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Abstract

Background and objectives: Observational studies indicate frequent associations between systemic lupus erythematosus
(SLE) and various hematologic disorders, yet causal inferences are limited by confounding and reverse causality. We therefore
applied a bidirectional Mendelian randomization (MR) design to assess potential genetic causal associations of SLE with
specific hematologic conditions.

Methods: We used European-ancestry GWAS summary statistics for SLE (5,201 cases, 9,066 controls) and five hematologic
outcomes (vitamin B12 deficiency anemia (B12DA), myelodysplastic syndrome (MDS), immune thrombocytopenia (ITP),
agranulocytosis (AGC), iron deficiency anemia (IDA)) from FinnGen. The primary analysis used inverse-variance weighting,
supplemented by MR-Egger and weighted median methods, with comprehensive sensitivity analyses, including heterogeneity
tests, pleiotropy assessment, and leave-one-out analysis.

Results: Bidirectional MR analysis revealed that genetically predicted SLE increased the risk of BI2DA (odds ratio (OR) = 1.08,
P <0.001), and genetically predicted B12DA was associated with an increased risk of SLE (OR = 2.22, P = 1.6 x 107%). The MDS
— SLE association was nominally significant (P = 0.023) but did not survive Bonferroni correction (P < 0.005) and was
inconsistent across MR methods. No significant genetic associations were found between SLE and ITP, AGC, or IDA in either
direction (all P > 0.005).

Conclusions: This bidirectional MR study provides genetic evidence that SLE increases the risk of B12DA, whereas the reverse
direction (B12DA — SLE) should be interpreted cautiously because it was based on only five instruments and was not
supported by the Steiger directionality test. No robust genetic associations were found for ITP, AGC, IDA, or MDS. Clinically,
monitoring B12DA in SLE patients may be warranted, although screening recommendations await prospective validation.
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Systemic lupus erythematosus (SLE) is a chronic systemic
autoimmune disease resulting from perturbations in the immune
system, characterized by the production of diverse autoantibodies,
immune complex deposition, and chronic inflammation, and it
ultimately leads to multi-organ damage.! SLE affects
approximately 3.4 million people worldwide, with a higher
prevalence in females than in their male counterparts.? Patients
with SLE face a 2-3 times higher mortality risk than the general
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population and are at elevated risk for fatal infections and
cardiovascular events. Patients with SLE frequently present with
various hematologic abnormalities, including immune
thrombocytopenia (ITP), characterized by thrombocytopenia
resulting from increased autoantibody-mediated platelet
destruction and insufficient platelet production*; agranulocytosis
(AGC), defined by a selective reduction in peripheral blood
neutrophils due to autoimmune antibody attack®; vitamin B12
deficiency anemia (B12DA), caused by impaired DNA synthesis
due to vitamin B12 deficiency, leading to megaloblastic changes
in the bone marrow and macrocytic anemia®; iron deficiency
anemia (IDA), arising from depleted body iron stores, resulting in
insufficient hemoglobin synthesis and manifesting as microcytic
hypochromic anemia’; and myelodysplastic syndrome (MDS), a
group of clonal hematopoietic stem cell disorders characterized by
dysplastic hematopoiesis, ineffective blood cell production,
peripheral blood cytopenias, and an increased risk of
transformation to acute myeloid leukemia.? The pathogenesis of
these diseases is closely linked to the complex immune
dysregulation in SLE through multiple mechanisms: (1) direct
autoantibody-mediated damage, such as anti-platelet antibodies in
ITP or anti-neutrophil antibodies in AGC’; (2) cytokine-induced
myelosuppression, where pro-inflammatory cytokines like tumor
necrosis factor-alpha (TNF-a) and interferon-gamma suppress
hematopoietic progenitor cell function'’; (3) complement
activation leading to erythrocyte or platelet lysis''; (4) drug
effects, as certain immunosuppressive agents may directly or
indirectly cause myelosuppression or impair nutrient absorption'?;
and (5) chronic inflammation and disruption of the hematopoietic
microenvironment, which may disturb iron metabolism or vitamin
B12 homeostasis.'* Although these clinical associations are well
documented, the temporal sequence of their onset varies among
individuals. Traditional observational studies are susceptible to
confounding from socioeconomic, lifestyle, and treatment-related
factors and cannot definitively establish the direction of causality.
Consequently, these complex pathological mechanisms make it
extremely difficult to clarify the causal direction between SLE and
hematologic disorders based on observational studies. It remains
unclear whether immune dysregulation in SLE triggers these
hematologic complications or whether underlying hematopoietic
or metabolic abnormalities exacerbate inflammation in SLE.

In recent years, Mendelian randomization (MR) has emerged as
a powerful method for causal inference in epidemiology. This
approach uses genetic variants, predominantly single nucleotide
polymorphisms (SNPs), typically associated with an exposure, as
instrumental variables. Given that genetic alleles are randomly
allocated during gamete formation and fixed at conception, MR
can mitigate confounding and reverse causality bias, thereby
mimicking a natural randomized controlled trial,"*'® MR studies
have been successfully applied to identify causal factors for SLE
risk, including cardiovascular traits,'” psychiatric disorders,'® gut
microbiota,' and thyroid diseases.* MR studies have also
investigated causality in hematologic disorders—for instance, the
role of blood lipids in deep vein thrombosis and associations
between cardiovascular diseases and anemia-related
biomarkers.?!?* However, evidence specifically examining the
causal associations between SLE and disorders such as ITP,
B12DA, AGC, MDS, and IDA through bidirectional MR analysis
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remains scarce. Therefore, research employing a bidirectional MR
design to evaluate the causal associations between SLE and these
clinically defined hematologic disorders is crucial to elucidate
their potential etiological interplay.

Based on their prominent clinical significance and distinct
pathophysiological underpinnings, this study selected the above
five hematologic disorders for focused investigation. They
encompass a spectrum ranging from direct autoimmune attack
(ITP, AGC) to nutrition-deficiency-related anemias (B12DA,
IDA) to clonal hematopoietic disorders (MDS). Each condition
represents a potential pathway through which SLE-related immune
dysregulation may interact with hematopoietic homeostasis, yet
the genetic causal direction of these associations remains to be
elucidated.

