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Abstract

Background Sepsis is a life-threatening condition that is characterized by multiorgan dysfunction and caused

by dysregulated cytokine networks, which are closely associated with sepsis progression and outcomes. However,
currently available treatment strategies that target cytokines have failed. Thus, this study aimed to investigate the
interplay between genetically predicted circulating concentrations of cytokines and the outcomes of sepsis and to
identify potential targets for sepsis treatment.

Methods Data related to 35 circulating cytokines in 31,112 individuals (including 11,643 patients with sepsis) were
included in genome-wide association studies (GWASs) from the UK Biobank and FinnGen consortia. A bidirectional
two-sample Mendelian randomization (MR) analysis was performed using single nucleotide polymorphisms (SNPs) to
evaluate the causal effects of circulating cytokines on sepsis outcomes and other cytokines.

Results A total of 35 inflammatory cytokine genes were identified in the GWASs, and 11 cytokines, including
Interleukin-1 receptor antagonist (IL-1ra), macrophage inflammatory protein 1 (MIP1a), IL-16, et al., were associated
with sepsis outcome pairs according to the selection criteria of the cis-pQTL instrument. Multiple MR methods
verified that genetically predicted high circulating levels of IL-Tra or MIP1a were negatively correlated with genetic
susceptibility to risk of sepsis, including sepsis (28-day mortality), septicaemia, streptococcal and pneumonia-derived
septicaemia (P<0.01). Furthermore, genetic susceptibility of sepsis outcomes except sepsis (28-day mortality)
markedly associated with the circulating levels of five cytokines, including active plasminogen activator inhibitor (PAl),
interleukin 7 (IL-7), tumour necrosis factor alpha (TNF-a), beta nerve growth factor (NGF-3), hepatic growth factor
(HGF) (P<0.05). Finally, we observed that the causal interaction network between MIP1a or IL-Tra and other cytokines
(P<0.05).

Conclusions This comprehensive MR analysis provides insights into the potential causal mechanisms that link key
cytokines, particularly MIP1a, with risk of sepsis, and the findings suggest that targeting MIP1a may be a potential
strategy for preventing sepsis.
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Introduction

Sepsis is considered a life-threatening systemic disease
that arises due to a dysregulated inflammatory response
to infection and leads to multiorgan dysfunction, which is
the main cause of mortality in patients with severe cases
[1]. Although substantial progress has been made in the
timely use of antibiotics, fluid resuscitation, and organ
support therapies in recent years, the mortality rate of
patients with sepsis still reaches in 30% in intensive care
units (ICUs) in hospitals [2—5]. Thus, the discovery of
new approaches to prevent the onset and progression of
sepsis and its complications is important.

The pathogenesis of sepsis has been extensively
explored. Under physiological conditions, the proper bal-
ance between proinflammatory and anti-inflammatory
effects is critical for immune homeostasis [6]. However,
after sepsis onset, the upregulation of proinflammatory
cytokines (IL-1B, IL-6, IFN-y and TNF-a) and chemo-
kines (MCP-1/CCL2 and MIP1a/CCL3) that are gen-
erated by inflammatory cells is critical for eliminating
infectious pathogens and quickly restoring immune bal-
ance, whereas excessive inflammation can cause tissue
and organ damage [7]. If pathogens are not cleared in a
timely manner, they can cause immune cell dysfunction
and the release of large amounts of anti-inflammatory
cytokines (IL-4, IL-10, and IL-37), leading to persistent
immunosuppression, which is the main factor contrib-
uting to the poor prognosis and risk of death in septic
patients [8, 9]. Thus, immune homeostasis plays a key
role in the pathophysiology of sepsis and in determining
clinical outcomes. The mechanisms regulating the release
of inflammatory cytokines and chemokines in sepsis are
complex. Several studies have indicated that genetic vari-
ations affect the host immune response to infection [10,
11]. More importantly, each cytokine has the potential
to serve as a drug target. Unfortunately, all clinical tri-
als that have aimed to inhibit the inflammatory response
or target cytokines have failed [12]; thus, the impact of
genetically determined levels of inflammatory factors on
sepsis must be determined.

