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Abstract: Background: In recent years, the comorbidity between respiratory and
hematopoietic system diseases has emerged as a new challenge. However, the potential genetic
link between the ventilatory function of the respiratory system and the hematopoietic function
of the bone marrow remains unclear. In this study, we conducted a comprehensive investigation
into the possible genetic connection between lung ventilatory function and bone marrow
hematopoietic function. Methods: We selected two exposure factors, Forced Expiratory
Volume in 1 second (FEV1) and Forced Vital Capacity (FVC), which represent pulmonary
ventilation function, and two outcome indicators, Immature Fraction of Reticulocytes (IFR)
and Reticulocyte Count (RC), which represent bone marrow hematopoiesis function, from
published genome-wide association studies. Based on the three core assumptions of Mendelian
randomization analysis, we extracted Single Nucleotide Polymorphism (SNPs) associated with
FEV1 and FVC as instrumental variables for the exposure factors. We then conducted two-
sample Mendelian randomization analyses using inverse variance weighted (IVW), weighted
median, and MR-Egger regression methods. Lastly, we assessed the reliability of the testing
results through MR-Egger, Cochran’s Q test, and the leave-one-out test. Through these steps,
we aimed to explore the causal relationship between pulmonary ventilation function and the
outcome of bone marrow hematopoiesis function and evaluated the reliability of the testing
results using methods such as MR-Egger, Cochran’s Q test, and the leave-one-out test. Results:
The IVW method revealed that a decrease in FEV1 is associated with an increase in IFR (f =
—0.072, 95% CI: —0.131 to —0.014, p = 0.01), and the results from MR-Egger regression
showed a similar association (ff = —0.169, 95% CI: —0.342 to —0.004, p = 0.05). Furthermore,
a decrease in FEV1 is associated with an increase in RC (f=-0.143, 95% CI: —0.198 to —0.087,
p =4.00 x 1077), and MR-Egger regression yielded consistent results (8 = —0.216, 95% CI:
—0.381 to —0.541, p=1.07 x 1072). Similarly, a decrease in FVC is associated with an increase
in IFR (8 = —0.073, 95% CI: —0.116 to —0.031, p = 6.17 x 10°*), and MR-Egger regression
showed a similar trend (§ = —0.046, 95% CI: —0.160 to —0.067, p=0.42). Additionally, a
decrease in FVC is associated with an increase in RC (f =—-0.173, 95% CI: —0.221 to —0.125,
p = 2.33 x 107!2), and MR-Egger regression yielded consistent results (8 = —0.142, 95% CI:
—0.272 to —0.012, p = 3.32 x 1072). The reliability tests indicated heterogeneity in the above
MR analyses but no evidence of horizontal pleiotropy. Therefore, a fixed-effect model IVW
was used to explore the causal relationships, which were found to be robust and reliable with
no outliers or significant bias in this study. Conclusion: This study indicates that there is a
negative causal relationship between pulmonary ventilation function and bone marrow
hematopoietic function. A decrease in pulmonary ventilation function stimulates bone marrow
hematopoiesis. However, further research is needed to elucidate this mechanism.

Keywords: hematopoietic cells; reticulocyte; FEV1; FVC; GWAS; mendelian randomization
study
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1. Introduction

In recent years, multi-system comorbidity has become a new challenge, with
respiratory and hematopoietic system problems often co-occurring in clinical settings
[1,2]. Increasing evidence suggests a mysterious relationship between pulmonary
ventilation function and bone marrow hematopoiesis. Observational studies have
shown that on the one hand, patients with myelodysplastic syndrome (MDS) have
significantly impaired pulmonary ventilation function, while on the other hand,
abnormal pulmonary ventilation function is also an important factor leading to
increased incidence and mortality of anemia[3—5].Chronic obstructive pulmonary
disease (COPD) patients are prone to anemia, and anemia is also an independent
predictor of COPD mortality[6,7].In 2013, relevant basic experiments found that bone
marrow-derived hematopoietic stem cells are closely related to pulmonary fibrosis[8],
In 2017, Lefrangais’s et al. [9] team found through basic experiments that
megakaryocytes in bone marrow travel long distances to produce platelets in
pulmonary tissues, suggesting a collaborative hematopoietic relationship between the
lungs and bone marrow. Based on the bidirectional dialogue between the lungs and
bone marrow, we raise the question: is there a causal effect between pulmonary
ventilation function and bone marrow hematopoiesis function? This is an exciting
study that could bring more possibilities to comorbidity research in the respiratory and
hematopoietic systems.

