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Abstract

Background: Epstein-Barr virus (EBV) infection is associated with clinical symptoms, treatment response, need for surgical interven-
tion, and an enhanced likelihood of lymphoma among patients with ulcerative colitis (UC). However, existing studies have primarily
concentrated on the epidemiological and clinical associations between EBV and UC, leaving the mechanisms by which EBV exacer-
bates colitis poorly understood.

Methods: Clinical specimens of UC patients with EBV infection and a mouse model of dextran sulfate sodium-induced colitis with
concurrent murine y-herpesvirus 68 (MHV-68) infection were utilized to investigate the relationship between EBV infection and
macrophage pyroptosis. In vivo, adoptive transfer of MHV-68-induced macrophages and macrophage depletion were performed to
elucidate the underlying mechanisms. In vitro, myeloid leukemia mononuclear cells of human (THP-1) and macrophages derived from
mouse bone marrow (BMDMs) were stimulated with EBV and MHV-68, respectively, to assess macrophage pyroptosis and glycolysis.

Results: EBV-induced activation of macrophage pyroptosis was positively correlated with clinical disease activity in UC patients. Fur-
thermore, MHV-68 infection activated pyroptosis by upregulating gasdermin D, NLRP3, interleukin-18, and interleukin-18 in colonic
tissues and peritoneal macrophages of mice with colitis. In vitro, EBV and MHV-68 also mediated activation of pyroptosis in human
THP-1 cells and mouse BMDMs, respectively. Additionally, the adoptive transfer of MHV-68-induced BMDMs aggravated murine col-
itis, whereas macrophage depletion attenuated MHV-68-induced intestinal injury. Mechanistically, MHV-68 promoted macrophage
pyroptosis by upregulating glycolysis, while the glycolysis inhibitor, 2-deoxy-D-glucose, blocked this process in vitro.

Conclusion: EBV infection exacerbates UC by driving macrophage pyroptosis through upregulation of glycolysis, indicating a potential
therapeutic approach to mitigate EBV-induced intestinal inflammation.
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Graphical Abstract
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Epstein-Barr virus infection induces the upregulation of glycolysis in intestinal macrophages, which subsequently activates Gas-
dermin D, NLRP3, interleukin-18, and interleukin-18 in macrophages within colonic tissues. The release of these pro-inflammatory
cytokines results in intestinal barrier dysfunction and exacerbates ulcerative colitis.

Introduction

Ulcerative colitis (UC) is an ongoing form of inflammation of the
gastrointestinal tract that is characterized by recurring inflam-
mation and ulcer formation [1, 2]. Current medical therapies for
UC predominantly focus on alleviating the inflammatory pro-
cess by employing a range of immunosuppressive medications,
encompassing corticosteroids, immunomodulators, and biologi-
cal therapies [3-5]. Although these drugs effectively control UC
symptoms, their immunosuppressive properties significantly in-
tensify the vulnerability to opportunities for infection, including
Epstein-Barr virus (EBV) [6, 7]. Researchers have observed elevated
EBV DNA and RNA levels in the mucosa of the colon of individu-
als with UC. These levels are closely linked to disease severity and
inflammatory markers in patients [8-10]. Some studies suggest
that active EBV infection in patients with UC is intricately linked
to clinical manifestations, therapeutic responses, requirement for
surgical intervention, and increased lymphoma risk [11-13]. How-
ever, these studies predominantly focused on the epidemiological
and clinical correlations between EBV and UC. The mechanisms
by which EBV infection contributes to UC pathogenesis, partic-
ularly its role in initiating or sustaining mucosal inflammation,
remain to be fully elucidated.

Inflammation-induced pyroptosis is a carefully orchestrated
phenomenon of intentional cell suicide regulated by inflam-
masomes, notably theNOD-like receptor family pyrin domain
containing 3 (NLRP3) inflammasome [14]. When triggered by
microbial-associated molecular patterns, alarmins, or various
stress-inducing factors, the NLRP3 inflammasome autoactivates
precursor caspase-1 to generate mature caspase-1 [15]. Subse-
quently, this mature enzyme cleaves and activates precursor

interleukin-18 (IL-1B), precursor interleukin-18 (IL-18), and gas-
dermin D (GSDMD) [15]. Cleaved-GSDMD subsequently inserts cell
membrane holes for mature IL-18 and IL-18 spilling over from
the cytoplasm, thereby amplifying the inflammatory response
of inflammation [15]. In recent research, pyroptosis has gained
attention for its role in exacerbating mucosal inflammation in
UC [16, 17]. Studies analyzing genetic polymorphisms in periph-
eral blood DNA from UC patients have identified associations be-
tween polymorphisms in NLRP3 and IL-18 and susceptibility to
UC [18, 19]. Assessments of protein and RNA transcript levels in
the colonic areas of individuals with UC also revealed substan-
tially higher expression of pro-1L-18 and fully mature IL-18, par-
ticularly in inflamed colonic tissues, compared to healthy con-
trols [20]. Enzyme-linked immunosorbent assay (ELISA) of serum
from UC patients have equally revealed positive correlations be-
tween NLRP3 levels and disease severity [21]. Furthermore, mouse
models have underscored the pivotal role of activated pyropto-
sis in colitis. When treated with dextran sulfate sodium (DSS),
mice with knockout of caspase-1 and NLRP3 showed considerable
improvement in colitis. This improvement was demonstrated by
a reduction in weight loss, preservation of colon length, mitiga-
tion of intestinal pathology, and a decrease in the levels of colitis-
associated inflammatory markers [22]. Meanwhile, administra-
tion of pyroptosis inhibitors can effectively mitigate the effects of
colitis caused by DSS [21]. Collectively, excessive pyroptosis can
perpetuate immoderate and sustained inflammatory responses
and thus play an essential role in the progression of UC.
Glycolysis, a central metabolic pathway that converts glucose
into pyruvate, plays a pivotal role not only in energy produc-
tion but also in regulating immune cell functions under both



