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Purpose: The rapid global spread of the SARS-CoV-2 Omicron variant introduces a novel complication: the emergence of IBD (inflamma-
tory bowel disease)-like ulcers in certain patients. This research delves into this new challenge by juxtaposing the clinical manifestations and
genetic expression patterns of individuals affected by the Omicron variant of COVID-19 with those diagnosed with IBD. It aims to decode the
link between these conditions, potentially shedding light on previously unexplored facets of COVID-19 pathophysiology. This investigation
emphasizes gene expression analysis as a key tool to identify wider disease correlations and innovative therapeutic avenues.

Patients and Methods: From March to December 2022, patients with SARS-CoV-2 Omicron infection and inflammatory bowel
disease and healthy controls were recruited in Shanghai East Hospital, Shanghai, China. The epidemiological and clinical character-
istics of the patients were compared. Four RNA sequencing datasets (GSE205244, GSE201530, GSE174159, and GSE186507) were
extracted from the Gene Expression Omnibus database to detect mutually differentially expressed genes and common pathways in
patients with SARS-CoV-2 infection and inflammatory bowel disease.

Results: Compared to patients with active inflammatory bowel disease, patients with SARS-CoV-2 infection were more likely to have
elevated interferon-a levels and an increased lymphocyte count and less likely to have high interleukin-6, tumor necrosis factor-a, and
C-reactive protein levels and an elevated neutrophil count. A total of 51 common differentially expressed genes were identified in the
four RNA-sequencing datasets. Enrichment analysis suggested that these genes were related to inflammation and the immune response,
especially the innate immune response and nucleotide oligomerization domain-like receptor signaling pathway.

Conclusion: The inflammation and immune-response pathways in COVID-19 and inflammatory bowel disease have several
similarities and some differences. The study identifies the NLR signaling pathway’s key role in both COVID-19 and IBD, suggesting
its potential as a target for therapeutic intervention and vaccine development.

Keywords: viral-induced inflammation, omicron infection, RNA sequencing, gene expression in infection, inflammatory bowel
disease

Introduction

Coronavirus disease 2019 (COVID-19) is a highly contagious respiratory disease caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), which has spread worldwide rapidly over the past 4 years.! After infection with
SARS-CoV-2, some patients have been reported to develop long-term symptoms or health problems, a phenomenon
known as Long-COVID.? Long COVID, impacting at least 10% of individuals infected by SARS-CoV-2, presents
a compelling case for further investigation due to its extensive symptomatology affecting multiple organ systems.
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Gastrointestinal symptoms of Long COVID are associated with persistent SARS-CoV-2 replication in the intestinal
mucosa, including nausea, abdominal pain, loss of appetite, and constipation, with significant changes in the composition
of the gut microbiota.”* Interestingly, during the COVID-19 epidemic in Shanghai, some patients who underwent
colonoscopy for gastrointestinal symptoms following COVID-19 were found to have inflammatory bowel disease (IBD)-
like ulcers. Similar cases have also been reported by other researchers.’

IBD is a group of heterogenous, chronic, non-specific intestinal inflammatory diseases with elusive etiology and
pathogenesis, clinically classified as Crohn’s disease (CD) and ulcerative colitis (UC). UC is confined to the colon and
can lead to ulceration, severe bleeding, toxic megacolon, and fulminant colitis.® CD can involve any part of the digestive
tract and is characterized by transmural inflammation that can lead to complications such as fibrotic strictures, fistulas,
and abscesses.” Although potential differences between UC and CD have been observed, such as differential enrichment
of immune cell subpopulations and genetic variants (eg, NOD and PTPN22), the pathogenesis of both diseases has been
linked to disruption of the epithelial barrier, innate immune response, and dysregulation of adaptive immunity.® To date,
certain viruses have been demonstrated to be linked to IBD. For example, phages and specific factors derived from the
virome can damage intestinal barrier; Enterovirus B and Picornaviridae are implicated in intestinal inflammation; and
Pseudomonas aeruginosa affects innate immunity.” Nonetheless, limited research has explored the connection between
COVID-19 and IBD. Given that IBD-like ulcers have been observed in the colon of patients with COVID-19, it’s
imperative to investigate the association between these two diseases. SARS-CoV-2 infection leads to elevated levels of
various pro-inflammatory markers, such as tumor necrosis factor-o. (TNF-a) and various interleukins (IL-6, IL-1, and IL-
17), that can trigger a cytokine storm. Similar phenomena are also observed in IBD, suggesting similarities in the patterns
of immune activation between these two diseases. Therefore, the specific relationship between the immune response
induced by SARS-CoV-2 infection and IBD needs further investigation.

