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Abstract: Chronic kidney disease (CKD) patients are more susceptible to infections compared to the
general population. SARS-CoV-2 virus pathology is characterized by a cytokine storm responsible
for the systemic inflammation typical of the COVID-19 disease. Since CKD patients have a reduced
renal clearance, we decided to investigate whether they accumulate harmful mediators during the
COVID-19 disease. We conducted a retrospective study on 77 COVID-19 hospitalized subjects in
the acute phase of the illness. Thirteen different cytokines were assessed in plasma collected upon
hospitalization. The patients were divided into three groups according to their estimated glomerular
filtration rate, eGFR < 30 (n = 23), 30 < eGFR < 60 (n = 33), eGFR > 60 mL/min (n = 21). We found that
Tumor Necrosis Factor a and its receptors I and II, Interleukin-7, Leukemia Inhibitory Factor, FAS
receptor, Chitinase 3-like I, and the Vascular Endothelial Growth Factor showed an increased
accumulation that negatively correlate with eGFR. Moreover, non-survivor patients with an
impaired kidney function have significantly more elevated levels of the same mediators. In
conclusion, there is a tendency in COVID-19 ESRD patients to accumulate harmful cytokines. The
accumulation seems to associate with mortality outcomes and may be due to reduced clearance but
also to increased biosynthesis in most severe cases.
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Key Contribution: the concern about COVID-19 disease in chronic kidney disease (CKD) patients
is two-way since the infection might aggravate renal failure and the higher susceptibility to
infections of these patients expose them to an increased risk of severe complications and higher
mortality. In this study we investigated the relationship between glomerular filtration rate and a
wide range of cytokines, chemokines, and uremic toxins dysregulated by SARS-CoV-2 infection in
CKD patients, in order to better understand the COVID-19 disease pathophysiology in this
population and give a contribution to find strategies to better protect these vulnerable patients.

1. Introduction

Chronic Kidney Disease (CKD) is a life-threating disease with a great impact on the
global health system. CKD and impaired kidney function resulted in 2017, according to
“The Global Burden of Disease” study, as the 12th cause of death world-wide with 4.6% of
all-cause mortality ascribable to CKD and cardiovascular diseases due to CKD [1]. If
cardiovascular disease is the first cause of death in these patients, and the second one is
infections with infection-related hospitalizations that actively contribute to increase the
mortality rate in this population. The higher susceptibility of CKD patients to infections
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is due to many factors such as uremia, dialysis access, the dialysis procedure per se,
advanced age, malnutrition, hypoalbuminemia, burden of coexisting illnesses,
immunosuppressive therapy, and vaccine hyporesponsiveness. For this reason, advanced
CKD stages might be assumed as a state of acquired immunodeficiency [2].

Coronavirus pandemic started in 2019 and is still ongoing with more than six million
deaths all over the world (World Health Organization, May 2022). The pathology is due
to SARS-CoV-2 infection, a new RNA virus from the coronoviridae family, that causes the
severe acute respiratory syndrome that characterizes the severe form of the disease. One
of the more relevant events that can be triggered by the infection is a cytokine storm
responsible for the systemic inflammation and prothrombotic state typical of the COVID-
19 disease. The entire body is involved by the pathology and severe forms may evolve in
death mainly for respiratory failure. In addition, kidneys are affected with development
of renal damage that can lead to acute kidney injury (AKI). The etiology of AKI is probably
multifactorial involving different processes. Directly the SARS-CoV-2 virus can infect
kidney podocytes and proximal tubular cells causing tubular necrosis and protein leakage
in Bowman’s capsule. Indirectly, the immune response alteration given by the virus, with
the cytokine storm, lymphopenia, and macrophage activation, can contribute to AKI. In
addition, lower oxygen delivery due to the acute respiratory syndrome can induce renal
ischemic injury. Finally, endothelial dysfunction, hypercoagulability, rhabdomyolysis,
and sepsis are other mechanisms potentially involved in renal damage [3].

Thus, the concern about COVID-19 disease in CKD patients is two-way since the
infection might aggravate renal failure and the higher susceptibility to infections of these
patients expose them to an increased risk of severe complications and higher mortality.
Since renal insufficiency causes an increased difficulty in the clearance of many bioactive
molecules, thus causing their accumulation, in this research we aimed to study the
relationship between glomerular filtration and a wide range of cytokines, chemokines,
and uremic toxins dysregulated by SARS-CoV-2 infection in CKD patients, in order to
better understand the COVID-19 disease pathophysiology in this population and give a
contribution to find strategies to better protect these vulnerable patients.

2. Results
2.1. Clinical

The demographical and clinical characteristics of COVID-19 patients analyzed in our
study are listed in Table 1. Seventy-seven hospitalized COVID-19 patients were enrolled:
48% were males and with a median age of 79 (IQR 70-86). The median time from
symptoms onset was 4 days (IQR 2-8). In the overall population median eGFR was 48.4
ml/min/1.73 m2 Twenty (26%) patients reported history of CKD with four (5%) patients
receiving maintenance hemodialysis. Twenty-three participants had eGFR < 30
mL/min/1.73 m?, 33 had 30 < eGFR < 60 mL/min/1.73 m? and finally 21 had eGFR > 60
mL/min/1.73 m2. No differences were registered between groups in demographic and
COVID-19-related parameters, i.e., symptoms, lung infiltrates, medical treatment/oxygen
support, outcome. A higher proportion of patients with CKD was found in the eGFR<30
compared to 30 < eGFR < 60 and eGFR > 60 groups (70%, 12%, and 0%, respectively),
whereas a higher proportion of patients with diabetes was found in the 30 < eGFR < 60
and eGFR < 30 compared to eGFR > 60 groups (42%, 39%, and 10%, respectively). A
significant contraction of percentage of patients included in the age-adjusted Charlson
score category 4 was described in the eGFR > 60 compared to eGFR < 30 and 30 < eGFR <
60 groups (43%, 48%, and 48%, respectively). The peripheral oxygen saturation level at
admission was significantly higher in eGFR < 30 as well as 30 <eGFR < 60 (95, IQR 93-97,
in both groups) compared to eGFR > 60 group (93, IQR 89-96). A higher
neutrophil/lymphocyte ratio was observed in patients with eGFR < 30 compared to the
other groups, whereas a higher proportion in serum level of alanine-aminotransferase
ALT was found in the 30 < eGFR < 60 (24, IQR 18-33) compared to eGFR < 30 and eGFR >
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60 groups (19, IQR 15-24 vs. 21, IQR 16-29, respectively). Serum creatinine was
significantly higher in the eGFR < 30 (3.4, IQR 2.3—4.2) compared to 30 < eGFR < 60 and
eGFR > 60 groups (1.2, IQR 1.2-1.4 vs 0.7, IQR 0.6-0.9, respectively).

Table 1. Demographical and clinical characteristics of COVID-19 patients.