The present study aimed to investigate potential genetic causal
associations of SLE with these five specific hematologic disorders
by conducting a bidirectional two-sample MR analysis.

Materials and methods

Data sources

All genetic data used in this study were derived from publicly
available summary statistics of genome-wide association studies
(GWAS) conducted in populations of European ancestry. The
genetic data for SLE were sourced from a 2015 GWAS (GWAS
Catalog ID: ebi-a-GCST003156).%* This study comprised 5,201
cases and 9,066 controls. Using the genome-wide significance
threshold (P < 5 x 107%), a total of 4,163 SNPs associated with
SLE were initially identified as candidate instrumental variables
prior to linkage disequilibrium (LD) clumping. The detailed
filtering pipeline—including SNP counts at each selection step—
is provided in Supplementary Table. 1.

Summary statistics for the five hematologic disorders—ITP,
B12DA, AGC, MDS, and IDA—were obtained from the FinnGen
consortium (Release 10). Each phenotype was defined by specific
ICD codes within the database: MDS: Phenocode
C3 MYELODYSP SYNDR EXALLC. Cases were sourced from
the Finnish Cancer Registry using ICD-O-3 coding to ensure
pathological specificity. To minimize confounding, the control
group excluded all other cancer patients, thereby enhancing the
specificity of the genetic signal. The following four phenotypes,
classified under the broader category of hematologic diseases,
were defined based on clinical diagnoses (ICD-10 codes) recorded
in inpatient and outpatient visits, representing patient populations
diagnosed in clinical practice: B12DA: Phenocode
D3 ANAEMIA B12 DEF. This phenotype was a core outcome
of this study. ITP: Phenocode D3 _ITP. AGC: Phenocode
D3 AGRANULOCYTOSIS. IDA: Phenocode
D3_ANAEMIA_IRONDEEF. Following significance filtering, the
initial numbers of identified SNPs for each phenotype were: ITP
(n=771), BI2DA (n = 3,828), AGC (n = 2,085), MDS (n=611),
and IDA (n = 505). Detailed characteristics of all datasets,
including sample sizes, SNP counts, and access links, are
summarized in Table 1. This study exclusively utilized GWAS
data from populations of European ancestry. This approach aimed
to maximize population homogeneity for instrumental variable
selection (LD reference) and exposure—outcome association
estimates, thereby reducing bias due to population stratification.
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Table 1. Summary of GWAS data sources and instrumental variable information
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Trait Data source Accession number URL / Link Sample Cases/Controls Total GWAS SNPs passing P Mean F- P-value
size variants threshold statistic threshold
SLE Bentham et al.?® / ebi-a- ebi-a-GCST003156 14,267 5,201/9,066 7071163 4,163 71.13921 5x1078
GCST003156
ITP FinnGen R10 / finn-b-ITP D3_ITP 406644 882/405762 21306266 771 18.30696 5x107°
B12DA FinnGen R10 / finn-b-B12DA D3_ANAEMIA_B12_DEF 397378 3694/393684 21306091 3,828 52.37448 5x1078
AGC FinnGen R10 / finn-b-AGC D3_AGRANULOCYTOSIS 408201 3462/404739 21306280 2,085 19.40945 5x107°
MDS  FinnGen R10 / finn-b-MDS C3_MYELODYSP_S YNDR_ 314302 206/314096 21303816 611 18.25706 5x107°
EXALLC
IDA FinnGen R10 / finn-b-IDA D3_ANAEMIA_IRONDEF 408837 15153/393684 21306290 505 60.38724 5x1078

This table presents the key characteristics of the genome-wide association study (GWAS) datasets used for each trait in the Mendelian randomization analysis. For each trait, the following information is provided: the
original study or consortium source, the GWAS accession number, sample size, number of cases and controls, total number of GWAS variants, number of single nucleotide polymorphisms (SNPs) passing the predefined P-
value threshold (before linkage disequilibrium (LD) clumping), the mean F-statistic indicating instrument strength, and the P-value threshold used for SNP selection. Traits include systemic lupus erythematosus (SLE),
immune thrombocytopenia (ITP), vitamin B12 deficiency anemia (B12DA), agranulocytosis (AGC), myelodysplastic syndromes (MDS), and iron deficiency anemia (IDA). The P-value threshold is 5 x 1078 for SLE, B12DA, and
IDA, and 5 x 107° for ITP, AGC, and MDS. These counts are before LD clumping. The final numbers of instrumental variables used in each bidirectional MR analysis are provided in Supplementary Table. 3. MR, Mendelian

randomization; URL, uniform resource locator.

We acknowledge that this limits the generalizability of the findings to other ethnic groups, a
limitation that will be further discussed.

Selection of genetic instrumental variables

Significance filtering

In principle, SNPs associated with the exposure at the genome-wide significance level (P <5 x
107%) were selected. Given the limited GWAS sample sizes for certain hematologic disorders
(e.g., ITP, AGC, MDS), the significance threshold for these exposures was relaxed to P <5 x
1073 to ensure a sufficient number of instrumental variables for robust analysis.?* The potential
risk of weak instrument bias introduced by this relaxed threshold was rigorously evaluated by
calculating and reporting the F-statistic.

Independence clumping

To satisfy the independence requirement for instrumental variables, SNPs were clumped for LD
using the European population reference panel (1000 Genomes Project Phase 3), with
parameters set at 1> < 0.001 and a distance window > 10,000 kb.
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Exclusion of potential confounding SNPs

To satisfy the independence assumption, all filtered instrumental SNPs were queried using the
PhenoScanner V2 database. Any SNP associated with known confounding factors for SLE or
hematologic diseases at P < 5 x 1078 was removed. These confounders included smoking,
alcohol consumption, obesity, vitamin D deficiency,? HCV/HIV infection, Helicobacter pylori
infection,?® advanced age, poor health status, specific comorbidities, chemotherapy,?” and
exposure to pesticides, radiation, or benzene.?® A list of removed confounding SNPs and the
rationale is provided in Supplementary Table. 2.

