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Increased age is associated with an increased risk of cardiovascular disease incidence. This
increased risk can be attributed to several processes which occur with imgagesiincluding
an accumulation of intracellular damage, altered resident cell metabolism, increased secretion of
cytokines characteristic of the senesceassociated cell phenotype, and altered deposition of
matrix proteins within the extracellular anbenvironment. Considering the limited regenerative
therapeutic availability for heart failure patients coupled with the limited availability of donor
organs, understanding the mechanisms by which these processes induce altered cardiac cell
function will be important to attenuate the cardiovascular disease risk which faces the aging United
States population. Cardiac resident macrophages have been identified as both essential mediators
of cardiac homeostasis as well as important regulators of the castiae temodeling response.
Given the numerous changes which occur in the aging cardiac microenvironment coupled with the
importance of microenvironmental stimuli in inducing macrophage phenatyé,o andin vivo
models of differing cardiac microenvirorents were developed to better understand the
consequences of this remodeling on cardiac macrophage phenotype and fiigndrcant
alterations in macrophage morphology and funcivene observeth response to théifferingin
vitro culture conditions with substrates of increased stiffnepsomoting increasingly
inflammatory functionatesponses. Additionally, macrophage culture with decellularized cardiac

extracellular matrix isolated from aged individuals was found to attenuate macrophage functional



capacity. Anin vivo model of cardiac microenvironmental remodeling was then developed and
flow cytometry was utilized to characterize any changes in cardiac resident macrophage regulation.
The developeth vivomodel was found to recapitulate severalalk cardiac tissue remodeling
features observed in aged individuals, including cardiomyocyte hypertrophy and increased
perivascular fibrosis. These microenvironmental alterations were found to promote CX3CR1+
macrophage subset expansion and increasedinflfeenmatory CD86 expression in all
characterized subsets. Cardiac microenvironmental remodeling was also found to induce increased
expression of pranflammatory, prefibrotic, and stress responsssociated genes. Murine
echocardiographic assessmenbasggested some impaired ventricular relaxation resultant of the
experimentally induced cardiac remodeling. These models help elucidate the impact that age
related cardiac microenvironmental biochemical and biomechanical change plays in promoting

alterednacrophage phenotype and function
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Images of DAPI nuclear staining for native and decellularized cardiac tissue. (G)
PicoGreen assay double stranded DNAuwgntification results for native and decellularized
cardiac tissue samples. Data presented as box and whisker plots. Lines indicate mean.
N=45; *=p<0.01; Scale bars (A, C) = 1 mm; Scal
t-test used to assess signifinatrends in (D, E). Oneway ANOVA withpost-hoc Tukeyds
test used to assess SIgNIfICANCE 1N (G)......uuuurriiiiiiiiiiie e eeee e 95

Figure 4 - Increased substrate 8ffness promotes altered macrophage morphologies. (A)
Naive bone marrowderived macrophage culture on 8 kPA gel, 32 KPA gel, or tissue

culture plastic (TCP). Macrophage culture on substrates of lower elastic modulus were
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observed to exhibit more round mophologies with few filipodia (black arrows, 8 kPA &
32 kPA gel groups). Conversely, macrophage culture on substrates of increased stiffness,
such as tissue culture plastic, was found to be associated with spread cellular morphologies
often with several filipodia (white arrows, TCP). (B) Cell area was found to be significantly
increased for macrophages cultured on tissue culture plastic relative to cells cultured on
either 8 kPA or 32 kPA gels. At least 70 cells were counted per field of view for2
biological replicates. (C) Cells cultured on tissue culture plastic exhibited a greater
percentage of cells with filipodia per field of view. At least 70 cells were counted per field
of view for 2-3 biological replicates. (D) Naive bone marrovwderived macrophages
cultured on 32 kPA gel coated with decellularized cardiac extracellular matrix isolated
from young (1-2 month) or advanced age (224 month) did not exhibit significantly
altered morphologies. Note: brightfield 32kPA image reproduced here from (A) for
qualitative comparison on coating in (D). TCP = tissue culture plastic. Scale bars = 100
em. Data presented as box and whisker plots.
any outlier data points. ANOVA with Tukey post-hoc analysis was used to identyfany
significant differences in data presented in (B). *p<0.005, **p<0.001........ccccceevreeennne. Q9
Figure 5 - Increased macrophage culture substrate stiffness enhances macrophage $ro
inflammation-associated radical oxidant secretory response following M1 cytokine
treatment. (A) Nitrite concentration in cell culture media supernatant from cells cultured
on increasingly stiff substrates (n=32). (B) Nitrite concentration in cell culture media
supernatant as a function of substrate stiffness and cardiac extracellular matrix coating
(n=16). (C) Representative images of fixed macrophages immunolabeled with antibodies

against inducible nitric oxide synthase (iNOS) and cell nuclei (DAPI) for macrophages
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cultured on 8 kPA gel, 64 kPA gel, and tissue culture plastic coated with cardiac
extracellular matrix isolated from young or advanced age mice following pro
inflammatoryst i mul i treatment. TCP = tissue cul tur e
presented as box and whisker plots. Lines indicate mean. ANOVA with pos$toc Tukey
testing was utilized to assess any significant trends in data distribution. *p<0.05,
Sk o 10 00 PP 101
Figure 6 - Increased substrate stiffness attenuates alternative macrophage function following
M2 cytokine treatment. (A) Urea concerration in cell lysates following arginase activity
assay in experimental macrophage cultures (n=82). (B) Urea concentration in cell lysates
following arginase activity assay as a function of both substrates stiffness and cECM
coating donor age (n=4). (¢ Representative images of Arginasé (ARG) and cell nuclei
(DAPI) immunolabeling in IL -4 treated macrophages cultured on either 8 kPA, 64 kPA,
or tissue culture plastic coated with cECM isolated from young or aged mice. Linear
adjustments to image contras were made to reduce background and improve staining
visibility. Scal e bar = 100&em. Data present
mean. ANOVA with Tukey HSD posthoc analysis was used to assess significance of data
trends. *P<0.05, **P<O.00T......ccooiiiiiiiiie e e e e e e e e ean 104
Figure 7 - Young cardiac ECM promotes alternative macrophage activation at baseline. (A)
gRT-PCR results expressed as a fold change expression of pre (Nos2, Tnfg and anti-
inflammatory (Tgfb, Arg) genes in RNA isolated from whole heart tissue homogenates
isolated from young (1 month), moderately aged (8 months), or advanced age {28
month) C57/BI6 mice (n=35). (B) Heatmap of gRT-PCR results for expression of preand

anti-inflammatory gene expression in primary macrophages isolated from young {2

XXiV



month) mice cultured on tissue culture plastic coated with decellularized cardiac
extracellular matrix isolated from either young (Y, 2-4 month old) or advanced age (A, 18
21 month old) mice with either no supplemental cytokine treatment (MO, YMO, AMO),
treatment with bone marrow culture media supplemented with interferono  (-bFNand
lipopolysaccharide (LPS) (M1, YM1, AM1), or treatmert with bone marrow culture media
supplemented with interleukin-4 (IL-4) (M2, YM2, AM2) (n=4). Significant differencesin
gene expression between experimental conditions highlighted in boxplots. A Kruskal
Wallis 1-way ANOVA with post-hoc pairwise comparisors was used to identify significant
differences in gene expression patterns. *p<0.05.........cccoovvviiiviiiiieemre e 107
Figure 8 1 Chronic D-Aldosterone infusion caipled with 1% NaCl drinking water
supplementation treatment is associated with significantly incresaed mean isovolumic
relaxation times relative to controls. Inhibition of collagen crosslinking through BAPN
administration prior to D -Aldosterone+1% NaCl drinking water treatment was associated
with altered cardiac function relative to control and Ald+salt groups. (A) Calculated mean
ejection fraction, (B) fractional shortening percentage, (C) isovolumic relaxationtime, (D)
measured left ventricular systolicdiameter, (E) measured left ventricular volume, (F)
mitral valve early (E) to late (A) filling rate ratio (MV E/A), (G) mitral valve early filling
rate (E) to early mitral valve tissue annul at
tissueearlyamul ar vel ocity ( EG&Aldostemme+1% dNalil drioking ( n =1 0 )
water (Ald+Salt) treated mice (n=10), and Ald+Salt treated mice which received BAPN
pre-treatment (BAPN+Ald+Salt) (n=4). Data presented as box and whisker plots. Lines
indicate mean. Dda normality was assessed with Kolmogorosdmirnov (K-S) test.

Significant differences in normally distributed data were identified with a oneway
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ANOVA with post-hoc Tukey test. Noanormally distributed data was analyzed with
Kruskal -Wallis independent sanples test with posthoc pairwise comparisons........... 139

Figure 9- Massonébés trichrome and picrosirius red
Ald+Salt+BAPN cardiac tissue sections demonstrated significantly altered perivascular
coll agen deposition and cardi omyocyte hyper
trichrome and, (B) picrosirius red stained cardiac sections with representative images of
perivascular and interstitial collagen deposition noted in ventricular regions for control,
Al d+Sal t, and Al d+Salt +BAPN experi ment al g
Quantification of measured cardiomyocyte areas from :
cardiac tissue sections for control (n=7), Ald+Salt (n=6), and Ald+Salt+BAPN (n=4)
groups. (D) Quantification of percent positive collagen staining in perivascular tissue
regions for control (n=7), Ald+Salt (n=6), and Ald+Salt+BAPN (n=4) cardiac sections. (E)
Perivascular collagen positive stain area separated by vessel area. (C, D) data presented
as box and whisker plots. Lines indicate mean. Black triangles signify outliers. Data
normality was assessed with KolmogoreBmirnov test. A oneway ANOVA with post-hoc
Tukey testing in (C) and twoway ANOVA for treatment group and vessel size with post
NOC TUKEY tESTING 1N (D)t eeenaees 149

Figure 10- Polarized light imaging of picrosirius red stained cardiac sections demonstrated
an altered deposition of thick collagen fibers between control and experimental group
mice. (A) Polarized Ight images of picrosirius red stained cardiac tissue sections for
control, Ald+Salt, and Ald+Salt+BAPN experimental group mice acquired in ventricular
tissue proximal to aortic outflow track. (B) Quantification of the percent of positive

expression of biefringent red or orange collagen fibers in control, Ald+Salt, and
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Ald+Salt+BAPN cardiac tissue sections. Data presented as box and whisker plots. Lines
indicate mean. Black triangle represent data point outliers. Image magnification = 20x-5
10 images acqmedin3-4 bi ol ogi c al repl i cat.es..... (.A52 Scal e
Figure 11- Immunofluorescent labeling of Connective Tissue Growth Faor (CTGF/CCN2),
Galectin-3, and Periostin in control, Ald+Salt, and Ald+Salt+BAPN cardiac tissue
sections. (A) 20x magnification images of CCN2, (C) galecti®, and (E) periostin
immunolabeling in control, Ald+Salt, and Ald+Salt+BAPN cardiac tissue sectios. (B)
Quantification of positive CCN2 (CTGF), (D) galectin3, and (F) periostin expression area
i n | abel ed cardiac tissue sections. (A, C, E)
brightness and contrast were made uniformly to help improve labéhg visibility. (B, D, F)
data presented as box and whisker plots. Lines indicate mean. Black triangles signify
outliers. 510 sections imaged in at least 3 biological replicates. Data normality was
determined using a KolmogorovSmirnov test. Significant dfferences in normally
distributed data were identified with a oneway ANOVA with post-hoc Tukey test.
Significant differences in nonrnormally distributed data were assessed with a Kruskal
Wallis independent samples test with poshoc pairwise compariSonS.............coeeee.... 155
Figure 12 - Flow cytometric characterization of the cardiac macrophage compartment in
young and advanced age murine cardiac tis®. (A) Overview of experimental timepoints
and gating strategy. Briefly, debris and nonsingle cells were gated out of stained single
cell suspension. Next, viable cells which exhibit negative Pl expression were selected.
CD45+ (pantleukocyte) cells werehen selected, and from that population, F4/80+CD11b+
cells were selected for further analysis. Within this F4/80+CD11b+ population, expression

of embryological hematopiesis associated marker TIMD4, resident cardiac macrophage
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marker CX3CR1, and bone marrovw monocyte marker CCR2 was then quantified. (B)
Quantification of cardiac macrophage subset surface marker expression within the
CD45+F4/80+CD11b+ cardiac macrophage cell fraction at different young and aged
timepoints (n=4-7). Data presented as box and wkker plots. Lines indicate mean. Data
normality was assessed with Kolmogorossmirnov test. Due to normal data distribution,
an ANOVA with post hoc Tukey test was performed to identify significant differences in
distribution between subsets at single ageimepoints and in subsets at different age
tIMEPOINTS. *P<O.05.....ceiiiiiiieee e 159
Figure 13- Ald+Salt promotes altered patterns of F4/80 and CD11b gxession in cardiac
immune cell populations. (A) Representative graphs and gating strategy overview for
characterization of cardiac resident macrophages in control, Ald+Salt, and
Ald+Salt+BAPN cardiac cell isolates. (B) Quantification of the fraction of Ca5+ cells
which were found to be CD11b+F4/80+, (C) CD11b++F4/80+, (D) CD11b+F4{38@nd (E)
CD11b-F4/80+ in control (n=10), Ald+Salt (n=15), and Ald+Salt+BAPN (n=4) cardiac cell
isolates. Data presented as box and whisker plots. Lines indicate mean. Datarmality
was assessed with Kolmogore®mirnov test. Significant differences in normally
distributed data were identified with a oneway ANOVA with post hoc Tukey test.....162
Figure 14 - Flow cytometry can be used to compare the regulation of the cardiac resident
macrophagesfollowing experimental intervention and in young or advanced age control
cardiac cell isolates. (A) Quantification of TIMD4, CX3CR1, and CCR2 expression in
F4/80+CD11b+ macrophages from control (n=10), Ald+Salt (n=15), and Ald+Salt+BAPN
(n=4) cardiac cellisolates (B) Comparison of TIMD4, CX3CR1, and CCR2 expression

patterns in Ald+Salt and, (C) Ald+Salt+BAPN cardiac cell isolates and control cardiac cell
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isolatesisolated from 1 month, 5 month, or 24 month old mice. Data presented as box and
whisker plots. Lines indicate mean. Black triangle represent outlier data points........ 165
Figure 15 - CD163 and LYVE1l can be used to identify differetial regulation of
embryologically derived macrophage subsets in control and Ald+Salt cardiac cell isolates.
(A) Representative plots of marker expression following tSNE analysis of CD45+ cells. (B)
Quantification of CD163, (C) LYVEL, (D) CX3CR1, and (E) CCR2 expression in cardiac
cell isolates from control mice aged 3 months (n=3), 5 months (n=5), or 24 months (n=4)
as well as in Ald+Salt (n=8) mice. (F) Relative surface marker expression in the cardiac
macrophage compartment in 3 month, 5 month, and 24 nmth control and in Ald+Salt
mice. Note: data here is alternate presentation of data in (B). (B-F) Data presented as
box and whisker plots. Lines indicate mean. Black triangles signify outliers. Significant
trends were identified with a oneway ANOVA with post-hoc Tukey test.................... 168
Figure 16- Flow cytometry can be used to characterize the differences in expression of pro
inflammatory associated CD86 and antinflammatory associated CD206 expression in
characterized cardiac macrophage subsets. (A) Expression of CD86 and CD206 in
CD163+, (B) LYVE1+, (C) CX3CR1+, and (D) CCR2+ macrophage subsets in 3 month
(n=3), 5 month (n=5), and 24 month (n=4) cardiac cell isolates as well as in Ald+Salt (n=8)
cardiac cell isolates. Data presented as box and whisker plots. Lines indicate mean. Black
triangles represent data point outliers. Data normality was assessed with Kolmogorev
Smirnov test. Significant trends in normally distributed data were identified with oneway
ANOVA with post-hoc Tukey test. Significant trends in noanormally distributed data
were identified with Kruskal -Wallis non-parametric test with post hoc pairwise
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Figure 17 i Immunolabeling of CCR2, LYVE1l, and USMA i n control , Al d
Ald+Salt+BAPN cardiac tissue sections demonstrate differences in expression following
experimental intervention. (A) 20x magnification of GC chemokine receptor type 2
(CCR2), (C) lymphatic vessel endothelium hyaluronan reqaor 1 (LYVEL), and (E) alpha
smooth muscle actin (USMA) i mmunol abeling in
cardiac tissue sections. (B) Quantification of the number of cells per 20x field of view
exhibiting positive CCR2, gsibn (ALCYB)jEcalebarand ( F)
50¢em. Linear adjustments to i mage brightness
improve staining visibility made uniformly across images. (B, D, F) Data presented as box
and whisker plots. Lines indicate mean. Black triangt represent outlier data points. 510
20x sections imaged in at least 3 biological replicates. Data normality was assessed with
Kolmogorov-Smirnov test. Significant trends in normally distributed data were identified
with a oneway ANOVA with post-hoc Tukey test. Significant trends in nornormally
distributed data were identified with Kruskal -Wallis non-parametric test with pairwise
(odo] pp] o= T EsT0] T 00 1S3 1 0T Lo PP 175

Figure 18- gRT-PCR analysis of 3month control, 5-month control, 5-month Ald+Salt, and
24-month control whole cardiac RNA isolates demonstrates an increase in pro
inflammatory, pro -fibrotic, and stressassociated gene expression in Ald+Salt RNA
isolates relative to controls. (A) Fold change in expression of genes associated with
inflammatory (111b, 116, Tnfa, Nos2, Ccl2, fibrotic (Collal, Tgfb, Mmp2, Mmp8, Timpl
and stress §o0d3, Xbp)responses in 3mo control, 5mo control, Ald+Salt, and 24mo control
whol e cardiac RNA isolates. Fold change expr

normalized with housekeeping geneGapdh Data normality was assessed with
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Kolmogorov-Smirnov test. Significant differences in expression between 5mo control and
5mo Ald+Salt cardiac RNA isolates were identified with either independent samplegést
in normally distrubted data or Mann-Whitney U-test in non-normally distriubted data.
*=P<0.05, **=P<0.001L. ... eiiiiiee et a e e e r e e e e s s annne s annees 178
Figure 19171 Increased fractions of CCR2+ macrophages correlate with decreased ejection
fractions. (A) Regression of measured murine ejection fraction and (B) cardiac output
against TIMD4, CX3CR1, and CCR2 macrophage population percentage of the total
resident macrophage compartment as determed by flow cytometry. Linear regression
coefficient of determination and pvalues reported for each regression. Linear fit is
represented by dark blue line with model confidence interval depicted in light blue
overlay. Individual points represented as pots overlaid on plot. Significant correlations
highlighted in red DOXES.........uuueiiiiii e 185
Figure 20 - CX3CR1+ and CCR2+ macrophage population frattons correlate with altered
left ventricular isovolumic relaxation times. (A) Regression of measured IVRT against
TIMD4, CX3CR1, and CCR2 macrophage population percentage of the total resident
macrophage compartment as determined by flow cytometry. Linearegression coefficient
of determination and p-values reported for each regression. Linear fit is represented by
dark blue line with model confidence interval depicted in light blue overlay. Individual

points represented as points overlaid on plot. Signiéant correlations highlighted in red

Figure 21- Increased CCR2+ macrophage population fractions correlate with reduced MV
E/ ed ratios and increased MV E/ A ratios. (A)

(B) MV E/A ratio against TIMD4, CX3CR1, and CCR2 macrophage population
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percentage of the total resident macrophage compartment as determined by flow
cytometry. Linear regression coefficient of determination and pvalues reported for each
regression. Linear fit is represented by dark blue line with model confidence interval
depicted in light blue overlay. Individual points represented as points overlaid on plot.
Significant correlations highlighted in red DOXeS............cooiiiiiiiiccc e 188
Figure 22 - Increased CX3CR1+ macrophage population fractions correlate with increased
AET. (A) Regression of measured AET against TIMD4, CX3CR1, and CCR2 macrophage
population percentage of the total resident macrophage compartment as determined by
flow cytometry. Linear regression coefficient of determination and pvalues reported for
each rggression. Linear fit is represented by dark blue line with model confidence interval
depicted in light blue overlay. Individual points represented as points overlaid on plot.
Significant correlations highlighted in red BOXeS.........cccovviiiiiiiiiiiiiieee e, 190
Figure 23 - Increased CCR2+ macrophage population fractions correlate with reduced
ventricular GCS and GLS. (A) Regression of measured left ventricle GCS and (B) GLS
against the TIMD4, CX3CR1, and CCR2 macrophage population percentage of the total
resident macrophage compartment as determined by flow cytometry. Linear regression
coefficient of determination and pvalues reported for each regression. Linear fit is
represented by dark blue line with model confidence interval depicted in light blue

overlay. Individual points represented as points overlaid on plot. Significant correlations

highlighted in red DOXES........coooiiii e eeenaees 192
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Abbreviations and definitionst SMA = al pha smpmtfh muscobmenet
ACE = angiotensin converting enzymd)AMTS = a disintegrin and metalloprotesawith
thrombospondirike motif, AET = aortic ejection timéAGE = advanced glycation end product,
Ald = D-Aldosterone, Ald+Salt = BAldosterone osmotic minipump and 1% NaCl drinking
water experimental treatment, Ald+Salt+BAPN =Allosterone osmotic mipump and 1%
NaCl drinking water experimental treatment with BAPN-pratment, ANOVA = analysis of
variance Arg = arginaseAV = atrioventricularBAPN = B-aminopropionitrileBMP = bone
morphogenic proteirGCa = calciumCCL2 = GC motif chemokine ligath2, CCR2 = & motif
chemokine receptor 2, CCN2 = cellular communication network factor 2 (also known as CTGF),
CD163 = high affinity scavenger receptor for hemogletaptoglobin complex, cECM =
cardiac extracellular matrigMoP = common monocyte progtor, Collal = collagen type |
alpha I,CSF1R = colony stimulating factet receptorCTGF = connective tissue growth factor
(also known as CCN2J;VD = cardiovascular diseaseX3CR1 = GX3-C motif chemokine
receptor LDAMP = damageassociated moleculpatternD A P | diamdidino &
phenylindole nuclear staiBC = dendritic celDNA= deoxyribonucleic acid)CP = dendritic
cell precursor=CM = extracellular matrixcGF = epidermal growth factdMP =
erythromyeloid progenitoFEGF2 = fibroblast grath factor 2,Gapdh= glyceraldehyde-3
phosphate dehydrogena&€S = global circumferential strain, GLS = global longitudinal strain,
IFN-y = i n-gammd|GE-A o insulinlike growth factor 1, IS = insulin and insutike
growth factor 1 signalingl.-1 B = i nlbeta]l-Z=urkerleuking,IL-6 = interleukin®,
INOS = inducible nitric oxide synthase protein, IQR = interquartile range, IVRT = isovolumic
relaxation time, kPA = kilopascalsAP = latency associated proteltQX = lysyl oxidase|.LPS

= lipopolysaccharide, LV = left ventricle, LVAD = left ventricular assist device, LVAW = left
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ventricular anterior wall, LVFW = left ventricular free wall, LVPW = left ventricular posterior
wall, LYVE1 = lymphatic vessel endothelial hyaluronan reoeftf MCP-1 = monocyte
chemoattractant proteih, MDP = macrophag®C precursommm = millimeter MMP = matrix
metalloproteas@/PS = mononuclear phagocyte systemiDNA = mitochondrial DNAMTOR

= mammalian target of rapamycMy = mitral valve, NaCl = edium chlorideNos2= nitric
oxide synthase 2ZAMP = pathogerassociated molecular pattern, PBS = phosphate buffered
saline, PDGF = platelet derived growth fac®BMS = polydimethytsiloxane PRR = pattern
recognition receptogRT-PCR = quantitative real time polymerase chain reacROIA =
ribonucleic acidRV= right ventricle SASP = senescence associated secretory phen8iyRe,

= small leucine rich proteirgod3= superoxide dismutase SPARC = secreted protein acidic
and rich in cysteinelAC = transverse aortic constrictionCP = tissue culture plastid, GF B =
transforming growth factor bet@|lMD4 = t-cell immunoglobulin and mucin domain containing
4, TIMP = tissue inhibitor of metlloproteaselLR = toll-likereceptorT NFa = t umor

factor alphaTSP = thrombospondiXbpl = xbox binding protein 1
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1.0 Background

1.1 The Hallmarks of Physiological Aging

The physiological aging procesan be characterized hymerous changes insident cell
function and tissue microenvironmewhich together can contribute to attenuated organ function
(LopezOitin, Blasco, Partridge, Serrano, & Kroemer, 20T3nsidering these changes in cellular
function observed in aged individuals are often resultant of an accumulation of cellular damage
over time, several hatlarks of physiological aging have been identifieobezOtin et al., 2013
With increasing age, thereas increased risk of cellular stress resultant of cellular DNA damage
including somatic nuclear DNA mutation accumulation, mitochondrial DNA (mtDNA) mutation
or loss, and nuclear envelope architectural def@shat et al., 2008_opezOtin et al., 2013
Moskalev et al., 203 3Park & Larsson, 2001 Another mechanism of agelated chromosomal
instability is the loss of protective terminal telomere sequences due to a lack of somatic cell
telomerase expressicnupled withextended periods of DNA replicati¢Blackburn, Greider, &
Szostak, 2006Blasco, 2007 LopezOtin et al., 2013 Epigenetic changes in chromosome
methylation patterns and histone posttranslational modidica have also been observed in aged
individuals and can contribute to altered expression of genes required for homeostatic tissue
function(LopezCQitin et al., 2013Talens et al., 20)2

In addition to cellular functional attenuation resultant of dysregdladmeostatic gene
expression, aging is also associatedhvétdysregulation of proper cellular protein homeostasis
(Koga, Kaushik, & Cuervo, 2011 opez0Qitin et al., 2013Powers, Morimoto, Dillin, Kelly, &

Balch, 2009. Aging can resultin a loss of chaperone protein expression and a subsequent increase



in misfolded protein aggregati¢@alderwood, Murshid, & Prince, 200Qopez0Otin et al., 2013
Aging is also associated with a progressive declinehen dompetency of misfolded protein
degradation pathwaysncluding the lysosomautophagocytic pathway and the ubiquitin
mediated proteolytic pathway.opezOtin et al., 2013Rubinsztein, Marino, & Kroemer, 2011
Tomaru et al., 2012

Aging can also lead to dysregulation of nutrient sensing cellular pathiiivagezOtin et
al., 2013. This dysregulation can subsequently alter cell metabolomics as well as promote altered
body compositionwhich is often characterized by increased deposition of deleterious, pro
inflammatory visceral faBarzilai, Huffman, Muzumdar, & Bartke, 20L2ne important célilar
pathway associated with nutrient sensing as well as longevity is the insulin and-lisujrowth
factorl (IGF1) signaling (lIS) pathwayBarzilai et al., 201p Attenuation of IS pathway
signaling intensity, andubsequermneduction in activation of proteins associated with cell growth
such agrotein kinase EAkt) or mechanistic target of rapamy¢mTOR), has been shown to be
associated with increased longe\Barzilai et al., 2012 opezOtin et al., 2018 Paradoxically,
IGF-1 expression levels have generally been observed to decrease with increagBagats et
al., 2012 Tatar, Bartke, & Antebi, 2003 This decline is IIS pathwaactivator expression is
hypothesized to be a evolutionarily conserved mechanism for the promotion of cellular longevity
by preventing the deleterious consequences associated with excess nutrien{Getiake, van
der Horst, Vijg, & Hoeijmakers, 200&opezOtin et al., 2018 However, as with other aging
associated alterations in cellular function, this initially benefictairation in cellular function can
promote cell dysfunction and contribute to tissue functional declinesxtendegeriodsof time

(LopezOtin et al., 2018



Aging has also been correlated with increased mitochondrial dysfunction and reduced
respiratory chain efficacyGreen, Galluzzi, & Kroemer, 2011 opezCtin & al., 2013. Age-
related mitochondrial dysfunction can lead to increased cellular apoptotic sigpatimgay
activation following mitochondrial permeabilization in response to intracellular stress signals
(Kroemer, Galluzzi, & Brenner, 20D.7This mitochondrial permeabilization can also lead to
radical oxidative speciesnediated omitochondrial permeabilization associated fagtoediated
inflammasome activatio(Green et al., 2091 Mitochondrial permeabilization with subsequent
radical oxidant release, initially known as the mitochondrial free radical theory of aging, has also
been proposed as a mechanism underlying physiological aging; although recent evidence has
suggested a moreianced role for radical oxidants in the aging pro¢dasman, 1965Hekimi,
Lapointe, & Wen, 2011LopezOtin et al., 2013Ristow & Schmeisser, 201Y. Zhang et al.,

2009.

Cellular senescence, which is the arrest of cellular mitosis resultant of either telomeric
shorening or other extrinsic senescerassociated stimulhas beerincreasingly observed in
some organs with increasing a@&ampisi& d'Adda di Fagagna, 20Q0Lopez0Otin et al., 2018
Cellular senescence induces a change in cellular phenotype and secretome, known as the
senescencassociated secretory phenotyf®ASP) which is characterized by increased-pro
inflammatory cytokine and matrix metalloproted8MP) secretion(Kuilman, Michaloglou,

Mooi, & Peeper, 201,0LopezOitin et al., 2018 Although- as with the case of radical oxidant
secretion- the function of the senesigceassociated secretory phenotype has not been fully
elucidated and this cellular phenotype may ultimately serve a protective role through the
promotion of immune celinediated degradation diysfunctionatells(LopezOtin et al., 2013

However, the increase in observed senescent cells in aged tissue microenviromysuotgyest



a dysfunctionin the imnme cell mediated clearance of senescent cells in advanced age individuals
(LopezOtin et al., 2018

Additionally, adecline in progenitor cell population size with increasing age has been
observed and demonstrated to be responsible for theetgfed attenuation of regenerative
potential in many organ systerfiopezOtin et al., 2013 For example,ging has been shown to
be associated with a reduction in hematopoietic stem cell (HSC) population celbcyivigy,
which correlates with increased ratesh@matopoietic stem cdlINA damagégLopezOtin et al.,
2013 Rossi et al., 2007 Similar exhaustion of progenitor cell populations has been characterized
in other tissue microenvironments, including in the forebrain, in skeletal muscle, and in bone
(Conboy & Rando, 20%2.erma, Zukin, & Bennett, 1991 opezOtin et al., 2013Molofsky et
al., 2006§. While this exhaustion in progenitor cell populations with increasing age has been
observedn many tissue microenvironments, it remains unclear whether the mechanism underlying
progenitor cell cycle decline is entiralye to acell intrinsic accumulation of damage associated
signaling cues or if cell extrinsic cuessuch as ageelated microavironmental remodeling
plays a role in promoting the attenuation of progenitor cell popul&tioetion; although recent
evidence has increasingly supported the latter cell extrinsic hypoil@=ietti, Jang, Finley,
Haigis, & Wagers, 203Zonboy & Rando, 2012 avasani et al., 2032 o0pezOtin et al., 2013

Aging has also been shown to alter several important padozrinesignaling axes as well
as promote increased secretion of pinoflammatory factorsinto tissue extracellular
microenvironmentgLaplante & Sabatini, 2032LopezOtin et al.,, 2013 Pedersen, Wan, &
Mattson, 2001 Russell & Kahn, 2007Salminen, Kaarniranta, & Kauppinen,Z) G. Zhang et
al., 2013. This increased secretion of pronf | ammat ory f actors,- gener

a g i n bypathedized to result from several mechanisms inclutimggerelated accumulation



of tissue damage, the reduced ability of immune cells to clear necrotic or apoptotic cells, and an
increase in the number of senescent cells within tissue microenvirésmthepezOtin et al.,

2013 Salminen et al., 2032 Tissue resident immune cells consequently exhibit increased
inflammasone activation with accompanying secretion of qmmlammatory factors such as
interleukinl 3 -1 Bortumor necrosisfacta | p h a (Lop&&Ptin ket al., 2013Salminen

et al., 2012 This increased prmflammatory factor secretion can then promote additional
deleterious tissue remodeling or even contribute to pathology develofBaenilai et al., 2012

LopezOQitin et al., 2013Salminen et al., 2032

1.2 The Aging Cardiovascular System

1.2.1Age as aRisk Factor for the Acquisition of Cardiovascular Pathology

Aging was first identified as an independent risk factor for the acquisition of cardiovascular
disease by the Framingham epidemiological st(igwber, Meadors, & Moore, 1951The
Framingham study was one of the first epidemiological studiekisg to understand the risk
factorsunderlying cardiovascular disease in order to develop better interventions to prevent
cardiovascular diseasquisition(D'Agostino, Pencina, Massaro, & Coady, 20D&wber &
Kannel, 1958 The Framingham stly represented a significant advance in applying statistical
modeling of the identified Framingham risk factors for the prediction of ten year casdigar
disease acquisition rig0'Agostino et al., 2013 Some of thereliminary Framingham factors
utilized in the coronary heart disease risk model included patient blood pressure, total cholesterol

level, HDL cholesterol level, diabetes status, smoking status, alf@iragst, Cornfield, & Kannel,



1967). However, whilehe importance of age as a risk factor for cardiovascular disease acquisition
was identified, the mechanisms by which physiological aging induces altered resident cardiac cell
functionalityand how this altered function subsequently contributes to casooNar system

dysfunctiorremain to be fully elucidatg@orth & Sinclair, 2012

1.2.2 Age-related Changes to theCardiac TissueMicroenvironment

In order to better understahdw cardiovascular disease develops in aged populatines,
can examine how aging alters the cardiac microenvironmwéiita subsequent focus bow these
microenvironmentathanges in urn redwe cardiac functionalityAged cardiac tissue can
generally be characterized by several hallmark alterations, including cardiomyocyte hypertrophy,
altered left ventricular diastolic function, reduced endothelial cell function, and increased fibrotic
matrix deposition(Lakatta & Levy, 200322003k North & Sinclair, 2012 These pathological
cardiac tissue changes attenuate the function of the cardiovascular system and reduce distal tissue
perfusion, further contributing to emorbidity developmen{North & Sinclair, 2012 Thus,
understanding the mechanisms by which these pathological alterations develop at catdi

populations is important for attenuating the-agkated cardiovascular disease risk.

1.2.2.1Cardiac Extracellular Matrix Composition

The cardiac extracellular matrix is a complex set of proteins which betk@asstructural
and adhesion support networdr resident cardiac cell populatianfhe cardiac extracellular
matrix also serveas a means for mechatr@nsduction of cell proliferation, migration, or other
cell signalingcues(C. Chen, Li, Ross, & Manso, 201idein & Schaper2001 Horn & Trafford,

2016. Nonrmyocyte cell populations and signalipgoteins embedded in the extracellular
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microenvironmenare also important components of the extracellmi@roenvironmen¢Horn &
Trafford, 201§. Cardiomyocytes in cardiac tissue are generally surroungedasement
membrane composed of collagen IV, laminin, and fibrondetomn & Trafford, 2016. In addition

to these basement membrane proteins, Collkhgempiises a significant fraction of the total
extracellular matrix protein content in cardiac tisfdern & Trafford, 2016 Neuman & Logan,
1950. Fibrillar collagenlll comprises a smalleibut still subsantial, fraction of total cardiac
extracellular matrix proteifMedugorac & Jacob, 1983Collagen fiber organization in cardiac
tissue is complex and anisopic, linking both individual myocytes through endomysial collagen
networks and myocyte bundles through perimysial collagen netwblids & Trafford, 2016
Weber, Sun, Bhattacharya, Ahokas, & Gerling, 20T ese collagen networks confer tensile
strength to cardiac tissue and help to prevent chamberadilatider physiological pressures
commonly experienced in the left ventricle during homeostatic cardiac fun@@aalfield,
Norton, & Weaver, 1992Weber et al., 2013 Cardiomyocyts and other resident cardiac cell
populations can also experience altered functionality through signal metiaasduction
pathways mediated by integrin bing of fibrillar collagen networks within cardiac tiss{ieoss

& Borg, 200).

Collagen in cardiac tissue is synthesized by cardiac fibroblast cell populations, which
comprise a large fraction of the noamyocyte cells within cardiac tiss@eorn & Trafford, 2016
Jugdutt, 2008 Collagen is synthesized as a fmeptide which is secredanto the extracellular
space, where it undergoes enzymatic peptide cleavage, matricellular protein association, and
fibril formation(Baicu et al., 201, 2Horn & Trafford, 2016 Kadler, Holmes, Trotter, & Chapman,
1996 Norris et al., 200Y. Collagen fibrils can then be further stabilized by either enzymatic

crosslinking by lysyl oxidase (LOA) or by nomenzymatic crosslinking through advanced



glycation end product (AGE) formatig¢gyre, Paz, & Gallop, 1984artog, Voors, Bakker, Smit,
& van Veldhuisen, 2007 Additionally, small fractions of collagen V and collagen VI comprise
portions ofthetotal cardiac extracellular makprotein conten(Fan, Takawale, Lee, & Kassiri,
2012. Collagen V provides support to collagen | fibrils in cardiac tissue and forms heterotypic
fibrils with collagen | proteirfWenstrup et al., 2006CollagervI forms microfilament networks
within cardiac tissue that help to anchor basement membrane proteins to fibrillar collagen networks
(Keene, Engvall, & Glanville, 1988

In addition to the various collagen networks within cardiovascular tissue, nhumerous
additional extracellular matrix proteins, proteoglycans, glycoproteins, and glycasgyuans
comprise smadirfractions of the cardiac extracellular microenvironment. Elastin is a structural
protein within cardiac tissue which associates with fibrillin microfibrils to provide elasticity to
cardiac tissugKielty, Baldock, et al., 200Xielty, Sherratt, & Shuttleworth, 2002Fibronectin
protein on the surface of cell populations bind other extracellular matrix proteins, such as collagen
or fibrin, providing a mechanism foetiular adherence or extracellular signal transdudfiten
& Schwarzbauer, 20Q5Fibronectin has also been shown to bind lysyl oxidase (LOX), an enzyme
responsible for collagen fibril crosslinkifiglaruhashi, Kii, Saito, & Kudo, 2030Cardiac tissue
also contains numerous matricellular proteins which play a limited structural role within the
extracellular microenvironmerdnd instead serve to inducdtered cell behavigrwhich is
generally characterized by the promotion of cellular deadhesion from matrix protein structures and
the promotion of cellular migration towards regions of tissue remodéBognstein, 2009
Frangogiannis, 20)2Matricellular proteinaregenerally expressed at low levelsaiaultcardiac
tissueduring homeostasis but can exhibit a robust upregulation in expressionin response to cardiac

tissue injury(Frangogiannis, 2032 Matricellular proteins are often oligomeric proteins with



multiple binding domains which can bind other extracellular matrix proteins, cell surface protein
motifs, or growth factors within the cardiac extracellular microenvireninhrough which they
induce altered cell functioffirrangogiannis, 2032Given this vast binding domain heterogeneity

and oligomeric subunit diversity, matricellular proteins can often have a variety of, sometimes
contradictory, functions within a given tissue $fkeangogiannis, 2032While historicallycardiac
remodeling studies have focused on collagen or elastin deposition and degradation dynamics,
recent studies have elucidated some interesting functional roles of various cardiac matricellular
proteinsin the cardiac microenvironmertaemodeling responséBornstein, 2009 Diez,

Gonzalez, & Ravassa, 20J&angogiannis, 201 Riley et al., 202)L

1.2.2.2Collagen

Collagen is the most abundarbgein within the human body with numerous of the 28
collagen protein isoforms composing the various fibrillar and basement membrane structures
essentiafor conferring material strength to many tiss(kssling, Lust, & Katwa, 201%9 The
diversity in col | age nchasdomamsanmkthe#&rimerisimesactfionlso m d i
t h e slinggKislingetal., 2019 Col | agen’ s mat ur-landedtsuper bdlixur e i
composed of three left a n d-ehdingislingetal., 2019  E achdinisaenerally composed
of a three amino acid repesgquence oflycine-X-Y where X and Y are typicallgut not always
proline and hydroxyproline, respectivelgisling et al.,, 2019 T hi s p rchamaeaguence
allows for some of thestructural properties commonly associated with collagen fibrils. For
example, the | arge number of glycine residues
chains when forming super helix structures and the relatively large concentration of prmline
hydroxyproline allow for ti gh{{Kislmgetdl. 201§ Inwi t hi n

addition to the GyX-Y r epeat s characteri stic emnfeptidése “ co
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contain Nterminal and a @erminal prepeptide domains which have been shown to have some
bioactivity following enzymatic cleavage and release of these domains into the tissue
microenvironmenfKisling et al., 201%.

I nitial formation of <coll agen fibriNs occu
terminal andC-terminalprep e pt i de domai ns f ol | owi rclhainsiod | ul ar
the extracellular sgce (Mienaltowski & Birk, 2014. C-terminal prepeptides are processed by
either bone morphogenic protein 1 (BMPor by furin(Mienaltowski & Birk, 2014. N-terminal
pro-peptides are cleaved by either BMPor by adisintegrirandmetalloproteasavith-
thrombospondidike-motif (ADAMTS) family proteins-2, -3, or -14 (Mienaltowski & Birk,

2014. Following prepept i de enzymat i ¢ -chaihseseHassemble inte ol | ag
heterotypic fibril s -Hahsubunitg§Miengdtorske& Birlo, 201dnul t i p |
Once collagen fibril sethissembly has occurrgdrther modification of collagen fibrils can occur

through several enzymatic and renzymatic mechanisms. Lysyl oxidase (LO&f)zymescan

further stabilize collagerfibrils within a tissue microenvironment by converting proline and
hydroxyproline amino groups into aldehydes which can form-atet intramolecular crosslinks

with other collagen amino group@ienaltowski & Birk, 2014. Additionally, glycationof
collagereither through cell mediated matrix modification or from dietary induced hyperglycemia

can norenzymatically crosslink tissue collagen to promote increased tissue stiffessg et

al., 2007.

While the collagen peptide primary sequence, heterotypic fibril composition, and degree
of crosslinking are important determinants of collagen fibril mechanical strength, the organization
of the collagen fibrils into higher order structures within tissue microenvironments also plays an

important role in dictating tissue mechanical propertelagen fibril assembly is highly tissue
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specific, but generally has been shown to begin in thraeadlular space with the aggregation of
nucleator collagen proteins, such as collagen V or IX, at the cell syifaepraltowski & Birk,

2014). Interestingly, the ratio of collagen V to collagen thim a given tissue can partially explain
differential collagen fibrillogenesis within that tissue. For example, tissues with high collagen V
to collagen | ratios, such as the cornea, tend to have a large number of relatively thin collagen
fibers due to th high number of available nucleation si@sk, 2001). Conversely, tissues which
require large collagen fibril assembly for mechanical strength, such as tendons, gexgraiss

lower levels of collagen YBirk, 200]). With fewer nucleation sites available, collagen lassembly

is more likely to form larger fibrils within these tissues,@esting that the tissue specificassembly

of thick or thin collagen fibers may be partially dependent upon the altered expression ratios of
collagen | and collagen {Birk, 2001 Mienaltowski & Birk, 2014.

Further fibril assembly fromascent collagen protofibrils occursthe tissue extracellular
space through the lateral and linear assembly of further collagen fibrils mediated through binding
interactions with proteins such as the small leucine rich proteoglycan (SLRP) family ohgrote
or additional collagen protein®lienaltowski & Birk, 2014. These proteins serve as adaptors
whose binding domain diversity allows for expansion of collagen fibrils into larger order structures
within a given tissuéMienaltowski & Birk, 2014. Additionally, enzymatic and neenzymatic
crosslinking of largecollagen fibril structure can further alter collagen matrix architecture and

mechancal properties.

1.2.2.3Thrombospondins
Matricellular proteins are generally characterized as proteins which do not serve a direct
structural role, like collagen which provides tensile strength or elastin which increases tissue

elasticity, but rather are structlly distinct proteins that promote altered cell behavior, change
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cellular migration patterns, and provide complimentary support for matrix organizatitian
during periods of tissue remodeling or following injuirargogiannis, 2012 The family of
Thrombospondin proteins are one such class of matricellular proteins.

Thrombospondins can be divided into two subgroups based upon the oligomerization
structure of protein, with group A thrombospondins being composed rometic protein
architectures and group B thrombospondins composed of pentameric protein stii@auses,
Lawler, & Mosher, 2008Frangogiannis, 2032The constitutive protein subunits of group A and
group B thrombospondins also exhibit some compositional diversiti.fgoteins contain EGF
like repeats, albeit in varying amounts, followed by seven TSP type 3 repeat<atednainal
globular domair{Carlson et al., 20Q&rangogiannis, 20)2However, theN-terminal regions of
the oligomeric subunits exhibit altered composition between group A and group B
thrombospondins, with group A thrombospondins containing ecpilagen homology binding
domain and three propdin-like repeats not observed in group B protéfrangogiannis, 2032
The presence of these propertike repeats also known as type 1 thrombospondin repeats
group A thrombospondins is an important structdriérence which confers differential function
to group A thrombospondins, as these type 1 domain repeats have an important role in promoting
the inhibition of angiogenesis and maintenance of cellular adh@siangogianrs, 20132.

In vivo studies examining the impacts of thrombospondin signaling disruption on cardiac
function have revealed several important roles of thrombospondin signaling in cardiac tissue
(Frangogiannis, 2032 Thrombospondifl has been shown iaduce TGF{ protein activation
through type | repeat domain binding to laterasgociated protein (LAP), inducing an altered
TGF conformation capable of binding T&¥FreceptorgFrangogiannis, 203 2Murphy-Ullrich,

SchultzCherry, & Hook, 1992 SchultzCherry & MurphyUllrich, 1993. Additionally,
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thrombospondifl and thrombospondif are both strong inhibitors of angiogend§isod et al.,

199Q Volpert et al.,, 1995 Thrombospondiri and -2 can both promote matrix protein
maintenance throughe inhibition of collagen degradation associated MMP2 and M#P&dy

et al.,, D08 RodriguezManzaneque et al., 200ITaken together, these functions of group A
thrombospondins can generally be characterized as supportive of matrix integrity through
pleiotropic mechanisms such as TBkduced collagen fibril support or matrix metalloprotease
inhibition.

