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Abstract

Introduction: Increasing evidence from observational studies and clinical
trials suggests that gut microbiota (GM) are associated with lymphoma.
However, it is unclear whether there is a causal relationship between GM
and lymphoma.

Material and methods: To evaluate the causal relationship between GM and
lymphoma, we conducted a two-sample Mendelian randomization analysis
based on the genome-wide association study (GWAS). GWAS summary sta-
tistics of the GM were obtained from the MiBioGen study that including 211
taxa. GWAS summary statistics of four lymphomas were obtained from the
IEU Open GWAS study. Then, we systematically performed sensitivity analy-
ses and heterogeneity analysis to verify the reliability of our findings. Finally,
we used an external cohort for validation and performed a meta-analysis of
the positive results.

Results: We identified 37 causal relationships between GM and lymphoma.
The results of the sensitivity analyses demonstrated the reliability of the
MR analysis. Furthermore, the combined meta-analysis yielded nine signif-
icant results, with the most notable being Terrisporobacter (MetaOR = 2.39,
95% Cl =1.07-5.32, p = 0.03), which was identified as a pathogenic factor for
diffuse large B-cell lymphoma (DLBCL). Methanobrevibacter (MetaOR = 0.49,
95% Cl = 0.27-0.92, p = 0.03) was identified as a protective factor against
DLBCL. Cyanobacteria (MetaOR = 1.94, 95% Cl = 1.24-3.03, p = 0.004) were
identified as a pathogenic factor for FL.

Conclusions: Our study identified a causal relationship between gut mi-
crobes and four lymphoma diseases. To further confirm the causal relation-
ship, external validation was performed, thereby providing new insights into
the subsequent mechanisms by which gut microbes mediate lymphoma de-
velopment.

Key words: lymphoma, gut microbiota, Mendelian randomization, causal
effect, meta-analysis.

Introduction

Lymphoma is a malignant neoplasm originating from lymphatic tis-
sue, capable of metastasizing to any region of the body, and presenting
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a range of clinical manifestations [1]. The most
prevalent hematologic malignancy, non-Hodgkin’s
lymphoma (NHL), which accounts for 90% of all
cases, and Hodgkin’s lymphoma, which accounts
for 10% of all cases, are the two traditional cat-
egories for lymphomas [2]. NHL has both ag-
gressive and inert subtypes with a 5-year overall
survival rate that ranges from 25% to 75%, and
the prognosis is variable [3]. Genetic factors play
a 10% role in the onset of lymphoma, and there
is no significant difference in heritability between
the sexes [4]. Many subtypes of lymphoma remain
incurable with current management strategies,
and more clinical trials are needed to determine
novel therapies with promising activity in this dis-
ease [5].

The human intestinal flora is a collection of
various microorganisms, including bacteria, fungi,
and viruses, that live on the surface of the epithe-
lial barrier of the gastrointestinal tract [6, 7]. With
the advancement of molecular tools and technol-
ogies, such as 16S ribosomal RNA sequencing and
metabolomics, complex host-microbiota interac-
tions are gradually being discovered [8, 9]. Numer-
ous studies have shown that gut microbiota (GM)
play key roles in immune, metabolic and inflam-
matory responses [10, 11].

Studies have shown that the combination of
gut microbiota and vitamin D is promising for the
treatment and prevention of autoimmune and al-
lergic diseases and that Th17 cells also play a key
role [12, 13].

In addition, it has been suggested that dysreg-
ulation of gut microbial ecology jeopardizes the
integrity of the immune network and may lead to
acute lymphoblastic leukemia [14]. Among them,
a group of potential tumor-promoting or anti-tu-
mor microbial species have been identified [15],
which lays the foundation for modulating the gut
flora in cancer therapy.

An observational study found significant en-
richment of Faecalibacterium, Bifidobacterium,
and Ruminococcus abundance in patients with
NHL treated with CD19 CAR-T cells [16].

