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Abstract

Higher endotoxin in the circulation may indicate a compromised state of host immune response against coinfections in severe
COVID-19 patients. We evaluated the inflammatory response of monocytes from COVID-19 patients after lipopolysaccharide
(LPS) challenge. Whole blood samples of healthy controls, patients with mild COVID-19, and patients with severe COVID-
19 were incubated with LPS for 2 h. Severe COVID-19 patients presented higher LPS and sCD14 levels in the plasma than
healthy controls and mild COVID-19 patients. In non-stimulated in vitro condition, severe COVID-19 patients presented
higher inflammatory cytokines and PGE-2 levels and CD14 + HLA-DR!®" monocytes frequency than controls. Moreover,
severe COVID-19 patients presented higher NF-kB p65 phosphorylation in CD14 +HLA-DR!¥, as well as higher expres-
sion of TLR-4 and NF-kB p65 phosphorylation in CD14 + HLA-DR"&" compared to controls. The stimulation of LPS in
whole blood of severe COVID-19 patients leads to lower cytokine production but higher PGE-2 levels compared to controls.
Endotoxin challenge with both concentrations reduced the frequency of CD14 + HLA-DR' in severe COVID-19 patients,
but the increases in TLR-4 expression and NF-kB p65 phosphorylation were more pronounced in both CD14 + monocytes of
healthy controls and mild COVID-19 patients compared to severe COVID-19 group. We conclude that acute SARS-CoV-2
infection is associated with diminished endotoxin response in monocytes.

Key messages

e Severe COVID-19 patients had higher levels of LPS and systemic IL-6 and TNF-a.
Severe COVID-19 patients presented higher CD14+HLA-DRlow monocytes.

Increased TLR-4/NF-kB axis was identified in monocytes of severe COVID-19.

Blunted production of cytokines after whole blood LPS stimulation in severe COVID-19.
Lower TLR-4/NF-xB activation in monocytes after LPS stimulation in severe COVID-19.
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Introduction

The coronavirus disease-2019 (COVID-19) is the disease
caused by the severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) that induces a multiorgan damage and
impairs several functional physiological units, such as the
cardiorespiratory and neurological systems [1]. The clinical
characteristics of COVID-19 are widely diverse, although
most subjects are asymptomatic or exhibit only mild symp-
toms, a significant number of patients require hospitaliza-
tion, including intensive care unit (ICU) admission [2].
Despite several progresses were recently made to understand
the immunopathology of COVID-19, the decisive pathologi-
cal processes that are responsible for patient morbidity and
mortality remain unknown.

The main causes of death by COVID-19 include res-
piratory failure and the development of sepsis, a condition
that has been observed in several deceased patients [3]. In
this sense, the predominant theory is that an overexuber-
ant immune response mediated by strong proinflammatory
cytokinemia drives lung injury, multiorgan lesion, and a
procoagulant state [4, 5]. On the other hand, an overproduc-
tion of inflammatory cytokines may lead to a state of immu-
nologic collapse and sterile inflammation that predisposes
the host to a secondary infection [3, 6]. The higher levels
of pro- and anti-inflammatory cytokines, including but not
only interleukin (IL)-6, IL-10, tumor necrosis factor-alpha
(TNF-a), and interferons, contribute to the augment of the
tissue damage in parallel with functional paralysis of both
innate and adaptive immune cells [7, 8]. In such scenario,
new bacterial or viral infections increases the risk of mortal-
ity and morbidity [9-11].

In fact, we and others recently reported higher levels of
bacterial translocation markers in the peripheral blood of
ICU COVID-19, which was associated with death [7, 12,
13]. Severe COVID-19 shares several immunopathological
features with septic conditions, including T cell exhaus-
tion, lymphocyte apoptosis, leukopenia, and increased
immunosuppressive myeloid-derived suppressor cells
(CD14 +HLA-DR'®Y) phenotype [13, 14] Moreover, endo-
toxin tolerance is one of the main mechanisms responsible
for the appearance of secondary infections due to impair-
ment of proinflammatory cytokine production after a sec-
ondary immunogenic stimulus, low antigen presentation,
and high phagocytic ability [15, 16]. Here, we aimed to
investigate the impact of lipopolysaccharide (LPS) whole
blood assay on the cytokine production and the expression
of toll-like receptor-4 (TLR-4) and the activation of the
master inflammatory transcription NF-kB in CD14 + HLA-
DR+ monocytes of COVID-19 patients.
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Methods
Ethics procedure and participants

This study was conducted in accordance with the ethi-
cal guidelines of the 1975 Declaration of Helsinki and
was approved by the Moinhos de Vento Ethics Committee
N 3,977,144 (Porto Alegre/Brazil). All the participants
provided an informed consent. Unvacinated Patients who
fulfilled the clinical criteria for mild and severe COVID-19
and have the diagnosis confirmed by SARS-CoV-2 nucleic
acid testing of nasal and pharyngeal throat swab specimens
using real-time RT-PCR assay were included in this study
[7]. The clinical data of the patients included in the study
are summarized in Supplementary Table I. Blood samples
(5 mL) were obtained from controls and severe COVID-19
patients into K2EDTA tubes (Becton & Dickinson, USA)
within 6 h from hospital admission. All healthy controls
have no history of any significant systemic diseases or
malignancy and were negative for SARS-CoV-2 acute
infection (based on a routine diagnostic RT-PCR test).

