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Objectives: This study aimed to explore the role of CD4 + T cells in the mechanisms of COVID-19 related 

diarrhea. 

Methods: We analyzed lymphocyte subsets in patients with COVID-19 and the expression of angiotensin- 

converting enzyme 2 (ACE2), the transmembrane protease serine 2, and CD4 + T cell-related indicators in 

the colon were compared between patients with and without diarrhea. Correlation analyses were per- 

formed for ACE2 and other indicators to identify the relationship between SARS-CoV-2 infection and 

CD4 + mediated inflammation. The expression and distribution of CD4 + T cell-associated chemokines and 

their receptors were detected to determine the possibility of migration of CD4 + T cells to inflammation 

sites. 

Results: The CD4 + T cell counts and percentages and CD4/CD8 ratio showed the most significant dif- 

ferences between the 2 groups. The diarrhea group expressed higher levels of ACE2, T-box expressed 

in T cells (Tbet), and tumor necrosis factor-alpha (TNF α) at both the mRNA and protein levels, with no 

difference from the nondiarrhea group for the percentage of ACE2 + TNF α+ cells, indicating an indirect as- 

sociation between ACE2 and TNF α. The mRNA expression of CXCL10, CXCL11, and CXCR3 and the number 

of CD4 + CXCR3 + T cells were increased in the diarrhea group. 

Conclusions: CD4 + T cell-mediated inflammation may contribute to COVID-19 related diarrhea. CXCR3 + 

mediated migration of CD4 + T cells into the gut may perpetuate inflammation. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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COVID-19, caused by the SARS-CoV-2 strain, has become a 

lobal pandemic that is a serious threat to human life and health. 

he most prominent manifestations of COVID-19 are located in 

he respiratory system, but an increasing number of extrapul- 

onary manifestations have also been reported ( AlSamman et al., 

020 ; Gupta et al., 2020 ). SARS-CoV-2 also affects the gas- 

rointestinal (GI) tract ( Ma et al., 2020 ; Ziegler et al., 2020 ;

ou et al., 2020 ), causing digestive symptoms such as anorexia, 
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iarrhea, nausea, vomiting, abdominal pain, and abdominal dis- 

omfort ( Cheung et al., 2020 , Elmunzer et al., 2021 ). Among these 

I presentations, diarrhea is one of the most common symptoms 

 Cheung et al., 2020 ; Elmunzer et al., 2021 ). 

In the early phase of the COVID-19 epidemic, diarrhea seemed 

o be underestimated, with a prevalence of less than 10% 

 Chen et al., 2020 ; Guan et al., 2020 ; Huang et al., 2020 ;

ang et al., 2020 ; Xu et al., 2020 ). As the epidemic progressed,

he prevalence of diarrhea during COVID-19 infection was observed 

o be more than 30% ( Elmunzer et al., 2021 ; Guo et al., 2021 ),

nd its importance has since been better described. Further, diar- 

hea may be associated with the severity of COVID-19, whereby 

atients with diarrhea have a higher prevalence of required ven- 

ilator support, admission to the intensive care unit ( Wan et al., 

020 ), and might be more prone to multiple organ damage than 

hose without diarrhea ( Zhang et al., 2021 ). In addition, based on 

he potential intestinal diarrheal infection and fecal-oral transmis- 
iety for Infectious Diseases. This is an open access article under the CC BY-NC-ND 
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ion of SARS-CoV-2, more attention should be paid to diarrhea in 

he control and prevention of the COVID-19 epidemic, especially 

hen collecting fecal samples or performing endoscopic examina- 

ions in these patients. 

Although extensive studies have focused on diarrhea in patients 

ith COVID-19, most studies only analyzed the correlations be- 

ween diarrhea and other clinical data. Possible underlying causes 

f COVID-19 associated diarrhea have been reported to include 

he direct cytopathic effects of SARS-CoV-2, robust systemic in- 

ammation or so-called cytokine storm, gut microbiota dysbio- 

is, and antibiotic-associated diarrhea or adverse effects of antivi- 

al agents such as hydroxy-chloroquine, remdesivir, and ritonavir- 

opinavir ( de Oliveira et al., 2021 , Guo et al., 2021 , Jin et al., 2021 ,

erisetti et al., 2020 , Yan et al., 2021 ). However, to date, no exact

echanism has been proposed to explain the local inflammation 

n the intestine that leads to diarrhea. During clinical practice, we 

ound that COVID-19 related diarrhea was closely associated with 

ymphocyte subsets, specifically CD4 + T cells. Therefore, we aimed 

o explore the role of CD4 + T cells in the mechanism of diarrhea-

ssociated COVID-19. 

ethod 

tudy design 

We observed a difference in the lymphocyte count and percent- 

ge in patients with COVID-19 with diarrhea than those without 

iarrhea. Retrospective analyses were performed to explore the in- 

olvement of lymphocytes in the process of COVID-19 associated 

iarrhea. 

Patients with a positive standard COVID-19 real-time poly- 

erase chain reaction (PCR) and negative influenza virus real-time 

CR test were included in the analysis. 

