2, 19 immunophenotypes reached suggestive evidence of association with PCOS, of which 2 in the
Monocyte panel, 2 in the Myeloid cell panel, 5 in Treg panel, 3 in the Maturation stages of T-cell panel, 4 in the DC
Panel, and 3 in the B-cell panel. After multiple test adjustment based on the FDR method, 2 immune traits including
monocyte absolute count and CD33" HLA DR absolute count remained statistically significant at the level of P<0.05.
We found protective effects of 8 immunophenotypes on PCOS, and 11 immunophenotypes increasing the risk of PCOS.
All immune traits were observed to have consistent results by using MR-Egger and WM, except for IgD" CD38" B cell
absolute count and CD19 on CD24" CD27" B cell (Figure 3). Heterogeneity was not detected in sensitivity analysis. The
intercept of MR-Egger did not detect potential horizontal pleiotropy (Table 1). Global test of MR-PRESSO for monocyte
absolute count (P=0.82), CD28 on activated and secreting CD4 regulatory T cell (P=0.47), and CD25 on IgD™ CD24™ B
cell (P=0.90) also did not show potential horizontal pleiotropy. In addition, funnel plots and leave-one-out analysis
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Table | Mendelian Randomization Associations Between Immunophenotypes and PCOS in the GWAS Meta-Analysis Dataset

Exposure nSNP | Method OR (CI195%) p value Horizontal Pleiotropy Heterogeneity FDR
Egger Intercept SE p value | Cochran’s Q | p value

Monocyte Absolute Count 4 VW 0.52 (0.39-0.69) 6.21E-06 1.30 0.73 2.37E-03
MR Egger 0.13 (0-13.69) 4.81E-01 0.19 0.32 0.62 0.96 0.62
WM 0.52 (0.36-0.76) 7.99E-04

CD33+ HLA DR+ Absolute Count 3 \A%% 1.61 (1.27-2.03) 6.39E-05 0.24 0.89 2.44E-02
MR Egger | 3.25 (0.1-107.4) 6.29E-01 —-0.12 0.29 0.76 0.08 0.78
WM 1.59 (1.15-2.19) | 4.98E-03

CD28 on activated and secreting CD4 regulatory T cell 4 VW 0.76 (0.66-0.87) 1.36E-04 3.00 0.39 5.18E-02
MR Egger | 0.94 (0.69-1.29) 7.42E-01 —0.07 0.05 0.27 0.68 0.71
WM 0.78 (0.66—0.93) 5.17E-03

CD25 on IgD- CD24- B cell 4 \A%% 0.59 (0.44-0.78) 2.02E-04 0.59 0.90 7.73E-02
MR Egger | 0.63 (0.29-1.39) 3.74E-01 —-0.02 0.08 0.85 0.55 0.76
WM 0.60 (0.42-0.86) 5.62E-03

Resting CD4 regulatory T cell Absolute Count 3 VW 0.65 (0.52-0.82) 2.32E-04 0.92 0.63 8.86E-02
MR Egger | 0.68 (0.24-1.99) 6.13E-01 —0.01 0.10 0.94 091 0.34
WM 0.68 (0.53-0.87) 2.68E-03

CD127 on granulocyte 3 VW 1.69 (1.28-2.23) 2.41E-04 0.39 0.82 9.20E-02
MR Egger | 2.39 (0.69-8.24) | 4.00E-Ol —-0.13 0.23 0.67 0.07 0.79
WM 1.64 (1.20-2.22) 1.68E-03

CDI19 on Plasma Blast-Plasma Cell 3 VW 1.83 (1.30-2.57) 5.34E-04 1.69 0.43 2.04E-01
MR Egger | 2.55 (0.34-19.14) | 5.31E-0l —0.06 0.18 0.80 1.52 0.22
WM 1.86 (1.23-2.82) 3.23E-03

CD39 on CD39+ CD4+ T cell 3 \A%% 1.49 (1.18-1.87) 6.60E-04 0.43 0.8l 2.52E-01
MR Egger 1.25 (0.69-2.26) 5.96E-01 0.04 0.07 0.65 0.05 0.83
WM 1.50 (1.13-1.98) 5.31E-03

BAFF-R on IgD- CD38+ B cell 3 \A%% 1.67 (1.24-2.24) 6.80E-04 0.82 0.66 2.60E-01
MR Egger 1.28 (0.60-2.73) 6.38E-01 0.05 0.06 0.59 0.27 0.61
WM 1.61 (1.10-2.37) 1.51E-02

CD28 on secreting CD4 regulatory T cell 3 VW 0.78 (0.68-0.91) 9.47E-04 1.24 0.54 3.62E-01
MR Egger | 0.94 (0.57-1.56) | 8.61E-Ol —0.07 0.10 0.59 0.66 0.42
WM 0.80 (0.67-0.94) | 8.21E-03

