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Abstract

Background: Eosinophils play a central role in the propagatballergic diseases including
asthma. Both recruitment and retention of eosirlept@igulate pulmonary eosinophilia but
the question of whether alterations in apoptotil ckearance by phagocytes directly

contributes to resolution of allergic airway inflamation remains unexplored.

Objectives: In this study we investigated the role of the ptoe tyrosine kinase Mer in
mediating apoptotic eosinophil clearance and atteaigway inflammation resolutiom vivo
in order to establish whether apoptotic cell claaeadirectly impacts upon the resolution of

allergic airway inflammation.

Methods: Alveolar and bone-marrow macrophages were usedtidy Mer-mediated
phagocytosis of apoptotic eosinophils. Allergioaay inflammation resolution was modelled
in mice using ovalbumin. To determine apoptotid ckdarancean vivo, fluorescently labeled
apoptotic cells were administered intratrachealtyeosinophil apoptosis was driven by

administration of dexamethasone.

Results: Inhibition or absence of Mer impaired phagocytagigpoptotic human and mouse
eosinophils by macrophages. Mer-deficient mice ldiggal delayed resolution of ovalbumin-
induced allergic airway inflammation together withcreased airway responsiveness to
aerosolized methacholine, elevated bronchoalvelzlaage fluid protein levels, altered
cytokine production and an excess of uncleared gdgnsinophils after dexamethasone
treatment. Alveolar macrophage phagocytosis wanifgigntly Mer-dependent, with the
absence of Mer attenuating apoptotic cell clearanceivo to enhance inflammation in

response to apoptotic cells.

Conclusions: We demonstrate that Mer-mediated apoptotic caarence by phagocytes
contributes to resolution of allergic airway inflaration, suggesting that augmenting
apoptotic cell clearance is a potential therapestrategy for treating allergic airway

inflammation.
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Key Messages
» Mer drives clearance of apoptotic eosinophils, keslls in allergic airway
inflammation.
* Absence of Mer leads to delayed resolution of mfization and increased airway
resistance in allergic airway inflammation.
* Augmenting apoptotic cell clearance is therefongotential therapeutic strategy for

treating allergic inflammation.

Capsule Summary
Defective apoptotic cell clearance is observed liargic diseases including asthma, but
whether this directly contributes to pathophysigiagyunclear. Using Mer deficient mice, we

demonstrate that impaired apoptotic cell clearaxaeerbates allergic airway inflammation.

Key Words
Eosinophil, Apoptosis, Phagocytosis, MerTK, Inflaatran Resolution, Allergic airway

Inflammation, Airway Resistance.

Abbreviations

AC: Apoptotic cells

AMs: Alveolar macrophages

BALF: Bronchoalveolar lavage fluid
BMDMs: Bone marrow-derived macrophages
bmEos: Bone marrow-derived eosinophils
DMEM: Dulbecco's modified Eagle Medium
FCS: Fetal calf serum

FLT3-L: FMS-like tyrosine kinase 3 ligand
H&E: Hematoxylin and eosin

IMDM: Iscove’s modified Dulbecco’s medium
i.p. Intraperitoneal
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i.t.
LPS:

Mer<P:

OVA:
PAS:
PBS:

Prosl:
RPMI:

SCF:
TAM:
TLR:

WT:

Intratracheal
Lipopolysaccharide
Mer-deficient/kinase dead
Ovalbumin

Periodic acid-Schiff
Phosphate-buffered saline
Resolution interval

Protein S

Roswell Park Memorial Institute 1640 medium
Stem cell factor
Tyro-3/Ax|/Mer

Toll-like receptor
wild type
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Introduction

Eosinophils play a major role in the propagatiorltérgic airway diseases such as asttfna
During inflammation, eosinophils are recruited frafme bone marrow and migrate to
inflamed tissue where they can release a ranggtofoxic eosinophil-derived products that
promote inflammation, tissue remodelling, airway pégesponsiveness and organ

dysfunctior.

Tissue presence of eosinophils is determined by Wetruitment and retention within
inflamed sites. Eosinophil elimination from the duan be regulated by transepithelial
migration and mucociliary clearance, or by apoptoand subsequent phagocytosis by
macrophages, dendritic cells and airway epithekdls, a process termed efferocytdsihe
relative role and importance of eosinophil aposasnd efferocytosis in the resolution of
allergic airway inflammation in humans remains cowérsiaf but several lines of evidence
suggest that these pathways have relevance tgialldisease states. Prolonged eosinophil
longevity (with reduced apoptosis) associates witlreasing asthma severity in humans
while macrophages from individuals with severe oony controlled asthma have defective
efferocytosi$®. In addition, we have recently shown that drivemsinophil apoptosis with
the flavone wogonin attenuates allergic lung inflaation in micein vivo®, suggesting that
modulation of eosinophil apoptosis isbana fide target for treating allergic diseases. The
guestion of whether alterations in apoptotic ckdhtance by phagocytes directly contributes

to resolution of allergic airway inflammation remsito be addressed.