Disease severity was classified according to the World
Health Organization classification after completing the
follow-up questionnaire. Clinical and socio-demographic
data were collected from the patient’s electronic medical
records upon admission to the unit.

Liquid chromatography-tandem mass spectrometry
determination of LPS

LPS concentration was determined by quantitation of3-
hydroxytetradecanoic acid as described previously [7].
Briefly, 150 pL of plasma was hydrolyzed with 75 uLof
NaCl 150 mM, 300 pL of HCI 8 mol for 4 h at 90 °C, and
extracted with 4 mLof a hexane. Samples were dried under
a nitrogen stream and resuspended in 50 pL of methanol
immediately prior to the injection inthe analytical system.
A Nexera UFLC system coupled to a LCMS-8040 triple-
quadrupole mass spectrometer (Shimadzu, Kyoto, Japan)
was used for theanalysis. The electrospray parameters
were set in the negative ion mode ([M-H] )as follows:
capillary voltage, 3000 V; desolvation line temperature,
250 °C; heating block temperature, 500 °C; drying gas,
18/L min; and nebulizing gas, 2L/min. Collision-induced
dissociation was obtained with 230 kPa argon pressure.
Analyses were carried out with multiple reaction moni-
toring (MRM) by using thefollowing fragmentation: m/z
243.1 — m/z 59.0. Thechromatographic separation was
conducted with an Acquity UPLC® C18 column (2.1 x50



Journal of Molecular Medicine (2023) 101:183-195

185

mm, 1.7-pm particle size) (Waters Corporation, Ireland).
Theanalyses were performed in gradient elution mode
with a flow rate of 0.4 mL/minand the gradient mobile
phase system consisted of water (solvent A) andacetoni-
trile (solvent B) both fortified with 0.2 % acetic acid as
follows:0—1.5 min, 75-100% of B; 1.5-2.0 min, 100% of
B; 2.0-2.1 min, 100-75 % of B;2.1-5.5 min, 75 % B. The
column oven was kept at 50 °C. The data were processe-
dusing LabSolutions software (Shimadzu, Kyoto, Japan).

Whole blood ex vivo assay

Blood samples collected into kKk3EDTA tubes were aliquoted
in tubes to a volume of 1 mL and incubated (5%CO,, 37 °C)
with two different LPS concentrations (1 and 10 ng/mL,
Sigma-Aldrich, USA) or without immunogenic stimulus
for 2 h [17]. At the end of the assay, the tubes were centri-
fuged, and the plasma was stored in microtubes and frozen
at—80 °C until the day of cytokine analysis. The remaining
blood was used to analyze the expression of TLR-4 and the
activation of NF-kB in CD14 + HLA-DR™* monocytes.

sCD14, PGE2, and cytokine analyses

The supernatant concentrations of interleukin (IL)-6, IL-10,
C—C motif ligand 2 (CCL2), and tumor necrosis factor-alpha
(TNF-a) were analyzed by bead-based multiplex assays
using Luminex Technology following the manufacturer’s
recommendations (MILLIPLEX MAP Human Cytokine/
Chemokine, Millipore, USA). The soluble form of CD14
was analyzed using Human CD14 ELISA Kit from Invit-
rogen (USA), with detection limits ranging 8.23-8000 ng/
mL. Prostaglandin E2 (PGE2, Invitrogen, ThermoFisher,
USA, detection limits of 39.1-10.000 pg/mL) and IL-1p
(Intitrogen, USA, detection limits of 2.0-500 pg/mL) con-
centrations were analyzed in plasma and supernatant by
enzyme-linked immunosorbent assay (ELISA) in micro-
plate reader (EzReader, EUA) following the manufacturer’s
recommendations.

Flow cytometry

Whole blood samples (100 uL) were incubated with mono-
clonal surface antibodies (all anti-human) at 4 °C for 20 min
in accordance with the following combination: (a) FITC-
conjugated anti-CD14, Pe-conjugated anti-CD284; Percp-
Cy5.5 anti-HLA-DR; (b) FITC-conjugated anti-CD14,
Pe-conjugated anti-NF-xBp65 (Ser529); Percp-Cy5.5
anti-HLA-DR. Then, samples were incubated for 10 min

with lysing buffer (BD Biosciences) and then centrifuged
at 500 g for 5 min. The supernatant was discarded, and
samples were resuspended in phosphate buffered saline
(PBS — 1 mL) and then centrifuged at 500 g for 5 min.
Finally, the samples were resuspended in 0.5 mL PBS and
analyzed in flow cytometry. For intracellular analysis, tubes
with whole blood stained with anti-CD4 or anti-CD14 anti-
bodies were incubated with fixation and permeabilization
buffers following the manufacturer’s recommendation (Ebi-
oscience, EUA). After the period, samples were incubated
with Phospo-NF-kBp65 (Ser529) Pe (Ebioscience, EUA)
monoclonal during 30 min. Then, cells were washed and
resuspended in Flow Cytometry Staining Buffer (Ebiosci-
ence, EUA). Cell phenotype was acquired using CELL-
Quest Pro Software (BD Bioscience) on a FACSCalibur
flow cytometer (BD Bioscience).