physiological and pathological conditions. Emerging evidence
suggests that glycolysis is significantly upregulated in inflam-
matory conditions, contributing to the pathogenesis of UC. In
UC, heightened glycolytic activity has been implicated in driv-
ing pro-inflammatory responses by enhancing the activation and
effector functions of immune cells, such as macrophages and
T cells, within the intestinal microenvironment [23-25]. Further-
more, EBV infection has been shown to induce glycolysis in in-
fected cells, which promotes the production of proinflammatory
cytokines and exacerbates tissue inflammation [26-28]. However,
the mechanistic link between glycolysis and EBV-induced intesti-
nal inflammation remains unclear.

Macrophages, as key components of intestinal microenvi-
ronment homeostasis, are considered major targets of intesti-
nal pyroptosis and significantly contribute to UC pathogene-
sis. Studies conducted in vitro have demonstrated that treat-
ment of macrophages with DSS stimulates the synthesis of
NLRP3, together with the generation of IL-1g8 in a caspase-1-
driven process [22]. These findings align with observations in hu-
mans, where CD14" blood monocytes/macrophages from periph-
eral blood of patients with UC secreted elevated levels of IL-
1B after lipopolysaccharide stimulation [29]. Additionally, data
from single-cell analyses further reinforced the conclusion that
macrophages are the primary sites of activation for intestinal py-
roptosis in UC patients [29, 30]. Notably, recent studies have es-
tablished a connection between pyroptosis and EBV-associated
diseases. In patients with acute EBV exposure, there has been a
notable observation of elevated serum levels of IL-18, showing
an upward link to disease severity [31]. Furthermore, upon stim-
ulation with EBV peptide antigens, whole blood cells from EBV-
positive patients with multiple sclerosis show increased secre-
tion of IL-18 compared to those from healthy individuals [32].
EBV infection even directly activates the pyroptosis signaling
pathway in human monocytes [33]. However, it remains unclear
whether EBV infection exacerbates intestinal inflammation in
UC by activating the pyroptosis signaling pathway in intestinal
macrophages.

Based on existing evidence linking EBV infection to
macrophages, pyroptosis, glycolysis, and inflammatory re-
sponses, we hypothesize that EBV exacerbates UC inflammation
by inducing macrophage pyroptosis through glycolysis activation.
This study aims to elucidate whether EBV infection exacer-
bates intestinal inflammation in UC through the activation
of macrophage pyroptosis, and to uncover the mechanisms
involved. Our results proved a strong association between the
activation of macrophage pyroptosis caused by EBV and the
clinical manifestation of disease activity of UC. Furthermore, the
pro-pyroptotic effect of EBV in macrophages was shown to be
dependent on glycolysis activation in our findings. This study
expands the understanding of the detrimental effects of EBV on
the progression of UC and suggests potential therapeutic and
preventive strategies for EBV-associated inflammation.

Materials and methods

Patients and sample collection

EBV-encoded RNA (EBER) throughout the colon has been studied
to determine EBV infection, as identified through EBER-in situ hy-
bridization (EBER-ISH). Specifically, tissues from colonic biopsies
of patients with UC were de-paraffinised, rehydrated, and perme-
abilised with proteinase K, followed by overnight hybridization
at 37 °C with digoxigenin-labelled EBER probes. After incubation
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with horseradish peroxidase-conjugated anti-digoxigenin anti-
body, EBER-positive cells were identified by diaminobenzidine
chromogenic staining, exhibiting brown-stained nuclei. Patients
with positive EBER-ISH results were categorized as having intesti-
nal EBV coinfection, whereas those with negative results were
classified as non-infected. Subsequently, colonic tissues from UC
patients with and without EBV infection were exposed to primary
antibodies targeting anti-CD68, anti-IL-18, anti-GSDMD, or anti-
IL-1B on the first day (for detailed data see supplementary Table 1
in the online supplementary material), and secondary antibodies
were added on the second day. Images were acquired using the
V5200 whole-slide illumination device (Olympus). We evaluated
the relationship between the abundance of markers involved
in macrophage pyroptosis and disease activity in patients with
UC. This was performed using Pearson correlation analysis. The
ethical committee of West China Hospital granted authorization
for the collection of colonic samples and analysis of clinical data
(Approval Number: 2023-22).