This cross-sectional, observational study aimed to compare the immune response induced by SARS-CoV-2 Omicron
variant infection and IBD at different stages of the disease by analyzing clinical data and transcriptome sequencing.
Patients with COVID-19 or IBD were also compared with healthy controls. Further, we investigated the potential
immune association between these two diseases. Our findings may help identify potential therapeutic targets for the
treatment of these diseases.

Materials and Methods

Study Design and Patient Enrollment

This study was conducted at Shanghai East Hospital in Shanghai, China, from March 2022 to December 2022. A total of
199 patients with different stages of SARS-CoV-2 Omicron variant infection (120 with primary infection, 14 with
reinfection, and 65 convalescent patients), 98 patients with IBD, and 60 healthy controls were enrolled. The inclusion
criteria were as follows: (1) Sufficient clinical information (medical history, clinical manifestations, physical signs, and
laboratory examinations) available from medical records; (2) Diagnosis of COVID-19 according to the diagnostic criteria
in the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (Trial Version 9);'* or assessment of disease
activity of IBD using the Crohn’s Disease Activity Index (CDAI) for CD'' and the modified Mayo score for patients with
UC.° Clinical remission was defined as CDAI score <150 or modified Mayo score <2 for UC and CD, respectively.
Volunteers who underwent health examinations at the Health Examination Center during the same period served as
healthy controls. Patients with incomplete clinical data were excluded. In accordance with our inclusion and exclusion
criteria, we excluded 22 participants who did not meet the requirements. Demographic information, epidemiological data,
and laboratory results of all patients were collected from the hospital’s electronic medical record system.

Clinical and Laboratory Assessments

Cytokines were detected by “cytokine combined detection kit (Jiangxi Saiji Biotechnology Co., LTD) and Fluorescence
Flow Cytometry (BriCyte E6, Mindray Medical Devices Co., LTD). Blood count and C-reactive protein (CRP) were
measured using a haematology analyzer (Sysmex XN-3000, Sysmex Co., Japan). Colonoscopy was performed using
a CF-HQ2901 electronic colonoscope (Olympus Co., Japan).
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Analyses of Public Gene Expression Profile Data

The gene expression profiles (raw count) processed from RNA-seq of patients with COVID-19 (GSE205244,
GSE201530) and patients with IBD (GSE174159, GSE186507) were collected from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo/). Among them, the GSE201530 dataset was derived from peripheral
blood mononuclear cell (PBMC) samples of 8 healthy individuals and 47 patients with primary SARS-CoV-2 Omicron
infection. The GSE205244 dataset was derived from PBMC samples of 17 patients with primary SARS-CoV-2 Omicron
infection and 39 patients with reinfection. The GSE174159 dataset was derived from intestinal biopsy samples of three

patients with active CD, three patients with CD in remission, and five healthy individuals. The GSE186507 dataset was
derived from blood samples of 68 patients with active CD, 288 patients with CD in remission, 44 patients with active
UC, 334 patients with UC in remission, and 209 healthy controls.

Differentially expressed gene (DEG, |log2[fold change (FC)]| > log2 [1.5] [FC > 1.5 or FC < 2/3] and P < 0.05) analysis
was performed using DESeq2 version 1.28.1' in R version 4.0.2 (https://www.R-project.org/). The intersection of DEGs

under different conditions was demonstrated using VennDiagram version 1.7.3'% and UpSetR version 1.4.0'* in R. The
enrichment analysis of these genes was performed using Metascape version 3.5 (https:/metascape.org/gp/index.html).'

A schematic representation of the entire workflow in this study is shown in Figure 1.

Statistical Analysis

Continuous data were reported as the mean + standard deviation (SD) or median and interquartile range (IQR). The
Student’s ¢-test or Wilcoxon rank-sum test was used to compare groups, as appropriate. Categorical data were reported as
frequencies and percentages. The chi-squared test or Fisher’s exact test was used to compare groups, as appropriate.
R Software version 4.1.3 (R Foundation for Statistical Computing, Vienna, Austria; https://www.R-project.org/) was used

to conduct all statistical analyses. All analyses were two-sided, and p-values < 0.05 were considered statistically
significant.

