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Introduction: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection can lead to disorders of immune function
and a decrease in the diversity of intestinal flora. We aimed to explore the changes of circulating immune cell subsets and the plasma
level of intestinal short-chain fatty acids (SCFAs) in patients with Coronavirus disease 2019 (COVID-19), further understanding the
pathogenesis of COVID-19.

Methods: The study included 83 newly diagnosed COVID-19 patients and 39 non-COVID-19 controls. All have completed a full
course of vaccination against SARS-CoV-2. The levels of peripheral lymphocyte subsets and plasma cytokines were detected by flow
cytometry. Targeted metabolomics was used to explore the level of SCFAs in plasma.

Results: Compared with the non-COVID-19 group, COVID-19 patients showed a decrease in CD19'B cells, CD4'T cells,
CDS8'T cells, NK cells, CD4'CD8'T cells and CD4 CD8 T cells (all p<0.001) and concomitantly an increase in sIL-2R, IL-6 and
IL-10 (all p<0.005). These alterations were more pronounced in those critical patients. In addition, COVID-19 patients had lower
levels of propanoic acid (PA), butyric acid (BA), isobutyric acid (IBA) and isohexanoic acid (ICA) (all p<0.01). Among them, the
level of ICA is positively correlated with the absolute number of immune cells.

Conclusion: Our study suggests the immune cell subsets in COVID-19 patients who had completed vaccination were still severely
disturbed and concomitantly lower SCFAs, especially in severe patients with poor prognosis. Lower levels of plasma SCFAs may
contribute to lymphopenia in COVID-19. The potential relationship between plasma SCFAs and immune cell reduction provides a new
direction for the treatment of COVID-19.
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Introduction
Since December 2019, the spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has become
a major public health threat affecting human health. Pneumonia is the main manifestation of SARS-CoV-2 infection.
COVID-19 patients may have a fever, cough, dyspnea, and even multiple organ dysfunction. Now it is known that the
imbalance of immune response is the essence of COVID-19, also one of the main reasons for the poor progress and
prognosis of severe COVID-19 patients.'~

According to research findings, SARS-CoV-2 can invade almost all immune cells, which leads to abnormal immune
responses. SARS-CoV-2 can induce the over-activation of monocyte-macrophages and dendritic cells, as well as a large
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amount of apoptotic T lymphocytes, resulting in the imbalance of innate and adaptive immune responses.® The cytokine
storm generated after the over-activation of the immune system causes inflammation from local to systemic, which
seriously threatens the life of patients.* In addition, SARS-CoV-2 infection can also cause a decrease in the diversity of
intestinal flora,” especially a decrease in the abundance of SCFAs-producing intestinal flora. The gut microbiota produces
SCFAs upregulates anti-inflammatory cytokines and downregulates pro-inflammatory cytokines through different
mechanisms, maintaining mucosal homeostasis. Once this homeostasis is disrupted, normal lymphocyte differentiation
will be inhibited.® Therefore, it is of great value to fully understand the changes in immune function in COVID-19
patients to understand its pathophysiological process and find effective treatment methods.

In this study, we recruited 83 newly diagnosed COVID-19 patients, tested the levels of peripheral blood lymphocyte
subsets and cytokines using flow cytometry (FCM), and analyzed their correlation with disease severity. Further, targeted
metabolomics was used to detect the changes in SCFAs level in plasma to fully clarify the characteristics of adaptive
immune cell distribution in COVID-19 patients and understand its pathogenesis.

Methods
Study Subjects

This study recruited eighty-three patients who were hospitalized in the Second Hospital of Shanxi Medical University due
to SARS-CoV-2 infection from December 29, 2022, to January 6, 2023. The inclusion criteria included: SARS-CoV-2
reverse transcription polymerase chain reaction was positive, computerized tomography (CT) is characterized by the
ground-glass lesions of the lung, and antibiotics and probiotics were not used within 3 months before hospitalization. The
clinical classification is based on the diagnosis and treatment plan for COVID-19:7 1) moderate type: fever, cough, and
shortness of breath, and the imaging shows characteristic pneumonia; 2) severe type: respiratory rate (RR) > 30 per minute,
oxygen saturation < 93%, arterial partial pressure of oxygen (PaO2)/oxygen concentration (Fi02) < 300 mmHg; 3) critical
type: respiratory failure and mechanical ventilation are required, and shock or other organ failure are required to be treated
in the intensive care unit. Thirty-nine age- and sex-matched community residents who have never been infected with SARS-
CoV-2 and have not used antibiotics and probiotics in recent 3 months were recruited as controls. All subjects have
completed a full course of vaccination against SARS-CoV-2. The study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). It was approved by the Ethics Committee of the Second Affiliated Hospital of Shanxi
Medical University (number: 2022-KY-063). Written informed consent was obtained from all participants before the study.

