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Objective: Alveolar fibrocytes are monocyte-derived mesenchymal 
cells associated with poor prognosis in patients with acute respi-
ratory distress syndrome. Our aims were to determine the follow-
ing: 1) the ability of monocytes from acute respiratory distress 
syndrome patients to differentiate into fibrocytes; 2) the influence 
of the acute respiratory distress syndrome alveolar environment 
on fibrocyte differentiation; and 3) mediators involved in this mod-
ulation, focusing on serum amyloid P.
Design: Experimental in vitro investigation.

Setting: Two ICUs of a teaching hospital.
Patients: Twenty-five patients (19 mild-to-severe acute respiratory 
distress syndrome and six matched ventilated controls without 
acute respiratory distress syndrome) were enrolled. Six healthy 
volunteers served as non-ventilated controls.
Interventions: Peripheral blood mononuclear cells were isolated 
from acute respiratory distress syndrome, ventilated controls, and 
non-ventilated controls blood and cultured in vitro. Fibrocytes 
were counted at basal condition and after culture with broncho-
alveolar lavage fluid. Plasma and broncho-alveolar lavage fluid 
serum amyloid P contents were determined by western blot 
and enzyme-linked immunosorbent assay. Serum amyloid P was 
located in normal and acute respiratory distress syndrome lung by 
immunohistochemistry.
Measurements and Main Results: Acute respiratory distress 
syndrome peripheral blood mononuclear cells had a three-fold 
increased ability to differentiate into fibrocytes compared to ven-
tilated controls or non-ventilated controls. Acute respiratory dis-
tress syndrome broncho-alveolar lavage fluid inhibited by 71% 
(55–94) fibrocyte differentiation compared to saline control. Ven-
tilated controls’ broncho-alveolar lavage fluid was a less potent 
inhibitor (51% [23–66%] of inhibition), whereas non-ventilated 
controls’ broncho-alveolar lavage fluid had no effect on fibrocyte 
differentiation. Serum amyloid P concentration was decreased 
in plasma and dramatically increased in broncho-alveolar lavage 
fluid during acute respiratory distress syndrome. Alveolar serum 
amyloid P originated, in part, from the release of serum amyloid 
P associated with lung connective tissue during acute respira-
tory distress syndrome. Serum amyloid P depletion decreased the 
inhibitory effect of acute respiratory distress syndrome broncho-
alveolar lavage fluid by 60%, whereas serum amyloid P replen-
ishment of serum amyloid P-depleted acute respiratory distress 
syndrome broncho-alveolar lavage fluid restored their full inhibi-
tory effect.
Conclusions: The presence of fibrocytes in the lung during acute 
respiratory distress syndrome could result in a balance between 
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higher ability of monocytes to differentiate into fibrocytes and the 
inhibitory effect of the alveolar environment, mainly dependent on 
serum amyloid P. (Crit Care Med 2016; 44:e563–e573)
Key Words: acute respiratory distress syndrome; fibrocyte; 
monocyte; peripheral blood mononuclear cell; serum amyloid P

Acute respiratory distress syndrome (ARDS) remains an 
important cause of mortality in critically ill patients 
(1). Prognosis depends on its severity, and on the pro-

gression of lung injury in case of inadequate lung inflamma-
tory response and alveolar repair. Excessive fibroproliferation 
and ongoing inflammation are both associated with prolonged 
mechanical ventilation and excess mortality (2, 3).

Experimental and clinical studies showed that fibroblasts 
and their progenitors are key actors of normal and patho-
logic alveolar repair during ARDS (4). Fibrocytes are one of 
these progenitors and have been identified as an independent 
predictor of poor outcome during ARDS (5). These spindle-
shaped mesenchymal cells derived from CD14+ monocytes 
(6–9) co-express leukocyte (CD45+) and fibroblast markers 
(collagen 1+) (10) and have been involved in many pulmonary 
and extra-pulmonary repair processes (11–13). Fibrocytes 
are detected in both blood (14) and alveolar fluid of ARDS 
patients (5). Alveolar fibrocytes may originate from the recruit-
ment of circulating fibrocytes to the lung (15, 16) and from 
local differentiation of monocytes in the alveolar spaces (7–9). 
Understanding the mechanisms that influence this differentia-
tion is essential to develop treatments capable of modulating 
these cell populations.

Several cytokines or mediators are able to modulate mono-
cyte-to-fibrocyte differentiation in vitro. Pro-inflammatory 
cytokines such as interferon (INF)-γ and interleukin (IL)-
12 decrease fibrocyte differentiation, whereas pro-fibrotic 
mediators, such as IL-4, IL-13, and transforming growth 
factor (TGF)-β, which are increased in serum and bron-
cho-alveolar lavage fluid (BALF) of ARDS patients (17–19), 
increase this differentiation (20). The serum amyloid P pro-
tein (SAP or pentraxin-2) was identified as the most potent 
inhibitor of fibrocyte differentiation both in vitro and in 
vivo (6, 21). SAP is a 27-kDa member of the short pentraxin 
family, secreted by the liver and contained in normal serum. 
This lectin inhibits fibrocyte differentiation during experi-
mental lung fibrosis in mice in vivo (13, 22, 23). In humans, 
SAP is detected in normal lungs on microfibrils of elastic 
fibers (24). Although data suggest that SAP could participate 
in the modulation of fibrocyte population, its specific role 
during ARDS remains unknown.