Demographical and Total eGFR < 30 mL/min. EGFLIj 3(.)_60 eGFR > 60 mL/min. p-Value (group 0
Clinical Characteristics 77 23 (30%) 2; (:;Z) 21 (27%) Vs1Vs2)
Sex, (n, %)
M 37 (48%) 11 (48%) 20 (61%) 9 (43%)
F 40 (52%) 12 (52%) 13 (39%) 12 (57%) p =0.3980
Age, (median, IQR) 79 (70-86) 79 (73-86) 79 (73-87) 75 (61-84) p=0.3513
Ethnicity, (n, %)
White/Caucasian 72 (94%) 21 (91%) 32 (97%) 19 (90%)
Latin American 3 (4%) 1(4%) 0 (0%) 2 (10%)
East Asian 1 (1%) 0(0%) 0(0%)
Maghreb/Middle East 1(1%) 0(0%) 1 (3%) 0(0%) p =0.3435
Comorbidities, (n, %)
Hypertension 51 (66%) 19 (83%) 21 (64%) 11 (52%) p=0.0973
CVD 38 (49%) 14 (61%) 15 (45%) 9 (43%) p=0.4116
IMA 17 (22%) 6 (26%) 8 (24%) 3 (14%) p=0.5928
CHF 11 (14%) 5 (22%) 4 (12%) 2 (10%) p =0,4587
Arrhytmia 15 (19%) 6 (26%) 5 (15%) 4 (19%) p=0.6478
Valvulopathy 4 (5%) 1 (4%) 3 (9%) 0 (0%) p=0.3327
Cerebrovascular disease 8 (10%) 1 (4%) 4 (12%) 3 (14%) p =0.5090
Dementia 17 (22%) 6 (26%) 7 (21%) 4 (19%) p=0.8431
Chronic pulmonar
oA 9 (12%) 2 (9%) 5 (15%) 2 (10%) p=07124
Cancer 9 (12%) 3 (13%) 6 (18%) 0 (0%) p=0.1244
CKD 20 (26%) 16 (70%) 4 (12%) 0 (0%) p <0.0001
Dialysis 4 (5%) 0 (0%) 0 (0%) 0 (0%) -
Connettivopaties 2 (3%) 1(23%) 1 (3%) 0 (0%) p =0.6495
Diabetes 25 (32%) 9(39%) 14 (42%) 2 (10%) p =0.0302
Chronic liver disease 4 (5%) 1 (4%) 2 (6%) 0 (0%) p=0.3327
Vascular disease 16 (21%) 7 (30%) 7 (21%) 2 (10%) p=0.2319
Age adj. charlson score
Category 1 6 (8%) 3 (13%) 0 (0%) 3 (14%) p=0.0861
Category 2 13 (17%) 2 (9%) 7 (21%) 4 (19%) p=0.4472
Category 3 22 (28%) 7 (30%) 10 (30%) 5 (24%) p=0.8517
Category 4 36 (47%) 11 (48%) 16 (48%) 9 (43%) p=0.0194
BMI, (median, IQR) 24.20 (22.92-29.07) 22.86 (20.43-23,74) 23.53 (22.15-29.30)  27.12 (24.34-29.02) p =0.2683
Symptoms at the
admission. (n. %)
Fever 53 (69%) 15 (65%) 22 (67%) 16 (76%) p =0.6900
Cough 26 (34%) 9 (39%) 11 (33%) 6 (29%) p=0.7588
Productive cough 3 (4%) 1 (4%) 1 (3%) 1 (5%) p =0.9415
Dyspnea 43 (56%) 15 (65%) 20 (61%) 8 (38%) p=0.1491
Fatigue 15 (19%) 4 (17%) 7 (21%) 4 (19%) p=0.9373
Abdominal pain 4 (5%) 2 (9%) 1 (3%) 1 (5%) p =0.6395
Nausea/vomiting 2 (3%) 0 (0%) 1 (3%) 1 (5%) p =0.5985
Diarrhoea 3 (4%) 1 (4%) 2 (6%) 0 (0%) p=0.5281
Chest pain 2 (3%) 0 (0%) 2 (6%) 0 (0%) p=0.2544
Syncope 1 (1%) 1 (4%) 0 (0%) 0 (0%) p=0.3044
Arthromyalgia 2 (3%) 0 (0%) 2 (6%) 0 (0%) p=0.2544
Anosmia/dysgeusia 3 (4%) 1 (4%) 1 (3%) 1 (5%) p =0.9415
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Duration of symptoms

before the hospitalization. 4 (2-8) 4 (2-6) 5 (3-9) 5 (2-8) p=0.5657
days, (median, IQR)
Radiological pulmonary
infiltrates upon admission, 67 (87%) 20 (87%) 30 (91%) 17 (81%) p=0.5695
(, %)
Respiratory setting upon
admission, (n, %)
Room air 60 (78%) 16 (70%) 29 (88%) 15(71%)
O2-therapy 17 (22%) 7 (30%) 4 (12%) 6 (29%) p=0.1873
Respiratory parameters
upon admission, (median,
IQR)
pO2 72 (62-88) 63 (70-78) 70 (63-78) 71 (61-87) p=0.5435
pO2/FiO2 251 (307-357) 286 (305-351) 205 (286-351) 296 (209-343) p=0.2812
Sp0O2 96 (91-97) 95 (93-97) 95 (93-97) 93 (89-96) p=0.0140
Blood examinations upon
admission. (median. IRQ)
Hemoglobin, g/dL 12.0 (11.0-13.30) 11.6 (11.0-12.5) 12.0 (11.0-13.5) 12.5 (11.7-13.4) p=0.2495
WBC count, 103/uL 7.00 (5.42-9.71) 7.27 (5.64-10.19) 7.33 (5.83-9.71) 6.45 (5.26-7.66) p =0.3568
Neutrophils, 10%/pL 4.93 (3.93-7.51) 5.15 (4.03-8.45) 5.82 (4.10-7.57) 4.13 (3.43-5.94) p=0.1097
Lymphocytes, 103/uL 1.04 (0.64-1.34) 1.01 (0.64-1.21) 0.83 (0.63-1.45) 1.10 (0.73-1.59) p =0.3656
NL ratio 5.16 (3.12-9.81) 6.73 (3.48-12.75) 6.14 (3.77-11.13) 3.66 (2.60-5.29) p=0.0454
Monocytes, 10%/pL 0.54 (0.34-0.77) 0.53 (0.35-0.89) 0.57 (0.34-0.89) 0.49 (0.27-0.65) p=04117
Platelets 10%/uL 204 (162-304) 177 (145-259) 206 (167-312) 230 (176-293) p=0.4868
C-reactive protein, mg/L.  68.9 (27.3-99.1) 75.8 (32.7-98.1) 67.6 (27.8-132.3) 60.0 (21.4-80.2) p=0.4752
LDH, U/L 288 (211-390) 307 (226-429) 279 (209-398) 293 (210-374) p=0.8047
Creatine-P-kinase, U/L 92 (45-189) 97 (44-175) 126 (67-203) 61 (39-181) p=0.2437
D-dimer, ng/mL 580 (310-1448) 980 (487-3189) 600 (268-899) 494 (260-908) p=0.1572
ALT, U/L 21 (16-29) 19 (15-24) 24 (18-34) 21 (16-29) p=0.0404
AST, U/L 37 (28-49) 31 (23-47) 39 (30-51) 34 (31-46) p=0.1101
Creatinin, mg/dL 1.3 (1.0-2.2) 34 (2.3-4.2) 1.2 (1.2-1.4) 0.7 (0.6-0.9) p<0.0001
Procalcitonin,ng/mL 0.13 (0.07-1.21) 0.26 (0.13-5.00) 0.11 (0.07-0.47) 0.09 (0.04-0.56) p=0.0889
Ferritin, ng/mL 436 (231-829) 401 (231-865) 478 (179-827) 436 (310-567) p=0.9435
eGFR 48.4 (26.2-61.3) 12.3 (8.7-24.9) 49.1 (43.0-55.7) 82.0 (73.6-98.4) p <0.0001
Medical therapy, (n, %)
Lopinavir/darunavir 10 (13%) 3 (13%) 2 (6%) 5 (24%) p=0.1672
Hydroxychloroquine 57 (74%) 16 (70%) 26 (79%) 15 (71%) p=0.7044
Steroids 17 (22%) 8 (35%) 5 (15%) 4 (19%) p=0.2029
Heparin 58 (75%) 16 (70%) 29 (88%) 13 (62%) p=0.0727
Biological drug 10 (13%) 5 (22%) 4 (12%) 1 (5%) p=0.2419
Maximum respiratory
support, (n, %)
Room air 10 (13%) 1 (4%) 4 (12%) 5 (24%) p =0.1559
Oe-therapy 32 (41%) 8 (35%) 16 (49%) 8 (38%) p=0.5515
C-pap 26 (34%) 11 (48%) 9 (27%) 6 (29%) p=0.2812
NIMV 7 (9%) 2 (9%) 4 (12%) 1 (5%) p =0.6547
Oro-tracheal intubation 2 (3%) 1 (4%) 0 (0%) 1 (5%) -
Outcome, (n, %)
Discharge 42 (55%) 8 (43%) 19 (57%) 13 (62%)
Death 35 (45%) 13 (57%) 14 (43%) 8 (38%) p=0.4238
Time from symptoms
onset to outcome, days, 18 (11-35) 17 (10-50) 18 (12-35) 19 (14-26) p =0.9860