Allele harmonization and ambiguous SNP handling

The harmonise_data() function from the TwoSampleMR package (version 4.3.2) was used to
ensure that the effect alleles in the exposure and outcome datasets referred to the same
nucleotide. For SNPs with ambiguous alleles (i.e., A/T or C/G base pairs), we first attempted to
infer the strand by comparing allele frequencies with the European population reference panel
(1000 Genomes). If reliable inference was not possible (e.g., frequency close to 0.5), the SNP
was excluded.
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MR core assumptions and verification

This study strictly adhered to the three core MR assumptions, with
corresponding operational and statistical verification, as illustrated
in Figures 1 and 2.

Relevance assumption

To verify the assumption that instrumental variables are strongly
associated with the exposure and to quantify potential weak
instrument bias, a systematic genetic instrument strength analysis
was performed. First, the F-statistic (calculated as F = 3> exposure
/ SE? exposure) was computed for each SNP to measure its
individual strength. The mean F-statistic for all SNP sets in this
study exceeded 10, indicating a low risk of weak instrument bias.?’
Second, the phenotypic variance (R?) explained by each SNP was
calculated using the formula R* = 2 / (82 + SE? x N), where B is
the allele effect size, SE is its standard error, and N is the
corresponding exposure sample size.** All SNPs included in the
final analysis, along with their corresponding F-statistics and R?
values, are summarized in Supplementary Table. 3. Finally, the
statistical power of this MR analysis was estimated using the
online tool mRND,” with results presented in
Supplementary Table. 4.

Independence assumption

This requires that instrumental variables are independent of any
confounders of the exposure—outcomeassociation. This
assumption was primarily satisfied through the systematic
confounding SNP exclusion procedure described in the Exclusion
of Potential Confounding SNPs section.

Exclusion restriction assumption

This requires that instrumental variables influence the outcome
solely through the exposure, with no horizontal pleiotropy. To test
this assumption, multiple sensitivity analyses were conducted,
including the MR-Egger intercept test and the MR-PRESSO
global test (detailed in the Sensitivity analysis and pleiotropy
testing section below).

Primary causal inference analysis

The inverse-variance weighted (IVW) method was used as the
primary analytical approach. The IVW method combines Wald
ratios from each genetic variant by meta-analyzing SNP-specific
causal estimates, using the inverse of their variances as weights to
obtain an overall causal estimate. This method provides the most
precise estimate when all genetic variants are valid instrumental
variables. Heterogeneity among SNP-specific estimates was
assessed using Cochran’s Q test. If P_Q > 0.05, a fixed-effects
IVW model was applied; otherwise, a random-effects model was
used.’>** To control the false-positive rate arising from multiple
testing, a Bonferroni correction was applied. Given the
bidirectional design, a total of 10 directional tests were performed
(5 hematologic outcomes x 2 directions). These 10 tests were
considered a single family, and the statistical significance
threshold was set at 0.005 (i.e., 0.05/10).3

Sensitivity analysis and pleiotropy testing

All MR analyses were performed using the TwoSampleMR
package (version 4.3.2) and the MR-PRESSO package (version
1.0) in R software (version 4.3.1). To ensure the robustness of
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causal estimates, comprehensive sensitivity analyses were
performed. The weighted median estimator (WME) and MR-
Egger regression were used as complementary methods to validate
the IVW results.

Horizontal pleiotropy was assessed using two methods. The
MR-Egger regression intercept test was used to examine
directional pleiotropy, with an intercept P-value > 0.05 indicating
no significant pleiotropy.*® Additionally, the MR-PRESSO global
test was applied to identify potential outlier SNPs. MR-PRESSO
identified and removed all outlier SNPs to provide more accurate
estimates.*® Details are listed in Supplementary Table. 5. IVW
analysis was repeated using the dataset after outlier removal. To
assess the plausibility of the assumed causal directions, Steiger
directionality tests were performed for the bidirectional
associations between SLE and B12DA.%7 The test compares the
variance explained (R?) by the genetic instruments in the exposure
versus the outcome. A significantly larger R? for the exposure
supports the assumed causal direction. R? values were calculated
using the formula R? = 2/ (> + SE? x N).

A leave-one-out analysis was also performed by iteratively
removing each instrumental SNP and re-running the IVW analysis
with the remaining SNPs to determine whether the overall causal
estimate was driven by a single influential SNP. Heterogeneity
was assessed using Cochran’s Q test and its P-value. The results
of all sensitivity analyses, including effect estimates, confidence
intervals, P-values for each method, and statistics for
heterogeneity and pleiotropy tests, are fully reported in Tables 2
and 3.

Ethics statement and data availability

All GWAS summary statistics used in this study are publicly
available. The original SLE GWAS (Bentham et al., 2015%) was
approved by the relevant institutional review boards, and all
participants provided informed consent. The FinnGen study
(Release 10) was approved by the Finnish Ethics Committee
(permit number: TUKO 118/2021). As this study involved
secondary analysis of de-identified summary-level data, no
additional ethical approval was required.

Reporting guideline

This study followed the STROBE (Strengthening the Reporting of
Observational Studies in Epidemiology) reporting guideline. The
completed checklist is provided as Supplementary File 1.

Results

Overview of genetic instrument selection

All GWAS summary statistics used in this study were derived
from populations of European ancestry. Table 1 details the data
sources, GWAS accession links, sample sizes, case/control counts,
initial SNP numbers, mean F-statistics, and significance thresholds
(SLE, BI2DA, IDA: P <5 x 10°%; ITP, AGC, MDS: P <5 x 107°)
for SLE and the five hematologic disorders: ITP, BI2DA, AGC,
MDS, and IDA. Following LD clumping (r* < 0.001, window >
10,000 kb), allele harmonization, and confounder filtering via
PhenoScanner V2, the number of instrumental variables was
reduced from 4,163 candidate SNPs to between 20 and 25 for the
SLE-to-outcome analyses, depending on the specific outcome
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Assumption1

Explor Res Hypothesis Med

Fig. 1. Schematic overview of the core assumptions in Mendelian randomization. This figure illustrates the three core assumptions of Mendelian
randomization (MR) analysis. Genetic variants used as instrumental variables (IVs) must satisfy the following criteria: Assumption 1 (Relevance): The IV is
robustly associated with the exposure of interest. Assumption 2 (Independence): The IV is not associated with any confounder that influences the
exposure—outcome relationship. Assumption 3 (Exclusion restriction): The IV influences the outcome solely through the exposure and not via alternative
causal pathways. Solid arrows represent causal relationships, while dashed arrows indicate prohibited associations that would violate MR assumptions.