Animal experiments

The mice (C57BL/6, male), obtained from GemPharmatech Co,,
Ltd. (Chengdu, China) at 6-8 weeks of age, were housed in the
BSL-2 animal center at West China Hospital. All mice were ran-
domized into experimental groups and acclimatized for 7 days
before beginning the experimental protocol. Mice were provided
with an oral 2% (w/v) solution containing DSS, with a molec-
ular weight ranging between 36000 and 50000 Da, mixed in
their drinking water for an interval of 5 days. Subsequently, they
were returned to regular water for an additional period of 3
days to trigger colitis. To simulate colitis concurrent with MHV-
68 infection, mice were intraperitoneally injected with 200 pl
of murine y-herpesvirus 68 (MHV-68) at an injection dose of
1 x 10° plaque-forming units (PFU)/ml before DSS administra-
tion. To ensure the systemic dissemination of the macrophages
via the bloodstream, adoptive transfer procedures involved stim-
ulating bone marrow-derived macrophages (BMDMs) with MHV-
68 or phosphate-buffered saline in vitro for 12 h prior to tail vein
injection. On the third day of DSS treatment, 1 x 10° BMDMs
were delivered to DSS-treated mice via tail vein injection in 200
ul of PBS. For macrophage depletion, 200 ul of clodronate lipo-
some (LIPO; Yeasen, China) was intravenously injected into MHV-
68-infected mice 1 day before and 3 days after DSS administra-
tion. Daily weight measurements of the mice were taken, with
continuous assessment of the disease activity index (DAI) to track
disease progression throughout the experimental period, as previ-
ously documented [34]. The animals were euthanized on the ninth
day, and samples of colonic tissues, lamina propria mononuclear
cells (LPMCs), and peritoneal macrophages were procured. His-
tological scoring was performed according to depth of the ulcer
(0-4), extent of the ulcer (0-4), presence of inflammation (0-4),
extent of inflammation (0-4), and location of fibrosis (0-4) [35].
Endoscopic scoring was performed as previously described [36].
The Animal Ethics Committee of West China Hospital granted au-
thorization for all animal experiments in this research (Approval
Number: 2023-22).

Cell culture

Myeloid leukemia mononuclear cells of human (THP-1) were
transformed into adherent macrophages by treatment with phor-
bol 12-myristate 13-acetate (PMA; 100 nM) for 24 h. BMDMs were
treated with mouse macrophage colony-stimulating factor (M-
CSF) to drive differentiation, whereas 2-deoxy-D-glucose (2-DG)


https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf002#supplementary-data

4 | Maetal.

was used to inhibit glycolysis. To obtain peritoneal macrophages,
10 ml of cold PBS was injected into the abdominal cavity of mice,
coupled with a 3-min abdominal massage to obtain peritoneal
lavage fluid. Cells were pelleted from the lavage fluid after cen-
trifugation for 5 min at 1500 rpm and subsequently used for fur-
ther experiments.

Isolation of LPMCs

Colonic tissues were minced and digested using a solution
prepared for predigestion with ethylenediaminetetraacetic acid,
dithiothreitol, fetal bovine serum, and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid. After the first filtration, tissue
fragments underwent a second digestion with a solution contain-
ing DNase, collagenase VIII, and FBS. LPMCs were gathered from
the obviously stratified area between 40% and 80% Percoll af-
ter a second filtration and centrifugation at 2200 revolutions per
minute for 20 min. All reagents used in this experiment were pur-
chased from Solarbio (Beijing, China). For flow cytometry analysis,
FITC-CD11b (Biolegend, USA), Alexa Fluor 700-CD45 (Biolegend,
USA), and Brilliant Violet 605-F4/80 (Biolegend, USA) were used to
stain LPMCs.

Virus preparation

The culture supernatant from the B95-8 cells was ultracentrifuged
at 100000 x g to isolate EBV. EBV was suspended in PBS and stored
at —80 °C. BHK-21 cells were exposed to 30 pl of virus suspension
containing 1 x 10> PFU of MHV-68 and cultured for 2 days. After-
wards, the BHK-21 cells and culture supernatant were collected
and subjected to two freeze-thaw cycles. The mixture was then
centrifuged and filtered to eliminate cell debris. The clarified su-
pernatant was divided into smaller portions and stored at —80 °C.
All experiments involving EBV and MHV-68 were conducted in the
BSL-2 laboratory.

Western blot

A specialized buffer from Solarbio, China, was used to thoroughly
lyse colon tissues or cell lines. This was followed by loading 25
ng of total protein per well onto an sodium dodecyl sulfate-
polyacrylamide gel electrophoresis apparatus and depositing it
onto polyvinylidene fluoride membranes. After blocking with a
solution containing non-fat powdered milk in tris-buffered saline
with Tween 20, the membranes were incubated at low tempera-
ture for an extended period with primary antibodies (detailed data
is given in Supplementary Table 1). On the second day, the mem-
branes were coated with secondary antibodies bound with HRP
(1:10000, BioXcell, China) for 1 h at room temperature. We used a
chemiluminescence imaging system from Tanon, China, to iden-
tify the immunoreactive bands and then analyzed them using Im-
age]J (version 1.53).

Quantitative real-time PCR

RNA purification from colonic tissues or cell lines was performed
using TRIzol Reagent. Reverse transcription-based cDNA forma-
tion was executed with UnionScript First-strand cDNA Synthe-
sis Mix, which is manufactured by Beijing Genesand Biotech in
China. Quantitative reverse transcription polymerase chain reac-
tion (RT-gPCR) Kit (Abclone, China) with SYBR Green was used to
conduct real-time gPCR. The complete primer list is provided in
supplementary Table 2 (see online supplementary material). The
mRNA levels of target genes were calculated in relation to glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) expression. Quan-
tification was performed using the 2724t methodology.

Statistical analysis

The data are shown as mean =+ standard error (SEM), comparisons
between two groups were made using Student’s t-test, and com-
parisons among three or more groups were made using an ANOVA
test. Relevance evaluations were performed using Pearson corre-
lation analysis. The significance level was set at P < 0.05.

