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Abstract

Introduction

Severe acute respiratory syndrome coronavirus2 has caused a global pandemic of corona-
virus disease 2019 (COVID-19). High-density lipoproteins (HDLs), particles chiefly known
for their reverse cholesterol transport function, also display pleiotropic properties, including
anti-inflammatory or antioxidant functions. HDLs and low-density lipoproteins (LDLs) can
neutralize lipopolysaccharides and increase bacterial clearance. HDL cholesterol (HDL-C)
and LDL cholesterol (LDL-C) decrease during bacterial sepsis, and an association has been
reported between low lipoprotein levels and poor patient outcomes. The goal of this study
was to characterize the lipoprotein profiles of severe ICU patients hospitalized for COVID-
19 pneumonia and to assess their changes during bacterial ventilator-associated pneumo-
nia (VAP) superinfection.

Methods

A prospective study was conducted in a university hospital ICU. All consecutive patients
admitted for COVID-19 pneumonia were included. Lipoprotein levels were assessed at
admission and daily thereafter. The assessed outcomes were survival at 28 days and the
incidence of VAP.
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Results

A total of 48 patients were included. Upon admission, lipoprotein concentrations were low,
typically under the reference values ([HDL-C] = 0.7[0.5-0.9] mmol/L; [LDL-C] = 1.8[1.3-2.3]
mmol/L). A statistically significant increase in HDL-C and LDL-C over time during the ICU
stay was found. There was no relationship between HDL-C and LDL-C concentrations and
mortality on day 28 (log-rank p = 0.554 and p = 0.083, respectively). A comparison of alive
and dead patients on day 28 did not reveal any differences in HDL-C and LDL-C concentra-
tions over time. Bacterial VAP was frequent (64%). An association was observed between
HDL-C and LDL-C concentrations on the day of the first VAP diagnosis and mortality ((HDL-
C]=0.6[0.5-0.9] mmol/L in survivors vs. [HDL-C] = 0.5[0.3—0.6] mmol/L in nonsurvivors, p =
0.036; [LDL-C] = 2.2[1.9-3.0] mmol/L in survivors vs. [LDL-C] = 1.3[0.9-2.0] mmol/L in non-
survivors, p = 0.006).

Conclusion

HDL-C and LDL-C concentrations upon ICU admission are low in severe COVID-19 pneu-
monia patients but are not associated with poor outcomes. However, low lipoprotein con-
centrations in the case of bacterial superinfection during ICU hospitalization are associated
with mortality, which reinforces the potential role of these particles during bacterial sepsis.

Introduction

In late 2019, the novel coronavirus severe acute respiratory syndrome coronavirus 2 (SARS--
CoV-2) was identified as the cause of COVID-19 in Hubei Province, China [1]. COVID-19
has since become a pandemic, and by May 2020 more than 4.1 million confirmed cases had
been reported, with more than 280,000 attributable deaths worldwide [2]. Five to 20% of
patients hospitalized with COVID-19 are admitted to the intensive care unit (ICU), with a
mortality rate ranging from 25% to 60% [3-5]. At present, there is no effective specific treat-
ment for COVID-19 described in the surviving sepsis campaign recommendations [6].
Lipoprotein particles are defined by their composition (lipids and proteins) and are classi-
fied according to their density (from very low to high density). They have the capacity to trans-
port hydrophobic lipids (e.g., cholesterol) in a hydrophilic environment (plasma), but they
also exert numerous pleiotropic properties [7]. High-density lipoproteins (HDLs), responsible
for reverse cholesterol transport (RCT), display endothelioprotective functions, including
anti-inflammatory, anti-apoptotic, and antioxidant effects; they can also bind and neutralize
lipopolysaccharides (LPS), enhancing LPS clearance [8-11]. Numerous clinical studies have
reported a marked decrease in the concentration of HDL cholesterol (HDL-C) during bacterial
sepsis [12-19], and this decrease is currently associated with poor outcomes [17-20]. Experi-
mental studies assessing both reconstituted HDL (rHDL) and ApoA-I mimetic peptide perfu-
sion in animal models of septic shock have been performed, demonstrating protective effects
against morbidity and mortality [21-23]. Low-density lipoproteins (LDLs) also neutralize LPS
[24, 25], and observational studies have reported that LDL-cholesterol (LDL-C) concentrations
could decrease by 30% in inflammatory states such as sepsis [19, 26]. Walley et al. also showed
that low LDL-C concentrations were associated with a poor prognosis in septic patients [27].
The links between viral infection and lipoproteins are less clear than the association
between bacterial infection and lipoproteins [7]. Lipid profiles are reportedly altered during
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some viral infections, such as dengue, in which Total cholesterol (TC) and lipoprotein levels
are frequently low; specifically, a low LDL-C concentration is correlated with severity [28, 29].
In a recent study involving 21 mixed ICU and non-ICU COVID-19 patients, LDL-C concen-
trations were significantly decreased upon admission and were inversely correlated with dis-
ease severity [30]. Most patients with COVID-19 in the ICU develop bacterial ventilator-
associated pneumonia (VAP) [31], suggesting that both COVID-19 and bacterial infection
may influence the lipid profile.

Here, we aimed to characterize the lipid profiles of patients with severe COVID-19 pneu-
monia upon their ICU admission and during hospitalization, with a particular focus on
changes in HDL-C and LDL-C concentrations. We also assessed lipid profile changes in these
patients during bacterial VAP superinfection.

Materials and methods

This was a monocentric study conducted in the surgical ICU of Bichat Claude-Bernard Uni-
versity Hospital, Paris, France. Patients admitted between March 18, 2020 and April 13, 2020
for acute respiratory distress syndrome (ARDS) due to COVID-19 pneumonia were consecu-
tively and prospectively included in a database, and their medical charts were reviewed retro-
spectively. The French Society of Anesthesiology and Critical Care Medicine Research Ethics
Board approved this study and waived the need for consent (ApoCOVID study, IRB
00010254-2020-082).

Patient demographic information, Simplified Acute Physiology Score II (SAPSII), Sepsis-
related Organ Failure Assessment (SOFA) severity scores and clinical data were collected.
Inflammatory parameters (leukocytes, lymphocytes, C-reactive protein and procalcitonin)
were also assessed. Mortality at 28 days, duration of mechanical ventilation, number of days
alive without mechanical ventilation at day 28, length of stay in the ICU and in the hospital,
renal replacement therapy, vasopressor use, need for extracorporeal membrane oxygenation
(ECMO), and tracheostomy were collected. The number of prone positioning procedures and
instances of ventilator-associated pneumonia were also collected.

