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ABSTRACT

Cytomegalovirus (CMV) is a ubiquitous B-herpes virus with seroprevalence
rates upwards of 80% in some populations. An obligate parasite, CMV alters the
host cell’'s metabolic pathways to produce the biomaterials and energy necessary
for successful viral replication. While congenital infections and those occurring in
immunocompromised populations can have serious consequences, for the
majority of the population, the virus is regarded as benign. However, accumulating
evidence has implicated CMV in the progression of unhealthy aging and the
development of age-associated diseases such as cancer (including glioblastoma
(GBM)) and dementia.

We hypothesized that CMV may function in an oncomodulatory capacity
providing some survival or proliferative benefit to the cancer. Following infection of
GB cells with CMV we determined that infection enhanced both the glycolytic and
oxidative phosphorylation pathways resulting in an increased production of lactate
and reactive oxygen species. We also demonstrated that, independent of viral
transmission, infected cells were able to alter the metabolism and epigenetic
landscape of neighboring cells. These findings suggest that CMV infected cells
possess a remarkable ability to manipulate the tumor microenvironment in a
manner which likely provides the tumor with metabolic flexibility.

Following these in vitro results we examined the effect of periodic CMV

reactivation in a murine model of aging. We discovered that CMV infection



produces an immediate systemic inflammation with a delayed neuroinflammation.
Moreover, there was significant metabolic reprogramming and oxidative stress
indicative of mitochondrial dysfunction in brain microvascular endothelial cells
(BMECs). To understand the physical manifestations of the collective metabolic
and functional changes observed in our mouse model, we completed a series of
cognitive assays and identified clear cognitive impairment in spatial working
memory at 12 months post infection. Taken together, our data indicates that
periodic CMV exposure alters metabolic pathways in the BBB and accelerates
cognitive decline. These results were observed at “middle age” in mice, a time in
which human correlates would still be in the symptomless phase of cognitive
decline. Our work demonstrates a mechanistic relation between pathogen
exposure and cognitive decline or dementia related pathologies.

This research highlights metabolic dysfunction and oxidative stress as
potential therapeutic targets to mitigate the impact of pathogen exposure on
unhealthy aging. Findings from this research may enable future generations to

experience enhanced quality of life at advanced age.
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CHAPTER 1
BACKGROUND

As obligate parasites, viruses rely on their host’s metabolic machinery to
generate the energy and building blocks necessary for viral replication. Viral
manipulation of a large number of cellular processes such as regulation of the cell
cycle, prevention of apoptosis, and evasion of the immune system are all
necessary for successful viral replication. The ability of viruses to so completely
manipulate the cellular and metabolic environment of their hosts is far from
accidental. Certain viruses, such as the herpesviruses, have co-evolved with their
hosts over the last several million years [1]. Such extensive co-evolution has
molded these viruses so that they are well adapted to their hosts.

What remains unclear is how these lifelong infections mold their hosts and
what effects their presence have on the organism as a whole. Classical and
modern medicine have focused largely on treatment of acute infections which may
threaten the life or wellbeing of the patient. However, this fails to address the long
term consequences of latency and periodic reactivation. Additionally, while
pathogen exposure has been linked to the development of numerous age-related
pathologies such as cancer and dementia, the mechanistic drivers of these

interactions remains unclear. In an effort to elucidate these mechanisms and



explain the findings of a great deal of correlative research, we undertook in vitro

and in vivo studies using cytomegalovirus (CMV) as a model pathogen.

1.1 Cytomegalovirus

Human herpesvirus-5, commonly referred to as cytomegalovirus (CMV), is
ubiquitous with seroprevalence rates upwards of 80% in many populations [2-4].
In congenital infection, CMV is the leading cause of virus-associated hearing loss
and developmental delay. Due to broad tropism, the effects of congenital CMV are
varied and can involve hepatosplenomegaly, microcephaly, encephalitis, retinitis
leading to vision loss, and, in severe cases, death [5]. In immunocompromised
adults, such as those related to AIDS, cancer therapy, or organ transplant,
infection or reactivation of the virus can occur in any number of organs and can be
life threatening if not treated aggressively with anti-viral medication.
Immunocompetent infection commonly produces mild flu-like symptoms followed
by a lifelong period of latency punctuated by periodic reactivations. During these
periods of reactivation, virus is transmitted to others via bodily fluids, including
saliva and urine. In recent years, correlative and longitudinal research has begun
to investigate the long-term effects of cytomegalovirus infection. Thus far, it has
been associated with increased risk of age-related diseases such as type 2
diabetes, cancer, heart disease among others [6].

CMV has a large genome that is composed of linear double stranded DNA
of about 240 kilobase pairs encoding roughly 165 genes [7, 8]. The genome is

divided into two main regions the unique long (Ul) and the unique short (Us) which



are bounded by terminal and internal repeat sequences. The genome encodes
protein coding transcripts, long non-coding RNA, and microRNAs many of which
have unknown function. It is tightly packed and pressurized within an icosahedral
nucleocapsid [9]. The nucleocapsid is surrounded by a tegument containing
proteins which aid in viral genome replication and modulation of the host’s immune
system. Finally, these are enclosed by a viral envelope, a phospholipid bilayer
adorned with glycoproteins that aid in cell surface interaction and infection of host
cells [10]. Following viral entry, the virus replicates its genome and its nucleocapsid
is assembled within the nucleus. Viral replication culminates in destruction of the
host cell and release of mature virions into the environment.

In order to successfully replicate itself, CMV must control numerous host
cell pathways. Extensive co-evolution has provided CMV with an ability to
manipulate the metabolic functions of host cells, altering fatty acid oxidation [11],
glycolysis [12], and oxidative phosphorylation [13, 14]. These pathways provide
the energy and raw materials needed for the production of new infectious virions.
In addition to metabolically reprogramming host cells, CMV has also been shown
to disrupt anti-viral signaling pathways [15], induce chromosomal aberrations by
inhibiting DNA repair mechanisms [16], and inhibit the function of various immune

cell populations [17].

1.2 Cytomegalovirus and glycolysis
Cellular metabolism is an incredibly intricate process involving, at the most

basic level, the catabolism of materials to release energy and/or smaller materials



which can then be used in anabolic processes to create materials necessary for a
cell to perform whatever function is needed. In CMV replication, the virus requires
purines and pyrimidines in order to replicate its genome, amino acids to produce
its proteins, lipids to create its viral envelope, and a significant amount of energy
to perform all of these tasks. In order to accomplish this, CMV metabolically
reprograms the host cell.

Glycolysis is the process in which glucose is taken up from the extracellular
environment by glucose transporters, such as GLUT1, and then modified by a
series of enzymes to finally produce pyruvate. Previous research in fibroblasts has
shown that CMV infection enhances the expression of glucose transporters,
specifically GLUT4 [18]. Following import, a key kinase in the pathway, hexokinase
Il, prevents the diffusion of glucose out of the cell along its concentration gradient
by phosphorylating it and producing glucose-6-phosphate. Following
phosphorylation, as series of enzymes are responsible for the conversion of
glucose-6-phosphate to pyruvate which enters the mitochondria and joins the
tricarboxylic acid cycle (TCA) to fuel oxidative phosphorylation (OXPHOS).
Metabolic analysis has demonstrated increases in metabolites and enzymes
involved in glycolysis, such as phosphofructokinase and pyruvate
dehydrogenase[19]. These findings emphasize the increased demand for energy
as OXPHOS is the most efficient cellular metabolic pathway for large amounts of

energy production.



1.3 Cytomegalovirus and mitochondria

In the most simplistic sense, the mitochondria is the powerhouse of the cell.
During cellular respiration, pyruvate from glycolysis is converted to Acetyl-CoA and
enters the TCA cycle. This cycle produces reducing equivalents, NADH and
FADH2, which are used in the electron transport chain (ETC) to establish a proton
gradient between the inner and outer mitochondrial membrane. This gradient
produces the proton motive force which powers complex V of the ETC, adenine
triphosphate (ATP) synthase, to produce ATP from adenine diphosphate (ADP).

One product of the ETC function is the free radical superoxide (SO).
Reactive oxygen species (ROS), such as SO, are neutralized by enzymes and co-
enzymes of the endogenous antioxidant response system. While certain levels of
ROS production are essential for proper cellular signaling pathway function,
elevated levels of ROS which outstrip the neutralization abilities of the cell can
result in oxidative stress and damage to proteins, nucleotides, and lipids [20].
Prolonged exposure to elevated levels of oxidative stress can lead to various
pathologies associated with aging such as cancer, cardiovascular disease, and
neurodegeneration.

ROS production resulting from uncontrolled OXPHOS would result in
significant mitochondrial damage and dysfunction. As such, mitochondria are in
constant communication with the extra-mitochondrial environment to assess and
respond to the metabolic needs of the cell. This metabolic cross-talk is at least
partly mediated by voltage gated ion channel (VDAC1). VDAC1 resides in the outer

mitochondrial membrane and regulates the passage of molecules and ions into



and out of the mitochondria. Importantly, VDAC1 is responsible for the exchange
of ADP for ATP and the release of ROS into the cytoplasm [21]. Another protein in
mitochondrial cytoplasmic dynamics is the translocase of outer mitochondrial
membrane 20 (TOMM20). TOMM20 is responsible for binding mitochondria
targeting sequences of proteins from the cytoplasm and facilitating their entry into
the mitochondria [22].

CMV has evolved numerous ways to manipulate the host cell's
mitochondria. They provide CMV with both a source of energy and the ability to
further manipulate numerous functions of cells. Research in human fibroblasts has
demonstrated significant increases in mitochondrial function following
cytomegalovirus infection [14]. The increase in respiration led to increased SO
production and induced mitochondrial fission presumably to accommodate the
increasing metabolic demands. By targeting different complexes of the ETC they
were able to reduce viral replication [23]. This suggests that CMV replication is
dependent on mitochondrial function.