Statistical analysis

Data were analyzed using SPSS 20.0 (SPSS Inc, IBM,
Chicago, IL). After the normality test by Shapiro—Wilk,
all values were presented as mean + standard deviation
(SD). Categorical variables were presented as relative fre-
quency and analyzed by chi-square test. Baseline systemic
immune response (i.e., without endotoxin stimulation)
were analyzed by one-way analysis of variance followed
by Bonferroni’s post hoc for multiple comparisons. To
identify associations between LPS and symptoms, we used
Mann—Whitney U test to compare SARS-CoV-2-infected
patients with and without specific disease symptoms. Pear-
son’s coefficient test was performed to check correlations
between LPS and the clinical variables of severe patients.
Two-way repeated measurement analysis of variance, tak-
ing time and group as factors, was performed followed
by Bonferroni’s post hoc for multiple comparisons. A
p <0.05 was adopted in all analysis.

Results
Clinical and sociodemographic characteristics

Severe COVID-19 patients had higher time from symptoms
onset (p <0.001) and higher prevalence of hypertension,
diabetes mellitus, chronic obstructive pulmonary disease,
asthma, HIV, and dyslipidemia (p <0.001 for all compari-
sons). Furthermore, patient’s electronic medical records
indicate that 42.9% of severe COVID-19 patients required
oxygen use during hospitalization, and 72% had secondary
infections (Table 1). All healthy controls tested negative for
SARS-CoV-2 before the blood collection.
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Table 1 Demographic

o i Healthy controls Mild COVID-19 Severe COVID-19  p
and clinical participant’s (n=5) (n=8) (n=7)
characteristics

Age (y) 523+185 47.6+123 56.6+17.2 0.08

Sex (male) 23.1 429 57.1 0.30

Racial or ethnic group 75 69.6 713 0.34
o Caucasian 25 30.4 22.7
o Non-Caucasian

Body mass (kg) 79.1+16.7 84.5+11.7 0.42

BMI (kg/m?) 28.7+3.9 29.6+1.9 0.33

Days from symptom onset 37+14 93+24 0.001

Secondary infections (%) - 72 0.001

Underlying medical condition (%) 14.3 28.6 0.002
e Hypertension - 28.6 0.001
o Diabetes mellitus 14.3 - 0.001
e COPD - 9.1 0.001
o Asthma 14.3 0.001
e HIV 14.3 0.001
e Dyslipidemia

Oxygen use during hospitalization 429 0.001

Boldface indicate statistical significance between-groups

Quantitative data presented as mean + standard deviation. Between-group comparison through one-way ANOVA

(p<0.05)

Qualitative data presented as relative frequency. Between-group comparison through Qui-square test

(p<0.05)

BMI body mass index, COPD chronic obstructive pulmonary disease, HIV human immunodeficiency virus

Increased systemic lipopolysaccharide and cytokine
levels and altered monocyte phenotype
in the peripheral blood of severe COVID-19 patients

Figure 1 shows the concentrations of LPS, sCD14, IL-1p,
and PGE-2 (healthy controls, n = 14; mild COVID-19,
n = 25; severe COVID-19, n = 22) as well as the levels of
cytokines (healthy controls, n = 5; mild COVID-19, n =
8; severe COVID-19, n = 7) in the blood of healthy con-
trols and COVID-19 patients. Higher LPS levels (Fig. 1A;
p = 0.05 vs. healthy controls and mild COVID-19 groups),
sCD14 (Fig. 1B; p=0.001 vs. healthy controls and mild
COVID-19), IL-1p (Fig. 1C; p=0.001 vs. healthy controls,
p=0.01 vs. mild COVID-19), PGE-2 (Fig. 1D; p <0.001
vs. healthy control and mild COVID-19), IL-6 (Fig. 1E;
p=0.001 vs. healthy controls; p <0.05 vs. mild COVID-
19), and TNF-a (Fig. 1G; p=0.01 vs. healthy controls) were
identified in the blood of severe COVID-19 subjects. Mild
COVID-19 patients presented higher IL-1f plasma concen-
trations than healthy controls (p <0.01).

In addition, higher frequency of CD14 + HLA-DR"*¥
monocytes (Fig. IM; p=0.001 vs. healthy controls; p=0.01
vs. mild COVID-19) presenting higher NF-xB p65 phospho-
rylation (Fig. 1Q; p=0.001 vs. both healthy controls and
mild COVID-19 patients) as well as lower CD14 + HLA-
DR + monocytes (Fig. 1L; p=0.01 vs. healthy controls;
p<0.05 vs. mild COVID-19 patients) expressing higher
TLR-4 (Fig. IN; p=0.01 vs. both control and mild COVID-19
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groups) and NF-xB p65 phosphorylation (Fig. 10; p <0.001
vs. both groups comparison) were identified in the peripheral
blood of severe COVID-19 subjects.

