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Alveolar Epithelial Cells Are Critical in Protection of the Respiratory
Tract by Secretion of Factors Able To Modulate the Activity of
Pulmonary Macrophages and Directly Control Bacterial Growth

Olga D. Chuquimia, Dagbjort H. Petursdottir, Natalia Periolo, Carmen Fernandez

Department of Immunology, Wenner-Gren Institute, Stockholm University, Stockholm, Sweden

The respiratory epithelium is a physical and functional barrier actively involved in the clearance of environmental agents. The
alveolar compartment is lined with membranous pneumocytes, known as type I alveolar epithelial cells (AEC I), and granular
pneumocytes, type II alveolar epithelial cells (AEC IT). AEC II are responsible for epithelial reparation upon injury and ion trans-
port and are very active immunologically, contributing to lung defense by secreting antimicrobial factors. AEC II also secrete a
broad variety of factors, such as cytokines and chemokines, involved in activation and differentiation of immune cells and are
able to present antigen to specific T cells. Another cell type important in lung defense is the pulmonary macrophage (PuM). Con-
sidering the architecture of the alveoli, a good communication between the external and the internal compartments is crucial to
mount effective responses. Our hypothesis is that being in the interface, AEC may play an important role in transmitting signals
from the external to the internal compartment and in modulating the activity of PuM. For this, we collected supernatants from

AEC unstimulated or stimulated in vitro with lipopolysaccharide (LPS). These AEC-conditioned media were used in various
setups to test for the effects on a number of macrophage functions: (i) migration, (ii) phagocytosis and intracellular control of
bacterial growth, and (iii) phenotypic changes and morphology. Finally, we tested the direct effect of AEC-conditioned media on
bacterial growth. We found that AEC-secreted factors had a dual effect, on one hand controlling bacterial growth and on the

other hand increasing macrophage activity.

In the respiratory tract, both innate and adaptive immune re-
sponses are responsible for the protection and defense against
inhaled particles or infectious agents. The respiratory epithelium
is considered to be a physical and functional barrier also actively
involved in the clearance of environmental agents. Airway epithe-
lial cells produce antibacterial factors, promote inflammatory re-
sponses, and regulate gas exchange in the body (1, 2). The alveolar
compartment is lined with membranous pneumocytes, known as
type I alveolar epithelial cells (AECI), and granular pneumocytes,
type II alveolar epithelial cells (AEC II). AEC I are squamous,
large, thin cells that cover 90 to 95% of the alveolar surface. These
cells are not only involved in gaseous exchange but also forming a
barrier able to sense microbial products and generate inflamma-
tory responses (3, 4). AEC II are cuboidal cells that constitute
around 15% of total lung cells and cover about 7% of the total
alveolar surface. AEC II are responsible for epithelium reparation
upon injury and ion transport. AEC II contribute also to lung
defense by secreting antimicrobial products such as complement,
lysozyme, and surfactant proteins (SP). SP-A and SP-D (C-type
lectins) are responsible for host defense, enhancing the clearance
of various microbial pathogens, whereas SP-B and SP-C are re-
sponsible for the biophysical reduction of the surface tension dur-
ing gas exchange (4-6).

Although both AEC I and II are constantly contributing to
airway defense, many studies have focused on AEC II, perhaps
because these cells are more active immunologically. AEC II se-
crete a broad variety of factors, such as cytokines and chemokines,
involved in activation and differentiation of immune cells and
have been described to be able to present antigen to specific T cells
(6—11). Together with AEC, other cells, such as macrophages, par-
ticipate in the defense of the respiratory tract. The lower respira-
tory tract has two macrophage populations: alveolar macrophages
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(AM) in the alveoli and interstitial macrophages located in the
insterstitium. Both types of macrophages have been described to
elicit strong responses against a broad variety of stimuli (12). Al-
though alveolar and interstitial macrophages are morphologically
similar, it is possible that their functions are regulated according
to their anatomic localization and exposure to different microen-
vironments in the lungs (12, 13). AM have been described to dis-
play a high phagocytic capacity and have a key role in the initiation
and resolution of inflammatory responses in the alveoli (13-15).
In the maturation process to AM from circulating monocytes,
interstitial macrophages are considered to be an intermediate cell
type displaying certain characteristics closer to those of monocytes
than to AM (16, 17). Both cell types are responsible for maintain-
ing the respiratory tract free from microbes and other particulate
agents, but while AM are active on the external airway compart-
ments, the function of interstitial macrophages would be more
restricted to the lung tissue and to communicate with other im-
mune cells in the interstitium, constituting an internal link be-
tween the innate and the adaptive branches of the immune system.