Memory B cell %lymphocyte 3 VW 1.55 (1.18-2.02) 1.41E-03 0.66 0.72 5.40E-01
MR Egger 1.52 (0.85-2.70) 3.91E-0l 0.01 0.08 0.95 0.66 0.42
WM 1.50 (1.04-2.17) 2.94E-02

CD33dim HLA DR+ CDI Ib- Absolute Count 3 VW 0.73 (0.60-0.89) 1.70E-03 1.32 0.52 6.49E-01
MR Egger | 0.80 (0.49-1.31) 5.34E-01 —0.03 0.07 0.75 1.32 0.29
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CD16-CD56 on Natural Killer T

IgD+ CD38+ B cell Absolute Count

CD45RA+ CD28- CD8+ T cell %CD8+ T cell

CDl lc on granulocyte
CD40 on CDI4- CDI16+ monocyte
CDI19 on CD24+ CD27+ B cell

CD45RA on resting CD4 regulatory T cell

WM
VW
MR Egger
WM
VW
MR Egger
WM
VW
MR Egger
WM
VW
VW
VW
MR Egger
WM
vw
MR Egger
WM

0.72 (0.56-0.93)
134 (1.11-1.60)
119 (0.90-1.56)
130 (1.05-1.62)
132 (1.04-1.69)
0.97 (0.71-1.33)
131 (1.06-1.62)
0.99 (0.98-1.00)
0.99 (0.98-1.00)
0.99 (0.98-1.00)
161 (1.14-2.30)
2.02 (121-339)
0.66 (0.48-0.91)
1,00 (0.64-1.57)
0.71 (0.54-0/93)
1.71 (1.02-1.34)
1,06 (0.86-1.30)
116 (1.03-1.31)

1.10E-02
1.95E-03
4.33E-01
1.68E-02
2.51E-02
8.93E-01
1.39E-02
4.76E-03
3.64E-01
2.43E-02
7.59E-03
7.65E-03
1.22E-02
9.98E-01
1.24E-02
2.24E-02
6.97E-01
1.41E-02

0.07

0.38

-0.08

—0.19

0.10

0.06

0.17

0.07

0.09

0.08

0.46

0.27

0.43

0.29

0.45

1.31
0.02

4.89
0.07

1.63
0.08

0.11
0.52
5.06
0.89

297
1.23

0.05
0.90

0.09
0.79

0.44
0.77

0.74
0.47
0.08
0.35

0.23
0.27

7.46E-01

1.00E+00

1.00E+00

1.00E+00
1.00E+00
1.00E+00

1.00E+00

Notes: Summary of immune traits with nominally significant IVW associations with PCOS (P<0.05) in the GWAS meta-analysis. For each exposure, the table reports the number of SNP instruments (nSNP), MR method (IVW, MR-Egger,
WNM), odds ratio (OR) and 95% confidence interval (Cl) for PCOS per SD increase in the immune trait, two-sided P-value, horizontal pleiotropy assessment (MR-Egger intercept and P-value), heterogeneity assessment (Cochran’s Q and
P-value), and false discovery rate (FDR)-adjusted P-value.

Abbreviations: MR, Mendelian randomization; PCOS, polycystic ovary syndrome; GWAS, genome-wide association study; VW, inverse variance weighted; WM, weighted median; OR, odds ratio; Cl, confidence interval.
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Table 2 Mendelian Randomization Associations Between Immunophenotypes and PCOS in the FinnGen Replication Dataset