Clinical and Laboratory Indices

Clinical parameters of patients were collected, including age, sex, duration of disease, clinical symptoms, body mass
index (BMI), smoking history, chronic disease history, treatments, outcome, and so on. Laboratory data include blood
routine examination [white blood cell (WBC), red blood cell (RBC), hemoglobin, platelet, neutrophile, lymphocyte,
monocyte, eosinophil, basophilic] liver function test [alanine transaminase (ALT), aspartate aminotransferase (AST);
serum total protein (TP); albumin (ALB), globulin (GLO)], renal function test [urea, creatinine (Cr), lactate dehydro-
genase (LDH), hydroxybutyrate dehydrogenase (HBDH)], coagulation function test [prothrombin time (PT), prothrombin
activity (PTA), fibrinogen (FIB), D-dimer], markers of myocardial damage [myoglobin, N-terminal pro-Brain natriuretic
peptide (NT-proBNP, high-sensitivity cardiac troponin I (hs-cTnl)], procalcitonin (PCT), C-reactive protein (CRP) and
erythrocyte sedimentation rate (ESR).

Lymphocyte Subset Assay

Peripheral whole blood samples of patients were collected on an empty stomach in the morning within 24 hours of
hospitalization. Lymphocyte subsets, including CD3"CD19™ T cells, CD3 CD19" B cells, CD3°CD4" T cells, CD3'CDS8"
T cells, CD3 " CD16/CD56 " natural killer (NK) cells, CD4"CDS8" T cells, CD4 CD8™ T cells, CD4 TFN-y" T-helper (Th) 1
cells, CD4TL-4" Th2 cells, CD4'TL-17" Th17 cells, and CD4 'CD25 Foxp3" regulatory T (Treg) cells, were detected
using BD-FACS-CANTO II flow cytometry (Becton, Dickinson and Co., Franklin Lakes, NJ, USA).
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Cytokines Assay

Collect venous blood samples with a test tube containing separation gel, and retain plasma after centrifugation. Detection
of cytokines soluble interleukin 2 receptor (sIL-2R), interleukin (IL)-2, IL-4, IL-6, IL-10, IL-17, tumor necrosis factor-o
(TNF-a)) and interferon-y (IFN-y) by human Th1/Th2/Th17 cytokine kit (Jiangxi Cellgene Biotechnology Co., Ltd
China). The sample is processed according to the manufacturer’s specifications, and the data returned by FCAP
ArrayTM v 3.0.1 software is the median fluorescence intensity (MFI) and concentration (pg/mL).

SCFAs Assay

The detection of SCFAs was performed on an AB Sciex Triple Quad™ 4500MD mass spectrometer coupling a JasperTM
high performance liquid chromatography (HPLC) system.

The venous blood was collected in the test tube containing heparin sodium and centrifuged at 3000 r for 15 minutes.
25ul sample, quality control sample and standard sample are added into the EP tube respectively. Add 10 pL 1pg/mL IS
aqueous solution, 10 uL. IM EDC and 10 pL 1M O-BHA, and then mix the sample at 1000 rpm for 60 minutes. Add 50
puL Milli-Q water and 400 pL ethyl acetate to each sample and mix well. Take 200 pL upper solution, dry for 20 minutes,
and reconstituted with 100 pL Milli-Q water. The injection volume is 5 pL for LC-MS analysis.

The analytes were separated on a Kinetex Evo C18 analytical column (100%2.1 mm 2.6um; Phenomenex), which
were maintained at 40°C using a mobile phase of 0.1% aqueous formic acid and methanol at a flow rate of 0.6 mL/min.
The volume of injection was SuL and the analytical run time was 7.5 minutes. The gradient elution was 0—1.0 min, 45%
B; 1.0-5.0 min, 45-80% B; 5.0-6.5 min, 80% B; 6.5-6.7 min, 80-45% B; and 6.7-7.5 min, 45% B. Under mass
spectrometry conditions, the electrospray ionization interface (ESI) in the positive ion mode with multiple reaction
monitoring (MRM) was used for detection using the following parameters: ion source temperature = 500°C; ion spray
voltage =4500 V; curtain gas (nitrogen) = 30 psi; atomizing gas (GS 1) =60 psi; auxiliary gas (GS 2) =60 psi.

Statistical Analysis

SPSS 25.0 (IBM Corp., Armonk, NY, USA) or GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA, USA) was
used for statistical analysis. Normally distributed variables were expressed as means + standard deviation (M £ SD), and
nonparametric variables were expressed as medians and interquartile range (IQR). Chi-square test, Mann—Whitney U-test
or independent-sample T test was used to compare two groups, Kruskal-Wallis test or one-way ANOVA was used for ex-
post hoc comparisons compare of various indicators among moderate, severe, and critical. Spearman correlation test was
used to evaluate the correlation between indicators. P < 0.05 was considered statistically significant.