Genetic variation is used as an instrumental
variable (IV) in Mendelian randomization (MR),
a technique that is widely used to explore poten-
tial causal relationships between environmental
exposures and disease and also a widely accept-
ed way to control for potential confounders and
avoid reverse causality bias [17-19]. Combining
single nucleotide polymorphism (SNP) exposure
and SNP outcome associations from a separate
genome-wide association study (GWAS) with MR
studies of two samples allows for the creation
of a single causal estimate. MR analysis must be
predicated on three fundamental tenets in order
to guarantee the validity of our findings: (1) ge-

netic variants must exhibit a strong correlation
with the exposure factor; (2) genetic variants must
not have a direct impact on the outcome; and
(3) genetic variants must not be causally linked to
any potential confounders [20].

Randomized controlled trials of the gut mi-
crobiota, as opposed to observational studies,
may aid in the establishment of causation. Un-
fortunately, due to objective elements such as
technology and study technique, strain screening
involving early diagnosis and prognosis still has
considerable limitations. These experiments were
impacted by a number of variables, including anti-
biotic use and diet [21, 22]. In conclusion, it is still
unclear whether GM and lymphomas (Hodgkin’s
and non-Hodgkin’s lymphomas) are causally re-
lated.

Material and methods
Exposure data

Summary statistics of GM from the global
consortium MiBioGen’s GWAS dataset served
as exposure 1Vs [23, 24]. This was a multi-ethnic
large-scale GWAS that coordinated genome-wide
genotype and 16S fecal microbiome data from
18,340 participants from 24 cohorts in the United
States, Canada, Israel, Korea, Germany, Denmark,
the Netherlands, Belgium, Sweden, Finland, and
the United Kingdom to explore the relationship
between human autosomal genetic variation and
the GM. A total of 211 taxa were included, belong-
ing to 35 families, 20 orders, 16 phyla, 9 phyla
and 131 genera. The externally validated genetic
data on the gut microbiota were obtained from
the GWAS summary data available on the IEU
Open GWAS Project website (https://gwas.mrcieu.
ac.uk/).

Outcome data

GWAS summary statistics for Hodgkin’s and
follicular lymphoma (HL and FL), mature T/NK-cell
lymphoma (MT/NKCL), and diffuse large B-cell
lymphoma (DLBCL) (all with exclusion of other
cancers) were obtained from the FinnGen Consor-
tium (updated to 2021, total Ncase = 1,250, Ncon-
trol = 716,274). To facilitate analysis and data
extraction, we accessed and analyzed outcome
data directly through the OPEN GWAS website
(https://\/GWAS.mrcieu.ac.uk/). Detailed informa-
tion is provided in Table I.

Instrumental variable selection

GWAS summary statistics that are available to
the public were used in this study. There was no
need for additional ethical approvals. The study
flow chart is displayed in Figure 1.
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Table 1. Overview of the source of lymphoma data

GWAS ID Year Trait Consortium Case Control Number of Population
SNPs
DLBCL 2021 Diffuse large FinnGen 209 174,006 16,380,303 European
B-cell lymphoma
(all cancers
excluded)
FL 2021 Follicular FinnGen 522 180,756 16,380,337 European
lymphoma
(all cancers
excluded)
HL 2021 Hodgkin FinnGen 369 180,756 16,380,338 European
lymphoma
(all cancers
excluded)
MNKTCL 2021 Mature T/NK- FinnGen 150 180,756 16,380,337 European
cell lymphomas
(all cancers
excluded)
Exposure
Gut microbiota GWAS < e Yo
(1) MiBioGen consortium . ,
(2) 18340 samples with 24 cohorts < SNPs | t----»| Confounder
(3) 211 taxa, 5 level groups, including 119 factors
known genera
Y
Selection of instrumental variables (SNPs) :
(1) Genome-wide significance: p < 1 x 107 oo A
(2) LD tendency: R? < 0.001 and clumping window
=10 Mb \ Outcome Y v
(3) Removal of weak instrumental variables (IVs)
(F < 10) Lymphoma diseases
(1) Mature T/NK cell lymphoma
Harmonization of data (2) Diffuse large B-cell
v Deletion of palindromes SNPs lymphoma
(3) Hodgkin’s lymphoma
MR analysis (4) Follicular lymphoma
IVW; MR-Egger weighted median
estimate