In addition to their metabolic functions, mitochondria play a critical role in
apoptosis. Cellular detection of viral proteins or genetic material will initiate innate
viral response pathways promoting pro-inflammatory signaling such as
mitochondrial anti-viral signaling (MAVS) or stimulator of interferon genes
(STING). In order to evade these innate immune responses CMV produces
mitochondria-localized inhibitor of apoptosis (VMIA) and inhibitor of caspase-8
induced apoptosis (VICA) [24, 25]. vMIA functions by binding and sequestering,

pro-apoptotic protein, Bax at mitochondria inhibiting the release of cytochrome c.



vICA associates with caspase-8 and prevents its activation by the death-inducing
signaling complex. Finally, the CMV glycoprotein US9 is able to target and inhibit
both MAVS and STING signaling pathways. Inhibition of these apoptotic pathways

is essential for the virus to produce and eventually release fully infectious virions.

1.4 Cytomegalovirus and cancer

Cancer represents one of the leading causes of mortality and morbidity
worldwide, accounting for roughly 1 in 6 total deaths. Significant effort has, and is,
being made to understand cancer and create effective treatments. As proposed by
Hanahan and Weinberg, the Hallmarks of Cancer (HoC) include a set of 10 cellular
changes which are characteristic of cancers and allow a cell to successfully evade
replicative control and become cancerous [26, 27]. The maijority of these changes
are not random, they are the result of exposure to toxins, radiation, or pathogens
such as viruses. Some viruses have become such potent manipulators of their host
cells that they are able to induces many of these HoC. Thus far, seven viruses are
classified as oncogenic. Of these seven, two are herpesviruses, Epstein-Barr Virus
(HHV-4) and Kaposi sarcoma-associated herpesvirus (HHV-8) [28, 29].
Successful viral replication often requires reprogramming of energy metabolism,
evasion of immune destruction, and resistance of cell death, three of the HoC [26].

This is true of CMV, which is known for metabolic reprogramming, inhibition
of apoptotic mechanisms, and immune evasion. CMV has regularly been found in
>90% of early breast cancers and breast cancer metastases [30-33]. While the

role of CMV in various cancers is still being hotly debated, many have suggested



that CMV may behave in an oncomodulatory capacity, altering the tumor
microenvironment to promote tumor survival, expansion, and metastasis.

Gliomas are glia-derived tumors of the central nervous system with the most
aggressive, grade 1V, representing the most common primary malignant nervous
system neoplasia known as glioblastoma (GBM). Patients with GBM have poor
prognosis. Following diagnosis, patients have a median survival of 13 months [34],
with 5-year survival rates hovering around 5% [35]. The present standard of care
is tumor resection, irradiation, and treatment with the chemotherapy drug
temozolomide [36]. However, despite significant research and numerous clinical
trials, patient 5-year survival has failed to improve over the past decade [35].
Because of this, development of improved therapeutic approaches is of paramount
importance.

The presence of CMV in glioma tumor and surrounding tissue was first
reported by Cobbs and Britt in 2002 [37]. Since then numerous groups have
reported CMV proteins and/or transcripts in glioblastoma patients [38-45].
However, there is much debate within the field as to the validity of these findings
because many groups have found no evidence of CMV [46, 47]. Seropositivity for
CMV has been associated with poorer prognosis in GBM patients [48]. The lack of
effective treatment options inspired researchers to initiate limited clinical trials
adding valganciclovir (an anti-viral agent used to treat CMV infection) to the current
standard of care. The results were impressive, with increased median overall
survival (24.1 vs 13.3 months) and 2-year survival rate (49.8% vs 17.3%) [49, 50].

Similar results were seen in both primary and secondary glioblastoma during these



trials. More recently, targeted CMV-pp65 vaccination of patients with GBM was
found to prolong progression free survival and overall survival [51]. These findings
support the hypothesis that CMV plays a role in cancer progression but fail to

elucidate the mechanism of action.

1.5 Cytomegalovirus and the blood brain barrier

Owing largely to its critical importance for organismal survival, the brain is
maintained as a privileged environment. Components of the peripheral immune
system have very limited access to the brain parenchyma. Consequently, the brain
is largely surveilled by yolk sac-derived resident macrophages, termed microglia
[52]. As the most metabolically demanding organ in the body, a significant amount
of nutrients, especially glucose, are required to maintain normal function. The
passage of these nutrients while limiting non-essential entry is mediated by the
blood brain barrier (BBB). As the primary interface between systemic circulation
and the central nervous system, the BBB is a critical structure which tightly
regulates vascular permeability, nutrient diffusion, and immune extravasation.

The BBB is a cellular structure [53] formed by four primary components: (1)
tightly apposed brain microvascular endothelial cells (BMECs) making up the walls
of the blood vessels that feed the CNS; (2) a basement membrane providing
structural integrity; (3) a non-continuous layer of pericytes; and (4) astrocytic end-
feet which tightly enclose the blood vessel [54]. This structure employs tight
junctions and transport proteins to restrict access to, and actively shuttle unwanted

foreign substances out of the brain. During a systemic inflammatory response,
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activated immune cells express pro-inflammatory cytokines such as TNFa and IL-
6 which leads to increased BMEC permeability [55]. This permeability allows
immune cells to extravasate from the bloodstream and enter the CNS as mediated
by vascular cell adhesion molecules and selectin expression. Activated T cell entry
produces classical activation of microglia which express pro-inflammatory
cytokines [56]. This activity causes activation of astrocytes, which retract their end-
feet from the endothelial cells. Activated astrocytes secrete VEGF-A which
downregulates expression of proteins essential for tight junction (TJ) maintenance
culminating in regional disruption of the BBB [57]. This disruption of allows for
enhanced entry of undesirable cells and molecules which can produce significant
damage.

Viruses have several methods by which they negotiate entry into the brain.
Paracellular entry involves matrix metalloprotease mediated degradation of the
tight junction proteins claudin and occludin [58] allowing viruses to enter between
BMECs. Some viruses such as human immunodeficiency virus are able to cross
the BBB by passing through the endothelial cells, and often infecting them, in a
process termed transcellular migration [59]. Finally, the “trojan-horse” strategy
allows viruses which infect immune cells to pass through the BBB undetected.
Regardless of the mechanism of entry, active viral infection of the CNS can
produce a wide range of symptoms both cognitive and physiological. Brain entry
can result in viral encephalitis as observed with herpesviruses, retroviruses, and
coronaviruses [59] [60] [61]. However CMV, in non-congenital infections, has great

difficulty crossing the BBB. Research in a murine model has demonstrated that
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immune deficiency is necessary for CMV to enter the brain parenchyma [62]. Thus,
the most severe effects of CMV infection occur in congenital infections where the

virus is easily able to cross the BBB.

1.6 Cytomegalovirus and dementia

Dementia is an umbrella term for the loss of memory and other cognitive
abilities which become severe enough to interfere with daily life. This impairment
is produced by brain damage caused by injury or disease. Many different subtypes
of dementia exist as classified by the underlying pathology. Some less common
types of dementia are vascular, Lewy body, frontotemporal, and those associated
with neurodegenerative diseases such as Huntington’s. However, the vast
majority, over 60%, of dementias worldwide are caused by Alzheimer’s disease
[63]. In the United States alone there are over 6 million individuals with AD [64].
Functionally, AD is typified by memory loss, changes to mood, disorientation, and
language problems. As a degenerative disease, these symptoms progressively get
worse until the final stages. Patients often die of pneumonia resulting from
swallowing difficulties and aspiration of food or drink. AD is a strongly age-
associated disease with a prevalence of roughly 1 out of 3 in adults over the age
of 85 [65]. Medical advances have resulted in greatly increased longevity
suggesting that the number of individuals with AD will increase with time [66].
Though links have been made to specific risks such as genetics, successful

therapeutic development remains elusive. Numerous drugs have been created but
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none have been able to demonstrate improved cognition or significantly decreased
cognitive decline in clinical trials [67].

This lack of effective therapeutics is almost certainly due to a paucity of
understanding regarding the factors and mechanisms driving AD progression. AD
has historically been characterized based on the accumulation of intracellular
hyperphosphorylated tau tangles and extracellular amyloid plaques. The
accumulation of these results in neurotoxicity leading to cell death and an overall
decrease in white matter. Thus far, therapies have focused on reduction of plaque
and tangle burdens of AD brains. Though several have been successful at
reducing plaque burden, they all have failed to produce any functional
improvements in cognition [67]. The most recent trials show promise but they have
resulted in brain bleeding and swelling in about 40% of the participants.

At its core, AD is a disease of aging and age-related dysfunction. Mild
cognitive impairment is rarely seen until the disease has been developing for many
decades. In fact, plaques and tangles can be detected long before there is any
measurable cognitive decline [64]. These findings indicate a long prodromal period
during which numerous factors may accelerate AD progression. Studies of aged
individuals has linked increased exposure to HSV-1 and other pathogens with
decreased cognitive function and accelerated cognitive decline [68, 69]. In fact,
elevated cytomegalovirus-specific antibody levels have been associated with
decreased cognitive function in non-elderly adults [70]. These associations

suggest a role for pathogens and the body’s reaction to pathogens as potential
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drivers of AD. However, the mechanism behind such a role is unclear and remains

an ideal candidate for future research.

1.7 Research plan

Metabolic reprogramming is one of the hallmarks of cancer with tumors
upregulating aerobic glycolysis despite adequate oxygen in a process known as
the Warburg Effect [71, 72]. It was initially speculated that upregulation of
glycolysis rapidly produced the energy necessary to maintain tumor proliferation
and progression despite mitochondrial dysfunction. However, more recently,
another hypothesis posits that some cancers cells have elevated OXPHOS which
is able to maintain the health of the cell despite being exposed to stress (i.e.
chemotherapy). In this model, the transfer of metabolites between cells
accommodates the proliferation and survival of neighboring cells in a process
termed the Reverse Warburg Effect [73]. CMV has been shown to induce
significant metabolic reprogramming in cells causing increases in both glycolysis
and oxidative phosphorylation (OXPHOS) [12-14].

We hypothesize that CMV infection of cancer cells may provide some
benefit to their metabolic flexibility. To test this hypothesis we will employ an in
vitro approach in which we infect GBM cells and examine the metabolic changes
that occur. These changes will aid our understanding of the potential CMV has to
further alter the metabolic landscape of an already metabolically aberrant cell.
Findings from this study may allow us to identify whether CMV produces functional

changes in GBM cells that may enhance their ability to survive and/or proliferate.
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The knowledge gained from these experiments may lead to novel therapeutic
targets for treatment of GBM.

