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Abstract

Objective: Hepatocellular carcinoma (HCC) is a complex and multifaceted disease that
is increasingly prevalent globally. The involvement of immune cells in the tumour micro-
environment has been linked to the progression of HCC, but the exact cause-and-effect
relationship is not yet clear. In this study, we utilise Mendelian randomization (MR) to
investigate the potential causal links between immune factors and the development of
HCC.

Method: We executed a comprehensive MR study, leveraging publicly accessible genetic
datasets to explore the potential causal links between 731 types of immune cells and
HCC. Our analysis primarily applied inverse variance weighting and weighted median
methods. To evaluate the robustness of our findings and probe for the presence of het-
erogeneity and pleiotropy, we also conducted thorough sensitivity analyses.

Results: We found 36 immune cells were associated with HCC, CD64 on CD14- CD16+
monocytes (OR = 1.328, 95% Cl = 1.116- 1.581, p = 0.001), CD3- lymphocyte %lym-
phocytes (OR = 1.341,95% Cl = 1.027- 1.750, p = 0.031), HLA DR on CD14+ monocytes
(OR=1.256,95% Cl = 1.089- 1.448, p = 0.002), CD19 on CD19 on Plasma Blast-Plasma
Cell (OR =1.224,95% Cl = 1.073- 1.396, p = 0.003), CCR2 on monocytes (OR = 1.204,
95% Cl = 1.073- 1.351, p = 0.002) and Naive CD4+ T cell Absolute Count (OR = 0.797,
95% Cl = 0.655- 0.969, p = 0.023) were the most strongly associated with HCC. Among
them, CD64 on CD14- CD16+ monocytes, CD3 - lymphocyte %lymphocytes, HLA DR
on CD14+ monocytes and CD19 on Plasma Blast-Plasma Cells are the risk factors, while
Naive CD4+ T cell Absolute Count are protective factors for HCC.

Conclusion: Our MR analysis of the role of immune cells and HCC provides a framework
for knowledge of circulating immune status. Systematic assays of infiltrating immune cells
in HCC can help dissect the immune status of HCC, assess the current use of checkpoint
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blockers, and most importantly, aid in the development of innovative immunotherapies. Further research is necessary to validate these find-
ings and explore the underlying mechanisms that influence the immune response to HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer and typically develops against a backdrop of chronic liver
diseases stemming from infections with Hepatitis B (HBV) or Hepatitis C virus (HCV), excessive alcohol consumption or non-alcoholic ste-
atohepatitis (NASH) [1]. Particularly in Western nations, NASH is becoming the leading cause of HCC, linked to metabolic syndrome and
diabetes, and this trend underscores the classification of HCC as an inflammation-driven cancer [2]. With nearly a million new cases globally
[3] and an estimated 30,000 deaths in the United States for the year 2023 alone [4], liver cancer represents a significant health issue. Treat-
ing HCC is a complicated matter due to the cancer’s variability and its frequent occurrence alongside other liver diseases [1]. One distinc-
tive aspect of liver cancers is that they can often be diagnosed without a biopsy, an uncommon practice for solid tumours. Moreover, liver
transplantation is considered a mainstay treatment option, especially because over 80% of HCC patients suffer from concurrent liver disease
or dysfunction [1]. While therapies such as sorafenib and regorafenib have been shown to offer limited enhancements in survival [5, 6], the
overall effectiveness of anti-cancer treatments in HCC remains suboptimal. Even though immunotherapies have shown significant benefits
in treating various cancers, their success rate in HCC patients is notably lower [7]. Given that the efficacy of treatments can be linked to the
immune landscape within the tumour [8], it is crucial to analyse the immune environment present in HCC. This involves examining the nature
and makeup of immune cells within the tumour as opposed to those in other parts of the body where immune activity is relevant.

While numerous cross-sectional and cohort studies have investigated the relationship between immune cells and HCC cancer, their observa-
tional nature limits them to establishing correlations rather than causations [9-11]. Although randomised controlled trials (RCTs) could infer
causation, interventions to manipulate immune cells are neither feasible nor ethical, thus constraining our ability to draw causal inferences.
Considering the scarcity of data from observational and interventional studies, the application of Mendelian randomization (MR) within the
field of human genetics provides a valuable avenue for rigorously investigating the potential causal relationships between elevated levels of
immune cells and HCC [12]. This approach leverages the random allocation of genetic variation at conception, well before the onset of dis-
ease, making MR a valuable tool for establishing causality and mitigating the risk of reverse causality, independent of confounders typically
present in study designs [13].

Due to biases in traditional observational epidemiological research designs, the association results obtained from observational studies are
susceptible to confounding factors (such as gender and age) and reverse causality (such as lifestyle changes due to HCC), resulting in unreli-
able causal inference results [14]. MR has been a popular genetic epidemiological research method in recent years. It introduces the concept
of instrumental variables (IVs) and uses genetic variations such as single nucleotide polymorphisms (SNPs) as Vs for studying exposure fac-
tors, to make causal inferences about given exposure and outcomes. Due to the random allocation of alleles to offspring, confounding factors
will not affect the causal association estimates obtained from MR studies; Since genes are determined before birth, diseases cannot affect
genes, so MR research can effectively control the biological effects of reverse causality [15].

MR analysis is a technique that leverages genetic variants as 1Vs to assess the causal relationships between environmental factors and
outcomes. By assuming that genetic variants are randomly inherited and not influenced by diseases, this approach effectively mitigates the
impact of confounding factors and reverse causation bias [15]. Our analysis was informed by up-to-date statistical summaries derived from
a genome-wide association study (GWAS) that concentrated on immune cell traits [16]. Our study is focused on investigating the poten-
tial causal links between 731 types of immune cells and HCC, particularly examining their roles in tumour onset, advancement and resis-
tance to treatment. We present an extensive MR study that not only identifies specific immune cells associated with HCC cancer but also
addresses the constraints in current research. Our goal is to provide valuable insights that could refine future immune cell methodologies and
advance etiological research. This study is intended to support precision prevention, control and the development of innovative therapeutic
approaches.
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Materials and methods

Study design

In our investigation, we employed a two-sample MR approach to assess the potential causal effect of 731 immune cell types on HCC. MR
leverages genetic variants as 1Vs to proxy for modifiable risk factors. For MR to provide a valid causal inference, t7he chosen Vs must meet
three critical criteria: (1) The genetic variants must have a strong association with the risk factor of interest; (2) The variants should be inde-
pendent of confounders that could affect both the risk factor and the outcome; (3) The influence of the genetic variants on the outcome must
operate solely through the risk factor, without any alternative causal pathways Figure 1.

Data sources for exposure and outcome

A summary of GWAS statistics for each immune trait is publicly accessible from the GWAS catalog (accession numbers: GCST0001391 to
GCST0002121) [19]. We used cancer’s keywords to find the immune traits from (https:/gwas.mrcieu.ac.uk/). The immune traits included: bbj-a-
158 (HCC). A GWAS is a research approach used to identify genetic variants associated with specific diseases or traits. Unlike earlier methods that
focused on single genes or small groups of genes, GWAS examines a large number of genetic variants across the entire genome of many individuals
to find associations with particular traits or conditions. GWASs detect common genetic variants that are associated with complex disorders, with
the ultimate goal of developing translational prevention or treatment strategies. With their comprehensive coverage of common SNPs and com-
paratively low cost, GWAS is an attractive tool in clinical and commercial genetic testing. In summary, GWAS is a powerful tool that has significantly
advanced our understanding of the genetic basis of complex traits and diseases, providing a foundation for future research and medical advance-
ments. Based on the ID of cancer, we used online data from GWAS including 197,611 Japanese individuals (n = 1,866 patients and 195,745 control
participants) for HCC to analyse the relationship between immune cells and HCC according to IDs (https:/www.ebi.ac.uk/gwas/).

