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Collectins such as mannose-binding lectin (MBL) and surfactant protein D (SP-D) become temporarily deposited in 
extravascular compartments after tissue injury and perform immune-stimulatory or inflammation-limiting functions. 
However, their turnover mechanisms, necessary to prevent excessive tissue damage, are virtually unknown. In this study, 
we show that fibroblasts in injured tissues undertake the clearance of collectins by using the endocytic collagen receptor 
uPAR​AP. In cellular assays, several types of collectins were endocytosed in a highly specific uPAR​AP-dependent process, 
not shared by the closely related receptor MR/CD206. When introduced into dermis or bleomycin-injured lungs of mice, 
collectins MBL and SP-D were endocytosed and routed for lysosomal degradation by uPAR​AP-positive fibroblasts. Fibroblast-
specific expression of uPAR​AP governed endogenous SP-D levels and overall survival after lung injury. In lung tissue from 
idiopathic pulmonary fibrosis patients, a strong up-regulation of uPAR​AP was observed in fibroblasts adjacent to regions 
with SP-D secretion. This study demonstrates a novel immune-regulatory function of fibroblasts and identifies uPAR​AP 
as an endocytic receptor in immunity.
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Introduction
Defense collagens, notably including collectins, ficolins, and 
Class A scavenger receptors, are important components of the 
innate immune system. These proteins function as pattern rec-
ognition receptors and bind to the surface of pathogens as well as 
to apoptotic cells (Litvack and Palaniyar, 2010; Foo et al., 2015). 
This event in turn triggers opsonization, agglutination, or com-
plement activation (McCormack and Whitsett, 2002; Cravedi 
and Heeger, 2014).

Defense collagen expression is enhanced during infection, 
inflammation, and fibrosis (Forbes and Haczku, 2010). After se-
cretion, soluble defense collagens are found in the circulation, 
but in many cases, they are also in extravascular compartments. 
Mannose-binding lectin (MBL), a central blood-borne defense 
collagen, becomes deposited at injured sites after several types 
of skin injury, where it acts in the defense against infectious 
agents as well as in the clearance of apoptotic cells (Lokitz et al., 
2005). In the lung, two types of collectins, surfactant proteins D 
and A (SP-D and SP-A, respectively), are present on mucosal and 
alveolar surfaces where they play critical roles in innate immune 
responses (Madan et al., 2001; Wu et al., 2003).

While the increased presence of collectins at sites of tissue in-
jury is well documented, much less is known about their mecha-
nisms of turnover and clearance in tissue repair and homeostasis. 
In particular, this is the case in the extravascular compartments. 
Although several cell surface molecules with collectin-binding 
capacity have been identified, most of these components are 
engaged directly in processes of opsonization and phagocytosis 
rather than mediating collectin clearance (Holmskov et al., 1997; 
Ghiran et al., 2000; Gardai et al., 2003).

All defense collagens share the possession of triple-helical do-
mains with similarity to structural collagens. These collagen-like 
domains are important for the assembly of single polypeptide 
units into the biologically active, higher-order oligomers but also 
take part in various protein–protein interactions (Haczku, 2008). 
Strikingly, however, it has never been investigated whether these 
triple-helical domains have an impact on the regulation of collec-
tins or whether they are recognized by collagen receptors with 
endocytic function.

Two endocytic receptors, urokinase plasminogen activator 
receptor–associated protein (uPAR​AP; Endo180; CD280) and 
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mannose receptor (MR; CD206), have been shown to bind and 
internalize solubilized collagen (Jürgensen et al., 2014). These 
two receptors, being the products of the MRC2 and the MRC1 
genes, respectively, are structurally closely related (Behrendt 
et al., 2000; Sheikh et al., 2000). Interestingly, however, they 
have very different expression patterns. uPAR​AP is expressed 
on certain mesenchymal cell types after activation, such as the 
myofibroblasts of tumor stroma (Nielsen et al., 2002; Sulek et al., 
2007) and hepatic stellate cells and activated fibroblasts in liver 
fibrosis (Madsen et al., 2012). In the resting, healthy organism, 
expression of uPAR​AP is limited and mostly confined to sites of 
tissue remodeling (Engelholm et al., 2001; Wagenaar-Miller et 
al., 2007; Madsen et al., 2013a; Abdelgawad et al., 2014). In con-
trast, MR is found on leukocyte subpopulations including mac-
rophages and dendritic cells (Martinez-Pomares, 2012; Schuette 
et al., 2016) as well as in the liver endothelium, where it serves 
as a clearance receptor for collagen degradation products and 
various glycoproteins (Lee et al., 2002; Malovic et al., 2007). The 
expression of MR is particularly enhanced on M2-like macro-
phages (Madsen et al., 2013b), a cell type considered more closely 
associated with tissue repair than with inflammation and often 
associated with cancer invasion (Mantovani et al., 2002). Thus, 
both receptors are expressed by cells that are abundant at sites 
of injury, including conditions in which extravascular collectins 
are also present. 

In this study, we demonstrate a novel immunological function 
of fibroblasts in which these cells act as direct regulators of the 
innate immune system by using uPAR​AP to clear collectins from 
injured tissue.

Results
uPAR​AP is a unique endocytosis receptor for a wide spectrum 
of defense collagens
Since the structure of defense collagens includes a triple-helical, 
collagen-like domain (Haczku, 2008), we hypothesized that this 
domain could be involved in the clearance of defense collagens 
through the binding to a specific receptor. To set up a system mea-
suring cellular uptake of these ligands, we first focused on two 
well-characterized defense collagens, MBL and SP-D, belonging 
to the group of soluble collectins (Fig. 1 A). Recombinant prepa-
rations of both of these proteins were shown to be composed of 
the disulphide-linked oligomers that constitute the active defense 
collagen (Fig. S1 A). The proteins were labeled with 125I and shown 
to retain Ca2+-dependent binding to Escherichia coli, one of their 
natural biological binding partners (Fig. S1 B). Radioligand uptake 
experiments were then performed with CHO cells transfected to 
express established endocytic receptors for collagen (uPAR​AP and 
MR; Jürgensen et al., 2014) as well as structurally related recep-
tors within the same protein family (family shown in Fig. 1 B).

Strikingly, cells transfected with just one of these receptors, 
uPAR​AP, displayed a strong endocytic capacity for both collectins 
(Fig. 1, C and D). This property was indeed caused by the expres-
sion of uPAR​AP since mock-transfected cells had no such capacity. 
As an independent test of the uPAR​AP dependence of this process, 
we treated uPAR​AP-transfected cells with a function-blocking an-
tibody against uPAR​AP, mAb 5f4 (Madsen et al., 2011). This treat-
ment led to a strongly reduced ligand uptake (shown for SP-D; 
Fig. S1 C). None of the other receptors appeared to possess this 
ability, including MR. This was surprising since both uPAR​AP and 

Figure 1. uPAR​AP-dependent endocytosis of 
SP-D in vitro. (A) Domain structure of mono-
meric defense collagens SP-D, SP-A, MBL, fico-
lins, C1q, collectin-11, collectin-12, SR-AI, and 
MAR​CO. The domain structures include a colla-
gen-like domain, which takes part in both homo-
typic and heterotypic protein interactions. TM, 
transmembrane domain; CTLD, C-type lectin-like 
domain; FBG, fibrinogen-like domain; gC1q, glob-
ular C1q domain; SRCR, scavenger receptor (SR) 
cysteine-rich domain. (B) Domain structure of 
the members of the MR protein family: uPAR​AP 
(ENDO180, MRC2, and CD280), MR (MRC1 and 
CD206), PLA2R (phospholipase A2 receptor), 
and DEC-205 (CD205). CysRich, cysteine-rich 
domain; FNII, fibronectin type-II domain. (C–E) 
Internalization of radiolabeled SP-D (C), MBL (D), 
and collagen type I (E) in CHO cells transfected 
to express uPAR​AP, MR, PLA2R, or DEC-205 or 
transfected with empty vector (mock). (F) Inter-
nalization of radiolabeled SR-AI, MAR​CO, collec-
tin-12, collectin-11, ficolin-1, and C1q in CHO cells 
transfected to express uPAR​AP or mock cells. The 
following statistical tests were used: one-way 
ANO​VA (C–E) and two-tailed Student’s t test (F). 
Analysis was performed in triplicate. Data are 
presented as mean ± SD.
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MR were confirmed to mediate collagen endocytosis by the trans-
fected cells used in this study (shown for collagen type I; Fig. 1 E).

Six additional recombinant proteins representing different 
classes of soluble and membrane-associated defense collagens 
(Fig. 1 A) were also tested as potential ligands in the same man-
ner. The soluble Collectin-12/CL-P1 and the membrane-associ-
ated defense collagens SR-AI and MAR​CO were all efficiently and 
specifically internalized by uPAR​AP-transfected cells, whereas a 
more moderate but still significant dependence of uPAR​AP was 
noted for the cellular uptake of Ficolin-1, Collectin-11/CL-K1, and 
C1q (Fig. 1 F).