Although the molecular mechanisms driving changesasinophil lifespan and clearance
vivo remain poorly defined, it is known that glucocasitts, the main treatment for asthma
and other allergic diseases, induce eosinophil @sap and upregulate macrophage
phagocytosis of apoptotic cells vitro™®** Glucocorticoid-augmented efferocytosis is
dependent upon M¥r a member of the Tyro-3/AxI/Mer (TAM) receptor dgine kinase
family*. There are two well-defined ligands for Mer, Piot8 (Prosl) and Gas6, which can
bridge to phosphatidylserine exposed on apoptaiis.cThe importance of TAM receptors
and their ligands in efferocytosis has been dematest using Mer-deficient (ME&F) and
triple TAM-deficient mice. These mice are charasent by impaired efferocytosis in
lymphoid tissues, diminished apoptotic germ cethogal by Sertoli cells in the testis and

defective pruning of the photoreceptors in theneethy the retinal pigment epithelial céfis
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15 Previous studies have investigated the role of Meneutrophil-dominant lung injury
models (induced by lipopolysaccharide (LPS) andbigcin)®, while AxlI downregulation

has been demonstrated in moderate-severe humanaisthlowever, the potential role of
Mer in regulating eosinophil clearance and resofutof allergic airway inflammation

remains unexplored.

In the present study, we investigated Mer-mediaesinophil efferocytosis and its role in
allergic airway inflammation resolutiam vivo, to establish whether apoptotic cell clearance
directly impacts upon the resolution of allergioaay inflammation. Absence or inhibition of
Mer impaired phagocytosis of apoptotic human andiseoeosinophils by macrophages,
while Mer-deficient mice had delayed resolution afaloumin (OVA)-induced allergic

airway inflammation.
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Methods

Eosinophil isolation

Human granulocytes were isolated from blood of thgaVolunteers as describédLothian
Research Ethics Committee (#08/S1103/38; #15-HVHJ0Ebsinophils were subsequently
isolated by anti-CD18° microbeads (Miltenyi Biotec, #130-045-701) followi
manufacturer’s instructions with purity >95% asess®d by cellular morphology of Diff-
Quik stained cytocentrifuge preparations. Cells evaultured in Iscove’s modified
Dulbecco’s medium (IMDM; Gibco) with 10% autologasesrum (37°C/5% C¥).

Mouse bone marrow-derived eosinophils (bmEos) wgeeerated from unselected bone
marrow progenitor cells using an extended 14 dagioe of a described protoél Briefly,
bone marrow cells were cultured in Roswell Park Mgal Institute 1640 medium (RPMI
1640; Gibco), supplemented with 20% FCS (fetal caérum), 100 IU/mL
Penicillin/Streptomycin, 2mM L-glutamine, 25mM HEBHKSigma), 1x nonessential amino
acids and 1mM sodium pyruvate (both Gibco)u02-mercaptoethanol, stem cell factor
(SCF; 100ng/mL, PeproTech) and FLT3-ligand (FLT30Png/mL, PeproTech) for the first
4 days before switching to media containing IL-Br{g/mL, PeproTech) for the remainder
of the culture period. After 14 days, cells weres%® eosinophils as assessed by cellular
morphology and expression of Siglec-F by flow cysbm.

Macrophage isolation

Mouse bone marrow-derived macrophages (BMDMSs) wereerated as descrilfédTibias
and femurs were flushed with Dulbecco's modifieglEdMedium (DMEM; Gibco) and red
blood cells lysed with ACK lysis buffer (Gibco) prito passing through a g cell strainer.
Cells were plated onto 15cm cell culture dishesri®g) in DMEM with 20% FCS, 100
IU/mL Penicillin/Streptomycin and 20% L929 supeardt Media were replaced after 3 days.
On day 6, differentiated macrophages were washeghiwsphate-buffered saline (PBS;
Gibco) and detached using a cell scraper. Cells wiated at 0.7xfimL in DMEM without
serum for 1 hour to allow adhesion before cultuningPMEM with 10% FCS + 200nM
dexamethasone for 24 hours prior to experimentatsorwidely established protocol to
enhance efferocytosfs??
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Mouse alveolar macrophages (AMs) were obtainedubyg lavage with 10mL PBS/0.5mM
EDTA. AMs were centrifuged at 350g for 5 minuteerthresuspended in IMDM and
incubated at 150,000 cells per well in a 96 welt@l After 1 hour, culture media was
replaced with IMDM supplemented with 10% FCS ptmovernight incubation.