Much research has been directed to study the behavior of AM,
but less is known about interstitial macrophages. In the present

Received 11 September 2012 Returned for modification 28 September 2012
Accepted 7 November 2012

Published ahead of print 12 November 2012

Editor: J. L. Flynn

Address correspondence to Olga D. Chuquimia, olga.flores@imun.su.se.
0O.D.C. and D.H.P. contributed equally to this work.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/1A1.00950-12

iai.asm.org 381


http://dx.doi.org/10.1128/IAI.00950-12
http://iai.asm.org

Chuquimia et al.

work, we aimed to study in closer detail the functional character-
istics of interstitial macrophages, named herein pulmonary mac-
rophages (PuM). Considering the architecture of the alveoli, good
communication between the external and the internal compart-
ments is crucial to mount effective responses. Our hypothesis is
that being in the interface, AEC may play an important role in
transmitting signals from the external to the internal compart-
ment and in modulating the activity of PuM. For this, we collected
supernatants from AEC unstimulated or stimulated in vitro with
lipopolysaccharide (LPS). These AEC-derived media were used in
various setups to test for the effect on a number of macrophage
functions: (i) migration, (ii) phagocytosis and intracellular con-
trol of bacteria growth, and (iii) phenotypic changes and mor-
phology. Finally, we tested the effect on bacteria, namely, direct
killing and opsonization. We describe here that AEC-secreted fac-
tors had a dual effect, on one hand on the control of bacterial
growth and on the other hand in increasing macrophage activity.
The observed effects could not be ascribed to the activity of indi-
vidual factors but rather to the combination of different factors
possibly acting in an additive or synergistic manner. We discuss
these effects on the context of innate defense in the respiratory
tract.

MATERIALS AND METHODS

Mice. The studies were performed using 8- to 12-week-old female
C57BL/6 mice purchased from NOVA-SCB, Sweden, or TLR4™/~ mice
(18) obtained from the Karolinska Institute, Sweden, with the permission
of S. Akira (Osaka University, Japan). All animals were kept at the Animal
Department of the Arrhenius Laboratories, Stockholm University, Swe-
den, and housed in pathogen-free conditions. Experiments were per-
formed in accordance with the guidelines of the Animal Research Ethics
Board at Stockholm University. Mice were supervised daily, and sentinel
mice were used to assess and ensure pathogen-free conditions in the fa-
cility.

Bacteria. We used Mycobacterium bovis BCG, transformed with a dual
reporter plasmid containing the human codon-optimized and enhanced
green fluorescent protein (EGFP) and the luxAB genes from Vibrio harveyi
(19), called herein GFP-BCG. The use of this construct is convenient,
since bacteria can be quantified immediately by luminescence, while the
classical evaluation of BCG growth in agar plates takes between 2 to 3
weeks. Bacterial contents are expressed as relative luminescence units
(RLU), which correlate with the number of CFU (20, 21). GFP-BCG was
grown in Middlebrook 7H9 broth (Difco, Sparks, MD) supplemented
with albumin-dextrose-catalase (ADC), 0.5% glycerol, 0.05% Tween 80
(vol/vol), and 50 pg/ml hygromycin for 10 to 15 days. Bacteria were col-
lected at a log phase of growth (absorbance of 1.0 measured at an optical
density at 650 nm [ODys,]) and frozen in phosphate-buffered saline
(PBS) with 10% glycerol and kept at —70°C. Before infection of cell cul-
tures, a vial (108 CFU/ml) was thawed and placed in culture as described
above for 4 to 5 days, reaching an early log phase (OD, of ~0.3). To
determine the RLU, decanal (Sigma-Aldrich) was used as a specific sub-
strate for the bacterial enzyme LuxAB. Decanal was dissolved in 70%
ethanol and added to the lysates at a final concentration of 0.01%. The
samples were mixed immediately, and luminescence was measured after
15 s in a Turner BioSystems Modulus luminometer.

Isolation of AEC and PuM. Total pulmonary cells were prepared us-
ing Corti’s protocol (22) with previously described modifications (20, 21).
In short, CD45™ cells were obtained from total lung cells using magnetic-
activated cell sorting (MACS; Miltenyi Biotec, Bergisch Gladbach, Ger-
many) and subsequently cultured for 48 h in RPMI (Gibco-Invitrogen,
Paisley, United Kingdom) supplemented with 10% fetal calf serum (FCS),
2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin, 0.02 M
HEPES, and 0.05 M 2-mercaptoethanol (Sigma) at 37°C and 5% CO,.

382 jai.asm.org

Pulmonary macrophages (PuM) were isolated by adhesion to get rid of
cellular debris and nonadherent cells, such as dendritic cells (DC). Cells
isolated from lung parenchyma and not from bronchoalveolar lavage have
been reported previously to be enriched in interstitial macrophages (23—
25). On average, 98% of the adherent cells using this methodology were
positive for the macrophage marker F4/80, as determined by flow cytom-
etry. Isolated PuM were on average 80% F4/80" CD11c™ and 30% F4/80™"
CD11b" from cells analyzed separately (Table 2). Alveolar epithelial cells
(AEC) were obtained by depleting CD45" and CD146™ cells from lung
preparations using MACS. After 48 h in culture, 92 to 95% of these
CD45™ CD146™ cells exhibited an AEC phenotype, where approximately
22% expressed podoplanin (AEC type I) and approximately 72% ex-
pressed CD74 (AEC type II) as determined by flow cytometry.