Assumption 2
——————————————————— > Confounders

Assumption 1

Genetic variants ——> Exposure —— Outcome
l I\ Assumption 3 f
Remove pleiotropic SNPs associated
SNP’s for 731 immune cells in HCC with outcome (p<10); MR analysis:
(Hepatocellular Carcinoma) ; IVW, Weighted Median, MR Egger,
Selection criteria:P<5 x 10/-8; RA2 Weighted mode. Sensitivity analysis:
<0001 within 10Mb distance:F Cochran's Q test, Egger intercept, MR
statistics>10 (PRESSO)
We used ID:

1 Genetic instrument strongly relates :
to phenotype;2 There are no bbj-a-158 (HCC):
(n = 1,866 case patients and 195,745

instrument outcome confounders,
control participants)

and;3 Only instrument outcome
causal pathway is through phenotype

Figure 1. The flowchart of study design. The first assumption is that the instrument variables are strongly related to the exposure. The second assumption
specifies that the instrument variables are not associated with any confounders. The third assumption establishes that the instrument variables influence
the outcome solely through the exposure. Abbreviations include SNPs for single-nucleotide polymorphisms, LD for linkage disequilibrium, IVW for inverse
variance weighted, and weighted median, MR-Egger and MR-PRESSO.
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Instrument selection

In response to the substantial number of SNPs achieving genome-wide significance (p < 5 x 107-8) for immune cell traits, we implemented
more stringent criteria (p < 5 x 107-9) for the selection of genetic Vs [16]. These Vs were identified through clustering based on the Linkage
Disequilibrium (LD) reference panel from the 1,000 Genomes Project, employing an LD threshold of R*2 < 0.001 within a 10,000 kilobase
(kb) window. Given the relatively limited scale of GWASs data for immune cells, we adopted a more relaxed p-value threshold of 1 x 10*-5
along with a corresponding LD clustering threshold (R*2 < 0.001 across 10,000 kb) [17]. To ensure the robustness of our instruments, 1Vs
with F-statistics exceeding ten were selected, indicating their suitability for further analysis. These Vs were subsequently extracted from
the summary data on HCC outcomes, excluding any 1Vs demonstrating potential pleiotropic effects on HCC (p < 107-5), in accordance with
methodologies from previous studies [18]. For analytical consistency, we harmonised SNPs between the exposure and outcome datasets to
ensure concordant effect estimations for the same alleles. SNPs with intermediate effect allele frequencies > 0.42 or those incompatible with
the allele in question were excluded from our analysis [17].

Statistical analysis

In our study, we utilised a variety of genetic variants as IVs, rather than relying solely on an allele score. We chose this approach to thoroughly
investigate key assumptions, uncover potential pleiotropy and enable more robust sensitivity and multivariable MR analyses [13]. To evaluate
the consistency of our findings under different assumptions regarding heterogeneity and pleiotropy, we employed four distinct MR meth-
odologies: the IVW method using a random-effects model, the weighted median approach, MR-Egger and MR pleiotropy residual sum and
outlier (MR-PRESSO). The IVW method, based on a random-effects model, was the primary analytical framework for all four sets of IVs. We
assessed heterogeneity using Cochran’s Q statistic.

Additionally, our study encompassed analyses with more stringent criteria. The IVW method, assuming the validity of all genetic variants,
may introduce bias if numerous SNPs are affected by horizontal pleiotropy [19]. In contrast, the weighted median approach, which is effec-
tive when fewer than 50% of variants display horizontal pleiotropy, assumes the validity of the majority of genetic variants [20]. In instances
where over 50% of variants are influenced by horizontal pleiotropy, we assessed the strength of our genetic instruments using F statistics,
with a mean F-statistic of less than 10 indicating weak Vs [21].

Moreover, we utilised the MR-Egger method to examine potential directional pleiotropy. A significant intercept in this method would indi-
cate a violation of IV assumptions, suggesting the presence of directional pleiotropy [22]. We also employed the PRESSO method, which is
designed to minimise heterogeneity in causal effect estimates by excluding disproportionately influential SNPs (with NbDistribution = 1,500)
[23]. Additionally, we conducted Steiger-filtering analyses to identify and remove genetic variants that were more strongly associated with
the outcome than the exposure, indicating potential reverse causality [24].

All statistical analyses were conducted using R version 4.3.1 (R Foundation) and specific R packages (‘TwoSampleMR’ and ‘MR’) tailored for
MR analysis [25, 26].

Results

Figure 2 summarises the estimated causal effect of immune cells on HCC susceptibility and utilised IVW as the primary analysis method.
Our results showed that 36 immune cells were associated with HCC. We have highlighted some of the strongest associations in the follow-
ing include CD64 on CD14- CD16+ monocytes (OR = 1.328, 95% Cl = 1.116- 1.581, p = 0.001), CD3- lymphocyte %lymphocytes (OR =
1.341,95% Cl = 1.027- 1.750, p = 0.031), HLA DR on CD14+ monocytes (OR = 1.256, 95% Cl = 1.089- 1.448, p = 0.002), CD19 on CD19
on Plasma Blast—-Plasma Cell (OR = 1.224, 95% Cl = 1.073- 1.396, p = 0.003), C-C motif chemokine receptor 2 (CCR2) on monocytes (OR
=1.204, 95% ClI = 1.073- 1.351, p = 0.002), Naive CD4+ T cell Absolute Count (OR = 0.797, 95% Cl = 0.655- 0.969, p = 0.023). Although
heterogeneity was noted, as Cochran’s Q yielded a p-value of less than 0.05, the causality estimates were satisfactory when using a random-
effects IVW approach. p-values for the MR-Egger intercept were above 0.05, suggesting that there were no significant pleiotropy effects
(Supplementary Tables 1 and 2).
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However, in the reverse MR analyses, we found that 22 immune cells were correlated with HCC. Briefly, we have highlighted some of the
strongest relations with the HCC risk include Naive CD4+ T cell Absolute Count (OR = 1.134, 95% Cl = 1.032- 1.247, p = 0.009), CD40
on monocytes (OR = 0.897, 95% Cl = 0.820- 0.981, p = 0.018) and HLA DR on CD33+ HLA DR+ CD14dim (OR = 0.860, 95% Cl = 0.752-
0.983, p = 0.027) (Figure 3). Moreover, this article provides a summary of the sensitivity analysis results. Despite observing heterogeneity
and obtaining a p-value of less than 0.05 with Cochran’s Q test, the causality estimates were deemed acceptable when employing a random-
effects IVW approach. Additionally, the p-values for the MR-Egger intercept exceeded 0.05, indicating the absence of significant pleiotropy
effects (Supplementary Tables 3 and 4).