We hypothesized that the complex alveolar environment 
may influence the monocyte-to-fibrocyte differentiation dur-
ing ARDS. The aims of our study were 1) to determine the 
ability of monocytes from ARDS patients to differentiate into 
fibrocytes; 2) to determine the influence of the alveolar envi-
ronment during ARDS on the differentiation process; and 3) to 
determine the potential role of SAP in this modulation.

MATERIALS AND METHODS

Study Population and Data Collection
Details are available in the Supplemental methods (page 1) (Sup-
plemental Digital Content 1, http://links.lww.com/CCM/B684).

This study was approved by the ethical committee Paris-Ile 
de France I, and clinical and biological data collections were 
approved by the French committee on health research infor-
mation management (CCTIRS, no. 06.226) and by the French 
national commission on digital storage of personal data 
(CNIL, no. 906183). Written information was given to patients 
or next-of-kin, who could decline inclusion in the study.

Three groups of subjects were defined as follows: 1) “ARDS 
group,” including 19 patients in the first week of evolution of 
moderate-to-severe ARDS according to the Berlin definition (25) 
(among which six patients received hydrocortisone 200 mg/d for 
an associated septic shock at the time of sampling); patients were 
recruited consecutively over the study period of 1 year; 2) venti-
lated controls (VC) group, including, during the same period, six 
VC patients without ARDS criteria matched with ARDS patients 
for severity of illness, age, gender, and the length of mechanical 
ventilation before inclusion (among which none received corti-
costeroids at the time of sampling); 3) non-ventilated controls 
(NVC) group including six healthy volunteers. All the ventilated 
patients were hospitalized in the medical and surgical ICU of 
Bichat Hospital (Paris, France). Demographic data, general infor-
mation regarding the ICU hospitalization, results of arterial blood 
gases, complete blood count, and chest x-ray on the day of inclu-
sion were anonymously and prospectively collected (Table 1).

BAL Collection
Details are available in the Supplemental methods (page 2) 
(Supplemental Digital Content 1, http://links.lww.com/CCM/
B684). BALF was obtained simultaneously with blood samples 
in seven patients in the ARDS group (all without corticoste-
roids). To complete our study, 10 supplemental ARDS BALF, 
10 “VC” BALF, and 10 “NVC” BALF were randomly selected 
among the BALF obtained from patients without steroid 
treatment and collected in our local bio-bank during the pre-
vious 12 months (5). BAL was performed with 5 × 20 mL of 
0.9% saline solution, under fiberoptic control as previously 
described (4, 5), to assess the microbiological diagnosis of sus-
pected ventilator-associated pneumonia.

Peripheral Blood Mononuclear Cells and Monocyte 
Isolation, Culture, and Stimulations
Details are available in the Supplemental methods (page 3) 
(Supplemental Digital Content 1, http://links.lww.com/CCM/
B684). Three to 5 mL of the remaining total blood sampled 
in EDTA tubes for routine hematology analysis was collected. 
Peripheral blood mononuclear cells (PBMCs) were isolated by 
centrifugation over a separation gradient and then seeded in 
non-coated 24-well plates (Costar; Corning, New York, NY) or 
in four wells Permanox chamber slides at 2.5 × 105 cells per well 
in RPMI-1640 GlutaMAX containing 2 mM of glutamine and 
25 mM of HEPES, supplemented with 1% of ITS3+ (ITS3+ Liq-
uid Media Supplement; Sigma-Aldrich, St Louis, MO).

D
ow

nloaded from
 http://journals.lw

w
.com

/ccm
journal by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

y
w

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 01/23/2024

http://links.lww.com/CCM/B684
http://links.lww.com/CCM/B684
http://links.lww.com/CCM/B684
http://links.lww.com/CCM/B684
http://links.lww.com/CCM/B684


Copyright © 2016 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.

Online Laboratory Investigations

Critical Care Medicine	 www.ccmjournal.org	 e565

To study the ability of monocytes to differentiate into 
fibrocytes, PBMCs were cultured in the absence (basal con-
dition), or in the presence of 10 ng/mL recombinant human 
(rh)-IL-4 (Gentaur, Kampenhout, Belgium), or of 10−6 M 
dexamethasone. To study the effect of the alveolar environ-
ment, PBMCs from each ARDS patient were stimulated with 
either 25% of BALF vol/vol, 25% of 0.9% saline solution 
(saline basal control), or 5 μg/mL of purified human SAP 
(hSAP; Merck, Darmstadt, Germany), added to RPMI-1640 
culture medium. A 25% final concentration of BALF in cul-
ture medium was considered optimal in preliminary experi-
ments (Supplemental Fig. 1, Supplemental Digital Content 2,  
http://links.lww.com/CCM/B685). Purified hSAP was 

centrifuged in Amicon Ultra-0.5 centrifugal filter devices 
(Merck) to remove azide sodium before use. All the experi-
ments were done in duplicate.

Fibrocyte Characterization and Count
After 5 days of culture, the plates were fixed and stained using a 
Diff-Quick staining kit (Polysciences, Warrington, PA). Fibro-
cytes were then identified and counted based on their elon-
gated spindle-shaped morphology as previously described (6, 
20, 26, 27), in five different 500-μm-diameter fields of view per 
well and expressed as a percentage of total cells, or as a percent-
age of the fibrocyte count in the saline basal control in experi-
ments comparing BALF stimulations.