With the rapid development in the field of genetic epidemiology, especially the
increasing prevalence of Genome-Wide Association Study (GWAS) methods,
opportunities have been provided for the rapid development of Mendelian
randomization (MR) methods in medical research [10], MR utilizes genetic variations
as instrumental variables and uses single nucleotide polymorphisms (SNPs) strongly
associated with the exposure factor as instrumental variables to infer causal
relationships between exposure and study outcomes through statistical models [11].
MR is also referred to as a natural randomized controlled trial (RCT), where genetic
variations are applied as instrumental variables for specific risk factors to establish
statistical models that explore causal associations between exposure factors and
outcomes [12]. For example, genetic variations in pulmonary ventilation function that
increase or decrease during gamete formation are randomly assigned to study subjects.
In this regard, we designed an experiment to analyze the causal effects between SNP
representing pulmonary ventilation function as an instrumental variable and the
outcome indicator of bone marrow hematopoiesis function, thereby exploring the
mysterious relationship between pulmonary ventilation function and bone marrow
hematopoiesis function.

2. Materials and methods

2.1. MR study design

We will combine these genetic variants into a genetic tool that has stable and
reliable associations with pulmonary ventilation function. Then, we will perform a
regression analysis of each genetic variant in the genetic tool, including variants
associated with pulmonary ventilation function and variants associated with bone
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marrow hematopoiesis, to determine the overall causal effect of the exposure on the
outcome.

As shown in Figure 1, this MR study design is similar to that of a natural
experiment, and the instrumental variables must satisfy three core assumptions [13].

1) The association assumption: There must be a significant association between
the single nucleotide polymorphisms and instrumental variables.

2) The independence assumption: The single nucleotide polymorphisms must be
independent of potential confounding factors between the exposure and outcome.

3) The exclusion restriction assumption: The single nucleotide polymorphisms
must not have any direct effect on the outcome, and can only influence causality
through the exposure.
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Figure 1. Conceptual framework of the causal relationship between pulmonary ventilation function and bone marrow
hematopoiesis.

2.2. Data sources for MR analyses

Exposure factors include Forced Vital Capacity (FVC) and Forced Expiratory
Volume in 1-second (FEV1), measured to assess their magnitude. The outcome
indicators are Immature Fraction of Reticulocytes (IFR) and Reticulocyte Count (RC),
reflecting bone marrow hematopoiesis. The summary information is presented in
Table 1.

Table 1. Information on GWAS data for pulmonary ventilation function and bone marrow hematopoiesis.

Research object GWAS ID Sample size Number of SNPs Population Sex Year
o ) ukb-b-19657 421,986 9,851,867 European =~ Males and Females 2018

pulmonary ventilation function
ebi-a-GCST90029027 422,876 11,971,389 European Males and Females 2018
ebi-a-GCST90002387 408,112 40,296,189 European Males and Females 2020

Bone marrow hematopoietic function
ebi-a-GCST90028993 520,010 11,972,425 European Males and Females 2018
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2.3. Selection of instrumental variables

Step 1: Using the whole-genome information from the European Thousand
Genomes Project as a reference, we collected SNP loci that were genome-wide
significant (P <5 x 10™) for FEV1 and FEVC. We set a linkage disequilibrium (LD)
parameter of the 7* threshold at 0.001 and a genetic distance of 10 MB. We selected
the SNP with the minimum P-value to ensure the independence of instrumental
variables and exclude the impact of LD on the results. Step 2: Data extraction and
integration were performed from two databases to ensure that the exposure and
outcome were associated with the same effect allele. Step 3: Potential confounding
factors affecting the outcome were excluded through the use of the PhenoScanner
database (http://www.phenoscanner.medschl.cam.ac.uk).

