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ABSTRACT

Aortic Valve Disease is a tremendous burden across the globe. To date, the only treatment
that exists for those afflicted by this disease is total replacement with prosthetic valves.
This presents a huge challenge for biomedical engineers as no functional tissue
engineered replacement has been created. The closest biological analogue currently used
for total valve replacement are porcine valves. Like their human counterparts, these
porcine bioprosthetics have limited lifetimes in vivo and more than often require future
replacement. A significant reason for this limited in vivo performance is due to immunemediated degradation. Unfortunately, there is limited knowledge towards how immune
cells, specifically macrophages, regulate valve interstitial cell behavior during disease or
failure in animal-derived bioprosthetics. The valve field has yet to provide functional data
that can garners insight into how cells of the innate immune system can regulate valve
cell behavior. This information is critical for not only getting a better understanding of
potential disease mechanisms and failure modes of animal-derived bioprosthetic valves,
but for guiding principal strategies for future tissue engineering approaches.

The work presented in this thesis, provides initial insight into how different phenotypes
human macrophages can drive disease programming of porcine valve interstitial cells
within mechanically constrained 3D-environments. Studying the effects of macrophagederived factors provides clear unidirectional communication between these cell types
which reduces complications of co-culture. Using 3D mechanically constrained
hydrogels as a model system provides more insight into these features with more
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physiological relevance as valve cells are fibrotic and are exposed to high mechanical
loads in vivo. This work shows how phenotypic extremes of human macrophages along
an inflammatory continuum can differentially drive different disease programming in
porcine valve cells, which is contrary to current approaches in the field which argue that
one extreme is better than the other.

Overall this work provides significant initial glimpses into macrophage regulation of
valve cells and failure of porcine-derived bioprosthetic valves. This work clearly
demonstrates that the extreme M1 / M2 delineation of macrophage phenotype that is a
current target of many bioengineering approaches can worsen performance and behavior
of valve interstitial cells.
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CHAPTER 1 INTRODUCTION
The content of this chapter has been published as a review paper: Sridhar, S., Pham, D.
H., Gee, T. W., Hua, J. & Butcher, J. T. Monocytes and macrophages in heart
valves: Uninvited guests or critical performers? Curr. Opin. Biomed. Eng. 5, 82–
89 (2018).
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1.1 Monocytes:
Monocytes are circulatory precursors to macrophage populations, originating either from
the yolk sac or the fetal liver1. These cells arise from myeloid progenitors, such as
common monocyte progenitors (cMoP) or monocyte and dendritic progenitors (MDP)2,3.
Beyond their involvement in phagocytic processes, they undergo both inflammatory and
anti-inflammatory cytokine production and contribute to endothelial regulation4.
Monocytes are currently categorized into three functional states: classical, non-classical,
and intermediate5. Classical, or inflammatory monocytes (IMs) are functionally
considered to be CD14+ (lipopolysaccharide [LPS] receptor) and CD16- (Fcγ receptor III)
in humans, CCR2high (chemokine receptor 2), Ly6Chigh, and CX3CR1low (chemokine
receptor of CX3CL1) in mice, and CD43low in rat6,7. These cells account for 80-90% of
all circulating monocytes in blood8. Non-classical, or anti-inflammatory, monocytes
(AMs) are considered to be CD14+ and CD16+ in humans, CCR2low, Ly6Clow, and
CX3CR1high in mice, and CD43high in rat7. Unlike their inflammatory counterparts, these
cells are implicated in their ability to regulate matrix remodeling and anti-fibrotic
activity9. CD14+CD16+ monocytes have also been shown to be CD32+ (Fcγ receptor II),
CD64+ (Fcγ receptor I). Some literature points to a third monocyte subset that is CD16+
but CD14- 10. These are referred to as intermediate monocytes, with low Fc receptor
expression, low phagocytic activity, and decreased antigen presentation capacity11.
Although no studies have demonstrated the roles of these monocyte subtypes in
pathology, some have shown that these cells are upregulated during sepsis12.
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1.2 Macrophages:
In mice, embryonic macrophages in the heart arise from two hematopoietic events.
During primitive hematopoiesis (E7.5-E11.5), yolk sac progenitors develop into
macrophages that populate throughout the embryo1. By means of definitive
hematopoiesis (E11.5 and E16.5), fetal liver hematopoietic stem cells (HSCs)
differentiate into monocytes that circulate, take residence, and give rise to tissue-specific
macrophages13. In the heart, yolk sac-derived macrophages are present as early as E9.513.
At E13.5, fetal liver monocytes begin to invade cardiac tissue, differentiate into a small
contingent of resident macrophages, and proliferate14. By E18.5, the population of
primitive macrophages becomes overwhelmingly diluted by cardiac-specific monocytederived macrophages15. Bone marrow-derived monocytes replace yolk sac and fetal
macrophages soon after human birth in many systems16. There are some tissues that retain
yolk-sac derived macrophage populations into adulthood. It has been shown that in some
cardiac diseases such as myocardial infarction, tissue-resident macrophages are
outcompeted by bone marrow-derived macrophages, which facilitate a loss of niche
homeostatic function17.
Postnatally, CCR2highLy6C+ inflammatory and CCR2lowLy6C- anti-inflammatory
monocytes differentiate into classical, inflammatory, or M1 macrophages and nonclassical, anti-inflammatory, or M2 macrophages from hematopoietic origins. Viewing
M1/M2 phenotypes as a lineage dichotomy greatly oversimplifies actual macrophage
phenotypic fluidity and context dependent functionality. For example, early studies have
shown that macrophages can transdifferentiate between phenotypes18. Further, it is not
just M2 phenotypes that are beneficial for tissue healing and reparative remodeling, but
combinations of M1 and M2 act synergistically to improve tissue healing speed and ECM
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characteristics19. Subpopulations within the M2 spectrum have shown to be valid in vitro
targets or extremes with functional differences such as M2a (inflammatory resolution),
M2b (immunoregulatory), and M2c (tissue remodeling). M1 inflammatory macrophages
exposed to classic activation signals, such as IFNγ and LPS, express opsonic receptors,
while M2 anti-inflammatory macrophages express more non-opsonic receptors. M1
polarization involves the synthesis of pro-inflammatory cytokines, such as tumor necrosis
factor α (TNFα), interleukin 1-β (IL1β), interleukin 6 (IL6), and expression of surface
markers, such as C-C motif chemokine ligand 1 (CCL1)20. M2 activation is dependent on
activation signals, such as IL-4, IL-13, and IL-10, and expression CD163, tissue inhibitor
of metalloproteinases 3 (TIMP3), C-C motif chemokine ligand 22 (CCL22), and matrix
metalloproteinase 9 (MMP9)20. It additionally involves the overexpression of scavenger
receptors and the increase of IL-4, along with increased fibronectin expression, which
may implicate involvement in cell adhesion and migration of cells during embryogenesis,
wound healing, blood coagulation, and metastasis21. In addition to biochemical
stimulation of macrophages, mechanobiological activation such as integrin activation,
cyclic stretch, and elongation has been shown to alter macrophage commitment22–24.