Results

EBV-induced intestinal macrophage pyroptosis is
correlated with disease activity of UC among
patients

To clarify the connection between pyroptosis of intesti-
nal macrophages and EBV infection in UC, colonic mu-
cosa samples were collected from patients with EBER-
negative and EBER-positive UC. Supplementary Fig. 1 (see
online supplementary material) presents histological evi-
dence of intestinal EBV infection through EBER-ISH, while
supplementary Table 3 (see online supplementary material) pro-
vides an overview of the clinical characteristics of these patients.
Dual immunofluorescence staining was utilized to co-localize the
macrophage marker CD68 with pyroptosis markers IL-18, IL-18,
and GSDMD in their intestinal tissues. Our findings revealed that
UC patients positive for intestinal EBER exhibited significantly
higher levels of intestinal macrophage pyroptosis than those neg-
ative for intestinal EBER (Fig. 1A-D). Additionally, platelet count
(PLT), erythrocyte sedimentation rate (ESR), C-reactive protein
(CRP), Mayo Clinic Activity Score, and platelet/lymphocyte rate
(PLR) served as reliable indicators of clinical disease activity in
UC [37, 38]. To gain insight into the connection between clinical
disease activity and intestinal macrophage pyroptosis among
EBV-infected UC patients, clinical correlation analyses were con-
ducted. Linear regression analysis demonstrated that the number
of CD68 and IL-18 co-localized cells was significantly correlated
with PLT (R? = 0.7008,P = 0.0013), ESR (R? = 0.8261,P = 0.0017), CRP
(R? = 0.7387, P = 0.094), Mayo Clinic Activity Score (R* = 0.7352,
P = 0.0099), and PLR (R? = 0.6369, P = 0.0351) in Fig. 1E-I. Simi-
larly, the number of CD68 and IL-18 co-localized cells exhibited
correlations with PLT (R* = 0.5517, P = 0.0785), ESR (R? = 0.6905,
P = 0.0187), CRP (R?= 0.6453, P = 0.032), Mayo Clinic Activity
Score (R? = 0.6023, P = 0.0499), and PLR (R? = 0.668, P = 0.0247)
in Fig. 1E-I. Meanwhile, the number of CD68 and GSDMD co-
localized cells was correlated with PLT (R? = 0.6119, P = 0.0454),
ESR (R? = 0.6228, P = 0.0407), CRP (R? = 0.5397, P = 0.0866), Mayo
Clinic Activity Score (R? =0.7446, P = 0.0086), and PLR (R? = 0.3882,
P = 0.2380) in Fig. 1E-I. Collectively, these findings confirm that
EBV infection induces intestinal macrophage pyroptosis, which is
positively correlated with clinical disease activity in patients with
UC.

MHV-68 infection exacerbates DSS-induced
colitis by activating pyroptosis of colonic tissues
and peritoneal macrophages in mice

MHV-68, a natural y-herpesvirus of mice, shares significant ge-
netic and biological similarities with human EBV [39]. These sim-
ilarities make MHV-68 a reliable experimental model for investi-
gating the fundamental biology and therapeutic strategies of EBV
infection. To determine whether EBV promoted colitis through
the activation of intestinal macrophage pyroptosis, we intraperi-
toneally injected MHV-68 into mice with DSS-induced colitis to
simulate EBV infection in patients with UC. Subsequently, DNA-
PCR analysis confirmed the presence of the M1 gene of MHV-68
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in both the spleen and colonic macrophages of these mice, verify-
ing that MHV-68 infected the intestines of mice with DSS-induced
colitis (Supplementary Fig. 2, see online supplementary material).
Histological examination showed dramatic worsening of mucosal
deterioration, infiltration of inflammation-related cells, and loss
of crypts, indicating that intestinal inflammation in the DSS
group with MHV-68 infection was far more pronounced than
that observed in the DSS group (Fig. 2A). We further explored
intestinal pyroptosis in MHV-68-infected mice treated with DSS
to determine its role in colitis. Western blot analysis confirmed
that mice infected with MHV-68 had elevated levels of NLRP3, IL-
18, GSDMD, and IL-18 based on protein expression levels in their
colons (Fig. 2B). Furthermore, peritoneal macrophages were ex-
tracted from mice subjected to DSS treatment, regardless of MHV-
68 infection, to determine the transcript levels of inflammatory
mediators and pyroptosis indicators in mice. Infection with MHV-
68 resulted in an elevated abundance of cytokines (TNF-a and
IL-6) that triggered inflammation (Fig. 2C and D), an upsurge in
pyroptosis-related molecules involving caspase-1, IL-18, and IL-
18 (Fig. 2F-H), along with a decrease in IL-10 concentration, an
anti-inflammatory cytokine (Fig. 2E), in peritoneal macrophages.
In addition, we examined the impact of MHV-68 infection on the
functional polarization of intestinal macrophages in DSS-treated
mice. Western blotting analysis revealed a significant upregula-
tion of the M1 pro-inflammatory macrophage marker inducible
nitric oxide synthase (INOS) in the intestinal tissue of MHV-68-
infected mice, with no detectable changes in marker CD206 asso-
ciated with M2 anti-inflammatory macrophages (Supplementary
Fig. 3, see online supplementary material). These findings in-
dicate that MHV-68-induced macrophage pyroptosis and M1
polarization significantly contribute to the worsening of DSS-
induced colitis.

