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The gut microbiome contributes to splenomegaly and tissue
inflammation in a murine model of primary biliary cholangitis
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Background: Splenomegaly is not just a consequence of numerous chronic and acute conditions but may
also contribute to their severity, due to the interaction of the spleen with the gut microbiome. This study
aimed to explore the effect of the gut microbiome on splenomegaly.

Methods: We used p40™TL-2Ra™" mice as a murine model of primary biliary cholangitis (PBC) as per our
previous study. Splenomegaly was evaluated by spleen weight. Severity of liver inflammation was evaluated
by hepatic mononuclear cell (MNCs) number and pathological score. Changes of immune cells in the spleen
and liver were detected by flow cytometry. The effects of the gut microbiome on splenomegaly and liver
inflammation were observed by combined antibiotic treatment in p40” TL-2Ra™" mice.

Results: A proportion of p40” TL-2Ra”" mice developed splenomegaly. The results revealed that liver
mononuclear cells infiltration, histological scores of hepatic inflammation, and bile duct damage were
positively correlated with the degree of splenomegaly. Hepatic CD4" and CD8" T cells numbers were
significantly higher in mice with splenomegaly, and this was particularly observed in activated effector
memory CD4" T and CD8" T cells. A proportion of some other immune cells including granulocytes,
B, natural killer (NK), and CD8" T effector memory cells were also altered in the enlarged spleen. More
importantly, administration of quadruple antibiotics to deplete gut microbiota relieved the splenomegaly of
p407TL-2Ra™" mice, significantly alleviated liver inflammation, and caused a significant reduction of liver
and spleen T cell accumulation and activation; however, single antibiotics did not induce these changes.
Conclusions: Splenomegaly was associated with more severe liver inflammation in our PBC murine

model, and this effect was reversed by quadruple antibiotic treatment.
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Introduction

Splenomegaly is an abnormal enlargement of the spleen,
frequently observed in sepsis, liver cirrhosis, myelofibrosis,
and lymphoma (1-5). Splenomegaly is not a mere
consequence of several conditions, but may also contribute
to the clinical scenario, as represented by the left upper
abdominal quadrant derived from the exerted pressure,
anemia, and thrombocytopenia related to hypersplenism
(6,7), high risk of bleeding from portal hypertension (8),
and the possibility of spleen rupture (9). The
pathophysiological basis of splenomegaly can be categorized
into 3 main groups: increased splenic function, infiltration,
and congestion. Immune-mediated disorders, such as
rheumatoid arthritis (10) and primary biliary cholangitis
(PBC) (11), can lead to hypertrophy of the spleen and
then develop to splenomegaly. To date, there is no specific
treatment for splenomegaly.

Recently, increasing evidence has suggested that
gut microbiota plays a critical role in initiating host
inflammatory response, particularly liver inflammation,
which is due to the close crosstalk of the gut-liver axis (12).
In pathological conditions, the increase of intestinal
permeability leads to bacterial translocation and triggers
chronic hepatic inflammation and fibrosis. The gut
microbiome interacts with the host immune system (13) and
also with the spleen, the largest secondary lymphoid organ
(14,15), as the microbiome changes following splenectomy
(16,17), which in turn ameliorates dysbiosis associated with
liver cirrhosis (18). Further, the neonatal gut microbiota
is central to spleen development (19), and germ-free mice
have defective spleen myeloid cells (20). The gut microbiota
also modulates systemic and splenic inflammatory cells
induced by sleep deprivation and lipopolysaccharide (LPS)
administration (21,22). The spleen-gut axis is further
supported by the disappearance of murine intestinal
immunoglobulin A (IgA)-secreting plasma cells after
splenectomy (23), but additional evidence is needed to
better define this interaction.

We have previously reported that p40” IL-2Ra
mice develop spontaneous autoimmune cholangitis
and hepatic fibrosis, which resemble human PBC (24).
Furthermore, based on our previous observation that
p40”TL-2Ra™" mice develop splenomegaly with enhanced
liver T cell-mediated inflammation at 12 weeks of age, we

/-

investigated the significant effects of splenomegaly on liver
inflammation and gut microbiome that are modulated by
antibiotic treatment, ultimately suggesting that the gut
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microbiota contributes to splenomegaly. We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-21-5448/rc).