While thrombospondinsparticularly group Athrombospondinkave been shown to have
important matrix support roles, their expression remains limited in healthy myocardium
(Frangogiannis, 20)2Additionally, genetic ablation studies of group A thrombospondins in mice
have demonstrated minimally altered cardiac functguggesting that group A thrombospondins
play a minimal role in homeostatic céd function(Frangogiannis, 2022senberg et al., 2009
Malek & Olfert,2009. Interestinglygroup B thrombospondid has been shown bmthbehighly
expressed in cardiac tissusdgplay animportant role in regulating the cardiovascular remodeling
response to hypertensirawler et al., 1993Palao et al., 20)8In a study examining the cardiac
remodeling response to an angiotensifusion model of hypertension, genetic ablation of
thrombospondist induced significantly greater cardigotyte hypertrophy and perivascular

collagen deposition as compared to wild type confifeédao et al., 2018

1.2.2.4Tenascins

Tenascinmatricellular proteins are a group of oligomeric glycoproteins with conserved
structural motifs linked through aN-termind oligomerization domain(Frangogiannis, 2012
Jores & Jones, 20Q0While four tenascin paralogs have been identified in mammals, only two

paralogs have been shown to have canonical matrikine function, tetasoid tenascHX

13



(Frangogiannis, 20)2TenascirC and X synthesis have been shown to be highly dependent upon
local microenvironmental conditiorf$ucker & ChiquetEhrismann, 2000 TenascinC is first
expressed during embryogenesis at high levels in regions where cell migration sangéas
organogenesis, at epithehalesenchymal cell interfaces, and in connective tifstsgogiannis,
2012. TenascirC expression then sharply declines as organs maturenammals reach
adulthood, other than inoanective tissue where expression remains abun@@anhgogiannis,
2012 Tucker & ChiquetEhrismann, 2000 TenascinC production in nofconnective tissue is
often a response to tissue damage and can be induced by a variety of growth factors, such as
plateletderived growth factor (PDGF), fibroblast growth factor 2 (FGF2), transfuymgrowth
factor beta (TGH3), as well as by mechanical stre@ShiquetEhrismann et al., 1994
Frangogiannis, 2032

TenascirC has a variety of impacts on cellular functionality. Similar to thrombospendin
1, tenascirC can promote the dadhesion of resident cells from extracellular matrix protein
networks (Frangogiannis, 2032 Mechanistically, the promotion of cellular -@elhesion can
partially be attributed to théisruption of natrix protein networks through thariety of binding
Interactions tenasci® can have with other congsitive extracellulamatrix proteins(Chiquet
Ehrismann, Kalla, Pearson, Beck, & Chiquet, 19&8angogiannis, 2012Midwood &
Schwarzbauer, 2002TenascinC signaling has also been shown to play a role in the fibrotic
remodeling response, most likely through FGinteractiongCarey, Taylor, Dean, & Bristow,
2010. TenascinC expression has asbeen shown to correlate with increased infiltration of
inflammatory cells, most likely a result of induced expression following growth factor secretion

which commonly occurs during tissue injury and inflammation indu¢frgngogiannis, 2032
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TenascirC expressioim the adult heai limited to the papillary muscle chordae tendinae
and otherwise not expressed in healthy myocardiemo & Shimada, 20Q1Additionally, genetic
ablation of temascinC does not significantly impact cardiac function in healthy animals
suggesting minimal homeostatic function tenascinrC in adult cardiac tissu@Nishioka et al.,
2010. However tenascinC expression has been showméupregulatedfollowing cardiac tissue
damageFollowing myocardial infarction, tenasemexpression has shown to be upregulated in
border regions of the infarction where it is primarily produced by fibrob{mtmnakaYoshida et
al., 200). Upregulation of tenascinin border zone regions, possibly a consequence of increased
growth factor microenvironmental concentrations, is believed to play a role in facilitating
fibroblast migration from border regions into remodeling myocardium, sulesgly promoting
furtherfibrotic remodeling and worsening diastolic dysfunctihirshioka et al., 2010 Increased
production of tenascha in border zone regions may also contribute to cardiomyocyaeldesion
from the cardiac collagen matrix, contributing to further loss of cardiomyocytes and reduced

contractle strengthi{lmanakaYoshida et al., 2001

1.2.2.5SecretedProtein Acidic and Rich in Cysteine (SPARC) orOsteonectin

SPARC is a multifunctional matricellular glycoprotein composed of three distinct regions
(Brekken & Sage, 2000 The N-terminal region of the SPARC protein is comprised of a low
affinity, high capacity C& binding domain(Frangogiannis, 20)2The central region contains a
follistatin-like domain, a proteaslke inhibitor region, and bioactive peptides which induce
altered endothelial cell functiofFrangogiannis, 2032 The C-termind region contains an
extracellular calcium binding domain, a collagen binding domainpaptides which can inhibit
endothelial cell proliferatio(Kupprion, Motamed, & Sage, 1998asaki, Hohenester, Gohring,

& Timpl, 1998. SPARC isfirst expressed during embryogenesis in a variety of developing organs,

15



however adult SPARC homstatic expression is typically limited to high turnover tissue sites
such as bone or gastrointestinal epithel(@age, Vernon, Decker, Funk, & Iruefaispe, 1989.
Similar to other matricellular proteins, expression in adult tissue is largely upregulated following
tissue injury(Reed & Sage, 1996SPARC synthesis following tissue damage is believed to be
induced by increased growth factor signaling, such@gasedransforming growth factor family
proteinsignaling(Frangogiannis, 2032

Functionally, SPARC induces galhesion responses in resident cell populations similar to
those discussed for other matricellular protgiRsangogiannis, 2032 SPARC has also been
shown to be an important regulator fafroblast cell surface interaction with collagen | and
collagen V peptidef~rangogiannis, 20)2SPARC also plays an important role in regulating the
assembly of fibrillar collagen bundles within tissues. While SPARE mice produce viable
offspring, collagen assembly within various tissue has been observed to be significantly altered
(Bradshaw et al., 200Bradshaw, Graves, Motamed, & Sage, 2&dshaw, Puolakkainen, et
al., 2003. SPARC null mice have generally been observed to exhibit less collagen content in
various tissue sites, including in dermal and cardiac tissue, with fewer thick fibers formed in these
tissue sitegBradshaw et al., 200Bradshaw, Graves, et al., 20@adshaw, Puolakkainen, et
al., 2003. This suggests that while SPARC may not be a direct mediator of collagen fibril
formation, it may be required for collagen fibril fusi@radshaw, 2009rangogiannis, 2032In
addition to regulating formation of thick collagen fibers in tisssesne observed dysregulation
of basement membrane collagen depositias been noted in SPARC null anim@gzgerald &
Schwarzbauer, 199&ilmour et al., 1998Yan, Clark, Wight, & Sage, 2002

SPARC has also been shown to play an important role in regulating the fibrotic remodeling

response to various experimentally induced tissue injuwibgh would be expectegiven the
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important role SPARC was observed to play in regulating matrix protein ass@rdohgogiannis,
2012. Loss of SPARC protein signaling has been associated with reduced fibrotic matrix
deposition in a bleomycimduced pulmonary fibrosis model as well as in an angiotehsin
infusion model of renal fibrosi€Socha, Manhiani, Said, Imig, & Motamed, 20GGtrandjord,
Madtes, Weiss, & Sage, 199BPARC expression has also been shown to increase in a murine
model of cardiac pressure overload following transverse aortic canstr{¢ AC) (Bradshaw et

al., 2009. Additionally, SPARC null mice exhibited reduced collagen deposition and improved
diastolic function following TAC relative to neBPARC null control¢Bradshaw et al., 2009
Interestingly, bone marrow chimerism studies of pressure overload using wild type and SPARC
null bone marrow have demonstrated that SPARC expression by infiltrating lborewderived

cells is essential for fibrotic matrix remodelingdditionally, when SPARC expression was
knocked out in bone marrow cell infiltrate, the total collagen volume fraction significantly
decreased and the number of Ibal+ macrophages in castiae significantly decreasédiley

etal., 202

1.2.2.60steopontin

Osteopontin is a phosphorylated, acidic glycopioproduced by a variety of cell types
including osteoblasts, fibroblasts, epithelial cells, vascular smooth muscle cells, and various
hematopoietic cell subsefter osteopontinis synthesizatlis secreted inteitherbodily fluids
where it functons as a cytokine or into the extracellular space where osteopontin binds matrix
proteins and functions as a matrikifi@angogiannis, 2032 Osteopontin contains two integrin
binding motifs, one RG-D (Arginine-Glycine-Asparagine) integrin binding domain commonly
observed in many extracellular matrix binding proteins and a cryptic integrin binding domain

which is accessible following osteopontin cleavage by throrttémry, Ludbrook, Murrison, &
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Horgan, 2000Ito et al., 200%. In addition to thrombin cleavage, osteopontin can alsodseet

by various matrix metalloprotease enzymes, including MM, -7, -9, and-12, which has the
possibility of exposing additional cryptic integrin binding domains following cleay&gatena,
Liaw, & Giachelli, 2007.

Osteopontin can induce altered cellular behavior through integediated signal
transduction or through CD44 receptor signaling pathWsangogiannis, 2012to et al., 200).
Osteopontin has been shown to have a significant effect ongbiag cell survival through the
inhibition of apoptosis signaling pathwaffs. X. Wang & Denhardt, 20080Osteopontin has also
been associated with the chemotaxis of various cell populationgo including monocytes, -T
cells, endothelial cells, and smooth muscle ggilengogiannis, 20)2This chemotactic effect
has also been observéd vivo, where injection of purified osteopontin was associated with
macrophage accumulation in the derf@gchelli, Lombardi, Johnson, Murry, &meida, 1998.
However, additional studies in other tissues have generated some conflicting results, suggesting
the osteopontimediated chemotaxis may exhibit some tissue context depenflaiachelli et
al., 1998 Liaw et al., 1998 Ophascharoensuk et al., 1998 addition to a cemotactic effect,
osteopontin can play a significantrole in altering the function of some immune cell subsets. This
effect is particularly notable in macrophage subsets, where osteopontin is both produced in and
acts upon these cell subsets to promote rop@ge functional responses, particularly the
promotion of type I, pranflammatory functional responséashkar et al., 2000Frangogiannis,

2012 O'Regan, Nau, Chupp, & Berman, 2000

Osteopontin, similar to other matrikines, tends teekpressed at relatively low levels in

healthy, adult myocardium but can undergo a large upregulatiergression following tissue

injury or stresgMurry, Giachelli, Schwartz, & Vracko, 199&. Singh et al., 1999M. Singh,
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Foster, Dalal, & Singh, 201&. X. Wang & Denhardt, 2008 Osteopontin expression levélzve
been observed to acutely increas (days) following cryoinjury induced myocardial infarction,
after which expression declines with increasing tintkespite no observed significant decline in
macrophage population si@durry et al., 1994 These results suggest that osteopontin expression
levels do not simply correlate with macrophage irdition in infarcted myocardium, but instead
osteopontin expression may be induced by or correlate with activation of spacifiac resident
macrophage subsdtdurry et al., 1994 Genetic disruption of monocyte chemoattractant protein
(MCP-1), also known as € motif chemokineligand 2 (CCL2), signaling resulted in an
attenuation of osteopontin expression in infarcted myocardium disproportionate to the observed
alterations in macrophage dengiBewald et al., 2006 MCP-1 signaling inhibition also reduced
the secretion of prinflammatory factorssuch as IE1 3 o r , folldwiRgiinfarction(Dewald
et al., 200%. Taken together, these results suggest that osteopaptession following infarction
is likely a result of the recruitment and activation of bone maierived macrophages, which in
turn upregulate an increased inflammatory response relative to other cardiac resident macrophage
subsetgDewald et al.2005. Osteopontin also plays an important role in preventing deleterious
left ventricular dilation or rupture following infarction through the promotion of left ventricular
wall collagen depositioffrueblood et al., 2001

Osteopontinhas also been shown to play an important role in regulating the fibrotic
remodeling response to left ventricular pressure overload. Osteopontin expression has been shown
to increase in spontaneous hypertensive rat models of heart flu@ngh et al., 1999
Increased angiotensin Il signaling has also been associated with increased osteopontin expression
levels and conversely treatment with angiotensin converting enzyme (ACE) inhibitors have been

shown to attenuate osteopontin expression in remodeling cardiae ({3sllins et al., 2004
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Matsui et al., 2004K. Singh et al., 1999 Additionally, genetic ablatiortsdies of cardiac fibrosis

in osteopontin null mice demonstrated an attenuation of fibrotic matrix remodeling and reduced
systemic hypertension with minimal to moderate noted impact on cardiomyocyte hypertrophy
(Collins et al., 2004Matsui et al., 2004 Mechanistically, the observed altered fibrotic remodeling
regulation was hypothesized to be a result of decreased fibroblast matrix adhesion aeduibt a
ofincreased TGIB si gnal ing, which was found to exhibi
between wild type and osteopontin null mi¢€ollins et al., 2004 However, additional
mechanistic pathways exist fosteopontin to exert proibrotic remodeling effects on cardiac
tissue in pressure overload models, including through the increased chemotactic recruitment and
subsequent activation of bone marrow derived macrophages or through mattigeted protein

kinase (MAPK) signaling induced cardiomyocyte hypertrofMatsui et al.2004 Xie, Singh, &

Singh, 2004

1.2.2.7Periostin
Periostin, firstisolated from murine osteoblasts and ident#ssabteoblastpecificfactor
2,1is an extracellular matrikine which functions in a similar manner to other discussed matrikines
- namely by promoting altered cell adhesion, cell activation, or matrix organif&tido & Kii,
2018 Sugiura, Takamatsu, Kudo, & Amann, 199Beriostin is a 90kDa protein consisting of a
secretory dorain followed by a cysteirech EMI domain, fourfasciclinlike domaingFAS)-1
domains, and a carboxy¢rminal domaiwhich can undergo significant pesainslation splicing
which ishypothesized to provide some function heterogeneity although speeitrexrbinding
sequences have yet to be identifjeldriuchi et al., 1999Kudo & Kii, 2018, Sugiura et al., 1995
Periostin expression hdseen observed in the periosteum of bone as well as in other

collagen rich tissue structures which are subject to higher mechanical s{i¢ssashi et al.,
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1999 KruzynskaFrejtag, Machnicki, Rogers, Markwald, & Conway, 2004erle & Garnero,
2012 Yoshiba et al., 2007In addition to osteoblast secretion, periostin expression has been noted
in embryonic fibroblasts and pericardial cell populations during cardiovascular system
devdopment(leda et al., 200Snider et al., 2008Periostin secretion can also be induced thinoug
growth factor or cytokine signaling cuescluding through estradiol, TGE , BMR4, IL-
13, and PDGF, and T KHereuchiset af.,n18991han ¢lorris,aHoftmam y s
Markwald, & Sugi, 2008G. Li et al., 2006 Mamalis, Markopoulou, Lagou, & Vrotsos, 2011
Rani, Barbe, Barr, & Litivn, 20L0rakayama et al., 2006Additionally, angiotensi+ll signaling
has been noted to induce periostin productionin fiorobthstsigh TGF 1 and MAPK si gn
pathwaygL. Li et al., 201).

Periostin has been showm bind a variety of extracellular matrix proteins through which
it can induce altered matrix remodeling and resident cell function. Periostin has been shown to
directly bind fibronectin within the endoplasmic reticulum of fibroblasts and promotes further
fibronectin secretion from these cefl§ii, Nishiyama, & Kudqg 2018 Kii et al., 2010 Norris et
al., 2007. Periostin has also been shown to bind fibrillar collagen subtypes including collagen |
and collagen V likely through binding interactions in the EMI don{Miaruhashi et al., 2010
Norris et al., 2007 Suzuki et al., 2004Takayama et al., 2006Given the role that fibronectin
plays in collagen fibrillogenesis, periostin can alsdiiectly influence collagen fibril formation
through binding interactions with fibronectiikudo & Kii, 2018 Norris et al., 200).

Periostin FAS1 domains have also been shown to bind a variety of extracellular matrix
proteins or cytokines which can in turn alter matrix remodeling. Banibas been shown to bind
tenascinC through FASL domain interattons following carboxyterminal domain cleavage pest

translationally(Kii et al., 2010Q. Additionally, the four FASL domains have been shown to interact
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with bone morphogenic protein (BMR) a collagen processing enzyme responsible for the
cleavage of the carboxgrminal prepeptide sequences from pecollagen(VadonlLe Goff,
Hulmes, & Moali, 2015 Given the ability of periostin to bind fibronectin, whiis capable itself
of binding collagen crosslinking enzyme lysyl oxidase, this ability to bind BMR FAS1
domains presents a unique possible mechanism for the pemostiated promotion of collagen
fibril maturation and strengthening in tissudgere mechanical stress promotes increased periostin
secretior{GonzalezGonzalez & Alonso, 2018aruhashi et al., 20)0Periostincan also induce
altered cell migratory behavior through integhimding and activation of the phosphatidy
inositol-3-kinase (PI13K)signalingpathway (Norris, MoreneRodriguez, H&fman, & Markwald,
2009.

Periostin also plays an important role in the development ofcaotiomyocyte cell
lineages andalvular structures in the embryonic he@€tuzynskaFrejtag et al., 20Q1Snider et
al., 200§. Periostin expression is first noted in the developing ragdiom around embryonic day
10.5 in mice in endocardial cushions with a marked upregulation by embryonic day 12
(KruzynskaFrejtag et al., 2001 During valvulogenesis, periostin is expressed by differentiating
vascular smooth muscle cells and fibrobla®srris et al., 2007 Norris et al., 2004 The
importance of periostin for promoting appropriate development of resident cardiac cell populations
have been noted in seatistudies. Genetic ablation of periostin was noted to have a moderate
embryonic lethality ratevith notable excess cardiomyocyte progenitor cell differentiation in
atrioventricular cushion regioriBlorris et al., 2008 Additional valvulogenesis studi@oted that
periostin expression was important for proper collagen deposition and tissue maturation in cardiac
valves, with periostin null mice often exhibiting insufficient fibrillar collagen deposition and

encroachment of left ventricular cardiomyocyte valvular structuregNorris et al., 2008
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Norris, Potts, et al., 2009Periostin was also shown to play an important role in promoting the
differentiation of cardiac fibroblasts from progenitor cekqursorgNorris, Potts, et al., 2009
Gene transcript array analysis of periostin null murine cardiac tissue revealed a significant
alteration in the regulation of humerous genes associated with fibrotic matrix depesition
cellular adhesiorsuggesting that loss of periostin signaling may reduce mesenchymal prescursor
cell ability to differentiate into wild type cardiac fibroblast populati(@ka et al., 200/ Taken
together, this data demonstrates the importance of periostin expression in the developing heart for
proper differentiation of nogardiomyocyte cell populations, proper tissue segmentation, and
proper restriction of celineages within the appropriate regions of the developing myocardium
(Frangogiannis, 2032

Given the mechanosensitive nature of periostin production, fibroblast expression patterns,
and notable interactions with colkaig maturation associated enzymes; it is not surprising several
studies have noted significant upregulation of periostin expression in pressure overload induced
remodeling myocardiurStansfield, Andersen, Tang, & Selzman, 200&ekakirikul et al., 2010
D. Wang et al., 2003 Additionally, studies of fibrotic remodeling in periostin null mice
demonstrated significant reduction in the deposition of fibrotatrix, preservation of cardiac
function, and reduction of cardiomyocyte hypertrof@ia et al., 200;7Teekakirikul et al., 2010
Overexpression studiesave also noted enhanced cardiomyocyte hypertrophy in periostin
overexpressing animal model, with some variable impacts on cardiac functior{iKatedragi et
al., 2004 Litvin et al., 2006 Oka et al., 200) Increased levels of periostin have also been
observed in human myocardial tissue samples isolated from advanced heart failure patients

(Stansfield et al., 2009 Interestingly, periostin levels were also shown to decline following
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mechanical unloading of the left ventricular through implantation of a left veldriassist device

in human myocardial tiss\{8tansfield et al., 2009

1.2.2.8CCN Protein Family

The CCN protein family, first named frothethree constitutive membersysteinerich
protein 61 Cyr61, CCN1), connective tissue growth factor (Ctgf, CCN2), and nephroblastoma
overexpressed protein (Nov, CCN3)and later expanded to include three additionént-
indudble secreted CCN proteins (CCN4, CCN5, CCN6), is a group of matricellular proteins
capable of inducing altered resident cell function and modulating growth factor signaling in tissue
microenvironment$C. C. Chen & Lau, 20Q9.eask& Abraham, 2005 CCN proteins share a
fair amount of structural homology, with each protein generally consisting d-tarminal
secretory dorain followed by an insulirlike growth factor bindingprotein domain a von
Willebrand factor type C repeat, a thrombospondin type | repeat, @rtéraninal domain which
often contains a cysteine rich knot regi@ork, 1993 Frangogiannis, 2032 CCN protein
production and secretiomechanisms have to date been best chanaed for CCN2
(Frangogiannis, 20)2CCN2 production and secretibas been noted in a variety of cell types
including in endothelial cells, fibroblasts, smooth muscle cells, and osteobddisn following
inductonby TGFB1 signal i ng (Ipagashh @kachi, Baadhiam, & &rtotenalorst,
1993 Leask & Abraham, 20Q4arisi, Gazzerro, Rydziel, & Canalis, 2Q0B®driguezVita et al.,
2005 Wunderlich, Senn, Todesco, Flammer, & Meyer, 200CN2 production in fibroblast cell
lines has also been noted following exposure to angsatel (lwanciw, Rehm, Porst, & Goppelt
Struebe, 2003 While additional studies examining the mechanisms underi@@ty family

protein synthesis have suggested some similar mechanisms, such as induction throfgyh TGF
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signaling, the mechanisms remain to be fully elucidéRadisi et al., 2006Riser et al., 2009
Sakamoto et al., 2004

CCN proteins have been shown to exhibit a number of canonical matrikine associated
alterations of cellular function and modulation of matrix organization. CCN1 and CCN2 have been
shown to induce cytoskeletal reorganization and increased cellular adhesiooabiastshrough
integrin and heparin sulfate proteoglycan cell surface receptor signaling pathiv@ysen, Chen,
& Lau, 200Q. CCN family proteins have also been shown to have some contradictory roles in
regulating cellular activity and growth factor signaling. CCN1, CCN2, and C@Nteins have
been shown to be associated with fibroblast and endothelial cell chemotaxis while CCN4 and
CCN5 have been shown to have an inhibitory effect on cell migrgiabic, Kireeva,
Kolesnikova, & Lau, 1998Grzeszkiewicz, Kirschling, Chen, & Lau, 2QQlake, Bialik, Walsh,
& Castellot, 2003C. G. Lin et al., 2003Soon et al., 2003Additionally, different CCN protein
family members can modulate the signalintgnsityof growth factor TGF3 . CCN2 has be
shown to notonly enhance Tg& si gnal i ng i n f i byfordranacsption but
induction of a group of fibroblast genes associated with matrix remodeling downstream-@f TGF
signaling pathway¢Shirwen et al., 2006 Conversely, recent data has demonstrated an anti
fibrotic effect of CCN5 signlang through an inhibitionof TGP s i gnal i(degngetalt hway s
2016. To better undestand how CCN family proteins may exert these seemingly contradictory
functions despite fairly large structural homology, one can examine the altered regulation of CCN
protein domains in CCN2 and CCNbiez et al., 2016 CCN2 directlybinds TG t hr ough ¢t}
von Willebrand factor domain and promotes downstream-BGFp at hway ac®Ci vati o
terminal domain cysteine knot domain interan8(Abreu, Ketpura, Reversade, & De Robertis,

2002. While CCN5 shares the von Willebrand factor domain homology with CCN2, CCN5 does
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not share the cysteine knot in t@eerminal domain(Ball et al., 1998 Diez et al., 2016 Thus,
CCN5 may act a negative regulator of fibrotic matrix deposition through the binding o3 TGF
without subsequent downstream activation of Il&F si gnal i ng pat hways i n
cysteine knot domai@leong et al., 20)6These resul@also demonstrate how the balance between
CCN family proteins in a given microenvironment can either drive or inhibit the progression of
fibrotic matrix remodeling in those tissue si{€sez et al., 2016

Contrary to previously discussed matrikine proteins, genetic ablation studies of CCN
family proteins proved to be embryonically or perinatally fatal in many cases with animals whom
survive to adulthood generally having sonskeletal muscle or cardiovasculaefects
(Frangogiannis, 201 Heath et al., 20Q8vkovic et al., 2003Mo et al., 2002 CCN1, CCN2, and
CCN3 have been shown to be potenticers of angiogenic procesgBsbic, Chen, & Lau, 1999
Babic et al., 1998C. G. Lin et al., 2008 When examining the cause of embryonic lethality in
CCN1 and CCN2 null mice, a lack of nexscularization in the placenta or in developing growth
plates is often the cause of defttkovic et al., 2003Mo et al., 2002 In addition to angiogenic
defects, several cardiovascular developmental defects were not@@Nnnull mutant mice.
Significant atrioventricular septal defects were notedCfdtN1 null mice due to significant
apoptosisin cushion cell regions, suggesting that CCN1 functions assarpreal signal in these
cushioncell populationgMo & Lau, 200§. As CCN1 also functions as an inducer of VAP
production in cardiomyodes, CCN1 null mice also may have experienced a reduced capacity for
the requisite cardiac tissue remodeling necessary for cardiac tissue structure(dmésisau,
2006.

CCN family proteins can also play a role in the remodeling response of cardiac tissue

following injury. Mechanical stretch and pressure overload have both been shawregulate
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cardiomyocyte CCN1 expressidhrough angiotensin receptor 1 (AT1) signaling pathways
(Hilfiker-Kleiner et al., 2004 CCN1 expression has also been shown to acutely incredse in t
first several hours following a myocardial infarction, although the significance of this upregulation
in the production of CCN1 following infarction remains to be fully elucidétediker -Kleiner et

al., 2004. In vitro andin vivo experiments have demonstrated some protection of cardiomyocytes
from oxidative stress induced damage in the presence of CCN1 as well as an attenuation of
inflammation following CCN1 overexpression im@odel ofmurinemyocarditis(Rother et al.,

201Q Yoshida et al., 2007 Taken together, the observed upregulation of CCN1 following
infarction may be providing some cardioprotective effect, however further studies will be
necessary to fully understattte impacts of CCN1 secretion following infarction.

AsTGFRB signaling is an i mportant medi ator
CCN2 has been shown to be upregulated in response tfTGE i gnal i ng, CCN2
commonly observed iremodeling cardiac tissue both following infarction and pressure overload
induced remodelin@Daniels, van BilserGoldschmeding, van der Vusse, & van Nieuwenhoven,
2009. CCN2 expression has shown to be increased following myocardial infarction in
cardiomyocytes and myofibroblasts in the border zone region, where tissue remodeling is
occurring following infarctiofAhmed et al., 2004Dean et al., 200%hnishi et al., 1998CCN2
has also been shown to-tmralize with TGF and f i bril Il ar col |l agen
interstitial fibrotic matrix remodeling in pressure overload modé&limckenberg et al., 2003
Interestingly, CCN2 overexpression studies in models of pressure overload haveulatadiess
of a notable hypertrophic or fibrotic remodeling response, suggesting that CCN2 expression itself
may be insufficient for fibrotic matrix remodeling and CCN2 instead functions as a potentiator of

TGFB s i gnal i (Frgnggmiannik, 204 Hamek et al.2009 Yoon et al., 201 Several
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notable inhibitors of CCN2 secretion have also been identified whighphag an important role

in suppression of fibrotic matrix remodelingnockdown of nmicroRNAs miRNA-133 and
mMiRNA-30 was associated with an increased secretion of CCN2 in cultured fibroblast and
cardiomyocyte cell populatiorf®uisters et al., 2009Thus, egulation ofmicroRNA expression
coupled with the previously discussed balance between CCN2 and &@X&ssiorwithin the
tissue microenvironment may play an important role in determining the extent of fibrillar collagen

depositionin remodeling cardiac tisqeez et al., 2016Frangogiannis, 2032

1.2.2.9Galectins

Galectins are a family of globular proteins which can bind either carbohydrate sequences
on glycosylated proteins, glycocalyarbohydrates, or interact directly with protein binding
partners independent of carbohydrate bindBwgthahar et al., 2018Galectin3 - first identified
as Mae2 antigen in a subpopulation of activated macrophagedhibits complex disibution
patterns on both a tissue and a cellular levedl has been shown to play a role in the pathogenic
remodeling which occurs in numerous pathophysiologieduding fibrotic cardiovascular matrix
remodeling(Henderson et al., 2006lo & Springer, 1982Kolatsi-Joannou, Price, Winyard, &
Long, 2A.1; Sundblad, Croci, & Rabinovich, 201Buthahar et al., 2018/u et al., 201}
Galectin3 hasalsobeen shown to interact with both intracelluladaextracellular protein and
sugar moietie€Suthahar et al., 20)8

Functionally, GalectifB has been demonstrated to be an important modulator of both
innate immune responsandfibroblast activatioomediatedhrough intracellular andwracellular
Galectin3 dependent mechanisnSuthahar et al., 2018Within the cardiovascular system,

Galectin3 was identified as a significant gene target for upregulation in the failing myocardium
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(U. C. Sharma et al., 20D4nitially expressed by infiltrating macrophages which further secrete
additional GalectifB into thecardiac microenvironmepGalectin3 signalingpromotes further
innate immune cell extravasation, activation of fibroblast populations, and potentiated TGF
signaling; all contributing to enhanced deposition of fibrillar collagen within the extracellular
space(Henderson et al., 2008labi, Shankar, & Dennis, 2019njection of Galectin3 into the
pericardial space of healthy animals was also shown to be a potent inducer of ventricular
remodeling and dysfunctiomvith Galectin3 injected pericardial regions generally exhmgt
increased collagen | to collagen Il ratios and increased inflammatory cell inf(itra@® Sharma

et al., 2004Suthahar et al., 2018u et al., 2013 Studies of the cardiac remodeling response to
pressure owdoad in Galectin3 knockdown animalslso demonstrated a reduced fibrotic
remodeling response in the GaleeBmull mice with no significant difference in hypertrophy of

cardiomyocytes noteGonzalez et al., 2016

1.2.2.10Syndecans

Syndecans are a group of transmembrane proteoglycans with heparin sulfatesbieins
arewidely expressed in a variety of tissy€sangogiannis, 2012Voods, 2001 Syndecans are
composed of three domainan extracellular ectodomain which can be cleabgdmatrix
metalloproteaseand released into the local microenvironment, a conserved transmembrane
domain, and a short cytoplasmic dométears & Woods, 200Miftode et al., 2019 Cleaved
syndecan protein fragments have been shown to sequester growth factors and bind cell surface
moieties to modulate cellular functigMliftode et al., 219).

In the cardiovascular system, Syndedaand Sydeca#d have been demonstrated to have
important effects on the remodeling response of injured myocardium. Synriletas been

demonstrated to increase following myocardial infarction and helps mirdilative remodeling
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of the myocardiuniMiftode et al., 20190strowski, Pedersen,d&n, Mogelvang, & Johansson,
2013 Vanhoutte et al., 20Q07Syndecarl was also found to be upregulated in cardiac tissue in an
angiotensinll infusion model of pressure ouead(Schellings et al., 2030Studies examining the
effects of Sydecat knockout in pressure overloaded ventricular tissue demonstrated that part of
the profibrotic effect of Syndecatl was due tohe ability of Syndecad to increase TGB and
CCN2 protein secretion within the remodeling microenvironni®ahellings et al., 2030

Conversely, Syndecafhhas recently been demonstrated to induce an attenuation of cardiac
fibrotic remaleling in a pressure overload mo@iderum et al., 2020 In this model, a thromhi
mediated cleavage of osteopontin was associated with increased fibrillar collagen deposition in
cardiac microenvironments following pressure overlgattrum et al., 2020 Syndecam
expression was also noted to increase during pressure owamthazed remodeling, with
increased cleavage of the Syndedarectodomain noted as one pregsed through later
ventricular remodelingHerum et al., 2020 When examimg Syndeca# and osteopontin
expression within cardiac tissue, an interaction of the heparin sulfate domains on Syhdadan
osteopontin was noted during the early time course of ventricular remodedunggesting that
Syndecawd interactions with ostgontin through the heparin sulfate domain provides some anti
fibrotic effectat early time pointby attenuating thability of osteopontin to induce collagen

fibrillogenesigHerum et al., 2020

1.2.2.11PlasminogenActivation I nhibitor -1 (PAI-1)

Plasminogen activation inhibitdkr (PAF1) is a single chain glycoprotein which functions
as a srine protease inhibitaof urokinasetype plasminogen activator-{@A) and tissudype
plasminogen activator-{®A) (Cesari, Pahor, & Incalzi, 20L0PAI-1 is produced by a variety of

celltypes including fibroblasts, liver cells, cardiomyocytes, endothelial cells, smooth muscle cells,
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and macrophagd€esari et al., 20X &orio et al., 2008 PAI-1 expressiomas been shown to be
induced by a variety of factors including various cytokine signaling pathways, metabolic signaling
pathways, and hormonal signaling c¢@ssari et al., 20)0PAI-1 expression has alsodeshown
to correlate strongly with the stress response, often experiencing upregulation following periods
of acute inflammatory insult, hypoxia, hypothermic stress, oxidative stress, or excess fatigue
(Cesari et a] 201Q Pinsky et al., 1998Jchida et al., 2004yamamoto & Loskutoff, 1996

PAI-1 dysfunctionn vivois generally associated with patogical fibrin deposition and
subsequent tissue damg@esari et al., 2030V eisberg et al., 2005PAI-1 expression haalso
been demonstrated to haveclase interaction with the host inflammatory system, with notable
increases in PAL expression beingbserved ol | owi ng 1 ncr e@saaioni n TN
(Kruithof, Mestries, Gascon, & Ythier, 199#an der Poll et al., 1991Studies examining cardiac
tissue development and homeostasis notesly@ associatedobust fibrotic matrix remodeling in
PAI-1 null mice, likely a redti of excess tPA signalingor spontaneous TGB acti vati o
(Frangogiannis, 201 2Moriwaki, StempierOtero, Kremen, Cozen, & Dichek, 2004owever,
PAI-1 has additionally been shown to undetggenscriptional upregulation following increased
angiotensinll signaling(N. J. Brown, Ajirbasli, Williams, Litchfield, & Vaughan, 199&kurk,
Lee, & Hauner, 2001 Thus, further mechanistic studies may be necessary to tease out the relative
contributions of impairedibrinolytic activity in vivoto the development of pathophysiological

cardiac matrix remodelin@esari et al., 2070

1.2.2.12CompositionalChangesWhich Occur in Cardiac Tissue With IncreasingAge
Thus, one can see how not only cardiac tissue exhibits significant heterogeneity in matrix
protein content but also how cardiac pathology can alter extracellular matrix protein content. This

altered matrix regulation, particularly in the case of matri¢atlproteins associated with cell
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mobility and TGFpB signaling potentiati on, can t her

microenvironmental remodeling and further attenuation of proper cardiac function. Given the
previously discussed agelated cardiovasculaisease incidence risk coupled with the minimal
observed matricellular protein expression in healthy, adult cardiac tissue but increased expression
in pathological cardiac tissue; it is important to understand the role thatekdged cardiac
microenviroimental compositional remodeling plays in promoting cardiovascular pathology
development.

Cardiac tissue composition is highly variable across the mammalian lifesjaird
chromatography tandem mass spectrometry analysis of fetal, neonatal, and ratiadt ttssue
exhibited significant alterations in cardiac extracellular matrix protein composition with increasing
age- with fibronectin,periostin,emilin-1, andcollagen IV decreasing with increasing age and
collagentl, collagen Ill, andaminin increamg with increasing agéWilliams, Sullivan, & Black,

2015. These compositional changes have also been associdtatiffétent cardiac cell function

when ceculturedin vitro, with fetal cardiac extracellular matrix promoting increased adhesion
and expansion of neonatal cardiomyocytes relative to fetal or adult cardiac extracellular matrix
(Williams, Quinn, Georgakoudi, & Black, 201Williams et al., 201k

In addition to increasing in mass fraction with the transition from neonatal penods t
adulthoodincreased deposition of fibrillar collagen subtypes is commonly observed in highly aged
cardiac tissue samples relative to control adult tissue sarghpbes & Trafford, 2016 Strait &
Lakatta, 2012 It is important to note however that many of theseratgted changes in collagen
deposition have been charactedzn animals models, as it can be difficult to niowasively
guantify collagen deposition in human cardiac tisgtern & Trafford, 201$. However, some

data exists to suggest that the trend of increased extracellular collagen deposition in aged, non
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pathological cardiac tissue relative toung, healthy controls observed in human cardiac aging

as well Both biopsy studies relying on histological quantificabbpositive collagen stainiras

well as quantification of extracellular volume by magnetic resonance imaging have demonstrated
an increase in collagen deposition in aged human cardiac ti€Saeoti Debessa, Mesiano
Maifrino, & Rodrigues de Souza, 200Q. Y. Liu et al., 2013Mewton, Liu, Croisille, Bluemke,

& Lima, 2017).

Fibrotic collagen deposition in cardiac tissue can gdlyebe characterized as either
reactive fibrosis, also known as diffuse fibrosis, or replacement fibr@isrnacka &
Frangogiannis, 2031Horn & Trafford, 2016 Silver et al., 1990 Reactive fibrosis, which is
characterized by the expansion of existing collagen networks without significant cardiomyocyte
loss, has been shown to increase in aged cardiac tissue both histologicallyasstwecardiac
magnetic resonance imagiftgorn & Trafford, 2016 Jellis, Martin, Narula, & Marwick, 201 (C.

Y. Liu et al., 2013Silver et al., 199D Replacement fibrosis, which is characterized by deposition
of new collagen to replace spadeft by necrotic cardiomyocytes, has been suggested to increase
with increasing age as weglHorn & Trafford, 2016 J. Lin et al., 2008Silver et al., 1991
Additionally, matrix deposition can also occur in regions arowastulature in cardiac tissue with
increasing age, although any deleterious effects of this deposition seenerloibit a significant
effect on overall catiac output andinstead the effects are likely largely paracrigidorn &
Trafford, 2016 van den Heuvel et al., 2000

Fibrotic collagen deposition is also associated with several characterized alterations in
resident cardiac cell function. Excess collagen deposition has been associated with increased left
ventricular wall stress and contractile dysfunc{iGapasso, Palackal, Olivetti, & Anversa, 1990

Horn & Trafford, 2016 J. Lin et al., 2008 Fibrotic matrix deposition can also impede proper
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electrical conduction in cardiac tissue, potentially contributing to arrythmia development
(Comtois & Nattel, 2011 Kawara et al., 2001 While these deleterious effects of fibrotic
remodeling hae beencharacterizedh remodelingcardiac tissue, the relative contributions of
interstitial and perivascular fibrotimatrix depositionindividually on the observed decline in

cardiac function remains to be fully elucidatetbrn & Trafford, 2016.

1.2.2.13Functional Consequences aAltered Cardiac TissueComposition

As increased collagen deposition in cardiac extracellnlaroenvironmenbegins, left
ventricular wall stiffness begins to increase and the early ventricular filling rate declines
(Schulman et al., 1992 Consequently, ampensatory increases in late filling reliant upon
increased atrial contraction become necessary tataiaicardiac outpyiNorth & Sinclair, 2012
Schulman et al.,, 1992 However, as cardi ac sy miadrdndrgict i C
receptor sensitivity declineejection fraction can again decline damnduce compensatory
cardiomyocyte hypertrophjtakatta & Levy, 2003) Nonreversible cardiomyocyte hypertrophy
- which occurs in the case of aging or following injurgan initially increase cardiac outpbut
Is often considered a deleterious remodeling outcemeh attenuates cardiac outpaotthe long

term(Levy et al., 1988

1.2.3Clinical Presentation of Cardiovascular Disease

While these ageelated changes in cardiac tissue microenvironment and their respective
impactson cardiac function have been characterizedsingasive recognition of the presentation
of early agerelated cardiac tissue remodeling rensadifficult. Therefore, understanding the

progression of change in common clinical parameters which occur with cardiac tissue remodeling
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is important for identifing when pathological remodeling may becuringin order toprovide
early interventiomndimprove patient outcome®ne common clinical imaging modality utilized

In assessing patient cardiac function is echocardiography.

1.2.3.1Echocardiographic Assessment o€ardiovascular Function

Echocardiographic agsssment of healthy aged individuals will often demonstrate minimal
reductions in ejection fraction or systolic function with increasing @pemon et al., 2008
However, aged individuals will often present with thickened left ventricular anterior and posterior
walls, which isindicative of ventricular cardiomyocyte hypertrodikely resultant of increased
fibrotic matrix deposition orreduced contractile strength due éxcess intracellular Ga
concentrationéLoffredo, Nikolova, Pancoast, & Lee, 20Q14Additionally, as left ventricular wall
stiffness increase leftventricularfilling dynamicsare altered and increasingbliant upon atrial
contraction during late filling to maintain sufficient volume for cardiac output mainteriiiocts
& Sinclair, 2012 Schulman et al., 1992These changes in ventricular wall thickness and filling
characteristics can be identified clinically using seveltahsound imaging modalitiesncluding
pulse wave mitrafalve flow, Bmode,and doppler tissue imagifijagueh et al., 2016

When studying flow across the mitral valve with pulse wave inflow imaging, mitral flow
is typically characterized by biphasic flow with the first peak being indicative of the early
ventricular filling (E)wave and the second peak being indicative of the late filling (A) &ue
& Daimon, 201§. In healthy individuals, early diastole causes a rapid reduction in left ventricular
pressuregind a rapid increase in pressure gradient between the left atrium and left ventricle,
pushing the majority of blood volume into the left ventricle during €&)filling (Xu & Daimon,
2016) (Figure 1) Since the majority of volume fills the ventricle during early diastole, less filling

occurs during the lat@) diastolic period. Consequently, quantified ratios of the &)yo late

35



(A) ventricular filling rates in healthy cardiassue are often greater than L@ & Daimon,

2016 (Figure 1)

36



Mild dysfunction Moderate dysfunction Severe dysfunction
| | ] [

. . Grade Il
Normal diastolic Grade | Grade Il Grade Ill (restrictive
= P . )
i impaired relaxation normal restrictive, reversible .
function (impaired relaxation) {(psuedonormal) ( ) non-reversible)
=
g g & g 2
£ 2 2 2 S
g 2 2 g g
T B T B JAN E A
= S/ s f = =
E A E A E A E A

0.8=MVE/A<2 MV E/A<0.8 08<MVEA<?2 MV E/A> 2 MV E/A=> 2

Mitral valve flow
with Valsalva
Mitral valve flow
with Valsalva
Mitral valve flow
with Valsalva
Mitral valve flow
with Valsalva
Mitral valve flow
with Valsalva

' 1 [

e a e a
= = 2zl Vo R )
3 8 3 \ / g Y g
% ¢ T © = © ' { ] — T
R 5 g g £ g 2 g ¢
S = S & = \ = = T
5 S = 3 = & =2
£ £ IS 2 g
© ® © c =
@ ©

Figure 1- Grades of left ventricular diastolic dysfunction and correlating echocardiography mitral valve flow
and tissue annular velocity measurementdlormal flow across the mitral valve is characterized by mitral valve
early wave (E) to late wave (Ai)ling rate ratios between 0.8 and 2. With grade | diastolic dysfunction, decreased
ventricular compliance causes increased late wave ventricular filling. Consequently, the measured mitral valve E/A
ratio are observed to decrease below 0.8. With modgiedlic dysfunction (grade Il), measured mitral valve E/A
ratios are generally within normal ranges (0.8 < MV <
E/A ratios reflect those observed in grade | diastolic dysfunction (MV E/A<0.&)iassolic dysfunction worsens
(grade Ill) and left atrial pressure increases, mitral valve flow patterns are characterized by mitral valve E/A ratios
greater than 2 as the increasingly large left atrial filling pressure surpasses the resistanceoweaséd by
decreased ventricular compliance. Mitral valve tissue annular velocity also generally exhibits a decrease in
magnitude with increasing diastolic dysfunction severity, as decreased tissue compliance reduces the early mitral

valve tissue annulaelocity.
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As ventricular compliance decreases, mitral flow in early diastole is disrupted and early
filling rates decline. To compensate for reduced early filling rates, increased ventricular filling
occurs during late diastole due to atrial contracttansing an increase in late filling rates (A) and
a reduction in mitral E/A ratesoften to values below 0 @igure 1) This early stage of diastolic
dysfunction is characterized as grade | diastolic dysfun¢ion& Daimon, 2016¢. As grade |
diastolic dysfunction progresses and left atrial pressures gradually increase, eventually atrial
pressure gradients will exceed ventricular pressures again, and flow across the mitral valve will
takema “pmeoudml!| ” pat (Figurenl) of Photrdn@ah g f il |l i ng i
characterized by E/A rates within the range commonly observed in healthy individesste
underlying tissue patholog{Xu & Daimon, 2018. This further progression towards pseudo
normal filling patterns is characterized as grade Il diastolic dysfunction. Differentiating grade |l
diastolic dysfunction from healthy filling patterns often relig®n doppler tissue imaging of the
early mitral annulus velocity (e’”) which serv

rate(Nagueh et al.,, 206 Si nce e rates decrease | inearly
increasing ratios of early mitral filling rate to mitral annulus velocity can be eatilin identify

grade Il diastolic dysfunctio(Nagueh et al., 203GFigure 2) Additionally, left atrial volume
measurement can be utilized for left ventricular filling pressure infer@fic& Daimon, 2016.

Finally, Valsalva maneuverwhich redices ventricular preload due to patient breathing technique

- can be utilized in conjunction with mitral valve flow imaging to discriminate normal from
“psemudromal ” f i (Naguemegal. R2@)6intthescases the reduced ventricular preload

caused by the modulation of patient breathing can remove the confounding effect that increased

“

atri al filling pr ess unroersmaplid payfernd m grade b diastolic n g [

dysfunctional cardiac tissiilagueh et al., 2016
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Further cardiac remodeling and functional decline can subsequently induce progression
toward Grade Ill diastolic dysfunction. Grade Ill diastolic dysfunctiorcharacterizedy
restrictive left ventricular filling patternsith mitral valve E/A ratios greater than 2.0 as further
increased filling pressures causgtherincreased early filling ratgdNagueh et al., 201&Xu &

Daimon, 201.