Patients with mental illness, pregnancy, infectious disease, sys- 

emic disease, food allergy, a history of chronic diarrhea such 

s inflammatory bowel disease (IBD), celiac disease, and bacillary 

ysentery before COVID-19 infection were excluded. Further, pa- 

ients with diarrhea 15 days before COVID-19 infection and those 

eemed inappropriate by 2 independent doctors for any other con- 

itions were also excluded. Based on these criteria, 145 inpatients 

ere included in this study. 

ata collection 

Individual characteristics, symptoms on admission, chronic 

edical illnesses, laboratory results, disease severity, treatment 

uring hospitalization, and hospital stay were collected from pa- 

ient records in this retrospective study. All data were cross- 

hecked by 2 researchers (WJ and WX) and listed in Table 1 . 

he collection of human colon tissues 

The retrospective analysis indicated that CD4 + T cells might 

e associated with diarrhea in patients with COVID-19. There- 

ore, the intestinal mucosa was collected for analysis from patients 

ith COVID-19 with and without diarrhea, patients with IBD, and 

ealthy control patients. 

All patients were recruited at the Digestive Endoscopy Center 

f Zhongnan Hospital between January 2020 and December 2020, 

nd their clinical characteristics are listed in Supplementary Table 

1. The diagnosis of COVID-19 was based on the World Health Or- 

anization’s interim guidance. 

Patients who had been diagnosed with COVID-19, with no pre- 

ious history of diarrhea ( > 15 days), that presented with diarrhea 

including that which persisted past viral infection) considered to 
2

e associated with COVID-19 (as opposed to other causes) were in- 

luded in this part of the study. 

The exclusion criteria were as follows: 

Patients with incomplete clinical data, endoscopy, imaging and 

istological results, follow-up information, taking drugs, radiother- 

py or chemotherapy before biopsy, with a history of chronic diar- 

hea such as IBD or celiac disease before COVID-19 infection, with 

ental illness, pregnancy, infectious disease, and food allergy were 

xcluded from the study. 

A total of 41 patients met these criteria and were included in 

he analysis, and underwent a biopsy. Biopsies were collected using 

lectronic colonoscopies and the 41 biopsy samples were divided 

nto 5 groups, namely ulcerative colitis (n = 8), Crohn’s disease 

n = 8), COVID-19 diarrhea (n = 6), COVID-19 nondiarrhea (n = 8), 

nd healthy controls (n = 11). 

eal-time PCR 

According to the guidelines, the human colon tissues were 

round, extracted by Trizol reagent (Invitrogen), and centrifuged 

o obtain total RNA. Reverse transcription of first-strand cDNA was 

erformed according to the manufacturer’s instructions (Thermo 

isher Scientific). Gel electrophoresis confirmed that the primers 

roduced only 1 specific band. SYBR Green dye (CoWin Bio- 

ciences) was used, and PCR was performed using a LightCy- 

ler® 96 instrument (Roche Holding AG). Primers were obtained 

rom TSINGKE Biosciences (Beijing, China), and glyceraldehyde 3- 

hosphate dehydrogenase was used as the control. Primer se- 

uences used are listed in Supplementary Table S2. Data were 

uantified using a LightCycler analyzer (Roche Diagnostics) and 

ormalized using the 2 −��CT method. 

estern blotting 

The human colon tissues were lysed with an ultrasonic crusher, 

nd the cell lysate (which contained protease and phosphatase in- 

ibitors; Servicebio Technology Co, Ltd) was used to split them. Af- 

er centrifugation, the supernatant was collected and used as the 

rotein extract. The protein was denatured by boiling in sodium 

odecyl sulfate-polyacrylamide gel electrophoresis protein loading 

uffer. An electrophoresis apparatus (Bio-Rad Laboratories) was 

sed to separate the proteins. The protein was transferred to 

 cellulose nitrate (PVDF) membrane (Millipore Corporation) us- 

ng a membrane transfer instrument (Bio-Rad). Membranes were 

locked with 5% bovine serum albumin at 20 °C for 2 hours and in- 

ubated with primary antibodies overnight at 4 °C. The membranes 

ere incubated with secondary antibodies at 20 °C for 1 hour. Fi- 

ally, the membranes were treated with chemiluminescent detec- 

ion reagents (Advansta Inc.) and imaged. The optical density of 

he protein was analyzed using the ImageJ software. All western 

lotting experiments were conducted in triplicate. 

mmunofluorescence 

Fresh human biopsy samples were fixed with 4% paraformalde- 

yde and embedded in paraffin. Tissues were dewaxed and re- 

ydrated with xylene, alcohol, and distilled water. After blocking 

he tissue with 5% bovine serum albumin for 30 minutes, the 

ections were incubated overnight at 4 °C with the primary an- 

ibodies. After incubation and washing, the tissue was incubated 

ith secondary antibodies at 20 °C for 1 hour and kept away from 

ight. After washing with phosphate-buffered saline, Vectashield 

ith 4 ′ ,6-diamidino-2-phenylindole (DAPI) (Baiqiandu Biotechnol- 

gy Co.) was used to cover the slides, and the staining results 

ere observed using a fluorescence microscope. A double-blinded 
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Table 1 

Characteristics of patients with COVID-19 with and without diarrhea 

Variable, N (%) or Median with IQR OverallN = 145 With diarrheaN = 21 Without diarrheaN = 124 P value 

Gender 

Male 66 (45.5) 8 (38.1) 58 (46.8) 0.46 

Female 79 (54.5) 13 (61.9) 66 (53.2) 