According to the assumptions of Mendelian randomization analysis, the
instrumental variable, single nucleotide polymorphism (SNP), should be closely
associated with the exposure. To assess the strength of the instrumental variable, the
F-statistic for each SNP is calculated. If F'> 10, it indicates a low likelihood of weak
instrumental variable bias. F is calculated as [(N — K — 1)]/k x [/*/(1 — *)], where N
represents the sample size of the exposure GWAS, K is the number of SNPs, r? is the
proportion of variance explained by the SNPs in the exposure database, and > = 2 x
(1 — MAF) x MAF x S/SD. MAF refers to the minor allele frequency, which is
equivalent to the effect allele frequency (EAF). S represents the effect size of the allele,
and SD = SE x VN, where SE (Standard error) is the standard error of . Lastly,
Mendelian randomization pleiotropy residual sum and outlier (MR-PRESSO) is used
to test and calibrate the level of pleiotropy outliers.

2.4. Statistic analysis

2.4.1. Two-sample mendelian randomization analysis was conducted in this
study using the TwoSampleMR package in R software (version 4.3.0)

Three commonly used MR analysis methods were employed, including the
inverse-variance weighted method (IVW), MR-Egger regression, and weighted
median estimator (WME). The IVW method was utilized as the primary analysis
method, while the other methods served as supplementary analyses [14].

2.4.2. To further explore potential pleiotropy, a series of sensitivity analyses
were conducted to assess the reliability

The Cochran Q test quantified the heterogeneity of instrumental variables, with
a p-value < 0.05 indicating the presence of heterogeneity [15]. MR-Egger regression,
as a weighted linear regression, assessed whether there was horizontal pleiotropy
among instrumental variables by examining the intercept [16]. Additionally, a leave-
one-out sensitivity test was performed to evaluate whether the causal effect was
significantly influenced by individual SNPs [17]. All results are presented as 3 values
with 95% confidence intervals (Cl), and p-values < 0.05 were considered statistically
significant.

3. Results

3.1. Instrumental variable
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To satisfy the three core assumptions of Mendelian randomization analysis,
which include addressing linkage disequilibrium, conducting F-statistic filtering, and
adjusting for heterogeneity and allele orientation, we identified 255 SNPs as
instrumental variables for the analysis of FEV1 with IFR and RC, 312 SNPs for the
analysis of FVC with IFR, and 301 SNPs for the analysis of FVC with RC. Detailed
information on these instrumental variables can be found in the supplementary
materials.

3.2. Mendelian randomization analysis

Figure 2 presents scatterplots using three MR analysis methods to depict the
relationship between lung ventilation function and bone marrow hematopoietic
function. Figure 2a suggests a negative causal relationship between FEV1 and IFR,
Figure 2b suggests a negative causal relationship between FEV1 and RC, Figure 2¢
suggests a negative causal relationship between FVC and IFR, and Figure 2d suggests
a negative causal relationship between FVC and RC. These findings are consistent
across the three MR analysis methods. In Table 2, the results from the IVW method
indicate that a decrease in FEV1 leads to an increase in IFR (f = —0.072, 95% CI:
—0.131 to —0.014, p = 0.01). The results from MR-Egger regression show a similar
trend (5 =-0.169, 95% CI: —0.342 to —0.004, p = 0.05). It is also found that a decrease
in FEV1 leads to an increase in RC (f=—0.143, 95% CI: —0.198 to —0.087, p = 4.00 x
1077), with consistent findings observed in MR-Egger regression (f=—0.216, 95% CI:
—0.381 to —0.541, p = 1.07 x 1072). Moreover, a decrease in FVC leads to an increase
in IFR (# =—0.08, 95% CI: —0.016 to —0.006, p = 0.007), and MR-Egger regression
also supports this result (§ =—0.046, 95% CI: —0.160 to —0.067, p = 0.42). Additionally,
it is observed that a decrease in FVC leads to an increase in RC (f = —0.03, 95% CI:
—0.05 to —0.01, p = 0.006), with similar findings in MR-Egger regression (f =—0.13,
95% CI: —0.272 to —0.012, p = 0.0008).
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Figure 2. Scatter plots for two-sample MR analysis of lung ventilation function and bone marrow hematopoietic

function.