Sensitivity analysis

| (1) Cochrane’s Q test

(2) MR-Egger intercept test
(3) MR-PRESSO test

Meta-analysis
External validation to
avoid false positives

Y

Figure 1. Graphical abstract

We implemented rigorous quality control pro-
cedures to select the most robust IVs and ensure
the validity and accuracy of our results. Initially,
we selected SNPs strongly associated with GM,
applying a significance threshold of p = 1 x 10™.
Secondly, an important step in MR analysis is to
ensure that the effect of the SNP on exposure
corresponds to the same allele as the effect on
outcome. After matching the results, we removed
the palindromic SNP. (Palindromic SNPs are SNPs
with A/T or G/C alleles.) Thirdly, only independent

SNPs were kept after clustering the SNPs in each
bacterial classification unit. The linkage disequi-
librium (LD) threshold was set to r? < 0.01 and the
clustering window size to 10,000 kb [25]. Further-
more, the influence of pleiotropy was eliminat-
ed by applying the MR pleiotropy residuals sum
and outlier (MR-PRESSO) test, which was used to
identify possible horizontal pleiotropy by remov-
ing outliers [26]. In addition, F statistics were com-
puted in order to assess weak instrument bias F =
(R*(n = 1 = k)/((1 = RYk) < 10 was considered
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a weak IV, R? is the proportion of genetic varia-
tion explaining exposure, N is the sample size of
exposure, and k is the number of SNPs used for
MR analysis. The weak instrumental variable was
excluded from the subsequent analysis [12].

Statistical analysis
MR analysis

To investigate possible causal relationships
between lymphoma and GM we performed MR
analysis. The gut microbiome with multiple Vs
was characterized using three prominent MR
methods: the weighted median estimator (WME)
[27], MR-Egger regression [28], and the inverse
variance weighted (IVW) method [29]. If there
was only a single IV, only the Wald ratio method
was used to perform the analysis. The results for
multiple IVs are mainly based on the IVW method,
supplemented by the other two methods. This is
because it has been observed that in some cas-
es, the IVW method is more effective than other
methods [30].

Sensitivity analysis

We tested for heterogeneity using Cochrane’s
Q test. P < 0.05 was considered heterogeneous.
The intercept of MR-Egger regression was used
to assess the presence of horizontal pleiotropy in
IVS, and MR-PRESSO was used to propose SNPs
with pleiotropy. Finally, FDR correction was applied
to reduce the possibility of false positives; P, <
0.05 was considered a significant result.

Validation based on external cohorts and
meta-analysis

To further validate the reliability of the NMR
analysis results, two large-scale external cohort
studies were used to validate the NMR-positive re-
sults: the FINRISK study in Finland and the Lifeline
study in the northern Netherlands. It is notewor-
thy that to enhance the robustness of the results,
datasets that were at disparate levels of bacteri-
al classification were excluded. In the absence of
relevant cohorts in the datasets, a meta-analysis
was not performed. The external cohort validation
process was conducted using the identical param-
eters and procedures as those employed for the
MR analysis described above. A meta-analysis was
performed on the analyzed results to incorporate
effect sizes. The /2 statistic was employed to as-
sess heterogeneity in the meta-analysis. When
2 < 50% and p > 0.05, a fixed-effects model was
utilized. Conversely, when 2 > 50% and p < 0.05,
a random-effects model was employed.

R (version 4.3.2) packages that use TwoSam-
pleMR, data.table, dplyr, doParallel, ggthemes,

magrittr, p.adjust and readr were used for all sta-
tistical studies.

