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Abstract

Chronic Obstructive Pulmonary Disease (COPD) is a devastating disease with no effective
therapies. We investigated the role of the C-type lectin receptor, CLEC5A, in macrophage
activation and pulmonary pathogenesis in a mouse model of COPD. We demonstrate that
CLECS5A is expressed on alveolar macrophages in mice exposed long-term to cigarette smoke
(CS) and in human smokers. We also show that CLEC5A-mediated activation of macrophages
enhanced cytokine elaboration alone, and in combination with LPS or GM-CSF in CS-exposed
mice. Furthermore, using Clec5a-deficient mice, we demonstrate that CS-induced macrophage
responsiveness is mediated by CLEC5A and CLECS5A is required for the development of
inflammation, proinflammatory cytokine expression and airspace enlargement. These findings
suggest a novel mechanism that promotes airway inflammation and pathologies in response to CS
exposure and identifies CLEC5A as a novel target for the therapeutic control of COPD
pathogenesis.
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Introduction

COPD is a progressive disease of airway obstruction characterized by chronic inflammation,
emphysema, and chronic bronchitis. Inflammatory processes are important drivers of COPD,
and previous research has identified a role for virtually all leukocyte populations in response
to cigarette smoke (CS) (1). The majority of studies have focused on macrophage- and
neutrophil-derived proteases being causative factors in tissue destruction (2, 3). While many
studies have detailed the effects of macrophage activation in the context of CS exposure and
COPD, few data exist on the specific mechanisms whereby CS exposure activates

This work was supported by National Institutes of Health Research Grants R01 HL119538 and R21 HL109635 (to M.T.B.), T32
ES016646 (to B.L.W.), and a Flight Attendant Medical Research Institute grant (to M.T.B.).

*Corresponding author: Dr. Michael T. Borchers, Division of Pulmonary, Critical Care, and Sleep Medicine, Department of Internal
Medicine, University of Cincinnati College of Medicine, Cincinnati, OH 45267-0564. Tel: 513-558-1027, Fax: 513-558-4858,
michael.borchers@uc.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wortham et al.

Methods

Mice

Page 2

macrophages. Although these studies are bountiful and informative on the general pathways
of CS-induced stress and leukocyte effector functions, little is understood of specific
pathways of leukocyte activation.

CLECH5A is a type Il transmembrane protein with a short cytoplasmic tail and requires
association with an adaptor protein (DAP12) to initiate signaling (4). CLEC5A receptor
expression has been demonstrated on human peripheral blood monocytes, mouse bone-
marrow-derived macrophages, and immature marrow-derived neutrophil precursors (5, 6).
CLECS5A is implicated in the progression of multiple acute and chronic inflammatory
diseases including hemorrhagic fever, lethal shock, and the development of autoimmune
arthritis (5-7). These studies reveal exaggerated cytokine release from CLEC5A-expressing
cells in respective pathologies, similar to features observed in macrophage in COPD. Along
these lines, a recent study reported CS-exposure induced phosphorylation of DAP12 in
Raw264.7 cells and increased expression of CLEC5A transcripts in alveolar macrophage of
smokers (8).

Given the important role of alveolar macrophage in COPD pathogenesis, we postulated that
CLECS5A activation contributes to CS-induced macrophage activation and pulmonary
pathologies. We generated Clec5a-deficient mice and utilized a CLEC5A activating antibody
(6) to examine the role of CLEC5A in a model of COPD. Our study reveals CLEC5A
expression on alveolar macrophages in CS-exposed mice and human smokers. Further, we
demonstrate that CLEC5A required for the development of CS-induced macrophage
responsiveness, pulmonary inflammation, macrophage activation, and lung remodeling.
These studies identify CLEC5A as a novel target for therapeutic inhibition of aberrant
macrophage activation in COPD pathogenesis.

We generated Clec5a-deficient mice (Clec5a™~) by homologous recombination using a
Clechatargeting vector that eliminated exon 2 at the University of Cincinnati Transgenic and
Knockout Core Facility. Clec5a~ mice were repeatedly crossed onto C57BL/6J mice. Mice
used in studies were derived from heterozygote matings. Protocols were reviewed and
approved by the Animal Care and Use Committee, University of Cincinnati Medical Center.