Exposure Method No.of SNP  OR(95% CI) P

CD64 on CD14— CD16+ monocyte Inverse variance weighted 11 1.328 (1.116 to 1.581) , F—e— 0.001
CD3- lymphocyte Absolute Count Inverse variance weighted 9 1.279 (1.045 to 1.565) E —e—i 0.017
CD3- lymphocyte %leukocyte Inverse variance weighted 9 1.183 (1.022 to 1.368) —— 0.024
CD3- lymphocyte %lymphocyte Inverse variance weighted 4 1.341 (1.027 to 1.750) j——e—3>0.031
HLA DR on CD14+ monocyte Inverse variance weighted 10 1.256 (1.089 to 1.448) E —e— 0.002
HLA DR on CD14+ CD16— monocyte Inverse variance weighted 9 1.258 (1.082 to 1.462) | ——i 0.003
CD19 on Plasma Blast—Plasma Cell Inverse variance weighted 11 1.224 (1.073 to 1.396) E —e—i 0.003
CCR2 on monocyte Inverse variance weighted 7 1.204 (1.073 to 1.351) | i 0.002
CCR2 on CD62L+ plasmacytoid Dendritic Cell Inverse variance weighted 11 1.150 (1.014 to 1.304) —.— 0.030
Naive CD4+ T cell Absolute Count Inverse variance weighted 13 0.797 (0.655 to 0.969) H—ii 0.023
Naive CD4+ T cell %T cell Inverse variance weighted 18 0.824 (0.723 t0 0.938)  +e—i, 0.003
Naive CD4+ T cell %CD4+ T cell Inverse variance weighted 21 0.826 (0.737 t0 0.926)  +e— i 0.001
Activated & resting CD4 regulatory T cell Absolute Count Inverse variance weighted 10 0.819 (0.728 t0 0.921) e, 0.001
CD4 on Terminally Differentiated CD4+ T cell Inverse variance weighted 17 0.890 (0.827 to 0.957) o, 0.002
Terminally Differentiated CD4+ T cell %CD4+ T cell Inverse variance weighted 17 1.197 (1.043 to 1.374) i —e—i 0.010
HVEM on Terminally Difterentiated CD4+ T cell Inverse variance weighted 16 0.878 (0.792 t0 0.972) o, 0.012
CD24 on IgD+ CD38— B cell Inverse variance weighted 12 0.868 (0.774 to 0.973) '—Hi 0.015
IgD— CD27- B cell Absolute Count Inverse variance weighted 13 1.123 (1.021 to 1.236) e 0.017
CD28— CD25++ CD8+ T cell %CD8+ T cell Inverse variance weighted 14 1.213 (1.034 to 1.423) 50—0—0 0.018
HLA DR on CD33+ HLA DR+ CD14dim Inverse variance weighted 12 1.104 (1.016 to 1.199) e 0.020
Terminally Differentiated CD4+ T cell %T cell Inverse variance weighted 16 1.171 (1.024 to 1.338) ——i 0.021
Granulocyte Absolute Count Inverse variance weighted 13 0.849 (0.738 t0 0.976) '—O—GE 0.022
CD62L— monocyte %monocyte Inverse variance weighted 16 0.901 (0.823 to 0.986) ot 0.023
SSC—A on HLA DR+ CD4+ T cell Inverse variance weighted 11 1.311 (1.035 to 1.661) E'—O—i 0.025
CD27 on CD20— CD38— B cell Inverse variance weighted 11 0.869 (0.767 to 0.983) et 0.026
CD40 on monocytes Inverse variance weighted 8 1.135(1.015 to 1.269) —— 0.026
CD24 on unswitched memory B cell Inverse variance weighted 8 0.845 (0.727 to 0.982) '—HE 0.028
CD27 on T cell Inverse variance weighted 9 0.877 (0.779 t0 0.987) o 0.030
Naive CD4-CD8— T cell %T cell Inverse variance weighted 12 0.825 (0.690 to 0.985) '—0—|E 0.033
CD28+ CD45RA+ CD8dim T cell Absolute Count Inverse variance weighted 14 0.990 (0.981 to 1.000) ¢ 0.042
Memory B cell Absolute Count Inverse variance weighted 7 1.245 (1.005 to 1.541) —e——  0.044
CD8 on CD28+ CD45RA+ CD8+ T cell Inverse variance weighted 16 1.118 (1.002 to 1.247) :'—0—! 0.046
Unswitched memory B cell Absolute Count Inverse variance weighted 8 0.855 (0.733 10 0.997)  +—e— 0.046
CD28+ CD45RA+ CD8dim T cell %T cell Inverse variance weighted 18 0.991 (0.982 to 1.000) 0: 0.047
SSC—A on granulocyte Inverse variance weighted 16 1.079 (1.000 to 1.163) fe 0.049
CD25++ CD4+ T cell Absolute Count Inverse variance weighted 8 0.964 (0.929 to 1.000) ol 0.050

0.65 1 1.7

Figure 2. The causal relationship between immune cells and HCC. We selected IVW as a primary method p < 0.05 showed statistically significant; OR
value >1 indicated a risk factor; OR value <1 indicated a protective factor.
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Exposure Method No.of SNP  OR(95% CI) P

Naive CD4+ T cell Absolute Count Inverse variance weighted 16 1.134 (1.032 to 1.247) [e—i 0.009
Naive CD4+ T cell %CD4+ T cell Inverse variance weighted 16 1.100 (1.012 to 1.195) :'—H 0.025
Naive CD4+ T cell %T cell Inverse variance weighted 16 1.128 (1.034 to 1.231) (et 0.006
CCR2 on CD14- CD16— Inverse variance weighted 16 0.911 (0.834 to 0.994) '—H: 0.036
CD45RA— CD4+ T cell %CD4+ T cell Inverse variance weighted 16 0.918 (0.843 to 1.000) | 0.049
HLA DR on CD33+ HLA DR+ CD14dim Inverse variance weighted 16 0.860 (0.752 to 0.983) H—'E 0.027
HLA DR on B cell Inverse variance weighted 16 1.114 (1.005 to 1.236) i 0.041
CD4+ T cell %leukocyte Inverse variance weighted 16 1.131 (1.036 to 1.234) EH—ﬁ 0.006
FSC—A on plasmacytoid Dendritic Cell Inverse variance weighted 16 0.890 (0.807 to 0.981) i 0.019
Central Memory CD4—-CD8— T cell %CD4—CD8- T cell Inverse variance weighted 16 1.104 (1.016 to 1.200) E'—H 0.020
SSC—A on plasmacytoid Dendritic Cell Inverse variance weighted 16 0.871 (0.781 to 0.972) H—OE 0.014

CD20 on switched memory B cell Inverse variance weighted 16 1.133 (1.013 to 1.268) ——i 0.029

SSC—A on monocyte Inverse variance weighted 16 0.883 (0.800 {0 0.975) e 0.014
CD20 on IgD— CD38dim B cell Inverse variance weighted 16 1.150 (1.030 to 1.285) E'—O—' 0.013
SSC—A on Natural Killer Inverse variance weighted 16 1.102 (1.002 to 1.213) ?—0—! 0.046
CD40 on monocytes Inverse variance weighted 16 0.897 (0.820 to 0.981) o 0.018
Basophil Absolute Count Inverse variance weighted 16 1.166 (1.003 to 1.356) :l—o—i 0.046
SSC—A on myeloid Dendritic Cell Inverse variance weighted 16 0.842 (0.744t0 0.953) e, 0.006
FSC—A on monocyte Inverse variance weighted 16 0.841 (0.760 to 0.930) e~ E 0.001
FSC—A on myeloid Dendritic Cell Inverse variance weighted 16 0.840 (0.748 10 0.942)  +o—, 0.003
FSC—A on granulocyte Inverse variance weighted 16 0.900 (0.814 to 0.996) '—o—i: 0.041
CD4+ T cell %T cell Inverse variance weighted 16 1.093 (1.001 to 1.194) e 0.047
0.65 1 1.7

Figure 3. The reverse causal relationship between immune cells and HCC. We selected IVW as a primary method p < 0.05 showed statistically significant;
OR value >1 indicated a risk factor; OR value <1 indicated a protective factor.