(Supplementary Table. 1). The mean F-statistic for all final genetic
instruments included in the analyses exceeded 10 (see
Supplementary Table. 3), indicating a low risk of weak instrument
bias. Sufficiently powered genetic instruments were obtained for
most analyses (see Supplementary Table. 4). All P-values reported
in this study are two-sided. A Bonferroni correction was applied to
control the family-wise error rate for the 10 directional tests
performed (5 hematologic outcomes x 2 directions). Accordingly,
associations with P < 0.005 were considered statistically
significant. A nominally significant inverse association was
observed between genetically predicted MDS and SLE risk IVW
odds ratio (OR) = 0.96, 95% CI: 0.93-0.99, P = 0.023). However,
this did not survive correction for multiple testing (P < 0.005) and
was not consistent across MR methods, indicating a lack of robust
evidence.

Primary MR findings

Effect of SLE on B12DA risk

As shown in Figure 3a, genetically predicted SLE was
significantly associated with an increased risk of BI2DA (IVW
OR = 1.08, 95% CI: 1.04-1.13, P = 0.00023). This association
remained significant after Bonferroni correction for multiple
testing (corrected significance threshold P < 0.005). The WME
(OR = 1.07, 95% CI: 1.01-1.14, P = 0.023) and MR-Egger
regression (OR = 1.09, 95% CI: 1.00-1.19) yielded effect
estimates consistent in direction with the IVW result. The MR-
Egger intercept test indicated no evidence of horizontal pleiotropy
(P = 0.832). Cochran’s Q test indicated no significant
heterogeneity (P = 0.610), suggesting relative homogeneity in the
effects of the 20 selected SLE instruments on B12DA.
Furthermore, the MR-Egger intercept test again showed no
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evidence of horizontal pleiotropy (P = 0.832). Leave-one-out
analysis (Supplementary Fig. 1) confirmed that the association
was not driven disproportionately by any single SNP, and the
symmetry of the funnel plot (Supplementary Fig. 2) further
supported the robustness of the result.

Effect of BI2DA on SLE risk

Reverse MR analysis revealed a stronger effect. As shown in
Figure 3b, genetically predicted B12DA was significantly
associated with an increased risk of SLE (IVW OR = 2.22, 95%
CI: 1.93-2.55, P = 1.6 x 1072), a result that also survived multiple
testing correction. The WME (OR = 2.13, 95% CI: 1.76-2.59, P =
1.2 x 107'%) and MR-Egger regression (OR = 1.92, 95% CI: 1.25-
2.95) were directionally consistent with the IVW estimate.
However, given the limited number of instruments (n = 5), the
MR-Egger estimate should be interpreted with caution, and the
MR-Egger intercept test detected no horizontal pleiotropy (P =
0.538). The analyses showed no evidence of heterogeneity
(Cochran’s Q P = 0.355) or horizontal pleiotropy (MR-Egger
intercept P = 0.538). Both leave-one-out analysis
(Supplementary Fig. 3) and the funnel plot (Supplementary Fig. 4)
confirmed the robustness of this association. Of note, this reverse-
direction analysis was based on only five genetic instruments. The
MR-Egger regression estimate, while directionally consistent, did
not reach statistical significance (P = 0.058). Given the limited
number of instruments, these results should be interpreted with
appropriate caution. To further validate the assumed causal
directions, Steiger directionality tests were performed for the
bidirectional associations between SLE and B12DA. For SLE —
B12DA, the genetic instruments explained significantly more
variance in SLE (R?> = 0.105) than in BI12DA (R?> = 4.4 x 1075),
supporting the causal direction (Supplementary Table. 6). For
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Bias Assessment Funnel Plot

Obtain MR Results

Fig. 2. Study design and workflow of the bidirectional Mendelian randomization analysis. This figure illustrates the overall study design and analytical
workflow for the bidirectional Mendelian randomization (MR) analysis investigating the causal relationships between systemic lupus erythematosus (SLE)
and five blood-related disorders: vitamin B12 deficiency anemia (B12DA), immune thrombocytopenia (ITP), agranulocytosis (AGC), myelodysplastic
syndromes (MDS), and iron deficiency anemia (IDA). Data sources: SLE GWAS data were obtained from the Bentham et al.?® study (ebi-a-GCST003156,
5,201 cases and 9,066 controls). Summary statistics for the five blood diseases were sourced from the FinnGen R10 consortium, with sample sizes as
indicated. Instrumental variable selection: single nucleotide polymorphisms (SNPs) significantly associated with each exposure were selected using trait-
specific P-value thresholds (5 x 1078 for SLE, B12DA, and IDA; 5 x 107 for ITP, AGC, and MDS). Linkage disequilibrium (LD) clumping was performed (r? <
0.001, distance > 10,000 kb) to obtain independent instruments. Potential confounding variants were identified and removed using PhenoScanner V2,
followed by allele harmonization to ensure effect allele consistency and exclusion of palindromic SNPs with ambiguous strand. MR analysis: Bidirectional
MR analyses were conducted using inverse-variance weighted (IVW) as the primary method, with weighted median (WME) and MR-Egger as
complementary approaches. Sensitivity analyses included Cochran’s Q test for heterogeneity, MR-Egger intercept test for directional pleiotropy, MR-
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PRESSO for outlier detection and correction, and leave-one-out analysis for assessing influential SNPs. Interpretation: Causal estimates were presented as
odds ratios (ORs) with 95% confidence intervals (Cls). All statistical analyses were performed using the TwoSampleMR package in R. GWAS, genome-wide
association study; ID, identifier; kb, kilobase; MR-PRESSO, Mendelian Randomization Pleiotropy RESidual Sum and Outlier.