CMV has the ability to exert significant control over many different cell types.
This control often manifests as enhanced OXPHOS function and the production of
elevated levels of ROS. Considering the effects that oxidative stress has on a
cellular level we plan to examine the effects of infection and reactivation on an
organismal level. As a critical and also extremely sensitive organ, we will focus our
attention on the brain. We hypothesize that CMV infection will accelerate cognitive
aging in a synergistic manner with normal aging. Knowledge gained from this vein
of research may prove invaluable for the development of therapeutics or

prophylactics to address the inexorable process of cognitive decline.
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CHAPTER 2
METABOLIC REPROGRAMMING OF GLIOBLASTOMA CELLS DURING HCMV
INFECTION INDUCES SECRETOME-MEDIATED PARACRINE EFFECTS IN

THE MICROENVIRONMENT'

2.1 ABSTRACT

Glioblastoma (GBM) is an aggressive primary central nervous system
neoplasia with limited therapeutic options and poor prognosis. Following initial
reports of cytomegalovirus (HCMV) transcripts and proteins in GBM tumors, the
anti-viral drug Valganciclovir was added to the current standard of care and was
found to significantly increase longevity of GBM patients. However, the underlying
mechanism behind the effects of CMV on GBM progression has yet to be
elucidated. We hypothesized that HCMV infection would metabolically reprogram
GBM cells and that these changes would allow for accelerated tumor progression.
We infected LN-18 GBM cells with HCMV and employed a Seahorse Bioanalyzer
to characterize cellular metabolism. Increased mitochondrial respiration, glycolytic

rate, and production of both reactive oxygen species and lactate were observed

' As published: Harrison MAA et al. Metabolic Reprogramming of Glioblastoma Cells during
HCMV Infection Induces Secretome-Mediated Paracrine Effects in the
Microenvironment. Viruses. 2022; 14(1):103. https://doi.org/10.3390/v14010103



16

following infection. Examination of paracrine signaling between HCMV-infected
GBM cells and uninfected stromal cells, indicated that, independent of viral
transmission, HCMV-infected GBM cells were able to alter the expression of key
metabolic proteins and epigenetic markers of stroma cells. These results suggest
an oncomodulatory role linked to tumor metabolism for HCMV in the context of

GBM.

2.2 INTRODUCTION

Glioblastoma (GBM) is the most common primary malignant central nervous
system neoplasia. Patients have a poor prognosis, with 5-year survival rates
around 5% [35]. The current standard of care is tumor resection, irradiation, and
treatment with the chemotherapy drug temozolomide [36]. Notably, patient survival
has failed to improve significantly over the past decade emphasizing the urgent
need for improved or novel therapies [35]. One field currently under investigation
is the role of viruses in oncogenesis or oncomodulation. Several viruses have been
closely associated with cancers and are identified as oncogenic accounting for
approximately 15% of human cancer [28, 29, 74]. In the context of GBM, numerous
neurotropic viruses have been investigated mainly in the polyomavirus and
herpesvirus families due to prevalence and persistence but no direct association
has been identified [75, 76].

The presence of human herpesvirus-5 (cytomegalovirus (HCMV)) in GBM
tumor and surrounding tissue was first reported by Cobbs and Britt in 2002 [37].

Since then numerous groups have reported HCMV proteins and/or transcripts in
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GBM specimens [38-45]. However, there is much debate within the field as to the
validity of these findings as other groups have found no evidence of HCMV in GBM
tumors [46, 47]. Despite the absence of a clearly defined role for HCMV in GBM
progression, Phase 2 clinical trials were initiated adding valganciclovir (an anti-
viral agent used to treat HCMV infection) to the current standard of care. Inclusion
of valganciclovir increased median overall survival (24.1 vs 13.3 months) and 2-
year survival rate (49.8% vs 17.3%) [49, 50]. These findings support the hypothesis
that HCMV plays a role in GBM but fail to elucidate a mechanism of action. The
role of HCMV in cancer remains a polarizing topic. A current hypothesis suggests
that HCMV may behave in an oncomodulatory capacity, altering the tumor
microenvironment to promote tumor survival, expansion, and metastasis. These
properties have been linked to multiple mechanisms including increased cell
division, cell migration and angiogenesis. However, the effects of HCMV on tumor
metabolism have not been examined. We hypothesize that metabolic
reprogramming of host cells following HCMV infection may play a significant role
in tumor progression.

HCMV is a ubiquitous herpesvirus with seroprevalence rates upwards of
80% in many populations [2-4]. Most primary infections are asymptomatic or result
in flu-like symptoms followed by lifelong episodes of latency and reactivation.
HCMV infection has been demonstrated to disrupt anti-viral signaling pathways
[15], induce chromosomal aberrations by inhibiting DNA repair mechanisms [16],
and inhibit the function of various immune cell populations [17] resulting in immune

evasion. HCMV has also been reported to manipulate the metabolic functions of
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host cells, affecting, fatty acid oxidation [11], glycolysis [18, 19], and oxidative
phosphorylation (OXPHOS) [13, 14, 77]. Intriguingly these consequences of
HCMV infection, reprogramming of energy metabolism and evading immune
destruction, represent the two “Emerging Hallmarks” of cancer as described by
Hanahan and Weinberg [26]. Many cancer cells, despite the presence of adequate
oxygen, upregulate aerobic glycolysis, commonly referred to as the Warburg Effect
[71, 72]. Interestingly, upregulation of aerobic glycolysis has been observed in
fibroblasts following HCMV infection [18, 19]. More recently, another related
hypothesis posits that cancerous cells alter the surrounding stromal cells’
metabolism resulting in the Warburg Effect [73]. These cells produce metabolic
products which are then transported to the cancer cells to accommodate their
proliferation and survival in a process termed the Reverse Warburg Effect.

In this manuscript we characterize the metabolic reprogramming that occurs
following acute infection of GBM with HCMV in vitro. We provide evidence that
infection produces a significant increase in the rate of host cell glycolysis and
OXPHOS. Additionally, we demonstrate that these alterations lead to the
production of metabolites which may significantly alter the tumor
microenvironment. Finally, we demonstrate the ability of HCMV infected GBM cells
to alter the levels of key metabolic proteins and induce epigenetic changes in
uninfected neighboring cells. These data lay the foundation of a mechanism of
HCMV-mediated tumor progression in the context of both GBM and cancers in

general.
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2.3 METHODS

CELL AND VIRUS CULTURE

Glioblastoma (LN-18), and human foreskin fibroblast (HFF) cell lines were
purchased from American Type Culture Collection (ATCC #CRL-2610, #SCRC-
1041; Manassas, VA, USA) and cultured in Dulbecco’s Modified Eagle Medium
(DMEM; #11965-084; Thermo Fisher Scientific, Waltham, MA, USA) containing
4.5 g/L glucose and 4mM L-glutamine supplemented with 5% or 10% fetal bovine
serum (FBS; #S11550; Atlanta Biologicals, Flowery Branch, GA, USA)
respectively. Cells were maintained at 37°C with 5% CO:2 and routinely tested for
mycoplasma using the MycoAlert PLUS kit (#LTO07-701; Lonza, Morristown, NJ,
USA).

Viral stocks of HCMV Towne-GFP were propagated in HFF cells using a
multiplicity of infection (MOI) of 0.1 as previously described [78]. Briefly, cells were
cultured with virus until ~90% cytopathic effect was observed. Remaining adherent
cells were scraped from plates. Cellular debris and supernatant were pelleted by
centrifugation. Clarified supernatant was added to thin-wall, ultra-clear 25x89mm
tubes (#344058; Beckman Coulter, Brea, CA, USA), a 20% sucrose solution was
underlaid, and cells were centrifuged for 40 minutes at 104,000 xg at 16°C. Viral
pellet was resuspended in tris sodium chloride (TN) buffer.

Viral titers were determined by serial titration of viral stocks on HFF cells in
triplicate. Following 48 hours of culture, media was removed, cells were washed
with 1x PBS, and fixed with 95% ethanol. Cells were incubated with anti-HCMV

IE1 mouse polyclonal antibody (1:200; Generously gifted by Bill Britt) for one hour
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at 37°C followed by Alexa Fluor 594 goat anti-mouse polyclonal secondary
antibody (1:1000; #A11005; Invitrogen Corp., Carlsbad, CA, USA) for 1 hour at
room temperature. Stained cells were counted manually using a Nikon Eclipse Ti2
microscope (Nikon Inc., Tokyo, JP).

Viral infection was performed on confluent LN-18 cells using a MOI of 3 for
90 minutes. Mock-infected and infected cells were then washed with 1xPBS, fresh
complete culture media was added, and cells were maintained for the indicated
infection period.

xCELLigence REAL-TIME CELL ANALYSIS

An Agilent xCELLigence platform (Agilent Technologies Inc., Santa Clara,
CA, USA) was used to examine cytopathic effect following infection with HCMV.
Cells were seeded into a 96-well E-plate at 80% confluence and Cell index
(impedance) was measured at 15-minute intervals. When Cell Index stabilized
(~48 hours post seeding) cells were infected with HCMV at a MOI of 3. Cell index
was measured every 15 minutes for the duration of the experiment. Reads were
normalized to the timepoint immediately prior to infection.

RNA ISOLATION AND gRT-PCR

RNA was isolated using the RNeasy Minikit (#74106; Qiagen, Hilden, DE)
and converted to cDNA using the iScript cDNA synthesis kit (#1708891; Bio-Rad,
Hercules, CA, USA) according to manufacturer’'s instructions. qRT-PCR was
conducted on cDNA using Sso Advanced SYBR Green Supermix (#1725271; Bio-

Rad) and gene-specific primers.
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Primers: SCL16A1 (MCT1; qHsaCID0008777; Bio-Rad); SLC16A3 (MCT4;
qHsaClD0014322; Bio-Rad); LDHA (qHsaCEDO0001212; Bio-Rad) LDHB
(gHsaClD0012068; Bio-Rad); HCMV IE1 (F: 5-CAAGTGACCGAGGATTGCAA-
3, R: 8-CACCATGTCCACTCGAACCTT-3’; IDT DNA Technologies, Coralville,
IA, USA); RPL13A (F: 5-CTCAAGGTCGTGCGTCTGAA-3, R: 5-
TGGCTGTCACTGCCTGGTACT-3’; IDT DNA).