Systemic LPS concentrations associate with COVID-19
symptoms and clinical cardiovascular parameters

Figure 2 presents the systemic LPS concentrations in
COVID-19 patients with or without clinical disease symp-
toms. Interestingly, LPS levels were higher in patients
reporting fever (Fig. 2C; p=0.05), nausea (Fig. 2D;
p<0.001), vomiting (Fig. 2E; p <0.001), diarrhea (Fig. 2F;
p <0.01), fatigue (Fig. 2G; p <0.01), muscle pain (Fig. 2H;
p<0.01), and chills (Fig. 2I; p <0.01). Then, we correlated
clinical cardiorespiratory parameters of severe COVID-19
patients with LPS and sCD14 levels. Systemic LPS inversely
correlated with systolic blood pressure (Fig. 2B; r= —0.53;
p<0.01) but positively correlated with heart rate (Fig. 2A;
r=0.60; p<0.01).

Whole blood LPS stimulation induces lower
inflammatory response in severe COVID-19

Next, we performed a whole blood ex vivo stimulation with
LPS at two different concentrations (1 ng/mL or 10 ng/
mL) for 2 h (5%C02, 37 °C). After the incubation period,
the plasma was collected and kept at — 80 °C to analyze
cytokines production, while the remaining blood was used
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Fig.1 Analysis of systemic levels of LPS (A), soluble CD14 (B),
cytokines concentrations (C, IL-1f; E, IL-6; F, IL-10; G, TNF-o; H,
MCP-1), and prostaglandin E2 (D) in the plasma of healthy controls,
mild COVID-19, and severe COVID-19 patients. Representative dot plot
of CD14+HLA-DR °¥* (I), the expression of TLR-4 and NF-xB p65 in
CD14+HLA-DR+(J), and the expression of TLR-4 and NF-kB p65 in
CD14+HLA-DR"" (K) monocytes are showed. Finally, whole blood was

to verify the expression of TLR-4 and NF-kB p65 phospho-
rylation in CD14 + HLA-DR"*"* monocytes by flow cytom-
etry. After stimulation with LPS at 1 ng/mL, increased IL-1§
(Fig. 3A; p=0.01), IL-6 (Fig. 3B; p=0.01), IL-10 (Fig. 3C;
p=0.01), and TNF-a (Fig. 3F; p=0.01) production were
found in healthy controls compared to severe COVID-19
patients, and higher IL-1p and IL-10 production by whole
blood of mild compared to severe COVID-19 (p <0.05)
(Fig. 3). LPS (10 ng/mL)-stimulated whole blood cultures
of healthy controls elicited a great increase in the production
of IL-18 (p=0.01 vs. mild COVID-19 and severe COVID-
19), IL-6 (p=0.001 vs. severe COVID-19), IL-10 (p=0.001
vs. severe COVID-19), CCL2 (Fig. 3E; p=0.01 vs. mild
COVID-19; p=0.01 vs. severe COVID-19), and TNF-a
(p=0.01 vs. mild COVID-19; p=0.01 vs. severe COVID-
19). Increased IL-1f and IL-6 production was also found
after ex vivo LPS (10 ng/mL) stimulation of blood cells of
mild COVID-19 patients compared to severe COVID-19
group (p=0.01). Furthermore, LPS-stimulated whole blood
of severe COVID-19 patients produced higher PGE-2 after
1 ng/mL (Fig. 3D; p<0.001 vs. healthy controls; p <0.05
vs. mild COVID-19) and 10 ng/mL (p <0.001 vs. healthy
controls; p <0.01 vs. mild COVID-19) stimulation.

NFaB TLR4 NPaB

(M) CD“*“}'—_A'DR“’" (N) 1LR4 in cD14+HLA-DRS (O)nE-x8 pés in CD14+HLA-DR™ (P)7LRr4 in CD14+HLA-DR™ (Q) nrk posin CD14+HLA DR+

used to evaluate the peripheral frequency of CD14+HLA-DR+ (L) and
CD14+HLA-DR® (M), the expression of TLR-4 (N) and NF-kB p65
(0) in CD14+HLA-DR+, and the expression of TLR-4 (P) and NF-xB
po5 (Q) in CD14+HLA-DR.®Y in healthy controls, mild COVID-19,
and severe COVID-19 patients. Between-group comparison performed
through one-way ANOVA followed by Bonferroni’s post hoc. (p<0.05).
*p<0.05; **p<0.01; **¥p<0.001