B12DA — SLE, the test did not support the assumed direction
(R?_exposure = 0.00105, R? outcome = 0.01008), likely due to the
limited number of instruments (n = 5) and the large disparity in
GWAS sample sizes.

Robustness and triangulation of evidence

For the bidirectional associations described above, estimates from
different MR methods were highly consistent in direction, with
overlapping confidence intervals (Tables 2 and 3). All sensitivity
tests, including the MR-PRESSO global test (P > 0.05) and re-
analysis after outlier removal, supported the reliability of the
primary findings. In summary, this bidirectional MR analysis
provides genetic evidence supporting a potential bidirectional
causal relationship between SLE and B12DA.

MR analysis results for other hematologic disorders

After multiple testing correction (corrected significance level set
at P < 0.005), no statistically significant genetically predicted
causal associations were identified between SLE and ITP, AGC,
or IDA in this study (all IVW P > 0.005). Regarding MDS, the
MR analyses suggested a non-robust association with SLE. In the
reverse analysis (MDS — SLE), the IVW method showed a
nominally significant negative correlation (OR = 0.96, 95% CI:
0.93-0.99, P = 0.023). However, this result did not survive
multiple testing correction, and neither the WME nor MR-Egger
regression showed significance (P > 0.05), indicating weak
consistency across methods. Conversely, in the forward analysis
(SLE — MDS), the IVW result was only marginally significant
(OR =1.18, 95% CI: 1.00-1.40, P = 0.056) and also failed to meet
the corrected threshold. As none of these findings satisfied the
pre-defined stringent significance criteria, and with confidence
intervals that were broad and included 1, the present study
concludes that the current results do not support a robust genetic
causal association between MDS and SLE.

Assessment of heterogeneity and pleiotropy

As shown in Tables 2 and 3, Cochran’s Q test indicated no
significant heterogeneity in any of the analyses (all P > 0.05),
suggesting good consistency in the effect estimates of the selected
genetic instruments. The MR-Egger intercept test did not detect
significant horizontal pleiotropy (all intercept P-values > 0.05).
The SNPs excluded during instrument selection were primarily
associated with inflammatory, metabolic, or infectious risk factors
(Supplementary Table. 2). This suggests that some genetic effects
may operate through shared pathways involving systemic
inflammation or metabolism, rather than being specific to SLE or
individual hematologic disorders.

Discussion

This bidirectional MR study provides a novel genetic causal
perspective for understanding the heterogeneity of hematologic
complications in SLE. Our core finding reveals a potential
bidirectional genetic association between SLE and B12DA,
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whereas no robust evidence emerged for similar links between
SLE and ITP, AGC, IDA, or MDS.

The SLE-B12DA bidirectional association: mechanistic
implications

SLE patients exhibit a high prevalence of B12DA, as documented
in observational studies.®® For the first time, the genetic causal
evidence provided by our MR analysis suggests that this
association may be partly driven by shared genetic susceptibility,
rather than being entirely explained by confounding or reverse
causality. This finding carries significant pathophysiological
implications. On one hand, the chronic systemic inflammation of
SLE could contribute to conditions that lead to a clinical diagnosis
ofB12DA, such as impaired absorption related to autoimmune
gastritis or alterations in the intestinal microenvironment.
However, these mechanistic hypotheses require direct validation
in studies measuring serum vitamin B12 or other metabolic
biomarkers, as our MR analysis is based on the clinical diagnosis
of B12DA.#*#! On the other hand, reverse MR analysis indicates
that genetically predicted vitamin B12 deficiency is associated
with an increased risk of SLE. As a crucial cofactor for DNA
synthesis and methylation reactions, vitamin B12 deficiency could
potentially affect immune cell development and functional
regulation. However, it is important to note that our study used the
clinical diagnosis of B12DA as the exposure, not direct
measurements of serum vitamin B12 levels. Therefore, while the
genetic association is robust, the specific metabolic pathways
involved remain to be elucidated. Recent studies indicate that the
vitamin B12 transporter TCN2 can drive monocyte proliferation
and exacerbate TLR4-mediated inflammatory responses in SLE
patients by regulating one-carbon metabolism.*> Furthermore,
vitamin B12 supplementation is being investigated in vitro to
modulate persistently dysregulated inflammatory gene expression
in leukocytes from patients with lupus.** Therefore, this
bidirectional association may point to a potential “inflammation—
metabolic dysregulation” interaction pathway.** It must be
emphasized that MR evidence indicates a potential causal
relationship at the genetic level; however, it represents a
genetically inferred causal hypothesis rather than proof of
established clinical pathways. Consequently, the implicated
molecular mechanisms require direct experimental validation. It
should also be emphasized that the reverse direction (B12DA —
SLE) was based on only five genetic instruments, and the MR-
Egger estimate, though directionally consistent, did not reach
statistical significance (P = 0.058). Therefore, these findings
should be interpreted as hypothesis-generating rather than
definitive causalevidence. Recent bidirectional MR studies have
also demonstrated causal associations between SLE and other
conditions. Using a bidirectional MR approach, Ding et al.*> found
no significant causal effect between vitamin D deficiency and
SLE, suggesting that previously observed associations may be due
to confounding rather than direct causality. Chen et al.*® reported
causal effects of certain autoimmune diseases on aplastic anemia,
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Table 2. Mendelian randomization analysis of immune-related exposures on blood-related outcomes (SLE as exposure)