Age (years) 55.0 (44.0-64.5) 55.0 (48.0-61.5) 54.5 (43.5-65.5) 0.73 

Symptoms on admission 

Fever 70 (48.3) 10 (47.6) 60 (48.4) 0.95 

Cough 80 (55.2) 15 (71.4) 65 (52.4) 0.11 

Expectoration 25 (17.2) 4 (19.0) 21 (16.9) 0.76 

Dyspnea 24 (16.6) 5 (23.8) 19 (15.3) 0.35 

Headache 10 (6.9) 1 (4.8) 9 (7.3) 1 

Fatigue 44 (30.3) 5 (23.8) 39 (31.5) 0.48 

Diarrhea 21 (14.5) 21 (100) 0 < 0.001 

Vomiting 5 (3.4) 1 (4.8) 4 (3.2) 0.55 

Chronic medical illness 

Hypertension 46 (31.7) 7 (33.3) 39 (31.5) 0.86 

Diabetes 13 (9.0) 3 (14.3) 10 (8.1) 0.40 

Cardiovascular diseases 12 (8.3) 3 (14.3) 9 (7.3) 0.38 

Respiratory system disease 6 (4.1) 1 (4.8) 5 (4.0) 1 

Other diseases 33 (22.8) 5 (23.8) 28 (22.6) 1 

Blood routine test 

RBC (3.8-5.1 × 10 ̂ 12/L) 4.04 (3.74-4.43) 4.08 (3.84-4.54) 4.02 (3.74-4.43) 0.35 

Hemoglobin (115-150 g/L) 130.3 (118.3-139.9) 128.8 (116.5-145.5) 130.3 (118.7-139.4) 0.87 

Platelet (125-350 × 10 ̂ 9/L) 204.0 (175.0-254.0) 184 (169.5-251.0) 206 (178-255.5) 0.28 

WBC (3.5-9.5 × 10 ̂ 9/L) 5.42 (4.38-6.59) 5.82 (4.58-6.35) 5.33 (4.26-6.81) 0.67 

Neutrophils (1.8-6.3 × 10 ̂ 9/L) 3.16 (2.28-4.28) 3.16 (2.42-4.19) 3.16 (3.16-4.35) 0.78 

Lymphocytes (1.1-3.2 × 10 ̂ 9/L) 1.45 (1.20-1.89) 1.55 (1.27-2.05) 1.44 (1.16-1.84) 0.13 

Monocytes (0.1-0.6 × 10 ̂ 9/L) 0.46 (0.38-0.61) 0.44 (0.35-0.56) 0.46 (0.38-0.66) 0.43 

Blood biochemistry 

ALT (9-50 U/L) 28.0 (17.0-45.0) 31.0 (17.5-49.5) 27.5 (17.0-45.0) 0.70 

AST (15-40 U/L) 23.0 (19.0-33.0) 22.0 (17.5-27.5) 24.0 (19.0-33.8) 0.34 

ALP (30-120 U/L) 85.0 (68.5-104.5) 84.0 (65.3-95.5) 86.0 (69.5-106.8) 0.34 

GGT (8-57 U/L) 30.0 (17.0-52.0) 24.0 (18.0-49.0) 32.0 (16.8-60.0) 0.51 

Albumin (40-55 g/L) 40.0 (36.6-43.4) 40.1 (38.2-43.1) 40.0 (36.4-43.4) 0.56 

Globulin (20-30 g/L) 29.0 (26.3-31.4) 27.3 (23.4-29.3) 29.6 (26.4-31.9) < 0.01 

TBIL (5-21 μmol/L) 11.4 (9.4-14.7) 11.5 (11.0-16.4) 11.4 (9.3-14.7) 0.39 

Creatinine (49-90 μmol/L) 60.3 (50.3-71.5) 60.0 (45.1-70.7) 60.4 (50.5-72.0) 0.24 

Glucose (3.9-6.1 mmol/L) 5.12 (4.64-5.7) 5.21 (4.78-6.01) 5.10 (4.57-5.74) 0.51 

Creatinine kinase ( < 145 U/L) 74.0 (53.0-100.0) 69.0 (56.8-96.5) 75.0 (51.5-101.0) 0.89 

CKMB (0-25 U/L) 9.0 (7.0-13.0) 10.0 (7.5-14.0) 9.0 (6.5-12.5) 0.29 

LDH (110-245 U/L) 172.0 (144.0-197.0) 170 (139.5-188.0) 174 (146.0-197.0) 0.50 

Potassium ion (3.5-5.3 mmol/L) 4.29 (4.03-4.58) 4.20 (4.04-4.35) 4.30 (4.01-4.59) 0.27 

Sodium ion (137-147 mmol/L) 139.9 (138.4-141.3) 140.7 (139.1-141.9) 139.8 (138.3-141.2) 0.18 

Fibrinogen (238-498 mg/dL) 379.0 (323.0-425.0) 349.0 (292.0-394.0) 380.0 (324.0-435.0) 0.09 

D-dimer (0-500 ng/mL) 180.0 (100.0-297.0) 139.0 (98.0-218.0) 184.0 (100.0-305.0) 0.43 

Blood inflammatory indicators 

CRP (0-10 mg/L) 2.3 (1.20-7.60) 2.3 (1.0-5.0) 2.2 (1.2-8.9) 0.38 

IL-6 (0.1-2.9 pg/mL) 2.85 (0.81-5.61) 1.85 (1.21-4.14) 3.20 (0.71-6.88) 0.39 

Lymphocyte subsets 

CD3 + T cells (805-4459/ μL) 1052.0 (789.0-1427.0) 1261.0 (1001.0-1516.0) 1040.0 (727.0-1369.0) 0.02 

Percentage of CD3 + T cells (38.56-70.06, %) 69.21 (61.24-74.39) 74.14 (69.83-76.38) 67.99 (60.55-73.15) < 0.01 

CD3 + CD4 + T cell (345-2350/ μL) 598.0 (426.0-844.0) 818.0 (652.0-964.0) 547.5 (390.5-772.5) < 0.001 