Uptake of MBL by uPAR​AP-positive dermal fibroblasts in vivo
We next set out to investigate the cellular uptake of collectins in 
vivo. While collectins other than the SPs are mostly present in 
the circulation, MBL becomes deposited in the skin after several 
types of injury, including infection, skin burn, and pemphigus- 
or systemic lupus erythematosus (SLE)–induced lesions (Møller-
Kristensen et al., 2006; Miller et al., 2010; de Messias-Reason et 
al., 2011; Wallim et al., 2014). To study the uptake of MBL in the 
skin, we used transgenic mice expressing GFP under the col1a1 
promoter (henceforth referred to as col1a1-GFP mice; Krempen et 
al., 1999). Since this promoter has a high degree of specificity for 
cells of fibroblastic lineage, it should allow for simple identifica-
tion of fibroblasts, including cells with a potential expression of 
uPAR​AP. This system was first verified by flow cytometry–based 
analysis of skin cell suspensions using established cell type 
markers to assess the expression of GFP in defined cell popula-
tions (Fig. 2). This experiment confirmed the specific fibroblastic 
expression of GFP since virtually all of the GFP fluorescence was 
associated with the CD45−,CD31−,EpCAM− cell population (Figs. 3 
A and S2 A). The col1a1-GFP mice were then injected subcutane-
ously with mixtures of fluorescent MBL and either fluorescent 

dextran, a general marker for endocytosis (Fig. 3 B; Madsen et al., 
2013b), or a fluorescent monoclonal antibody against uPAR​AP, 
mAb 2h9 (Fig. 3 C). 24 h after injection, mice were sacrificed, and 
the dermis was imaged by confocal microscopy.

This experiment clearly showed an uptake of MBL by distinct 
cell types, where it accumulated in a vesicular pattern (Fig. 3, B 
and C, left), and many of these MBL-positive cells were fibro-
blasts (GFP positive; green channel). Fibroblasts were also active 
in the uptake of dextran, known to be routed to the endosomal/ly-
sosomal compartments after endocytosis (Madsen et al., 2013b). 
After uptake, MBL displayed a vesicular distribution identical to 
that of dextran (Fig. 3 B, compare white and red channels). Even 
more strikingly, the MBL-positive fibroblasts were also positive 
for uPAR​AP, with the intracellular vesicular patterns of MBL and 
the anti-uPAR​AP antibody being identical after uptake (Fig. 3 C).

The uptake of MBL in fibroblasts was confirmed by flow cytom-
etry after MBL injection into live mice in the same manner. When 
skin cell suspensions were analyzed by this method, an approxi-
mately even distribution of MBL in fibroblasts and macrophages 
was observed (Figs. 3 D and S2 B). Injection of the anti-uPAR​AP 
antibody also led to a marked uptake in fibroblasts, with the great 
majority of GFP+ cells being uPAR​AP positive (Figs. 3 E and S2 
C). Expression of uPAR​AP in other cell types was very limited in 
this tissue (Figs. 3 E and S2 C). Although MBL uptake in uPAR​AP- 
positive fibroblasts was clearly evident, the experimental model 
did not allow for a direct evaluation of the impact of uPAR​AP on 
the uptake process. We therefore isolated primary fibroblasts 
from the dermis of newborn WT and littermate-matched uPAR​AP- 
deficient mice (Engelholm et al., 2003; Kjøller et al., 2004) and 
examined their uptake of radiolabeled MBL. These experiments 
revealed a pronounced uptake of MBL in WT cells, which was 
strongly reduced in the uPAR​AP-deficient cells (Fig.  3  F, non-
hatched columns) as well as in WT cells pretreated with the 

Figure 2. Gating strategy for flow cytome-
try–based analysis of dermal and lung cells. 
Flow cytometry strategy for analyzing dermal 
and lung single-cell suspensions for the expres-
sion of GFP, the association of cells with fluores-
cent collectins, or the expression of uPAR​AP. GFP 
was expressed under the col1a1 promotor (using 
col1a1.GFP mice), whereas fluorescent collectins 
(MBL [dermal cells] and SP-D [lung cells]) and flu-
orescent anti-uPAR​AP antibody were taken up by 
cells in vivo. Single-cell suspensions were stained 
for CD45, F4/80, CD11b, EpCAM, and CD31. 
CD45− cells (nonleukocytes) were separated 
into EpCAM+ epithelial cells, CD31+ endothelial 
cells, and EpCAM−CD31− cells. Fibroblasts were 
identified as GFP+ in the EpCAM−CD31− popula-
tion. CD45+ cells (leukocytes) were divided into 
F4/80+CD11b+ (macrophages), F4/80−CD11b+ 
(nonmacrophage, myeloid cells), and CD11b− 
(nonmyeloid leukocytes).
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function-blocking mAb 5f4 against uPAR​AP (Fig.  3  F, hatched 
columns). Thus, uPAR​AP on primary fibroblasts is active in the 
endocytosis of MBL.

Uptake of SP-D by uPAR​AP-positive fibroblasts in 
the injured lung
We went on to investigate whether lung fibroblasts could per-
form a similar endocytosis of the lung-associated collectin SP-D 
from the alveolar space. To do this, we performed intratracheal 
instillation of fluorescent SP-D into col1a1-GFP mice. 24 h later, 
mice were sacrificed, and alveoli were inspected by flow cytom-
etry and confocal microscopy. When the cellular composition 
of lung cell suspensions from these mice was analyzed by flow 
cytometry using the same markers as employed for dermal 
cells (Fig. 2), by far the majority of the GFP fluorescence was 
again associated with fibroblasts (CD45−,CD31−,EpCAM− cells; 
Figs. 4 A and S3 A). Although a low number of CD45+ were in 
this case also GFP positive, these cells presented with a fluores-
cence intensity 10–20-fold lower than that of the fibroblasts. 
However, when the alveoli from these mice were inspected by 
confocal microscopy, it turned out that cells with SP-D uptake 
were mostly GFP negative or displayed a very low GFP signal 
(i.e., being nonfibroblasts), and in most cases, they appeared 
to be alveolar macrophages based on localization and morphol-
ogy (Fig. 4 B).

These observations were in line with the fact that SP-D is 
confined to the alveolar space in nonpathological conditions. 
Therefore, to test a possible role of fibroblasts in SP-D endocyto-
sis after lung injury, we subjected col1a1-GFP mice to treatment 
with bleomycin, inducing a state of acute interstitial lung in-
flammation, which gradually progresses to fibrosis (Williamson 
et al., 2015). After 10 d, we then delivered fluorescent SP-D to 
the lungs by intratracheal instillation and examined the lungs 
as above. As expected, bleomycin treatment led to a pronounced 
increase in the number of inflammatory (CD45+) cells (Fig. S3 B) 
but only modest relative changes in both CD45+ and CD45− sub-
populations (Fig. S3, C and D). After treatment, a large fraction 
of both macrophages (CD45+F4/80+CD11b+) and other myeloid 
cells (CD45+F4/80−CD11b+) had measurable expression of GFP 
(Fig. 4 C, left; and Fig. S3 A). However, the GFP intensity of in-
flammatory cells was again very much lower than that of the fi-
broblast population (Fig. 4 C, right), with this difference being 
even larger (30–50-fold) than that observed in the healthy lung. 
Consequently, this system would still enable a safe identification 
of fibroblasts based on a strong GFP expression.

Strikingly, confocal analysis of the lungs after injury revealed 
that GFP-positive fibroblasts with SP-D uptake were now abun-
dant (Fig. 4 D). In these cells, the SP-D fluorescence displayed a 
vesicular pattern very similar to that observed with fluorescent 
MBL in uPAR​AP-positive skin fibroblasts.