1.2.3.2Echocardiographic Changes inAged I ndividuals

Even in healthyndividuals cardiac tissue undergoes a declindiastolic function with
increasing agéDaimon et al., 2008aimon et al., 2011 Many individuals over 60 years of age
exhibit at least grade | diastolic dysfuncticharacterized by declining mitral valve early to late
filling rate ratios and declining mitral annulus velocity associated with impaired left ventricular
relaxation(Daimon et al., 2008Daimon et al., 201;1Xu & Daimon, 2016. Left ventricular wall
thickness and mass have also been observed to increase with increasing age, although the observed
increase in mass often falls below clinically established cardiac hypertrophy thredbailisn

et al., 2008Xu & Daimon, 2016.

1.3 Macrophage Ontogeny, Development, and Tissue Seeding

Macrophages aran innate immune cell subtype with important roles in maintaining tissue
homeostas as well as facilitating antigen presentation and inflammasome activation following
tissue damage or infectiddowever, macrophages have also been implicated as mediators in the
development and progressioreofvide array opathophysiologies hus, inceased focus has been

given to elucidating the mechanisms by which tissue resident macrophages dioeaiop
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embryologic and circulaticderived precursorgolarize, and change tisease pathogenesis in
order to better identify therapeutic candidatesaiwext dysregulated inflammatory cell signaling

(Ginhoux & Guilliams, 201k

1.3.1The MononuclearPhagocyteSystem (MPS)

First described by Van Furth and colleagues in the 1970as long bekved thatll tissue
resident macrophage populatiomgere continuously repopulagéd through blood monocyte
extravasation from circulaticand differentiation into macrophagesith blood monocytes being
derived from gpopulation of bone marroderived promonocyte&inhoux & Guilliams, 2016
van Furth et al., 19732Additionally, while not identifiable at the time of publicatignyas noted
thatthere must exist some additional progenitor cell populatooributing to the generation of
new promonocytes within the bongarrow(Ginhoux & Guilliams, 2016van Furth et al., 1972
The specific precursor cell hypothesized by Van Furth et. al. would not be discontitexver
three decades later whexdoptive transfer studies identified a population of macrophage DC
precursor cells (MDPsyvhich were capablef recapitulatingnonocyes, dendritic cells, and
certain resident macrophage subggisgg et al., 2006 Subsequent efforts then focused on
identifying the specific ontogenic origins of innate tissue resident cell subtypes.

During this period, bone marrow adoptive transfer studies in irradiated mice were
beginnirg to suggest that not all tissue resident macrophage swesetslerived from circulating
monocytic precursor celss previously described in the MPS and subseduoeritro or in vivo
studies (Ginhoux & Guilliams, 2016 Merad et al., 2002 Langerhans cellsthe resident
macrophage population of the epidermis, were demonstrated to extekistance thigh dose
radiationwith minimal repopulation by donor bone marraolerived cellsin adoptive transfer
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studes (Merad et al.,, 2002 Rather, it was akerved that the majority of Langerhans cell
repopulation following radiation was from hosderived cell turnover within the local
microenvironmen{Merad et al., 2002 Subsequent studies identified simisaif-proliferative
ability of other previously thought to be monocyte derived tisssielent macrophagmpulations,
including microgliaand alveolar macrophag@sami, Bennett, Krieger, Tetzlaff, & Rossi, 2007
Ginhoux et al., 2010 Parabiosis studieg which a young and aged mouse have their circulatory
systems surgical connectddrther extended theuance of tissue macrophage seediyigamics

by identifying mixed developmental origin macrophage populatisitein a variety of organ
systemgGinhoux & Guilliams, 2015 With the identification of these different developmental
origin macrophag populations, future work focused atentifying the distinct time course of

macrophage tissue seeding during embryogenesis and with increasing age.

1.3.1.1Embryonic Hematopoiesis

Macrophages are first noted in developing rodent embryos ammbdyonic day 10.5
(E10.5)in the brain rudiment and developing sKi@inhoux & Guilliams, 201k While fetal
macrophages had been identified in previous studies and some suggestions hathdeen
regarding their potential ability toontribute to adult tissue resident macrophage populations
was not until lineage tracing experimental techniques became avditable was possible to
definitely quantify the embryonic contribution to adtiisue resident macrophage populations
(Alliot, Lecain, Grima, & Pessac, 199Ginhoux & Guilliams, 2015

Primitive hematopoiesisthe first wave of identifiable hematopoiesithe mammalian
embryo- begins around E@.in the blood islands of the extraembryonic yolk sacl gives rise to
erythrocytes, macrophages, and megakaryoqreabls, Robertson, Kennedy, Wall, & Keller,

1999 Tober et al., 2007 A second wavef yolk sachematopoiesisccurs then around ESEB.5
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with generation of erythronyeloid progenitoEMP) cell populationswhich exhibit broad
erythroid and myeloid differentiation potenti@rame, McGrath, & Palis, 20L.3These EMPs
then migrate to the fetal livéollowing the establishment of the embnyo circulatory system
where they differentiate into additional hematopoietic cell lineages including fetal liver monocytes
(Palis & Yoder, 2001 Concomitant with the imial period of erythromyeloid progenitor cell
differentiation around embryonic day 8335, another population of progenitor cells arises from
the intraembryonic hemogenic endothelium and begin to differentiate into hematopoietic stem
cells (Ginhoux & Guilliams, 2015 These hematopoietic stem cell progenitor$ eventually
colonize the fetal liveduring embryogenesisstablistihe onset of definitive hematopoiesasd
eventuallymigrateto bone marrow nichdsllowing birth (Ginhoux & Guilliams, 2015

Additional lineage tracing studies expanded the embryonic hematopoietic paradigm further
with the identification of an ejrwave of erythromyeloid progenitor cell differentiation which
occurs at E7.5 and a late wave of erythromyeloid progenitor cell differentiation around E8.5
(Ginhoux & Guilliams, 2016Hoeffel et al., 2015Kierdorf et al., 201R Yolk sac macrophages
derivedfrom the first wave of hematopoiesis are dependent upon colony stimulatingXactor
receptor (CSHALR) gene transcriptiofHoeffel et al., 201p Consequently, genetic labon or
insertion of fluorescent protein coding regions downstrear@siflr promoter regions under
tamoxifeninducible control can be utilized to study which resident macrophage populations are
derived entirely from these early wave hematopoietic prages(Hoeffel et al., 201p Runt
related transcription factoRUnxJ is a transcription factor important in both yolk sac macrophage
development as well as in fetal maxyte differentiatioiHoeffel et al., 2015Hoeffel et al.2012.
Thus, insertion of fluorescent protein coding regions downstream d®uhglpromoter under

tamoxifeninducible control can be utilized to study yolk sac macrophage and fetal liver monocyte

42



tissue seeding with tamoxifen injections at E7.5 or E8.5, respeciiMelffel et al., 201p
Together these lineage tracing experimental systems coupled with subsequent imaging at various
points of development can be used to determine which tissue resident macrophages are populated
entirely by yolk sac progenitaterived macrophagesd which tissue resident macrophages are
replaced by fetal liver monocyderived macrophagébloeffel et al., 2015Hoeffel et al., 201p

It was noted thatvhile macrophages generated from early erythromyeloid progenitor cells initially
seeded many developing tigssitesthese macrophages populations did not persistinto adujthood
except for in the case of microglia populatipniere a significant fraction of cells retained early
erythromyeloid labelingHoeffel et al., 201p These results suggest that early erythromyeloid
progenitor derived macrophages only significantly contribute to the adult microglia cell population
and that other tissue resident macrophage populations are progressively replaced during
embryogenesis by more competitive late erythromyeloid progenitor derived or hematopoietic stem

cell derived macrophage populatidioeffel et al., 201p(Figure2).
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Figure 2 - Heterogenity of tissue resident macrophage ontogeny throughout development and in adulthood.
Reproduced from (Ginhoux et. al., 2016). Here one can see the distinct waves of tissue resident macrophages which
derive from ungiue precuror cells as well asdiegree to which each macrophage subset persists into adulthood. For
example, iA) one can see the initial wave of yolk sac progerdinived macrophages colonizes the brain and
self-proliferate within this microenvironmentinto adulthood with minimdbo@ation by fetal liver or bone
marrowmonocytel er i ved macrophages. This would be an exampl e
the epidermi¢B), lung(C), and(D) liver are initially seeded by embryonic precurosor-dellived macrophage

and exhibit minimal poshatal colonization of bone marrow monocyerived macrophages into these tissue

mi croenvironments; suggesting that these may al so be
microenvironments which are not entirely closeitofone marrow monocyte colonization, monocytes can either

exhibita slow colonizationsuch as that observed in the heart or panemiaa rapid colonizationsuch as that

observedin the gut or dermis.
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1.3.1.2Fetal Liver Hematopoiesis

Based upon priavbservations in Langerhans cell populations, it was hypothesized that the
progressive loss of early erythromyeloid progenitor derived macrophages was likely due to
competitive replacement by fetal liver derived macrophdfeeffel et al., 2015Hoeffel et al.,
2012). Using aS100a4amoxiferrinducible lineage tracing model, it was observed that fetal liver
monocytederived macrophages are the predominant source of fetal macrophages within the
developing embryand thesenacrophages are capable of g@ibliferating within their respective
tissue microenvironments into adultho@doeffel et al., 201p Additional flow cytometric
characerization of fetal liver monocyte populations demonstrated some heterogeneity in Flt3 and
Ly6C expression, similar to the continuum of monocytic precursors observed during bone marrow
hematopoiesi@Hoeffel et al., 201p Using additionalamoxifen inducibldineage tracing studies
in Runx1promoter micavhere tamoxifen was injected at E8.5 to label the late wave EMPs which
migrate to the fetal liver, it was determinduat the LincKit*FIt3CSF1R'Ly6C fetal liver
myeloid progenitor populations were the main source of fetal liver monocytes; demonstrating the
importance of late wave erythromyeloid progenitors for the establishment of fetal liver
hematopoiesis and tissue seediHgeffel et al., 201p Additionally, it was noted that the other
characterized fetal liver hematopoietic monocytic lineage diversity may be attributable to the
progressive colonization of thethl liver by hematopoietic stem cell precursors which gradually
establish definitive hematopoiesis within the embyoeffel et al., 201p It is also important to
note that while the differences in tissue deposition dynamics between early and late wave
erythromyeloid progenitors has been well characterized, it remains unclear if these cell populations
are derived from unique progenitor cell populations or are a sigjlepopulation along a

continuum of maturation staté&inhoux & Guilliams, 2015 In the case of the later naell
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intrinsic hypothesis, it was noted that this continuation of maturataies may be a consequence
of the changing cell extrinsic microenvironmental stinb@iween the extraembryonic yolk sac
and fetal liver nichefGinhoux & Guilliams, 2015

However, some atdlicting resultshave suggested alternate developmental sources for
adult tissue resident macrophagegsceRunxlis transiently expressed in the developing embryo
during early endothelial to hematopoietic cell transition, some doubt has been raisechgae
labeling efficacy of late wave erythromyeloid progenitor cell populat{tlasaud et al., 2092
Sheng, Ruedl, & Karjalainen, 20L%A\Iternative lineage tracing studies using stem cell factor ¢
Kit, which is expressed during all stages ofrfaopoiesis, have suggested that all adult tissue
resident macrophage populations with the exception of microglia and some Langerhans cell
populations are derived from hematopoietic stem cell precdiferentiation and tissue seeding
(Sheng et al., 2035 However, given the common expression eKit in both late wave
erythromyeloid progeniteras well as early hematopoietic stem cell precursors, this labeling
approach may fail to sufficiently differentiate between EMP or Hie€ved cells which both

begin arising in the developing embryo at EQbnhoux & Guilliams, 2015

1.3.2BoneMarrow Hematopoiesisand the Perinatal Window

Bone marrow hematopoiesis is the primary source of hematopoietic cell generation in adult
mammalssave for certaiembryologically derived immureellsubsetss uch as mi cr ogl |
cells,or B-1 cells(Beaudin et al., 20%6Hoeffel & Ginhoux, 2018Sawaiet al., 201%. However,
the long term regenerative cajity characteristic of mature hematopoietic stem cell populations
does not fully develop until E17.5; suggesting that some perinatal hematopoiesis in the fetal liver
and spleen may produce hematopoietic cells until hematopoietic stem cells have fulbpdédvel
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and colonized the bone marrow ni¢heffel & Ginhoux, 2018 In a study examining circulating
fetal monocyte levels in perinatal development periods, it wasnoddethat despite an
increasingly depleted population of EMPs, no detectable change in circulating fetal monocytes
was observedHoeffel et al., 201p This suggests #t precursor hematopoietic stem cell
populations may be capable of differentiating into fetal monocytes and other hematopoietic cell
lineages during perinatal periods before mature hematopoietic stem cells colonize the developed
bone marrow nich@Hoeffel et al., 2015Hoeffel & Ginhoux, 2018

It also appears that some additional important tissue colonization of fetal monocyte derived
macrophages occurs during perinatal time frames. Lineage tracing of arterial macrophages
demonstrated colonizatiarf developing aerial tissualuring multiple periods of embryogenesis
includingby fetal monocytes during perinatal perig@ssan et al., 20)6Additionally, similar
results have demonstrated a capacity for Kupffeiscie resident ligr macrophagpopulation
and testis tissue resident macrophage seeding during perinatal {dtastsadegiKeller et al.,
2017 Scott et al., 2016 Taken together, these results not only show that several important resident
macrophageeeding events take place during perinatal periods before the establishment of the
bone marrow hematopoietic nighrit also that colonization of a tissue BMP or HSCderived
progenitors is partially dependent upon the openness of the tissue(Hméigel & Ginhoux,
2018. For example, the ability of circulating cells to extravasate into neural tissue is reduced
during the course of embryogeng@aili et al., 201). Consequetly, early wave erythromyeloid
progenitor ceHderivedmacrophages (microgli@yre the only population to seed this tissue as the
niche is closed by the time any subsequemtes ohematopoieticell generatiotegin(Hoeffel
& Ginhoux, 2018. Alternatively, some tissue niches exhibit variable to complete openness to

repopulation by circulation derived monocytes during perinatal and adult periods, with the degree
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to which the resident macrophage compartment can be recapitulated by circulating monocytes
exhibiting a tissue and animal age dependdHoeffel & Ginhoux, 2018

Once hematopoietic stem cells have developed long term regenerative capacity, matured,
and colonized the newly formed bone marrow nialey macrophages aderived through a
common macrophagdendritic cellprecursor (MDP) which differentiates into either a common
dendritic cell precursor (DCP) or a common monocyte progenitor (cktddffel & Ginhoux,
2018. Two subsets of monocytes, which can be discriminated by the level of surface marker Ly6C
expression, can then differentiate from the cMoP in the bone mé@ruwosifel & Ginhoux, 2018
While the exact function of these different subsets remain to be elucidated, some evidence has
suggested an endothelial cell surveillance role for the Py&iset while the Ly6€subset has
been implicated as more likely to extravasate into inflamed tissue (Slggbn et al, 2013
Jakubzick, Randolph, & Henson, 2Q1Following extravasatiorihese monocytes can undergo
differentiation into either d&dritic cells or macrophages, although the exact mechanisms by which
the differentiation pathways is determined remains undlgakibzick et al., 201} However,
some additional characterization of atypical monocyte populations as well as of monocytes
persisting for extended periods in tissue niches have suggested additional complexity in monocyte

heterogeneityHoeffel & Ginhoux, 2018J. D. Lin et al., 2010

1.3.3Mechanisms ofAltered M acrophagePhenotypic Regulationin Response tdiverse

Microenvironmental Cues

After monocytes extravasate into a tissue nithey differentiate into macrophages whose
phenotype and function will be determined by the local tissue microenviror{iMestfel &
Ginhoux, 2018van de Laar et al., 20L6While the exact mechanisms by which specific tissue
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niches alter macrophaggnetic expression remain to be fully elucidated, several studies have
been performed that have demonstrated a robust microenvironmental responsivity of naive
macrophage populatiorfgan de Laar et al., 2018n a study examining the ability of various
monocyte and macrophage populations épopulatean experimentally depleted alveolar
macrophage niche, it was observed thdespite exhibiting significantly different initial gene
expression profiles yolk sacderived macrophages, fetal liver monocytes, or bone marrow
monocytes transplanted into an empty alveolar niche all took on a phersoty&r tothat of

control alveolar macrophagégn de Laar et al., 201.6Thus, given the numerous compositional

and biomechanical changes which occur in both aging and pathologically remodeling tissue sites,
understanding the mechanisms by which naiverapmages integrate microenvironmental stimuli

to acquire a tissue specific phenotype presents an interesting therapeutic target for treatment of a

variety of pathophysiologies.

1.3.3.1Macrophage PhenotypeCan Be Better Understood as aSpectrum of Polarization
States

In order to better understand how different gene expression pattelnse altered
macrophage function within a given tissue site, a classification system of macrophage phenotype
was developed to helgegment functionally different macrophages withigiven tissuelhese
phenotypes were initially derived from experimental treatment of naive macrophage populations
with either bacterial lipopolysaccharide (LPS) and Th1l cytokine interferongammg(0FN or T h 2
cytokine interleukind (IL-4) (B. N. Brown, Haschak, Lopresti, & Stahl, 2QMills, Kincaid, Alt,
Heilman,& Hill, 2000; P. J. Murray et al., 20}4Polarization states induced by treatment with
LPS and IFNy -whi ch were termed *“ M1~ pyo | saercirzeattii oonn e

associated withype | immune responseswere found to be associated wipho-inflammatory
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cytokine secretion, radical oxidant productiarginine metabolism through inducible nitoxide
synthase metabolic pathwagsid monocyte chemoattractant secrefrN. Brown et al., 2017
Mills et al., 2000. Pro-inflammatory cytokines produced by M1 macrophage populations include
tumor necrosis factor alpha (TNF) I ndL r-L UK I nna(lk-6),intedekikindb?
(IL-12) and are generallysaociated with activation of additional immune cell subsess
expected feature of an immune response largely intended to clear patbogejury induced
tissue damagéB. N. Brown et al., 201y, This functional enhancement of inflammation, which is
characteristic of canonical M1 macrophages, can also be observed in the profile of chemoattractant
cues secreted by these céBsN. Brown et al., 201)7 M1 macrophage populations tend to secrete
chemoattractant proteins such asCCmotif chemokine ligand 2 (CCL2/Mep (monocyte
chemoattractant proteih)) or CCL5, which function to recrudditional Ly6C' monocyteghat
can subsequently differentiate into dendritic cells or macrophages to enhance the tissue immune
responsé€B. N. Brown et al., 201, Sica, Erreni, Allavena, & Porta, 201L5

Treatment withtype Il immune response associatedliL (t er med “ M2” pol ar
found to be associated with increased production of inomadulatory cytokines such as-10,
increased secretion of extracellular matrix modulatory enzymetgbolism darginine through
arginase enzymatic pathwaysd enhanced growth factor signalifigy N. Brown et al., 2017
Mills et al., 2000. M2 macrophages tend to function in an immunomodulatory manner which can
serve to help attenuate inflammation following M1 macrophage polarization and clearance of
tissue damage or pathogefB. N. Brown et al., 2017 The secretion of matrix adulatory
enzymes- such asmatrix metalloproteas2 (MMP-2), matrix metalloproteas@ (MMP-9), or
tissue inhibitor of metalloproteade(TIMP-1)—also suggests a functional role of M2 macrophage

subsets with the tissue resolution response following the clearance of dassageated or
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pathogerassociated proteins from the local microenvironngBntN. Brown et al., 2007 M2
macrophages have also been shown to enhanceTGFs i gnal i ng, wilvatec h c an
fibroblast populations and induce further matrix production and remod@ing. Brown et al.,

2017).

While these classification systems present interesting demonstrations of macrophage
phenotypic plasticity, their value has been in their applicability to a variety of disease pathologies
as well as in the mammalian host respondeidmaterial implargin vivo (B. N. Brown et al.,

2017. Chronic preinflammatorymacrophage polarization has been characterized in numerous
autoimmune pathophysiologieacluding inflammatory bowel disease, rheuwid arthritis,
diabetes, and systemic lupus erythematdqguses, Rios, Escobafera, & Kalergis, 2018
Lumeng, Bodzin, & Saltiel, 20Q7riantafyllopoulou et al., 20t&hu et al., 2014 Macrophage
polarizationsurrounding a biomaterial following implant has also been shown to correlate with
the long term tissue remodeling respor{8 N. Brown et al., 2017 In general, chronic
macrophage polarization towards M1 phenotyp@s noted to bassociated with decreased
biomateriattissue integration, increased fibrotic matrix deposition in the regroximal to the
implant, and increased infiltration of additional immune and fibroblast cell populations to the local
microenvironmen(B. N. Brown et al., 2017B. N. Brown, Ratner, Goodman, Amar, & Badylak,
2012.

Conversely, biomaterial implants which exhibited better functional integration within the
implant site were found to be associated with timely shifts from M1 macrophage polarization to
M2 macrophage polarization states. This phenotypio/emion, which will generally occur
following the first few days of the initial inflammatory response, has been shown to be important

for tissue remodeling and stabilization in the tisbimmaterial interfacing regions.
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Mechanistically, this can likely battributed to the increased secretion of matrix modulatory
enzymes, increased T si gnal i ng, and i ncreased ornith
metabolism which together serve to stabilize the remodeling collagen at the biomdissie
interface(B. N. Brown et al., 201,7B. N. Brown et al., 202). Promoting phenotypic shifts in
macrophage populations from M1 to M2 polarizations has also been demonstrated to correlate
with improved disease state in several autoimmune dipadiselogy modelg§Funes et al., 2018
Increasinghe relative ratio of M2 to M1 polarized macrophages by M2 macrophage transference
has been shown to improve outcomes in murine colitis m@tkalsbhai et al., 201;6Zhu et al.,
2014. Additionally, similar improvements in disease pathophysiology has been observed
following M2 macrophage transference in murine models of systemic lupus and d{fheies
etal., 2018

Several important considerations must be discussed when applying this system of
macrophage classificationitovivomacrophage function. The firstimportant consideration is that
while macrophage polarization is defined as a spectrum of extremempeati-inflammatory
phenotypic extremes, macrophage polarizationis often not observed to completely replicate these
characterizeth vitro phenotype vivo, but rather macrophages often exhibit expression of both
some Mlassociated and Massociated protegxpressiomn vivo(B. N. Brown et al., 201, Peter
J. Murray, 201Y. Additionally, it is important to note that macrophage polarization is not a
constant in tim¢Peter J. Muray, 2017. Macrophage polarizationis highly dynamic in response
to changing microenvironmental conditions or extracellular cytokine concentrdfetsr J.
Murray, 2017 P. J. Murray et al., 20}4 Consequentlymnacrophages which extravasate and
differentiate within a tissue microenvironment can often exhibit several unique phenotypes over

the time course of pathogen or damage clearance and tissue repair. Thus, itisimportant to consider
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that single timepoint dracterization of macrophage polarization dynamics may not fully
recapitulate the macrophage response to pathogen or tissue damage. Additionally, while
macrophage polarization states can provide important referential insight regarding macrophage
functionalty within a given tissue microenvironment; phenotypic characterization of macrophage
within a given tissue microenvironment does not always provide functional insight about a given

tissue(Peter J. Murray, 2037

1.3.3.2Cytokine and I nterleukin-mediatedM echanisms oM acrophagePolarization

As previously discussed, macrophage M1 -imftammatory and M2, antinflammatory
polarization states were characterized based upontro stimulation with cytokines or TLR
agonist ligands to mimic the conditions present during a type | or type Il imnesponséMills
et al., 2000 Peter J. Murray, 201P. J. Murray et al., 20)J4M1 macrophag polarization was
characterized in response to treatment with type | immune respgsseiated-tell cytokine
interferony  (-Y J Na Hikk receptor hgonistlipopolysaccharide (LPS). M2 polarization states
were characterized in responseitovitro culture treatment with type Il immune response
associatedtell cytokine interleukird (IL-4). In addition to these canonical polarization inducing
stimuli, some addition polarization responses to various proanttinflammatory response
associated cgkines hae been characterized. M1 macrophage polarization has been observed in
response to inflammatieassociated cytokine tumor necrosis factoralpha (GNF. Addi t i on a
M2 macrophage polarization states have been observed in response to interiikih3).

Macrophages cultured vitro have also been shown to exhibit some altered morphologies
in response to cytokine or pathogassociated stimu(Patel et al., 2012 It was observed that
macrophages exhibited a significant change in morphology following treatment with bacterial LPS

(Patel et al., 2002 This morphological change was characterized by an increase in cell area and
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an increase in the number of filipodia observed on cultured macroptates et al., 20121In
addition to thesealtered morphological angolarization responses to canonical cytokine or
pathogen ligand sensing, macrophages can also exhibit robust polariahlbemmig exposure to

various microenvironmental stimuli.

1.3.3.3Damage and PathogenassociatedM olecular Pattern Receptor M ediated
M echanisms oM acrophagePolarization

Given the role that chronic M1 macrophage signaling has in promoting disease
pathogenesis @ahpoor biomaterial tissue integration, understanding the mechanisms by which
macrophages integrate local microenvironmental stimuli to induce a polarization state can provide
important therapeutic opportunities for diseases characterized by chroniaflaramatory
macrophage activation. Additionally, understanding the mechanisms by which macrophage
polarizationis induced can help develop important principles which can be applied to biomaterial
design and fabrication to promote enhanced functional tissegration following implant.

Macrophagesan sense local microenvironmental stimuli through a variety of surface
receptor mediated pathwayZatterarecognition receptors (PRRs) are a clagmefmbrane bound
receptor proteins which macrophages expreas iticognize @mage and pathogesassociated
molecular patternEAMPs/PAMPS)(Akira, Uematsu, & Takeuchi, 200®. N. Brown et al.,
2017. The Tolklike receptor (TLR) familyis one suclgroup of PRRs which are essential for a
variety of immune celinediated processes.

The TLR family of PRRs, of which 12 constitutive TLR proteins have been characterized
in mammalsis a family of transmembrane glycoproteins characterized by extracedlhaains
with leucine rich repeats and cytoplasmic domains exhibiting a structural homology similar to that

of the interleukirl B r e (Akerget ab.,r2006Bowie & O'Neill, 200Q. TLR glycoproteins can
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also be further subdivided based upon the type of pathogen associated ligand which the TLR binds.
For example, TLR1, 2, and 6 lipathogerassociated lipids while TLR7, 8, and 9 bind pathegen
associated nucleic acid sequen@sdra et al., 2005 However, not all TLR family glycoproteins
can be grouped based solely on class of the ligands wWieglbind. TLR! has been shown to bind
a variety of ligands including fibronectin, heat shock proteins, or lipopolysaccliAkide et al.,
2006. TLR family glycoprotein expression has been characterized in a variety of both immune
and norimmune cell populations, including in macrophage, dendritic cell, fibroblast and
endothelial cell population@kira et al., 2005 TLR expression is also not uniform but rather
experiences dynamic upregulation during periods of infection, tissue damage, or organismal stress
(Akira et al., 2005 Additionally, there exists some variability in TLR expression within cell
populations, with certain TLR glycoproteins often being expressed on the cell surface (TLR1, 2,
4, and 6) while others have been noted to be primarily expressed intracellularly (TLR 3, 7, 8, and
9) (Akira et al., 200%.

TLR signal tansduction begins with ligand bindirrgceptor dimerizatiomnd recruitment
of adaptor proteins to theytoplasmic domain, such as myeloid differentiation factor (MyD88)
which can then lead to inflammasome formation, activation, and furthemflfaosnmatory
cytokine secretiofAkira et al., 2006B. N. Brown et al., 201)7 Many other adaptor proteins in
addition to MyD88 have been characterized within the mechanism of TLR signal transduction
and it has been hypothesized thaing of the differential responsivity observed following TLR
stimulation may be partially attributable to differential recruitment of adaptor prai&kns et
al., 2006. Adaptor protein assembly can then alter the activity ofkNBand MAP kinases,

inducing increased prmflammatory gene expression and cytokine secrdiira et al., 2005.
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In addition to TLR glycoproteins which are bound within the cell surface membrane or
within the membranes of intracellular endosomal compartments, cytoplasmic pattern recognition
receptors classified as either NQQRR proteins or CAREhelicase proteins andxhibit a
specificity towards bacterial and viral components, respect{¥dya et al., 200%. NOD-LRR
proteins are composed of several functional domains including leucine rich repeat domains,
nucleotide oligomerization domainsna signal initiation domains, such as CARD or Pyrin
domaingAkira et al., 2005 NOD-LRR proteins can induce inflammatory function in response to
bacterial ligand binding through either directtdFB  a ct i v at iFlonediatedm-ICE[E pas e
cleavagdAkira et al., 2005

CARD-helicase proteins are another group of cytoplasmic PRRs expressed within a variety
of cell types which can induce TERdependent Type | immune responses to viral cytosolic
nucleic acids(Akira et al., 2005 Retinoicacidinducible protein 1 (RI&G) and melanoma
differentiation associated gene 5 (MDAS) &n® such cytoplasmic double stranded DEénsing
receptors(Akira et al., 2005 While someevidence exists to suggest that viral replication
mechanism and route of entry may play in role in dictating whether the viral replication triggers
TLR3 or RIG1/MDAS5 activation, clear mechanisms of receptor activation following viral ligand
binding reman to be elucidated. Additionally, further work will be necessary to determine if cell

type has any impact on cytosolic viral replication sensing mechaf#gana et al., 2005

1.3.3.4Extracellular Matrix -mediatedM echanisms ofM acrophagePolarization

In addition to receptors which bind pathoggssociated molecular patterns, macrophages
also express receptors which are able to bind darasgeciated molecular patterns (DAMPS)
which function to induce phagocytosis and tissue remodelingnssg in macrophage populations

when tissue injurpeeds to be cleared and remodeled to restore fur{@&idh Brown et al., 2017
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Numerous DAMPs are generated during tissue injury omdyperiods of stress, including heat
shock proteins (HSPs), high mobility group box 1 protein (HMGB1), mitochondrial components,
or extracellular matrix fragmenfRauwels, Trost, Beyaert, & Hoffmann, 2Q1Cellular responses
to this diverse array of ligands is often mediated through pattern recogmitiptorsincluding
some of the previously described TLR famsdignaling pathwaygPauwels et al., 20}71In
addition to these damagessociated proteins released into the extracellular space following tissue
injury, matrix degradation productsesultant of either tissue traumaemzyme mediated matrix
protein cleavage such as by MMPor MMP-9 — can also be released into the extracellular
microenvironment. These matrix fragments can in turn promote altered cellular adhesion,
migration, and polarization dynamicsin a given microenvironrfigmtd & Thomas, 201)7

While some characterizatiarf the bioactivity of various matrix protein fragments has been
performed, a complete characterization has proven difficult due to the vast number of fragments
which can be generated following enzymatic cleavage as weiedarge heterogeneity of matrix
proteins present within any given tissue. However, some matrikine signaling mechanisms which
have been elucidated in macrophages can help one understand how macrophage behavior may be
altered in response to matrix protéitagment binding to various macrophage surface receptors
(Boyd & Thomas, 201)7

One such matrix protein fragment which can influence innate immune cell behavior is a
result of elastin protein cleavage by MMR (Boyd & Thomas, 201;Brassart et al., 20Q0$enior
et al., 198. Following cleavage by MMR2, an elastin peptide fragment with a six aoacid
sequence VGVAPGs generatedBoyd & Thomas, 201)/ This fragment has been shown to
function as a chemoattractant for monocyte and fibroblast cell populations as well as to function

as an inducer of greased matrix metalloprotease secretion in fibroblast and endothelial cell
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populationdBoyd & Thomas, 201;7Brassart et al., 200Benior et al., 1984 This VGVAPG
elastin fragment has also been implicated as an important mediator of the chronic macrophage
accumulation in pulmonary tissue in nmei models of emphysen(&autamaki, Kobayashi,
Senior, & Shapiro, 199 Houghton et al., 2006

Collagen peptide fragments have also been demonstrated to have bioactivity within innate
immune cell populations. Collagen peptides containing a prglipene-proline (PGP}equence
has been shown to function as a chemoattragbanticularly for neutrophil§Pfister & Haddox,
1996. Believedto result following collagen protein cleavage by MMRnd MMR9, collagen
PGP peptides are believed to function mechanistically at least partially through a shared structural
homology with other neutrophil chemoattractant cytokines, such & @XCL1, or CXCL2
(Gaggar et al., 2008These results demonstrating a robust PGP fragment mediated neutrophil
efflux were also observed in human cystic fibrosis bronslemdar lavage samplé&aggar et al.,
2008. Additional murine models further demonstrated that M&)RMMP-9, and serine protease
cleavage of collagen peptides generates PGP sequanesand generation of these sequences
IS associated with neutrophil accumulation characteristic of cystiodibrpulmonary tissue
microenvironment@Gaggar et al., 2008

Collagen C-terminal prepeptide cleavage fragments have also been suggested to
potentially functon as modulators of the fibroblastediated wound healing resporieadsey et
al., 2015. CollagenC-terminal prepeptide fragments were found to have a acgyhtective effect
following myocardial infarction through a promotion of reactive scarring and angiogenesis
following infarction (Lindsey et al., 2016 CollagenC-terminal prepeptides have also been

suggested to have some chemoattractant functionality in endothelial cell populations; a
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functionality which was hypothesized to partially contribute to the observed cardioprotective
effects observed followig myocardial infarctiofKisling et al., 2019Lindsey et al., 20156

Collagen IV degradation products have also been shown to possess various importan
matricell ul ar funct i on-ehhimttimerswHxhanstitde collageniM, hr e e
numerous peptide fragments could result following protein degradation. However, to date only six
bioactive collagen IMerived peptide fragments all dev e d  fclham moroollagenous
domains have been identifiédisling et al., 2019. Arresten, lane hasbeert hai n
shown to exhibit antiangiogenic functiRicardBlum & Vallet,2013j. Canst at iGa, an a
terminal prepeptide cleavage product, has been shown to promote epithelial cell proliferation and
function as a fibroblast chemoattractéi€isling et al., 2019 RicardBlum & Vallet, 2017.

Similarly, other collagen IV matrikines have been demonstrated to inhibit angiogandsifter
fibroblast proliferation or migation(Kisling et al., 201%.

Additional matrix protein fragments have been demonstrated to possess innate immune cell
bioactivity, however the mechanisms by which innate immunebgitsand induce altered gene
expression are not fully clear. Hyaluronan protein degradation fragments have been demonstrated
to alter immune cell functiofUiang, Liang, & Noble, 2091 Hyaluronan fragments can result
following either hyaluronidase upregulation or as a consequence of increased radical oxidant
concentrations within a tissue microenvironmghang et al., 2071 Additionally, hyaluronan
fragment signaling can be inhibited through extracellular superoxide dismutase secretion through
direct superoxide dismutase hyaluronan fragment bin@ag et al., 2008 Hyaluronan can also
be enzymatically degraded into a variety of degradation products varying greatly in protein
molecular weight(Jiang et al., 20D1 Interestingly, there also appears to be some altered

bioactivity between high and low molecular weight hyaluronan prétagments. Low molecular
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weight hyaluronan protein has been shown to increasénfleanmatory cytokine production,
chemokine secretion, secretion of matrix metalloproteases, and production of antifibrinolytic
factors such as PAlL (Horton et al., 1998Horton et al., 2000Horton, Olman, & Noble, 1999
Horton, Shapiro, Bao, Lowenstein, & Noble, 1998ang et al., 201MMcKee et al., 1991 This
modulation of macrophage activity was also observed more prominently in infiltrating, bone
marrowderived macrophage populations than in resident macrophage sitseége Dufour et

al., 1997 Jiang et al., 201). This altered macrophage function has been shown to be partially
mediated through hyaluronan proteindiimy to either TLR family proteins or to CD44 surface
receptorsproviding some functional overlap in macrophage microenvironmental stimuli sensing

mechanisms for PAMPS, DAMPS, or matrikir{@®yd & Thomas, 201 Jiang et al., 2001

1.3.3.5The Impacts of Altered TissueBiomechanicson MacrophagePolarization

As previously discussed, macrophageapi@ation dynamics in the weeks following
biomaterial implant can have a significant impact on either promoting the functional integration
of the biomaterial into the tissue microenvironment or promoting chronic inflammatory processes
which inhibit biomateal function and integratio(B. N. Brown et al., 201,/McWhorter, Davis,
& Liu, 2015). In general, beneficial immune responses following biomaterial implant are
characteried by an initial pranflammatory macrophage polarization followed by a timely
phenotypic conversion to more Mike phenotypegB. N. Brown et al., 201)7 Thus, many
biomaterial studies W& sought to develop materials which are able to attenuate chronic
inflammatory processes and promote timely conversion of macrophages to M2 polarization states
(McWhorter et al., 2016

These studies have eluctdd several significant featurethe macrophage response to

differing culture substrate mechanics or topological feat@ks\Whorter et al., 2016 When
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examining the macrophage phenotypic response to materfate roughness, it was observed
that macrophages exhibitedcreasedpro-inflammatory cytokine secretion when cultured on
materials with rough surfaces relative to smooth surface materials; an effect which was particularly
pronounced when also culturedthe presence of priaflammatorypolarizingcytokines(Refai,
Textor, Brunette, & Waterfield, 2004Interestingly, this response also seemed to exhibit some
temporal dependence, with surface roughttegzendent effects being observable following 24 or
48 hours in culture but not at timeipts before 24 hour@Refai et al., 2004

Material surface topology has also been shown to have some influence on the migratory
behavior, phagocytic capacity, and pndlammatory cytokine secretion of cultured macrophages
(McWhorter et al., 2016 Macroplages cultured on porous, electrospun flollactic) (PLA)
scaffolds were shown to exhibit an attenuated inflammatory response relative to macrophages
cultured on flaPLA sheetgGarg, Pullen, Oskeritzian, Rya&,Bowlin, 2013. This macrophage
phenotypt response was also supportedrbyivo host response data demonstrating an increased
fibrotic capsule formation following implant of polymer films while porous materials exhibited
reduced fibrotic matrix depositidi€ao, McHugh, Chew, & Anderson, 201@dditionally, the
scaffoldfiber diameter was found to have a significant impact on macrophage polarization, with
thicker fibers generally promoting increased-prlammatory macrophage polarization relative
to scaffoldscomposed of thinner diameter fibéf3arg et al., 201,3Sanders, Bale, & Neumann,
2002.

Macrophages have also demonstrated an altered migratory behavior and polarization
response following culture on eithedZmensional or &limensional material®cWhorter et al.,
2015. It was observed that macrophage culture edinensional hydrogels promoted M1

macrophage polarization and pirdlammatory cytokine secretiomhile macrophage culture on
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3-dimensional, nanofibrous hydrogeltenuéed M1 macrophage polarizati¢Bartneck et al.,
2012. The 3dimensional architecture of the culture microenvironment was also observed to have
a significantimpact on macrophage mechanism of migré¥an Goethem, Poincloux, Gauffre,
MaridonneadParini, & Le Cabec, 20)0Macrophages can migrate in response to chemotactic or
haptotactic gradients using either amoeboid or mesenchymal migratdmnpmengGuiet et al.,
2011 McWhorter et al., 2006When cultured on dense collagenous matrices, it was observed that
macrophage primarilysed mesenchymal migration mechanig@giet et al., 2011 Conversely,
macrophage culture on less densely concentrated, more fibrillar collagen matrices was found to
promote amoeboid migratory behav{@uiet et al., 201)1

Macrophages have also been shown to exhibit altered phenotypic and functional responses
to differing mechanical conditiorfcWhorter et al., 2015 Macrophages have been shown to be
responsive to both cyclic anstatic mechanical stretctiBallotta, DriessefMol, Bouten, &
Baalijens, 2014Kurata et al., 2001Pugin et al., 1998Wehner et al., 2090 Cyclic stretch has
been shown to upregatie the bone resorption functionality of osteoclasts, the resident macrophage
of bonetissue microenvironmen{&urata et al., 2001 Cyclic stretch has also been shown to be
associated with increased pirdlammatory cytokine secretion in cultured cnaphage
populations, particularly when emultured in the presence of Thl cytokiriPsigin et al., 1998
Cyclic stretch can also alter expression of matrix modulatory enzyswes as MMP9 or TIMP1
(Pugin et al., 1998yang, Sakamoto, Xu, & Lee, 20pMAdditionally, the degree of stretch to
which cultured macrophages are subjected has been shown to induce biphasic macrophage
polarization responsg®allotta et al., 2014 In this model, it was observed that macrophage
culture undemmoderate stretch conditions was associated with an increased ratio of M2/M1

macrophage@Ballotta et al., 2014 However,macrophage culture under high stretch conditions
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resulted inreduced M2/M1 macrophage rati@allotta et al., 2014 This biphasic polarization
response suggests there may be an optimal range of tissumdgbn for promoting alternative
macrophage activation, and tissue stretch beyond this homeostatic range induces chronic
inflammatory macrophage polarizati(@allotta et al., 201:4McWhorter et al., 20156

In addition to this macrophage polarization response observed following differing cyclic
or static stretch conditions, macrophages have also been shosuhitot altered migratory
behavior, phenotypic polarization, and functional capacity following culture in microenvironments
of varying mechanical stiffnes§Adlerz, ArandaEspinoza, & Hayenga, 2016Blakney,
Swartzlander, & Bryant, 201McWhorter et al., 2015Patel et al., 20LZrevitera & Sengupta,
2015 Sridharan, Cavanagh, Cameron, Kelly, & O'Brien, 200crophages have been observed
to preferentially adhere to materials of increased mechanicéhesg(Irwin et al., 2008.
Additionally, an increased secretion of grdlammatory cytokines was noted following
macrophage culture in the presence of bacterial LPS on highly stiffened (~840kPa) substrates
relative to less stiff (~130kPa) culture grou@akney et al., 2012 Subcutaneous implant of
highly stiffened hydrogels was also found to be associated with an enhanced host response and
increased fibrotic capsule formation relative to less stiff hydrogel imfiBakney et al., 2012

The stiffness of the material upon which macrophages were cultured was also demtbnstra
to have a significant impact on theigration velocity of cultured macrophages, with highly
stiffened substrates reducing macrophage migratory velocity relative to culture groups of low or
moderate stiffnesSridharan et al., 20)9This reduction in migratory vebity in macrophages
cultured on high stiffness substrates was observed to correlate with a large upregulation in
intracellular adhesion molecule (ICA¥) (Sridharan et al., 20)9Macrophage morphology was

also noted to exhibit signdant alterations between low stiffness and high stiffness culture groups,
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with high stiffness macrophage culture generally being observed to promote more spread
macrophage morphologies characterized by increased cellular adhesio(Sarelaaran et al.,

2019. Mechanstically, these observed differences can be likely attributed to differing migratory
mechanisms employed by macrophages cultured on either low stiffness or high stiffness substrates.
In low stiffness substrate macrophage culture, macrophages were obseextubit amoeboid
migratory behavior with limited podosome formation and reduced matrix metalloprotease
expressior{Sridharan et al., 20)9Conversely, high stiffness substrate macrophage culture was
observed to promote podosome formation and increased matrix medétiage expressiertwo
characteristic features of mesenchymal macrophage migratory bef@nttivaran et al., 20}9

This result demonstrates the ability of macrophages to not only alter their migratory behavior in
response to varying matrix architecture, but alsagegsponse to varying microenvironmental

mechanical propertig€Sridharan et al., 201¥an Goethem et al., 201.0

1.4 Cardiovascular TissueResidentM acrophages

The cardiovascular tissue microenvironment undergoes significant compositional change
both throughout development and perinatal periods as wehrasghout adulthood and with
increasing age. These compositional changjest occur in aged individuglsgenerally
characterized by a robust accumulation of fibrillar collagen subtypes, alter tissue biomechanics
and reduce the ability of the heart to €étion properly or without additional compensatory
remodeling, such as cardiomyocyte hypertrofghiyen the role that the constitutive proteins of
the cardiovascular system have in altering resident cell functionality as well as the pleiotropic

mechanismshirough which resident cardiac cell subsets can sense altered tissue biomechanics,
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understanding the mechanisms by which the changing cardiac microenvironment promotes
dysregulation of proper cardiac cell homeostatic function presents an interesting uherape
intervention opportunity to attenuate the agtated risk of cardiovascular disease acquisition.
Additionally, given the role that resident macrophage subsets have been shown to play in
facilitating tissue development and maintaining homeostasisngluaidulthood in various
mammalian organ systems, understanding the ontogeny and function of any cardiac resident
macrophage subsets may provide previously unknown targets for pharmacological intervention to

attenuate any macrophageediated component of miovascular disease.