EBV induces pyroptosis and promotes
proinflammatory cytokine production in human
macrophages in vitro

To verify whether EBV infection could directly activate pyropto-
sis in human macrophages, we differentiated THP-1 monocytes
into mature macrophages through 24-h PMA treatment, followed
by exposure of these cells to EBV for 12 and 24 h. Over time,
the incubated supernatant of EBV-stimulated THP-1 macrophages
exhibited significant yellowing (Fig. 3A). Additionally, progressive
cell death was observed under light microscopy during primary
EBV infection, characterized by cell aggregation, loss of trans-
parency, and classic pyroptosis morphology, such as significant
cell swelling and distinctive blebbing structures (Fig. 3B). Sub-
sequently, we used DNA-PCR with five different primers target-
ing the EBER gene of EBV in THP-1 cells, confirming the pres-
ence of EBV infection (Supplementary Fig. 2B). RT-qPCR and west-
ern blot studies also verified that an elevated pyroptosis signal-
ing pathway occurred in THP-1 cells as a result of EBV infection.
This upregulation resulted in increased concentrations of GSDMD,
IL-18, NLRP3, IL-1p8, caspase-1, and IL-18 (Fig. 3C and G-I). Fur-
thermore, this stimulation of pyroptosis was accompanied by el-
evated TNF-a and IL-6 levels, indicative of a pro-inflammatory
state (Fig. 3D and E), while IL-10, an anti-inflammatory cytokine,
decreased (Fig. 3F). Notably, primary EBV infection markedly
modified the pyroptosis and inflammatory cytokine landscapes in
human macrophages, with notable changes evident at the 12-h
mark (Fig. 3C-I). Taken together, our data indicate that the expo-
sure of human macrophages to EBV triggers pyroptosis and am-
plifies pro-inflammatory cytokine production.

Adoptive transfer of MHV-68-induced BMDMs
significantly exacerbates DSS-induced
experimental colitis

To investigate whether murine MHV-68 virus can activate py-
roptosis in murine macrophages, we stimulated BMDMs with
MHV-68 for 12 and 24 h, followed by RT-qPCR to confirm MHV-
68-infected BMDMs and western blotting to detect pyroptosis-
related proteins. The data revealed that MHV-68 indeed infected
BMDMs and effectively boosted the generation of pyroptosis pro-
teins, including GSDMD, NLRP3, IL-18, and IL-18 in BMDMs, with
the most pronounced effect observed at 12 h post-stimulation
(Supplementary Fig. 4, see online supplementary material). This
effect was comparable to the stimulatory effect of pyropto-
sis induced by EBV infection in human macrophages. Further-
more, to assess the direct physiological effects of MHV-68-induced
macrophages on colitis, we treated BMDMs with MHV-68 or PBS
for 12 h in vitro, followed by adoptive transfer into mice that had
been exposed to 2% DSS water for 3 days. The mice continued
to receive 2% DSS water for an additional 2 days before being
switched to regular drinking water for 3 days (supplementary
Fig. 5, see online supplementary material). The mice were eu-
thanized on the ninth day, and measurements were taken of
their body weight, DAI scores, colon length, and histopatholog-
ical alterations of the colon to assess the severity of intestinal
damage. As shown by pronounced weight loss, elevated DAI
scores, elevated histopathological scores, and shortened colon
length, transfer of MHV-68-induced BMDMs significantly wors-
ened experimental colitis induced by DSS (Fig. 4A-D and G). Im-
munofluorescence and western blot analyses indicated that, com-
pared to mice receiving PBS-induced BMDMs, those transferred
with MHV-68-induced BMDMs exhibited greater intestinal bar-
rier disruption, as indicated by reduced levels of g-catenin and
E-cadherin (Fig. 4E and F, H and I). These findings demonstrate
that adoptive transfer of MHV-68-induced macrophages aggra-
vates DSS-induced colitis.

Macrophage depletion alleviates intestinal
inflammation exacerbated by MHV-68 infection
in DSS-induced colitis

For further confirmation in vivo, we intraperitoneally adminis-
tered LIPO to MHV-68-infected mice 1 day before and 3 days
after DSS administration to deplete macrophages. After com-
pleting the modeling, we isolated LPMC and used flow cy-
tometry to assess the CD11b*F4/80" macrophage count in the
colon. Our data confirmed that LIPO treatment effectively re-
duced macrophage infiltration in the colonic area of mice
(supplementary Fig. 6, see online supplementary material). In
addition, mice treated with LIPO showed significantly lower lev-
els of weight loss, smaller colons, and a reduced DAI score un-
der MHV-68 infection compared to PBS-treated mice (Fig. 5A-C).
Endoscopic and histological evaluations showed that LIPO treat-
ment significantly alleviated the structural injury and colonic
inflammation induced by MHV-68 infection in colitis (Fig. 5D
and E). Additionally, LIPO treatment improved colonic barrier
integrity by preventing the downregulation of B-catenin and
E-cadherin expression (Fig. 5F and G). In summary, LIPO ad-
ministration significantly alleviates the detrimental effects of
MHV-68 on classical signs of colitis, highlighting the essential
role of macrophages in MHV-68-mediated intestinal inflamma-
tion.
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MHV-68-induced macrophage pyroptosis is
associated with upregulation of glycolysis