Discussion

MR analysis has been frequently employed to illustrate possible causality between risk factors and diseases. In the present study, we used
MR to generate proof of an inverse causal relationship between immune cells and HCC. In our study, we found a total of 36 immune cells
associated with HCC. Among 36 immune cells associated with HCC, CD64 on CD14- CD16+ monocyte, CD3- lymphocyte Absolute Count,
CD3- lymphocyte %leukocyte, CD3- lymphocyte %lymphocyte, HLA DR on CD14+ monocyte, HLA DR on CD14+ CD16- monocyte,
CD19 on Plasma Blast-Plasma Cell, CCR2 on monocyte, CCR2 on CD62L+ plasmacytoid Dendritic Cell, Terminally Differentiated CD4+ T
cell %CD4+ T cell, IgD- CD27- B cell Absolute Count, CD28- CD25++ CD8+ T cell %CD8+ T cell, HLA DR on CD33+ HLA DR+ CD14dim,
Terminally Differentiated CD4+ T cell %T cell, side scatter area (SSC-A) on HLA DR+ CD4+ T cell, CD40 on monocytes, Memory B cell
Absolute Count, CD8 on CD28+ CD45RA+ CD8+ T cell, SSC-A on granulocyte are risk factors for HCC, while the rest of immune cells are
protective factors for HCC. We have highlighted some of the strongest associations in the following discussion sections include CD64 on
CD14- CD16+ monocytes, CD3- lymphocyte %lymphocytes, HLA DR on CD14+ monocytes, CD19 on Plasma Blast-Plasma Cell, CCR2 on
monocytes, Naive CD4+ T cell Absolute Count.

CD64 (FcgRlI) is a Fc 1gG receptor that is continuously exposed to macrophages and monocytes. It is a high-affinity receptor for single IgG
or lg in immunocomplexes, and it induces immune and inflammatory responses in immunocompetent cells (i.e., monocytes and syncytial
macrophages) [27-29]. In the human body, monocytes constitute a diverse population of cells with three different subpopulations that are
based on CD14 and CD16 expression levels [30]. The CD14++ CD16- classical subdivision is the most common of all the circulating mono-
cytes, while CD14- CD16+ cells have usually been characterised as non-classical or mesenchymal monocytes. They are a subpopulation of
monocytes that are distinct from classical monocytes and that have distinct functional characteristics. A second subpopulation of monocytes
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simultaneously expresses both CD14 and CD16 (CD14+ CD16++) and are referred to as intermediate monocytes. The third subpopulation
consists of the atypical monocytes, which exhibit low CD14 expression and high CD16 (CD14+ CD16++) expression [31]. In rheumatoid
arthritis (RA), CD64 is evaluated by overexpression of CD14++CD16- and CD14++CD16+ monocytes and correlates with the risk of disease
activation [32]. CDé4 has also been shown to be elevated in chronic HBV-infected individuals and to vary with disease duration. Treatment
with interferon-a corrected these elevations, however, suggesting that CD64 levels could serve as biomarkers for both chronic HBV infec-
tion and the efficacy of interferon-a therapy [33]. As a member of the immunoglobulin superfamily, CD64 has the high affinity FC receptor
type | of IgG, which can mediate cell phagocytosis, antigen presentation, antibody-dependent cell-mediated cytotoxicity, cytokine release
and peroxide formation by binding with IgG, and thus participate in the body’s immune response [34]. Studies have shown that CD64 protein
has tissue-targeting peptide and humanised monoclonal antibody, and the combination of CD6é4 protein-containing extracellular vesicles
(dtEV) and low-dose chemotherapy drug gemcitabine can effectively inhibit the growth and metastasis of pancreatic ductal adenocarcinoma
in mice, and prolong the survival rate of the animals [34]. Confirmation of communication between CDé4-loaded extracellular vesicles (dtEV)
associated cells suggests that CD64 is one of the potential anti-tumour potential targets. Our findings indicated that CD64 served as a risk
factor in HCC.

CD3- lymphocyte %lymphocyte indicates a measurement or quantification of a subset of lymphocytes. Specifically, it refers to lymphocytes
that do not express the CD3 molecule, which is commonly found on the surface of T cells [35]. Recent studies have demonstrated that the
percentage frequency of CD3+ T cells in tumour samples is correlated with complete response and partial response, and that an increase
in CD3+ cells is associated with improved overall survival. Previous gene expression profiling data have demonstrated the significance of
T-cell depletion and tumour T-cell infiltration in HCC and have shown that CD3+ T-cell depletion correlates with responses to nivolumab
[36]. In colorectal cancer (CRC), Galon et al [37, 38] showed that a greater concentration of CD3-positive immune cells was associated with
improved survival. High granzyme B and CD4RO-positive immune cell concentrations were also associated with improved survival rates.
CD3 also had the greatest predictive potential in their study when compared to other biomarkers. Another study showed that low CD3 cell
density was associated with a worse prognosis, but it was still an equivalently potent prognostic marker [39]. Moreover, high CD3-positive
inflamed cells have been associated with improved survival in CRC [40]. In immature T lymphocytes, CD3 / T-cell receptor (TCR) recognises
endogenous antigen peptides presented by the major histocompatibility complex to trigger signals that enable immature T lymphocytes
to undergo positive and negative selection in the thymus. They become peripheral naive T lymphocytes. In mature T lymphocytes, foreign
antigen peptides bind to the MHC to activate the CD3 /TCR complex, which is a critical step in the differentiation of antigen-specific T lym-
phocytes into effector or memory T lymphocytes. In this process, CD3e plays a key role, and blocking CD3e causes T lymphocytes to stay in
the double-negative phase. CD3 targets participate in many signaling pathways, mainly the following: TCR signaling pathway: TCR recognises
and binds to antigenic peptides presented by MHC molecules, resulting in tyrosine residues of the ITAM conserved sequence of CD3 being
phosphorylated by tyrosine protein kinases in T cells. Lymphocyte-specific protein tyrosine kinase (Lck) via CD3e recruitment controls the
initiation of TCR phosphorylation, thereby regulating cytokine production, cell survival, proliferation and differentiation [41-43]. PI3K-Akt
signaling pathway: After CD3 target activation, it can promote the proliferation and survival of T cells and regulate the immune response of
T cells by activating the PI3K-Akt signaling pathway [44-46]. NF-kB signaling pathway [47]: After CD3 target activation, it can promote the
proliferation, differentiation and survival of T cells by activating the NF-kB signaling pathway, and regulate the immune response of T cells;
MAPK signaling pathway: After the CD3 target is activated, the MAPK signaling pathway can be activated to promote the proliferation,
differentiation and functional regulation of T cells [48, 49]. Ca2+ signaling pathway: After activation of the CD3 target, it can promote the
proliferation, differentiation and functional regulation of T cells by activating Ca2+ signaling pathway, and regulate the immune response of
T cells. Our findings are consistent with the conclusion that CD3- lymphocytes are a risk factor for HCC and may promote the development
of HCC [50]. Our present study also showed that CD3- was a risk factor for HCC, but the mechanism research and functional research are
need to further validated in the future research.