Results

Characteristics of COVID-19 Group and Non-COVID-19 Group

A total of 83 COVID-19 patients (35 females; mean age: 75.27 = 10.55 years) and 39 non-COVID-19 people (20 females;
mean age: 70.33 + 8.80 years) were included in this study (Table 1). In the COVID-19 group, 49 (59.0%) patients had
cardiovascular diseases, 24 (28.9%) had endocrine diseases, 9 (10.8%) had respiratory diseases, 3 (3.6%) had kidney
diseases, 14 (16.9%) had autoimmune diseases, and 4 (4.8%) had malignant tumors, which were consistent with those in the
non-COVID-19 group (p>0.05). Compared with the non-COVID-19 group, the COVID-19 group exhibited lower levels of
WBC (p=0.008), RBC (p=0.017), platelet (p<0.001), lymphocytes (p<0.001), monocytes (p=0.002), eosinophils (p<0.001)
and basophils (p<0.001). Liver and kidney function indicators such as ALT (p=0.014), AST (p<0.001), LDH (p<0.001), and
HBDH (p<0.001) were higher in the COVID-19 group, while TP (p=0.007) and ALB (p=0.001) were decreased.
Coagulation function indexes such as FIB (p<0.001) and D-dimer (p=0.019) and inflammatory indexes ESR (p=0.001)
and CRP (p=0.001) were significantly increased in the COVID-19 group.

Lymphocyte Subsets in Peripheral Blood Were Reduced in COVID-19 Patients
To compare the changes in immune function between the COVID-19 group and the non-COVID-19 group, we detected
the absolute numbers of lymphocyte subsets using flow cytometry. Compared with the non-COVID-19 group, COVID-19
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Table 1 Comparisons of the Demographic, Clinical, and Laboratory Features Between the COVID-19

Group and the Non-COVID-19 Group

COVID-19 (n=83) Non-COVID-19 (n=39) P

No. female/No. male 35/48 20/19 0.345
Age (years) 75.27+10.55 70.33+£8.80 0.215
Smoker, n (%) 24 (28.9) 6 (15.4) 0.106
BMI (kg/m?) 23.83 £ 3.92 23.94 £ 3.27 0.500
Cardiovascular disease, n (%) 49 (59.0) 16 (41.0) 0.063
Endocrine disease, n (%) 24 (28.9) 9 (23.1) 0.498
Respiratory disease, n (%) 9 (10.8) 1 (2.6) 0.230
Kidney disease, n (%) 3 (3.6) 0 0.565
Autoimmunity disease, n (%) 14 (16.9) 10 (25.6) 0.256
Malignant tumor, n (%) 4 (4.8) 1 (2.6) 0.923
WBC (*10°/L) 4.96 (3.69, 7.09) 6.40 (5.00, 7.57) 0.008
RBC (¥10'%/L) 4.04 (3.71, 4.49) 4.45 (3.95, 4.74) 0.017
Hemoglobin (g/L) 126.00 (116.00, 139.00) 135.00 (119.00, 141.00) 0.123
Platelet (*10%/L) 156.00 (125.00, 211.00) 220.00 (177.00, 279.50) < 0.001
Neutrophile (*10%/L) 3.80 (2.38, 5.88) 3.92 (2.85, 5.31) 0.680
Lymphocyte (*10%/L) 0.64 (0.44, 0.94) 1.59 (1.24, 2.08) < 0.001
Monocyte (¥10%/L) 0.35 (0.22, 0.51) 0.45 (0.38, 0.60) 0.002
Eosinophil (¥10°/L) 0.01 (0, 0.03) 0.10 (0.03, 0.17) < 0.001
Basophilic (*10%/L) 0 (0, 0.01) 0.03 (0.02, 0.04) < 0.001
ALT (U/L) 22.35 (16.70, 33.80) 17.20 (14.70, 23.10) 0.014
AST (U/L) 30.30 (23.50, 42.50) 22.10 (16.70, 26.30) < 0.001
TP (g/L) 64.40 (59.30, 72.00) 69.80 (66.15, 75.30) 0.007
ALB (g/L) 35.10 (30.70, 38.50) 38.20 (35.20, 40.80) 0.001

GLO (g/L) 30.30 (25.90, 33.90) 31.90 (27.35, 36.25) 0.395
Urea (mmol/L) 5.71 (4.50, 7.09) 5.70 (4.75, 7.35) 0.666
Cr (umol/L) 68.99 (55.68, 83.68) 64.00 (54.00, 73.00) 0.196
LDH (U/L) 289.50 (228.95, 352.05) 219.00 (184.50, 257.00) < 0.001
HBDH (U/L) 184.00 (160.65, 239.90) 151.00 (129.00, 165.00) < 0.001
PT (s) 13.80 (13.25, 14.80) 13.40 (13.00, 14.50) 0.055