Cycle values were normalized to ribosomal protein L13a (RPL13A), and
relative gene expression was determined using the 2722t method and reported as
fold change relative to untreated controls.

RNA-Seq

RNA isolation and sequencing were performed as previously described
[79]. Briefly, G44 glioblastoma stem cells were mock- or HCMV-infected in
triplicate and maintained for 72 HPI. RNA was isolated, assessed for degradation
and contamination, and sequencing libraries were prepared using the lllumina
paired-indexing protocol. STAR software was used to map raw reads to the
reference organism. Data was cleaned and deposited in EMBL-EBI’s
ArrayExpress database (E-MTAB-7613).

SEAHORSE BIOANALYZER

Metabolic profiling was conducted with XFe24 Seahorse Bioanalyzer
(Agilent) according to manufacturer’s instructions. Briefly, XFe24 cell plates were
coated with Cell-Tak cell and tissue adhesive (#354240; Corning Inc., Corning, NY,
USA) at a concentration of 3.5 ug/cm?. Cells were seeded at a concentration of

1.2x10° cells per well and centrifuged at 450 rpm to permit adherence to the tissue
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adhesive. Oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) were measured for at least three independent experiments and used to
characterize the metabolic phenotype of the cells. XF Real-Time ATP Rate Test
(#103592-100; Agilent) was used to determine total ATP production and ATP
production derived from either glycolysis or oxidative phosphorylation (OXPHOS)
following treatments with oligomycin (1.5 uM) and rotenone/antimycin A (0.5 pM).
XF Mito Stress Test (#103015-100, Agilent) was used to examine mitochondrial
metabolic function by injecting oligomycin (1 uM), FCCP (1 uM), and rotenone (0.5
MM) according to the manufacturer’s protocol. XF Glycolysis Stress Test (#103020-
100, Agilent) was used to measure glycolysis by injecting glucose (10 mM),
oligomycin (1 yM), and 2-deoxyglucose (100 mM) according to the protocol. At the
completion of the Seahorse assay cells were stained with Hoechst 33258
(#H21491; Thermo Fisher) and imaged using a Nikon Eclipse Ti2 to quantify cell
number. Normalization was completed using these cell counts.

WESTERN BLOTTING

Following infection, cells were washed with cold 1xPBS and lysed with RIPA
buffer supplemented with phosphatase and protease inhibitors (#88662, #88661;
Thermo Fisher). Cells were sonicated and protein concentration of the soluble
fraction was determined using a BCA assay (#23235; Thermo Fisher). Proteins
were separated on a 4-12% Bis-Tris gel (#NP0322-BOX; Thermo Fisher) and
transferred to nitrocellulose using the iBlot system (#1B301002; Thermo Fisher).
Membranes were blocked with 5% nonfat dry milk (wt/vol) in 1XTBS with 1%

Tween-20. Membranes were then incubated with primary antibodies overnight at
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4°C, washed, and incubated at room temperature for 1 hour with anti-mouse
(1:2,000; #7076; Cell Signaling Technology, Danvers, MA, USA) or anti-rabbit
(1:10,000, #7074, Cell Signaling Technology) HRP-conjugated secondary
antibodies. Membranes were imaged on an Amersham Imager 600 (General
Electric, Boston, MA, USA).

Primary antibodies: anti-GAPDH Rabbit polyclonal antibody (1:1000;
#G9545; Sigma Aldrich, St. Louis, MO, USA), anti-HCMV-IE1 mouse polyclonal
antibody (1:200; Bill Britt), anti-HCMV-pp28 mouse monoclonal antibody (1:100;
#sc-56975; Santa Cruz Biotechnology, Dallas, TX, USA), anti-HCMV-pp52 mouse
monoclonal antibody (1:200; #sc-56971; Santa Cruz), anti-HCMV pp65 mouse
monoclonal antibody (1:200; #sc-52401; Santa Cruz), anti-MCT1 mouse
monoclonal antibody (1:100; #sc-365501; Santa Cruz), anti-MCT4 mouse
monoclonal antibody (1:100; #sc-376140; Santa Cruz), anti-LDHA (1:1,000; #PA5-
27406; Thermo Fisher), anti-LDHB (1:1,000; #PA5-96736; Thermo Fisher).

FLOW CYTOMETRY

LN-18 cells were mock- or HCMV-infected for the desired timepoints and
analyzed by flow cytometry as previously described [14]. Briefly, mitochondrial
membrane potential was measured using MitoTracker Deep Red (200 nM;
#M22426, Thermo Fisher) or MitoTracker Orange CMTMRos (250 nM; #M7510,
Thermo Fisher). Reactive oxygen species production was assessed using
CellROX Deep Red (750 nM; #C10491, Thermo Fisher) or CelROX Orange (750
nM; #C10493, Thermo Fisher). Superoxide production was examined using

MitoSOX Red (5 uM; #M36008, Thermo Fisher). Representative gating strategy
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used for these experiments is described in Supplementary Figure A.3A. Briefly,
singlets were identified and selected for; live cells were gated using Sytox Blue
Dead Cell Stain (1:1,000; #C10491, Thermo Fisher); GFP expression was used to
gate on HCMV infected cells (Towne-GFP); finally the dye of interest was
examined.

For metabolic flow panels, cells were mock- or HCMV-infected for the
desired timepoints, incubated with LIVE/DEAD Fixable Dead Cell Stain (1:1,000;
#L.34957; Thermo Fisher) for 30 minutes at room temperature before fixation and
permeabilization using eBioscience Foxp3 / Transcription Factor Staining Buffer
Set (#00-5523-00; Thermo Fisher) for 20 minutes at room temperature. Cells were
washed with 1x Perm Buffer and incubated with conjugated primary antibodies for
1 hour at room temperature. Cells were washed 2x with Perm Buffer and
resuspended in flow buffer for analysis. Data was acquired using a LSRFortessa
(BD Biosciences; San Jose, CA, USA) and quantified using FlowJo software (BD
Biosciences).

Primary antibodies: anti-MCT1-AF647 (1:100; #sc-365501 AF647; Santa
Cruz), anti-MCT4-PE (1:100; #sc-376140 PE; Santa Cruz), anti-Tomm20-AF405
(1:1,000; #ab210047; Abcam, Cambridge, UK), anti-H3K27me3-PE (1:1,000;
#40724; Cell Signaling Technology), anti-GLUT1-AF647 (1:1,000; #ab195020;
Abcam) anti-VDAC1 (1:1,000; #ab14734; Abcam). The VDAC1 antibody was
conjugated to PE-Cy5 using the Lightning-Link Kit (#ab1023893; Abcam)

according to the manufacturer’s instructions.



25

LACTATE ASSAY

LN-18 cells were mock- or HCMV-infected for the desired timepoints.
Supernatant was collected and clarified by simple centrifugation. Cells were lysed
with RIPA buffer as described above. Supernatant and cell lysates were
deproteinized with  TCA following manufacturer’s instructions (#ab204708;
Abcam). Lactate concentration was determined by comparison with standards
using a L-lactate assay kit (#ab65331; Abcam).

CO-CULTURE ASSAY

HFF cells were seeded into 6-well plates. LN-18 cells were seeded into the
upper portion of a 6-well Transwell with 0.4 uym pores (#3470; Corning) and
cultured separately from the HFFs. Once confluent, the LN-18s were infected with
HCMV Towne-GFP at a MOI of 3 and incubated for 90 minutes at 37°C. Cells were
washed twice with 1xPBS, fresh complete culture media was added, then
Transwells were placed in the 6-well plates with the HFFs for the desired infection
period. At the final timepoint, HFFs were examined for signs of CPE and the cell
culture medium was titered as described above to determine the presence of any
virus. Cells were isolated and assayed by flow cytometry.

STATISTICAL ANALYSIS

All data are expressed as mean standard error of the mean (SEM) from at
least three independent experiments. All data were analyzed using Prism 9
software (GraphPad; San Diego, CA, USA). Comparisons between mock and
HCMV groups were assessed using unpaired t tests. Ordinary one-way analysis

of variance followed by Dunnett’s multiple-comparison test were used to compare
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samples across time points. For all comparisons, a p < 0.05 was considered

significant.

2.4 RESULTS

HCMYV infects and replicates in a human glioblastoma cell line LN-18

We examined the infection kinetics of HCMV Towne-GFP (IE1-GFP) in the
glioblastoma cell line LN-18 to confirm tropism and to characterize its replication
cycle. Following infection, RNA, cell lysate, and supernatant were collected daily.
Transcriptional expression of HCMV immediate early gene 1 (IE1) was evident at
24 hours post infection (HPI) and remained present throughout the time course
(Figure 2.1A). Protein expression of IE1, early gene HCMV-pp65, leaky-late gene
HCMV-pp52, and true late gene HCMV-pp28 matched published data defining
HCMV gene expression products (Figure 2.1B) [18]. Consistent with our
translational expression data, LN-18 cells exhibited a replication cycle of ~120 HP!I
as determined by initial cellular lysis and infectious virus release (Figure 2.1D).

An Agilent xCELLigence platform was used to dynamically monitor
longitudinal viral infection of LN-18 cells following infection (Figure 2.1C).
xCELLigence records the Cell Index, a unitless proxy for cellular impedance of
electron flow produced by a confluent cell layer. As infection progresses,
cytopathic effect (CPE) increases as the cells round, decreasing impedance and
therefore Cell Index. As evidenced by the Cell Index plot, HCMV infection reduced
Cell Index relative to mock infected cells at 48 HPI. Taken together, the

transcriptional and translational detection of HCMV genes, induction of CPE, and
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release of infectious virus by 120 HPI indicate that HCMV is able to productively

infect LN-18 cells.
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Figure 2.1 HCMV can productively infect the glioblastoma cell line LN-18.