Cigarette smoke exposure

Mice were exposed to filtered, room air (FA) or cigarette smoke (CS) generated from 3R4F
Kentucky Reference Cigarettes (University of Kentucky, Lexington, KY) for 4 h/d, 5 d/wk
for indicated times as described (9).

Mouse macrophage isolation and leukocyte enumeration in BAL

Lungs were lavaged three times with 1 ml of 1x Hank’s balanced salt solution. Total cell
counts were determined with a hemocytometer and differential counts were determined on
Hemacolor-stained (EM Science, Gibbstown, NJ) slides. TNFa, IL-6, and IL12p40 levels
were measured by ELISA (eBioscience).
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Lung fixation, histology, MLI, immunostaining

Mean linear intercept (MLI), a measure of alveolar diameter, was determined on formalin-
fixed, paraffin-embedded mouse lung tissue (10). Sections (3 per lung) were blinded to two
reviewers and the measurements were averaged. CLEC5A was detected by a-CLEC5A
antibody (clone 226402, R&D Systems). Primary antibody (1:400 dilution) was incubated
overnight at 4°C and detected the following day with goat anti-rat AlexaFluor 568
(ThermoFisher Scientific). Nuclear counterstaining with 4°,6-diamidino-2-phenylindole
(DAPI; Sigma Chemical, 1:2,000), facilitated identification of macrophage. Images were
captured using a Nikon Al Inverted confocal microscope (Nikon, Tokyo, Japan) at
Cincinnati Children’s Hospital Medical Center Confocal Imaging Core.

Mouse CLEC5A expression on monocytes/macrophages

Mouse lung macrophages were isolated by BAL. Mouse peripheral blood mononuclear cells
were isolated by cardiac puncture. CLEC5A expression on mouse macrophages was
assessed using a-mouse CLECS5A (clone226402, R&D Systems), F4/80 (eBioscience), and
Cd11b (eBioscience) to distinguish alveolar macrophages (F4/80MCd11b'°). Peripheral
blood monocytes were identified as Cd11bMLy6G!° (Ly6G, eBioscience) (11). Cells were
analyzed on a FACSCalibur (BD Biosciences, San Jose, CA) using FlowJo software (Tree
Star, Ashland, OR).

Human CLECS5A expression on monocytes/macrophages

Sputum was collected from never smokers (0 pack years, n=4) or current smokers (>10 pack
years, n=4) (12). Sample collection was performed in accordance with NIH guidelines and
approved by the Institutional Review Board of the University of Cincinnati. Sputum cells
were primarily macrophages (>75%) with epithelial cells, neutrophils and lymphocytes as
assessed by H&E-stained preparations. Cells were allowed to adhere to plastic culture plates
to enrich (>90%) for macrophages (2 hr, 37°C, 5% CO5). CLEC5A was assessed with a-
human CLEC5A antibody (clone 283834, R&D Systems) and a-CD45 (eBioscience) using
a FACSCalibur and FlowJo software.

Macrophage stimulation ex vivo

BAL macrophage were suspended in RPMI 1640 containing 10% FBS, 1mM sodium
pyruvate, 100 U/ml penicillin, 100 pg/ml Streptomycin, and 1x nonessential amino acids
[MP Biomedicals, Solon, OHJ). 5.0 x 10% cells in 100 ul were stimulated for 24 h with non-
specific control 1gG (Invivogen), a-CLECS5A activating mAb (DX163, Merck, Palo Alto,
CA) (6) and/or LPS (10 ng/ml) (Invivogen) or GM-CSF (20ng/ml) (R&D Systems).
Supernatants were harvested and assayed for TNFa, IL-6, and 1L12p40 production by
ELISA (eBioscience).

Quantitative real-time PCR

Total RNA was isolated from BAL macrophage with TRIzol Transcription Kit (Applied
Biosystems). For each gene examined, quantitative RT-PCR was performed on an ABI 7300
System using pre-validated TagMan Gene Expression Assays Reagent (Invitrogen) and
subsequently converted into cDNA using the High Capacity cDNA Reverse according to
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manufacturer’s protocols (Applied Biosystems). Gene expression was normalized to the
Hprtl control gene, and relative quantitation of gene expression was calculated using the
comparative Ct method (2-AACt) as described (10).

Statistics

Significant differences among groups were identified by t-test or one-way ANOVA wherever
appropriate.