Figure 3. Flow cytometry and confocal imag-
ing reveals in vivo uptake of the collectin 
MBL by uPAR​AP-positive fibroblasts in der-
mis. (A) Flow cytometry–based quantification 
of GFP-positive cells in dermal cell populations 
acquired from col1a1.GFP transgenic mice. (B 
and C) Uptake of Alexa Fluor 647–labeled murine 
MBL-A (white) by dermal fibroblasts in vivo was 
assessed using confocal imaging 24 h after subcu-
taneous injection into col1a1.GFP mice. MBL was 
coinjected with either Alexa Fluor 546–labeled 
10 kD dextran (B, red) or Alexa Fluor 555–labeled 
anti-uPAR​AP mAb 2h9 (C, red). Fibroblasts (green) 
with a vesicular uptake of MBL and dextran (B) 
as well as MBL and the anti-uPAR​AP antibody (C) 
were abundant. A nonfibroblast cell population 
with MBL uptake was also observed, and a very 
potent uptake of dextran in these cells positively 
identified them as dermal macrophages (arrows). 
Hoechst 33342 was used for visualization of cell 
nuclei (blue). (D and E) Quantification of the 
number of MBL-associating (D) and uPAR​AP- 
positive cells (E) within dermal cell populations 
assessed using flow cytometry 24 h after subcu-
taneous injection of Alexa Fluor 647–labeled MBL 
or Alexa Fluor 647–labeled anti-uPAR​AP mAb 
2h9 into col1a1.GFP mice. Injection of Alexa Fluor 
647–labeled irrelevant murine IgG was used as a 
negative control (E). n = 5 (A), 4 (D), and 6 (E). (F) 
Internalization of radiolabeled MBL in cultured 
primary dermal fibroblasts from uPAR​AP−/− mice 
and WT (uPAR​AP+/+) littermates. Internalization 
was examined in the absence or presence of the 
uPAR​AP function-blocking antibody mAb 5f4. 
One-way ANO​VA was used to test for statistical 
significance. Analysis was performed in triplicate. 
Data are presented as mean ± SD.
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Figure 4. Uptake of SP-D in uPAR​AP-positive fibroblasts in vivo after lung injury. (A and C) Flow cytometry–based quantification of GFP-positive cells 
and their MFIs in lung cell populations acquired from unchallenged (A) or bleomycin-treated (C) col1a1.GFP mice. (B and D) Uptake of Alexa Fluor 647–labeled 
SP-D (white) by lung cells was examined using confocal imaging 24 h after intratracheal instillation into the lungs of unchallenged or bleomycin-treated col1a1-
GFP mice. SP-D uptake in unchallenged mice (B) was dominated by alveolar macrophages (arrows), but after bleomycin injury (D), fibroblasts (green) with SP-D 
uptake were abundant. Hoechst 33342 was used for visualization of cell nuclei (blue). (E–G) Flow cytometry–based analysis of ligand uptake by lung cells from 
unchallenged or bleomycin-treated col1a1-GFP mice. Cellular uptake of fluorescent ligands was recorded 24 h after intratracheal instillation of Alexa Fluor 
647–labeled SP-D (E and F), or 24 h after i.v. injection of Alexa Fluor 647–labeled anti-uPAR​AP mAb2h9 (G). (E) Fraction of GFP+ fibroblasts (left) and other lung 
cell populations (right) positive for SP-D uptake. Col1a1-GFP mice that had not been injected with fluorescent SP-D were used as negative controls. (F) Level of 
SP-D associated with SP-D+GFP+ fibroblasts as determined by Alexa Fluor 647 MFI. (G) Fraction of GFP+ fibroblasts (left) and other lung cell populations (right) 
positive for uptake of fluorescent mAb 2h9. Col1a1-GFP mice injected with Alexa Fluor 647–labeled irrelevant murine IgG was used as negative control. n = 7–9. 
Two-tailed Student’s t test was used to test significance. (H) Top: Western blotting for uPAR​AP in lysates prepared from untreated or bleomycin-treated mouse 
lung cells enriched for fibroblasts (see Materials and methods). Cell lysates from uPAR​AP-deficient mice (−/−) were included as negative controls. Bottom: 
Nonreducing SDS-PAGE and Coomassie Brilliant Blue staining of protein lysates as loading controls for the Western blot. (I) Internalization of radiolabeled SP-D 
in primary dermal fibroblasts from uPAR​AP−/− mice and WT (uPAR​AP+/+) littermates. Analysis was performed as in Fig. 3 F.
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The uptake of fluorescent SP-D in different cell types was then 
determined by flow cytometry of lung cell suspensions from the 
injected mice (Fig. S4 A; see Fig. 2 for gating system). Fibroblasts 
(CD45−CD31−EpCAM−GFP+ cells) of unchallenged mice were con-
firmed to be mostly negative for SP-D uptake (mean value 13% 
SP-D–positive cells), but in accordance with the confocal imag-
ing, a much larger proportion of fibroblasts (49%) became pos-
itive for SP-D after bleomycin-induced injury (Fig. 4 E, left; and 
Fig. S4 A). Even more importantly, the SP-D fluorescence signal 
in these SP-D–endocytosing fibroblasts was strongly increased 
after bleomycin treatment (Fig. 4 F).

In a separate experiment, bleomycin-treated or unchallenged 
mice were injected with fluorescent anti-uPAR​AP mAb2h9 into 
the circulation, followed by flow cytometry analysis of lung cell 
suspensions as above. Very strikingly, whereas only 14% of fi-
broblasts in unchallenged mice were positive for endocytosis of 
the anti-uPAR​AP antibody, this fraction increased to 48% after 
bleomycin treatment (Fig.  4  G, left; and Fig. S4 B). A Western 
blotting of fibroblast-enriched lung cells confirmed a strong 
up-regulation of uPAR​AP after bleomycin treatment (Fig. 4 H). 
Concomitantly, a strong increase in the col1a1 promoter–driven 
expression of GFP was noted within the CD45−CD31−EpCAM−

GFP+ cell population when comparing bleomycin-treated and un-
challenged mice (Fig. 4, A and B, right), consistent with fibroblast 
activation (Kendall and Feghali-Bostwick, 2014).

In addition to fibroblasts, various other cell types also showed 
increased or decreased association with SP-D after lung injury 
(Fig. 4 E, right; and Fig. S4 A), but in none of these was uPAR​
AP detected (Fig. 4 G, right). When analyzing the distribution of 
all SP-D+ cells within the CD45− and CD45+ populations, respec-
tively, fibroblasts were found to make up only 21% of CD45−SP-D+ 
cells in the unchallenged mice but as much as 61% of CD45−SP-D+ 
cells after bleomycin treatment (Fig. S4 C, left), supporting an 
increased role of fibroblasts in SP-D uptake after lung injury. 
Macrophages were the clearly dominant CD45+SP-D+ cell popu-
lation in both unchallenged and bleomycin-treated mice (Fig. S4 
C, right). Details on the macrophage contribution to SP-D uptake 
are provided below.

To evaluate a direct role of uPAR​AP in SP-D endocytosis and 
turnover, we examined the uptake of this collectin in vitro using 
primary fibroblasts from WT and uPAR​AP-deficient mice. As for 
MBL, a pronounced uptake of radiolabeled SP-D was evident in 
WT cells, with a strongly reduced uptake being obtained in the 
uPAR​AP-deficient cells as well as in WT cells treated with mAb 
5f4 (Fig. 4 I).

uPAR​AP expression regulates endogenous SP-D in the injured 
lung and affects the sensitivity of mice to lung damage
With fibroblasts evidently involved in clearance of exoge-
nously instilled SP-D after lung injury, we next studied the im-
portance of uPAR​AP in governing the endogenous SP-D levels 
and the pathological consequence thereof. To do this, we per-
formed bronchioalveolar lavages (BALs) on uPAR​AP-deficient 
and littermate WT mice that were either kept unchallenged 
or subjected to lung injury as caused by treatment with either 
bleomycin or lipopolysaccharide (LPS). After determining the 
lung weight of each specimen (Fig. S5, A–C), BAL fluids were 

then assayed for SP-D content by ELI​SA (Fig. 5, A–C). This ex-
periment showed that the uPAR​AP-mediated uptake of SP-D 
in injured lungs had a direct impact on the alveolar SP-D con-
centration levels. Thus, the BAL samples from the injured 
lungs displayed a significantly elevated SP-D concentration in 
the uPAR​AP-deficient mice as compared with WT, with mean 
values of 134% and 148% for bleomycin and LPS treatment, re-
spectively (Fig. 5, A and B). As expected from the experiment 
with fluorescence-labeled SP-D above, the SP-D concentrations 
proved identical in WT and uPAR​AP-deficient mice in the ab-
sence of challenge (Fig. 5 C).

Since SP-D has been shown to have a protective role against 
bleomycin-induced lung damage (Casey et al., 2005), we also 
monitored cohorts of uPAR​AP-deficient and WT mice with 
respect to body weight and survival during a 14-d period after 
treatment. Strikingly, the uPAR​AP-deficient mice proved less 
sensitive to bleomycin challenge than their WT littermates, ev-
ident from a much reduced weight loss (Fig. 5 D) as well as an 
increased survival rate (Fig. 5 E). As an indicator of inflamma-
tion, we measured the BAL content of interleukin 6 (IL-6) in 
the treated mice. As expected, this experiment demonstrated 
a negative correlation between the SP-D concentration and 
the content of the inflammatory cytokine (Fig.  5  F) and also 
suggested a decreased level of IL-6in uPAR​AP-deficient mice 
as compared with WT mice (Fig. 5 G). Although the latter dif-
ference did not reach statistical significance, a K means clus-
ter analysis revealed that the difference in the distribution of 
mouse genotypes with respect to these parameters was indeed 
statistically different, with WT mice associated with the SP-D–
low/IL-6–high cluster and uPAR​AP knockout mice in the SP-D–
high/IL-6–low cluster (Fig.  5  F). No difference in IL-6 levels 
was found between unchallenged WT and uPAR​AP-deficient 
mice (Fig. 5 H).

The macrophage contribution to SP-D uptake is reduced upon 
lung injury and is independent of MR
Since uPAR​AP-negative lung macrophages were also found to be 
active in SP-D uptake (Fig. 4, E and G), we further investigated 
the contribution from this cell type and subpopulations thereof 
(Fig. 6 A). These analyses revealed that both alveolar and inter-
stitial macrophages but not monocyte-derived cells took part in 
the uptake of SP-D (Fig. 6, B and C; and Fig. S4 D). In unchallenged 
mice, the alveolar subpopulation was the dominant type of mac-
rophage with respect to SP-D uptake, both in terms of number 
of positive cells and the mean fluorescence intensity (MFI) ob-
tained. This was in accordance with the result of confocal imag-
ing (Fig. 4 B). However, the contribution from these cells declined 
strongly after bleomycin treatment (Fig. 6, B and C). Under these 
conditions, the interstitial macrophages became the more abun-
dant SP-D–positive macrophage type (Fig. 6 B). This was consis-
tent with the increased exposure of interstitial tissue, leading to 
increasing lung fluid contact with both fibroblasts and intersti-
tial macrophages. However, the interstitial macrophages did not 
show the high levels of uptake as seen for the alveolar macro-
phages in the untreated mice (Fig. 6 C).