Genome-wide association studies (GWASs) are key
approaches for identifying genetic factors that are related
to disease severity and survival prognosis in patients with
several types of infectious diseases. Several GWASs have
identified hundreds of single-nucleotide polymorphisms
(SNPs) that are associated with sepsis-related inflamma-
tory cytokines and outcomes [13-15]. This information
creates the opportunity to investigate potentially causal
genetic relationships between these SNPs and other clini-
cally relevant sepsis traits via a Mendelian randomiza-
tion (MR) approach [16]. Indeed, the first sepsis-related
GWAS indicated that three independent low-frequency
variants in SAMD9 (a possible mediator of the inflam-
matory response) are associated with reduced 28-day
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survival in septic patients [17]. Moreover, the serum lev-
els of multiple inflammatory cytokines, such as IL-6 and
TNEF-q, are positively associated with the risk and out-
comes of sepsis [18, 19]. However, whether these asso-
ciations are causal and whether circulating cytokines
could serve as potential therapeutic targets for sepsis are
unclear.

In the present study, via bidirectional MR analysis, we
examined the potentially causal links between circulat-
ing cytokines and sepsis outcomes to identify potential
therapeutic targets. Moreover, we studied the effects of
sepsis traits on the levels of these circulating cytokines.
Additionally, we constructed a protein-protein interac-
tion (PPI) network of the causal genes and defined the
effects of circulating cytokines on the levels of other
cytokines.

Methods

Study overview

A bidirectional MR analysis approach was used in this
study to examine the causative effects of cytokines on
sepsis and its outcomes (Fig. 1). First, we assessed the
causal associations between the levels of 35 cytokines
predicted by genetics and the risk of sepsis. We subse-
quently conducted reverse MR analysis to determine
whether the genetic prediction of sepsis risk influences
the levels of 35 cytokines. We derived causal estimates
for the associations of serum cytokines with the risk of
sepsis via four different MR approaches on the basis of
multiple serum cytokine-associated genetic variants.
We used summary estimates for the effects of genotype
on exposures and outcomes from the largest available
meta-analyses of previous GWASs, focusing on datas-
ets including participants predominantly of European
descent, to ensure consistent allele frequencies across
the datasets and avoid possible modifications of genetic
effects by ancestral origin (Table 1). The present study
was conducted following the STROBE-MR guidelines for
transparent reporting of MR studies.

Datasets

The current analysis involved the use of publicly available
deidentified data. All the original studies included appro-
priate ethical reviews and provided informed consent.
The GWAS summary data for cytokines were sourced
from Bouras et al. (2022) [16] and Karhunen et al. (2023)
[20]. The analytic sample of sepsis outcomes included
up to 486,484 individuals of European ancestry from the
UK Biobank and 208,794 individuals of European ances-
try from the FinnGen consortium (Table 1). A total of 6
sepsis traits were included in the analysis, with 362 to
11,643 individuals in the patient group and 197,660 to
484,588 individuals in the control group. The trait name
is consistent with the original data used. In addition, the
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Fig. 1 Schematic representation of the study. The analyses conducted in this study are numbered. Genetic variants are predetermined at birth, are largely
randomly assorted in a population, and can be used as instrumental variables to estimate the causal association of an exposure (e.g., cytokines) with an
outcome of interest (e.g., sepsis). First, the genetic prediction of cytokine levels was used as the exposure, and sepsis was the outcome to assess whether
changes in cytokine levels affect sepsis outcomes. The genetic prediction of risk of sepsis was then used as the exposure, and cytokine levels were used as
the outcome to evaluate whether sepsis affects cytokine levels. This approach relies on three assumptions: the genetic variants must be associated with
the exposure, the genetic variants must not be associated with confounders, and the genetic variants must influence the risk of the outcome through the
exposure and not through other pathways. GWAS =genome-wide association study

population studied for cytokines does not overlap with
the population studied for sepsis.

Development of a genetic instrument

This MR study was designed to use summary statistics
from large-scale GWASs (Table 1). A total of SNPs that
were associated with serum cytokine levels were identi-
fied in a meta-analysis of individuals of European origin
[20]. The Mendelian randomization analyses that used
circulating cytokine concentrations as exposures were
performed with 31 cis-pQTL and 27 cis-eQTL cyto-
kine (a total of 35 unique cytokines) instruments. These
SNPs were associated with serum cytokine levels at the
genome-wide significance level (P<1.0x10™* for pQTLs
and P<0.05 for eQTLs). Variants with a minor allele fre-
quency (MAF)<0.05 were excluded. In the context of a
cis-region MR, using a very small correlation threshold
may result in a loss of causal variants; therefore, clumping
was performed using a pairwise linkage disequilibrium

(LD) threshold of r*<0.1 [21]. The circulating cytokine
levels were predicted via a set of estimated SNP effects
based on a GWAS. A total of 375 independent SNPs were
ultimately selected as proxies for the circulating levels of
35 cytokines. Detailed information on the SNPs that were
used is presented in Supplementary Table S1. Instru-
ments for each of the six sepsis traits were selected as
SNPs that were associated with that trait at P<5x107°
and were uncorrelated (r?<0.001). When the reverse MR
analysis was conducted, only 35 cytokines were included
to correspond to the forwards MR analysis.