Generation of BMM. Bone marrow-derived macrophages (BMM)
were generated as previously described (26). Briefly, after sacrifice, the
femur and tibia of the hind legs were removed. Bone marrow cavities were
flushed with cold, sterile PBS, and cells were harvested and frozen at
—80°C until further use. After being thawed, the bone marrow cells were
cultured in complete RPMI supplemented with 20% L1929 cell-condi-
tioned medium (as a source of macrophage colony-stimulating factor)
and cultured for 7 days, and medium was replaced every second day.
Before use, the BMM were differentiated by incubating cells in complete
RPMI or advanced RPMI (AdRPMI; Gibco-Invitrogen, Paisley, United
Kingdom) with 10% FCS, 0.02 M HEPES, and 2 mM L-glutamine without
1929 cell-conditioned medium for 24 h. For induction of macrophages
with an M1 or M2 phenotype, bone marrow cells were cultured until
differentiation and then incubated in medium with either 20 ng/ml
gamma interferon (IFN-v) and 10 ng/ml LPS or 10 ng/ml interleukin 4
(IL-4) for 48 h, respectively (27-29).

Preparation of AEC-derived media. AEC were plated (5 X 10* cells/
well) in 96-well flat-bottom plates (Corning Inc., Corning, NY). Cells
were either kept unstimulated or stimulated with 10 pg/ml of LPS (Sigma)
for 24 h. Cell culture supernatants were collected, pooled, and stored at
—70°C until use. These supernatants were named AEC,,, for medium
from untreated AEC and AEC, ¢ for medium from AEC stimulated with
LPS. In some experiments, media from total splenocyte (SC) cultures
were used and prepared under the same conditions. These are named
SC,,p for untreated cells.

Phagocytosis and intracellular bacterial growth. BMM and PuM
were cultured in 24- or 48-well plates as described above at 2 X 10° or 1 X
10° cells per well, respectively. Cells were kept with complete RPMI or
AdRPMI without antibiotics for 24 h. Before infection, cells were left
untreated or treated with AEC,,,,, AEC; ps, or SCy,,, for 20 to 24 h. Next,
cells were infected with GFP-BCG at a multiplicity of infection (MOI) of
10:1 (bacteria:cell) for 4 h. We and others have used a 4-h infection time,
which may be considered a long period where even bacterial growth can
take place. However, since BCG is a slow-growing bacterium with a divi-
sion time of 18 h, the effect of bacterial growth during the 4-h infection is
minimal. After infection, cells were washed three times and treated with
gentamicin (100 pg/ml) for 30 to 60 min at 37°C, washed three times, and
lysed with 0.2% Triton X-100 (Sigma) to measure phagocytosis. We con-
sider this time point as the starting point (0 h). For the determination of
intracellular bacterial growth, cells were kept with or without AEC- or
SC-derived medium for 48 h. RLU/10° cells were calculated by measure-
ment of luminescence from lysed cells as described above. To assess for the
need of constant presence of AEC-derived factors in the process of intra-
cellular mycobacterial growth control, cells were pretreated only with
AEC,,,, and washed before infection. This group is named AEC,,p,-

Opsonization and direct bacterial killing. To evaluate whether AEC-
derived media had opsonizing effects, GFP-BCG were incubated with
AEC,,,, or normal medium for 30 min at 37°C. Treated and untreated
GFP-BCG were used to infect BMM at an MOI of 10:1 (bacteria:cell) for 4
h at 37°C. Phagocytosis by BMM was calculated as RLU/10° cells by mea-
surement of luminescence from lysed cells as described above.

To assess direct bacterial killing by AEC-derived media, 2.5 X 10°
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CFU/ml of GFP-BCG was incubated with AEC,,,, or gentamicin at con-
centrations of 16, 50, and 100 pg/ml or left untreated for 4 and 24 h. After
this time, GFP-BCG were washed once and kept in complete RPMI with-
out antibiotics for 72 h. Bacterial growth was determined by measurement
of RLU as described above.

Transmembrane migration assay. Total pulmonary cells (10°/100
wl) were placed in the upper chamber of a Transwell insert (5-pm pore
size, 24-well plate; Corning Costar), and media (AdRPMI with 0.5% FCS
and 2 mM L-glutamine) or supernatants from AEC cultures were placed
in the lower chamber. After 2 h, cells that had migrated to the lower
chamber were removed and analyzed. The relative number of cells migrat-
ing was determined on a flow cytometer using Calibrite beads (BD Bio-
sciences), where a fixed number of beads was included in each sample and
the number of cells/1,000 beads was evaluated. Data were normalized
to the number of cells migrating toward the medium control. To deter-
mine the proportion of different cell types migrating, cells were stained
with anti-F4/80-allophycocyanin (APC) (Serotec; A3-1), anti-CD11c-R-
phycoerythrin (PE) (BD Pharmingen; HL3), anti-CD90.2-fluorescein
isothiocyanate (FITC) (BD Pharmingen; 53-2.1), anti-CD19-R-PE (BD
Pharminen; ID3), and anti-Ly-6B.2-Alexa 647 (Serotec; 7/4) antibodies
and analyzed on a flow cytometer (FACScalibur; BD Biosciences).