Plasma concentrations of TC, HDL-C, LDL-C, and triglycerides (TG) were measured upon
ICU admission and then daily in the Biochemistry Laboratory of Bichat Claude-Bernard Hos-
pital. Owing to problems in the supply of anesthetic drugs during the COVID-19 epidemic, we
had to administer propofol to all patients over a long period of time, which is why we mea-
sured daily lipid levels. TC, HDL-C, LDL-C and triglyceride concentrations were determined
by routine enzymatic assays (CHOL, HDL-C, LDL-C and TRIG methods, Dimension
VISTA™ System, Siemens Healthineers™). The reference values for these assays were as fol-
lows: HDL-C: > 1.40 mmol/L; total cholesterol (TC): 4.40 < N < 5.2 mmol/L; and triglycer-
ides: 0.50 < N < 1.7 mmol/L. According to the French National Authority for Health 2017
and the European Society of Cardiology 2016 recommendations, LDL-C concentration targets
have been established depending on vascular risk factors [32]. According to these recommen-
dations, LDL-C <3.0 mmol/L is advised in low- to moderate-risk patients, and LDL-C <2.6
mmol/L is recommended in high-cardiovascular risk patients.

Ventilator-associated pneumonia (VAP) diagnosis was based on the Infectious Diseases
Society of America and the American Thoracic Society guidelines [33].

Statistical analysis: Continuous variables were expressed as medians with interquartile
ranges (IQRs) and were compared using the Mann-Whitney U test. Categorical variables were
expressed as counts and percentages and were compared using Fisher’s exact test or the chi-
square test, as appropriate. The threshold defining the lower quartile was determined to have
25% of the overall population in that quartile. Survival was estimated by Kaplan-Meier analysis
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and compared by the log-rank test. Correlations were assessed by Spearman’s rank-order cor-
relation. A mixed model for repeated measures was performed to compare the lipoproteins’
evolution over time in the overall population and according to 28-day mortality. All statistical
analyses were performed using SPSS software, version 21 (IBM, Armonk, NY, USA). P-
values < 0.05 were considered statistically significant.

Results
a. Population

From March 18, 2020 to April 13, 2020, 67 patients were hospitalized for COVID-19 pneumo-
nia in our ICU. Because of a lack of lipid profile data at admission for 19 patients, 48 patients
were finally included in the study. Twenty-nine patients were directly admitted into the ICU,
while 19 patients had a short stay (1 [0-3] days) in another ward before ICU admission. The
general characteristics and outcomes of the patients are presented in Table 1. Comparisons
between survivors (n = 32, 67%) and nonsurvivors (n = 16, 33%) at day 28 are presented in
Table 1. At ICU admission, no patient had a bacterial coinfection associated with COVID-19
pneumonia.

b. Lipid concentrations at admission and kinetics over time

Upon ICU admission, the TC, TG, HDL-C and LDL-C concentrations were 3.2 [2.5-4.0]
mmol/L, 2.0 [1.6-2.9] mmol/L, 0.7 [0.5-0.9] mmol/L and 1.8 [1.3-2.3] mmol/L, respectively.
All results except the TG concentrations were below the abovementioned reference values (see
Materials and Methods section).

Fig 1 exhibits the kinetics of the TC, TG, HDL-C and LDL-C concentrations throughout
the ICU stay. Except for the TG concentration, which remained within the normal reference
value range, we observed a statistically significant increase in TC, HDL-C and LDL-C during
the study period (p<0.001, p = 0.024 and p<0.001, respectively); these values returned to nor-
mal in the survivors.

c. Relationship between lipid concentrations and COVID-19-specific
therapies

We found no differences in the lipid concentrations upon admission or over time between
patients with and without lopinavir/ritonavir treatment (see S1 Fig). In addition, corticoste-
roid therapy did not significantly alter the lipid concentrations upon admission or over time
(see S2 Fig).

d. Relationship between lipid concentrations and mortality

Upon ICU admission, there were no difference in lipid concentrations between survivors and
nonsurvivors (TC: 3.3 [2.5-4.0] mmol/L in survivors vs. 3.0 [2.2-4.1] mmol/L in nonsurvivors,
p = 0.43; TG: 2.0 [1.5-2.9] mmol/L in survivors vs. 2.0 [1.7-3.0] mmol/L in nonsurvivors;
p = 0.827; HDL-C: 0.7 [0.5-1.1] mmol/L in survivors vs. 0.7 [0.4-0.8] mmol/L in nonsurvivors,
p =0.459; LDL-C: 1.9 [1.4-2.4] in survivors vs. 1.5 [1.1-2.2] mmol/L in nonsurvivors,
p = 0.262). In addition, changes in the TC, TG, HDL-C and LDL-C concentrations over time
during the first six days following ICU admission did not allow us to separate patients as alive
or dead at day 28 (Fig 2).

Fig 3 shows the mortality at day 28 according to the lipid profile upon ICU admission as
estimated by the Kaplan-Meier analysis and compared by the log-rank test. No relationship
was found between patients with TC, TG, HDL-C and LDL-C concentrations in their
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Table 1. General characteristics and outcome of the patients.