Table 2. Two-sample MR analysis of lung ventilation function and bone marrow hematopoietic function.

Exposure Outcome No. of SNPs Test used Effect estimate (B, 95% Cls) P-value
Inverse variance weighted —0.072(-0.131, —0.014) 0.01
FEVI IFR 255 MR Egger —0.169(—0.342,0.004) 0.05
Weighted median —0.043(—0.089,0.002) 0.06
Inverse variance weighted —0.143(—-0.198, —0.087) 4.00E-07
FEV1 RC 255 MR Egger —0.216(-0.381, —0.514) 1.07E-02
Weighted median —0.049(-0.087, —0.011) 1.25R-02
Inverse variance weighted —0.031(-0.116, —0.031) 0.007
FVC IFR 312 MR Egger —0.08(=0.0165, —0.006) 0.04
Weighted median —0.03(—0.07, —0.03) 0.004
Inverse variance weighted —0.03(—0.05, —0.01) 0.006
FVC RC 301 MR Egger —0.13(-0.272, -0.012) 0.0008
Weighted median —0.001(-0.02,0.012) 0.65

Note: S represents the effect value of the allele,

3.3. Reliability evaluation

Multiple testing: In the MR analysis of FEV1 and IFR shown in Table 3, the
egger_intercept result of MR-Egger is (P> 0.05), and the difference between intercept
and O is not statistically significant. In the MR analysis of FEV1 and RC, the
egger_intercept result of MR-Egger is (P> 0.05), and the difference between intercept
and 0 is not statistically significant. In the MR analysis of FVC and IFR, the
egger intercept result of MR-Egger is (P> 0.05), and the difference between intercept
and 0 is not statistically significant. In the MR analysis of FVC and RC, the
egger intercept result of MR-Egger is (P> 0.05), and the difference between intercept
and 0 is not statistically significant, indicating that there is no horizontal pleiotropy in
the MR analysis of this study. At the same time, the outlier test of the SNP of the
instrumental variable shows that there are no outlier values in groups a, b, ¢, and d,

with p > 0.05.

and 95% CI represents the 95% confidence interval.
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Heterogeneity analysis: As shown in Table 3, Cochran’s Q test indicated that in
the analyses of FEV1 and IFR, RC, as well as FVC and IFR, RC, p < 0.05, indicating
the presence of heterogeneity in the above MR analyses. The MR funnel plots in each
group displayed a symmetrical distribution of scatter points for causal association
effects, suggesting no potential bias, as shown in Figure 3.

Sensitivity analysis: The leave-one-out test results showed that after sequentially
removing individual SNPs, the remaining SNPs’ [IVW analysis results were similar to
the analysis results including all SNPs. No SNPs were found in the above 4 groups (a,
b, c, d) that had a significant influence on the estimation of causal associations, further
confirming the stability of the results (shown in supplementary materials). Therefore,
the MR results of this study are reliable.

Table 3. Reliability tests of MR analysis for pulmonary ventilation function and bone marrow hematopoietic function.

Cochran Q MR Egger MR-PRESSO
NO. Expose Outcome

MR Egger Ivw Q P Outlier P
a FEV1 IFR P=1.72E-169 P=1.1.E-170 1.56E-03 0.25 NO 0.10
b FEV1 RC P=3.12E-206 P =3.43E-306 1.20E-03 0.36 NO 0.73
c FVC IFR P =3.49E-42 P =9.78E-49 —0.65E-04 0.53 NO 0.37
d FVC RC P=4.91E-31 P=2.75E-33 —0.40E-04 0.43 NO 0.42

Note: a, MR analysis of FEV1 and IFR; b, MR analysis of FEV1 and RC; ¢, MR analysis of FVC and
IFR; d, MR analysis of FVC and RC.

