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Abstract

Background: Biomarkers of disease severity might help individualizing the management of patients with the acute
respiratory distress syndrome (ARDS). Whether the alveolar compartmentalization of biomarkers has a clinical signifi-
cance in patients with pneumonia-related ARDS is unknown. This study aimed at assessing the interrelation of ARDS/
sepsis biomarkers in the alveolar and blood compartments and explored their association with clinical outcomes.

Methods: Immunocompetent patients with pneumonia-related ARDS admitted between 2014 and 2018 were
included in a prospective monocentric study. Bronchoalveolar lavage (BAL) fluid and blood samples were obtained
within 48 h of admission. Twenty-two biomarkers were quantified in BAL fluid and serum. HLA-DR* monocytes and
CD8™ PD-1" lymphocytes were quantified using flow cytometry. The primary clinical endpoint of the study was hos-
pital mortality. Patients undergoing a bronchoscopy as part of routine care were included as controls.

Results: Seventy ARDS patients were included. Hospital mortality was 21.4%. The BAL fluid-to-serum ratio of IL-8 was
20 times higher in ARDS patients than in controls (p <0.0001). ARDS patients with shock had lower BAL fluid-to-serum
ratio of IL-1Ra (p =0.026), IL.-6 (p=0.002), IP-10/CXCL10 (p=0.024) and IL.-10 (p =0.023) than others. The BAL fluid-to-
serum ratio of IL-1Ra was more elevated in hospital survivors than decedents (p =0.006), even after adjusting for SOFA
and driving pressure (p =0.036). There was no significant association between alveolar or alveolar/blood monocytic
HLA-DR or CD8" lymphocytes PD-1 expression and hospital mortality.

Conclusions: -8 was the most compartmentalized cytokine and lower BAL fluid-to-serum concentration ratios of
IL-1Ra were associated with hospital mortality in patients with pneumonia-associated ARDS.
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Background

The acute respiratory distress syndrome (ARDS) is
the most severe form of acute hypoxemic respira-
tory failure and affects 10% of all intensive care unit
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(ICU) patients. Despite advances in patient manage-
ment during the previous decades, hospital mortality
of ARDS remains as high as 40% [1]. As most pharma-
cological interventions tested in ARDS yielded disap-
pointing results [2—4], the identification of biomarkers
of disease severity that would be potential therapeutic
targets or allow for individualizing patient manage-
ment has become a major area of research. Indeed,
combining plasma biomarkers and clinical variables
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has been shown to improve mortality prediction in
ARDS patients [5] and allowed for identifying subphe-
notypes with different clinical outcomes and thera-
peutic intervention responses [6, 7]. While blood has
been the most common biological sample used to
search candidate biomarkers, bronchoalveolar lavage
(BAL) fluid is the closest sample to the site of injury
and more accurately reflects the local lung environ-
ment [8], as illustrated by a pioneer study that iden-
tified BAL fluid—but not plasma—Ilevels of IL-8 to
predict ARDS development in at-risk patients [9]. In
fact, no single biomarker obtained from blood samples
has been shown to be consistently associated with out-
comes in a recent systematic review [10]. This lack of
association may be due to an alveolar compartmentali-
zation of biomarkers during pneumonia-related ARDS.

Pulmonary infections account for the vast majority
of ARDS risk factors [11] and are associated with sep-
tic shock in about 70% of cases. In patients with septic
shock, a sustained decrease in HLA-DR expression on
circulating monocytes [12, 13] was consistently asso-
ciated with an increased risk of nosocomial infections
[14] and a higher risk of death [14—16]. Programmed
death receptor-1 (PD-1) is an inhibitory immune
checkpoint receptor expressed on activated lympho-
cytes and myeloid cells, which participates to immune
tolerance maintain [17]. Preclinical experiments using
ARDS [18] models showed a survival benefit of PD-1
pathway inhibition, suggesting that PD-1 expression
on immune cells could be an outcome biomarker in
patients with sepsis [19-21] and ARDS [18]. Sepsis-
induced defects in innate and adaptive immune cells
were not only observed in blood but also in the lungs
of patients dying from sepsis, illustrating that such
immune alterations also occurred in situ, although the
clinical significance of such regional alterations has
not been established [22]. Monitoring blood mono-
cyte HLA-DR expression has been previously used to
guide targeted immunological interventions [23-25]
and it has been speculated that the quantification
of HLA-DR on alveolar monocytes [26] may enrich
the identification of patients who might benefit from
immunomodulatory interventions [16, 27, 28].

Better understanding the interplay of ARDS bio-
markers between the alveolar and blood compart-
ments seems a critical step to provide new insights
into pathogenesis. In the current study, we aimed to
assess in a prospective cohort of patients with mod-
erate to severe pneumonia-associated ARDS: (1) the
interrelation of ARDS/sepsis biomarkers in the alveo-
lar and blood compartments, and (2) explore their
association with clinical outcomes.
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Materiel and methods

Study design

This prospective single-center observational cohort
study was approved by the institutional ethics commit-
tee (Comité de Protection des Personnes Ile-de-France
V, Paris, France, #13899). Consecutive patients diagnosed
with pneumonia-related ARDS admitted to the medical
ICU of Henri Mondor Hospital, Créteil, France, from
January 2014 to December 2018 were eligible for inclu-
sion in the study. Informed consent was obtained from all
included patients or their relatives.