Characteristics Overall population (n =48) | Alive at day 28 (n=32;67%) | Dead at day 28 (n=16;33%) | p Value
Age, years, median [IQR] 57 [46-64] 55 [45-62] 59 [50-67] 0.283
Male sex, n (%) 31 (65) 21 (65) 10 (63) 0.831
BMI, kg/mz, median [IQR] 27.9 [25-31] 27 [24-29.6] 29.7 [26-35.5] 0.135
Presence of comorbidities / medications
High blood pressure, n (%) 24 (50) 14 (44) 10 (63) 0.221
ACEI or ARB use, n (%) 16 (33) 9 (28) 7 (44) 0.279
Diabetes mellitus, n (%) 17 (35) 8 (25) 9 (56) 0.033
Statin use, n (%) 13 (27) 7 (22) 6 (37) 0.310
Timing of hospitalization
Between first symptoms and hospitalization (days) 6 [3-7] 6 [4-8] 5[2-7] 0.235
Between hospitalization and ICU admission (days) 1[0-3] 2 [0-3] 0 [0-4] 0.530
Severity scores at admission
SAPSII, median [IQR] 43 [33-53] 40 [31-51] 50 [44-28] 0.006
SOFA, median [IQR] 5[4-7] 5 [4-7] 6 [4-7] 0.241
Inflammatory parameters at admission
Leukocyte count (G/L) 8.7 [6.5-12.4] 9.7 [7-14] 7.6 [6.4-11.7] 0.155
Lymphocyte count (G/L) 0.8 [0.6-1.3] 0.9 [0.6-1.3] 0.7 [0.4-1.3] 0.323
Procalcitonin (ug/L) 0.8 [0.3-3.3] 0.8 [0.4-2.7] 0.6 [0.3-3.6] 0.850
C-reactive protein (mg/L) 136 [97-219] 136 [102-209] 145 [86-246] 0.786
Treatments during ICU stay
Norepinephrine, n (%) 32 (67) 19 (60) 13 (81) 0.130
Mechanical ventilation, n (%) 46 (96) 30 (94) 16 (100) 0.546
Length of mechanical ventilation, median [IQR] 12 [7-25] 20 [7-28] 7 [6-9] 0.007
Prone positioning, n (%) 33 (69) 21 (66) 12 (75) 0.509
Tracheostomy, n (%) 11 (23) 10 (31) 1(6) 0.073
ECMO, n (%) 10 (20) 3(9) 7 (44) 0.010
RRT, n (%) 13 (27) 9 (28) 4(25) 1
COVID-specific treatments
Lopinavir/ritonavir, n (%) 6(12) 5(16) 1(6) 0.648
Hydroxychloroquine, n (%) 3(6) 2 (6) 1(6) 1
Corticosteroids, n (%) 12 (25) 10 (31) 2(12) 0.289
Outcome
ICU LOS, median [IQR] 12 [7-27] 22 [10-33] 7 [6-9] 0.002
Hospital LOS, median [IQR] 20 [7-31] 28 [19-38] 7 [6-09] <0.001
Mortality at day 28, n (%) 16 (33) - - -

BMI, body mass index; ECMO, extracorporeal membrane oxygenation; LOS, length of stay; RRT, renal replacement therapy; SAPS II, simplified acute physiology score

II; ACEL angiotensin-converting-enzyme inhibitor; ARB, angiotensin II receptor blocker.

https://doi.org/10.1371/journal.pone.0239573.t001

respective lower quartile and mortality at day 28 (log-rank p = 0.092, p = 0.611, p = 0.554 and

p = 0.083, respectively).

e. Relationship between the lipid concentrations and patient outcomes

The data in Table 2 show the relationships between TC, TG, HDL-C and LDL-C concentra-
tions upon ICU admission and the ICU outcomes (ventilator-associated pneumonia, renal

replacement therapy, need for norepinephrine). No statistically significant links were found
between TC, TG, HDL-C or LDL-C at admission and these ICU outcomes.
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Fig 1. Total cholesterol, triglycerides, HDL-C and LDL-C kinetics during the ICU stay.
https://doi.org/10.1371/journal.pone.0239573.9001

There were no correlations between TC, TG, HDL-C or LDL-C concentrations upon ICU
admission and length of ICU stay, length of hospital stay, or the number of days alive without
mechanical ventilation (S1 Table).
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Fig 2. Kinetics of total cholesterol, triglycerides, HDL-C and LDL-C concentrations over the first six days according to their status outcome
(dead or alive at day 28).

https://doi.org/10.1371/journal.pone.0239573.9g002

PLOS ONE | https://doi.org/10.1371/journal.pone.0239573 September 24, 2020 7/15


https://doi.org/10.1371/journal.pone.0239573.g002
https://doi.org/10.1371/journal.pone.0239573

PLOS ONE

Lipoprotein concentrations in severe COVID-19 patients

Survival rate (%)

Patients at risk

TC>2.5mmol/l at
admission

TC<2.5mmol/l at
admission

Survival rate (%)

Patients at risk

HDL-C > 0.5 mmol/I at
admission

HDL-C < 0.5 mmol/| at
admission

1007
90
80
707
60
I
50 s TC > 2.5 mmol/| at the ICU admission
== TC< 2.5 mmol/l at the ICU admission
407
Logrank p=0.092
307
0 7 14 21 28
Time (days)
36 35 27 26 26
12 9 7 7 7
100
90
80
707
607 I
507 = HDL-C > 0.5 mmol/| at the ICU admission
=== HDL-C < 0.5 mmol/I at the ICU admission
407
Logrank p=0.554
307
0 7 14 21 28
Time (days)
36 33 26 25 25
12 11 8 8 8

Survival rate (%)

Patients at risk

TG> 1.6 mmol/I at
admission

TG < 1.6 mmol/l at
admission

Survival rate (%)

Patients at risk

LDL-C > 1.4 mmol/| at
admission

LDL-C < 1.4 mmol/I at
admission

100
90
807
707 ‘Ll—l_‘
60
501 == TG > 1.6 mmol/I at the ICU admission
=== TG < 1.6 mmol/| at the ICU admission
40
Logrank p=0.611
307
T ] T T T
0 7 14 21 28
Time (days)
36 34 25 24 24
12 10 10 9 9
100
90
80
70
60 _l
50 LDL-C > 1.4 mmol/I at the ICU admission
=== LDL-C < 1.4 mmol/I at the ICU admission
407
Logrank p=0,083
307
0 4 14 21 28
Time (days)
36 35 28 27 27
12 9 6 6 6

Fig 3. Mortality at day 28 according to the lipid profile upon ICU admission. Survival analyses were estimated by Kaplan-Meier analysis and compared using the log-

rank test.

https://doi.org/10.1371/journal.pone.0239573.9003

f. Relationship between lipid concentrations and mortality in the subgroup
of patients with bacterial ventilated-associated pneumonia (VAP)

To better characterize the relationship between the TC, TG, HDL-C and LDL-C concentra-
tions and the outcomes, we focused on COVID-19 patients with bacterial VAP during their
stay in the ICU (n = 29, 64%). The median period of time before the onset of VAP was 7 [3-9]
days, and the median number of VAP episodes for each patient was 2 [1-3]. Concentrations of
TC, TG, HDL-C, and LDL-C were measured on the day of VAP diagnosis. A statistically sig-
nificant association was found between HDL-C and LDL-C concentrations on the day of the
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Table 2. Relationship between lipid concentrations at ICU admission and outcome variables.