Results

Demographic and Clinical Characteristics of Participants

The 199 patients with SARS-CoV-2 Omicron variant infection included in the study had a median age of 50 (interquartile
range [IQR], 12 to 96) years, of whom 37% (n = 73) were female and 63% (n = 126) were male. Baseline characteristics
of all patients, including age, sex, vaccination history, disease duration, clinical manifestations, comorbidities, laboratory
test results, and medical treatment, are shown in Table 1. The main comorbidities were hypertension and diabetes
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Table | Characteristics of Patients Infected with the Omicron Variant

Variable Total Recovered Primary Infection Refection p- value

(n=199) from Omicron with Omicron with Omicron

(n = 65) (n=120) (n=14)

Sex, n (%) 0.11
Female 73 (37) 18 (28) 51 (42) 4(29)
Male 126 (63) 47 (72) 69 (57) 10 (71)
Age, median (QI, Q3) 50 (34.5, 62) 53 (42, 59) 46 (31.75,62) 61.5 (52.5, 70.75) 0.02
Vaccination 145 (73) 53(82) 85 (71) 7 (50) 0.04
Oxygen therapy, n (%) 14 (7) 0(0) 13(11) 1(7) 0.008
Clinical symptoms, n (%)
Fever 58 (29) 2(3) 53 (44) 3(21) <0.001
Cough 37 (19) 1(2) 35 (29) 1(7) <0.001
Expectoration 28 (14) 1(2) 26 (22) 1(7) <0.001
Sore throat 33 (17) 0(0) 32 (27) 1(7) <0.001
Muscular soreness 25 (13) 0 (0) 24 (20) 1 (7) <0.001
Headache 17 (9) 1(2) 15 (12) 1(7) 0.02
Difficult breathing 2(l) 0(0) 2(2) 0(0) 0.60
Diarrhea 1(I) 0(0) (I 0 (0) |
Laboratory findings, n (%)
IL-1B>12.4 pg/mL 5(3) 0(0) 4Q3) 1(7) 0.16
IL-10>4.91 pg/mL 32 (16) 3 (5) 27 (22) 2 (14) 0.003
IL-12p70>3.40 pg/mL 4(2) 2(3) I (l) 1(7) 0.10
IL-17A>20.6 pg/mL 4(2) 1(2) 3(2 0(0) |
IL-2>5.71 pg/mL 53) 1(2) 312 1(7) 0.42
IL-4>3.00 pg/mL 4(2) 1(2) 3(2) 0 (0) |
IL-5>3.10 pg/mL 10 (5) 2(3) 7 (6) 1(7) 0.49
IL-6>5.30 pg/mL 94 (47) 12 (18) 75 (62) 7 (50) <0.001
TNF-0>4.60 pg/mL 9 (5) 2(3) 5(4) 2 (14) 0.21
IFN-0>8.50 pg/mL 46 (23) 1(2) 44 (37) 1(7) <0.001
N 2 6.3 xI0%L 36 (18) 12 (18) 22 (18) 2 (14) |
L<I.lI x 10°/L 75 (38) 18 (28) 53 (44) 4(29) 0.07
MONO 2 0.60x10°/L 36 (18) 4 (6) 30 (25) 2 (14) 0.003
Hb<115 g/L 20 (10) 6 (9) 13(11) 1(7) 0.93
PLT<125x10%/L 8 (4) 0(0) 7 (6) 1(7) 0.08
CRP>10mg/L 31 (16) 3 (5) 28 (24) 0(0) <0.001
Comorbidities, n (%)
HBP 38 (19) 12 (18) 23 (19) 3(21) 0.92
DM 21 (1) 7 (1) 12 (10) 2 (14) 0.81
Stroke 9 (5) 0(0) 8(7) 1(7) 0.06
AF 2() 0(0) 2(2) 0 (0) 0.60
COPD 53) 1(2) 4(3) 0 (0) 0.76

Abbreviations: AF, atrial fibrillation; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; DM, diabetes mellitus; Hb,
hemoglobin; HBP, high blood pressure; IFN, interferon; IL, interleukin; N, neutrophil count; L, lymphocyte count; MONO, monocyte count;
PLT, platelet count; TNF, tumor necrosis factor.

mellitus. The most common symptoms in patients with primary Omicron infection were cough (29%, 35/120),
expectoration (22%, 26/120), sore throat (27%, 32/120), myalgia (24%, 20/120), and headache (15%, 12/120). As
shown in Table 1, reinfected patients were significantly older, with a median age of 61.5 years and male predominance
(71%, 10/14). One of the patients, a 30-year-old man, developed abdominal pain and diarrhea after the SARS-CoV-2
infection, and colonoscopy revealed diffuse edema of the entire colon with multiple UC-like ulcers (Figure 2A). One
month later, the patient’s SARS-CoV-2 DNA load was below the limit of detection, and a repeat colonoscopy showed
mucosal healing (Figure 2B).