Methods
Animal models

We obtained IL-2Ra™" (B6.129S4-I12ratm1Dw) and p40™
(B6.129S1-1112btm1Jm) mice from The Jackson Laboratory
(Bar Harbor, ME, USA), and p40” IL-2Ra™" mice were
subsequently generated using backcrossing. All mice were
housed in a specific pathogen-free (SPF) environment.
All mice experiments were approved by the Animal Ethics
Committee of the South China University of Technology
(No. 2017002), in compliance with the South China
University of Technology guidelines for the care and use of
animals.

Administration of antibiotics

For antibiotics (ABX) mice models, the p40” TL-2Ra™"
mice were administered a cocktail of broad-spectrum ABX
in their drinking water from 4 weeks until 12 weeks of age.
The cocktail consisted of 1 mg/mL ampicillin, 0.35 mg/mL
vancomycin, 1 mg/mL metronidazole, and 1 mg/mL
neomycin (Sigma, St. Louis, MO, USA) in drinking water,
and fresh antibiotics were administered every 3 days.

Liver histological grading

Hematoxylin and eosin (H&E) staining of liver tissue
was conducted as reported previously. The dimension
of liver inflammation and bile duct damage was assessed
by pathologists in a blind manner. The scores of portal
inflammation, lobular inflammation, and bile duct injury
were generated from the sum of the score of severity
and frequency. First, the extent of portal and lobular
inflammation was assessed according to the most serious
lesions, and the score was as follows: 0, no change; 1,
minimal inflammation; 2, mild inflammation; 3, moderate
inflammation; and 4, severe inflammation. Similarly, the
dimension of bile duct injury was evaluated according to the
severity of the most serious lesions, and scored as follows: 0,
no change; 1, epithelial damage (only cytoplasmic changes);
2, epithelial damage with cytoplasmic and nuclear changes;
3, nonsuppurative destructive cholangitis (NSDC); and 4,
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bile duct loss. Frequency of bile duct injury was determined
by the percentage of affected bile duct of each specimen,
and scored as follows: 0, none; 1, 1-10%; 2, 11-20%; 3,
21-50%; and 4, over 50%.

Liver and spleen cell isolation

Liver cells were isolated according to a previously reported
method (24). In brief, fresh liver tissue was ground with
a syringe handle, filtrated through a 200-mesh strainer,
and temporarily kept in phosphate-buffered saline (PBS)
with 0.2% bovine serum albumin (BSA). Then, the hepatic
parenchymal and red blood cells were removed.

Splenomegaly was defined as a spleen weight of over 0.3 g
(the mean weight of the spleens of the p40” IL-2Ra™""
mice). The spleen was homogenized with 2 glass slides,
suspended in PBS with 0.2% BSA, filtrated through a
200-mesh sieve, and erythrocytes were removed. The cell
number was counted using a cell counting chamber with a
microscope.

Flow cytometry

We incubated 1x10° cells with anti-mouse CD16/CD32
antibody [Becton, Dickinson, and Co. (BD) Biosciences,
Franklin Lakes, NJ, USA USA] for 15 min at 4 °C to
block Fc-receptors and avoid nonspecific binding. Cells
were then stained for 20 minutes at 4 °C with a mix of
fluorescent antibodies, including PacificBlue-CD3 (17A2,
BioLegend, San Diego, CA, USA), PE/Cy7-NK1.1 (PK136,
BioLegend), V500-CD8a (53-6.7, BioLegend), APC/
Cy7-CD4 (RM4-5, BD Biosciences), FITC-CD44 (IM7,
eBioscience, San Diego, CA, USA), FITC-Gr-1 (RB6-8CS5,
BD Biosciences), PerCP/Cy5.5-CD11c (N418, BioLegend),
APC-CD11b (M1/70, BioLegend), BV510-B220 (RA3-
6B2, BioLegend), and PerCP/Cy5.5-CD62L (MEL-14,
BioLegend). Stained cells were detected using a FACSVerse
Flow Cytometer (BD Biosciences). Flow data were analyzed
using Flow]Jo software (Tree Star, Ashland, OR, USA).