Lipid concentrations at ICU admission
Total cholesterol, mmol/L, median [IQR]
Triglycerides, mmol/L, median [IQR]
HDL-C, mmol/L, median [IQR]

LDL-C, mmol/L, median [IQR]

Lipid concentrations at ICU admission
Total cholesterol, mmol/L, median [IQR]
Triglycerides, mmol/L, median [IQR]
HDL-C, mmol/L, median [IQR]

LDL-C, mmol/L, median [IQR]

Lipid concentrations at ICU admission
Total cholesterol, mmol/L, median [IQR]
Triglycerides, mmol/L, median [IQR]
HDL-C, mmol/L, median [IQR]

LDL-C, mmol/L, median [IQR]

Overall population (n = 48) VAP (n = 29; 64%) No VAP (n = 19; 36%) p Value
3.2 [2.5-4.0] 3.1[2.5-3.9] 3.5 [2.5-4.2] 0.349
2.0 [1.6-2.9] 2.1[1.8-3.0] 1.9 [1.4-2.6] 0.260
0.7 [0.5-0.9] 0.7 [0.4-0.8] 0.8 [0.6-1.1] 0.077
1.8 [1.3-2.3] 1.7 [1.1-2.3] 2.0 [1.4-2.6] 0.266

Overall population (n = 48) RRT (n =13;27%) No RRT (n = 35; 73%) p Value
3.2 [2.5-4.0] 3.4 [2.5-4.0] 2.8 [2.4-4.0] 0.609
2.0 [1.6-2.9] 1.9 [1.5-2.8] 2.1[1.8-2.9] 0.372
0.7 [0.5-0.9] 0.8 [0.5-1.0] 0.6 [0.4-0.8] 0.164
1.8 [1.3-2.3] 1.9 [1.4-2.4] 1.5[1.1-2.2] 0.439

Overall population (n = 48) NOR (n = 32; 67%) No NOR (n = 16; 33%) p Value
3.2 [2.5-4.0] 3.4[2.5-3.9] 3.1[2.5-4.1] 0.864
2.0 [1.6-2.9] 2.2[1.7-2.8] 1.9 [1.6-2.9] 0.743
0.7 [0.5-0.9] 0.7 [0.6-1.1] 0.7 [0.5-0.9] 0.458
1.8 [1.3-2.3] 1.8 [1.4-2.3] 1.7 [1.2-2.4] 0.927

Variables: ventilator-associated pneumonia, renal replacement therapy, need for norepinephrine and need for extracorporeal membrane oxygenation. Continuous

variables are expressed as the median and interquartile range (IQR). VAP: ventilator-associated pneumonia; RRT: renal replacement therapy; NOR: norepinephrine.

https://doi.org/10.1371/journal.pone.0239573.t1002

first VAP diagnosis and mortality on day 28 ([HDL-C] = 0.6 [0.5-0.9] mmol/L in patients
alive on day 28 vs. [HDL-C] = 0.5 [0.3-0.6] mmol/L in patients dead on day 28, p = 0.036;
[LDL-C] = 2.2 [1.9-3.0] mmol/L in patients alive on day 28 vs. [LDL-C] = 1.3 [0.9-2.0] mmol/
L in patients dead on day 28, p = 0.006). No statistically significant association was found
between the TC or TG concentrations and mortality at day 28. Box plots are presented in Fig
4.

Discussion

In this cohort of patients who were hospitalized in the ICU for COVID-19 pneumonia, we
observed that lipoprotein concentrations upon ICU admission were low but were not signifi-
cantly related to the patient’s outcomes. In contrast, in the subgroup of patients who developed
bacterial VAP, a strong association was found between mortality and the concentrations of
HDL-C and LDL-C at the time of VAP diagnosis.

The low concentrations of HDL-C and LDL-C upon admission reported here are consistent
with previous results obtained in two studies conducted by the same Chinese team in a cohort
of heterogeneous patients hospitalized for COVID-19 [30, 34]. In these studies, the authors
compared the lipid profiles of COVID-19 patients and healthy subjects and reported differ-
ences between the two groups. However, it should be noted that the severity scores of these
two populations (COVID-19 and healthy volunteers) were not compared. The study involving
597 COVID-19 patients stratified into mild (n = 394), severe (n = 171) and critical (n = 32)
cases showed that LDL-C and TG concentrations were significantly different between the
groups, with lower concentrations in the most severe patients [34]. Moreover, low levels of
HDL-C and LDL-C in our population are in accordance with another study involving 114
COVID-19 patients [35]. In this study, TC, HDL-C and LDL-C concentrations in COVID-19
patients were low but were also significantly lower than the values of age-matched healthy con-
trol patients.

During bacterial sepsis, a decrease in lipoproteins during the acute phase is well docu-
mented (in particular for HDL-C); however, the mechanisms underlying this decrease are

PLOS ONE | https://doi.org/10.1371/journal.pone.0239573 September 24, 2020 9/15


https://doi.org/10.1371/journal.pone.0239573.t002
https://doi.org/10.1371/journal.pone.0239573

PLOS ONE Lipoprotein concentrations in severe COVID-19 patients

8.007 12.007
o
= 7ot p=0.106 10.00- p=0.333
o = 10.
£ 6.00- £ 8.00
5 - £
d} w
G 3007 < 6.00
2 =
: 5 T
S 4.00] T > 4.00°
® 2
At 1~
=]
= 3.007 2.00 T T
- £
2.00 .00
Dead Alive Dead Alive
p=0.036 p=0.006
o 6.00
1.507
5.007 ©
_ 1.257 -
"—5 “—5 4.007 --
E 1.00 £
— ~ 3.001
Q Q
=1 757 -
= T 8 2.001 T
.50 ..
J_ 1.007 —
1 1
.25 00
Dead Alive Dead Alive
Fig 4. Relationship between total cholesterol, triglycerides, HDL-C and LDL-C concentrations on the day of the first VAP diagnosis and
mortality on day 28.

https://doi.org/10.1371/journal.pone.0239573.9004

poorly described [11]. Several hypotheses have been proposed to explain this HDL-C concen-
tration decrease such as the consumption of HDL particles, hemodilution, capillary leakage,
decreased HDL synthesis by the liver (particularly in cases of associated liver dysfunction) or
increased HDL clearance following the upregulation of scavenger receptor class B type 1
(SRB1) expression [20]. During COVID-19, similar potential mechanisms might be present. A
pulmonary histological study involving COVID-19 patients documented increased vascular
permeability [36]. The considerable inflammation described during COVID-19 ARDS could
potentially participate in the lipoprotein concentration decrease [37, 38]. Additionally, the
direct action of the virus on lipoproteins should not be ruled out, but this hypothesis requires
further investigation.
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Notably, we have shown a gradual increase over time in both the HDL-C and LDL-C con-
centrations. These increases over time could be related to patient improvement, the restoration
of normovolemia, a reduced inflammatory state, decreased capillary leakage or increased
hepatic HDL synthesis [7, 11]. The findings described herein of decreased lipoprotein levels at
admission followed by increases over time are in accordance with the studies by Fan et al. and
Hu et al. [30, 39].