Glycolysis, the metabolic pathway that converts glucose into
pyruvate, is pivotal for modulating the activity of immune cells
and orchestrating inflammatory processes [40]. Available data
highlight that EBV infection can induce upregulation of glycoly-
sis in macrophages [41], and enhanced glycolysis in macrophages
has been linked to the induction of pyroptosis [42]. There-
fore, we hypothesized that EBV promotes pyroptosis by en-
hancing glycolysis in macrophages. To test our hypothesis, RT-
gPCR was used to quantify the expression levels of genes in-

volved in glycolysis, including glucose transporter 1 (GLUT1), 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3),
hypoxia-inducible factor (HIF), hexokinase 2 (HK2), hexose-6-
phosphate dehydrogenase (H6PD), and pyruvate kinase M (PKM),
in peritoneal macrophages isolated from mice co-treated with
DSS and MHV-68, as well as from mice treated with DSS alone.
Significant upregulation of these genes was recorded in mice un-
dergoing dual treatments compared to those treated with DSS
alone (Fig. 6A-F). Simultaneously, we analyzed the protein lev-
els of glycolysis markers, including HIF, HK2, enolase 1 (ENO1),
and peptidylprolyl isomerase F (PPIF) in BMDMs stimulated with
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MHV-68. This analysis demonstrated significant increases in these
markers at 12 h in the BMDMs with MHV-68 infection, as opposed
to the group without MHV-68 infection (Fig. 6G). The evidence
indicated that MHV-68 enhanced glycolysis in macrophages, as
demonstrated by studies conducted both in vivo and in vitro. To
further ascertain whether MHV-68-induced glycolysis promotes
macrophage pyroptosis, we treated MHV-68-induced BMDMs with
the glycolysis inhibitor 2-DG. As expected, an apparent decrease
in IL-18, IL-18, NLRP3, and GSDMD expression was observed in
macrophages induced by MHV-68 when glycolysis was inhibited
(Fig. 6H). These results reveal that MHV-68 infection upregulates
glycolysis to induce macrophage pyroptosis, whereas glycolysis
inhibition attenuates MHV-68-induced pyroptosis.

Discussion

Although the close association between EBV infection and UC has
been well-documented in clinical practice, the underlying mecha-
nisms by which EBV exacerbates UC inflammation remain largely
unknown. By integrating clinical observations with experimental
findings, we provide comprehensive insights into the mechanisms
by which EBV drives UC pathogenesis by promoting macrophage
pyroptosis (Fig. 7).

The relationship between EBV infection and disease activity in
IBD remains a central but incompletely understood topic in re-
search. Recent studies have shown that the introduction of EBV
DNA into DSS-induced experimental colitis models significantly
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*P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001. NS, Not significant.

exacerbates colonic inflammation, suggesting a role of EBV DNA
in enhancing intestinal inflammation [43, 44]. However, the use
of EBV DNA alone does not fully capture the complexities of
live viral infection in the context of intestinal inflammation. In
contrast, our study introduces a novel model using live MHV-68
to infect DSS-treated mice, providing a more accurate represen-
tation of EBV infection in IBD patients. Thus, our findings pro-
vide strong evidence that MHV-68 infection significantly worsens
colonic inflammation in mice with DSS-induced colitis, offering
unusual viewpoints on the involvement of EBV in IBD pathogene-
sis. However, itis important to note that despite some immunolog-
ical similarities between MHV-68 and EBV, their infection dynam-
ics and mechanisms may differ, necessitating further validation
of our findings in human clinical studies.

Macrophages are the most frequently recruited inflammatory
cells within the intestinal microenvironment of UC, and their
overactivation has been consistently observed during the devel-
opment of UC [45-47]. The participation of EBV in macrophage-
mediated pathogenesis has been demonstrated in several other
diseases, including nasopharyngeal carcinoma and multiple scle-

rosis [48]. However, whether EBV exacerbates UC through the im-
munomodulation of intestinal macrophages remains largely un-
known. Recently, it was reported that EBV is present in LPMCs de-
rived from the inflamed gut mucosa of UC patients, particularly
among regions exhibiting severe ulceration and deep inflamma-
tion, pointing to the possibility that EBV infection facilitates the
initiation of chronic mucosal damage in UC by way of its effects
on intestinal macrophages [49, 50]. In this study, we performed
adoptive transfer of MHV-68-induced macrophages into mice
with DSS-induced colitis, and depleted macrophages in MHV-
68-infected mice with colitis. Our findings showed that adop-
tive transfer of MHV-68-induced macrophages aggravated DSS-
induced colitis, while macrophage depletion attenuated the ex-
acerbation of intestinal inflammation induced by MHV-68. These
results elucidate the pivotal roles of macrophages in MHV-68-
induced intestinal inflammation in colitis. It is worth noting that
EBV predominantly infects epithelial cells and B lymphocytes,
while our study particularly targeted the modulation of EBV infec-
tion on intestinal macrophages [51]. Future investigations should
explore how EBV interacts with different cell types, including



10 | Maetal.

=

9 0 Y o =
o OO O S o

DSS
DSS+LIPO
DSS+MHV-68
DSS+MHV-68+LIPO

@
L.