Exposure nSNP Method OR (CI195%) p value Horizontal Pleiotropy Heterogeneity FDR | MR-PRESSO
Egger Intercept | SE | p value | Cochran’s Q | p value
CD39+ CD4+ T cell %CD4+ T cell 18 \A%% 0.89 (0.84-0.96) 1.26E-03 19.70 0.29 | 0.24
MR Egger 0.94 (0.86-1.02) 1.36E-01 -0.03 0.02 0.11 19.70 0.41
WM 0.92 (0.84-1.01) 7.07E-02
CD39+ CD4+ T cell Absolute Count 18 VW 0.88 (0.82-0.96) 1.83E-03 16.40 0.49 | 0.30
MR Egger 0.94 (0.83-1.06) 3.05E-01 -0.02 0.02 0.25 15.00 0.53
WM 0.94 (0.84-1.07) 3.51E-01
CD3 on CD28+ CD4-CD8- T cell 7 VW 0.76 (0.64-0.90) 2.04E-03 326 0.78 | 0.85
MR Egger 0.79 (0.61-1.01) 1.19E-01 -0.01 0.03 0.71 3.10 0.68
WM 0.75 (0.60-0.93) 1.03E-02
CD4+ CD8dim T cell %lymphocyte 9 VW 0.79 (0.67-0.93) 4.52E-03 4.81 0.78 | 0.55
MR Egger 0.61 (0.43-0.86) 2.78E-02 0.06 0.04 0.14 2.10 0.95
WM 0.79 (0.64-0.99) 3.84E-02
CD20- B cell Absolute Count 12 VW 0.90 (0.83-0.97) 8.94E-03 11.96 0.37 | 0.48
MR Egger 0.85 (0.78-0.94) 9.68E-03 0.03 0.02 0.13 9.18 0.52
WM 0.88 (0.79-0.98) 2.42E-02
HLA DR on HLA DR+ CD4+ T cell 5 VW 1.44 (1.09-1.89) 9.59E-03 1.64 0.80 | 0.80
MR Egger 1.31 (0.52-3.30) 6.12E-01 0.02 0.08 0.85 1.60 0.66
WM 1.40 (0.99-2.00) 5.86E-02
PDL-1 on CDI4- CDI16+ monocyte 12 VW 0.85 (0.74-0.96) 1.11E-02 12.40 0.34 | 0.39
MR Egger 0.80 (0.61-1.04) 1.31E-01 0.02 0.04 0.64 12.10 0.28
WM 0.79 (0.67-0.93) 3.99E-03
CD4+ CD8dim T cell %leukocyte 10 VW 0.82 (0.70-0.96) 1.28E-02 6.72 0.67 | 0.42
MR Egger 0.59 (0.42-0.83) 1.70E-02 0.07 0.04 0.07 234 0.97
WM 0.88 (0.71-1.09) 2.37E-01
CD28+ CD45RA- CD8dim T cell %CD8dim T cell 18 VW 1.09 (1.02-1.16) 1.46E-02 21.70 0.20 | 0.25
MR Egger 1.05 (0.97-1.13) 2.78E-01 0.04 0.02 0.14 18.80 0.28
WM 1.13 (1.04-1.23) 5.03E-03
Monocytic Myeloid-Derived Suppressor Cells Absolute Count 15 \"A%% 0.90 (0.83-0.98) 1.62E-02 16.40 0.29 | 0.6l
MR Egger 0.94 (0.80-1.10) 4.44E-01 -0.01 0.03 0.59 16.00 0.25
WM 0.93 (0.84-1.03) 1.62E-01
CD27 on memory B cell 19 VW 0.93 (0.87-0.99) 1.89E-02 22.50 0.21 | 0.39
MR Egger 0.92 (0.85-1.00) 7.01E-02 0.01 0.02 0.81 22.50 0.17
WM 0.92 (0.86-0.99) 3.34E-02
IgD- CD27- B cell %B cell I \AN% 1.21 (1.03-1.41) 1.98E-02 6.95 0.73 | 0.82
MR Egger 1.17 (0.97-1.42) 1.02E-01 -0.02 0.04 0.69 6.79 0.66
WM 1.21 (1.03-1.41) 1.98E-02
CD45RA+ CD28- CD8+ T cell %T cell 6 VW 1.03 (1.00-1.05) 2.11E-02 5.01 0.41 | 0.70
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MR Egger 1.03 (1.01-1.06) 8.18E-02 —-0.02 0.03 0.45 4.28 0.37
WM 1.03 (1.00-1.06) 3.90E-02
CD28- CD4-CD8- T cell %T cell 15 \A%% 1.15 (1.02-1.30) 2.36E-02 20.20 0.13 0.20
MR Egger 1.14 (0.95-1.36) 1.81E-01 0.0l 0.03 0.85 20.10 0.09
WM 1.15 (0.99-1.33) 6.09E-02
CD33+ HLA DR+ CD|4- Absolute Count 18 VW 0.95 (0.91-0.99) 2.48E-02 16.00 0.52 0.61
MR Egger 0.96 (0.91-1.01) 9.70E-02 0.00 0.02 0.79 16.00 0.46
WM 0.95 (0.90-1.01) 9.61E-02
CDI6 on CDI4+ CDI6+ monocyte 15 A% 0.90 (0.82-0.99) 2.67E-02 13.00 0.53 0.56
MR Egger 0.82 (0.71-0.95) 1.80E-02 0.05 0.03 0.12 10.10 0.68
WM 0.86 (0.76-0.97) 1.21E-02
CD4+ T cell %leukocyte 6 A 1.37 (1.04-1.81) 2.72E-02 3.47 0.63 0.67
MR Egger 1.27 (0.71-2.29) 4.63E-01 0.0l 0.05 0.80 3.40 0.49
WM 1.47 (1.05-2.07) 2.58E-02
CD24+ CD27+ B cell %lymphocyte 16 A% 0.94 (0.89-0.99) 2.87E-02 12.60 0.64 0.83
MR Egger 0.94 (0.88-1.00) 6.85E-02 0.00 0.02 0.89 12.50 0.56
WM 0.94 (0.87-1.01) 9.03E-02
IgD+ CD24- B cell %lymphocyte 13 Ivw 0.81 (0.68-0.98) 2.91E-02 7.30 0.84 0.77
MR Egger 0.61 (0.32-1.17) 1.67E-01 0.05 0.06 0.39 6.49 0.84
WM 0.89 (0.69-1.16) 3.90E-01
CD3on T cell 21 Ivw 1.08 (1.01-1.16) 3.00E-02 15.20 0.77 0.71
MR Egger 1.12 (1.01-1.25) 4.11E-02 —-0.02 0.02 0.34 14.20 0.77
WM 1.13 (1.02-1.25) 1.63E-02
CD4+CD8+ T cell Absolute Count 10 VW 0.85 (0.73-0.99) 3.21E-02 5.63 0.78 0.85
MR Egger 0.90 (0.68-1.19) 4.80E-01 -0.02 0.04 0.64 5.39 0.72
WM 0.89 (0.73-1.09) 2.57E-01
IgD- CD27- B cell Absolute Count 13 VW 1.19 (1.01-1.39) 3.44E-02 9.57 0.65 0.77
MR Egger 1.32 (0.86-2.02) 2.26E-01 —-0.02 0.05 0.6l 9.29 0.60
WM 1.18 (0.96—1.46) 1.15E-01
HLA DR+ CD8+ T cell %lymphocyte 19 Ivw 0.91 (0.83-0.99) 3.54E-02 9.90 0.94 0.92
MR Egger 0.89 (0.77-1.02) I.12E-01 0.01 0.02 0.68 9.73 0.92
WM 0.87 (0.77-0.99) 3.47E-02
CD20- B cell %lymphocyte 8 VW 0.90 (0.82-0.99) 3.74E-02 10.49 0.16 0.44
MR Egger 0.84 (0.76-0.93) 1.49E-02 0.07 0.03 0.07 5.48 0.48
WM 0.88 (0.80-0.97) 1.23E-02
CD24+ CD27+ B cell Absolute Count 12 \A%% 0.94 (0.89-1.00) 4.26E-02 8.60 0.66 0.86
MR Egger 0.93 (0.87-0.99) 5.35E-02 0.02 0.02 0.41 7.86 0.64
WM 0.94 (0.87-1.01) 1.07E-01
IgD+ CD24+ B cell %B cell 9 vw 0.82 (0.68-1.00) 4.59E-02 4.49 0.81 0.82
MR Egger 0.80 (0.57-1.13) 2.44E-01 0.0l 0.04 0.85 445 0.73
(Continued)
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Table 2 (Continued).

