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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 ulcerati v e colitis (UC). Howev er, existing studies hav e primaril y 
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 

concurr ent m urine γ -herpesvirus 68 (MHV-68) infection were utilized to inv estigate the r elationship between EBV infection and 

macr opha ge pyr optosis. In vivo , adopti v e transfer of MHV-68-induced macr opha ges and macr opha ge de pletion wer e performed to 
elucidate the underlying mechanisms. In vitro , myeloid leukemia mononuclear cells of human (THP-1) and macr opha ges deri v ed fr om 

mouse bone marrow (BMDMs) were stimulated with EBV and MHV -68, respectively , to assess macrophage pyroptosis and glycolysis. 

Results: EBV-induced acti v ation of macr opha ge pyr optosis w as positi v el y corr elated with clinical disease acti vity in UC patients. Fur- 
thermore, MHV-68 infection activated pyroptosis by upregulating gasdermin D, NLRP3, interleukin-1 β, and interleukin-18 in colonic 
tissues and peritoneal macr opha ges of mice with colitis. In vitro , EBV and MHV-68 also mediated acti v ation of pyr optosis in human 

THP-1 cells and mouse BMDMs, r especti v el y. Additionall y, the adopti v e transfer of MHV-68-induced BMDMs a ggrav ated m urine col- 
itis, wher eas macr opha ge de pletion atten uated MHV-68-induced intestinal injur y. Mechanisticall y, MHV-68 pr omoted macr opha ge 
p yroptosis b y upr egulating gl ycol ysis, while the gl ycol ysis inhibitor, 2-deoxy-D-glucose, blocked this process in vitro . 

Conclusion: EBV infection exacerbates UC by dri ving macr opha ge pyr optosis thr ough upr egulation of gl ycol ysis, indicating a potential 
ther apeutic approac h to mitigate EBV-induced intestinal inflammation. 
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Gr aphical Abstr act 

Epstein-Barr virus infection induces the upregulation of gl ycol ysis in intestinal macr opha ges, which subsequentl y acti v ates Gas- 
dermin D, NLRP3, interleukin-1 β, and interleukin-18 in macr opha ges within colonic tissues. The release of these pr o-inflammator y 
cytokines results in intestinal barrier dysfunction and exacerbates ulcerati v e colitis. 
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lcer ativ e colitis (UC) is an ongoing form of inflammation of the
astr ointestinal tr act that is c har acterized by r ecurring inflam-
ation and ulcer formation [ 1 , 2 ]. Current medical ther a pies for
C pr edominantl y focus on alleviating the inflammatory pro-
ess by employing a range of immunosuppressive medications,
ncompassing corticoster oids, imm unomodulators, and biologi-
al ther a pies [ 3–5 ]. Although these drugs effectiv el y contr ol UC
ymptoms, their imm unosuppr essiv e pr operties significantl y in-
ensify the vulnerability to opportunities for infection, including
pstein–Barr virus (EBV) [ 6 , 7 ]. Researchers have observed elevated
BV DN A and RN A le v els in the mucosa of the colon of individu-
ls with UC. These le v els ar e closel y linked to disease se v erity and
nflammatory markers in patients [ 8–10 ]. Some studies suggest
hat active EBV infection in patients with UC is intricately linked
o clinical manifestations, ther a peutic r esponses, r equir ement for
ur gical interv ention, and incr eased l ymphoma risk [ 11–13 ]. How-
 v er, these studies pr edominantl y focused on the epidemiological
nd clinical correlations between EBV and UC. The mechanisms
y which EBV infection contributes to UC pathogenesis, partic-
larl y its r ole in initiating or sustaining mucosal inflammation,
emain to be fully elucidated. 

Inflammation-induced pyroptosis is a carefully orchestrated
henomenon of intentional cell suicide regulated by inflam-
asomes, notably theNOD-like receptor family pyrin domain

ontaining 3 (NLRP3) inflammasome [ 14 ]. When triggered by
icrobial-associated molecular patterns , alarmins , or various

tress-inducing factors, the NLRP3 inflammasome autoactivates
recursor caspase-1 to generate mature caspase-1 [ 15 ]. Subse-
uentl y, this matur e enzyme cleav es and activ ates pr ecursor
nterleukin-1 β (IL-1 β), precursor interleukin-18 (IL-18), and gas-
ermin D (GSDMD) [ 15 ]. Cleaved-GSDMD subsequently inserts cell
embrane holes for mature IL-1 β and IL-18 spilling over from

he c ytoplasm, thereb y amplifying the inflammatory response
f inflammation [ 15 ]. In recent resear ch, p yroptosis has gained
ttention for its role in exacerbating mucosal inflammation in
C [ 16 , 17 ]. Studies analyzing genetic polymorphisms in periph-
ral blood DNA from UC patients have identified associations be-
ween pol ymor phisms in NLRP3 and IL-18 and susceptibility to
C [ 18 , 19 ]. Assessments of protein and RNA transcript levels in

he colonic areas of individuals with UC also revealed substan-
iall y higher expr ession of pr o-IL-18 and full y matur e IL-18, par-
icularly in inflamed colonic tissues, compared to healthy con-
rols [ 20 ]. Enzyme-linked immunosorbent assay (ELISA) of serum
rom UC patients have equally revealed positive correlations be-
ween NLRP3 le v els and disease se v erity [ 21 ]. Furthermor e, mouse

odels have underscored the pivotal role of activated pyropto-
is in colitis. When treated with dextran sulfate sodium (DSS),
ice with knoc k out of caspase-1 and NLRP3 sho w ed considerable

mpr ov ement in colitis. This impr ov ement was demonstrated by
 reduction in weight loss, preservation of colon length, mitiga-
ion of intestinal pathology, and a decrease in the levels of colitis-
ssociated inflammatory markers [ 22 ]. Meanwhile, administra-
ion of pyroptosis inhibitors can effectiv el y mitigate the effects of
olitis caused by DSS [ 21 ]. Collectiv el y, excessiv e pyr optosis can
er petuate immoder ate and sustained inflammatory responses
nd thus play an essential role in the progression of UC. 

