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Sarcoidosis is a chronic disease characterized by the development and accumulation of
granuloma. Through multiwall carbon nanotube (MWCNT) instillation of C57 Biéld-type)
mice, we have established a murine maldat induces granulomatot@mations histologically
resembling the granulomas in human sarcoidosis. This model has proven to have a large number
of commonly upregulated genes and pathways with human sarcolasis
metalloproteinasé2 (MMP12), a protein elastase implicateg@veral chronic inflammatory
diseases, was found to be the most upregulated gene expressed by alveolar macrophages of both
human sarcoid patients and MWCHNstilled wild-type mice. Previous studies have found that

MMP12 levels are correlated to diseaseesity in human sarcoid patients.

These findings led to the development of a MMP12 KO model of granulomatous
formation via MWCNTinstillation. As in the wilétype model, granulonmaus formations
presentt ten days poshstillation. Granulomas iwild-type MWCNT-instilled mice persigpast

60D postinstillation, while granulomas in MMP12 KO mice are resolving at 60D.

We observed a change in macrophage morphology between the MMP12 KO and wild

type bronchoalveolar lavage (BALglls This led us to invegjate the macrophage phenotypes



M1 and M2 We stained for the presence of M2 macrophageshéa unique surface protein
mannose receptor 1 (CD206, MRC1). At 60D gastillation, we found that CD206 was highly
prevalent in the MMP12 KO strain and very low in the viilge strainln the MMP12 KO

model weutilized dectin1 and the receptor for advaattglycation engbroducts (RAGEJ}o

stain for M2a and M2c macrophages, respectively. In shatiled MMP12 KO the

predominant macrophage subtype is M2c, while in MW&n8Eilled MMP12 KO the

predominant macrophage subtype is M2a. At 10D, both sham andMIWhstilled MMP12

KO had a high prevalence of M2c celle shift in the phenotype of the macrophage population
from M2c to M2a and the subsequent release ¢f3lby M2a macrophages corresponds with

the resolution of granulomas in the MMP12 KO mod&iug, M2a macrophages may be critical

to granuloma resolution.

The knockout of apolipoprotein E (ApoE) has been utilized to induce granulomatous
formations in a murine model of sarcoidosis. Thus, we hypothesized that high levels of ApoE
would be associateslith granuloma resolution. At 10D in the MMP12 KO model, when
granulomatous formations are present, AptEacellular proteirevels were found to be low.
However, ApoE genand proteirexpressiowereincreased at 60 MWCNT-instilled
MMP12 KO mice,compared to lowevels inwild-type MWCNT-instilled mice. Thus, we
observed that increased ApoE levelsassociatedavith granuloma resolutiohese
observations suggest thipoE maybe playing a role in the resolution of granulomatous

formations, potemally throughenhanceghagocytosis of degraded collagen fragments.
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CHAPTER 1:

Introduction

1.1 Sarcoidosisetiology and epidemiology

Sarcoidosis is a disease characterized by the development and accumulation of
granulomatous formati@(1). There are approximately 185,000 cases of sarcoidosis in the
United States, anapproximately 1.2 million worldwid€?, 3) Prevalence of sarcoidosis varies
immensely geographically, making the etiology difficult to deterndneWhile a universal
cause of sarcoidosis has not been established, associations have been drawiés afnu
airborneagentancluding inorganic particles, tree pollen, and insectic{d@sAn increase in
sarcoidosis incidence has also been attributed to geographical region, as more cases are observed
in northern latitudes potentially due to decreasenlight(5). Associations have also been made
between sarcoidosis and a number of occupations including those irSthidaldy,
metalworking firefighters,and specifically with first responders to tBeptember 11, 2001
attacks on the World Trade Gen(5-8). The airborne nature of these environmental triggers is

explanatory of the common presentation of sarcoid granulomas in the eyes, ears, afid.lungs

While the presence of these environmental triggers appears essentiald¢vdalopment of
sarcoid granul omas, various genetic and demog
susceptibility to development of the diseas€018 study found that the heritability of
sarcoidosis is 39%®). Siblings of individuals with sarcoidos#se at a greater risk of developing
the disease, thus suggesting a genetic compg¢b@niThe primary genes associated with
sarcoidosis are class | and class Il HLA antigens, while no other genes have been consistently
been correlated with disease metation(1). Several demographics have been linked to

increased incidence of sarcoidosis, includgtgck Americans, individualef Northen



Europeardescent and individuals aged between 20 and BB, 12) Black Americans have
also been found to hawvorse clinical outcomes from the diseagih Black women having the

highest frequency and severity of sarcoidosis out of any demogi@aghit4)

1.2 Sarcoidosispathology andcurrent treatments

Granulomas are aggregates of giamtjtinucleated macrophages and leukocytes that can
occur in various tissugd5). As previously mentioned, sarcoid granulomas typically present in
the eyes, skin, and lungs). The multinucleated giant cells are of the macrophage lineage, and
typically form in response to constitutive expression of cytokines including interferon gamma
(1 FN2) and di f(#6)elm moretdevélapdd granulemas a aormbination of
collagen, fibroblasts, mast cells, and proteoglycans forms in the periphepyasdive shell
surrounding the granulon{a7). These granulomatous formations have previously been

considered a hostefense mechanism to prevent the spread of foreign path@d@ns

Approximately 90% of sarcoidosis patients have pulmogeamulomag19). While 67%
of sarcoidosis cases will spontaneously resolve, pulmonary granulomatous formations are
associated with worse outcomes, primarily due to the pulmonary fibrosis that develops in 20
25% of sarcoidosis patienft). Accordingly,sarcoidosis cases are staged based offandg
lymph nodepresentation. Stage 1, the most benign, is characterized by granuloma presence
solely in the lymph nodes. In patients witage 1 sarcoidosis, spontaneous remission will occur
in 60-90% of casesSarcoidosis is consider&fiage 2 when granulomas are present in both the
lymph nodes and the lungs, and spontaneous remission will occu7P4©f these cases.
Stage 3 of the disease is characterized by granulomas present in the lung and abdeat from t
lymph nodes, with spontaneous remission only occurring+4B020 of cases. The most severe
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form of this diseasestage 4, is due to the development of pulmonary fibrosis. Once sarcoidosis

reaches this stage, it cannot spontaneously reach rem({28jon

Much of the mechanism regarding the pathology and progression of sarcoidosis is not
currently understood. There is no cure for sarcoidosis today, despite many different drugs being
tested for efficacy. TN bl ocker s wer e f oyetskghttimpachoave a si g
pulmonary sarcoidosis in a limited stu@®4). Tetracyclines, namely minocycline, were found to
have positive effects on pulmonasgrcoidosisn two out of twelve patients in another limited
study(22). These treatments, alongtiva few others, have only been found to be effective in
small trials, and thus adequate data has not been prdeidiemto become commonplace
treatment options. Today, the primary treatment therapy involves corticosteroids for at least 3
months. Howegr, this treatment is only used when organ function is threatened due to the
significant adverseffectsof the corticosteroidgl). Recently, methotrexate has been added to
this treatmentegimendue to its actiolin potentiating the effects of the ciodsteroids, despite
having no effect on the disease as a monothdg8)yDue to this lack of sufficient
pharmaceuticals, we must continue to expand our understanding of sarcoidosis pathogenesis in

order to one day develop a better treatment for ibeade.