(median, IQR)

Clinical, demographic and biohumoral characteristics upon admission. All patients, eGFR < 30
group, 30 < eGFR < 60 group, and eGFR > 60 group. (IQR: interquartile range; CVD: cardio-vascular
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disease; MI: myocardial infarction; CHF: congestive heart failure; CKD: chronic kidney disease;
BMI: body mass index; NL: neutrophils-lymphocytes; CRP: C-reactive protein; LDH: lactate
dehydrogenase; CPK: creatin-phospho-kinase; ALT: alanine aminotransferase; AST: aspartate
aminotransferase; eGFR: estimated glomerular filtration rate calculated by CDK-EPI formula).
Continuous variables expressed as median, IQR. Categorical variables expressed as number, %.

2.2. Characterization of COVID-19 Plasma with Respect of eGFR

Plasma levels of 13 different compounds were measured in COVID-19 patients.
Molecules were chosen as biomarkers of inflammation, immunity response, tissue
damage, and angiogenesis. TNF-a, TNFRI, and TNFRII showed an increased
accumulation in patients with reduced renal function demonstrated by the negative and
significant correlation between increased accumulation and the decline of eGFR (Figure
1A-C). Analyzing the TNF-a, TNFRI, and TNFRII levels with respect of eGFR and
outcome, we found that non-survivor patients with eGFR < 30 had significant more
elevated levels compared to non-survivor patients with 30 < eGFR < 60 and eGFR > 60
(Figure 1D-F). Moreover, non-survivor patients in the 30 <eGFR < 60 had a more elevated
level of TNF-a TNFRI, and TNFRII compared to survivors (Figure 1D-F). Regarding IL-
7,1L-18, IL-6 and IL-6R, only IL-7 showed an accumulation dependent on eGFR decrease
and a significant more elevated levels in non-survivor patients with eGFR < 30 and 30 <
eGEFR < 60 compared with non-survivor patients with eGFR > 60 (Figure 2A,E). IL-18 and
IL-6 showed increased levels in non-survivor patients with eGFR < 30 compared to non-
survivor patients with eGFR > 60 (Figure 2F,G). IL-6 and IL-6R showed a trend with more
elevated levels in non-survivor patients independently of eGFR values (Figure 2G,H).
FAS, LIF, and YKL-40 had a significant negative correlation with eGFR reduction but not
TRAIL (Figure 3A-D). FAS levels were significantly higher in non-survivor patients with
eGFR < 30 decreasing significantly in non-survivor patients with more elevated eGFR
(Figure 3E). The same trend was shown by LIF levels with a significant increase in non-
survivor patients in the eGFR < 30 group (Figure 3F) and YKL-40 with the non-survivor
patients in the eGFR > 60 that showed significant decreased levels compared to the other
eGFR groups (Figure 3G). We next analyzed two acute phase proteins, AGP and PTX3,
that did not show any accumulation dependent on eGFR decline (Figure 4A,B) but
showed increased levels in the 30 < eGFR < 60 non-survivor group. Interestingly, PTX3
had more elevated levels in the non-survivors compared to survivor patients
independently of eGFR value (Figure 4E). VEGF levels correlate with eGFR deterioration
(Figure 4C) with a trend of being more elevated in non-survivor patients with a more
pronounced eGFR decline (Figure 4F).
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Figure 1. TNF-a and sTNF levels in relation to eGFR and mortality outcome. Plasma cytokine levels
were measured in 77 patients hospitalized for COVID-19 in the acute phase of the illness within the
first 7 days of COVID-19 disease. Panel A, B, C: correlation between TNF-a (A), TNFRI (B), and
TNEFRII (C) levels and eGFR values. Panel D, E, F: box plot representation of TNF-a (D), TNFRI (E),
and TNEFRII (F) levels classified accordingly with the outcome (survivors in green and non survivors
in purple boxes) and three different ranges of eGFR values (<30, 30-60, and >60 mL/min). In each
boxplot the thick line represent the median, the box represent the interquartile range, the whiskers
represent the minimum and maximum score excluding outliers, and the dots represent outliers. *p
< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Linear correlation between inflammatory biomarkers
and eGFR was assessed by Pearson correlation test. Wilcoxon signed rank test was used for pairwise
comparisons. p-value for significance was set at <0.05. Analysis was conducted by R version 4.1.1.
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Figure 2. IL levels in relation to eGFR and mortality outcome, Plasma IL levels were measured in 77
patients hospitalized for COVID-19 in the acute phase of the illness within the first 7 days of COVID-
19 disease. Panel A, B, C, D: correlation between IL-7 (A), IL-18 (B), IL-6 (C), and IL6R (D) levels
and eGFR values. Panel E, F, G, H: box plot representation of IL-7 (E), IL-18 (F), IL-6 (G), and IL6R
(H) levels classified accordingly with the outcome (survivors in green and non survivors in purple
boxes) and 3 different ranges of eGFR values (<30, 30-60, and >60 mL/min). In each boxplot the thick
line represent the median, the box represent the interquartile range, the whiskers represent the
minimum and maximum score excluding outliers, and the dots represent outliers. *p < 0.05; **p <
0.01; **p <0.001; ***p <0.0001. Linear correlation between inflammatory biomarkers and eGFR was
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assessed by Pearson correlation test. Wilcoxon signed rank test was used for pairwise comparisons.
p-value for significance was set at < 0.05. Analysis was conducted by R version 4.1.1.
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Figure 3. Chemokine levels in relation to eGFR and mortality outcome. Plasma chemokine levels
were measured in 77 patients hospitalized for COVID-19 in the acute phase of the illness within the
first 7 days of COVID-19 disease. Panel A, B, C: correlation between FAS (A), LIF (B), and YKL-40
(C) levels and eGEFR values. Panel D, E, F: box plot representation of FAS (D), LIF (E), and YKL-40
(F) levels classified accordingly with the outcome (survivors in green and non survivors in purple
boxes) and 3 different ranges of eGFR values (<30, 30-60, and >60 mL/min). In each boxplot the thick
line represent the median, the box represent the interquartile range, the whiskers represent the
minimum and maximum score excluding outliers, and the dots represent outliers. *p < 0.05; **p <
0.01; **p <0.001; ***p <0.0001. Linear correlation between inflammatory biomarkers and eGFR was
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assessed by Pearson correlation test. Wilcoxon signed rank test was used for pairwise comparisons.
p-value for significance was set at <0.05. Analysis was conducted by R version 4.1.1.
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Figure 4. Acute phase protein and VEGF levels in relation to eGFR and mortality outcome. Plasma
chemokine levels were measured in 77 patients hospitalized for COVID-19 in the acute phase of the
illness within the first 7 days of COVID-19 disease. Panel A, B, C: correlation between AGP (A),
PTX3 (B), and VEGF (C) levels and eGFR values. Panel D, E, F: box plot representation of AGP (D),
PTX3 (E), and VEGEF (F) levels classified accordingly with the outcome (survivors in green and non-
survivors in purple boxes) and three different ranges of eGFR values (<30, 30-60, and >60 mL/min).
In each boxplot the thick line represent the median, the box represent the interquartile range, the
whiskers represent the minimum and maximum score excluding outliers, and the dots represent
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outliers. *p < 0.05; **p < 0.01; **p < 0.001. Linear correlation between inflammatory biomarkers and
eGFR was assessed by Pearson correlation test. Wilcoxon signed rank test was used for pairwise
comparisons. p-value for significance was set at < 0.05. Analysis was conducted by R version 4.1.1.