In vitro phagocytosis assays

The analysis of phagocytosis of fluorescently-lzehpoptotic cells was performed using a
modified previously described metHédMacrophages were stained with CellTrace Far Red
(Thermo Fisher Scientific) as per manufacturer’strurctions prior to the addition of
apoptotic cells. Human eosinophil constitutive apsjs was induced by overnight culture,
while apoptosis of mouse bmEos was induced by ayetrrculture with 1lM budesonide in
the absence of IL-5. Apoptosis was examined by Am¥ and propidium iodide staining
by flow cytometry. Apoptotic eosinophils were lab@lwith pHrodo as per manufacturer’s
instructions then washed and resuspended afArlLqhuman eosinophils) or 5x3(mouse
bmEos) in IMDM and co-incubated with macrophages Tfohour with 33nM Protein S
(Prosl) with or without IM BMS777607 (Selleck Chemicals) as per figure legerAfter
co-incubation, macrophages were detached with 0.05gpsin/0.53mM EDTA and
phagocytosis assessed by flow cytometry (BD LSReSsr, BD Biosciencedy

Western Blotting

Western blotting was performed as descriBéd Briefly, BMDMs were lysed in 0.1%
Nonidet P40 containing a protease inhibitor cotftai Lysates were separated on a 12%
Tris-HEPES Precise gel (Thermo Fisher Scientifiegl &ransferred electrophoretically onto
polyvinylidene difluoride (PVDF) membranes (Mercklipore). Membranes were blocked
with 5% non-fat milk (Marvel) in Tris-buffered sak (TBS)/0.1% Tween-20 before
incubation with primary antibodies directed agaibigr (1:000; AF591, R&D Systems) and
B-actin (1:50,000; A1978, Sigma). This was followsyg horseradish-peroxidase-conjugated
secondary antibodies (1:2500; Dako) and incubatitin ECL prime (GE Healthcare). Blots
were exposed to light-sensitive film (MOL7016, SL&)d processed through an X-ray
developer (Ecomax Processor, Photo Imaging Sysitsans

In vivo model of allergic airway inflammation
Experiments were performed in accordance with theHdme Office Animals (Scientific

Procedures) Act 1996, following review by localiethcommittee. Wild type control (WT,;
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C57BL/6, Charles River Laboratories) and Ktemice’” (C57BL/6 background) were bred
and maintained in specific pathogen-free conditiocBsnotypes were confirmed prior to
experimental procedures, with 6-8 week old micedufee in vitro experiments and 8-16
week old female mice used fan vivo experiments. OVA-induced allergic airway
inflammation was modelled as describedriefly, mice were sensitized by intraperitoneal
(i.p.) alum-precipitated (Alum Imject, Pierce Biotechogy) ovalbumin (OVA, Sigma; 2@

of OVA and 5@L of alum per mouse) on days 1 and 10 and chalttiogedays 22, 23 and
24 by intratracheali.¢.) OVA (50ug). Mice were culled and bronchoalveolar lavagedflu
(BALF) and lung tissue were acquired and processetescribed.

BALF cells and lung interstitial inflammatory celigere incubated with combinations of
antibodies against CD45/CD11b/Ly6G/Siglec-F/F4/80ith flow cytometric analysis
performed in the presence of Flow-Check Fluorospleeunting beads (Beckman Coulter) to
allow quantification of cell numbers. The resoluatimterval R; the time for eosinophil
numbers to decline to half-maximal numbers) waswated as previously descrilf&d
BALF cytokines and mucus (MUC5AC) were quantifigdHLISA (R&D Systems or Caltag
Medsystems) or by forward phase protein microaayg expressed as either relative to
lavage fluid control (PBS) or as relative expressiothe Mef® mice compared to wild type
controls at day 7 post OVA challenge (as indicatetthe figure legends).

Lungs from separate animals were fixed in 10% fdimnmgSigma) prior to sectioning and
staining with hematoxylin and eosin (H&E) or peimdcid-Schiff (PAS). Histological
scoring of alveolar and interstitial inflammatorgilanfiltration was quantified after analysis
by two independent, blinded observers, with queatifon of airway mucus production
performed using the mucus-goblet index as desctibed

Airway responsiveness to aerosolized methacholires \assessed in anesthetised and
mechanically ventilated WT and M& mice after sensitization and challenge with OVA
(Buxco Research Systems, Wilmington, NC). Lungstesice was determined and expressed
relative to baseline values in the absence of ncatiiene with nebulized phosphate-buffered
saline given as vehicle. Airway resistance, in #sence of methacholine challenge, was
measured in OVA-naive WT and M8rmice.

In separate experiments dexamethasone (2mg/kgpdragistered.p. on day 3 post-OVA
to induce eosinophil apoptosis, prior to quanttima of BALF apoptotic eosinophil number
by Annexin-V binding (of CD45¥/CD11b"¥/Ly6G"/Siglec-F"® cells).

In vivo phagocytosis experiments



257  Following isolation from peripheral blood human mubocyte apoptosis was induced by
258 overnight culture prior to labelling with CellTraek™ Green as per manufacturer's
259 instructions. Apoptosis was confirmed by Annexirald propidium iodide staining by flow
260 cytometry. A total of 100,000 labelled apoptotiartan cells were administered. to naive
261  WT and Mef® mice. Mice were culled after 0 and 3 hours and BAegtrieved for analysis
262  of CellTrackef™ Green positive alveolar macrophages (C46D11¢V9CD11b* cells),
263 uncleared apoptotic cells (mouse CO%BellTrackerTM Greelt® cells), recruited mouse
264  granulocytes (CD43%Ly6G""® cells) and necrotic debris (EpCEHMCD116"/F4/80"° low
265 SSC/FSC events).