Percentage of CD4 + T cells (14.21-36.99, %) 37.83 (32.36-41.78) 48.40 (41.22-52.13) 36.79 (31.56-40.65) < 0.001 

CD3 + CD8 + T cell (345-2350/ μL) 411.0 (306.0-572.0) 376.0 (296.5-553.0) 428.0 (302.0-572.0) 0.55 

Percentage of CD8 + T cells (13.24-38.53, %) 27.56 (22.08-32.51) 24.14 (16.40-27.96) 28.17 (22.37-33.45) 0.02 

CD19 + B cell (240-1317/ μL) 197.0 (104.0-279.0) 239.0 (162.5-302.5) 169.0 (102.3-277.3) 0.02 

Percentage of CD19 + B cells (10.86-28.03, %) 12.67 (7.59-16.57) 14.07 (10.99-16.87) 12.45 (7.30-16.44) 0.14 

CD16 + CD56 + NK cell (210-1514/ μL) 240.0 (162.0-390.0) 196.0 (153.0-296.5) 244.0 (160.5-408.5) 0.18 

Percentage ofCD16 + CD56 + NK cells (7.92-33.99, %) 16.25 (10.93-23.64) 10.93 (8.35-15.65) 16.99 (11.58-24.70) < 0.01 

CD4/CD8 ratio (0.96-2.05) 1.36 (1.07-1.80) 2.00 (1.62-3.02) 1.28 (1.03-1.65) < 0.001 

Disease severity 

Common illness 130 (89.7) 19 (90.5) 111 (89.5) 1 

Serious illness 14 (9.7) 2 (9.5) 12 (9.7) 

Critical illness 1 (0.7) 0 1 (0.8) 

Treatment during hospitalization 

Corticosteroid 26 (17.9) 2 (9.5) 24 (19.4) 0.37 

Antiviral drugs 111 (76.6) 16 (76.2) 95 (76.6) 1 

Antibacterial drugs 67 (46.2) 13 (61.9) 54 (43.5) 0.12 

Chinese medicine 115 (79.3) 18 (85.7) 97 (78.2) 0.57 

Oxygen inhalation 25 (17.2) 3 (14.3) 22 (17.7) 1 

Mechanical ventilation 1 (0.7) 0 1 (0.8) 1 

Hospital stay (days) 11.0 (9.0-16.0) 12.0 (10.5-17.0) 11.0 (9.0-15.0) 0.51 

∗ALP = alkaline phosphatase; ALT = alanine amiotransferase; AST = aspartate aminotransferase; CKMB = creatine kinase-MB; CRP = C reactive protein; 

GGT = glutamyl transpeptadase; IL-6 = interleukin-6; IQR = interquartile range; LDH = lactate dehydrogenase; N = number; RBC = red blood cell; 

TBIL = total bilirubin; WBC = white blood cell. 

Other diseases included immune system diseases, urinary system diseases, neurological diseases, mental illness, liver disease, thyroid diseases, hysteromy- 

oma, lower extremity deep vein thrombosis, thromboangiitis obliterans, lumbar compression fracture, cervical spondylosis, gastritis, and psoriasis. 
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ethod was used in this experiment. The details of all the anti- 

odies are provided in supplementary table S3 and supplementary 

able S4. 

tatistical analysis 

All data were analyzed using GraphPad Prism Version 6.0 

GraphPad Software, Inc.). Categorical variables were described as 

ounts and percentages and compared with the chi-square test. 

ontinuous variables with normal distribution were described as 

he mean ± SD and compared using 1-way ANOVA with a post 

oc test (Bonferroni or Tukey). If not, continuous variables were 

resented as interquartile ranges and compared using the Kruskal- 

allis test with the Nemenyi post hoc test. Spearman’s correla- 

ion coefficients were used to assess the correlation between the 

xpression of angiotensin-converting enzyme-2 (ACE2) and inflam- 

atory cytokines in patients with COVID-19. A P value < 0.05 was 

onsidered statistically significant. 

thical review 

All study steps were in line with ethical requirements, and the 

thics Committee of the Zhongnan Hospital of Wuhan University 

No. 2021052) approved the study. Written informed consent was 

aived, and oral consent was obtained from all patients. The clin- 

cal courses were followed until July 11, 2021. 

esults 

omparisons of clinical characteristics and biomarkers between 

atients with COVID-19 with and without diarrhea 

A total of 145 cases were included in the retrospective study, 

f which 21 were patients with COVID-19 with diarrhea and 124 

ere patients with COVID-19 without diarrhea. As listed in Table 1 , 

here was no significant difference between the 2 groups in terms 

f demographic features, concomitant symptoms, co-morbidities, 

outine blood test results, blood inflammatory indicators, disease 

everity, treatment, and hospital stay. 

Among the blood biochemistry indices, the diarrhea group 

howed lower globulin levels than the nondiarrhea group, whereas 

he other indices were comparable in both groups. 

The lymphocyte subsets in the 2 groups showed significant 

ifferences. Com pared with the nondiarrhea group, the diarrhea 

roup had increased CD3 + and higher CD4 + T cell counts and 

ercentages. In addition, CD8 + T cell counts were lower, and the 

D4/CD8 ratio was higher in the diarrhea group than in the non- 

iarrhea group. Furthermore, the diarrhea group showed higher 

umbers of CD19 + B cells and lower numbers of CD16 + CD56 +
atural killer (NK) cells than the nondiarrhea group. 

