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Causal relationship between 731 immune cells 
and the risk of myeloproliferative neoplasms
A 2-sample bidirectional Mendelian randomization study
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Abstract 
Myeloproliferative neoplasms (MPN) are chronic hematological disorders marked by the abnormal proliferation of bone marrow cells. 
The most commonly encountered forms are polycythemia vera (PV), primary myelofibrosis (PMF), and essential thrombocythemia 
(ET). These disorders are generally associated with increases in blood components, which can lead to conditions like splenomegaly, 
thrombosis, bleeding tendencies, and a heightened risk of progressing to acute leukemia. Previous research has indicated a possible 
link between immune cells and MPN, yet this association is still poorly understood. This study seeks to elucidate the causal relationship 
between immune cell characteristics and the development of MPN. In this study, we employed Mendelian randomization (MR) to 
investigate potential causal links between 731 immune cell traits and the risk of developing MPN, leveraging data from genome-
wide association studies (GWAS). To ensure the robustness of our findings, we conducted extensive sensitivity analyses to assess 
heterogeneity and detect any pleiotropic effects. Moreover, we implemented a false discovery rate (FDR) correction to mitigate the 
risk of false positives that may result from the multiple hypothesis testing, thereby adjusting for any statistical biases due to multiple 
comparisons. The immune phenotype IgD on IgD+ CD24- B cells demonstrated a statistically significant protective effect against MPN 
(PFDR = 0.047). Upon adjusting the significance threshold to PFDR < 0.20, 16 immune cell phenotypes were significantly associated 
with MPN. Among these, 11 were found to exert a protective effect against MPN, 5 phenotypes were associated with an elevated risk 
of MPN. This research highlights a significant association between various immune cell phenotypes and the risk of developing MPN, 
thereby advancing our understanding of the intricate interplay between immune cell traits and the progression of MPN.

Abbreviations: AC = absolute cell, CI = confidence interval, CTL = cytotoxic T lymphocytes, DC = dendritic cell, ET = essential 
thrombocythemia, FDR = false discovery rate, GWAS = genome-wide association studies, IV = instrumental variable, IVW = 
inverse variance weighted, LD = linkage disequilibrium, MFI = median fluorescence intensities, MP = morphological parameters, 
MPN = Myeloproliferative neoplasms, MR = Mendelian randomization, NK = natural killer, OR = odds ratio, PMF = primary 
myelofibrosis, PV = polycythemia vera, RC = relative cell, SNP = single nucleotide polymorphism, TBNK = T cells, B cells, NK 
cells, WM = weighted median.
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1. Introduction
Myeloproliferative neoplasms (MPN) constitute a category 
of clonal hematologic cancers that arise from hematopoietic 
stem.[1,2] These malignancies are characterized by the abnormal 
proliferation of 1 or more blood cell lineages within the bone 
marrow. The primary types of these neoplasms include polycythe-
mia vera (PV), primary myelofibrosis (PMF), essential thrombo-
cythemia (ET).[3] Patients with MPN typically exhibit abnormal 
peripheral blood cell counts, such as erythrocytosis, leucocytosis, 

or thrombocytosis, and may present with clinical manifestations 
like splenomegaly, thrombosis, or bleeding. Moreover, a subset 
of patients may progress to acute myeloid leukaemia, signifi-
cantly increasing the lethality associated with MPN.[4]

The epidemiology of MPN varies by region. In Western coun-
tries, the annual incidence of MPN is approximately 1 to 3 per 
100,000 people. Specifically, the incidence rates PV range from 
0.4 to 2.8 per 100,000, PMF from 0.5 to 1.5 per 100,000, and ET 
from 1.5 to 2.5 per 100,000.[5] The incidence in East Asian regions 
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is generally lower than in Western countries.[6] With the aging pop-
ulation and advancements in diagnostic technology, the incidence 
of MPN is gradually increasing.[7] Although MPN is relatively 
rare, its long disease course and treatment challenges significantly 
impact patients’ quality of life, underscoring the importance of 
research into their pathogenesis and potential treatment options.