1.3 Monocytes and Macrophages during inflammatory events:
Monocytes either maintain their properties in tissues, depolarize to different monocyte
subsets, or differentiate into macrophages25. There are several theories pertaining to the
differentiation of monocytes to macrophages: monocytes are recruited to tissues as
inflammatory monocytes, then anti-inflammatory, then to macrophages; antiinflammatory monocytes are directly recruited from blood to supply monocyte-derived
macrophages; some macrophages (particularly those in the heart, lung, brain, skin, and
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liver derived prenatally from the yolks-sac endothelium) are derived from embryonic
sources and maintain themselves in tissues throughout adulthood26–28. Inflammatory
macrophages are non-adherent and highly mobile; however, when inflammatory
cytokines are present, they adhere quickly and migrate through the endothelium29. AntiInflammatory macrophages, in contrast, are derived from circulating monocytes and
adhesive, which allows them to move along blood vessel walls when cytokines are not
present29. During inflammatory reactions, macrophages and monocytes adopt plasticity,
in which blood monocytes are first recruited as a source of inflammatory macrophages,
driven by chemotaxis of inflammatory signals, such as monocyte chemoattractant protein
1 (MCP1)30. Ly6C+ monocytes are predecessors to early inflammatory macrophages,
followed by Ly6C- macrophages that assist with wound healing and tissue regeneration
through myofibroblast accumulation and collagen deposition31. It is also worth noting
that Ly6C+/- populations extravasate differently with Ly6C+ populations showing a
greater propensity, but there exists downstream population turnover between these
groups30. This remodeling from both monocytes and macrophages contributes to the
synthesis of extracellular matrix and function32. It is commonly accepted that
dysregulation

in

mechanistic

turnover

between

monocyte

and

macrophage

subpopulations can facilitate chronic inflammation or unregulated fibrosis. Further
studies need to be conducted to clarify whether there is direct differentiation between
inflammatory and anti-inflammatory components of the niche, or whether inflammatory
predisposition is recruited at the progenitor level.
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Figure 1.1: Valve Development. Macrophages localize themselves in the interstitial
layer of the valve leaflet at the commissure and distal tip. During post-natal
maturation, embryonically derived macrophages display CD206+ markers in early
on and later MHCII+ populations emerge at the distal tip after the establishment of
definitive hematopoiesis. Between P1 to P60 leukocyte presence in the valve
increases from ~5% to ~12% in the aortic valve. CD206+ and MHCII+ macrophages
are believed to have analogues M2 and M1 macrophages respectively, which may
have functions in post-natal maturation processes or local leukocyte response to
variable hemodynamic loading.

1.4 Monocytes/Macrophages in the Valve:
The valve consists of 3 layers: (1) ventricularis in semilunar valves or atrialis in AV
valves, which lies in the direction of blood flow, comprises of primarily radially oriented
elastin and collagen, and provides elasticity, (2) fibrosa, which is located on the arterial
side of semilunar valves and atrial side of AV valves, composed of circumferentially
oriented, densely packed collagen, and able to withstand tension upon valve closure, and
(3) spongiosa, which is primarily made of glycosaminoglycans and interposed between
the ventricularis and fibrosa layers33. While the valve certainly has endothelial cells
(VEC) and some smooth muscle cells (SMC) at the root, the primary cells that are
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contained in the interstitium of valve are referred to as valve interstitial cells (VIC). This
is a relatively poor characterization scheme, since in reality VICs are a highly
heterogeneous population of fibroblasts/fibroblast-like cells that previous literature
categorized as quiescent (qVIC), activated (aVIC), and osteoblastic (obVIC)34. Fate
mapping studies have shown active recruitment of CD45+ populations in the AV valve,
which suggests their hematopoietic origins35. Anstine et al. better clarifies this by
showing that these CD45+ cells recruited in the interstitium of the valve are monocytes
and that this recruitment is age-dependent36. Postnatally, between P7-P30, there is
increased CCR2+ F4/80+ macrophage populations present with variable phenotypic
localization after P30 in the aortic valve correlating with differential flow pattern
exposure (see Figure 1.1)37. At some point during disease there is increased population
turnover which results in aberrant macrophage presence38.

1.5 Valvulogenesis:
Valvulogenic processes entail cellular migration, differentiation, and matrix remodeling.
A few studies have characterized the roles of inflammatory factors during valvulogenesis.
The remodeling phase of valvulogenesis is influenced by TNFα secreted by VECs and to
a smaller extent VICs39. This TNFα activity is regulated by NOTCH activity in VEC and
in turn regulate apoptosis of VIC and therefore compaction39. But whether or not
macrophages contribute to TNFα or other cytokine levels during this stage and if
macrophages regulate VEC activation and TNFα secretion also remains unknown.
Thrombospondin (TSP) 1-4, which can be produced by macrophages, functions as a
secreted protein and regulates monocyte trafficking and adhesion as well as macrophage
recruitment and activation, are readily detected in AV valves40–43. Moreover, TSP-1 can
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activate latent TGF-β signaling44, which is important for initiation of valvulogenic
endothelial-to-mesenchymal transition (EMT) and myofibroblastic activation45.
Interestingly, mice deficient in Nedd4-2, a steady state suppressor of TSP-1, exhibit AV
valve defects and embryonic lethality at mid gestation46. Whether endocardial derived
cells that populate the cushion are also known to express TSPs that additionally alters
niche monocyte/macrophage behavior have not been elucidated. Expression of
intracellular adhesion molecule 1 (ICAM1) and vascular cellular adhesion molecule 1
(VCAM1) is high in fetal human valve endothelial cells (VECs) throughout valve
development and significantly attenuated in neonates and adults, suggesting that
monocytes and other immune cells are recruited to the site of valvulogenesis47.
Furthermore, TNFα and IL-6 can drive NFkB-induced EMT in quail embryonic valve
endocardium as well as augmented expression of ICAM1 and VCAM1. TNFα, IL-6, and
NFkB are upregulated in myocardium of patients with defective valve formation48.
Interestingly, VCAM-1-deficient mice are lethal at E12.5 and exhibit severe reduction of
compact myocardium49. Moreover, pharmacological inhibition of NFkB in chick results
in several outflow tract abnormalities, including valvular hypertrophy and stenosis50.
MMP2, another prominent macrophage-derived factor, has been implicated to participate
in the early invasion of endocardial cells undergoing EMT, while VICs produce MMP1,
2, and 13 that play a role in matrix remodeling later on during valve development51,52.
Importantly, what is known is that during semilunar valve remodeling, presence of
leukocytes that have engulfed VICs as well as apoptotic cells has been documented,
suggesting a potential role in regulating VIC populations, but more work needs to be done
to that end53,54.
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1.6 Role of Monocytes/Macrophages in Valvular Stenotic Processes:
Aortic valve disease, spanning from early diagnosis tissue sclerosis to late stage
stenosis/severe calcification, is denoted by the increasing prevalence and spatial
localization of macrophages in zones of active remodeling as also seen in vessel stenotic
procceses55–57. These populations play an important role in guiding tissue
remodeling/structural repair and stimulating local stem/progenitor populations, and are
also critical in both homeostatic and injury repair processes. It has been shown that active
recruitment of circulating monocytes into the valve is an active age dependent process,
yet mechanistic differentiation into macrophages that can drive disease has yet to be
elucidated36. Thus, beyond this simple characterization of macrophage presence, the
valve biology field has yet to determine how these sub-populations affect the
microenvironment niche during the intermittent stages of the disease. However, we can
garner a base understanding of their potential roles and homeostatic vs. aberrant immune
response/tissue repair mechanisms from associated literature in myocardial and
osteochondral development, regeneration, and repair. We find this appropriate to do so,
because VICs undergo similar processes during disease events58–60. Others in the field
also similarly draw these sorts of comparisons61.
In terms of cardiac macrophages (residing within myocardial-heart muscle) during the
early embryonic to post-natal period, embryonically derived CX3CR1+ (CXC3
chemokine receptor 1) populations further diversify into MHCII+ and MHCII- cells.
Coinciding age-related diversification, population density decreases and proliferation
rates decline14. Another study further examined the turnover and diversification of tissue
resident macrophage populations using a combination of fate-mapping and parabiotic
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approaches. Circulating bone-marrow (BM) derived CCR2+ contribute to, and eventually
overtake the cardiac macrophage pool, even in the absence of underlying inflammation62.
Furthermore, these infiltrating BM-derived populations preferentially give rise to
MHCII+ populations, resulting in their relative increase over the CX3CR1+MHCIIpopulations with age62.
Study of monocytes/macrophages in an injured kidney fibrosis model recapitulates
aspects of valve stenosis and denotes recruitment of Ly6Chigh inflammatory-monocyte
population, giving rise to 3 distinct macrophage subpopulations. Conditional ablation of
the circulating monocyte populations was shown to prevent progressive fibrosis via
pathologic collagen matrix deposition following ureteral obstruction. The group posits
this effect was due to the disruption of paracrine interactions with resident fibroblasts, as
the macrophage compartment interfering with their paracrine-stimulation of resident
fibroblast63. Marrow chimerism study further indicated while resident macrophages
comprise 40% inflammatory population, they did not contribute significantly to fibrosis,
and that remodeling activity is primarily driven by BM-derived, inflammation-recruited
populations. From the bone biology/regeneration literature, macrophages are found to be
involved in processes of fracture repair/bone regeneration and remodeling by promoting
tissue