In our cohort of 48 severe COVID-19 patients hospitalized in our ICU, we found no statisti-
cally significant link between HDL-C or LDL-C concentrations and patient outcomes. These
results are not in accordance with the results of the study by Fan et al., which showed that a
low LDL-C concentration was a potential predictor of poor prognosis in a cohort of 21 hetero-
geneous ICU and non-ICU COVID-19 patients [30]. Interestingly, the studies by Hu et al. and
Wei et al. have specifically shown that low HDL-C levels were associated with severe COVID-
19 disease [34, 39]. However, the heterogeneity reported in these two studies, which included
mild, severe and critical patients and ICU and non-ICU patients, does not allow for direct
comparisons with our specific severe COVID-19 ICU cohort [34, 39].

In contrast to studies involving septic patients due to bacteria, in which HDL-C and LDL-C
concentrations are correlated with the outcome [11, 17, 19, 22, 27], data concerning viral infec-
tions appear to be more controversial. While altered lipid profiles have been described in some
viral pathologies, such as HIV (frequently associated with increased TC and LDL-C and
decreased HDL-C) and hepatitis B virus infections, direct links to patient outcomes remain
uncertain [40-42]. We hypothesize that during sepsis in the context of bacterial infections,
lipoprotein concentrations seem to be a determinant for the patient’s outcome. Pleiotropic
properties of lipoproteins and, in particular, of HDL particles, such as anti-inflammatory, anti-
apoptotic or antioxidant effects, could play an important role. The ability of HDL to bind and
inactivate LPS and lipoteichoic acid, leading to a potential increase in bacterial clearance,
appears to be an essential function that could support the strong association between the HDL
concentrations and patient outcomes [11, 43, 44]. The lack of a statistically significant associa-
tion in our study focusing on viral pathology might be related to the specific action of HDL
particles on bacteria. The relationship between mortality and HDL-C or LDL-C concentra-
tions in the subgroup of patients with bacterial respiratory coinfection supports this hypothe-
sis. However, these preliminary results suggest that the viral inflammatory model has a major
impact on lipoprotein metabolism and deserves additional investigation. In particular, the dys-
function of lipoproteins (and especially of HDL particles) may be interesting to explore in rela-
tion to COVID-19 pneumonia [45, 46]. Because no patients in our cohort had bacterial
coinfection at admission and owing to the late delay before the onset of VAP (7 [3-9] days),
COVID-19 appears to be an interesting model to 1) study the effects of viral infection and 2)
the effect of bacterial VAP on the lipid profile.

Interestingly, compared to the HDL-C, LDL-C and TC concentrations, the TG concentra-
tion at admission was higher than the normal range. Several hypotheses can explain this find-
ing. First, one-third of the patients had diabetes, a condition in which lipid metabolism
disorders are frequent (particularly increased TG concentrations). Second, the early use of pro-
pofol upon admission may explain the increased TG concentration. Third, renal dysfunction
and especially nephrotic-like syndrome is observed in COVID-19 disease, which may have
induced an increased level of TG. Finally, direct effects of the virus cannot be excluded.

Our study has several limitations. First, it is a small monocentric study of limited size. Sec-
ond, we did not measure cytokine levels; these could have been used to stratify the patients
according to their inflammatory state. Third, we did not compare lipid concentrations upon
admission with basal concentrations prior to hospitalization. Fourth, although the lipid con-
centrations of patients treated with and without corticosteroids or protease inhibitors were
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similar over time, these treatments have the potential to induce lipids disorders (such as
increasing the TC, TG, LDL-C concentrations and decreasing the HDL-C concentration),
which can influence patient outcomes. Finally, patients with diabetes mellitus had a higher
mortality, which may have introduced bias. Diabetes itself affects lipid levels (e.g., decreases
HDL-C levels and increases TG levels) and could have played a much more important role in
death than did the altered lipid levels.

Conclusion

HDL-C and LDL-C concentrations were low in patients upon ICU admission for severe
COVID-19, but they were not associated with poor outcomes. The low lipoprotein concentra-
tions observed in bacterial superinfections were associated with mortality. These findings rein-
force the hypothesis that lipoproteins play a role in bacterial sepsis. Studies with higher
statistical power are needed to better characterize the role of lipoproteins during severe
COVID-19. Further experimental studies evaluating the functionality of these particles, in par-
ticular HDL, are crucial to understand the physiopathology of this disease.

Supporting information

S1 Fig. Comparison of the total cholesterol, triglycerides, HDL-C and LDL-C concentra-
tion kinetics over the first six days in patients with and without lopinavir/ritonavir treat-
ment.

(TIF)

S2 Fig. Comparison of the total cholesterol, triglycerides, HDL-C and LDL-C concentra-
tion kinetics over the first six days in patients with and without corticosteroid treatment.
(TIF)

S1 Table. Correlation between TC, TG, HDL-C and LDL-C concentrations and the number
of days alive without mechanical ventilation, ICU length of stay, and hospital length of
stay.

(TIF)

Acknowledgments

We thank Pr Romain SONNEVILLE (Department of Intensive Care Medicine and Infectious
Diseases, APHP, Bichat-Claude Bernard Hospital, Paris, France) for his scientific advice.

Author Contributions

Conceptualization: Sébastien Tanaka, Christian De Tymowski, Tiphaine Robert, Katell
Peoc’h, Lauriane Fontaine, Alexy Tran-Dinh, Olivier Meilhac, Philippe Montravers.

Data curation: Sébastien Tanaka, Sylvain Jean-Baptiste, Tiphaine Robert, Katell Peoc’h, Brice
Lortat-Jacob, Donia Bouzid, Alexy Tran-Dinh, Parvine Tashk.