The precise causes and mechanisms underlying MPN remain 
unclear. Current research suggests that immune function abnor-
malities are present in patients with MPN, impacting various com-
ponents of both innate and adaptive immunity.[1,2] The success of 
immunosuppressive therapies, such as interferon-α, in treating MPN 
highlights the crucial role of the immune system in these disorders. 
Research has identified several immune cells, including T cells, B 
cells, and natural killer (NK) cells, as key players in the pathogen-
esis of MPNs, largely due to their involvement in the dysregulated 
activation of the JAK-STAT signaling pathway.[4] Nevertheless, the 
complexity of the immune system, coupled with the heterogeneity 
of MPN, complicates our understanding of the precise role that 
immune cells play in the development of these diseases.

Mendelian randomization (MR) is an analytical approach 
rooted in Mendel’s law of independent assortment, primarily used 
in epidemiology to infer causal relationships. Genome-wide asso-
ciation studies (GWAS) pinpoint genetic variants associated with 
heightened disease risk by examining millions of single nucleotide 
polymorphisms (SNPs) throughout the genome. GWAS is instru-
mental in uncovering associations between genetic variants and 
specific diseases or biological traits within populations. Recently, 
advancements in GWAS have enhanced the value of MR in 
uncovering causal relationships between immune traits and 
diseases.[8–10] Multiple studies have highlighted the significance 
of MR analysis in identifying causal links in hematologic dis-
eases.[11–13] In this research, we employed 2-sample MR to explore 
the causal connections between immune cell characteristics and 
MPN, offering novel insights into the pathogenesis of MPN.

2. Methods

2.1. Study design

This study aims to explore the causal relationships between 
731 immune cell traits and MPN. To ensure the validity of our 

findings, each MR analysis is conducted in accordance with 3 
fundamental assumptions[14]: The Relevance Assumption, which 
requires that the instrumental variable (IV) is strongly associ-
ated with the exposure; The Independence Assumption, which 
necessitates that the IVs are independent of any confounders 
that may influence both the exposure and the outcome; and 
The Exclusion Restriction Assumption, which dictates that the 
IVs must impact the outcome exclusively through the exposure. 
SNPs are employed as IVs in this study. The methodological 
framework of the 2-sample bidirectional MR design applied 
to immune cell phenotypes and MPNs is depicted in Figure 1. 
Since this research involves the reanalysis of previously collected 
and publicly available data, additional ethical approval is not 
required.

To ensure the rigor and integrity of this observational MR 
study, the STROBE-MR (i.e., Strengthening the Reporting of 
Observational Studies in Epidemiology using Mendelian ran-
domization) checklist was thoroughly followed and completed 
(Table S1, Supplemental Digital Content, http://links.lww.com/
MD/O203).[15]

2.2. Sources of immunity-spanning GWAS data

The immune cell phenotype data utilized in this study were 
sourced from the publicly accessible GWAS Catalog database, 
available at https://www.ebi.ac.uk/gwas/.[9] The data encompass 
accession numbers from GCST0001391 to GCST0002121. 
The GWAS Catalog is a comprehensive public repository that 
aggregates and provides data from GWAS identifying associa-
tions between SNPs and various diseases or physiological traits. 
The dataset analyzed includes information from 3757 adult 
European Sardinians. After adjusting for gender and age, 22 
million single SNP loci were retained for association analysis. 
The data encompass 731 immune phenotypes, including abso-
lute cell (AC) counts (n = 118), median fluorescence intensities 
(MFI) reflecting surface antigen levels (n = 389), morphological 
parameters (MP) (n = 32), and relative cell (RC) counts (n = 192) 
(Table S2, Supplemental Digital Content, http://links.lww.com/
MD/O203). To control for batch effects and time-dependent 
artifacts, MFIs were normalized for overall and daily changes 

Figure 1. Principles of MR study design. AC = absolute cell, GWAS = genome-wide association study, MFI = median fluorescence intensities, MP = morpho-
logical parameters, MPN = Myeloproliferative neoplasms, MR = Mendelian randomization, RC = relative cell, SNP = Single nucleotide polymorphism.

http://links.lww.com/MD/O203
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by adjusting each value with the ratio of cohort mean to daily 
mean. MP were measured using forward scatter and side scatter 
to assess cell size and internal complexity. Notably, the MFI, 
AC, and RC traits represent a wide range of immune cell types, 
including B cells, cytotoxic T lymphocytes (CTLs), T cells at var-
ious maturation stages, monocytes, myeloid cells, and TBNK (T 
cells, B cells, NK cells). In contrast, the MP traits specifically 
focus on conventional dendritic cells (DCs) and TBNK panels.