Sixty healthy controls were enrolled, with a median age of 47.5 (IQR, 33.75 to 59.25) years, of whom 62% were men
(Table 2), and the majority had inflammatory cytokine levels within the normal ranges.
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Figure 2 Typical endoscopic findings in a patient with SARS-CoV-2 Omicron variant infection. (A) Endoscopic image of the colon showing hyperemic and edematous
intestinal mucosa with multiple ulcers. (B) Repeat endoscopic image one month later showing an absence of intestinal mucosal edema and healing of the ulcers. Image
courtesy of the Endoscopy Center, Shanghai East Hospital, China.

A total of 98 patients with IBD (47 with CD, 51 with UC) were enrolled, with a median age of 44 (IQR, 31 to 58.75)
years, of whom 43% (n = 42) were women and 57% (n = 56) were men. Sixty patients (61%) with IBD were in
remission, of whom 29 had CD and 31 had UC, and 38 patients were in the active stage, of whom 18 had CD and 20 had
UC. Anemia was observed in 37% of patients (n = 14) with active IBD, which was related to chronic gastrointestinal
bleeding and malnutrition (Additional file 1). Compared with patients in remission, patients with active disease were
significantly (all p<0.001) more likely to have elevated TNF-a, IL-6, and CRP levels.

Blood Levels of Inflammatory Markers in Patients with SARS-CoV-2 Infection, IBD, and

Healthy Controls

Compared with the healthy controls, the proportion of patients with elevated IL-6, IL-10, interferon (IFN)-a, neutrophil,
and CRP levels were significantly higher among those with primary SARS-CoV-2 infection, which were 63% (p <
0.001), 23% (p < 0.001), 37% (p < 0.001), 18% (p = 0.01), and 24% (p = 0.001), respectively, and 44% had a lower
lymphocyte count (Table 2). In our study, we have thoughtfully categorized IBD into two principal stages for analysis:
active and remission. Patients with SARS-CoV-2 infection showed significantly higher levels of IFN-a (>8.50 pg/mL;
34%, p <0.001) and lower levels of lymphocytes (<1.1 x 10°/L; 43%, p = 0.03), whereas the proportions of patients with
increased IL-6 (>5.30 pg/mL; 61%, p = 0.014), TNF-a (>4.60 pg/mL; 5%, p < 0.001), neutrophil (> 6.3 x 10°/L; 18%,
p =0.001), and CRP (>10 mg/L; 21%, p < 0.001) levels was less than in patients with active IBD (Table 3). Compared
with patients with IBD remission, elevated levels of IL-10, IL-6, and IFN-a were found in 22% (p = 0.003), 61% (p =
0.001), and 34% (p < 0.001) patients with SARS-CoV-2 infection respectively, and a lower percentage of patients with
elevated neutrophil counts (18%, p < 0.001) was found in the same population (Additional file 2).
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Table 2 Univariate Analysis Comparing Healthy Individuals with Patients with Primary SARS-CoV-2 Omicron

Infection
Variable Total Healthy Primary Infection p- value
(n =180) Individuals with Omicron

(n = 60) (n =120)
Sex, n (%) 0.71
Female 74 (41) 23 (38) 51 (42.5)
Male 106 (59) 37 (62) 69 (57.5)
Age, median (QI, Q3) 46.5 (32.75, 60.25) 47.5 (33.75, 59.25) 46 (31.75, 62) 091
Laboratory findings, n (%)
IL-13>12.4 pg/mL 4 (2) 0 (0) 4(3) 0.30
IL-10>4.91 pg/mL 28 (16) 1 (2) 27 (23) <0.001
IL-12p70>3.40 pg/mL 3(2) 2 (3) (1) 0.26
IL-17A>20.6 pg/mL 3(2) 0 (0) 3(3) 0.55
IL-2>5.71 pg/mL 3(2) 0 (0) 3(3) 0.55
IL-4>3.00 pg/mL 4 (2) 1 (2) 3(3) |
IL-5>3.10 pg/mL 74 0 (0) 7 (6) 0.10
IL-6>5.30 pg/mL 86 (48) 11 (18) 75 (63) <0.001
TNF-0>4.60 pg/mL 74) 2 (3) 54 |
IFN-0>8.50 pg/mL 50 (28) 6 (10) 44 (37) <0.001
N = 6.3 xI0°/L 24 (13) 2 (3) 22 (18) 0.01
L<I.1 x 10°/L 63 (35) 10 (17) 53 (44) <0.001
MONO = 0.60x10°/L 39 (22) 9 (15) 30 (25) 0.18
Hb<I115 g/L 20 (1) 7 (12) 13 (1) |
PLT<125x10%/L 10 (6) 3 (5 7 (6) |
CRP>|0mg/L 30 (17) 2 (3) 28 (24) 0.001

Abbreviations: Hb, hemoglobin; CRP, C-reactive protein; IFN, interferon; IL, interleukin; N, neutrophil count; L, lymphocyte count;
MONO, monocyte count; PLT, platelet count; TNF, tumor necrosis factor.