1.4.1Cardiac TissueResidentM acrophageOntogeny andSeeding of theDeveloping

Cardiovascular TissueMicroenvironment

Macrophage seeding of the cardiovascular system begins during embryogenesis during the
period of macrophage differentian from multipotent erythromyeloid progenitor ceits the
mammalian extraembryonic yolk séEpelman et al., 20)4Macrophage colonization of cardiac
tissue is first visible at E9.5 in the developing murine emi§Bmelman et al., 2034Lineage
tracing studies have demonstrated this first wave of macrophages which colonize the developing
cardiac tissue during this time are ded¥eom a norhematopoietic stem cell precursor, however
it was unclear whether this was a result of macrophage differentiation from early or late wave
erythromyeloid progenitor cel(&pelman et al., 20)4These macrophages were shown to exhibit
some of the canonicaliface marker expression patterns characteristic of yolk sac hematopoiesis
derived macrophage subsets, including high amounts of general macrophage méRer F4
expression, low CD11b expression, and a robust expression of fractalkine receptor CX3CR1
(Epelman et al., 2024 The next wave of cardiac tissue colonization by macrophages occurs from
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E12.5E16.5 in the developing murine embryo and are primarily derived from fetal liver
monocytegEpelman et al., 2034These macrophages tend to exhibit surface marker expression
patternscharacteristic of fetal monocytic origin, including high CD11b expression levels, low
F4/80+ expression, and low CX3CR1 expression leyg[gelman et al., 2034 Additionally, it

was shown that both of these macrophage populations which colonize the devedogiagtissue

are able to persist into adulthood within the cardiac tissue microenvironment through self
proliferation independent of any bone marrderived macrophage replacemé@gpelman et al.,

2014. However, it was also noted that in periods of stress or faligwesident macrophage
depletion bone marrow monocyte extravasation and differentiation into cardiac resident
macrophages has been obserfigaelman et al., 20)4Further lineage tracing studies within the
developing cardiac tissugave providedadditional indicatiorthat tissue resident macrophage
seeding within a given organ is largely a function of tissue niche availability, the mechanisms by
which hematopoietic cells are derived at that time, and the tissue microenvironment in which the

hematopoiesisis occurriff§pelman et al., 2034

1.4.2Differences inl nflammasomeActivation BetweenDevelopmentallyDistinct Cardiac

ResidentM acrophagePopulations

In addition to the unique temporal waves of cardiac tissue maagyeeeding during
embryogenesis and throughout an organism’ s |
unique hematopoietic cell progenitors exhibit differential gene expression patterns which suggest
differing functional capacities for these vamssubsets. When comparing cardiac tissue resident
macrophages derived from embryological progenitors to cardiac tissue resident macrophages
derived from bone marrow monocytes, embryological progenitor derived macrophages tend to
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exhibit an attenuated ratation of genes associated with inflammasome activation following TLR
agonism and exhibit an upregulation of genes associated with antigen presentaticoedind T
activation relative to bone marrow monocyte derived macroph&petman et al., 2034 This
suggests thabone marrow monocyte derived cardiac macrophage subsets are more likely to
promote preinflammatory cytokine secretion and inflammasome activation following PAMP,
DAMP, or matrikine stimulation of macrophage surface receptor protensh as those ohé

TLR family.

1.4.3The Diverse Function of Various DevelopmentallyDistinct M acrophagePopulations

In addition to unique developmental origins, tissue resident cardiac macrophages exhibit
unique patterns of gene expression which allow them to facilitate homeostatic cardiac function as
well as coordinate various cellular responses during periods ofcastiess or tissue remodeling

(Epelman et al., 2034

1.4.3.1Cardiac TissueResidentM acrophagesPlay an I mportant Role in Facilitating
Electrical Conduction BetweenCardiomyocytes

While cardiac resident macrophages had been observed in developing embryological
cardiac tissa as well as within the left ventricle in adults, the distribution of these cells across
other regions of the myocardium was unknown. Given the robust nature of CX3CR1 expression
in cardiac resident macrophages, a study by Hulsman et. al. using C>@ERitansgenic mice
was able to identify resident macrophages based on GFP expression and demonstrated a previously
unrecognized heterogeneity in cardiac resident macrophage distrifidtiemans et al., 20}7

In particular, a large population of spindle shaped macrophages expressing GFP were observed
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within the AV bundle of murine cardiac tissue and often interspersed with HQBessg
cardiomyocytegHulsmans et al., 20)7When the relative density of magmhages per tissue
region was analyzed, it was observed that the AV bundle exhibited a greater macrophage density
than the LV free wall tissue regiorfglulsmans et al., 20)7 Parabiosis studies of resident
macrophage repopulation during periods of adult homeostatic cardiac function demonstrated a
minimal repopulation by circulating monocytierived progenitor cells in both the AV lile and
the LV free wall, further demonstrating the tendency of cardiac resident macrophages to self
proliferate once resident in the cardiac tissue microenvironment rather than be constantly
repopulated by bone marreserived monocyte differentiation, abserved in the gut for example
(Hulsmans et al., 20}7

Characterization of connexin protein expression revealed an increagesssrn of
connexin43 protein in cardiac resident macrophage populations not only in the AV bundle but
also in the RV or LV tissue microenvironment; an upregulation which was not observigbin
tissue resident macrophages such as those derivedlieoperitoneunfHulsmanset al., 2017.
Connexin proteins facilitate intercelarcommunication and play an important role in connecting
various cellpopulations which need to function in a concerted manner to properly transduce a
given signal, such as in the case of cardiac electrical signal conduction. Interestingly, it was
observed that cardiac macrophages inthe AV bundle often exhibited sevatabpoontact with
AV bundle cardiomyocytes with connex#8 proteins mediating intercellular communication
between these cardiac resident cell tyjprdsmans et al., 207

In order to better understand the functional consequences of the observed cdBnexin
mediated cardiomyocyte and cardiac resident macrophage intercellular communication, patch

clampingin vitro co-culture studis of macrophage and cardiomyocyte populations was performed
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(Hulsmans et al., 20)7A rhythmic depolarization was observed in appmately one quarter of
cultured macrophages which was noted to be reminiscent of rhythmic depolarization dynamicsin
sinus rhythm cardiomyocyte electrical conductiBmlsmans et al., 20)7Macrophages in which

these depolarization dynamics were observed were also noted to exhibit greater coretaied
interaction with cultured cardiomyocytes and a reduced resting membramgigbtelative to
nonrhythmically depolarizing macrophage@Hulsmans et al., 20}7 Functionally, cardiac
macrophage connexin interactions with cardiomyocytes were demonstrated to increase
cardiomyocyte cell resting membrane tg@atial (Hulsmans etal., 2017. Additionally,
pharmacological inhibition of connexin gap junction formation was shown to decrease
cardiomyocyte resting membrane potentillsmans et al., 20}7In vivodeletion of connexin

43 in macrophage populations alsaused significantly delayed AV electrical signal conduction
(Hulsmans et al., 20}7 Furthermore, depletion of the #&btcardiac resident macrophage
population was shown to induce AV block in mi¢tulsmans et al., 20)7These results taken
togethe demonstrate the importance of cardiac resident macrophage populations in facilitating
cardiomyocyte electrical signal conduction through a connégigap junction mediated increase

in the resting membrane potential of cardiomyocyte cell membranasn allowing for easier

cell membrane depolarization and signal conduction. Additionally, these results demonstrate how
loss of this homeostatically important macrophage population or reduced codegnotein

expression can induce electrical signal cartotun faults and induce cardiac dysfunction.
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1.4.3.2 Cardiac TissueResidentM acrophageSubsetsFacilitate Differing Cardiac
RemodelingResponsedVith Varying Degrees ofFunctional RecoveryFollowing
Myocardial I nfarction

In addition to the important homeostdtinction resident macrophages have in facilitating
proper cardiomyocyte membrane depolarization during AV node electrical signal conduction,
resident macrophage populations have also been demonstrated to have an important role in
regulating the cardiacgsue remodeling response following myocardial infarctimaddition to
being important for any tissue remodeling response following infarction, ontogenically distinct
cardiac resident macrophage populations have been shown to produce different remodeling
responses following infarction, which in turn results in differing degrees of functional recovery
(Lavine et al., 2014

The importance of tissue resident macrophage populatiwnsardiac remodeling and
functional reovery was first noted when studying the neonatal cardiovascular remodeling
response to myocardial infarction. In mammalian neonates, apical resection of left ventricular
tissue can be regenerated and function can be recovered if the apical resectfomsepdrefore
the terminal cardiomyocyte divisipwhich occurs several days postnatéRprrello et al., 2011
Interestingly, in addition to displaying a reliance on the ability of -tewminally divided
cardiomyocytes to proliferate following infarction during early postnatal time periods, neonatal
cardiac tissue regeneration was also shown to have a partial reliance on tissue residence
macrophage mediated angiogenesis promoted through macrophage seofetascular
endothelial growth factor (VEGF) and other fngiogenic factorGAuroraet al., 2014Lavine et

al., 2013.
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In adult mammals, cardiac tissue regeneration following myocardial infarction is not
possible due to the limited number of mitotically capable cardiomyocytes within the adult
myocardium relative to the large number of cardiomyes lost to either necrosis apoptosis
during the hypoxic period following coronary vessel occlusion. In cases where the coronary vessel
occlusion is resolved and hypoxic cardiac tissue experiences reperfusion, some cardiac tissue
function can be rested depending on the tissue remodeling response which occurs following the
infarction. In addition to fibroblast cell populations, resident cardiac macrophages have been
shown to play an important role in the regulation of this remodeling resfDitdeet al., 2019
Lavine et al., 2014

Active tissue remodeling in the peistfarctionreperfusion myocardium typically occurs
in the border regions between the fibrillar collagen matsixich forms inthe hypoxic region
where cardiomyocyte necrosig|s ocurred,and the healthy myocardium. While the dense
collagen scar which forms in the region of cardiomyocyte death following infarotjoerfusion
Is essential for preventing left ventricular wall rupture due to the loss of cardiomyocyte mediated
wall tersion, further expansion of this fibrillar collagen matrix deposition into healthy myocardium
in regions proximal to the collagen scar can determine the extent to which cardiac function is
partially recovered or whether cardiac function will further declioeards heart failure.
Interestingly, not only are macrophages essential mediators of this remodeling response, but
macrophages derived from differing progenitor hematopoietic cell populations promote different
remodeling responses within the myocardiidick et al., 2019Lavine et al., 2014

Congruent with the upregulation of inflammation associated genes in bone marrow
monocytederived macrophagaibses,cardiac tissue remodeling responses following infarction

that are primarily mediated by bone marrow monoageived macrophages result farther
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deposition of fibrillar collagen into healthy myocardium, excess fibroblast activation, chronic
inflammatory signaling, and reduced cardiovascular system fun@iok et al., 2019Epelman
etal., 2014Lavine et al., 2014 Conversely, when bone marralerived monocyte extravasation
into cardiac tissue is blocked through pharmacological inhibition of the €IILR2 monocyte
chemoattractant signaling pathway, sedhewing nacrophage subsets promote timely attenuation
of the inflammatory signaling, redugborder region collagen deposition, reddicardiomyocyte
hypertrophy, and improwkrecovery of function relative to bone marrow monocyte remodeled

myocardium(Dick et al., 2019Lavine et al., 2014

1.4.3.3Cardiac Resdent MacrophagesFunction Within a Heart-brain-kidney Network of
ResidentM acrophageSignaling to Regulate theCardiac Hypertrophic
RemodelingResponse tdPressureOverload
Transaortic constrictiofTAC), which involves utilizing sutures or other banding materials
to surgically reduce the diameter of the aorta, can be one model utilized to study left ventricular
failure resultant of aortic stenosis and increased left ventricular presSineidar to post
infarctionreperfusion myocardial remodeling, cardiac tissue experiences a remodeling response
following increased ventricular pressure intended to provide a compensatory response to maintain
cardiac output despite increased systemic blood preg3useompensatory response can thenin
turn determine the extent to which cardiac function is maintaanebly which progressive
increases in cardiac dysfunction occur.
Following TAC in mice, an expansion of LyBE480+CD11b+ macrophages was
observed in remodeling cardiac tiss(feujiu et al., 201Y. Depletion of this population of
macrophages prior to TAC was found to be associated with a redooepensatory cardiac

remodeling response and subsequent increased animal mdiajityet al., 201Y. It was also
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observed that the expansion of this cardiac resident macrophage populationis induced by increased
secretion of colomstimulatirg factor 2 CSF2/GM-CFS) signaling within the myocardiuffujiu

et al., 201Y. This increased CSF2 within the myocardium was found to result from increased
expressiomf CSF2 by endothelial cells in the renal system following resident renal macrophage
activation(Fujiu et al., 201Y. Additionally, it was observed that renal sympathetic nerve ablation
blunted the cardiac tissue compensatory response following TAC due to a reduced induction of
CSF2 expression, suggesting that the sympathetic nervous sysieiles a link between the

heart and the kidneys following TADdduced left ventricular pressure overlo@eljiu et al.,

2017).

1.4.4The Aging Cardiovascular Microenvironment and Cardiac TissueResident

M acrophagePhenotype andFunction

Cardiac tissue resident macrophages exhibit unique temporal tissue seeding dynamics
throughouembryology and into adulthodBpelman et al., 201Molawi et al., 2014Pinto et al.,
2014. Additionally, cardiac resident macrophagbave been shown to have numerous
homeostatic and tissue remodeling functions important for the maintenance of cardiac tissue
function (Epelman et al., 2014ujiu et al., 2017Hulsmans et al., 201 Tavine et al., 2014
Considering the importance that microenvironmental niche plays in inducing resident cardiac
macrophage phenotype, the agéated risk of cardiovascular disease acquisition, and the
numerous biochemical arfmlomechanical microenvironmental changes which occur in the aging
cardiovascular system; understanding how these microenvironmental changes induce altered

phenotype and function in cardiac resident macrophages may provide useful insights or novel
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therapetic targets for attenuating the macrophagediated component of the agdated CVD
risk.

Some prior evidence has characterized a gradual decline HneselMving macrophage
populations in the murine cardiac tissue from postnatal time pemgas) thesenacrophages
comprise nearly the whole tissue resident macrophage popuylatiatulthood (30 weeksywhen
these macrophages have declined to approximately half of the total cardiac resident macrophage
population(Molawi et al., 2014Pintoet al., 2014 It was also observed that as the population of
embryologically derived macrophages progressively declined, catdisue increasingly was
seeded with bone marrow monocyterived resident macrophage populatightlawi et al.,

2014 Pinto et al., 201§ This result reflects similar tissue macrophage deposition dynamics
observed in other aging organ systemamely- that tissue resident macrophage seeding is
dependent upon niche availability ahdtmacrophages which seed an enpthe willbederived
through the dominant hematopoietic cell differentiation mechanism available during that period of
development. In the case of the cardiovascular systempraiferation of embryologically
derived subsets persists into adulthooddme extent, but as embryologically derived subsets
enter either senescence or apoptosis, bone mateowed monocytes extravasate into cardiac
tissue and differentiate into cardiac resident macrophages whose phenotype is partially reflective
of developmatal origin but largely reflective of the microenvironment stimuli at that time
(Molawi et al., 2014Pinto et al., 2014

However, while cardiac tissue has been shown to exhibit some niche availability during
adult time periods not observed in other tissues with large populations of embryologically derived
resident macrophagesuch as the brain or lungghe mechanisms governing the agéated loss

of embryologically derived subsets as well as the accumulation of bone marrow monocytes remain
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to be elucidated. Additionally, while the preliminary aging studies examining howatftgac
resident macrophage compartment changes with increasing age have provided important
characteristic insightshese studies only characterized the changes in cardiac tissue resident
macrophage regulation over the first 30 weeks of the murine &ifgdfolawi et al., 2014Pinto

et al., 2014 Thus,further studies into how the relative population size, phenotymkfunction

of cardiac resident macrophages is altered at moderate (12 month) and highly (18 month+) aged

micewill be necessary to fully understand the regulation of these cells at advanced age time points
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2.0 Development of anln Vitro Modelto Study How Age-related Alterations in Cardiac
Extracellular Matrix Composition andBiomechanicsl mpact M acrophagePhenotype

and Function

2.1 Rationale Underlying In Vitro M odel Development

2.1.1Rationale

The cardiactissue microenvironmentindergoes numerous compositional alterations
during development and into adulthood. These compositional alterations allow for the
development of the complex set of structures necessary for cardiac tissue function as well as for
the mechanical strengthegiof cardiac tissue as systemic blood pressures increase postnatally.
Generally, these alterations can be characterized by a reduced matricellular protein content and an
increased concentration of fibrillar collagen proteins such as collagen I, lll(\Willlams et al.,

2014 Williams et al., 2015. As these changes in cardiac matrix protein content occur, cardiac
tissue biomechanics are altered as a consequence of the degree of fibrillar collagen deposition as
well as the organization of the collagen matrix deposition within the heart.

Macrophage populations exhibit a robust sensitivity to the local tissue microenvironment
(vande Laar et al., 2036This sensitivity is mediated through a variety of surface receptor and
integrin binding mediated mechanisms by which macrophages are able to integrate cytokine,
matrikine, and DAMP or PAMP signaling cues to take on an appropriate phenotype and provide
the needed functional response to restore tissue function. While many of the mechanisms by which

macrophages integrate cytokine, growth factor, and DAMP/PAMP signaling cues have been
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elucidated, both the phenotypic response as well as the mechanisms rmgedaitnesponse for
matrikine induced macrophage polarization require further study. Additionally, while some studies
have provided preliminary insight into the mechanoresponsivity of macrophage populations, many
of these results were derived fram vitro culture models where the majority of substrate
stiffnesses examined were above the observed range of physiological cardiac tissue stiffness in
young and aged individualadlerz et al., 201@Blakney et al., 201, ZEngler et al., 200&ridharan

et al., 201%. Thus, the present study sought to develomantro model which could be utilized

to assess the impacts of compositional alterations as well as biomechanical change on macrophage

phenotype and function.

2.2 Methods for Development of theExperimental I n Vitro M odel andEvaluation of
M acrophagePhenotypic andFunctional Response td/arying Microenvironmental

Conditions

2.2.1Experimental Design andOverview of Experimental Groups

The composition of a giventissues i nherently | inked with t
propertiesn vivo. For example, it can be difficult to assess the relative contributions of collagen
deposition and increased tissue biomechanical stiffness as individtablesin vivo since
increases in collagen deposition and the organization of that deposition will alter the biomechanics
of that tissue. This makes it difficult to assess how much of the observed change in macrophage
dynamics is resultant of increaseatrikine signaling through DAMP or PAMP surface receptor

pathways, through integrin mediated mechapasing of tissue biomechanics, or through some
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combination of these mechanisms. While decoupling tissue composition and tissue biomechanics
may prove dificult in vivo, utilization of appropriaten vitro models allovg for better evaluation

of the relative contributions of each of these variables in the induction of altered macrophage
phenotype and function.

Since bone marrow derived macrophages compriseabstantial fraction of all adult
cardiac resident macrophages and accumulation of this subset with age tends to be associated with
poor tissue remodeling and functional outcomexjerstanding how these cells respond to the
changing cardiac microenvirorent may help elucidate any macrophage mediated mechanisms of
pathological cardiac tissue remodeling.

In order to understand the relative contributions of changing cardiac tissue composition
and cardiac tissue biomechanics on bone marrow derived macrophagetype, ann vitro
culture model was developed using pdiynethly-siloxane (PDMS) hydrogels ranging in stiffness
from 2kPA to 64kPA, encompassing the reported physiological range of cardiac tissue stiffness in
young and aged individua{Munch & Abdelilah Seyfried, 2021 The PIMS hydrogels utilized
for this model were functionalized to bind matrix proteins, which allowed for these hydrogels of
varying stiffness to be coated with decellularized cardiac extracellular matrix derived from either
young (24mo) or aged (1:-24mo) murire donors. Cardiac tissue was decellularized prior to gel
coating in order to provide an antigéee material which could be utilized to better understand
the macrophage response to cardiac matrix derived from young or aged mice. In addition to
hydrogels évarying stiffness coated with either young or aged decellularized cardiac ECM, tissue
culture plastic was coated with young or aged decellularized cardiac ECM was well to provide a
highly stiffened control group, as the elastic modulus of tissue cydtaséic (~>10MPa) is much

greater than that observed in most tissues.
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Following the generation of the variousm vitro models of differing cardiac
microenvironmental conditions, primary bone marrow was isolated from yoesign@2 mice and
culturedin vitro with macrophage differentiation medi@a promote macrophage differentiation
from bone marrow isolates. Following culture and macrophage adherence, cells were accutased
and replated at a uniform density on one of the experimentatro microenvironmetal models.

Cells were given 24 hours to adhere following replating, after which cells received either only
macrophage differentiation media (M0), macrophage differentiation media supplemented with
type | immune cytokine interferegamma (IFNy ) a n dial bed avalleaomponent
lipopolysaccharide (LPS) to push cells towards an M1 phenotype (M1), or macrophage
differentiation media supplemented with type Il cytokine interleuk(iL-4) to push cells towards

M2 phenotypes (M2). Cells were treated with MQOLMr M2 push for 24 hours after which time

cell morphology, phenotype, and functional responses were evaluated to better understand the
impacts of the various microenvironmental conditions on inducing altered macrophage phenotype

and function at baseliras well as in proor antrinflammatory signaling environments.

2.2.2 A Method toRemoveCellular Content From Young andAgedCardiovascular Tissue

In order to remove cellular antigens from native cardiac tissue, a skeletal muscle
decellularization protocol first described by Wolf et. al. was chosen as a protocol for tissue
decellularizatiorwith several modifications added to help remove residual blood clots from
cardiac tissuéWolf, Daly, Reing, & Badylak, 201)2Cardiac tissue was isolated from both young
(1-2month) and aged (2B4month) C57B6 mice (Jackson, National Institutes of Aging). Any
residual connective tissue or vasculature was removed from theesaanul cardiac tissue was
then washed three timesin 1X PBS to remove clots from tissue. Cardiac tissue samples were then
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minced and incubated in 1000 IU/mL Streptokinase (Sigma, St. Louis, MO) overnight at room
temperature to break down any residual blolads from tissue. Samples were then washed twice
with 1X PBS. Samples were then shaken in a(\@\) chloroform:methanol solution on an orbital
shaker at 300RPM for 2 hours. Samples were then passed through a graded series of ethanol
washes (100, 90, 7®0, 0) for 30 minutes each with constant agitation at 300RPM. Cardiac
samples were then incubated at 37C in 0.2% trypsin/0.2% EDTA for 2.[®amgples then were
washed twice with deionized water for 30 minutes at 300RPM followed by two 1X PBS washes
for 30 minutes at 300RPM. Following wash, samples were shaken in 2% w/v sodium deoxycholate
(Sigma, St. Louis, MO) for 5 hours at 300 RPM. Samples were then washed with deionized water
for 30 minutes followed by 2X PBS for 30 minutes. Samples then were sha86 sodium
deoxycholate solution overnight for 114 hours at 300RPMollowed by agitation in 1% Triton

X-100 for 1 hour at 300RPM. Samples were then washed in deionized water. Samples then were
shaken in a 0.1%w/v) peracetic acid/4 %v/v) ethanol slution for 2 hours at 300RPM to sterilize
decellularized tissue samples. Samples were finally washed twice in 1X PBS followed by two
deionized water washes. Samples were then frozen in type | water and lyophilized. Lyophilized
samples were then either gplor scaffold characterization or for pepsiigestion hydrogel

coating.

2.2.3Methods of Evaluating the Efficacy of Cardiac TissueDecellularization

Following decelllarization, itwasnecessary to confirm the removal of cell nuclear content
prior to scaffoll digestion and hydrogel coating in order to ensure the observed macrophage
response to young or aged cardiac ECM is actually a result of altered ECM composition and not
of any confounding macrophage responses to cellular antigens. There are sevenalestgleri
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methodologies which allow for qualitative and quantitative evaluation of scaffold DNA content
foll owing decellul arizati on. -di@uidno2-phenylindalee | vy ,
(DAPI), which binds adenosiraymine rich regions of DNAwas used talemonstrate the
presence or absence of DNA fragments within a decellularized tissue sample. Quantitatively,
PicoGreen double stranded DNA (dsDNA) assay was performed on native and decellularized
scaffolds to determine théotal dsDNA content @ scaffold sample. In an effectively
decellularized tissue, qualitative DAPI nuclear staining and quantitative PicoGreen assay results
should both demonstrate a significant removal of scaffold nuclear content following tissue

decellularization.

2.2.3.1DAPI Nuclear Staining

Native and decellularized cardiac samples were fixed in 10% neutral buffered formalin for
5 days, after which samples were submitted to the McGowan Institute for Regenerative Medicine
Histology Core for paraffin block mounting and sampletsming. Slides were deparaffinized and
sampl es wer e -diamadinc2elienylmdote (DARI)’ nyckear stain for 1 minute at
room temperature. Sections were washed 5 times with 1X PBS. Final wash was physically
removedand coverslips were mounteslides were stored at@ until imaging. Images of DAPI
stain in native and decellularized cardiac samples were acquiredklithichcell imaging station

(Thermo Scientific) with acquisition settings of: blue laser intensity = 30%, optical zoom = 0%.

2.2.3.2PicoGreenDouble Stranded DNA Quantification Assay

Double stranded DNA content quantification for native and decellularized cardiac tissue
samples was performed using a PicoGreen double stranded DNA quantification kit (Thermo,
Waltham, MA). To quantify, fist a dsDNA standard solution was prepared from a 2000ng/mL
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stock and serially diluted in TE buffer. Isolated DNA samplegwesuspended in ImL of 1X TE

buffer for 5 minutes at room temperature under gentle agitation. Samples were then serially diluted
in 1X TE buffer. 100puL of each sample and st a
QuantIT PicoGreen reagent was added to each standard of sample and the plate was incubated in
the dark for 5 minutes at room temperature. Rlateescent emissiomas then measured using a
Synergy HTX plate reader (BioTek, Winooski, VT) and an excitation wavelength of 480nm, an
emission wavelength of 520nm, and a cutoff wavelength of 515nm. Sample dsDNA concentrations
were calculated from the equation derived frone tlinear regression of dsDNA standard
fluorescent emission against standard dsDNA concentration. The sample dilution whose emission
value was most close to the center of the standard curve was used for calculating sample dsDNA
concentration. The calculatelsDNA content was then multiplied by the sample dilution factor to

provide an accurate quantification of sample dsDNA content.

2.2.4Histological M ethods ofEvaluating Native Cardiac TissueComposition

Native cardiac tissue samples were isolated, fixed in a@tral buffered formalin (NBF)
for 5 days, after which samples were submitted to the McGowan Institute for Regenerative
Medicine Histology Core to be paraffin embedded, sectioned, and mounted on slides for histologic
staining. Prior to staining, slides veedeparaffinized by washing in xylenes three times, washing
through a graded series of alcohol washes, and a final wash in taphsgee. sections were then
stained with eithepicrosirius red to visualize collagen @lcian blue to visualize sulfated

proteoglycans in cardiac tissue sections.
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2.2.4.1Picrosirius Red

Picrosirius red staining can be utilized to visualize collagen fibrils and cell nuclei in the
isolated cardiac tissue samples. In order to accomplishdemgraffinizedsectionswere first
staned withWi e g @emiatoxglirfollowed by a wash with tap water. Sections were then stained
with picrosirius red, made up of direct red 80 in saturated picric acid (Sigma, St Louis, MO) for
one hour to achieve near equilibrium staining, followed by waghéso changes of acidified
water. Water was physically removed from slides and sections were dehydrated in three changes
of 100% ethanol. Sections were then cleared in xylenes and mounted in permount mounting
medium (Fisher, Hampton, NH3X and 20X bridptfield images of stained sections were captured
with a Nikon Eclipse 50i (Nikon, Melville, NY). 4X brightfield images were stitched together with
Adobe Photoshop to make composite images of whole cardiac sections (Adobe, San Jose, CA).
Semiquantitative aalysis ofpercent positive expression of picrosirius red per field of view was

performed using NIH FIJI image analysis software (National Institutes of Health, Bethesda, MD).

2.2.4.2AlIcian Blue

Alcian blue staining can be utilized to visualize sulfated proteoglycans in cardiac tissue
sections. In order to accomplish this, deparaffinized tissue sections were stained with Alcian blue
for 30 minutes followed by a wash in tap water. Sections weredabydrated through a graded
series of ethanol washes with two final changes in absolute ethanol. Sections were then cleared in
xylenes and mounted in a resinous mounting medidXrand 20X brightfield images of stained

sections were captured with a NikBolipse 50i (Nikon, Melville, NY).
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2.2.5BiochemicalAssayQuantification of Collagen andGlycosaminoglycanContent

2.2.5.1Papain Digest

Decellularized cardiac tissue extracellular matrix samples were lyophilized and massed
prior to digestion. Papain digest solutiwas prepared by dissolving papain (Sigma, St. Louis,
MO) at a concentration of 0.125mg/mL anetysteine (Sigma, St. Louis, MO) at a concentration
of 0.10M in phosphatbuffered EDTA (PBE) buffer (0.1M N&PQ;, 0.01M NaEDTA, pH 6.5).
Samples were digestéa 1mL of papain digest solution for 46 hours at 6T until samples
were fully digestedSamples were then split for either hydroxyproline or glycosaminoglycan assay

guantification following digestion.

2.2.5.2Hydroxyproline Quantification Assay

To begin, a sees of known concentration standards was generated by preparing a 500
Mg/ mL stock solution of hydroxyproline (Sigma,
to generate standards for the assay.a2, pL of
screwt op microcentrifuge tube and 50 pL of 2M Na
on each tube. Samples and standard tubes were then incubate€abt Ableast 18 hours. Tubes
were then centrifuged Wwasefiddedl® .05 ealchoft ubep
CuSqQ, 100 pL of 2.5M Na DHwere thendaddédoséquentlally mfeacté % H
tube, with care being taken to vortex tubes following each reagent addition. Tubes were incubated
at room temperature following.O. addition until samples and standards turned blue or clear in
color.Samples and standards were vortexed and then incubaté€db86 minutes. Tubes were
briefly centrifuged and subsequently placed@C f r eezer f or 5 mM3Nnut es
H.SQ, was added to each tube. Tubes were allowed to rest until cooled to room temperature. 200
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ML of 5% di met hyl aminobenzaldehyde (Sigma, St
each tube. Tubes were incubated atC7for 15 minutes. Tubeswer vort exed wel |
each prepared standard or sample solution was added in triplicate to a 96 well plate. The plate
absorbance was read at 540nm with a Synergy HTX plate reader (BioTek, Winooski, VT). To
determine experimental sample hydroxyprolicentent, hydroxyproline standard absorbance
values were linearly regressed against the known standard concentrations to determine the

equation which defines the relationship between sample absorbance and hydroxyproline content.

2.2.5.3GlycosaminoglycanQuantification Assay

Gl ycosaminoglycan assay standards were gen
of chondroitin6-s ul f at e i n PBE buf f e rof edherdglycesaminoglycahy di |
assay standard or sample was pipetted in triplicate into aty®&pvell plate. Dimethylmethylene
blue solution was prepared by dissolving 1 mg ofdiffethylmethylene blue zinc chloride double
salt (Sigma, St. Louis, MO) in 0.313 mL of 100% ethanol, adding 0.148 g NaCl and 0.19 g of
glycine, and dilutingthe soldin up to 50 mL with Type | water.
blue solution was added to each standard or sample well. Plate absorbance was then read at 575nm
with a Synergy HTX plate reader (BioTek, Winooski, VT). To determine sample
glycosaminoglycan cdent, the measured sample absorbance values were regressed against
known standard concentrations to derive the quadratic equation which best defines the relationship

between sample absorbance and concentration.
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2.2.6 Coating of Poly-dimethyl-siloxaneHydrogels andTissueCulture Plastic With

Solubilized Young or AgedDecellularizedCardiac Extracellular M atrix

Decellularized cardiac tissue isolated from young or aged donor, C57BI/6 mice was pepsin
digested for 48 hours at a contetion of 10mg/mL. cECM digests were then diluted to a
concentration of Img/mL with 1X PBS, neutralized to 6 pH, and incubated with sterile poly
dimethyl siloxane (PDMS) hydrogels of either 2kg¥lvanced Biomatrix, San Diego, CAAkPA
(Advanced Biomatwi, San Diego, CA)16kPA (Advanced Biomatrix, San Diego, CA32kPA
(Advanced Biomatrix, San Diego, CAand 64kPA(Advanced Biomatrix, San Diego, CA)r 1
hour at room temperature. Following cECM incubation with PDMS hydrogels, the cECM digest
was aspirted off of the hydrogelsral the hydrogels were washed three times with 1X PBS. The
final PBS wash was left on the hydrogel in order to maintain gel hydration prior to macrophage

seeding.

2.2.7Isolation of BoneMarrow From Young Mice for MacrophageCulture

The tibia and femur of youn@l-2 month) C57BI/6 mice (Jackson, Bar Harbor, ME) was
isolated. Muscle and connective tissue was removed from the bone and boneasiedn fresh
macrophagemedic o mposed of Dubel co’s modi éderard, 1% ag !l e
HEPES, 1% Pen/Strep, 2% nressential amino acids, and 10% L929 fibroblast culture
supernatant to remove any residual tissue debris. Bones were then transferred to a sterile cell
culture hood where the epiphysis of each tibia and femur wasvued. Bones were then flushed
with 10mL of macrophage mediathrough the diaphysis of each bone to wash out and isolate bone

marrow. Care was taken to ensure that all marrow was removed from each bone prior to discarding

86



Additional macrophage media wasskad through the diaphysis as necessary to fully isolated
marrow. Bone marroveulture media suspensions were then homogenized by pipetting up and
down five times and suspensions were passed through a 100uM cell strainer to remove residual
debris and breakip cell aggregates. Filtered marrow suspensions were then centrifuged for
1500RPM for 5 minutes at room temperature. Following centrifugation, the culture media
supernatant was decanted off and the cell pellet was resuspi@nfiedh macrophage culture

media.

2.2.7.1Macrophage Culture and Seeding ofCoated Gel Substrates

Bone marrow isolates were resuspended at a concentration of tell&/mL in
macrophage L929 culture media, with approximately 1.5sdtal cells plated per petri dish. After
7 days in culture, adherent cells were lifted from culture by incubating with accutase (Fisher,
Waltham, MA) for 5 minutes. Cells in suspensigare then counted and replated onto cECM
coated PDMS hydrogels or tissue culture plastic substrates at a density takd/nL.After
24 hours, cells received either no treatment, treatment with macrophage media supplemented with
M1 polarizing cytokine lipopolysaccharide (LPS, 100ng/mL) and interferon gamma-{iEN
20ng/mL), or treatment with M2 polarizing cytokine interleuligiL-4, 20ng/mL). Cells were
incubated for an additional 24 hours following treatment, after which media supernatant was
collected for media nitric oxide quantification and cells were either fixed for immunofluorescent

staining and imaging or lysed for arginase activity assay.
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2.2.8Methods of Evaluating the M acrophagePhenotypic andFunctional Response to

Experimental Culture Conditions

There are numerous experimental methodologies which can probe macrophage phenotype
and function. While macrophage polarizatisnomplex and macrophages have often been noted
to polarize toward more intermediate phenotypes within théi@Jolarizatiorspectrumn vivo,
evaluating the relative expression of various M1 and M2 associated genes and proteins can help
us derived functional insights about these populations and contextualize macrophage polarization
patterns. Quantitative real time polymerasaio reaction (QRIPCR) and immunolabeling are
two experimental tools available for the evaluation of M1 and M2 gene and protein expression
patterns in cultured macrophages. In addition to altered gene and protein regulation in
differentially polarized maomphage populations, morphological changes have been observed in
macrophage populations following pnaflammatory signaling(Patel et al., 2002 Thus,
brightfield imaging and quantification of cell area and morphological features can be performed
to infer cell polarization state as well. Finally, several important metabolic differences exist
between differentially polarized macrophage subsets and can be utlizethtinfer macrophage
polarization state and evaluate macrophage functional response capacity. One such difference is
the differential metabolism of arginine in M1 and M2 polarized macroph{&geh, Muller, Kropf,
Closs, & Munder, 2014 In M1 macrophages, arginine is metabolized through the inducible nitric
oxide synthas@NOS) protein pathway and generates radical oxidant nitric oxide and citrulline.
Conversely, M2 macrophages metabolize arginine through arginase enzymatic pathways
generating urea and ornithine. In both cases, the metabolic products of arginine metabolism
provide important mechanisms of promoting appropriate M1 or M2 functional responses, such as

pathogen cell death or increased matrix deposition, respectively.evalgation of the degree to
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which these enzymatic products are produced can be utilized taniaf@ophage phenotype as

well as evaluate the competency of these respective pathways.

2.2.8.1GreissReagentNitric Oxide Assay

Standards were prepared from a 0.1M NaBtOck solution serially diluted in macrophage
media. 50upuL of st an dnatantcoli@ated froamavitngrlltereswerapiat@d s u p e r
in triplicate. 50pL of sulfanilamide (Sigma,
i ncubated in the da r(kNaphbhyl)ethylnediamme (Sigmsa,St. 5o0igyy L o f
MO) was addd to each well and plates were incubated in the dark for 10 minutes. Following
incubation, plates were transferred to a Synergy HTX plate reader (BioTek, Winooski, VT) and
the absorbance at 540nm was measured for each standard and sample. Sam pbe o@niteaton
was then calculated from the linear equation derived from the regression fit of serially diluted

standard absorbance values.

2.2.8.2Arginase Activity Assay

Cells were | ysed i n 50 puLELO0% Halt Plotgasd inhibitoru f f e r
(The mo Scientific, Waltham, MA) in type | wate
|l ysate was then pipetted into a new 96 well p
MnCl; in 50mM Tris buffer, pH 7.5) was added to each samp&mpleswere covered and
incubated with activation solution for 10 minutes aiG5 Fol | owi ng i ncubat i
arginine (Sigma, St. Louis, MO) substrate solution was added to each sample. Samples were then
incubated for 2 hours at 3Z. Urea standards were deup at an initial concentration of
100mg/mL in cell lysis buffer and serially diluted to generate known concentration standards. To
account for sample dilution which occurs during the experimental protocpll75 o f t ype |
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was added to each standdo normalize dilutions across groups. 2. of each st and

sample was pipetted into a new 96 well plate andi20QOf urea detection solution was added to

each well. Plates were incubated for 10 minutes at room temperature in the dark, aftefatasch

were transferred to a Synergy HTX plate reader (BioTek, Winooski, VT) and plate absorbance
was read at 430nM. Sample urea concentrations were then calculated using the equation derived

from the linear regression of known concentration standard ladosoe values.

2.2.8.3Cell Fixation

Cells were fixed for 30 minutes in 2% paraformaldehyde (Fischer Scientific, Waltham,
MA) at room temperature. After fixation with paraformaldehyde, fixed cells were washed in five
changes of 1X PBS. The final change of 1X PB&Weft on fixed samplesnd samples were

stored at 4C prior to immunofluorescent staining.

2.2.8.4Cell Brightfield Imaging andM orphological Feature Evaluation

Brightfield images of fixed cell samples were acquired at 20X magnification using a Zeiss
Axio Obsener microscope (ZEISS, Oberkochen, Germany). Cell area measurements were
guantified using National Institutes of Health FIJI biological image analysis software package
(National Institutes of Health, Bethesda, MO)he percentage of cells exhibiting filipiatl
extensios per field of view was also calculated for each image, with at least 75 cells counted per

field of view.

2.2.8.5Cellular Immunofluorescence and maging
1X PBS was removed from fixed samples and donkey blocking buffer (5% donkey serum

(Fisher), 1% bovine serum albumin (Sigma), 0.1% twee@iFisher), 0.1% Triton X 00(Fisher))
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was added to each sample well for 1 hour at room temperature. Following ldogkles were
incubated with primary antibodies against either rabbitH@E (ab3523, Abcam, Cambridge,

UK) diluted 1:100 in donkey blocking buffer or goat alwier arginase (ab91279, Abcam,
Cambridge, UK) diluted 1:50 in blocking buffer. Samples weoellated with primary antibody
solution overnight for 146 hours in the dark at'@. Following primary antibody incubation,
samples were washed in 1X PBS three times. Cells incubated with rabb@®B@ntibody were

then incubated with donkey afrabbitAlexa fluor 594 secondary antibody (ab150064, Abcam)
diluted 1:200 in donkey blocking buffear 1 hour in the dark at room temperatu€ells incubated

with goat antiliver arginase were incubated with donkey aguiat Alexa fluor 594 (ab150136,
Abcam) dluted 1:200 in donkey blocking buffdor 1 hour in the dark at room temperature.
Following secondary antibody incubation, samples were washed three times with 1X PBS, after
whi ch sampl es we r-damidino2-pHemylindold (DARI) tnirclead gin, f&@ 1
minute in the dark at room temperature. Samples were washed five times with 1X PBS for 5
minutes per wash, with the final PBS wash being left on to preserve sample hydration. Images of
sample immunofluorescence were acquired using a FLoid cagjing station (Thermo Scientific)

with acquisition settings of: blue laser intensity = 30%, red laser intensity = 50%, optical zoom =

0%.

2.2.8.6Cellular RNA Isolation
Primary murine bone marrow derived macrophages were isolated and cuftubresl
experimentatonditionsas previously describe@ellular RNA was isolated using the Qiagen
RNeasy Mini Kit (Qiagen, Hilden, Germany) following the protocol for cell monolayer RNA
i solation. Briefly, cells were | ysedsibgma pi pet

sterile cell scraper to disrupt the cell monol
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we l | and the | ysate sol ut i oofilysatawas tnansieeedtowe | | I
RNeasy spin column placed within an empty 2mL coltectube and was centrifuged for 15

seconds at 8000g. Flow through in the collection tube was discarded and remaining sample lysate
volume was transferred to the spin column and centrifuged at 80009 for 15 seconds. Flow through
was di s c arodBufter RWIL QvBsptihen added to the spin column and samysee

centrifuged for 15 seconds at 8000g. Flow throughaggsnd i scar ded. 500pL of B
added and samples were centrifuged for 15 sec:
of Buffer RPE was added again and columns were centrifuged for 2 minutes at 8000g to wash the
column and to ensure any residual ethamas removed. Flow through was discarded and the
RNeasy spin column was placed i n -teewaemwasl. 5 mL
added to each spin column and samples were centrifuged at 8000g for 1 minute to elute sample
RNA. Eluate in collection tube was-ppetted onto spin column and samples were centrifuged at

80009 for an additional minute to elute and residual Ri¢énd to spin columns. Sample RNA
concentrations were determined using a NanoDrop Lite spectrophotometer (Thermo, Waltham,
MA). Only samples with A260/80 ratios within 2.0 £ 0.10 were considered sufficiently purified

for further gRFPCR analysis.

2.2.8.7cDNA Gernreration From RNA Isolates

Sample RNA isolates@rehomogenized by pipetting prior to cDNA synthesis. The total
RNA used for the cDNA synthesis reaction was normalized to the least concentrated sample to
normalize the amount of cDNA synthesized across sesnfflamples which exhibited higher RNA
concentrations were diluted with RNasee water to normalizthe concentration across samples
prior to cDNA synthesi® yL of RNA or R Nf#ee datel was thet transferrd&RlNa s e

to a microcelntorfi f2uOge RTu bEen.z ylmpe Mi x and 10pL of
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Applied Biosystems HigiCapacity RNAto-cDNA kit (Applied Biosystems, Foster City, CA) was
added to each tube. Sample tubes were then placed in a Veriti thermocycler (Applied Biosystems,
Foster @y, CA). The cDNA synthesis reaction was catalyzed by holding tubes’&t f8¥ 60
minutes, followed by 9% for 5Sminutes, with a final rest and storage‘& 4ntil ready for qRT

PCR analysis.

2.2.8.8Quantitative RT-PCR for MacrophagePolarization Associatedgenes

All preparation of samples and plates for gRCR were performedoniceoratC4 1 p L
of sampl e cDNA was -faodedee dvattce r8 p L1 OqufL RPNa sTea g Ma n
mi x (Applied Biosystems, Foster @ioAmpOpti€aA) , an
96-well reaction plate (Applied Biosystems). Plates were then sealed with MicroAmp Optical
adhesive film (Applied Biosystems) and centrifuged at 300g for 4 mimuté€. The gRTPCR
reaction was catalyzed and Ct values were obtained asiQgantStudio 3 RPCR system
(Applied Biosystems). Relative gene expression was determined using the do0bheethod
(ddCT) of gene expression quantificati@apdhwas chosen as the housekeeping gene utilized
for normalization in this experiment. Primers chosen for this experiment were selected due to
previously reported upregulation following Th1/Th2 cytokine stimuli in macrophage populations:
Nos2 (Mm00440502_m1), ll1lb (MmO00434228 m1), [I6 (Mm00475988 m1l), Tnfa
(MmO00443258 m1), Tgfb (Mm01178820_m1l), Sod3 (Mm01213380_m1l), Arg

(MmO00475988_m1) (Themo Scientific).

2.2.8.9Statistical Analysis
Collected result data was inputinto IBM SPSS 26 statistical analysis software @aokiag
data normality was assessed with a KolmogeBavirnov test of normality. In cases where data
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exhibited a normal distributioa,twoway ANOVA for dependent variables of substrate stiffness
and cECM coating with post hoc Tukey testing was utilizedeatify significant differences in
experimental result data. In cases where data was observed to exhibdrnual distributions, a
nonparametric KruskaWallis test with post hoc pairwise comparisons was used to identify
significant differences in datdistribution between experimental groups. The threshold for

significance was defined to be p<0.05 for the described experiments.

2.31n Vitro Model ResultsDemonstrateSignificant I mpacts onMacrophagePhenotype
and Function Following Culture in Different Cardiac Microenvironmental

Conditions

2.3.1Cardiovascular Tissuel solatedFrom AdvancedAgelndividuals Exhibits Altered

CompositionRelative toYoung Agelndividuals

Several cardiac microenvironmental alterations which occur with increasingvege
characterized histologically in young (1mo), moderately aged (12mo), and advanced age (23mo)
cardiac tissue samples. Picrosirius red staining of cardiac samples demonstrated both a qualitative
as well as a quantitative increase in collagen fiber deposwith increasing agbeing associated

with increases in both interstitial and perivascular collagen depo$kigare3A, B).
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Figure 3- Young and aged cardiac ECM can be decellularized. (Arightfield images opicrosirius red an@C)

alcian blue stained cardiac tissue sections from mice aged 1 month, 12 months, or 23 (Bp@Qtrentification of

percent positive area of collagen staining in brightfield picrosirius imégeQuantification of hydroxyproline and

(E) glycosaminoglycan mass percentage in native and decellularized cardiac séfiesges of DAPI nuclear
staining for native and decellularized cardiac tisé@¢ PicoGreen assay double stranded DNA quantification results
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Staining of sulfated proteoglycans in young (1mo), moderately aged (12mo), or advanced
age (23mo) cardiac tissue sections with Alcian blue demonstrated a qualitative increase in sulfated

proteoglycan depositiowith increasing age in cardiac tissue samples (FigQje

2.3.2Cardiac Tissuel solatedFrom Young and AdvancedAge M urine Donors Can Be

Decellularized

In order to assess the impacts of ageldted cardiac extracellular matrix compositional
changes on naivemacrophage populations, it is first necessary to decellularize isolated tissue
samples to remove cellular nuclear content and antigens from the tissue sample. As described prior,
a skeletal muscle decellularization protocol first described by Wolf di\allf et al., 2012 with
additional blood clot dissociation steps was used to decellularize cardiac tissue samples isolated
from young and aged murine donors. Succesigaéllularization of native tissue is characterized
by retention of bioactive matrix proteinstivasufficient remowal of cellular nuclear content and
any other antigens from tissue sampieas these factors can induce confounding immune
responses in ntaophage¢Keane, Londono, Turner, & Badylak, 2012

The chosen protocol was found to have a significant impact on tissue sample nuclear
content relative to agmatched control samples. Qualitative evaluation of sample nuclear content
wi t h-digmidnds2-phenylindole (DAPI) nuclear staining demonstrated a substantial reduction
in sample nuclear content following decellularization in young and aged samples (Bigure
PicoGreen double stranded DNA content quantification of native and decellulaargues
demonstrated a significant decrease in mean double stranded DNA content following tissue

decellularization for both young and aged tissue samples (FRftye Taken together, these
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guantitative and qualitative results indicate that the chosen |diece&dation protocol was

sufficient for the removal of cellular nuclear content.