Results
Two-sample MR analysis of lymphoma

The F-statistics for all IVs were greater than
10, indicating that there is no weak IV bias in our
analysis (Supplementary Table SI). MR analyses
revealed 37 causal associations between genet-
ically predicted GM and four lymphoma diseas-
es. In Hodgkin’s lymphoma, we found 15 causal
relationships. In follicular lymphoma disease, we
found 11 causal relationships. In diffuse large
B-cell lymphoma, we found 5 causal relationships.
In mature T/NK-cell lymphomas, we found 6 caus-
al relationships.

MR analysis showed that 6 GM were associat-
ed with an increase in the incidence of Hodgkin’s
lymphoma and 9 were associated with a decrease
in the incidence of Hodgkin’s lymphoma, with
the more significant ones being genera. Butyrici-
monas (OR = 2.125, 95% Cl = 1.173-3.849, p =
0.013) and order Bifidobacteriales (OR = 2.154,
95% Cl = 1.117-3.962, p = 0.014) were signifi-
cantly associated with increased risk of Hodgkin’s
lymphoma. The genus Peptococcus (OR = 0.573,
95% Cl = 0.390-0.840, p = 0.004) was associat-
ed with significantly decreased risk of Hodgkin’s
lymphoma.

Three GM were associated with increased inci-
dence of diffuse large B-cell lymphoma, and two
GM were associated with decreased incidence of
diffuse large B-cell lymphoma, the more signifi-
cant of which were the Eubacterium genus group
(OR=0.236,95% Cl=0.079-0.712, p = 0.01), which
was negatively correlated, and the genus Terris-
porobacter (OR = 3.607, 95% Cl = 1.189-10.938,
p = 0.023), which was positively correlated.

Four GM were associated with increased in-
cidence of follicular lymphoma and seven were
associated with decreased incidence of follicular
lymphoma, the more significant of which were
Eubacterium (OR = 0.450, 95% Cl = 0.224-0.900,
p = 0.024), which was associated with a reduced
risk, and the phylum Proteobacteria (OR = 1.984,
95% Cl = 1.063-3.704, p = 0.031), associated with
elevated risk.

Two GM were associated with increased inci-
dence of mature T/NK-cell lymphoma, and four
GM were associated with decreased incidence
of mature T/NK-cell lymphoma, the more signif-
icant of which were the genus Ruminococcaceae
UCG003 (OR = 0.289, 95% Cl = 0.102-0.821, p =
0.020), the genus LachnospiraceaeUCG0O01 (OR =
0.381, 95% Cl = 0.161-0.901, p = 0.028), which
were associated with a reduced risk of morbidity,
and the order Lactobacillales (OR = 4.751, 95% ClI
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=1.802-12.530, p = 0.001), which was associated
with an increased risk of morbidity. See Figure 2
for details.

After FDR correction, Lactobacillales showed
a significant causal association with Mature T/
NK-cell lymphomas (OR = 4.751, 95% Cl = 1.802—
12.530, p,,, = 0.030). Detailed information is pro-
vided in Supplementary Table SII.

Sensitivity analyses of the 37 significant caus-
al associations showed that neither MR-Egger
nor MR-PRESSO analyses detected the presence
of horizontal pleiotropy. In addition, there was
no significant heterogeneity among the selected
SNPs according to the Cochrane Q test (p > 0.05).
Detailed information is provided in Table II.

Validation based on external cohorts and
meta-analysis

The dataset of 16 intestinal flora used to vali-
date the results of the MRI analysis was obtained
from the IEU Open GWAS project and is consistent
with the present study at the level of intestinal flo-
ra classification to ensure good homogeneity. No
meta-analysis was performed for the other flora
as there was no corresponding dataset for them.
For DLBCL, the heterogeneity test showed that no
dataset with /2 > 50% and p < 0.05 existed, so all

(MetaOR = 1.58, 95% Cl = 1.06-2.36, p = 0.02),
Oscillibacter (MetaOR = 1.94, 95% Cl = 1.13-3.35,
p = 0.02) and Terrisporobacter (MetaOR = 2.39,
95% Cl = 1.07-5.32, p = 0.03) had a pathogenic
effect on DLBCL. Methanobrevibacter (MetaOR =
0.49, 95% Cl = 0.27-0.92, p = 0.03) was protective
against DLBCL. See Figure 3 for details.