We also studied whether the macrophage-associated receptor 
MR was involved in the macrophage-mediated uptake of SP-D in 
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vivo. Even though the collectin uptake studies with transfected 
cells in vitro (Fig. 1) had pointed to a very low uptake activity of 
MR for SP-D, the striking activity of MR in internalizing struc-
tural collagens still made this receptor an interesting candidate 
(Madsen et al., 2013b; Jürgensen et al., 2014). We first analyzed 
whether MR was expressed by the relevant macrophages in the 
lungs using flow cytometry. This experiment revealed that al-
most all of the alveolar and a large proportion of the interstitial 
macrophages but only very few monocyte-derived cells were 
positive for MR (Figs. 6 D and S4 E). We then compared the BAL 
SP-D contents and the lung weights of unchallenged and LPS-
treated MR-deficient and littermate WT mice (Fig. 6, E and F; and 
Fig. S5, D and E). However, mice of these genotypes displayed 
no difference in BAL SP-D concentration irrespective of whether 
unchallenged mice or mice subjected to lung injury were com-
pared. Finally, since alveolar macrophages were the highest 
MR-expressing macrophage type, we harvested these cells and 
assayed for uptake of radiolabeled SP-D. This experiment re-

vealed that the capacity for endocytosis of SP-D was the same in 
MR-deficient and WT macrophages (Fig. 6 G, left) even though 
MR was essential for the uptake of collagen into the same mac-
rophage isolates (Fig. 6 G, right).

Expression of SP-D and uPAR​AP in fibrotic human lungs
In the healthy organism, SP-D is present in the lungs, where it is 
deposited on alveolar and mucosal surfaces after synthesis in al-
veolar type II cells and Clara (Club) cells (Madsen et al., 2000). In 
consistence with this pattern, staining of nonfibrotic human lung 
specimens with an SP-D–specific antibody displayed a clear local-
ization in distinct alveolar epithelial cells (example in Fig. 7 A, 
middle). Although some synthesis of uPAR​AP has been demon-
strated previously in the healthy adult human lung at the mRNA 
level (Wu et al., 1996), we obtained only weak staining when in-
cubating sections adjacent to those above with a uPAR​AP-specific 
antibody (Fig. 7 A, right). However, when sections from the lungs 
of patients with idiopathic pulmonary fibrosis (IPF; Fig. 7 B) or 

Figure 5. uPAR​AP regulates endogenous SP-D levels in the 
injured lung and is decisive for mouse sensitivity toward 
bleomycin-induced lung injury. (A–C) Endogenous SP-D was 
determined in BALs collected from bleomycin-treated (A), LPS-
treated (B), and unchallenged (C) WT and uPAR​AP-deficient lit-
termate mice. BALs from bleomycin- and LPS-challenged mice 
were collected 14 d and 48 h after challenge, respectively. Data 
are presented as mean ± SD. (D and E) Percent loss of weight 
(D) and overall survival rate (E) of WT and uPAR​AP-deficient lit-
termates during a period of 14 d following bleomycin-induced 
lung injury. n = 22–23. Data are presented as mean ± SEM (D).  
(F) Correlation between BAL concentrations of SP-D and IL-6 
after bleomycin challenge. A combined dataset of log2-trans-
formed SP-D and IL-6 measurements (n = 40) from WT and uPAR​
AP-deficient mice was used to test for correlation (top). An unbi-
ased K means cluster analysis with two clusters was then used 
to generate an SP-D“low”/IL-6“high” cluster and an SP-D“high”/
IL-6“low” cluster, and the number of data points from WT and 
uPAR​AP-deficient mice associated with each cluster was deter-
mined (top and bottom). (G and H) IL-6 concentrations in BAL 
from bleomycin-challenged (G) and unchallenged (H) mice. The 
BAL SP-D and IL-6 concentrations were measured by sandwich 
ELI​SA. n = 18–22 (A and G), 13–16 (B), and 8 (C and H). The follow-
ing statistical tests were used: two-tailed Student’s t test (A–C, 
G, and H), two-way ANO​VA and Sidak’s multiple comparisons 
test (D), log-rank (Mantel-Cox) test (E), and Pearson correlation 
and χ2 test (F).
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radiotherapy-induced lung fibrosis (Fig.  7  C) were immunos-
tained under the same conditions, a strong expression of both 
proteins was observed. In these sections, revealing extensive 
interstitial fibrosis (Fig. 7, B and C, left), SP-D was expressed in 
the hyperplastic alveolar epithelial cells surrounding the resid-
ual alveolar spaces entrapped in the fibrotic tissue (middle) in 
accordance with results published previously (Nishikiori et al., 
2014). While a major part of the epithelial tissue was lost in this 
condition, the SP-D–positive fraction of the remaining epithe-
lial cells was more than twofold increased relative to the nonfi-
brotic tissue (Fig. 7 D). In contrast, very little SP-D was detected 
when examining the bronchiolized region of the same specimen 
(Fig. 7 E). uPAR​AP was found to be strongly expressed in fibro-
blasts inside and around the active fibrosing subepithelial lesions 
typical of IPF (fibroblast foci; Fig. 7, B and C, right) closely asso-
ciated with the SP-D–positive epithelial cells. Although the ab-
sence of this type of tissue in the nonfibrotic condition precluded 
a histology-based quantification of uPAR​AP, it was evident that 
uPAR​AP-positive cells were much more abundant in the fibrotic 
than in nonfibrotic tissue (compare Fig. 7, A–C, right). Thus, in 

the alveolar region of fibrotic lungs, uPAR​AP-expressing fibro-
blasts appeared to be closely associated with cells and regions of 
SP-D secretion.

To study whether human lung fibroblasts can internalize 
SP-D in a uPAR​AP-dependent process, we used two human lung 
fibroblast cell lines (MRC5 and CCL-210). Just like mouse fibro-
blasts, these cells displayed a strong uptake of radiolabeled SP-D, 
which was decreased in the presence of the uPAR​AP-blocking 
antibody (Fig. 7 F). 

The strong up-regulation of SP-D in hyperplastic epithelial 
cells of the fibrotic lungs made it important to study whether this 
was an exclusive property or was a more general phenomenon 
with surfactant components. Immunohistochemical localization 
of two such components, SP-A and SP-C, revealed an expression 
pattern closely similar to that of SP-D. This applied to both the 
expression in alveolar type II cells of nonfibrotic tissue (Fig. 8 A) 
and the up-regulation in hyperplastic epithelial cells of the fi-
brotic lungs (Fig. 8 B). Since all SPs are secreted onto the alveolar 
surface, this opens the possibility that exposed fibroblasts in fi-
brotic tissue could facilitate their turnover.

Figure 6. MR-positive macrophages asso-
ciate with SP-D in the healthy and injured 
lung, but MR is not involved in SP-D uptake. 
(A) Flow cytometry strategy for analyzing lung 
macrophages for the association with SP-D and 
their expression of MR. Single-cell suspensions 
were stained for CD45, F4/80, CD11b, SiglecF, 
and CD11c. CD45+F4/80+CD11b+ cells were sep-
arated into SiglecF+ cells (alveolar macrophages), 
SiglecF−CD11c+ cells (interstitial macrophages), 
and SiglecF−CD11c− cells (monocyte-derived 
macrophages; Misharin et al., 2013). (B) Quanti-
fication of the number of macrophages from each 
subpopulation associating with SP-D in unchal-
lenged lungs and lungs of bleomycin-treated 
mice. Experimental conditions were as described 
in Fig. 4 E. (C) Level of SP-D (Alexa Fluor 647 SP-D 
MFI) associated with SP-D+ subpopulations of 
macrophages. n = 4. One-way ANO​VA was used 
to test for statistical significance. (D) Fraction 
of each subpopulation of macrophages positive 
for MR expression. n = 5. (E and F) Endogenous 
SP-D was determined in BAL collected from 
unchallenged (E) and LPS-treated (F) WT mice 
and MR-deficient littermates by sandwich ELI​SA. 
BAL from LPS-challenged mice was collected 
48 h after challenge. n = 8 (E) and 7 (F). (G) Inter-
nalization of radiolabeled SP-D and collagen type 
I by alveolar macrophages isolated from lungs of 
WT mice and MR-deficient littermates. CPM, 
counts per minute. n = 3. A two-tailed Student’s t 
test was used for test of significance (E–G).
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Figure 7. uPAR​AP is up-regulated in affected regions of human fibrotic lungs and is closely associated with hyperplastic alveolar epithelial cells 
expressing high levels of SP-D. (A–C) H&E stain (left) and immunostaining for SP-D and uPAR​AP (middle and right, respectively) in serial sections from surgi-
cally resected nonfibrotic alveolar tissue from patients with emphysema (A; nonfibrotic; n = 5), fibrotic tissue from patients with IPF (B; n = 4), and fibrotic tissue 
from a patient with radiotherapy-induced fibrosis (C). SP-D was detected in single cells with an epithelial appearance along the alveolar walls of nonfibrotic lung 
tissue (A, middle, arrows) and was extensively expressed in lung tissue from patients with fibrosis (B and C, middle). Here, strong SP-D staining was observed 
in hyperplastic alveolar epithelial cells (a) in close proximity with active fibrosing subepithelial fibroblast foci (f). These foci included a large number of highly 
uPAR​AP-positive fibroblasts (B and C, right). (D) Top: Quantification of the fraction of SP-D–positive epithelial cells in alveolar walls of nonfibrotic tissue and in 
alveolar compartments entrapped in fibrotic tissue. Bottom: Visiopharm software was used for automated scoring of SP-D–positive and –negative cells in the 
alveolar wall (see Materials and methods). (E) Immunostaining for SP-D in a bronchiolized area (b) of fibrotic tissue from patient with IPF. Note that cells of the 
bronchiolized epithelium did not express SP-D. (F) Internalization of radiolabeled SP-D in the human lung fibroblast cell lines MRC-5 and CCL-210 examined in 
the absence or presence of the uPAR​AP function-blocking antibody mAb 5f4. A two-tailed Student’s t test was used to test significance (D and F).
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Discussion
Several types of tissue injury induce the recruitment of collectins 
to extravascular locations, where they take part in a variety of 
processes with importance for inflammation and immune reg-
ulation. Thus, the role of collectins is not restricted to pathogen 
pattern recognition but also includes the binding to immunomod-
ulatory receptors (Olde Nordkamp et al., 2014). In some cases, 
such as the function of SP-D in the injured lung, the up-regula-
tion serves to dampen inflammation (Casey et al., 2005; Aono et 
al., 2012), whereas in others, increased collectin levels can lead 
to excessive inflammation and tissue damage (Walsh et al., 2005; 
van der Pol et al., 2012; Farrar et al., 2016). In all cases, collectin 
levels need to be regulated in time and space, which makes the 
controlled clearance of these proteins a task of crucial impor-
tance. In this study, we show that fibroblasts are active in the ex-
travascular clearance of SP-D and MBL, two collectins that have 
diverse functions and completely different expression patterns 
but share the property of increased secretion into injured tissue. 
We show that the responsible fibroblasts express the endocytic 
receptor uPAR​AP and that this receptor can undertake the endo-
cytosis of collectins for intracellular degradation in vitro. In the 