In vitro wound healing assay. Wound healing assay was performed as
previously described (30, 31). The J774A1 (referred to as J774 cells in the
text) cell line was obtained from the European Type Tissue Culture Col-
lection (CAMR, Salisbury, United Kingdom). PuM were prepared as de-
scribed above. Cells were cultured to reach around 80% of confluence.
After cells were washed, a linear scratch wound was made on the cell
monolayer by using a universal pipette tip (P200), after which plates were
washed and incubated in either complete RPMI or cell culture superna-
tants from AEC cultures at the indicated time points. Cells were then fixed
with 4% formalin, and the nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPIL; Invitrogen). Cell migration was evaluated by mon-
itoring the number of cells/area using a phase-contrast microscope
(Nikon TE 300, X20 magnification) equipped with a charge-coupled-
device (CCD) camera (NIKON digital camera DXM1200F).

Determination of the PuM phenotype. PuM were treated with
AEC,,,, LPS (10 pg/ml), or kept untreated for 24 h. To determine the
phenotype, cells were stained with APC-labeled antibodies to F4/80 (AbD
Serotec, Dusseldorf, Germany). Expression of cell surface major histo-
compatibility complex class II (MHC-II) and costimulatory molecules
was determined by using PE-labeled antibodies to MHC-II (I-AY/I-E9),
CD40, CD80, and CD86 (BD Bioscience Pharmingen, San Diego, CA).
CD11cand CD11b were assessed by anti-CD11c-R-PE (BD Pharmingen)
and anti-CD11b-FITC (BD Pharmingen) antibodies, respectively. Man-
nose receptor (MMR) expression was determined by anti-MMR-PE anti-
body (R&D Systems, Abbington, United Kingdom). All samples were an-
alyzed on a Becton, Dickinson FACScalibur, and data were analyzed using
CellQuestPro software (Becton, Dickinson Immunocytometry Systems).
All the analyses were performed with an acquisition of 10,000 events.

Actin staining and microscopy. After BMM or PuM were cultured as
described above but on glass cover slides, cells were fixed with 3.7% form-
aldehyde (Sigma-Aldrich) in PBS for 10 min at 37°C and then permeab-
ilized in a 0.1% Triton X-100 solution for 5 min. Cells were then stained
with FITC-labeled phalloidin (Sigma-Aldrich) and DAPI for 45 min and
mounted (SlowFade Gold antifade reagent; Invitrogen), and their shape
and actin cytoskeleton were visualized using a Zeiss cell observer fluores-
cence microscope.

Statistical analysis. Data are presented as the means * standard de-
viations (SD) or standard errors of the means (SEM). Differences between
treatment groups were analyzed using a Student ¢ test or one-way analysis
of variance (ANOVA) followed by Bonferroni’s posttest for multiple com-
parisons. Differences between treatments at different time points were
analyzed using a two-way ANOVA followed by Bonferroni’s multiple
comparison test. Differences were considered significant at a P value of
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<0.05. All data were analyzed using the GraphPad InStat version 5.0
(GraphPad Software, San Diego, CA).

RESULTS

Treatment with AEC-derived medium increases phagocytosis
and intracellular growth control by BMM and PuM. Since AEC
are important in the defense against inhaled pathogens and be-
cause of their close vicinity to local macrophages, we considered it
important to evaluate the effect of AEC-derived factors on various
macrophage functions in vitro. We first studied their effect on
phagocytosis and intracellular growth control in two types of mac-
rophages, namely, BMM and PuM. Cells from C57BL/6 and
TLR4 '~ mice were isolated and kept untreated or treated with
supernatants from unstimulated AEC (AEC,,,) or LPS-induced
AEC (AEC, pg) for 20 to 24 h. After this, cells were infected with
GFP-BCG as described in Materials and Methods, and bacterial
loads were monitored in RLU. Phagocytosis was measured at 0 h
and intracellular bacterial growth at 48 h after infection. Upon
AEC,,, and AEC s treatments, BMM increased bacterial uptake
2.0- and 4.3-fold, respectively, compared to the untreated control
(Fig. 1a). Bacterial uptake by PuM increased 5.3-fold with AEC, pg
(Fig. 1a) and 2.4-fold with AEC,,,, (data not shown) treatments.
Control of intracellular bacterial growth was also evaluated. The
reduction of bacterial growth upon treatment with AEC,,,, was
77% =+ 3% in BMM, while upon AEC, ;¢ treatment the reduction
was 55% * 10% in BMM and 67% = 8% in PuM (Fig. 1b). In both
cases, reduction in cells treated with AEC-derived supernatants
was superior to the reduction in untreated cells. In BMM, AEC,,,
induced stronger reduction in bacterial growth control than
AEC, pg.