Gene interactions and epigenetic effects

Gene interactions and networks were analysed via the
GeneMANIA prediction server (v3.5.1) (http://genema-
nia.org, accessed on 28 April 2024) [22] and plotted via
Cytoscape (v3.6.1). Pathway-based association testing
was achieved by defining a biological pathway incorpo-
rating the gene targets of interest.
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Table 1 Details of the studies and datasets used for analyses

Exposure/outcome Consortium Population Web source
if publicly
available

Circulating cytokines GWAS analysis 31,112 Bouras et al.

individuals 2022 [16] and

of European  Karhunen et

ancestry al. 2023
https://ze-
nodo.org/re-
cord/7215468

Sepsis hospitalisation UK Biobank 486,484 https://gwas.

individuals ~ mrcieu.ac.uk/
(controls: datasets/
474,841; ieu-b-4980/
cases:
11,643)
Streptococcal UK Biobank 420,531 https://pan.
septicaemia individuals ~ ukbb.broadin-
(controls: stitute.org/
420,196; (ICD10: A40
cases: 362) Streptococcal
septicaemia)
Mortality at 28 days UK Biobank 486,484 https://gwas.
individuals ~ mrcieu.ac.uk/
(controls: datasets/
484,588; ieu-b-5064/
cases: 1,896)
Septicaemia FinnGen 203,824 https./finn-
individuals ~ gen.gitbook.
(controls: jo/documen-
197,660; tation/
cases: 6,164)
Streptococcal FinnGen 198,750 https://finn-
septicaemia individuals  gen.gitbook.
(controls: io/documen-
197,660; tation/
cases: 1,090)
Pneumonia-derived FinnGen 208,794 https://finn-
septicaemia individuals ~ gen.gitbook.
(controls: jo/documen-
208,324; tation/
cases: 470)

MR analyses

The primary analysis was conducted via a random-effects
inverse-variance-weighted method [23]. The secondary
MR methods include MR-Egger [24], simple median, and
weighted median [25] methods. The weighted median
method can reduce the bias of valid inverse variances
and is suitable for applications involving multiple genetic
analyses. MR-Egger regression can detect and adjust
for pleiotropy, but the precision of the estimates is low.
Z scores (the beta value of continuous traits or log odds
value of the disease risk divided by the standard error of
the cross-trait associations) obtained from MR analyses
were used to construct a heatmap.
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Sensitivity analyses

We conducted multiple sensitivity analyses with respect
to the MR tests to exclude possible biases (horizontal
pleiotropy, i.e., variants included in the genetic instru-
ment having an effect on the disease outside their effects
on the exposure in MR) under different scenarios in the
MR estimates and to increase the reliability of the MR
results [26]. Finally, a modified Cochran Q statistic and
leave-one-out analysis were conducted to detect hetero-
geneity in the results [26]. As a result of these different
methods used to compare the results, better agreement
and higher reliability were obtained.

Statistical analyses

MR analyses were conducted with the TwoSampleMR R
package [23]. All the statistical tests were two-sided. All
the statistical analyses were conducted with R version 4.3
(R Foundation).

Results

Circulating inflammatory cytokines in GWASs

A total of 35 inflammatory cytokine genes were identified
in the GWAS, and these cytokines are shown in Tables
S1. The genetic association estimates for these SNPs were
used for the following MR analyses.