Severe COVID-19 patients presented lower propor-
tions of CD14 + HLA-DR'® (Fig. 4A; 1 ng/mL, p <0.05
vs. mild COVID-19; 10 ng/mL, p <0.05 vs. healthy con-
trols; 10 ng/mL, p=0.001 vs. mild COVID-19) (Fig. 4)
and increased frequencies of CD14 4+ HLA-DR + (Fig. 4D;
1 ng/mL, p <0.05 vs. healthy controls; 1 ng/mL, p <0.05
vs. mild COVID-19; 10 ng/mL, p <0.001 vs. healthy con-
trols; 10 ng/mL, p <0.05 vs. mild COVID-19) after ex vivo
LPS challenge. Furthermore, healthy controls presented
increased TLR-4 in CD14 4+ HLA-DR!¥ after both 1 ng/mL
(Fig. 4B; p <0.05 vs. mild COVID-19; p=0.001 vs. severe
COVID-19) and 10 ng/mL LPS challenge (p=0.05 vs. mild
COVID-19; p=0.001 vs. severe COVID-19). The NF-xB
p65 phosphorylation was lower in CD14 + HLA-DRY
monocytes of severe COVID-19 patients after treatment with
1 ng/mL (Fig. 4C; p=0.001 vs. healthy controls; p=0.001
vs. mild COVID-19) and 10 ng/mL of LPS (p=0.001 vs.
healthy controls; p <0.05 vs. mild COVID-19), although
significant difference was also found in healthy controls vs.
mild COVID-19 comparison (p =0.01) after 10 ng/mL LPS
stimulation. In CD14 + HLA-DR + monocytes of severe
COVID-19, LPS stimulation induced lower TLR-4 expres-
sion (Fig. 4E; 1 ng/mL, p <0.05 vs. healthy controls; 1 ng/
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Fig.2 The association of systemic microbial translocation markers
with clinical symptoms of acute SARS-CoV-2 infection. LPS was cor-
related with heart rate (A) and systolic blood pressure (B) in severe
SARS-CoV-2-infected patients by Pearson’s coefficient correlation
test (p <0.05). The levels of LPS were compared in mild and severe

mL, p <0.05 vs. mild COVID-19; 10 ng/mL, p=0.001 vs.
healthy controls; 10 ng/mL, p <0.005 vs. mild COVID-19).
Finally, healthy controls presented higher NF-xB p65 phos-
phorylation in CD14 +HLA-DR + monocytes (Fig. 4F) com-
pared to mild COVID-19 (p=0.01) and severe COVID-19
(»=0.001) patients.

Discussion

Here, we aimed to evaluate the acute inflammatory response
and the modulation of monocyte phenotype after an ex vivo
whole blood LPS challenge in patients with different degrees
of COVID-19 severity. We hypothesized that acute SARS-
CoV-2 infection impairs the ability of immune system to
respond against a secondary pathogen, suggesting a tem-
porary immunosuppression. We main found that severe
COVID-19 patients presented: (a) Increased LPS and
sCD14 concentrations in their peripheral blood associated
with clinical COVID-19 symptoms and cardiovascular data;
(b) Increased frequencies of CD14 + HLA-DR" and lower
CD14 +HLA-DR + monocytes in the peripheral blood; (c)
Increased TLR-4 expression in CD14 + HLA-DR + and
higher NF-xB p65 phosphorylation in both CD14 + HLA-
DR and CD14 + HLA-DR + monocytes. Furthermore,
after the stimulation of whole blood with different concen-
trations of the classic TLR-4 ligand LPS, we main found
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T T
Without With

Without With

COVID-19 patients with and without fever (C), nausea (D), vomiting
(E), diarrhea (F), fatigue (G), muscle pain (H), and chills (I) through
Mann-Whitney U test and the significant results were presented
(p<0.05). *p<0.05; **p<0.01; ***p < 0.001

(a) lower production of inflammatory cytokines associ-
ated with increased PGE-2 production by stimulated whole
blood of severe COVID-19 patients; (b) severe COVID-19
group presented decreased CD14 +HLA-DR'" and higher
CD14 + HLA-DR + monocytes after 1 and 10 ng/mL LPS
stimulation; (c) impaired TLR-4 expression and NF-kB p65
phosphorylation were found in both CD14 + HLA-DR"" and
CD14 +HLA-DR + monocytes of mild and severe COVID-
19 patients after 1 and 10 ng/mL LPS stimulation; and (d)
severe COVID-19 patients presented the most pronounced
impairment in monocyte modulation after LPS stimulation.
Taken together, our results denote that acute SARS-CoV-2
infection is associated with diminished endotoxin response
in monocytes of patients with severe disease. However, we
like to reinforce that this study was conducted with a small
sample size of mild and severe COVID-19 patients. Thus,
future studies should be conducted with a larger number of
participants to evaluate the role of LPS tolerance in COVID-
19 pathogenesis.

The present results are in line with previous data pub-
lished by our group [7] and others [18] demonstrating an
association between increased markers of bacterial translo-
cation and proinflammatory cytokines in severe COVID-19
subjects at hospital admission. Strong endotoxemia were
also linked to tissue damage and multiorgan disease after
SARS-CoV-2 once that increased LPS-binding protein
(LBP) remained higher during hospitalization in patients
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Fig. 3 The production of IL-1p (A), IL-6 (B), IL-10 (C), PGE-2 (D),
MCP-1 (E), and TNF-a (F) by ex vivo LPS-stimulated whole blood
of healthy controls and mild and severe COVID-19 patients. Whole
blood samples of controls, mild COVID-19, and severe COVID-19
patients were aliquoted in tubes to a volume of 1 mL and incubated
(5%C0,, 37 °C) with two different LPS concentrations (1 and 10 ng/
mL, Sigma-Aldrich, USA) or without immunogenic stimulus for 2 h.