HLA DR on CD14+ monocyte represents an analysis or measurement performed using flow cytometry to assess a specific characteristic of
monocytes with CD14 expression in relation to the scatter parameter SSC-A. CD14 serves as a pattern recognition receptor that enhances
immune reactions within the innate immune system. Initially identified as a marker for monocytes, CD14 triggers cellular responses when
it comes into contact with bacterial elements. Due to the lack of an endocytic tail, CD14 was suspected to be signaling capable. CD14 was
subsequently demonstrated to be a Toll-like-receptors (TLRs) co-receptor that functioned to assay pathogen-related molecular patterns.
CD14 is now understood to be a versatile receptor, however, as it has recently been found to activate the nuclear factor of activated T cells
(NFAT), modulate myeloid cell life cycle in a TLR4-dependent manner, and transit inflamed lipids and induce phagocyte hyper-activation. The
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effects of CD14 on a variety of related diseases have also been investigated [51]. CD14 has been shown to be related to tumour relapse,
proliferation, metastasis and chemoresistance, all of which are features of cancer stem cells. Therefore, it was hypothesised that esophageal
hematopoietic stem cells (EC) also display CD14. In a recent study, human EC sections were paraffin-embedded and the co-expression of
CD14 and then analysed for the concurrent expression of CD14 and EC marker aldehyde dehydrogenase 1 (ALDH1) through the use of
immunofluorescence staining. CD14+ cells were then separated using immunomagnetic separation for stemness assays, which included
proliferation, migration, invasion and tumourigenicity. Proliferative abilities were detected using the Cell Counting Kit 8, EdU and colony
formation assays, metastatic abilities were detected using Transwell and wound healing assays, and tumourigenic abilities were detected with
xenograft assays. The results showed that ALDH1-labeled EC exhibited CD14 and that primary CD14+ cells were characterised by CSCs.
Thus, this study suggested that CD14 could also serve as a cellular surface marker for EC [52]. Our findings indicated that the presence of
HLA DR on CD14+ monocyte was a risk factor in HCC. More functional research is needed to confirm these findings.

CD19 on Plasma Blast-Plasma Cell is a cell surface protein that is commonly used to identify B cells, which are leukocytes that perform
important immune system functions (e.g., producing antibodies). CD19 expression is triggered at the onset of the B lineage during hemato-
poietic stem cell derivation and persists through the derivation of precursor and mature B cells until it is downregulated at the time of synge-
neic plasma cell derivation [53]. Several studies have reported that elevated levels of CD19+ cells may serve as a useful reference value for
surveillance of immunologic function in some populations at risk for HCC. Decreases in the number of CD19+ cells in HCC patients suggest
a decrease in the body’s capability to fight viruses, which can eventually lead to disease progression because of sustained viral infection [54].
As an important marker, CD19 is widely used in the diagnosis and prognosis of leukemia, lymphoma and immune system diseases [55-58].
At present, the main clinical means to treat malignant tumours with CD19 as the target are chimeric antigen receptor T cell (CAR-T) therapy
and antibody-coupled drugs [59, 60]. It was found that N125 low glycosylation of CD19 would lead to the loss of protein expression, which
seriously impaired the efficacy of CAR-T cells against leukemia, and N125 high glycosylation of CD19 would prevent the activity of CAR-T,
thus making CAR-T treatment resistant. Blocking the hyperglycosylation of N125 enhances binding to the FMC63 antibody [61]. In addition,
studies have shown that CD19+ macrophage subpopulation exists in liver cancer, which enhances mitochondrial metabolism by upregulat-
ing the expression of transcription factor PAX5 [62], thereby inhibiting lysosome function, increasing the expression of immunosuppressive
proteins CD73 and PD-L1 on cell surface, inducing the formation of immunosuppressive microenvironment and promoting the progression
of liver cancer, confirming that cell therapy targeting CD19+ macrophages can significantly improve the immunotherapy effect of liver cancer.
Our study also showed that CD19 expression is strongly associated with HCC risk.

CCR2 is predominantly expressed on the surface of monocytes/macrophages and lymphocytes. It acts as a regulatory receptor for functional
chemotaxis and plays a role in the modulation of various diseases by controlling the migration of bone marrow monocytes into the blood-
stream and their subsequent movement to sites of inflammation [63, 64]. In the context of the liver, CCR2 is implicated in several hepatic
pathogenic processes, including acute liver injury, chronic hepatitis, liver fibrosis/cirrhosis and tumour progression [65-67]. CCR2 can con-
tribute to hepatic fibrosis by influencing the mobilization of circulating monocytes to damaged hepatic cells and hepatic stellate cells (HSCs)
through the activation of HSC [66, 67]. Furthermore, CCR2 serves as a high-affinity receptor for members of the monocyte chemotactic
protein family, such as C-C motif chemokine ligand 2 (CCL2), CCL7, CCL8, CCL12 (in mice only) and CCL13 (in humans only) [68-72]. Given
its crucial role in hepatic homeostasis and disease, research over the past decade has heavily focused on modulating CCR2 expression. Vari-
ous upstream regulators include inflammatory cytokines like TNF, IL-6, IL-1B and IFN-y [73]. CCL2/CCR2 is a key pathway that regulates
the recruitment of macrophages from monocytes in solid tumours. Blocking CCL2/CCR2 signaling pathway can block the recruitment of
monocytes and M2 polarization of tumour-associated macrophages (TAMs) in liver cancer [74]. The study showed that after injecting CCR2
antagonist into the abdominal cavity of mice with in-situ liver cancer model, the number of TAMs in liver cancer tumour was significantly
reduced, while CD8+ T cells were significantly increased, which significantly inhibited tumour growth [75, 76]. Lentiviral knockdown of CCL2
or the CCR2 inhibitor CCX872 significantly attenuated ETV4-induced invasion of TAMs and MDSCs and metastasis of liver cancer. Previous
studies have demonstrated that the CCL2/CCR2 axis promotes HCC invasion. Our study suggested that CCR2 was a risk factor for HCC.
More RCT and functional research are needed to confirm these findings.