case of SP-D, the levels of the endogenous protein could be mea-
sured directly in BAL samples after lung injury in mice, enabling 
the investigation of the functional role of the receptor in vivo. 
In this situation, the SP-D levels were found to be regulated by 
the expression of uPAR​AP in accordance with the receptor being 
active in SP-D clearance.

This uPAR​AP-mediated process is particularly intriguing be-
cause it constitutes a novel immune-regulatory function of fibro-
blasts. Activated tissue-specific fibroblasts have been shown to 
be critical mediators of immune system–related processes in the 
progression of mouse models of arthritis and intestinal disease 
(Armaka et al., 2008; Nikitopoulou et al., 2012), but to our knowl-
edge, this study is the first demonstration of a general negative 
regulatory mechanism for a family of immune-components, in 
this case collectins, governed directly by fibroblasts (Fig. 9).

The novel clearance pathway was found to be tightly linked 
to tissue injury. When investigating nonfibrotic human lung 
samples and healthy lungs from mice, we found uPAR​AP to be 
expressed at a low level and by a fraction of fibroblasts only. 
Moreover, under these conditions, we found very limited ev-
idence of contact between fibroblasts and SP-D–secreting 
epithelial cells, a low association between fibroblasts and ex-
ogenously added fluorescent SP-D, and a lack of any effect of 
uPAR​AP deficiency on the endogenous SP-D levels in BAL. All 
of these characteristics changed dramatically after lung injury, 
where the disruption of normal alveolar tissue architecture and 

Figure 8. Hyperplastic alveolar epithelial cells express high levels of 
the collectin SP-A and the surfactant-associated SP-C. (A and B) Immu-
nostaining for SP-A (left) and SP-C (right) in sections of nonfibrotic alveolar 
tissue (A; arrows highlight positive cells in alveolar wall) and fibrotic tissue in 
patients with IPF. The number and type of tissue specimens included in the 
analysis are described in the legend to Fig. 7. Like for SP-D, a strong staining 
for SP-A and SP-C was observed in hyperplastic alveolar epithelial cells (a) in 
close proximity with active fibrosing subepithelial fibroblast foci (f).

Figure 9. Regulation of extravascular collectins in normal and injured 
tissue. In normal tissue (left), collectins are largely confined to luminal com-
partments such as the alveolar space (SP-D), or they are mostly present 
in the blood (MBL). In the case of SP-D, under normal conditions, alveolar 
macrophages govern the levels of this collectin through internalization by an 
unknown mechanism. After injury, disruption of normal tissue architecture 
leads to breakage of luminal tissue barriers and to extravasation of collectins 
into the extravascular space (right). Under these conditions, fibroblasts play 
a crucial role in regulating collectins by undertaking collectin endocytosis 
alongside tissue macrophages. The endocytosis of collectins by fibroblasts is 
mediated by the collagen receptor uPAR​AP (middle).
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an increased expression of uPAR​AP appeared to lead to an in-
creased fibroblast–SP-D association (Figs. 4, 5, and 7) and a re-
sulting uPAR​AP-mediated clearance of SP-D. SP-A, a structurally 
related SP, was expressed in the same location as SP-D in human 
fibrotic tissue, opening the possibility that this SP may also be 
cleared by uPAR​AP. However, SP-C, being structurally unrelated 
to SP-A and -D, would be unlikely to interact with this receptor, 
although it cannot be excluded that fibroblasts are also active in 
the clearance of this protein.

For SP-D, the importance of this turnover mechanism was 
demonstrated in two well-characterized lung disease models 
based on bleomycin or LPS. Importantly, the molecular events 
that trigger lung injury in these two situations are considered to 
be completely different (Beutler and Rietschel, 2003; Williamson 
et al., 2015). Therefore, the fibroblast- and uPAR​AP-mediated 
SP-D uptake appears to be a general SP-D clearance pathway 
in the injured or fibrotic lung, although it should be noted that 
our bleomycin model focused mostly on the acute inflammation 
phase; see further below.

The elevated endogenous SP-D levels resulting from uPAR​AP 
deficiency were accompanied by pronounced effects on body 
weight loss and survival in the bleomycin-treated mice (Fig. 5, 
D and E). This effect of uPAR​AP deficiency accurately mimics 
the potent antiinflammatory activity of SP-D demonstrated by 
genetic manipulation experiments, where SP-D deficiency and 
overexpression have been shown to induce increased and de-
creased sensitivity, respectively, in the bleomycin model (Casey 
et al., 2005). Consequently, the uPAR​AP-mediated uptake pro-
cess is likely to contribute to the overall response to bleomy-
cin-induced lung injury by regulating the SP-D concentration, 
which in turn affects the inflammatory response, including the 
levels of inflammatory cytokines.

Although the function of uPAR​AP in internalizing struc-
tural collagen may also affect the response to lung fibrosis 
(Bundesmann et al., 2012), this cannot explain the response to 
bleomycin treatment observed in our work. First, we observed 
bleomycin resistance in uPAR​AP-deficient mice as early as 7–10 
d after challenge, which corresponds with the acute inflamma-
tion phase of the lung injury model, clearly preceding the fibrotic 
phase (Williamson et al., 2015). Second, the reduced turnover 
of structural collagen resulting from loss of uPAR​AP (Madsen 
et al., 2012) would exacerbate the fibrotic condition rather 
than improving mouse resistance to injury. The results of the 
above-mentioned study (Bundesmann et al., 2012) also included 
a minor difference in the lung tissue mass between uPAR​AP- 
deficient and WT mice after bleomycin treatment. This find-
ing was confirmed in our study, with the lung wet weight being 
∼10% lower in deficient mice (Fig. S5) and with the BAL showing 
a trend toward lower total protein content.

uPAR​AP has also been found to take part in molecular inter-
actions with the urokinase plasminogen activator (uPA)–uPA 
receptor (uPAR) complex on certain cell types (Behrendt et al., 
1993, 2000). In this connection, it is interesting that uPA has been 
found to be up-regulated and associated with both fibroblasts and 
epithelial cells, possibly in a complex with uPAR, in lung fibrosis 
(Schuliga et al., 2017). However, it is unlikely that this interaction 
plays a role in the SP-D uptake, or in the collagen interactions, 

that are governed by uPAR​AP in this condition. First, the capac-
ity of uPAR​AP for recognition of collagen-like motifs does not 
require uPA/uPAR (Behrendt et al., 2000; Madsen et al., 2007). 
Second, uPAR and uPA are devoid of any collagen recognition ca-
pacity in their own right, making them unlikely candidates for a 
function in the turnover of collagen and collagen-related ligands.

Additional routes of SP-D clearance have been demonstrated 
in earlier studies by others and are also evident in this work. In 
the healthy lung, the alveolar macrophage has been well docu-
mented to be a general regulator of SPs and lipids (Yoshida et 
al., 2001; Greenhill and Kotton, 2009). Our data in healthy mice 
confirm this role of alveolar macrophages also in the specific ca-
tabolism of SP-D (Fig. 6, A–C). After LPS-induced lung inflam-
mation, the increased cellular uptake of SP-D has been shown 
to include a pronounced contribution from neutrophils in rats, 
whereas the number of uptake-positive macrophages was found 
to be decreased (Herbein and Wright, 2001), consistent with 
our observations of a reduced contribution of macrophages to 
SP-D uptake after injury (Fig. 6). A markedly increased uptake 
in unidentified (nonleukocyte) cells was noted upon lung injury 
in the same study, which can now most likely be ascribed to the 
fibroblast contribution to SP-D turnover. Other investigators 
have suggested that a direct leakage from the injured lung into 
the blood could be a potential drainage mechanism for SP-D in 
IPF (Nishikiori et al., 2014). Although our study does not contra-
dict a contribution from this route, the same underlying tissue 
damage most likely also leads to the increased SP-D contact with 
the fibroblast compartment as demonstrated in this study.