For HL, the heterogeneity test showed that
there was no dataset with /2 > 50% and p < 0.05, so
all were meta-analyzed using a fixed-effects mod-
el. The meta-analysis showed that Actinobacteria
(MetaOR = 2.02, 95% Cl = 1.34-3.03, p < 0.001),
Bifidobacteriaceae (MetaOR = 1.74,95% Cl = 1.19-
2.53, p = 0.004), Bifidobacterium (MetaOR = 1.56,
95% Cl = 1.05-2.31, p = 0.02) had a pathogenic
effect on HL and the other two bacterial groups
showed no significance. See Figure 4 for details.

For FL, the heterogeneity test showed the pres-
ence of one colony with /> > 50% and p < 0.05 in
the dataset, so the meta-analysis was performed
using the random effects model, and the other
meta-analysis was performed using the fixed ef-
fects model, and the results of the meta-analysis
showed the pathogenic effect of Adlercreutzia
(MetaOR = 1.70, 95% Cl = 1.14-2.52, p = 0.008),
Cyanobacteria (MetaOR = 1.94, 95% Cl = 1.24-
3.03, p = 0.004) on FL, and the other results were
not significant. See Figure 5 for details.

were meta-analyzed using a fixed-effects model. For NKTCL, the meta-analysis result was
Meta-analysis results showed that Oxalobacter non-significant (Figure 6).
Table Il. Sensitivity analysis of the causal association between gut microbiota and lymphoma
Outcome Exposure Method Q p-val MR-PRESSO Egger Egger p-val
p-val intercept
Diffuse large B-cell Eubacterium Inverse variance 0.30 0.735 0.127 0.37
lymphoma coprostanoligenes group weighted
Diffuse large B-cell Methanobrevibacter Inverse variance 0.86 0.898 -0.119 0.53
lymphoma weighted
Diffuse large B-cell Oscillibacter Inverse variance 0.11 0.140 0.0122 0.93
lymphoma weighted
Diffuse large B-cell Oxalobacter Inverse variance 0.88 0.890 -0.154 0.40
lymphoma weighted
Diffuse large B-cell Terrisporobacter Inverse variance 0.29 0.378 0.008 0.97
lymphoma weighted
Follicular lymphoma Methanobacteria Inverse variance 0.98 0.986 0.019 0.86
weighted
Follicular lymphoma Methanobacteriaceae  Inverse variance 0.98 0.990 0.019 0.86
weighted
Follicular lymphoma Pasteurellaceae Inverse variance 0.81 0.811 0.023 0.67
weighted
Follicular lymphoma Eubacterium Inverse variance 0.84 0.847 0.015 0.87
coprostanoligenes group weighted
Follicular lymphoma Adlercreutzia Inverse variance 0.67 0.709 0.087 0.46
weighted
Follicular lymphoma Barnesiella Inverse variance 0.49 0.515 0.118 0.24
weighted
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Table Il. Cont.
Outcome Exposure Method Q p-val MR-PRESSO Egger Egger p-val
p-val intercept

Follicular lymphoma Methanobacteriales Inverse variance 0.98 0.985 0.019 0.86
weighted

Follicular lymphoma NB1n Inverse variance 0.36 0.391 -0.132 0.15
weighted

Follicular lymphoma Pasteurellales Inverse variance 0.81 0.824 0.023 0.67
weighted

Follicular lymphoma Cyanobacteria Inverse variance 0.56 0.566 0.008 0.93
weighted