Naive CD4+ T cell Absolute Count typically represents a distinct subpopulation of immune cells characterised by the presence of CD4 co-
receptors. CD4 is a receptor mainly located on the surface of helper T cells, playing a crucial role in the interaction with antigen-presenting
cells (APC). Evaluating CD4+ cells can be critical in both scientific research and clinical settings. After receiving the activation signal of APC,
naive CD4+T cells can differentiate into helper T cells with different functions according to different cytokines [77]. CD4+ T cells are pivotal
in managing immune responses, as they secrete various cytokines upon activation and differentiation. There are several subtypes of CD4+ T
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helper cells, such as T helper 1 (Th1), T helper 2 (Th2), T helper 17 (Th17), T helper 9 (Th9) and regulatory T (Treg) cells, each assuming distinct
immunological roles after evolving from their naive T cell state. The activation and development of different CD4+ T cell subsets depend on
specific cytokines and key transcription factors [78]. Th1 is produced by IL-12 (and IFN-y, IL-2) stimulation and differentiation, and secretes
IFN-y, IL-2, TNF-B and other cytokines, whose function is to stimulate cellular immunity, including macrophages, monocytes and CD8+T
cells [79]. Th2 is mainly activated by IL-4, IL-2 and other cytokines, and secretes IL-4, IL-5, IL-9, IL-10, IL-13, IL-25 and other cytokines. The
main transcription factors are STAT6 and GATA-3. The function is to stimulate B cells, eosinophils and mast cells to produce humoral immu-
nity [80]. Th17 is differentiated by TGF-B, IL-6 and other cytokines, the main transcription factor is RORyt (also a TH17-specific molecule),
secretes IL-17, IL-21, IL.-22, GM-CSF and other cytokines, mainly activates and recruit neutrophils, responsible for clearing extracellular
bacterial and fungal infections [81]. Th9 is also differentiated by TGF- and IL-4 stimulation, expresses transcription factor PU.1, and mainly
secretes cytokines such as IL-9 [82]. The function of regulatory T cells (Treg) is to inhibit immune activation, mainly induced by TGF-B. The
surface of Treg and normal activated T helper cells express CD4 and CD25, but the difference is that Treg has its specific transcription factor
FOXP3. The main function of Treg cells is to inhibit inflammation and autoimmune response, but also to promote tumour growth, as well as
to cause some viruses can not be completely cleared, resulting in chronic infection [83]. Previous research has demonstrated that CD4+ T
cells can be found in the tumour microenvironments of lung cancer, melanoma, CRC, lymphomas, cervical cancer and ovarian cancer, but the
role of CD4+ T cells in EC is relatively understudied [84-89]. CD8+T cells are a key part of anti-tumour immunity, however, not only CD8+T
cells play a key role in anti-tumour immunity, the anti-cancer effect of CD4+T cells can not be ignored. It has been found that the proliferation
of CD8+ CTLS in liver cancer depends on cell triplets formed by progenitor cytlike CD8+T cells with DC cells and CD4+ helper T cells. The
abundance of progenitor CD8+T cells and DC cells in tumours was similar between patients who responded to immunotherapy and those
who did not, but there was significant enrichment of CD4+ helper T cells in patients who were effective [90]. In addition, at the boundary
between tumour and normal tissue, some stromal cells or myeloid cells recruited by CD4+T cells can bypass MHC-I molecules and present
tumour antigens to CD4+T cells via MHC-1l molecules. CD4+T cells then further activate mononuclear macrophages, inducing inflamma-
tory storms in the tumour and killing the tumour [91]. A previous study reported that naive CD4 + T cells were recruited and transformed
into regulatory T cells (TREGs) by macrophage-derived CCL18 in breast cancer [92]. Recent studies have shown that naive CD4+T cells can
convert to TreGs in specific states (cirrhosis and cancer), which may be related to macrophages, further confirming the link between naive
CD4+T cell interactions in macrophages and the Treg population. However, our results suggest that the presence of naive CD4+ T cells is a
protective factor for HCC, suggesting that the differentiation of naive CD4+ cells has a certain tendency in the immune environment of HCC
tumours. More functional studies are needed to confirm these findings.

Strength and limitations

In our MR study, we aimed to determine the causal links between various immune cells and HCC by analysing extensive GWAS data. This
method provides an advantage over traditional observational studies by reducing confounders and avoiding the issue of reverse causation.
Additionally, MR offers solutions to the limitations typically faced with representativeness and feasibility in RCTs.

Despite the strengths of our approach, there are several limitations to this study. First, reliance on publicly available GWAS datasets limited
our ability to account for other potentially influential factors on HCC, such as sex, age and body mass index [93]. Second, the generalizability
of our results is confined to Japanese populations, as they were the participants of the original GWAS. Extending the research to include
diverse ethnic groups is necessary for a broader applicability of our findings [94].

Thirdly, despite performing multiple sensitivity analyses to ensure the robustness of our results, the possibility of horizontal pleiotropy was
not entirely eliminated. Finally, we chose a broader threshold for significance to capture a more comprehensive picture of the relationship
between immune cell profiles and HCC. While this approach may increase the risk of false positives, it simultaneously allows for a more
extensive assessment of the potential associations.

Conclusion

In summary, our MR analysis of the role of immune cells and HCC cancers provides a framework for characterising circulating immune status
and suggests a dynamic immune cell environment in the setting of HCC. Our results also highlight multiple aspects of the immunosuppressive
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states found in HCC, all of which may serve as promising potential new therapeutic targets. Additional research is needed to confirm these
findings and investigate the underlying mechanisms that affect the immune response to HCC.
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Supplementary tables

Supplementary Table 1. The pleiotropy of causal relationship between immune cells and HCC. The p-values for the MR-
Egger intercept were above 0.05, suggesting that no significant pleiotropy effects were found.