Exposure nSNP Method OR (CI95%) p value Horizontal Pleiotropy Heterogeneity FDR | MR-PRESSO
Egger Intercept SE | p value | Cochran’s Q | p value
WM 0.84 (0.65-1.08) 1.65E-01
HLA DR+ CD4+ T cell Absolute Count 12 vw 0.87 (0.77-1.00) 4.62E-02 6.61 0.83 | 0.83
MR Egger 0.97 (0.71-1.32) 8.34E-01 —0.02 0.03 0.51 6.14 0.83
WM 0.93 (0.77-1.11) 4.02E-01
CD25++ CD45RA- CD4 not regulatory T cell %T cell 14 \A%% 1.06 (1.00-1.13) 4.63E-02 7.27 0.89 | 0.95
MR Egger 1.07 (0.99-1.15) 1.16E-01 0.00 0.02 0.85 7.23 0.84
WM 1.06 (0.98-1.16) 1.59E-01
CD40 on CDI4+ CDI6+ monocyte 15 vw 0.93 (0.86—1.00) 4.68E-02 20.70 0.11 | 0.23
MR Egger 0.93 (0.82-1.05) 2.40E-01 0.00 0.04 0.98 20.70 0.08
WM 0.94 (0.86-1.02) 1.15E-01
CDé66b on CD66b++ myeloid cell 16 vw 1.08 (1.00-1.17) 4.85E-02 12.00 0.68 | 0.65
MR Egger 1.05 (0.94-1.18) 3.86E-01 0.0l 0.02 0.55 11.60 0.64
WM 1.04 (0.94-1.16) 4.49E-01
Naive CD8+ T cell Absolute Count 20 Ivw 0.98 (0.96—1.00) 4.96E-02 20.00 0.40 | 0.65
MR Egger 0.98 (0.96—1.00) 8.97E-02 0.00 0.02 0.78 19.90 0.34
WM 0.98 (0.96—1.00) 1.02E-01

Notes: Summary of immune traits with nominally significant IVW associations with PCOS (P<0.05) in the FinnGen outcome dataset. For each exposure, the table reports nNSNP, MR method (IVW, MR-Egger, WM), OR and 95% ClI for
PCOS per SD increase in the immune trait, two-sided P-value, horizontal pleiotropy assessment (MR-Egger intercept and P-value), heterogeneity assessment (Cochran’s Q and P-value), FDR-adjusted P-value, and MR-PRESSO global test

P-value.