Gl ycol ysis, a centr al metabolic pathwa y that con verts glucose
nto pyruvate , pla ys a pivotal role not only in ener gy pr oduc-
ion but also in regulating immune cell functions under both
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physiological and pathological conditions. Emerging evidence 
suggests that gl ycol ysis is significantl y upr egulated in inflam- 
matory conditions, contributing to the pathogenesis of UC. In 

UC, heightened gl ycol ytic activity has been implicated in driv- 
ing pr o-inflammatory r esponses by enhancing the activation and 

effector functions of immune cells, such as macrophages and 

T cells, within the intestinal micr oenvir onment [ 23–25 ]. Further- 
more, EBV infection has been shown to induce gl ycol ysis in in- 
fected cells, whic h pr omotes the pr oduction of pr oinflammatory 
cytokines and exacerbates tissue inflammation [ 26–28 ]. Howe v er,
the mechanistic link between gl ycol ysis and EBV-induced intesti- 
nal inflammation remains unclear. 

Macr opha ges, as k e y components of intestinal microenvi- 
r onment homeostasis, ar e consider ed major tar gets of intesti- 
nal pyroptosis and significantly contribute to UC pathogene- 
sis. Studies conducted in vitro have demonstrated that treat- 
ment of macr opha ges with DSS stim ulates the synthesis of 
NLRP3, together with the generation of IL-1 β in a caspase-1- 
driv en pr ocess [ 22 ]. These findings align with observations in hu- 
mans, wher e CD14 + blood monocytes/macr opha ges fr om periph- 
eral blood of patients with UC secreted elevated levels of IL- 
1 β after lipopol ysacc haride stim ulation [ 29 ]. Additionall y, data 
fr om single-cell anal yses further r einforced the conclusion that 
macr opha ges ar e 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 exposur e, ther e has been a 
notable observation of elevated serum levels of IL-18, showing 
an upw ar d link to disease se v erity [ 31 ]. Furthermor e, upon stim- 
ulation with EBV peptide antigens, whole blood cells from EBV- 
positive patients with multiple sclerosis show increased secre- 
tion of IL-1 β compared to those from healthy individuals [ 32 ].
EBV infection e v en dir ectl y activ ates the pyr optosis signaling 
pathway in human monocytes [ 33 ]. Howe v er, it r emains unclear 
whether EBV infection exacerbates intestinal inflammation in 

UC by activating the pyroptosis signaling pathway in intestinal 
macr opha ges. 

Based on existing evidence linking EBV infection to 
macr opha ges, pyr optosis, gl ycol ysis, and inflammatory re- 
sponses, we hypothesize that EBV exacerbates UC inflammation 

by inducing macr opha ge pyr optosis thr ough gl ycol ysis activ ation.
This study aims to elucidate whether EBV infection exacer- 
bates intestinal inflammation in UC through the activation 

of macr opha ge pyr optosis , and to unco v er the mec hanisms 
involv ed. Our r esults pr ov ed a str ong association between the 
activation of macrophage pyroptosis caused by EBV and the 
clinical manifestation of disease activity of UC. Furthermore, the 
pr o-pyr optotic effect of EBV in macr opha ges was shown to be 
dependent on gl ycol ysis activ ation in our findings . T his study 
expands the understanding of the detrimental effects of EBV on 

the pr ogr ession of UC and suggests potential ther a peutic and 

pr e v entiv e str ategies 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, follo w ed b y overnight hybridization 

at 37 ◦C with digoxigenin-labelled EBER probes. After incubation 
ith horser adish per o xidase-conjugated anti-digo xigenin anti- 
od y, EBER-positi ve cells were identified by diaminobenzidine
 hr omogenic staining, exhibiting brown-stained nuclei. Patients 
ith positive EBER-ISH results were categorized as having intesti- 
al EBV coinfection, whereas those with negative results were 
lassified as non-infected. Subsequently, colonic tissues from UC 

atients with and without EBV infection were exposed to primary
ntibodies targeting anti-CD68, anti-IL-18, anti-GSDMD, or anti- 
L-1 β on the first day (for detailed data see supplementary Table 1
n the online supplementary material), and secondary antibodies 
ere added on the second day. Ima ges wer e acquir ed using the
S200 whole-slide illumination device (Olympus). We evaluated 

he relationship between the abundance of markers involved 

n macr opha ge pyr optosis and disease activity in patients with
C. This was performed using Pearson correlation analysis . T he
thical committee of West China Hospital granted authorization 

or the collection of colonic samples and analysis of clinical data
Appr ov al Number: 2023–22). 

nimal experiments 

he mice (C57BL/6, male), obtained fr om GemPharmatec h Co.,
td. (Chengdu, China) at 6–8 weeks of a ge, wer e housed in the
SL-2 animal center at West China Hospital. All mice were ran-
omized into experimental groups and acclimatized for 7 days 
efore beginning the experimental protocol. Mice were provided 