Guo T. et al: SLE and 5 blood disorders: MR study

Exposure nSNPs Method B (SE) P-value OR (95% Cl) Cochran’s Q (Q/df/ MR-Egger intercept F-statisticrange Leave-one-out Total R?
P) (B/SE/P) conclusion
ITP 23 MR Egger -0.16 (0.12) 0.209  0.85 25.04/21/0.246  0.06/0.03/0.109 30.4-374.85 Robust 0.0819643
(0.67-1.08)
23 Weighted median —0.04(0.07) 0.534  0.96(0.83-1.10 — = =
23 Inverse variance 0.03 (0.05) 0.632 1.03 (0.92-1.14 28.37/22/0.164 - -
weighted
= MR-PRESSO = 0.171 = P=0.274 = =
B12DA 20 MR Egger 0.09 (0.04) 0.053 1.09 16.61/18 /0.550 -0.003/0.01/0.832 29.97-453.21 Robust 0.105077843
(1.00-1.19)
20 Weighted median 0.07 (0.03) 0.023 1.07(1.01-1.14 - - -
20 Inverse variance 0.08 (0.02)  0.00023 1.08(1.04-1.13 16.66/19/0.610 - -
weighted
= MR-PRESSO = 0.541 = = = =
AGC 22 MR Egger 0.065 0.280 1.07(0.95-1.20) 15.66/20/0.737 -0.0163/0.0163 / 0.330 29.97-453.21 Robust 0.080534819
(0.058)
22 Weighted median 0.030 0.415 1.03(0.96-1.11 - = =
(0.036)
22 Inverse variance 0.012 0.628 1.01 16.66/21/0.732 - -
weighted (0.025) (0.96-1.06)
= MR-PRESSO = 0.755 = = = =
MDS 25 MR Egger 0.02 (0.17) 0.919 1.02 22.77 / 23/ 0.474 —0.05/0.05/0.326 29.97-453.21 Robust 0.115649093
(0.73-1.43)
25 Weighted median 0.12 (0.12) 0.316 1.13 = = =
(0.89-1.44)
25 Inverse variance 0.17 (0.09) 0.056 1.18 23.78/24/0.474 - -
weighted (1.00-1.40)
= MR-PRESSO = 0.526 = = = =
8 DOI: 10.14218/ERHM.2026.00013 | Volume 11 Issue 3, July 2026
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Table 2. Mendelian randomization analysis of immune-related exposures on blood-related outcomes (SLE as exposure) (continued)

Exposure nSNPs Method B (SE) P-value OR (95% CI) Cochran’s Q (Q/df/ MR-Egger intercept F-statisticrange Leave-one-out Total R?
P) (B/SE/P) conclusion
IDA 24 MR Egger -0.011 0.742 0.99 31.28 /22 /0.091 0.0047 /0.0090/0.611 29.97-374.85 Robust 0.084860605
(0.033) (0.93-1.05)
24 Weighted median 0.007 0.707 1.01 - - -
(0.018) (0.97-1.04)
24 Inverse 0.004 0.750 1.00 31.66/23/0.107 - -
variance (0.014) (0.98-1.03)
weighted
= MR-PRESSO = 0.131 = = = =

This table summarizes the MR estimates for the effects of systemic lupus erythematosus (SLE) on five blood-related outcomes: immune thrombocytopenia (ITP), vitamin B12 deficiency anemia (B12DA), agranulocytosis
(AGC), myelodysplastic syndromes (MDS), and iron deficiency anemia (IDA). For each exposure—outcome pair, the number of instrumental variables (nSNPs), MR methods applied (MR-Egger, weighted median, inverse-
variance weighted [IVW], and MR-PRESSO), beta coefficients (B) with standard errors (SE), P-values, odds ratios (ORs) with 95% confidence intervals (Cls), Cochran's Q statistics (Q, degrees of freedom [df], and P-value) for
heterogeneity assessment, MR-Egger intercept test for directional pleiotropy (B/SE/P), range of F-statistics, leave-one-out sensitivity conclusion, and total R? of the instruments are provided. The MR-Egger effect P-value is
based on the t-distribution, whereas the 95% Cl is based on the normal distribution. In analyses with a limited number of genetic instruments, these two approaches may yield inconsistent results; therefore, the MR-Egger
effect estimate should be interpreted with caution. MR, Mendelian randomization; MR-Egger, Mendelian randomization—Egger regression; MR-PRESSO, Mendelian Randomization Pleiotropy RESidual Sum and Outlier.

highlighting genetic links between autoimmune conditions and hematologic disorders. These
findings, together with our results, underscore the value of bidirectional MR in disentangling
complex associations between autoimmune diseases and hematologic conditions and in
identifying potential therapeutic targets.

Interpretation of results for other hematologic disorders

This study did not detect genetic causal links between SLE and ITP, AGC, or IDA. In contrast,
the results suggest that these clinically common hematologic complications are more likely
driven by acquired factors, such as disease-specific autoantibody production during periods of
high disease activity, metabolic changes secondary to chronic inflammation, or therapeutic
agents, rather than by a shared genetic predisposition. This implies that the clinical approach to
these abnormalities in SLE patients should prioritize investigation of underlying acquired
etiologies, including disease activity and pharmacological adverse effects.

Particularly noteworthy is the nominally significant inverse association observed between
MDS and SLE (IVW P = 0.023). However, this P-value did not survive Bonferroni correction
for 10 directional tests (corrected threshold P < 0.005), and the estimates were inconsistent
across different MR methods (weighted median P = 0.279, MR-Egger P = 0.372). Therefore,
our data do not provide sufficient support for a robust genetic causal association between MDS
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and SLE. Previous research suggests that elevated inflammatory cytokines (e.g., TNF-a, I1L-6),
common to both diseases, may represent a shared pathological background; however, the causal
direction remains unclear and requires investigation in larger studies.

Strengths and limitations

Strengths

The primary strength of this study is the application of an MR framework, which effectively
controls for confounding and reverse causality inherent in observational research. This is further
supported by a set of comprehensive sensitivity analyses.