2.3. Data sources for GWAS on MPN

The GWAS data for MPN were obtained from the FinnGen 
database (GWAS ID: finngen_R10_MYELOPROF_NONCML), 
which is accessible at https://r10.finngen.fi/. This dataset 
comprises genetic information from 411,923 individuals of 
European ancestry, including 2043 MPN patients and 409,880 
healthy controls. The diagnoses of MPN in this study adhere 
to the WHO 2008 classification system for tumors of hemato-
poietic and lymphoid tissues. This includes PV, ET, and PMF, 
explicitly excluding chronic myeloid leukaemia. The detailed 
cohort design is available at the following website: https://r10.
risteys.finregistry.fi/endpoints/MYELOPROF_NONCML. The 
genetic data within the FinnGen database primarily originate 
from participants’ blood samples, which are analyzed through 
whole-genome sequencing or genotyping, encompassing 16 mil-
lion significant SNPs.[16] To maintain data integrity and ensure 
the accuracy of the IVs, stringent quality control protocols were 
applied to SNPs.

2.4. Selection of instrumental variables

This method relies on GWAS summary statistics, which have 
undergone rigorous quality control, and uses IVs to mitigate the 
impact of missing data and reduce bias from confounding vari-
ables. Consistent with recent research, the significance thresh-
old for selecting IVs for each immune trait was set at 1 × 10−5 
[10]. To minimize the influence of linkage disequilibrium (LD) 
among SNPs on the analysis outcomes, an LD r² threshold of 
<0.1 was applied, ensuring no other associated SNP within a 
500 kb window exceeded this threshold.[17,18] The LDlink data-
base (https://ldlink.nci.nih.gov/) was used to further verify the 
absence of confounding variables linked to the selected SNP 
loci. To prevent weak IV bias, only IVs with an F-statistic of 
≥10 were included in the analysis. The F-statistic was calcu-
lated using the formula: F = R² × (n − k − 1) ÷ [k × (1 − R²)], 
where R² represents the proportion of variance explained by 
the IVs in relation to the exposure factor, n is the sample size, 
and k is the number of IVs considered.[19] Relevant data were 
extracted from the FinnGen database, with a focus on retain-
ing only those SNPs that met the necessary assumptions for the 
analysis. Subsequently, the datasets for exposure and outcome 
were merged. During this process, palindromic sequences were 
excluded to avoid ambiguity in strand alignment, resulting in 
the final set of SNPs that were used as IVs for the exposure. 
The MR analysis employed in this study effectively addresses 
potential missing data (Table S2, Supplemental Digital Content, 
http://links.lww.com/MD/O203).

2.5. Statistical analysis

All statistical analyses in this study were performed using R 
software (version 4.3.3). To investigate the causal relationships 
between 731 immune phenotypes and MPN, we employed the 
“MR, TwoSampleMR, ggplot2” packages. The mentioned pack-
ages can be freely accessed on the official website of the R soft-
ware. The methods employed in this study included Weighted 
Median (WM) analysis, mode-based estimation, and inverse 
variance weighted (IVW) analysis, with the IVW method serv-
ing as the primary analytical approach. WM and Mendelian 

randomization–Egger (MR-Egger) analyses were utilized as sup-
plementary methods.[20] The false discovery rate (FDR) method 
was applied to adjust for multiple comparisons. For data show-
ing significant causal links, sensitivity analyses were performed. 
These included Cochran’s Q test to assess heterogeneity among 
SNPs associated with immune cells that met the predefined 
assumptions.[21] MR-Egger analysis was used to detect potential 
horizontal pleiotropy.[22] Additionally, a leave-one-out analysis 
was conducted to determine whether any single SNP dispropor-
tionately influenced the results. The findings were considered 
robust if the overall error bars consistently remained on 1 side 
of zero, indicating no significant shift.[23]