Among these laboratory indicators, CD4 + T cell counts, CD4 + 

 cell percentage, and the CD4/CD8 ratio showed the most signifi- 

ant differences between the 2 groups. Furthermore, the results for 

atients with common and serious illnesses were provided sep- 

rately. The results showed no significant difference in diarrhea 

etween patients with common illnesses and all patients (Supple- 

entary Table S5 and Supplementary Table S6). As there were only 

 patients with severe diarrhea, the number of cases was too small 

o represent the whole of severe diarrhea, which was considered of 

o statistical significance. 

he mRNA expressions of inflammatory indicators in colonic mucosa 

Using real-time PCR, we compared the relative mRNA expres- 

ion of ACE2, transmembrane serine protease 2 (TMPRSS2), and 

D4 + T cell-related cytokines and transcription factors in the 
4

olonic mucosa of patients with COVID-19 with and without di- 

rrhea, patients with IBD, and healthy controls. 

As shown in Figure 1 a, the relative level of ACE2 was sig- 

ificantly different between the diarrhea and nondiarrhea groups 

 P = 0.049). Compared with ACE2, there were no remarkable 

hanges in TMPRSS2 expression between the 2 groups ( Figure 1 b). 

Among different CD4 + T cell subsets, T-box expressed in T cells 

Tbet) of T helper type (Th) 1 ( P = 0.041; Figure 1 c), GATA bind-

ng protein 3 (GATA3) of Th2 ( P = 0.025; Figure 1 d), and retinoic

cid receptor-related orphan receptor C (RORc) of Th17 ( P = 0.047; 

igure 1 e) in the diarrhea group were observed to have signifi- 

antly increased expression at the mRNA level, whereas the ex- 

ression of forkhead box protein 3 (Foxp3) in regulatory T cells 

Tregs) ( Figure 1 f) was not upregulated. 

Moreover, the expression of tumor necrosis factor-alpha (TNF α) 

 P = 0.031; Figure 1 g) and interleukin-10 (IL10) ( P = 0.018;

igure 1 j) in the diarrhea group was higher than that in the nondi- 

rrhea group. These results suggest that diarrhea in patients with 

OVID-19 is related to ACE2 and the cytokines secreted by Th1, 

h2, and Th17 cells at the mRNA level. 

he protein expressions of inflammatory indicators in colonic mucosa 

Inflammatory factors with significant differences at the mRNA 

evel were selected for Western Blot testing. The results showed 

hat ACE2 protein levels in the diarrhea group were significantly 

igher than those in both the nondiarrhea ( P = 0.041) and healthy 

ontrol (HC) groups ( P = 0.047; Figure 2 b). When compared with 

oth the nondiarrhea ( P = 0.049) and the HC group ( P = 0.036),

he protein expression of Tbet ( Figure 2 c) and TNF α ( P = 0.018;

igure 2 f) was remarkably upregulated in the diarrhea group. The 

xpression of cytokines in other pathways was not significantly in- 

reased ( Figure 2 d; Figure 2 e; Figure 2 g). These results indicate

hat the pathogenesis of diarrhea in patients with COVID-19 was 

elated to the ACE2 and Th1 pathways at the protein level. 

The results of the correlation analysis performed between ACE2 

nd CD4 + T cell-related cytokines suggested that ACE2 was mod- 

rately correlated with Th1-associated indicators, including Tbet 

nd TNF α, at both mRNA and protein expression levels (r values 

0.5; P < 0.05; Supplementary Table S7; Supplementary Table S8; 

upplementary Table S9; Supplementary Table S10). These results 

uggested a close correlation between ACE2 and Th1 cells. There- 

ore, to explore whether ACE2 was directly associated with CD4 + 

 cell-mediated inflammation, we performed double immunofluo- 

escence of ACE2 and TNF α in the colonic mucosa. 

ouble immunostaining of ACE2 and TNF α in colonic mucosa 

It was observed that ACE2 and TNF α were prominently ex- 

ressed by lamina propria cells of colonic mucosa from patients 

ith COVID-19 with diarrhea and IBD ( Figure 3 ). There were a 

ignificantly higher amount of ACE2 positive cells in the diar- 

hea group than in both the nondiarrhea ( P = 0.034) and HC 

roups ( P = 0.004). The number of TNF α-positive cells in the 

iarrhea group was also higher than that in both the nondiar- 

hea ( P = 0.012) and HC groups ( P < 0.001). The number of

CE2 + TNF α+ cells in the diarrhea group was significantly higher 

han that in the HC group ( P = 0.001). However, there were no 

ignificant differences in ACE2 + TNF α cells observed between the 

iarrhea and nondiarrhea groups ( P = 0.090). 

ene expression of chemokine and corresponding receptors in colonic 

ucosa 

The mRNA expression of chemokine receptors CXCR3, CCR5, 

CR4, CCR6, and their ligands (CXCL9, CXCL10, CXCL11, CCL2, 
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Figure 1. Quantitation of mRNA expression of ACE2 and inflammatory cytokines in patients with COVID-19 with and without diarrhea. (a, b) The mRNA expression of ACE2 

and TMPRSS2; (c-f) The mRNA expression of CD4 + T cells related transcription factor (Tbet, GATA3, RORc, and Foxp3); (g-l) The mRNA expression of CD4 + T cells related 

cytokines (TNF α, IFN γ , IL25, IL10, IL17A, and TGF β). “HC” represented Healthy control. (Kruskal-Wallis test with Nemenyi post hoc test; n = 5-10 per group). Error bars 

denote the mean ± SEM. ns = not significant, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 and ∗∗∗∗P < 0.0 0 01. ACE2 = angiotensin-converting enzyme 2; Foxp3 = forkhead box 

protein 3; GATA3 = GATA binding protein 3; IL = interleukin; mRNA = messenger RNA; RORc = retinoic acid receptor-related orphan receptor C; SEM = standard error of 

the mean; Tbet = T-box expressed in T cells; TGF = transforming growth factor; TMPRSS2 = transmembrane protease, Serine 2; TNF α = tumor necrosis factor-alpha. 
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Figure 2. The protein expression of ACE2 and CD4 + T cell-related factors in patients with COVID-19 with and without diarrhea. The diarrhea group represented the COVID- 