Patients and data collection

All patients with moderate/severe pneumonia-related
ARDS [11] were included consecutively with the follow-
ing inclusion criteria: tracheal intubation and mechani-
cal ventilation since less than 48 h; pulmonary infection
diagnosed less than 7 days before ICU admission; bilat-
eral pulmonary infiltrates on chest X-ray; a PaO,/FiO,
ratio <200 mmHg with a positive end-expiratory pres-
sure (PEEP)>5 cm H,O. Non-inclusion criteria were as
follows: age<18 vyears; pregnancy; chronic respiratory
failure requiring long-term oxygen therapy; Child—Pugh
C liver cirrhosis; lung fibrosis; immunosuppression,
SAPS II (Simplified Acute Physiology II score)>90,
irreversible neurological disorders, patients with with-
holding/withdrawing of life-sustaining therapies and pro-
found hypoxemia (PaO,/FiO, <75 mmHg).

Control patients (i.e., non-mechanically ventilated
patients free of ARDS or immunosuppression; n=7)
undergoing a bronchoscopy with bronchoalveolar lavage
(BAL) and blood sampling as part of routine care were
also included (Additional file 1: Table S1). None of the
controls was receiving antibiotics at the time of BAL fluid
and blood sampling.

Demographics, clinical and laboratory variables upon
ICU admission, at samples collection time points and
during ICU stay were prospectively collected. The initial
severity of ARDS patients was assessed using the SAPS II
[29] and the sequential organ failure assessment (SOFA)
scores. Other variables included the use of adjuvant
therapies for ARDS (i.e., neuromuscular blocking agents,
nitric oxide inhalation, prone positioning, extracorporeal
membrane oxygenation), the need for hemodialysis or
vasopressors, the administration of corticosteroids, the
number of ventilator- and organ failure-free days at day
28 and ICU mortality. The clinical endpoint of the study
was hospital mortality.

ARDS patients received mechanical ventilation using a
standardized protective ventilation strategy [30]. Other
treatments, including neuromuscular blocking agents
[31], nitric oxide inhalation [32], prone positioning [33]
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and extra-corporeal membrane oxygenation were admin-
istered depending on the severity of ARDS [34]. The
prevention of ventilator-associated pneumonia followed
a multifaceted program [35]; Sedation and mechanical
ventilation weaning followed standardized protocols [36].

BAL fluid and blood sampling

BAL fluid was collected and preserved undiluted from
all ARDS patients during a bronchoscopy performed
within 48 h of ARDS onset. BAL fluid samples were
also collected from control patients. Concomitant blood
samples were obtained in ARDS and control patients.
During a standard flexible bronchoscopy, the broncho-
scope was wedged within a bronchopulmonary segment.
Four aliquots of normal saline (50 mL each) were instilled
through the bronchoscope within the selected bron-
chopulmonary segment. After each aliquot was instilled,
saline was retrieved using a negative suction pressure
(BAL fluid return did not differ between ARDS patients
and controls: median=59 mL [first-third quartiles] [46—
74] mL versus 80 mL [48-91], p=0.40). BAL samples
were filtered through a 100 um cell strainer, centrifugated
and BAL cells were then collected in phosphate buft-
ered saline solution. BAL fluid cytology was performed
by direct microscopy after centrifuging bronchoalveolar
lavage fluid samples (12,000 revolutions for 10 min) and
dying under the May—Griinwald—Giemsa staining. Total
(quantified in cells/mL) and differential (i.e., percent of
neutrophils, macrophages and lymphocytes) cell counts
were measured as recommended [37].

Blood and BAL fluid samples were shipped at room
temperature to the cytometry platform and analyzed
within two hours. BAL fluid and blood samples were cen-
trifuged and supernatants were stored at — 80 °C for sub-
sequent analyses.

Flow cytometry analysis

Blood and BAL fluid immuno-staining were performed
as follows: 100 pL of whole blood or BAL fluid were
incubated for 10 min at room temperature in the dark
with the following conjugated-monoclonal antibodies:
anti-CD3-AA750, anti-CD8-AA700, anti-CD279 (PD-
1)-PC7 or isotype control, anti-HLA-DR-PB or isotype
control, anti-CD14-ECD and CD45-Krome Orange
(Beckman Coulter). For blood samples, red-blood cells
were then lysed using Versalyse Solution (Beckman
Coulter). Washed blood and BAL fluid-stained samples
were immediately acquired on a 10-multicolor Navios
flow cytometer and analyzed with the Kaluza 2.1 soft-
ware (both from Beckman Coulter). The gating strat-
egy is depicted in Additional file 1: Figure S1 in BAL
fluid (Panel A) and blood (Panel B). HLA-DR and PD-1
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quantification were expressed in percentage of positive
cells or mean fluorescence of intensity (MFI).