3. Results

3.1. Exploration of the causal effect of immunophenotypes 
on MPN

To investigate the causal relationship between MPN and 
immunophenotypes, we primarily employed the IVW method 
within a 2-sample MR analysis. After adjusting for multiple 
comparisons using the FDR method, the immunophenotype 
IgD on IgD+ CD24- B cells demonstrated a statistically sig-
nificant protective effect on MPN (PFDR = 0.047). The odds 
ratio (OR) estimates for the risk of MPN associated with this 
immunophenotype was 0.903 (95% confidence interval [CI]: 
0.859–0.949). When the significance threshold was adjusted to 
PFDR < 0.20, 16 immunophenotypes were identified as signifi-
cantly associated with MPN. Among these, 11 immunopheno-
types demonstrated a protective effect against MPN: CD11b on 
CD14+ monocytes, CD33dim HLA-DR+ CD11b+ %CD33dim 
HLA-DR+, CD123 on plasmacytoid DCs, CD123 on CD62L+ 
plasmacytoid DCs, IgD on IgD+ CD38dim B cells, CD40 on 
monocytes, CD14+ CD16+ monocytes % monocytes, CCR2 
on monocytes, CX3CR1 on CD14+ CD16− monocytes, IgD on 
IgD+ CD38− unswitched memory B cells, and CD40 on CD14+ 
CD16− monocytes. Conversely, 5 immunophenotypes were 
associated with an increased risk of MPN: CD33dim HLA-DR+ 
CD11b− %CD33dim HLA-DR+, CD14 on CD33dim HLA-DR+ 
CD11b+ monocytes, CD86 on myeloid DCs, CD27 on T cells, 
and FSC-A on HLA-DR+ T cells. Using the IVW method, the 
OR estimates for the risk of MPN were as follows: 0.910 
(95% CI: 0.865–0.957, PFDR = 0.085) for CD11b on CD14+ 
monocytes, 0.914 (95% CI: 0.869–0.961, PFDR = 0.094) for 
CD33dim HLA-DR+ CD11b+ %CD33dim HLA-DR+, 0.846 
(95% CI: 0.769–0.931, PFDR = 0.094) for CD123 on plasma-
cytoid DCs, 0.846 (95% CI: 0.769–0.931, PFDR = 0.094) for 
CD123 on CD62L+ plasmacytoid DCs, 0.912 (95% CI: 0.861–
0.965, PFDR = 0.129) for IgD on IgD+ CD38dim B cells, 0.938 
(95% CI: 0.901–0.976, PFDR = 0.129) for CD40 on mono-
cytes, 0.919 (95% CI: 0.872–0.969, PFDR = 0.129) for CD14+ 
CD16+ monocytes % monocytes, 0.908 (95% CI: 0.854–0.966, 
PFDR = 0.142) for CCR2 on monocytes, 0.915 (95% CI: 
0.863–0.970, PFDR = 0.158) for CX3CR1 on CD14+ CD16− 
monocytes, 0.933 (95% CI: 0.890–0.978, PFDR = 0.186) 
for IgD on IgD+ CD38− unswitched memory B cells, and 
0.933 (95% CI: 0.889–0.979, PFDR = 0.198) for CD40 on 
CD14+ CD16− monocytes. The OR estimates for an increased 
risk of MPN were as follows: 1.087 (95% CI: 1.033–1.145, 
PFDR = 0.129) for CD33dim HLA-DR+ CD11b− %CD33dim 
HLA-DR+, 1.127 (95% CI: 1.046–1.215, PFDR = 0.129) 
for CD14 on CD33dim HLA-DR+ CD11b+, 1.125 (95% CI: 
1.044–1.212, PFDR = 0.129) for CD86 on myeloid DCs, 1.132 
(95% CI: 1.042–1.230, PFDR = 0.172) for CD27 on T cells, 
and 1.208 (95% CI: 1.064–1.371, PFDR = 0.172) for FSC-A 
on HLA-DR+ T cells (Fig. 2).

The Cochran’s Q test yielded a P-value > .05, indicating no sig-
nificant heterogeneity in the results. Additionally, the MR-Egger 
analysis also produced a P-value greater than .05, suggesting no 
significant evidence of pleiotropy (Table 1). The leave-one-out 

https://r10.finngen.fi/
https://r10.risteys.finregistry.fi/endpoints/MYELOPROF_NONCML
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analysis revealed no outliers (Fig. S1, Supplemental Digital 
Content, http://links.lww.com/MD/O204). Moreover, both scat-
ter plots and funnel plots were utilized to verify the stability and 
consistency of the results (Figs. S2 and S3, Supplemental Digital 
Content, http://links.lww.com/MD/O205 and http://links.lww.
com/MD/O206).