with severe COVID-19 [12]. Here, we also observed
increased PGE-2 levels in severe COVID-19 patients.
Higher pro-resolving and inflammatory lipid mediators,
such as eicosanoids and docosanoids, were found in the
blood and bronchoalveolar lavage of severe COVID-19
patients which suggests a role of pro- and anti- inflammatory
lipids to contribute to the progression of disease sever-
ity [19]. The production of PGE-2 during active SARS-
CoV-2 infection occurs through the upregulation of cyclo-
oxygenase-2 and reduced 15-hydroxyprostaglandin-
dehydrogenase enzyme activity in infected lung epithelial
cells [20]. Furthermore, higher level of PGE-2 was found
in the blood of severe COVID-19 patients with high viral
load [21] and reduces anti-viral immune response by tar-
geting B-cell proliferation and differentiation [20]. Finally,
systemic immune activation and chronic inflammation are
linked to microbial translocation and endotoxemia after
viral infection in patients with HIV infection [22, 23].

The supernatant concentrations of interleukin (IL)-6, IL-10, C-C
motif ligand 2 (CCL2), and tumor necrosis factor-alpha (TNF-o) were
analyzed by multiplex assays. The supernatant Prostaglandin E2 and
IL-1p concentrations were analyzed by enzyme-linked immunosorbent
assay (ELISA). The production of cytokines was evaluated by the % of
difference compared to the non-stimulated condition. **(p <0.01) and
*#%(p <0.001) denote statistical difference (»p <0.01)

Collectively, these data indicate that viral infections, such
as SARS-CoV-2, can induce an enhanced endotoxemia that
may contribute to the systemic inflammation and hamper
the immune response [24, 25].

Gut leakage and microbial product translocation were
previously associated with cardiovascular involvement and
inflammasome activation in hospitalized COVID-19 patients
[12]. In fact, we identified a positive correlation between
systemic LPS levels and heart rate in severe COVID-19
group. Thus, tachycardia observed during severe SARS-
CoV-2 infection [26] may be related by the disruption of
sympathetic nervous system and endothelial damage induced
by hyperinflammation and endotoxemia. Furthermore, LPS
levels inversely correlated with systolic arterial pressure
which suggest that alterations in blood perfusion and con-
ductance are impacted by endotoxins. In fact, endotoxemic
shock patients present falls in blood pressure, and LPS infu-
sion in rats reduces mean arterial blood pressure (MAP) by
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Fig.4 The frequencies of CD14+HLA-DR.®¥ (A) monocytes express-
ing TLR-4 (B) and NF-kB (C) and CD14+HLA-DR+ (D) expressing
TLR-4 (E) and NF-kB (F) in ex vivo LPS-stimulated whole blood of
healthy controls and mild and severe COVID-19 patients. Whole blood
samples of controls, mild COVID-19, and severe COVID-19 patients
were aliquoted in tubes to a volume of 1 mL and incubated (5%CO,,

deregulation in molecular pathways involved in oxidative
stress response and coagulation [27]. Finally, we identified
higher levels of LPS in SARS-CoV-2-infected patients pre-
senting gastrointestinal (i.e., nausea, vomiting, and diarrhea)
or systemic inflammatory symptoms (i.e., fever, fatigue,
muscle pain, and chills). In this sense, gastrointestinal symp-
toms may indicate intestinal damage and systemic microbial
translocation during SARS-CoV-2 infection. Furthermore,
since LPS levels were higher in severe COVID-19, the data
presented here reinforces the implications of disruption in
gut functions as a potential force to COVID-19 severity [7].

We also observed elevated frequencies of CD14 +HLA-
DR monocytes, an immunosuppressive phenotype of
myeloid cells, in the peripheral blood of severe COVID-
19 patients. This result is in line with previous studies who
also found increased proportions of HLA-DR!®" immature
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37 °C) with two different LPS concentrations (1 and 10 ng/mL, Sigma-
Aldrich, USA) or without immunogenic stimulus for 2 h. The pheno-
type of monocytes was evaluated by flow cytometry. The frequencies of
each cell subtype were evaluated by the % of difference compared to the
non-stimulated condition. *(p <0.05), **(p<0.01), and ***(p <0.001)
denote statistical difference (p <0.01)