vascularization

and

mesenchymal

colony

formation/condensation

and

proliferation64.
Some have begun to probe mechanistic effects of the macrophage mediated inflammation
in the form of cytokine production in promoting valve disease. Inflammatory macrophage
derived microvesicles has been shown to promote VIC calcification via inflammatory
cytokine production65. From these readings, it can be inferred that these base repair
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mechanisms, while in certain contexts of other tissue may be beneficial, in this case serve
to be pro-degenerative in disrupting intended tissue biomechanical function. The next
round of studies from the valve disease field will need to focus on mechanistic studies of
macrophage contributions to VIC behavior in 3D microenvironments.

Figure 1.2: Monocytes and macrophages driving valve disease. At steady state,
circulating cells are actively recruited as a normal homeostatic process. Similarly,
to vessel stenotic processes, disease initiation mechanisms are similar in valves as
shown. Monocyte egress and differentiation into inflammatory macrophages is a
commonly observed phenomenon in diseased valves, and it has been shown that
inflammatory macrophage derived factors are able to drive disease mechanisms in
VICs. How different phenotypes of macrophages can drive canonical and dystrophic
means of osteochondral programming has yet to be clarified. Note that figure is
simplified. VICs are found throughout the three layers.
1.7 Tissue Engineered Therapeutics:
To date, the most widely used clinical valve therapies include mechanical and
bioprosthetic valves. Both of these procedures have a limited timeline of 10-20 years, and
require patients to take blood thinners and immunosuppressant drugs for life in an effort
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to ensure the long-term in vivo efficacy of these new valve(s). In these cases, modes of
failure have been attributed primarily to macrophage infiltration of bioprosthetic valves,
or fibrous tissue deposition onto mechanical valves, subsequent macrophage infiltration
into the fibrous tissue, and sometimes calcification66,67. This presents a need to provide
more clinically translatable engineered valve therapeutics, and highlights tissue
engineering as the most likely solution.
The valve tissue engineering field has congregated at two principal strategies to create
biofunctional tissue engineered valve replacements: decellularized tissues and polymeric
biomaterials that recruit autologous cells upon implantation68. While the potential of
decellularized tissues is an attractive approach to valvular engineering, since it overcomes
the engineering complexity of ECM structure and composition (growth factors, adhesive
motifs, etc.), a commonly observed outcome of in vivo implantation of decellularized
valves is rapid deterioration of the construct and an influx of CD31+CD8+ T-cells, which
are known to drive macrophage recruitment, activation, and ECM degradation69,70. Thus,
immune-mediated deterioration of decellularized valves proves to be a strong burden to
more clinically translatable therapies69. The biomaterials field has primarily focused on
the development of non-immunogenic materials that can better facilitate integration in
vivo. Similar to failure with decellularized approaches, these materials also rapidly
deteriorate due to chronic inflammation, or fail to reproduce native mechanical properties
required for healthy function34.
The true desired outcome for a tissue engineered valve is that the ECM mimetic must
degrade at the rate of neo-tissue formation. One of the strongest candidates for neo-tissue
formation is in situ tissue engineering, where a polymeric scaffold is engineered to co-
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opt the ability of macrophages to regulate fibrosis to deposit a valve-like fibrous tissue.
This approach is extensively used in the vascular engineering field, but also is quite
applicable for heart valves. Large mammal models for in situ engineering of vascular
grafts using acellular ECM mimetics have shown greater promise in terms of mechanical
integrity, and function by some leading groups71,72. But there still exist limitations
towards translation with immunogenicity, and batch-to-batch variation. Most of these
studies focus on end point leukocyte presence, which may not be appropriate since it is
thought that if controlled, innate immune mediated tissue formation can be guided for
desired engineering outcomes. To resolve some of these initial issues, some have shown
promise with new materials, such as poly(glycerol sebacate), that can recruit specific
denominations of macrophages (CD163+) to degrade scaffolds, form neo-vessels that
retain mechanical properties, and have some preferred ECM deposition73. While small
diameter vascular grafts are a sensible starting point for heart valve engineering,
complexity in valve structure and mechanical performance posits an even greater
challenge for engineers. Today the immunology field is in agreement that M1/M2
delineation of macrophage phenotype and function is a semi-artificial assumption that
becomes problematic when assessing in vivo engineering outcomes. What also should not
be ignored are macrophages’ ability to regulate fibrotic activity, more specifically to
differentiate into fibrocytes and myofibroblasts74–76. What is greatly needed is a better
understanding of macrophage-mediated neo-tissue and more specifically ECM
component production as a function of material properties to engineer tissues with desired
heterogeneous spatial complexity. What may assist in resolving many of these outcomes
is a revisit to and reinterpretation of the foreign body reaction studies of old.
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1.8 Conclusions:
While the field is slowly converging towards more detailed investigation of
monocyte/macrophage regulation and contribution to valve development, homeostasis,
disease and engineering approaches, there is much to still probe further. The next round
of studies needs to better inform the field of the effects of the macrophage secretome in
regulating valve developmental processes, the remodeling of VICs in engineered 3D
platforms, and initiation mechanisms of local monocyte differentiation into macrophages.
For better tissue engineering outcomes, more work understanding how material properties
specifically guide macrophage mediated ECM remodeling is critical.