Formal analysis: Sébastien Tanaka, Christian De Tymowski, Maksud Assadi, Nathalie Zap-
pella, Brice Lortat-Jacob, Lauriane Fontaine, Parvine Tashk, Philippe Montravers.

Investigation: Sébastien Tanaka, Christian De Tymowski, Maksud Assadi, Nathalie Zappella,
Sylvain Jean-Baptiste, Tiphaine Robert, Katell Peoc’h, Brice Lortat-Jacob, Donia Bouzid,
Alexy Tran-Dinh, Parvine Tashk, Olivier Meilhac, Philippe Montravers.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239573 September 24, 2020 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239573.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239573.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239573.s003
https://doi.org/10.1371/journal.pone.0239573

PLOS ONE

Lipoprotein concentrations in severe COVID-19 patients

Methodology: Sébastien Tanaka, Christian De Tymowski, Alexy Tran-Dinh, Olivier Meilhac,
Philippe Montravers.

Resources: Sébastien Tanaka, Olivier Meilhac.

Supervision: Sébastien Tanaka, Olivier Meilhac, Philippe Montravers.

Validation: Sébastien Tanaka, Olivier Meilhac, Philippe Montravers.
Visualization: Olivier Meilhac, Philippe Montravers.

Writing - original draft: Sébastien Tanaka, Olivier Meilhac, Philippe Montravers.

Writing - review & editing: Sébastien Tanaka, Christian De Tymowski, Maksud Assadi,
Nathalie Zappella, Sylvain Jean-Baptiste, Tiphaine Robert, Katell Peoc’h, Brice Lortat-
Jacob, Lauriane Fontaine, Donia Bouzid, Alexy Tran-Dinh, Parvine Tashk, Olivier Meilhac,
Philippe Montravers.

References

1. GuanW-J,NiZ-Y, HuY, Liang W-H, Ou C-Q, He J-X, et al. Clinical Characteristics of Coronavirus Dis-
ease 2019 in China. N Engl J Med. 30 2020; 382(18):1708-20. https://doi.org/10.1056/
NEJM0a2002032 PMID: 32109013

2. COVID-19 situation reports [Internet]. [cité 26 mai 2020]. Disponible sur: https:/www.who.int/
emergencies/diseases/novel-coronavirus-2019/situation-reports

3. Grasselli G, Zangrillo A, Zanella A, Antonelli M, Cabrini L, Castelli A, et al. Baseline Characteristics and
Outcomes of 1591 Patients Infected With SARS-CoV-2 Admitted to ICUs of the Lombardy Region,
Italy. JAMA. 06 2020;

4. YangX,YuY, XuJ, ShuH, Xia J, Liu H, et al. Clinical course and outcomes of critically ill patients with
SARS-CoV-2 pneumonia in Wuhan, China: a single-centered, retrospective, observational study. Lan-
cet Respir Med. 24 févr 2020;

5. Bhatraju PK, Ghassemieh BJ, Nichols M, Kim R, Jerome KR, Nalla AK, et al. Covid-19 in Critically Il
Patients in the Seattle Region—Case Series. N Engl J Med. 30 mars 2020;

6. Alhazzani W, Mgller MH, Arabi YM, Loeb M, Gong MN, Fan E, et al. Surviving Sepsis Campaign: guide-
lines on the management of critically ill adults with Coronavirus Disease 2019 (COVID-19). Intensive
Care Med. 28 mars 2020;

7. Meilhac O, Tanaka S, Couret D. High-Density Lipoproteins Are Bug Scavengers. Biomolecules. 12 avr
2020; 10(4).

8. WuA, Hinds CJ, Thiemermann C. High-density lipoproteins in sepsis and septic shock: metabolism,
actions, and therapeutic applications. Shock Augusta Ga. mars 2004; 21(3):210-21.

9. Theilmeier G, Schmidt C, Herrmann J, Keul P, Schéfers M, Herrgott I, et al. High-density lipoproteins
and their constituent, sphingosine-1-phosphate, directly protect the heart against ischemia/reperfusion
injury in vivo via the S1P3 lysophospholipid receptor. Circulation. 26 sept 2006; 114(13):1403-9.
https://doi.org/10.1161/CIRCULATIONAHA.105.607135 PMID: 16982942

10. Tran-Dinh A, Diallo D, Delbosc S, Varela-Perez LM, Dang QB, Lapergue B, et al. HDL and endothelial
protection. Br J Pharmacol. juin 2013; 169(3):493-511. https://doi.org/10.1111/bph.12174 PMID:
23488589

11. Tanaka S, Couret D, Tran-Dinh A, Duranteau J, Montravers P, Schwendeman A, et al. High-density
lipoproteins during sepsis: from bench to bedside. Crit Care Lond Engl. 07 2020; 24(1):134.

12. Tanaka S, Labreuche J, Drumez E, Harrois A, Hamada S, Vigué B, et al. Low HDL levels in sepsis ver-
sus trauma patients in intensive care unit. Ann Intensive Care. déc 2017; 7(1):60. https://doi.org/10.
1186/s13613-017-0284-3 PMID: 28589535

13. Tanaka S, Diallo D, Delbosc S, Genéve C, Zappella N, Yong-Sang J, et al. High-density lipoprotein
(HDL) particle size and concentration changes in septic shock patients. Ann Intensive Care. 13 juin
2019; 9(1):68. https://doi.org/10.1186/s13613-019-0541-8 PMID: 31197574

14. Shor R, Wainstein J, Oz D, Boaz M, Matas Z, Fux A, et al. Low HDL levels and the risk of death, sepsis
and malignancy. Clin Res Cardiol Off J Ger Card Soc. avr 2008; 97(4):227-33.