Abbreviations: MR, Mendelian randomization; PCOS, polycystic ovary syndrome; IVVV, inverse variance weighted; WM, weighted median; OR, odds ratio; Cl, confidence interval; MR-PRESSO, MR Pleiotropy RESidual Sum and Outlier.
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Figure 2 Mendelian randomization P-values for associations between genetically proxied immune traits and PCOS in the GWAS meta-analysis dataset. Each radial position
corresponds to one immunophenotype. From outside to inside, the three concentric rings display two-sided P-values for the IVW, MR-Egger; and WM estimators,
respectively. The color scale reflects P-values (0.0-1.0), with darker tiles indicating stronger evidence for an association between higher genetically proxied trait levels and
PCOS risk; the direction (risk-increasing vs risk-decreasing) is given by the sign of the corresponding IVW log-odds ratio (see Figures 3 and 4). The underlying GWAS meta-

analysis comprises 10,074 PCOS cases and 103,164 controls of European ancestry.
Abbreviations: PCOS, polycystic ovary syndrome; MR, Mendelian randomization; IV, inverse variance weighted; WM, weighted median.

indicated the stability of the results (Supplementary file 1-2), highlighting a pattern in which higher genetically proxied
monocyte absolute count is associated with lower PCOS risk, whereas higher CD33" HLA DR" absolute count is

associated with increased risk.
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Figure 3 Causal effect estimates for immune traits associated with PCOS in the GWAS meta-analysis dataset. Each row represents one immunophenotype that showed a
nominally significant IVW association with PCOS (P<0.05) in the discovery GWAS meta-analysis. Points denote odds ratios (ORs) and 95% confidence intervals (Cls) for
PCOS per standard deviation (SD) increase in the corresponding immune trait, estimated using IVW (black), MR-Egger (red), and WM (green) methods in 10,074 PCOS
cases and 103,164 controls. ORs>| indicate that higher genetically proxied trait levels are associated with increased PCOS risk, whereas ORs<I indicate inverse (putatively

protective) associations.
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Figure 5 Myeloid-related enrichment scores inferred from xCell and Microenvironment Cell Populations-counter (MCP-counter) in PCOS and control whole blood. (A)
xCell myeloid-related heatmap showing enrichment scores for monocyte, macrophage (total, MI, and M2), and myeloid dendritic cell (activated dendritic cells [aDCs],
immature dendritic cells [iDCs], and DCs) signatures in PCOS (n=4) and control (n=4) samples. (B) MCP-counter myeloid heatmap summarizing monocytic lineage, myeloid
dendritic cell, and neutrophil signatures in the same samples. Rows are scaled to Z-scores; higher values indicate higher relative enrichment within each signature, and each
column represents one individual sample. Group differences were evaluated using Wilcoxon rank-sum tests (see main text for detailed statistics).
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Figure 6 Composite myeloid scores in PCOS and control whole blood. (A) Composite myeloid score derived from the first principal component (PCA-PCI) of selected
myeloid-related signatures. (B) Composite myeloid score computed as the mean of Z-scored myeloid signatures (z-mean). Boxplots show the distribution of composite
scores in PCOS (n=4) and control (n=4) samples; higher scores indicate greater inferred myeloid enrichment. Group differences were assessed using Wilcoxon rank-sum
tests (see main text for detailed statistics).
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Causal Effects of the Genetically Predicted Immunophenotypes on PCOS in FinnGen Datasets

Replication in the independent FinnGen outcome dataset yielded convergent results (Figure 4). By the IVW method, 31
immunophenotypes reached suggestive evidence of association with PCOS, predominantly mapping to monocyte/
macrophage lineages and antigen-presenting cell signatures. Sensitivity estimators (weighted median and MR-Egger)
generally supported the direction of effects, and pleiotropy/heterogeneity diagnostics were broadly consistent with those
in the discovery analysis (Supplementary file 3). Leave-one-out analyses corroborated the robustness of the replicated

signals (Supplementary file 4). These replicated patterns reinforce a myeloid-oriented signal for PCOS risk, although

validation in additional cohorts will be important for confirming individual trait associations.