1.9 Aims of this Dissertation:
In this dissertation we aim to understand the broad effects of the secretory profiles of
different human macrophage inflammatory states on the behavior of porcine aortic valve
interstitial cells using a 3D mechanically constrained hydrogel system that our lab has
previously created. We provide as much in-depth analysis as can be done for broad
characterization before larger investigative modes are required such as cytokine arrays,
proteomic mass spectrometry, or RNA-sequencing. We then aim so show some level of
in vivo corroboration of our in vitro findings specifically with more spatial understanding
of different macrophage populations in our murine model of valve disease and
corresponding disease mechanisms.
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CHAPTER 2 MACROPHAGE SECRETORY REGULATION OF VALVE
INTERSTITIAL CELLS WITHIN MECHANICALLY CONSTRAINED
MICROENVIRONMENTS
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2.1 Abstract
Aims:
Macrophage presence in diseased valves and failed bioprosthetics is a commonly
observed feature by clinicians, but their functions are unknown. We tested the effects of
secreted factors from four in vitro human macrophage populations: M0, M1, M2a, and
M2c on porcine valve interstitial cells (PAVICs). We then took a glimpse into a murine
model of valve disease to see if there were any in vivo correlation with our in vitro
findings.
Methods and Results:
PAVICs were cultured within mechanically constrained hydrogels with different
macrophage secretomes for 1 week. M0, M1, and M2c conditions had greater osteogenic
disease programming, and M2c showed greater chondrogenic programming. The M2
secretome as a whole showed greater remodeling and disease mechanisms than M1. Lowdensity lipoprotein receptor knockout LDR-/- C57BL/6 mice were fed a high-fat diet and
sacrificed at 5 months. M2-like markers were observed in valves with greater disease
progression in VIC.
Conclusions:
This is the first study to probe the ability of the M2 macrophage secretome in altering
VIC behavior. We show that the M2 polarization state can be as, if not more, degenerative
than M1.
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2.2 Introduction
Aortic Valve Disease is leading cause of mortality amongst aged populations across
United States and globally1. Unlike other cardiovascular diseases, there still remains a
huge burden in the treatment of diseased valves. To date the only clinical solution to
adult valve disease is complete replacement either using artificial biomechanical
prosthetics or animal derived bioprosthetics2. This presents two clear burdens that need
to be overcome for the field as a whole to progress. The first, is a need for more clear
mechanistic understanding of disease processes to ultimately later identify potential
targets for therapeutics. The second, is to better understand immune-mediated
degradation of prosthetic valves whose solutions could be integrated for future
prostheses. A major step in the positive direction towards achieving both these goals
revolves around the interactions between native and bioprosthetic valves and the innate
immune system. The monocyte and macrophage niche has become a popular new target
for biomedical engineers since these cells can readily remodel tissue matrices and
produce a plethora of cytokines than span the spectrum of inflammation3. In the context
of the aortic valve the field as a whole has yet to characterize any semblance of the
complications of the macrophage niche beyond noting presence of these populations in
diseased valves and bioprosthetics4. Even with this limited understanding many are
preemptively jumping to conclusions about this inflammatory population’s regulation of
valve interstitial cells (VICs), and are already trying to coopt this system to engineer
bioprosthetics that recruit one denomination over another5,6. The justification seems to
simply be that they believe inflammation itself to be degenerative and so they want to
recruit macrophages that exhibits anti-inflammatory features (M2). While the surface
this may not seem like unwarranted as more recently there have been studies implicating
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inflammatory macrophage (M1) derived microvesicles in driving osteogenic
programming of VIC, and inflammation in the valve does lead to disease; this doesn’t
capture the whole picture7,8. These studies fail to account for 3D mechanisms of
interactions which are more comparable to that observed in vivo and they completely
ignore the rest of the macrophage spectrum.

In this study, we utilize different human THP-1 macrophage derived secretomes as a
simple way to study the effects of these secreted factors on the behavior and potential
disease mechanisms of porcine valve interstitial cells (PAVIC). We use porcine due to
their consistency as a cell source without comorbidities as human sources tend to have.
Porcine bioprosthetics are commonly used as clinical replacements, and the pig genome
shares homology with humans9,10. We look at the secretome of four distinct in vitro
macrophage populations and using mechanically constrained 3D culture systems to begin
to better understand the effects of these populations on VICs. Our previously described
culture system mechanically confines our cells to readily remodel and provides a pseudo
isotropic environment that can induce disease, thus making it a good model system as the
base for our investigation11. This study shows that while inflammatory macrophage
derived factors can be disruptive to VIC populations in terms of disease programming
and calcification, the anti-inflammatory macrophage population shows a greater
propensity for these degenerative features. This ultimately may require the field as a
whole to revisit some of its initial assumptions, and have a greater focus towards
mechanisms of continuum shifts of macrophage states.
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2.3 Materials and Methods:
THP-1 Culture and Differentiation into Macrophages
THP-1 Monocytes (ATCC) were cultured in RPMI 1640 Media containing 10% Fetal
Bovine Serum (FBS) (Gemini Bioproducts), 1% penicillin streptomycin (P/S) (ThermoFisher), and 0.05mM 2-mercaptoethanol (βME) (Millipore-Sigma). THP-1 cells were
cultured in low attachment flasks 75cm2 at a maximum confluency of 8x105cells/ml at
37oC, 20%O2, and 5% CO2 as recommended by ATCC. THP-1 Monocytes were
differentiated into macrophages by adding 320nM phorbol-12-myristate 13-acetate
(PMA) (Krackeler Scientific) to THP-1 culture media overnight until adherent. The
following day PMA is washed off with 2 washes of phosphate buffered saline (PBS)
(VWR), followed by fresh THP-1 culture media. THP-1 Macrophages were lifted off the
culture surface using Accutase, and after it was neutralized with THP-1 media. Cells were
reseeded at a seeding density of 8x106 cells per T-75.

THP-1 Derived Macrophage Polarization
After PMA induction and subsequent wash steps, THP-1 derived macrophages were
polarized into three functional states as others have corroborated: M1, M2a, M2c through
cytokine induction for 48 hours at a density 1x106 cells/ml (All cytokines were human
recombinant from Peprotech). Untreated macrophages are referred to an artificial control
called M0. M1 or M(LPS, IFNγ) were created through incubation with 100ng/ml
lipopolysaccharide (LPS), and 100ng/ml interferon gamma (IFNγ). M2a or M(IL13, IL4)
were created through incubation with 20ng/ml interleukin 13 (IL13), and 40ng/ml
interleukin 4 (IL4). M2c or M(IL10) were created through incubation with 40ng/ml
interleukin 10 (IL10).
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Porcine Aortic Valve Interstitial Cell Isolation and Culture
Porcine Aortic Valve Interstitial Cells (PAVICs) were isolated sterilely from porcine
hearts (Shirk Meats, Dundee, NY), washed with sterile PBS, and stored on ice in PBS
with 1% P/S for transport. These cells then underwent collagenase digestion, as we have
previously described to isolate the interstitial cells. PAVICs were cultured with
Dulbecco’s Modified Eagle’s Media (DMEM) (Thermo-Fisher), 10% FBS, and 1%P/S.
All PAVICs used in experiments were between P3 and P7 to ensure proper cell function
and morphology.

Macrophage Conditioned Media
After polarization and lineage commitment confirmation through quantitative polymerase
chain reaction (qPCR), polarization medias were washed two times with THP-1 media,
and once with PAVIC media to remove all traces of the cytokines used. Polarized
macrophages were then cultured in PAVIC media for 24-hours to create a macrophagederived conditioned media at 25ml per flask. Media was stored at -80oC for no more than
1 month to maintain bioactivity12. Lineage commitment post-culture in PAVIC media
was also performed using qPCR.

Culture System Manufacturing
Sylgard 184 Silicone Elastomer Kit (Dow Corning) was used to create PDMS constructs
using a 10:1 ratio of elastomer and elastomer curing agent. The elastomer and elastomer
curing agent were mixed until fulling combined and bubbly. This mixture was degassed,
poured into molds, and cured at 65oC overnight. The PDMS was then removed from the
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molds, and cut into rings to fit a conventional 24-well culture plate. Compression springs
(Lee Springs) were washed thoroughly in Alconox (VWR), wrapped into a circular shape
by connecting links, and inserted into the PDMS wells. Constructs were then sterilized
by autoclaving on a short cycle for 30min, and then placed in 24 culture plates.