3. Discussion

COVID-19, in its life-threatening form, is characterized by severe acute respiratory
syndrome and by acute organ failure caused by coronavirus 2 (SARS-CoV-2). The precise
mechanisms and the immunopathogenesis of COVID-19 are still under study and debate,
but mounting evidence suggests that virus-induced defective host immunity could be the
cause of high mortality with a central role played by lymphopenia and monocytopenia.
Among the different hypotheses to explain the decrease of the cells of the immune system,
a role has been hypothesized for cell death [4]. In fact, probably the SARS-CoV-2 virus
directly causes cell death by entering the immune cells and, indirectly, causes a massive
increase in circulating cytokine and chemokines, the so-called ‘cytokine storm’, that is
deleterious for immune cells probably participating in determining their death. Chronic
kidney disease (CKD) is characterized by the decline in estimated glomerular filtration
rate (eGFR) that leads to accumulation of uremic retention solutes, also defined as uremic
toxins, that have a remarkable role in multiple organ system deterioration and general
health in these patients. Therefore, in this study we aimed to characterize the retention
profile of 13 among chemokines and cytokines chosen as biomarkers of inflammation,
immunity response, tissue damage and angiogenesis in CKD COVID-19 patients and their
association with kidney function, hypothesizing that the decreased renal clearance in
CKD patients may induce an accumulation of mediators that because of their toxicity may
aggravate the course of COVID-19 disease.

We dosed TNF-« as it is one of the master regulators of inflammation and a primary
mediator of systemic response in sepsis and infections. TNF-a can both regulate cell
apoptosis, necroptosis, and proliferation and stimulate other cytokine and chemokine
biosynthesis. TNF-a coordinates the inflammatory response in the acute phase but to high
TNF-a levels can suppress the immune system leading to adverse prognosis [5]. In
COVID-19, it has been found that TNF-a levels are increased in severe compared to non-
severe forms and correlate with disease severity, organ failure, and mortality [6]. One of
the hypothesis of the mechanism of action in COVID-19 is that high TNF-a levels may
aggravate lymphophenia by killing lymphocytes [7]. TNF-a has two receptors, TNFRI and
TNFRI]I, that in their soluble form, sTNFR, are circulating and have been demonstrated to
be involved in the immune cascade in inflammatory diseases such as septic shock.
Moreover, sTNFR, and particularly TNFRII, were associated with increased risk of
progression of diabetic kidney disease [8]. Even if circulating sSTNFR act by binding TNF-
a and by decreasing the number of receptor on the cellular membrane, the elevation of
circulating levels has been associated with mortality during sepsis and with development
of AKI in septic shock [9]. Moreover, it has been found that increased sTNFR levels are
present in COVID-19 patients with the elevation associating with the severity of the
disease and the prediction of AKI [10,11]. In our study, we found that there is an
accumulation of both TNF-a and sTNEFR inversely related to eGFR. These results may
indicate that COVID-19 patients have an increased accumulation when a more impaired
kidney function is present. Analyzing both TNF-a and sTNFR levels with respect of the
mortality outcome, our data seems to confirm that as eGFR declines, non-survivor patients
have increased levels compared to patients with more elevated eGFR values. Moreover,
there is a clear trend in having increased both TNF-a and sTNEFR levels in non-survivor
patients compared to survivors independently of eGFR.

We measured the levels of some cytokines, such as IL-7, IL-18, IL-6, and its receptor
IL-6R. IL-7 is produced by multiple stromal cells and is involved in T cell development
regulating their survival and homeostasis. For T cells, IL-7 is also anti-apoptotic and
crucial for proliferation [12]. Administration of IL-7 increases both circulating and tissue
lymphocytes, and for this effect it is currently under clinical trials for oncologic and
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infectious diseases [13]. In COVID-19, circulating IL-7 was found to be elevated [6] with
levels that associate with disease severity [14]. In our population, we found that IL-7 levels
inversely correlate with eGFR with an accumulation in patients with more impaired
kidney function. Analyzing the mortality, IL-7 is increased in non-survivor COVID-19
patients with low eGFR, with a trend to be increased in non-survivors compared to
survivor patients independently by renal function. IL-7 is one of the cytokines massively
produced during the cytokine storm. The elevated levels have been associated with
depletion of the T cell pool and may be due to a positive feedback response to
lymphopenia. There are contradictory interpretations regarding the role of IL-7; in fact,
evidence supports a beneficial role in COVID-19 as demonstrated in a small group of
critically ill patients where the administration of IL-7 induced an increase in lymphocyte
count without causing either lung damage or evident hyperinflammation [15]. A role for
this cytokine as vaccine adjuvant has also been proposed [16]. Nevertheless, the
augmentation of IL-7 above physiological levels may have a detrimental role disrupting
the immunobalance [17]. Thus, the evidence in our population is that impaired renal
clearance correlated with accumulation; whether this accumulation is detrimental or
advantageous for the recovery of the disease needs deeper investigation.

IL-18 is a pro-inflammatory cytokine belonging to the IL-1 family that is involved in
the differentiation and activation of different T-cell population [18]. Overproduction of
IL-18 may be detrimental since it can induce an exaggerated inflammatory response
associated with an increase in morbidity and mortality. IL-18 has been described as part
of the cytokine storm and a significative player in hemaphagocytic lymphohistiocytosis
(HLH) and macrophage activation syndrome (MAS) [19]. Moreover, there is evidence that
underlines as IL-18 is involved in injury induction in different organs such as lung, liver,
and intestine and as its levels correlate with disease severity in sepsis, lupus erythematous
and heart failure [20]. In COVID-19 patients, IL-18 is probably synthetized as part of the
cytokine storm, and increased levels were found in non-survivor patients [21]. Moreover,
IL-18 is more elevated in patients with most severe pneumonia and worse outcomes [22].
Our findings are in line with what reported in the literature, with a trend in more elevated
levels in non-survivors compared with survivor patients. Moreover, even if there is not a
correlation between IL-18 and kidney function decline we found a significant more
elevated levels in non-survivor patients with impaired renal function (eGFR < 30)
compared with patients with normal one.