Inflammation and endothelium/alveolar epithelium injury
biomarkers quantification in BAL fluid supernatant
Cytokines were measured at distance using Luminex
multiplex bead-based technology (R&D Systems,
Minneapolis, MN, USA) and a Bio-Plex 200® instru-
ment (BioRad, Hercules, CA, USA), according to
the manufacturers’ protocols. BAL fluid concentra-
tions of 22 biomarkers, including inflammatory mark-
ers and cytokines/chemokines (interleukin (IL)-1Ra,
IL-6, IL-7, IL-8, IL-10, IL-12/23p40, IL-13, IL-17A,
interferon (IFN)-y, tumor necrosis factor (TNF)-a,
granulocyte—macrophage-colony stimulating factor
(GM-CSF), RANTES, CXCL10, Serpin E1), endothe-
lial injury (intercellular adhesion molecule-1 (ICAM-
1), vascular endothelial growth factor (VEGF), von
Willebrand Factor (vWF), angiopoietin (Ang)-1/2) and
alveolar epithelium injury (receptor for advanced gly-
cation end products (RAGE), surfactant protein (SP)-D,
amphiregulin) biomarkers, were quantified in BAL fluid
supernatant and serum and expressed in fluorescence
intensities and concentrations (pg/mL).

®

Data presentation and statistical analysis

Continuous variables are reported as median [1st—3rd
quartiles] or mean +standard deviation (SD), and com-
pared using the unpaired Student t test or the Mann—
Whitney test, as appropriate. Comparison of paired
quantitative variables was performed using the Wilcoxon
matched-pairs signed-rank test or two-way ANOVA with
repeated measures when more than two groups were
compared. Correlations between continuous variables
were assessed using the Spearman method. Qualita-
tive variables are expressed as numbers and percentages
and compared with the Chi® or Fischer tests, as recom-
mended. Uni- and multivariable logistic regression mod-
els were used to assess the relationship between BAL
fluid-to-serum concentration ratios of biomarkers, BAL
fluid-to-blood ratio of monocytic HLA-DR or T CD8*
lymphocyte PD-1 expression, as continuous variables,
and hospital mortality (dependent variable). Adjusted
analyses were performed including major prognostic
variables defined a priori (i.e., SOFA score [38] and driv-
ing pressure [39]). No imputation of missing variable
was performed. A p value<0.05 was considered signifi-
cant. Statistical analyses were performed using GraphPad
Prism (version 8.0, GraphPad Software, Inc., San Diego,
CA, USA) and R 3.1.2 (The R Foundation for Statistical
Computing, Vienna, Austria).
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Results

Initial presentation and outcomes of patients

with pneumonia-related ARDS

One hundred and eighty-eight patients with moderate-
to-severe pneumonia-related ARDS were admitted to
the ICU during the four-year study period, of whom
118 had non-inclusion criteria and 70 were included in
the study (Additional file 1: Figure S2). A microbiologi-
cal documentation was obtained in 87% (#=61/70) of
included patients, 67% (n=47/70) of whom had bacterial
infections, and 26% (n=18/70) had viral infections (four
had bacterial and viral coinfections) (Additional file 1:
Table S2). The comorbidities, clinical and biological char-
acteristics of patients at ICU admission and at the time
the first BAL was sampled (i.e., after a median delay of
one day following intubation) are presented in Additional
file 1: Table S1.

In-hospital mortality was 21.4% (n=15/70). Patients
who were dead at hospital discharge did not exhibit more
frequent ventilator-associated pneumonia episodes or
septic shock during hospital stay but required more fre-
quent renal replacement therapy than those who sur-
vived (Table 1).

Biomarkers in the bronchoalveolar lavage fluid and serum
of patients with pneumonia-related ARDS

Biomarkers previously shown to be associated with key
pathways involved in the pathophysiology of ARDS [8,
10] were quantified in BAL fluid and serum samples
obtained in average one day after intubation and com-
pared with those of controls. As expected, dramatically
higher concentrations of these biomarkers were observed
in ARDS patients (Additional file 1: Figures S3a and S3b).
Significant positive correlations were observed between
BAL fluid and serum concentrations for most of the stud-
ied biomarkers (Fig. 1a). In an attempt to assess the alveo-
lar concentrations of these biomarkers relative to those of
serum, we computed BAL fluid-to-serum concentration
ratios (Figs. 2a, b). Strikingly, BAL fluid-to-serum ratios
of most of the measured biomarkers yielded values close
to 1 in ARDS and controls, indicating no concentration
gradient between the alveolar and blood compartments,
while values greater than one were observed for SP-D,
IL-6, IL-8 and IP-10/CXCL10. Of note, the only cytokine
that showed a significantly higher ratio in ARDS patients
than in controls was IL-8 (p <0.0001, Fig. 2a), with meas-
ured concentrations which were 20 times as high in BAL
fluid than in serum. We further investigated whether
patients who had septic shock at the time the biomarkers
were drawn exhibited different BAL fluid-to-serum ratios
than others. Interestingly, most of the cytokines involved
in innate immunity (i.e., IL-1Ra, IL-6, IP-10/CXCL10 and
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IL-10), together with Ang2, a biomarker of endothelial
injury, showed significantly higher ratios in non-shocked
versus shocked patients, indicating less alveolar compart-
mentalization of these biomarkers in shocked patients
(Fig. 2b).

