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Causal role of immune cells
in aplastic anemia: Mendelian
randomization (MR) study

Shaojie Fu?, Yazhe Du?, Tingting Pan3, Fuzhe Ma?, Hua He* & Yuying Li%**

Prior research has identified associations between immune cells and aplastic anaemia (AA); however,
the causal relationships between them have not been conclusively established. A two-sample
Mendelian randomisation analysis was conducted to investigate the causal link between 731 immune
cell signatures and AA risk using publicly available genetic data. Four types of immune signatures,
including relative cell, absolute cell (AC), median fluorescence intensities and morphological
parameters, were considered sensitivity analyses were also performed to verify the robustness of the
results and assess potential issues such as heterogeneity and horizontal pleiotropy. Following multiple
test adjustments using the False Discovery Rate (FDR) method, no statistically significant impact

of any immunophenotype on AA was observed. However, twelve immunophenotypes exhibited a
significant correlation with AA without FDR correction (p of IVW <0.01), of which eight were harmful
to AA: CD127- CD8br %T cell (Treg panel), CD25 on IgD + CD38dim (B cell panel), CD38 on naive-mature
B cell (B cell panel), CD39 + resting Treg % CD4 Treg (Treg panel), CD39 + secreting Treg AC (Treg panel),
CD8 on CD28 + CD45RA- CD8br (Treg panel), HLA DR + NK AC (TBNK panel), Naive DN (CD4 CD8") AC
(Maturation stages of T cell panel); and four were protective to AA: CD86 on CD62L + myeloid DC (cDC
panel), DC AC (cDC panel), DN (CD4 CD8") NKT %T cell (TBNK panel), and TD CD4 + AC (Maturation
stages of T cell panel). The results of this study demonstrate a close link between immune cells and AA
by genetic means, thereby improving the current understanding of the interaction between immune
cells and AA risk and providing guidance for future clinical research.
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Aplastic anaemia (AA), characterised by bone marrow failure resulting in hypocellular marrow and pancytopenia,
exhibits common symptoms such as fatigue, easy bruising or bleeding, and susceptibility to infections. This con-
dition is rare but potentially life-threatening, with a rising incidence in recent years. Current data indicates 6-9
million cases of aplastic anaemia annually in East Asia, which is 2-3 times higher than in Western countries**.
Fortunately, advances in understanding its pathophysiology and improved treatment approaches, including
hematopoietic stem cell transplantation and thrombopoietin receptor agonists, have significantly increased the
survival rates of AA patients>®. Nevertheless, aplastic anaemia remains a substantial burden for patients, their
families, and the healthcare system due to its often-prolonged disease course, associated high morbidity, and the
uncertainty surrounding clinical outcomes’.

The exact cause and pathogenesis of AA have not been fully elucidated. Numerous clinical and preclinical
investigations have indicated that AA patients exhibit immune dysfunction, involving abnormalities in both
cellular and humoral immunity. Notably, the effectiveness of immunosuppressive therapies (ISTs) such as antithy-
mocyte globulin (ATG) and/or cyclosporine A (CSA) suggests the involvement of one or more immune sys-
tem components in the disease’s pathogenesis®. It appears that an elevated myeloid dendritic cell/plasmacytoid
dendritic cell ratio leads to an imbalance in the T helper (Th)1/Th2 ratio in favour of Th1, ultimately resulting
in abnormal activation of cytotoxic T lymphocytes (CTLs)®. However, the specific antigens triggering T cell
responses in AA are still unknown. Further, regulatory T cells (Treg), Th17 cells, natural killer (NK) cells, memory
T cells, and negative hematopoietic regulatory factors also play roles in this process’'%. Nonetheless, the precise
contribution of immune cells to the development of AA remains elusive, possibly due to the intricate nature of
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the immune system, flaws in study design, limited sample sizes, and the influence of confounding factors not
fully addressed in existing research.