Follicular lymphoma Proteobacteria Inverse variance 0.80 0.814 -0.065 0.30
weighted

Hodgkin lymphoma Actinobacteria Inverse variance 0.20 0.233 —-0.046 0.57
weighted

Hodgkin lymphoma Methanobacteria Inverse variance 0.72 0.757 -0.120 0.37
weighted

Hodgkin lymphoma Bifidobacteriaceae Inverse variance 0.84 0.854 0.088 0.29
weighted

Hodgkin lymphoma Methanobacteriaceae  Inverse variance 0.72 0.770 -0.120 0.37
weighted

Hodgkin lymphoma Pasteurellaceae Inverse variance 0.56 0.519 0.017 0.80
weighted

Hodgkin lymphoma Bifidobacterium Inverse variance 0.51 0.537 0.058 0.39
weighted

Hodgkin lymphoma Butyricimonas Inverse variance 0.35 0.401 0.128 0.22
weighted

Hodgkin lymphoma Eggerthella Inverse variance 0.37 0.374 -0.178 0.22
weighted

Hodgkin lymphoma LachnospiraceaeUCGO01 Inverse variance 0.28 0.291 0.202 0.08
weighted

Hodgkin lymphoma Peptococcus Inverse variance 0.57 0.611 0.138 0.18
weighted

Hodgkin lymphoma Ruminiclostridium5 Inverse variance 0.58 0.616 -0.082 0.21
weighted

Hodgkin lymphoma Veillonella Inverse variance 0.92 0.928 0.149 0.60
weighted

Hodgkin lymphoma Bifidobacteriales Inverse variance 0.84 0.845 0.088 0.29
weighted

Hodgkin lymphoma Methanobacteriales Inverse variance 0.72 0.751 -0.120 0.37
weighted