Transcriptomic Validation Supports a Blood Myeloid—Inflammation Axis

Cell-Type Signals

In the external whole-blood cohort (GSE54248), 4 PCOS and 4 controls, analyzed as an exploratory validation dataset,
deconvolution with two complementary frameworks showed a concordant increase of myeloid signatures in PCOS versus
controls. By xCell, enrichment scores trended higher for monocytes (Wilcoxon P=0.460, BH-FDR q=0.643, Cohen’s
d=0.71), macrophage M1 (P=0.886, q=0.886, d=0.21), macrophage M2 (P=0.408, q=0.643, d=0.85), and myeloid
dendritic cells— aDC (P=0.343, q=0.643, d=0.71) in PCOS, whereas iDC was lower in PCOS (P=0.114, q=0.643, d=
—2.23) (Figure 5A). MCP-counter reproduced elevations in the monocytic lineage (P=0.057, q=0.086, d=1.61) and
showed higher myeloid dendritic cells (P=0.686, q=0.686, d=0.75) in PCOS (Figure 5B). In contrast, neutrophil signals
were not consistently increased across methods: xCell showed no difference (P=0.772, q=0.886, d=0.71), whereas MCP-
counter indicated higher neutrophils in PCOS (P=0.029, g=0.086, d=3.25). Taken together, method-level agreement for
monocytic/myeloid DC features, the less consistent pattern for neutrophils, and the large effect sizes despite wide
confidence intervals are consistent with a myeloid shift in PCOS in this small cohort, while formal statistical significance
is limited by sample size.

Myeloid—Inflammation Axis

Both the PCA-derived PC1 and the z-score—mean composite myeloid scores were elevated in PCOS (Figure 6A and B),
consistent with a global myeloid shift. Single-sample pathway activities also trended higher in PCOS with large effects:
IL-6/JAK/STAT3 (Cohen’s d=2.27, Wilcoxon P=0.057, BH-FDR q=0.143) and TNF-ow/NF-xB (d=2.16, P=0.057,
q=0.143) (Supplementary Figure 1). Robustness checks supported these findings: label-permutation tests yielded
empirical Pperm,=0.048 for IL-6/JAK/STAT3 and 0.050 for TNF-o/NF-kB, and leave-one-out analyses preserved the
effect direction with LOO P ranges of 0.057-0.114 for both pathways. Across samples, myeloid metrics—including the
curated CD33 " HLA-DR " signature and the composite scores—showed positive rank correlations with IL-6/JAK/STAT3
(p=0.619, P=0.102, q=0.183) and TNF-o/NF-kB (p=0.524, P=0.183, q=0.183) activities, providing exploratory support
for a unified myeloid—inflammation axis in PCOS while recognizing the limited power of this small external cohort.

Discussion

This study integrates two-sample MR with an independent, small whole-blood transcriptomic cohort to probe the
immune—inflammatory architecture of PCOS in a complementary manner. Across 731 immunophenotypes, MR high-
lighted myeloid-skewed traits—particularly absolute monocyte counts and CD33 "HLA-DR" absolute count—with
statistically robust associations with PCOS risk in the primary GWAS meta-analysis. Orthogonal analysis in
GSE54248 suggested higher enrichment of monocytes, macrophage M1/M2, and myeloid dendritic cells in PCOS
compared with controls, and composite myeloid scores (PCA-PC1 and z-score mean) were elevated and positively
aligned with IL-6/JAK/STAT3 and TNF-a/NF-kB pathway activities in this exploratory dataset. Together, these multi-
layer signals are consistent with a peripheral myeloid—inflammation axis, in keeping with the immunometabolic
heterogeneity of PCOS and with blood-based reports of inflammatory gene-expression changes and elevated circulating
cytokines (eg, TNF-a, IL-6),>* as well as links between peripheral myeloid activation and cardiometabolic burden in
PCOS.>>%
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Monocytes constitute ~3-8% of circulating leukocytes and are central to innate—adaptive crosstalk.”” Although
hyperandrogenism and pro-inflammatory polarization link monocytes to systemic inflammation, oxidative stress, and
cardiometabolic risk in PCOS,*** our MR indicates that higher absolute monocyte count associates with lower PCOS
risk, which at first glance appears to contrast with the myeloid enrichment and inflammatory pathway activation observed
in the GEO dataset. This apparent discrepancy can be partly explained by several factors. First, absolute monocyte count
in MR aggregates heterogeneous subsets with distinct functions (eg, classical, intermediate, and non-classical mono-
cytes), and the genetic instruments may preferentially capture variation in specific compartments or homeostatic turnover
rather than the activated myeloid states detected by bulk transcriptomics.’® Second, the expression cohort is small and
cross-sectional, likely reflecting established disease with context-dependent inflammatory activation, whereas MR
estimates life-long genetically proxied differences under key instrumental-variable assumptions.*'** Under this frame-
work, expansion of certain monocyte compartments could, in some individuals, represent a compensatory or surveil-
lance-oriented response, while other, more pathogenic myeloid states are captured in the transcriptomic signal. Residual
bias or non-linear relationships in either data source also cannot be fully excluded despite sensitivity analyses. Thus,
rather than a simple contradiction, the protective MR association for total monocyte count and the transcriptomic
evidence of myeloid activation should be viewed as pointing to subset- and state-specific myeloid heterogeneity that
warrants dedicated mechanistic dissection. In this context, the myeloid enrichment observed in GSE54248 is most
plausibly interpreted as reflecting shifts toward activated and inflammatory myeloid states rather than a simple increase in
total monocyte number, which helps reconcile the inverse MR association with the expression-based evidence of myeloid
activation. In aggregate, the directional MR signal and the exploratory GEO patterns support a working hypothesis that
myeloid balance contributes to PCOS susceptibility, but they stop short of proving a single, unified causal mechanism.