Table 1. Characteristics of Acute Respiratory Distress Syndrome Patients, Ventilated 
Controls and Non-Ventilated Controls

Non-Ventilated  
Controls  
(n = 6)

Ventilated  
Controls (n = 6)

Acute Respiratory  
Distress Syndrome  

(n = 19)

Age (yrs) 31.6 [27.9–50.1] 62.8 [60.9–74.6] 49 [39–66.5]

Sex ratio (female/male) (n) 4/2 1/5 5/14

Simplified Acute Physiology Score 2 (at admission) — 49 [46.5–60.5] 51.5 [34–61.8]

Lung injury scorea — 1.2 [0.5–1.6] 2.8 [2.3–3]

Length of mechanical ventilation before inclusion (d) — 12 [4.3–20.5] 12 [5.8–22.8]

Concomitant lung infection, n (%) — 3 (50) 11 (58)

Causes for ICU admission, n (%)

  Pneumonia — 0 8 (42)

  Neurologic disorders — 0 3 (16)

  Suicide attempt — 0 2 (11)

  Acute pancreatitis — 0 2 (11)

  Polytraumatism — 0 1 (5)

  Cardiac arrest — 2 (33) 0

  Cardiogenic shock — 2 (33) 0

  Septic shock — 2 (33) 1 (5)

  Others — 0 2 (11)

Pao2/Fio2 ratioa — 251 [200–295] 122 [81–157]

Diffuse/localized infiltrate on chest x-ray (n) — 3/3 13/6

WBC counta (per mm3) — 12,745 [10,158–19,983] 14,640 [10,713–35,755]

Blood monocytes counta (per mm3) — 1,100 [793–1,288] 750 [485–1,658]

Prognosis

  ICU post-inclusion length of mechanical ventilation (d) — 3 [2–5] 9 [4–20]

  ICU total length of mechanical ventilation (d) — 21 [9–28] 34 [11–43.5]

  ICU length of stay (d) — 24.5 [10–33] 35 [14.5–48]

  Death at day 28, n (%) 0 (0) 2 (33) 7 (37)

Dashes indicate no data for these items.
Results were expressed as median [25th–75th percentile].
aThe day of blood sampling.
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Evaluation of SAP Involvement in Fibrocyte 
Differentiation During ARDS
SAP Western Blotting. Details are available in the Supplemen-
tal methods (page 4) (Supplemental Digital Content 1, http://
links.lww.com/CCM/B684). Unconcentrated BALF and one-
tenth diluted plasma were resolved by 15% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis, transferred onto 
polyvinylidene fluoride membranes, and then probed with 
0.5 μg/mL mouse monoclonal anti-SAP antibody (sc-69796; 
Santa Cruz Biotechnology, Dallas, TX). Blots were incubated 
with a sheep anti-mouse IgG antibody coupled with horserad-
ish peroxidase and revealed with the ECL chemiluminescent 
detection reagent kit (GE Healthcare Life-Sciences). Purified 
hSAP preparations (Merck-Millipore) were used as standards.

SAP Enzyme-Linked Immunosorbent Assay. SAP con-
centration in BALF was measured with a commercial human 
SAP ELISA kit (APCS Human ELISA Kit; Abcam, Cambridge, 
United Kingdom). ARDS and VC BALF were diluted to 1/50 
and 1/20, respectively, whereas NVC BALF was used undiluted. 
The lower limit of detection was 0.15 ng/mL.

Polymerase Chain Reaction for SAP. mRNA was extracted 
using the PureLink RNA Mini kit (Ambion; Life Technologies, 
Waltham, MA) according to the manufacturer’s protocol. Then, 
real-time polymerase chain reaction (PCR) was performed 
using 500 ng of mRNA and the M-MLV Reverse Transcriptase 
kit (Promega, Madison, WI), according to the manufacturer’s 
protocol. Finally, quantitative PCRs for SAP were performed 
with predesigned SYBR green primers (Sigma-Aldrich) for 
human serum amyloid P (hApcs, NM_001639) and with a 
probe set for human ubiquitin C as normalization standard.

SAP Depletion From BALF. SAP was depleted from BALF 
using its linking properties to protein A as previously described 
(6). Briefly, 1 mL of BALF was incubated twice with 75 μL of 
washed Protein A-sepharose beads (Protein A-sepharose 4B 
Fast Flow; Sigma-Aldrich) or with uncoupled sepharose beads 
as control, for 2 hours at 4°C. Then, BALF was centrifuged at 
1,500 rpm for 5 minutes, and the supernatant was collected 
and frozen at –80°C until utilization. In experiments with 
SAP replenishment, purified hSAP was added to SAP-depleted 
BALF, to reach the initial SAP concentration estimated in 
untreated BALF by western blotting.

Immunohistochemistry and Immunofluorescence
Details are available in the Supplemental methods (pages 5 
and 6) (Supplemental Digital Content 1, http://links.lww.com/
CCM/B684). To assess SAP localization in normal (n = 2) and 
ARDS (n  =  7) lung, paraffin-embedded sections were incu-
bated with 2.5 μg/mL mouse monoclonal anti-SAP antibody 
(sc-69796; Santa Cruz Biotechnology), and then with a labeled 
polymer anti-mouse coupled with alkaline phosphatase (His-
tofine; Nichirei Biosciences, Tokyo, Japan), and revealed by an 
alkaline phosphatase substrate-chromogen (Liquid permanent 
red; Dako, Glostrup, Denmark).