1.3Murine model of pulmonary sarcoidosis

Sarcoidosis is associated with several different occupatiom$ias only been linked to one
event: the 9/11 World Trade Center attacks. First respond#s teventhave had a
significantly increased incahce of sarcoidosis relative to unexposed, demographically similar
individuals (24). Correspondingly, carbon nanoparticles have been obsduwed) postmortem
examination othe lungs of individuals present at these attacks or in the immediate aftermath
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suggesting a potential link between carbon nanoparticles and sarc@@ijshulti-wall carbon
nanotubes (MWCNT), which are concentric structures of carbon, are found in high strength
materials, electronics, paint, and are even emitted bgotmdustion of some materig[85).
Carbon nanotubdsave since been shown to cause sarcoididgi®ffects in exposed animals,

inducing pulmonary inflammation and granuloma like lesi@®

One of the primary limiting factors in the study of sarceidgathogenesis is the lack of a
widely accepted and implemented animal model of the dig8@¥eHowever, our laboratory has
successfully developed a chronic murine model of granulomatous inflammation through the use
of MWCNT (28). When C57BI/wil d-type)mice are instilled with MWCNT, granulordike
lesions are observed at 10, 60, and 90 daysipsitation, and these lesions have been found to
have a similar histological presentation to human granul¢@&sin C57BI/6 mice instilled
with phosphate buffered saline (PB8rfactanktserving as the sham treatment grongp

physiological change is observB).

1.4 Alveolar macrophage activity in sarcoidosis

Alveolar macrophages are the predominant immune cell in the airways of healthy
individuals. These macrophages serve as the front line of defense against pathogens that survive
the mechanical defenses of the immune system. This function is achieved through a variety of
mechanisms including phagocytosis and the secretion of protééses.the beolar
macrophages aumable to uptake the foreign stimuheysurround thegentandrelease

cytokines to signal for the infiltration of other immune cé2S).



Peroxisome proliferatea ct i vat ed r ec e pt tanscriptonahiactothiaP PAR2 ) i
negatively regulates prioflammatory macrophage activati¢d80). In normal, healthy
individuals PPARD is constitutivel y(31g Kqgweversised by al
individuals with sarcoidosi s, aecreasedq30)aThe macr op
same effect is seen in our murine model, as alveolar macrophages frormstied wild-type
mi ce constitutively express PWRIA-BpeMWOBNTi | e i ts
instilled mice(32). Thus, the stimuli that leads to the formation of granulothasc r e as es PPAF
activity resulting inpro-inflammatory macrophage activation in both sarcoid patients and our

murine model.

A transcriptional survey comparing our MWCNT model and human sarcsidiesied
twelve commonly upregulated pathways and a large number of commonly differentially
expressed gené’83).This surveystrengthens ik useof MWCNT as arepresentativenodel of

the pathology of human sarcoidosis.

1.5Matrix metalloproteinase-12

Matrix metalloproteinases (MMPs) are a class of proteases, or enzymes that degrade proteins.
These enzymes are involved a number of biological processes, primarily involved in degrading
the extracellular matrix and in the immune and inflammatory responsesmehaiso involved in
tissue repair, tissue remodeling, and cell proliferation. The activity of MMPs is low in healthy
individuals, with several different modulators. However, environmental triggers can cause the
release and activation of MMPs, leadingrtlammation and tissue remodeling in the form of

fibrosis. Accordingly, the MMPs have previously been indicated in several pulmonary diseases



including idiopathic pulmonary fibrosis, asthma, and chronic obstructive pulmonary disease

(34).

Matrix metaloproteinasel2 (MMP12) is a macrophage elastase that has been indicated in a
number of chronic inflammatory disease, both pulmonary and systd4)icThis enzyme is
produced by alveolar macrophages, and it is released in response to patBbpétmvever,
MMP12 is regulated by a multaceted system, with different factors influencing gene
expression, compartmentalization, zymogen activation, and prote(8g3ig hrough these
processes, MMP12 is only produced, released, activated, and praseteeadonditions
allowing all of these factors to function synergistically, such as in the immune regp6hse
MMP126s role in chronic disease has previousl

recruitment and regulation of inflammation through TNE5, 37)

In the gene expression profile previously mentioned, MMP12 was determined to be the most
upregulated gene in both sarcoidosis &relMWCNT model(33). PCRdata confirmed this
result, with MMP12 significantly elevated in sarcoid patients relative to control individuals and
in ourwild-type MWCNT model relative to shasmstilled mice(33, 38) Additionally, MMP12
levels have been found to be correlated with disease severity in sarcoid patients, with elevated

expression observed in areas of active granulomatous inflamn(a@ipn

1.6 A MMP12 KO model of pulmonary sarcoidosis

In response to tlsefindings from botrthe wildtype MWCNT model and human
sarcoidosis, our lab decided to utilize a MMP12 KOusestrainto help delineate the role of

MMP12 in sarcoidosis. Through the administration of MWCNT, we were able to induce



pulmonary granulomaat 10D, similar tothose observed ithe wild-type MWCNT. However
histological differences were seer6@D (chronic stagebetween thevild-type and MMP12
KO. In the chronic phase of MMP12 Kiice instilled with MWCNTgranulomas are resolving,

suggesting tht MMP12 iscritical to the persistence of granulomatous formati@&;.

Previously, our lab hashownthat at 10D posinstillation, gene expression of
proinflammatory cytokines includinghemokine ligand 2CCL2) a n d  ar&ifdreased in
MWCNT-instilled mice of both strain@inpublished data). However, differences in several
proinflammatory genes betweéhe two strains at 60@as observe38). P P arkkgative
modulator of proinflammatory responses, is decreaseddatype MWCNT and increased in
MMP12 KO MWCNT (38). Thus, proinflammatory responses are negatively modulated to a
greater extent iIMMP12 KO micethan inwild-typemiceat 60D. Correspondingl
expression is elevated wild-type MWCNT relative to sham, while no differengeexpression
between MWCNT and shaninstilled MMP12 KO mices observed38). Additionally, an

increase in the alveolar macrophage population of the MMP12 KO MWCNT was obg88)ed

These results led to our first proposed mechanism for the role of MMP12 in granuloma
persistence-ollowing MWCNT instillation the alveolar macrophage expression of PPARI s
decreased. This, in turn, | eads to the increa

resulting inthe formation of granulomas. This response causes elevated MMP12 expression,

which plays a role in maintaining the low expression levelP®R o2 and t he high | e
expression, enabling granul omas to persist. H
expression increases and | FNo expr g¥)sion decr



1.7 Macrophage polarization

Alveolar macrophages are the predominant immune cell in the lower respiratory airways, and
thus are the primary immune response to foreign antigens or pathogleissegion(29). There
are two primary classes of macrophages: M1 and M2. M1 macrophages, alsodano
classically activated macr o(pOhMIigneasrgphages@&e act i v a
pro-inflammatory with their primary function being to kdl clearforeign antigens or pathogens
via phagocytosis or microbicidal activi¢l). Meanwhile, M2 macrophages are also known as
alternatively macrophages, and can be activated by a wider variety of substances and cytokines,
including IL-4 and IL-13 (40). The primary function of M2 macrophages is to heal, with anti
inflammatory activityin tissue repair and the maintenance of tissue inte@ity42)
Phenotypically, M2 macrophages express several unique surface proteins including Mannose
Receptor 1 (CD206, MRC1), Arginade(Argl), and Hemoglob#iaptoglobin Scavenger
Receptor (CD163)Wwhich have previously been used to identify the populdti8h Thus,

macrophage phenotype is very important to the immune response.