ith an oral 2% (w/v) solution containing DSS, with a molec-
lar weight ranging between 36 000 and 50 000 Da, mixed in
heir drinking water for an interval of 5 da ys . Subsequently, they
er e r eturned to r egular water for an additional period of 3
ays to trigger colitis. To simulate colitis concurrent with MHV-
8 infection, mice were intraperitoneally injected with 200 μl 
f m urine γ -her pesvirus 68 (MHV-68) at an injection dose of
 × 10 6 plaque-forming units (PFU)/ml befor e DSS administr a-
ion. To ensure the systemic dissemination of the macr opha ges
ia the bloodstr eam, adoptiv e tr ansfer pr ocedur es involv ed stim-
lating bone marr ow-deriv ed macr opha ges (BMDMs) with MHV-
8 or phosphate-buffered saline in vitro for 12 h prior to tail vein
njection. On the third day of DSS treatment, 1 × 10 6 BMDMs
er e deliv er ed to DSS-tr eated mice via tail v ein injection in 200
l of PBS. For macr opha ge depletion, 200 μl of clodr onate lipo-
ome (LIPO; Yeasen, China) was intr av enousl y injected into MHV-
8-infected mice 1 day before and 3 days after DSS administra-
ion. Daily weight measurements of the mice were taken, with
ontinuous assessment of the disease activity index (DAI) to tr ac k
isease pr ogr ession thr oughout the experimental period, as pr e vi-
usly documented [ 34 ]. The animals were euthanized on the ninth
ay, and samples of colonic tissues, lamina propria mononuclear 
ells (LPMCs), and peritoneal macr opha ges wer e pr ocur ed. His-
ological scoring was performed according to depth of the ulcer
0–4), extent of the ulcer (0–4), presence of inflammation (0–4),
xtent of inflammation (0–4), and location of fibrosis (0–4) [ 35 ].
ndoscopic scoring was performed as pr e viousl y described [ 36 ].
he Animal Ethics Committee of West China Hospital granted au-
horization for all animal experiments in this r esearc h (Appr ov al
umber: 2023–22). 

ell culture 

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

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf002#supplementary-data
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as used to inhibit gl ycol ysis. To obtain peritoneal macr opha ges,
0 ml of cold PBS was injected into the abdominal cavity of mice,
oupled with a 3-min abdominal massage to obtain peritoneal
av a ge fluid. Cells were pelleted from the lavage fluid after cen-
rifugation for 5 min at 1500 rpm and subsequently used for fur-
her experiments. 

solation of LPMCs 

olonic tissues were minced and digested using a solution
r epar ed for predigestion with ethylenediaminetetraacetic acid,
ithiothreitol, fetal bovine serum, and 4-(2-h ydroxyeth yl)-1-
iperazineethanesulfonic acid. After the first filtration, tissue
r a gments underwent a second digestion with a solution contain-
ng DNase, collagenase VIII, and FBS. LPMCs were gathered from
he ob viousl y str atified ar ea betw een 40% and 80% P er coll af-
er a second filtration and centrifugation at 2200 r e volutions per

inute for 20 min. All r ea gents used in this experiment were pur-
 hased fr om Solarbio (Beijing, China). For flow cytometry analysis,
ITC-CD11b (Biolegend, USA), Alexa Fluor 700-CD45 (Biolegend,
SA), and Brilliant Violet 605-F4/80 (Biolegend, USA) were used to

tain LPMCs. 

irus prepar a tion 

he culture supernatant from the B95-8 cells was ultracentrifuged
t 100 000 × g to isolate EBV. EBV was suspended in PBS and stored
t −80 ◦C. BHK-21 cells were exposed to 30 μl of virus suspension
ontaining 1 × 10 5 PFU of MHV-68 and cultured for 2 da ys . After-
 ar ds, the BHK-21 cells and culture supernatant were collected
nd subjected to two freeze–thaw cycles . T he mixture was then
entrifuged and filtered to eliminate cell debris . T he clarified su-
ernatant was divided into smaller portions and stored at −80 ◦C.
ll experiments involving EBV and MHV-68 were conducted in the
SL-2 laboratory. 

estern blot 
 specialized buffer from Solarbio, China, was used to thor oughl y

yse colon tissues or cell lines . T his was followed by loading 25
g of total protein per well onto an sodium dodecyl sulfate-
olyacrylamide gel electrophoresis apparatus and depositing it
nto pol yvin ylidene fluoride membr anes. After bloc king with a
olution containing non-fat powdered milk in tris-buffered saline
ith Tween 20, the membr anes wer e incubated at low tempera-

ure for an extended period with primary antibodies (detailed data
s given in Supplementary Table 1 ). On the second day, the mem-
r anes wer e coated with secondary antibodies bound with HRP
1:10 000, BioXcell, China) for 1 h at r oom temper atur e. We used a
 hemiluminescence ima ging system fr om Tanon, China, to iden-
ify the imm unor eactiv e bands and then analyzed them using Im-
 geJ (v ersion 1.53). 

uantitati v e real-time PCR 

NA purification from colonic tissues or cell lines was performed
sing TRIzol Rea gent. Re v erse tr anscription-based cDNA forma-
ion was executed with UnionScript First-strand cDNA Synthe-
is Mix, which is manufactured by Beijing Genesand Biotech in
hina. Quantitativ e r e v erse tr anscription pol ymer ase c hain r eac-

ion (RT-qPCR) Kit (Abclone, China) with SYBR Green was used to
onduct real-time qPCR. The complete primer list is provided in
upplementary Table 2 (see online supplementary material). The
RNA le v els of tar get genes wer e calculated in r elation to gl ycer-

ldehyde 3-phosphate dehydrogenase (GAPDH) expression. Quan-
ification was performed using the 2 −��Ct methodology. 
ta tistical anal ysis 

he data are shown as mean ± standard error (SEM), comparisons
etw een tw o groups w ere made using Student’s t-test, and com-
arisons among three or more groups were made using an ANOVA
est. Rele v ance e v aluations wer e performed using Pearson corr e-
ation analysis . T he significance le v el was set at P < 0.05. 