Results and Discussion

CLEC5A Receptor Expression

Previously, CLEC5A transcripts were shown to be elevated in macrophage obtained from the
lungs of smokers compared to non-smokers(8). However, CLEC5A surface expression was
not assessed on the macrophage. Here, we analyzed the expression of CLEC5A on mouse
peripheral blood monocytes, lung macrophage from FA and CS-exposed mice, and lung
macrophage from human smokers. CLEC5A immunostaining shows that alveolar
macrophage from CS-exposed mice, but not FA-exposed mice, express CLEC5A (Fig 1A
and 1B). Utilizing flow cytometry we show a small population of peripheral blood
monocytes that express CLEC5A in naive wild-type mice (Figure 1C). In the lung, there is a
small population of alveolar macrophage (F4/80MCD11b'° cells) that express CLEC5A in
FA-exposed mice, whereas most macrophage from CS-exposed mice express CLEC5A
(Figure 1D-F). Next, we examined the effects of smoking on the expression of CLEC5A on
human lung macrophage. Similar to CLEC5A expression in CS-exposed mice, we found that
most macrophage from smokers are CLEC5A positive, whereas, few positive cells are
detected on the macrophage of non-smokers (Figure 1G and 1H). These findings indicate
that CLEC5A expression is induced by CS exposure in existing pulmonary macrophage or
that CLEC5A expression is acquired by cells (monocytes) migrating to the lung in response
to CS-mediated inflammatory signals.

CLECS5A Activation and Macrophage Responsiveness in Mouse Model of COPD

A physiological role for CLEC5A was first described by the interaction of the dengue virus
with CLEC5A on human peripheral blood-derived macrophages and murine bone marrow-
derived macrophages (5). Subsequently, we reported that CLEC5A regulates chronic
inflammation associated with autoimmune arthritis (6) and acute inflammation during lethal
shock (7). Next, we investigated the potential functions of CLEC5A in mediating
macrophage activation in a mouse COPD model. We exposed mice to FA or CS for 6
months, isolated bronchoalveolar macrophage (~95% macrophage) and stimulated the cells
with a CLEC5A agonist antibody alone and in combination with macrophage activating
factors LPS or GM-CSF. Analysis of TNFa secretion reveal that CLEC5A activation, alone,
stimulates macrophage and this effect is enhanced in macrophage from CS-exposed mice
(Figure 2A and B). A similar, albeit stronger, stimulation is observed following LPS or GM-
CSF treatment. Most intriguing, the combination of CLEC5A activation and LPS or GM-
CSF treatment produces an exaggerated response that is amplified in macrophages from CS-
exposed mice.
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We further examined the requirement of CLEC5A in CS-induced macrophage
responsiveness utilizing Clec5a™~ mice exposed to FA or CS for 6 months. Lung
macrophage were stimulated with LPS and cytokine production was assessed. We observed
an increased response to LPS in macrophage from CS-exposed mice (Figure 3A and 3B).
More importantly, LPS responsiveness was slightly decreased in FA-exposed Clec5a~~ mice
and markedly decreased in CS-exposed Clec5a™~ mice compared to wild-type mice.
Multiple reports implicate the upregulation of various signaling pathways (13-17) in
macrophage in response to smoking, suggesting the potential for enhanced signal integration
via CLEC5A and multiple families of cell surface activating receptors including TLRs and
cytokine/chemokine receptors. The culmination of these signals could lead to enhanced
macrophage activation in response to endogenous and exogenous signals resulting in greater
inflammation and tissue destruction.

CLECS5A is Required for CS-Induced Inflammation and Pathology

To examine the role of CLEC5A in CS-induced inflammation and pathology, Clec5a™~ mice
were exposed to FA or CS for up to six months. Significantly, Clec5a~ mice exhibited
decreased airspace enlargement compared to CS-exposed WT mice (Figures 4A and 4B).
Additionally, Clec5a™~ mice showed less lung inflammation compared to wild-type mice
following exposures as little as 2 weeks and up to 6 months (Figure 4C). The differential cell
profiles in the BAL were not significantly different between CS-exposed wild-type and
Clec5a™~ mice. All samples were >93% macrophage. Similarly, there no differences in
peripheral blood leukocytes between wild-type and Clec5a~~ mice (not shown).