IL-6 is a pro-inflammatory cytokine that plays a central role in acute inflammation
and is a driver of the cytokine storm. The IL-6 biological functions regarding the immune
system are the promotion of T-cell population expansion and activation, B-cell
differentiation, and the regulation of the acute phase response [23]. Many studies reported
increased levels of IL-6 during COVID-19 with the more pronounced elevation associated
with severity and adverse clinical outcomes [24]. Soluble IL-6 receptor (IL-6R) production
is induced by IL-lbeta and TNF-a and, differently from other cytokine circulating
receptors, IL-6R is not inhibitory for IL-6 but, on the contrary, it activates IL-6 signalling.
In our population, there is not a trend in accumulation of both IL-6 and IL-6R depending
on the reduced renal clearance. Nevertheless, in line with other reported data, we found
significant increased IL-6 levels in non-survivor patients with a trend for IL-6R.

FAS is a death receptor for FAS-ligand (FASL), a pro-inflammatory cytokine that
plays an important role in regulating apoptosis particularly in lymphocytes [25].
Physiologically, a soluble form of FAS (sFAS) exists that acts as a decoy receptor for FASL,
thus decreasing sFAS-FASL signalling consequently inhibiting its pro-apoptotic effect.
sFAS has also been proposed as a marker of inflammation and cardiovascular disease in
uremia with increased levels in CKD patients [26]. It has been demonstrated that the FAS
pathway is deeply involved in the pathogenesis of severe COVID-19 rather than
susceptibility to the infection, and that elevated plasma FAS levels increase the risk of
detrimental outcomes [27]. The hypothesis regarding the mechanism of action is that
decreasing FASL signalling may result in impaired apoptosis of activated lymphocytes or
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of virus-infected cells. Our data demonstrate sFAS accumulation as kidney function
declines in COVID-19 patients. Moreover, there are significant increased levels in non-
survivor patients with reduced renal clearance compared with the ones with normal
kidney function.

The leukemia inhibitory factor (LIF) is a tissue factor belonging to the IL-6 cytokine
family. At the kidney level, LIF regulates nephrogenesis protecting from oxidative stress
and promoting tubular regeneration after acute renal failure [28]. At the pulmonary level,
LIF is not produced in normal conditions but when alveolar macrophages, patrolling the
blood-air barrier, encounter a virus, they release inflammatory cytokines as an alarm that
triggers LIF production. LIF protects alveolar type I and II cells preventing scaring,
fibrosis, and air niche to collapse [29]. LIF in animal models of pneumonia has been
identified as a lung-protecting agent since it prevents severe disease development. In
COVID-19, LIF levels are increased but no data on the associations with outcomes have
been reported [30]. As LIF is a lung-protecting agent, the administration of recombinant
LIF to protect the lung during COVID-19 has been proposed. The rationale is to prevent
the severe forms and long term disease given its safety in already started phase I and II
clinical trials [31]. In our population there is a significant accumulation of LIF when renal
function declines and more increased levels in non-survivor patients with low eGFR
compared to patients with improved kidney clearance. In light of LIF protecting
pulmonary role, the increased levels in non-survivor patients might be interpreted as an
index of the severity of the disease resulting in a more pronounced cytokine storm and
tissutal pulmonary factor massive production. Nevertheless, impaired kidney function
induced LIF accumulation and whether this might influence the disease outcome still
need to be elucidated.

3-Chitinase like 1 protein (YKL-40 in humans) is a tissutal factor produced in
response to injury and cytokine stimuli that plays a major role in tissue damage, repair,
remodelling, and in inflammation. YKL-40 levels are elevated in dialysis patients and
associate with increased risk of progression of diabetic kidney disease [8]. YKL-40 is
involved in various pulmonary chronic inflammatory diseases as asthma, virus-induced
airway inflammation, and in interstitial lung disease where its levels associate with the
severity of lung damage [32]. Moreover, it has a role in endothelial dysfunction regulating
angiogenesis by an action on VEGF. In COVID-19, YKL-40 levels are increased and
correlate with the disease severity. The hypothesized mechanism of action of YKL-40
during SARS-CoV-2 virus infection is the stimulation of the ACE2 receptor and viral spike
protein priming proteases, demonstrated by the beneficial effects of YKL-40 and
phosphorylation inhibitors [33]. Our data show a significant accumulation of YKL-40 with
the reduction of eGFR with increased levels in non-survivor patients with more impaired
renal function compared with the ones with mild renal insufficiency.

Alpha 1 acid glycoprotein (AGP) is an acute phase protein belonging to the
immunoglobulin family. It acts as an anti-inflammatory and immunomodulatory factor
participating to endothelial permeability, leukocyte extravasation and platelet
aggregation. AGP in response to infection, inflammation and tissue injury seems to have
an anti-neutrophil and anti-complement role. Moreover, increased levels of AGP seem to
participate to the recognition of microbes, and to increase blood flow at the site of injury
[34]. Elevation of AGP has also been associated with severity in several inflammatory
disease and with mortality in sepsis [35]. In COVID-19, AGP has been shown to be
increased in the first days of the disease [36]. In our population, even if AGP plasma levels
do not show any correlation with renal function there is a tendency to an elevation of AGP
in non-survivor patients with more impaired kidney clearance.

Pentraxin 3 (PTX3) is an acute phase protein and a key component of immune
humoral immunity rapidly synthetized by different cell types in response to microbial
infection, tissue damage and different soluble factors such as TNF-a and IL-1. For its
actions, PTX3 can be considered a humoral pattern recognition molecule that provides
defence against infection playing several function in tissue repair [37]. In COVID-19, PTX3
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has been proposed as a biomarker able to predict mortality at 28 days [38,39]. Our data do
not show any correlation between PTX3 levels and kidney function but, in line with other
published data, PTX3 levels are significantly more elevated in non survivors compared
with survivor patients.

One of the characteristic features of SARS-CoV-2 infection evolving into critical forms
is the involvement of vasculature determining thrombotic and microvascular
complications due to endothelial injury and angiogenesis. While endotheliopathy is a key
factor in COVID-19 associated with coagulopathy, angiogenesis, being an element of
neovascularization, actively participates to fibrosis development typical of COVID-19
disease. We measured the levels of VEGF, a growth factor, marker of angiogenesis, and of
endothelial activation. VEGF is a glycoprotein constitutively synthetized in the lung,
involved in repair mechanisms, able to induce epithelial regeneration, and important for
capillary leak. In COVID-19, VEGF levels are elevated and remain sustained also in
patients with long term COVID-19 symptoms [40]. One hypothesis is that VEGF increases
pulmonary vascular permeability because an ACE-2 receptor regulatory mechanism on
VEGEF is lost due to SARS-CoV-2 virus decreasing ACE-2 receptor expression [41]. In our
population, we found that VEGF accumulation is dependent on renal function decline
with increased levels in patients with a more impaired kidney function and a tendency to
an elevation in non-survivors compared to survivor patients.