Based on Mendelian independent distribution law, Mendelian randomisation (MR) is an analytical method
mainly used in epidemiological aetiology inference. Recent advances in large-scale genome-wide association
studies (GWAS) and MR approaches have facilitated the assessment of causal relationships between immune
traits and diseases!®"1’. Multiple studies have substantiated the utility of MR investigations in elucidating causal
relationships in blood-related disorders'®-?°. MR studies are adept at mitigating confounding variables and deci-
phering reverse causal associations within the realm of causal inference. An extensive two-sample MR analysis
was used in this study to determine the causal relationship between immune cell characteristics and AA.

Methods

Study design

A two-sample MR design was established to explore the causal relationships between 731 immune cell signatures
(7 groups) and AA. To ensure the reliability of the finding, each MR analysis had to fulfil the following three key
assumptions?: (1) the instrumental variable was directly related to exposure; (2) the instrumental variable was
are not related to any confounders affecting both exposure and outcome; (3) the instrumental variable had an
effect on the outcome only through its effect on the exposure, without involvement in any other causal pathways.
The studies included in this analysis was approved by the review boards of relevant institutional, and participants
provided informed consent.

Immunity-wide Genome-wide association study (GWAS) data sources

GWAS summary statistics for each immunophenotype are available from the GWAS Catalog, accession number
from GCST90001391 to GCST90002121". A total of 731 immunophenotypes were covered, including of median
fluorescence intensities (MFI) reflecting surface antigen levels (n=389), absolute cell (AC) counts (n=118), rela-
tive cell (RC) counts (n=192) and morphological parameters (MP) (n=32). It is important to note that the MFI,
AC, and RC features encompassed various immune cell types, including B cells, CTLs, mature stages of T cells,
monocytes, myeloid cells, and TBNK (T cells, B cells, natural killer cells). The MP feature, on the other hand,
included panels related to CTL and TBNK cell types. The original GWAS on immune signature was performed
using data from 3757 European individuals without overlapping cohorts. Approximately 22 million SNPs were
genotyped using high-density arrays, and imputation was performed using a Sardinian sequence-based reference
panel. Associations were measured while taking into account covariates, including age and gender?.

GWAS data sources for AA

GWAS summary statistics for AA were got from FinnGen and UK Biobank. A total of 473, 500 European indi-
viduals (Ncase=4128, Ncontrol =469,372) were included in the GWAS analysis of AA, and approximately 25
million variants were analysed after quality control and imputation®. Based on the source information of the
participants, there is no sample overlap between the immunophenotypes and AA GWAS datasets.

Selection of instrumental variables (IVs)

The significance level of IVs for each immunophenotype was set at 1 x 107° based on a recent Mendelian randomi-
sation study on immune traits'. The 1000 Genomes Project linkage disequilibrium structure (r*<0.1 with any
other associated SNP within 10 Mb) was performed among the initially selected SNPs to ensure that the selected
IVs were able to independently predict exposure. In addition, the proportion of phenotypic variation explained
(PVE) and F statistic were calculated for each IV, so as to assess the strength of IV and avoid weak instrumental
bias. SNPs with an F-statistic below 10 were determined to be weak instruments and subsequently ruled out
from the IVs?%. F-statistic was estimated using the formula: F=R? (N?)/(1 - R?), where R? was the proportion
of phenotypic variation explained by the SNP and N was the sample size of the GWAS of SNPs with the trait.
The R? values were estimated using the formula: R?=2 X EAF x (1 — EAF) x 2, where EAF was the effect allele
frequency (EAF) of the SNP and p was the estimated effect of SNP on trait?*. We also conducted a search using
the PhenoScanner database to clarify whether the selected SNPs were associated with AA potential confounders
(e.g., benzene exposure, ionizing radiation, organic solvents, viral infections, etc.)?.

Statistical analysis

All analyses were conducted using R software (version 4.3.1, https://cran.r-project.org/src/base/R-4/R-4.3.1.tar.
gz). To assess the causal link between 731 immunophenotypes and AA, statistical methods were used such as
Inverse Variance Weighting (IVW), Weighted Median (WM), and Mendelian Randomisation-Egger (MR-Egger)
from the ’Mendelian Randomisation’ package (version 0.4.3)?. Heterogeneity among instrumental variables was
checked using corresponding p values and Cochran’s Q statistic, visualising it with a random effect model”. To
account for potential horizontal pleiotropy, MR-Egger was applied. The MR-PRESSO method was used to identify
and exclude possible pleiotropic outliers®. Scatter and funnel plots confirmed the robustness of the results and
the absence of heterogeneity?. In addition, the statistical power for the MR results was calculated to clarify the
probability of committing a type I statistical error for a negative result™®.