M2 macrophages can be categorized into three different subpopulations: M2a, M2b, and M2c
(40). M2a polarization isven by IL-4 and IL-13, and phenotypically characterized by surface
expression of Dectil and IL-1R (44). These macrophages primarily function to stimulate and
potentiate thé&12 immune response through the releadd ®irelatedcytokines(45). M2b
macrophages are induced by tbKe receptor (TLR) agonists, and do not have a uniquely
expressed surface protgdd). M2b macrophages serve as regulatory macrophages, acting
essentially as the biological counterpart to M1 macroph@fe<i4) M2c macophages are
activated by 110 andare characterized by the surface expression of the receptor for advanced

glycation enepbroducts (RAGE) and Mer receptor tyrosine kinase (Mer(Bi) 46) M2c



macrophages have strong ainflammatory action and are iolwed in tissue repair and
remodeling through the releaseimtierleukin cytokinesnd high levels of phagocytog#4).
Despite M2 macrophages sharing a common;iafiimmatory function, the different subtypes

achieve this function in different ways.

1.8 Apolipoprotein E

Apolipoprotein E(ApoE)is a glycoprotein that is involved with various physiological
systems and processés). ApoE primarily functions in lipid metabolism and clearance, as it
will initiate the formation ohigh-densitylipoproteins which entehe circulation(47). In
circulation, ApoE associates with remnants of enzymatic lipolysis, transporting them back to the
liver via a process called reverse cholesterol tran$®)tApoE also functions in the nervous
system by forming lipoproteins that distribst®allerlipoproteins to cells in the syste#?7).
When variants, or isoforms, of ApoE are made and entilation, they can cause issues in
both the heart and nervous syste@,649wpdEh a mai

carries oubther functions as well, including cytoskeletal assembly and stafaily

ApoE has been linked to pulmonangehses as well. In 2018 ApoE knock out murine
strain on a cholateontaining highfat diet developed granulomas with similar pathological
presentation to pulmonary granulomas, suggesting a potential relationship between low ApoE
levels and granulomaegtelopmen{51). ApoE has also recently been linked to resolution of
pulmonary fibrosis, a condition that develops in sehemm@ansarcoidsiscaseg52). One of the
main driving forces of pulmonary fibrosis is the degradation of collagen by metadmases at
a faster rate than the resulting fragments can be clé€a2¢dn this process, ApoE functions by

binding collagen fragments, making them more accessible for phagocytosis by the LRP1
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receptors on macrophag@éR). As ApoE has been found stimulate resolution of the most

severe pathological development in sarcoidosis, high levayde potentially be involved in
granuloma resolution. As collagen is a component of the surrounding environment in mature
granulomas, Apolaypotentially expos the granuloma to the immune responses necessary for

resolution(52).

ApoE has also previously been linked to macrophage polariz&nsotoxinsand bacterial
infections in ApoE KO murine models have led to increased levels aeMied cytokines such
as TNFU a n d (58, B4F Bhis effect can be mitigated via exogenous ApoE administration
(53). Subsequent studies have yielded a direct effect of ApoBacrophage differentiation
towards the M2 macrophage phenotyp8). Exposure to ApoE leads to the surface expression
of M2 macrophage markers and decreased M1 related macrophage d6tityl2
macrophages have also been observed to have sedreeoduction of ApoE due to their
i ncreased LXR a56dThisPAADE @xprassioniisvnivolved in the conversion of
M1 macrophages to M2, asitiflammatory macrophages. Additionally, as we see increased
PPAR2 at 60D i n MmniHldd2nick We wWwdlld@midipate a corresponding

increase in ApoE.
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1.9 Hypotheses

)

We observd a change in macrophage morphology with an increased number of
smaller cellsn MMP12 KO MWCNT mice comparedo wild-type MWCNT and

MMP12 KO sham. We hypothesize thiaéthanges in macrophage morphology in
the MMP12 KO MWCNT mice is attributed to a shift in macrophage phenotype,

resulting in granuloma resolution

Theabsence of apolipoproteinrEsults ingranulomatous formations mice.We
hypothesize thahcreased\poE maybe associated with granuloma resolution in

MMP12 KO mice
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CHAPTER 2:

M aterials and Methods

2.1 Mice

All studies were conducted in conformity with Public Health Service (PHS) Policy on
human care and use of laboratory animals. Experimental approval was granted by the
institutional animal care committee (AUP #J1908)P #J203). Two strains were used ihis
study, C57BI/6 and MMP1RO. Both strains were obtained from Jackson Laboratories (Bar
Harbor, ME). The gene knock out in the MMP12 KO strain is complete. Mice were set up for
breeding at seven weeks, and breeders were replaced every six monthgerthertation was

conducted using sexatched littermates and/or multiple agatched litters.

2.2 Instillation with Multi -Wall Carbon Nanotubes

Following sedation by aerosolized isoflurane, mice were instilled oropharyngeally with
100 pg of freshly pregred MWCNT (catalogue number 9@601, lot GS1802, SES Research,
Houston, TX) in a 35% surfactant in PBS solution. Correspondisgmgroups were
administered a 35% surfactant in PBS solution via oropharyngeal administration. All animals
received a sirnlg dose based on their treatment group. At eitheraiesixty-days post

instillation, all mice were euthanized with tribromoethanol (TBE) and samples were collected.



2.3 Bronchoalveolar Lavage

At either ten or sixty-days posinstillation, mice were @hanized via an intraperitoneal
injection of TBE. Postortem, mice were cannulated with plastic tubing. 5mL of a 0.2%
lidocaine in PBS solution was used to lavage the lungs. The lavage was centrifuged at 4°C and
1800 rpm for 20 minutes. This centrifugatiled to the separation of cells, in the form of a
pellet, and BAL fluid(BALF). The BALF from each sample was collected in 1mL increments
and the cell pellets were subsequently resuspended in 4mL of PBS. 120puL of this cell suspension
were spun in a cytentrifuge at room temperature and 500 rpm for 5 minutes to yield a cytospin.
The cytospins were stained with Diff Quick solution (Thermo Fisher Scientific, Waltham, MA)
for differential counts to determine the composition, by percentage, of the follawmgrie cell
populations: macrophages, lymphocytes, and polymorphonuclear cells. The remaining cell
suspension was centrifuged again. The fluid was aspirated, and the cell pellet was resuspended in
4 mL of PBS. This cell suspension was used to count thecataumber of immune cells in the
pellet via a hemocytometer. Once again, the cell suspension was centrifuged under the same

conditions. The fluid was aspirated, and the pellet was stor@@&t.

2.4 Immunocytochemistry

Cytospins containing approxately 50,000 freshly isolated BAL cells were fixed with
4% paraformaldehyde for 20 minutes. Cells were permeabilized with a 0.3% Tit0a X
PBS solution, followed by blocking with 10% goat serum in PBS. A primary antibody for each
desired protein wadiluted in 10% goat serum solution and added to the corresponding samples,

which were incubated at 4°C overnight. A gaatirabbit 2° antibody (Life Technologies,
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Carlsbad, CA) at a 1:1000 dilution in 10% goat serum was added for an incubation at room
temperature. Slides were counterstained with DAPI to identifyntidausand sealed with nail
polish. Following completion of the protocol, slides were stored@C. Images were taken on

the Zeiss LSM 700 Confocal (Zeiss, Oberkochen, Germany).

The primary antibodies used in this study and their corresponding concentrations in 10%
goat serum are: unconjugated CD206 (1:100, ab64693 abcam, CamibiAdg&\poE (1:500,
ab183596 abcam, Cambridd@A), Dectinl (1:300, ab140039 abcam, Cambriddé)), RAGE
(1:100, ab27647 abcam, Cambridyd ), and an Alexa 488 conjugated CD206 (1:200,
MCA2235A488T BieRad Laboratories, HerculeSA). Please note that the aforementioned
procedure is the base staining protocol; some protocols included slight variedonis,

which will be explicitly mentioned in the corresponding figure legends.