LN-18 cells were infected with HCMV Towne strain and (A) transcriptional and (B)
translational profiles of key HCMV proteins were examined by qPCR and WB.
Mock infected cells served as controls. (C) Dynamic monitoring of LN-18 Cell Index
(impedance) during HCMV infection using xCELLigence. (D) Viral titers of cell
culture supernatant were quantified using an immunofluorescent based assay.
Graphs represent pooled data from three independent experiments. Mean * the

SEM of at least 3 triplicates.
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HCMYV infection metabolically reprograms LN-18 cells

Previous research in HFFs has indicated that HCMV is a potent regulator
of host cell metabolism and causes upregulation of aerobic glycolysis [18, 19]. To
understand the metabolic profile of HCMV infected glioblastoma cells, we
employed the Seahorse XFe24 Bioanalyzer and examined ATP production rate
and source. The Seahorse Bioanalyzer measures cellular oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) to assess mitochondrial
oxidative phosphorylation (OXPHOS) and glycolysis respectively. Briefly, baseline
readings were obtained followed by injection of oligomycin to inhibit ATP
production by ATP synthase (Complex V) of the electron transport chain (ETC).
This allowed for calculation of the mitochondrial ATP production rate. Next a
mixture of rotenone and antimycin A, inhibitors of ETC Complex | and Ill, was
added to cells to abolish any extracellular acidification related to ETC function.
ATP production rate exclusively derived from glycolysis was determined by ECAR
measurements. Total ATP production rate was then subdivided into mitochondrial
(mitoATP) and glycolysis (glycoATP) derived ATP. All measurements were

normalized to cell number.
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Figure 2.2 HCMV infection of LN-18 cells increases host ATP production
using glycolysis and oxidative phosphorylation metabolic pathways.

(A) Total ATP, (B) glycoATP, and (C) mitoATP production rates were quantified at
72 and 120 hours post infection using the Seahorse XFe24 Real-Time ATP Rate
kit.. All samples were normalized to cell number. Graphs represent pooled data

from three independent experiments. Mean + the SEM of at least 3 triplicates. *, P

<0.05; **, P<0.01.
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At 120 HPI, we witnessed a significant increase in total ATP production rate
in HCMV infected cells (Figure 2.2A). Significant increases in both glycoATP
(Figure 2.2B) and mitoATP (Figure 2.2C) production rates were also observed.

Interestingly, there was a significant increase in the percentage of glycoATP
and a corresponding decrease in the percentage of mitoATP at 72 HPI (Figure
A1B, A1C). Overall, the mitoATP:glycoATP ratio, termed XF ATP Rate Index,
favored ATP production by OXPHOS in mock- and HCMV-infected cells (Figure
A1A). We conclude that HCMV infection induces significant metabolic
reprogramming to increase ATP production largely irrespective of pathway
(aerobic glycolysis versus OXPHOS). Presumably this reprogramming is
necessary to meet the increased metabolic and bioenergetic demands of viral
replication.

HCMYV infection increases oxidative phosphorylation of host cells

To further examine the increased mitoATP production rate, we evaluated
mitochondrial function using the Seahorse Bioanalyzer. Briefly, basal respiration
rate was assessed via baseline OCR measurement of mock- or HCMV-infected
cells (Figure 2.3A). The cells were treated with oligomycin to inhibit ATP synthase
which indicates the respiration linked to ATP production. Next carbonyl cyanide-4
phenylhydrazone (FCCP) was used to disrupt the proton gradient and
mitochondrial membrane potential. With maximal ETC complex I-IV function, OCR
was used to determine the maximal respiration rate of the mitochondria and the

spare respiratory capacity. Finally, rotenone and antimycin A, inhibitors of ETC
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complexes | and Ill, were added to determine oxygen consumption unrelated to
mitochondria function.

HCMV infection produced an increase in mitochondrial respiration in all
treatment conditions (Figure 2.3B). We saw increases in basal respiration relative
to mock-infected cells and maximal respiration capacity (Figure 2.3C and 2.3D).
This increase in maximal respiration also indicates a significant increase in spare
respiratory capacity of HCMV infected cells (Figure 2.3E; Figure A2C). These
results suggest that HCMV infection has increased host cell mitochondrial function
permitting increased energetic production as observed in Figure 2.

In agreement with the previous ATP Rate Assay, HCMV-infected cells
exhibit significantly increased ATP production (Figure A2B). Additionally, host cells
had elevated basal respiration accounting for a greater percentage of their
maximal respiratory capacity. This suggests that host cells are increasing
mitochondrial respiration to produce the biosynthetic materials and bioenergy
necessary for viral replication.

Proton leak, a measure of mitochondrial damage or alternatively a means
of regulating mitochondrial membrane potential, was significantly increased in
HCMV infected cells relative to controls (Figure 2.3E). Finally, there were no
significant changes in non-mitochondrial oxygen consumption or coupling

efficiency with HCMV infection at either timepoint (Figure A2A and 2.2D).
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Figure 2.3 HCMV infection increases oxidative phosphorylation in LN-18
cells. (A) A cartoon illustrating how mitochondrial function was measured at 72
and 120 hours post infection (HPI) using the Seahorse XFe24 MitoStress Kit. (B)
Representative data output of LN-18 cells mock- or HCMV-infected at 72 HPI. (C)
Basal Respiration, (D) Maximal Respiration, (E) Spare Respiratory Capacity, and
(F) Proton Leak were derived from these measurements. All samples were
normalized to cell number. Graphs represent pooled data from three independent

experiments. Mean + the SEM of at least 3 triplicates. *, P < 0.05.
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HCMV infection increases mitochondrial membrane potential and production of

reactive oxygen species

Upregulation of OXPHOS can result in increased mitochondrial membrane
potential as the mitochondria attempt to meet energetic demands. To investigate
HCMV-mediated alterations in membrane potential we labeled cells with
MitoTracker Orange CMTMRos, a reduced rosamine-based dye which, when
oxidized by oxygen in respiring cells, becomes fluorescent. At all timepoints
following infection, HCMV-infected cells exhibited increased membrane potential
relative to their mock-infected counterparts with a peak at 96 HPI (Figure 2.4A).
To confirm these findings, we used another membrane-potential dependent dye,
MitoTracker Deep Red. MitoTracker Deep Red is an inherently fluorescent
carbocyanine-based dye that has a high affinity for mitochondria. Following
infection with HCMV, cells stained with MitoTracker Deep Red exhibited increased
mitochondrial membrane potential relative to their mock-infected controls which
became statistically significant at 96 and 120 HPI. Despite the differences in
mechanism of action, both dyes produced similar results indicating increased

membrane potential in HCMV-infected cells (Figure A3B).
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Figure 2.4 HCMV infection increases electron transport chain function.

Flow cytometry was used to quantify functional aspects of the electron transport
chain. (A) Mitochondrial membrane potential was analyzed in mock- or HCMV-
infected LN-18 cells using the reduced rosamine-dye, MitoTracker Orange which
is dependent on mitochondrial oxidation to become fluorescent (B) cytoplasmic
ROS production was detected by CellROX Deep Red, and (C) mitochondrial
superoxide levels were measured using MitoSOX Red. All samples were gated on
singlets and live cells only. Graphs represent pooled data from three independent
experiments. Mean + the SEM of at least 3 triplicates. *, P < 0.05; **, P < 0.01; ***,

P <0.001.
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Upregulation of OXPHOS can result in the production of reactive oxygen
species (ROS) that exceeds the neutralization ability of the antioxidant systems
including nicotinamide adenine dinucleotide (NAD/NADH). At low levels, ROS acts
in a variety of intra- and inter-cellular signaling cascades. However, excessive
ROS can cause significant cellular oxidative stress resulting in DNA, protein, and
lipid damage and potentially cell death[80]. We examined ROS production using
CellROX Deep Red, a dye which becomes fluorescent following oxidation by ROS.
We detected increases in ROS species which peaked at 96 HPI (Figure 2.4B).
These findings were confirmed using another oxidation dependent dye, CellROX
Orange (Figure A3C).

During respiration, superoxide can be produced from specific mitochondrial
sites. We employed MitoSOX Red, a dye that becomes fluorescent following
oxidation by superoxide but is resistant to oxidation by other ROS. Similar to the
CellROX results, we witnessed significant increases in superoxide production at
48 HPI and at all subsequent timepoints (Figure 2.4C). These increases in
superoxide were not observed in the mock infected cells. These findings suggest
that, following infection, the ETC is running at an elevated rate and producing
superoxide at a rate that surpasses the neutralization ability of antioxidant
pathways.

HCMV infection increases glycolytic rate and capacity

The ATP Rate Assay indicated increased glycoATP and percentage of ATP
derived from glycolysis. To further investigate this, we again employed the

Seahorse Bioanalyzer. Briefly, ECAR measurements were taken for both mock-
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and HCMV-infected cells prior to the introduction of glucose (Figure 2.5A).
Measurements obtained in the presence of glucose established the baseline rate
of glycolysis. Next, oligomycin was added to inhibit ATP synthase and eliminate all
mitochondrial ATP production, forcing the cells to depend on glycolysis for energy
production. This provided the maximal glycolytic capacity as well as the glycolytic
reserve available. Finally 2-deoxy-D-glucose, a glucose analog and inhibitor of
hexokinase-2, was added to inhibit glycolysis and identify ECAR unrelated to

glycolysis.



38

A a B &
” 2-0G %0 —— Mock 206
Oligomyein | —— HCMV Oligomycin
B g0 ) T 6o
% o0 Glucose (g:?:yw':: QE_ 60 Glucose
£E | | g/ T £
L 40 L 40—
é Glycolysis ?,
14 14
5 20— g 20—
w w
Non-Glycolytic Acidification
0 T T T T 0 T T T T
0 25 50 75 100 0 25 50 75 100
Time (minutes) Time (minutes)
C Gycolysis D Glycolytic Capacity E Glycolytic Reserve (%)
80— 80 — 60 —
: il

T 60 = 60 z
E E B T 40
3 —— i £ 8
£ 40— £ 40— B %
= = 28
14 14 2=
g < 5E =
w 20— ’ll w 20— 6

o T T o T 1 ° T T

Mock HCMV Mock HCMV Mock HCMV Mock HCMV Mock HCMV Mock HCMV
72 HPI 120 HPI 72 HPI 120 HPI 72 HPI 120 HPI

Figure 2.5 HCMV infection increases glycolysis and glycolytic capacity.