Patients with SARS-CoV-2 reinfection were mostly asymptomatic, with 7% (1/14, p = 0.034) being positive for I[FN-
a, and none had elevated CRP levels compared with those with primary infection (Additional file 3). Furthermore, there
was no significant difference in other inflammatory markers between the patients with SARS-CoV-2 reinfection and
healthy controls except for increased IL-6 levels (50%, 7/14, p = 0.03) (Additional file 4).

Identification and Enrichment Analysis of Differentially Expressed Genes in Patients
with SARS-CoV-2 Omicron Infection and IBD

Given the similarities in the inflammatory immune responses between IBD and SARS-CoV-2 Omicron infection, we
investigated whether SARS-CoV-2 Omicron infection and IBD had common molecular mechanisms. For this purpose,
we used several published gene expression profiles of patients with SARS-CoV-2 Omicron infection and patients with
IBD. Initially, we screened 397 DEGs (131 up-regulated and 261 down-regulated) in patients with primary SARS-CoV-2
Omicron infection (control, n = 17) vs patients with SARS-CoV-2 Omicron reinfection (n = 39) (GSE205244 — PBMC).
We then screened 433 DEGs (383 up-regulated and 45 down-regulated) in healthy controls (control, n = 8) and patients
with primary SARS-CoV-2 Omicron infection (n = 47) (GSE201530 — PBMC). Similarly, 57 DEGs (26 up-regulated and
31 down-regulated) were identified in the patients with active CD (n = 68) compared with healthy controls (control, n =
209) and 399 DEGs (388 up-regulated and 11 down-regulated) in the patients with active UC (n = 44) and healthy
subjects (control, n = 209) (GSE186507 — PBMC). In addition, considering the tissue specificity of inflammatory bowel
mucosa in IBD, we further collected expression profiles from intestinal biopsy specimens and screened 1003 DEGs (668
up-regulated and 335 down-regulated) in the active CD (n = 3) and healthy controls (control, n = 5) (GSE174159 —
intestine). We described the common DEGs between these datasets using UpSet and Venn plots (Figure 3A). Our
analyses identified 172 common DEGs between patients with primary SARS-CoV-2 Omicron infection (control) and

1934 "o

Dove!

Journal of Inflammation Research 2024:17


https://www.dovepress.com
https://www.dovepress.com

Dove Li et al

Table 3 Univariate Analysis Comparing Patients with SARS-CoV-2 Omicron Infection with
Patients with Active Inflammatory Bowel Disease

Variable Total Infection with Active Phases p- value
(n =172) Omicron (n = 134) | of IBD (n=38)
Sex, n (%) 0.39
Female 67 (39) 55 (41) 12 (32)
Male 105 (61) 79 (59) 26 (68)
Age, median (Ql, Q3) 46 (32, 60.5) 47 (33, 64.75) 40 (31, 53.75) 0.04
Laboratory findings, n (%)
IL-1B3>12.4 pg/mL 6 (3) 54 1 (3) [
IL-10>4.91 pg/mL 33 (19) 29 (22) 4(11) 0.19
IL-12p70>3.40 pg/mL 3(2) 2.(1) 1 (3) 0.53
IL-17A>20.6 pg/mL 4(2) 3(Q2) 1 (3) |
IL-2>5.71 pg/mL 503) 4 (3) 1 (3) |
IL-4>3.00 pg/mL 4(2) 32 I (3) |
IL-5>3.10 pg/mL 10 (6) 8 (6) 2 (5) |
IL-6>5.30 pg/mL 114 (66) 82 (61) 32 (84) 0.0l
TNF-0>4.60 pg/mL 22 (13) 7(5 15 (39) <0.001
IFN-0>8.50 pg/mL 46 (27) 45 (34) I (3) <0.001
N = 6.3 x10°/L 41 (24) 24 (18) 17 (45) 0.001
L<I.1 x 10°/L 65 (38) 57 (43) 8 (21) 0.03
MONO 2 0.60x10°/L 36 (21) 32 (24) 4(11) 0.12
Hb<I15 g/L 28 (l6) 14 (10) 14 (37) <0.001
PLT<125x10%/L 9 (5 8 (6) 1 (3) 0.69
CRP>10mg/L 64 (37) 28 (21) 36 (95) <0.001
Comorbidities, n (%)
HBP 32 (19) 26 (19) 6 (16) 0.79
DM 16 (9) 14 (10) 2(5) 0.53
Stroke 9 (5 9(7) 0(0) 0.21
AF 2(1) 2(1) 0(0) |
COPD 4(2) 4 (3) 0(0) 0.58