Hydrogel Synthesis, PAVIC Seeding, and Culture
Hydrogels were formed within the PDMS/spring constructs. Once ready for experiments,
DMEM was aspirated from PAVIC cultures, cells were washed with PBS to remove
residual media, and the PBS was then aspirated. PAVIC were incubated with 0.25%
Trypsin-EDTA (Life Technologies) for 5min at 37oC. Trypsin was inactivated with fresh
DMEM, counted in a hemocytometer, and then the appropriate number of cells were spun
down at 800xG for 5min into a pellet (final hydrogel concentration desired is 0.5x106
cells/ml). Pellets were resuspended in 5x DMEM, 10% FBS, 2mg/ml Type 1 rat-tail
collagen (BD Biosciences), and 0.1M NaOH to neutralize the solution. 125ul of hydrogel
solution was pipetted into each spring construct, incubated at 37oC for 30 minutes for the
collagen to polymerize.

All macrophage conditioned media was first filtered with a 0.22-micron filter (Millipore)
and then diluted in half with fresh DMEM to supplement potential nutrient loss during
macrophage culture. Each hydrogel was cultured with 0.5ml of media for 1 week. Media
was changed every 48 hours for the duration of the experiment. Complete DMEM was
used for experimental controls, as well as an osteogenic media as a possible positive
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control for disease which consists of complete DMEM plus 10 mmol/L βglycerophosphate, 50 mg/mL ascorbic acid, and 10 nmol/L dexamethasone (VWR).

Immunohistochemistry (IHC) Fixation and Embedding
After culture all hydrogels were washed 2 times in sterile 1xPBS to remove residual
culture media. Then fixed for 2 hours in 4% Paraformaldehyde (VWR). After fixation
samples were washed 2x in sterile 1xPBS. The hydrogels were removed from the
spring/PDMS constructs through an 8mm biopsy punch (VWR). Removed collagen
hydrogels were then placed in an 1% agarose/1% gelatin (VWR) carrier hydrogel for
easier sectioning. The hydrogels were placed in cassettes and sent to the Cornell
Histology Core in the school of Biomedical Sciences for paraffin wax embedding.

IHC Paraffin Slide Staining
6 micron sections were cut from blocks and mounted on slides. Slides were heated at
55oC on their sides for 30 min to melt residual wax. Slides then were rehydrated with 3
xylene washes for 3min each. Then subsequent 3min ethanol washes starting at 100%
Ethanol, 95% Ethanol, 70% Ethanol, and then DI water. Slides then underwent antigen
retrieval using commercially available citrate buffer (Sigma). Cells were permeablized
with 0.3% Triton in Tris Buffered Saline (TBS) (VWR), and blocked in 3% Bovine Serum
Albumin (BSA), 20mM MgCl2, 0.3% Tween20, 5% donkey serum, 0.3M glycine in TBS
for 1 hour at room temperature. After blocking slides were stained with primary antibody
(all at 1:400 dilution) diluted in blocking buffer overnight at 4oC. Primary antibody was
washed with TBS, and then secondary antibody was applied (1:200 dilution in 5%
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BSA/TBS) for 1 hour at room temperature. The slides were washed again with TBS then
TBS + 0.3% Triton (TSBT). (DAPI) was stained (1:1000 dilution) diluted in 5%
BSA/TBS for 30 minutes at room temperature and then washed. Prolong gold mounting
medium was used to mount slides, a glass coverslip placed over the samples, and slides
were allowed 24 hours to cure before imaging. All fluorescent imaging was done on a
Zeiss 710 Confocal Microscope.
Antibody
Sox9
(1:400)
Runx2
(1:400)
pSmad1/5
Phalloidin (F-Actin)
488
(1:250)
Alexa Flour 568
(1:200)
Alexa Flour 568
(1:200)

Manufacturer
abcam

Product ID
ab26414

Species
Rabbit

abcam

ab76956

Mouse

Cell signaling
ThermoFisher

13820p
A12379

rabbit
--

Life Technologies

A10037

Donkey anti-mouse

Life Technologies

A10042

Donkey anti-rabbit

Histology
For H&E: After rehydration slides were placed Harris’s Hemotoxylin for 10 minutes,
rinsed in DI H2O for 3 minutes, dipped twice in 0.2% acidified alcohol (glacial acetic
acid + Ethanol), rinsed in DI H2O for 1.5 minutes, placed in 1% Ammonia for 1 minute,
rinsed in DI H2O for 1.5 minutes, placed in 70% Ethanol for 1 minute, placed in alcoholic
eosin for 4 minutes, rinsed in DI H2O for 20 seconds, placed in 100% Ethanol for 2
minutes, placed in Q Path alcoholic saffron for 30 minutes, 2 100% Ethanol washes for 1
minute each, 3 xylene washes for 2 minutes each, and then covered with Permount and a
cover slide. Slides were allowed 24 hours for mounting medium to cure.
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For Von Kossa: After rehydration sections were incubated in 1% Silver Nitrate, under a
UV light for 20 minutes. Sections were rinsed in DI water several times. Unreacted silver
was removed with 5% Sodium thiosulfate for 5 minutes. Slides were rinsed in DI H2O,
counterstained with Nuclear Fast Red for 5 minutes, and excess fast red was washed.
Sections were dehydrated with graded alcohol (70%, 95%, 100% Ethanol for 3 minutes
each) and then 3 xylene incubation steps for 3 minutes each. Sections were covered with
Permount and a cover slide. Slides were allowed 24 hours for mounting medium to cure.

For Pico Sirius Red: After rehydration sections were incubated in Weighert Hematoxylin
for 8 minutes, washed for 10 minutes in running DI H2O, placed in picosirius red solution
for 60 minutes, 2 dips in acidified water (5ml glacial acetic acid + 1L of DI H2O), and
dehydrated as described above. Sections were covered with Permount and a cover slide.
Slides were allowed 24 hours for mounting medium to cure. Images were taken under
polarized light.

All histology imaging was done on a Zeiss Discovery V20 Stereoscope.

Image Analysis: All image analysis was done using available ImageJ plugins. F-actin
average intensity was done by using the mean intensity function on the phalloidin
channel. Thresholding and particle analysis (ImageJ) was done to quantify all IHC and
Histology Images.
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Whole Gel Alizaren Red S
After fixations with 4% PFA, whole gels were incubated with 0.3% TritonX/PBS, washed
with DI for 10 minutes, incubated with Alizaren Red S solution (pH 4.1-4.3) for 20
minutes at room temperature, and excess dye was removed through continuous PBS
washes until no dye remains in the solution.

Quantitative Real Time Polymerase Chain Reaction (2D Cultures)
Cells were lysed and total RNA was extracted from samples using ENZA Total RNA Kit
I (Omega), and quantified on a Nanodrop 2000 (Nanodrop). RNA was transcribed into
cDNA using the QScript cDNA Supermix Synthesis kit (VWR) with equal amounts of
RNA per reaction. Quantitative real time PCR was performed with SYBR Green Master
mix (Bio-Rad), on a CFX96 real time detection system (Bio-Rad). All Primers were
designed using PrimerBlast, and manufactured via ThermoFisher.