Next, we examined the consequences of Clec5a deletion on the production of
proinflammatory cytokines in the lung. Similar to the ex vivo studies with isolated
macrophage, we found increased levels of TNFa and IL-6 in the BAL fluid of CS-exposed
wild-type mice but no change in IL-12p40 (Figure 4D). TNFa and IL-6 were also increased
in the BAL fluid of CS-exposed Clec5a™~ mice but the levels were significantly lower
compared to wild-type mice (Figure 4D). To further explore differences in macrophage
activation in wild-type and Clec5a™~ mice, we assessed macrophage mRNA expression of
matrix metalloproteinases and adhesion molecules implicated in tissue destruction and
macrophage activation, respectively. These results demonstrate a significant increase in
Mmp12 expression in CS-exposed wild-type mice that is significantly lower in the Clec5a™~
mice (Figure 4E). There were no changes in MmpZ2or Mmp9 mRNA expression. CS
exposure induced the expression of several macrophage adhesion molecules including
lcam1, Itgav, and /tgb6 in both wild-type and knockout mice. However, only /fgav
expression was reduced in the Clec5a~ mice compared to wild-type.

These studies suggest that CLEC5A-mediated macrophage activation (i.e., cytokine
elaboration, MMP and adhesion molecule expression) is important for the recruitment of
inflammatory cells and subsequent macrophage—dependent tissue destruction. Given that
there are fewer macrophage in the Clec5a~~ mice and that the macrophage from the
Clec5a™~ mice are less activated, it is possible that migration, induction of CLEC5A
expression, and macrophage activation are mechanistically undivided. Further studies into
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these processes will help define the bridge between local CS-induced lung injury and the
magnitude of macrophage responsiveness to inflammatory signals.
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Figure 1. CLEC5A Expression on Alveolar Macrophage
Immunofluorescent analysis of CLEC5A in lungs of mice exposed to (A) FA or (B) CS for 6

months. Arrows indicate alveolar macrophage (representative of 4 mice). CLEC5A surface
expression was measured on (C) peripheral blood monocytes and (D and E) alveolar
macrophage (F4/80MCD11b!°) from FA- and CS- exposed mice. Dashed line represents
isotype control, solid line represents CLEC5A (n=5 mice). (F) Average number of CLEC5A
+ cells and median fluorescence intensity of CLEC5A on alveolar macrophage. (G)
CLECS5A expression on lung macrophage of never smokers (NS) and current smoker (S)
(n=4 subjects/group). (H) Average number of CLEC5A+ cells and median fluorescence
intensity of CLEC5A on alveolar macrophage.
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Figure2. CLEC5A and LPS or GM-CSF co-stimulate macrophage from CS-exposed mice
BAL macrophage (5x10%) were stimulated with (A) control 1gG, a-CLEC5A activating

antibody (10 ug/ml), LPS (10 ng/ml), or both for 24hrs. Similarly, BAL macrophage (5x10%)
were stimulated with (B) control IgG, a-CLEC5A activating antibody (10 ug/ml), GM-CSF
(20 ng/ml), or both for 24hrs. TNFa was measured by ELISA. Data are mean +/- sem of 3
experiments performed in duplicate. * p<0.05 compared to FA mice.
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Figure 3. CLEC5A isrequired for CS-induced macrophage hyper-responsiveness
BAL macrophage (5x10%) from FA- and CS-exposed mice (6 mos.) were stimulated with

media or LPS (10 ng/ml x 24 hrs). TNFa and IL-6 levels were analyzed by ELISA. Data are
mean +/— SEM from 3 experiments performed in triplicate. # p<0.05 compared to wild-type

mice.
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Figure 4. Reduced COPD Pathologies and proinflammatory markersin Clec5a™~ mice
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(A and B) WT and Clec5a™~ mice were exposed to CS for up to 6 months to evaluate lung

remodeling as assessed by MLI (Data are mean +/—= SEM, n=7-8). (C) Pulmonary

inflammation was assessed by enumerating the total cells in BAL. (D) Cytokine levels in

BAL of WT and Clec5a~ mice (n=5-8). (E) mRNA expression levels in BAL macrophage
of WT and Clec5a™~ mice (n=5-6). * p<0.05 compared to FA mice. # p<0.05 compared to

wild-type mice.
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