Hodgkin lymphoma Pasteurellales Inverse variance 0.56 0.530 0.017 0.80
weighted

Mature T/NK-cell Anaerostipes Inverse variance 0.25 0.299 0.128 0.34

lymphomas weighted

Mature T/NK-cell Collinsella Inverse variance 0.63 0.689 0.152 0.44

lymphomas weighted

Mature T/NK-cell LachnospiraceaeUCG0O01 Inverse variance 0.61 0.620 -0.117 0.50

lymphomas weighted

Mature T/NK-cell RuminococcaceaeUCGO03 Inverse variance 0.74 0.781 -0.098 0.46

lymphomas weighted

Mature T/NK-cell Sellimonas Inverse variance 0.45 0.488 0.510 0.09

lymphomas weighted

Mature T/NK-cell Lactobacillales Inverse variance 0.13 0.155 0.014 0.91

lymphomas weighted
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Study logOR  SE(logOR) 0dds ratio OR  95%Cl Weight  Weight
(common) (random)
OxalobacterPMID:33462485 0.5481 0.2794 I s 1.73[1.00; 2.99] 53.2% 53.2%
OxalobacterPMID:35115690 0.3577 0.2977 ——.'— 1.43[0.80; 2.56] 46.8% 46.8%
Fixed effects model (p-value: 0.024) g 1.58[1.06; 2.36]  100.0%
Random effects model (p-value: 0.024) 1.58 [1.06; 2.36] 100.0%
X T 1
Heterogeneity: I = 0%, 1 = 0, p = 0.64 05 1 2
0Odds ratio (OR)
Study logOR  SE(logOR) 0dds ratio OR  95%Cl Weight  Weight
(common) (random)
OscillibacterPMID:33462485 0.8629 0.3354 S 2.37[1.23; 4.57] 68.5% 66.5%
OscillibacterPMID:35115690 0.2311 0.4941 i 1.26 [0.48; 3.32] 31.5% 33.5%
Fixed effects model (p-value: 0.017) _ 1.94[1.13; 3.35] 100.0%
Random effects model (p-value: 0.029) _ 1.92[1.07; 3.44] 100.0%
Heterogeneity: 7= 11%, 12 = 0.0213, p = 0.29 05 1 2
0Odds ratio (OR)
Study logOR  SE(logOR) Odds ratio OR 95%Cl Weight Weight
(common) (random)
TenisporobacterPMID:33462485 1.2837 0.5657 . 3.61[1.19; 10.94] 52.0% 51.8%
TerrisporobacterPMID:35115689 0.4253 0.5890 = 1.53[0.48; 4.85] 48.0% 48.2%
Fixed effects model (p-value: 0.033) —_— 2.39[1.07; 5.32] 100.0%
Random effects model (p-value: 0.042) | : <|> | 2.39[1.03;5.53] 100%
Mty 2 = 2 — -
Heterogeneity: = 9%, 12 = 0.0350, p = 0.29 0.1 05 1 2 10
0Odds ratio (OR)
Study logOR  SE(logOR) 0dds ratio OR  95% Cl Weight ~ Weight
(common) (random)
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Fixed effects model (p-value: 0.025) _— 0.49[027;092]  100.0%
Random effects model (p-value: 0.46) | | | | 0.63[0.19; 2.12] 100.0%
Heterogeneity: = 52%, 1> = 0.4511, p = 0.15 0.1 05 1 b 5

0Odds ratio (OR)

Figure 3. Meta-analysis of four gut microbiota against DLBCL

Discussion

In this study, MR analysis showed an associa-
tion between gut microbiota and lymphoma. We
used the extensive GWAS meta-analysis data
on GM obtained from the MiBioGen consortium
and lymphoma statistics published by the IEU to
examine potential causal relationships. We iden-
tified 37 cases of GM with a significant causal
association with lymphoma and performed a me-
ta-analysis to obtain 9 cases of GM that remained
significant.

Numerous studies have identified a possible
link between the GM selected in our study and
lymphoma. Our findings suggest that Eubacteri-
um may act as a protective agent for diffuse large
B-cell lymphoma and follicular lymphoma, which
is consistent with previous reports [31]. A class of
strictly anaerobic, Gram-positive, non-spore-form-
ing bacteria known as the Eubacterium genus are
frequently found in the human gut and are distin-
guished by their ability to produce butyrate [32].
Butyrate has strong anti-inflammatory properties,
and early studies have shown that butyrate has
anti-inflammatory properties through the inter-

action of G protein-coupled receptors GPR41 and
GPR43 and strongly inhibits the release of the
pro-inflammatory cytokine TNF from lamina pro-
pria mononuclear cells [33-35] in an inflammato-
ry environment, as the pro-inflammatory cytokine
TNF upregulates TLR4 in intestinal B cells. This
makes B cells more sensitive to LPS [31]. TNF in
combination with LPS may lead to lymphoma,
while Eubacterium inhibits it, suggesting a cor-
relation between Eubacterium and reduced risk of
lymphoma [31].

The present study proposes that Terrisporo-
bacter is a high-risk GM for the development of DL-
BCL and has the potential to be a specific marker
or therapeutic target. Terrisporobacter is an anaer-
obic fungus that is frequently detected in postop-
erative patients suffering from comorbidities, such
as abscesses and bloodstream infections [36], and
is positively correlated with the risk of sepsis [37].
Furthermore, invasive fungal disease (IFD) rep-
resents a significant cause of morbidity and mor-
tality in patients with hematologic malignancies.