Primer Name
Amplicon Size

Forward

Reverse

TNFa
84bp
CCL22
175bp
CCL1
91bp
TIMP3
128bp
MMP9
124bp
iNOS
118bp

CCCAGGCAGTCAGATCATCTTC

GCTGCCCCTCAGCTTGAG

ATTACGTCCGTTACCGTCTG

TAGGCTCTTCATTGGCTCAG

AATACCAGCTCCATCTGCTCCAA

GAACCCATCCAACTGTGTCCAAG

GGTGAAGCCTCGGTACATCT

AGGACGCCTTCTGCAACTC

GCACGACGTCTTCCAGTACC

CAGGATGTCATAGGTCACGTAGC

CATCCTCTTTGCGACAGAGAC

GCAGCTCAGCCTGTACTTATC
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RNA Isolation for 3D Cultures
3D Hydrogels were placed in 500ul Trizol Solution (Life Technologies). 200ul
Chloroform (Krakeler) was added to Trizol solutions and vortexed. Samples were
allowed to sit for 15 minutes at 4oC for phase separation. The samples were then spun at
12,000xG for 30minutes. The aqueous phase was transferred into a new tube. This phase
was mixed with 1ml of isopropanol (VWR) with 5ug of glycoblue (Thermo), and
vortexed. Samples were spun down for 30min at 10,000xG for 30 minutes at 4oC to pellet
RNA. The RNA was then washed twice with cold 75% Ethanol (VWR) each time
removing the supernatant. After washing the RNA pellets were allowed to dry at 4oC
overnight. Pellets were resuspended in RNAse Free Water, and analyzed on a Nanodrop
2000 (Nanodrop).

Western Blotting
Hydrogels were placed in complete Laemmli Sample Buffer (Bio-Rad). After this they
were homogenized via probe sonication. The protein was mass balanced using a pierce
660 assay (Thermo) for even protein loading. Protein was loaded into cast gels using TGX
FastCast Acrylamide Kit (Bio-Rad). SDS Gels were run for 1 hour at 120V in 25mM
Tris, 0.2M Glycine, 1% SDS running buffer. Gels were transferred onto Polyvinylidene
difluoride (PVDF) membranes (Thermo) using Trans-Blot Turbo System (Bio-Rad) in
western blot transfer buffer (Bio-Rad) at 1.3A 25V for 7 minutes. After transfer blots
were washed in TBS + 0.1% Tween20 (TBST) twice for 5 min each. All blots were
blocked in 5% BSA/TBST for 1 hour at room temperature. The Membranes were then
washed twice with TBST. Primary Antibody was applied at a 1:1000 dilution in 1%
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BSA/TBST, and allowed to incubate overnight at 4oC under slow agitation. Primary was
removed, membranes were washed 4 times in TBST for 10 minutes each. HRP (rabbit or
mouse) was used as a secondary antibody for chemiluminescence imaging at 1:1000
dilution in 1%BSA/TBST for 1 hour at room temperature. Secondary was removed,
membranes were washed 3 times in TBST, and finally once in TBS for 10 minutes each.
Clarity Western ECL Blotting Substrate (Bio-Rad) was used for chemiluminescence
detection. After detection HRP was washed off using 0.1% sodium azide/TBS for 30
minutes at room temperature, and sequential staining was done with primary antibodies
of another species with the same procedure as above.
Antibody
Runx2
(1:1000)
Sox9
(1:1000)
aSMA
(1:1000)
aTubulin
(1:1000)
HRP IgG
Conjugate
(1:1000)
HRP IgG
Conjugate
(1:1000)

Manufacturer
abcam

Product ID
ab76956

Species
Mouse

abcam

ab26414

Rabbit

abcam

ab5694

Rabbit

Cell Signalling

#3873

Mouse

Thermofisher

A16035

Donkey Anti-Rabbit

Thermofisher

A16017

Donkey Anti-Mouse

MTT
At days 1, 5, and 7 cells were washed with sterile PBS. Fresh culture medium was added
to each well, and 100ul/well MTT solution (5mg/ml MTT in PBS). Cells were incubated
in this solution for 4 hours at 37oC. The solution was removed, and the newly formed
formazan crystals were dissolved in 0.5ml DMSO, 100ul of the formazan/DMSO solution
was transferred into a 96-well plate and read at 570nm in a plate reader.
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LDR-/- Murine Study
We employed the well characterized low density lipoprotein receptor knockout mouse
(LDR-/-)13–15. This murine model results in accumulation of LDL in bloodstream causing
severe cardiovascular burden, including valve disease16. These mice were fed the
TD.88137 Diet also known as “western diet” and 16 weeks have been shown to be
sufficient to induce valve disease. C57BL/6 mice were used as wild-type controls. Mice
were sacrificed at 5 months, and their hearts were dissected, imbedded in paraffin wax
and sectioned for IHC using the same protocol for hydrogels previously.
Antibody

Manufacturer

Product ID

Species

Runx2
(1:250)
Sox9
(1:200)
F4/80
(1:100)
MHCII
(1:1000)
CD206
(1:100)
TSA-Cy5
Reagent
Alexa
Flour 568
(1:100)
Alexa
Flour 488
(1:100)
HRP IgG
Conjugate
(1:100)
HRP IgG
Conjugate
(1:100)

abcam

ab76956

Mouse

abcam

ab26414

Rabbit

abcam

ab6640

Rat

abcam

ab157210

Rabbit

R&D Systems

AF2535

Mouse

Perkin Elmer

NEL745E001KT

--

Life Technologies

A10037

Donkey
anti-mouse

Life Technologies

A10042

Donkey
anti-rabbit

Thermofisher

A18745

Donkey
Anti-rat

Thermofisher

A16017

Donkey
Anti-Mouse
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Statistics
All statistics were done in GraphPad Prism and used 1-way ANOVA with Tukey’s
posthoc test for multiple comparisons. In vivo statistics consisted of 1-tailed t-test with
Welsh’s correction. Comparisons were considered significant when p<0.05. All data is
expressed as the standard error of the mean (SEM). Correlation statistics for Von Kossa
data was performed to provide linear regression values.

2.4 Results
Macrophages Retain Distinct Polarization States after 24-Hours of Culture in PAVIC
Media
We first wanted to insure that our polarized macrophages would retain their inflammatory
potential during the conditioning of PAVIC media. This is a key output that needed to
be investigated since the following experiments heavily rely on the use of distinct
secretomes. We were able to observe significant differences in mRNA expression of
TNFα, TIMP3, CCL1, and iNOS across phenotypes (Figure 2.1). Although we did
observe a clear difference between M1 and M2 groups, delineations between M2a and
M2c groups were not observed at the mRNA level.

Macrophage polarization states alter PAVIC Compaction behavior
It should be noted that even in our basal condition compassion as a function of mechanical
constraint is expected. We show that M2a and M2c secretomes result in increased
compaction behavior relative to M0 and M1 secretome conditions, although not as much
as our osteogenic control (Figure 2.2)
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Figure 2.1: Macrophage Phenotypic Retention After 24-Hours of DMEM Exposure
Relative to M0. qPCR Data of THP-1 Derived Polarized Macrophages after 24 Hours of
culture in DMEM. Bars indicate fold change from unpolarized macrophages. Error bars
show SEM, n=5. Different letters indicate significance p<0.05.
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Macrophage Polarization States alter VIC Cytoskeletal Remodeling
Misalignment in actin fibers and filopodia is known to be a qualitative hallmark of
activated VIC. We observed that more than our M0 and M1 condition we show our M2a
and M2c conditioned media samples have comparable remodeling features to our
osteogenic positive controls (Figure 2.3A).