15. Gordon BR, Parker TS, Levine DM, Saal SD, Wang JC, Sloan BJ, et al. Low lipid concentrations in criti-
cal illness: implications for preventing and treating endotoxemia. Crit Care Med. avr 1996; 24(4):584-9.
https://doi.org/10.1097/00003246-199604000-00006 PMID: 8612407

PLOS ONE | https://doi.org/10.1371/journal.pone.0239573 September 24, 2020 13/15


https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1056/NEJMoa2002032
http://www.ncbi.nlm.nih.gov/pubmed/32109013
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
https://doi.org/10.1161/CIRCULATIONAHA.105.607135
http://www.ncbi.nlm.nih.gov/pubmed/16982942
https://doi.org/10.1111/bph.12174
http://www.ncbi.nlm.nih.gov/pubmed/23488589
https://doi.org/10.1186/s13613-017-0284-3
https://doi.org/10.1186/s13613-017-0284-3
http://www.ncbi.nlm.nih.gov/pubmed/28589535
https://doi.org/10.1186/s13613-019-0541-8
http://www.ncbi.nlm.nih.gov/pubmed/31197574
https://doi.org/10.1097/00003246-199604000-00006
http://www.ncbi.nlm.nih.gov/pubmed/8612407
https://doi.org/10.1371/journal.pone.0239573

PLOS ONE

Lipoprotein concentrations in severe COVID-19 patients

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

van Leeuwen HJ, Heezius EC, Dallinga GM, van Strijp JA, Verhoef J, van Kessel KP: Lipoprotein
metabolism in patients with severe sepsis. Critical care medicine 2003, 31(5):1359—-1366. https://doi.
org/10.1097/01.CCM.0000059724.08290.51 PMID: 12771603

Barlage S, Gnewuch C, Liebisch G, Wolf Z, Audebert FX, Gluck T, et al: Changes in HDL-associated
apolipoproteins relate to mortality in human sepsis and correlate to monocyte and platelet activation.
Intensive Care Med 2009, 35(11):1877—1885.

Chien JY, Jerng JS, Yu CJ, Yang PC: Low serum level of high-density lipoprotein cholesterol is a poor
prognostic factor for severe sepsis. Critical care medicine 2005, 33(8):1688—-1693.

Cirstea M, Walley KR, Russell JA, Brunham LR, Genga KR, Boyd JH. Decreased high-density lipopro-
tein cholesterol level is an early prognostic marker for organ dysfunction and death in patients with sus-
pected sepsis. J Crit Care. avr 2017; 38:289-94. https://doi.org/10.1016/j.jcrc.2016.11.041 PMID:
28013095

Pirillo A, Catapano AL, Norata GD. HDL in infectious diseases and sepsis. Handb Exp Pharmacol.
2015; 224:483-508. https://doi.org/10.1007/978-3-319-09665-0_15 PMID: 25522999

Levine DM, Parker TS, Donnelly TM, Walsh A, Rubin AL. In vivo protection against endotoxin by plasma
high density lipoprotein. Proc Natl Acad Sci U S A. 15 déc 1993; 90(24):12040—4. https://doi.org/10.
1073/pnas.90.24.12040 PMID: 8265667

McDonald MC, Dhadly P, Cockerill GW, Cuzzocrea S, Mota-Filipe H, Hinds CJ, et al: Reconstituted
high-density lipoprotein attenuates organ injury and adhesion molecule expression in a rodent model of
endotoxic shock. Shock 2003, 20(6):551-557. https://doi.org/10.1097/01.shk.0000097249.97298.a3
PMID: 14625480

Tanaka S, Genéve C, Zappella N, Yong-Sang J, Planesse C, Louedec L, et al. Reconstituted High-den-
sity Lipoprotein Therapy Improves Survival in Mouse Models of Sepsis. Anesthesiology. 20 févr 2020;

Levels JHM, Abraham PR, van den Ende A, van Deventer SJH. Distribution and Kinetics of Lipoprotein-
Bound Endotoxin. Infect Immun. mai 2001; 69(5):2821-8.

Kitchens RL, Thompson PA, Munford RS, O’Keefe GE. Acute inflammation and infection maintain circu-
lating phospholipid levels and enhance lipopolysaccharide binding to plasma lipoproteins. J Lipid Res.
déc 2003; 44(12):2339—48. https://doi.org/10.1194/jlr.M300228-JLR200 PMID: 12923224

Khovidhunkit W, Kim M-S, Memon RA, Shigenaga JK, Moser AH, Feingold KR, et al. Effects of infection
and inflammation on lipid and lipoprotein metabolism: mechanisms and consequences to the host. J
Lipid Res. juill 2004; 45(7):1169-96. https://doi.org/10.1194/jlr.R300019-JLR200 PMID: 15102878

Walley KR, Boyd JH, Kong HJ, Russell JA. Low Low-Density Lipoprotein Levels Are Associated With,
But Do Not Causally Contribute to, Increased Mortality in Sepsis. Crit Care Med. 2019; 47(3):463—6.
https://doi.org/10.1097/CCM.0000000000003551 PMID: 30394916

Biswas HH, Gordon A, Nuiiez A, Perez MA, Balmaseda A, Harris E. Lower Low-Density Lipoprotein
Cholesterol Levels Are Associated with Severe Dengue Outcome. PLoS Negl Trop Dis. 2015; 9(9):
€0003904. https://doi.org/10.1371/journal.pntd.0003904 PMID: 26334914

Marin-Palma D, Sirois CM, Urcuqui-Inchima S, Hernandez JC. Inflammatory status and severity of dis-
ease in dengue patients are associated with lipoprotein alterations. PloS One. 2019; 14(3):e0214245.
https://doi.org/10.1371/journal.pone.0214245 PMID: 30901375

Fan J, WangH, Ye G, Cao X, Xu X, Tan W, et al. Low-density lipoprotein is a potential predictor of poor
prognosis in patients with coronavirus disease 2019. Metabolism. 19 avr 2020;154243. https://doi.org/
10.1016/j.metabol.2020.154243 PMID: 32320740

Dudoignon E, Caméléna F, Deniau B, Habay A, Coutrot M, Ressaire Q, et al. Bacterial Pneumonia in
COVID-19 critically ill patients: a case series. Clin Infect Dis Off Publ Infect Dis Soc Am. 16 juin 2020;

Catapano AL, Graham |, De Backer G, Wiklund O, Chapman MJ, Drexel H, et al. 2016 ESC/EAS Guide-
lines for the Management of Dyslipidaemias. Eur Heart J. 14 2016; 37(39):2999-3058. https://doi.org/
10.1093/eurheartj/ehw272 PMID: 27567407

Kalil AC, Metersky ML, Klompas M, Muscedere J, Sweeney DA, Palmer LB, et al. Management of
Adults With Hospital-acquired and Ventilator-associated Pneumonia: 2016 Clinical Practice Guidelines
by the Infectious Diseases Society of America and the American Thoracic Society. Clin Infect Dis. 1
sept 2016; 63(5):e61—111. https://doi.org/10.1093/cid/ciw353 PMID: 27418577

Wei X, Zeng W, SuJ, Wan H, Yu X, Cao X, et al. Hypolipidemia is associated with the severity of
COVID-19. J Clin Lipidol. 30 avr 2020;

Hu X, Chen D, Wu L, He G, Ye W. Declined serum high density lipoprotein cholesterol is associated
with the severity of COVID-19 infection. Clin Chim Acta Int J Clin Chem. 10 juill 2020; 510:105-10.