To assess the need for a constant presence of AEC-derived fac-
tors in the process of intracellular growth control, cells were pre-
treated only with AEC,,,,, for 20 to 24 h and washed before infec-
tion. This condition was named AECg,p,.. The results show that
in the absence of AEC-derived medium after infection, the reduc-
tion of intracellular bacterial growth was 40% lower than that of
pretreated cells (Fig. 2).

Additionally, we tested medium obtained from spleen cells and
LPS. Neither SC,, nor LPS affected bacterial uptake or growth
control to a level comparable with medium obtained from AEC
(data not shown).

Direct effect of AEC-derived medium on opsonization and
killing of bacteria. Since AEC-secreted factors such as SP can
act as opsonins and enhance the engulfing of bacteria by phago-
cytes (32, 33), we evaluated whether AEC-derived media had
opsonizing effects in our model. GFP-BCG were treated with
AEC-derived media for 30 min, and BMM were infected with
the treated GFP-BCG. Our results show that pretreatment of
mycobacteria with AEC,,, did not increase the uptake by BMM
(Fig. 3a).

AEC have also been found to secrete a number of antimicrobial
products, such as complement, lysozyme, cathelicidin, B-de-
fensins, and SP, among others (1, 34). We evaluated whether
AEC,,,, contained microbial products able to directly kill myco-
bacteria. GFP-BCG were incubated with AEC,,,, and various con-
centrations of gentamicin or left untreated for 4 and 24 h. After
treatment, GFP-BCG was washed once and kept in complete
RPMI without antibiotics for 72 h. Bacterial growth was deter-
mined by measurement of RLU. The results show that treatment
with AEC,, did not inhibit the GFP-BCG growth after 4 h,
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FIG 1 Phagocytosis and intracellular bacterial growth control by BMM and PuM upon treatment with AEC-derived media. BMM and PuM from TLR4 ™/~ mice
were pretreated with either AEC,,,, or AEC; ps for 20 to 24 h or left untreated. Cells were infected with GFP-BCG. (a) Phagocytosis. Four hours after infection,
phagocytosis was evaluated by determining RLU. Data are shown as RLU/10° cells. (b) Intracellular bacterial growth control. After infection, cells were treated
with either AEC,,, or AEC;ps for 48 h or left untreated. Bacterial growth was evaluated by determining RLU. Data are shown as percent reduction of
phagocytosed bacteria evaluated as RLU. Values are means % SD from 3 independent experiments. The differences between groups of BMM were analyzed using
a one-way ANOVA followed by Bonferroni’s multiple comparison test. *, significantly different from medium control; #, significantly different from AEC
P < 0.05. The differences between groups of PuM were analyzed using an unpaired Student  test. *, significant differences, P < 0.05.

sup’

whereas after 24 h AEC,,,, was as effective as gentamicin in killing  cells, and let these migrate toward supernatants from either

mycobacteria (Fig. 3b). ’ AEC,,, or AEC,ps. We observed that more total lung cells mi-
AEC-derived medium increases transmembrane migration grated toward AEC-derived media than toward medium alone
of PuM. Upon activation, AEC secrete a number of chemokines,  (Fig. 4). Further, there were proportionally more F4/80"/CD11c~
including keratinocyte cytokine (KC), monocyte chemoattractant  cells that migrated toward AEC, g than toward media. The pro-
protein (MCP-1), and MIP-2a (20). To determine whether AEC  portion of other cell types migrating toward AEC-derived media
promote migration of pulmonary cells and whether a specific cell  was not significantly different from that of the control (Table 1).
type is preferentially influenced by AEC-derived factors, we setup  Determining the net number of each cell type migrating, 3- and
a Transwell migration assay, using total lung cells as responder  5-fold more F4/80"/CD11c™ cells migrated toward AEC,,, and
AEC, pg, respectively, than toward control medium. To determine

whether media derived from other types of cells were able to in-

—_ duce lung cell migration, we tested the effect of spleen cell-derived
5 1007 81% media on migration. SCy,, did not significantly induce pulmonary
55 807 cell migration compared with that of the control (data not
g g - - shown). We also tested the effect of LPS on migration, since im-
N purities in the LPS might induce migration by a TLR4-indepen-
% § 40 dent mechanism. Placing medium with LPS in the lower chamber
235 5] in our system did not affect migration (data not shown).
£ AEC-derived medium increases wound healing of macro-
-7 AEC,,, AEC,uppre phages (PuM, J774). Since AEC-derived media appeared to spe-

FIG 2 Continuous presence of AEC-derived media is required for optimal Clﬁca_uy affect the transmembrane r.nlgratlon of mye191d CCH.S ex-
control of intracellular bacterial growth. PuM from WT mice were either con-  Pressing F4/80, we further characterized the effect of this media on
tinuously treated or pretreated only with AEC,,, and washed before infection ~ macrophage migration using a scratch assay (30, 31). Two differ-
(AEC,ppye)- The bacterial growth was measured by determining RLU. Data  ent types of macrophages were used, the cell line J774 and primary

are shown as percent reduction of phagocytosed bacteria evaluated as RLU. . —— s
Values are means * SD from 3 independent experiments. The differences PuM obtained from TLR4 mice. The two cell types exhibited

between groups were analyzed using an unpaired Student ¢ test. *, significant different kinetics in the assay, where J774 cells started migrating at
differences, P < 0.05. an earlier time point (appearing in the scratch wound after 4 h)
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FIG 3 Opsonization and direct bacterial killing upon treatment with AEC-derived media. (a) Opsonization. GFP-BCG was pretreated with AEC

4h 24h

sup fOT 30 min.