For more quantitative assessments of

cytoskeletal remodeling western blots were performed. αSMA is significantly more often
regulated in the M2a-CM Condition. M0, M1, and M2c groups show a reduction of
αtubulin presentation, with GM, M2a, and OGM conditions showing great amounts of
the protein (Figure 2.3B).
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Macrophage Conditioned Media Alters VIC Metabolism Temporally
We probed potential temporal dynamics of PAVIC metabolism in response to different
macrophage secretomes. Temporal perturbations in metabolism were observed after D3
specifically at D5 between our basal and osteogenic positive control populations (Figure
2.4A).

At D7 it was observed that there were significant differences across all

macrophage conditions relative to our basal condition and osteogenic a positive control
(Figure 2.4A). Since increase in MTT may also arise from proliferative effects. The
number of caspase 3+ cells were found to be significantly greater in M1, M2a, and M2cCM groups than GM and M0-CM groups at day 7.
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Macrophage Secretome Alters PAVIC Disease mechanisms
We show that after 1 week of culture, our PAVIC show high Runx2 expression in M0,
M1, and M2c CM conditions with little expression in GM, M2a, OGM groups (Figure
2.5A). We observe an inverse relationship with Sox9 activity with higher expression in
GM, M2a, OGM groups, and lower in M1 and M2c groups (Figure 2.5B). The smad/BMP
pathway is also of importance in aortic valve disease processes. We show psmad1/5
positive cells in abundance within our M0, M1, M2a, M2c, and OGM conditions, and
downstream of this can drive BMP-2 signaling (Figure 2.5D). We show that our M1 and
M2c conditions have the greatest mRNA expression of BMP-2 (Figure 2.5C).
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gene. Data highlights inverse relationship between disease mechanisms. Error bars show
SEM, n≥3. Different letters indicate significance p<0.05. C) qPCR Analysis of VIC with
mRNA expression of BMP2. Bars indicate fold change from GM treatment group. Error
bars show SEM, n=4. Different letters indicate significance p<0.05. D) IHC
quantification of pSmad1/5 expression across macrophage conditions. Values are
expressed as percent positive cells. Error Bars show SEM, n = 3. Different letters indicate
significance p<0.05. E) IHC for pSmad1/5 across different macrophage conditions. Scale
bars at 50um.
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Calcium and phosphate activity within hydrogels are differentially expressed across
macrophage conditions.
We observe higher dye retention in M1, M2a, and M2c Conditions. Our M2a and M2c
conditions show higher retention overall (Figure 2.7A&C). This retention correlates to
2+ ions which in our case is calcium. In corroboration with the Alizarin Red S staining
the Von Kossa staining also shows greater signal in our M2a and M2c conditions (Figure
2.7B&C). We also observe some linear correlations with the number of cell clusters
observed in our sections relative to the number of Von Kossa Speckle events. We observe
the most linear correlation between these conditions with GM, and M2C-CM groups.

A

B

Type III Collagen
150000

Type I Collagen

30000

B

B

100000

AB
A

20000

BC
AC

10000

A

A

A

A
O
G
M

M
-C

M
M

2C

-C

M
2A
M

1-

C

M
C
0M

O
G
M

M
-C

M
M

2C

-C

M
2A
M

1-

C

M
M

C
0M

G
M

G
M

0

0

M

50000

B

Positive Pixels

Positive Pixels

B

Figure 2.8: Immature Collagen Production. Picrosirius Red Staining Under Polarized
Light (PSR). PSR staining on histological sections to observe immature collagen
production by VICs across conditioned media states. A) Green Signal correlates to
immature fibers (Type III Collagen). Error bars show SEM, n=3-4. Different letters
indicate significance p<0.05 B) Red Signal correlates to mature fibers (Type I Collagen).
Error bars show SEM, n=3-4. Different letters indicate significance p<0.05
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VIC Variances in Collagen Production as a Function of Macrophage Polarization
In an attempt to understand the potential matrix remodeling features that varying
macrophage secretomes can have on PAVICs, PSR staining under polarized light was
used to view collagen fiber deposition by PAVICs within the hydrogels. Red Signal
correlates to mature or Type I collagen deposition while Green Signal correlates to
immature or Type III collagen deposition. More Type III and Type I collagen is produced
by PAVICs in the M2A-CM and M2C-CM conditions relative to M0-CM and M1-CM
groups (Figure 2.8 A & B). We also note greater Type I collagen production in the M2ACM groups than our OGM disease positive controls. This may have credence with the
larger spreading area of VIC observed in M2A-CM conditions (Figure 2.6B).
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Increased M2-like markers are observed in diseased aortic valves
We wanted to begin to understand the phenotypic and spatial distributions of
macrophages in the context of aortic valve disease in vivo. Using the LDR-/- coupled with
a high fat diet, we were able to induce aortic valve disease in our animals at 5 months
(See 2.9 C & D for increased leaflet thickening and disease markers). We employed a
macrophage panel that others have used to understand macrophage presence in the valve
with F4/80 (Pan-macrophage marker), CD206 (M2-like), and MHCII (M1-like). In the
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WT samples, we did not see infiltration of inflammatory macrophages, which are
characterized by MHC II+/F480+ or M2-like macrophages characterized by
CD206+/F480+ (2.9A&E). Active Runx2 and Sox9 signaling is virtually absent in mice
a WT background indicating no disease pathology (2.9B), but significantly abundant in
our diseased mice (2.9E). In the disease background there was some infiltration of M2like macrophages and little to no indication of inflammatory macrophages (Figure
2.9C&E), but due to large variance in the data set statistically significance could not be
found (p=0.09). This may indicate a pathology along the M2-like extreme of the
inflammatory continuum, but more follow up needs to be done.

2.5 Discussion
Aortic valve disease continues to be a heavy burden across the globe with very little
clinical solutions beyond invasive means that have limited success. Increased leukocyte
presents within diseased or animal-derived bioprosthetics continue to be a hallmark of
disease and failure but very little investigation has been done to gain any understanding
of how these populations can regulate the valve. In this study we have better characterized
the bulk of effects of the M0, M1, M2a, and M2c secretomes on VIC behavior in culture
systems that are more physiologically relevant to disease than 2D cultures. We show
corroborating evidence that the M1 secretome can drive degenerative disease with our
systems with greater expression of markers such as Runx2, Smad1/5, and BMP2, along
with production of calcium and phosphate. We show that the M2 secretome has the
greatest propensity to alter VIC remodeling at the macroscopic and cytoskeletal levels
(F-Actin arrangement, αSMA, and αtubulin) at a level comparable or sometimes greater
than osteogenic positive controls.

61

Two gold standards of probing disease mechanisms within VIC populations is Runx2
which is an early marker for osteogenic programming, and Sox9 which is implicated in
pro-chondrogenic activity17,18. This can indicate different disease processes sometimes
referred to as ossific versus dystrophic disease processes, where in calcific mechanisms
it is observed that VIC undergo initial chondrogenic programming and then later switched
to an osteogenic differentiation process19.

In cases where this initial precursor to

osteogenic differentiation is bypassed, this is referred to as dystrophic calcification19. We
notice that between macrophage conditions along these axes, there appears to be an
inverse relationship between the populations that show higher Runx2 expression (M0,
M1, M2c), and those that show higher Sox9 expression (OGM, M2a). We cannot say for
sure that one macrophage population is driving ossific or dystrophic programming due to
the short time course of our experiments. We have shown, however, that different
populations are distinctly driving these “competing” programs (osteogenic vs
chondrogenic).