19-diarrhea group, whereas the nondiarrhea group represented the COVID-19-nondiarrhea group. (a) The expression of ACE2 and CD4 + T cells related factors; (b-e) Statistics 

of ACE2 and related transcription factors (Tbet, GATA3, and RORc) expression; (f, g) Statistics of CD4 + T cells’ cytokines expression (TNF α, IL10). “HC” represented Healthy 

control. (one-way ANOVA test with Tukey post hoc test; n = 5 per group). Error bars denote the mean ± SEM. ns = not significant, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 

and ∗∗∗∗P < 0.0 0 01. ACE2 = angiotensin-converting enzyme 2; ANOVA = analysis of variance; GATA3 = GATA binding protein 3; IL = interleukin; RORc = retinoic acid 

receptor-related orphan receptor C; SEM = standard error of the mean; Tbet = T-box expressed in T cells; TNF α = tumor necrosis factor-alpha. 
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CL3, CCL4, and CCL20) were determined with real-time PCR to 

ssess the chemotactic activity of the CD4 + T cell axis. Total 

RNA was extracted from the colon tissues of the patients, and 

1 cases were included in the analyses. Compared with the pa- 

ients with COVID-19 without diarrhea, the mRNA expression of 

XCL10 ( P = 0.028; Figure 4 b), CXCL11 ( P = 0.020; Figure 4 c),

nd CXCR3 ( P = 0.004; Figure 4 h) in patients with COVID-19 

ith diarrhea was significantly higher. No significant changes 

ere observed in the expression of other chemokines and their 

eceptors. 

ouble immunostaining of CXCR3 and CD4 in colonic mucosa 

Finally, we examined the expression and distribution of CXCR3 

nd CD4 by double IF analysis. Both CXCR3 and CD4 were dis- 

ributed in the lamina propria of the colon ( Figure 5 a). CXCR3 +
ells in the diarrhea group showed a significant increase compared 

ith those in both the nondiarrhea ( P = 0.027) and HC groups 

 P = 0.002). The diarrhea group also showed a higher amount 

f CD4 + T cells than that in the nondiarrhea ( P = 0.010) and

C groups ( P = 0.001). Moreover, the number of CXCR3 + CD4 +
ells in the diarrhea group was significantly higher than those 

n the nondiarrhea ( P = 0.017) and HC groups ( P = 0.002) 

 Figure 5 b). 
6 
iscussion 

Although diarrhea may be common in patients with COVID- 

9, the exact pathogenesis is still unclear. Some studies have de- 

ected SARS-CoV-2 RNA in the feces of patients with COVID-19 us- 

ng rapid real-time PCR ( Holshue et al., 2020 , van Doorn et al., 

020 ), and some positive fecal samples remained positive even af- 

er respiratory samples tested negative ( van Doorn et al., 2020 ), 

hich indicates the possibility of delayed clearance of SARS-CoV-2 

n the GI tract. Another study detected 4 SARS-CoV-2 RNA-positive 

ecal samples using electron microscopy, and a live virus was ob- 

erved in 2 specimens from patients who did not have diarrhea 

 Wang W. et al., 2020 ). In addition, SARS-CoV-2 RNA can also be 

etected in biopsies of the esophagus, stomach, duodenum, and 

ectum through endoscopy ( Lin et al., 2020 ). Further, positive vi- 

al nucleocapsid protein expression was identified by histological 

nd immunofluorescent staining in the cytoplasm of gastric, duo- 

enal, and rectal glandular epithelial cells ( Xiao et al., 2020 ), which 

nhances the evidence for GI infection of SARS-CoV-2. Further- 

ore, ACE2, which controls intestinal inflammation and diarrhea 

 Liang et al., 2020 ), is a viral receptor for the entry of SARS-CoV-

 into human cells ( Lan et al., 2020 ). Different studies have found

hat ACE2 is highly expressed in digestive organs, except the stom- 

ch ( Liang et al., 2020 , Zhang et al., 2020 , Zou et al., 2020 ), suggest-
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Figure 3. Distribution of ACE2 and TNF α in colons of patients with COVID-19 with and without diarrhea. Representative fluorescence images (a) and quantification of optical 

density of ACE2 and TNF α (b). Panels from left to right: COVID-19-diarrhea (n = 6), COVID-19-nondiarrhea (n = 6), Crohn’s disease (n = 8), ulcerative colitis (n = 8), and HC 

(n = 11). “HC” represented Healthy control. Scale bar corresponds to 50 μm. ACE2 (red), TNF α (green), and nucleus (DAPI; blue). (1-way ANOVA test with Bonferroni post 

hoc test; n = 6-11 per group) P < 0.05 was considered statistically significant. Error bars denote the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 and ∗∗∗∗P < 0.0 0 01. 