Based on the in vivo and in vitro research reported in this 
study, we conclude that the collectin-clearance capacity of 
uPAR​AP is not shared by MR (Figs. 1 and 6). This is particu-
larly surprising because both receptors are endocytic receptors 
for structural collagens (Jürgensen et al., 2014). Indeed, to our 
knowledge, they are the only receptors shown so far to have a 
direct capacity for collagen endocytosis through the clathrin–
endosome–lysosome system, and notably, these two receptors 
are expressed on different cell types, with uPAR​AP mainly on 
activated fibroblasts and MR mainly on macrophages. Both re-
ceptors use a highly similar FN-II domain–mediated mechanism 
for collagen uptake (Jürgensen et al., 2014). However, since the 
organization of functional lectin domains differs between these 
receptors, with the active domain being CTLD-2 in uPAR​AP and 
CTLD-4 in MR (East and Isacke, 2002; Jürgensen et al., 2011), this 
is one molecular feature which may lie behind the difference in 
their potential for recognition of collectins.

In this study, we demonstrate an uptake capability of uPAR​AP 
not only for MBL and SP-D but also for a broad range of other 
defense collagens (Fig. 1). Indeed, based on the common posses-
sion of collagen-like domains in this group of proteins, uPAR​AP 
may have some endocytic capacity for all types of defense col-
lagens, although differences were noted in the efficiency and 
specificity of uPAR​AP toward some of the candidates tested. In 
addition to soluble collectins and ficolins, these potential ligands 
include membrane proteins such as SR-AI, MAR​CO, and collec-
tin-12 (Fig. 1 A). While these interaction partners may also be 
subject to uPAR​AP-dependent endocytosis after shedding from 
the cell surface, it is also possible that they interact with uPAR​AP 
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in their cell-associated form to facilitate fibroblast interactions 
with their host cells.

Interestingly, with the identification of uPAR​AP as a novel 
immune receptor regulating collectins, all four homologous 
members of the MR protein family now appear to be regulators 
of immune system–related functions. Thus, MR directly acts as 
a pattern recognition receptor, a regulator of T cell activity, and 
has multiple other proposed functions (East and Isacke, 2002; 
Martinez-Pomares, 2012; Schuette et al., 2016); PLA2R regulates 
the activity of proinflammatory secretory phospholipase A2 
(Tamaru et al., 2013); and DEC-205 delivers antigens for intra-
cellular processing before presentation (Jiang et al., 1995). We 
believe that the current demonstration of a uPAR​AP-mediated 
fibroblast engagement in collectin turnover is critical for the 
understanding of the complicated pattern of cellular events that 
are responsible for the regulation of the innate immune system. 
Due to the broad spectrum of disease-associated targets of col-
lectins and the general importance of their regulation, this may 
have direct consequences for understanding and treating several 
pathological conditions.

Materials and methods
Reagents and cells
The following reagents were purchased from commercial sources: 
bleomycin sulfate and LPS from E. coli (Sigma-Aldrich), Lipofect-
amine 2000, Alexa Fluor 546–conjugated 10-kD dextran, E. coli 
bioparticles, Hoechst 33342, Alexa Fluor 647, and Alexa Fluor 
555 protein-labeling kits (Life Technologies), iodine-125 (Perki-
nElmer), E64d (EMD Millipore), proteinase K (Roche), ManBSA 
(Dextra Laboratories), collagenase type I, DNase type I, and neu-
tral protease (Worthington Biochemical). Monoclonal mouse 
anti-uPAR​AP antibodies 2h9 and 5f4 were described previously 
(Sulek et al., 2007; Madsen et al., 2011). Recombinant mouse 
MBL-A (used in experiments involving primary fibroblasts and 
in vivo uptake in the skin), human MBL (used in experiments in-
volving transfected CHO-K1 cells), human SP-D, human ficolin-1, 
soluble human SR-AI, human CL-P1/collectin-12, human CL-K1/
collectin-11 (all produced in mouse myeloma NS0-derived cells), 
and soluble human MAR​CO (produced in CHO cells) were pur-
chased from R&D systems. Purified human C1q was purchased 
from Complement Tech. Antibodies for immunohistochemistry 
and flow cytometry are described in sections below.

Adherent CHO cells (CHO-K1; CCL-61, RRID: CVCL_U424; 
ATCC) for use with the Flp-In transfection system were purchased 
from Life Technologies. Human lung fibroblast cell lines MRC-5 
(CCL171) and CCD-19Lu (CCL-210) were acquired from ATCC. 
Primary cultures of newborn skin fibroblasts and alveolar mac-
rophages are described in the Isolation of primary cells section.

Patient samples
Paraffin-embedded, formalin-fixed, pulmonary alveolar human 
tissue samples included in this study were surgically resected 
nonneoplastic and nonfibrotic tissue with emphysema from 
patients operated for pulmonary tumors (n = 5), fibrotic tissue 
from patients with IPF (n = 4), and fibrotic tissue from a patient 
with radiotherapy-induced fibrosis (n = 1). Serial sections from 

each sample were deparaffinized in xylene, rehydrated in alco-
hols, and stained with H&E or used for immunostaining for SP-D, 
SP-A, SP-C, and uPAR​AP (see below). All H&E-stained and im-
munostained sections were examined by two lung pathologists 
(K. Wassilew and E. Santoni-Rugiu) to confirm the diagnoses 
and to assess morphology and identity of SP-D– and uPAR​AP- 
positive cells.

Animal experiments, breeding, and genotyping
Transgenic C57BL/6J mice expressing enhanced GFP under 
the col1a1 promoter from one allele (Col1a1GFP/0 or col1a1.GFP; 
Krempen et al., 1999) were bred to WT C57BL/6J mice to generate 
the experimental mice used in this study. Presence of the Col1a1.
GFP transgene was confirmed by observation of green fluores-
cence in the skin of mice following examination with blue light 
from a DFP-1 dual fluorescent protein flashlight (Nightsea) and 
matching filter goggles. Mice homozygous for a targeted muta-
tion in the Mrc1 gene (encoding MR protein; C57BL6/Mrc1tm1Mnz/J; 
RRID: MGI:​3723178; Lee et al., 2002) and WT littermates were 
generated by interbreeding heterozygous mice (Mrc1+/−). Geno-
typing of offspring was performed using PCR with the primers 
5′-ATG​AGG​CTT​CTC​CTG​CTT​CT-3′ (WT allele forward primer) 
and 5′-AGC​CCT​GAT​CTG​TTC​CTA​CG-3′ (common reverse primer) 
in one reaction and 5′-CAA​GAT​CCG​CCA​CAA​CAT​CG-3′ (mutant 
allele forward primer) and the common reverse primer in a sep-
arate reaction (55°C annealing). C57BL/6J mice homozygous for 
a targeted mutation in the Mrc2 gene (encoding the uPAR​AP pro-
tein; C57BL6/Mrc2tm1Bug; RRID: MGI:​2677820; Engelholm et al., 
2003) and WT littermates were generated by interbreeding het-
erozygous mice (Mrc2+/−). Genotyping was performed using PCR 
with the primers 5′-TCC​TAC​AAA​TAC​ACG​CTG​GCG​ATA-3′ (mutant 
allele forward primer), 5′-GCA​GTT​CCC​TTT​TAA​ATG​CAA​ATCA-3′ 
(mutant allele reverse primer), 5′-TCT​ACA​CCA​TCC​AGG​GAA​ACT​
CAC-3′ (WT forward primer), and 5′-TTA​AAC​TGG​TAA​CAG​CTG​
TCA​GTC-3′ (WT reverse primer). The annealing temperature for 
this reaction was 60°C.

Experimental groups of mice consisted of littermates of both 
sexes with an average age between 13 and 16 wk (age range for 
all animals: 7–23 wk). The number of males and females were 
matched to obtain equal distributions for all groups directly com-
pared. The total number of animals included in experiments in 
this study was 189, distributed according to the following: flow 
cytometry, 48 mice; lung wet weight recordings and SP-D ELI​SA 
readings, 117 mice; confocal imaging of the skin and lungs, 16 
mice; and Western blot analysis for uPAR​AP, 8 mice.

Immunohistochemistry
After deparaffinization and rehydration, antigen retrieval was 
performed on sections for immunostaining using the following 
conditions: For SP-D, microwave heat–induced epitope retrieval 
in citrate buffer, pH 6.0, at 98°C for 15 min; for uPAR​AP, SP-A, 
and SP-C, 5 µg/ml proteinase K (Roche) at 37°C for 15 min. Next, 
endogenous peroxidase was blocked using a solution of 1% H2O2 
in water. The sections were then incubated with the following 
primary antibodies overnight at 4°C: mouse mAb 2h9 against 
uPAR​AP/Endo180 (10 µg/ml; Sulek et al., 2007), rabbit anti-hu-
man SP-D (1:2,000; Sigma-Aldrich), rabbit anti-human/mouse 
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proSP-C (1:2,000; EMD Millipore), and rabbit anti–human/
mouse SP-A (1:500; EMD Millipore). Primary antibodies were 
diluted in antibody diluent from Dako. For detection, sections 
were incubated for 45 min with the appropriate detection system 
for mouse or rabbit antibodies (Envision mouse or rabbit; Dako). 
NovaRed substrate kit (VWR) was used for development by incu-
bation on sections for 9 min. In between each step, sections were 
washed twice in TBS-T buffer. To quantify SP-D expression in 
alveolar compartments of tissue sections from patients suffer-
ing from IPF and nonfibrotic tissue sections from patients with 
emphysema, an unbiased cell classifier was trained using Visio-
pharm image analysis software (Hoersholm). The cell classifier 
was fully trained to score SP-D–positive and SP-D–negative cells 
in defined regions of interest (ROIs) based on NovaRed substrate 
color recognition. In fibrotic tissue, ROIs were drawn to include 
one to two cell layers of tissue from alveolar compartments (a 
minimum of 2,000 cells was counted per patient) with viable 
epithelial cells visible, entrapped in, or in the vicinity of active 
fibrosing subepithelial lesions, starting at the interface between 
the alveolar lumen and cells of the alveolar surfaces and moving 
toward the underlying interstitial tissue. In nonfibrotic lungs, 
areas of normal-appearing lung were used as ROI with blood 
vessels and bronchioles excluded.