Ki67 staining was performed on PBMCs from three ARDS 
patients after 1 and 5 days of culturing with a 1/500e diluted mouse 
monoclonal anti-Ki67 antibody (BD Pharmingen, No. 556003).

SAP and cleaved-PARP immunofluorescence were per-
formed on cell pellets from three ARDS BALF with 2.5 μg/mL 
mouse monoclonal anti-SAP antibody (sc-69796; Santa Cruz 
Biotechnology) and 1.25 μg/mL rabbit polyclonal anti-cleaved 
PARP (p85) antibody (ab4830; Abcam).

Statistical Analysis
Results were expressed as median [25th–75th percentile]. 
Differences between the two groups were assessed by Mann-
Whitney or Wilcoxon paired test and differences between mul-
tiple groups by Kruskal-Wallis or Friedman paired test when 
appropriate. p value less than 0.05 was considered as signifi-
cant. Statistical analysis was performed with GraphPad Prism 
6 (GraphPad Software, San Diego, CA).

RESULTS

The Ability of PBMC to Differentiate Into Fibrocytes 
Is Increased During ARDS
Cultures of PBMCs from ARDS patients showed an increasing 
number of fibrocytes from day 1 to day 5, whereas the prolif-
erative Ki67 marker was negative in all cells (n = 3; Supple-
mental Fig. 2, Supplemental Digital Content 3, http://links.
lww.com/CCM/B686). PBMCs from ARDS patients showed 
an increased ability to differentiate into fibrocytes on day 5 
compared to those obtained from VC or NVC, both at basal 
condition (1.8% [1.5–2.6%] of fibrocytes among total cells  
[n = 13] vs 0.6% [0.2–1.5%] [n = 6] and 0.5% [0.4–0.7%]  

Figure 1. Differentiation of peripheral blood mononuclear cells (PBMCs) 
from acute respiratory distress syndrome (ARDS) patients and controls 
into fibrocytes at basal condition (black symbols) and after recombinant 
human interleukin-4 stimulation (white symbols). PBMCs isolated from 
non-ventilated controls (n = 6; circles), ventilated patients without ARDS 
(n = 6, triangles), ARDS patients (n = 13; squares) and ARDS patients 
treated with corticosteroids (n = 6; diamonds) were cultured for 5 d before 
fibrocyte count. Results are expressed as a percentage of total cells.
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[n = 6], respectively; p = 0.002) and after positive control 
stimulation with rhIL-4 (3.4% [2.9–5.2%] [n = 12] vs 2.2% 
[1.4–5.1%] [n = 6] and 1.6% [0.6–2.4%] [n = 6], respectively; 
p = 0.02) (Fig. 1).

PBMCs isolated from ARDS patients treated with cortico-
steroids demonstrated a decreased capacity to differentiate into 
fibrocytes compared to those isolated from patients without 
corticosteroids, both at basal condition (0.4% [0–0.6%] [n = 6] 
vs 1.8% [1.5–2.6%] [n = 13]; p < 0.001) and after IL-4 stimula-
tion (0.8% [0.5–1.5%] [n = 6] vs 3.4% [2.9–5.2%] [n = 13]; p 
< 0.001) (Fig. 1). Concordantly, in vitro stimulation of PBMCs 
from ARDS patients not receiving corticosteroids with 10−6 M 
dexamethasone potently inhibited fibrocyte differentiation both 
at basal condition (n = 6; 1.1% [0.4–3%] vs 0.1% [0–0.9%]; p = 
0.03) and after rhIL-4 stimulation (n = 5; 2.6% [1.1–8.3%] vs 
0.4% [0.4–1.3%]; p = 0.06) (Supplemental Fig. 3, Supplemental 
Digital Content 4, http://links.lww.com/CCM/B687).

We were able to collect a second blood sample from four 
ARDS patients, 2 weeks after their inclusion in this study. The 
three patients who experienced a resolution of their ARDS 
showed decreased fibrocyte differentiation at basal condition 
(2.8–0.8%, 1.8–1.1%, and 1.8–0%), whereas the last remain-
ing patient, always ventilated for a refractory ARDS, showed 
increased fibrocyte differentiation (1.8–3.9%) (Supplemental 
Fig. 4, Supplemental Digital Content 5, http://links.lww.com/
CCM/B688).

Alveolar Fluid Strongly Inhibits PBMC-to-Fibrocyte 
Differentiation During ARDS
Differentiation into fibrocytes of PBMCs from ARDS patients 
not receiving corticosteroids, cultured with their own BALF 
(i.e., autologous BALF), was potently inhibited by 68% com-
pared to similar saline dilution or medium alone (n = 7; 0.6% 
[0.4–1.6%] of fibrocytes among total cells vs 1.9% [1.6–3.1%] 
and 2.3% [1.3–3.7%], respectively; p < 0.05) (Fig. 2A). Similarly, 
differentiation into fibrocytes of PBMCs from ARDS patients 
not receiving corticosteroids (n = 3), cultured with heterologous 
ARDS BALF, was inhibited by more than 50%, at levels close to 
those observed with autologous BALF (Fig. 2B). On the other 
hand, the same ARDS BALF (n = 3) tested on four different 
ARDS PBMC, led to a constant inhibitory effect, relatively close 
from PBMC from one ARDS patient to each other (Fig. 2C).