PTA (%) 94.00 (80.50, 102.00) 97.50 (85.00, 104.00) 0.247
FIB (g/L) 4.34 (3.72, 4.90) 3.36 (2.77, 3.92) < 0.001
D-dimer (ng/mL) 329.00 (166.00, 601.50) 202.50 (104.50, 446.00) 0.019

ESR (mm/h) 40.00 (23.00, 74.00) 24.00 (7.00, 39.00) 0.001

CRP (mg/L) 41.30 (11.89, 75.85) 6.64 (2.34, 25.93) 0.001

Notes: All data are reported as the mean = SD or medians (IQR) except no. female/no. male, smoker, cardiovascular disease,
endocrine disease, respiratory disease, kidney disease, autoimmunity disease and malignant tumor which were presented as numbers.
Differences in no. female/no. male, smoker, cardiovascular disease, endocrine disease, respiratory disease, kidney disease and
autoimmunity disease are compared by Chi-square test. Age and BMI in both groups were compared using the independent-
sample T test, while the remaining indicators were tested using the Mann-Whitney U-test.

Abbreviations: BMI, body mass index; WBC, white blood cell; RBC, red blood cell; ALT, alanine transaminase; AST, aspartate
aminotransferase; TP, serum total protein; ALB, albumin; GLO, globulin; Cr, creatinine; LDH, lactate dehydrogenase; HBDH,
hydroxybutyrate dehydrogenase; PT, prothrombin time; PTA, prothrombin activity; FIB, fibrinogen; ESR, erythrocyte sedimentation
rate; CRP, C-reactive protein.

group showed that the absolute number of peripheral lymphocyte subsets was significantly reduced, including CD3"
T cells (»p<0.001), CD19" B cells (»p<0.001), CD4" T cells (»p<0.001), CD8" T cells (p<0.001), NK cells (p<0.001),
CD4°CD8" T cells (p<0.001) and CD4 CD8™ T cells (p<0.001) (Figure 1A). Further analysis of CD4" T lymphocyte
subsets showed that the absolute number of Thl, Th2, Th17 and Treg cells in the COVID-19 group was significantly
lower than that in the non-COVID-19 group (both p<0.001) (Figure 1B), and the ratio of Th1/Th2 decreased (p=0.033),
and Th2/Treg increased (p<0.001) (Figure 1D). In addition, we also measured the lymphocyte-related cytokines
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Figure | Levels of peripheral lymphocyte subsets of COVID-19 patients. (A) Absolute numbers of lymphocyte subsets in COVID-19 group and non-COVID-19 group. (B)
Absolute numbers of CD4" T lymphocyte subsets in the two groups. (C) CD4" T lymphocyte subsets-related cytokines in the two groups. (D) Ratio of CD4" T lymphocyte
subsets in the two groups. Data were presented as median (IQR) and were analyzed by the Mann—Whitney U-test.

(Figure 1C). The results showed that the levels of sIL-2R (p=0.010), IL-6 (p=0.040) and IL-10 (»<0.001) in the COVID-
19 group were significantly higher than those in the non-COVID-19 group.

COVID-19 Results in the Blocked Synthesis of SCFAs in Plasma

As an important metabolite of intestinal microorganisms, SCFAs play an important role in intestinal and immune
homeostasis. We used targeted metabonomics to detect the concentration of SCFAs in the plasma of the COVID-19
group and non-COVID-19 group (Figure 2). The level of SCFAs in the plasma of COVID-19 patients was low, especially
propanoic acid (PA) (p=0.004), butyric acid (BA) (p<0.001), isobutyric acid (IBA) (p<0.001) and isocaproic acid (ICA)
(»<0.001).

- p=0.004 - COVID-19 group
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Figure 2 Comparison of SCFAs in plasma between COVID-19 group and non-COVID-19 group. Data were presented as median (IQR) and were analyzed by the Mann—
Whitney U-test.