esults 

BV-induced intestinal macr opha ge pyr optosis is 

orrelated with disease activity of UC among 

atients 

o clarify the connection between pyroptosis of intesti-
al macr opha ges and EBV infection in UC, colonic mu-
osa samples were collected from patients with EBER-
egati ve and EBER-positi ve UC. Supplementary Fig. 1 (see
nline supplementary material) presents histological evi-
ence of intestinal EBV infection through EBER-ISH, while
upplementary Table 3 (see online supplementary material) pro-
ides an ov ervie w of the clinical c har acteristics of these patients.
ual imm unofluor escence staining was utilized to co-localize the
acr opha ge marker CD68 with pyroptosis markers IL-18, IL-1 β,

nd GSDMD in their intestinal tissues. Our findings r e v ealed that
C patients positive for intestinal EBER exhibited significantly
igher le v els of intestinal macr opha ge pyr optosis than those neg-
tive for intestinal EBER (Fig. 1 A–D). Additionally, platelet count
PLT), erythrocyte sedimentation rate (ESR), C-reactive protein
CRP), Mayo Clinic Activity Score, and platelet/lymphocyte rate
PLR) serv ed as r eliable indicators of clinical disease activity in
C [ 37 , 38 ]. To gain insight into the connection between clinical
isease activity and intestinal macr opha ge pyr optosis among
BV-infected UC patients, clinical correlation analyses were con-
ucted. Linear r egr ession anal ysis demonstr ated that the number
f CD68 and IL-18 co-localized cells was significantly correlated
ith PLT ( R 

2 = 0.7008, P = 0.0013), ESR ( R 

2 = 0.8261, P = 0.0017), CRP
 R 

2 = 0.7387, P = 0.094), Mayo Clinic Activity Score ( R 

2 = 0.7352,
 = 0.0099), and PLR ( R 

2 = 0.6369, P = 0.0351) in Fig. 1 E–I. Simi-
arly, the number of CD68 and IL-1 β co-localized cells exhibited
orrelations with PLT ( R 

2 = 0.5517, P = 0.0785), ESR ( R 

2 = 0.6905,
 = 0.0187), CRP ( R 

2 = 0.6453, P = 0.032), Mayo Clinic Activity
core ( R 

2 = 0.6023, P = 0.0499), and PLR ( R 

2 = 0.668, P = 0.0247)
n Fig. 1 E–I. Meanwhile, the number of CD68 and GSDMD co-
ocalized cells was correlated with PLT ( R 

2 = 0.6119, P = 0.0454),
SR ( R 

2 = 0.6228, P = 0.0407), CRP ( R 

2 = 0.5397, P = 0.0866), Mayo
linic Activity Score ( R 

2 = 0.7446, P = 0.0086), and PLR ( R 

2 = 0.3882,
 = 0.2380) in Fig. 1 E–I. Collectiv el y, these findings confirm that
BV infection induces intestinal macr opha ge pyr optosis, whic h is
ositiv el y corr elated with clinical disease activity in patients with
C. 

HV-68 infection exacerbates DSS-induced 

olitis by activating pyroptosis of colonic tissues 

nd peritoneal macr opha ges in mice 

HV-68, a natural γ -herpesvirus of mice, shares significant ge-
etic and biological similarities with human EBV [ 39 ]. These sim-

larities make MHV-68 a reliable experimental model for investi-
ating the fundamental biology and ther a peutic str ategies of EBV
nfection. To determine whether EBV promoted colitis through
he activation of intestinal macrophage p yroptosis, w e intraperi-
oneally injected MHV-68 into mice with DSS-induced colitis to
imulate EBV infection in patients with UC. Subsequently, DNA-
CR analysis confirmed the presence of the M1 gene of MHV-68

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf002#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf002#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf002#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf002#supplementary-data
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Figure 1. EBV-induced intestinal macr opha ge pyr optosis is correlated with disease activity of UC patients. ( A ) Repr esentativ e imm unofluor escence 
staining of colonic tissues showing cell nucleus (blue), CD68 (green), IL-18 (r ed), IL-1 β (r ed) or GSDMD (red). ( B –D ) Quantification of double-positive 
cells per high-po w er field (HPF, 20 ×) in colonic tissues from UC patients with ( n = 5) and without ( n = 6) EBV infection. Panels show the number of 
CD68 and IL-18 (B), CD68 and IL-1 β (C), and CD68 and GSDMD (D) double-positive cells. Correlation analysis of CD68 and IL-18, CD68 and IL-1 β, and 
CD68 and GSDMD double-positive cells per HPF with disease activity indicators: PLT ( E ), ESR ( F ), CRP ( G ), Mayo Clinic Activity Score ( H ), and PLR ( I ) in 
UC patients with ( n = 5) and without ( n = 6) EBV infection. Scale bars corresponds to 100 μm (A). ∗∗P ≤ 0.01. NS, Not significant. 
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n both the spleen and colonic macr opha ges of these mice, verify-
ng that MHV-68 infected the intestines of mice with DSS-induced
olitis ( Supplementary Fig. 2, see online supplementary material ).
istological examination sho w ed dramatic w orsening of mucosal
eterior ation, infiltr ation of inflammation-related cells, and loss
f crypts, indicating that intestinal inflammation in the DSS
roup with MHV-68 infection was far mor e pr onounced than
hat observed in the DSS group (Fig. 2 A). We further explored
ntestinal pyroptosis in MHV-68-infected mice treated with DSS
o determine its role in colitis. Western blot analysis confirmed
hat mice infected with MHV-68 had ele v ated le v els of NLRP3, IL-
 β, GSDMD, and IL-18 based on protein expression levels in their
olons (Fig. 2 B). Furthermore, peritoneal macrophages were ex-
r acted fr om mice subjected to DSS tr eatment, r egardless of MHV-
8 infection, to determine the transcript levels of inflammatory
ediators and pyroptosis indicators in mice. Infection with MHV-