BALF from VC also decreased fibrocyte differentiation but 
to a lesser extent than heterologous BALF from ARDS patients 
(n = 10; 51% [23–66%] of inhibition compared to saline basal 
control vs 71% [55–94%]; p = 0.02); whereas, NVC BALF had 
no significant effect on fibrocyte differentiation (Fig. 2D).

Concentration of SAP in Plasma Is Reduced, 
Whereas BALF Contains Large Amounts of SAP 
During ARDS
Plasma from ARDS patients (n  =  24) contained lower SAP 
amounts than NVC (n = 10) as measured by enzyme-linked 
immunosorbent assay (ELISA) (37.5 μg/mL [24.8–42.5 μg/mL] 
vs 58.9 μg/mL [40.9–73.9 μg/mL]; p < 0.01) (Fig. 3A). SAP 
concentration in ARDS BALF (n = 56) was higher than in VC 

BALF (n = 15) (87.5 ng/mL [33–217.7 ng/mL] vs 20 ng/mL [5.5–
27.6 ng/mL]; p < 0.001), or in NVC BALF (n = 10) (5 ng/mL 
[2.5–12.3 ng/mL]; p = 0.003) (Fig. 3B).

By using Western Blot in reducing and denaturing condi-
tions, SAP was detected in ARDS BALF (n = 8) (Fig. 3C) at 
concentrations ranging from about 0.1 to 2.5 μg/mL. No SAP 
was detected in VC BALF (n  =  4) or in NVC BALF (n  =  3) 
(Fig. 3C). Eventually, SAP was detected in plasma at concentra-
tions similar to those determined by ELISA (n = 6) (Fig. 3D).

SAP Present in BALF During ARDS Results From the 
Diffuse Alveolar Damage
SAP was stained on lung biopsies obtained from seven ARDS 
patients (exudative phase, n = 5; fibroproliferative phase, n = 2) 
and from two normal lung controls.

In normal lungs, SAP was located in the connective tissue 
surrounding bronchioles and arterioles and in alveolar septa 
(Fig. 4, A and B). Although we did not observe any staining in 
alveolar epithelial cells, alveolar macrophages, endothelial cells, 
nor in the sparse fibroblast-like cells present in the connective 
tissue (Fig. 4C), we observed intra-cytoplasmic SAP staining in 
hepatocytes of liver biopsies used as positive control (Fig. 4J). 
Amyloid P component serum (APCS) mRNA was not detected 
in normal lung homogenates (Fig. 4K).

During the exudative phase of ARDS, focal interruptions in 
SAP staining were observed in damaged alveolar walls, as well 
as positive staining of hyaline membranes (Fig.  4, D and E) 
and of phagocytic mononuclear cells (Fig. 4F). Macrophages 
from the cell pellets of ARDS BALF were almost all positive for 
SAP in their cytoplasm and for the nuclear apoptotic marker 
cleaved-PARP p85 (Supplemental Fig. 5, Supplemental Digital 
Content 6, http://links.lww.com/CCM/B689). They did not 
express APCS mRNA (Fig. 4K).

During the fibroproliferative phase of ARDS, clusters of 
fibroblasts showed no SAP staining, whereas the remaining 
inflammatory tissue, with persistent mononuclear cell infil-
tration and alveoli disorganization, showed focal SAP stain-
ing and positive staining of the remaining hyaline membranes 
(Fig. 4G and H).

SAP Contained in ARDS BALF Inhibits Fibrocyte 
Differentiation
The addition of 5 μg/mL of purified hSAP inhibited the dif-
ferentiation of PBMCs from ARDS patients into fibrocytes at 
a level similar to that observed with autologous ARDS BALF 
(n = 8; 67% [45–77%] of inhibition compared to saline basal 
control vs 63% [66–93%]) (Fig. 5). Furthermore, the addition 
of 5 μg/mL of purified hSAP to VC BALF increased its inhibi-
tory effect to a level similar to that observed with autologous 
ARDS BALF (n = 5, from 40% [28–55%] to 73% [61–83%];  
p = 0.03) (Fig. 5).

SAP was depleted from ARDS BALF, reaching low concen-
trations similar to those of VC BALF (n = 6) (Fig. 6, A and B). 
SAP depletion reduced the capacity of ARDS BALF to inhibit 
fibrocyte differentiation by 60% (n = 6) (Fig. 6C). Finally, the 
replenishment of SAP-depleted ARDS BALF with purified 
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Figure 2. Effects of broncho-alveolar lavage fluid (BALF) on the differentiation into fibrocytes of peripheral blood mononuclear cells (PBMCs) from acute 
respiratory distress syndrome (ARDS) patients not receiving corticosteroids. A, Effect of autologous ARDS BALF on fibrocyte differentiation. Stimulation 
of PBMC (n = 7) with 25% vol/vol of their own BALF significantly decreases fibrocyte differentiation compared with 25% of 0.9% saline solution or 
medium alone. B, Comparative effects of various ARDS BALF on the differentiation of the same PBMCs into fibrocytes. Heterologous ARDS BALF (black 
symbols) inhibited PBMCs differentiation into fibrocytes at levels close to those observed with autologous BALF (empty symbols, n = 3 independent 
experiments). C, Comparative effects of the same ARDS BALF on differentiation of various PBMC into fibrocytes. For each ARDS BALF (n = 3 independent 
experiments), a constant and relatively similar inhibitory effect is observed whatever the considered ARDS PBMCs (n = 4). D, Comparative effects of 
non-ventilated controls (NVC), ventilated controls (VC) and ARDS BALF on fibrocyte differentiation. ARDS BALF (n = 10) inhibited ARDS PBMCs 
differentiation into fibrocytes, more potently than VC BALF (n = 10), whereas NVC BALF (n = 10) had no effect on fibrocyte differentiation. *p < 0.05 
vs saline basal control. Results are expressed as percentage of fibrocytes among total cells in A, or as percentage of fibrocytes counted in saline basal 
control, considered as 100% and represented by a dotted line, in B–D.
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hSAP to its initial concentration restored its full inhibitory 
effect (n = 3) (Fig. 6, D and E).