Effects of circulating cytokines on sepsis traits

We analysed all SNPs in inflammatory cytokine-related
genes and 6 sepsis-related outcomes from the UK Bio-
bank and FinnGen consortia to determine whether cir-
culating cytokines affect sepsis traits, and the results
revealed that a total of 312 SNPs were associated with
the serum levels of 35 cytokines after screening (Table
S2). We then used the IVW method for the MR analy-
sis. According to the selection criteria of the cis-pQTL
instrument, the associations of eleven cytokines (includ-
ing IL-1ra, IL12p70, IL-16, IL-18, GROa, MIP1a, MCSE,
sICAM, VEGE, SCF, and TRAIL) with sepsis outcome
pairs were significant (P<0.05, Fig. 2). Genetically pre-
dicted high circulating levels of IL-1 receptor antago-
nist (IL-1ra) and macrophage inflammatory protein 1
alpha (MIP1a) were negatively correlated with genetic
susceptibility to sepsis risk, including septicaemia, and
pneumonia-derived septicaemia (P<0.002), after Bon-
ferroni correction. (Fig. 2). Furthermore, we performed
MR analysis via cis-eQTL instruments. The associations
of 4 cytokines, namely, IL-1ra, beta-nerve growth factor
(bNGF), stem cell factor (SCF) and macrophage colony-
stimulating factor (MCSF), with sepsis outcome pairs
were nominally significant (P<0.05) (Figure S1).

Associations of inflammatory cytokines with sepsis traits
We used multiple MR methods to further explore the
associations of IL-1ra and MIPla with various sepsis
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Fig. 2 Mendelian randomization effect size estimates (z scores) of genetically predicted circulating cytokine levels on sepsis traits on the basis of the
definition of the cis-pQTL instrument. Square tiles indicate that the association is nominally significant (P < 0.05). The asterisks indicate significance after
the Bonferroni correction for testing multiple cytokines (P <0.002 [0.05/number of cytokines))

Cytokine Method OR(95%Cl) P-Value
IL-1ra

Septicaemia Inverse variance weighted - 0.85(0.77-0.94) 1.91e-03
Septicaemia Weighted median —a— 0.85(0.75-0.97) 1.31e-02
Streptococcal septicaemia Inverse variance weighted — 0.73(0.57-0.93) 1.15e-02
Streptococcal septicaemia MR Egger —_— 0.57(0.35-0.94) 4.96e-02
M«
Sepsis Inverse variance weighted = 0.93(0.89-0.98) 3.08e-03
Sepsis Simple median = 0.92(0.85-0.99) 3.08e-02
Sepsis (28 day death) Inverse variance weighted - 0.85(0.76-0.95) 4.63e-03
Sepsis (28 day death) Simple median —a— 0.83(0.70-2.40) 3.27e-02
Septicaemia Inverse variance weighted - 0.91(0.84-0.99) 2.18e-02
Pneumonia derived septicaemia Inverse variance weighted — 0.65(0.51-0.83) 4.77e-04
Pneumonia derived septicaemia Simple median —_— 0.58(0.38-0.90) 1.43e-02
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Fig. 3 Mendelian randomization analysis of MIPTa and IL-1ra levels associated with the risks of sepsis traits. Significant differences in the associations are

shown (P<0.05). All the results of this analysis are shown in Table S3

traits, and the associations were significant according to
the MR results (P<0.05; Fig. 3). Genetically predicted
high circulating levels of IL-1ra were negatively correlated
with genetic susceptibility to risk of sepsis, including sep-
ticaemia [OR=0.85 (95% CI: 0.77-0.94, P=1.91x1073)]
and streptococcal septicaemia [OR=0.73 (95% CI: 0.57—
0.93, P=0.012)]. Furthermore, genetically predicted high
circulating levels of MIPla were also negatively corre-
lated with genetic susceptibility to risk of sepsis, includ-
ing sepsis [OR=0.93 (95% CI: 0.89-0.98, P=3.08x10~%)],

sepsis (28-day mortality) [OR=0.85 (95% CI: 0.76-0.95,
P=4.63x1073)], septicaemia [OR=0.91 (95% CI: 0.84—
0.99, P=0.022)], and pneumonia-derived septicaemia
[OR=0.65 (95% CI: 0.51-0.83, P=4.77x10"%)]. These
findings suggest that these two cytokines play a role in
protecting against the risk of sepsis. All the results of this
analysis are shown in Table S3. We also conducted het-
erogeneity and pleiotropy tests to ensure the reliability of
the associations between MIP1a levels and sepsis traits.
Cochran Q tests for IVW (P=0.86 for sepsis, P=0.95 for
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Fig. 4 Mendelian randomization effect size estimates (z scores) of genetically predicted sepsis traits on circulating cytokine levels. Square tiles indicate
that the association is nominally significant (P <0.05). All the results of this analysis are shown in Table S4
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Fig. 5 Mendelian randomization results for the effects of genetically pre-
dicted MIP1a and IL-1ra concentrations on the circulating levels of other
cytokines when considering cis-protein instruments. The results are plot-
ted only for effects with P<0.05. Association estimates are indicated with
lines: red represents positive correlations, and blue represents negative
correlations. The arrow starts with the exposure factor and points to the
outcome factor

sepsis (28-day death) indicated no heterogeneity in the
SNPs that were included in the study. No outliers were
identified in the leave-one-out analysis (Figure S2 and
S3).