Ethics approval and consent to participate

The study was approved by the Sardinian Regional Ethics Committee (protocol no. 2171/CE). All participants
provided written, informed consent. Informed consent was obtained from all participants and/or their LAR.
This study was conducted in accordance to relevant guidelines and regulations.
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Results

Development of the IVs used to genetically predict each immunophenotype

A total of 3-724 independent, non-palindromic and significant SNPs were selected as the IVs for 731 immu-
nophenotypes. These IVs accounted for variance ranging from 0.005 to 5.199% in their respective immunophe-
notypes. Notably, all the genetic instruments had F statistics exceeding 10, signifying their robust strength (See
Supplementary Table 1). In addition, as shown in Supplementary Table 2, after searching in the PhenoScanner
database, no selected SNPs were found to be associated with the AA potential confounders (e.g., benzene expo-
sure, ionizing radiation, organic solvents, viral infections, etc.).

Exploration of the causal effect of immunophenotypes on AA

To explore the causal effects of immunophenotypes on AA, we performed a two-sample MR analysis and used
the IVW method as the primary analysis. Following multiple test adjustments using the False Discovery Rate
(FDR) method, no statistically significant effect of any immunophenotype on AA was observed (Supplementary
Table 2). However, twelve immunophenotypes exhibited a significant correlation with AA without FDR cor-
rection (p of IVW <0.01), of which eight were harmful to AA: CD127- CD8br %T cell (Treg panel), CD25 on
IgD + CD38dim (B cell panel), CD38 on naive-mature B cell (B cell panel), CD39 + resting Treg % CD4 Treg (Treg
panel), CD39+ secreting Treg AC (Treg panel), CD8 on CD28 + CD45RA- CD8br (Treg panel), HLA DR+ NK AC
(TBNK panel), Naive DN (CD4~CD8") AC (Maturation stages of T cell panel); and four were protective to AA:
CD86 on CD62L + myeloid DC (cDC panel), DC AC (cDC panel), DN (CD4~CD8~) NKT %T cell (TBNK panel),
and TD CD4 + AC (Maturation stages of T cell panel).

Specifically, by using the IVW method, the odds ratio (OR) of CD127- CD8br %T cell on AA risk was estimated
to be 1.135 (95% CI 1.032-1.247, P=0.009), the OR of CD25 on IgD + CD38dim on AA risk was estimated to be
1.053 (95% CI 1.013-1.095, P=0.009), the OR of CD38 on naive-mature B cell on AA risk was estimated to be
1.073 (95% CI 1.019-1.130, P=0.007), the OR of CD39 + resting Treg % CD4 Treg on AA risk was estimated to
be 1.034 (95% CI 1.010-1.059, P=0.005), the OR of CD39 + secreting Treg AC on AA risk was estimated to be
1.050 (95% CI 1.013-1.089, P=0.007), the OR of CD8 on CD28 + CD45RA- CD8br on AA risk was estimated
to be 1.127 (95% CI 1.044-1.215, P=0.002), the OR of HLA DR+ NK AC on AA risk was estimated to be 1.110
(95% CI 1.031-1.195, P=0.005), the OR of Naive DN (CD4 CD8 ) AC on AA risk was estimated to be 1.116
(95% CI1.032-1.207, P=0.006), the OR of CD86 on CD62L + myeloid DC on AA risk was estimated to be 0.930
(95% CI 0.882-0.981, P=0.008), the OR of DC AC on AA risk was estimated to be 0.897 (95% CI 0.838-0.960,
P=0.002), the OR of DN (CD4 CD8 ) NKT %T cell on AA risk was estimated to be 0.919 (95% CI 0.864-0.978,
P=0.007), and the OR of TD CD4+ AC on AA risk was estimated to be 0.890 (95% CI=0.817-0.968, P=0.007).
Both the WM and MR-Egger methods, employed as complementary tests, yielded results consistent with the IVW
analysis (Fig. 1), which reinforced the confidence in the findings. In the investigation of causality, the p value of
Cochran’s Q exceeded 0.05, indicating the absence of heterogeneity in the results. Additionally, MR-Egger did
not detect any evidence of pleiotropy, as the p value for its intercept was greater than 0.05. Neither MR-PRESSO
nor leave-one-out plots identified any outliers (Supplementary Fig. 1).