In summary, in our population of CKD patients, there is a tendency of accumulation
of cytokines and chemokines that correlated with the impairment of renal clearance. The
accumulation often is significant in non-survivor patients with lower kidney function
compared with patients with an improved renal function. Except for IL-7 and LIF that
may not have harmful effects, all the other mediators seem to have a detrimental role in
exacerbating COVID-19 disease and in general immune system impairment,
inflammation, and tissue damage. Some of them are uremic toxins such as TNF-a, IL-6,
IL-18, and VEGF as defined by the EUTox database (The European Uremic Toxins
(EUTox) database. Available online at www.uremic-toxins.org). For other mediators such
as sSTNFR and YKL-40, independently of SARS-CoV-2 virus infection course, there is
evidence of an association with kidney impairment due to renal pathology and thus the
accumulation being potentially harmful for the kidney.

All the cytokines and chemokines dosed in our population have a molecular weight
between 15 and 50 KDa, thus being middle molecules (MM) accordingly with a recent
classification [42]. Over the past few years, new dialytic membranes are available to better
remove MM, the medium cut-off membranes with the technique of expanded
hemodialysis [43].

In conclusion, there is a tendency for COVID-19 CKD patients to accumulate more
harmful cytokines and chemokines, and this accumulation seems to associate with
mortality outcomes. The higher levels may be due to reduced clearance but also to
increased biosynthesis in most severe cases. Furthermore, advanced CKD stages might be
assumed as a state of acquired immunodeficiency, impairing both innate and adaptive
responses, Nonetheless, given the tendency to accumulate higher levels of bioactive
molecules in CKD patients and the different dialytic methods available for the clinicians,
a careful analysis regarding the dialysis procedure for each patient may improve COVID-
19 course and general patient outcome and wellbeing.

4. Materials and Methods

We consecutively enrolled hospitalized patients in the acute phase of COVID-19 at
the Clinic of Infectious Diseases and Tropical Medicine, University of Milan, ASST Santi
Paolo e Carlo, Italy, between March and September 2020. Patients were stratified
according to estimated glomerular filtration rate (eGFR) assessed by CKD-EPI formula at
hospital admission (eGFR < 30 mL/min; >30 but <60 mL/min, >60 mL/min). This study was
approved by the Institutional Ethics Committee (Comitato Etico ASST Santi Paolo e Carlo,
Milan, Italy 02 June 2020; 2020/ST/049, 2020/ST/049_BIS, 11/03/2020); written informed
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consent was obtained from participants. All research was performed in accordance with
the Declaration of Helsinki.

4.1. Plasma Cytokine Quantification

Plasma samples were collected in 77 CKD patients upon hospitalization due to
COVID-19 disease within the first 7 days of the disease. A broad range of cytokines and
chemokines was assessed by Luminex technology (Austin, TX, USA): Interleukin-18 (IL-
18), Interleukin-7 (IL-7), IL-6 receptor (IL-6R), Tumor Necrosis Factor a (TNF-a), Tumor
Necrosis Factor a receptor I and II (TNFRI and TNFRII), Leukemia Inhibitory Factor (LIF),
FAS receptor, Chitinase 3-like I (YKL-40), Pentraxin-3 (PTX3), and Vascular Endothelial
Growth Factor (VEGEF). Alpha 1 acid glycoprotein (AGP) and IL-6 were measured by
ELISA (Human alAGP ELISA kit cod EH4326, Gentaur, Kampenhout, Belgium; Human
IL-6 Immunoassay cod HS600C, R&D Systems, Minneapolis, MN, USA) following the
manufacturer’s instructions.

4.2. Statistical Analysis

Demographic, clinical, and biochemical characteristics at baseline were stratified
according to eGFR (< 30 mL/min/1.73 m?, 30-60 mL/min/1.73 m?, > 60 mL/min/1.73 m?).
Categorical variables were reported as rates (%) and continuous variables were reported
as median (interquartile range). Comparisons among groups were performed by Kruskal—-
Wallis Test.

Serum levels of inflammatory biomarkers were plotted according to eGFR group and
outcome (survivors vs non-survivors). Wilcoxon signed rank test was used for pairwise
comparisons among these categories. Linear correlation between inflammatory
biomarkers and eGFR was assessed by Pearson correlation test. p-value for significance
was set at <0.05. Analysis was conducted by R version 4.1.1.

Author Contributions: Conceptualization, P.C., A.G., G.M. and M.C; Data curation, P.C. and G.M.;
Formal analysis, P.C., V.B. LM. and A.B.; Investigation, M.S. and M.C.; Methodology, L.M. and
A.G.; Project administration, M.C.; Validation, P.C. and A.d.M.; Visualization, P.C. and M.C,;
Writing —original draft, P.C.; Writing—review and editing, M.C. All authors have read and agreed
to the published version of the manuscript.

Funding: Part of this study was supported by “Piano di Sostegno alla Ricerca-Linea 2-Dotazione
annuale”, by Department of Health Sciences University of Milan.

Institutional Review Board Statement: The study was conducted in accordance with the
Declaration of Helsinki, and approved by the Ethics Committee of ASST Santi Paolo and Carlo,
Milan (Comitato Etico ASST Santi Paolo e Carlo, Milan, Italy 02 June 2020; 2020/ST/049,
2020/ST/049_BIS, 11/03/2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Renal Division ASST Santi Paolo and Carlo, Milan, Italy.

Conflicts of Interest: The authors declare no conflict of interest.

1. Bikbov, B.; Purcell, C.A.; Levey, A.S.; Smith, M.; Abdoli, A.; Abebe, M.; Adebayo, O.M.; Afarideh, M.; Agarwal, S.K.; Agudelo-
Botero, M.; et al. Global, Regional, and National Burden of Chronic Kidney Disease, 1990-2017: A Systematic Analysis for the
Global Burden of Disease Study 2017. Lancet 2020, 395, 709-733. https://doi.org/10.1016/50140-6736(20)30045-3.

2. Dalrymple, L.S.; Go, A.S. Epidemiology of Acute Infections among Patients with Chronic Kidney Disease: Figure 1. Clin. |. Am.
Soc. Nephrol. 2008, 3, 1487-1493. https://doi.org/10.2215/CJN.01290308.

3. Ahmadian, E.; Hosseiniyan Khatibi, S.M.; Razi Soofiyani, S.; Abediazar, S.; Shoja, M.M.; Ardalan, M.; Zununi Vahed, S. Covid-

19 and Kidney

Injury: Pathophysiology and Molecular Mechanisms. Rev. Med. Virol. 2021, 31, e2176.

https://doi.org/10.1002/rmv.2176.



Toxins 2022, 14, 673 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Paolini, A.; Borella, R.; De Biasi, S.; Neroni, A.; Mattioli, M.; Lo Tartaro, D.; Simonini, C.; Franceschini, L.; Cicco, G.; Piparo,
AM.; et al. Cell Death in Coronavirus Infections: Uncovering Its Role during COVID-19. Cells 2021, 10, 1585.
https://doi.org/10.3390/cells10071585.

Clark, J. What Does Tumour Necrosis Factor Excess Do to the Immune System Long Term? Ann. Rheum. Dis. 2005, 64, iv70—
iv76. https://doi.org/10.1136/ard.2005.042523.