2.3.3MacrophagesExhibit Altered M orphological Featureswhen Cultured Upon

Substrates ofVarying Stiffness

In order to assesthe contribution of biomechanics as a predictor ofcrophage
morphological features, naive bone marderived macrophages isolated from young2(1
month) donor C57BL/6 mice were cultured on either the 8kPA PDMS gel, 32kPA PDMS gel, or
tissue culture plastic substrates coated with decellularized cardracekalar matrix (CECM).
Differing cell morphology was observed in response to increased culture substrates stiffness, with
tissue culture plastic promoting more spread cellular morphologies (Hgurehite arrows),
significantly greater cellular areagasurements (FigudB), and a greater mean percentage of

cells per field of view exhibiting filipodia (Figu4C).
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Figure 4 - Increased substrate stiffness promotes altered macrophage morphologies. (#ive bone marrow

derived macrophage culture on 8 kPA gel, 32 kPA gel, or tissue culture plastic (TCP). Macrophage culture on
substrates of lower elastic modulus were observed to exhibit more round morphologies with few filipodia (black
arrows, 8 kPA & 3XPA gel groups). Conversely, macrophage culture on substrates of increased stiffness, such as
tissue culture plastic, was found to be associated with spread cellular morphologies often with several filipodia (white
arrows, TCP)(B) Cell area was found toe significantly increased for macrophages cultured on tissue culture plastic
relative to cells cultured on either 8 kPA or 32 kPA gels. At least 70 cells were counted per field of viedv for 2
biological replicateq,C) Cells cultured on tissue culturéaptic exhibited a greater percentage of cells with filipodia
perfield of view. Atleast 70 cells were counted per field of view f8ifological replicate¢D) Naive bone marrow

derived macrophages cultured on 32 kPA gel coated with decellularizidcaxtracellular matrix isolated from

young (22 month)or advanced age (20 month) did not exhibit significantly altered morphologies. Note: brightfield
32kPAimage reproduced here from (A) for qualitative comparison on coatingin (D). TCP = tifisie plastic.
Scale bars = 100 pm. Data presented as box and whi sker
data points. ANOVA with Tukey pogtoc analysis was used to identify any significant differences in data presented

in (B). *p<0.005, *p<0.001.

In comparison, it was observed that less stiff gel substrate groups often promoted rounder
cell morphologies (FiguréA, black arrows), significantly decreased cellular area measurements
(Figure4B), and a decreased mean percentdgells with filipodia per field of view (FiguréC).

To assess if the age of the donor mouse from which the cECM coating was derived affected
macrophage morphology, macrophages were seeded onto 32kPA gels coated with decellularized
cECM isolated from yong or aged mice. It was noted that cell morphology did not appear
substantially different between young or aged cECM coated gels, suggesting that substrate
stiffness may be a greater determinant of macrophage morphological features than the age of the

doror mouse from which the decellularized cECM was isolated (FigDye
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2.3.4MacrophagesExhibit Altered Pro-inflammatory MacrophageFunctionality When
Cultured on Substrates ofVarying Stiffness, Particularly in the Presence ofro-

inflammatory Cytokine Cues

In order to assess the ability of naive macrophages to polarize to M1 phenotypes in
response to Thl cytokine signaling cues when cultured in conditions of varying stiffness and
cECM coating, macrophages isolated from young (donth) mice were seeded or@dBCM-
coated gels ranging in stiffness from 2kPA to 64kPA or onto tissue culture plastic and were
subsequently polarized with canonical Thl cytokine interferon gamma-y(IfN a nd
lipopolysaccharide (LPS). Psioflammatory polarization and function was asssb through
media nitrite quantification (FiguiA, B) and immunolabeling for macrophage protein inducible

nitric oxide synthase (iNOS) (Figub€E).
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Figure 5- Increased macrophage culture substrate stiffness enhances macrogiagoro-inflammation -
associated radical oxidant secretoryesponse following M1 cytokine treatment(A) Nitrite concentrationin cell
culture media supernatant from cells cultured on increasingly stiff substrates (iB)}3djrite concentrationin
cell culture media supernatant as a function of substrate stiffness and cardiac extracellular matrixed&fing
(C) Representative images of fixed macrophages immunolabeled with antibodies against inducible nitric oxide
synthase (iNOS) and cell nuclei (DAPI) for macrophages cultured on 8 kPA gel, 64 kPA gel, and tissue culture
plastic coated with cardiac eatellular matrix isolated from young or advanced age mice following pro
infl ammatory stimuli treatment. TCP = tissue culture
whisker plots. Lines indicate mean. ANOVA with pd&ic Tukey testing wagtilized to assess any significant

trends in data distribution. *p<0.05, **p<0.001.
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2.3.4.1GreissReagent NOAssayResults

In order to assess the significance of the observed differencesyveatyv@NOVA for the
independent variables gel stiffness and cECMtiogaage and dependent variable nitrite
supernatant concentration was performed. ANOVA results indicated a significant effect for both
predictors gel stiffness (p<0.001, n=32) and cECM coating age (p<0.001, n=92) with a significant
interaction between vaables noted as well (p<0.001, n=16). Tukey gust testing for multiple
comparisons was used to assess significance between macrophage media nitrite concentrations
between gels of different stiffnesses. A significant effect (p<0.001) was observed beillveen
substrates of differing stiffness, save for be
and between 32kPA and 64kPA (p=1.000, mean diff= 0 1 7 hygrddélculture substrates. In
order to assess the significance of the interaction betweetif§@ss and young or aged cECM
coatings, independent sampletests were performed between equivalent stiffness gels coated
with either young or aged decellularized cECM for each substrates stiffnesstested. After correcting
for multiple comparisons (Bdarroni correction- p<0.05/6 = p<0.0083), a significant difference
in nitrite media concentration was found between cECM coating derived from young or aged mice
for macrophages cultured on 16kPA (p=0.006, r

diff=-05547puyM), and tissue culture plastic (p<0.0

2.3.4.2Macrophage iNOSImmunolabeling

Qualitative immunolabeling for inducible nitric oxide synthase (iNOS) in fixed
macrophage cultures appeared to support the quantified trends observedfpBowssreagent
nitrite quantification. These results taken together with the quantified results suggest that

expression of Mdassociated protein inducible nitric oxide synthase and secretion of oxidant nitric

102



oxide in response to Thl stimuli is dependgmon both the stiffness of the culture substrates as

well as upon the age of the host from which the deceladdcECM coating was derived.

2.3.5MacrophagesExhibit Altered Anti-inflammatory MacrophageFunction When
Cultured on Substrates ofVarying Stiffne ss,Particularly in the Presence of

Alternative Activation-associatedCytokines

In order to study the ability of naive macrophages to polarize to M2 phenotypes in response
to Th2 cytokinanterleukin4 (IL-4) when cultured in conditions varying in stiffrsesnd cECM
coating, macrophages isolated from young (2onth) mice were seeded onto cE<€bhted gels
ranging in stiffness from 2kPA to 64kPA or onto tissue culture plastic, and were subsequently
polarized with IL-4. Alternative macrophage polarizationsthen assessed through quantification
of M2 macrophage function and phenotype based on expression of arfjjnaséch is
upregulated in murine M2 macrophad&s N. Brown et al., 201,7B. N. Brown et al., 2012
Arginase function was quantified through quantification of urea production, as urea is a
downstream enzymatic product of arginase (FigifkeB). Arginasel protein expression was

assessd by immunolabeling for arginade(ARG) (FiguresC).
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Figure 6 - Increased substrate stiffness attenuates alternative macrophage function following M2 cytokine

treatment. (A) Urea concentration in cell lysates following argse activity assay in experimental macrophage

cultures (n=812).(B) Urea concentration in cell lysates following arginase activity assay as a function of both
substrates stiffness and cECM coating donor age ((GARepresentative images of ArginasARG) and cell

nuclei (DAPI) immunolabeling in k4 treated macrophages cultured on either 8 kPA, 64 kPA, or tissue culture

plastic coated with cECM isolated from young or aged mice. Linear adjustments to image contrast were made to
reduce backgroundanghp r ove staining visibility. Scale bar = 100
Lines indicate mean. ANOVA with Tukey HSD pdsbc analysis was used to assess significance of data trends.

*p<0.05, *p<0.001.

104



2.3.5.1Macrophage ArginaseActivity Assay

Urea concentration was found to exhibit variability between differentially stiffened gel
cultures, which were all found to be greater than tissue culture plastic macrophage cultures. In
order to assess the significance of the observed differenvesyeaty ANOVA for variables gel
stiffness and cECM coating age and dependent variable urea concentration was performed.
ANOVA results indicated a significant effect for both predictors gel stiffness (p<0.00412)=8
and cECM donor age (p=0.001, n=26) watlsignificant interaction between variables noted as
well (p=0.001, n=4). Tukey HSD pe&bc testing for multiple comparisons was used to assess
significance between culture substrates of different stiffnesses. A significant effect (p<0.001) was
observed btween tissue culture plastic and all gel substrate groups. Additionally, significant
differences were observed between all gel groups (p<0.001) except for between 2kPA and 16kPA
(p=0.237, mean diff=0.5572puyM) as welnldiffzas bet"
0.6590puM) gel substrates. In order to assess t
and the cECM donor age, independent samptests between equivalent stiffness gels coated
with cECM derived from young or aged mice were perfed for each substrate stiffness tested.

After correcting for multiple comparisons (Bonferroni correctign<0.05/6 = p<0.0083),
a significant effect was only observed between macrophages cultured on tissue culture plastic
coated with cECM derived fromeither young or aged donor cardiac tissue (p<0.001, mean

di ff=1.670uM) .

2.3.5.2Macrophage Arginasel mmunolabeling
Qualitative cellularimmunolabeling evaluation of argindsa fixed macrophage samples
appeared variable between groups. These results togetfgerss that M2 polarization in response

to canonical Th2 cytokine 4 appears to remain functional across culture groups of physiological
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stiffness (2kPA to 64kPA), however a significant attenuation of function was noted at
supraphysiological stiffnessesych as in the case of naive macrophage culture on tissue culture

plastic.

2.3.6 The Impacts of Young and Aged Cardiac Extracellular Matrix Coating on

M acrophagePhenotype andFunction

In order to first assess how aging alters the regulation of inflammation associated gene
transcripts in cardiac tissue, RNA was isolated from whole cardiac tissue homogenates isolated
from either young (1 month), moderately aged (8 month) or advanced &ga month) mice.
Relative gene expression was quantified, normalized to housekeeping controlGgpdb
expression, and expressed as a fold change in expression using the describehl Goaddy sis
(Figure7A). A general mean increase in expressibinlammation associatetinfa and Nos2
were observed with increasing age, with a significant effect noted in the daseotilservethean
Nos2 increase (Figuré’A). Additionally, a significant increase in the fold change Tajfb
expression was observaucardiac RNA isolates derived fromice agedl821 montls relative

to RNA isolates derived from 1 month agadte.
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from whole heart tissue homogenates isolated from young (1 month), moderately aged (8 months), or advanced age
(18-21 month) C57/BI6 mice (n=8). (B) Heatmap of gRIPCR results for expression of pend antiinflammatory

gene expression in primary macrophages isolated from youdgr{@nth) mice cultured on tissue culture plastic

coated with decellularized cardiac extracellular matrix isolated frimieyoung (Y, 24 month old) or advanced age

(A, 18-21 month old) mice with either no supplemental cytokine treatment (MO, YMO, AMO), treatment with bone
marrow culture media supplemented with interfeyon (- FNand | i popol ysacchljori de (LP
treatment with bone marrow culture media supplemented with interlduldin-4) (M2, YM2, AM2) (n=4).

Significant differences in gene expression between experimental conditions highlighted in boxplots. AYalkkal

1-way ANOVA with posthoc paiwise comparisons was used to identify significant differences in gene expression

patterns. *p<0.05.

In order to betteunderstandow cardiac extracellular derived from young or advanced
age mice may induce altered macrophage phenotype, macrophagseedse onto tissue culture

plastic coated with either young or aged cardiac ECM, falbwy ei t her no treat m

A-M0O), treatment with Th1 i mmen ea nrde sbpaocntseer iaasls
LPS (Y-M1, A-M1) , or t r eresponse associatad tcyokinB4AL2 i mm
(Y-sM2, A-M2). Di fferential gene expression wa

expression in macrophages cultured on tissue culture plastic in either the MO, M1, or M2
macrophage conditions orderto providephenotype specific controls that aid in highlighting the
ECM-induced differences in macrophage gene expression at baseline and following stimulation.
In general, cardiac ECM isolated from young mice was found to promote alternative
activation associatedege signatures in culture macrophages, as evidenced by the observed
significant mean increases in the expression of argiasg &nd superoxide dismutaseSodJ

gene transcription in these experimental groups. This result suggests that young dawelopme
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age cardiac ECM protein content promotes alternative macrophage polarization in the non
stimul ated condi t7B).oGonvdrsély, Macyophégesi cglturedeon substrates
coated with cardiac extracellular matrix derived from advanced age mioedekhibit the mean
increase in expression of alternative activation assocfatedr Sod3transcripts.

Macrophage culture on tissue culture plastic coated with cardiac ECM derived from young
mice was also found to be associated with increased uptegulz Ml-associated or M2
associated genetargetsfollowingM1(FlyN a n d L P S-J) stimulitrédttnenfrdspectively
(Figure7B). Alternatively, RNA isolated from macrophages cultured on substrates coated with
ECM isolated from aged animals oftexhibited reduced or dysregulated expression of canonical
M1 or M2 gene targets following M1 or M2 stimulation (FigWi). For example, macrophages
cultured on tissue culture plastic coated with ECM derived from young animals exhibited greater
expressiomf M1-associatetllos2or II1b transcripts following M1 stimulation as well as greater
expression of alternative activation associakegl transcripts following M2 cytokine treatment
(Figure7B). However, culture with ECM derived from aged animals attenlthie expression of
canonical M1 or M2 associated genasd in some casgsven induced neganonical gene
expression following cytokine stimulatiesuch as in the case of the relatively large upregulation
in M1-associatedNos2 transcripts following teatment with Ik4 i n t he A -M2 macr
experimental group (FiguréB). Taken together, these results demonstrate an ability of cardiac
extracellular matrix isolated from young animals to promote alternative macrophage activation at
baseline as well as wupport M1 or M2 phenotypic polarization following pirdlammatory or
anti-inflammatory stimulation, respectively. Conversely, macrophage culture with cardiac

extracellular matrix derived from advanced age animals was found to not be associated with any
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altered gene expression at baseline and a dysregulation of canonical MlamsM2ated gene

expression following stimulation.

2.41n Vitro Model of Cardiac Microenvironmental Alterations Highlight sthe Significant
Contributions of Both BiomechanicalChange and CompositionalChange in

Promoting Altered M acrophagePhenotype andFunction

Macrophage phenotypic plasticity is an essential feature of macrophage populations which
allows these cells to perform a unique range of diverse functional respotisaghe local tissue
microenvironment. However, this functional plasticity in macrophage polarization can also be
deleterious. As tissue microenvironments change with increasing age or pathetmgyated
tissue remodeling, previously ngrathologicalmacrophage polarization can be shifted to
polarization states which promote pathological tissue remodeling rather than support tissue
homeostasis. In these cases, understanding how changing macrophage phenotype contributes to
pathological tissue remodelings well as elucidating the mechanisms by which changing
microenvironmental cues induce altered macrophage polarization can help identify point of
therapeutic intervention to help attenuate pathologic tissue remodeling and disease progression.

Within the @rdiovascular system, resident macrophage populations serve animportant role
in maintaining tissue homeostasis as well as in regulating the remodeling response following
cardiac tissue damagEujiu et al., 2017Hulsmans et al., 201 Tavine et al., 2014 Given the
importance of these cells in maintaining cardiac cell function and preventing adversettssakac
remodeling following injury, understanding the mechanisms by which cardiac macrophages

integrate cardiac microenvironmental cues to induce appropriate polarization and functional
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responses as well as how changes in cardiac microenvironmentali giromlote altered
macrophage polarization states will further elucidate the role these cells play in promoting cardiac
dysfunction.

Cardiac extracellular matrix exhibits significant changes in matrix protein composition and
organization during the embryegesis and physiological aging procegs&sn & Trafford, 2016
Williams et al., 2014Williams et al., 2015k During embryogenesis and cardiac tissue maturation,
cardiac matrix protein composition is heterogenous and characterized by developing tissue
collagen fibril and elastin protein structuresveell as by increased matricellular protein content
(Williams et al., 2014Williams et al., 201% As cardiac tissue develops and matures during post
natal periods of development, matricellular protein contentduced and increased fractions of
extracellular matrix protein content is comprised of collagen proteiparticularly fibrillar
collagen subtypes including collagens I, lll, and/’an et al., 201;2Horn & Trafford, 2016
Williams et al., 2014 Williams et al., 201k In addition to altered composition, cardiac
extracellular matrix protein organization and assembly can be altered with the aging process
(Biernacka & Frangogiannis, 201Eyre et al.,, 1984 Both extracellular matrix protein
composition as well as matrix protein organization and incorporation into larger tissue level matrix
structures are important determinants of tissue bitwaeical propertieqPhillip, Aifuwa,
Walston, & Wirtz, 201% Consequently, cardiac tissue biomechanical properties change
throughout the cardiac tissue development, maturation, and aging processes.

Macrophage populations have demonstrated a polarization responsivity both to altered
extracellular protein composition as well as to altered microenvironmental biomechanical
propertiegB. N. Brown et al., 201;/B. N. Brown et al., 201, 2Patel et al 2012 Sridharan et al.,

2019 Wolf et al., 2012. However, these responses have largely been characterized using non
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cardiac specific extracellular matrderived biomaterials or under supraphysiological
biomechanical conditions. Thuthe present study sought to leverageatitro model of differing

cardiac microenvironmental conditions to better elucidate the macrophage polarization response
to these varying microenvironmental stimuli and help further elucidate any macrepleaigted

role in the ageelated risk of cardiovascular disease event incidence. Since cardiovascular
microenvironmental composition and biomechanical properties are inherentlyilnked, anin

vitro model was first developed as a means to assess thieaantribution of each of these

variables in inducing altered macrophage polarization.

2.4.1Macrophage Culture on Substrates of I ncreasedStiffness isAssociatedWith
IncreasedPro-inflammatory Functional ResponsesReducedAlternative Activation-

associated-unction, and Altered Cell Morphologies

The results of then vitro model experiments demonstrated a significant impact of
macrophage culture substrate stiffness both on macrophage morphology as well as on macrophage
pro-inflammatory and antinflammatoryfunction. When examining the impacts of substrates
stiffness on macrophage morphology, culture substrates of lower elastic modulus were found to
be associated with rounder macrophage morphologies exhibiting few to no filipodia. Conversely,
macrophage culire on highly stiffened tissue culture plastic was observed to pranatéered
macrophage morpholggvhich wascharacterized by increased mean cell areaaaridcreased
number of macrophagevith filipodia observed per field of view. Interestingly,dtdlteration in
macrophage morphology from rounder morphologies to more spread morphologies exhibiting
many filipodia has been previously observed followmgcrophagé&eatment with canonical M1
phenotype stimulant, LP@atel et al., 2012
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In addition to inducing macrophage morphological feature alterations reminiscent of those
observed following M1 macrophage lpdzation, increased culture substrate stiffness was
observed to have a significantimpact on both pral antiinflammatory macrophage functional
responses. Macrophage culture on substrates of increased elastic modulus was found to both
promote signifiantly greater pronflammatory functional responses following Th1l cytokine
stimulation as well as significantly attenuate anflammatory functional responses following
Th2 cytokine stimulation. These results serve to further support previously chenedtigne
inflammatory phenotypic biasing of macrophages cultured on highly stiffened substrates as well
as provide an additional characterization of how differing substrate stiffness conditions promote
altered macrophage functional responses across aopbyisially relevant range of material
stiffnessegAdlerz et al., 2016Blakney et al., 201;2Sridharan et al., 20)9However, it should
also be noted that the difference in stiffness betweestitifiestgel culture substrate and the highly
stiffened tissue culture plas control is relatively large compared to the difference in substrate
stiffness between the most and least stiff gels. This relatively large jump in tissue culture plastic
stiffness may account for some of the magnitude of difference ingma antiinflammatory
macrophage functional responses observed in tissue culture plastic culture groups relative to gel
culture macrophages. Future studies may seek to incorporate additional controls or gel culture
groups at supraphysiological stiffnesses to proviaeoae relevant highly stiffened control for

comparison.
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2.4.2Macrophage Culture on SubstratesCoated With DecellularizedCardiac Extracellular
Matrix IsolatedFrom Aged Murine Donors Were Observed toExhibit ReducedPro-

inflammatory and Anti-inflammatory Functional Responses

In addition to macrophage culture substrate stiffness, the age of the donor animal from
which the decellularized cardiac extracellular matrix coating was derived was found to have a
significant impact on macrophage pand antiinflammatoryphenotypeMacrophage culture on
substrates coated with decellularized cardiac extracellular matrix derived from aged animals was
found to be associated with a significant reduction in bothgd antiinflammatory macrophage
function. In the preinflammatory condition, culture with extracellular matrix coating derived from
aged animals was associated with a 12% decrease in the observed media nitrite concentration,
suggesting an attenuated responsivity to theseirflmmmatory sigialing cues relative to
macrophages cultured on substrates coated with cardiac extracellular matrix isolated from young
murine donors. Antinflammatory function following ceculture with antiinflammatory Th2
cytokines and cardiac extracellular matrix togs derived from aged animals was found to be
associated with an approximately 9.7% reduction in urea concentrations following arginase
activity assay relative to macrophages cultured with cardiac extracellular matrix coatings derived

from young animals.
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2.4.3DecellularizedCardiac Extracellular Matrix Derived From YoungMiceWas
AssociatedVith Promoting Alternative Activation-associatedseneExpression

Profiles at Baseline inNaive M acrophagePopulations

Altered macrophage phenotype following culture on s$tdies coated with cardiac
extracellular matrix derived from either young or aged murine donors was also observed in the
vitro model qRTFPCR results. The first significant alteration in macrophage gene expression
induced by decellularized cardiac exteflular matrix treatment was noted in macrophages
cultured on tissue culture plastic coated with cardiac extracellular matrix derived from young
animals, where a significant upregulation of anflammatory associatedrgandSod3ranscripts
was observa. This result suggests a partial ability of cardiac extracellular matrix coatings derived
from young animals to promote alternative macrophage phenotypes at baseline, a result which
reflects previously characterized induction of alternatively activatedgtiypes in macrophages
following exposure to extracellular matrbasediomaterials derived frorthe small intestine of

young animal$B. N. Brown et al., 201 Sicari et al., 201

2.4.4Macrophage Culture on SubstratesCoated With Cardiac Extracellular M atrix
Derived From Young Donors Support Canonical M1 or M2 M acrophagePolarization
While Culture on SubstratesCoatedWith Cardiac Extracellular Matrix Derived

From AgedDonors Promote DysregulatedM acrophageGeneTranscription

Some differencein pro-inflammatory and antinflammatory gene expressioneve
observed between culture groups following Thl and Th2 cytokine push as well. In general, it was

observed that macrophage culture on substrates coated with cardiac extracellular matrix derived
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from young murine donors supported the expression of genes associated with the canonical M1 or
M2 macrophage response following treatment with Thl or Th2 cytokigealing cues,
respectively. Conversely, macrophage culture on substrates coated with cardiac extracellular
matrix derived from aged murine donors attenuated the expression of canonical M1 or M2
associated gene transcripts and in some cases promotethmamcal gene expression. For
example, a large upregulation in M1 phenotgssociatedNos2 transcripts was observed in
macrophages cultured on substrates coated with cardiac extracellular matrix isolated from aged
mice following Th2 cytokine treatment. Mever, it is also important to note that this non
canonical upregulation of primflammatory factors following Th2 cytokine stimulation in
macrophages cultured with cardiac extracellular matrix derived from aged mice was not observed
for all gene targetsssayed, such as in the caséléfor Tnfa

Taken together, these results suggest that cardiac extracellular matrix biomaterials isolated
from young donor animals tend to promote alternative macrophage activation at baseline while
also supporting gene exg@ssion of M1 or M2associated genes in the presence of Thl or Th2
cytokine signaling cues. Alternatively, macrophage culture on substrates coated with cardiac
extracellular matrix materials derived from aged donor animals did not induce any altered
phenotyes at baseline and promoted fzamonical gene expression following Thl or Th2

cytokine stimulation.

2.4.5In Vitro Study Limitations and Future Directions

It is important to acknowledge several limitations in the phenotypic comparisons presented
for thedescribedn vitro model. While gene expression and functional response characterization
provide important insight regarding macrophage responsivity to differing microenvironmental
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conditions, these experiments comprise only a fractional characteriabtiemyriad of possible
changes in gene expression or function in macrophage populations. In order to better understand
how alterations in thes@ vitro microenvironmental conditions alter macrophage phenotype,
future studies may seek to isolate cultineacrophage RNA for sequencing or perform chromatin
accessibility assays to provide a more comprehensive characterization of the
microenvironmentally induced changes in macrophage gene expression.

It is also important to note that the describreditro model, while providing an important
means of evaluating the relative contributions of cardiac extracellular matrix composition and
substrate biomechanics individually, does not fully recapitulate the complexity oh tigo
cardiac microenvironment othé numerous changes which can occur there throughout an
organism’ s | ife. Cardiac macrophages compri se
system cellularity. Cardiomyocytes, endothelial cells, fibroblastsmaarophage immune cell
subtype, and circulating progenitor cell populations play an important role in maintaining
homeostatic cardiac tissue function. Additionally, prior studies have demonstrated the role that
biochemical or biomechanical change in the cardiovascular system playsomoting
dysregulation of proper functionin these cells. Therefore, the lack of inclusion of these cells in the
describedin vitro model limit the ability of the model to determine whether the observed
macrophage responses to differing microenvironmeataditions promoted cardiac dysfunction
directly through upregulated inflammatory responses or through induction of dysfunctionin other
constitutive cardiac cells mediated through altered macrophage secretome regulation. Future
studies may seek to furthelevelop the applicability of the describéa vitro model by
incorporating additional cardiac cell types in aazdture model to better understand the direct and

indirect mechanisms by which cardiac macrophages contribute to cardiac pathology developmen
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In a similar manner, future studies may also seek to incorporate additional, ontogenically
distinct macrophage subsets into the describgdro culture model to elucidate any macrophage
subset specific differences in microenvironmental phenotypiporese. While bone marrew
derived macrophage subset polarization dynamics are important to understand as attenuation of
this population response has been shown to be associated with improved remodeling outcomes,
elucidation of the yolk saderived or fetaliver-derived macrophage response to these varied
microenvironmental conditions will also be important to understand the degree to which any
macrophage subset intrinsic difference in polarization capacities exist. These studies may also help
elucidate thalegree to which macrophage ontogeny determines cell phenotype as compared to
microenvironment induced phenotypic alterations.

Finally, it is important to note that while some characterization of theelgéed changes
in young and aged murine cardiacstis matrix protein content was characterized in Figutieis
histological characterization does not provide a complete quantification of the myriad of
compositional changes or protein modifications which can occur with increasing age in cardiac
tissue. lature studies may seek to use mass spectrometry or other analytic chemistry analysis to
characterize the complete array of protein content changes and the extent of protein modification
within the aging cardiac tissue microenvironment. Future studieslsagxtend the applicability
of the describeuh vitro culture model by incorporating decellularized cardiac extracellular matrix
constructs derived from pathological cardiac tissue microenvironments coupled with detailed
protein content quantification toetter model the pathologically remodeling or failing cardiac

tissue microenvironment.
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3.0 Development of anln Vivo Model to Better Understand How Age-related Alterations in
the Cardiac Microenvironment Drive Altered Regulation of Cardiac TissueResident

MacrophagePopulations

3.1 Rationale

Cardiac tissue microenvironmental remodel.
in response to a variety of physiological or infagsociated cues. One such physiological cue is
the aging process, during which a variefymicroenvironmental changes gradually occur over
long temporal periods until eventually the cardiac tissue microenvironmentis remodeled to a
pathologic state and function is compromised to some extent. Studying the interactions of the
remodeling cardiamicroenvironment with the resident cardiac cell types has provided important
mechanistic insights into the mechanisms by which cardiac microenvironmental alterations
progressively compromise resident cell function, in turn providing important poteriapdutic
targets forthe attenuation of cardiac dysfunction. For example, when cardiomyocyte action
potential duration was measured by patch clamping for cardiomyocytes cultured on hydrogels
ranging in stiffness from-25kPa, it was observed that cardiamytes cultured on hydrogels
resembling native myocardial stiffness exhibited the longest action potential duwdtilen
cardiomyocytes cultured on hydrogels with a stiffness greater than that of native myocardium
exhibited reduced action potential durat{Boothe et al., 2006 Additional studies demonstrated
that embryological cardiomyocytes cultured on substrates with an elasticity similar to that of native
myocardium could benduced to beatwhile culture on substrates with a sdike elasticity

inhibited cardiomyocyte beatindngler et al., 2008 Supraphysiological cardiomyocyte strain
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has also been shown to alter the secretome of cardiomyocytes, with increased cardiomyocyte strain
associated with increased secretion of factors such as colony stimulatingf§€&8F1) ard

platelet derived growth factor (PDGFwhich have both been shown to indeeediac fibroblast
proliferation (Herum, Choppe, Kumar, Engler, & McCulloc2017. In addition to the
cardiomyocyte secretome mediated alteration of resident fibroblast fuifdiiaiblasts have been

shown to exhibit direct cell intrinsic mechanisms of mechanosensitivity.

Cardiac fibroblasts have been demonstraaddve a robust phenotypic response to altered
substrate elasticity. When cultured on hyaluronic acid hydrogels of stiffness which mimic the
native myocardium, cardiac fibroblasts exhibit minimal positive staining for myofibroblast
acti vat i onA andaredkced vinauls igtaining, suggagta reduced development of
mature focal adhesion structufeterum et al., 200)7a S Mdene expression also demonstrated
a robust sensitivity to culture substrate stiffness, with fibroblasts cultured on 8kPA substrates
exhibiting al most 300 fold upregulation of a S
3kPA substrategHerum et al., 201)7 Additionally, fibroblast cyclic stretch on gel culture
substrates of increased stiffness were shown to upregulate expressionéggyeated with
fibrillar collagen or fibronectirprotein productioifHerum et al., 201)7 Finally, when hyaluronic
acid culture substrates were experimentally stiffened to 30kPA to simulate patholofeainsti
of cardiac tissue, a robust change in fibroblast morphology characterized by increased ckll sprea
witha significant 1 ncr enasdabservegbtepum etsak, i2@)n Takeh o SMA
together, these results demonstrate the responsivity of fibroblast cell populations to physiological
and pathological stiffening of the cardiac tissue niche.

While the experimentdescribed for then vitro macrophage culture moderovided

important insights into the manner in which cardiac microenvironmental alterations induce altered
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macrophage phenotype or function, thesdtro models are often insufficient to fully recapété

the complex intercellular and niche remodeling dynamics which occur during cardiac aging or
pathology. In order to better contextualize the results ointhréro experiments described above,
anin vivomodel of cardiac matrix remodelingas developedo determine the degree to which
cardiac macrophage population size, phenotype, and funetiendependent upon cardiac
microenvironmental niche conditions. This modeakadditionally compared to the characterized
cardiac tissue resident macrophage papah in young and aged mice to determine the extent to
which microenvironmental cardiac remodeling can explain therelgeéed CVD risk a well as

identify potential macrophage mediated mechanisms of CVD development.

3.2 Methods for In Vivo M odel Development Evaluation of Cardiac Function in

Experimental Mice, andCharacterization of the Cardiac TissueMicroenvironment

3.2.1Experimental Design andOverview of Experimental Groups

A modified murine model of cardiac dysfunction was chosen as aivo model for the
evaluation of the impacts of cardiac microenvironmental remodeling on the cardiac tissue resident
macrophage subsei®e nonmodifiedmurine modebf diastolic cardiac ysfunctionconsists of
implanting an osmotic minipump loaded withAdosterone which delivers a constant rate ef D
Aldosterone infusion over a A8y period, replacing murine drinking water during 2sday
period of pump implant with 1% NaCl supplemeditdrinking water, and a surgical unilateral
nephrectomy; the sum total of which induces cardiac diastolic dysfunction and cardiaqfailure

Tanaka et al., 2014/alero-Munoz et al., 2016Wilson, De Silva, Sato, Izumiya, & Sam, 2009
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However, given the importance of kidney macrophage populations in promoting the proliferation
of certain cardiac macrophage subsets responsible for the cardiac compensatory tissue remodeling
response, the experimental modebsén for these experiments did not include a unilateral
nephrectomy and consisted only ofAldosterone loaded osmotic minipump implant and 1%
NaCl drinking water administration over the period of pump imp{&ojiu et al., 201Y. The
osmotic minipump chosen for these experiments were selected to provide a constant infusion of
D-Aldosteronea t a rate of 0. 2 &ayjnfusiop geriodTinie experintentad r a
intervention (denoted Ald+Salt in subsequent figures) was chdmesed upon studies in the
literature, to induce cardiac remodeling reminiscent of that observed in aged cardia
microenvironments including increased cardiomyocyte hypertrophy, increased deposition of
fibrillar collagen subtypes in interstitial and perivascular tissue microenvironments, and impaired
cardiac tissue relaxatigK. Tanaka et al., 2014/alero-Munoz et al., 201,6Wilson et al., 2009

In order to assess the degree to which the experinhgntaluced cardiac
microenvironmentalemodelingecapitulated the alterations in cardiac function observadéa
individuals echocardiographic assessment afirme cardiac systolic and diastolic function
coupled with tissue histologic analysiasperformed for control and Ald+salt mice to characterize
the cardiac remodeling response. Additionally, whole cardiac RNA isolatescollected and
gRT-PCRanalysisof differential gene expression for a variety of inflammatassociated, cardiac
remodelingassociated, or stresssociated gene targetasperformed to determine the degree to
which the Ald+salt experimental intervention induced altered gene expresstandiac tissue
relative to agamatched controls. To quantify differences in regulation of the cardiac resident
macrophage subsets in cardiac tissue following Ald+salt treatment, flow cytometric

characterization of the cardiac tissue resident macrogi@meéation size and phenotype for each
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cardiac resident macrophage subsas profiled for cardiac single cell suspensions isolated from
control and experimental cardiac tissue. In addition to flow cytometric quantification,
immunolabeling of resident meaphage surface markeragswused to confirm the observed flow
cytometric results and identify any unique distribution patterns within cardiac tissue samples.
Immunolabeling of extracellular matrix protein conterdasmlso performed to identify matrix
remockling features outside of fibrillar collagen remodeling which can be assessed through a
variety of histological evaluation methodologies.

As previously discussed, the compensatory cardiac remodeling resfultseing
increased left ventricular afterload is important for the maintenance of cardiac output and systemic
tissue perfusion. While this compensatory response initially serves aslédt@nd preserves
cardiac output, the lonaterm consequences of this remodeling ultimately lead to further cardiac
tissue dysfunction and eventual heart fail@&en the importance of this remodeling response in
determining the extent to which cardiam€tion is preserved or to which cardiac dysfunction is
exacerbated, understanding the mechanisms by which cardiac collagen deposition and
organization alter cardiac function as well as resident cell behavior may help identify potential
targets for therapgic intervention. In order to better understand the role collagen matrix stiffening
and organization through lysyl oxidase (LOX) mediated collagen matrix crosslinking plays in this
compensatory remodeling response, an additional experimental gesugpwen daily injections
withnonr ever si bl e i nhi bi t or -amihoprap@oXitrie (BAPN)foathei ¢ act
five daysprior to implant of BAldosterone loaded osmotic pumps coupled with 1% NaCl drinking
water administration over the 2y implant griod (denoted as Ald+salt+BAPN in subsequent
experiments)Following the conclusion of experimental intervention, murine cardiac funcasnw

evaluated with echocardiography to determine the extent to which murine systolic and diastolic
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function is alterd in Ald+salt animals where LOXhediated collagen crosslinking has been
inhibited. Cardiac tissue ag then collectedand histological, immunofluorescent, and flow
cytometric characterization of the cardiac tissue microenvironment and tissue resident macrophage
compartmentwasperformed. These results serve as an important additional point of comparison
to agematched cotrol and Ald+salt cardiac tissue and help to demonstrate any-rmh@&Xated
mechanisms of tissue remodeling which alter cardiac tissue resi@denbphage population size

or phenotype.

3.2.2D-Aldosterone andBeta-aminoproprionitrile (BAPN) Solution Preparation

D-Aldosterone solution was prepared for osmotic minipump loading by dissolving purified
D-AldosterondSigma, St. Louis, MO) nt o absol ute et hanol at a con
dilutingtheD-Al dost erone sol ut i on -Aldostefopegdlufiobwassterila st er
filtered following preparation and prior to osmotic minipump loading. Osmotic minipumps were
loaded as described in the recommended loading procedure given byAmeinopropionitrile
(BAPN) solutiorwas prepared by dissolgBAPN (Sigma, St. Louis, MO) at a dose of 100mg/kg

I n 100puL of sterile PBS.

3.2.30smoticMinipump Loading and I mplant Procedure

3.2.3.1Loading of D-Aldosterone Solution Into OsmoticPumps
Osmotic minipumps were loaded and prepared for implantation according to the

manufacturer’”s recommended standard operating

sterile conditionsBriefly, the empty pump was first weighed with the flow moderator. A 1mL
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syringe was then used to take upAldlosterone drug solution and bluippped 27gauge filling

tip provided by the manufacturer was attached to the syringe. With the flow moderator removed,
the empty pump was held uprighnd the filling tube was inserted into the pump until the tube
could go no further. The syringe plungeas slowly pressed to fill the pump while the puwgs

heldin an upright position. Pumps were filled until some drug solution was noted around the pump
insertion point, at which point the filling tube was removed and excess fluid was wiped from the
pump.The flow moderator was then fully inserted into the loaded osmotic pump and any residual
displaced drug solution was again cleaned from the pump surface. Filled pumps with inserted
moderators weremassedagain to provide a rough estimate of pump fill vokjmvhich

approximately correlates with pump filD¢Aldosterone solution density=1g/mL).

3.2.3.2Surgical Procedure for Pump Implantin Mice

Mice were anesthetizaesing1-2% isoflurane inhalatioand hair around the implant site
was removed with Nair. Muringkin wassterile prepped and scrubbédice were hen secured
onto a surgical warming pad. The implant site si@silized,and a small incision was made in the
skin between the scapulae. A hemostat was then used to make a small pocket in the skin around
the insertion site to insert the loaded minipumps. Loaded, sterile pumps were then inserted into the
subcutaneous pocket Wwithe flow moderator inserted firsto that the flow moderator was distal
to the insertion site. Incisions were then closed usmg to three 7mnmwound clips(Alzet,
Cupertino, CA) applied with the reflex wound clip applicator (Alzet, Cupertino, ®#ge were
transferred to a warming pad for monitoring following surgery, after which they were returned to
their cagesWound clips were removed with the wound clip remover (Alzet, Cupertino, CA) from

incision site area following incision healing approximgated-14 days following surgery.
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3.2.4Echocardiographic Assessment o€ardiac Function in AnesthetizedMice

The Ultrasonography Core Facility at the Vascular Medicine Institute at the University of
Pittsburgh assisted with the acquisition and analysis of abaaldiographic images for this study.
In order to acquiré&ransthoracic echocardiograpineages, aesthetization was induced wi%b
isoflurane inhalation and murine hair was removed from the chest with Nair. Electrode gel was
applied to murine limbs andhice were secured to the moveable stage withgical tape.
Ultrasound gel was applied to the murine chest dsadialsonics Vevo 3100 (Fujifilm, Tokyo,
Japanyltrasoundransducewas contacted on the chest. Ultrasound images were then acquired
by Ultrassography Core trained sonographBfrmode and pulse wave doppler images were
acquiredAll echocardiographic image evaluation was performed 8gnographeskilled in the

evaluation of rodent cardiac functionVevo lab software.

3.2.5Fixation of Control, Ald +Salt, and Ald+Salt+BAPN Cardiac TissueSamples

Cardiac tissue samples were isolated, washed once briefly with 1x HBSS to remove any
residual clotted blood from the tissue samples, and then fixed for 5 days in 10% neutral buffered
formalin at room temperate. After fixation for 5 days, samples were submitted to the McGowan
Institute for Regenerative Medicine Histology Core facility for paraffin embedding, sample
sectioning, and sample slide mounting for either subsequent histology or immunofluorescence

andysis.
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3.2.6Histological Assessment o€ardiac Tissue

Paraffin embedded cardiac sections were deparaffinized by washing slides through three
xylene changes followed by washing through a graded series of ethanol with a final tap water
wash. Deparaffinizedsectons wer e t hen stained with either

to characterized histologically observable alterations in the cardiac tissue microenvironment.

3.2.6.1Ma s s dmcbreme

Deparaffinized sl ides wSolutonforllsancintdsai56. pr e he
Slides were then washed in running tap water until any residual yellow coloration was removed
from the slides. Slides were then stainetMin e g édentatoxylin Solution for 5 minutes. Slides
were then washed in runningtaater for 5 minutes. Slides were placettichrome stain solution
(Sigma) for 5 minutes. Slides were then placed in 0.5% acetic acid for 1 minute, after which slides

were washed in tap water, dehydrated, and coverslips were mounted.

3.2.6.2Picrosirius Red

Deparaffinized slides were placedinid/ger t ° s Hemat oxyl in Sol uti
then washed in running tap water for 10 minutes. Slides were placed in picrosirius red staining
solution made up of 0.5g Direct Red 80 (Sigma, St. Louis, MO) diluted in b@aiarated picric
acid for 1 hour at room temperature. Slides were washed in two changes of 0.5% acetic acid

followed by slide dehydration and coverslip mounting.
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3.2.6.3Image Acquisition and Analytic M ethods

20X magnification brightfield images of Masson tniome and picrosirius red stained
cardiac sections were acquired using a Nikon Eclipse microscope. Additionally, 20X scans of
Masson’s trichrome and picrosirius r eMoticst ai ne
EasyScan slide scann@viotic, British Columbia, Canada Cardiomyocyte hypertrophy was
guanti fied i n 2 0cardiddsestisnscanssngQuiPainmdye anatysis software
packagdBankhead et al., 20).7Cardiomyocyte area was determined by direct measurement and
area quantification of at least 100 cardiomyeswithin left ventricular tissue regions at least
four biological replicates per group. Perivascular fibrotic matrix deposition was quantified using
QuPath biological image analysis software package by determining the positive expression area of
collagen staining per total vessel area for all vessels identifiéeft ventricular tissuén 20X
cardiac tissue scafBankhead et al., 20).7Polarized light images of picrosirius red staining were
acquired using a Zeiss Obser(2EISS, Oberkochen, Germanw)croscope with a 20X objective.
The relative composition of red or orange birefringent collagen fibers within polarized lightimages

was quantified using QuPath analysis softw@ankhead et al., 2017

3.2.7ImmunofluorescentL abeling of Fixed TissueSections

3.2.7.1Antibody SelectionRationale

Immunofluorescent labeling experiments for the describedlvo model were intended to
provide insight regarding any altered regulation of matricellular protein content within the cardiac
microenvironment. To accomplish this, antibodies against Connectiwieli&rowth Factor
(CTGF/CCN2), Periostin, and Galectdqwere used to label cardiac tissue sections from control,
Ald+Salt, and Ald+Salt+BAPN cardiac tissue sections. Additionally, immunofluorescent labeling
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of C-C motif chemokine receptor 2 (CCR2) and lyimatic vessel endothelial hyaluronan receptor

1 (LYVEL) in cardiac tissue sections was performed to provide additional characterization of any
altered cardiac macrophage subset regulation. Finally, antibodies againssmlpbiédn muscle
actin ( aoSdddtp stainreandequantify any differences in expressidhisffibroblast

activationassociated marker in control and experimental cardiac tissue sections.

3.2.7.2Immunolabeling Protocol for Paraffin -embeddedControl, Ald+Salt, and
Ald+Salt+BAPN Cardiac TissueSections

Slides were deparaffinized and washed in tap water. Slide sections were then covered in
1X Proteinase K made up in TE buffer for 5 minutes at room temperature. Slides were then washed
three timesin 1X PBS. Slides were then placed in atrid retrieval buffer for 20 minutes at-95
100°C. Slides in citric acid retrieval buffer were then immediately placed on ice to cool for 20
minutes following antigen retrieval. Slides were then washed twice in deionized water followed
by two washes in 1X BS. A pap pen was then used to encircle cardiac tissue sections on the
slides. Donkey serum blocking buffer was pipetted onto each tissue section. Sections were blocked
in buffer for 2 hours at room temperature. Following block, primary antibodies wesd &mldach
encircled tissue section in the dilutions described below. Tissue sections were incubated with
primary antibodies overnight at @ Care was taken to select sections to withhold primary
antibody treatment from to serve as primary delete contfeddowing primary antibody
incubation, sections were washed five times in 1X PBS. Secondary antibody Donkegbaitti
647 was themade up in donkey serum block buffer at a dilution of 1:250 and applied to cardiac
tissue sections for 30 minutes at rommperature. Following incubation with secondary antibody,
sections were washed five times with 1X PBS. Coverslips were then mounted using fluorogel with

added DAPI nuclear stain. Slides were kept in the dark for 10 minutes while coverslip mount was
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allowed to adhere, after which stained tissue sections were immediately imaged using a Zeiss
Observer fluorescence microscofEISS, Oberkochen, GermanyPrimary antibodies and
dilutions used forn vivo study staining as follows: rabbit arfionnective Tissue Growth Factor
(Abcam, ab6992, 1:200), rabbit at@@alectin3 (Abcam, ab76245, 1:250), rabbit aR&riostin
(Abcam, ab215199, 1:1000), rabbit abWVE1 (Abcam, ab218535, 1:5000), rabbit aCR2

(Abcam, ab273050, 1:250), and rabbitesnt MA ( A b56%m:100.a b

3.2.7.3Imaging and Quantification of ImmunolabeledTissueSections

Images of immunofluorescent labeled cardiac tissue sections were acquired using a Zeiss
Axio Observerfluorescence microscog€EISS, Germany). Images were acquired with a 20X
objective for monochrome DAPI and cy5 channel images. Quantification of differences in
immunofluorescent labeling was performed using QuPath biological image analysis software
(Bankhead et al., 2037 For matricellular protein immunolabelirexperiments, the percent
positive stain area for each marker was quantified using a QuPath pixel threshold classifier
(Bankhead etal., 207 For LYVE1, CCR2, and aSMA i mmunol
QuPath positive cell detection algorithm was utilized to first detect cells wedmdiac tissue
sections based upon DAPI nuclear staining and then quantify the number of those cells exhibiting
mean Cy5 expression greater than the defined positive expression thri@ndttiead et al.,

2017).