exposure nsnp method OR(95% CI) pval Cochran's QP MR Egger intercept P MR-PRESSO P

CD127- CD8br %T cell 15 MR Egger a —_—— 1.316 (1.086 to 1.595) 0.015 0.309 0.111 0.353
15 Weighted median —_— 1.179 (1.045 to 1.330) 0.007
15 Inverse variance weighted —— 1.135 (1.032 to 1.247) 0.009

CD25 on IgD+ CD38dim 24 MR Egger —— 1.059 (1.008 to 1.112) 0.034 0933 0.742 0953
24 Weighted median »—o—- 1.064 (1.006 to 1.126) 0.029
24 Inverse variance weighted e 1.053 (1.013 to 1.095) 0.009

CD38 on naive-mature B cell 26 MR Egger >,— — 1.069 (0.991 to 1.153) 0.099 0914 0.884 0918
26 Weighted median »—0—4 1.060 (0.983 to 1.144) 0.131
26 Inverse variance weighted : —— 1.073 (1.019 to 1.130) 0.007

CD39+ resting Treg % CD4 Treg 35 MR Egger ot 1.033 (1.003 to 1.064) 0.040 0.364 0.888 0.449
35 Weighted median ;»—.—- 1.039 (1.007 to 1.072) 0.017
35 Inverse variance weighted e 1.034 (1.010 to 1.059) 0.005

CD39+ secreting Treg AC 27 MR Egger ;— — 1.060 (0.999 to 1.125) 0.066 0.330 0.708 0.423
27 Weighted median 0—0—4 1.047 (1.003 to 1.093) 0.037
27 Inverse variance weighted —— 1.050 (1.013 to 1.089) 0.007

CD8 on CD28+ CD45RA- CD8br 16 MR Egger —_—— 1.195 (1.027 to 1.391) 0.037 0.567 0.390 0.607
16 Weighted median —— 1.115 (1.003 to 1.238) 0.043
16 Inverse variance weighted —_— 1.127 (1.044 t0 1.215) 0.002

CD86 on CD62L+ myeloid DC 23 MR Egger —— 0.919 (0.849 to 0.995) 0.049 0.346 0.682 0.450
23 Weighted median —— 0.917 (0.850 to 0.988) 0.023
23 Inverse variance weighted —— 0.930 (0.882 to 0.981) 0.008

DCAC 21 MR Egger —— 0.869 (0.772 to 0.979) 0.032 0.992 0.536 0.993
21 Weighted median ——i 0.893 (0.813to0 0.981) 0.018
21 Inverse variance weighted —— 0.897 (0.838 to 0.960) 0.002

DN (CD4-CD8-) NKT %T cell 3 MR Egger — 0.889 (0.789 to 1.002) 0.063 0.867 0.527 0.860
31 Weighted median —— 0.894 (0.816 to 0.980) 0.016
31 Inverse variance weighted —— 0.919 (0.864 to 0.978) 0.007

HLA DR+ NK AC 19 MR Egger ————— 1.074 (0.947 to 1.218) 0.280 0.675 0538 0.726
19 Weighted median —— 1.092 (0.993 to 1.200) 0.070
19 Inverse variance weighted —— 1.110 (1.031 to 1.195) 0.005

Naive DN (CD4-CD8-) AC 20 MR Egger —— 1.091 (0.961 to 1.239) 0.194 0.641 0.665 0.665
20 Weighted median —_—— 1.147 (1.023 to 1.286) 0.019
20 Inverse variance weighted ——i 1.116 (1.032 to 1.207) 0.006