An exploratory analysis assessing the prognostic value
of the BAL fluid-to-serum ratio of these biomarkers indi-
cated that IL-10, IL1-Ra, amphiregulin and RAGE were
significantly associated with hospital mortality (Table 2).
Yet, the only biomarker whose BAL fluid-to-serum ratio
remained significantly associated with mortality after
adjusting for admission SOFA and driving pressure was
IL-1Ra (Table 2). A comparison of the area under the
curves of receiver operating characteristic curves for
serum versus BAL fluid versus BAL fluid-to-serum ratio
of IL-10, IL1-Ra, amphiregulin and RAGE and hospital
mortality consistently showed that BAL fluid-to-serum
ratios had the strongest association with hospital mortal-
ity, except for serum RAGE levels that showed the same
prediction performances than did BAL fluid-to-serum
ratios (Additional file 1: Figure S4). Raw BAL fluid and
serum biomarkers concentrations in survivors and dece-
dents are shown in Additional file 1: Table S3.

Cell surface biomarkers on bronchoalveolar and blood
leukocytes of patients with pneumonia-related ARDS

As expected in pneumonia-related ARDS, BAL fluid cel-
lularity was elevated (median: 470 x 10° cells/mL [227—-
975] and differential cell counts showed a majority of
neutrophils (69% [38—84], Table 1), consistent with alveo-
lar inflammation.

We quantified the monocytic expression of HLA-
DR, a prognostic cell surface biomarker in septic shock
patients [15], on bronchoalveolar and circulating mono-
cytes, within 48 h of tracheal intubation. As compared
with control patients, those with pneumonia-related
ARDS exhibited significantly lower HLA-DR expression,
both on circulating (p<0.0001 when expressed in per-
centage of positive cells; Fig. 3a) and alveolar (p <0.0001
when expressed in MFI; Fig. 3b) monocytes. ARDS
patients also displayed dramatically higher HLA-DR
expression, expressed both in percentage of positive cells
(p<0.0001; Fig. 3a) and MFI (p<0.0001; Fig. 3b), on their
alveolar than on their blood monocytes, consistent with
the recruitment of activated monocytes in the infected
lungs. Of note, there was a significant positive correlation
between HLA-DR expression on circulating and on alve-
olar monocytes (Fig. 1b). The BAL fluid-to-blood ratio of
HLA-DR monocytic expression was computed so that to
better assess the compartmentalization of this biomarker
during pneumonia-associated ARDS: when expressed
in percentage of HLA-DR positive monocytes, the ratio
was higher in ARDS patients than in controls. We also
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Table 1 Characteristics and outcomes of patients with pneumonia-associated acute respiratory distress syndrome
(n=70) who survived (n=55) to hospital discharge or not (n=15)