2.5 RNA Purification and Analysis

UsingmiRNeasy kits (Qiagen, Germantown, MD), total RNA was isolated from the cell pellets
collectedby bronchoalveolar lavag@AL). Thistotal RNA was subsequently converted to

cDNA via a RT2 First Strand Kit (Qiagen, Germantown, MD). The cDNA was used to determine
relative gene expression levels using the StepOne Plus PCR system (Thermo Fisher Scientific,
Waltham, MA), Qiagen gPCR primécermantown, MD), an8@YBR Green PCR Master Mix

(Thermo Fisher Scientific, Waltham, MA). Each sample was run in duplicate with the desired
gene and compared to glyceraldehyde 3 phosphate dehydrogenase (GAPDH), our control gene.
The difference betweenthe C of t he contr ol gene and the Ct

which will in turn be used to calculate fold change via tR&2hethod. Samples wesxcluded

14



due to decreased levels of GAPDH, which signals the deterioration of a sample, or iecbnsis

duplicates.

2.6 Protein Analysis

BALF was stored ai80°C until used in protein enzyrieked immunosorbent assays (ELISA).
ApoE (AB215086 abcam, Cambridg#A) and 1.-13 (M1300CB R&D Systems Inc.,

Minneapolis, MN)following the respective manufacur er 6 s pr ot oc ol

2.7 Statistical Analysis

Using Prism 7 software (Graphpad, Inc., San Diego, CA), the data was analyZ&ticdeand &

testandlortwavay ANOVA with Tukeyds multiple compar.

15



CHAPTER 3:

Macrophage Polarization in MMP12 KO andWild -Type Murine Models of
Granulomatous Disease at 60D.

RESULTS
3.1 M2 Surface marker, CD206is predominantly expressed in MMP12 KO

Previous research from our laboratory Baswnthat bronchoalveolar lavagBAL ) has
increasedell numbersn the MMP12 KO strairompared to thevild-type. Furthermore,
MWCNT instillation results in increaseBAL cells relative to shasmstilled mice in the
MMP12 KOstrain In the process of performing differential courgtgopulation of smaller
alveolar macrophages was obserire®MP12 KO miceand are indicated by red arro(f&gure
1A). Recentresearch has begun to classify macrophagssdon their physical charactetiss
rather than the tissue they resid€4f). Macrophageopulationscan be subdivided intell and
M2 phenotypesHumanM2 macrophages are smaller in sikan M1 macrophagekowever

limited size datas available regarding murine macropha(es).

This led us to test for the presence of M2 macrophages. To accomplish this, we stained
BAL cells with an antibody to the mannose recegtdCD206 MRC1), a Gtype lectin that is
specifically expressed on the surface of M2 macroph@fsFew cells sained positive for
CD206within the wildtype strain, with a slightly increased number of positive cells in the
MWCNT-instilled relative to the sham gro(igure 1B) However, in the MMP1KO strain
nearly the entire populatiarf cells stainegbositive for CD206 in both the sham and MWGNT
instilled groupgFigure 1B) Thus, the MMP12 KO macrophage population is predominantly
M2, while thewild-type macrophage population is predominantly Mie hypothesizedhat M2
macrophagemaybe involved inthe resolution of granulomas observed in the MWE&hETilled

MMP12 KO mice.



3.2 Instillation with MWCNT leads to conversion of macrophage phenotype from M2c to
M2a in MMP12 KO.

As M2 macrophages were highly prevalanthe MMP12 KO model, we aimed to
further define this population of macrophages. In doing so, we hoped to determine the
macrophage subpopulation present in MMP12 KO MWCNT, along with their respective

function that may be responsible for the resolution of granulomas.

There are three primaiyi2 macrophage subpopulations: M2a, M2b, and NEzzh of
these macrophage subtypes has unique functions in the immune response. M2a and M2c
macrophages can be characterized by surface expression of proteins unique to their respective
macrophage subpopulan. One of the surface proteins that is unique to M2a macrophages is
Dectin1 (40). Thesurface expression of the receptor for advanced glycatidproducts or
RAGE, is uniqug¢o M2c macrophagg@6). There are currentlgo identified unique surfae
proteins on M2b macrophagessthe surface proteins expressed are also expressed by M1, M2a,
and/or M2c macrophag€44). Thus, we decided to exiain CD206 and Dectifh to identify
M2a macrophages in our immune cell population, arabistain CD206 and RAGE to identify
M2c macrophages previously published mechanism for determining phendgd#geWhile
M2b macrophages cannot specifically be stained for, we theorized that if there is a population of
macrophagewhich staingositively for CD206 but not for Dectih or RAGE, we could assume

M2b macrophages are present.

Our focus was on the MMP12 Kice,asthewild-typehad little expression of M2
macrophage<Co-stainingfor CD206 and RAGEevealedhatthe majority of M2 macropages
from MMP12 KO PBSinstilled micestain positive for RAGE, while very fei2 macrophages
from MMP12 KO MWCNT-instilled mice stained positiygigure 2A) Co-staining CD206 and

Dectin1 revealedhat Dectinl was predominantly expressieylthe macrophgesin MMP12
17



KO instilled withMWCNT andexpressed on very few cells from MMP12 KO shastilled

(Figure 2B). This led us to conclude that in the absence of MMP12, M2c macrophages are the
predominant cell populatioiowever, M2a macrophages are prevaleiiMP12 KO instilled

with MWCNT at 60D, suggesting that they may be playing a role in the resolution of

granulomas.

3.3M2 immune response is increased iB0D MMP12 KO instilled with MWCNT .

Our previous research foundh a t is elévated irwild-typemice instilled with
MWCNT at both 10D and 60[B8). In MMP12 KOMWCNT, | éxpiession is elevated at
10D in macrophages from MWCNihstilled micerelative to shambutprevious studies showed
d e c r e a se&pdessior-ataDbelative to10D (38). 1 F Nsassociated witivil macrophage
activation and activity58). These observations suggest that ¢yfokine releasenay be
elevatedinour MWCNY nsti |l |l ed MMP12 KO mice at 60D, whe

there is a high pralence of M2a macrophages.

M2a macrophages are characterized by the release of cytokideH H10, and 11-:13.
As M2a macrophages are obsergetely in the MMP12 KO mice instilled by MWCNT, we
would expect to see an increase in these cytokibek3 levels were measured by ELISBur
results indicatéhatthe MMP12 KO strain relow basal expression of 4.3 (Figure 3)
However, upon challengingMP12 KO mice with MWCNT, a significant increase in-IL3

relative to shaninstilledwas observed n O 8 , ) (Figuée.3)0 5
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Treatment N Total cell AM (X10°) LYM (X10°)  PMN (X107)

count (X10%)

C57Bl/6 PBS/Surf 0 6.6%12 6.6+12[99] 0.042006[1] 0.0%0.0[0]
C57Bl/6 MWCNT 10 7.1x14 7.0+ 1.5[99] 0.04+0.05[1] 0.01+0.03
MMPI2KO  PBS/Surf 10 101£29 06+27[07] 0.11+0.14[1] 0.03 :I[:lg.l 2]
MMPI2KO  MWCNT 10 177+9.0%* 167+7.8[93]* 1.1+£LO0[5]* 0.5+0.7[2]

Table 1.60D BAL cell characteristics.

Total cell population and cell subtypes from BAL differentials in 60D Bl&7
(wild-type)and MMP12 KO mice.

AM, alveolar macrophages; LYM, lymphocytes; PMddlymomphonuclear cells

Means + SEM[%],"p O 0. 05 rel ati v%ep tG OMMFL
C57BI/6 MWCNT.
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Figure 1. M2 surface marker, CD206, is predominantly expressed in MMP12
KO.