Abbreviations: AF, atrial fibrillation; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; DM, diabetes
mellitus; Hb, hemoglobin; HBP, high blood pressure; IFN, interferon; IL, interleukin; N, neutrophil count; L, lymphocyte count;
MONO, monocyte count; PLT, platelet count; TNF, tumor necrosis factor.

patients with SARS-CoV-2 Omicron reinfection. However, only 24 common DEGs were identified from the two sets
among patients with active UC (PBMC), active CD (PBMC), and active CD (intestine), suggesting tissue-specificity and
different mechanisms between UC and CD. A total of 51 shared genes (present in at least one DEG set of patients with
SARS-CoV-2 Omicron and patients with IBD) were identified as DEGs common to the two diseases.

In addition, patients with CD in remission had eight DEGs (two up-regulated and six down-regulated) in PBMCs that
differed from those of healthy controls, whereas patients with UC in remission had only four DEGs (one up-regulated
and three down-regulated) in PBMCs that differed from those of healthy controls (GSE186507) (data not shown). This
suggests that the gene expression profile in the circulation of patients with IBD in remission is similar to that of healthy
individuals.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis were performed
to investigate the potential biological functions of the shared DEGs.'®'” Figure 3B shows the enrichment of common
DEGs between patients with primary infection and the reinfection with SARS-CoV-2 Omicron was consistent with the
clinical results, including a stronger immune response to the virus in the primary infection, especially the IFN response.
Between the SARS-CoV-2 Omicron variant infection and IBD, GO analysis showed that shared DEGs were significantly
involved in the intrinsic immune response, positive regulation of programmed cell death, and positive and negative

regulation of the immune response (Figure 3C). Further, KEGG pathway enrichment analysis showed that shared DEGs

Journal of Inflammation Research 2024:17 hetps: 1935

Dove:


https://www.dovepress.com
https://www.dovepress.com

Li et al Dove

B SR SR R i esponee

hsa05171: Comnavlrus dlsez

A

sel COV|I<D timult
ine stimi
( X o%loves ulus.

L -

% GO:0035455:
= G0:0032020: ISG15-protein conjugati
[E—]
=
5

0 9803050 NAD* ADP.riosy ransferase actvity
16032: viral

i %,I:s, ’ﬁ“*fﬁe@xgmm
5 20
-log10(P)

8333?7 |nnale immune response
7 se to baclennm
7 cel u|ar response to || interferon
e — ulation o rammed cell death

osmve ulation of immiune response

= mokine Teceptor binding

—

—— al e Ialon of immune system process
— po Ve anén véspo‘:»se ool stmulus

Active CDMealthy Active CDMealthy
(Intestine) (PBMC)
296 3 42

10 1 25 30 35

Intersection of DEG

Active UChealthy
(PBMC)

378

(@)

ulgll no re ons to biotic stimulus
90"58 to me: amcal ‘stimulus

Active CDhealthy .
(PBMC)

4 6 8 10
Active CD/health -1o910(P)
ve althy . D
15a04621: NOD-like receptor signaling pathway
I Aci'e Voot o I 15204061 Viral protein ineracton with Sytokind. and cytokine receptor
PBMC) 5304610 Complement and coagulation cascades
E— 0o 20015 . — $a0iczy Cyiotolc BhASerend palhvay
S nscriptional misreguiation n cancer

°BNC) I e 15305416: Flu shear siress and atheroscierosss
S Oricon 1sthealthy .
———————————  (PBMC)

4 6
W 20 1o -log10(P)
DEG number

m

‘ Condition
Primary infection
Reinfection
CD_Active
Healthy
UC_Active

I I Tissue
Intestine
PBMC

Disease
Omicron-related
IBD-related

.