Variables Available data Survived Died p value
N=55 N=15
Demographics and comorbidities
Age 70 59 [51-69] 70 [57-79] 0.197
Gender, male 70 38 (69) 12 (80) 0.407
BMI, kg/cmZ 70 27.31[23.7-31.8] 264 [23.7-28.0] 0.440
Diabetes mellitus 70 16 (29) 3(20) 0483
COPD 70 10(18) 3(20) 0.872
Chronic heart failure 70 10 (18) 3(20) 0.872
Liver cirrhosis 70 3(5) 0(0) 0355
Smoker 70 24 (44) 8(53) 0.504
Patients characteristics upon ICU admission
SOFA 70 9[7-10] 12 [5-14] 0.142
SAPS I 70 43 [31-55] 53 [41-62] 0.165
Admission-intubation?, days 70 0.0[0.0-1.0] 0.0[0.0-1.0] 0.961
Number of ARDS risk factors 70 1[1-2] 1[1-1] 0.239
Temperature 70 38.5[38.0-39.1] 38.2[37.5-39.5] 0492
ARDS severity (Berlin) 70 0.719
Mild 24 0(0)
Moderate 20 (36) 5(33)
Severe 33 (60) 10 (67)
Driving pressure, cmH,0 70 14 12-17] 16 [13-20] 0.240
Crs, mL/cmH,0 70 26 [23-34] 28[21-33] 0.901
Lung injury score 70 25[22-30] 2.2[2.0-27] 0418
PEEP, cmH,0 70 10 [6-12] 8[5-10] 0.162
Tidal volume, mL/kg of PBW 70 6.1 [5.8-6.5] 6.3 [6.0-6.9] 0.642
PaO,/FiO, ratio, mmHg 70 92 [73-139] 91 [73-188] 0.858
PaCO,, mmHg 70 46 [40-51] 50 [33-59] 0.858
pH 70 7.34[7.27-7.42] 7.30[7.25-7.39] 0.261
Arterial blood lactates, mM 70 1.5[1.0-2.5] 1.901.0-3.7] 0410
Creatinine, umol/L 70 85 [68-149] 130 [81-234] 0.119
Bilirubin, umol/L 70 11 [6-18] 19 [12-58] 0.008
Prothrombin time, % 70 76 [64-84] 60 [42-74] 0.018
WBC counts, 10%/mm? 70 11.7 [8.0-19.5] 138 [8.3-18.6] 0.949
Neuromuscular blockers 70 40 (73) 12 (80) 0.568
Prone position 70 20 (36) 3(20) 0232
ECMO 70 2(4) 1(7) 0.607
Shock® 70 14 (25) 7 47) 0.112
Patients characteristics upon BAL 1 sampling
SOFA 70 8[6-10] 11 [7-13] 0.083
Intubation-BAL 1 ¢, days 70 1.0[1.0-1.0] 1.0[1.0-1.0] 0.868
BAL cells, 10°/mL 70 415 [224-962] 565 [250-1700] 0.657
BAL macrophages, % 70 25 [12-49] 26 [8-51] 0.775
BAL lymphocytes, % 70 3[1-6] 5[1-9] 0.530
BAL neutrophils, % 70 69 [38-83] 72 [38-90] 0616
Driving pressure, cmH,0 70 12 [10-14] 15[12-17] 0.030
Crs, mL/cmH,0 70 33[26-42] 32 [22-40] 0371
Lung injury score 70 2.5[22-30] 2.2[2.0-27] 0418
PEEP, cmH,0 70 10 [8-14] 8[5-10] 0.018
Tidal volume, mL/kg of PBW 70 6.1 [5.8-6.5] 6.1 [5.8-6.3] 0.647
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Table 1 (continued)
Variables Available data Survived Died p value
N=55 N=15
PaO,/FiO, ratio, mmHg 70 168 [116-241] 138 [117-238] 0457
PaCO,, mmHg 70 44 [38-47] 42 [38-57] 0.931
pH 70 7.39[7.32-7.44] 7.35[7.26-7.40] 0127
Arterial blood lactates, mM 70 1.3[0.8-2.0] 1.501.2-2.7] 0.175
Creatinine, umol/L 70 91 [65-166] 179 [91-255] 0.009
Bilirubin, umol/L 70 11 [7-19] 21 [11-48] 0.029
Prothrombin time, % 70 73 [61-80] 51 [40-66] 0.007
Platelets, 10%/mm? 70 198 [149-268] 189 [130-238] 0.229
WBC counts, 10%/mm? 70 10.7 [8.6-19.7] 15.5[10.3-20.6] 0.383
Lymphocytes, 10°/mm> 62 081[06-1.2] 10[06-2.1] 0.366
Monocytes, 10%/mm? 62 0.5[03-1.0] 0.5[0.2-1.4] 0.908
Neutrophils, 10%/mm? 62 9.1[7.0-17.1] 132[9.8-15.3] 0.539
Neuromuscular blockers 70 36 (65) 11(73) 0.565
Prone position 70 22 (40) 3(20) 0.152
ECMO 70 3(5) 3(20) 0.074
Shock® 70 12 (22) 7(47) 0.055
Outcomes
VAP 70 17 (31) 5(33) >0.99
Viral reactivation 70 9(16) 5(33) 0.161
[@1% 2(4) 1(7) 0.521
HSV 7(13) 4(29) 0.215
Shock dose steroids 70 17 (31) 7(47) 0.254
Shock? 70 39 (71) 9 (60) 0.420
Renal replacement therapy 70 14 (25) 9 (60) 0.012
ECMO 70 4(7) 4(27) 0.058
MV duration, days 70 8 [5-20] 9 [4-30] 0.662
MV free days at day 28, days 70 20 [11-23] 0[0-0] <0.0001
ICU length of stay, days 70 16 [9-25] 10 [5-33] 0.226
Hospital length of stay, days 70 24 [13-51] 10 [5-50] 0.075
ICU mortality 70 0(0) 13 (87) <0.0001

ARDS acute respiratory distress syndrome, BAL bronchoalveolar lavage, BMI body mass index, CMV cytomegalovirus; COPD chronic obstructive pulmonary disease, Crs
compliance of the respiratory system, VAP ventilator-acquired pneumonia, ECMO extracorporeal membrane oxygenation, HSV Herpes simplex virus, ICU intensive care
unit, MV mechanical ventilation, PEEP positive end-expiratory pressure, PBW predicted body weight, SOFA sequential organ failure assessment, SAPS Il simplified acute

physiology score II, WBC white blood cell
Bolded p values are statistically significant (p <0.05)

p values come from the Mann-Whitney test; categorical variables are shown as n (%); p values come from the Chi? or the Fisher exact test, as appropriate

2 Time elapsed between ICU admission and tracheal intubation
b As defined by the Sepsis 3 definition

¢ Time elapsed between tracheal intubation and sampling of the first bronchoalveolar lavage (BAL 1)

4 As defined by the Sepsis 3 definition; continuous variables are presented as median [15-3" quartiles]

compared this ratio between patients with and without
septic shock, as HLA-DR monocytic expression is an
outcome biomarker in this specific group of patients, and
observed that it was lower in the former than in the latter
(Fig. 2b).