Effects of sepsis traits on circulating inflammatory cytokine
levels

MR IVW analysis revealed no significant associations
(P<0.0012) between genetic susceptibility to sepsis

and circulating levels of cytokines (Fig. 4). Moreover, a
negative association was observed between genetic sus-
ceptibility to sepsis and circulating levels of active plas-
minogen activator inhibitor (PAI) [OR=0.811 (95%
CL 0.682-0.965, P=0.018)]. A positive association was
observed between streptococcal septicaemia and circu-
lating levels of interleukin 7 (IL-7) [OR=1.056 (95% CI:
1.007-1.108, P=0.025)] or tumour necrosis factor alpha
(TNFa) [OR=1.321 (95% CI: 1.008-1.732, P=0.044)] and
between pneumonia-derived septicaemia and circulating
levels of beta nerve growth factor (beta NGF) [OR=1.077
(95% CI: 1.009-1.149, P=0.025)]. In addition, genetic
susceptibility to streptococcal septicaemia was related
to circulating levels of hepatic growth factor (HGF)
[OR=0.941 (95% CI: 0.891-0.993, P=0.027)] (Fig. 4;
Table S4). Interestingly, these cytokines do not overlap
with the cytokines that were previously shown to lead to
sepsis and its adverse outcomes.

Causal linkage network among circulating levels of MIP1a
and IL-1ra and other circulating cytokines

Evidence from the Mendelian randomization analysis
(P<0.05) revealed associations between MIPla, IL-1ra
and other cytokines when the cis-pQTL instrument was
used, with |B| values ranging from 0.05 to 0.60 (Fig. 5).
The results revealed a dense interaction network between
MIPla and IL-1ra and other cytokines. The strongest
associations were noted for genetically predicted MIP1a
levels with circulating levels of thirteen (|| from 0.05 to
0.60) other cytokines and for IL-1ra levels with the levels
of six (|| from 0.07 to 0.44) other cytokines.

Functional analysis of the IL-1ra and MIP1a genes

Finally, we tested whether genetically proxied cytokines
(IL1ra, encoded by IL1RN, and MIP1la/CCL3) influ-
ence other inflammatory cytokine-related genes. Gene
coexpression network analysis revealed that ILIRN
and MIPla had high network connectivity with a sub-
set of sepsis-related genes, including IL-1R2, CCR4,
ACKR2, CXCL8, and IL1R1 (Figure S4). The functional
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enrichment analysis suggested that these genes were
involved in physical interactions, coexpression, pre-
diction, genetic interactions, pathways, shared protein
domains, and colocalization and were enriched mainly
in response to IL-1, the cellular response to molecules
of bacterial origin, the response to lipopolysaccharides,
cytokine receptor activity, and the cellular response to
biotic stimuli (Figure S4).

Discussion

In the present study, via GWAS data and MR analysis, we
provide comprehensive genetic evidence for the effects
of genetic proxies of circulating inflammatory cytokines
on sepsis outcomes. Our results revealed a negative asso-
ciation of genetically predicted circulating MIPla and
IL-1ra levels with pneumonia-derived septicaemia in
patients with sepsis. We also identified new therapeutic
targets (IL-1ra and MIP1a) for sepsis and related com-
plications. Our data also indicate that sepsis outcomes
affect the circulating levels of cytokines and that a dense
interaction network exists between cytokines.

Circulating inflammatory cytokines are influential
mediators of immune and inflammatory reactions. High
circulating levels of cytokines are involved in sepsis onset
and are major causes of high mortality in patients with
severe sepsis [18]. Although blocking the activities of
proinflammatory cytokines can significantly increase
survival in animal models of sepsis, a similar therapeu-
tic strategy has not improved patient outcomes [27], and
drugs that target TNF-a, IL-1PB, or Toll-like receptors
have not achieved satisfactory clinical results in improv-
ing the survival rate of patients with sepsis [28, 29]. This
finding was consistent with the findings of the present
study, which indicate that, except MIP1a, most cytokines
are not strongly correlated with sepsis or sepsis progno-
sis (Fig. 2), suggesting that no causal link exists between
most cytokines and sepsis; however, these results do not
exclude the role of the cytokine storm in the pathogenesis
of sepsis. Additionally, at the cis-eQTL level, MR results
revealed a nominally significant association between
IL1ra levels and sepsis outcomes, whereas MIP1« levels
did not show a significant association, possibly because
only one SNP was used as the instrumental variable after
screening. Cytokine storms also occur in several patho-
logical conditions, such as viral infections, cancer, and
multiorgan failure [30], and might be manifestations of
an aberrant internal environment during sepsis rather
than causal factors [31]. This hypothesis must be vali-
dated in future research.