Statistical analysis

All data were presented as the mean = standard error of the
mean (SEM), and differences were tested for using a 2-tailed
unpaired Student’s #-test using GraphPad Prism (GraphPad
Software Inc., San Diego, CA, USA). We considered P<0.05
to indicate statistical significance.
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Results
Biliary inflammation following splenomegaly

When p40” TL-2Ra”" mice were analyzed according to the
presence of splenomegaly, liver mononuclear cells (MNCs)
were present in significantly higher numbers in the presence
of splenomegaly (Figure I). Similarly, histological scores of
portal inflammation, lobular inflammation, and bile duct
damage were significantly higher in mice with splenomegaly
(Figure I), which also manifested as enlarged peripheral
lymph nodes (Figure S1), indirectly supporting the link
between liver inflammation and splenomegaly.

Liver and spleen immune cells

In agreement with our previous data, the absolute number
and total proportion of liver CD4", and CD8" T cells
were significantly higher in the presence of splenomegaly,
particularly when activated effector memory CD4" T (CD4"
Tem) and CD8" T (CD8" Tem) cells (CD44'CD62L.") were
evaluated (Figure 2). Conversely, there were no differences
with splenomegaly in liver central memory CD8" T (CDS8"
Tem) cells (CD44°CD62L") (Figure 2).

Spleen MNCs showed no significant associations with
splenomegaly (Figure 3), while we observed a decrease in
granulocytes (Gr-1"CD11b") and B cells (B220°CD11c).
CD8" Tem but not CD4" Tem cells were increased in the
enlarged spleen (Figure 3). The gating strategy image of
flow cytometry is shown in Figure S1B.

Effects of antibiotic treatment on bistology and immune cells

We used combined antibiotics treatment, a standard and
accepted method (25), in p40” TL-2Ra”" mice to explore
the effect of gut microbiota on splenomegaly. The spleen
weight and the number of spleen and liver MNCs were
reduced following the antibiotics combination treatment,
ultimately preventing splenomegaly, while the spleen weight
was similar in p40”IL-2Ra™" mice treated with antibiotics
and WT C57BL/6 mice (Figure 4). The scores of portal
inflammation, lobular inflammation, and bile duct damage
in mice treated with antibiotics also decreased (Figure 4).
These results were not observed when single antibiotics
were used (Figure S2).

We observed a significant reduction of liver T cells and
CD4" T and CD8" T cell subsets both in terms of frequency

and number following treatment with four antibiotics
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Figure 1 Effects of splenomegaly in p40”TL-2Ra™" mice. (A) Spleen weight of p40” TL-2Ra™" mice (n=30). (B) Spleen weight and

(C) absolute number of hepatic mononuclear cells (MNCs) in p40”IL-2Ra”" mice with (n=15) or without splenomegaly (n=15). (D)

Representative H&E staining of liver tissue sections. (E) Grading of portal inflammation, lobular inflammation, and bile duct damage of p40”
IL-2Ro” mice with (n=9) or without splenomegaly (n=12). *P<0.05; **P<0.01; ****P<0.0001. H&E, hematoxylin and eosin.

(Figure 5). The changes of CD4" T cell paralleled the
decrease of CD4" Tem subsets and the increase of naive
CD4" T cell subsets, and similar changes were demonstrated

in CD8" T cells (Figure 5).

© Annals of Translational Medicine. All rights reserved.

The frequency of spleen NK and B cells was increased,
while CD4* T and CD8" T cells were reduced in p40™"
IL-2Ra™" mice treated with antibiotics (Figure 6) with the
resulting proportions being similar to wild-type mice.
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Figure 2 Liver T cell infiltration in p40” TL-2Ra™" mice according to the development of splenomegaly, illustrated by (A,B) the percentage
and absolute number of liver T cells, and CD4" T and CD8" T cell subsets, (C) the expression of CD44 and CD62L on hepatic CD4" T
and CD8" T cells, (D,E) the frequency and (F,G) number of liver naive CD4" T (Tn) and effector memory CD4" T (Tem) as well as naive
CDS§" T, effector memory CD8" T, and central memory CD8* T (Tem) cell subsets. The data of p40™ TL-2Ra™" mice with (n=15) or without
splenomegaly (n=15) were combined from 3 independent experiments. *P<0.05; **P<0.01; ***P<0.001.
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Figure 3 Spleen and liver immune cell infiltration in p40”TL-2Ro”" mice according to the development of splenomegaly, illustrated by
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Tem and CD8" Tem cells subsets. The data of p40” TL-2Ra”" mice with (n=15) or without splenomegaly (n=15) were combined from 3

independent experiments. *P<0.05; **P<0.01; ***P<0.001.