BMM were infected with either pretreated or untreated GFP-BCG for 4 h. Phagocytosis was evaluated by determining RLU. (b) Direct killing. GFP-BCG was

treated with AEC

sup OT gentamicin for 4 and 24 h or kept in medium. Then, bacteria were centrifuged and cultured in medium without antibiotics for 72 h.

Bacterial growth was measured by determining RLU. Values are means * SD from 3 independent experiments. The differences between the groups and time
points were analyzed using a two-way ANOVA followed by Bonferroni’s multiple comparison test. *, significant differences, P < 0.001.

than primary PuM (detected only after 24 h). We have not ob-
served a direct effect of the AEC supernatants on cell growth, but
the cell line was actively dividing in vitro, and in this case it is
obvious that division could mask the migratory effect. In order to
avoid such a scenario, we ended the migration assay with the J774
cell line at an earlier time point than with the nondividing PuM,
where the differences with the untreated control were clear. For
both cell types, AEC-derived media increased migration com-
pared with that of the control (Fig. 5).

AEC-derived medium affects expression of surface markers
on PuM. Since we have demonstrated a clear effect of AEC-de-
rived medium on macrophage activation, it was of interest to ex-
amine whether this activation could be correlated with upregula-
tion of surface marker expression. To address this issue, PuM
from wild-type (WT) mice were kept untreated or treated with
AEC,,,, for 24 h and stained for fluorescence-activated cell sorting
(FACS) analysis. LPS (10 pg/ml) was used as a positive control.
The cells were tested for the following costimulatory molecules:
CD80, CD86, and CD40. In addition, other common macrophage
markers, such as MHC-II, MMR (mannose receptor), CD11Db,
and CD11c, were analyzed. Treatment with AEC,, did not have a
major effect on the expression of MHC-II or any of the tested
costimulatory molecules. However, treatment with AEC,,, in-
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FIG 4 Total lung cell migration toward media from unstimulated AEC
(AEC,,,) and LPS-stimulated AEC (AEC, pg). Total lung cells from TLR4 ™/~
mice were placed in a Transwell insert in control medium or AEC-derived
media in the lower chamber. After 2 h of incubation, cells were removed from
the lower chamber and relative cell numbers were determined using a flow
cytometer. Values are means * SD, n = 3. The differences between the groups
were analyzed using a one-way ANOVA followed by Bonferroni’s multiple
comparison test. *, significant differences, P < 0.05. The data are representa-
tive of 4 independent experiments.
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creased the expression of MMR and CD11b compared with that of
untreated PuM (Table 2). BMM were also left untreated and
treated with either AEC,,, or LPS. The FACS analysis shows that
BMM treated with AEC,, had an increased expression of CD80
and MMR (data not shown).

AEC-derived medium influences the morphology of BMM
and PuM. Phagocytosis and cell migration are dependent in part
on activation of the actin cytoskeleton. Furthermore, we noticed
morphological changes in cells treated with AEC-derived media,
also indicating alterations in the cytoskeleton. We therefore inves-
tigated the effects of treatment with AEC-derived media on cell
morphology and actin cytoskeleton using microscopy. Depending
on the activating conditions, macrophages can develop into M1
(classically activated) (28, 29) or M2 (alternatively activated) (27)
phenotypes. To facilitate comparisons with AEC,,,,, treatment, we
established the model described by Vereyken et al. (29), where
BMM were differentiated toward M1 or M2 using IFN-y and LPS
or IL-4, respectively. Upon treatment with IFN-y and LPS, almost
all BMM became round, with a clearly visible actin ring below the
surface, whereas IL-4 induced an elongated cell shape (Fig. 6a).
Using this model, we studied the effect of AEC-derived media in
PuM upon infection with BCG. After infection, cells showed a
marked spreading, and only a minor proportion of cells (around
10%) were round M1-like cells (IFN-y and LPS). In contrast,
treating cells after infection with AEC-derived media increased
the appearance of elongated cells, resembling the IL-4-differenti-
ated M2-type BMM. This was especially clear in samples treated
with AEC, ps (Fig. 6b).