8 resulted in an elevated abundance of cytokines (TNF- α and
L-6) that triggered inflammation (Fig. 2 C and D), an upsurge in
yr optosis-r elated molecules involving caspase-1, IL-1 β, and IL-
8 (Fig. 2 F–H), along with a decrease in IL-10 concentration, an
nti-inflammatory cytokine (Fig. 2 E), in peritoneal macr opha ges.
n addition, we examined the impact of MHV-68 infection on the
unctional polarization of intestinal macr opha ges in DSS-tr eated

ice. Western blotting analysis revealed a significant upregula-
ion of the M1 pro-inflammatory macrophage marker inducible
itric oxide synthase (iNOS) in the intestinal tissue of MHV-68-

nfected mice, with no detectable changes in marker CD206 asso-
iated with M2 anti-inflammatory macr opha ges ( Supplementary
ig. 3 , see online supplementary material). These findings in-
icate that MHV-68-induced macr opha ge pyr optosis and M1
olarization significantly contribute to the worsening of DSS-

nduced colitis. 

BV induces pyroptosis and promotes 

roinflammatory cytokine production in human 

acr opha ges in vitro 

o verify whether EBV infection could dir ectl y activ ate pyr opto-
is in human macr opha ges, we differ entiated THP-1 monocytes
nto matur e macr opha ges thr ough 24-h PMA tr eatment, follo w ed
y exposure of these cells to EBV for 12 and 24 h. Over time,
he incubated supernatant of EBV-stimulated THP-1 macrophages
xhibited significant y ello wing (Fig. 3 A). Additionall y, pr ogr essiv e
ell death was observed under light microscopy during primary
BV infection, c har acterized by cell a ggr egation, loss of trans-
arenc y, and classic p yroptosis morphology, such as significant
ell swelling and distinctive blebbing structures (Fig. 3 B). Sub-
equently, w e used DN A-PCR with fiv e differ ent primers tar get-
ng the EBER gene of EBV in THP-1 cells, confirming the pres-
nce of EBV infection ( Supplementary Fig. 2 B). RT-qPCR and west-
rn blot studies also verified that an ele v ated pyr optosis signal-
ng pathway occurred in THP-1 cells as a result of EBV infection.
his upregulation resulted in increased concentrations of GSDMD,

L-18, NLRP3, IL-1 β, caspase-1, and IL-1 β (Fig. 3 C and G–I). Fur-
hermor e, this stim ulation of pyroptosis was accompanied by el-
 v ated TNF- α and IL-6 le v els, indicativ e of a pro-inflammatory
tate (Fig. 3 D and E), while IL-10, an anti-inflammatory cytokine,
ecreased (Fig. 3 F). Notably, primary EBV infection markedly
odified the pyroptosis and inflammatory cytokine landscapes in

uman macr opha ges, with notable c hanges e vident at the 12-h
ark (Fig. 3 C–I). Taken together, our data indicate that the expo-

ure of human macrophages to EBV triggers pyroptosis and am-
lifies pro-inflammatory cytokine production. 
dopti v e transfer of MHV-68-induced BMDMs 

ignificantl y exacerba tes DSS-induced 

xperimental colitis 

o investigate whether murine MHV-68 virus can activate py-
optosis in murine macrophages, we stimulated BMDMs with
HV-68 for 12 and 24 h, follo w ed b y R T-qPCR to confirm MHV-

8-infected BMDMs and western blotting to detect pyroptosis-
 elated pr oteins . T he data r e v ealed that MHV-68 indeed infected
MDMs and effectiv el y boosted the generation of pyroptosis pro-
eins, including GSDMD, NLRP3, IL-18, and IL-1 β in BMDMs, with
he most pronounced effect observed at 12 h post-stimulation
 Supplementary Fig. 4 , see online supplementary material). This
ffect was comparable to the stimulatory effect of pyropto-
is induced by EBV infection in human macr opha ges. Further-
ore, to assess the direct physiological effects of MHV-68-induced
acr opha ges on colitis, we treated BMDMs with MHV-68 or PBS

or 12 h in vitro , follo w ed b y adoptiv e tr ansfer into mice that had
een exposed to 2% DSS water for 3 da ys . T he mice continued
o r eceiv e 2% DSS water for an additional 2 days befor e being
witched to regular drinking water for 3 days ( supplementary
ig. 5 , see online supplementary material). The mice were eu-
hanized on the ninth day, and measurements were taken of
heir body weight, DAI scores, colon length, and histopatholog-
cal alterations of the colon to assess the se v erity of intestinal
amage. As sho wn b y pronounced w eight loss, ele v ated DAI
cor es, ele v ated histopathological scor es, and shortened colon
ength, transfer of MHV-68-induced BMDMs significantly wors-
ned experimental colitis induced by DSS (Fig. 4 A–D and G). Im-
 unofluor escence and western blot analyses indicated that, com-

ared to mice receiving PBS-induced BMDMs, those transferred
ith MHV-68-induced BMDMs exhibited greater intestinal bar-

ier disruption, as indicated by r educed le v els of β-catenin and
-cadherin (Fig. 4 E and F, H and I). These findings demonstrate
hat adoptive transfer of MHV-68-induced macrophages aggra-
ates DSS-induced colitis. 