266

267 Data analysis

268 Data were analysed using Graphpad Prism (v5) wibv tytometry data analysed using
269  FlowJo software (Treestar). All data are expressethean + SEM and analysed by Student’s

270  t-test or analysis of variance (ANOVA) as approgriaith significance accepted at P <0.05.
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Results

Mer deficiency delays the resolution of allergic away inflammation

To investigate the role of apoptotic cell clearancethe resolution of allergic airway
inflammation, wild type (WT) and Mer deficient (M&) mice were sensitized and
challenged with OVA prior to acquisition of tissws days 1, 3, 7 and 10 post-OVA
challenge (Figure 1A). While both WT and N®mice had similar peak BALF eosinophil
numbers at day 3 post-OVA (1.27+0.12 vs. 1.12+08°mL), delayed resolution of
eosinophilic inflammation was observed in the ffemice at day 7 (Figure 1B and 1C). This
revealed a\ change in BALF eosinophil numbers between day®day 7 of 1.79x10day

in the WT mice vs. 0.63x®@lay in the Mef® mice, with a resolution intervaR{) that was
prolonged by 2 days in the M& mice (6.5 days vs. 8.5 days). Interestingly, nursiuog
interstitial eosinophils were similar at day 7 @6.06 vs. 0.73+0.12 x£0nL; Figure 1D).
Similarly, H&E stained lung sections demonstratededpminantly perivascular
inflammation, with no significant differences beemeWT and Me® mice (Figure 1E-G).

The functional consequences of the delayed inflatiomaesolution in the M&P mice were
explored by measuring airway responsiveness intlaetzed, mechanically ventilated mice
in response to aerosolized methacholine."Menice that had been sensitised and challenged
with OVA had increased airway resistance (Figurg.Zaseline airway resistance (in the
absence of methacholine) was unaltered in naivéiviaice (Figure S1) confirming that the
observed increase in airway resistance was notanbat specific to the presence of allergic
airway inflammation. Airway mucus production wasniar in both WT and Mé&P mice
(Figure 2B-E), although BALF total protein was ieased in M&P mice (671.7+99.9 vs.
990.0+28.8ug/mL, P<0.05), consistent with the increased inftation observed (Figure
2F).

Enhanced cytokine production is not a major featureof allergic inflammation in Mer"®
mice

Given that signalling via TAM receptors, includiMgr, acts to suppress pro-inflammatory
cytokine productioff, we analysed BALF cytokines to examine whethesegilevels of
cytokines were present in the MBmice and contribute to excess inflammation. Alierat

in BALF proteins and cytokines were investigatedamalysis of 43 separate targets at four

separate time points. This analysis revealed tmatotverall pattern of cytokine expression

11
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was similar between M& and WT mice (Figure S2) with 8 cytokines upregedat-10%
and 21 downregulated >10% in the Kfémice at day 7 (Figure 2G). Despite increased
relative expression of MCP5 (CCL12), RANTES (CClasid MCP-1 (CCL2) in the BALF
of Mer® mice at day 7, these chemokines/cytokines wereesgpd at low absolute levels
(data not shown). Overall, we interpret these detasuggesting that enhanced cytokine
production was not the major mechanism behind teé&yed resolution of allergic

inflammation observed in the M& mice.

Mer inhibition or deficiency impairs phagocytosis d apoptotic eosinophils

We next investigated the relevance of Mer-mediatpdptotic eosinophil clearance to the
observed delayed resolution of allergic airwayanfmation in Mef® mice. Loss of Mer
expression on macrophages from ffemice was confirmed by Western blotting of bone
marrow-derived macrophages (BMDMs) and by flow oyetry of alveolar macrophages
(AMs; Figure S3A-C). WT AMs expressed both Mer aAdl, with Axl expression
unchanged on AMs from M& mice (Figure S3B&C). To assess macrophage capfmity
efferocytosis, BMDMs (Figure 3A) and AMs (Figure 3Bom WT and Mef® mice were co-
cultured with pHrodo-labelled apoptotic eosinophflsigure S4). To ensure that Mer-
dependent efferocytosis was not limited by bridgimggand availability, exogenous Mer
ligand (Protein S; Prosl) was also added to thepersnents. Although we observed a
significant component of Mer-independent phagoagtad apoptotic eosinophils, around
30% of AM phagocytosis was Mer-dependent (Figur&&BA Furthermore, AMs treated
with BMS777607 (a c-Met inhibitor that inhibits AXTyro3 and Mer) displayed substantial
inhibition of phagocytosis of apoptotic eosinophisigure S3D&E), consistent with the
expression of both Mer and Axl by AMs. InhibitiohBMDM efferocytosis by BMS777607
was less marked, consistent with low level expoassi Axl by these cells (data not shown)
and previous data demonstrating that WT and “ABMDMs have similar rates of

efferocytosis?