ACE2 = angiotensin-converting enzyme 2; ANOVA = analysis of variance; DAPI = 4 ′ ,6-diamidino-2-phenylindole; SEM = standard error of the mean; TNF α = tumor necrosis 

factor-alpha. 

i

i

i

t

p

o

t

d

J

ng an increased susceptibility of digestive systems to SARS-CoV-2 

nfection and potential risk of GI symptoms such as diarrhea after 

nfection. Based on this evidence, we speculated that the direct cy- 

opathic effects of SARS-CoV-2 might play an important role in the 

athogenesis of COVID-19 associated diarrhea. 
7 
Both systemic and local inflammation in the GI tract have been 

bserved in patients with COVID-19, and many studies have found 

hat hyperinflammation in peripheral blood is associated with 

isease severity and mortality ( Carter et al., 2020 , Gustine and 

ones, 2021 ). For local inflammation, numerous infiltrating lym- 
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Figure 4. Quantitation of mRNA expression of CD4 + T cells chemokines and receptors in patients with COVID-19 with and without diarrhea. The mRNA expression of 

chemokines CXCL9(a),CXCL10(b),CXCL11(c), CCL2(d), CCL3(e), CCL4(f), CCL20(g); The mRNA expression of chemokines receptors CXCR3(h), CCR4(i), CCR5(j), CCR6(k). “HC”

represented Healthy control. (Kruskal-Wallis test with Nemenyi post hoc test; n = 5-9 per group). Error bars denote the mean ± SEM. ns = not significant, ∗P < 0.05, ∗∗P < 

0.01, ∗∗∗P < 0.001 and ∗∗∗∗P < 0.0 0 01. mRNA = Messenger RNA; SEM = standard error of the mean. 
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hocytes and plasma cells with interstitial edema were observed 

n the lamina propria of the stomach, duodenum, and rectum 

iopsies obtained from patients with COVID-19 through endoscopy 

 Xiao et al., 2020 ). To seek clues related to diarrhea in patients

ith COVID-19, we performed a case-control analysis based on 

he symptom of ‘diarrhea’ in patients with COVID-19. Our study 

evealed significant differences in lymphocyte subsets and globu- 

in levels between patients with COVID-19 with and without diar- 

hea, with no significance for all other indicators, suggesting that 

mmune factors might play a role in the occurrence of diarrhea 

n COVID-19. In lymphocyte subset detection, patients with diar- 
8 
hea had different patterns of CD3 + , CD4 + , and CD8 + T cell per-

entages, CD19 + B cell counts, CD16 + CD56 + NK cell percentages, 

nd CD4/CD8 ratios. In view of the most significant differences 

bserved in CD4 + count, percentage, and CD4/CD8 ratio between 

roups, and the change patterns of other subsets, we speculated 

hat CD4 + T cells are a key factor associated with diarrhea in pa- 

ients with COVID-19. 

To clarify the role of CD4 + T cell-mediated inflammation in 

OVID-19 associated diarrhea, we collected colonic mucosa from 

atients with COVID-19 with and without diarrhea, taking IBD pa- 

ients as positive controls and healthy subjects as negative con- 
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Figure 5. Distribution of CXCR3 and CD4 in colons of patients with COVID-19 with and without diarrhea. Representative fluorescence images (a) and quantification of optical 

density of CXCR3 and CD4 (b). Panels from left to right: COVID-19-diarrhea (n = 6), COVID-19-nondiarrhea (n = 6), HC (n = 5). “HC” represented Healthy control. Scale bar 

corresponds to 50 μm. CXCR3 (red), CD4 (green), and nucleus (DAPI; blue). (1-way ANOVA test with Bonferroni post hoc test; n = 5-6 per group) P < 0.05 was considered 

statistically significant. Error bars denote the mean ± SEM. ns = not significant, ∗ P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 and ∗∗∗∗P < 0.0 0 01. ANOVA = analysis of variance; 

SEM = standard error of the mean. 
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rols. CD4 + T cells are believed to play an important role in both 

nnate and adaptive immune responses ( Ruterbusch et al., 2020 ), 

nd have been identified as the main drivers of IBD and players 

erpetuating intestinal inflammation ( Imam et al., 2018 ). 

ACE2 is a viral receptor for the entry of SARS-CoV-2 that is 

ighly expressed in the intestine. Thus, the detection of ACE2 

xpression in the intestine reflects the invasion of SARS-CoV-2 

nto the intestine. TMPRSS2 is highly expressed in lung, heart, 

rostate, kidney, and intestinal tissues ( Comperat et al., 2020 ; 

amming et al., 2004 ; Thunders and Delahunt, 2020 ). SARS- 

oV-2 uses ACE2 for entry and TMPRSS2 for S protein prim- 

ng ( Hoffmann et al., 2020 ), and as a host cell factor, TMPRSS2

s essential for SARS-CoV-2 transmission ( Hoffmann et al., 2020 ). 

herefore, TMPRSS2 is usually detected together with ACE2 as ev- 

dence of SARS-CoV-2 infection. CD4 + T cell-related factors to be 

etected include specific transcription factors and inflammatory ef- 

ector cytokines that interact with ACE2 to facilitate viral entry and 

ctivation ( Baughn et al., 2020 ). The expression of inflammatory 

actors in the intestinal tract reflects the occurrence of a CD4 + 

 cell-mediated immune response. Chemokines play an important 

ole in the priming, differentiation, and regulation of specific ef- 

ector T cell subsets after acute pathogen challenge ( Eberlein et al., 

020 ). Thus, specific transcription factors of different CD4 + T cell 
9 
ubsets, such as Tbet of Th1, GATA3 of Th2, RORc of Th17, and 

oxp3 of Tregs ( Jin et al., 2018 , Ruterbusch et al., 2020 ), and inflam-

atory effector cytokines such as TNF α, interferon γ , IL10, IL17, 

L25, and transforming growth factor β were detected at both the 

RNA and protein levels, with detection of ACE2 and TMPRSS2. 