acr opha ge depletion alle via tes intestinal 
nflamma tion exacerba ted b y MHV-68 infection 

n DSS-induced colitis 

or further confirmation in vivo , we intr a peritoneall y adminis-
ered LIPO to MHV-68-infected mice 1 day before and 3 days
fter DSS administration to deplete macrophages. After com-
leting the modeling, we isolated LPMC and used flo w c y-
ometry to assess the CD11b + F4/80 + macr opha ge count in the
olon. Our data confirmed that LIPO tr eatment effectiv el y r e-
uced macr opha ge infiltr ation in the colonic ar ea of mice
 supplementary Fig. 6 , see online supplementary material). In
ddition, mice treated with LIPO sho w ed significantly lo w er lev-
ls of weight loss, smaller colons, and a reduced DAI score un-
er MHV-68 infection compared to PBS-treated mice (Fig. 5 A–C).
ndoscopic and histological e v aluations sho w ed that LIPO treat-
ent significantly alleviated the structural injury and colonic

nflammation induced by MHV-68 infection in colitis (Fig. 5 D
nd E). Additionall y, LIPO tr eatment impr ov ed colonic barrier
ntegrity by pr e v enting the downr egulation of β-catenin and
-cadherin expression (Fig. 5 F and G). In summary, LIPO ad-
inistr ation significantl y alle viates the detrimental effects of
HV-68 on classical signs of colitis, highlighting the essential

 ole of macr opha ges in MHV-68-mediated intestinal inflamma-

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf002#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf002#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf002#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf002#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf002#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf002#supplementary-data
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Figure 2. MHV-68 infection exacerbates DSS-induced colitis by activating pyroptosis of colonic tissues and peritoneal macrophages in mice. ( A ) 
Re presentati ve hemato xylin and eosin (H&E)-stained ima ges of colon tissues (left) and the corr esponding histopathological e v aluation scor es (right); 
n = 3–4. ( B ) Western blot analysis shows protein levels of NLRP3, GSDMD, IL-1 β, and IL-18 of colonic tissues. Relative mRNA expression levels of ( C ) 
TNF- α, ( D ) IL-6, ( E ) IL-10, ( F ) caspase-1, ( G ) IL-1 β, and ( H ) IL-18 in peritoneal macr opha ges isolated fr om DSS-onl y and DSS + MHV-68-infected gr oups. 
Scale bars in (A) r epr esent 500 μm. ∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001, and ∗∗∗∗P ≤ 0.0001. NS, Not significant. 
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MHV-68-induced macr opha ge pyr optosis is 

associated with upregulation of glycolysis 

Gl ycol ysis , the metabolic pathwa y that con verts glucose into 
p yruvate, is piv otal for modulating the activity of immune cells 
and orc hestr ating inflammatory pr ocesses [ 40 ]. Av ailable data 
highlight that EBV infection can induce upregulation of glycoly- 
sis in macr opha ges [ 41 ], and enhanced gl ycol ysis in macr opha ges 
has been linked to the induction of pyr optosis [ 42 ]. Ther e- 
fore, we hypothesized that EBV promotes p yroptosis b y en- 
hancing gl ycol ysis in macr opha ges . To test our hypothesis , RT- 
qPCR was used to quantify the expression levels of genes in- 
olv ed in gl ycol ysis, including glucose tr ansporter 1 (GLUT1), 6-
hosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3),
ypoxia-inducible factor (HIF), hexokinase 2 (HK2), hexose-6- 
hosphate dehydrogenase (H6PD), and pyruvate kinase M (PKM),

n peritoneal macr opha ges isolated from mice co-treated with
SS and MHV-68, as well as from mice treated with DSS alone.
ignificant upregulation of these genes was recorded in mice un-
er going dual tr eatments compar ed to those tr eated with DSS
lone (Fig. 6 A–F). Sim ultaneousl y, we anal yzed the pr otein le v-
ls of gl ycol ysis markers, including HIF, HK2, enolase 1 (ENO1),
nd pe ptid ylpr ol yl isomer ase F (PPIF) in BMDMs stimulated with
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Figure 3. EBV induces pyroptosis and promotes proinflammatory cytokine synthesis in human macrophages in vitro . THP-1 cells underwent 
pr etr eatment with PMA for 24 h, follo w ed b y stim ulation with EBV for 12 or 24 h. ( A ) Repr esentativ e ima ges showing color c hanges in the cultur e 
supernatant. ( B ) Re presentati ve light microscopy images displaying morphological changes in THP-1 cells, with red arrowheads indicating cell swelling 
and y ello w arro wheads marking distinctiv e blebbing structur es. ( C ) Western blot anal ysis of NLRP3, GSDMD, IL-18, and IL-1 β pr otein le v els associated 
with the pyroptosis pathway. Relative mRNA expression levels of ( D ) TNF- α, ( E ) IL-6, ( F ) IL-10, ( G ) caspase-1, ( H ) IL-1 β, and ( I ) IL-18 were quantified by 
RT-qPCR. Scale bars in (A) r epr esent 500 μm. ∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001, and ∗∗∗∗P ≤ 0.0001. NS, Not significant. 
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HV-68. This anal ysis demonstr ated significant incr eases in these
arkers at 12 h in the BMDMs with MHV-68 infection, as opposed

o the group without MHV-68 infection (Fig. 6 G). The evidence
ndicated that MHV-68 enhanced gl ycol ysis in macr opha ges, as
emonstrated by studies conducted both in vivo and in vitro . To
urther ascertain whether MHV-68-induced gl ycol ysis pr omotes

acr opha ge pyr optosis, we tr eated MHV-68-induced BMDMs with
he gl ycol ysis inhibitor 2-DG. As expected, an a ppar ent decr ease
n IL-1 β, IL-18, NLRP3, and GSDMD expr ession was observ ed in

acr opha ges induced by MHV-68 when gl ycol ysis was inhibited
Fig. 6 H). These r esults r e v eal that MHV-68 infection upr egulates
l ycol ysis to induce macr opha ge pyr optosis, wher eas gl ycol ysis
nhibition attenuates MHV-68-induced pyroptosis. 
iscussion 

lthough the close association between EBV infection and UC has
een well-documented in clinical practice, the underlying mecha-
isms by which EBV exacerbates UC inflammation r emain lar gel y
nknown. By integrating clinical observations with experimental
ndings , we pro vide comprehensive insights into the mechanisms
y which EBV drives UC pathogenesis by promoting macrophage
yroptosis (Fig. 7 ). 