exposure egger_intercept se pval
CD64 on CD14- CD16+ monocyte -0.001406728 0.100529992 0.989140758
CD3- lymphocyte Absolute Count -0.126282238 0.063750074 0.088065458
CD3- lymphocyte %leukocyte 0.017189192 0.037076224 0.656992619
CD3- lymphocyte %lymphocyte 0.181699339 0.247018025 0.538558321
HLA DR on CD14+ monocyte 0.070029538 0.037184462 0.096414691
HLA DR on CD14+ CD16- monocyte 0.091156814 0.039802132 0.055787005
CD19 on Plasma Blast-Plasma Cell 0.031805562 0.027199477 0.272300917
CCR2 on monocyte 0.048454703 0.036669639 0.243606676
CCR2 on CD62L+ plasmacytoid Dendritic Cell -0.022397981 0.027550695 0.437210135
Naive CD4+ T cell Absolute Count -0.023350152 0.057010334 0.68997851
Naive CD4+ T cell %CD4+ T cell -0.019718764 0.030465183 0.525210226
Naive CD4+ T cell %T cell -0.027193901 0.034661104 0.444170131
Activated & resting CD4 regulatory T cell Absolute Count -0.043274132 0.027329092 0.151978338
CD4 on Terminally Differentiated CD4+ T cell 0.021240508 0.016142373 0.207989823
Terminally Differentiated CD4+ T cell %CD4+ T cell -0.043984742 0.03367558 0.211182962
HVEM on Terminally Differentiated CD4+ T cell 0.024939804 0.046860084 0.602919276
CD24 on IgD+ CD38- B cell -0.021258024 0.03243389 0.526983227
IgD- CD27- B cell Absolute Count -0.0038967 0.021485293 0.859379046
CD28+ CD45RA- CD8dim T cell %T cell -0.003017453 0.013491548 0.827125174
HLA DR on CD33+ HLA DR+ CD14dim 0.03048143 0.03334665 0.382187037
Terminally Differentiated CD4+ T cell %T cell -0.055469352 0.030457634 0.090011134
Granulocyte Absolute Count -0.019564796 0.031213863 0.543580921
CDé62L- monocyte %monocyte -0.008903579 0.026732962 0.744027036
SSC-A on HLA DR+ CD4+ T cell 0.149822694 0.087428853 0.120740389
CD27 on CD20- CD38- B cell 0.008416388 0.022122167 0.712434893
CD40 on monocytes -0.01222703 0.024321362 0.633071219
CD24 on unswitched memory B cell -0.060571731 0.028463173 0.07741507
CD27 on T cell 0.052018227 0.044244227 0.278145805
Naive CD4-CD8- T cell %T cell -0.003708493 0.051052007 0.943523826
CD28+ CD45RA+ CD8dim T cell Absolute Count -0.019862514 0.012393588 0.134993655
Memory B cell Absolute Count -0.0371556 0.120134926 0.769580142
CD8 on CD28+ CD45RA+ CD8+ T cell -0.005871607 0.02746264 0.833782801
Unswitched memory B cell Absolute Count 0.020048673 0.027576217 0.494586037
CD28+ CD45RA+ CD8dim T cell %T cell -0.010282828 0.011985507 0.403595583
SSC-A on granulocyte -0.013777613 0.0182659 0.463180026
CD25++ CD4+ T cell Absolute Count -0.001971578 0.018161947 0.917094477
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Supplementary Table 2. The heterogeneity of causal relationship between immune cells and HCC. The p-values for the
Cochran’s Q yielded were above 0.05, suggesting that no significant heterogeneity effects were found.
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exposure method Q Q_df Q_pval
CD64 on CD14- CD16+ monocyte MR Egger 3.687765179 9 0.93073615
CD64 on CD14- CD16+ monocyte Inverse variance weighted 3.687960986 10 0.960327757
CD3- lymphocyte Absolute Count MR Egger 496787559 7 0.663883674
CD3- lymphocyte Absolute Count Inverse variance weighted 8.891822827 8 0.351503758
CD3- lymphocyte %leukocyte MR Egger 3.776677187 7 0.805110565
CD3- lymphocyte %leukocyte Inverse variance weighted 3.991618513 8 0.857878874
CD3- lymphocyte %lymphocyte MR Egger 1.156555666 2 0.560863436
CD3- lymphocyte %lymphocyte Inverse variance weighted 1.697620619 3 0.637462916
HLA DR on CD14+ monocyte MR Egger 7.659553397 8 0.467412123
HLA DR on CD14+ monocyte Inverse variance weighted 11.20637629 9 0.261827792
HLA DR on CD14+ CD16- monocyte MR Egger 5.837478569 7 0.558849349
HLA DR on CD14+ CD16- monocyte Inverse variance weighted 11.08272152 8 0.197055998
CD19 on Plasma Blast-Plasma Cell MR Egger 9.97893666 9 0.352193106
CD19 on Plasma Blast-Plasma Cell Inverse variance weighted 11.49503303 10 0.320271588
CCR2 on monocyte MR Egger 2.262143198 5 0.811810648
CCR2 on monocyte Inverse variance weighted 4,008200942 0.675566541
CCR2 on CD62L+ plasmacytoid Dendritic Cell MR Egger 6.12132973 0.727716363
CCR2 on CD62L+ plasmacytoid Dendritic Cell Inverse variance weighted 6.782255389 10 0.745829042
Naive CD4+ T cell Absolute Count MR Egger 25.41676155 11 0.007918037
Naive CD4+ T cell Absolute Count Inverse variance weighted 25.80437583 12 0.011438932
Naive CD4+ T cell %T cell MR Egger 18.41726658 16 0.300035031
Naive CD4+ T cell %T cell Inverse variance weighted 19.12580505 17 0.321359056
Naive CD4+ T cell %6CD4+ T cell MR Egger 22.14629623 19 0.277035935
Naive CD4+ T cell %6CD4+ T cell Inverse variance weighted 22.63461037 20 0.307089972
tasi;’fjte: é‘) Listﬁ”g D4 regulatory T cell MR Egger 6.696929498 8 0.569656459
tasi;’fjte: é‘) Listﬁ”g D4 regulatory T cell Inverse variance weighted |  9.204229566 9 0.418639741
CD4 on Terminally Differentiated CD4+ T cell MR Egger 5.960899108 15 0.980397076
CD4 on Terminally Differentiated CD4+ T cell Inverse variance weighted 7.692289805 16 0.957503437
Terminally Differentiated CD4+ T cell %T cell MR Egger 13.53856074 14 0.484622857
Terminally Differentiated CD4+ T cell %T cell Inverse variance weighted 16.85531915 15 0.327586789
HVEM on Terminally Differentiated CD4+ T cell | MR Egger 19.22659726 14 0.156470278
HVEM on Terminally Differentiated CD4+ T cell | Inverse variance weighted 19.61560152 15 0.187179708
CD24 on IgD+ CD38- B cell MR Egger 9.015776689 10 0.530606968
CD24 on IgD+ CD38- B cell Inverse variance weighted 9.445360332 11 0.580855102
(Continued)
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Supplementary Table 2. The heterogeneity of causal relationship between immune cells and HCC. The p-values for the
Cochran’s Q yielded were above 0.05, suggesting that no significant heterogeneity effects were found. (Continued)

IgD- CD27- B cell Absolute Count MR Egger 1.47189381 11 0.999653171
IgD- CD27- B cell Absolute Count Inverse variance weighted 1.504787408 12 0.999867194
CD28- CD25++ CD8+ T cell %CD8+ T cell MR Egger 10.59709851 12 0.563725767
CD28- CD25++ CD8+ T cell %CD8+ T cell Inverse variance weighted 10.83015884 13 0.625043299
HLA DR on CD33+ HLA DR+ CD14dim MR Egger 11.105421 10 0.349363964
HLA DR on CD33+ HLA DR+ CD14dim Inverse variance weighted 12.0333212 11 0.36114379
Terminally Differentiated CD4+ T cell %T cell MR Egger 13.53856074 14 0.484622857
Terminally Differentiated CD4+ T cell %T cell Inverse variance weighted 16.85531915 15 0.327586789
Granulocyte Absolute Count MR Egger 14.60441891 11 0.201332331
Granulocyte Absolute Count Inverse variance weighted 15.12603048 12 0.234616464
CD62L- monocyte %monocyte MR Egger 10.37142768 14 0.73455502
CD62L- monocyte %monocyte Inverse variance weighted 10.48235413 15 0.788352575
SSC-A on HLA DR+ CD4+ T cell MR Egger 13.77744769 9 0.130464993
SSC-A on HLA DR+ CD4+ T cell Inverse variance weighted 18.27288458 10 0.050531265
CD27 on CD20- CD38- B cell MR Egger 7.048877737 9 0.632030412
CD27 on CD20- CD38- B cell Inverse variance weighted 7.193620262 10 0.707048315
CD40 on monocytes MR Egger 6.214783352 [¢) 0.399565234
CD40 on monocytes Inverse variance weighted 6.476566014 7 0.485329804
CD24 on unswitched memory B cell MR Egger 7.305681231 6 0.293500666
CD24 on unswitched memory B cell Inverse variance weighted 12.81988523 7 0.076620367
CD27 on T cell MR Egger 8.405753745 7 0.298177337
CD27 on T cell Inverse variance weighted 10.06563301 8 0.260449535
CD28+ CD45RA+ CD8dim T cell Absolute Count | MR Egger 7.344045781 12 0.834065584
CD28+ CD45RA+ CD8dim T cell Absolute Count | Inverse variance weighted 9.912514663 13 0.701072233
Memory B cell Absolute Count MR Egger 0.171439265 0.999391016
Memory B cell Absolute Count Inverse variance weighted 0.267094776 6 0.999640746
CD8 on CD28+ CD45RA+ CD8+ T cell MR Egger 23.8475084 14 0.047802575
CD8 on CD28+ CD45RA+ CD8+ T cell Inverse variance weighted 23.92537377 15 0.066371653
Unswitched memory B cell Absolute Count MR Egger 1.998706683 0.919817511
Unswitched memory B cell Absolute Count Inverse variance weighted 2.527275899 0.925029196
CD28+ CD45RA+ CD8dim T cell %T cell MR Egger 12.65980464 16 0.697449921
CD28+ CD45RA+ CD8dim T cell %T cell Inverse variance weighted 13.3958631 17 0.709308668
SSC-A on granulocyte MR Egger 14.35725691 14 0.423448429
SSC-A on granulocyte Inverse variance weighted 14.94071448 15 0.455696057
CD25++ CD4+ T cell Absolute Count MR Egger 1.818926634 0.93557584
CD25++ CD4+ T cell Absolute Count Inverse variance weighted 1.83071091 7 0.968613205
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Supplementary Table 3. The pleiotropy of reverse causal relationship between immune cells and HCC. The p-values for

the MR-Egger intercept were above 0.05, suggesting that no significant pleiotropy effects were found.