3.2.8Flow Cytometric Analysis of Cardiac Cell Populations

Flow cytometry can be utilized as a high throughput experimental methodology for the

evaluation of differing cardiac resident macrophage compartment regulation. The first step of flow
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cytometric cell characterization is the development of a single cédkiso protocol to generate a
single cell suspension of cardiac celiich can be subsequently stained with antibodies against

markers of interest.

3.2.8.1TissueDigestion andGeneration of aCardiac Single Cell Suspension

Cardiac tissue samples from controldAsalt, or Ald+salt+BAPN were collected and
washed once in 1x Hanks balanced salt solution (HEStg)mg to removed residual blood cell
content. Cardiac tissue samples were then transferred to a digest buffer consisting of 1%
Collagenasé (Fisher)and 26 CollagenasdV (Fisher)made up in FACS buffer (5% FBS/1%
BSA made up in 1x HBSS). Cardiac tissue samples were then minced into small tissue pieces in
the digest bufferDigest buffercardiac tissue suspensions wérentransferred to an incubator
set @ 37 C under constant agitation. Samples were in the incubator for 30 middtes .30
minutes of incubation in Collagena#elV digest buffersamples were vortexed and transferred
to a sterile cell culture hood for removal of tissue debris from trdta@single cell isolation and

staining of cardiac cell isolates.

3.2.8.2Staining of Cardiac Single Cell Suspension

Samples were filtered through a 100pM cel l
minutes at 4C. Sample supernatant was decanted offarell | s wer e resuspende
FACS buffer. Samples were then diluted 10:1 with 1x red blood cell lysis l§iMikenyi Biotec,
Auburn, CA)for 2 minutes. Samples were then centrifuged at 1000g for 5 minuté€ andi
supernatant was decanted of&n®les were washed once with FACS buffer and subsequently
resuspended in 100 pL of FACS buffer. Cel I s
unstained, viability, and stained samples for experimental procedures and analysis. Cells were then
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treatedwith anttCD16/32 antibodyFisher)for 10 minutes at room temperature to prevent-non

specific antibody binding within cell suspensions during staining. After blocking with anti
CD16/32, cells were centrifuged at 1000g for 5 minuteS@tahd supernatant was decanted off.
Cells were washed once with FACS buffer and
Primary antibodies were added at optimized dilutions and samples were stained for 20 minutesin
the dark at 4C. Samples were then slaed with FACS buffer and resuspende®dn0 pL of FACS
Single color compensation controls were stain
drop of UltraComp eBeads diluted in 50 pyL of
for 20 minutesn the dark at 4C similar to stained cell samples, after which beads were washed

and resuspended in FACS buff&ollowing completion of cell and bead staining and wash,
samples were set aside in the dark’a while MACSQuant flow cytometeiMiltenyi Biotec)

was calibrated and set up for experimental data acquisition. Once the experimental data collection
procedure was set up, sampleswere removedff@m4 t r eat ed with 2 pL of
to assess cell viability, and arranged in the Chidnple holder to be processed with the

MACSQuant.

3.2.8.3Quantification and Statistical M ethods for Evaluating Flow Cytometry Data

The MACQuant cytometer was switched into acquisition mode and lasers were given 20
minutes to warm up prior to beginning the expemtAll data acquired with the MACSQuant
flow cytometric platform was exported as a flow cytometry standard (FCS) file and analyzed using
the Flowjo(BD, Franklin Lakes, NJjjow cytometry analysis software. Sample compensation was
performed using singleotor bead compensation samples to determine and correct for antibody
spillover into neighboring detectors. The compensation matrix generated from quantification of

single-color control tube spillover was then used to compensate and adjust sample stdireag v
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to reduce the confounding effects of antibody fluorescence spillover. Unstained and viability only
stained cell samples for each grouprathen used as negative constd determindackground
autofluorescence within the cell samples and providigit into appropriate cell gate placement.

Using these control samples to set gates, a gating scheme was developed to characterize the size
and phenotype of each cardiac resident macrophage subset. In general, the gating strategy for these
experiments fist involved a debrigxclusion andh doubletexclusion steperformed based upon
measuredFSC and SSC detector voltages. Thenwiable cells were identified in stained
suspensions by selecting for the cell population exhibiteygativeP| expressionasPI tags dead

cells in suspension by diffusion through porous cell membranes common in apoptotic or necrotic
cells.

Viable cell fractions were then further separated based upon expression of general pan
leukocyte markerCD45.CD45 positive, viable cellseve selected for further analystV/80 and
CD11b expression as then characterized. Macrophage lineage marker expressasrhen
characterized within any identifiecardiac macrophage populations order to identify the
population size of each macrogleafractionas well as identify any unique surface marker
expression patterns withtheisolatedimmune cell populationgGiven the previously published
results of lineage tracing studies which identified TIMDA4cétl immunoglobulin andmucin
domain coraining 4), LYVE1 (lymphatic vessel endothelial hyaluronan receptor 1), and CD163
(high affinity scavenger receptor for hemogloliaptoglobin complex) as markers of
embryologicallyderived macrophage sultsethese markers @re used toidentify differential
regulation of macrophages derived from embryological precu¢Pick et al., 2019Epelman et
al., 2014. Additionally, CX3CR1 (GX3-C motif chemokine receptor/fractalkine receptor) was

used as a markef general cardiac residence and CCR2 was used as a marker of bone marrow
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monocytederived macrophage populatio(@ick et al., 2019 Epelman et al., 2034 Finally,
expression ofmacrophage Mssociated phenotypic marker GD&nd macrophage M2
associated phenotypic marker CD20@sxharacterized within each subset to provide some
preliminary insight into any altered phenotypic regulation of these resident macrophages following

experimental intervention.

3.2.9Isolation of RNA From Cardiac TissueSamples for gRT-PCR

3.2.9.1RNA IsolationProtocol

Cardiac tissue sections were placed in RNAlater following isolation and sibré@f C
until ready for RNA isolation from tissue samples. Once ready, tissue samples were removed from
RNAI at er and pl| aBofferdRLT. misswe a®dObQfferLsuspefnsions were then
transferred to a 2mL microcentrifuge tube and homogenized usBepd Riptor Elite (Omni
International, Kennesaw, GA) bead homogenizer. Tissue homogenate tubes were then centrifuged
at full speed for 3 minutes. Tissue homogenate was pipetted out of bead microcentrifuge tube and
into a new microcentrifuge tube with care takemavoid pipetting any tissue debris from the tube.
600puL of 70% et han camplesandtie g/sate golutprewas reibeed welh t o
by pipetting. 700pL of | ysate was transferred
2mL collection uibe and was centrifuged for 15 seconds at 8000g. Flow through in the collection
tube was discarded and remaining sample lysate volume was transferred to the spin column and
centrifuged at 8000g for 15 secondslwabthemw t hr
added to the spin column and sample were centrifuged for 15 seconds at 8000g. Flow through was
di scarded. 500pL of Buffer RPE was added and s
FI ow t hrough was di scar desdgaind@dluninswefe cadtuftigede r RF
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for 2 minutes at 8000g to wash the column and to ensure any residual ethanol is removed. Flow

through was discarded and the RNeasy spin column was placed in a new 1.5mL collection tube.

30uL o treRadtarsvas addl to each spin column and samples were centrifuged at 8000g
for 1 minute to elute sample RNA. Eluate in collection tube wgspetted onto spin column and
samples were centrifuged at 8000g for an additional minute to elyteesidual RNA bound to

spin columns. Sample RNA concentrations were determined using a NanoDrop Lite
spectrophotometer (Thermo, Waltham, MA). Only samples with A260/80 ratios within 2.0 + 0.10

were considered sufficiently purified for further gFPICR analysis.

3.2.9.2Primer SelectionRationale

Whole cardiac RNA gRPCR studiewereintended to providadditionalinsight into any
altered regulation of inflammatiesissociated, matriremodeling associated, or stresssociated
gene expression between controtiakld+salt experimental groupfouble A C; analysis of
Collal, Mmp2, MmpSandTimplfold change in gene expression will help evaluate the change
in collagenl RNA transcript levels as well as the change in expression of metalloproteases MMP
2, MMP-9, and metalloprotease inhibitor TIMBTgfb(TGFB) expr essi on wi | |
for control and Ald+salt cardiactissweence TGF has a myri ad of rol es
microenvironmentd/Vith aging, the cardiac microenvironment generally experiences anincreased
depositia of fibrillar collagen subtypeswith collagenl comprising the majority of produced
collagen proteingWilliams et al., 2014Williams et al., 2015k Aging also promotes aaltered
balance in the regulation of metalloprotedsenetalloprotease inhibitor gene transcriptionth
an increased expression of metalloprotease imbib attenuatingMMP-mediated matrix
degradatiorbeing observed with increasing aig¢orn et al., 201p Selection of the described

primers should help elucidate the degree to which the experimental model is auapidulate
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these observed agelated changes in the cardiac microenvironmental transcriptional landscape.
Additionally, quantificationof TGHB t ranscr i pts wi | | hel p cont e
immunolabeling in cardiac tissue secti@swell as hgl elucidate the degree to which matrix

remodeling may be occurring in the local microenvironment.

In order to assess any change in inflammagsesociated gene regulation following
Ald+salt experimental treatment, doulN€; analysis of the fold change expression ailb, 116,
Nos2, and Tnfa will be performed to quantify any change in expression of inflammasome
activation associated gene targets. The selected primers here also reflect some of the primer choice
used for than vitro evaluation of macrdpage microenvironmental response to provide some
common reference points between experimental models. In addititmeseinflammation
associated genes, double C; analysis of the fold change in expression of monocyte
chemoattractant proteityC-C motif chemokine ligand 2Gcl2) RNA transcript levels will be
performedo assess the degree to which Ald+salt experimental treatment alters the expression of
monocyte chemoattractaptoteingene transcription. These results can be used in conjunction
with the flow cytometric characterization described above to assess the degree to which the
describedexperimental treatment induced the monocyte extravasation and differentiation into

cardiac resident macrophages.

Finally, doubleA C; analysis of the fold change in expression of stress response associated
genes can help one infer the state of cellularogrdative stress within cardiac tissue
microenvironmentQuantification of the change in transcription levelg-difox binding protein
1 (Xbp)) - a protein which is an important component of the unfolded protein and endoplasmic
reticulum stress responsebetween control and Ald+salt will also be performed to better

understand how the experimental treatnadtaredmisfolded protein and endoplasmic reticular
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stressrelated signalingathway. Double A C; analysis of fold change superoxide dismutase 3

(SodJ3 expression can also be used to im@senchymatell stress as well as infer about changes

in concentration of oxidative species within the cardiac microenvironi@aeperoxidelismutase

Is an enzyme responsible for catalyzing the conversitimeofdical oxidative species superoxide

into hydrogen peroxidenvhich cansubsequently béurther converted into water and oxygen;
functionally clearing &lAPDH-oxidase (NOX) enzyme generatedlical oxidative species which

is highly cytotoxiqLambeth, 200 Taken together, quantification of the change in expression of
these gene targets can together be used to infer some information regarding the cardiac cellular

stress pathways regulation following experntad intervention.

3.2.9.3Quantification and Statistical M ethods for Evaluation of gqRT-PCR Data

All preparation of samples and plates for gRCR were performedoniceoraC4 1 p L
of sampl e cDNA was -fardedee dvattce r8 p L1 OqufL RPNa sTea g Ma n
mi x (Applied Biosystems, Foster City, CA) , an
96-well reaction plate (Applied Biosystems). Plates were then se@t@dViicroAmp Optical
adhesive film (Applied Biosystems) and centrifuged at 300g for 4 minuté€afe qRTPCR
reaction was catalyzed and @alues were obtained using a QuantStudio 3AHKR system
(Applied Biosystems). Relative gene expression wderdened using the double C; method
(ddCT) of gene expression quantificati@apdhwas chosen as the housekeeping gene utilized
for normalization in this experiment. Primers chosen for this experiment were selected due to
previously reported upregulatidollowing Th1/Th2 cytokine stimuliin macrophage populations
or due to their role in the microenvironmental tissue remodeling respoNss2
(MmO00440502_m1), ll1b  (Mm00434228 m1), 116  (MmO00475988 m1), Tnfa

(Mm00443258_m1), Tgib (Mm01178820_m1), Sod3 (MmO01213380 m1), Xbpl
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(Mm00457357_m1), Mmp2 (Mm00439498_m1), Mmp9 (MmO00442991 m1), Timpl

(Mm00441818 m1)ol1al(Mm00801666 gl)Ccl2(Mm00441242 m1) (Themo Scientific).

3.2.9.4Statistical Analysis

Data was analyzed with IBM SPSS @BM, Armonk, NY) statistical aalysis package.
Data was first assessed for normality using a Kolmog&anrnov test. Normally distributed data
was analyzed with a ongay ANOVA with post hoc Tukey test to identify any significant
differences in data distribution. Nerormally distribued data was analyzed with a Kruskahllis
test with pairwise post hoc comparisongerformedto identify any significant differences

experimental data distributioihe threshold for statistical significance was selected to be p<0.05.

3.3 Results

3.3.1Echocardiographic Assessment o€ardiovascular Function Demonstrated a

Significant Alteration in Cardiac Function Following Experimental Treatment

Following the conclusion of the 28ay period of constant osmotic minipump infusion of
D-Aldosterone coupled with 1% NaCl drinking water treatment, mice \wessthetizedand

cardiac function was evaluateding echocardiograpl{fFigure8, Table 1)
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Figure 81 Chronic D-Aldosterone infusion coupled with 1% NaCl drinking water supplementation treatment

is associated witlsignificantly incresaed mean isovolumic relaxation times relative to controls. Inhibition of

collagen crosshking through BAPN administration prior to D -Aldosterone+1% NacCl drinking water

treatment was associated with altered cardiac functiorelative to control and Ald+salt groups. (A) Calculated

mean ejection fractiqiiB) fractional shortening percentag¢€) isovolumic relaxation timg€D) measured left

ventricular systolic diameteffs) measured left ventricular volum(&) mitral valve early (E) to late (A) filling rate

ratio (MV E/A), (G) mitral valve early filling rate (E) to early mitral valvetissueam | ar vel ocity (E’)
E/ EH)mi t ral valve t i s s u éormrrol(nyl0)DAldostdroaa+l%NaCldrioking y ( E' )

water (Ald+Salt) treated mice (n=10), and Ald+Salt treated mice which received BARM pteent
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(BAPN+AId+Salt) (r=4). Data presented as box and whisker plots. Lines indicate matmnormality was
assessed with Kolmogoreésmimov (K-S) test. Significant differences in normally distributed data were identified
with a oneway ANOVA with posthoc Tukey testNon-normally distributed data was analyzed with Krusikélllis

independent samples test with pbet pairwise comparisons.

The results of this echocardiographic assessment of cardiac function in control mice, mice
which received PAldosterone minipumpnplant coupled with 1% NaCl drinking water with no
BAPN pretreatment (Ald+salt), and mice which received &ldosterone minipump implant
coupled with 1% NaCl drinking water with daily BAPN injections for the five days preceding
pump implant (Ald+salt+BRN) identified several significant alterations in cardiac geometry and

functionas a resulbf experimental irgrvention (Table 1significant pvalues noted in bo)d
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Table 1 - Parameter values derived from echocardiographic agssment of murine cardiac function

Measure Control (0)| Ald+salt Ald+salt+BAPN | p-value Post Post
(1) (2) hoc p|hoc p

value | value
(Ovs1)| (Ovs2)

Mitral valve E| 708 £ 66 |699 +61 760 + 34 p=0.241

wave (mm/s)

Mitral valve A| 347 £65 | 341+129 |222+19 p = 0.086

wave (mm/s)

Mitral valve| 21+£05 |23+1.0 3.4+0.3 p=0.018|p =lp =

E/A 0804 | 0.015

e’ ( mm/ |-255+£3.3|-264+45|-17.3+34 p=0.002|p =l p =
0.877 | 0.005

a’ ( mm/ |-205+7.6|-19.1+5.0|-124+£3.5 p = 0.095

Mitral valve| -28.2+4.2| -27.1+4.4|-44.8+6.2 p<0.001|p = p <

E/ e’ 0.870 | 0.001

e’ [/ a’ 1.355 +| 1.415 +/1.425+0.117 |p=0.851

0.362 0.180
a’'l e’ 0.809 +| 0.718 +/ 0.705 £ 0.058 | p=0.988
0.304 0.096
Aortic ejection| 50 £ 3 53+3 54 +2 p=0.046 | p =l p =
time (ms) 0.067 | 0.128
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Table 1 (continued).

Isovolumic 12+3 14 x4 16 £3 p=0.131

contraction time

(ms)

Isovolumic 14 + 3 18+ 3 17 +3 p=0.027| p = p
relaxation time 0.023 | 0.273
(ms)

Left ventricular| 0.514  £| 0.596 +/ 0.601 £ 0.050 |p=0.068

myocardial 0.080 0.091

performance

index (LV MPI)

Heart Ratg 464 + 43 | 423 £53 406 + 12 p =0.059

(BPM)

Systolic 28+£03 |27+04 3.3£0.2 p=0.008]|p = p =
diameter (mm) 0572 | 0.083
Diastolic 40£03 |4.1+£0.2 4.3 £0.2 p =0.150

diameter (mm)

Systolic volume 30 + 8 27 £ 15 45+ 7 p=0.004|p =l p =
(pL) 0.608 | 0.015
Diastolic 70 £ 13 73+10 84 +10 p =0.150

vol ume

Stroke volumg 39 +7 46 + 6 39+6 p =0.051

(uL)
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Table 1 (continued).

Ejection

fraction (%)

57 *+6

64 +8

46 +5

p = 0.001

0.086

Fractional

shortening (%)

30+4

35+6

23+3

p = 0.002

0.076

Cardiac outpul

(mL/min)

18.1+2.5

19.6 £3.7

15.7+ 3.0

p=0.132

Left ventricular

mass (mg)

130 + 25

145 + 37

150 + 30

p =0.515

Corrected left

ventricular masy

(mg)

104 + 20

116 + 30

120 + 24

p =0.515

Left ventricular
anterior wall -

systole(mm)

1.2+0.1

1.3+0.2

1.1+0.2

p=0.219

Left ventricular
anterior wall —

diastoleglmm)

09+0.1

1.0+£0.2

09+0.2

p=0.625

Left ventricular
posterior wall—

systole (mm)

11+0.1

1.3+0.3

1.0+0.1

p = 0.052
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Table 1 (continued).

Left ventricular
posterior wall-

diastolgilmm)

08+0.1

09+0.3

0.8 +£0.04

p=0712

Left ventricular
posterior wall-

diastole (mm)

0.8+0.1

09+0.3

0.8+0.04

p=0.712

Left Atrial A-P

(mm)

23%+0.3

20+04

20+04

p=0.175

Global
longitudinal

stain (GLS) (%)

-16.4+2.2

-18.6 £+4.0

-16.6 £5.3

p =0.359

Circumferential

strain (%)

-19.3+3.0

-21.4 £4.2

-17.2+ 3.4

p =0.143

Radial strain

(%)

27.5+4.0

26.7+7.2

26.5+9.7

p =0.946

Global
circumferential
strain  (GCS)

(%)

-19.7 2.7

-21.9+39

-17.5+3.2

p =0.097
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3.3.1.1D-Aldosteronel nfusion Coupled With 1% NaCl Drinking Water | mpaired
Ventricular Relaxation

In order to better characterize cardiac tissue function between control and mice which
received treatment with osmotic minipump infusion ofAlosterone coupled with 1% NaCl
drinking water for 28 days, echocardiographic aseeent of mitral valve flow and mitral valve
tissue annular velocityasanalyzed to partially infer the functional consequences of cardiac tissue
remodeling(Table 1 Figure8). No significant change in early (E) or late (A) wave fill rates
between contricand Ald+salt experimental groupgas observedalthough a slight decrease in
both early and late filling rates were observed in Ald+salt mice relative to controls (Table 1). When
comparingthe early to late filling rate (MV E/A) for control and Ald+satice, a slight, non
significant increase in MV E/A ratios was observed in Ald+salt mice relative to controls (Table
1).

In addition toMV early and late filling rateneasurementshe annular tissue velocity of
the mitral valve during early and ladeasble can be measured to infapreinformation about the
left ventricular cardiac tissue stiffness as well as better contextualize the observed MV E and A
filling waves.When comparing control and Ald+saltearey () anal )| ant ¢ r@!l val ve
tisste velocities, it was observed that Ald+salt experimental treatment induced a slight mean
increaseire and a sligha measueéevekbaseties (Tabl e

Finally, one can quantify the isovolumic contraction time, isovolumic relaxation tirde, an
aortic ejection time to infer some additional information about cardiac systolic and diastolic
function between control and Ald+salt gropable 1, Figure 8)A nonsignificant mean increase
in isovolumic contraction timand a significant increase imean isovolumic relaxation tinveas

observedn Ald+salt mice ascompared to contis (Table 1 Figure8C). Additionally, a mean
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increase in the aortic ejection time was noted following Ald+tsaditment (Table 1). These results
suggest that the left ventricular remodelinduced by Ald+Salt treatmenid not significantly
alter the early and late wave filling dynamibut did induce some impaired left ventricular

relaxation (Figuré&C).

3.3.1.2BAPN Administration Prior to D -AldosteronePump I mplant AttenuatesSome of
the Observed DAldosterone+Salt Induced Cardiac Remodeling but Worsens
Cardiac Systolic and Diastolic Function

The cardiac compensatory remodeling response occurs to preserve cardiac output in
response to a variety of stimuli or changing physiological conditions. In order to understand the
functional consequences of disruption of lysyl oxidase mediated crosslwikaudiagen fibrils,

BAPN was usedo inhibit lysyl oxidasefunction prior to DAIdosterone osmotic pump implant
and 1% NaCl drinking water administratio@ardiac function wasthen evaluated using
echocardiographtp determine what if any functional comgences presented in tinevivomodel
(Table 1, Figure).

When comparing the observed left ventricular posterior and anterior wall measurementsin
the Ald+salt and Ald+salt+BAPN groups, BAPN administration prior to pump implant was found
to cause &light mean reduction in the measured posterior and anterior wall dimensions both in
systole and diastole as compared to Ald+satlttricular wall measurements (Table 1). When
comparing these measurements to control left ventricular posterior and anterior wall
measurements, it was observed that BAPN administration prior to pump implant either slightly
reduced or caused no changehiae mean left ventricular wall dimensions (Table 1). While BAPN
administratiorwas found topreserveleft ventricular posterior and anterior walimensions

Ald+salt+BAPN treatment waslso found to be asxiated with significantly altered left

146



ventricula chamber dimensions and volumes (Table 1, Fi§Dx&). BAPN administration prior

to D-Aldosterone minipump implant was found to induce a significant mean increase in systolic
left ventricular chamber size (Figu®) as well as in systolic left ventricad chamber volume
(Figure8E) relative to both control and Ald+salt groups. In addition to the observed significant
left ventricular chamber dilation in systole, a rgignificant increase in Ald+salt+BAPN group
mean diastolic left ventricular chamber diet@r and diastolic left ventricular volumeas
observedelative to control and Ald+salt mice (Table 1).

In addition to the deleterious dilative cardiac remodeling suggested by the increased mean
systolic and diastolic left ventricular chamber measurem@nsignificant reduction in cardiac
ejection fraction was observed in mice which received BAPN administration prior-to D
Aldosterone minipump implant relative to both control and Ald+salt mice (Figdye BAPN
administration was also observed to haegesal significant impacts on mitral valve flow and
tissue annular velocity measuremestisggesing somedysregulatedliastoliccardiac function
(Figure8F-H). BAPN administration was found to increase mean mitral valve E filling rates and
decrease meakwave filling rates, in turn inducing a mean increase in the derived MV E/A ratio
for Ald+salt+BAPN mice relative to control and Ald+salt animals (Table 1, Figfereln addition
to the altered MV E and Ailling rates, a significant reduction magniude of the early wave
tissue annular velocity( Wwas observed in the Ald+salt+BAPN group relative to both control and
Ald+salt groups (Figur&H). Consequent this significant reductionMV €', Ald+salt+BAPN
mice also exhibited significantincrease iMV E/€ ratios relative to control and Ald+salt mice
(Figure 8G). Finally, while not observed to significantly differ from control values,
Ald+salt+BAPN mice were observed to generally exhibit increased mean isovolumic contraction

times, increased meanoiolumic relaxation times, and increased mean aortic ejection times
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(Table 1).Taken together, these results demonstrate how while BAPN administration can reduce
some of the observed left ventricular anterior and posterior wall hypertrophic remodelseesp
following Ald+salt treatment, disruption of lysyl oxidasgediated compensatory remodeling can
cause dysregulation of cardiac systali diastolic function relative to both control and Ald+Salt

mice (Figure 8, Table 1)

3.3.2Histological Evaluation of Cardiac TissueM orphology

While echocardiography is an important, Aorasive clinical tool for the diagnosis of
dysregulated cardiac systolic or diastolic function, echocardiographic imaging can only provide
limited information regarding the remodeling-deac microenvironment. In order to provide a
more complete characterization of the remodeling response induced by experimental intervention,
control, Ald+salt, and Ald+salt+BAPNcardiac tissue sectionser e st ai ned wi th

trichrome or picrosiriusad(Figure9).
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Figure9-Massonds trichrome and picrosirius red staining o
tissue sections demonstrated significantly altered perivascular collagen deposition and cardiomyocyte
hypertrophy. (A) 20 x i mages of Ma s (8)opicrosriustred istaimed cande&c saatiahs with
representative images of perivascular and interstitial collagen deposition noted in ventricular regions for control,
Ald+Salt, and Ald+Salt+BAPN experienn t a | groups. S ¢Q Rueantificaion ©f measute® 0 y m.
cardiomyocyte areas from 20x masson’s trichrome stain
and Ald+Salt+BAPN (n=4) group$D) Quantification of percent positive cofjan staining in perivascular tissue
regions for control (n=7), Ald+Salt (n=6), and Ald+Salt+BAPN (n=4) cardiac sec{@h®erivascular collagen
positive stain area separated by vessel area. (C, D) data presented as box and whisker plots. Lirmas ardiktek
triangles signify outliers. Data normality was assessed with Kolmogdmavnov test. A onavay ANOVA with post
hoc Tukey testingin (C) and twway ANOVA for treatmentgroup and vessel size with plost Tukey testingin
(D).
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3.3.2.1Ma s s dmcbreme Staining Demonstrates Ald+Salt Induceslncreased
Perivascular CollagenDeposition andCardiomyocyte Hypertrophy Relative to
Age-matchedControls

Masson’ s tr i chr omavheneicallagen isostpined bll=ell sucl@aren i n g
stained purple, anthecell cytoplasmis stained red can be utilized to both identify differences
in perivascular and interstitiaollagen depositioras well as quantify differences in mean
cardiomyocyte aredetween control and Ald+salt cardiac tisssections(Figure 9A, C-D).
Qualitatively, an increased deposition of collagen denoted by increased aniline blue staining was
noted both in perivascular tissue regions as well as within interstitial tissue regions of the left
ventricle in Ald+salt cardiasections relative to control tissue sections (Fi@ée Quantification
of the percent of the perivascular area comprised of positively stained collagen in control and
Ald+salt cardiac tissue sections also demonstrated a significant mean increaseascpéi
collagen deposition in Ald+salt sections relative to control sections (FaireOf note, a non
significant but notable mean increase in the percent positive perivascular stain area was observed
in larger vessels quantified within cardiac tisseetions for both groups (Figudg). In addition
to identifying differences in collagen deposition between sections by qualitative and semi
guantitative evaluation of aniline blue staini
can be utileed for the quantification of cardiomyocyte ar@agure 9C). Quantification of
cardiomyocyte shoraxis cross sectional area in control and Ald+Salt cardiac tissue sections
demonstratethat Ald+salt treatment induced a significant mean increase in caydyte area
(Figure9C). This result suggests that Ald+Salt experimental treatment induced cardiomyocyte

hypertrophy relative to ageatched controls.
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3.3.2.2Ald+Salt Cardiac TissueSectionsExhibit an Increasedrraction of Thick or
DisorganizedCollagenFibrils Relative to Control Sections
Picrosirius red histological staining can assist with the qualitative evaluation of collagen

deposition characteristics as well as the elucidation of colléeh thicknessin control and
Ald+salt cardiac tissue sectiorfEigure 9B). Collagen deposition in brightfield images of
picrosirius red stained cardiac tissue sedioas observed to qualitatieincrease in both
perivascular as well as in interstitial ventricular tissue regioA$éd+Salt cardiac tissue sections
relative to controlgFigure 9B). In addition to brightfield images, polarized light images of
picrosirius red stained sections wergttaied to infer differences in collagen fibril thickness or

organization between control and Ald+salt cardiac sec{ieigsire10).
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Figure 10- Polarized light imaging of picrosirius red stained cardiac sections demonstrateah altered
deposition of thick collagen fibers between control and experimental group mice. (Aplarized light images of
picrosirius red stained cardiac tissue sections for control, Ald+Salt, and Ald+Salt+BAPN experimental group mice
acquired in ventriclar tissue proximal to aortic outflow tradiB) Quantification of the percent of positive
expression of birefringent red or orange collagen fibers in control, Ald+Salt, and Ald+Salt+BAPN cardiac tissue
sections. Data presented as box and whisker platsslindicate mean. Black triangle represent data point outliers.

Image magnification = 20x-50imagesacquiredind bi ol ogi cal replicates. (A)
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In polarized lightimaging of collagen fibrils, thickerore matureollagen fibershow up
in red and orangeavhile thinner less mature collagen fibrils show up in green. Qualitatively, one
can see a general increase in the red and orange collagen fibril content in the Ald+salt cardiac
sections relative to control (FigeilOA). Quantification of the percepbsitive areaf redand
orange collagen fibers 20x images o€ontrol and Ald+salt cardiac sections also demonstrated a
mean increase in the percent of red and orange birefringent collagen fibers in Ald+satt cardia
sections (Figurd0B). Thisincrease in red and orange birefringent collagen fibers in Ald+Salt
cardiac sectionsuggestot only anincreased collagen deposition within Ald+salt cardiac tissue

but alscanincreased maturation of collagen fibrils withivat extracellular microenvironment.

3.3.2.3BAPN ReducesPerivascular Collagen Depositionand Cardiomyocyte Hypertrophy
BAPN injection prior to DAldosterone minipump implant and 1% NacCl drinking water
administration was found to have sevesighificant impacts on the histologically characterized

cardiac tissue remodeling response (Figdrd0) . Masson’s trichrome and
of Ald+Salt+BAPN cardiac tissue sections wegenerally characterized by an increase in
perivascular ad interstitial collagen staining relative to control sections (Fig4eB). When
compared to Ald$alt cardiac tissue sections, qualitative differences were less appaltfioiigh
Ald+Salt+BAPN sections did appear to exhibit some increased interstitiagen deposition
(Figure9A, B). Quantification of perivascular percent positive collagen staining indicated BAPN
treatment did not significantly alter perivascular collagen deposition relative to either control or
Ald+Salt groupg(Figure 9C) However,the quantified mean value in the Algait+BAPN group

was observed to decrease fromeanAld+Salt percentags andinsteadvas foundo more closely

reflect controlvalues(Figure 9D). Quantification of red and orand®refringentcollagen fiber

content inpolarized light imaged picrosirius red stained sectd@monstrated mean increase in
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the red and orange fibril content in Ald+salt+BAPN cardiac sections relative to both control and
Ald+salt sections (Figur@0B). Taken together, these results indicalé+salt+BAPN induced
increased deposition and maturation of collagen fibrils within the cardiac microenvironment,
although this effect was not pronounced within the perivascular regions.

Cardiomyocytecross sectionalrea was also quantified fromMassos t r i ¢ hr o me
sectiondor Ald+Salt+BAPN cardiac tissu@gigure9A, C). It was observed that BAPN treatment
attenuated the cardiomyocyte hypertrophic remodeling respuyssrved in Aldgalt cardiac
sectiongFigure9C). However, it was also noted that mean ABd#t+BAPN cardiomyocyte areas
were significantly greater than measured control areas, suggesting BAPN treatment did not
wholistically block the cardiac hypertrophic remodeling response to3Jdld+treatmen{Figure
9C). These results indicate that BAPN treatment inducdstinctcardiac microenvironmental
remodeling response to Al&alt treatment characterized by reduced cardiomyocyte hypertrophy

but increased collagen deposition.

3.3.3ImmunofluorescentL abeling of Matricellular Proteins in Cardiac Sections

Demonstratel ncreasedM eanL abeling Following Experimental I ntervention

In addition to increased fibrillar collagen deposition, altered regulation of matricellular
proteinsassociated withmediating extracellular mak assembly or promoting altered cell
migratory behavior have been observettwease in expression both the pressure overloaded
myocardium as well as iadvanced age cardiac microenvironngefrt order to better understand
how experimental interverttn may have promoted the altered secretion of matricellular proteins

within the cardiac microenvironment, immunofluorescent labeling of Connective Tissue Growth
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Factor (CTGF/CCN2), Galectii, and Periostin wagerformedand images were acquired with

Zeiss fluorescent microscogEigurell).
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Figure 11- Immunofluorescent labeling of Connective Tissue Growth Factor (CTGF/CCN2), Galect#3, and

Periostinin control, Ald+Salt, and Ald+Salt+BAPN cardiac tissue sections. (AOxmagnification images of

CCN2,(C) galectin3, and E) periostinimmunolabeling in control, Ald+Salt, and Ald+Salt+BAPN cardiac tissue
sections(B) Quantification of positive CCN2 (CTGH)D) galectin3, and(F) periostin expression areain labeled
cardiac tissue sections. (A, C, E) Scale bars = 50pm.
uniformly to help improve labeling visibility. (B, D, F) data presented as box and whisker plotsindgtieate

mean. Black triangles signify outliers1® sectionsimaged in at least 3 biological replicates. Data normality was
determined using a Kolmogoreédmirnov test. Significant differences in normally distributed data were identified

with a oneway ANOVA with posthoc Tukey test. Significant differences in roormally distributed data were

assessed with a Krusk@lallis independent samples test with pbat pairwise comparisons.
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Imaging results oConnective Tissue Growth Factor (CTGF/CCN2) immofluorescent
labeling demonstrated a qualitative increase in expression following Ald+Salt treatment relative
to agematched control cardiac tissue (Figad&). When examining the impacts of lysyl oxidase
inhibition on CTGF expression, a further increasqualitative expression was observed relative
to both control and Ald+Salt cardiac tissue sections (Fiji#¢. Quantification of positive CTGF
expression area per field of view inimmunolabeled cardiac sections supported the qualitative trend
observedin Figure11A, with significant increases in mean CTGF expression noted between
Ald+Salt and control cardiac sections as well as between Ald+Salt+BAPN and control cardiac
sections (Figuré1B).

Immunofluorescence results of Galee8abeling did not d@onstrate any substantial
gualitative differences in labeling noted between controlAldetSalt conditions (Figurd 1C).
Additionally, inhibition of lysyl oxidase function through BAPN treatment prior to experimental
intervention was not noted to induceyasubstantial alterations in GalecBrexpression (Figure
11C). Quantification of positive GalectiBdexpression area per field of view demonstrated a slight
reduction in mean expression of Galee3ifollowing Ald+Salt treatment relative to ageatched
controls (FigurellD). Inhibition of lysyl oxidase function through BAPN administration was
found to be associated with no significant differences in Gal&o¢ixpression relative to controls
(Figure 11D). Expression of Galecti8 was noted to exhibit thgreatest mean expression in
Ald+Salt+BAPN cardiac tissue sections, however the magnitude of this difference was noted to
be minor

Periostinimmunolabeling demonstrated no significant qualitative differences in deposition
between Ald+Salt and control chac tissue sections (FigutéE). Additionally, BAPN treatment

was notobservedto be associated with any altered depositionpefiostin (Figurell1E).

156



Quantification of periostin positive expression area per field of view supported the minimal
periostinlabeling observed in experimental and control cardiac tissue se¢fignsel1F). It was

noted that areas of positiperiostin expression in cardiac tissue sections tend to be more restricted
than expression of other matricellular proteimgth severbareas of higheperiostin expression
noted but themajorityof cardiac tissue area exhibiting minimal to no positive expression (Figure

11E, F).

3.3.4Flow Cytometry Can Be Used toCharacterize Changes in theCardiac Resident

MacrophageCompartment in the Aging Heart

Flow cytometric staining of cardiac single cell isolates derived from young, moderately
aged, or advanced age mice was performed to evaluate differences in the regulation of cardiac
resident macrophage subsets inducethiyphysiological agingrrocesgFigurel2). As previous
studies have focused on the repopulation dynamics within the first 30 weeks of the murine lifespan,
timepoints for this study were selected to try to provide additional insight on the period from 52
weeksto 2 years of agéMolawi et al., 2014Pinto et al., 2014 The gating strategy for the flow
cytometric characterizetn of cells isolated from cardiac tissue samples was based upon first
performing a debris doublet, and norviable cell exclusion (FigurgA). CD45+ cells were then
selected from the viable cell fraction and expression of general macrophage surters 480
and CD11b was evaluated. Cells which were positive for batBOFRgnd CD11b were identified
as cardiac macrophages and selected for further analysis of kasageated surface marker
expression. CD45+CD11b+RD+ cell fraction expression oflNID4, a marker associated with
embryonic hematopoiesis, and CCR2, a marker associated with bone marrow maleode
macrophage differentiation, was performed to identify cardiac macrophage subsets isolated from
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cardiac tissue samples (Figut@A, B). Hnally, expression ofCX3CR1l, a surface marker
associated with cardiac residence in macrophages, was evaluated for the identified cardiac

macrophage subsets as well as for the CD45+ cell fraction.
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were selected. CD45+ (pdeukocyte) cells were then selected, and from that population, F4/80+CD11b+ cells were
selected for further analysis. Within this F4/80+CD11b+ population, expredsiemloryological hematopiesis
associated marker TIMD4, resident cardiac macrophage marker CX3CR1, and bone marrow monocyte marker CCR2
was then quantifiedB) Quantification of cardiac macrophage subset surface marker expression within the
CD45+F4/80+CD11b cardiac macrophage cell fraction at different young and aged timepoints/jnBéta
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3.3.4.1TIMD4+ MacrophageSubsetsComprise aReducedFraction of the Total Cardiac
ResidentM acrophagePool With IncreasingAge

Characterization of the cardiac resident macrophage (CD45+CD1/@8&HF4viable cell
fraction in young (1 month), moderately aged (12 month), and advanced age (18, 24 month)
demonstrated a nesignificant mean decrease the percentage of TIMD4+ macrophages with
increasing age (FigudB). As TIMD4 expression has been previously correlated with embryonic
precursorderived macrophage populations, this reduction in expression suggests that aging is
associated with a redtion in embryonic precursederived macrophagg@®pulation siz€Dick et

al., 2019.

3.3.4.2CCR2+ MacrophageSubsetsComprise anl ncreasedFraction of All
CD45+F480+CD11b+ Cardiac MacrophagesWith IncreasingAge

Converse to the observed decrease in expression of embryological hematopoiesis marker
TIMD4 expression with increasing age, characterization of CD45+CD118@#4cardiac
macrophage expression of bone marrow hematopoiesis assonateefCCR2 demonstrated a
significant increase in mean expression with increasing age (Figle CCR2+ expressio
within CD45+CD11b+FB0+ macrophages approximately doubled between 1 month and 24
months of age, suggesting that the previously characterized accumulation of CCR2+ macrophages
in the first 30 weeks of aging can be extended to further aged time powed as

Additionally, it was observed that TIMD4+ macrophages often comprise a significantly
greater mean fraction of the CD45+CD11b#g8% macrophage population than CCR2+
macrophages, such as in the case of 1 month or 12 month old macrophage popHigtioas (

12B). However, at 24 months of age, no significant difference in TIMD4+ and CCR2+ macrophage
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subset size was noted, suggestingtih@bbserved significant fractionation of these subsets is lost

in the highly aged cardiac microenvironment (FiglZB).

3.3.5Flow Cytometry Can Be Used toCharacterize the Changes in theCardiac Resident
MacrophageCompartment Following Ald+Salt or Ald+ Salt+BAPN InducedCardiac
Microenvironmental Remodeling andEvaluate the Degree toWhich the Observed

ChangesRecapitulate ThoseObservedWith Aging

In order to better understand how the characterized changes in cardiac function and
microenvironment for the describedl vivo model alter the regulation of the cardiac resident
macrophagg flow cytometric charactezation of isolated cardiac single cell suspensions from
control mice, mice which received-Bldosterone minipump implant coupled with 1% NaCl
drinking water, and mice which received BAPN injections for five days preceding Ald+salt

treatment was performeBigurel3).
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differencesin normally distributed data were identified with awag ANOVA with post hoc Tukey test.
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In order to first remove debris and rerable cells from the characterization, a debris and
doublet discrimination gate were applied to identify single cells for characterization (E8fyre
Cells which exhibited negative expression of cell viabilitykea propidium iodid€PI), which is
taken up in apoptotic or necrotic cells, were selected for to ensure analysis of viable cells (Figure
13A). Viable, single cell expression of pdeukocyte surface marker CD45 was evaluated and
cells positive for CD45 ere selected (Figurt38A). F4/80 and CD11b expression patterns were
then evaluatetb identify any differential regulation of the cardiac resident macrosfatjewing
experimentally induced cardiac tissue remodeling (Fidg8re.

When examining distribudn patterns of F80 and CD11b expression in CD45+ cardiac
cell isolates, four cell populatiomgere observe(Figure13A). The first population was found to
exhibit moderate to high 80 expression with minimal to no CD11b expression§64CD11b
). Thesecond population was observed to exhibit moderate levels of CD11b expression with no
detectable H80 expression (F80-CD11b+). The final two observed populations were
characterized to both exhibit positive expression d864and CD11b (Figur&3A). These two
double positive populationsesefound to exhibit some differential expression of CD11b, with the
first (F480+CD11b+) generally exhibiig a reduced level of CD11b expression relative to the
second double positive subset (§@+CD11b++).

In order to better identify how experimental interventiolduced cardiac
microenvironmental remodeling altered the regulation of resident macrophage subsets, each
Subset s’ percent composition of the total CD
Ald+salt, and Ald+salt+BAPN cardiac tissue (Figu@B-E). A significant incrase in the mean
fraction of F480+CD11b+ cells within the total viable, CD45+ cell fraction was observed

following D-Aldosterone minipump implant coupled with 1% NaCl drinking water administration
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(Figure13B). In addition, a nossignificant mean increase in the percent of8B4CD11b+cells
was observed in the Ald+salt treatment group (Fidi3i@). Conversely, Ald+salt treatment was
found to be associated with a nsignificant decline in the mean percentage ai8B4CD11b
(Figure 13E) and F480+CD11b++ positive cell¢Figure 13C) within the CD45+ viable cell
fraction.

BAPN-mediated inhibition of collagen crosslinking in the cardiac matrix remodeling
response to Ald+salt treatment was observed to not be associated with any significant changes
relative to either control or Ald+salt treaent groups, although the mean fractional composition
of macrophage subsets was observed to more closely reflected that of Ald+salt cardiac cell isolates
than of control cell isolates (Figui8B). However, a large mean increase relative to both control
and Ald+salt was observed in the/B8+CD11b++ cell fraction of Ald+salt+BAPN cardiac cells

(Figurel3B).

3.3.5.1ExpressionPatterns of Cardiac ResidentM acrophageM arkers TIMD4 , CX3CR1,
and CCR2 in Cardiac MacrophagePopulations
In order to understand if theggerimentally induced cardiac remodeling promoted altered
regulation of individual cardiac macrophage subsets, flow cytometry was used to characterize
TIMD4, CX3CR1, and CCR2 surface marker expression patterns /B0F&D11b+ cardiac

macrophage populatiofsigurel4).
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Figure 14 - Flow cytometry can be used to compare the regulation of the cardiac resident macrophage
following experimental intervention and in young or advanced age control cardiac cell isolates. (A)
Quantification of TIMD4, CX3CR1, and CCR2 expression i8®4CD11b+ macrophages from contfot10)

Ald+Salt(n=15), and Ald+Salt+BAPNn=4)cardiac celisolategB) Comparison of TIMD4, CX3CR1, and CCR2
expression patterns in Ald+Sahd (C) Ald+Salt+BAPNcardiac cell isolatesnd control cardiac cell isolates isolated

from 1 month, 5 month, or 24 month old mi@&ata presented as box and whisker ploitses indicate meaBlack

triangle represent outlier data points.