Abbreviations: PA, propanoic acid; BA, butyric acid; IBA, isobutyric acid; 2-MBA, 2-methylbutyric acid; ICA, isocaproic acid; CA, caproic acid.
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Characteristics of COVID-19 Patients with Moderate, Severe and Critical

According to the severity of the disease, we divided COVID-19 patients into three clinical types: moderate (n=34, 17
females; mean age: 70.53 £ 11.14 years), severe (n=33, 12 females; mean age: 76.55 + 9.68 years) and critical (n=16, 6
females; mean age: 80.54 + 7.14 years) (Table 2). There is no gender difference among the three groups (p=0.483), and
there is no significant difference in the disease duration (p=0.757), BMI (p=0.620), and the proportion of patients with
chronic diseases (both p>0.1). Critical and severe patients were older than moderate (p=0.001, p=0.031, respectively),

Table 2 Comparison of Demographic, Clinical and Laboratory Features of COVID-19 Patients with Different Clinical Types

Moderate (n=34) Severe (n=33) Critical (n=16) P

No. female/No. male 17/17 12/21 6/10 0.483
Age (years) 70.53+11.14 76.55+9.68 80.54+7.14 0.004%°
Smoker, n (%) 6 (17.6) 15 (45.5) 3(18.8) 0.027*
BMI (kg/m?) 23.56+3.44 23.61+4.12 24.80+3.60 0.620
Disease duration (days) 9.00 (7.00, 12.00) 9.00 (6.00, 12.00) 8.00 (6.00, 14.00) 0.757
Cardiovascular disease, n (%) 15 (44.1) 22 (66.7) Il (68.8) 0.107
Endocrine disease, n (%) 10 (29.4) 10 (30.3) 3(18.8) 0.670
Respiratory disease, n (%) 2 (5.9) 5(15.2) 1 (6.3) 0.384
Kidney disease, n (%) 1 (29) I (3.0) | (6.3) 0.842
Autoimmunity disease, n (%) 5(14.7) 5(15.2) 4 (25.0) 0.642
Malignant tumor, n (%) 2 (5.9) 2 (6.1) I (6.3) 0.999
WBC (¥10°/L) 5.32 (4.18, 6.54) 4.17 (2.99, 7.14) 5.96 (4.58, 8.66) 0.106
RBC (*10'%/L) 4.02 (3.58, 4.40) 4.16 (3.99, 4.63) 3.93 (3.09, 4.30) 0.054
Hb (g/L) 124.00 (110.50, 134.00) 130.00 (121.00, 143.00) 119.00 (104.00, 137.00) 0.133
PLT (*10°/L) 159.50 (117.50, 204.50) 150.00 (123.00, 207.00) 191.50 (147.00, 260.50) 0.200
Neutrophile (*10%/L) 4.06 (3.01, 5.28) 3.25 (223, 5.33) 5.13 3.71, 6.89) 0.049°
Lymphocyte (*10%/L) 0.73 (0.54, 1.05) 0.64 (0.45, 0.88) 0.44 (0.30, 0.76) 0.053
Monocyte (¥10%/L) 0.37 (0.18, 0.53) 0.33 (0.24, 0.46) 0.43 (0.29, 0.58) 0.402
Eosinophil (¥10°/L) 0.01 (0, 0.03) 0 (0, 0.02) 0.01 (0, 0.05) 0.423
Basophilic (¥10%/L) 0 (0, 0.01) 0 (0, 0.01) 0 (0, 0.02) 0.623
ALT (U/L) 25.50 (16.70, 35.90) 21.80 (16.10, 26.60) 25.30 (17.55, 33.95) 0.582
AST (U/L) 29.70 (21.40, 40.90) 30.60 (26.50, 40.40) 33.60 (23.30, 51.50) 0.548
TP (g/L) 69.45 (63.55, 75.20) 63.90 (59.80, 67.20) 59.30 (57.90, 63.20) 0.007°
ALB (g/L) 37.25 (32.95, 39.60) 34.90 (32.00, 37.60) 30.20 (28.30, 32.70) 0.004°
GLO (g/L) 32.60 (28.00, 34.50) 28.20 (25.40, 31.70) 30.30 (26.10, 34.60) 0.104
Urea (mmol/L) 5.66 (3.74, 6.54) 5.30 (4.50, 6.59) 7.15 (5.60, 9.85) 0.005°
Cr (umol/L) 70.00 (52.00, 85.85) 69.11 (59.00, 79.00) 68.09 (54.72, 102.21) 0.883
LDH (U/L) 259.50 (224.05, 358.00) 278.50 (249.90, 345.20) 326.70 (251.70, 442.15) 0411
HBDH (U/L) 173.50 (136.50, 214.70) 185.10 (172.00, 212.00) 233.60 (178.85, 317.50) 0.094
PT (s) 13.60 (13.30, 14.80) 13.70 (13.15, 14.35) 15.70 (14.10, 16.00) 0.006°
PTA (%) 96.50 (84.00, 102.00) 97.00 (89.00, 104.00) 77.00 (74.00, 92.00) 0.007¢
FIB (g/L) 4.34 (3.69, 4.98) 4.28 (3.70, 4.72) 4.68 (3.74, 5.22) 0.590
D-dimer (ng/mL) 298.50 (158.00, 638.00) 294.00 (158.50, 468.00) 522.00 (430.00, 1011.00) 0.017°%
Myoglobin (ng/mL) 44.75 (31.50, 82.55) 65.20 (33.20, 100.00) 104.65 (60.75, 177.65) 0.019°
NT-proBNP (pg/mL) 137.20 (58.60, 457.00) 95.00 (63.10, 306.00) 1049.50 (279.50, 3732.00) <0.001°
hs-cTnl (pg/mL) 1.89 (1.09, 5.24) 6.25 (2.93, 8.18) 23.80 (3.05, 59.44) 0.005°
PCT (ng/mL) 0.43 (0.38, 0.68) 0.48 (0.36, 0.87) 1.00 (0.48, 1.70) 0.044°
ESR (mm/h) 40.50 (20.00, 84.50) 30.00 (22.00, 55.00) 65.00 (53.00, 98.00) 0.096
CRP (mg/L) 35.05 (9.72, 59.98) 32.82 (12.35, 64.14) 76.50 (42.41, 88.94) 0.168