Limitations

Heterogeneity in statistical power

As shown in Supplementary Table. 4, the available sample size of the SLE GWAS (N = 14,267)
limited our ability to detect weak effects. Consequently, reverse MR analyses with SLE as the
outcome (e.g., ITP, AGC, MDS — SLE) were underpowered (~20-22%). Therefore, the null
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Table 3. Mendelian randomization analysis of hematologic outcomes on SLE (blood-related traits as exposures)

Guo T. et al: SLE and 5 blood disorders: MR study

Exposure nSNPs Method B (SE) P-value OR (95% Cl) Cochran’s Q (Q/df/P) MR-Egger intercept (B/SE/P) F-statistic  Leave-one-out Total R?
range conclusion
ITP 36 MR Egger 0.07 (0.04) 0.103 1.08 (0.99-1.18 29.92 /34 /0.668 -0.0287 / 0.0145 / 0.056 16.46-24.38 Robust 0.001665487
36 Weighted median -0.02 0.405 0.98 (0.92-1.03) - - -
(0.03)
36 Inverse variance —0.004 (0.020) 0.851 1.00 33.83/35/0.524 - -
weighted (0.96-1.04)
= MR-PRESSO = 0.542 = = = =
B12DA 5 MR Egger 0.655(0.219) 5.8e-02 1.92(1.25-2.95) 3.786/3/0.285 0.0372 /0.0537 / 0.538 30.3-149.58 Robust 0.001047713
5 Weighted median 0.758 (0.098) 1.2e-14 2.13(1.76-2.59) — = =
5 Inverse variance 0.797 (0.071) 1.6e-29 2.22(1.93-2.55) 4.393/4/0.355 - -
weighted
= MR-PRESSO = 0.555 = = = =
AGC 47 MR Egger 0.071(0.096) 0.466  1.07(0.89-1.30) 51.24/45/0.242 -0.0066 / 0.0164 / 0.691 16.51-27.22 Robust 0.002104012
47 Weighted 0.075(0.058) 0.192  1.08 - - -
median (0.96-1.21)
47 Inverse variance weighted 0.036 (0.040) 0.373 1.04 (0.96-1.12 51.42/46/0.270 - -
= MR-PRESSO = 0.265 = = = =
MDS 17 MR Egger -0.058 (0.063) 0.372 0.94 (0.83-1.07) 16.04/15/0.380 0.0121/0.0369 /0.748 16.59-25.44 Robust 0.000998946
17 Weighted -0.026 (0.024) 0.279  0.97 (0.93-1.02) — = =
median
17 Inverse variance -0.038 (0.017) 0.023 0.96 (0.93-0.99) 16.15/16/0.443 - -
weighted
= MR-PRESSO = 0.457 = = = =
IDA 3 MR Egger -1.34(1.35) 0.502  0.26(0.02-3.68) 0.591/1/0.442 0.1822/0.1294 / 0.393 30.21-42.57 Robust 0.000257219
3 Weighted median 0.38 (0.36) 0.300 1.46 (0.71-2.99) - - —
3 Inverse variance 0.52 (0.31) 0.098 1.68 2.575/2/0.276 - -
weighted (0.91-3.11
10 DOI: 10.14218/ERHM.2026.00013 | Volume 11 Issue 3, July 2026
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Table 3. Mendelian randomization analysis of hematologic outcomes on SLE (blood-related traits as exposures) (continued)

F-statistic Leave-one-out Total R?
range conclusion

- MR-PRESSO - - - - - -

Exposure nSNPs Method B (SE) P-value OR (95% ClI) Cochran’s Q (Q/df/P) MR-Egger intercept (B/SE/P)

This table summarizes the MR estimates for the effects of five blood-related traits (ITP, B12DA, AGC, MDS, and IDA) on systemic lupus erythematosus (SLE). The same set of MR methods and diagnostic metrics as
described in Table 2 are reported for each exposure—outcome pair. All analyses were conducted using consistent quality control and sensitivity analysis procedures to ensure the robustness of the causal inferences. The
MR-Egger effect P-value is based on the t-distribution, whereas the 95% Cl is based on the normal distribution. In analyses with a limited number of genetic instruments, these two approaches may yield inconsistent
results; therefore, the MR-Egger effect estimate should be interpreted with caution. AGC, agranulocytosis; B12DA, vitamin B12 deficiency anemia; Cl, confidence interval; df, degrees of freedom; IDA, iron deficiency
anemia; ITP, immune thrombocytopenia; MDS, myelodysplastic syndromes; MR, Mendelian randomization; MR-Egger, Mendelian randomization—Egger regression; MR-PRESSO, Mendelian Randomization Pleiotropy
RESidual Sum and Outlier; nSNPs, number of single nucleotide polymorphisms; OR, odds ratio; SE, standard error.

findings for genetic associations between ITP or AGC and SLE risk should be interpreted with
caution. Weaker causal relationships cannot be ruled out due to underpowered analyses.
Similarly, the results for the MDS—SLE association must be viewed in the context of low
statistical power. While the IVW method yielded a nominally significant P-value of 0.023, this
result did not pass the predefined multiple testing correction threshold (P < 0.005). More
importantly, the results from the weighted median and MR-Egger methods were non-
significant, indicating a lack of consistency across MR methods. Given the low statistical
power, this nominal significance likely reflects a false-positive signal or chance variation rather
than a true causal effect. Therefore, our data do not provide evidence supporting a genetic
causal association between MDS and SLE. It is important to emphasize that the core finding of
this study—the bidirectional association between SLE and B12DA—was supported with
extremely high statistical confidence (>99%). This is primarily due to the large sample size of
the BI2DA GWAS (for the SLE — B12DA direction) and the strong genetic effect of BI2DA
on SLE (for the BI2DA — SLE direction).

Limited number of instruments for B12DA

The reverse MR analysis examining the effect of BI12DA on SLE was conducted using five
genetic instruments. Although these SNPs were strong instruments (F > 10) and the IVW result
was highly significant after multiple testing correction, the small number of instruments may
limit the ability to test for potential pleiotropy and reduce the precision of the estimate. The
MR-Egger regression did not reach statistical significance (P = 0.058), and therefore, while the
IVW estimate suggests an association, causal inference should be made with caution.