Huang, C.; Wang, Y.; Li, X;; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical Features of Patients Infected
with 2019 Novel Coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. https://doi.org/10.1016/S0140-6736(20)30183-5.
Karki, R.; Sharma, B.R.; Tuladhar, S.; Williams, E.P.; Zalduondo, L.; Samir, P.; Zheng, M.; Sundaram, B.; Banoth, B.; Malireddi,
RK.S,; et al. Synergism of TNF-a and IFN-y Triggers Inflammatory Cell Death, Tissue Damage, and Mortality in SARS-CoV-2
Infection and Cytokine Shock Syndromes. Cell 2021, 184, 149-168.e17. https://doi.org/10.1016/j.cell.2020.11.025.

Schrauben, S.J.; Shou, H.; Zhang, X.; Anderson, A.H.; Bonventre, ].V.; Chen, ].; Coca, S.; Furth, S.L.; Greenberg, ].H.; Gutierrez,
O.M,; et al. Association of Multiple Plasma Biomarker Concentrations with Progression of Prevalent Diabetic Kidney Disease:
Findings from the Chronic Renal Insufficiency Cohort (CRIC) Study. ]. Am. Soc. Nephrol. 2021, 32, 115-126.
https://doi.org/10.1681/ASN.2020040487.

Iglesias, J.; Marik, P.E.; Levine, ].S. Elevated Serum Levels of the Type I and Type II Receptors for Tumor Necrosis Factor-a as
Predictive Factors for ARF in Patients with Septic Shock. Am. ] Kidney Dis. 2003, 41, 62-75.
https://doi.org/10.1053/ajkd.2003.50024.

Bowman, E.R.; Cameron, C.M.A,; Avery, A.; Gabriel, J.; Kettelhut, A.; Hecker, M.; Sontich, C.U.; Tamilselvan, B.; Nichols, C.N.;
Richardson, B.; et al. Levels of Soluble CD14 and Tumor Necrosis Factor Receptors 1 and 2 May Be Predictive of Death in Severe
Coronavirus Disease 2019. . Infect. Dis. 2021, 223, 805-810. https://doi.org/10.1093/infdis/jiaa744.

Sancho Ferrando, E.; Hanslin, K.; Hultstrom, M.; Larsson, A.; Frithiof, R.; Lipcsey, M. Soluble TNF Receptors Predict Acute
Kidney Injury and Mortality in Critically Il COVID-19 Patients: A Prospective Observational Study. Cytokine 2022, 149, 155727.
https://doi.org/10.1016/j.cyto.2021.155727.

ElKassar, N.; Gress, RE. An Overview of IL-7 Biology and Its Use in Immunotherapy. J. Immunotoxicol. 2010, 7, 1-7.
https://doi.org/10.3109/15476910903453296.

Barata, J.T.; Durum, S.K.; Seddon, B. Flip the Coin: IL-7 and IL-7R in Health and Disease. Nat. Immunol. 2019, 20, 1584-1593.
https://doi.org/10.1038/s41590-019-0479-x.

Chi, Y.; Ge, Y.; Wu, B.; Zhang, W.; Wu, T.; Wen, T.; Liu, J.; Guo, X.; Huang, C,; Jiao, Y.; et al. Serum Cytokine and Chemokine
Profile in Relation to the Severity of Coronavirus Disease 2019 in China. ]. Infect. Dis. 2020, 222, 746-754.
https://doi.org/10.1093/infdis/jiaa363.

Laterre, P.F.; Frangois, B.; Collienne, C.; Hantson, P.; Jeannet, R.; Remy, K.E.; Hotchkiss, R.S. Association of Interleukin 7
Immunotherapy with Lymphocyte Counts among Patients with Severe Coronavirus Disease 2019 (COVID-19). JAMA Netw.
Open 2020, 3, €2016485. https://doi.org/10.1001/jamanetworkopen.2020.16485.

Bekele, Y.; Sui, Y.; Berzofsky, J.A. IL-7 in SARS-CoV-2 Infection and as a Potential Vaccine Adjuvant. Front. Immunol. 2021, 12,
737406. https://doi.org/10.3389/fimmu.2021.737406.

Zhao, J.; Wu, Z; Yu, Y.; Wang, L.; Cheng, L. Effects of Interleukin-7/Interleukin-7 Receptor on RANKL-mediated Osteoclast
Differentiation and Ovariectomy-induced Bone Loss by Regulating C-Fos/C-Jun Pathway. ]. Cell. Physiol. 2018, 233, 7182-7194.
https://doi.org/10.1002/jcp.26548.

Kaplanski, G. Interleukin-18: Biological Properties and Role in Disease Pathogenesis. Immunol. Rev. 2018, 281, 138-153.
https://doi.org/10.1111/imr.12616.

Fardet, L.; Galicier, L.; Lambotte, O.; Marzac, C.; Aumont, C.; Chahwan, D.; Coppo, P.; Hejblum, G. Development and Validation
of the HScore, a Score for the Diagnosis of Reactive Hemophagocytic Syndrome: Score for Reactive Hemophagocytic Syndrome.
Arthritis Rheumatol. 2014, 66, 2613-2620. https://doi.org/10.1002/art.38690.

Hayashi, N.; Yoshimoto, T.; Izuhara, K.; Matsui, K.; Tanaka, T.; Nakanishi, K. T Helper 1 Cells Stimulated with Ovalbumin and
IL-18 Induce Airway Hyperresponsiveness and Lung Fibrosis by IFN-y and IL-13 Production. Proc. Natl. Acad. Sci. USA 2007,
104, 14765-14770. https://doi.org/10.1073/pnas.0706378104.

Kerget, B.; Kerget, F.; Aksakal, A.; Askin, S.; Saglam, L.; Akgiin, M. Evaluation of Alpha Defensin, IL-1 Receptor Antagonist,
and IL-18 Levels in COVID-19 Patients with Macrophage Activation Syndrome and Acute Respiratory Distress Syndrome. .
Med. Virol. 2021, 93, 2090-2098. https://doi.org/10.1002/jmv.26589.

Satis, H.; Ozger, H.S.; Aysert Yildiz, P.; Hizel, K.; Gulbahar, oF Erbas, G.; Aygencel, G.; Guzel Tunccan, O.; Oztiirk, MLA;
Dizbay, M.; et al. Prognostic Value of Interleukin-18 and Its Association with Other Inflammatory Markers and Disease Severity
in COVID-19. Cytokine 2021, 137, 155302. https://doi.org/10.1016/j.cyto.2020.155302.

Scheller, J.; Rose-John, S. Interleukin-6 and Its Receptor: From Bench to Bedside. Med. Microbiol. Immunol. 2006, 195, 173-183.
https://doi.org/10.1007/s00430-006-0019-9.

Coomes, E.A.; Haghbayan, H. Interleukin-6 in COVID-19: A Systematic Review and META-ANALYSIS. Rev. Med. Virol. 2020, 30,
1-9. https://doi.org/10.1002/rmv.2141.

Meynier, S.; Rieux-Laucat, F. FAS and RAS Related Apoptosis Defects: From Autoimmunity to Leukemia. Immunol. Rev. 2019,
287, 50-61. https://doi.org/10.1111/imr.12720.