3.2. Examination of the causal effect of MPN on 
immunophenotypes

To evaluate the potential for a reverse causal relationship, we 
treated MPN as the exposure and the 731 immune cell pheno-
types as the outcomes within a 2-sample MR framework using 

Figure 2. Forest plot showing the causal associations between immune cell phenotypes and Myeloproliferative neoplasms explored using different methods. 
CI = confidence interval, FDR = false discovery rate, MR = Mendelian randomization, OR = odds ratio.

http://links.lww.com/MD/O204
http://links.lww.com/MD/O205
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http://links.lww.com/MD/O206
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the IVW method. After applying the FDR correction, no signif-
icant reverse causal effects were detected at the PFDR < 0.05 
threshold. Even when the significance threshold was relaxed to 
PFDR < 0.20, no significant correlations were observed. These 
findings suggest that there is no evidence for a reverse causal 
relationship between MPN and the 731 immune cell phenotypes 
analyzed (Table S3, Supplemental Digital Content, http://links.
lww.com/MD/O203).

4. Discussion
This study marks the first systematic investigation into the 
causal relationships between various immune cell pheno-
types and MPN using a 2-sample MR approach. Our findings 
demonstrate that, after adjusting for the FDR, the immune cell 
phenotype IgD on IgD+ CD24− B cells exhibits a statistically 
significant protective effect against MPN. When the significance 
threshold was relaxed to PFDR < 0.20, 16 immune phenotypes 
were significantly associated with MPN. Of these, 11 pheno-
types exhibited a protective effect, while 5 were linked to an 
increased risk of developing MPN. These results underscore 
the potentially critical protective role of B cells, particularly the 
IgD+ B cell subset, in modulating the humoral immune response 
and influencing the pathogenesis of MPN. Additionally, immune 
cells such as CD11b on CD14+ monocytes and CD123 on plas-
macytoid DCs also showed a potential protective effect against 
MPN. The study also uncovered significant associations between 
specific immune cell traits and an increased risk of developing 
MPN, particularly traits such as CD33dim HLA-DR+ CD11b− 
%CD33dim HLA-DR+ and CD86 expression on myeloid DCs. 
These findings suggest that certain markers on DCs may con-
tribute to an elevated risk of MPN, potentially playing a role in 
the disease’s progression.

Previous research indicates that B cells are vital in regulating 
humoral immunity within chronic inflammatory environments. 
Moreover, they may influence cell proliferation and differentia-
tion by secreting cytokines and other signaling molecules. This 
multifunctional role highlights their importance in both immune 
response modulation and the broader cellular processes within 
these environments.[24–27] Certain B cell subsets have been found 
to inhibit tumor cell expansion by mechanisms such as delivering 
inhibitory signals or engaging in competitive inhibition, thereby 
exerting a suppressive effect on disease progression.[28,29] Our 
MR analysis indicates that IgD+ B cell subsets may contribute to 
the progression of MPN, aligning with findings from previous 

observational studies. Monocytes and DCs, among other immune 
cell populations, well-recognized for their pivotal roles in regulat-
ing immune responses and maintaining the tumor microenviron-
ment.[30–33] These cells can modulate inflammatory responses and 
help stabilize the tumor microenvironment by secreting various 
cytokines, such as IL-12,[34] IL-15,[35,36] and TNF-α.[37,38] These 
cytokines enhance the antitumor activity of other immune cells, 
potentially decelerating the progression of MPN.[29–32]

Myeloid DCs are essential for antigen presentation and 
immune activation, and their dysregulated activation can exac-
erbate bone marrow fibrosis and worsen the tumor microenvi-
ronment through pro-inflammatory signaling pathways, thereby 
contributing to the progression of MPN.[39–41] These findings 
align with our study’s outcomes, which suggest a dual role for the 
immune system in the pathogenesis of MPN. On 1 hand, immune 
cells like monocytes and DCs may offer protection against MPN 
by regulating immune responses and reducing inflammation. 
However, when these immune cells become dysfunctional or 
excessively activated, they can exacerbate pathological immune 
responses by releasing large amounts of pro-inflammatory cyto-
kines, such as TNF-α and IFN-γ.[42,43] This, in turn, can contrib-
ute to the progression of MPN, underscoring the complex and 
ambivalent role of the immune system in the development of the 
disease. Overall, the interactions between immune cell subsets 
and MPN are complex and diverse. Monocytes not only regu-
late inflammatory responses but also influence the bone marrow 
microenvironment and promote the proliferation of pathological 
clones through complex intercellular interactions. DCs are essen-
tial for antigen presentation and immune response regulation, 
thereby impacting the progression of MPN. Additionally, they 
contribute to the overall immune status of patients by promoting 
inflammation and interacting with the tumor microenvironment, 
further influencing disease dynamics.