Bleomycin- and LPS-induced lung injury
Mice were anesthetized (100 mg/kg ketamine and 10 mg/kg xyla-
zine) and intubated using a small animal intubation kit (Biolite). 
A single dose of bleomycin or LPS diluted in PBS was then ad-
ministered to the lungs by intratracheal instillation in a volume 
of 30–60 µl. For bleomycin, a dose of 0.4 U/kg was used in exper-
iments where uptake of fluorescent SP-D was investigated using 
confocal imaging or flow cytometry and 0.5 U/kg in experiments 
where BAL was performed to determine endogenous SP-D levels 
and where body weight loss and survival were monitored. When 
studying body weight loss and survival, a weight loss of >20% 
was used as humane endpoint, and if this criterion was met, the 
relevant mouse was euthanized and scored as nonsurvivor. LPS 
was used at a dose of 10 µg/kg in all experiments.

In vivo uptake of fluorescent SP-D, MBL, dextran and mAb 2h9
SP-D, murine MBL-A, anti-uPAR​AP mAb 2h9, or control pool of 
mouse IgG (Innovative Research) was fluorescently labeled by 
using an Alexa Fluor 647 protein labeling or microscale protein 
labeling kit according to the manufacturer’s instructions (Life 
Technologies). For in vivo uptake of fluorescent SP-D, Col1a1.
GFP transgenic mice (either 10 d after bleomycin treatment or 
untreated controls) were intubated as stated above. A total of 
50 µl PBS containing 3 µg Alexa Fluor 647–labeled SP-D was then 
administered to the lungs by intratracheal instillation. 24 h later, 
mice were euthanized in a CO2 chamber, and the lungs were im-
mediately perfused with PBS and resected for flow cytometry or 
confocal imaging. For in vivo labeling of uPAR​AP-positive cells in 
lungs, 20 µg Alexa Fluor 647–labeled mAb 2h9 or control mIgG in 
a volume of 100 µl sterile PBS was injected into the retroorbital 
vein of Col1a1.GFP transgenic mice that were either bleomycin 
treated or controls as above. 24 h later, lungs were excised for 
flow cytometry. For in vivo uptake of fluorescent MBL in the 

dermis analyzed using confocal imaging, 10 µg Alexa Fluor 647–
labeled MBL with either 25 µg Alexa Fluor 546–labeled, 10 kD 
dextran, or 10 µg Alexa Fluor 555–labeled anti-uPAR​AP mAb 2h9 
was dissolved in 100 µl PBS and administered to the dermis of 
Col1a1.GFP transgenic mice by subcutaneous injection. 24 h after 
the injection, mice were euthanized in a CO2 chamber, and the 
skin surrounding the injection site was removed for immedi-
ate confocal imaging. For in vivo uptake of MBL and labeling of 
uPAR​AP-positive cells in the dermis analyzed using flow cytom-
etry, three subcutaneous injections of 60 µl PBS containing 5 µg 
Alexa Fluor 647–labeled MBL, 4 µg Alexa Fluor 647–labeled mAb 
2h9, or 4 µg Alexa Fluor 647–labeled control mIgG, respectively, 
were performed on each mouse. 24 h after the injections, mice 
were euthanized in a CO2 chamber, and an ∼1-inch/1-inch piece 
of the skin surrounding the three injection sites was taken for 
flow cytometry.

Confocal microscopy
For confocal microscopy on mouse lung tissue, the left lung was 
resected after perfusion with PBS, rinsed briefly in PBS, and 
immediately imaged intact. For confocal microscopy of mouse 
skin, the skin covering the site of injection of MBL and Dextran/
mAb 2h9 was resected, rinsed briefly in PBS, and imaged with 
the dermis facing the objective. For visualization of cell nuclei, 
0.6 mg Hoechst 33342 in 150 µl PBS was injected into the retro-
orbital vein ∼2 h before resection of lung tissue or 4–5 h before 
resection of skin tissue. Confocal imaging was performed using 
an IX81 inverted confocal microscope equipped with a FluoView 
1000 scanning head (Olympus). All images were acquired using 
a U Plan S Apochromat 60× 1.2 NA water immersion objective. 
405-nm and 488-nm (Olympus), 561-nm (Showa Optronic), and 
633-nm (Melles Griot) lasers were used for exciting Hoechst 
33342, GFP, Alexa Fluor 546, Alexa Fluor 555, and Alexa Fluor 647, 
respectively. Image acquisition was performed using FluoView 
acquisition software (Olympus).

Flow cytometry
Lungs or skin tissue excised for flow cytometry was immedi-
ately placed on ice and washed with 1 ml ice-cold DMEM. Next, 
tissues were cut into small pieces using fine scissors and placed 
in 1 ml (lungs) or 3 ml (skin) digestion mixture consisting of 
2.1 mg/ml collagenase type I, 75 µg/ml deoxyribonuclease type 
I, and either 0.5 mg/ml (lungs) or 0.125 mg/ml (skin) neutral 
protease (Worthington Biochemical) dissolved in DMEM sup-
plemented with 5 mM CaCl2. Tissues were then incubated at 
4°C with gentle shaking overnight followed by 30–60 min incu-
bation at 37°C. The digestion mixture was then placed in 10 ml 
ice-cold DMEM, filtered through a 40-µm (lungs) or 70-µm 
mesh (skin) to remove remaining tissue pieces, and centri-
fuged at 300 g for 5 min. The resultant cell suspensions were 
next subjected to red blood cell lysis (lung cells only; 15 min 
at room temperature; Miltenyi Biotec), subjected to live/dead 
staining using Zombie Violet or Zombie Aqua (15 min at room 
temperature; BioLegend), and Fc receptor blocking (15 min 
on ice; Miltenyi Biotec), all according to the manufacturers’ 
instructions. Lung cells were next stained for surface mark-
ers using three different sets of antibodies. Set 1: Anti-CD45 
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(clone 30-F11; BV605; BioLegend), anti-CD31 (clone 390; phy-
coerythrin; BioLegend), anti-EpCAM (clone G8.8; APC-CY7; 
BioLegend); set 2: anti-CD45 (clone 30-F11; BV605; Bio- 
Legend), anti-CD11b (clone M1/70; phycoerythrin; BioLeg-
end), anti-F4/80 (clone BM8; BV785; BioLegend); and set 3: 
anti-CD45 (clone 30-F11; V450; BioLegend), anti-F4/80 (clone 
BM8; phycoerythrin; BioLegend), anti-CD11b (clone M1/70; 
BV785; BioLegend), anti-CD11c (clone N418; APC-eFluor780; 
eBioscience), anti-SiglecF (clone 1RNM44N; PerCP-eFluor710; 
eBioscience), and anti-CD206/MR (clone C068C2; BV605; Bi-
oLegend). Dermal cells were stained using the following anti-
bodies: anti-CD45 (clone 30-F11; BV605; BioLegend), anti-CD31 
(clone 390; PerCP-Cy5.5; BioLegend), anti-EpCAM (clone 
G8.8; APC-Cy7; BioLegend), anti-F4/80 (clone BM8; phycoer-
ytrhin-Cy7; BioLegend), and anti-CD11b (clone M1/70; phyco-
erythrin; BioLegend). All antibodies were used at 1:100 dilution 
except anti-CD206, which was used at 1:50. A staining buffer 
consisting of PBS with 1% BSA was used for antibody stains and 
FC block incubation. Antibody staining was run for 1 h on ice. 
After antibody staining, cells were washed twice in staining 
buffer and filtered through a 40-µm mesh. Flow analysis for 
surface markers, GFP expression from Col1a1 promoter, Zom-
bie violet or Zombie aqua live/dead stain, and uptake of Alexa 
Fluor 647–labeled SP-D, MBL, or anti-uPAR​AP mAb 2h9 was 
performed using a Fortessa II instrument (lung cell suspen-
sions; BD) or using an LSR-II instrument (dermal cell suspen-
sions; BD). Positive gates for each marker were defined using 
fluorescence minus one controls with antibodies, GFP, SP-D/
MBL, and live/dead stain in turn excluded from the sample. 
In experiments with in vivo labeling of uPAR​AP-positive cells 
with Alexa Fluor 647–labeled mAb 2h9, uPAR​AP-positive cell 
gates were set using samples from mice injected with irrelevant 
Alexa Fluor 647–labeled murine IgG for comparison (Fig. S4)

Western blotting
Single-cell suspensions from unchallenged or bleomycin-chal-
lenged mouse lungs were generated as described in the Flow 
cytometry section. After lysis of red blood cells, cell suspen-
sions were depleted for leukocytes, endothelial cells, and ep-
ithelial cells using a mixture of anti-CD45–, anti-CD31–, and 
anti-EpCAM–coated magnetic beads, MS columns, and a MACS 
separator according to the manufacturer’s protocol (Miltenyi 
Biotec). After depletion, cell suspensions (enriched for CD45−,C-
D31−,EpCAM− cells including fibroblasts) were washed three 
times in ice-cold PBS, and cells were lysed in lysis buffer (1% 
Triton X-100, 50 mM Tris, and 100 mM NaCl, pH 7.4) contain-
ing protease inhibitor cocktail III (1:200; Sigma-Aldrich). Pro-
tein concentrations in lysates were determined using a BCA kit 
(Bio-Rad). uPAR​AP was detected in a total of 3 µg protein from 
each lysate separated by SDS-PAGE and blotted onto a polyvi-
nylidene difluoride membrane. A 2% BSA blocking solution was 
applied before detection using 0.5 µg/ml anti-uPAR​AP mAb 2h9 
as primary antibody and rabbit anti-mouse HRP-conjugated 
secondary antibody (1:3,000; Dako), both diluted in a 0.1% 
Tween-20 PBS solution. For loading control, 6 µg protein of 
each lysate was analyzed by SDS-PAGE followed by Coomassie 
Brilliant Blue staining.