monocytes in hospitalized and ICU COVID-19 patients [28,
29]. CD14+HLA-DR™ monocytes are part of an immature
cells that can mediate suppression of the immune response
[30]. Interestingly, immunosuppressive monocytic phenotype
remained unchanged over the hospitalization and is linked
to a dysfunctional immune response. When transitioning to
an immunosuppressive state, monocytes are highly sensitive
and become inactive, leading to immunoparalysis [31]. Fur-
thermore, immunosuppressive myeloid phenotype in severe
COVID-19 patients was associated with the development
of secondary infections, and 28- and 60-day mortality [28].
Thus, taken together, increased endotoxemia, inflammatory
cytokines, and the accumulation of CD14 +HLA-DR"" mono-
cytes in the peripheral blood of severe COVID-19 patients
may be related to the immunosuppressive condition and higher
secondary infection rates observed in these patients.
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Low-grade endotoxemia is a common event in SARS-CoV-
2-infected patients [32], and usually related to a continuous
stimulation of TLR-4 in innate immune cells. Furthermore, the
spike protein of SARS-CoV-2 synergically interacts with LPS,
leading to a boosting of proinflammatory actions mediated by
the phosphorylation of NF-kB in monocytic THP-1 cell line
[33]. Similarly, it was found that the interaction between spike
protein and LPS enhances in vivo pro-inflammatory cytokine
production, suggesting that an early innate immune response
occurs by the activation of transcription inflammatory genes
after the co-presence of LPS and proteins related to SARS-
CoV-2 [34-36]. The proportions of CD14+HLA-DR"" and
CD14 +HLA-DR + monocytes in severe COVID-19 patients
altered after endotoxin stimulation (1 and 10 ng/mL), since
has been observed a decreased frequency of immunosup-
pressive HLA-DR!®™ monocyte after LPS incubation. Pos-
sibly the endotoxin stimulation may increase the activation
and antigen-presenting activity to adaptive immune cells by
monocytes [37], although the functionality may be compro-
mised as observed by low inflammatory cytokine secretion.
On the other hand, we cannot exclude the hypothesis of higher
monocyte apoptosis induced by LPS stimulation concomitant
with SARS-CoV-2 infection. Spike protein activates apop-
tosis pathways and NLRP-3 inflammasome cascade linked
to cell death [24, 33, 38], and CD14 + HLA-DR!*¥ may be
more prone to apoptosis during certain situations such as
SARS-CoV-2 and endotoxin co-stimulation. Future studies
should be conducted to address this question in COVID-19
condition. Here, we found an increased expression of TLR-4
on CD14 +HLA-DR +monocytes in conjunct with higher
NF-xB p65 phosphorylation in both CD14 + HLA-DR +and
CD14+HLA-DR"" monocytes of severe COVID-19 patients.
In fact, it was previously reported an overactivation of TLR-4
by the concomitant presence of systemic endotoxemia and
SARS-CoV-2-related proteins observed in in vitro experi-
ments conducted in previous reports [36, 39, 40]. Further-
more, previous in silico studies predicted cell surface TLR-4 is
most likely to be involved in recognizing molecular patterns of
SARS-CoV-2 to induce inflammatory response at early stages
of infection and the inhibition of NF-xB was able to suppress
IL-1P production induced by spike protein [41], confirming
the crucial role of TLR-4/NF-kB axis in the hyperinflamma-
tory response of COVID-19 pathogenesis.

Clinically, TLR-4 and signaling molecules are upregu-
lated in leukocytes from COVID-19 patients in a condi-
tion that mimics bacterial sepsis. Furthermore, Shambat
and colleagues [42] showed that a higher degree of SARS-
CoV-2 viremia mediates hypercytokinemia and is positively
associated with bacterial superinfections. Interestingly, the
authors showed that TNF-a and other cytokines synergisti-
cally mediate impaired antibacterial effector functions and
downregulate the HLA-DR expression of monocytes from
COVID-19 patients [42]. We cannot exclude that others

intracellular pathways linked to TLR4 may also be blunted
during SARS-CoV-2 infection. Recent studies indicate that
SARS-CoV-2 ORF9b protein suppress TRIF signaling and
the secretion of IFN type I and type III [43, 44], which may
be linked to the decreases in TLR sensitization during acute
infection. Future studies should be conducted to evaluate
additional roles of TLR-downstream pathways in LPS toler-
ance during acute SARS-CoV-2 infection.

Here, we employed an ex vivo LPS-whole blood stim-
ulation to verify the ability of systemic immune cells of
SARS-CoV-2-infected patients to respond to an endotoxin
challenge. Interestingly, severe COVID-19 patients pre-
sented lower production of IL-1f, IL-6, IL-10, CCL2, and
TNF-a after LPS stimulation at 1 and 10 ng/mL. Thus, our
results suggest that SARS-CoV-2 infection hampers the
cytokine production after a secondary stimulus, which may
predispose the host to secondary infections. The impaired
cytokine production after endotoxin challenge found here
may be related to the higher PGE-2 production identified in
the supernatant of whole blood stimulation. Previous in vitro
studies identified low cytokine production and impaired cell
activation by LPS-stimulated macrophages after PGE-2
treatment, reinforcing the immunomodulatory role of lipid
mediators during inflammation [45].

PGE-2 is produced by macrophage during high endotox-
emia and contributes to vasodilation, pain, fever, and multi-
ple organ failure during conditions such as septic shock syn-
drome [46]. Furthermore, PGE-2 has a negative feedback loop
through the enhancement in the expression of phosphatase 1
that impairs the activity of MAPK p38 and suppress cytokine
release during disturbances of inflammatory response [47].
PGE-2 suppress the production of TNF-a by in vitro LPS-
stimulated murine macrophages in a dose-dependent manner,
confirming the regulatory action on acute inflammation [48].
In this sense, it seems that major immunologic abnormalities
in COVID-19 are a profound defect in host immune response
due to high inflammation condition induced by primary
SARS-CoV-2 infection. There was no evidence of exagger-
ated TNF-o production in response to ex vivo LPS stimu-
lation of mononuclear cells from COVID-19 patients com-
pared to septic or critically illness non septic patients, despite
increased plasma inflammatory cytokines [49]. Furthermore,
mononuclear cells from healthy volunteers presented impaired
TNF-a and IL-6 production after exposure to spike and nucle-
ocapsid recombinant proteins from SARS-CoV-2 and then
challenged with LPS, indicating endotoxin tolerance induced
by SARS-CoV-2 proteins. Collectively, the data indicate that
COVID-19 induces an immunocollapse that predisposes the
patients to a secondary infection.