DISCUSSION
Our study demonstrated that 1) PBMCs have an increased 
capacity to differentiate into fibrocytes during ARDS; 2) ARDS 
alveolar environment, as assessed by broncho-alveolar lavage, 
strongly inhibits the differentiation of PBMCs from ARDS 

patients into fibrocytes; 3) 
SAP, detected in alveoli during 
ARDS, is mainly responsible 
for this inhibition.

Blood Monocytes’ Ability 
to Differentiate Into 
Fibrocytes Is Increased 
During ARDS
Consistent with other studies 
demonstrating that monocytes 
were precursors of fibrocytes 
(6–9), we confirmed that fibro-
cytes observed in vitro after 5 
days of culture in serum-free 
medium were derived from 
the adherent fraction of the 
total PBMCs and not from 
the proliferation of circulating 
fibrocytes. In these settings, we 
reported an increased ability of 
PBMCs from ARDS patients 
to differentiate in vitro into 
fibrocytes, consistent with that 
reported in burn patients (9). 
In this acute inflammatory 
state, the monocyte-to-fibro-
cyte differentiation increased 
with the severity of damage 
(i.e., the percentage of burned 
total body surface), as observed 
in our study. Several specific 
factors may modulate fibrocyte 
differentiation during ARDS, 
such as composition of mono-
cyte sub-populations (28), 
interactions between mono-
cytes and lymphocytes (8), 
and/or exposition to variable 
amounts of soluble mediators 
in vivo. The concentration of 
SAP, which is the main inhibi-
tor of fibrocyte differentiation 
in plasma (6), was decreased in 
the plasma of ARDS patients, 
and may thus participate in 
part in increased fibrocyte 

differentiation. Furthermore, the inflammatory status of the 
patient may be involved. We observed in several patients that 
the resolution of ARDS was associated with a decreased abil-
ity of PBMCs to differentiate into fibrocytes (Supplemental 
Fig. 4, Supplemental Digital Content 5, http://links.lww.com/
CCM/B688). Several studies also suggest a strong link between 
inflammation and fibrocyte differentiation (13, 29–31). Con-
cordantly, we demonstrated that exposition of monocytes to 
corticosteroids in vivo or in vitro completely inhibited their 

Figure 3. Serum amyloid P (SAP) detection in plasma and broncho-alveolar lavage fluid (BALF). A, Plasma SAP 
concentrations in acute respiratory distress syndrome (ARDS) patients not receiving corticosteroids (n = 24), 
ventilated controls (VC) (n = 9) and non-ventilated controls (NVC) (n = 10). B, BALF SAP concentration in ARDS 
patients not receiving corticosteroids (n = 56), VC (n = 15) and NVC (n = 10) measured by ELISA. Gray symbols 
represent values for the BALF used in the in vitro study (Fig. 2). C, SAP western blotting of BALF from ARDS 
patients not receiving corticosteroids (upper) (n = 8) and from VC (n = 4) and NVC (n = 3) (lower). Western Blot 
for SAP in NVC and VC were revealed with a more sensitive chemiluminescent detection reagent. D, SAP western 
blotting of plasma (P) and BALF (B) from ARDS patients not receiving corticosteroids (n = 6). Plasma was one 
tenth diluted, whereas BALF was left undiluted before resolving.
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differentiation into fibrocytes. This is concordant with a previ-
ous observation made by Pilling et al (32). Finally, the lack of 
SAP in an APCS knock-out mice model is not only associated 
with more fibrocytes and fibrosis deposition during the lung 
injury induced in vivo by bleomycin but also with increased 
lung inflammation (23).

Alveolar Fluid Strongly Inhibits Monocyte-to-Fibrocyte  
Differentiation During ARDS
The increased ability of monocytes to differentiate into fibro-
cytes demonstrated in vitro may participate in the elevation 
of fibrocyte count observed in both blood and alveolar space 
during ARDS (5, 14). Unexpectedly, we observed that ARDS 
BALF dramatically and reproducibly inhibited monocyte-to-
fibrocyte differentiation in vitro. As sodium chloride could 
modulate fibrocyte differentiation (27), we were particularly 
careful to compare the effect of ARDS BALF to that provided 
by the same volume of 0.9% saline solution as a control con-
dition, thus excluding a role of the vehicle and suggesting a 
specific role for alveolar fluid components.