Determination of endogenous SP-D and IL-6 
concentrations in BAL fluids
Animals were euthanized with CO2 followed by immediate per-
fusion of lungs with 3 ml PBS. Next, the trachea was exposed by 
careful removal of the surrounding tissue to allow for a small 
incision in the trachea. A 21G needle fitted with a 5-mm piece of 
rubber tubing was then inserted into the trachea, and the BAL 
was performed with 1 ml PBS. The harvested BAL fluid was cen-
trifuged at 300 g for 5 min at 4°C to remove any cells present 
and was stored at −80°C. After harvest of BAL fluids, lungs were 
excised from the chest cavity, and the wet weight was recorded 
after removal of excess PBS from the BAL procedure with paper 
towel. SP-D concentrations in BAL fluids were determined using 
a mouse SP-D DuoSet ELI​SA (R&D Systems). BAL fluids were di-
luted 1:750 (BAL from unchallenged mice) or 1:3,000 (BAL from 
bleomycin- or LPS-challenged mice) for the ELI​SA analysis of 
SP-D content. IL-6 concentrations in BAL fluids were determined 
using a mouse IL-6 DuoSet ELI​SA (R&D Systems). BAL samples 
were diluted 1:2 (BAL from unchallenged and bleomycin-chal-
lenged mice) for the ELI​SA analysis of IL-6 content.

CHO-K1 cell transfection
To generate CHO-K1 clones expressing each of the members of 
the MR protein family, complete coding sequence cDNAs for 
murine uPAR​AP, MR, PLA2R, and DEC-205 were inserted into 
the pcDNA5/FRT/TO vector as previously described (Jürgensen 
et al., 2014). CHO-K1 cells were transfected with each construct 
(or with empty pcDNA5/FRT/TO vector to generate mock-trans-
fected cells) according to Flp-In transfection guidelines (Life 
Technologies) and using Lipofectamine 2000 as a transfection 
reagent. Monoclones with stable expression of each construct 
were subsequently isolated in selection media containing 400 
µg/ml hygromycin B (Life Technologies). CHO-K1 monoclones 
were maintained in DMEM/F12 media supplemented with 10% 
FCS, 1% penicillin/streptomycin, and 400 µg/ml hygromycin B at 
37°C. Endocytic characteristics of cells transfected with each of 
the four members of the protein family have been published pre-
viously, including a demonstration that the respective receptors 
are expressed in an active form (Jürgensen et al., 2014).

Isolation of primary cells
For the isolation of primary fibroblasts, total skin from newborn 
male or female uPAR​AP-deficient mice and WT littermates was 
placed in a 0.25% Trypsin-EDTA solution and incubated at 4°C 
overnight. The dermis was then separated from the epidermis 
and placed in DMEM (high glucose) supplemented with 50% 
FCS and 1% penicillin/streptomycin in a culture dish at 37°C 
overnight. The following day, medium was replaced by DMEM 
containing only 20% serum. After another overnight incuba-
tion, serum content was reduced to 10%. The primary fibroblasts 
recovered from the dermis, now adhering to the culture dish, 
were maintained in DMEM (high glucose) supplemented with 
10% serum and 1% penicillin/streptomycin at 37°C for two to four 
passages before being assayed for internalization of radiolabeled 
ligands (see below).

Primary alveolar macrophages were isolated from male 
MR-deficient mice and WT littermates by performing six sequen-
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tial BALs with 1 ml PBS. Sequential BAL fluids were pooled and 
centrifuged at 300 g for 5 min. Pelleted cells were resuspended 
in RPMI with 10% serum and 1% penicillin/streptomycin and cul-
tured overnight at 37°C. The following day, adherent alveolar mac-
rophages were assayed for internalization of radiolabeled ligands.

Radioligand internalization in cultured cells and assay for 
binding to E. coli bioparticles
To quantify cellular internalization of receptor ligands, radiola-
beling of ligands (collagen type I, SP-D, ficolin-1, human MBL, 
soluble SR-AI, soluble MAR​CO, C1q, CL-P1/collectin-12, and 
CL-K1/collectin-11) with 125I and assay for internalization were 
performed according to previously established methods (List et 
al., 2000; Engelholm et al., 2003). In brief, radiolabeled ligands 
were added to CHO-K1, MRC-5, or CCL-210 cells, primary skin 
fibroblasts, or primary alveolar macrophages in a concentration 
of 12.5 ng/ml in serum-free growth medium supplemented with 
1.5% BSA and 20 mM Hepes and then incubated for 4–5 h. When 
using primary cells, the lysosomal protease inhibitor E64d was 
added to a concentration of 20  µM to increase accumulation 
of internalized ligand in lysosomes (Kjøller et al., 2004). After 
the incubation, cells were washed three times in ice-cold PBS 
and incubated with ice-cold 0.25% trypsin-EDTA and 50 µg/ml 
proteinase K (Roche) to remove cell surface–associated ligand. 
Finally, cells were centrifuged, the supernatant was removed, 
and the internalized fraction of ligand was determined as the 
125I activity associated with the cell pellet. In experiments where 
blocking of uPAR​AP function through receptor depletion with 
the anti-uPAR​AP mAb 5f4 was performed, cells were preincu-
bated overnight with mAb 5f4 (CHO-K1 cells, 2 µg/ml; MRC-5 and 
CCL-210 cells, 0.5 µg/ml; primary fibroblasts, 20 µg/ml) added to 
the growth medium. mAb 5f4 was also added during incubation 
with radiolabeled ligands.

The binding capacity for radiolabeling of SP-D and MBL to-
ward E. coli particles was determined by incubating labeled 
proteins at a concentration of 0.8 µg/ml with 4.5 × 106 E. coli 
bioparticles/ml for 60 min at 37°C and gentle shaking in assay 
buffer (20 mM Tris, 150 mM NaCl, 1.5% BSA, pH 7.4, and 0.1% 
Tween-20) supplemented with either 5  mM CaCl2 or 10  mM 
EDTA. Bioparticles were then pelleted by centrifugation at 
1,000 g for 5 min and washed three times in assay buffer with 
centrifugation at 1,000 g for 5 min between the washing steps. 
After the final wash, bound SP-D, ficolin-1, MBL, or soluble SR-AI 
was determined as the 125I activity associated with the pellet of 
E. coli bioparticles.

Statistics
All statistical analyses were performed using GraphPad Prism 
version 7 for Mac software. For ELI​SA experiments, a two-tailed 
Student’s t test was used to test for statistical significance. For 
flow cytometry experiments and experiments with uptake of 
radiolabeled ligands in cultured cells, a two-tailed Student’s t 
test (for single comparisons) or one-way ANO​VA (for multiple 
comparisons) was used. In experiments were the weight loss and 
survival of mice in response to bleomycin-induced injury was 
monitored, a two-way ANO​VA with Sidak’s multiple comparisons 
test and log-rank (Mantel-Cox) test were used, respectively. To 

test for a correlation between SP-D and IL-6 levels in BAL, a Pear-
son r coefficient was computed using Log2-transformed values 
for SP-D and IL-6 concentrations. To test for the association of 
WT and uPAR​AP-knockout samples with SP-D“low”/IL-6“high” 
and SP-D“high”/IL-6“low” clusters, a χ2 test was performed. The 
K means cluster analysis was performed using R software. A P 
value of <0.05 was considered significant for all statistical tests.

Study approval
All experiments involving mice were performed in an Associ-
ation for Assessment and Accreditation of Laboratory Animals 
Care International–accredited vivarium following institutional 
guidelines and standard operating procedures under animal 
study proposal 15-766 (National Institute of Dental and Cranio-
facial Research; National Institutes of Health). Use of all human 
samples was approved by The National Health Research Ethics 
Committee in Denmark, and informed consent was obtained 
from all patients.

Online supplemental material
Fig. S1 shows oligomer composition and biological activity of 
recombinant collectins and blocking of uPAR​AP-dependent up-
take. Fig. S2 shows GFP expression, MBL uptake, and uPAR​AP 
expression in mouse dermal cells. Fig. S3 shows GFP expres-
sion and overall distribution of cell populations acquired from 
lungs of healthy and bleomycin-challenged mice. Fig. S4 shows 
SP-D uptake and uPAR​AP expression by distinct cell popula-
tions in lungs of healthy or bleomycin-treated mice. Fig. S5 
shows wet weight of lungs from unchallenged or bleomycin- and 
LPS-challenged mice.
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