A) Representative 40X images of differential cytospins from 60D post MWCN
instillationwildt ype and MMP12 KO mice, n O
alveolar macrophages is observed in the MMP12 KO but is absent wtypéd
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CD20 DAPI Mer ged

C57 PBS

C57 MWCNT

MMP12 KO PBS

MMP12 KO MWCNT

B) Representative images of unconjugated CD206 immunocytochemistry stai
n O 3~. Surface expression of CD2O0{
universally expressed in the MMP12 KO sham and MWCNT instilled.rree
cells stain positive for CD206 inetwild-type strain.

7 0.1% Tweer20 in 10% goat serum was used to simultaneously block and
permeabilize.
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A RAGE | CD20 DAPI Mer g

MMP12 KO PBS

MMP12 KO MWCNT

MMP12 KO PBS

MMP12 KO MWCNT

Figure 2. Instillation with MWCNT leads to conversion of macrophage phenotype from M2c to M2a in
MMP12 KO.

A) Representative images of RAGE and CD206 immunocytochemisstaoung”. Surface expression of RAGE, a M2
macrophage marker, is prevalent ie 8haminstilled MMP12 KO but is absent in MMP12 KO MWCNiistilled mice.

B) Representative images of Deefirand CD206 immunocytochemistry-staining”. Surface expression of Deetina
M2a macrophage marker, was prominent in the MMP12 KO instilldd MWCNT and was low in the shamstilled
MMP12 KO.

N: Conjugated CD206 was added after secondary ant.i
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Figure 3.1L -13is increased in 60D MMP12 KO instilled with MWCNT.

IL-13 protein levels are increased in BAL fluid from MMP12 KO instilled with
MWCNT relative to sham. n O 8.
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Discussion:

To summarizewe have been able to delineate that the smallgyafwlation of
macrophages seen in the MMP12 KO maatel M2 macrophage¥vhile M2 macrophages are
observed predominantly in both MMP12 KO instilgthm and MWCNTa shift is observed
within the subtype of M2 macrophages. In the absence of MMP12, M2ophacres are the
predominant immune celbbserved. However, when MMP12 KO mice are challenged with
MWCNT, ashiftin the predominant cell type is obsertedhe M2a macrophagphenotype
Within our wild-type model where granulomas do not resolve, we observed M1 macrophages as
the primary population in the immune response. Thus, the M2a macrophages that are prevalent in
MMP12 KO MWCNT-instilled mice at 60Dnaybe involved in the observed granuloma

resoluton within this model.

In our previousstudiesof granuloma formation and resolution, we had identifledol a s
a driver of granuloma formation and persistence, as levels were high withithedMP12 KO
andwild-type MWCNT strains afLlOD andremained fgh in wild-type MWCNT mice at 60D
(38). However, FNo expression decreases to basal levels in MMP12 KO MWCNT a(88D
AsIFNo i s i1 n M1ntaerdphageeactivafiothe decreasedlevelsé™No i n MMP12 KO
MWCNT at 60D suggest a shift away fndheM1 immune response. The prevalence of M2a
macrophages and the corresponding increaeeiM2 cytokine IL-13 suggest that thi12
immune response is elevated and perhaps counteracting the eMtdtethune response

characteri zeatlbhy | FNo | evels

Our current working model is illustratéa Figure 4.Thel F Mlgvation seen at the 10D
timepoint,suggestshat aM1 responsenay cause the initial formation of granulomaslucedby

MWCNT in both thewild-typeand MMP12 KO models. In theild-type MWCNT mice, there
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is no phenotypic change in tBAL cell population Due to this, thél1 predominanceemains

at 600 and granulomas persistowever,in the MMP12 KO model, we see a M2 predominance
and | F Noonigcorpespenslisgly diminished. In response to MWCNT, we see the
macrophage population shift from M2c, as observed in MMP12 KO dioali?a. These cells
subsequently release M2 cytokines in the form e1 8, potentiating the M2 immune response.
Thus, M2cytokines increase as M1 cytokines decrease. This enables the immune system to find
a balance between the grdlammatory and antinflammatory responses, which in turn allows

for the resolution of granulomas.

We have found theild-type MWCNT immune reponsdo be M1 dominant and the
MMP12 KOMWCNT immune respons® be M2 dominant. Optimally, the immune response
incorporates a balance of tvel andM2 immune response, btite pathology o€ertain
diseases,suchasd@@dn 6 s di s e as e a nstlf ievolerdlsgdaminand respansei s |
(59, 60) It is believed that within sarcoidosis, tiNEL.-dominantresponse to a pathogen or
irritant can be attributed to an unknown genetic predispogon Thus, thediminishedM1
macrophageesponsand thepotentiation of théM2 immune response by M2a macrophages in

the absence of MMP1iBaybe responsible for granuloma resolution.
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Figure 4. Potential mechanism of granuloma resolution.

The shift in the macrophage population from M2c to M2a causexerased IE13
release. This shift corresponds with several other increases that occur betwee
10D and 60D timepoint, suggesting that the shift in macrophage population an
corresponding increased-I3 release may be involved in the resolution of
granulomatous formations.
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CHAPTER 4:

Evaluation of Apolipoprotein E Activity in Granuloma Formation and Resolution.

RESULTS

4.1 ApoE gene and proteirexpressionare upregulated in MMP12 KO miceinstilled with
MWCNT .

Apolipoprotein E is a protein that carries out numerous functions in the t@dying
from lipid transport to cytoskeletal assembly and stak{fi}). In 2020, macrophage production
of ApoE was indicated in the resolution of poinary fibrosig52). More severe cases of
sarcoidosis involve lung inflammation that can develop into pulmonary fibrosis, in turn leading
to worse patient outcomé8l). Additionally, another group studying sarcoidosis used an ApoE
knockout model tomduce sarcoidosilike granulomatous formationsuggesting that decreased
ApoE levels could be involved in the pathogenesis of granuloma formation. These links between
ApoE and sarcoidosis led usitvestigateApoE expression iboththewild-typeand MMP12
KO models ApoE has previously been linked to macrophage polarization, stimulating the
conversion from the M1 phenotype to N&5). Additionally, M2 macrophages have been

established to have increased ApoE expreq&i6n

Initially, we explored the gene expression of ApmEBAL cellsthrough reatime PCR
We found that ApoE expression was significantly elevated in MMP12 KO mice instilled with
MWCNT relative to both MMP12 KO sham amdld-type MWCNT at 60D(nO5, p O0. 05)
(Figure 5A. Correspondingly, ApoE protein leveills BALF were elevated in MMP12 KO
MWCNT relative to MMP12 KO sham amild-typeMWCNT at60D( n 04, (FigureOD . 05)
5B). Thisobservation suggesitscreased levels of ApoE could be involved in the resolution of

granulomaseen in the MMP12 KG@trainat the 60D timepoint. Finally, immunocytochemistry



staining yielded that cellular ApoE protein levels are increased within MMP12 KO relative to
wild-type (Figure 5C) Within the strains, there is a slight elevation of Apokvild-type
MWCNT relative towild-typesham,and an increase in MMP12 KO MWCNT relative to

MMP12 KO shan{Figure 5C).
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Figure 5. ApoE gene and proteirexpressionare upregulated in MMP12 KO
mice instilled with MWCNT.

A) Gene expression of ApoE is elevated in MWCIiNStilled MMP12 KO mice
relative to shaninstilled MMP12 KO and MWCN/instilled wild-t y p e . n

B) ApoE protein levels are increased in BAL fluidftdMWCNT-instilled
MMP12 KO relative to MMP12 KO sham and witgpe instilled with MWCNT.
n O 4.

* p O 0.05, ** p O 0.01
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C) Representative images of ApoE immunocytochemistry staining,®. ABoE
expression is lovin shaminstilled wild-type mice and slightly elevated in wild
type MWCNT-instilled mice. In the MMP12 KO, expression is higher relative 1
the wildtype and is increased in the MWCHistilled mice relative to sham.