Since LPS triggers NF-kB activation and cytokine pro-
duction through the engagement with TLR-4 on the cell sur-
face of CD14 + monocytes, we evaluated the role of both
innate inflammatory mediators after an ex vivo endotoxin
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challenge in whole blood from COVID-19 patients. We iden-
tified increased proportions of CD14 + HLA-DR + and lower
CD144HLA-DR™" in the whole blood of severe COVID-19
patients compared to both mild COVID-19 and healthy con-
trol groups after ex vivo endotoxin stimulation. These results
are in contrast with previous data that reported lower HLA-
DR expression in monocytes after antigenic challenge [16,
42, 50]. The divergent data may be linked to the different
conditions used for stimulation, since the reported impaired
immune response to Candida albicans [50], Staphylococcus
aureus, and Streptococcus pneumoniae [42] by monocytes
from COVID-19 patients may indicate that other pattern rec-
ognition receptors (PRRs) are impaired during acute SARS-
CoV-2. Future studies should be conducted to clarify the
impact of COVID-19 on innate PRR response.

We observed for the first time that compared to healthy
controls, both mild and severe COVID-19 patients presented
impaired TLR-4 expression in CD14 + HLA-DR'®" mono-
cytes after ex vivo LPS stimulation and lower TLR-4 expres-
sion in CD14 +HLA-DR + monocytes from severe COVID-
19 patients following LPS challenge. Collectively, these data
may indicate that SARS-CoV-2 infection induces a lower
endotoxin recognition by the decreased expression of TLR-4
despite the increases in activation status as demonstrated by
higher HLA-DR expression in monocytes. Furthermore, in
response to LPS, the NF-xB p65 phosphorylation was lower
in CD14 + HLA-DR"®"* monocytes of severe COVID-19
patients. LPS tolerance is a critical event observed in septic
condition [51] and others critical ill situations induced by sev-
eral negative regulators of TLR-4 signal transduction, such as
IRAK-M, aryl hydrocarbon receptor, tryptophan catabolism,
and other molecules that negatively regulate NF-xB activa-
tion, mainly BCL-3 and NF-kBp50 [52]. In this sense, SARS-
CoV-2 antigens may contribute to the LPS tolerance during
acute infection, since the continuous stimulation of TLR-4
and NF-«xB by viral peptides may exhaust the innate pathways
[33, 41]. The activation and translocation of NF-kB occur
rapidly following exposure of monocytes to spike protein of
coronavirus, suggesting that the recognition pattern by TLR
is continuously activated during acute SARS-CoV infection
[38]. Furthermore, SARS-CoV-2 nucleocapsid protein trig-
gers the phosphorylation of NF-xB p65 in vitro and promotes
M1 macrophage polarization which increases lung injury in
mice model [53]. On the other hand, PGE-2 reduces the acti-
vation of NF-kB and PI3k-Akt signaling during endotoxin
stimulation with strong implications in cytokine production
and monocyte activation [54]. Furthermore, others possible
mechanisms induced during LPS tolerance may contribute
to the lower innate immune response observed in COVID-
19 patients. The myeloid cells reprogramming during LPS
tolerance acquire an anti-inflammatory phenotype due to
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the formation of NF-kB p50-p50 homodimeric form, which
reduces the pro-inflammatory cytokine secretion concomitant
to the increases in the immunoregulatory IL-10 secretion [55,
56]. However, we did not observe increased IL-10 produc-
tion during LPS stimulation in whole blood of COVID-19
patients. As the inflammatory phenotype of acute SARS-
CoV-2 infection is characterized by higher amounts of IL-10,
we believe that a feedback loop may blunts any additional
IL-10 production during co-infections or endotoxin stimula-
tion. Thus, the continuously stimulation of TLR-4/NF-«xB
axis during acute SARS-CoV-2 infection may saturate the
inflammatory pathways in a model to reduce the ability of
innate response against a secondary endotoxin/LPS stimuli,
which may indicate reduced immunosurveillance against a
secondary infection.

Conclusion

In summary, our data provide evidence indicating that SARS-
CoV-2 infection induces lower cytokine production and
TLR-4/NF-xB activation in monocytes from severe COVID-
19 after LPS stimulation. In addition, COVID-19 patients had
systemic alterations in the peripheral blood, such as increased
LPS and cytokine levels, higher frequency of immunosuppres-
sive CD14 +HLA-DR"Y, and higher expression of TLR-4 and
NF-xB activation. Taken together, these results may indicate
that the pro-inflammatory condition and microbial transloca-
tion markers observed in acute SARS-CoV-2 infection may
induce endotoxin tolerance associated with the potential
development of secondary infections.
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