Our study is the first to propose cyanobacteria
as a high-risk GM for FL, and a study has suggested
a possible carcinogenic pathway of cyanobacteria

Arch Med Sci 1, February / 2026

483



Ruizhe Huang, Boyi Liu, Wenchao Zhang, Jie Tian, Kaiwei Yu, Danna Chen

Study logOR  SE(logOR) 0dds ratio OR  95%Cl Weight  Weight
(common) (random)
ActinobacteriaPMID:33462485 0.6678 0.3112 — 1.95 [1.06; 3.59] 45.0% 45.0%
ActinobacteriaPMID:35115690 0.7275 0.2817 —-— 2.07 [1.19; 3.60] 55.0% 55.0%
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(common) (random)
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Fixed effects model (p-value: 0.027) 1.56 [1.05; 2.31] 100.0%
Random effects model (p-value: 0.061) 1.58[0.98; 2.54] 100.0%
Heterogeneity: I* = 31%, 1= 0.0365, p = 0.23 05 1 2
Odds ratio (OR)
Study logOR  SE(logOR) 0dds ratio OR  95%Cl Weight  Weight
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EggerthellaPMID:35115690 0.2070 0.3079 L 1.23[0.67; 2.25] 43.0% 47.9%
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Random effects model (p-value: 0.62) é‘ 0.83[0.40; 1.74] 100.0%

Heterogeneity: I = 71%, 1= 0.1994, p = 0.07 0.5

Figure 4. Meta-analysis of four gut microbiota against HL

associated with colorectal cancer. Cyanobacteria
produce a harmful secondary metabolite, micro-
cystin-LR (MC-LR). MC-LR activates the PI3-K/AKT
signaling pathway, leading to epithelial-mesen-
chymal transition, and regulates the expression
of miR-221/PTEN and STAT3 signaling pathways,
which promotes invasion and metastasis of CRC
cells [38]. In addition, some epidemiologic studies
have shown that long-term exposure to MC-LR in-
creases the incidence of several cancers, including
hepatocellular carcinoma [39] and CRC [40], and
may lead to cancer progression [41]. Therefore,
studies are needed to explore the mechanisms.
GM has also been studied as a non-invasive
diagnostic and prognostic biomarker for natural
killer/T-cell lymphoma [42]. There are few studies

1 2
0Odds ratio (OR)

on Hodgkin’s lymphoma [15], and our study may
provide some ideas for the impact of GM on Hod-
gkin’s lymphoma.

This study has several notable strengths and
innovations. Firstly, we employed a novel ap-
proach combining MR analysis with meta-analysis
of the combined results, which allowed us to in-
vestigate the causal relationship between GM and
lymphoma in a way that has not been previously
attempted. Secondly, our study is less susceptible
to confounding factors and reverse causation than
traditional observational studies, which allows us
to infer the etiology of complex diseases with
greater precision.

However, it is important to recognize the lim-
itations of this study. First, ethnicity affects the

484

Arch Med Sci 1, February / 2026



Identifying the causal relationship between gut microbiota and lymphoma disease: a Mendelian randomization study and meta-analysis
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Figure 5. Meta-analysis of four gut microbiota against FL

results of gene-level studies. The genomics anal-
ysis data used in this study were primarily from
European populations, which limits the possibility
of generalizing the current findings to other eth-
nic groups. Larger studies are necessary to further
corroborate these data. The control thresholds
used in the selection of IVs were not stringent
enough. Increasing the thresholds would help to
identify more potentially valuable IVs. Second,

this study did not externally validate all positive
results, and there was a lack of data on some of
the gut microbiota.

In conclusion, we performed MR analysis to de-
termine the causal relationship between GM and
four lymphoma diseases. In Hodgkin’s lympho-
ma, we found 15 causal relationships. In follicular
lymphoma, we found 11 causal relationships. In
diffuse large B-cell lymphoma, we found 5 causal
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Study logOR  SE(logOR) 0dds ratio OR 95%Cl  Weight Weight
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Figure 6. Meta-analysis of four gut microbiota against MT/NKCL

relationships. In mature T/NK-cell lymphomas, six
causal relationships were identified and some of
the positive results were externally validated. Fur-
thermore, for the first time, it was proposed that
cyanobacteria represent a high-risk factor for FL,
thereby providing new insights into the mecha-
nisms of intestinal microbe-mediated lymphoma
progression and diagnostic and therapeutic fol-
low-up.
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