Several studies reported high levels of TGF-β (33) thrombin 
(34), pentraxin-3 (35), and IL-4 (Th2 cytokine) (17) in alveolar 
fluid during ARDS, known to enhance fibrocyte differentiation 
in vitro (20, 36, 37). Inhibitors of fibrocyte differentiation, such as 
Th1 cytokines (IL-12 or INF-γ), have been poorly studied in BALF, 
but their inhibitory effect is considered negligible in the presence 
of stimulating Th2 cytokines (IL-4, IL-13) (20). Other studies 
reported the presence in ARDS BALF of mediators with a moder-
ate inhibitory effect, such as INF-α or TLRs agonists, notably bac-
terial debris (26, 38). By contrast, SAP was reported to be the main 
inhibitor of fibrocyte differentiation in serum (6), and unlike Th1 
cytokines, SAP concentrations above 0.5 μg/mL were able to coun-
terbalance the stimulatory effect induced both by Th2 cytokines 
(20) and pentraxin-3 (37). Therefore, we investigated the potential 
role played by SAP in the BALF inhibitory effect during ARDS.

Detection and Specific Role of SAP in Lung  
During ARDS
To our knowledge, our study is the first to evaluate SAP both in 
BALF and plasma during ARDS. The differences between SAP 

Figure 4. Serum amyloid P (SAP) localization in normal and acute respiratory distress syndrome (ARDS) human lung. A, SAP staining in a peri-vascular 
space and in alveoli (×100). B, SAP staining in normal alveoli (×200). SAP staining forms a nearly continuous line overlapping the thin connective 
wall of alveoli (arrows). C, SAP staining in normal alveolar cells (×1,000). Type 1 (arrow) and type 2 (arrowhead) alveolar epithelial cells, and alveolar 
macrophages (*) are unstained for SAP in normal lung. D and E, SAP staining during the exudative phase of ARDS (×200). The alveolar connective 
wall present breakages, leading to focal interruptions of the normal linear SAP staining (arrowheads), whereas larger structures such arterioles keep 
the classical SAP staining (arrows). Alveolar exudate (in pink, D) and hyaline membranes (*, E) are positively stained for SAP. F, SAP positive staining 
in macrophages (×1,000). During the exudative phase of ARDS, many alveolar macrophages are positively stained for SAP (arrowheads). SAP staining 
appears cytoplasmic and evokes a vesicular staining. G and H, SAP staining during the fibroproliferative phase of ARDS (×100 and ×200). Clusters of 
fibroblasts are unstained for SAP (arrowheads), whereas the remaining exudates and hyaline membranes are positively stained (*). I, Control isotype, 
showing no non-specific staining (×400). J, Positive control of SAP staining in human normal liver (×400). K, Relative expression of APCS mRNA in 
normal adult lung (n = 6) and in cell pellets of ARDS broncho-alveolar lavage fluids (BALFs) (n = 5). Normal human liver (n = 3) was used as positive 
control. APCS = amyloid P component serum (SAP gene), UBC = ubiquitin C. Pictures are representative of results obtained in two normal and seven 
ARDS lungs. Scale bar = 500 μm in A–G, 250 μm in B, D, E, and H, 125 μm in I and J, and 50 μm in C–F.
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BALF levels obtained by ELISA and western blotting could be 
explained at least by 1) the use of different anti-SAP antibodies 
between ELISA and western blotting, which may lead to differ-
ences in SAP recognition and 2) SAP linking to apoptotic and 
necrotic cellular debris, extra-cellular matrix components, and 
microbial polysaccharide antigens, due to its lectin properties 

and to calcium-dependent non-covalent bonds (39, 40). Thus, 
it is likely that actual ARDS BALF SAP content is underesti-
mated by ELISA, since alveolar SAP linked large amounts of 
alveolar debris, as suggested by the positive SAP staining of 
hyaline membranes and inflammatory exudates. By contrast, 
BALF resolved under reducing and denaturing conditions 
allowed for a more complete estimation of SAP concentration.

However, we showed that unconcentrated BALF from ARDS 
patients contained five-fold and 30-fold more SAP than BALF 
from VC and NVC, respectively, reaching concentrations rang-
ing from 0.1 to 2.5 μg/mL. Considering that alveolar fluid is 
1/100 diluted by the BAL procedure, comparison of SAP con-
centrations between plasma and BALF suggested that SAP con-
centration may be higher in the alveolar fluid than in plasma. 
Thus, SAP present in alveolar spaces may originate, at least in 
part, from the lung. Our results confirmed a preliminary report 
of SAP location in the elastic fibers of human normal lung 
(24). As we did not observe APCS mRNA expression in normal 
human lung, concordantly to data available in human tissue 
mRNA sequencing databases (41, 42), pulmonary SAP prob-
ably originates from the accumulation of SAP produced by the 
liver and transuding from plasma. As the histopathological key 
feature of ARDS is diffuse alveolar damage, we hypothesized 
that SAP is released and scattered from the interstitial alveolar 
wall to alveolar spaces. In addition, SAP exudated from plasma 
through the damaged alveolo-capillary barrier likely partici-
pates in alveolar SAP contents. SAP may then participate in 
debris removal and phagocytosis, as suggested by the positive 
cytoplasmic co-staining of alveolar macrophages for SAP and 
cleaved-PARP, and by the absence of the expression of APCS 

Figure 5. Comparative effects of ventilated controls (VC) broncho-
alveolar lavage fluid (BALF) (n = 4), VC BALF supplemented with 
purified human serum amyloid P (SAP) (n = 4), autologous acute 
respiratory distress syndrome (ARDS) BALF (n = 8) or purified human 
SAP (hSAP) alone (n = 8) on differentiation into fibrocytes of peripheral 
blood mononuclear cell (PBMC) from ARDS patients not receiving 
corticosteroids. *p < 0.05 vs saline basal control. Results are expressed 
in percentage of fibrocytes obtained in saline basal control, considered as 
100% and represented by a dotted line.