Disease activity score

Change in body weight (%)

(F)

in/DAPI

MHV-68
LIPO

E-cadherin

[3-catenin

GAPDH

T T T 1
34560
Time (day)

T T
78

DSS

DSS

DSS+LIPO
DSS+MHV-68
DSS+MHV-68+L1

DSS+LIPO

DSS+LIPO

DSS
- -+ o+
= T 1
— - ~ == | |35kDa
T e | gipa
- e e e | 36 kDa

3456
Time (day)

DSS+MHV-68

DSS+MHV-68

DSS+MHV-68

(C)
DSS S kkkk
MHV-68 - - + + 587 T i
PO LIPO - + - + Z¢ = -
—— i B,
5
e 2
5
8 01 I
MHV-68 - -+ =+
LIPO -+ - +
DSS
DSS+MHV-68+LIPO 159 =
e 104 % &
[ =]
il
0 T T |
MHV-68 - - + +
LIPO -+ - +
DSS
DSS+MHV-68+LIPO
kkk
_ 15 T
= *
2o 104 =
- 0 v|v
= | 55 )
O——9—7—11
MHV-68 - - + +
LIPO -+ - +
DSS
=
© s ]5 skkok
DSSMHV-68+LIPO £ 2 0y = ks
Q
g 2 100 K
é‘*g 50 =
8%
QL O
= & MHV-68- - + +
= LIPO -+ -+
DSS

® DSS @ DSS+LIPO @ DSS+MHV-68 ® DSS+MHV-68+LIPO

*

*kk
1.5 dk
*
| 0_ N Er sk
e g
0.5-
0.0 | T T T T | T T
B-catenin E-cadherin

Figure 5. Macrophage depletion alleviates intestinal inflammation exacerbated by MHV-68 infection in DSS-induced colitis. Colitis severity was
assessed by weight loss (A), DAI score (B), representative images of colon length (C), mouse endoscopic colitis index of severity (MEICS) score (D), and
histological scores (E) of colonic sections from each group; n = 6-8. Immunofluorescence analysis of E-cadherin expression (F) in colonic tissues and
western blot analysis of colonic E-cadherin and B-catenin protein levels (G). DAPI (blue) was used to visualize the nuclei. Scale bars represent 500 um
(E) and 100 um (F). *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.



EBV infection exacerbates UC via macrophage pyroptosis | 11
(A) (C) (D) (E) (F)
o 20 159 30 ikl 204 159 .
2 - w254 @ 0= b -
:: 15 E = £ 20 i-i £ 154 £
Z < 10 P 15 Lo < <
% 10 Z 1l 5 6T . Z 104 Z
= I~ o~ = 10
= £ il E 4 =) g
= _ 29 54 &) E - ()]
5 35 = - 25 v 5 &
5 as T - £
0- 0- 0-
DSS - + + DSS - + + DSS - + + DSS - + + DSS
MHV-68 - - + MHV-68 - - + MHV-68 - - + MHV-68 - - + MHV-68 - - +
Peritoneal Peritoneal Peritoneal Peritoneal Peritoneal Peritoneal
macrophages macrophages macrophages macrophages macrophages macrophages
(G)
BMDMs+MHV-68
Cul _12h 24h © BMDMs+PBS« BMDMs+MHV-68 (12h)s BMDMs+MHV-68 (24h)
HIF o @IS === | 120 kDa 2.0 NS NS NS
o EEXE ®x —— *kk
HK2 -t -IIOkDa I EE i -
k3 é o | - E
ENO! | st o | i7kDa 5 g 107 i t a
— 2] T it
e [ g e | 1soa =3 A 1 M || |
~ . Y
0.0-oF T T = |
GAPDH | "= e W ( 36 kDa PPIF ENOI HK2 HIF
) BMDMs+MHV-68 (24h
4+ &
> ) e BMDMs+MHV-68 (12h) e BMDMs+MHV-68 (12h)+2-DG
-2-DG +2-DG
=y 2.0 ko
NLRP3 - - 118 kDa
= E\ 1.5 ek ¢ sk ke ok
GSDMD == == 3] kDa e
-‘! i é 10_ ok ko
=) o 8
IL-18 -'. = S | 18 kD2 =
& 'E 0.5
vo T o Sl LA L] s
0.0 T T | p—
GAPDH | e @ wm amn @ | 361D IL-1B IL-18 GSDMD NLRP3

Figure 6. MHV-68-induced macrophage pyroptosis is associated with the upregulation of glycolysis. Relative mRNA levels of glycolysis-related genes,
including GLUT1 (A), PFKFB3 (B), HIF (C), HK2 (D), PKM (E), and H6PD (F), were measured in peritoneal macrophages isolated from control mice, mice
co-treated with DSS and MHV-68, and mice treated with DSS alone, and normalized to GAPDH. (G) Protein levels of glycolysis-related markers,
including HIF, HK2, ENO1, and PPIF, were assessed in BMDMs challenged with MHV-68. (H) Protein levels of pyroptosis markers, including NLRP3,
GSDMD, IL-18, and IL-18, were measured by western blotting in MHV-68-induced BMDMs treated with or without the glycolysis inhibitor 2-DG.
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epithelial cells, dendritic cells, and T lymphocytes, to better un-
derstand its effects on intestinal inflammation and immune dys-
regulation.