4

uonlpuo)
N w

- m o w N = T = HOF O
838 2 2 ggzg2 BECIRSZa2R8ILTI2882385%2 1
z S o - > 2 Q IM2REORIOLOAIZEZIITQS
83 2 5 z ® 8 SRNZFCJIZa v 0eNgYIas-=NT
z I 5 ] 8 3 [ Y ™ T 2ol @ 3 FERL ] * 0
2 8 a 9 2 o» 3 L

Figure 3 Identification and enrichment analysis of differentially expressed genes between patients with SARS-CoV-2 Omicron variant infection and patients with
inflammatory bowel disease. (A) UpSet and Venn plots showing differentially expressed genes (DEGs) shared by patients with SARS-CoV-2 Omicron variant infection
and patients with inflammatory bowel disease. This section contains 4 RNA-seq datasets including GSE205244, GSE201530, GSE174159, and GSEI86507. (B) Bar graphs of
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway/Gene Ontology (GO) enrichment analysis of the DEGs shared between patients with primary SARS-CoV-2
Omicron variant infection and patients with SARS-CoV-2 Omicron reinfection. (C and D). Bar graphs of the (C) Gene Ontology (GO) and (D) KEGG pathway enrichment
analysis of the shared DEGs between COVID-19 and IBD. (E) Heatmap of 51 differentially expressed genes (DEGs) shared by patients with COVID-19 and patients with
inflammatory bowel disease. The genes related to innate immune response are highlighted with stars.

were involved in the NOD-like receptor (NLR) signaling pathway, viral protein-cytokine, and cytokine receptor
interactions. (Figure 3D). The heat map shows the names of shared DEGs (Figure 3E). These DEGs are implicated in
functional enrichment associated with inflammation and immune response.

Discussion

SARS-CoV-2 infects humans by binding its spike protein to the angiotensin-converting enzyme 2 (ACE2) receptor in the
mucosa. ACE2 is expressed in intestinal epithelial cells, and its expression in the small intestine is higher than that in the
colon."® Consequently, approximately 5-20% patients with SARS-CoV-2 infection develop gastrointestinal symptoms,
intestinal injuries, and even intestinal IBD-like ulcers.>> Although the etiologies of COVID-19 and IBD are different,
there are some similarities in their response to treatments. Recent studies have shown that patients with IBD have
a decreased risk of developing COVID-19. This may be due to previous anti-TNF-o treatment in patients with IBD; anti-
TNF-a antibody is associated with lower hospitalization rates and less severe COVID-19 symptoms.'**° Patients with
IBD or COVID-19 develop inflammation associated with a dysregulated immune response, and classic treatments for
IBD, such as corticosteroids, tofacitinib, and anti-TNF-a therapy, are also effective in severe cases of COVID-19;

however, the underlying mechanisms remain unclear.'*'~**
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Although SARS-CoV-2 replicates in patients with reinfection, it generally causes only a mild inflammatory response
that does not differ much from that in healthy people. The proportion of patients with elevated IL-6 levels exceeded 50%
in the patients with SARS-CoV-2 infection and those with active IBD. The increase in TNF-a level was more pronounced
in patients with IBD, whereas the increase in IFN-a level was the main factor involved in the patients with SARS-CoV-2
infection. Furthermore, we compared the transcriptomic data of patients with IBD and patients with COVID-19,
demonstrating that the two diseases share a similar innate immune response and NLR signaling pathways from the
perspective of gene expression regulation.

Accumulating evidence suggests that tissue damage in these two disorders is due to a dynamic interplay between
immune cells and non-immune cells, which is mediated by cytokines produced within the inflammatory microenviron-
ment. Moreover, cytokines link infections with an antiviral immune response and also bridge the innate and adaptive
arms of the immune response.?* For SARS-CoV-2 infection, as with other viral infections, the type I IFN response is the
most important component of innate antiviral immunity, resulting in the rapid induction of antiviral proteins in response
to viral infection.?® This study showed a significant increase in IFN-o levels in the patients with SARS-CoV-2 Omicron
variant infection, which was further confirmed with transcriptomic analysis. However, in cases of severe COVID-19,
a type I IFN response coexists with TNF/IL-1B-driven inflammation, and more severe inflammation-driven progressive
injury may occur without intervention.>> The type I IFN canonical and noncanonical signaling partially relies on a high
level of signal transducer and activator of transcription 1 (STAT1) or phosphorylated STAT1 (pSTAT1).?® These findings
are consistent with our transcriptomics data. Levels of other cytokines, such as IL-6, are generally elevated in critically ill
patients with COVID-19. IL-6 levels are also elevated in serum and intestinal tissues of patients with CD and correlate
with clinical disease activity and inflammation severity, signaling through the Janus kinase (JAK)/STAT pathways.?’
IFN-y/TNF-a can cooperate to dose-dependently kill IECs via the CASP8-JAK1/2-STAT1 module.?® In human mono-
cytes, a synergistic interaction between TNF-a and IFN triggers the activation of the JAK/STAT1/IFR1 axis. Lung cell
death is proportional to TNF-a and IFN concentrations.” Our findings show that STAT1 was elevated in the patients with
COVID-19 and those with IBD. This could explain why corticosteroids and tofacitinib could be used to treat these two
distinct diseases. In patients with COVID-19, corticosteroids inhibit the pathologic interferon response of monocytes by
down-regulating STATI, and tofacitinib prevents IL-mediated hyperinflammation by blocking the JAK/STAT
pathway.”®** Our findings and those of other studies suggest that currently available medications for IBD do not
aggravate or increase the rate of SARS-CoV-2 infection, and patients with IBD can continue to receive IBD-related
medications during the pandemic.*'