There was no statistically significant association
between HLA-DR expression on alveolar monocytes

and hospital mortality, even after adjusting for poten-
tially confounding variables (i.e., SOFA score and driv-
ing pressure, Additional file 1: Table S4). There was
also no significant relationship between the BAL fluid-
to-blood ratio of HLA-DR monocytic expression and
hospital mortality. There was a negative correlation
between HLA-DR on alveolar monocytes and the SOFA
score (Spearman r=— 0.42; p =0.0003).
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Fig. 1 Spearman correlation coefficients of inflammatory cytokines, epithelial/endothelial injury biomarkers (a) and cell surface biomarkers (b)
measured in the alveolar (bronchoalveolar lavage (BAL) fluid) and blood compartment. Positive correlations are indicated in red, negative ones in

Patients with pneumonia-related ARDS exhibited
significantly higher PD-1 expression on both alveolar
(»=0.001) and blood (p=0.022) T CD8" lymphocytes
than did control patients. Among ARDS patients, a
higher expression of PD-1 was also observed on alveolar
than on blood T CD8" lymphocytes (p <0.0001; Fig. 3c
and p=0.016; Fig. 3d), consistent with the recruitment
of activated CD8* lymphocytes at the site of infection.
There was no statistically significant association between
PD-1 on alveolar T CD8" lymphocytes or the BAL fluid-
to-blood ratio of PD-1T CD8" cells (in percentage or
MFI) and hospital mortality (Additional file 1: Table S5).

Discussion

The current study included 70 patients with pneumo-
nia-related ARDS and quantified the concomitant con-
centration/cell surface expression of biomarkers in the
bronchoalveolar and blood compartments. This was a

cohort of homogeneous immunocompetent patients,
all diagnosed with moderate-to-severe ARDS since less
than 48 h when included in the study. The main results
of the current study are as follows: (1) IL-8 had the high-
est BAL fluid-to-serum concentration ratio and IL-1Ra,
IL-6, IP-10/CXCL10 and IL-10 showed higher lung/
blood concentration gradients in non-shocked than in
shocked patients; ((2) in an exploratory analysis, IL-1Ra
were associated with hospital mortality after adjusting
for major confounding variables defined a priori (i.e.,
SOFA and driving pressure); and (3) HLA-DR expres-
sion measured within 48 h of intubation on monocytes
and PD-1 expression on T CD8" lymphocytes showed a
lung compartmentalization, but were not associated with
hospital mortality.

The identification of reliable biomarkers constitutes a
major area of research in ARDS to help predict its devel-
opment, stratify disease severity into more accurate
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compared with controls (opened circles) (a, €); ARDS patients with shock (dark blue) are compared with ARDS patients without shock (light blue) (b,
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phenotypes, provide new insights into its pathogen-
esis and monitor response to treatment [8]. Although
regarding patient phenotyping have

improvements

been made using multiparametric approaches combin-
ing clinical and biological variables [6, 7], no single bio-
marker obtained from blood samples has been shown to
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Table 2 BAL fluid-to-serum concentration ratios of cytokines and epithelial/endothelial injury biomarkers in pneumonia-
associated ARDS patients who survived (n =55) to hospital discharge or not (n=15)

Survived (n=55) Died (n=15) Univariable analysis Multivariable analysis
OR 95% Cl p value? OR 95% Cl Adjusted
p value®
TNF-a 8[1.34-3.48] 2.17[1.01-4.41] 0.96 [0.82-1.12] 0612 -
IL-10 1.59[1.13-2. 39] 1.08 [0.75-0.55] 0.31[0.11-0.87] 0.014 0.3910.14-1.09] 0.060
IFN-y 3[1.33-1.93] 139[1.16-1.81] 0.78[0.37-1.64] 0.310 -
IP-10 CXCL10 4.52[1.73- 952} 2.16[0.76-4.97] 0.92[0.81-1.04] 0.073 -
IL-17a 1.16 [1.05-1.29] 1.14[1.07-1.21] 0.81 [0.40-1.65] 0.843 -
IL-8 CXCL8 20.96 [9.07-43.21] 11.57 [7.70-24.03] 0.97[0.93-1.01] 0.163 -
IL-6 348[1.10-10.16] 1.36 [0.61-4.72] 0.95 [0.86-1.04] 0.099 -
I11-Ra 1.03[0.55-1.82] 0.50[0.29-0.72] 0.15[0.03-0.72] 0.006 0.18[0.04-0.88] 0.036
I-13 61[0.38-0.82] 0.57[0.13-1.27] 0.83[0.28-247] 0.805 -
SP-D 4.83[2.57-8.55] 4.87 [1.42-6.50] 0.94 [0.82-1.07] 0.303 -
GMCSF 1.60[1.17-2.06] 0[1.14-245] 1.33[0.74-2.39] 0.899 -
Amphiregulin 1.481[1.18-2.14] [O 92-1.45] 0.31[0.07-1.37] 0.037 044 10.13-1.49] 0.129
IL12-23p40 134 [1.16-1.59] 5010 42] 0.64 [0.18-2.25] 0.130 -
Ang2 0.04 [0.02-0.12] 0.01 [0.00~ OOH 0.01 [0.00-31.68] 0.274 -
Angl 0.01 [0.00-0.01] 0.01 [0.00-0.08] 387 [0-575 769] 0.763 -
ICAM1 0.44[0.10-1.03] 0.23[0.12-0.54] 0.22[0.04-1.19] 0.079 -
VWF 0.38[0.17-0.44] 9[0.14-0.31] 0.04 [0.00-4.43] 0.100 -
RAGE 2.36[1.25-3.85] 0[0.64-2.00] 0.58 [0.34— 098] 0.021 0.59[0.34-1.04] 0.052
VEGF 0.17 [0.07-0.74] 0.331[0.19-1.72] 0.99[0.91-1.07] 0.223 -
IL-7 048 [0.35-0.62] 041 [0.30-0.72] 0.76 [0.03-18.06] 0.645 -
RANTES 0.02 [0.01-0.05] 0.06 [0.01-0.24] 235 [1-66, 569] 0.178 -
SerpinE1l 242 [0.51-4.56] 1.60 [0.29-5.66] 1.03 [0.85-1.25] 0.564 -