~: Nonpermeabilized.
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Discussion:

Ourresults indicatéhatat 60D, intracellular apolipoprotein E is elevated in the MMP12
KO model relative to our wilkdype model, and that the extracellular release of ApoE is increased
in MMP12 KO mice instilled with MWCNT relative to shammstilled. This suggests that in the
absence oMMP12, intracellular ApoE levels are high at 60D, and that MWCNT instillation
results inits releaseA significantly higher level of protein in the BALF of MMP12 KO
MWCNT relative to the wildlype MWCNT suggests thdtigh levels of ApoE proteimay be
involved ingranuloma resolutiarmhese observations together with previous studies
demonstrating ApoE KO mice form sarcdikle granulomatous formations support our

hypothesis that ApoE is involved in the resolution of granuloma formégaibn

ApoE hagpreviously been indicatad the resolution of pulmonary fibrog{s2). This
research found that ApoE carries out this function by binding collagen fragments and carrying
them to the LRP1 receptors on macrophages, which will then take up the fragnuedégieade
them(52). ApoE could be degrading the collagen localized to the periphery of the granuloma
that is one of the hallmarks of sarcoidg@8). Thus ApoE could potentially decrease the

stability of the granuloma itself, allowing it to resalve

ApoE may be either the cause or an effect of macrophage polariggioss) In wild-
type mice, the predominant phenotype of macrophages at 60D is M1. HowmeMéP12 KO
mice, the macrophages predominantly express the M2 phenotype at 60Dbifitides with
highlevels of ApoEn BALF at 60D in the MMP12 KO model, suggesting thetracellular
ApoE activity may drive the conversion to M2 macrophage phenotype affé@bis consistent

with previous research indicating that Apdives the conversion of M1 macrophages to the M2

phenotypg55).ApoEO6s activity on M2 macrophage subtypg
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but we observe higher levels of ApoEtie BALF of MWCNT-instilled MMP12 KO, which
predominantly express the2d phenotype, relative to shanstilled MMP12 KO, which
predominantly express the M2c phenotype. Tmeased ApoE in BALF could lead to the
conversion to the M2a subtypEhere is a significantly increased intracellular expression of
ApoE gene and ptein in the MMP12 KQmice Correspondingly, the observed M2 macrophage
predomnance in MMP12 KO mices associated with increased ApoE expression in our model.

This is consistent with previous resea(tBb).
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CHAPTER 5:

Evaluation of Macrophage Polarization and Apdipoprotein E Production at 10D in a
MMP12 KO Model of Granulomatous Disease.

RESULTS
5.1 CD206 expression is high in both sham and MWCNinstilled MMP12 KO at 10D.

At the 60D timepointwe have identified the presence of M2 macrophages in both
MMP12 KOshamand MWCNT.Previous studies demonstrated that granulomatous formations
at 10D were not different between wilgbe and MMP12 K@38). However, we do not know if
there is a shift inthe macrophage populatitketween the acute and chronic stages of our model
This led us to attempt to characterize the cell population inMPIP12 KO mice. Initially, we
attempted to determine whether the macrophages could be characterized as M1 or M2
macrophageby staining for the mannose receplofCD206).The majority of cells were CD206
positivein both MMP12 KO PBS and MMP12 KO MWCNT (Figure 6 n). TBus, 3ve
determined that M2 macrophages are prevalent in the MMP12 KO strain at 10D, indepéndent

being challenged with MWCNT

5.2At 10D, MMP12 KO mice have a high prevalence of M2c macrophages, characterized
by surface expression of RAGE and absence of Dectin

We determinedM2 macrophages atbe predominant population of immune seit 10D
in the MMP12 KO mode(Figure 6) just as they are at 60Bigure 1B) Next, weinvestigated
whether the subpopulation of M2 macrophaghifted from the initial prevalent population to
that observed at 60D. The subpopulations were deterrthn@algh the utilization obDectin1 as
a marker for M2a macrophages and RAGE as a marker for M2c macropinatpescestaining

of RAGE and CD206he macrophages from MMP12 KO PBS abgquitously expressing



RAGE, and thus are M2c macrophages (Figusg RAGE expression is also highly prevalent in
MMP12 KO MWCNT, rendering iM2c macrophage predominant (Figure 7A). Thestaining

of Dectinl and M206 showed no positive cells in the MMP12 KO model at 10D, independent
of whether they were sharar MWCNT-instilled (Figure 7B). Thus, no M2a macrophagese
observedt 10D (Figure 7B). However, a subset of the macrophage population from MMP12
KO MWCNT-instilled mice are negative for both M2a and M2c macropinaayiers despite
staining positively as M2 macrophages. One potential explanation of this tisishatstained
population belong to the M2b subpopulation of macrophages. Alternatively, tlaneast
macrophages could be in the process of converting from M2c macrophages to the M2a

macrophages observed at 60D.

5.3 At 10D, MMP12 KO mice have very low expression of ApaE

At 60D within the MMP12 KO model, we observe high levels of ApoEpreviousy
mentioned, thabsence of ApoE is associated with sarcoidlisésgranulomatous formations
This led us to hypothesize that at 10D in MMP12 KO mice instilled with MWCNT, when
granulomas are forming, that ApoE levels would be low. To test this theenytized
immunocytochemistry to stain for ApoE BAL cells. ApoE wasonly observed at very low
levels intracellularly in MMP12 KO at 10D (Figure 8hus, the increased protein expression of

ApoE observed at 60 days may be involved in granuloma resoluti
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Figure 6. CD206 is universally expressed in both sham and MWCNinhstilled
MMP12 KO mice 10 days posiinstillation.

Representative i mages of CD2O0 Burfacenm
expression of CD206 was seen in nearly all cells.
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Figure 7. At 10D MMP12 KO mice have a high prevalence of M2c macrophages,
characterized by surface expression of RAGE and absence of Deefin

A) Representative images of RAGE and conjug&B@06 immunocytochemistry eo
staining, n O 3. MMP 1 iqutassiRfBCE expressionn e
RAGE. In MMP12 KO MWCNT, a majority of cells have surface expression of RA

B) Representative images of Deefirand conjugated CD206 immunocytemistry
costaining, n O 3. In both MMPbtexpisSedP

on the surface of any immune cells.
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Figure 8. At 10D, MMP12 KO mice have very low expression of ApaE

Representative i mages of ApoE i mmu
MMP12 KO PBS and MMP12 KMMWCNT have few ApoEexpressing cells.
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Discussion:

Our lab has previously established that granulomas foiiMiP12 KO MWCNT-
instilled mice atLlOD butare resolving by 60D. Byncorporating the same experimentatadrthe
earlier timepint where granulomas are present,wareable to examine the changes that are
occurring between the two timepoints, and thus the changes associated with granuloma

resolution.

At the 10D timepointthere isubiquitousexpression of M2 macrophages infibdMP12
KO PBS and MWCNT. Thusvi1 macrophages, which are typically the first line of defense in
the immune system, are not present at the initial formation of the granuloma. M2c macrophages,
characterized by RAGE expression, are the predominant immumeesdnt in the MMP12 KO
shaminstilled mice at botlthe acute and chronic stage of our mpdat thus do not undergo
phenotypic transitiorHowever, a change in this population does occur in the MMP12 KO mice
instilled with MWCNT. At 10D, the primary population of macrophages are M2c, just as in the
shaminstilled mice. However, a shift in this population occurs between 10D anda6@iz,
primary macrophage population present in MMP12 KO MWGNBODis M2a. Thus, the
presence of these macrophages and their corresponding function in increabi2grtimaune

response may play a role in the granuloma resolution observed at 60D.