The relationship between EBV infection and disease activity in
BD r emains a centr al but incompletel y understood topic in r e-
earc h. Recent studies hav e shown that the introduction of EBV
NA into DSS-induced experimental colitis models significantly
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Figure 4. EBV Adoptive transfer of MHV-68-induced BMDMs significantly exacerbates DSS-induced experimental colitis. Colitis severity was assessed 
b y w eight loss ( A ), DAI score ( B ), colon length ( C ), r epr esentativ e hematoxylin and eosin (H&E)-stained colon sections ( D ), and histological scores ( G ); 
n = 4–6. Imm unofluor escence anal ysis of E-cadherin (gr een) expr ession in colonic tissues ( E , H ) and western blot anal ysis of colonic E-cadherin and 
β-catenin le v els ( F , I ) following the adoptiv e tr ansfer. DAPI (blue) was used to visualize the nuclei. Scale bars r epr esent 500 μm (D) and 100 μm (E). 
∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001, ∗∗∗∗P ≤ 0.0001. NS, Not significant. 
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exacerbates colonic inflammation, suggesting a role of EBV DNA 

in enhancing intestinal inflammation [ 43 , 44 ]. Ho w e v er, the use 
of EBV DNA alone does not fully capture the complexities of 
liv e vir al infection in the context of intestinal inflammation. In 

contrast, our study introduces a novel model using live MHV-68 
to infect DSS-treated mice , pro viding a more accurate represen- 
tation of EBV infection in IBD patients . T hus , our findings pro- 
vide str ong e vidence 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. Ho w e v er, it is 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. 
Macr opha ges ar e the most fr equentl y r ecruited inflammatory 

cells within the intestinal micr oenvir onment of UC, and their 
ov er activ ation has been consistentl y observ ed during the de v el- 
opment of UC [ 45–47 ]. The participation of EBV in macr opha ge- 
mediated pathogenesis has been demonstrated in se v er al other 
diseases, including nasopharyngeal carcinoma and multiple scle- 
osis [ 48 ]. Ho w ever, whether EBV exacerbates UC through the im-
unomodulation of intestinal macrophages remains largely un- 

no wn. Recently, it w as reported that EBV is present in LPMCs de-
iv ed fr om the inflamed gut m ucosa of UC patients, particularl y
mong regions exhibiting severe ulceration and deep inflamma- 
ion, pointing to the possibility that EBV infection facilitates the
nitiation of c hr onic m ucosal dama ge in UC b y w ay of its effects
n intestinal macr opha ges [ 49 , 50 ]. In this study, we performed
doptiv e tr ansfer of MHV-68-induced macr opha ges into mice
ith DSS-induced colitis, and depleted macr opha ges in MHV-
8-infected mice with colitis. Our findings sho w ed that adop-
iv e tr ansfer of MHV-68-induced macr opha ges a ggr av ated DSS-
nduced colitis, while macr opha ge de pletion atten uated the ex-
cerbation of intestinal inflammation induced by MHV-68. These 
esults elucidate the pivotal roles of macrophages in MHV-68- 
nduced intestinal inflammation in colitis. It is worth noting that
BV pr edominantl y infects epithelial cells and B lymphocytes,
hile our study particularly targeted the modulation of EBV infec-

ion on intestinal macr opha ges [ 51 ]. Futur e inv estigations should
xplore how EBV interacts with different cell types, including
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Figure 5. Macr opha ge depletion alleviates intestinal inflammation exacerbated by MHV-68 infection in DSS-induced colitis. Colitis se v erity was 
assessed by weight loss ( A ), DAI score ( B ), r epr esentativ e ima ges of colon length ( C ), mouse endoscopic colitis index of se v erity (MEICS) scor e ( 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 β-catenin protein levels ( G ). DAPI (blue) was used to visualize the nuclei. Scale bars r epr esent 500 μm 

(E) and 100 μm (F). ∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001, ∗∗∗∗P ≤ 0.0001. 
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Figure 6. MHV-68-induced macr opha ge pyr optosis is associated with the upr egulation of gl ycol ysis. Relativ e mRNA le v els of gl ycol ysis-r elated 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, wer e assessed in BMDMs c hallenged with MHV-68. ( H ) Pr otein le v els of pyr optosis markers, including NLRP3, 
GSDMD, IL-18, and IL-1 β, wer e measur ed b y w estern blotting in MHV-68-induced BMDMs tr eated with or without the gl ycol ysis inhibitor 2-DG. 
∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001, and ∗∗∗∗P ≤ 0.0001. NS, Not significant. 
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epithelial cells, dendritic cells, and T lymphocytes, to better un- 
derstand its effects on intestinal inflammation and immune dys- 
regulation. 

Extensiv e r esearc h has been conducted to clarify the role of py- 
roptosis in modulating the inflammatory responses in UC, but its 
functions r emain contr ov ersial. On one hand, absence of NLRP3 
inflammasomes and caspase-1 has been shown to increase the 
inclination of mice to w ar ds de v eloping colitis in r esponse to DSS,
e v en leading to mortality [ 52 ]. Additionall y, macr opha ge-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- 
v ersel y, additional studies hav e suggested that an ov er abundance 
of pyroptosis can worsen colitis. For instance, the experimental 
colitis induced by DSS or 2,4,6-trinitrobenzenesulfonic acid was 
significantl y alle viated by either knoc king out NLRP3 and caspase- 
 genes or administering pyroptosis inhibitors [ 21 ]. Furthermore,
ncreased numbers of IL-1 β+ macrophages and monocytes are ev- 
dent in the colonic tissues of patients with UC [ 16 ]. In this study,
t was established that EBV infection caused a notable augmenta- 
ion of pyroptosis markers (IL-1 β, IL-18, GSDMD, and NLRP3) in
he colonic macr opha ges of patients with UC, whic h was posi-
iv el y corr elated with disease se v erity. Specificall y, the str ong cor-
elations between CD68 + IL-18 + and CD68 + IL-1 β+ macr opha ges
nd disease activity markers ( R 