TABLE 1 Phenotypic analysis of cells after migration

% of gated events”

Cell type Medium AEC,,, AEC; pg
F4/80"/CD11c* 2+1 2+1 2+1
F4/80"/CD11c™ 6+2 12+1 16 + 4*
F4/80~/CD11c* 1+1 2+1 2+1
CD90.1 20+ 13 32+12 26+ 8
CDI19 3+2 4+1 3+2
Ly-6B2 24+ 8 36 + 13 31+ 10

“ Data are percentages of gated events. The values are given as means = SD from 3
independent experiments. Cells expressing F4/80 are macrophages, F4/80/CD11c™;
dendritic cells, CD90.1; T cells, CD19; B-cells and Ly-6B2; neutrophils. Statistical
analysis was performed comparing the proportions of each cell-type after migration. *,
significantly different from medium.
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FIG 5 Wound-healing assay performed on J774 cells and PuM from TLR4 /™ mice. J774 cells were grown to confluence on tissue culture plates, the monolayers
were scratched to create a wound, and the cells were cultured for the indicated time in media from unstimulated (AEC,,,) or LPS-stimulated AEC (AEC ps). After
being cultured, the cells were stained with DAPI and photographed. The number of cells in the scratch wound was evaluated in three different fields within a
defined area. Values are means * SEM, n = 4 experiments. Differences between mean values were calculated using an unpaired Student ¢ test for J774 or one-way
ANOVA for PuM, followed by Bonferroni’s multiple comparison test. ¥, significantly different from medium, P < 0.05.

DISCUSSION

Our working hypothesis has been that AEC-derived factors are
important in providing micro environmental signals that are able
to modify the functional behavior of incoming and tissue-resident
cells, thus contributing to the homeostasis and defensive mecha-
nisms of the respiratory tract. We chose to work preferentially
with interstitial pulmonary macrophages (PuM) instead of alveo-
lar macrophages (AM) because PuM are important in the defense
against microbial aggressions and also because they are in close
contact with other immune cells in the lung interstitium. We have
used for their purification an established methodology considered
to result in high-purity interstitial macrophages (23-25), while
high-purity AM are most frequently prepared from the bron-
choalveolar lavage (23-25). However, even if it is possible that a
minor fraction of AM could be present in our preparations (35),
we are confident that the results presented here are compatible
with the functionality of PuM. Among other aspects, we have pre-
viously shown that PuM are good APC (21) in contrast to what is
reported in the literature about AM, which are considered to be
poor APC (25). All this may suggest that the PuM in this study are
different from AM.

In recent years, it has become clear that resident tissue cells,
such as epithelial cells, participate in local immune responses, al-
though the extent of these responses are still not fully understood
(7,9, 36). Also important in defense of the lung integrity are mac-
rophages, a heterogeneous and plastic population of cells whose
specific phenotype is largely determined by signals from the sur-
rounding environment (37). Since macrophages are located in a

TABLE 2 Effect of AEC,,,;, on the surface molecule expression of PuM

%

Marker Medium AEC,,, LPS

MHC-II 58 £ 16 47 £ 18 75+ 13
CD80 89 = 4 93+ 2 88 =1
CD86 21 *5 17*6 63+3
CD40 12£5 16 = 4 829
MMR 18+1 38+4 15*+1
CD11b 33+8 52+0 87 =7
CDll1c 82+ 4 73 £ 4 68 £7

“ Data are percentages of events for MHC-II, CD80, CD40, MMR, CD11b, and CD11c
of F4/80-positive events. Clear changes in the phenotype marker are shown in bold. The
values are given as means * SD from 2 or 4 independent experiments.
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close proximity to the AEC in the alveoli, it is likely that in vivo,
AEC play arole in attracting and modulating macrophage activity.
In fact, it has been shown that AEC can secrete a variety of active
substances, such as growth factors and chemokines (38—41). Infil-
tration of macrophages/monocytes into the lung is known to hap-
pen in homeostasis as well as in several disease settings, such as
duringischemia (42), during bleomycin-induced lung injury (43),
or after influenza infection (44, 45). Here, we describe that AEC-
derived media selectively induced migration of myeloid cells ex-
pressing F4/80. Others have shown that AEC-derived media at-
tract human monocytes, T cells, and neutrophils isolated from
peripheral blood (11, 46). However, in the current study, our fo-
cus was on the responses of local lung cells (PuM) rather than the
response of circulating blood cells, which may have a more pro-
nounced migratory capacity. Several factors have been named to
be important for monocyte/macrophage migration, and MCP-1
and the IL-8 axis have been shown, by neutralization, to be im-
portant in mediating migration toward AEC-derived media (11,
44, 46). In these reports, the AEC-induced migration of blood
monocytes could be reduced by 30% to 90% by neutralizing
MCP-1. Furthermore, Thorley et al. (11) showed that other fac-
tors, such as IL-8 and GRO-a, also are important, as neutralizing
these chemokines reduced monocyte migration toward culture
medium from primary human type II AEC by 39% and 51%,
respectively (11). We have previously published that in our sys-
tem, AEC secrete high levels of MCP-1 and the murine IL-8 ho-
mologs KC and MIP-2 upon stimulation with LPS (20). It is thus
likely that these factors play a major role in inducing the macro-
phage migration in our system.