Use of a relaxed P-value threshold for certain exposures

For ITP, AGC, and MDS, we adopted a relaxed significance threshold (P < 5 x 107%) instead of
the conventional genome-wide threshold (P < 5 x 107%). This was necessary because the
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available GWAS for these conditions had limited sample sizes, and applying a stricter threshold
would have resulted in an insufficient number of instrumental variables (often fewer than three)
to perform valid MR analysis. To control the false-positive rate arising from multiple testing
across the five hematologic outcomes, a Bonferroni correction was applied, setting the statistical
significance level at 0.005. Nevertheless, we acknowledge that the relaxed threshold may
increase the risk of weak instrument bias and false-positive findings. To mitigate this risk, we
ensured that all selected instruments had F-statistics > 10, a widely accepted threshold
indicating a low risk of weak instrument bias. Additionally, we performed a sensitivity analysis
using a more stringent threshold (P < 1 x 107°) for these exposures; as shown in
Supplementary Table. 7, the number of remaining SNPs was too small (ITP: 2 SNPs, AGC: 0
SNPs, MDS: 1 SNP) to yield reliable MR estimates, confirming the necessity of the relaxed
threshold. Therefore, the null findings for ITP, AGC, and MDS should be interpreted with
caution. Furthermore, while the Steiger directionality test supported SLE — B12DA, it did not
support the reverse direction. However, this result should be interpreted with caution given the
limited number of instruments (n = 5) and the substantial disparity in GWAS sample sizes
between B12DA (N =397,378) and SLE (N = 14,267), which reduces the power of the Steiger
test.

Potential pleiotropy and residual confounding

Despite employing various methods (e.g., MR-Egger and MR-PRESSO) to test for horizontal
pleiotropy, residual confounding due to pleiotropy via unknown or unmeasured pathways
remains a possibility, which is an inherent limitation of MR studies. Certain genetic instruments
could influence the outcome by mediating an individual’s response to environmental factors
such as nutritional status. Such gene—environment interactions represent a form of horizontal
pleiotropy that may remain undetected in our analysis. The findings of this study—although
supported by rigorous sensitivity analyses—should be interpreted within this conceptual
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Fig. 3. Bidirectional Mendelian randomization estimates for systemic lupus erythematosus and five blood-related disorders. This figure presents the
causal effect estimates from the bidirectional Mendelian randomization (MR) analysis between systemic lupus erythematosus (SLE) and five blood-related
outcomes: vitamin B12 deficiency anemia (B12DA), immune thrombocytopenia (ITP), agranulocytosis (AGC), myelodysplastic syndromes (MDS), and iron
deficiency anemia (IDA). (a) Forward MR analysis: effect of SLE on blood-related outcomes. Forest plot showing the causal effects of SLE on each blood-
related outcome using three MR methods: inverse-variance weighted (IVW), weighted median, and MR-Egger. Effect estimates are presented as odds
ratios (ORs) with 95% confidence intervals (Cls) and corresponding P-values. IVW was used as the primary analysis method. A significant positive causal
association was observed between SLE and B12DA (IVW OR = 1.08, 95% Cl: 1.04-1.13, P = 2.30 x 107). No statistically significant causal effects were
detected for ITP, AGC, MDS, or IDA after accounting for multiple testing. (b) Reverse MR analysis: effect of blood-related outcomes on SLE. Forest plot
showing the causal effects of each blood-related outcome on SLE, estimated using the same three MR methods. A significant positive causal association
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was identified for B12DA on SLE (IVW OR = 2.22, 95% Cl: 1.93-2.55, P = 1.60 x 107%°). After correction for multiple testing, no statistically significant causal
effects were observed for ITP, AGC, MDS, or IDA on SLE. All analyses were assessed for heterogeneity and pleiotropy through sensitivity analyses. ORs
greater than 1 indicate a positive causal effect, while ORs less than 1 indicate a protective effect.

framework.
Population generalizability

Analyses were based on data from populations of European
ancestry. This choice was made primarily to ensure genetic
homogeneity during instrumental variable selection (e.g., LD
clumping) and data analysis, thereby minimizing bias due to
population stratification. However, the exclusive use of genetic
data from populations of European ancestry limits the
generalizability of our findings to other ethnic groups.

Indirect nature of biological mechanisms

MR identifies statistical associations. The specific molecular
pathways underlying the observed SLE-B12DA association
require direct validation in subsequent experimental studies.

Distance from clinical translation

Based on the current genetic findings, it is premature to
recommend routine vitamin B12 screening or supplementation for
patients with SLE. Any potential clinical intervention must be
evaluated through rigorous prospective studies and clinical trials.
Finally, it is important to reiterate that MR provides genetic
evidence for causal inference at the population level but does not
directly inform individual-level clinical decision-making.
Therefore, our findings should be interpreted as hypothesis-
generating rather than practice-changing.

Phenotype heterogeneity and potential misclassification bias

The hematologic outcomes (ITP, AGC, B12DA, IDA) were
identified from FinnGen registry data using ICD codes. These
real-world diagnoses are useful but come with inherent
heterogeneity. For example, IDA and B12DA can have multiple
secondary causes, and AGC may be drug-induced or infection-
related. Such heterogeneity could weaken genetic associations if
the instruments capture only specific etiologies. Misclassification
bias, such as coding errors or incomplete diagnosticworkups,
could also bias results toward the null. Although we used
conservative multiple testing correction and sensitivity analyses to
address these concerns, the findings should be interpreted in light
of potential phenotype heterogeneity and diagnostic
misclassification.

Future directions

Larger-scale GWAS of SLE and hematologic disorders are needed
to improve statistical power, particularly for reverse MR analyses,
and to identify additional genetic instruments for BI2DA. Future
studies should also validate these findings in populations of
diverse ancestries and using more refined phenotypes, such as
laboratory-confirmed diagnoses. By combining experimental
models with clinical cohorts, future research should further
elucidate the biological pathways linking SLE and B12DA.
Studies incorporating direct measurements of serum vitamin B12
and related metabolic biomarkers will be particularly valuable. In
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addition, future work could explore whether closer attention to the
clinical diagnosis of BI2DA in patients with SLE is warranted,
although prospective studies and clinical trials will be required
before any clinical recommendations can be made.

Conclusions

This MR study provides genetic evidence consistent with a
potential bidirectional association between SLE and B12DA,
although the reverse direction requires replication with a larger set
of genetic instruments. The findings should be considered
hypothesis-generating rather than conclusive, offering new
insights into their comorbid mechanisms.At the same time, the
study did not support a similar genetic causal basis for
associations between SLE and ITP, AGC, IDA, or MDS.

Supporting information

Supplementary material for this article is available at https:/
doi.org/10.14218/ERHM.2026.00013.
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