outcome egger_intercept se pval

Naive CD4+ T cell Absolute Count 0.021980732 0.032824029 0.513972176
Naive CD4+ T cell %CD4+ T cell 0.018394108 0.028382586 0.527421595
Naive CD4+ T cell %T cell 0.007525253 0.029710966 0.803731765
CCR2 on CD14- CD16- 0.061930855 0.030263883 0.059978773
CD45RA- CD4+ T cell %6CD4+ T cell -0.014506454 0.029040902 0.625172753
HLA DR on CD33+ HLA DR+ CD14dim 0.001622281 0.047778968 0.973393277
HLA DR on B cell -0.015348952 0.036636262 0.681605644
CD4+T cell %leukocyte 0.001110682 0.030012837 0.971002018
FSC-A on plasmacytoid Dendritic Cell 0.013757836 0.033536046 0.687838759
Central Memory CD4-CD8- T cell %CD4-CD8- T cell -0.015869771 0.028596617 0.58768459

SSC-A on plasmacytoid Dendritic Cell 0.006124993 0.038986955 0.877406372
CD20 on switched memory B cell -0.006080829 0.04017086 0.881840207
SSC-A on monocyte 0.029924114 0.034011845 0.393811717
CD20 on IgD- CD38dim B cell 0.011828603 0.039371508 0.768260009
SSC-A on Natural Killer T -0.00213439 0.032990276 0.949329561
CD40 on monocytes 0.012201288 0.031006134 0.699869047
Basophil Absolute Count -0.046839542 0.052100747 0.383845032
SSC-A on myeloid Dendritic Cell 0.010078304 0.043858588 0.821577719
FSC-A on monocyte 0.031360319 0.034982622 0.385165934
FSC-A on myeloid Dendritic Cell 0.001595846 0.041033819 0.969526441
FSC-A on granulocyte 0.046959633 0.034517357 0.195185614
CD4+ T cell %T cell 0.00211076 0.030274072 0.94540127

Supplementary Table 4. The heterogeneity of reverse causal relationship between immune cells and HCC. The p-values for the
Cochran’s Q yielded were above 0.05, suggesting that no significant heterogeneity effects were found.

outcome method Q Q_df Q_pval
Naive CD4+ T cell Absolute Count MR Egger 17.87125223 14 0.212707737
Naive CD4+ T cell Absolute Count Inverse variance weighted 18.44368892 15 0.240058135
Naive CD4+ T cell %CD4+ T cell MR Egger 10.66559146 14 0.712083653
Naive CD4+ T cell %CD4+ T cell Inverse variance weighted 11.08559557 15 0.74650337
Naive CD4+ T cell %T cell MR Egger 10.7320958 14 0.706942029
Naive CD4+ T cell %T cell Inverse variance weighted 10.79624757 15 0.766899759
CCR2 on CD14- CD16- MR Egger 7.734016898 14 0.902717679
CCR2 on CD14- CD16- Inverse variance weighted 11.92161357 15 0.684952377
CD45RA- CD4+ T cell %CD4+ T cell MR Egger 11.92489307 14 0.612334501
(Continued)
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Supplementary Table 4. The heterogeneity of reverse causal relationship between immune cells and HCC. The p-values for the

Cochran’s Q yielded were above 0.05, suggesting that no significant heterogeneity effects were found. (Continued)

CD45RA- CD4+ T cell %CD4+ T cell Inverse variance weighted 12.17441134 15 0.665782339
HLA DR on CD33+ HLA DR+ CD14dim MR Egger 15.99838925 14 0.313472655
HLA DR on CD33+ HLA DR+ CD14dim Inverse variance weighted 15.99970668 15 0.382071156
HLA DR on B cell MR Egger 17.13541354 14 0.249033462
HLA DR on B cell Inverse variance weighted 17.35024688 15 0.298361338
CD4+ T cell %leukocyte MR Egger 13.71699689 14 0.471000893
CD4+ T cell %leukocyte Inverse variance weighted 13.7183664 15 0.546987203
FSC-A on plasmacytoid Dendritic Cell MR Egger 10.7739043 14 0.703699274
FSC-A on plasmacytoid Dendritic Cell Inverse variance weighted 10.94220137 15 0.756680754
Central Memory CD4-CD8- T cell %CD4-CD8- T cell MR Egger 13.7375871 14 0.469438524
Central Memory CD4-CD8- T cell %CD4-CD8- T cell Inverse variance weighted 14.04555964 15 0.522076618
SSC-A on plasmacytoid Dendritic Cell MR Egger 18.76332382 14 0.174191313
SSC-A on plasmacytoid Dendritic Cell Inverse variance weighted 18.79640297 15 0.223108619
CD20 on switched memory B cell MR Egger 24.05071393 14 0.045180261
CD20 on switched memory B cell Inverse variance weighted 24.09007829 15 0.063579506
SSC-A on monocyte MR Egger 10.57038977 14 0.719406515
SSC-A on monocyte Inverse variance weighted 11.34446331 15 0.727815699
CD20 on IgD- CD38dim B cell MR Egger 23.44612836 14 0.053386682
CD20 on IgD- CD38dim B cell Inverse variance weighted 23.5972915 15 0.07225541

SSC-A on Natural Killer T MR Egger 5.396359788 14 0.979496292
SSC-A on Natural Killer T Inverse variance weighted 5.400545561 15 0.98815749

CD40 on monocytes MR Egger 8.604712162 14 0.85550918

CD40 on monocytes Inverse variance weighted 8.759563906 15 0.889749713
Basophil Absolute Count MR Egger 22.90419111 14 0.061846683
Basophil Absolute Count Inverse variance weighted 24.22647378 15 0.061346026
SSC-A on myeloid Dendritic Cell MR Egger 22.80659239 14 0.06349051

SSC-A on myeloid Dendritic Cell Inverse variance weighted 22.8926121 15 0.086446669
FSC-A on monocyte MR Egger 14.90196416 14 0.384889006
FSC-A on monocyte Inverse variance weighted 15.75736903 15 0.398357818
FSC-A on myeloid Dendritic Cell MR Egger 20.45257691 14 0.116506166
FSC-A on myeloid Dendritic Cell Inverse variance weighted 20.45478653 15 0.155171817
FSC-A on granulocyte MR Egger 9.283330384 14 0.812483379
FSC-A on granulocyte Inverse variance weighted 11.13419354 15 0.743024885
CD4+ T cell %T cell MR Egger 13.51198569 14 0.486663804
CD4+ T cell %T cell Inverse variance weighted 13.5168468 15 0.562442008
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