(A) Measurements of the extracellular acidification rate (ECAR) determined using
a Seahorse XFe24 Glycolysis Stress Kit are illustrated. (B) Representative data
output of LN-18 cells mock- or HCMV-infected. (C) Glycolysis, (D) Glycolytic
Capacity, and (E) Glycolytic Reserve were derived from these measurements. All
samples were normalized to cell number. Graphs represent pooled data from three

independent experiments. Mean + the SEM of at least 3 triplicates. *, P < 0.05.
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HCMYV infection resulted in increased glycolysis in all treatment conditions
(Figure 2.5B). HCMV-infected cells exhibited increased basal and maximal
glycolytic rate relative to mock-infected cells (Figure 2.5C and 2.5D). These results
suggest that HCMV has started to alter the glycolytic behavior of the cells and is
consistent with previous studies of HCMV infection indicating increases in
glycolysis due to upregulation of GLUT4 [18].

There was a trend for HCMV-infected cells to use more of their maximal
glycolytic capacity relative to mock-infected cells as evidenced by decreased
percentage of glycolytic reserve (Figure 2.5E). Finally, there were no significant
differences in non-glycolytic acidification or glycolytic reserve between mock- and
HCMV-infected cells, although both trended toward an increase with HCMV
infection. Taken together, these findings suggest that HCMV reprograms host cells
to respond to increased energetic needs by increasing basal- and the potential for
maximal-glycolysis relative to mock-infected cells. Thus, we decided to examine
the effects of increased aerobic glycolysis on lactate production.

Elevated aerobic glycolysis following HCMV infection alters lactate production and

flux

Our Seahorse Bioanalyzer data indicated significant increases of glycolysis
following infection with HCMV. One product of aerobic glycolysis is lactate; thus,
we employed a L-lactate assay kit to examine both the intracellular (Figure 2.6A)
and extracellular (Figure 2.6B) concentrations of lactate. Intracellular lactate was
increased in HCMV-infected cells from 48 HPI through 168 HPI relative to mock-

infected cells. This correlates well with the enhanced glycolysis and glycoATP
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production previously discussed at 72 and 120 HPI. We also observed significantly
increased extracellular lactate at 144 HPI and 168 HPI in the supernatant of
HCMV-infected cells relative to mock-infected cells. These findings suggest that
lactate production and homeostasis were significantly altered following HCMV
infection. Increased lactate concentrations also agree with previously published

work in MRC5 cells following HCMV infection [81].



41

A Intracellular Lactate B Extracellular Lactate

C
e

= . 0T LDH-B i —— i
= N ~
[=
é o 1 Mcn----.---
) _
-
Mors T -
55
DN DN O N O Il A DH e —————
24 48 72 96 120 144 168 24 48 72 96 120 144 168 Mock 24 48 72 86 120 144 168
HPI HPI HPI
D -
Infect with HCMV Wash and Refeed Co-Culture Flow Cytometry
_‘ | L} Co-Culture
"’ [ 2 Hr Incubation Hr 24-120 ’H
e | — _—
| & ‘ \ f
LN-18 — POV PITPeN @{\:(\»F)_(\L@[)s‘bl ;
. \
HFF: }("L \

m
n
9]
I

g
g
5
2
g

g
g
o
8
3
g

1200-

g
g
8
g
g

LN-18 MCT1 MF|

HFF MCT1 MFI
LN-18 MCT4 MFI
HFF MCT4 MFI

o o
Mock 24 48 72 96 120 Mock 24 48 72 968 120 Mock 24 48 72 96 120 Mock 24 48 72 98 120

HPI Hours of Co-Culture HFI Hours of Co-Culture

Figure 2.6 HCMV-associated alterations to lactate dynamics.

Lactate concentration was determined in the (A) extracellular and the (B)
intracellular compartment of mock- or HCMV-infected LN-18 cells using a
colorimetric L-lactate assay kit with a standard. (C) Protein expression of
prominent lactate regulators LDH-A, LDH-B, MCT1, and MCT4 were examined
following infection using western blot assays. (D) Schematic of co-culture
experiment in which HCMV-infected LN-18 cells were co-cultured, but physically
separated from, HFF cells using Transwells with 0.4 um pores in 6-well culture
dishes. At indicated points post infection, cells were collected separately and
processed by flow cytometry for expression of MCT1 (E, F) and MCT4 (G, H) in
infected LN-18 and non-infected HFF cells respectively. Graphs represent pooled
data from three independent experiments. Mean + the SEM of at least 3 triplicates.

* P<0.05;** P<0.01; **, P<0.001. Created with Biorender.com.



42

Lactate, in addition to being an end product of glycolysis, is a potent
signaling molecule that can function in both a paracrine and an autocrine manner.
As a result, lactate homeostasis is an important mechanism within cells. Initially
we investigated the transcriptional changes of key lactate genes following infection
with HCMV. Surprisingly, we observed a downregulation of gene expression for
several lactate enzymes and transporters relative to mock infected controls (Figure
A5). These results were reiterated by RNA-seq data from mock- or HCMV-infected
G44 GBM cells at 72 HPI. However, when we examined the protein expression
following HCMV infection we found surprising changes (Figure 2.6C). Lactate
dehydrogenase (LDH)-A, responsible for the conversion of pyruvate to lactate,
expression remained stable throughout infection. However, LDH-B, responsible for
the conversion of lactate to pyruvate, decreased at later timepoints. Two
monocarboxylate transporters, MCT1 and MCT4, responsible for lactate-influx and
-efflux respectively were examined. HCMV-infected cells demonstrated decreases
in MCT1, but MCT4 increased relative to mock-infected cells. The protein
expression changes cumulatively suggest a lactate management phenotype that
favors the production of lactate from pyruvate. It also suggests that elevated
intracellular lactate concentration increases MCT4 expression which provide a
mechanism for export and may allow for improved lactate homeostasis.

Co-culture of HCMV-infected LN-18 with HFFs alters expression of key metabolic

proteins and epigenetic markers in both cell lines

In an effort to examine the effects of HCMV-infected LN-18 cells on

neighboring non-cancerous cells, we established physically separated co-cultures
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with HFFs using 0.4 ym pore Transwells (Figure 2.6D). LN-18s were seeded in
Transwells and infected with HCMV for two hours followed by washing and
refeeding. At this point the LN-18 Transwells were placed in a 6-well plate
containing confluent HFFs. This allowed for paracrine communication between cell
lines while keeping them physically separated. Flow cytometry demonstrated
HCMV-GFP positivity in the LN-18s and an absence of HCMV-GFP positivity at
the longest co-cultured timepoint, 120 HPI, in HFFs (Figure 2.7A). Additionally,
HFFs were confirmed negative for CPE and their supernatant was titered and

found free of virus at the longest co-culture timepoint, 120 HPI (Figure 2.7B).
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Figure 2.7 HCMV infected cells alter metabolic pathways of uninfected cells
in a paracrine manner.

Mock- and HCMV-infected LN-18 cells were co-cultured with HFFs as described
in Figure 2.6D and then the separate populations were subjected to flow cytometry.
Infection of LN-18 cells and absence of infection of HFFs was established following
120 Hr co-culture by (A) HCMV-GFP expression. A titer was performed on fresh
HFFs using supernatant from the 120 Hr co-culture HFF compartment, to ensure
an absence of viral infection, and cells which had been infected with HCMV as a
positive control for the immunocytochemistry staining. (B) HCMV-IE1 staining was
performed at 20x magnification. HCMV-IE1 is shown in green and Hoechst 33342
stained nuclei are shown in blue. Scale bar: 100 uyM. (Figure legend continues on

next page)
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Flow cytometry was used to quantify changes in glycolytic marker (C, G) Glut1,
oxidative phosphorylation markers (D, H) Tomm20 and (E, |I) VDAC1, and an
epigenetic marker (F, J) H3K27me3 in infected LN-18 and non-infected HFF cells
respectively. Graphs represent pooled data from three independent experiments.

Mean * the SEM of at least 3 triplicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Based on the MCT expression changes following co-culture, we used the
same experimental method to examine several metabolic and transcriptional
targets. Glucose transporter 1 (Glut1), the primary glucose importer of cells, was
found to be upregulated at all timepoints in both LN-18 (Figure 2.7C) and HFF
(Figure 2.7G) cells. Mitochondrial import receptor subunit TOM20 homolog
(TOMMZ20), a key mitochondrial import receptor, was found to be increased in
HCMV-infected LN-18 cells (Figure 2.7D). In HFFs there was a similar increase at
early timepoints followed by decreased expression at the latest timepoint (Figure
2.7H). Voltage gated mitochondrial membrane ion channel (VDAC1) is responsible
for the transport of ions, nucleotides, and metabolites through the mitochondrial
membrane and was upregulated in LN-18 cells at the last timepoint (Figure 2.7E).
However, in HFFs, VDAC1 was upregulated at the earliest timepoint and
subsequently downregulated at the final two timepoints (Figure 2.71). Taken
together, these expression changes provide support for the hypothesis that HMCV
infected cells can alter the metabolic function of neighboring cells in a paracrine
manner akin to the Reverse Warburg Effect described in the cancer field [71].

Evidence of paracrine signaling-mediated effects on neighboring uninfected
cells suggests that HCMV infection may also be able to alter the transcriptional
landscape of both host and neighboring cells. We examined tri-methylation of
histone H3 lysine 27 (H3K27me3) as an indicator of epigenetic regulation following
infection with HCMV. Hypermethylation is a potent repressor of gene expression.
Histone 3 lysine 27, transcriptional repression has been linked to regulation of cell

differentiation and proliferation [82]. Numerous studies have linked alterations in
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H3K27me3 to development and progression of cancer [83-85]. In the HCMV-
infected LN-18 cells there was a significant increase in methylation at the first and
two final timepoints (Figure 2.7F). Additionally, there was significant upregulation
of H3K27 tri-methylation of the HFF cells at the first timepoint. These findings
suggest that HCMV infection produces epigenetic changes in the host cells that
may favor tumor progression. Additionally, it indicates that neighboring cells are
also susceptible to epigenetic modifications as a result of an unidentified paracrine

messenger.
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Figure 2.8 Metabolic reprogramming and paracrine effects of HCMV infection
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in glioblastoma.