Our results revealed that patients with COVID-19 with diarrhea 

ad a higher expression of ACE2, Tbet, and TNF α at both mRNA 

nd protein levels than those patients without diarrhea and HCs 

 Figure 1 and Figure 2 ), and a higher expression of GATA3, RORc, 

nd IL10 at the mRNA level. High expression of these transcription 

actors and cytokines indicated that CD4 + T cells, especially Th 1 

ells, might participate in the modulation of intestinal inflamma- 

ion in patients with COVID-19 with diarrhea. In addition, the high 

xpression of ACE2 mRNA and protein indicates the possibility of 

irect infection of SARS-CoV-2 in the intestinal mucosa. Since there 

as a close association between ACE2 and SARS-CoV-2 infection, 

e performed correlation analyses for ACE2 and other indicators to 

urther investigate the potential relevance of SARS-CoV-2 infection 

n the intestine and CD4 + mediated local inflammation. The results 

ndicated that the expression levels of ACE2 were positively cor- 

elated with those of CD4 + T cell-associated indicators, especially 

ith moderate correlations between ACE2 and Th1-associated in- 

icators, including Tbet and TNF α, at both mRNA and protein ex- 



X. Wang, J. Wei, R. Zhu et al. International Journal of Infectious Diseases 120 (2022) 1–11 

p

S

T

l

m

f

C

t

n

i

m  

c  

s

i

c

c

a  

h

t

t

c

f

t

p

o

a

1

a

C

t

g  

F

C

a

f

r  

i

g  

m

C

a

c

t

m

m

t

b

a

t

C

F

o

s

A

C

R

W

p

t

a

t

c

E

t

s

o

w

S

f

R

A

B

B

B

C  

C  

C  

C

d

E  

E  

G  

G

G  

G

H  

H

H  
ression levels (r values ≥0.5; P < 0.05; Supplementary Table S7; 

upplementary Table S8; Supplementary Table S9; Supplementary 

able S10). 

On the basis of the previously mentioned findings, we specu- 

ated that the close association between ACE2 and CD4 + T cells 

ight be explained by 2 possibilities: 1) SARS-CoV-2 directly in- 

ects CD4 + T cells in the intestine, resulting in the occurrence of 

D4 + T cell-mediated immune responses; or 2) SARS-CoV-2 infec- 

ion occurs in the intestinal mucosa, which led to local intesti- 

al inflammation and involvement of CD4 + T cells to perpetuate 

ntestinal inflammation. Although ACE2 is rarely expressed in im- 

une cells ( Berthelot et al., 2020 ), a study has shown that immune

ells, including CD4 + and CD8 + T cells, monocytes, and B cells, are

usceptible to SARS-CoV-2 infection ( Borsa and Mazet, 2020 ). An 

mmunofluorescence assay of dual-labeling for ACE2 and TNF α was 

onducted to exclude the direct association of ACE2 with CD4 + T 

ell-mediated inflammation. The results revealed that the percent- 

ges of ACE2 + cells and TNF α+ cells in the diarrhea group were

igher than those in the nondiarrhea group, although no statis- 

ical difference in the percentage of ACE2 + TNF α+ cells between 

he 2 groups was observed ( Figure 3 ), indicating an indirect asso- 

iation between ACE2 and TNF α secretion that usually originates 

rom CD4 + T cells. 

Chemokines play an important role in the priming, differentia- 

ion, and regulation of specific effector T cell subsets after acute 

athogen challenge ( Eberlein et al., 2020 ). Thus, the expression 

f chemokines and their corresponding receptors was measured 

t the mRNA level, and it was found that patients with COVID- 

9 with diarrhea had higher expression levels of CXCL10, CXCL11, 

nd CXCR3 than those without diarrhea ( Figure 4 ). Interestingly, 

XCL10 and CXCL11 are both ligands for CXCR3, which was found 

o be expressed on differentiated Th1 cells to modulate their mi- 

ration into the gut in a murine colitis model ( Wadwa et al., 2016 ).

urthermore, to determine the potential role of CXCR3-expressing 

D4 + T cells COVID-19 associated diarrhea in more detail, we an- 

lyzed the presence of CD4 + CXCR3 + T cells in biopsy samples 

rom the gut of patients with COVID-19 with and without diar- 

hea and healthy subjects. The level of CD4 + CXCR3 + T cells was

ncreased in the diarrhea group ( Figure 5 ), suggesting that the mi- 

ration of CD4 + CXCR3 + effector T cells to the site of inflammation

ight promote intestinal inflammation and lead to diarrhea during 

OVID-19 infection. 

In summary, our findings showed that both enhanced systemic 

nd local inflammation in the GI tract mediated by CD4 + T 

ells were identified in patients with COVID-19 with diarrhea and 

hat the occurrence and persistence of inflammation in the gut 

ight be closely associated with SARS-CoV-2 infection. CXCR3 + - 

ediated migration of CD4 + T cells into the gut may contribute 

o perpetuating intestinal inflammation. Future investigations may 

e performed to elucidate more detailed mechanisms of COVID-19 

ssociated diarrhea in animal models and in vitro to clarify the po- 

ential therapeutic benefits of targeting CXCR3. 
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