Once recruited to the tissue, one of the primary functions of
macrophages is to phagocytose and destroy invading pathogens.
To properly control the growth of intracellular bacteria like BCG,
the macrophage needs external stimuli. Here, we show that AEC-
derived media increased both macrophage phagocytosis and in-
tracellular bacterial growth control. This is desirable since one of
the problems encountered in infection with intracellular patho-
gens is that the microorganism escapes the immune system by
utilizing macrophages to be transported to other places in the
body, thus contributing to systemic dissemination of infection
(47). That AEC-derived supernatants increase phagocytosis of
BCG by PuM is in line with what others have previously described
using AM (48). Several factors produced by AEC may increase
phagocytosis, e.g., GM-CSF (49) and surfactant proteins (50).
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BCG+AEC,

FIG 6 Cytoskeleton staining of M1- or M2-differentiated BMM (a) or BCG-infected PuM (b). BMM were differentiated by adding IFN-y and LPS (M1) or IL-4
(M2) for 48 h. PuM were infected with BCG for 4 h. After thorough washing and treatment with gentamicin for 30 min, cells were cultured further for 48 h in

RPMI or media from untreated AEC (AEC
microscopy.
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Our finding that AEC,,, induces a stronger intracellular bacterial
control than AEC;, ;4 was not anticipated. Of the factors that have
previously been measured in these supernatants, all of them were
increased in the LPS-induced cells compared with that of un-
stimulated AEC (20). However, we cannot exclude the possibility
that some unidentified factors may be present only in the AEC,,,
and not in AEC, p¢. Another possibility is that the AEC, g activates
the BMM in a way that is not as beneficial for the control of intra-
cellular bacterial growth as the AEC,,.

Itis important to point out that preincubating bacteria with
AEC-derived media for 4 h, which is the time required for
infection in our experimental model, neither affected phago-
cytosis nor bacterial survival, indicating that the AEC-secreted
factors increased macrophage phagocytosis and killing through
adirect effect on the macrophages rather than through indirect
mechanisms, such as opsonization or direct killing of the bac-
teria. However, effective bacterial killing of BCG could be
achieved with AEC-derived media but required a longer incu-
bation period (24 h). A plethora of antimicrobial components
is synthesized by AEC, including lysozyme (51), secretory leu-
kocyte protease inhibitor (52), and antimicrobial peptides (53—
55). It is difficult to speculate by which mechanism the bacte-
rial killing was achieved in our system, although a similarly
prolonged incubation time has been shown to be needed for
antimicrobial peptides, such as cathelicidins, to achieve an ef-
fective killing of BCG (56).

Macrophage differentiation is often accompanied by morpho-
logical changes, for instance, regarding the differentiation into
classically activated M1 or alternatively activated M2 macro-
phages. M1 macrophages can display a round appearance, while
M2 macrophages are more elongated (27-29). In this study, we
also observed alterations in the general shape of the cells, where
AEC-derived media induced a more elongated cell shape, similar
to that ascribed to M2. These morphological changes, together
with the increased expression of MMR, a receptor known to be
expressed preferentially by M2 macrophages (13-15), are sugges-
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) or LPS-stimulated AEC (AEC ,5). After being cultured, cells were stained with FITC-phalloidin and analyzed by

tive of such polarization. Indeed, M1- and M2-type macrophages
are thought to have different functions in the body, and the M2
macrophage is typically thought of as less inflammatory and less
active in bacterial killing (57, 58). It could be speculated that to
promote the induction of this type of a less “aggressive” macro-
phage is more convenient for keeping the integrity of the tissue.
That treatment with AEC-derived factors may induce a differen-
tiation of PuM to an M2-type pathway, while increasing intracel-
lular killing of BCG seems controversial and requires further eval-
uation.

Taken together, here we demonstrate that factors secreted by
AEC have a clear effect both on macrophages and on bacteria. We
report that culturing macrophages in AEC-derived media
changed macrophage morphology and significantly increased sev-
eral functional features, including cell migration, phagocytosis,
and control of intracellular bacterial growth. In addition, AEC-
derived factors promoted effective extracellular bacterial killing.
Some of the factors known to be responsible for these effects have
been previously characterized (56). We have also tested a number
of them, such as M-CSF and MCP-1, and found that these factors
were active when used at relatively high concentrations but only in
some functions, not in all. For instance, MCP-1 and M-CSF both
increased wound healing, while only MCP-1 potently induced mi-
gration in the Transwell migration assay (data not shown). All this
suggests that AEC secrete many different factors that in an additive
or synergistic manner will influence cells residing in that tissue.

Collectively, our data support the theory that AEC are cru-
cial both in the homeostasis of the lungs and as active partners
in the defense against infection. AEC are able to control bacte-
rial growth, to attract and activate other cell types exemplified
here by their various effects on PuM. This reinforces the im-
portance of AEC and their contribution in making up the mu-
cosal microenvironment, further increasing our understand-
ing of the various partners involved in the defense of mucosal
surfaces.
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