Our M2 macrophage conditions also show the greatest amount of both calcium and
phosphate produced by VICs, as well as new collagen fibers which is indicative of
hyperactive remodeling. Production of calcium phosphate and hyperactive collagen
remodeling in areas of calcification is another hallmark of disease and our macrophage
derived secreted factors is sufficient to induce these features.

Our investigation into the phenotypic localization of macrophages in vivo in a disease
background has shown more presence of M2-associated markers as opposed to M1-
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associated markers. We cannot claim functionality of these populations in the aortic valve
solely based from presence, but nonetheless it is surprising due to the lack of
inflammatory macrophages in the tissue. At some level we can predict this with our in
vitro data but more needs to be done to better parse out functions. Additionally, we didn’t
have statistically significant data showing significantly more CD206+F4/80+ cells
between groups. This is due to the larger variance in the data set. The variance can be
attributed to the fact that the cohort of KO mice had not been sex matched, or the murine
model causes some level of variability with disease progression in the animals. Follow
up work needs to better parse out these delineating features with greater sample sizes and
later disease stages. The next round of studies to be performed subsequently should first
identify target cytokines/chemokines being secreted by these THP-1 derived populations
to then perform cytokine arrays to quantify the most abundant factors that may cause the
observed effects. We can get a baseline of known cytokine products of these cells such
as interleukins, transforming growth factor beta, or other inflammatory factors, but these
products need to be confirmed to be produced by our polarized populations. After target
chemokines/cytokines have been identified this loss-of-function and gain-of-function
studies using recombinant target cytokines and inhibitors need to be performed to identify
pathological processes that are being perturbed in detail.
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CHAPTER 3: CONCLUSION
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This thesis is the first glimpse into macrophage regulation of aortic valve disease as a
function of inflammatory states. We find that M2-like macrophage derived secreted
factors show the greatest propensity to drive PAVIC disease mechanisms relative to M1like macrophages. More specifically we find that M0, M1, and M2c secretomes drive
osteogenic differentiation of VIC while M2a appears to be more chondrogenic. Some
more study into identifying the contents of each macrophage secretome is needed to
understand the specific pathways within PAVICs being activated. This can be partially
answered when one looks at mRNA Sequencing Data of these THP-1 populations, but
more powerful profiling methodologies to assess secreted products such as cytokine
arrays may prove to be more fruitful. We know that THP-1 macrophages can produce
known VIC disease initiators such as IL1β, TGFβ1, and TNFα1. Comparing PAVICs
treated with IL1β, TGFβ1, and TNFα inhibitors to those treated with macrophage
conditioned medias would be important to pursue as a follow-up to our findings. This
should be done with the knowledge that these cells can produce many different cytokines
at once and therefore inhibition of one protein may not completely sequester the effects
observed. There also is the possibility of the activation of compensatory mechanisms if
certain proteins are inhibited. Yet, this must be done first to help us better understand the
mechanisms at play, and would allow us to begin to map specific pathways that
macrophages may initiate within VIC. It is of equal importance to perform co-culture
experiments subsequently with pre-polarized macrophages to better elucidate cross talk
between VIC and local macrophage populations. Our experiments thus far have only
investigated unidirectional communication between cell populations, so this would be
important to uncover. We also found that M2a and M2c secretomes show the greatest
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hyperactive and calcific remodeling of VIC histologically when we stain for calcium and
phosphate ions. What would be of interest to investigate next is to see if our macrophage
secretome treatment causes actual mineral deposition in the form of hydroxyapatite which
is known to happen in vivo during calcific events2. Simple mass spectrometry would
allow us to gain insight into this crystal formation. In the event our in vitro platform has
limitations that will not facilitate 3D culture in the time needed for crystal formation, we
could employ imaging modalities such as optical coherence elastography or uMRI that
will reveal areas of stiffness gradients which may indicate precursors to crystal
formation3.

A caveat to keep in mind of is that the work presented here primarily provides insight
into human immune interactions with porcine valve interstitial cells. Porcine VIC are
quite homologous to human and the techniques of this thesis are still valid investigation
modalities to analyze potential disease mechanisms, but eventually there would be a need
to study in the system using model human immune and valve cells; or at the very least
100% homologous systems. But at the very least this work provides specific insight into
interaction mechanisms for xenogeneic transplants where porcine valves are uses as
bioprosthetics in human patients. The work presented in this thesis may give some
credence to why patients are forced to take immunosuppressant drugs upon
transplantation. More important than species, there are a few questions that arise when
we want to understand immune functions in the valve. Are macrophages needed in the
valve at all? The answer here simply seems to be yes. Upon treatment with clodronate
liposomes which deplete macrophages systemically, there was no disease observed in
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vivo but structural integrity of the valve was compromised with high matrix
disorganization indicating some needed of the cell populations for homeostasis4. The next
question is why does macrophage accumulation occur in the valve during disease? This
is a question that needs more follow-up. Although somewhat similar to atherosclerotic
events, what causes monocytes to extravasate into the valve and then subsequently
differentiate into a macrophage is relatively unknown5. A prime candidate could revolve
around endothelial dysfunction and the products produced as a result of it such as ROS,
but more need to be done to understand this phenomenon. Nonetheless, answering this
question may be the basis for future immunotherapies that could be developed to prevent
unintended monocyte ingress into the leaflet. Another question is, Is one extreme of a
macrophage worse over another for VIC populations? A major focus of this thesis was to
better address this question. We found that both extremes M1-like and M2-like both in
some way affected normal VIC behavior. But, what should be noted here is that our M0CM condition didn’t prove to be as much of a contributor to disease mechanisms relative
to M1, M2a, and M2c conditions. Our model used in this thesis shows unhindered
macrophage phenotypic secretory exposure i.e. M2-like extreme is chronic for the
purpose of eliciting an effect. Many have argued that unhindered macrophage
polarization maybe the reason for some cardiovascular disease pathologies and implant
failure. We know that at some level macrophages seem to be important homeostatic
maintenance, but at a point in disease or assessing in vivo implant outcomes we find
unhindered macrophage presence and many times correlations to an inflammatory
extreme. The bioengineering field has accepted that the macrophage continuum is an
important system to coopt for not just ensuring long-term implant performance but tissue
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engineering outcomes. The recruitment of M2-like cells is a common target for in situ
tissue engineering approaches due to the notion that this population of macrophages
facilitate neo-ECM deposition and subsequently neo-tissue formation. While this
certainly has credence and is a major focus of in situ tissue engineering approaches for
TEHVs, what need to be answered is whether temporal perturbations of the macrophage
niche will prove to me more successful for clinical outcomes of TEHVs, not one extreme
over another or even a mix of these populations. The field may prove that the M2 response
is needed for initial neo-tissue formation, but at least in the context of heart valves, this
phenotypic expression needs to also resolve itself without continued polarization. Both
M1-like and M2-like populations have important functions in vivo but the mechanisms
that allow unhindered macrophage accumulation and more importantly polarization is
largely unknown. Answering these gaps in knowledge is pivotal.

The immunology field is uncovering more everyday about the roles of the
monocyte/macrophage niche. It is up to engineers to actively keep up with this body of
work so that we may integrate this knowledge as we seek to not just understand the
roles of these cells in pathology, but also as we attempt to coopt them for future
bioprostheses.
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