Variables are expressed as median [1st-3rd quartiles] of fluorescence intensity
OR 95% Cl odds ratio and their 95% confidence interval

@ Unadjusted p values come from the Mann-Whitney test

b Adjusted p values yielding statistical significance at the p <0.05 level come from multivariable logistic regression analyses and were adjusted for SOFA and driving
pressure by multivariable logistic regression analysis; bolded results are significant at the p <0.05 level

be consistently associated with outcomes [10], possibly
because of a compartmentalization of biomarkers dur-
ing pneumonia-related ARDS. In the current study, we
explored the interrelation between alveolar and blood
concentrations of biomarkers previously associated with
ARDS and observed significant correlations between
both compartments for most of the cytokines meas-
ured. Yet, alveolar concentrations of pro-inflammatory
cytokines, including IL-6, IL-8 and IP-10/CXCL10, and
of SP-D, were significantly higher than their serum con-
centrations, consistent with a lung borne production of
these biomarkers, the most compartmentalized of which
was IL-8, a potent neutrophil chemoattractant, confirm-
ing its pivotal role in ARDS pathophysiology [5, 9]. More-
over, the fact that patients with shock had lower BAL
fluid-to-serum concentrations ratios of the main pro/
anti-inflammatory cytokines (i.e., IL1-Ra, IL-6, IP-10/
CXCL10 and IL-10) suggests that less lung-compart-
mentalization of these mediators might be a mechanism

leading to extra-pulmonary organ failures complicating
the course of ARDS, as previously hypothesized [40, 41].
The fact that lower values of the BAL fluid-to-serum ratio
of IL-1Ra was associated with hospital mortality, even
after adjusting for SOFA and driving pressure, reinforces
this hypothesis.

HLA-DR expression on alveolar monocytes of ARDS
patients was lower than that of control patients, sug-
gesting a down-regulation of HLA-DR expression in
the infected lungs. Such finding mirrors the previ-
ously reported down-regulation of HLA-DR expres-
sion on circulating monocytes of patients with septic
shock [13]. During septic shock, monocyte deactiva-
tion, defined as diminished antigen-presenting capacity
reflected by the down-expression of HLA-DR, has been
repeatedly associated with morbidity and mortality
[14, 15]. The decrease in HLA-DR expression on cir-
culating monocytes is thus a robust predictor of out-
come in septic shock patients, which can be restored by
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Fig. 3 HLA-DR' monocytes and T CD8 4 PD-1" lymphocytes in bronchoalveolar lavage fluid and blood of patients with pneumonia-related acute
respiratory distress syndrome (ARDS) (n=70) and controls (n=7). Expression of monocytic HLA-DR was quantified in percentage of positive cells
(@) or in mean fluorescence intensity (MFI, b); by two-way ANOVA with repeated measures, there was a significant effect of group (ARDS vs controls,
p<0.0001) and of sample compartment (BAL fluid vs blood, p <0.0001), with significant interaction (group x compartment, p <0.0001 in percentage
and p=0.0011 in MFI), on the expression of monocyte HLA-DR. Expression of PD-1 on CD8* lymphocytes was quantified in percentage of positive
cells () or in mean fluorescence intensity (MFI, d). By two-way ANOVA with repeated measures, there was a significant effect of group (ARDS vs
controls, p<0.001) and of sample compartment (BAL fluid vs blood, p <0.001), without significant interaction (group x compartment, p=0.549),
when expressed in percentage of positive cells (c). When results were expressed in MFI (d), there was no significant effect of group (ARDS vs control
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Displayed p values come from post hoc comparisons performed using the Sidak'’s test. Horizontal bars represent median values