MR Method MR Method
lreses s vanance whighled [Eeryree———t
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MR Method MR Method
c [EE—— ESTe—
WA Egges WA Egges

Figure 3. The funnel plot of MR analysis for pulmonary ventilation and bone marrow hematopoietic function.

Note: a, MR analysis of FEV1 and IFR; b, MR analysis of FEV1 and RC; ¢, MR analysis of FVC and
IFR; d, MR analysis of FVC and RC.

4. Discussion

The pulmonary ventilation function represents the body’s ability to exchange
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gases, including the indicators of CO, expiration and O, inhalation. In cases where
pulmonary ventilation function is limited, compensatory hematopoiesis increases [18].
This study utilized large-scale GWAS meta-analysis data to investigate the causal
relationship between pulmonary ventilation function and bone marrow hematopoietic
function using a two-sample Mendelian randomization approach. Pulmonary
ventilation function was assessed using key indicators from lung function tests, with
FEV1 representing the volume of forced expiratory volume in the first second, which
can reflect the degree of impairment in pulmonary ventilation function. FVC, on the
other hand, represents the volume of forced expiratory capacity and serves as an
important indicator of lung capacity. To ensure the accuracy of the conclusions, two
different stages of indicators for bone marrow hematopoietic function were selected,
including immature reticulocyte count (IFR) and reticulocyte count (RC), both of
which were obtained through peripheral blood testing using a hematocytometer.

The study results revealed a negative causal relationship between respiratory
function and hematopoietic function. IVW method results showed that a decrease in
FEV1 leads to an increase in IFR (f =—0.072, 95% CI: —0.131 to —0.014, p = 0.01),
and a decrease in FEV1 leads to an increase in RC (f = —0.143, 95% CI: —0.198 to
—0.087, p =4.00 x 1077). Similarly, a decrease in FVC leads to an increase in IFR (8
= —0.08, 95% CI: —0.016 to —0.006, p = 0.007), and a decrease in FVC leads to an
increase in RC (f = —0.03, 95% CI. —0.05 to —0.01, p = 0.006). The reliability tests
demonstrated heterogeneity in the MR analysis, but no horizontal pleiotropy was
identified. Therefore, a fixed-effect IVW model was used to explore the causal
relationship, which showed no outliers and significant bias, indicating the reliability
of the MR analysis in this study. It can be concluded that a decrease in pulmonary
ventilation function leads to an increase in bone marrow hematopoietic function. For
instance, individuals living in high-altitude areas compensate by increasing the
solubility of red blood cells to obtain sufficient oxygen. Our study findings also
suggest that under conditions of decreased pulmonary ventilation function, the body
increases hematopoietic capacity. Through Two-sample MR analysis, this study
confirms this fact by ruling out confounding factors and reverse causality.

Despite increasing attention to the dialogue between the lungs and bone marrow,
the substances and pathways that connect them are still under investigation. In 2017,
Lefrancais et al. [9] reported the collaboration between the lungs and bone marrow in
platelet production, indicating that megakaryocytes in the bone marrow reach lung
tissues through systemic circulation. Engblom et al. [19] found that in lung tumor
patients without metastasis, neutrophils expressing Siglec-F in the bone marrow could
be remotely activated. In 2022, Liu [20] further investigated that extracellular vesicles
(EVs) from lung tissues could accumulate in the bone marrow, recruiting neutrophils
from the bone marrow. Interestingly, it has been discovered that neutrophils do not die
at the site of injury and require activation or editing by the lungs to selectively migrate
to the bone marrow via CXCR4 [21]. Therefore, the generation and death of blood
cells are closely related to the dialogue between the lungs and the bone marrow. On
the one hand, some researchers propose that the connection between the lungs and
bone marrow is achieved through systemic circulation. Alvar Agusti et al. hypothesize
that the lungs are crucial external sensors that perceive “danger signals” from the
external environment, and the bone marrow and adipose tissue are important internal
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components that respond to these signals under genetic regulation. The connection
between them is achieved through systemic circulation [22]. On the other hand, some
researchers suggest that their connection is mediated through intestinal microbial
metabolism. For example, Dang et al. [23] propose that changes in diet and the external
environment can lead to alterations in the intestinal microbial structure, subsequently
affecting the immune response and airway homeostasis. Additionally, microbial-
derived metabolites such as short-chain fatty acids (SCFAs) further influence bone
marrow hematopoietic function. It is worth noting that the dialogue between the lungs
and bone marrow may also involve neural transmission pathways. For instance, bone
marrow neuron damage is identified as an important factor in chemotherapy-induced
bone marrow suppression [24]. Furthermore, research has shown that the activation of
5-HT (2B) receptors on bone marrow progenitor cells plays a critical role in impairing
pulmonary endothelial cell function and vascular remodeling [18]. Thus, the dialogue
between the lungs and bone marrow is achieved through multiple pathways.