Mer augments apoptotic cell clearancén vivo to dampen inflammation

To further investigate the role of Mer-mediated @figent of apoptotic eosinophils vivo,
the glucocorticoid dexamethasone was administeréd\fA-sensitised and challenged mice
at the peak of inflammation (day 3 post-OVA) totied eosinophil apoptosis(Figure 3C).
BALF was acquired at 8, 16 and 24 hours post dei@sene administration and eosinophils

analysed for evidence of cellular death by Annexibinding (Figure S5). This revealed a

12
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time-dependent increase in the percentage of AnAéxpositive eosinophils seen in BALF
of Mer® mice (4.8+0.5% vs. 9.2+0.6 at 16h, P<0.05) (FigBEB&E) consistent with a
compromised capacity for eosinophil clearance énabhsence of Mer.

Furthermore, diredtt. administration of labelled human granulocyteschiad undergone
cell death (predominantly apoptosis; Figure S4Bhatve WT and M&P mice with tissue
acquisition 3 hours later revealed a significactéase in total BALF cells in the M&rmice
(Figure 4A). Total BALF cell numbers in the WT mic® hours after apoptotic cell
administration were near identical to those of ntitat had been administered PBS as a
control, indicating successful clearance of theddealls in the presence of intact Mer-
mediated efferocytosis (Figure 4A). In contrastcréased total numbers of cells were
observed in the MEP mice suggesting that the absence of Mer-mediaffstoeytosis
resulted in either failed clearance of the admemedd apoptotic cells, or recruitment of
inflammatory cells in response to the apoptotidscar both. Indeed, alveolar macrophages
(CD45"%CD11¢"® cells, Figure S6A) from MEP mice were characterised by reduced
phagocytosis of the administered apoptotic celis vivo (Figures 4B&C). Minimal
phagocytosis was observed in lung interstitial rmplbages, which also express Mer, from
either WT or Mef® mice. This is consistent with their limited anatoah ability to access

the airway lumet? (data not shown).

In addition, an increased proportion of the adnémed apoptotic cells (mouse CD45
“¢/CellTracket"®) were recovered in BALF from M& mice (Figure 4D), highlighting the
importance of Mer in mediating apoptotic cell ckrare within the airway lumen. In parallel,
+ve

an increased percentage of mouse neutrophils (CBUEBG
BALF from Mer® mice (Figure 4E). This increase in neutrophils wasobserved in BALF

cells) was observed in

recovered from M&P mice immediately after administration of apoptatigls (0 hours post
i.t. AC), confirming that neutrophils were recruitedartime-dependent fashion specifically
in the Mef® mice in response to apoptotic cells (Figure 4Bstly, a population of low
SSC/FSC events that did not express markers oblalvenacrophage or epithelial cell origin
(EpCam”/CD11¢"/F4/80"°) was present in the BALF from M& mice at 3 hours post.
AC. This population was minimal in the WT mice (&g 4F and Figure S6B&C) at 3 hours
and minimal at 0 hours in the M&rmice (data not shown). As uncleared apoptoticazih
undergo necrosis and release damage-associatedutanlpatterns leading to the recruitment
of inflammatory cell', we hypothesised that the low SSC/FSC events neceotic debris

13



370 from the instilled human granulocytes. Consisteithwhis, cytocentrifuge preparations of
371 flow-sorted low FSC/SSC events revealed only catludebris, in comparison to sorted
372 CDA45Y9F4/80V9YCD11c"® events which clearly demarcated the AM populat{Bigure
373 S6D&E). Overall, these data demonstrate that Mgmaants apoptotic cell clearancevivo

374  to dampen inflammation in response to dying cells.

375

14



376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408

Discussion

Restoration of tissue homeostasis following tissyery or infection requires termination of
pro-inflammatory signalling and resolution of tha&flammatory response. Control of the
resolution process is achieved through a combinatiolocal production of pro-resolution
mediators and apoptosis of recruited inflammatogjisc together with their phagocytic
removaf®% It is widely accepted that disruption of the meses underlying the timely
resolution of inflammation represents a significaontributory factor to the development of
many inflammatory diseases. One corollary of thefail role of dysregulated resolution of
inflammation in disease pathogenesis is that pheawhogical modulation of the processes
underlying inflammation resolution represent arraative strategy to attenuate ongoing
inflammation and accelerate the restoration ofuishomeostast$®* In support of this
suggestion induction of apoptosis of either neutiigpor eosinophils in mouse models of
sterile, infectious or allergic inflammation resuih reduced inflammation in the airways and