immunostimulation with GM-CSF [24]. However, we
did not observe a significant association between early
HLA-DR expression on alveolar monocytes and hospital
mortality. Few studies focused on the outcome impact
of a decreased alveolar monocytic HLA-DR expres-
sion. Making the hypothesis that reversing HLA-DR
down-regulation on alveolar monocytes would improve
outcomes, Herold et al. administrated inhaled GM-
CSF in six patients with pneumonia-related ARDS with

documented decreased HLA-DR expression on alveolar
monocytes, as a compassionate intervention [42]. In this
pilot study, inhaled GM-CSF administration was associ-
ated with improved oxygenation and restored HLA-DR
expression on alveolar monocytes, but the lack of control
arm and the low number of patients treated precluded
any firm conclusion to be drawn. Our data show that
monitoring HLA-DR expression on alveolar monocytes
during the first 48 h of pneumonia-related ARDS did not
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allow for identifying a subset of patients at higher risk of
poor outcomes, thus suggesting this biomarker should
not be used—at least during the early phase of ARDS—
to monitor regional immune status or guide therapeutic
interventions.

Interestingly, HLA-DR expression was higher on alveo-
lar than on circulating monocytes in pneumonia-related
ARDS patients. Such compartmentalization of HLA-DR
expression has already been observed in septic shock
patients [43]. The fact that alveolar monocytic HLA-
DR expression was also lower in ARDS than in control
patients is consistent with the recruitment of circulat-
ing monocytes into the alveolar space [44]. As expected,
the SOFA score was negatively correlated with HLA-DR
expression on alveolar monocytes, suggesting that the
number of organ failures was associated with monocyte
deactivation in the lungs, as previously shown in circulat-
ing monocytes of septic shock patients [14].

We also quantified PD-1 expression on alveolar and
blood T CD8* lymphocytes. Patients with pneumonia-
related ARDS exhibited significantly higher PD-1 expres-
sion on both alveolar and peripheral circulating T CD8*
lymphocytes than control patients. This is consistent
with the work of Zhang et al. [45] reporting higher PD-1
expression on peripheral T cells of septic shock patients
than on those of controls. Several studies reported that
patients with septic shock and high levels of PD-1 expres-
sion on peripheral T lymphocytes were more likely to
have an increased mortality and more occurrence of
nosocomial infections [20] and Morrell et al. reported
that PD-L1/PD-1 pathway-associated genes were signifi-
cantly decreased in alveolar macrophages from ARDS
patients who died or had prolonged mechanical ventila-
tion [46]. However, we observed no significant associa-
tion between PD-1 expression level on alveolar T CD8*
lymphocytes and outcomes. Additionally, patients with
pneumonia-related ARDS had significantly higher PD-1
expression on alveolar than on blood T CD8* lympho-
cytes. Such compartmentalization of PD-1 expression
was already observed in preclinical experimental as well
as in autopsy studies and may chiefly reflect the recruit-
ment of activated lymphocytes at the site of infection [22,
47].

Our study certainly has a number of limitations.
This is a monocentric study including a homogeneous
population of patients with pneumonia-related ARDS,
thus limiting its external validity and the generaliz-
ability of the findings. The relatively small number of
patients included precluded validating our results in
an independent validation cohort, and the results of
the conducted analyses, some of which would loss sta-
tistical significance after accounting for multiple test-
ing, should be considered exploratory and interpreted
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with caution. Regarding the analysis of the relationship
between biomarkers and hospital mortality, we have
chosen not to control all statistical tests performed
for multiple testing but instead preferred to adjust for
prognostic variables defined a priori (i.e., SOFA score
and driving pressure). Our control patients’ population
only included spontaneously breathing patients, not
receiving antibiotics at the time of BAL fluid sampling,
which might have contributed to between group differ-
ences. Other limitations of our study are the constraints
associated with measuring BAL fluid-to-serum ratios
of biomarkers, and limiting their analysis in “real life”
conditions. We thus acknowledge the current study is
more likely to have an impact on our understanding of
the pathophysiology of the compartmentalization of
biomarkers during ARDS than on clinical management.
The flow cytometry gating strategy used for distin-
guishing alveolar monocytes from macrophages did not
use antibodies for CD206 and CD169 [48] but identi-
fied side scatter intermediate (SSC), CD45" and CD14™
cells. Although such methods were previously reported
[49], we cannot exclude that our alveolar monocytes
population was contaminated by macrophages. Last,
we chose not to normalize BAL fluid concentrations of
the studied biomarkers using BAL fluid-to-serum urea
or albumin concentration ratios, as none of these meth-
ods has been shown to improve the accuracy of the
measurements performed [50, 51]. Our study also has
some strengths, including a prospective design allowing
for uniform timing of measurements at a clinically rel-
evant time-point and the combination of clinical, flow
cytometry and cytokines data.

Conclusion

In conclusion, this study showed that, in patients with
pneumonia-associated ARDS, IL-8 was the most com-
partmentalized cytokine and that lower BAL fluid-to-
serum concentration ratios of IL-1Ra were associated
with hospital mortality, even after adjusting for SOFA
and driving pressure. In contrast, neither alveolar mono-
cytic HLA-DR expression nor T CD8" lymphocyte PD-1
expression were prognostic biomarkers.
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