Exploring the causal relationship between the lungs and bone marrow will better
prepare us for the challenges posed by comorbidities in the respiratory and
hematopoietic systems. For example, lung infections are common complications in
leukemia patients. In clinical practice, when treating leukemia with concurrent
infection, it is important to consider controlling the infection while also focusing on
improving ventilation. Cohort studies have shown a significantly higher prevalence of
iron deficiency and anemia in patients with chronic obstructive pulmonary disease
(COPD) [25]. Our research also suggests that a decrease in FEV1 and FVC leads to
an increase in reticulocyte count. Therefore, the treatment of COPD should alert to the
hematopoietic function of the bone marrow, while also taking into account the
impaired pulmonary ventilation function. This is especially crucial for patients
undergoing chemotherapy. Studies have reported that patients with multiple myeloma
receiving treatment with bortezomib and thalidomide have an increased risk of
developing pulmonary function abnormalities [26]. Furthermore, a meta-analysis has
found a negative correlation trend between asthma and non-Hodgkin lymphoma, acute
lymphocytic leukemia, and acute myeloid leukemia [27,28]. Asthma attacks are
closely related to immune stress in the body, and asthma exhibits a protective
association with leukemia, possibly through the activation of immune surveillance
against genetic mutations. However, cohort studies have also found that asthma may
be a risk factor for myeloproliferative neoplasms [2]. Over the past two decades, there
have been numerous controversies and challenges in the field of tumor immunology.
The causal relationships between hematologic disorders and allergic diseases are
subject to significant debate, as there may be confounding factors and the possibility
of reverse causality [29,30].

Limitations of this study include: Although this study utilized large-scale GWAS
data and strict Mendelian randomization analysis to explore the causal relationship
between lung ventilation function and bone marrow hematopoietic function, caution
should still be exercised in interpreting the results. This study has the following
limitations: firstly, it only included individuals of European descent and may not be
directly applicable to other races, countries, and regions. Therefore, further research is
needed to verify whether genetic differences exist in other populations. Secondly, due
to the lack of detailed clinical information, this study was unable to conduct subgroup
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analysis based on age and gender, thus unable to analyze causal relationships between
different subgroups. In addition, Cochran’s Q-test showed heterogeneity in MR
analysis, although the stability of the results was validated by leave one out analysis,
this still suggests caution should be exercised when interpreting causal relationships.

5. Conclusions

In summary, there is a negative causal relationship between lung ventilation
function and bone marrow hematopoietic function. It seems contradictory that patients
with poor lung function in clinical practice are prone to anemia, as low oxygen
conditions can stimulate bone marrow hematopoiesis, which is an objective reality. In
fact, under long-term hypoxia, the body’s compensatory ability will be lost. Therefore,
further attention needs to be paid to the stimulating effect of lung function on bone
marrow hematopoiesis in clinical practice.

The interaction between the lungs and bone marrow involves multiple
mechanisms, including circulation, gut microbiota, neurotransmission, and immune
pathways. These approaches deserve further research. Especially when managing
comorbidities involving the respiratory and hematopoietic systems, it is crucial to
adopt a holistic approach that considers these multifaceted pathways.

Supplementary materials: The supplementary materials provide detailed
information on the SNPs of FEV1 and FVC instrumental variables. The results of the
sensitivity analysis using the leave one method were presented, confirming the
reliability of the results.
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