MIP1la (also known as CCL3) is a member of the C-C
chemokine family that is secreted by monocytes, mac-
rophages, and T cells. The primary functions of MIP1a
are the activation and chemotaxis of leukocytes, B
cells, CD8" T cells and eosinophils under inflammatory
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conditions [32]. In addition, MIP1a can induce the secre-
tion of multiple inflammatory cytokines (TNFa, IL-6
and IL-1) [33] [34, 35]. Macrophages, but not neutro-
phils, are the major effector cells, and MIP1la is needed
for host resistance against bacterium-induced sepsis and
other immune diseases [36]. Compared with peripheral
blood mononuclear cells (PBMCs) from healthy donors,
PBMCs that are isolated from severely burned patients
are unable to release MIP1a in culture after stimulation
with an anti-human CD3 monoclonal antibody (mAb).
These data indicate that MIPla plays a beneficial role
in infectious complications in burn patients [37]. More-
over, MIP1a and MIP-1f are upregulated during acute
inflammation, and MIPla can mediate fever in animals
independent of cyclooxygenase blockade by ibuprofen.
Interestingly, MIP1 levels were not influenced by block-
ing circulating TNF-a in a human study [38]. Several
studies have indicated that MIP1« has protective effects
on sepsis and death [36]. In addition, increased expres-
sion levels of MIP-1a are negatively associated with the
progression of multiple inflammatory diseases, such as
multiple myeloma, lung cancer, multiple sclerosis, HIV
infection, and allergic asthma [39, 40]. Therefore, MIP1a
has become a cytokine of interest for studying the patho-
physiology of sepsis and its complications. Our results
revealed a causal association between circulating IL-1ra
and MIP1a levels and sepsis traits (Fig. 2) and suggested
that the upregulation of IL-1ra and MIP1a may have ben-
eficial effects on improving sepsis outcomes.

We explored whether sepsis traits affect circulat-
ing cytokine levels after the onset of sepsis to investi-
gate the impact of reverse causality. Interestingly, we
found a correlation between genetically predicted sepsis
traits and the circulating levels of cytokines (including
IL-7, HGF, beta NGF, TNFq, and active PAI). This find-
ing is consistent with the results of many observational
studies [41-43]. These results suggest a bidirectional
causal relationship between cytokines and sepsis and
its outcomes. Although these reverse-causal-associated
cytokines do not overlap with the associated proinflam-
matory cytokines, this result does not negate the value of
other cytokines in the progression of sepsis, as a dense
causal network exists between the two key cytokines and
the levels of other cytokines (Fig. 5). Further research is
needed to elucidate the specific mechanisms underlying
the complex network of these cytokines and the progres-
sion of sepsis [44].

This study has several limitations. The predominantly
European ancestry of the subjects limits the generaliz-
ability of the results to other ethnic groups. As with all
MR studies, we could not address unobserved pleiotropy.
Furthermore, a potential nonlinear association between
serum cytokine levels and sepsis could not be evalu-
ated. In addition, we only considered changes in cytokine
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levels as a result of genetic factors, which accounted for
only a small proportion of the changes in cytokine lev-
els. The regulatory network formed by these cytokines is
a complex mechanism that has not been fully explored
here.

In conclusion, we used MR analyses and large-scale
genetic data to explore the associations of 35 circulating
inflammatory cytokines with sepsis and its outcomes.
Our data revealed several significant associations
between circulating cytokines, particularly MIP1a, and
sepsis outcomes, and it identified potential therapeu-
tic targets, including circulating IL-1ra and MIP1aq, for
reducing sepsis risk. Future studies are needed to con-
firm the genetic effects on sepsis survival, and future
studies should validate the findings in multiple studies
with larger sample sizes to evaluate the roles of cytokines
in regulating macrophage chemotaxis during sepsis and
to validate the potential of these cytokines as targets for
sepsis prevention.
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