2 values ranging from 0.6453 to
.8261) highlight the contribution of IL-18 and IL-1 β released dur-
ng pyroptosis to systemic inflammation and disease severity. In- 
er estingl y, while the correlation coefficients for CD68 + GSDMD 

+ 

acr opha ges wer e slightl y lo w er, the significance observed for
e v er al markers (e.g. platelet count and Mayo Clinic Activity
cor e) underscor es the critical r ole of GSDMD as an upstr eam
ffector of the pyroptosis pathway . Similarly , in DSS-induced
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Figure 7. Mec hanistic illustr ation of EBV-induced gl ycol ysis driving macr opha ge pyr optosis and exacerbating UC inflammation. EBV infection induces 
the upregulation of glycolysis in intestinal macrophages, which subsequently activates gasdermin D, NLRP3, IL-1 β, and IL-18 in macrophages within 
colonic tissues . T he r elease of these pr o-inflammatory cytokines r esults in intestinal barrier dysfunction and exacerbates UC. 
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olitis, MHV-68 infection resulted in significant expression of GS-
MD, NLRP3, IL-1 β, and IL-18 in peritoneal macr opha ges. In vitro
xperiments further demonstrated that EBV and MHV-68 can
ir ectl y induce pyr optosis in human THP-1 macr opha ges and
 urine BMDMs, r espectiv el y. Our study r e v ealed that intestinal

BV infection exacerbates colonic inflammation in UC through ac-
iv ation of macr opha ge pyr optosis . T hese findings are consistent
ith pr e vious r esearc h showing that pathogenic infection exac-

rbated DSS-induced colitis by ele v ating IL-1 β le v els in intestinal
acr opha ges [ 54 ]. Taken together, our results reinforce the no-

ion that heightened activation of pyroptotic signaling pathways
n macr opha ges exacerbates colonic inflammation in UC. How-
 v er, the pr ecise mec hanisms by whic h EBV-induced macr opha ge
yroptosis mediates intestinal inflammation in colitis remain un-
lear and warrant further investigation. 

Mounting e vidence underscor es that gl ycol ysis is a cor e r egu-
ator of pyroptosis in inflammatory diseases and cancers [ 55 ]. It
s shown that gl ycol ysis inhibitors not only suppressed the ex-
ression of GSDMD in lipopolysaccharide-induced macrophage
yroptosis in vitro but also attenuated pyroptosis of murine
acr opha ges in vivo [ 56 ]. In nasopharyngeal carcinoma triggered

y EBV infection, EBV-encoded latent membr ane pr otein 1 di-
 ectl y inter acted with the gl ycol ytic pr otein Glut1 to induce NLRP3
nd IL-1 β expression in m yeloid-deri ved suppressor cells [ 12 ,
1 ]. Consistent with these findings, our study proposes glycol-
sis as a viable ther a peutic tar get to counter act EBV-induced
acr opha ge pyr optosis in colitis. We demonstr ated that MHV-68-

nduced gl ycol ysis corr elated with incr eased pyr optosis in m urine
acr opha ges, and inhibition of gl ycol ysis attenuated pyr optosis in

itro . This suggests that targeting glycolytic pathwa ys ma y offer
her a peutic benefits for MHV-68-driven intestinal inflammation.
o w e v er, whether EBV induces macr opha ge pyr optosis by activat-

ng gl ycol ysis r equir es further inv estigation in UC patients. Specif-
call y, v erifying the inter action betw een p yr optosis and gl ycol ysis
hr ough co-imm unopr ecipitation and v alidating their upstr eam
nd downstream relationships in animal models is necessary. 

Our study has certain limitations. Firstly, we did not dir ectl y
se EBV-treated CD14 + cells from human PBMCs to confirm the
ffects of EBV on macr opha ge pyr optosis. Although our experi-
ents using THP-1 cells provided valuable insights, future stud-

es utilizing primary human macr opha ges, suc h as CD14 + cells,
r e warr anted to further v alidate the r ole of EBV in inducing py-
optosis in human macrophages. Secondly, our study did not in-
or por ate the use of pyr optosis inhibitors, suc h as the NLRP3 in-
ammasome inhibitor MCC950, to assess whether the suppres-
ion of pyroptosis could mitigate MHV-68-induced colitis. While
he macr opha ge depletion model emplo y ed in our resear ch pro-
ided specific evidence for the role of macrophage pyroptosis in
ntestinal inflammation, future studies will prioritize the use of
yroptosis inhibitors to further elucidate the underlying mecha-
isms of EBV-a ggr av ated colitis and explor e potential ther a peutic

nterventions . T hirdly, our study did not quantitativ el y assess the
HV-68 viral load in colonic tissues using RT-qPCR. This limita-

ion does not diminish the significance of our findings but high-
ights the need for future studies to develop robust quantitative

ethods to further validate the extent of MHV-68 infection in in-
estinal tissues. Lastly, while this study focused on macrophages
s a k e y mediator of EBV-induced intestinal inflammation,
ther immune cells, such as neutrophils and lymphocytes , ma y
lso play critical roles in the pathogenesis of EBV-associated
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colitis. Future studies should investigate the roles of neutrophils 
and lymphocytes in EBV-associated colitis to provide a more com- 
pr ehensiv e understanding of the imm une landsca pe of this dis- 
ease. 

In conclusion, our findings elucidate a mechanistic link be- 
tween EBV infection and the exacerbation of UC through the 
activ ation of macr opha ge pyr optosis . T his no vel insight offers a 
potential avenue for mitigating intestinal inflammatory responses 
associated with EBV infection. 
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