El-Agroudy, A.E.; El-Baz, A. Soluble Fas: A Useful Marker of Inflammation and Cardiovascular Diseases in Uremic Patients.
Clin. Exp. Nephrol. 2010, 14, 152-157. https://doi.org/10.1007/s10157-009-0261-8.



Toxins 2022, 14, 673 16 of 16

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Klaric, L.; Gisby, ].S.; Papadaki, A.; Muckian, M.D.; Macdonald-Dunlop, E.; Zhao, ].H.; Tokolyi, A.; Persyn, E.; Pairo-Castineira,
E.; Morris, A.P.; et al. Mendelian Randomisation Identifies Alternative Splicing of the FAS Death Receptor as a Mediator of
Severe COVID-19. Infectious Diseases (except HIV/AIDS). MedRxiv 2021. preprint.

Yoshino, J.; Monkawa, T.; Tsuji, M.; Hayashi, M.; Saruta, T. Leukemia Inhibitory Factor Is Involved in Tubular Regeneration
after Experimental Acute Renal Failure. J. Am. Soc. Nephrol. 2003, 14, 3090-3101.
https://doi.org/10.1097/01.ASN.0000101180.96787.02.

Correll, K.A.; Edeen, K.E.; Zemans, R.L.; Redente, E.F.; Serban, K.A.; Curran-Everett, D.; Edelman, B.L.; Mikels-Vigdal, A,;
Mason, R.J. Transitional Human Alveolar Type II Epithelial Cells Suppress Extracellular Matrix and Growth Factor Gene
Expression in Lung Fibroblasts. ~Am. ].  Physiol-Lung  Cell. ~Mol.  Physiol. 2019, 317, L283-1294.
https://doi.org/10.1152/ajplung.00337.2018.

Guo, J.; Wang, S.; Xia, H.; Shi, D.; Chen, Y.; Zheng, S.; Chen, Y.; Gao, H.; Guo, F.; Ji, Z,; et al. Cytokine Signature Associated with
Disease Severity in COVID-19. Front. Immunol. 2021, 12, 681516. https://doi.org/10.3389/fimmu.2021.681516.

Metcalfe, S.M. COVID-19 Lockdown: De-Risking Exit by Protecting the Lung with Leukaemia Inhibitory Factor (LIF). Med. Drug
Discov. 2020, 6, 100043. https://doi.org/10.1016/j.medidd.2020.100043.

Bonhomme, O.; André, B.; Gester, F.; de Seny, D.; Moermans, C.; Struman, I.; Louis, R.; Malaise, M.; Guiot, J. Biomarkers in
Systemic Sclerosis-Associated Interstitial Lung Disease: Review of the Literature. Rheumatology 2019, 58, 1534-1546.
https://doi.org/10.1093/rheumatology/kez230.

Kamle, S.; Ma, B.; He, C.H.; Akosman, B.; Zhou, Y.; Lee, C.M.; El-Deiry, W.S.; Huntington, K.; Liang, O.; Machan, J.T.; et al.
Chitinase 3-like-1 Is a Therapeutic Target That Mediates the Effects of Aging in COVID-19. JCI Insight 2021. 6. €148749.
Williams, ]J.P.; Weiser, M.R.; Pechet, T.T.V.; Kobzik, L.; Moore, F.D.; Hechtman, H.B. a1-Acid Glycoprotein Reduces Local and
Remote Injuries after Intestinal Ischemia in the Rat. Am. |. Physiol.-Gastrointest. Liver Physiol. 1997, 273, G1031-G1035.
https://doi.org/10.1152/ajpgi.1997.273.5.G1031.

Hsiao, S.-Y.; Lai, Y.-R.; Kung, C.-T.; Tsai, N.-W.; Su, C.-M.; Huang, C.-C.; Wang, H.-C.; Cheng, B.-C.; Su, Y.-].; Lin, W.-C; et al.
a-1-Acid Glycoprotein Concentration as an Outcome Predictor in Adult Patients with Sepsis. BioMed Res. Int. 2019, 2019,
3174896. https://doi.org/10.1155/2019/3174896.

Kimhofer, T.; Lodge, S.; Whiley, L.; Gray, N.; Loo, R.L.; Lawler, N.G.; Nitschke, P.; Bong, S.-H.; Morrison, D.L.; Begum, S.; et al.
Integrative Modeling of Quantitative Plasma Lipoprotein, Metabolic, and Amino Acid Data Reveals a Multiorgan Pathological
Signature of SARS-CoV-2 Infection. |. Proteome Res. 2020, 19, 4442-4454. https://doi.org/10.1021/acs.jproteome.0c00519.

Doni, A.; Mantovani, A.; Bottazzi, B.; Russo, R.C. PTX3 Regulation of Inflammation, Hemostatic Response, Tissue Repair, and
Resolution of Fibrosis Favors a Role in Limiting Idiopathic Pulmonary Fibrosis. Front. Immunol. 2021, 12, 676702.
https://doi.org/10.3389/fimmu.2021.676702.

Brunetta, E.; Folci, M.; Bottazzi, B.; De Santis, M.; Gritti, G.; Protti, A.; Mapelli, S.N.; Bonovas, S.; Piovani, D.; Leone, R.; et al.
Macrophage Expression and Prognostic Significance of the Long Pentraxin PTX3 in COVID-19. Nat. Immunol. 2021, 22, 19-24.
https://doi.org/10.1038/541590-020-00832-x.

Hansen, C.B.; Sandholdt, H.; Meller, M.E.E.; Pérez-Alds, L.; Pedersen, L.; Bastrup Israelsen, S.; Garred, P.; Benfield, T. Prediction
of Respiratory Failure and Mortality in COVID-19 Patients Using Long Pentraxin PTX3. J. Innate Immun. 2022, 14. 493-501.
https://doi.org/10.1159/000521612.

Ong, S.W.X; Fong, 5.-W.; Young, B.E.; Chan, Y.-H.; Lee, B.; Amrun, S.N.; Chee, R.S.-L.; Yeo, N.K.-W_; Tambyah, P.; Pada, S.; et
al. Persistent Symptoms and Association With Inflammatory Cytokine Signatures in Recovered Coronavirus Disease 2019
Patients. Open Forum Infect. Dis. 2021, 8, ofab156. https://doi.org/10.1093/ofid/ofab156.

Nossent, E.J.; Schuurman, A.R.; Reijnders, T.D.Y.; Saris, A.; Jongerius, I.; Blok, S.G.; de Vries, H.; Duitman, J.; Vonk Noordegraaf,
A.; Meijboom, L.J.; et al. Pulmonary Procoagulant and Innate Immune Responses in Critically 11l COVID-19 Patients. Front.
Immunol. 2021, 12, 664209. https://doi.org/10.3389/fimmu.2021.664209.

Rosner, M.H.; Reis, T.; Husain-Syed, F.; Vanholder, R.; Hutchison, C.; Stenvinkel, P.; Blankestijn, P.J.; Cozzolino, M.; Juillard,
L.; Kashani, K.; et al. Classification of Uremic Toxins and Their Role in Kidney Failure. Clin. ]. Am. Soc. Nephrol. 2021, 16, 1918—
1928. https://doi.org/10.2215/CJN.02660221.

Ciceri, P.; Cozzolino, M. Expanded Haemodialysis as a Current Strategy to Remove Uremic Toxins. Toxins 2021, 13, 380.
https://doi.org/10.3390/toxins13060380.