Extensive research has been conducted to clarify the role of py-
roptosis in modulating the inflammatory responses in UC, but its
functions remain controversial. On one hand, absence of NLRP3
inflammasomes and caspase-1 has been shown to increase the
inclination of mice towards developing colitis in response to DSS,
even leading to mortality [52]. Additionally, macrophage-specific
deletion of GSDMD exacerbates colitis by enhancing cyclic GMP-
AMP synthase-mediated inflammatory responses [53]. These find-
ings suggested that pyroptosis may protect against UC. Con-
versely, additional studies have suggested that an overabundance
of pyroptosis can worsen colitis. For instance, the experimental
colitis induced by DSS or 2,4,6-trinitrobenzenesulfonic acid was
significantly alleviated by either knocking out NLRP3 and caspase-

1 genes or administering pyroptosis inhibitors [21]. Furthermore,
increased numbers of IL-18+ macrophages and monocytes are ev-
ident in the colonic tissues of patients with UC [16]. In this study,
it was established that EBV infection caused a notable augmenta-
tion of pyroptosis markers (IL-18, IL-18, GSDMD, and NLRP3) in
the colonic macrophages of patients with UC, which was posi-
tively correlated with disease severity. Specifically, the strong cor-
relations between CD68'IL-18% and CD68"IL-18" macrophages
and disease activity markers (R’ values ranging from 0.6453 to
0.8261) highlight the contribution of IL-18 and IL-18 released dur-
ing pyroptosis to systemic inflammation and disease severity. In-
terestingly, while the correlation coefficients for CD68*GSDMD™*
macrophages were slightly lower, the significance observed for
several markers (e.g. platelet count and Mayo Clinic Activity
Score) underscores the critical role of GSDMD as an upstream
effector of the pyroptosis pathway. Similarly, in DSS-induced
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colitis, MHV-68 infection resulted in significant expression of GS-
DMD, NLRP3, IL-18, and IL-18 in peritoneal macrophages. In vitro
experiments further demonstrated that EBV and MHV-68 can
directly induce pyroptosis in human THP-1 macrophages and
murine BMDMs, respectively. Our study revealed that intestinal
EBV infection exacerbates colonicinflammation in UC through ac-
tivation of macrophage pyroptosis. These findings are consistent
with previous research showing that pathogenic infection exac-
erbated DSS-induced colitis by elevating IL-18 levels in intestinal
macrophages [54]. Taken together, our results reinforce the no-
tion that heightened activation of pyroptotic signaling pathways
in macrophages exacerbates colonic inflammation in UC. How-
ever, the precise mechanisms by which EBV-induced macrophage
pyroptosis mediates intestinal inflammation in colitis remain un-
clear and warrant further investigation.

Mounting evidence underscores that glycolysis is a core regu-
lator of pyroptosis in inflammatory diseases and cancers [55]. It
is shown that glycolysis inhibitors not only suppressed the ex-
pression of GSDMD in lipopolysaccharide-induced macrophage
pyroptosis in vitro but also attenuated pyroptosis of murine
macrophages in vivo [56]. In nasopharyngeal carcinoma triggered
by EBV infection, EBV-encoded latent membrane protein 1 di-
rectly interacted with the glycolytic protein Glut1 to induce NLRP3
and IL-1B expression in myeloid-derived suppressor cells [12,
41]. Consistent with these findings, our study proposes glycol-
ysis as a viable therapeutic target to counteract EBV-induced
macrophage pyroptosis in colitis. We demonstrated that MHV-68-
induced glycolysis correlated with increased pyroptosis in murine
macrophages, and inhibition of glycolysis attenuated pyroptosis in
vitro. This suggests that targeting glycolytic pathways may offer

therapeutic benefits for MHV-68-driven intestinal inflammation.
However, whether EBV induces macrophage pyroptosis by activat-
ing glycolysis requires further investigation in UC patients. Specif-
ically, verifying the interaction between pyroptosis and glycolysis
through co-immunoprecipitation and validating their upstream
and downstream relationships in animal models is necessary.
Our study has certain limitations. Firstly, we did not directly
use EBV-treated CD14" cells from human PBMCs to confirm the
effects of EBV on macrophage pyroptosis. Although our experi-
ments using THP-1 cells provided valuable insights, future stud-
ies utilizing primary human macrophages, such as CD14% cells,
are warranted to further validate the role of EBV in inducing py-
roptosis in human macrophages. Secondly, our study did not in-
corporate the use of pyroptosis inhibitors, such as the NLRP3 in-
flammasome inhibitor MCC950, to assess whether the suppres-
sion of pyroptosis could mitigate MHV-68-induced colitis. While
the macrophage depletion model employed in our research pro-
vided specific evidence for the role of macrophage pyroptosis in
intestinal inflammation, future studies will prioritize the use of
pyroptosis inhibitors to further elucidate the underlying mecha-
nisms of EBV-aggravated colitis and explore potential therapeutic
interventions. Thirdly, our study did not quantitatively assess the
MHV-68 viral load in colonic tissues using RT-qPCR. This limita-
tion does not diminish the significance of our findings but high-
lights the need for future studies to develop robust quantitative
methods to further validate the extent of MHV-68 infection in in-
testinal tissues. Lastly, while this study focused on macrophages
as a key mediator of EBV-induced intestinal inflammation,
other immune cells, such as neutrophils and lymphocytes, may
also play critical roles in the pathogenesis of EBV-associated



colitis. Future studies should investigate the roles of neutrophils
and lymphocytes in EBV-associated colitis to provide a more com-
prehensive understanding of the immune landscape of this dis-
ease.

In conclusion, our findings elucidate a mechanistic link be-
tween EBV infection and the exacerbation of UC through the
activation of macrophage pyroptosis. This novel insight offers a
potential avenue for mitigating intestinal inflammatory responses
associated with EBV infection.
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