DCs orchestrate antigen capture and T-cell priming in secondary lymphoid organs.**** Prior studies report reduced
DC proportions and altered HLA-DR maturation indices in PCOS follicles.*>*® Extending this, our instruments showed
divergent risks: CD33" HLA-DR" absolute count associated with higher PCOS risk, whereas CD33%™ HLA-DR"
CD11b  absolute count associated with lower risk—consistent with functional heterogeneity among myeloid antigen-
presenting cells (pro-inflammatory versus more regulatory/maturation-skewed compartments). Importantly, CD33" HLA-
DR cells are antigen-presenting myeloid populations rather than classical myeloid-derived suppressor cells (MDSCs),
which are typically CD33" HLA-DR'Y" 37 Concordant GEO signals (myeloid features plus pathway activation) may
provide a phenotypic bridge that helps link genetically influenced shifts in DC/monocyte pools to differences in disease
susceptibility, although functional studies are needed to test this model directly. Notably, we identified seven DC-panel
immunophenotypes linked to PCOS across GWAS and FinnGen, genetically prioritizing discrete DC/monocyte states as
hypothesis-generating candidates for future mechanistic follow-up rather than implying that any single marker is itself
causal.

Beyond these aggregate markers, functional heterogeneity within myeloid lineages is likely central to PCOS
pathogenesis. Classical CD14""CD16 monocytes and inflammatory macrophages are key producers of IL-6 and TNF-
o in metabolic disease and can exacerbate insulin resistance, oxidative stress, and lipotoxicity in target tissues, whereas
non-classical CD14"CD16"" monocytes and more regulatory macrophage/DC subsets may participate in tissue surveil-
lance and resolution.””*° In the ovary and adipose tissue, distinct macrophage and DC subsets differentially modulate
steroidogenesis, follicular development, and adipose remodeling, suggesting that the balance between pro-inflammatory
and pro-resolving myeloid states could shape both reproductive and metabolic phenotypes in PCOS. Our divergent
genetic associations for CD33" HLA-DR" versus CD33%™ HLA-DR* CD11b" compartments are compatible with such
heterogeneity and support the notion that specific myeloid activation states, rather than total myeloid abundance, may be
most relevant to disease risk.

Beyond myeloid antigen-presenting cells (APCs), endometrial and peripheral T-cell dysregulation in PCOS includes
Th1/Th2 imbalance, expansion of CD4"CD28™ cytotoxic-like T cells, and altered Treg tone.**>° Our genetic screen
similarly implicated T-cell immunophenotypes spanning Treg and maturation states with bidirectional associations with
PCOS risk. Rather than enumerating markers, the pattern is most parsimoniously interpreted at the pathway level: risk-
increasing instruments cluster in activation/effector-skewed compartments, whereas risk-decreasing instruments index
regulatory/resting states. This is compatible with GEO pathway readouts (IL-6/JAK/STAT3 and TNF-o/NF-«kB up-shift),
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raising the possibility that genetically influenced tilts in T-cell maturation/regulation may manifest as inflammatory
activation detectable in bulk blood.

Macrophage/natural killer (NK) context also fits this framework. The literature reports increased macrophages and
reduced NK (CD56"/CD56°€") in PCOS, with macrophage cytokines (TNF-a, IL-6, IL-10, IL-18) engaging NF-kB and
supporting chronic low-grade inflammation.*>*' Hormone-responsive uterine NK (uNK) dynamics may also be per-
turbed in PCOS.**** In our data, myeloid enrichment (GEO) together with myeloid-linked MR instruments aligns with
macrophage-centric inflammation, whereas NK alterations—Iless uniformly captured by whole-blood deconvolution—
likely represent compartment-specific changes warranting targeted validation.

From a mechanistic perspective, the IL-6/JAK/STAT3 and TNF-o/NF-kB pathways highlighted in our pathway
analyses are well positioned to mediate crosstalk between myeloid cells and ovarian and metabolic phenotypes. IL-6,
TNF-a, and related cytokines can impair insulin signaling, enhance oxidative stress, and alter steroidogenic enzyme
expression in granulosa and theca cells, thereby perturbing follicular development and oocyte competence.*”'® Recent
work in women undergoing IVF further suggests that anti-Miillerian hormone (AMH) may act as a surrogate marker of
follicular oxidative stress in PCOS, linking hormonal readouts to oocyte quality and embryo development.** Integrating
systemic myeloid-inflammatory signatures with follicular hormonal and oxidative markers, including AMH, may there-
fore help delineate multi-level pathways by which myeloid activation contributes to ovarian dysfunction in PCOS and
underscores the value of multi-omic approaches that combine genetics, immunophenotyping, transcriptomics, and
follicular fluid biomarkers.