In conclusion, this study utilized 2-sample bidirectional 
MR analysis to investigate the causal relationship between 
immune cells and MPN, emphasizing the complex interac-
tions within the immune system and MPN. While the pre-
cise mechanisms through which immune cells influence MPN 
pathogenesis remain partially understood, elucidating the 
roles of specific immune cell subsets in MPN could substan-
tially improve our understanding of the disease’s pathological 
processes. Our findings serve as a crucial reference for future 
research into the dynamics between immune cells and MPN 
and could provide insights for developing novel therapeutic 
approaches.

Table 1

Heterogeneity and pleiotropy analysis in forward Mendelian randomization.

Panel Immune traits

Test of heterogeneity MR-Egger

Q P-value Intercept P-value

B cell IgD on IgD + CD24− 40.815 .978 0.010 .395
Myeloid cell CD11b on CD14+ monocyte 23.645 .746 0.034 .088
Myeloid cell CD33dim HLA-DR + CD11b+ %CD33dim HLA-DR+ 25.431 .604 0.004 .817
cDC CD123 on plasmacytoid DC 16.608 .411 −0.042 .136
cDC CD123 on CD62L+ plasmacytoid DC 16.641 .409 −0.042 .133
Myeloid cell CD33dim HLA-DR + CD11b− %CD33dim HLA-DR+ 24.547 .545 −0.007 .677
B cell IgD on IgD + CD38dim 35.345 .680 0.030 .080
Monocyte CD40 on monocytes 85.145 .177 0.003 .815
Monocyte CD14+ CD16+ monocyte %monocyte 67.708 .231 −0.012 .434
Myeloid cell CD14 on CD33dim HLA-DR + CD11b+ 23.409 .136 −0.003 .942
cDC CD86 on myeloid DC 34.871 .289 −0.004 .822
cDC CCR2 on monocyte 38.349 .499 −0.021 .329
Monocyte CX3CR1 on CD14+ CD16− monocyte 50.615 .410 −0.001 .961
B cell CD27 on T cell 23.709 .255 0.025 .426
TBNK FSC-A on HLA-DR + T cell 17.341 .299 0.054 .215
B cell IgD on IgD + CD38− unsw mem 56.829 .236 0.000 .980
Monocyte CD40 on CD14+ CD16−monocyte 51.554 .300 0.003 .842

http://links.lww.com/MD/O203
http://links.lww.com/MD/O203
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This study employed 2-sample bidirectional MR analysis, 
leveraging data from large, published GWAS cohorts, which 
offered a substantial sample size and increased statistical power. 
Consequently, the findings are theoretically robust. However, 
there are notable limitations to consider. First, the use of public 
databases makes batch differences between the various datasets 
analyzed in this study unavoidable. Data from different popula-
tions may also introduce confounding factors. Despite multiple 
sensitivity analyses, the possibility of horizontal pleiotropy can-
not be entirely excluded. Second, the diagnosis of MPN in this 
study follows the 2008 WHO classification of tumors of hema-
topoietic and lymphoid tissues, which includes PV, ET, and PMF, 
with chronic myeloid leukemia specifically excluded. However, 
no further subdivisions were made among PV, ET, and PMF, lim-
iting our ability to compare different subtypes of MPN. Third, 
the study is confined to individuals of European ancestry, which 
may restrict the generalizability of the findings to other ethnic 
groups and limit the broader applicability of the conclusions. 
Furthermore, the use of a more lenient significance threshold 
to comprehensively evaluate the association between immune 
phenotypes and MPN may have increased the risk of false- 
positive results.

5. Conclusions
In summary, this study employs 2-sample MR analysis to inves-
tigate potential causal relationships between a range of immune 
phenotypes and MPN. These results deepen our comprehension 
of MPN pathogenesis and open up new possibilities for future 
therapeutic approaches. The findings suggest that B cells, mono-
cytes, and DCs are pivotal in influencing MPN progression, 
potentially impacting both disease advancement and patient 
outcomes through intricate immune regulatory processes. 
Furthermore, this research highlights the significance of incorpo-
rating immune system variability into MPN studies. Subsequent 
research should aim to confirm these results and investigate fur-
ther mechanisms to enhance MPN treatment strategies.
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