Control cardiac cell isolates fromrionth aged mice were found to largely be composed
of macrophages positive for CCR2 and CX3CR1, with moderate TIMD4 expression noted in these

cell isolates (Figurel4A). Following Ald+Salt treatment, several alterations in surface marker
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expression patterns were noted. The expression of CCR2&0+dD11b+ macrophages was
found to decline from approximately 80% expression in control cardiac cdktesoto
approximately 55% in Ald+Salt cardiac cell isolates (Fidii&). CX3CR1 expression conversely
was observed to increase in cardiac cell isolates following Ald+Salt experimental intervention
(Figurel4A). When examining Ald+Salt+BAPN cardiac cedbiate surface marker expression, it
was observed that the expression patterns of TIMD4, CX3CR1, and CCR2 expression largely
reflected that which was observed in control cardiac cell isolates (FigaAde

In order to better contextualize how these chimdwed changes in surface marker
expression in control, Ald+Salt, and Ald+Salt+BAPN cardiac cell isolates compare with the
profiled changes in physiologically aged tissue, surface marker expression in 1 month and 24
month aged cardiac cell isolates preéllin Figured were compared with either 5meontrol and
Ald+Salt or with 5mo, control and Ald+Salt+BAPN surface marker expression (Fig&,eC).
It was observed that Ald+Satardiac cell isolate surface marker expression patterns most closely
reflected those characterized in highly aged, 24 month cardiac cell isolates (EdR)ie
Alternatively, Ald+Salt+BAPN cardiac cell isolate TIMD4, CX3CR1, and CCR2 expression
patterns \ere not observed to reflect those observed in 24 month cell isdatesather most
closely resembled those characterized in control, Smonth cardiac cell isolates {B@Qure

Taken together, these results demonstrate thaldDsterone minipump impldrcoupled
with chronic 1% NaCl drinking water administration promoted an altered regulation of the cardiac
macrophage compartment which was characterized by a significant mean increase in
F4/80+CD11b+ macrophages which exhibited surface marker expressitbarrs closely

resembling those observed in aged cardiac macrophage cell isolates.
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3.3.5.2CD163 and LYVEL Can Also Be Utilized to Discriminate BetweenFunctionally
Distinct MacrophageSubsets
In order to better understand how the Ald+Sakperimentaltreatmentaltered the
regulation of the cardiac resident macrophage compartment, additional flow cytometric
characterization of CD163high affinity scavenger receptor for the hemoglebaptoglobin
complex) lymphatic vessel endothelial hyaluronan receptot YME1), CX3CR1, and CCR2
surface marker expression was performed fd864CD11b+ cardiac macrophage cell isolates

(Figure B).
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Figure 15- CD163 and LYVEL can be used to identify differential regulation oeEmbryologically derived
macrophage subsetsin control and Ald+Salt cardiac cell isolate®) Representative plots of marker expression
following tSNE analysis of CD45+ celld) Quantification of CD163C) LYVE1, (D) CX3CR1, andE) CCR2
expressioninardiac cell isolates from control mice aged 3 mofths3), 5 monthgn=5), or 24 monthgn=4)as
well as in Ald+Sal{n=8)mice (F) Relativesurface markezxpression in the cardiac macrophage compartment in 3
month, 5 month, and 24 month control andid+Saltmice. Note: data here is alteregiresentation of datain (B
E). (B-F) Data presented as box and whisker plots. Lines indicate Bksah.triangles signify outliers. Significant

trends were identified with a oneay ANOVA with posthoc Tukey tets
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In order to qualitatively assess differences in surface marker expression patterns within the
CD45+ cell fraction isolated from 3 month control, 5 month control, 5 month Ald+Salt, or 24
month cardiac cell isolatesonbiased tSNE clustering was penfioed on CD45+ viable cells
(Figure BA). The first qualitative difference noted between tSNE plots generated for 5 month
control and 5 month Ald+Salt cardiac cell isolates is the presence of additioBa+-ED11b+
cell populations in Ald+Salt CD45+ celldctions, a similar result to that quantified in Figure 9B
(Figure BA). Additionally, anincreasedexpression of pranflammatory phenotypassociated
CD86 was noted in several clusters within the tSNE plots for cardiac cell isolates from Ald+Salt
cardiadissuerelative to control§Figure BA).

In order to quantify differences in cardiac resident macrophage population regulation
between control and Ald+Salt cardiac cell isolates, a gating strategy similar to that described in
Figurg(s) 10/11was utilizedo isolate single, viable, CD45+ cells from a cardiac cell suspension
for characterization. F80+CD11b+ macrophages were then selected from the CD45+ cell
fraction and the expression embryologicallyderived macrophage associated surface msrker
CD163 and LYVE1 ws quantified (Figure 8B, C). A significant mean increase in CD163+
macrophages was noted in Ald+Salt cell isolates relative to botmagehed as well as to young
(83 month) and advanced age (24 month) controls (FigbB).1Additionally, a significant
reduction in CCR2+ macrophages was noted within CD4BF4D11b+ cell fractions in
Ald+Salt cardiac cell isolates relative to agratched controls (FigudsF). Interestingly, a similar
reduction in CCR2 expression within CD45+8@+CD11b+cells was observed in the previous
flow cardiac cell characterization in Figuté (Figurel4, Figure BE). No significant difference
in CX3CR1 of LYVE1 expression was notad CD45+F480+CD11b+ cell fractions imge

matchedcontrol and Ald+Salt cardiaed isolateshowever(Figure BC, D).
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3.3.5.3Alterations in Pro-inflammatory (M1) -associatedCD86 and Alternative Activation
(M2)-associatedCD206 ExpressionPatternsin LYVE1+ and CX3CR1+ Resident
Cardiac MacrophageSubsetsWith IncreasingAge
In addition to claracterizing the differences in cardiac macrophage subset population size
regulation resultant of experimentally induced cardiac microenvironmental remodeling, a
characterization of the expression of pnlammatory (M1) phenotypassociated marker CD86
and alternatively activation (M2) phenotyaessociated marker CD206 was performed to infer how

microenvironmental remodeling may alter macrophage subset phenotype (Figure 1
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Figure 16- Flow cytometry can be used to characterize the differences in expression of pirdflammatory
associated CD86 and artinflammatory associated CD206 expression in characterized cardiac macrophage
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normally distributed data were identified with eway ANOVA with posthoc Tukey test. Significant trends in Ron
normally distributed data wergentified with KruskalWallis nonparametric test with post hoc pairwise

comparisons.
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LYVE1+ and CX3CR1+ macrophage subsets were found to exhibit a more pronounced
expression of M2 phenotype associated CD206 and a reduced expressicasgddiated C86
in control cell isolates (FigureB, C). Additionally, some ageelated differences in the relative
expression of CD86 and CD206 were noted within these subsets. 3 month and 5 month CX3CR1+
and LYVE1+ control cell isolates generally exhibit around 5% acrophages exhibiting CD206
expression and only-50% of macrophages exhibiting CD86 expression (FiguB, LC).
However, both 24nonth LYVE1+ and CX3CR1+ macrophages exhibit reduced CD206+
expression coupled with either sustained or slightly incre@886 expression; suggesting that
aged cardiac microenvironments promote increased M1:M2 macrophage ratios resultant of

decreased M2 macrophage polarization (Fig@é, T).

3.3.5.4Alterations in Pro-inflammatory (M1) -associated CD86 and\Iternative Activation

(M2)-associated CD20&xpression in CCR2+ResidentCardiac M acrophage

SubsetsWith IncreasingAge

Characterization of CD86 and CD206 expression in CCR2+ macrophages demonstrated a

similar trend to that observed in LYVE1+ and CX3CR1+ contna@lcrophages with several
important notes (Figure6D). First, the general magnitude of the difference in CD206 and CD86
noted in CCR2+ macrophages was generally decreased across age time points in control cell
isolates (Figure@D). Additionally, while thedecrease in alternative activation associated CD206
expressionwas only noted in advanced age (24 month) in LYVE1+ and CX3CR1+ macrophages,
a decrease in CD206 expression can be neggtler inCCR2+ macrophageswith 5 month
controlisolatesexhibitingreduced CD206 expressioglative to 3 month contrelFigure BB-

D).
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3.3.5.5Alterations in Pro-inflammatory (M1) -associated CD86 and\Iternative Activation

(M2)-associated CD20&xpression inCardiac M acrophageSubsetsFollowing

Ald+Salt Experimental Treatment

Aldosterone minipump implant coupled with chronic 1% NaCl drinking water treatment

was found to be associated with several significant alterationsin CD86 and CD206 expression in
characterized cardiac resident macrophage subsets (Fureld+Salt treatnent was found to
be associated withgeneramean increase in primflammatory (M1) phenotype asso@aCD86
expression in all characterized macrophage sulifégsire 16A-D). Additionally, dgnificant
mean increasas CD86 expression wemoted in LYVEL1+ and CCR2+ macrophages relative to
agematchedLYVE1+ and CCR2+ control macrophagé-igure BB, D). Several significant
decreases in CD206 expresswere noted irtardiac resident macrophage sub&etn Ald+Salt
cardiac cell isolate@~igure ¥). Significant mean decreases in CD206 expression were observed
in LYVE1+, CX3CR1+, and CCR2+ cardiac macrophages isolated from Ald+Salt cardiac tissue
as compared to LYVE1+, CX3CR1+, or CCR2+ macrophages isolated fremaigéed control
cardiac tissue (Figure6B-D). Taken together, these results suggest that Ald+salt induced
alterations in the cardiac microenvironment promote increase ratios of M1:M2 macrophages
through both an increase in M1 polarization as well as tlvoa decrease in alternative

macrophage activation.

3.3.6lmmunolabeling of CCR2, LYVE1, and USMA in Cardiac TissueSectionsExhibit

Significant Differences inExpressionFollowing Experimental I ntervention

In addition to flow cytometric characterization of VE1 and CCR2 expression patterns
within cardiac resident cell populations, immunofluorescent labeling of cardiac sections from
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control, Ald+Salt, and Ald+Salt+BAPN cardiac tissue sections was performed to better determine
how experimental intervention inded cardiac matrix remodeling may have promoted altered

expression of LYVEL or CCR2 (Figul€).
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Figure17il mmunol abel i ng of CCR2, LYVE1l, and USMA in contr
tissue sections demonstrate differences in expression following experimental intervention. @x
magnification of CC chemokine receptor type 2 (CCRE}) lymphaic vessel endothelium hyaluronan receptor 1
(LYVEl),and(E)al pha smooth muscle actin (aSMA) i mmunol abelir
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pairwise comparison pesioc.
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CCR2 immunolabeled images demonstrated an increae mumber of CCR2+ cells in
Ald+Salt cardiac tissue sections relative to-agatched controls (Figuré/A). Inhibition of
lysyl oxidase function through BAPN administration prior to Ald+Salt experimental treatment
was observed to be associated with a gatalie decline in CCR2 expression relative to Ald+Salt
cardiac tissue sections (FigurdA). Quantification of the number of cells exhibiting positive
levels of CCR2 expression per field of view in control, Ald+Salt, and Ald+Salt+BAPN cardiac
tissue sectins supported the observed qualitative trends in CCR2 expression (FIgirél
significantincrease in the number of cells exhibiting positive CCR2 expressionwas noted
between Ald+Salt and ageatched control cardiac tissue sections (Figui) 1Additionally, a
nonsignificant decrease in the mean number of CCR2+ cells was observed in mice treated with
BAPN prior to Ald+Salt experimental treatment, with the number of CCR2+ cells noted to
reflect those observed in control cardiac sections (FigriBg. 1

Qualitative results of lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1)
immunolabeling demonstrated a decrease in LYVEL expression in Ald+Salt cardiac tissue
sections relative to controls (Figur@Q). Inhibition of lysyl oxidase function with BAPN
treatment was observed to be associated with a qualitative increase in LYVEL expression in
cardiac tissue sections relative to Ald+Salt cardiac tissue sections (Fitgl).-a/then compared
to control sections, no substantial qualitative difference in LY¥kdression was noted between
control and Ald+Salt+BAPN cardiac tissue sections (Figute) 1Quantification of the number
of cells exhibiting positive LYVEL1 expression per field of view demonstrated ssigmificant
decline in the number of LYVE1+ celis Ald+Salt cardiac tissue sections relative to controls
(Figure /D). BAPN treatment was found to be associated with an attenuation of the reduction in

LYVE1+ cell numbers following Ald+Salt treatment (Figurél). Additionally, BAPN
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treatment was founatpromote a noignificant increase in LYVE1+ cell number relative to

controls (Figure ID).
Qualitative analysisof alppg moot h muscl e actin (aSMA) i mmi
demonstrated an increase in aSMA exproession i

controls (Figure IE). BAPN-mediated inhibition of lysyl oxidase function was not noted to be
associated with any substant i ). Quaidtficationaft i on i n
the number of cell s exhi bi tofwneysuggesedAld+8at o SMA
experimental treatment was associate with an
difference was not noted to be significant (Figuré)1 However, a significantincrease in the
number of aoSMA+ c elld+SaltvBARN amd@dnteodcarthae tisaue sections

(Figure I7F).

3.3.7Evaluation of Differential Expression ofPro- and Anti-inflammatory Associated

Genes inExperimental Cardiac RNA Isolates

In order to better understand if the difference in regulation of aardisident macrophage
subsets followingAld+salt treatmentould induce detectable alterations in gene expression in
whole cardiac RNA isolates, gRFCR analysis was performed for a variety of inflammation,

fibrosis, and streseesponse associated gerascriptgFigurels).
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(A)

lI1b 0.77 1 6 2.3
16 5.2 1 20 3.8 50
Tnfa 0.86 1 15 24
Nos2 1.5 1 1.8 0.71 40
Ccl2 4.5 1 2.4* 7.2
Sod3 3.4 1 2.3 |59
Xbp1 2.1 1 1.5
Col1a1 8.8 1 3.7
Tgfb 9.5 1 3.7 - 20
Mmp2 15 1 3.5
Mmp9 1.6 1 25 - 10
Timp1 2.7 1 0** 4.3
3 3 3 3
O O o o
-
o N
5

Figure 18- gRT-PCR analysis of 3month control, 5-month control, 5-month Ald+Salt, and 24month control

whole cardiac RNA isolates demonstrates an increase in piiaflammatory, pro-fibrotic, and stressassociated

gene expression in Ald+Salt RNA isolates relative to contral§A) Fold change in expression of genes associated
with inflammatory (I1b, 116, Tnfa, Nos2, Cclg fibrotic (Collal, Tgfb, Mmp2, Mmp8, TimpAand stressal3,

Xbp1) responses iBmocontrol,5mo controlAld+Salt, and 24mo contralhole cardiac RNA isolates. Fold change
expression quantified wiwithhodssekeepingeneGapdBDatamanhaltyovds nor mal i

assessed with Kolmogoreésmirnov est.Significant differences in expression between 5mo control and 5mo
Ald+Salt cardiac RNA isolates were identified with either independent samigstsih normally distrubted data or

Mann-Whitney U-test in nomormally distriubted datéd=p<0.05, *=p<0.001
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3.3.7.1Ald+Salt Cardiac RNA | solatesExhibited a Meanlncrease inExpression of
Inflammation-associatedseneTranscripts Relative to Age-matchedControl RNA
Isolates
In order to determine how Aldosterone minipump implant coupled with 1% NacCl drinking
water treatment may have altered the regulation of inflammaissociated gene transcription
relative to agamatched controls, gRIPCR with subsequent doubfe C; analyss of the fold
change in gene expression normalized to houseke&apdhcontrols for interleukinl pII1k),
interleukin6 (116), tumor necrosis facten Tr(fa), and GC motif chemoattractant ligand@¢I2)
was performed (Figure8). Ald+Salt treatment waund to be associated with a general,-non
significant mean increase in inflammasome activation assodidbeahdTnfagene transcriptas
well asa meanincrease inl6 transcrips (Figure B). This result demonstrates that Ald+Salt
experimental treatent promoted increased, yet variable expression ofirglammatory and
inflammasome activatioassociated gene transcripgstentially resultant of the altered cardiac
resident macrophage polarization response characterized in Figar®.1Additionally, a
significant mean increase {©cl2 expression was observed in Ald+Salt RNA isolates relative to
agematched controls (Figure8L This significant increase iI€cl2 transcripts observed in
Ald+Salt cardiac RNA isolates is interesting given the charagdmeduction in CCR2+ cardiac
macrophages within the BD+CD11b+ cell fraction analyzed in Figure$and 5. Given the
role that CCL2 (monocyte chemoattractant protBirplays as a chemoattractant for CCR2+
monocytes, this significant increaseoupled wih the observed decrease in CCR2+ cardiac
macrophages may suggest either a reduction in the ability of monocytes to extravasate into
remodeling Ald+Salt cardiac tissue microenvironments or a loss of CCR2+ expression following

monocyte extravasatn and differentiation.
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3.3.7.2Ald+Salt Cardiac RNA | solatesExhibited a Meanlncrease inExpression of
Fibrosis- and Extracellular M atrix Protein-associatedseneTranscripts Relative
to Age-matchedControls

In addition to the characterized alterations in inflammation associated gene transcript
expression, qR'PCR with subsequent douldeC; analysis of the fold change in gene expression
normalized to housekeepippdhcontrols was performed for genes asstadavith the matrix
remodeling responsmcluding transcripts for collagen 1a@d@l1al), transforming growth facter
B Tdfb), matrix metalloproteas2 (Mmp2, matrix metalloproteasg (Mmp9, and tissue inhibitor
of metalloproteasé (Timpl) (Figure B). The first significant difference noted between 5 month
control RNA isolates and those derived from Ald+Salt cardiac tissue was a significant upregulation
in the expression of transcripts for collagen fiedtein a constitutive subundf fibrillar collagen
oligomers(Figure B). A significant upregulation in expression of T@F Tdfb), an important
growth factor which induces a myriad of altered cell behaviors that support the fibrotic matrix
remodeling response, was also observed in Ald+Salt RNA isalekasve to control isolates
(Figure B). As TGF3 pl ays an 1 mportant role i n i1induci
phenotypic conversiowhich isassociated with increased fibrotic matrix proteinductionthe
observed significant increasesGnllalandTgfbtranscripts observed in Ald+Salt cardiac RNA
isolates suggest that Ald+Salt treatment not only induced the increased collagen protein deposition
characterized histologically in Figuld but also induceé transcription of genes associated with
further fibrotic matrix deposition and increased FF si gnal i ng.

Expression of matrix metalloprotea¢Mmp2, matrix metalloproteasg (Mmp9, and
tissue inhibitor of metalloprotease(Timpl) was also quantifieto determine how Ald+Salt

treatment altered the regulation of these enzymes essential for the regulation of extracellular matrix
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protein turnover (Figure8). A significant mean increase in expressionMiip2 and Timp1l
transcripts was observed in Ald+S&NA isolates compared to control isolates (Figuég. 1
Additionally, a nonsignificant mean increase was notedMmp9expression in Ald+Salt RNA
isolates relative to control isolates (FiguB).1n order to better understand how the upregulation

of matiix turnover associated transcripts observed in Ald+Salt RNA isolates iggihet tissue
remodeling response, the relative ratio of expression of metalloprotease to inhibitor of
metalloprotease proteingsvas compared Generally, an increased expression oftnmx
metalloprotease proteins relative to inhibitor of metalloprotease proteins is observed in younger
individuals and is associated with physiological matrix turngMern et al., 2012 Similarly, in

young (3 month RNA isolates analyzed with qRPCR, a positive expression ratio of
metalloprotease to inhibitor of metalloprotease ratios were observed (F&juiodvever, in aged
individuals as matrix turnover declines and increased fibrotic matrix deposition iesreas
expression ratios of metalloprotease to inhibitor of metalloprotease have been observed to decline.
This decline in metalloprotease to inhibitor of metalloprotease ratio can be observed in the
characterized 24 month cardiac RNA isolate gene expredataas well whereTimpltranscripts

were observed to exhibit greater mean expression tharMragg2and Mmp9transcripts (Figure

18). When comparing the expression ratio of metalloprotease to inhibitor of metalloprotease
transcripts in Ald+Salt cardiacNR isolates, it was observed that Ald+Salt treatment generally
reduced the ratio of metalloprotease to inhibitor of metalloprotease transcripts (RBgurais
increased expression of metalloprotease inhibitor protein relative to metalloprotease esityme b
resembles the change observed in advanced age cardiac RNA isolates (24 months) and suggests
that these microenvironments are promoting a transcriptional balance of these factors which favors

matrix protein deposition and maintenance (Fig@e 1
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3.3.7.3Ald+Salt Cardiac RNA IsolatesExhibited a M eanlncrease inStress-associated
GeneTranscripts Relative to Age-matchedControl RNA Isolates

Numerous mechanisms exist by which alterations in local microenvironmental
inflammatory stimuliinduce alterationsiesident cell metabolism and stress response associated
gene regulation. In order to better understand how these redox and stress response associated gene
transcripts are regulated with physiological aging as well as following Ald+Salt treatment, QRT
PCRwith subsequent doubl& C; analysis of the fold change in gene expression normalized to
housekeepin@apdhcontrols was performed for redox associated nitric oxide syrih@sdes?
and superoxide dismuta8e(Sod3 transcripts as well as for stress resp® associated-ox
binding proteinrl (Xbpl) transcripts (Figured). Nitric oxide synthase 2 is a protein generally
upregulated in canonical type | immune responses which also provides a link between macrophage
metabolic state and polarization state. kbgphages exposed to pkl signaling cues tend to
exhibit altered arginine metabolism characterized by nitric oxide synthasiéated breakdowof
arginine with subsequent radical nitrogenous species generation. In Ald+Salt cardiac RNA
isolates, a slightjonsignificant upregulation in medwos2gene transcript expression was noted
relative to agematched controls (Figure8L Additionally, Ald+Salt cardiac RNA isolates
generally exhibited the greatest mean expressiddosRtranscriptas compared to atontrol
isolates although it is worth noting that the magnitudeldferential expressiowas na largely
different from control expression levels (Figui&.1

A nonsignificant upregulation aneanSod3transcripexpressionvas noted in Ald+Salt
cardac RNA isolates relative to agaatched control RNA isolates well(Figure B). Superoxide
dismutase 3 is a protein secreted into the extracellular space which is responsible for reducing

radical oxidative species present within the tissue microenvironment. Given the increased mean
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expression of pranflammatory gene transcripts chaterized in Ald+Salt cardiac RNA isolates,

it is interesting to note that the increased expression of the protein responsible for reducing radical
oxidants relative to the radical producing, fd&sociatetiios2 This may suggest radical oxidant
secretion ito the extracellular space in Ald+Salt cardiac microenvironments is mediated through
another pathway outside of the nitric oxide synthassliated pathway. This result may also be
consequent of intermediary macrophage polarization states in which maaa@tagte factors
associated with both M1 and M2 phenotypes.

In addition to redox state associated gene transcript expression, the expression of
endoplasmic stress response associated gdiox »inding proteiril (Xbpl was evaluated in
youngcontrol (3 month), agematched control (5 month), Ald+Salt (5 month), and advanced age
control (24 month) cardiac RNA isolates (Figur®.lincreasedXbpl expression is generally
associated with increased activation of the unfold protein response within the cellasndop
reticulum. This response providast onlyan important cellular mechanism for promoting the
degradation of misfolded proteins under homeostatic conditions but also a surrogate measure for
inference regarding endoplasmic reticular strassncreasd intracellular oxidant concentrations
or metabolic alterations in stressed cells can increase protein misfolding. Ald+Salt cardiac RNA
isolates were found to exhibit a significant upregulatiodbpltranscript expression relative to
agematched contral, suggesting that Ald+Salt treatment promoted increased endoplasmic stress

(Figure B).
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3.3.8Caorrelation of Cardiac Immune Population Dynamics toCardiac Functional

Parameter M easures

Nonr-invasive clinical assessment of cardiac function typically relies ygbysiological
parameter measurements coupled with imaging modalities such as echocardiography or magnetic
resonance imaging to infer details regarding the function of the cardiovascular system. Recent
studies have improved upon the diagnostic ability ofichl imaging modalities by combining
cardiac imaging with histological and biochemical analysis of cardiac matrix protein content to
generate models where novasive clinical imaging can be used to infer more information
regarding the state of the caad microenvironmen(Pinkert, Hortensius, Ogle, & Eliceiri, 20).8
Since the describeith vivo model evaluated cardiac function with echocardiography prior to
cardiac tissue isolation and subsequent flow characterizatiorpdtssible tocorrelatecardiac
functional parameter measurements with the characteditfedtences in cardiac macrophage

subset regulation (FigureyL
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Figure 197 Increased fractions of CCR2+ macrophages correlate with decreased ejection fractioing)

Regression of measured murine ejection fracio(B) cardiac outpuagainst TIMD4, CX3CR1and CCR2
macrophage population percentage of the total resident macrophage compartment as determined by flow cytometry.
Linear regression coefficient of determination angafues reported for each regression. Linear fit is represented by
dark blue line wth model confidence interval depicted in light blue overlay. Individual points represented as points

overlaid on plot. Significant correlations highlighted in red boxes.
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3.3.8.1An Increase in CCR2Expression in F480+CD11b+Cardiac Macrophage

Populations CorrelatesWith Reduced Cardiac Ejection Fraction and Cardiac

Output

In order to better understand how differential regulation of cardiac resident macrophage

subsets correlates with altered cardiac function parameters, echocardiographic functional
parameters were regressed against previously characterized car@i@e®id11b+ macrophage
TIMD4, CX3CR1, and CCR2 subset sineasuremen{$igure D). A significant correlation was
noted between increasing CCR2+ macrophage subset size and both de@jeasing fraction
and decreasing cardiac output (Figud&,1B). Additionally, while no significant correlation was
noted between ejection fraction and CX3CR1+ or TIMD4+ macrophage subset size, a significant
positive correlation between TIMD4+ macrophagebset fraction and cardiac outpwas

observedFigure BB).

3.3.8.2Increased CX3CR1+MacrophageFractions Positively Correlate With Increased
I sovolumicRelaxationTime
Given the significant increase in mean isovolumic relaxation {{iMBT) observed
following Ald+Salt treatmentindividual IVRT measurements were regressed against macrophage
subset fraction measurements to infer how increased IVRT may correlate with changing cardiac

macrophage subset regulation (FigR@&, Figurel5D).
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Figure 20 - CX3CR1+ and CCR2+ macrophage population fractios correlate with altered left ventricular
isovolumic relaxation times. (A) Regression of measured IVRT against TIMD4, CX3CR1, and CCR2 macrophage
population percentage of the abtresident macrophage compartment as determined by flow cytometry. Linear
regression coefficient of determination anttgues reported for each regression. Linear fit is represented by dark
blue line with model confidence interval depictedin light lduerlay. Individual points represented as points overlaid

on plot. Significant correlations highlighted in red boxes.

A significant positive correlation was observed between increased CX3CR1+ macrophage
fractions and increased mean measured isovolumic relaxation times (Eogurédditionally, a
significant negative correlation was noted between increase CCR2+ maaautesgt size and

increased mean IVRTs (Figu28A).

3.3.8.3CCR2+ MacrophageFraction Size CorrelatesWith Mitral Valve Ele6  aMvhitdhl
Valve E/ARatios
In order to better understand how the characterized significant alterations in mitral valve

early to late filing rate (MV E/A) as well as how mitral valve early filling rate to early tissue
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annularvelocty MV ) rati os correlate with cardiac ma
MV E/A ratios and MV E¢ ratios were regresseaqe HBWHMDE,i nst ¢

CX3CR1, and CCR2 subset fraction sizes (Fi@iira, B).
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A significant positive corretion was observed between increased CCR2+ macrophage
subsetsize and decreasedM¥E/ r at i @1A). CORR+gnaarophage fraction size was also
observed to exhibit a significant positive correlation with MV E/A ratios, with increasing CCR2+

macrophage fractions associated with increased MV E/A ratios (R2G&je

3.3.8.4CX3CR1+ MacrophagePopulation Size Positively CorrelatesWith IncreasedM ean
Aortic Ejection Times
Aortic ejection time(AET) measurements were correlated with flow characterization
derived macrophage subset size measurements to determine éxpghamentally induced
significant differences in BT correlated with any altered cardiac macrophage subset regulation.
While no significant relationship was noted between TIMD4+ and CCR2+ macrophage subsets, a
significant associated was observed following the regression of CX3CR1+ macrophage fraction

sizewith aortic ejection time (Figurg2A).
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Figure 22 - Increased CX3CR1+ macrophage population fractions correlate with increased &T. (A)
Regression of measured AET against TIMD4, CX3CR1, and CCR2 macropbagiation percentage of the total
resident macrophage compartment as determined by flow cytometry. Linear regression coefficient of determination
and pvaluesreported for each regression. Linearfit is represented by dark blue line with model confiderte
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highlighted in red boxes.

It was observed that increased mean aortic ejection time was associated with increased
mean CX3CR1+ mcrophage subset size within the/&#CD11b+ cardiac macrophage

population.

190



3.3.8.5Increased CCR2+M acrophageFractions Positively Correlate With Decreased
Cardiac TissueElasticity
Global circumferential strain (GCS) and global longitudinal strain (GLS) are two
measurements of cardiac tissue deformation which can be acquired with spackig
echocardiography to infer details about cardiac tissue elasticity. In order to begestand how
differences in observed cardiac deformation correlate with differential macrophage subset
regulation, GCS and GLS values were regressed against flow characterized macrophage TIMDA4,

CX3CR1, and CCR2 macrophage subset size (Fi2akeB).
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Figure 23- Increased CCR2+ macrophage population fractions correlate with reducedentricular GCS and

GLS. (A) Regression of measured left ventricle GCS &Ry GLS against the TIMD4, CX3CR1, and CCR2
macrophage population pemtage of the total resident macrophage compartment as determined by flow cytometry.
Linear regression coefficient of determination areafuies reported for each regression. Linear fit is represented by
dark blue line with model confidence interval deeétin light blue overlay. Individual points represented as points

overlaid on plot. Significant correlations highlighted in red boxes.

While no significant association between TIMD4+ or CX3CR1+ macrophage subset size
and cardiac deformation was obseryvadgignificantorrelationbetween both CCR2+ macrophage

subset fraction and GCS as wellGBR2+ macrophage subset size and GLS was observed (Figure

192



23A, B). As GCS and GLS represent deformation measurements which become increasingly
negative with incresed cardiac tissue deformation, moving left to right along taeisin Figure

23A and Figure23B represent reduced cardiac tissue deformation in the circumferential and
longitudinal directions, respectively. It was observed that CCR2+ macrophage frason
positively correlates with reduced circumferential and longitudinal cardiac tissue deformation,
suggesting that increases in CCR2+ cardiac macrophages correlate with reduced cardiac tissue

elasticity (Figur&3A, B).

3.4 Ald+Salt Model of Cardiac Microenvironmental RemodelingDemonstrates a

Significantly Altered Regulation of Cardiac MacrophageSubsetsRelative to Controls

While the describedh vitro model of cardiac microenvironmental change progide
platform for decoupling the relative contrifbons of both altered cardiac extracellular matrix
composition and biomechanics, the described model only reprddiucaction of the complexity
of thein vivocardiac microenvironmental remodeling response. Therefore, the desaribed
model was deveped to characterize the cardiac macrophage subset population size and
phenotypic response to changing cardiac microenvironments, with a focus on comparing the ability
of the described model to recapitulate the hallmark changes commonly observed iedhe ag
cardiovascular microenvironment.

With increasing age, the cardiac microenvironment undergoes compositional remodeling
resultant of changing physiological tissue oxygen needs or altered tissue biomechanical properties.
In order to sustain or increasediac output and maintain sufficient systemic tissue perfusion,

cardiomyocytes within the left ventricle hypertrophy to increase cardiac contractile strémgth
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turn maintaining orimproving cardiac output. While this hypertrophic response may not be
as®ciated with reduced cardiac function when induced by exercisegxemise induced
cardiomyocyte hypertrophy is generally associated with a progressive decline in cardiac function
(Boyle et al., 2011

In addition to a noted increase in camthyocyte hypertrophy, increasing age is also
associated with changes in matrix protein content which occur as resident cardiac cell behavior is
altered in response to changing microenvironmental cues. Increases in left ventricular wall
pressures can pronefibroblast to myofibroblast phenotypic conversion and increased secretion
of fibrillar collagen proteins into the extracellular spé&Beernacka & Frangogiannis, 201Ean
etal., 2012 Additionally,increasing age has been shown to be associated with an altered secretion
of matrix proteins into the cardiac extracellular space, including some increased matricellular
protein expressiofFrangogiannis2012. Matricellular proteins generally exhibit upregulation
around areas of cardiac tissue damage or active remodEfing, hese expression patterns are
likely a result of the important role matricellular proteins play both in mediating the itiberac
between different matrix proteins as well as in promoting altered cell migratory behavior.

In addition to matrix protein compositional remodeling, aged cardiac microenvironments
can also exhibit an increased degree of enzymaticnaneenzymatic crosslinking of matrix
proteins relative to cardiac microenvironments in young individ(fdésn & Trafford, 2016.
Non-enzymatically, matrix proteins can be crosslinking through the interactions of glycosylated
amino acid residues. These glycosylated protein crossliciectively referred to as advanced
glycation end products (AGEs)are commonly observed in hyperglycemic microenvironments
and are generally lonterm protein crosslink@artog et al., 2007 In addition to norenzymatic

crosslinking mechanisms, mamnzymes are capable of modifying matrix protein amino acid
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residues in a manner which induces matrix protein crosslinking. One such protein which is
important in the collagen fibril enzymatic crosslinking response is lysyl oxidase, which mediates
collagenfibril crosslinking through free amine oxidation on accessible lysine residues in collagen
peptidegHeck, Faccio, Richter, & Thonieyer, 2013.

Taken together, these mechanisms of cardiac tissue remodeling prowdedioascular
system with the ability to maintain cardiac output in response to changing systemic oxygen
consumption demands or physiological state. In addition to the direct structural support role
cardiac matrix remodeling plays in maintaining cardiatpat, cardiac microenvironmental
remodeling also alters resident cell function in a manner which further promotes cardiac output
maintenance. However, as in the case ofexercise induced cardiomyocyte hypertrophy, many
of these alterations in cell fution provide support in the short terbut ultimately contribute to
the longterm dysregulation of cardiac function. While the results ofitheitro experiments
described above suggest that the characterizededgied changes in cardiac microenvirontne
which occur with increasing age would reduce homeostatic function and increase pro
inflammatory phenotypic regulatiopa full characterization of the impacts of aggated cardiac
microenvironmental modeling on cardiac resident macrophages rertmibe performed.
Additionally, characterization of these dynamics in a physiological aging model alone would fail
to decouple the impacts of cell intrinsic aging processes from microenvironmentaldnduce
alterations in cell function. Thus, an additiomaVivo model was developed, cardiac function was
evaluated, and the resident macrophage compartment was characterized to help decouple cell

intrinsic mechanismsfaeduced function from microenvironmental induced dysfunction.
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3.4.1D-AldosteroneMinipump Implantation Coupled With 1% NaCl Drinking Water
Administration InducesCardiac Microenvironmental RemodelingCharacterized by

IncreasedCardiomyocyte Hypertrophy and | ncreasedPerivascular Fibrosis

Two hallmark remodeling responses observed in aged cardiac tisstgemiironments
are cardiomyocyte hypertrophy and increased perivascular fibrotic matrix dep¢Bigomacka
& Frangogiannis, 201 1Gerstenblith et al., 197 K. Sharma & Kass, 2014&ilver et al., 199)
When comparing quantified mean cardiomyocyte areas and perivascular collagetiateposi

Masson’s trichrome st ai n-emahthage cantrobmce br-fienthhue s e c
aged mice implanted with a-Bldosterone loaded minipump and given 1% NacCl drinking water

for the duration of minipump implant (Ald+Salt), a significant re@se in cardiomyocyte
hypertrophy and perivascular collagen deposition was observittimomestained Ald+Salt

cardiac sections. This remodeling response characterization was also supported qualitatively by
brightfiel d Mas s on’ssedstainedcdrdiao sadionanmages. Quauntificat®n r i u
of collagen birefringence with polarized light imaging of picrosirius red stained sections also
suggested that an increassmmpositionof thick collagen fibers in Ald+Salt cardiac sections

relative to ge-matched controls. These resultaken togethersuggest that the designed
experimentain vivomodel successfully induced cardiac microenvironmental remodelatgres

similar to those observed in advanced developmental age cardiac microenvironmaating
reproduction of hallmark cardiomyocyte hypertrophy, perivascular fibrotic collagen matrix

deposition, andan increased number of thick collagen fibers present within the tissue

microenvironment.
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3.4.1.1D-AldosteroneMinipump I mplantation Coupled With 1% NaCl Drinking Water

Administration InducedCardiac Microenvironmental RemodelingWasAssociated

With IncreasedM eanl sovolumicRelaxation Times andlncreasedM eanL eft

Ventricular Wall DimensionsAs M easuredby Echocardiography

While cardiadmaging modalities are increasingly capable of-morasively quantifying

extracellular matrix remodeling in cardiac tissue, the resolution with which these changes can be
guantified to as well as the degree to which these changes correlate with altdraclfcaction
requires additional studyPinkert et al., 2018 Thus, the present study sought to couple
echocardiographic assessment of murine cardiac function with the described microenvironmental
characterization to better understand how matrix protein depositioelates with altered cardiac
functional parameter measurements. Generally, as left ventricular tissue remodels with increasing
age and tissue elasticity decreases, several alterations in cardiac functional parameters can be
characterized with echocaogjraphy(Chang et al., 2034aimon et al., 2008Gerstenblith et al.,
1977 Levy et al., 1988Nagueh et al., 2016&<u & Daimon, 2016. Ventricular hypertrophy can
be partially evaluated with echocardiography through the measurement of left ventricular posterior
and anterior wall dimensions in systole and diastole. Additionally, mitral value doppler flow
imaging can provide insight reghng cardiac diastolic function and inference regarding tissue
elasticity With increasing age, mitral valve early to late filling rate ratios (MV E/A) generally
decline as impaired tissue relaxation following systole attenuates the rate of early leftNemt
filling rate (E) and late filling rate (A) fillingluringatrial contraction is increasingly responsible
for maintaining systolic volume within the left ventricle. In addition to the characterized MV E/A
ratio alterations, ageelated diastolic dyfsinction can also alter the ratio of mitral valve early

filling rates (E) to mitral valve early annular tissue velp¢d datio (MV E/€ .)Generally, this
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alteration will be characterized by a reduction in the measured mitral valve early annular tissue
velocity€ ) as ventricul ar el aicteasioghd measiredcMVdeh s e s |, s
ratio.

A significant increase ibboth mean isovolumic relaxation time (IVRT@ndmean aortic
ejection time (AET) was observed in Ald+Salt treatment group metaive to agematched
controls. Additionally, nossignificant increases in mean left ventricular anterior and posterior wall
dimensions were characterized in Ald+salt murine cardiac tisdaéive to controls Taken
together, these results support thetified cardiomyocyte hypertrophy measured in Ald+salt

Masson’s trichrome cardiac sections as well a:
ventricular relaxation in Ald+salt treatment group mice. However, mitral valve flow imaging
results didnot fully recapitulate the entirety of changes which have been characterized with
echocardiography in aged populations. In particular, Ald+salt treatment was not found to reduce
measured MV E/A ratios or to decrease M\E/ r at i os 4Imatthadiontrele Giten a g e
the characterized increase in cardiomyocyte hypertrophy and perivascular collagen deposition in
Ald+Salt cardiac tissue, the observed increased mean IVRT without observed mitral valve flow
Imaging parameter measurements may be due to thpeswatory remodeling response partially
normalizing parameter measurements relative to controls. Alternatively, these results may suggest
that the time course over which the cardiac remodeling was experimentally induced was not
sufficient to fully induce & previously characterized echocardiography parameter measurement
changes. Future studies may seek to develop a model which couples a |eAlgisiarone
minipump infusion and 1% NaCl drinking water treatment duration with repeat echocardiographic

imaging over that period to determine if the time course of cardiac remodeling is associated with

the manner in which echocardiography parameter changes present.
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3.4.1.2D-AldosteroneMinipump I mplantation Coupled With 1% NaCl Drinking Water
Administration InducedCardiac Microenvironment RemodelingPromotes
CX3CR1+ MacrophageSubset Expansion

D-Aldosterone minipump implant coupled with 1% NaCl drinking water treatment was
found to be associated with significant changes to the cardiac microenvironment relative to age
maitched controls. When the macrophage compartment within the CD45+ viable cell fraction
isolated from Ald+salt cardiac tissue was characterized with flow cytometry, a significantincrease
in both the size of the FA0+CD11b+ macrophage population within thB45+ viable cell
population as well as in CX3CR1 expression in84CD11b+ macrophages was observed.
Additionally, when examining the relative composition of each resident macrophage subset in
Ald+Salt cardiac cell isolates, it was observed that surfao&en expression patterns most closely
resembled the patterns of expression observed in highly(@geub) control cardiac tissue cell
isolates.

Several interesting observations stem from the characterized macrophage compartment
regulation in both contrand Ald+Salt cardiac cell isolates. In previous studies examining the
agerelated regulation of the cardiac macrophage population fromnadat to 30 weeks of age
time points, a reduction of CX3CR1+ macrophages and an increase in mean CCR2+ expression
was observed in cardiac macrophagéslawi et al., 2014Pinto et al., 2014 A similar result can
be observed bgomparing imonth control andBnonth control cardiac cell isolates characterized
in this study, where cardiac macrophagasially exhibit more robust CX3CR1 and TIMD4
expression which is then replaced by CCR2 expression with increasing time. However,
characterization of the regulation of the cardiac macrophage subset surface marker expression

moderately aged (12 month) and advanced ag4I8onth) control cardiac cell isolates suggests
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that CCR2 expression increases in macrophage populationsahagaur indefinitely. Instead,

some equilibrium in subset size regulation was observed from moderate to advance age in control
cell isolates with minor decreases in CCR2 expression and slightincreases in CX3CRL1 expression
noted from 5 month to 24 montlo$ age However, it is not clear if this increase in CX3CR1
expression at moderate and advanced age time points relativenomth controls is due to
proliferation of resident macrophages seeded during development or phenotypic change coupled
with loss of CCR2 expression in monocyterived macrophages.

This characterized expansion in CX3CR1+ macrophages observed at moderate or
advanced age is also interesting when considered within the time course of observed cardiac matrix
remodeling in mice. In Figurg, a slight mean qualitative and quantitative increase in collagen
deposition can be noted by 12 months of age and is further increased by 24 months of age in murine
cardiac tissue. In a similar manném, vivo Ald+salt treatment induced both increased mean
collagen deposition as well as promoted the expansion of CX3CR1+ macrophages. While not
definitive proof of the fibrotic remodeling response promoted CX3CR1 macrophage subset
expansion, the parallels in expansion of this subset around the period ofsattraalagen
deposition in physiologically aged control tissue as well as in Ald+Salt treatment remodeled
cardiac tissues interesting and necessitates further stlelyture studies may seek to isolate
CX3CR1+ macrophages from cardiac tissue with flowomygtry for culture in the describéd
vitro modelto better understand the role this macrophage subsets plays in conjunction with cardiac

fibroblast populations in promoting the cardiac fibrotic remodeling response.
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3.4.1.3Exploring the RelationshipBetween CX3@R1+ MacrophagePopulations and
Fibrotic DiseaseProgression

While not evaluated in a cardiovascular disease specific context, there is some evidence
derived from other organs to suggest not only a role for CX3CR1+ macrophages in fbrotic
chronic inflamnatorydisease progression, but as@otential forpharmacological inhibition of
CX3CL1-CX3CR1 signalingo attenuatethis disease progressigiMizutani et al., 2021 Y.
Tanaka et al., 2030Rheumatoid arthritis, a chronic autoimmune conditdmch causes joint
deterioration, had been shown to exhibit somerafgged increase in disease incideriGeowson
et al., 201). Interestingly, murine models of rheumatoid arthritis pathology progression suggest
an essential role for CX3CR1+ immune celiscluding CX3CR.+ macrophage populations
promoting chronic inflammatory cell activation within joint synovial microenvironments;
resulting in the subsequent degradation of these environments due to chronic MMP enzyme
secretionand osteoclast mediated bone resorptimucedby these CX3CR1+ immune cells
(Brennan & Mclnnes, 2008lanki et al., 2004Y. Tanaka et al., 2030Pharmacological inhibition
of CX3CL1-CX3CR1 signaling was also shown to improve arthritis disease severity scores in
rheumatoid mice and attenuate synovial tissue degrad@éi#oshineNegishi et al., 2019Y.
Tanaka et al., 2030 Further studies in murine models of rheumatoid arthritis performed in
humani zed TNFa mice which do not-classicaimenscge CCR2
extravasation and subsequent differentiation into macrophagésnwsynovial tissue
microenvironments plays the progression of rheumatoid arthrigfRuchner et al., 2018y.
Tanaka et al., 2030Studies examining CX3CL1 serum concentrations in human rheumatoid
arthritis patients have also identified a significant positive correlation between circulating

CX3CL1 concentrations and arthritis disease sev@@ithai et al., 2000
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CX3CL1-CX3CRL1 signaling has also been implicated in the pathogenesis of pulmonary
fibrosis through the selective recruitment of alternatively activated, CX3CR1+ macrophages into
the pulmonary microenvironme(shida et al, 2017. In amurinemodel of pulmonary firosis
induced byintratracheableomycininjection which causes injuries similar to those observed in
human idiopathic pulmonary fibrosis, genetic ablation of CX3CR1 was found to be associated
with reduced pulmonary fibrocyte accumulation, reduced -BGFxm@ession,and reduced
pulmonary collagen deposition relative to wild type mitshida et al., 201)7 Additionally,
pharmacological inhibition of CX3CL1 signaling was recently demonstrated to attenuate
pulmonary interstitial fibrotic matrix deposition an SKG murine modéMizutani et al., 202)L

CX3CR1+ macrophage and monocyte cell populations have also been demonstrated to
play a role in atherosclerotic disease progregdtosan et al., 2018. D. Lin et al., 2019H. Liu
& Jiang, 201). Arterial macrophages first arise during embryological development and exhibit
robust CX3CR1 expressidiEnsan et al., 2036 The next wave of arterial tissue macrophage
colonization occurs immediately pestrth and relies primarily on CX3CR1+ bone marrow
monocyte extravasation and differentiation into macrophages within the arteria¢ tissu
microenvironmen{Ensan et al., 20)6 RNA-sequencing of CX3CR1+ progenitor cekrived
arterial macrophages has identified a significant heterogeneity in gene expression within this cell
population, including both MdandM2-like macrophage populations within the larger CX3CR1+
progenitorderived macrophage populati@h D. Lin et al., 2010 It was also found that differing
CX3CR1+ progenitoderived macrophage subsatsquelycorrelated with either atherosclerotic
plaque progression or regressi@h D. Lin et al.,, 2019 Additionally, some phenotypic
heterogeneity was observed within both the progressiod regressioassociated CX3CR1+

macrophage subsets, with characterized macrophages exhibiting features of both type | and type
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Il immune responsénduced gene expressi@h D. Lin et al., 2010 This suggests that the prior
characterized association of M1 macrophage phenotype with atherosclerotic diseassirogre
and M2 macrophage phenotype with disease regression may be too singtidttbat plaque
progression or regression depends more upon certain CX3CR1+ macrophage subpopulations
rather than certain macrophage phenotyexhain et al., 2018. D. Lin et al., 2010

These results demonstrate a capacity for CX3CR1+ macrophage subpopulations within the
heartto play a role in the observed increased collagen deposition which occurs within the
remodeling cardiac microenvironmentthedr with increasing age or following Ald+Salt
experimental intervention (Figure 1, Figure 9). These results also suggest that GER3GCR1
signaling pathway inhibition may have potential to attenuate pathological cardiovascular fibrotic
matrix depositiorflshida et al., 201;7Mizutani et al., 202). Finally, these results highlight the
importance of acquiring measures of organ function in addition to macrophage phenotypic
quantification as macrophage M1 dt2 polarization may correlate with both disease progression

and regressiofd. D. Lin et al., 201P

3.4.1.4D-AldosteroneMinipump I mplantation Coupled With 1% NaCl Drinking Water

Administration InducedCardiac Microenvironment RemodelingPromotes a

Phenotypic Shiftin All Characterized ResidentSubsetsCharacterized by

Increased CD86Expression andReduced CD206Expression

With increasing age, a generalkcrease in the transcription of inflammation associated

genes and secretion of pmaflammatory cytokines, such as TNMF 0 46, cdnlbe observed both
within systemic circulation as well as within various tissue microenvironments. This general
increase irpro-inflammatory cytokine secretion coupled with increasingly chronic inflammatory

cell activation observed -agiagéd cadibée dpail 5]
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for the agerelated risk of pathology development such as in the cadeeamatoid arthritis. In
cardiac tissue, increased grdlammatory immune cell signaling has been shown to be associated
with deleterious tissue remodeling and reduced function following cardiac tissue(lrauige et
al., 2014 Shirazi, Bissett, Romeo, & Mehta, 2017

A significant increase in prinflammatory CD86 expression coupled with a significant
decrease in alternative activatiassociated CD206 expression was observed in all macrophage
subsets characterized in Ald+Salt cardiac cell isolates, suggesting that tlesl aléediac
microenvironmental conditions promoted increased|Mé& phenotypes in macrophage subsets.
This phenotypic biasing is similar to that observed inthatro model characterization, where it
was observed that increased culture substrate asisfppromoted increased M1 phenotype
associated function and reduced Jsi®sociated functional capacity. However, it is important to
note that while this phenotype inference by M1 or-8&&ociated surface marker expression
characterization is useful for infeng macrophage phenotype and function; macrophage
polarization tends to exhibit more intermediary phenotyp&s/oand often exhibit expression of
both M1 and M2 associated surface mark@echain et al., 2018Dick et al., 201%
Consequently, phenotype and functional inference based upon flow characterization of CD86 and
CD206 alone may be insufficient to fully capture the gene expression pattertezdynywithin
cardiac resident macrophage subsets. Future studies may seek to utilize additional characterization
methodologies such as RNA sequencing of flow separated resident macrophage subsets to more
completely quantify the experimentally induced edteons in macrophage gene expression and
more accurately infer the functional consequences of that regulation.