Notes: All data are reported as the mean + SD or medians (IQR) except no. female/no. male, smoker, cardiovascular disease, endocrine disease, respiratory disease, kidney
disease, autoimmunity disease and malignant tumor which were presented as numbers. Differences in no. female/no. male, smoker, cardiovascular disease, endocrine disease,
respiratory disease, kidney disease and autoimmunity disease are compared by Chi-square test. Age and BMI in groups were compared using the one-way ANOVA, while the
remaining indicators were tested using the Kruskal-Wallis test. * = p<0.05 for the difference between moderate and severe; b= p<0.05 for the difference between moderate
and critical; © = p<0.05 for the difference between severe and critical.

Abbreviations: NT-proBNP, N-terminal pro-Brain natriuretic peptide; hs-cTnl, high-sensitivity cardiac troponin I; PCT, procalcitonin.
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and the smoking rate of severe patients was higher than that of moderate (p=0.014). The neutrophil count of critical
patients was significantly higher than that of severe (p=0.043), but the lymphocyte count was the lowest among the three
groups, although there was no statistical difference. There were similar concentrations of ALT and AST among the three
groups, but TP and ALB were significantly decreased in the critical, and far lower than those in the moderate patients
(p=0.008, p=0.002, respectively). The urea level of critical patients was higher than that of moderate (p=0.010) and
severe (p=0.007), but there was no difference in Cr. In coagulation function, PT and d-dimer in critical patients were
significantly higher than those in moderate (p=0.029, p=0.037, respectively) and severe (p=0.005, p=0.021, respectively),
and PTA was significantly reduced (p=0.007). In addition, myoglobin (p=0.016), NT-proBNP (p=0.001), and hs-cTnl
(»=0.006) in critical patients are significantly higher than those in moderate, which may be related to the presence of viral
myocarditis or cardiac failure. The level of PCT in critical patients was significantly higher than that in moderate
(»=0.043), and ESR and CRP also showed an increasing trend.

Immune Impairment is More Serious in Critical COVID-19 Patients

We analyzed the levels of lymphocyte subsets and related cytokines in moderate, severe and critical COVID-19 patients
(Figure 3). The results showed that the damage to immune function in critical patients was more serious. Compared with
moderate patients, the absolute number of CD3" T cells in severe (p=0.005) and critical (p=0.036) was significantly
lower. The level of CD19" B cells in severe patients was significantly lower than that in moderate (p=0.001). There was
no statistical difference in the absolute number of CD4" T cells and CD8" T cells among the three groups, but it was the
lowest in the critical patients. CD4"CD8" T cells in critical patients were significantly lower than those in moderate
(p=0.026), and CD4 CDS8™ T cells were significantly lower than those in severe (p=0.043). In the CD4" T cell subsets, the
absolute number of Thl and Treg cells and the ratio of Th1/Th2 in critical patients were significantly lower than those in
moderate (p=0.009, p=0.039, p=0.007, respectively). In terms of cytokines, IL-6 was significantly increased in severe
patients, and sIL-2R and IL-10 showed an increasing trend.
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Figure 3 Immune characteristics of moderate, severe and critical COVID-19 patients. (A) Absolute numbers of lymphocyte subsets in COVID-19 patients with different
clinical types. (B) Absolute numbers of CD4" T lymphocyte subsets in the three groups. (C) CD4" T lymphocyte subsets-related cytokines in the three groups. (D) Ratio of
CD4" T lymphocyte subsets in the three groups. Data were presented as median (IQR) and were analyzed by the Kruskal-Wallis test.
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Comeparison of SCFAs in COVID-19 Patients with Moderate, Severe and Critical

To determine whether the level of SCFAs is related to the severity of the disease, we compared the plasma concentrations
of SCFAs in COVID-19 patients with different clinical types (Figure 4). From the results, we can see that there is no
statistical difference among the three groups in these SCFAs, but the concentration of PA and BA in severe patients is

lower than that in moderate, and the concentration of PA, BA and caproic acid (CA) in critical patients is the highest in

the three groups.