Tian S, HuW, Niu L, Liu H, Xu H, Xiao S-Y. Pulmonary Pathology of Early-Phase 2019 Novel Coronavi-
rus (COVID-19) Pneumonia in Two Patients With Lung Cancer. J Thorac Oncol Off Publ Int Assoc
Study Lung Cancer. 2020; 15(5):700—4.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239573 September 24, 2020 14/15


https://doi.org/10.1097/01.CCM.0000059724.08290.51
https://doi.org/10.1097/01.CCM.0000059724.08290.51
http://www.ncbi.nlm.nih.gov/pubmed/12771603
https://doi.org/10.1016/j.jcrc.2016.11.041
http://www.ncbi.nlm.nih.gov/pubmed/28013095
https://doi.org/10.1007/978-3-319-09665-0%5F15
http://www.ncbi.nlm.nih.gov/pubmed/25522999
https://doi.org/10.1073/pnas.90.24.12040
https://doi.org/10.1073/pnas.90.24.12040
http://www.ncbi.nlm.nih.gov/pubmed/8265667
https://doi.org/10.1097/01.shk.0000097249.97298.a3
http://www.ncbi.nlm.nih.gov/pubmed/14625480
https://doi.org/10.1194/jlr.M300228-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/12923224
https://doi.org/10.1194/jlr.R300019-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/15102878
https://doi.org/10.1097/CCM.0000000000003551
http://www.ncbi.nlm.nih.gov/pubmed/30394916
https://doi.org/10.1371/journal.pntd.0003904
http://www.ncbi.nlm.nih.gov/pubmed/26334914
https://doi.org/10.1371/journal.pone.0214245
http://www.ncbi.nlm.nih.gov/pubmed/30901375
https://doi.org/10.1016/j.metabol.2020.154243
https://doi.org/10.1016/j.metabol.2020.154243
http://www.ncbi.nlm.nih.gov/pubmed/32320740
https://doi.org/10.1093/eurheartj/ehw272
https://doi.org/10.1093/eurheartj/ehw272
http://www.ncbi.nlm.nih.gov/pubmed/27567407
https://doi.org/10.1093/cid/ciw353
http://www.ncbi.nlm.nih.gov/pubmed/27418577
https://doi.org/10.1371/journal.pone.0239573

PLOS ONE

Lipoprotein concentrations in severe COVID-19 patients

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Ye Q, Wang B, Mao J. The pathogenesis and treatment of the ‘Cytokine Storm’in COVID-19. J Infect.
2020; 80(6):607—13. https://doi.org/10.1016/}.jinf.2020.03.037 PMID: 32283152

Merad M, Martin JC. Pathological inflammation in patients with COVID-19: a key role for monocytes
and macrophages. Nat Rev Immunol. 6 mai 2020;

Hu X, Chen D, Wu L, He G, Ye W. Declined serum high density lipoprotein cholesterol is associated
with the severity of COVID-19 infection. Clin Chim Acta Int J Clin Chem. 10 juill 2020; 510:105-10.

Rose H, Hoy J, Woolley |, Tchoua U, Bukrinsky M, Dart A, et al. HIV infection and high density lipopro-
tein metabolism. Atherosclerosis. juill 2008; 199(1):79-86.

Cao W-J, Wang T-T, Gao Y-F, Wang Y-Q, Bao T, Zou G-Z. Serum Lipid Metabolic Derangement is
Associated with Disease Progression During Chronic HBV Infection. Clin Lab. 1 déc 2019; 65(12).

Baker J, Ayenew W, Quick H, Hullsiek KH, Tracy R, Henry K, et al. High-density lipoprotein particles
and markers of inflammation and thrombotic activity in patients with untreated HIV infection. J Infect
Dis. 15 janv 2010; 201(2):285-92. https://doi.org/10.1086/649560 PMID: 19954384

Ulevitch RJ, Johnston AR, Weinstein DB. New function for high density lipoproteins. Isolation and char-
acterization of a bacterial lipopolysaccharide-high density lipoprotein complex formed in rabbit plasma.
J Clin Invest. mars 1981; 67(3):827-37. https://doi.org/10.1172/JCI110100 PMID: 7204557

Grunfeld C, Marshall M, Shigenaga JK, Moser AH, Tobias P, Feingold KR. Lipoproteins inhibit macro-
phage activation by lipoteichoic acid. J Lipid Res. févr 1999; 40(2):245-52. PMID: 9925653

Lee W, Ahn JH, Park HH, Kim HN, Kim H, Yoo Y, et al. COVID-19-activated SREBP2 disturbs choles-
terol biosynthesis and leads to cytokine storm. Signal Transduct Target Ther. 03 2020; 5(1):186. https://
doi.org/10.1038/s41392-020-00292-7 PMID: 32883951

Sorokin AV, Karathanasis SK, Yang Z-H, Freeman L, Kotani K, Remaley AT. COVID-19-Associated
dyslipidemia: Implications for mechanism of impaired resolution and novel therapeutic approaches.
FASEB J Off Publ Fed Am Soc Exp Biol. 26 juin 2020

PLOS ONE | https://doi.org/10.1371/journal.pone.0239573 September 24, 2020 15/15


https://doi.org/10.1016/j.jinf.2020.03.037
http://www.ncbi.nlm.nih.gov/pubmed/32283152
https://doi.org/10.1086/649560
http://www.ncbi.nlm.nih.gov/pubmed/19954384
https://doi.org/10.1172/JCI110100
http://www.ncbi.nlm.nih.gov/pubmed/7204557
http://www.ncbi.nlm.nih.gov/pubmed/9925653
https://doi.org/10.1038/s41392-020-00292-7
https://doi.org/10.1038/s41392-020-00292-7
http://www.ncbi.nlm.nih.gov/pubmed/32883951
https://doi.org/10.1371/journal.pone.0239573