accelerated resolution of inflammatfoii>>

Induction of granulocyte apoptosis during inflammatwould exert beneficial effects by
directly reducing the overall tissue burden of gtanytes and by limiting the release of
cellular contents that contribute to further tisslzenage and the development of persistent
inflammation. Moreover, there may be additionaldiiact effects as a consequence of
phagocyte uptake of apoptotic cells. Both “profesal” and “non-professional” phagocytes,
including airway epithelial cells, can mediate aptip cell clearance through multiple
molecular pathways® Such functional redundancy is thought to refliaet importance of
effective apoptotic cell removal in both homeostatind inflammatory processes.
Efferocytosis promotes the resolution process bylutadion of phagocyte production and
release of anti-inflammatory lipids and cytokinesgether with suppression of pro-
inflammatory cytokine releade® In particular, the receptor tyrosine kinases Amrtl Mer
mediate clearance of apoptotic cells and membrap@endritic cells and macrophages. AxI
and Mer exhibit segregation in terms of both exgimes and activity in a variety of tissue
settings, suggesting that they may perform distiyet complementary physiological rotés
Expression of Axl is strongly induced by TLR-ligandnd has been shown to play a major
role in immunosuppression during inflammation. omicast, Mer is upregulated by liver X
receptor (LXR) ligands and glucocorticoids andhisught to function predominantly in tissue

homeostasis. However, antibody-mediated inhibit@in Mer exacerbates inflammation
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following LPS challenge in the lung and augmentatad Mer activity exerts protective
effectg®3 Together with evidence that resolution-phase opttages express high levels of
Mer, these data suggest that Mer represents arriampaontributor to the process by which

inflammation normally resolves.

In this study, we have examined the role of apaptogell clearance in the resolution of
inflammation associated with airway allergy. We agpa number of novel findings that
extend our understanding of the role of apoptatit dearance and Mer-mediated signalling
in inflammation and tissue repair. First, we haeendnstrated that the onset of inflammation
in response to OVA challenge in the lung is simifathe absence of Mer, with equivalent
numbers of eosinophils present in the BALF of WH afe® mice at day 3. However, at
later time points (day 7) BALF eosinophils persisthe Mef® mice, together with increased
BALF protein levels. The presence of ongoing inftaation in the absence of Mer
demonstrate that Mer is an important contributothi efficiency of resolving eosinophilic
inflammation in the airways. Yet, the cellular Efimation in Mef® mice challenged with
OVA returned towards baseline levels by day 10,gesting that Mer-independent
mechanisms ultimately allow clearance of recruiedinophils in Mef® mice. The lack of
an effect of loss of Mer upon lung histology andtlb@ numbers of tissue eosinophils may be
due to different mechanisms involved in eosinoghdarance in the airways and in the
interstitial regions. One possibility is that eagphils exhibit differential susceptibility to
apoptosis in these distinct micro-environmentshwirway eosinophils being more sensitive
to undergoing pharmacological induction of apoasid subsequent phagocytic clearance

than interstitial eosinophils

Second, contrary to expectation, we did not obsdnghly elevated pro-inflammatory
cytokine profiles in the MEP mice at any of the time points examined duringdberse of

the OVA-induced inflammatory response. Although Mes been reported to suppress
macrophage TNF production (for example following S-PAduced inflammation in the
peritoneal cavity or in the luAf it is possible that there may be stimulus-sped@ffects and
that Mer does not act to counter-regulate a Th2iated inflammatory response.
Comparison of expression levels at day 7 revealsat some potentially important
chemokines, such as CCL12 and CCL5 (RANTES), theat act to recruit eosinophils were
present at elevated levels in NM&rmice. However, these chemokines were present at
relatively low levels in both WT and M& mice. Similarly, CCL11 and IL-5 that are
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important for eosinophil recruitment and survivagres expressed at roughly equivalent or
lower levels in Mef® mice at 7 days. We suggest that these changdsemakine/cytokine
profiles in the Met® mice are unlikely to account for the significaiffetences in eosinophil
numbers observed. Whether Mer-driven resolutioallefgic inflammation is associated with
changes in the production of pro-resolving lipiddiaors remains to be determined, but in a
model of sterile peritonitis Mer deficiency was @sated with reduced levels of lipoxinA4
and Resolvin DY.

Third, the delayed resolution of inflammation wesetve in Mef® mice was accompanied
by increased airway resistance, suggesting thatalteged inflammatory response in the
absence of Mer has consequences in terms of lumgfidum. Since airway resistance was
similar in naive WT and MEP animals, Mer is unlikely to represent a dominaattdr in
regulating airway function under homeostatic candg. However, perturbation of lung
homeostasis following injury or infection could hight the role for Mer in regulation of
responses to airway challenge. We did not find sigyificant changes in airway mucus
production between WT and M&r mice. It is possible that the differences in aywa
inflammation and resistance we have observed dampmdct upon mucus production, or that

mucus production is a less sensitive indicatortefred inflammation resolution.