Correlation Analysis of SCFAs and Immune Cells in COVID-19 Patients

To clarify the relationship between SCFAs and immune cells, we conducted a correlation analysis between them
(Figure 5). PA, BA, 2-methylbutyric acid (2-MBA), IBA and CA have no significant correlation with immune cells
and related cytokines. ICA was positively correlated with CD3" T cells (+=0.421, p<0.001), CD4" T cells (+=0.370,
p=0.001), CD8" T cells (+=0.460, p<0.001), CD4"CDS8T cells (r=0.301, p=0.006), Thl cells (+=0.401, p<0.001), Th2
cells (#=0.370, p<0.001), Treg cells (+=0.358, p<0.001), and IL-6 (»=0.309, p=0.004).
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Figure 4 Comparison of SCFAs in plasma among moderate, severe and critical COVID-19 patients. Data were presented as median (IQR) and were analyzed by the
Kruskal-Wallis test.
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Changes of Immune Cells in COVID-19 Patients after Treatment

In this study, 4 patients were followed up, and peripheral lymphocyte subsets were detected after 1 week of treatment
(Figure 6). After a week of standard treatment, the absolute number of CD3" T cells (p=0.006), CD19" B cells (p=0.016),
CD4" T cells (p=0.001) and CD8" T cells (»p=0.025) in 4 patients increased significantly after treatment. Th17 cells
(p=0.012) and Treg cells (p=0.048) were mainly elevated in CD4" T lymphocyte subsets.

Discussion
The normal functioning of the immune system is crucial for the body to resist viral infection. Innate immunity is the first
line of defense against infection. In the early stage of SARS-CoV-2 infection, effector cells involved in innate immunity
can be rapidly mobilized, effectively controlling the number and scale of pathogens.® In COVID-19 patients, the
epithelial cells of the nasopharyngeal mucosa present neutrophil and monocyte infiltration, while infected epithelial
cells secrete chemokines such as CXCL1, CXCL3, CXCL6, CXCL15, CXCL16, and cxcL17.? Inflammatory macro-
phages in the lungs of critical patients can further promote the recruitment and differentiation of neutrophils and
monocytes, ultimately leading to the excessive inflammatory response.'® In our study, we observed a decrease in NK
cells, monocytes, eosinophils, and basophils in patients with COVID-19, which may be related to the presence of
immune failure in the patient.'' SARS-CoV-2 infection leads to depletion of lymphocyte and suppresses of immune
function, which may be a potential immunological mechanism for the occurrence and development of COVID-19.'?

Not only innate immunity, once infected with SARS-CoV-2, adaptive immunity mediated by T and B cells also
quickly exerts protective effects.'> An adaptive immune response usually occurs four days after infection. If the body
does not produce an effective adaptive antiviral response in a timely manner, the innate immune response will strengthen,
leading to the uncontrolled release of inflammatory cytokines.'* It takes longer for elderly and chronic disease patients to
produce an effective adaptive immune response. Relying on early infection to strengthen the innate antiviral immune
response can lead to the occurrence of cytokine storms, increasing the risk of severe illness.'>'®

Vaccination has a significant protective effect on the entire population, especially the elderly and prepares for the
rapid memory response of subsequent exposure to induce neutralizing antibodies.'” Mass vaccination of COVID-19
vaccine has become a key measure for countries to fight against the epidemic.'® In addition to traditional inactivated
vaccine and adenovirus vector vaccine, mRNA vaccine has also received global attention.'® After inoculation of the
COVID-19 vaccine, innate immunity and adaptive immunity were widely activated, including a significant increase in
the proportion of CD16" monocytes, the activation of CD4" T cells and CD8" T cells, and the level of neutralizing
antibodies.?® For the elderly COVID-19 patients who are likely to develop severe and critical diseases, the protection rate
of 2-3 doses of inactivated vaccine still reaches 90.15%.>' Although vaccination can significantly reduce the severity rate
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and mortality rate of COVID-19 patients,** their immune function is still damaged to a certain extent, mainly manifested
by the reduction of lymphocytes and the increase of cytokines.”® In this study, COVID-19 patients not only had
a decrease in innate immune cells, but also had a significant decrease in adaptive immune cells, including CD19"
B cells, CD4" T cells, and CD8" T cells. CD3™ T cells, CD4"CDS8" T cells, and CD4 CD8™ T cells showed lower levels in
critical patients.