Figure 6. Effects of serum amyloid P (SAP) depletion of acute respiratory distress syndrome (ARDS) broncho-alveolar lavage fluid (BALF). A and B, Assessment 
of SAP depletion in ARDS BALF using western blot (A, n = 2, representative of six different ARDS BALF) and ELISA (B, n = 6). C, Reversion of the inhibitory 
effect of ARDS BALF with SAP depletion (n = 6 independent experiments). D and E, Reversion of the inhibitory effect of ARDS BALF with SAP depletion and 
restoration of a full inhibitory effect with purified human SAP (hSAP) replenishment to the initial content (n = 3 independent experiments). C and D, Results are 
expressed in percentage of fibrocytes obtained in saline basal control, considered as 100% and represented by a dotted line. Scale bar = 100 μm in E.
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mRNA by the inflammatory cells infiltrating the damaged 
lung. This hypothesis is supported by several reports demon-
strating SAP ability to enhance macrophage phagocytosis of 
apoptotic cells (40, 43, 44).

We therefore investigated the specific role of BALF SAP on 
fibrocyte differentiation. We observed a gradual inhibitory effect 
from NVC BALF to VC BALF, and to ARDS BALF, matching their 
SAP contents. Consistently, SAP depletion from ARDS BALF 
reversed the ARDS BALF inhibitory effect. The remaining inhibi-
tory effect, similar to that observed with VC BALF, could be due to 
residual SAP content and/or to the presence of other inhibitors of 
fibrocyte differentiation such as Th1 cytokines, TLRs agonists, or 
INF-α. Conversely, the addition of purified hSAP in VC BALF led 
to an inhibition similar to that provided by ARDS BALF, whereas 
depleted ARDS BALF replenishment with original SAP content 
restored their full inhibitory effect. Taken together, these results 
indicate that the inhibitory effect of ARDS BALF on fibrocyte dif-
ferentiation is mainly due to its SAP content. As SAP decreased 
bleomycin-induced and TGF-β-induced lung fibrosis in murine 
models (13, 22, 23, 45), it remains to determine if BALF SAP con-
tent also impacts the lung fibrotic changes that could be observed 
during late ARDS in humans.

Limitation and Perspectives
Our work contains some limitations. First, due to the design 
of our study, we had to cross PBMCs from ARDS patients with 
heterologous ARDS BALF in some experiments. Nevertheless, 
we preliminarily confirmed that the inhibitory effect of heterol-
ogous BALF was concordant with that provided by autologous 
BALF. The observational design of our study may have intro-
duced biases that we tried to minimize. Indeed, as we reported 
a specific inhibitory effect of corticosteroids on the ability of 
monocytes to differentiate into fibrocytes, we performed all in 
vitro experiments assessing the role of ARDS BALF and SAP by 
using PBMCs and BALF obtained from patients without cor-
ticosteroid exposure. Further, heterologous ARDS BALF from 
patients without corticosteroid exposure, VC and NVC BALF, 
was randomly selected in our biobank. Thus, concomitant lung 
infections were well balanced between ARDS and VC groups 
(affecting about 50% of patients), whereas ARDS BALF acted 
constantly as an inhibitor to a larger extent than VC BALF. This 
excluded a bias due to lung infection in the constant inhibitory 
effect of ARDS BALF. Eventually, although our study included 
a relatively small number of patients, it was powerful enough 
to obtain significant results, allowing it to be considered as a 
proof of concept.

The potent inhibition of monocyte-to-fibrocyte differ-
entiation exerted by the ARDS alveolar environment in vitro 
may appear at first glance to contradict our previous report 
of increased alveolar fibrocyte counts in vivo (5). Differences 
between in vitro and in vivo processes may contribute to 
explain this apparent paradox. Indeed, Haudek et al (46) 
showed that the inhibitory effect of SAP was lost if monocytes 
first migrated through an endothelium modeled with human 
umbilical vein endothelial cells. This suggests that SAP pres-
ent in alveolar spaces during ARDS could be less efficient in 

inhibiting fibrocyte differentiation from the time monocytes 
migrated to alveoli. Nevertheless, it is probable that the dam-
aged and permeable pulmonary endothelium observed during 
ARDS does not behave as HUVECs.

Alveolar fibrocytes are most likely the result of a complex 
balance between an increased ability of monocytes to differen-
tiate into fibrocytes on one hand and the resultant effect of the 
whole ARDS alveolar fluid on the other. Consequently, alveo-
lar fibrocyte count is likely influenced at least by 1) the evolu-
tionary phases of the ARDS (36); 2) the co-existence of a lung 
infection (26); 3) the immune cellular response and polariza-
tion (20); and 4) the severity of injury (35). Eventually, direct 
recruitment of circulating fibrocytes to the lung may also be a 
source of alveolar fibrocytes.

In conclusion, our results bring insight to the role of the 
alveolar environment on the modulation of the lung fibrocyte 
population during ARDS and give new translational data on 
the role of SAP in human diseases. Further studies are needed 
to determine the potential therapeutic role of SAP in acute 
respiratory distress syndrome.
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