At 10D, ApoE potein is not expressed at high levels in MMP12 $t@mor MWCNT.
Thus, it is not present when granulomas are present in 10D MMP12 KO mice instilled with
MWCNT. Thissupports our hypothesikat elevated levels of ApoE are associated with

granuloma resolubin, while granuloma formation is associated with low levels of ApoE.

In our model, we have thus established a relationship between increased ApoE levels and

the resolution of MWCNinduced murine sarcoilike granulomas. ApoE and its isoforms have
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beens r ongl y | i nk diskase, with Atératuneeshowirgrio@es levels of ApoE in

patients with A z h e i me rrélaive tbicanteols(62¢63) Thus, increasing serum ApoE

levels has become a potential therapeutic target in the disease. ladnnieistration of the

RXR agoni st bexarotene, LXR agonists, and the
have been associated with increased serum levels of AABEIn the context of our work,

t hese studies sugge s tagohidisare poeMil therdapetics thahgouwdd P P AR
assist in the resolution of granulomas. Our |
agonist, on wiletype MWCNT-instilled mice and found that its administration decreased
granuloma sizg64). Themebani sm of ApoE®Gs action in the re

be further explored.

39



References

1. lannuzzi MC, Rybicki BA, Teirstein AS. Sarcoidosis. N Engl J Med. 2007;357(21}63.53

2. Denning DW, Pleuvry A, Cole DC. Global burden of chronic pulanp@aspergillosis
complicating sarcoidosis. Eur Respir J. 2013;41(3):621.

3. Baughman RP, Field S, Costabel U, Crystal RG, Culver DA, Drent M, et al. Sarcoidosis in
America.Analysis based on health care use. Annals ATS. 2016;13(8)5244

4. Arkema EV, Gunewald J, Kullberg S, Eklund A, Askling J. Sarcoidosis incidence and
prevalence: A nationwide registbased assessmentSweden. Eur Respir J. 2016:ER016.

5. Judson MA. Environmental risk factors for sarcoidosis. Frontidranmunology.
2020;11:130.

6. Gorham ED, Garland CF, Garland FC, Kaiser K, Travis WD, Centeno JA. Trends and
occupational associations in incidence of hospitalized pulmonary sarcoidosis and other lung
diseases ilNavy personnel: A 2year historical prospective study, 192501.Chest.
2004;126(5):143B.

7. Kucera GP, Rybicki BA, Kirkey KL, Coon SW, Major ML, Maliarik MJ, et al. Occupational
risk factors for sarcoidosis ifrican-American siblings. Chest. 2003;123(5): 153

8. Izbicki G, Chavko R, Banauch GI, WeideiD, Berger Kl, Aldrich TK, et al. World'rade
Center {fiBaeocogdanul omat o WNewYprkGitynwmoreDepaymenti sease i
rescue workers. Chest. 2007;131(5): 1284

9. Rosside#/, Grunewald J, Eklund A, Kullberg S, Di Giuseppe D, Askling J, et al. Familial
aggregation and heritability of sarcoidosisS&e di sh nested caseicontr ol
2018;52(2):1800385.

10.Rybicki B, lannuzzi M, Frederick M, Thompson B, RossrivgrBresnitz E, et alFamilial
aggregation of sarcoidosis. Am J Respir Crit Care Med. 2001;164(11)22085

11.Pietinalho A, Ohmichi M, Hirasawa M, Hiraga Y, Lofroos A, Selroo$-@nilial sarcoidosis
in Finland andHokkaido,Japari a comparative study.d=pir Med. 1999;93(6):4082.

12. Rybicki BA, Major M, Popovich J, Jr., Maliank MJ, lannuzzi MC. Racial differences in
sarcoidosis incidence: Ayear study in a health maintenance organization. Am J Epidemiol.
1997;145(3):2341.

13.Baughman R, TeirsteiA, Judson M, Rossman M, Yeager H, Bresnitz E, etlahical
characteristics of patients in a case control study of sarcoidosis. Am J Respir Crit Care Med.
2001;164(10):1889.



14. Cozier YC, Berman JS, Palmer JR, Boggs DA, Serlin DM, Rosenberg L.d&&ison
Black women in thé&Jnited States: Data from thBlack women's health study. Chest.
2011;139(1):144%0.

15. Broaddus VC, Mason R, Ernst J, King Jr. T, Lazarus S, Murray J, et al. MuNay&'s
Textbook ofRespiratoryMedicine. 6th ed. Elsevient.; 2016.

16. Hernande®Pando R, Bornstein QL, Aguilar Leon D, Orozco EH, Madrigal VK, Martinez
Cordero E. Inflammatory cytokine production by immunological and foreign body
multinucleated giant cells. Immunology. 2000;100(3):852

17. Newman LS, Rose C®laier LA. Sarcoidosis. N Engl J Med. 1997;336(17):1324

18. Egen J, Rothfuchs A, Feng C, Winter N, Sher A, Germain R. Macrophage and T cell
dynamics during the development and disintegration of mycobacterial granulomas. Immunity.
2008 February 15,;28]:271-84.

19. Giovinale M, Fonnesu C, Soriano A, Cerquaglia C, Curigliano V, Verecchia E, et al.
Atypical sarcoidosis: Case reports and review of literature. European Review for Medical and
Pharmacological Sciences. 2009;13(1)43¢

20. Criado E, Sanchéd, Ramirez J, Arguis P, de Caralt TM, Perea RJ, et al. Pulmonary
sarcoidosis: Typical and atypical manifestations at-nggwolution CT with pathologic
correlation. Radiographics. 2010;30(6): 1584.

21. Baughman RP, Drent M, Kavuru M, Judson MA, Costabelu Bois R, et al. Infliximab
therapy in patients with chronic sarcoidosis and pulmonary involvement. Am J Respir Crit Care
Med. 2006;174(7):79802.

22. Bachelez H, Senet P, Cadranel J, Kaoukhov A, Dubertret L. The use of tetracyclines for the
treatmenm of sarcoidosis. Arch Dermatol. 2001;137(1)62

23. Baughman RP, Winget DB, Lower EE. Methotrexate is steroid sparing in acute sarcoidosis:
Results of a double blind, randomized trial. Sarcoidosis Vasc Diffuse Lung Dis. 2000
Mar;17(1):606.

24. WebbeMP, Yip J, ZeigOwens R, Moir W, Ungprasert P, Crowson CS, et al.-BAsit
sarcoidosis in WT&xposed firefighters and emergency medical service workers. Respir Med.
2017;132:2327.

25. Wu M, Gordon RE, Herbert R, Padilla M, Moline J, Mendelson D, &aale report: Lung
disease itWorld TradeCenter responders exposed to dust and smoke: Carbon nanotubes found
in the lungs ofVorld TradeCenter patients and dust samples. Environ Health Perspect.
2010;118(4):49%04.

41



26. Shvedova AA, Kisin ER, Mercer R, May AR, Johnson VJ, Potapovich Al, et al. Unusual
inflammatory and fibrogenic pulmonary responses to singliéed carbon nanotubes in mice.
American Journal of Physiologyung Cellular and Molecular Physiology. 2005;289(5):L.-698
708.

27. Hu Y, Yibrehu BZabini D, Kuebler WM. Animal models of sarcoidosis. Cell Tissue Res.
2017;367(3):65%61.

28. Huizar I, Malur A, Midgette YA, Kukoly C, Chen P, Ke PC, et al. Novel murine model of
chronic granulomatous lung inflammation elicited by carbon nanotubes. Amdoizanal of
RespiratoryCell andMolecularBiology. 2011;45(4):85%6.