B lymphocytes exert immune effects by proliferating and differentiating into plasma cells to produce specific
antibodies.”* In the early stage, T cells play a key role in durable antiviral protection.”> We further analyzed CD4"
T lymphocyte subsets and found that Thl, Th2, Th17 and Treg cells in COVID-19 patients were significantly reduced, of
which Thl and Treg cell reduction was more serious in critical patients. As an immunosuppressive cell subset, the
decrease in the number of Treg promotes the occurrence of cytokine storms and inflammatory reactions.® Cytokine
storms are an important cause of death in severe and critical illnesses. Many studies have found that there are higher
levels of IL-2, IL-7, IL-10, granulocyte colony-stimulating factor (G-CSF), IFN-y, Inducible protein-10 (IP-10), mono-
cyte chemokine protein-1 (MCP-1), macrophage inflammatory protein-1A (MIP-1A), and TNF-a in the plasma of severe
and critical COVID-19 patients.4 In our study, we also found significant increases in sIL-2R, IL-6, and IL-10 in COVID-
19 patients, with the increase in IL-6 being more pronounced in severe patients.

The gastrointestinal tract is the largest immune organ in the human body. The intestinal flora and intestinal mucosa
together constitute an immune barrier in the intestine. It has been reported that SARS-CoV-2 infection can change the
structure of intestinal flora, mainly manifested in the reduction of beneficial symbiotic bacteria and the enrichment of
conditionally pathogenic bacteria. Compared with the control group, COVID-19 patients had lower levels of intestinal
bacteria such as Eubacteriaceae, Fecal Bacilliaceae, Rosebacilliaceae, Bifidobacteriaceae and Trichospiriaceae.5 In
addition, the composition of intestinal flora in COVID-19 patients was analyzed by shotgun metagenome sequencing

technology,”’

and the data showed that the main characteristics of patients with COVID-19 were the loss of
Bifidobacterium adolescentis, Ruminococcus bromii and Faecalibacterium prausnitzii, and the enrichment of
Bacteroides ovatus, Bacteroides dorei, and Bacteroides thetaiotaomicron. Another study also confirmed that compared
with the healthy controls, the microbial diversity in the mouth and feces of COVID-19 patients was significantly
reduced.”® SCFAs are important metabolites of intestinal microorganisms, which can regulate the functions of natural
immune cells such as macrophages, neutrophils, and dendritic cells and participate in immune responses. Studies have
shown that SCFAs can enhance immune cell function and improve mitochondrial homeostasis, contributing to the
adjuvant treatment of autoimmune diseases.”’ SCFAs, especially BA, can promote the production of IL-22 by CD4"
T cells and innate lymphoid cells (ILC) by activating G-protein coupled receptor 41 (GPR41) and inhibiting histone
deacetylase, thereby alleviating colitis in mice.*® For COVID-19, SCFAs, the active metabolite of intestinal symbiotic
bacteria, can not only reduce the pathway of COVID-19 entering the human body by reducing the expression of
angiotensin-converting enzyme 2 (ACE2) but also enhance antiviral immunity.31 SCFAs can reduce the transcription
levels of important genes that control virus entry and replication, including retinoic acid-inducible gene 1 (RIG1),
transmembrane protease serine 2 (TMPRSS2), and interferon (IFN) receptors while maintaining intestinal cell
permeability.*> They can also regulate the differentiation of T and B cells and antigen-specific adaptive immunity.*
Our data show that plasma SCFAs in COVID-19 patients are significantly lower than those in non-COVID-19 patients,
which may be related to a decrease in the bacterial population that produces SCFAs. Moreover, we have found that there
is a trend towards an increase in plasma SCFAs in critical patients, which may be related to the severe damage to liver
function in patients, resulting in the inability of SCFAs to undergo oxidative decomposition in the liver and their massive
release into the blood. Interestingly, we found no significant correlation between the concentration of plasma SCFAs and
the absolute number of immune cells, except for ICA. However, there are currently few reports on the role of plasma ICA
in regulating immune cell levels.

However, the limitations of this study should be pointed out. The first is the limited sample size of the study.
Secondly, most patients did not receive further interviews from us. In addition, as an observational study, we cannot
indicate whether SCFAs in the plasma directly lead to changes in lymphocyte subsets in patients. Therefore, we should
conduct further multicenter studies to determine the changes in the intestinal flora and their impact on immune cells in
COVID-19 patients. This may help to provide a new target for the treatment of COVID-19.
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In summary, this study indicates that immune function in COVID-19 patients after vaccination is still severely
disrupted. The levels of plasma SCFAs are related to the level of some lymphocyte subsets and play an important role in
immune regulation. It may be used as an immune modulator in the adjuvant treatment of COVID-19.
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