Additionally, it is important to note the partial confounding effect that macrophage

phenotypic biasing induced bsldosteronemediated macro@yge mineralocorticoid receptor
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activationplays in the flow cytometry characterized macrophage phenofffrascarollo et al.,

2019 Usher et al., 2000 However, the observed phenotypic biasing of all characterized resident
macrophage subsets in Ald+Salt experimental groughdr supports prior evidence suggesting
the potential efficacy of cardiac macrophage mineralocorticoid receptor block on attenuating

deleterious fibrotic matrix deposition following cardiac tissue inflinaccarollo et al., 2039

3.4.1.5qRT-PCR Characterization of GeneRegulation in RemodelingCardiac Tissue
Supports the Characterized HistologicalRemodelingResponse ad the
Characterized Phenotypic Shift in MacrophagePopulations

In addition to flow characterizatidbased infeence regrading macrophage phenotype
regulation in Ald+salt cardiac tissue microenvironments,-fCR quantification of differential
gene expression patterns in pndlammatory gene expression in whole cardiac RNA isolates from
Ald+Salt and 5 month contteardiac tissue help provide inference regarding the inflammatory
state of the cardiac tissue microenvironment following remodeling. Consistent with the altered
macrophage phenotype observed in Ald+Salt cell isolates, Ald+Salt cardiac RNA isolates
exhibited an increased transcription of inflammation associated genes, includintj® and
Tnfa In many cases, this increased transcription ofipflammatory genes not only mirrored the
characterized increase observed in advanced age control cardiac8lbit®s but often exceeded
advanced age RNA isolates in expression levels cirftfammatory genes.

In addition to supporting the observed phenotypic shift in resident macrophage populations
following Ald+Salt treatment, qRFPCR analysis of Ald+Salt RNAsolatesdemonstratedc
significantly increased expression of matrix protein as well as matrix modujatoigingene
expressionAld+salt treatment was found to both increase expression of fibrillar collagen subunit

proteinCollalas well as promot®Iimp2Timplexpression ratios reminiscent of those observed
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in RNA isolates derived from advanced age cardiac tissue. Coupled with the characterized increase
in perivascular collagen deposition and well as the increased presence if thick collagen fibers in
Ald+Salt cardiac tissue sections, the observed increased in fibrillar collagen protein subunit gene
expression demonstrata significant induction and sustained deposition of fibrillar collagen
within the Ald+Salt remodeling myocardium. Additionally, the chaterized alteration in the
relative expression dfimp2transcripts t@impltranscripts suggests that Algalt and advanced

age cardiac microenvironments exhibit increased inhibition of collagen protein degradation by
MMP-mediated mechanisms.

A significant increase irCcl2 transcripts was also observed in Ald+Salt cardiac RNA
isolates when compared to agetched contrigs. CCL2 functions as a primary monocyte
chemoattractant protein responsible for promoting extravasation of bone rramoacyes from
circulation. This significant upregulation in monocyte chemoattractant protein expression is
interesting given the decrease in CCR2 expression noted within the cardiac macrophage
populationswhen characterized by flgvbut the increase in CCR2 exgssion observed when
evaluated by immunolabeling quantificatiomhis result may suggest that initial cardiac
remodeling promotes CX3CR1 macrophage expansion initially, but with increasing treatment
duration time- increasing CCR2 macrophagéferentiatian from monocyte progenitormay
occur. This result may also suggest that Ald+Salt induced remodeling is promoting monocyte
extravasation into cardiac tissue with a subsequent loss of CCR2 expressiomfphh@erophage
differentiaton. Given the increasein CCR2+ immunolabeling coupled with reduced
CD45+F480+CD11b+CCR2+ cell populatidnaction, CCR2+ monocyte accumulation without
subsequent macrophage differentiation naégo be occurring in Ald+Salt remodeling cardiac

microenvironmentd-uture studies tich incorporate either longer Ald+Salt treatment durations
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or additional lineage tracing methodologies may be able to better elucidate the temporal dynamics
related to cardiac macrophage compartment regulation in response to Ald+Salt induced

remodeling.

3.4.2Inhibition of CollagenCrosslinking Through Non-reversible Lysyl Oxidasel nhibition
With BAPN WasAssociatedWVith Significant Alterations in Both the Observed

Remodeling andTissueResidentM acrophageRegulationResponses

Compensatory cardiac matrix remaodeglrelies not only upon increased matrix deposition
within the extracellular space but also on various mechanisms of matrix protein crosslinking to
confer sufficient tensile strength and prevent left ventricular wall rupture during periods of
increased pysiological pressures. Lysyl oxidase is one such enzyme responsible for collagen
lysine residue modification and subsequent collagen fibril crosslinking. While some evidence has
suggested that lysyl oxidase inhibition may attenuate cardiomyocyte hypegrtasptvell as
perivascular collagen deposition following ventricular pressures overload, the impacts of altering
the cardiac microenvironmental remodeling response to pressures overload through inhibition of
matrix crosslinking on the cardiac macrophagesst resident to that microenvironment was

unclear.

3.4.2.1While Lysyl Oxidasel nhibition Attenuated theCardiac CompensatoryRemodeling
ResponseM easurement ofCardiac Functional ParametersWith
Echocardiography Suggested ncreasedCardiac TissueDysfunction
Quantification of perivascular collagen deposition in mice which were treated with lysyl

oxidase inhibitor BAPN prior to BAldosterone minipump implant coupled with 1% NaCl
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drinking water treatment (Ald+Salt+BAPN) demonstrated no significant mean difeefeorn

either control or Ald+Salt in mean positive percent expression of collagen. However, it was noted
that the mean quantified collagen positivity percentage in perivascular regions of cardiac tissue
sections was greater than control values but lesstttz quantified in Ald+Salt cardiac sections,
suggesting some inhibition of collagen depositionin perivascular regions in BAPN treated animals
relative to noABAPN Ald+Salt mice. This result reflects similarly observed inhibition of
perivascular collage deposition when lysyl oxidase functionality is attenuated in the pressure
overloaded ventricléMartinezMartinezet al., 2016

Additionally, a decreasin mean cardiomyocyte area was observed in BAPN treated
animals relative to Ald+Salt mice given no BAPN treatment. When compared to control
cardiomyocyte measurements, the quantified mean Ald+Salt+BAPN murine cardiomyocyte area
was observed to significlipincrease. Taken together, these results demonstrate how Ald+Salt
treatmentinduced varying degrees of cardiomyocyte hypertrophy relative toatgbed controls,
with the hypertrophic response relying partially on lysyl oxidase functionality within the
remodeling myocardium.

Considered independently, these two results would suggest an attenuation of what is often
considered deleterious left ventricular pressure induced remodeling. However, assessment of
cardiac function with echocardiography suggest@&iPB-mediated inhibition of lysyl oxidase
activity worsened cardiac function relative to both Ald+Salt and control mice. BAPN treated mice
exhibited significant declines in ejection fraction and fractional shortening. BAPN treatment was
also associated with significant observed increase in mean left ventricular systolic diameter and
volume. When examining the alterations in mitral flow doppler resultant of BAleNiated lysyl

oxidase inhibition, both significantly increased mean mitral valve early toMave filling rate
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ratios (MV E/A) as well as significantly decreased mitral valve early filling rate to early tissue
annular velocity ratios (MV & ) .

Taken together, these alterations observed in cardiac functional parameter measurements
in BAPN treatedmice suggest that inhibition of the lysyl oxidase mediated compensatory
remodeling response to left ventricular pressure overload attenuates histologically characterized
deleterious microenvironmental remodeling but worsgystolic and diastolicardiacfunction.

As hyperaldosteronism and chronic NaCl administration promotes indregsemic pressures,

the cardiac compensatory remodeling response is induced to maintain cardiac output. Thus, while
lysyl oxidase inhibition may improve histological metraften associated with deleterious fibrotic
matrix remodeling, without this compensatory remodeling response providing important short
term protection against pressure induced dilative cardiomyopathy cardiac dysfunction may occur

closer to the onset of alted physiological stimulus.

3.4.2.2Inhibition of Cardiac CompensatoryRemodelingWas Observed toNot

Significantly Alter Cardiac MacrophageCompartment RegulationFrom That

Observed inControl Cardiac Microenvironments

In addition to altered matrix remodeling characteristics resultant of BAPN treatment

observed in Ald+Salt+BAPN cardiac histological analysis, an altered regulation of the resident
macrophage compartment in Ald+Salt+BAPN cardiac cell isolates was obs&taetbphage
subset distribution in Ald+Salt+BAPN cardiac cell isolates was found to largely resemble the
subset distribution characterized in agatched control cell isolates. This may suggest several
things regarding the macrophage subsets regulatiomdgsan compensatory remodeling cardiac
tissue. In Ald+Salt cardiac cell isolates, a general upregulation of CX3CR1+ macrophage subsets

was observed while a slight decrease in CCR2+ subsets within f8@HeD11b+ macrophage
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fraction was observed. In adidih, a significant upregulation in monocyte chemoattractant protein
1/CCL2 gene transcripts was observed in Ald+Salt cardiac RNA isolates. In Ald+Salt+BAPN
cardiac cell isolates, a large upregulation of CCR2+ macrophages within t8@+ED11b+
macrophag@opulation was observed. This may suggest that the initial compensatory remodeling
response is largely reliant upon either local proliferation of CX3CR1+ cardiac macrophages or
monocyte recruitment with subsequent differentiation into CX3CR1+ macrophédgkesthe later
stages of pressure overload induced cardiac microenvironmental remodeling promote increasing
CCR2+ macrophage subsets.

However, the observed preservation or further accumulation of CCR2+ macrophages
within the cardiac resident macrophagenpartmentin Ald+Salt+BAPN cardiac tissue may also
be resultant of dilative remodelirassociated alterations in the function of other cardiac resident
cell populations. Additionallythe question of macrophage subset ontogeny for CX3CR1+
macrophages peast within this model, and further elucidation regarding the respective
contributions of embryonic macrophage sgibliferation as compared to monocytic
differentiation into CX3CR1+ macrophages within the myocardium will help demonstrate the role

microenvyronment plays in promoting macrophage phenotype as compared to cell ontogeny.

3.4.3A Discussion of theCardiac M acrophagePopulation DynamicsWhich Correlate With

Changes inCardiac Echocardiographic Functional Parameters

In order to better understand if thgpothesized macrophage subset regulation dynamics
proposed to occur in myocardiuwilowing advanced agassociated cardiac matrix remodeling
correlate with measured alterations in cardiac tissue function, echocardiographic parameter
measurements were gmessed againstthe characterized cardiac resident macrophage
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compartmerd. The first correlation of note identified was the relationship between murine cardiac
output and either the size of the TIMD4+ macrophage subset or the size of the CCR2+ macrophage
subset. TIMD4+ macrophages, which are often derived from embryological macrophage precursor
cells and exhibit alternative activatidike phenotypes, were observed to positively correlate with
cardiac output. Conversely, a significant negative associates noted between the CCR2+
macrophage population size and measured cardiac output. These results further support the role of
embryologically derived macrophage subsets in promoting the maintenance of homeostatic
maintenance, while accumulation of bone mar monocyte derived CCR2+ macrophages is
associated with cardiac output attenuation.

CCR2+ macrophage subset fraction size was also observed to correlate with measured
global circumferential strain (GCS) and global longitudinal strain (GLS) rates. Whaile
significant differences in GCS or GLS was observed between experimental treatment groups, a
significant positive associated was found between increased CCR2+ macrophage size and reduced
cardiac circumferential or longitudinal deformation. This positissociation between increased
CCR2+ macrophage population fraction and decreased cardiac deformation (here denoted by
increases in GCS or GLS which are negative vector quantities measured from the left ventricular
chamber wall outward) suggest that as @rdissue stiffens and is less able to deform, CCR2+
macrophages comprise an increasingly large fraction of the resident macrophage population.

While the size of the CCR2+ macrophage fraction was observed to correlate with several
echocardiographic paratee measurement changes generally indicative of increasing cardiac
dysfunction, a significant negative association between CCR2+ macrophage subset size and
measured isovolumic relaxation times was observed. Increased isovolumic relaxation times are

commony observed in patients exhibiting grade Il diastolic dysfunction and often correlate with
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increased fibrotic matrix deposition in the cardiac extracellular space. Instead, a significant
positive association between the CX3CR1+ cardiac macrophage popuiagoand increased

mean isovolumic relaxation timesgobserved. This may suggest either a differential regulation

of macrophage subsets based upon diastolic cardiac dysfunction disease state progression, where
earlier grade diastolic dysfunction is cheterized by a proliferation of CX3CR1+ macrophage
subsets while later grade diastolic dysfunction is characterized by CCR2+ macrophage
accumulation, or a differential regulation of subset surface marker expression patterns induced by
differing microenvirmmental cues.

The temporal progression of subset regulation with changing diastolic dysfunction disease
grade presents an interesting hypothesis given the characterized alternatively acissimated
phenotypic bias of this macrophage subset. Altévaly activated (M2) macrophages are
generally associated with a matrix modulatory functionality and increased secretion of matrix
modulatory function associated growth factors, such as that offTGEN. Brown et al., 201)7
The observed upregulation of CX3CR1+ subsets in early diastolic dysfunction may be important
for support of the compensatory remodeling response to pressure ové&tisagotential role of
CX3CR1+ macrophage subsatsegulating the fibrotic matrix remodeling response has also been
observed in murine models of pulmonary fibrosis and atherosclerosis, providing further evidence
of a potential role for this macrophage subset in the early cardiac remodeling rg€pmisen
et al., 2018Ishida et al., 2027

Howe\er, as function increasingly declines, increased fractions of resident macrophages
are derived from more primflammatory biased bone marrow monocyte populaticrsl
promotion of alternative activatieassociated phenotypes is attenuaf€dis hypothesiss

partially supported by the characterized significant increa€elidgene expression in Ald+Salt
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cardiac RNA isolates relative to ageatched controlsvhich might represent an early stage of
CCR2+ monocyte recruitment to increasingly stiff cardissugFigure 18) However, an increase

in CCR2+ cell immunolabeling was also observed in Ald+Salt cardiac sections relative to age
matched controlsuggestinghatmonocytes are being recruited to cardiac tissue but are either
losing CCR2 expression folang differentiation orare remaining CCR2+ monocytes within the
cardiac tissue microenvironmerfEigure 17). This hypothesized accumulation of Ron
differentiating monocytes has recently been identified in atherosclerotic arterial tissue, where a
population of seltproliferating monocytes was found during RNA sequencing of inflamed arterial
tissugJ. D. Lin et al., 201P Further experiments which utilize lineagedirag or RNA sequencing
experimental methodologies may better elucidate whether these characterized dynamics in subset
expansion relative to progressively declining cardiac diastolic function are resultant of altered
proliferation dynamics of macrophagesriged from unique precursor cells or from the

microenvironment induced alteration of cell surface marker expression.

3.4.4Interactions of Cardiac ResidentM acrophageswith the Cardiac Extracellular

Microenvironment

Microenvironmental stimuk- including those derived from pathogens, tissue damage,
stress, biomechanics, or altered resident cell secretamesessential determinants of macrophage
phenotypg(van de Laar et al., 2016Thus, understanding the interactions between remodeling
cardiac microenvironments and cardiac resident macrophages will be essential for understanding
the macrophagenediated component of cardiac dysfunction. Prtadies on the macrophage
mediated cardiac remodeling response to injury have focused on selective recruitment of certain
cardiac resident macrophage subsets with subsequent characterization of the cardiac tissue
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microenvironment following selective macraue subset enrichmefidick et al., 2019Lavine

et al., 2014 These studies havweot only demonstrated the importance of CX3CR1+ cardiac
macrophage subsets in promoting beneficial cardiac tissue remodeling following infarction, but
also the potential for CCLECR2 signaling pathway inhibitiomiimproving cardiac tissue
remodeling by preventing CCR2+ monocyte extravasdbock et al., 2019Lavine et al., 2014

These studies provide strong evidence of the role that cardiac resident macrophages play in
regulating the tissue microenvironmental remodeling response.

However, it is alsomportant to consider how differing cardiac tissue microenvironments
may select for different macrophage subset recruitreenproliferation The present study
approaches this question by examining how experimental manipulation of cardiac
microenvironmentatemodeling can promote the expansion of different cardiac macrophage
subsetsin this model, Ald+Salinduced cardiac remodeling was found to induce a cardiac
compensatory remodeling response which was accompanied by a reduction in CCR2+ cardiac
macrophages and an expansion of CX3CR1+ macrophBgegesulted in some increased mean
isovolumic relaxatiortimes in Ald+Salt animals, but cardiac function was found to be largely
maintained relative to controls. However, when lysyl oxidase function was disrupted with BAPN
treatment, the cardiac compensatory remodeling response was also disrupted; and
Ald+SalttBAPN animals were observed to exhibit increased systolic and diastolic cardiac
dysfunction relative to both control and Ald+Salt mice. This increased dysfunction also correlated
with a different pattern of cardiac resident macrophage subset regulatidn, G@R2+
macrophagesbeing the largest observed macrophage subset within the cardiac resident

macrophage populationin Ald+Salt+BAPN cardiac cell isolates.
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This characterized regulation provides an interesting parallel with prior work
demonstrating the cdioprotective tissue remodeling responses following CX3CR1+ resident
macrophage expansianpostmyocardial infarction cardiac remodelifigick et al., 2019Lavine
et al.,, 201% Additionally, the results of this study characterized an expansion of CCR2+
macrophages in Ald+Salt+BAPN cardiac noenvironments, where lysyl oxidase inhibition
disruptedcompensatory remodelirand induced increased systolic and diastolic dysfuncton.
significant negative relationship between the size of the CCR2+ macrophage population and the
measured murine ejeotn fraction was also identified. This relationship between CCR2+
macrophage population size and ejection fraction reflects some of the previously reported results
of postmyocardial infarction tissue remodeling studies, where CCR2+ macrophage subset
expangn was associated with infarct scar spreading and attenuated cardiac f(Datloet al.,

2019 Lavine et al., 2019 These results help highlight both the importance of cardiac resident
macrophagextracellular microenvironment interactions in the cardiac tissue remodeling response
to stressbdamage as well as how manipulation of these interactions can promote altered cardiac
tissue remodeling responsewhich can then in turn either improve or further attenuate cardiac

function(Dick et al., 2019Lavine et al., 2014
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4.0 Conclusions

4.1 Summary of Results

4.1.1An InVitro Model to Assess thémpacts ofCardiac Microenvironmental Change on

M acrophagePhenotype andFunction

The goal of the described vitro model was to develop a culture system which could be
utilized to assess the macrophage response to differing camg&dic microenvironmental
conditionsand to compare the macrophage response t0tro microenvironments similar to
young cardiac micrenvironments or to advanced age cardiac microenvironmiengccomplish
this, a culture model utilizing polgimethytsiloxane hydrogels of varying relevant physiological
stiffness coated with decellularized cardiac extracellular matrix isolated frorer gifung
developmental age or advanced developmental age murine donors was developed and
macrophages were seeded onto the various culture subsBa@ttesulture substrate stiffness as
well as the developmental age of the donor from which the extraaetiataix coating was derived
were determined to have significant impact on macrophage phenotype and function.
Additionally, culture substrates stiffness was found to significantly alter seeded macrophage
morphology. Increased culture substrate stiffness was found to promote macrophage morphologies
previously associated with prinflammatory stimulated macrophage populations, increased
functional M1 macrophage responses following Thl cytokine treatment, and a significant
attenuation of artinflammatory macrophage function following Th2 cytokine stimulation.

Conversely, macrophage culture on substrates with elastic moduli closer to that observed in young
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cardiac tissue promoted reducedqmfiammatory phenotyp@ssociated morphologies in cultured
macrophages as well as reduced-mftammatory functional regmses relative to macrophages
cultured on substrates with elasticity similar to advanced age myocardium.

When examining the role that decellularized cardiac extracellular matrix coating played in
altering the observed macrophage phenotypic and functiespbnses, a general attenuation of
both pre and antiinflammatory macrophage functional capacity following qmnlammatory
(IFN-y  + L P S-inflammatorg (-#4)istimuli was observed in cultured macrophages. This
general attenuation of macrophage -poy antrinflammatory functional capacity was also
supported by gRPCR analysis of gene expression patterns in cultured macrophage RNA isolates;
where macrophage culture with decellularized cardiac extracellular matrix isolated from advanced
age cardiad$sue was observed to be associated with reduced expression of canoricaM21
associated genes following pidFN-y  + L P S-inflarmmatorg (h-#)istimuli, respectively.
Additionally,qRT-PCR analysis of macrophage cultwi¢h decellularized catiac extracellular
matrix from advanced age individuals was noted to be associated with sortanmmcal
regulation of the macrophage phenotype associated genes, including the noted large increase in
macrophag@los2expression following M2 stimuli (It4) treatment in macrophages cultured with
decellularized extracellular matrix from advanced age individuals.

These results suggest several important features about the macrophage response in aged
individuals. These results suggest that aged microenvironmgrdsiote dysregulation of
canonical M1 and M2 polarization responses following-poo antrinflammatory stimuli,
respectively. These results also suggests that the timely attenuation of M1 macrophage polarization
with a conversion toward M2 phenotypes,ievhis an essential feature of functional biomaterial

tissue integration or tissue repair responses following damage, may be impaired in advanced age
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individuds. The lack of baseline alternative activation observed in macrophages cultured with
CcECM isolatd from aged individuals also suggests a reduced ability to promote constructive
remodeling in aged microenvironments. Additionally, as the tissue microenvironment remodels
with increasing age and experiences an increase in stiffness, the results aictiteedm vitro

study suggest that macrophage-prbammatory functional responses to M1 stimuli will increase

in intensity while alternatively activated function will be reduced. However, it is also important to
note that the interaction of matrix conggon and biomechanics is more compiexivo, and the
macrophage response to these changing matrix conditions may not fully be recapiuléated

without inclusion of additional cell populations or signaling cues.

4.1.2An InVivo Model toDetermine theRole of Agerelated Changes inCardiac M atrix
Remodeling inPromoting Altered Regulation of theCardiac TissueResident

MacrophageCompartment

The goal of the describad vivo model was to assess the role of microenvironmental
change as a mechanism underlying the characterizedetgged changes in cardiac resident
macrophage subset regulation. To accomplish this, a model of chronic osmotic minipump infusion
of D-Aldosterone oupled with 1% NaCl drinking water supplementation was developed to
recapitulate the ageelated cardiac microenvironmental remodeling features in a developmentally
young age murine cardiac microenvironment. Significant murine cardiomyocyte hypertrophy,
significant increases in perivascular collagen deposition, and an observed increase in the presence
of thick collagen fibrils was observed following experimental treatment. Coupled with the
observedincrease in left ventricular w@ilihnensiormeasurements diincreased mean isovolumic
relaxation times quantified with echocardiography, these results suggest that the experimental
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intervention was successful in inducing the desired advancedasageiated cardiac
microenvironmental remodeling featur@gich in turn inducedseveral cardiac functional
alterations often observed in advanced age individual®#xig diastolic dysfunction

When examining the impacts aldosterone infusion and salty drinking water mediated
cardiac microenvironmental remodeling be tregulation of cardiac resident macrophage subsets,
it was observed thadosterone infusion coupled with 1% NaCl drinking water treatment induced
an altered regulation of the cardiac tissue resident macrophage compartment relative to age
matched contris. When comparing this regulation to the macrophage subset regulation
characterized in control cardiac cell isolates derived from mice aged 1 month, 5 months, or 24
months, the relative composition of macrophage subsets obsern@2al dosterone+1%NacCl
drinking water cardiac cell isolates most closely reflected the composition observed in cardiac cell
isolatedrom 24-month cardiac tissud hese results suggest that the describetvomodel was
successful in demonstrating the role thategjated cardic microenvironmental remodeling plays
in promoting an altered regulation of the cardiac resident macrophage compartment.

This altered macrophage compartment regulation was also noted to be accompanied by
increased expression of pmaflammatory, stresassociated, or matrix remodeling associated gene
transcripts relative to agmatched controls. This observed mean increase ifinfl@mmatory
gene transcript expression in Ald+Salt cardiac RNA isolates reflects the characterized mean
increases in inflamnieon-associated gene expression characterized in advanced age cardiac RNA
isolates. Additionallyin vitro andin vivo qRT-PCR analysis off gfb expression in young and
advanced age cardiac RNA isolates demonstrated a mean increagth iexpression with
increasing age; an increase which was also observed in Ald+Salt cardiac RNA isolates relative to

agematched controls.
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4.2 Clinical Relevancy ofResults

Cardiovascular disease is a heterogenous class of pathologies often characterized by
dysfunction in sevetaesident cardiac cell subsetghich in turn attenuaseardiac tissue function.

While cardiovascular disease therapeutic efficacy has improved, limited therapies exist for
advanced stage cardiac organ dysfunction and often patients are reliant upocaddiae tissue
availability for treatment. In addition to issues in treatment availability imposed by limited donor
tissue, an increase in aged population demographic size in the United States necessitates
understanding the mechanisms underlying cardiowkar disease pathologyparticularly the age
associated risk for development of this pathology.

Cardiac tissue resident macrophages have been recently identified as important mediators
of both homeostatic cardiac function as well as catitaoeremadelingfollowing tissue damage
(Epelman et a)2014 Fujiu et al., 2017Hulsmans et al., 201 Lavine et al., 2014 Heterogeneity
in macrophage cell origin was also noted within the cardiac resident macrophage pool, with some
significant impacts onmacrophage phenotype and function being correlated with cell
developmental origifEpelman eal., 2014. The resident macrophage population heterogeneity
was also noted to not be static, exhibiting some alterationsin subset population size with increasing
age(Molawi et al., 2014 Pinto et al., 2014 However, the mechanisms underlying this shift in
subset regulation required furthetudy. Thus, the present study sought to better characterize the
changes in macrophage phenotype and function induced by cardiac microenvironmental
remodeling to provide further insight into any mechanistic role that altered cardiac resident

macrophage @motype and function has in promoting cardiac pathology development.
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4.2.1Understanding theMicroenvironmental-mediatedM echanisms ofM acrophageSubset
Phenotypic andFunctional RegulationCan Help DevelopStrategies toPromote
Constructive TissueRemodeling andl mprove TissueFunction Following Cardiac

I njury

Many cardiac tissue pathologies are characterized by a dysregulation of tissue
microenvironmental function following prolonged periods of altered physiological stresses or
tissue damage. Thisathage or stress attenuates the ability of cardiac tissue to maintain sufficient
cardiac output without tissue microenvironmental remodeling. For example, following myocardial
infarctionrelated injury to cardiac tissue, left ventricular tissue undergqed ceposition of
fibrillar collagen scar tissue in the region of cardiomyocyte necrosis to prevent left ventricular wall
rupture. Following initial collagen scar deposition, further cardiac tissue remodeling occurs in the
border zones between the depasiear tissue and the healthy myocardium in the subsequent days
following infarction While the initial collagen scar tissue deposition serves an important function
in preventing left ventricular wall rupture following cardiomyocyte necrosis, border zone
remodeling can attenuate cardiac tissue function over time and eventually necessitate the need for
organ transplant due to cardiac failure.

A similar example can be observed in the case of heart failure with preserved ejection
fraction (HFpEF)cardiac tisse remodelinglnitially, cardiac tissue remodeling occurs as a
response to prolonged changes in physiological state, such as prolonged elevations in systemic
blood pressurerhis initially compensatory remodeling responkere characterized by increased
cardiomyocyte hypertrophy, increased deposition of fibrillar collagen within the cardiac
microenvironment, and upregulated secretion of matirodeling associated matricellular

proteins in the extracellular spaeserves an important function in maiimtisng cardiac output.
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However, with increasing time, prolonged cardiac tissue remodeling increasingly attenuates
resident cardiac cell function and contributes to diastolic dysfunction. In both the case-of post
myocardial infarction border zone remodelagywell as HFpEfassociated remodeling, the initial
cardiac remodeling response serves an important function of preserving cardiac output but chronic
activation of these tissue remodeling pathways following the initial remodeling response can lead

to systdic or diastolic cardiac dysfunction

4.2.2Different Cardiac ResidentM acrophageSubsetsPromote Different Patterns of
Matrix Protein Deposition andCardiac Functional RecoveryFollowing Myocardial

I nfarction

The interactions of cardiac resident macrophagkfébroblast cell populations following
myocardial infarction are important determinants of the border region myocardial remodeling
responséJugdutt, 2008 Within the cardiac macrophage compartment, preferential expansion of
macrophage populations which derive from embryonic precursors has been shown to be associated
with attenuated border region remodeling, reduced systemicflfaonmatory cytokine secrien,
and improved cardiac function following myocardial infarct{@ick et al., 2019Lavine et al.,

2014. Conversely, embryonic precursderived cardiac macrophage depletion with subsequent
extravasation and colonization of the empty cardiac tissue niche by CCR2+, bone marrow
monocytederivedresident macrophages has been shown to be associated with increased ischemic
scar area resultant of chronic fibrotic border region remodeling, increasadflaramatory
cytokine secretion, and increased rates of systolic heart failure develofingnet al., 2019

Lavine et al., 2014
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The resilts of the describeth vitro andin vivo models can help further developigh
understanihg of the macrophage mediated componerthefcardiac tissue remodelimgsponse
following myocardial infarctiorto better identify targets for therapeutic intertien. First, the
characterized changes in cardiac resident macrophage population subset size in advanced
developmental age cardiac tissue suggest that aged individuals may be more likely to exhibit
deleterious remodeling responses following ischemic cariisue injury due to the decline in
LYVE1+/TIMD4+ resident macrophages and the subsequent increase in CCR2+ menocyte
derived macrophages. Correlation studies performed for the desuoribiet model identified a
significantnegativecorrelation of CCR2+ monocyeerived macrophage subset fraction size and
cardiac systolic functiorAdditionally, a significant positive association of TIMD4+ macrophage
subset size and cardiac systolic function was ndigkken together, these resuliggest that either
timely attenuation of CCR2+ macrophage accumulation in cardiac tissue or promotion of
phenotypes more closely reflective of those observed in embryologic predarsad
macrophages following myocardial infarction may serve as potéh&@eapeutic targets to limit
adverse remodeling following ischemic injury.

In the case of promoting embryonic precurderived phenotypes imonocytederived
macrophage populations, further study regarding the relative contributions of precursor cell
identity and microenvironmental stimuli as contributors of macrophage phenotype throughout an
organi sm’s ' i fespan wil |l be necessary. Whi |
macrophage precursors setfaintain within tissue niches and monocytes areate to fully
recapitulate these cells once lost, it is unclear if this is a consequence of the unique identity of the
precursors cells from which these macrophages derive or a consequence of the differing tissue

niches each precursor resides in during different stages of hematopoiedck et al., 2019
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Epelman et al., 20145inhoux & Guilliams, 2016Hoeffel & Ginhoux, 2018 Thus, it will be
necessary to further elucidate the differences in gene expression and regulation between primitive
hematopoiesis erythrmyeloid progenitors and @laitive hematopoiesistem cell progenitors to

better understand if feducing embryonidike gene expression in monocyte derived
macrophages can be accomplished in advanced age individuals.

In addition to cell intrinsic mechanistic study of gene ragoh between unique
developmental origin macrophage subsets, further examination of the macrophage phenotypic and
functional response to varying microenvironmental stimuli will help to identify the role that
microenvironment plays in macrophage prolifesatand phenotype induction for each resident
macrophage subset. The descrilbedvitro model has demonstrated feasibility in evaluating
macrophage morphological, phenotypic, and functional responses to varying cardiac specific
microenvironmental stimuliDerivation and culture of erythrmyeloid progenitor derived
macrophage populations within the describadvitro model would help further identify
mechanisms by which microenvironment may alter the proliferation and function of yolk sac
progenitorderivedmacrophage populations. Additionally, these studies may help elucidate the
optimal microenvironmental conditions for expansion and promotion of constructive remodeling
associated phenotypes in yolk sac progerdnived cardiac macrophaggsoviding futher
therapeutic guidance for optimal cardiac microenvironmental conditions for macrempieatpged

constructive matrix remodeling.

4.2.3The Results of thel n Vivo M odel Suggestl nhibition of Lysyl Oxidasemediated

Crosslinking May Attenuate Ald+Salt InducedAlterations in Cardiac Resident
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MacrophageSubsetRegulation, but theEfficacy of This I ntervention During Acute

Periods of PhysiologicalStressMay Limit Therapeutic Applicability

When comparing cardiac resident macrophage subset regulation fajlawplant of D
Aldosterone loaded minipump coupled with 1% NaCl drinking water administration either with or
without BAPN-mediated lysyl oxidase inhibition, it was generally noted that BAPN administration
promoted cardiac macrophage subset regulation chaxsly reflective of that observed in control
cardiac macrophagmpulations. However, a noted decrease in cardiac tissue systolic function was
observed in the mice given BAPN prior to experimental treatment. These results suggest that while
pharmacologial alteration of the cardiac matrix remodeling response can be utilized to alter
regulation of cardiac resident macrophages, inhibition of compensatory remoeefimpt
accompanied with pharmacological management of hemodynamies ultimately worsen
cardiac function. This attenuation of cardiac function was noted to likely develop due to dilated
cardiomyopathyrelated cardiac tissue remodelingsultant of increased physiological blood

pressure coupled with a reduced compensatory crosslinking capacit

4.2.4The RelationshipBetweenObservedClinical Cardiac RemodelingResponse
Following Left Ventricular AssistDevice(LVAD) Implant and the Characterized
Experimental RelationshipBetweenCardiac Microenvironment and Resident

MacrophageSubsetRegulation

Left ventricular assist devisserve as important clinical cardiovascular support tools for
advanced stage heart failure patients who require either biroeigansplant, bridgeo-recovery,

or destination therapy suppoBarly studies on patig cardiac function following LVAD implant
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suggested LVAD support was associated with reduced left ventricular volumes and leftward shifts
in measured left ventricular presstu@ume(P-V) loopsrelative to preLVAD implant (Burkhoff,
Topkara, Sayer, & Uriel, 2021 evin, Oz, Catanese, Rose, & Burkhoff, 19%adigan et al.,
200)). Further characterization of LVAD support associated chamgardiomyocyte function
following device implantdemonstrated an increase in cardiomyocyte contractility, rearrangement
of cytoskeletal proteins to more closely reflect spathologicalcytoskeletal arrangements,
alteration of cardiomyocyte metabolism, and increased cardiomyocyte prolifeftiddoff et
al., 2021 Dipla, Mattiello, Jeevanandam, Houser, & Margulies, 19G8pte et al., 204;
Wohlischlaeger et al., 201@afeiridis, Jeevanandam, Houser, & Margulies, J998ithin the
noncardiomyocyte cklraction, LVAD device implant was found to be associated with endothelial
cell activation with improvements in cardiac micamd macrevasculature note@mbardekar et
al., 2018 Drakos et al., 2000 LVAD support was also noted to alter regulation of cardiac
macrophage populations following device implant, with LVAD support gengbaiihg noted to
attenuate some prioflammatory cytokine secretion and promote CCR2+ macrophage
extravasatioliBajpai et al., 2018Burkhoff et al., 202)L

LVAD treatment was also noted to be associated with some altered regulation of
extracellular matrix protein deposition, with increased collagen fibril content and increased extent
of collagen crosslinking noted in pelsVAD treatment cardiac tissy8ruggink et al., 200&Klotz
et al.,, 2005Y. Y. Li et al., 200). This either maintenance aicrease in collagen deposition
following LVAD treatment was noted to likely result from a reduced expression of matrix
metalloprotease enzymes as well as increased tissue inhibitor of metalloprotease enzyme
expressior{Burkhoff et al., 2021Y. Y. Li et al., 200). The degree to which this characterized

myocardial fibrotic matrix degsition correlates with the degree to which myocardial performance
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is recovered following the start of LVAD support remains ungladihough some evidence has
suggested that the degree of cardiac tissue fibrosis at the time of LVAD implant correlates with
patient outcome@ruckner et al., 2008Burkhoff et al., 20210riyanhan et al., 200 Redfern et

al., 2000.

The observed relationship between cardiac tissue microenveanamd macrophage
phenotype and function evaluated in the describettro andin vivomodels can provide some
additional insight regarding the impacts of LVAD support on the cardiac tissue resident
macrophage compartmenkEirst, the observed decrease proinflammatory macrophage
responses following culture on substrates of reduced stiffness in the preseneméibprmatory
stimuli may account for the characterized reduction ofipfammatory cardiac tissue gene
expression following LVADmediatedrentricular unloadingBurkhoff et al., 2021 Torre-Amione
et al., 1999 Additionally, evaluation of the naive macrophage response to advanced
developmental age cardiac extracellular matrix coatmgvitro suggest that aged cardiac
microenvironments attenuate the baseline -arftammatory phenotypes observed in young
cardiac extracellular matrix culture groups and also attenuate canonical gene responsivity to M1
or M2-associated signaling cues. Taken together, theseirdl@mmatoy and phenotype
supporting effects of cardiac matrix derived from young individuals may partially explain the
improved recoveryateof young individuals relative to aged individuals following LVAD therapy
(Burkhoff et al., 202}

In vivo model results alsougigest a potential role for LVAD suppertediated cardiac
microenvironmental remodeling in promoting the observed altered resident macrophage subset
regulation. For example, a significant difference in macrophage subset regulation was noted when

matrix crasslinking through lysyl oxidase enzymatic pathways was inhibited by BAPN treatment

227



when compared to Ald+Salt cardiac isolates not given BAPN treatment. When characterizing this
regulation, it was noted that this altered subset composition most closebteefthat previously
characterized in control, 5 month cardiac cell isolates; suggesting inhibition of matrix protein
crosslinking attenuated Ald+Salt treatmestsociated changes in resident macrophage subset
composition.

In a similar manner, a differee in resident macrophage subset accumulation within
cardiac tissue microenvironments was observed following mechanical ventricular unloading with
LVAD support (Bajpai et al., 2018 Burkhoff et al., 202). Taken together, these results
demonstrate how as the cardiac microenvironment undergoes biochemical and mechanical
alterations with pathology or therapeutic intariien the resident macrophage compartment
experiences altered subset regulation. Interestingly, some of the hallmarks of LVAD support
mediated microenvironmental remodeling were noted in the Ald+Salt+BAPN condition, including
decreased cardiomyocyte hypephy and increased collagen deposition. These common
microenvironmental alterations were also noted to correlate with increased CCR2+ macrophage
fraction size, although a divergent functional response consequent of this CCR2+ macrophage
accumulation was ated between LVAD studies and the descrilvedivo model(Bajpai et al.,

2018 Burkhoff et al., 2021 This divergent functional response can likely be attributed to
additional differences between microenvironmental conditions resultant of organismal
physiological state, as LVAD supported patients often receive additional pharmacological support
to provide optinal hemodynamic support while Ald+salt and Ald+salt+BAPN animals did not
receive any pharmacological blood pressure suppression or sudpartver, these observed
characterization results together provide evidence of a microenvironment mediated regfilation

the cardiac resident macrophage compartment. Additionally, prior studies demonstrating the
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beneficial cardiac functional outcomes following myocardial infarction when specific cardiac
resident macrophage subset expansion is promoted, suggesting tbadingl pathological
myocardium in a manner which promotes expansion of beneficial remodeling associated
macrophage subsets may provide a therapeutic strategy for improving recovery rates in heart

failure patients following LVAD implant.

4.3 Implications of Study Results for Biomaterial Design andFabrication

Biomaterials are an important component of many currently utilized clinical therapeutics
which serve to support patients suffering from a myriad of cardiovascular pathologies. In general,
biomaterial seleodn for an implantable device depends upon the requisite mechanical properties
needed for device function, the duration of the implant, and the antigenicity of the material. For
long term implantable cardiovascular therapeutics, materials which exhihistrgihysical
strength with minimal cellular antigenicity are generally selected to minimize the host response to
the implanted material. The host response to implanted cardiac biomaterials can generally be
characterized by an activation of the innate immsystem with a subsequent fibroblast mediated
deposition of fibrillar collagen matrix at the dewitiesue interface. In cases where this host
response does occur, device function may be compromised due to fibrotic matrix encapsulation of
the material. Oa example of matrix encapsulatidased device failure can be observed in
pacemaker devices, in which fibrotic matrix encapsulation of device lead materials can impede
proper electrical signal transduction.

Increasingly, biomimetic and cardiovasculartisslerived biomaterial therapeutics have

been developed or incorporated into existing therapeutics to improve the treatment
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biocompatibility and host immune response. However, limited allogenic human cardiac tissue
sources for therapeutic treatment generaéxist and are often limited to néransplant viable

cardiac tissue. Consequentkgnogeneior allogeneimontransplant viable cardidtssuemust

be utilized for the generation of these therapeutics. Thus, understanding how altered cardiac tissue
composition promotes altered macrophage phenotype may help identify best practices for
extracellular matrix material sourcirend decellularizatiofior biomaterialbasedtherapeutic
development.

In the describedh vitro model, several significant featuredich may have important
implications for the cardiovascular biomaterial therapeutic field were identified. The first
significant feature noted was the promotion of alternative activation phenotype associated gene
expression at baseline in young ECM trelatmacrophages. Additionally, young cardiac
extracellular matrix treatment was observed to support the upregulation of genes associated with
the canonical M1 or M2 phenotypic response following Thl or Th2 cytokine treatment,
respectively. These results takeogether indicate that cardiac extracellular matrix biomaterial
therapeutics derived from young developmental age cardiac tissue may assist with functional
integration of biomaterials within the cardiac tissue microenvironment through promotion of
altermative activation associated phenotypes in resident macrophage populations. As timely
immune response resolution following biomaterial implant has been shown to be associated with
better biomaterial functional integration, one can see how materials angoathich are able to
help promote this phenotypic shift in resident macrophage populations may in turn experience
better tissue integration and sustained functionality within that microenviroriBiéhtBrown et

al., 2017.
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In addition, the observed increase in fmflammatory macrophage response with
accompanying attenuation of alternative activation associated macrophage function in response to
culture upon substrates of increased saffses suggest that biomaterial therapeutics which can
mimic the mechanics of young myocardium may promote more constructive macrophage
phenotypes and assist in attenuating any chronigrffammatory macrophage polarization.
While this consideration isnty applicable to materials which do not require supraphysiological
mechanical properties for function, these observed macrophage responses will be applicable for
the increasing number of regenerative therapeutics which rely on polymeric or extracedlbar m

derived hydrogels for growth factor or cell delivery to injured myocardium.
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