29. Rubins JB. Alveolar macrophages. Am J Respir Crit Care Med. 2003;167{2):103

30. Culver DA, Barna BP, Raychaudhuri B, Bonfield TL, Abraham S, Malur A, et al.
Peroxisome ProlifetariAct i vat ed receptor o9 activity is de
pulmonary sarcoidosis. Am J Respir Cell Mol Biol. 2004;30¢5):1

31. Bonfield TL, Farver CF, Barna BP, Malur A, Abraham S, Raychaudhuri B, et al. Peroxisome
proliferatoractivatedeceptoro i s def i cient in alveolar macrop
proteinosis. Am J Respir Cell Mol Biol. 2003;29(6):692.

32. Hwuizar 1, Malur A, Patel J, McPeek M, Dob
carbon nanotubelicited granulmatous lung inflammation. Respiratory Research. 2013;14(1):7.

33. Mohan A, Malur A, McPeek M, Barna BP, Schnapp LM, Thomassen MJ, et al.
Transcriptional survey of alveolar macrophages in a murine model of chronic granulomatous
inflammation reveals commohdmes with human sarcoidosis. Ameridaarnal ofPhysiology.
Lung Cellular andMolecularPhysiology. 2018;314(4):L6%25.

34. AbdElaziz K, Jesenak M, Vasakova M, Diamant Z. Revisiting matrix metalloproteinase 12:
Its role in pathophysiology of asthma amdhted pulmonary diseases. Curr Opin Pulm Med.
2021;27(2).

35. Hunninghake GM, Cho MH, Tesfaigzi Y, Sdpuiros M, Avila L, LaskySu J, et al.
MMP12, lung function, and COPD in higksk populations. N Engl J Med. 2009;361(27):2599
608.

36. LoffekS, Schilling O, Franzke C. Biological role of matrix metalloproteinases: A critical
balance. Eur Respir J. 2011;38(1):191.

37. Houghton AM, Quintero PA, Perkins DL, Kobayashi DK, Kelley DG, Marconcini LA, et al.

Elastin fragments drive disease progressioa murine model of emphysema. J Clin Invest.
2006;116(3):753.

42



38. Mohan A, Neequaye N, Malur A, Soliman E, McPeek M, Leffler N, et al. Matrix
metalloproteinasé? is required for granuloma progression. Frontiers in Immunology.
2020;11:2228.

39. CrouseED, Culver DA, Knox KS, Julian MW, Shao G, Abraham S, et al. Gene expression
profiling identifies MMR12 and ADAMDEC1 as potential pathogenic mediators of pulmonary
sarcoidosis. Am J Respir Crit Care Med. 2009;179(10)329

40. Martinez F, Sica A, Maavani A, Locati M. Macrophage activation and polarization.
Frontiers in Bioscience. 208 January 1,;13:633

41. Ley K. M1 means kill; M2 means heal. J Immunol. 2017;199(7):2191.

42. Mills CD, Ley K. M1 and M2 macrophages: The chicken and the egg of iitynditnnate
Immun. 2014;6(6):71@26.

4 3. RRszer T. Understanding the mysterious
effector mechanisms. Mediators Inflamm. 2015;2015:816460.

44. Wang L, Zhang S, Wu H, Rong X, Guo J. M2b macrophage polarizatiitsaoles in
diseases. J Leukoc Biol. 2019;106(2): &5

45. Nelson MP, Christmann BS, Werner JL, Metz AE, Trevor JL, Lowell CA, et-&3land
M2a alveolar macrophages promote lung defense against the atypical fungal pathogen
Pneumocystis murinalaurnal ofImmunology (Baltimore, Md.: 1950). 2011;186(4):2332

46. Lolmede K, Campana L, Vezzoli M, Bosurgi L, Tonlorenzi R, Clementi E, et al.
Inflammatory and alternatively activated human macrophages attract-aeseelated stem
cells, relying on gearate HMGB1and MMR9-dependent pathways. Journal of Leukocyte
Biology. 2009;85(5):7787.

47. Marais AD. Apolipoprotein E in lipoprotein metabolism, health and cardiovascular disease.
Pathology. 2019;51(2):1656.

48. Tall AR. An overview of reverse clesterol transport. Eur Heart J. 1998 Feb;19 Suppl A:31.

49. Williams T, Borchelt DR, Chakrabarty P. Therapeutic approaches targeting apolipoprotein E

function inAlzheimer's disease. Moleculldeurodegeneration. 2020;15(1):8.

50. Huang Y, MahleyRW. Apolipoprotein E: Structure and function in lipid metabolism,
neurobiology, and\lzheimer's diseases. Neurobiol Dis. 2014;72 Pt123

51. Samokhin AO, Bihling F, Theissig F, Bromme D. Agteficient mice on cholate

containing higkfat diet reveal g@athology similar to lung sarcoidosis. The Ameridaarnal of
Pathology. 2010;176(3):11486.

43

M2



52. Cui H, Jiang D, Banerjee S, Xie N, Kulkarni T, Liu R, et al. Monedgieved alveolar
macrophage apolipoprotein E participates in pulmonary fibrosis resoldClinsight.
2020;5(5):€134539.

53. Ali K, Middleton M, Puré E, Rader DJ. Apolipoprotein E suppresses the type | inflammatory
response in vivo. Circ Res. 2005 Oct 28;97(9):922

54. de Bont N, Netea MG, Demacker PN, Kullberg BJ, van der Meer, &tillenhoef AF.
Apolipoprotein Edeficient mice have an impaired immune responsgetosiella pneumoniae
Eur J Clin Invest. 2000 Sep;30(9):828.

55. Baitsch D, Bock HH, Engel T, Telgmann R, MiHladow C, Varga G, et al. Apolipoprotein
E induces antinflammatory phenotype in macrophages. Arterioscler Thromb Vasc Biol.
2011;31(5):11648.

56. Getz GS, Reardon CA. Apoproteins El,And SAA in macrophage pathobiology related to
atherogenesis. Frontiers in Pharmacology. 2019;10:536.

57. Gao J, ScheenstR, van Dijk A, Veldhuizen EJA, Haagsman HP. A new and efficient
culture method for porcine bone marroerived Mt and M2polarized macrophages. Vet
Immunol Immunopathol. 2018;20015.

58. Lu S, Li D, Xi L, Calderone R. Interplay of interfergamma andnacrophage polarization
during Talaromyces marneffénfection. Microb Pathog. 2019;134:103594.

59. Romagnani S.-€ell subsets (Th1l versus Th2). Annals of Allergy, Asthma & Immunology.
2000;85(1):921.

60. Moller DR, Chen ES. What causes sarcoidosis? @uirr Pulm Med. 2002;8(5).

61. Bonham CA, Strek ME, Patterson KC. From granuloma to fibrosis: Sarcoidosis associated
pulmonary fibrosis. Curr Opin Pulm Med. 2016;22(5):484

62. Yamazaki Y, Painter MM, Bu G, Kanekiyo T. Apolipoprotein E as a theragaugiet in
Al zhei mer 6s di sease: A review of basic resear
2016;30(9):77389.

63. Talwar P, Sinha J, Grover S, Agarwal R, Kushwaha S, Srivastava MVP, et ahribtsis
of apolipoprotein E levels in the cerebrospinaldlof patients withAlzheimer's disease. J
Neurol Sci. 2016;360:1797.

64. McPeek M, Malur A, Tokarz DA, Murray G, Barna BP, Thomassen MJ. Rigifna

pathways attenuate pulmonary granuloma formation in a carbon nanotube induced murine model
of sarcoidosisBiochem Biophys Res Commun. 2018;503(2):684

44



APPENDIX A:

Animal Use Protocols