To investigate the underlying mechanism of Merha process of inflammation resolution,
we directly tested whether induction of high levefsapoptosis in eosinophils would reveal
differences in the capacity for clearance of apopteells in Mef® mice. In these
experiments, we treated animals with dexamethasdnthe peak of BALF eosinophil
recruitment and tracked the extent of apoptosisgmein BALF. We observed approximately
twice as many Annexin-V positive apoptotic eosiritpim Me® mice when compared with
WT, consistent with a compromised capacity for eoghil clearance in the absence of Mer.
Glucocorticoids also act to increase Mer expressind function in macrophages which
would further highlight the effect of Mer deficignm this experimental model. Although our
experiments did not specifically examine the pabgibthat some dexamethasone-treated
eosinophils were progressing directly to necrasisivo without having first undergone
apoptosis (primary necrosis), this represents gyortant area for future study. Eosinophils
activated by inflammatory mediators can undergmgri necrosis more readify*? and our
subsequent experiments demonstrate that apop#diéclase their membrane integrityvivo

to become necrotic (secondary necrtiswith this effect being marked in the absence of
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Mer-dependent cell clearance. Our data demonstitzespproximately 25-30 percent of the
total capacity for apoptotic cell clearance of bonarow-derived macrophages or alveolar
macrophages is Mer-dependent. Assuming that Meriatesd a similar proportion of
macrophage capacityn vivo, the extent of apoptosis occurring during resolutof an
inflammatory response may be sufficient to overwhehe Mer-independent phagocytosis

component leading to enhanced necrosis and angidit of inflammation.

In this manuscript, we have identified a role fpoptotic cell clearance by Mer in allergic
airway inflammation, demonstrating a delay in resioh of inflammation in Mef® mice.

Together, our data demonstrate that apoptotic ckdbrance by phagocytes directly
contributes to the resolution of allergic airwaylammation, suggesting augmentation of
apoptotic cell clearance as a potential therapesttategy for treating allergic inflammation

in humans.
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Figure legends

Figure 1. Mer® mice have delayed resolution of allergic airway ifemmation in vivo.

(A) Schema of experimental protocol. (B) Broncheahar lavage fluid (BALF) eosinophils
in wild type (WT) and (C) MéP mice at 1, 3, 7 and 10 days post-ovalbumin (OVAhw
delta A) change in eosinophil nhumber between day 3 and ®apown (n=7-10). (D)
Interstitial eosinophils at day 7 in WT and Kf&mice (n=6-8). (E-F) Representative lung
sections stained with haematoxylin and eosin (H&Eyay 7 post-OVA from (E) WT and
(F) Mer® mice (scale bar 20n, x100 original magnification). (G) Quantificatiai H&E
stained lung sections at 7 days post-OVA treatnenb). Data are expressed as mean *
SEM, analyzed by 1-way analysis of variance (ANOWA&ith Newman-Keuls Multiple
Comparison Test (B, C) or by Student’s t-test (Ip, *¢<0.05, **p<0.01, ***p<0.001.

Figure 2. Mer"® mice have exacerbated allergic airway responsegA) Airway
responsiveness to aerosolized methacholine wassessén anesthetized and mechanically
ventilated mice at 7 days post-OVA with lung remnste expressed relative to WT baseline
(after nebulization of PBS without methacholine4fs). (B-C) Representative day 7 lung
sections stained with periodic acid Schiff (PAS)nfr(B) WT and (C) Mé° mice (scale bar
20um, x200 original magnification). (D) Quantificatioof mucus production at day 7 as
assessed by the mucus-goblet index (MGI) on PARestdung tissue sections (n=5). (E)
Bronchoalveolar lavage fluid (BALF) Mucin5AC (MUC%2A a mucus glycoprotein) and (F)
total protein content were measured at day 7 p&8-(=6-8). (G) Cytokine array showing
day 7 cytokines, chemokines & proteins upregulatethe MerKD mice depicted in red,
those downregulated depicted in blue. Data areesspd as mean £ SEM, analyzed by 2-
way analysis of variance (ANOVA) (A) or by Student:test (D, E, F), *p<0.05, **p<0.01.

Figure 3. Mer deficiency impairs phagocytosis of agaotic eosinophils (A) Phagocytic
capacity of mouse bone marrow-derived macrophag&VDMs) from wild type (WT) or
Mer® mice was assessed after co-culture with apoptmiizise bone marrow-derived
eosinophils in the presence of Protein S (Pros3d-&). (B) Phagocytic capacity of mouse
alveolar macrophages (mAMs) from WT or M&mice was assessed after co-culture with
apoptotic human eosinophils in the presence of IP(os4-5). (C) Schema oifn vivo

experimental protocol. (D) Annexin-V binding of Iichoalveolar lavage fluid (BALF)
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eosinophils from WT or M&P OVA-treated mice at 8, 16 and 24 hours post-dexiaasene
(Dex) treatment (n=4-7). (E) Representative flowoayetry plots (Annexin-V/Siglec-F) from
WT and Mef® mice showing the presence of AnnexifiV eosinophils
(CD45™9CD11b"/Ly6G ¥ Siglec-F'YAnnexin-V'*® cells) at 16 hours post-Dex. Data are
expressed as mean + SEM, analyzed by Student& (Ae B) or 2-way analysis of variance
(ANOVA) with Bonferroni test (D), *p<0.05, ***p<0.01.