While the peak of COVID-19 in China and other countries may have subsided, the ramifications of the pandemic,
such as Long COVID, continue to persist, proving to be enduring and widespread in their impact. Some viruses have
been shown to have a detrimental effect on intestinal barrier functions, which contribute to the development of IBD.*
However, it remains unclear whether COVID-19 patients will develop IBD. Activation of the NLR signaling pathway in
both COVID-19 and IBD is another novel finding of our study. The NLR pathway is responsible for detecting various
pathogens and generating innate immune responses, driving the activation of pathways such as nuclear factor-kappa
B and mitogen-activated protein kinase, and playing a role in inflammatory responses.>* NLRs can interact with receptor-
interacting protein 2 (Rip2) kinase. This interaction through CARD-CARD binding leads to the activation of pathways
such as NF-kB or MAPK, resulting in the secretion of pro-inflammatory cytokines like IL-6, IL-1p, and TNF-o.
Additionally, NLRs can mediate autophagy by interacting with ATGI6L and participate in recognizing damage-
associated molecular patterns (DAMPs) produced by cell damage.

NOD-like receptor family pyrin containing 3 (NLRP3), a member of the NLR family, operates in a canonical
(inflammasome-dependent) or noncanonical (inflammasome-independent) manner. In its canonical role, NLRP3 inflam-
masomes convert procaspase-1 into its active form, caspase-1, while in its noncanonical role, they activate procaspase-
11.** The NLRP3 inflammasome is hyperactivated in cytokine storms induced by COVID-19,%> and NLRP3 is also up-
regulated in the intestinal mucosa of patients with active IBD. The activation of the NLRP3 inflammasome plays a key
role in the initiation of IBD. The Never in Mitosis A-related kinase 3, an important component of the NLRP7
inflammasome in macrophages, interacts with NLRP3 to affect IBD through pyroptosis.***” Based on the above results
and our bioinformatics analysis, NLR signaling may be an important intersection between COVID-19 and IBD and may
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provide potential targets for the treatment of both diseases. Actually, some NLRP3 inhibitors have been proven the value
of therapeutic interventions. It has been proven that glyburide can inhibit NLRP3 activation and IL-1p secretion induced
by lipopolysaccharide in bone marrow-derived macrophages.”® Some natural product inhibitors such as oridonin and

3949 and thus attenuate lung inflammation induced by SARS-CoV infection

parthenolide can inhibit the NF-«B pathway,
and alleviate IBD.*'*?

Furthermore, NLRs play a significant role in vaccine development, especially through their involvement in adjuvant
action. Before the discovery of NLRs, vaccination strategies extensively used molecules now recognized as NLR ligands.
For instance, bacterial cell wall preparations containing peptidoglycan, known to activate NODI and NOD2, and
substances like aluminum hydroxide, shown to activate the NLRP3 inflammasome, have been used as adjuvants.****
This new understanding of NLRs in adjuvant action provides valuable insights for developing vaccines, highlighting their
role in enhancing vaccine efficacy through specific immune pathway activation.

In discussing the limitations of our study, several points warrant attention. Firstly, the research was carried out at
a solitary institution in Shanghai, China. It’s plausible that our results may not directly translate to other populations or
regions characterized by distinct genetic backgrounds, healthcare frameworks, and environmental influences. Secondly,
while our study identifies potential therapeutic targets that hold promise for treatment strategies, the path from research
discovery to clinical application is fraught with challenges. The transition of these findings into practical treatments for
patients requires a robust body of further research. This entails conducting comprehensive clinical trials aimed at

validating the efficacy and safety of these targets.

Conclusion

In conclusion, this study compared patients with SARS-CoV-2 Omicron variant infection, patients with IBD, and healthy
controls and described the clinical and transcriptomic features of SARS-CoV-2 infection and IBD. Our findings highlight
the shared association of COVID-19 and IBD with immune-related pathways, particularly the innate immune response
and NLR signaling pathway, and offer fresh insights into the use of existing drugs as well as the potential development of
new therapeutic targets for both diseases.
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