Taken together, the MR analyses provide genetically anchored evidence on the direction of association between
selected immune traits and PCOS under standard instrumental-variable assumptions, while the GEO data illustrate how a
myeloid-skewed inflammatory milieu may manifest at the bulk-blood level. The observed coupling of composite myeloid
scores with IL-6/JAK/STAT3 and TNF-o/NF-«B activities offers a plausible functional bridge between myeloid traits and
clinical outcomes, but this should be interpreted as supportive of a mechanistic model rather than as proof of a fully
resolved causal chain. The triangulation across genetic instruments, inferred cell composition, and pathway activity
across two independent outcome datasets and multiple algorithms makes a purely artefactual explanation (eg, batch
effects alone) less likely, although it cannot be definitively excluded.

Several limitations merit emphasis. First, the external validation cohort is small (n=4 PCOS vs n=4 controls), severely
limiting probe-level statistical power and the precision of deconvolution. Accordingly, we focus on effect directions,
cross-method concordance, and composite indices, and regard all transcriptomic findings as exploratory. Future valida-
tion in larger, independent, preferably RNA-seq—based whole-blood and tissue cohorts with richer clinical annotation will
be essential to confirm and refine the patterns described here. Second, bulk whole-blood profiles conflate changes in cell
proportions with within-cell activation states. Resolving classical versus non-classical monocytes and dendritic-cell
subsets, and distinguishing circulating from tissue-resident compartments, will require single-cell RNA-seq, high-
dimensional cytometry, or sorted multi-omics approaches. We also lacked detailed information on concomitant medica-
tions, dietary patterns, physical activity, or other lifestyle factors in GSE54248, all of which can modulate peripheral gene
expression and may partially confound some of the observed transcriptomic differences. Third, both the immunopheno-
type GWAS and PCOS GWAS are largely restricted to individuals of European ancestry and rely on cross-sectional
designs, which may limit generalizability and preclude direct temporal inference. Fourth, some MR estimates are based
on a relatively small number of genetic instruments or explain only a modest proportion of trait variance; even with
F-statistic filtering, pleiotropy-robust estimators, and sensitivity analyses, residual pleiotropy or weak-instrument bias
remain possible.>'>*** Finally, while MR strengthens causal interpretation at the level of risk factors, a complete
mediation chain has not been demonstrated. Multivariable and mediation MR, colocalization, and experimental perturba-
tion will be needed to bridge GWAS loci, myeloid gene expression, and clinical manifestations of PCOS. Building on
these findings, future studies should combine high-dimensional immune profiling (eg, single-cell RNA-seq and mass
cytometry of blood and follicular compartments), longitudinal designs that track myeloid and cytokine signatures across
the reproductive and metabolic course of PCOS, and interventional trials testing whether targeted modulation of myeloid-
inflammatory pathways can improve ovarian function, metabolic parameters, or treatment responses. Integrative multi-
omic frameworks that link genetics, detailed immunophenotyping, transcriptomics, and follicular fluid biomarkers
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(including oxidative and hormonal markers such as AMH) will be particularly informative for refining PCOS endotypes
and identifying patients most likely to benefit from specific immunomodulatory strategies.

Overall, integrating genetic instruments with cross-cohort transcriptomic evidence, including the GEO datasets,
supports a coherent working model of myeloid-driven inflammation in PCOS and delineates concrete, testable avenues
for replication, mechanistic dissection, and eventual clinical translation.

Conclusion

By combining two-sample MR with an exploratory GEO whole-blood transcriptomic cohort, we propose a myeloid—
inflammation axis in PCOS: genetically proxied myeloid traits show directionally consistent patterns with myeloid
enrichment and higher IL-6/JAK/STAT3 and TNF-a/NF-xB activity in these datasets. This cross-layer concordance—
genetic instruments, cell-composition estimates, and pathway readouts—supports a working mechanistic model rather
than a fully established causal chain and suggests tractable translational metrics for risk stratification, endotyping, and
pharmacodynamic monitoring. Given the limited transcriptomic sample size (4 PCOS vs 4 controls), these expression-
based findings should be regarded as hypothesis-generating and require confirmation in larger, independent cohorts.
Priorities now include colocalization analyses and transcriptome-wide association studies (TWAS) to anchor PCOS loci
within myeloid regulatory networks, single-cell resolution mapping of myeloid subsets, and preclinical and clinical
studies testing whether attenuation of myeloid-inflammatory signaling improves ovarian and metabolic outcomes within
multi-omic frameworks that also incorporate follicular hormonal and oxidative stress markers.
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