Figure 4. Mer® alveolar macrophages have an impaired engulfmentapacity causing
delayed apoptotic cell clearancein vivo. CellTracker™ Greenfluorescently labeled
apoptotic human cells (AC) or PBS control were adstéred intratracheallyi.{.) to naive
wild type (WT) and Mé® mice, with bronchoalveolar lavage fluid (BALF) tmited after 3
hours. (A) Total BALF cell count (B) percentage odlveolar macrophages
(CD45V9CD11¢VCD116") phagocytosing labelled apoptotic cells and (@resentative
flow cytometry plots (SSC/CellTracker™ Green) fraklr-PBS, ori.t. AC treated WT and
Mer“® mice showing CellTracker Green positive (i.e. efigg) alveolar macrophages. (n=3
WT-PBS; n=6-7.t. AC treated WT and MEP mice). (D) Uncleared apoptotic cells (CD45
Y!ICellTracker™ Greeif® cells) in BALF after 3 hours (n=7-9). (E) Recruitedouse
granulocytes (CD4589Ly6G"™® cells) in BALF (n=2-3). (F) Percentage of necratiebris
present in BALF 3 hours after apoptotic cell adstirdtion (n=8-10). Data are expressed as
mean + SEM, analyzed by Student’s t-test, *p<0*@%5<0.001.

Supplementary Figure Legends:

Figure S1. Lack of Mer has no effect on airway restance in naive miceRelative airway
resistance was assessed in anesthetized and nesihyamentilated naive WT and M&
mice in the absence of methacholine and expresdative toWT mice values. Data are

expressed as mean + SEM, analyzed by Studentss (re6-7).

Figure S2. Time course of BALF cytokines and proteis in wild type and Mer® mice
post-ovalbumin. BALF cytokines and proteins were measured by fodwahase protein
array (23 per genotype at each timepoint) with red depictigh expression and green low

expression.
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Figure S3. Confirmation of Mer expression on bone mrrow derived and alveolar
macrophages from WT mice and absent expression in &1“® mice. (A) Western blot of
lysates of BMDMs from wild type (WT) or ME? mice. (B-C) Representative flow
cytometry histograms of AMs isolated from WT andrffemice showing (B) Mer and (C)
Ax| expression. (D) Bone marrow-derived macrophage8MDMs) from WT or MefP
mice were co-cultured with apoptotic mouse bone rovaderived eosinophils in the
presence of Protein S (Prosl) with or without BMBU7 (BMS; c-met inhibitor to inhibit
AxI/Tyro3/Mer) (n=4-5). (E) Alveolar macrophagesAivis) from WT or Mef® mice were
co-cultured with apoptotic human eosinophils in fhresence of Prosl with or without
BMS777607 (n=4-5). Data are expressed as mean =, SBRlyzed by 2-way analysis of
variance (ANOVA) with Bonferroni test (E, F), *p<@L, ***p<0.001.

Figure S4. Analysis of human granulocyte viability, apoptosis and necrosis.(A)
Assessment of viable (Annexin“¥/PI"®), apoptotic (Annexin-V9PI"®) and necrotic (PY°)
human eosinophils by Annexin-V/propidium iodide)(Btaining by flow cytometry prior to
incubation with mouse alveolar macrophages and HBnan granulocytes undergoing
constitutive apoptosis prior to intratracheal adstmation to mice. Example flow cytometry
plots and cumulative data shown (n=2-4}) Representative cytocentrifuge preparation of
aged human eosinophils, black arrow highlights pap#otic eosinophil with typical cellular

shrinkage and nuclear condensation (scale ham281000 original magnification).

Figure S5. Flow cytometry gating strategy to idenfy Annexin-V*™¢ eosinophils
Representative flow cytometry plots showing thargpstrategy used to identify Annexin-
V*'¢ eosinophils (CD45%CD11b™¥Siglec-F"/Ly6G " /Annexin-V*'*® cells) within BALF
of OVA-challenged mice.

Figure S6. Identification of alveolar macrophage phgocytosis of apoptotic cells,
uncleared human granulocytes and necrotic debrisn vivo. (A) Representative flow
cytometry plots showing the gating strategy used identify alveolar macrophages
(CD45V9CD11¢"CD116" cells) within the bronchoalveolar lavage fluid (BR of

apoptotic cell-treated mice. (B-C) Representatiosvfcytometry plots demonstrating AM
population (red) and low FSC/SSC necrotic debrigutetion (blue) in BALF from (B) WT

and (C) Mef® mice 3 hours after administration of apoptoticlse{D-E) Cytocentrifuge
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733  preparations of FACS sorted (D) low FSC/SSC evants (E) CD45%/F4/80V9/CD11¢"®
734  alveolar macrophages (scale bapndhQ x1000 original magnification).

735

736

737

738
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Figure 3 Felton JM et al.
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Figure 4 Felton JM et al.
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Supplementary Figure S1 Felton JM et al.
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Supplementary Figure S2 Felton JM et al.
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Supplementary Figure S3 Felton JM et al.
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Supplementary Figure S4 Felton JM et al.
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Supplementary Figure S5 Felton JM et al.
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Supplementary Figure S6
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