TD CD4+ AC 12 MR Egger —_—— 0.964 (0.823 to 1.128) 0.655 0.936 0.266 0.945
12 Weighted median —— 0.896 (0.798 to 1.006) 0.064
12 Inverse variance weighted —— 0.890 (0.817 to 0.968) 0.007

0.8 1 14

Figure 1. The significant positive MR results of 731 immunophenotypes on AA without FDR correction
(p<0.01).
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Additionally, the MR results for all immunophenotypes are shown in Supplementary Table 3, the scatter plots,
forest plots and funnel plots are presented in Supplementary Figs. 2, 3 and 4, respectively.

Notably, even taking the immunophenotypes related to Treg cells to primary analyses and the remaining
immunophenotypes to secondary analyses, it was found that positive results were still not detected after FDR
correction, as shown in Supplementary Tables 4 and 5, respectively.

Discussion

To the present knowledge, our study is the first MR study to explore the causal relationship between multiple
immunophenotypes and AA. The results of this study demonstrated that no statistically significant effect of any
immunophenotype on AA was found following multiple test adjustment according to the FDR method. However,
twelve immunophenotypes exhibited a significant correlation with AA without FDR correction (p of IVW <0.01).

Dendritic cells (DCs) play a crucial role in the immune system by processing antigens for presentation to T
cells and regulating their differentiation and function®'. Previous research suggested that the activation of DCs
induced by various factors can lead to abnormal activation of downstream T cells®, resulting in a pathological
immune response, imbalance, apoptosis of bone marrow hematopoietic cells, and subsequent hematopoietic
dysfunction and pancytopenia in AA®. It has also been observed that the number of myeloid dendritic cells
(MDCs) and the expression of costimulatory molecules on DCs, including CD40, CD80, and CD86, increased
in patients with severe AA from Asia®**. MDCs exhibited strong phagocytic activity in patients with severe AA,
leading to an increase in the number of CTLs*. Inconsistent with previous findings, our study based on Euro-
pean databases demonstrated that the decreased levels of DC AC and CD86 on CD62L + myeloid DC appeard
to be significantly associated with the risk of AA. The inconsistency of the above results may be influenced by
ethnicity, disease severity, sample size and other factors, so further research is necessary.

In the present study, associations were observed between an increased risk of AA and specific T cell-related
factors. These factors included Naive DN (CD4~CD8") AC of maturation stages of T cell and four types of Treg
cells (CD127- CD8br %T cell, CD39+ resting Treg % CD4 Treg, CD39 + secreting Treg AC, CD8 on CD28+ CD45RA-
CD8br). Numerous studies have emphasised the critical role of T cells in AA, with findings indicating the impor-
tance of T cells in the disease®. AA patients often exhibit an elevated number of CTLs and a shift in the CD4" to
CD8*T cell ratio. These activated CTLs tend to produce pro-inflammatory cytokines such as INF-y and TNF-a,
leading to apoptosis through the Fas/FasL pathway. This apoptosis can inhibit bone marrow’s hematopoietic
functions and result in hematopoietic cell destruction®”*. Furthermore, abnormalities in the number and/
or function of CD4" cells, including interferon (IFN)-y-producing CD4"T cells (Th1 cells), interleukin (IL)-
4-producing CD4*'T cells (Th2 cells), interleukin-17 (IL-17)-producing CD4"T cells (Th17 cells) and Tregs, have
been reported in patients with AA, suggesting their potential roles in the disease’s pathogenesis®*”*®. It has been
reported that significant increases in the number of Th1 cells and the Th1/Th2 cell ratio have been observed in
AA, leading to elevated production of IFN-y, a potent stimulator of CD8*T cells*”*. The number of Th17 cells
is also increased, which induces the terminal differentiation of CTLs into effector memory CD8'T cells via IL-17
and IL-22 stimulation, and reduces the number and function of Treg cells in AA*****!. Our study demonstrated
Naive DN (CD4 CD8") AC of maturation stages of T cell was related to the risk of AA. However, due to the lack
of relevant data on several subsets of CD4*T cell in the 731 immune cell signatures, we were unable to sepa-
rately analyse the causal link between Th1, Th2, and Th17 cells and risk of AA. Additionally, close correlation
has been observed between the severity of AA and significant decreases in the number and functions of Treg
cells, which improved with successful IST?”*2. However, the presenting study demonstrated that CD39 + Treg
cells (CD39 + resting Treg % CD4 Treg and CD39 + secreting Treg AC), which were highly active and suppressive,
increased the risk of AA*. The role of T cells in the onset and progression of AA remains elusive. AA is a highly
heterogeneous disease, and the triggering events and underlying pathogenesis may vary among patients. At the
same time, immune signatures differ between early-stage or non-severe AA and late-stage or severe AA, as well
as among different treatment approaches. Whether the changes in T cell profiles are the cause or the consequence
of AA remains a subject of inquiry. Therefore, further research is necessary to elucidate the intricate relationship
between T cells and the risk of AA**#,