Discussion

Our p40”IL-2Ra”" mouse is a PBC model, which
spontaneously develops portal lymphocytic infiltrates,
liver inflammation, biliary ductular damage, and other

autoimmune phenotypes modelling human disease, often

© Annals of Translational Medicine. All rights reserved.

with splenomegaly (26), enhanced liver inflammation, and
less severe colitis compared to the IL-2Ra”" model (24).
Here, we reported for the first time that splenomegaly
is associated with more severe liver inflammation in our
PBC murine model, and that this effect is reversed by a
quadruple antibiotic treatment.
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The spleen serves as the largest secondary lymphoid different mechanisms (30), in some cases resulting in spleen
organ in the body and plays an important immunological hyperactivity (31). Infections such as malaria, measles,
role to modulate inflammation (27). Splenomegaly is typhoid fever, and viral hepatitis, as well as immune-
associated with multiple conditions (28,29) through mediated disorders, such as immune thrombocytic purpura,
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T cells, percentage of (D) naive CD4" T (Tn) and CD4" Tem, (E) naive CD8" T, CD8" Tem, and CD8" Tem cell subsets, and (F) number
of CD4" Tem and CD8" Tem cell subsets. Data of p40” IL-2Ra”" mice (n=15) and treatment with ABX (n=16) were combined from three
independent experiments. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. ABX, antibiotics.

rheumatoid arthritis, and PBC (32-36), lead to follicular
hyperplasia of the spleen, and it is thus not counterintuitive
to hypothesize that splenomegaly may play a role in
modulating chronic inflammation. Nonetheless, while
the infiltration with inflammatory cells contributes to

© Annals of Translational Medicine. All rights reserved.
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splenomegaly, the number of spleen MNCs showed no
difference between p40” TL-2Ra”" mice according to spleen

weight.

The liver and gut communicate directly through the
biliary tract and portal circulation (37), and this provides
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an anatomical link to explain how intestinal bacteria
may translocate to the liver via increased intestinal
permeability (38). Pathogen-associated molecular patterns
(PAMPs) are recognized by immune receptors on liver
Kupffer cells and stellate cells (39), which activate T cells
and initiate inflammatory cascade that ultimately leads to
chronic inflammation and liver damage (40). We observed
that splenomegaly is associated with more activated T cells
infiltrating the liver, and that these effects were reversed
by antibiotics, which also ameliorated splenomegaly, thus
supporting the hypothesis that gut microbiota changes
contribute to splenomegaly and possibly vice versa.

The spleen is a site where innate and adaptive immune
responses against pathogens are initiated (41) and this
process is disturbed in splenomegaly, particularly affecting
T cells (42). Macrophages are the main innate immune cells
in the spleen and play a pivotal role in splenomegaly due to
their responsibility for the removal of old erythrocytes and
apoptotic cells. Increased numbers of macrophages have
been detected in the enlarged spleen caused by Schistosoma
infection (43); however, we did not observe a significant
change of monocytes in enlarged spleens of p40~IL-
2Ro™" mice. In our experimental setting, we observed a

© Annals of Translational Medicine. All rights reserved.

change of several immune cells in the enlarged spleen,
including granulocytes, B, NK, and CD8" Tem cells, while
quadruple antibiotics caused a significant reduction of total
spleen CD4" T and CD8" T cells, which may impair the
immune response. However, the gut microbiota consisted
of probiotic microbiota and pathogenic microbiota. Thus,
identifying and specifically eliminating the pathogenic gut
microbiota should be investigated in future work.

In conclusion, we demonstrated that the gut microbiota
is associated with splenomegaly in a PBC murine model by
inducing liver inflammation, and that antibiotics treatment
alleviates both splenomegaly and immune cell changes.
The gathered evidence suggests that novel approaches
to splenomegaly and hypersplenism may result from
microbiome modulation in an individualized fashion.
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