Schematic of glycolysis and respiration in (A) mock- and (B) HCMV-infected cells
highlighting upregulation of GLUT1 and MCT4 expression; increased lactate
production and export; enhanced respiration and resultant increases in
mitochondrial membrane potential and superoxide production. (C) HCMV infected
cells export lactate which has been reported to increase angiogenesis, suppress
the immune response, and can be used as a metabolic fuel by neighboring cells.
The secretome from HCMV-infected cells can influence transporter expression,
mitochondrial function and induce epigenetic changes in surrounding stromal cells.

Created with BioRender.com.
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2.5 DISCUSSION

HCMV has been implicated as a potential oncomodulatory virus in GBM and
some other tumor types [32, 38, 79]. Defining a role for HCMV in human cancers
has been hindered by numerous factors. In GBM specifically, conflicting results on
the presence of HCMV in primary GBM samples has created justified questioning
of significance (reviewed in [86]). Lack of reproducibility between laboratories
employing similar techniques suggests that current experimental approaches are
inadequate. Identifying a relationship is further complicated by the long period
between initial HCMV infection and the initiation or manifestation of cancer. Yet,
under in vitro conditions HCMV can alter or influence all the hallmarks of cancer.
In vivo murine GBM studies displayed reactivation of MCMV in the tumor and
promotion of tumor growth [79]. Preliminary clinical studies using herpesvirus
antivirals in addition to the standard of care demonstrated increased life
expectancy in patients with GBM [49, 87]. These observations collectively suggest
a role for HCMV in GBM. Our work and others have shown that HCMV infection
rewires host metabolic pathways to meet biosynthetic and bioenergetic
requirements of viral replication [14, 18, 81, 88, 89]. Dysregulated cellular
energetics is an emerging hallmark of cancer [26]. Thus, viral manipulation of host
metabolism represents a potential mechanism underlying the influence of HCMV
on tumor progression in GBM.

Our work presented here shows that HCMV alters the metabolic phenotype
of an infected GBM cell line. This does not require transformation of the cells. We

observed upregulation of glycolysis and mitochondrial respiration following
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infection with HCMV. These results are similar to the metabolic reprogramming
previously demonstrated in HFF cells [14, 18, 77]. They also resulted in the
production of metabolic byproducts, such as ROS and secreted metabolites such
as lactate, which have been shown to play roles in cancer progression. Further,
infected cells exhibited alterations in epigenetic markers associated with cancer
initiation. Finally, we demonstrated that HCMV infected cells were able to
manipulate key metabolic pathways of neighboring cells in a paracrine manner
independent of viral transmission. These findings suggest a role for HCMV-
mediated metabolic reprogramming in  manipulation of the tumor
microenvironment (TME) potentially leading to cancer progression.

Upregulation of oxidative phosphorylation (Figure 2.3) during HCMV
infection of GBM cells suggests that HCMV may be metabolically synergistic,
driving metabolic rates above what is possible following oncogenesis alone. GBM
have been shown to display high OXPHOS levels in vivo [90]. Glioblastoma stem-
like cells (GSCs) and surgically resected tumors from GBM patients use oxidative
and non-oxidative pathways to generate energy and biomass [90, 91]. Itis possible
that HCMV infection enhances metabolic potential allowing for the maintenance of
high proliferation rates seen in GBM. Increases in spare respiratory capacity
(Figure 2.3, Supplementary Figure A.2) observed following HCMV infection
suggest that there are significant bioenergetic reserves soon after HCMV infection.
GSCs are reliant on OXPHOS for proliferation and has been proposed as a

potential therapeutic target [92]. Increases in both OXPHOS and bioenergetic



51

reserves highlight the potential for HCMV infection to allow for increased growth
rate, metabolic flexibility, and potential for drug resistance in GBM cells.

Alternatively, as a consequence of upregulated OXPHOS, we observed
increased production of ROS (Figure 2.4), specifically superoxide, following
infection of GBM cells. High levels of oxidative stress can damage proteins, lipids,
and DNA further contributing to conditions conducive for cancer initiation or
progression (reviewed in [93, 94]). Specifically, ROS mediated oxidation of
phosphatase and tensin homolog (PTEN) causes a loss of function and activates
the phosphoinositide 3-kinase (PI3K), protein kinase B (Atk), mammalian target of
rapamycin (mTOR) signaling cascade, leading to protein synthesis and
proliferation [95]. Sustained proliferative signaling is one of the hallmarks of cancer
and genomic instability and mutation is described as an enabling characteristic of
cancer [26]. An examination of HCMV-associated alterations to PISK/Akt/mTOR
signaling following infection could yield intriguing insights in relation to cancer.
Additionally, this mechanism could point towards the use of an ETC inhibitor such
as metformin to control the production of ROS and subsequent activation of the
PI3K/Akt/mTOR signaling cascade. We recently reported that ETC inhibitors,
specifically metformin, can negatively impact HCMV replication [23].

Many of the metabolic changes closely resemble metabolic alterations
reported in cancer such as the upregulation of aerobic glycolysis (Figure 2.5). GBM
is dependent on a functioning glycolytic cycle with targeted knockdown of glycolytic
enzymes producing increased longevity in a murine model of GBM [96]. The

HCMV protein US28 has been demonstrated to increased hypoxia inducible factor-
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1 (HIF-1)-dependent proliferation of GBM cell line U251 through upregulation of
glycolysis [97]. Therefore, the increased glycolytic capacity and rate that we see
following infection with HCMV may support enhanced tumor growth rates. In the
context of GBM, increased Glut1 expression may allow for enhanced glucose
uptake which may help compensate for poor vascularization and nutrient dispersal
in the tumor microenvironment. This may allow GBM cells to maintain their
characteristic growth and proliferation rates despite environmental stress.

Following glycolytic conversion of glucose to pyruvate, enzymes can
convert pyruvate to lactate. Previous studies have shown that HCMV infection
increased the concentration of L-lactate in supernatant of cultured U251 GBM cells
[97]. We observed changes to lactate levels (Figure 2.6) in both intracellular and
extracellular compartments relative to mock infected cells. Lactate secretion into,
and acidification of, the TME has been shown to promote GSC phenotypes, induce
angiogenesis, and inhibiting immune responses [98]. Notably, significant increases
to lactate exporter MCT4 expression were seen (Figure 2.6, Figure A5) and may
account for the increased extracellular concentrations of lactate MCT4 expression
is elevated in GBM, has been positively correlated with the pathological grades of
glioma, and was found to promote GBM migration [99]. Therefore, the HCMV-
mediated increases in MCT4 levels we witnessed may prove beneficial to tumor
progression and metastasis.

The reverse Warburg Effect has been proposed as a mechanism that
exploits the metabolic potential of cells in the TME for the benefit of cancer stem

cells [73]. In addition to its role acidifying the TME, extracellular lactate can also
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act as a fuel source for oxidative cancer cells and cells with stem-like phenotypes
[100, 101]. Reciprocal metabolic associated interactions involving catabolism of
glucose, lactate, fatty acids and other metabolites impact cancer aggressiveness.
This suggests that HCMV infection of GBM cells could alter the surrounding TME
via the secretion of metabolites or proteins in a mechanism similar to that
employed by tumors to promote growth and invasion. Our co-culture experiments
(Figure 2.7) show that this is possible and that the infected secretome can alter
metabolism-associated and epigenetic targets. Notably, hypermethylation of
H3K27 has been linked to the development and progression of cancer [82].
Epigenetic modifications have the potential to alter transcription of large groups of
genes and can produce potent phenotypic changes in cells. HCMV-mediated
epigenetic alterations in both infected and neighboring cells suggest the potential
for a small number of cells to have exponential effects within the TME. It is
unknown, at this time, if these epigenetic alterations promote a tumor-like
phenotype, can prime surrounding cells for infection, or rewire metabolism in
infected and uninfected cells. It will be interesting to explore what mechanistic
effect the secretome is having and how this affects the long-term state of the tumor
cells. Targeted experiments identifying secreted metabolites, signaling proteins, or
extracellular vesicles are currently underway in the laboratory. GSCs have been
shown to communicate to the tumor microenvironment through extracellular
vesicles (reviewed in [102]). It will be intriguing to understand how HCMV infected
cells and GSCs communicate and if this communication drives synergistic effects

that promote tumor growth and metastasis.
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2.6 LIMITATIONS

There are several limitations to our study. We used a GBM cell line that is
immortalized and grown as a monolayer using high glucose media in
supraphysiological oxygen. As we compared changes with and without HCMV
infection, with all other variables controlled for, we believe that this caveat is
negligible. Regardless, ongoing work in the laboratory is employing primary GSCs
grown under serum-free conditions. Also, we did not explore all major metabolic
pathways known to be affected by HCMV infection. HCMV infection has been
shown to block beta-oxidation of fatty acids in order to promote the lipogenesis
necessary to produce the viral envelope [103]. Human glioma cells have been
reported to be dependent on fatty acid oxidation under tissue culture conditions
[104]. We also have not explored the role of glutamine as cultured astrocytes have
been shown to support the growth of glutamine deprived GBM cells [105]. Our
model ignores any contributions of oxygen tension which are prevalent in the
context of the TME. There is ample literature describing metabolic interplay
between hypoxic and normoxic tumor microenvironments and how this dictates
catabolic versus anabolic behavior. Hypoxic conditions also increase the
expression of MCT4 [106]. Finally, we do not account for the relationship between
increasing HCMV seroprevalence and GBM incidence with advancing chronologic

age. Integrating this correlation into our experimental approach would be intriguing.
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2.7 CONCLUSIONS

Our results provide several potential mechanisms by which HCMV could
contribute to GBM and possibly other cancers. It also offers insight into the difficulty
detecting HCMV in GBM samples. First, HCMV would only need to infect a small
number of cells to exert a significant effect on the tumor microenvironment.
Second, our data suggests that HCMV infected cells can employ paracrine
signaling to modify neighboring cells independent of infection, thus not requiring
direct infection of GBM cells to produce significant changes. The ability of HCMV
infected cells to transiently alter epigenetic signatures in neighboring cells hints at
the possibility of a role in cancer initiation. At this point, it is unknown if this
mechanism has the potential to be cancer initiating or merely promote the
progression of established GBMs. The metabolic reprogramming we
demonstrated following infection, compliments a study by Liu et al. that showed
HCMV infected primary GBM cells exhibit a stem cell like phenotype which
enhance their ability to resist chemotherapy [107]. Our work establishes a
framework for future studies defining how HCMV can contribute to GBM through
an oncomodulatory mechanism. The manipulation of host metabolic pathways
may prove to be a common mechanism linking only by HCMV, but other
pathogens, to numerous cancers. These insights could be used to develop
therapies that incorporate metabolic targets in combination with the current

standard of care.
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CHAPTER 3
INTERMITTENT CYTOMEGALOVIRUS INFECTION ALTERS
NEUROBIOLOGICAL METABOLISM AND INDUCES COGNITIVE DEFICITS IN

MICE?