Two types of B cells (that is, CD25 on IgD + CD38dim and CD38 on naive-mature B cell) were found to be
associated with increased risk of AA. Unlike T cells, the role of B cells in AA remains unclear. Recent reports
have suggested that the numbers of circulating B regulatory cells decreased at the time of diagnosis and subse-
quently recoverd following IST?. Additionally, patients with acquired AA have been found to exhibit various
autoantibodies in their serum, including anti-moesin, diazepam-binding inhibitor-related protein 1 (DRS1), and
kinectin antibodies, which are associated with proteins found in hematopoietic cells*.

In the present study, HLA DR+ NK AC was found to be associated with an increased risk of AA, and the
percent of DN (CD4 CD8") NKT %T cell was associated with a reduced risk of AA. Natural killer (NK) cells
are innate immune system lymphocytes with effector functions. The role of NK cells in AA has shown conflict-
ing results. In severe AA patients, both the numbers and functions of NK cells in peripheral blood have been
observed to be significantly reduced, with subsequent recovery following successful IST*. However, a separate
study focused on paediatric-acquired AA did not report a correlation between NK cell frequency and disease
severity or treatment response*. Additionally, in non-severe AA patients, there was an increase in the percentage
of CD56bright NK cells and heightened expression of the activating receptor NKG2D, while the expression of
the inhibitory receptor CD158a was low. These findings suggested that the increased and activated CD56bright
NK cells might have a protective role in the development of non-severe aplastic anaemia®’.

In the present study, a two-sample MR analysis was employed based on data from large GWAS cohorts,
involving approximately 48,000 individuals, thereby ensuring high statistical power. The findings were drawn
from genetic instrumental variables, and causal inference was performed by various MR analysis methods. The
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results were robust and not influenced by horizontal pleiotropy and other potential confounders. However,
several limitations need to be acknowledged. Firstly, despite conducting multiple sensitivity analyses, there
remains a partial limitation in assessing horizontal pleiotropy comprehensively. Secondly, the lack of detailed
information about individuals prevents further stratification within the population. Thirdly, the generalisability
of the findings is limited as the study utilised European databases exclusively, making it challenging to extend
the conclusions to other ethnic groups. Fourthly, the potential risk factors for AA highlighted in this study were
all significant correlations exhibited without FDR correction, and thus the false positives need to be taken into
account and validated by more in-depth studies in the future. Lastly, a more lenient threshold was employed to
assess the results, which might increase the likelihood of false positives but also provide a more comprehensive
picture of the close association between immunophenotypes and AA.

Conclusions

In conclusion, causal associations between various immunophenotypes and AA were established using a com-
prehensive MR analysis. Given the intricate nature of AA’s pathogenesis and the evident clinical heterogeneity
of immune cell types implicated in AA, the present research sheds light on the complex interplay between the
immune system and AA. Moreover, the present findings mitigate the influence of confounding factors, reverse
causality, and other potential biases. The present study not only offers new insights into the biological mecha-
nisms of AA but also suggests directions for the development of novel therapeutic interventions.

Data availability

The datasets presented in this study can be found in online repositories. The names of the repository/repositories
and accession number(s) can be found in the article. Further inquiries can be directed to the corresponding
authors.
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