3.1 Abstract

Risk factors contributing to dementia are multifactorial. Pathogens as risk
factors for dementia is largely correlative with few causal relationships. Here, we
demonstrate that intermittent cytomegalovirus (CMV) infection in mice, alters blood
brain barrier (BBB) metabolic pathways. An increase in basal mitochondrial
function is observed in brain microvasculature endothelial cells (BMEC) at 12
months post infection but not at earlier time points and is accompanied by elevated
levels of superoxide, indicative of oxidative stress. Further, these mice score lower
in cognitive assays as compared to age-matched controls. Our data show that
repeated systemic infection with CMV, alters BBB metabolic function and impacts
cognition. These observations provide mechanistic insights through which

pathogens contribute to the progression of pathologies associated with dementia.

2To be submitted to Cell Host and Microbe in December 2022.
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3.2 Introduction

Aging is a primary risk factor associated with cognitive decline and the
development of dementia, such as Alzheimer's disease (AD) [63, 108].
Therapeutic strategies have focused on extracellular amyloid-beta (AB) oligomers
and soluble fragments, or intracellular hyperphosphorylated-tau tangles. However,
these hallmarks of AD are not evident until the disease has been developing for
years and, even at that point, patients are often in a pre-clinical phase of the
disease with little to no cognitive symptoms [109, 110]. These findings suggest that
other initiating or contributing factors exist which may be addressed decades prior
to the development of any cognitive symptoms.

Pathogens are increasingly recognized as risk factors in the etiology of age-
associated neurodegeneration [63, 111]. A single viral or bacterial infection in adult
rodents has been shown to promote sickness behavior, induce systemic and
central nervous system (CNS) inflammatory cascades, alter memory performance,
and disrupted synaptic communication via neuronal loss [112-117]. Humans do
not experience a single infection during their lifetimes, but rather intermittent
infections throughout life. The long-term consequences of intermittent infection are
inadequately studied. Emerging preclinical evidence suggests that a higher lifetime
infection burden impairs cognition, especially among transgenic mice carrying AD
risk factors [111, 118]. Finally, studies in adult and aged humans show that higher
cumulative exposure to HSV-1, cytomegalovirus (CMV), and bacterial infections
was associated with impaired cognitive performance or an accelerated rate of

cognitive decline [68-70, 119]. Converging evidence indicates that pathogen
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exposure can promote features of dementia but the mechanisms for these effects
have yet to be elucidated.

In this study, CMV was used a as a model pathogen. CMV is a ubiquitous
herpesvirus exhibiting 40-80% seropositivity in the human population [120].
Common to all herpesviruses, following acute infection, CMV becomes latent and
reactivates sporadically throughout the lifetime of the host resulting in intermittent
infection. Further, different CMV strains are thought to infect individuals throughout
life. CMV’s ability to evade immune clearance enables a persistent phenotype that
is associated with immunosenescence, inflammaging, and memory T cell inflation
[121]. Most individuals seroconvert before the age of 40 suggesting that the cycle
of latency/reactivation or reinfection continues for decades [122].

The role of CMV in unhealthy aging, including dementias, remains largely
correlative. Data suggesting individuals positive for CMV have an increased risk
for AD and accelerated cognitive decline [123, 124] are contrasted with data
suggesting a weak association [125]. Ultimately, a lack of mechanisms linking
pathogens and the origins of dementia impede progress. Intriguingly, CMV
pathogenesis mirrors many of the features of AD pathology including calcium
dysregulation [24], amyloid deposition [119], iron dysfunction [126], autophagic
[127], and mitochondrial dysfunction [14, 77, 128].

The ability of CMV to alter the metabolic profile of host cells to produce the
biomaterials and energy needed for viral replication is well described [14, 128-
130]. This metabolic reprogramming often results in impaired bioenergetics and

subsequent increases in reactive oxygen species (ROS) production. Interestingly,
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ROS production and impaired metabolism have been implicated in numerous
neurodegenerative diseases [131-134]. Additionally, the Mitochondrial Cascade
Hypothesis posits that AD pathogenesis is driven by progressive mitochondrial
dysfunction [135]. Further, it has been shown that mitochondrial function directly
alters the secretion or storage of A [136]. Finally, studies have demonstrated that
metabolic and mitochondrial changes alter cellular proteostasis and precede the
onset of clinical symptoms of AD [137]. Therefore, CMV, with its potent capacity
to reprogram cellular metabolism is an ideal candidate for assessing the impact of
pathogens on aging-associated pathology such as AD.

In this study, we demonstrate that intermittent CMV infection induces
metabolic alterations in the blood brain barrier (BBB) that correlate with decreases
in cognitive function. We observe that endothelial cells isolated from the BBB
display enhanced oxidative phosphorylation (OXPHOS) and consequently
produce elevated levels of superoxide (SO) following the pro-inflammatory
immune response. These findings suggest that infection frequency and burden
may accelerate cognitive decline by modulating BBB metabolism and increasing

oxidative stress.

3.3 Methods
*For list of reagents, see (Table B1, B2, & B3)

VIRUS PROPAGATION AND QUANTIFICATION

Murine cytomegalovirus Smith strain was passaged through mice via and

quantified via plaque assay as previously described [138, 139]. Briefly, mice were
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i.p. injected with MCMV and sacrificed at 14 days post infection. Salivary glands
were homogenized in PBS, aliquoted, and stored at -80°C. Virus was quantified
by plaque assay using M2-10B4 cells and a viscous overlay followed by fixation
with formaldehyde and staining with 0.02% methylene blue.

ANIMALS, INFECTIONS, AND SAMPLE COLLECTIONS

Female BALB/cJ mice aged 6 weeks were obtained from Jackson
Laboratory and housed in disposable, sterile cages in groups of 5 with food and
water provided ad libitum. All animal experiments were approved by the Tulane
University Institutional Animal Care and Use Committee. Murine cytomegalovirus
infections were conducted via i.p. injection with 5x10* plaque forming units in
100uL sterile PBS. They were maintained on a diurnal light cycle (8-6) and all
behavioral testing was performed in the first half of the light period. Mice were
euthanized via i.p. injection with a lethal dose of ketamine and xylazine followed
by exsanguination. Blood collected via cardiac puncture was processed for
plasma. Mice were then perfused with ice-cold PBS and tissues were collected
and processed as needed.

BEHAVIORAL TESTING

Behavior in mice was evaluated using the Y-maze, Passive Avoidance, and
Hot Plate tasks for “Cohort 2" at 1 month post initial infection and “Cohort 3” at 12
months post initial infection. The behavior tests described below were performed
in the order they are listed. All animals underwent testing by a pair of treatment
blinded researchers. Peroxiguard was used to disinfect and deodorize the

apparatuses between each mouse trial.
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Y-Maze: The Y-Maze was employed as a measurement of spatial working
and reference memory [140]. Mice were placed in the three-armed maze with arm
length of 38 cm, width of 8.25 cm, and height of 13.25 cm facing the end of arm
designated “A”. Mice were allowed to explore the maze for 8 minutes. Movement
around the maze was recorded by an overhead camera and tracked using ANY-
Maze software. Mice were provided with large black geometric spatial clues on
white backgrounds to help them navigate and discriminate between arms.
Spontaneous alternation was calculated as percentage of correct alternations
between the three arms without revisiting the previous arm. Total alternation was
also recorded.

Passive Avoidance: As a measure of single-trial fear based aversive

learning, mice were subjected to the step-through inhibitory (passive) avoidance
task [141]. In this assay mice are placed in a two chamber device with a guillotine
door between them. One chamber is brightly lit while the other is dark. The floor of
the both chambers contains metal rungs on the floor connected to a shock delivery
apparatus (Maze Engineers). For the training portion of the test, mice were placed
in the illuminated side and allowed to explore until they entered the dark chamber.
Once the mouse entered the dark chamber the door was closed and the mouse
was administered a 3 second foot shock (0.3 mA). Mice that did not enter the dark
chamber within 120 seconds were gently pushed to the dark chamber and a foot
shock was administered. After all training trials were completed, animals were
tested for learning ability (10 minutes after training trial) and memory retention (24

hours later) by placing the mice in the bright chamber and recording latency to
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enter dark chamber. These retention trials were limited to 300 seconds and no foot
shocks were administered.

Hot Plate: To examine nociceptive ability, mice were exposed to the hot
plate test [142]. The hot plate (Maze Engineers) was set to 55.0°C and the mouse
was placed onto the plate surface. Latency to first nociceptive behavior as well as
total number of nociceptive behaviors was recorded for the 30 second duration of
the experiment. Nociceptive behaviors were defined as shaking or flicking of
hindlimbs and jumping.

SINGLE CELL MULTIOME ATAC AND GENE EXPRESSION SEQUENCING

Nuclei Isolation: Nuclei isolation for multiome sequencing was performed

largely following the protocol from 10X Genomics protocol revision D. Following
euthanasia and perfusion the brain was extracted and flash frozen in liquid
nitrogen. The brain is lysed with 0.1x lysis buffer and homogenized with scissors
and then a pellet pestle. The homogenate is incubated for 3 minutes on ice and
then lysis is stopped via the addition of wash buffer. The suspension is filtered
through a 70 um filter and then subjected to a 30% Percoll Plus centrifugation to
remove myelin. Nuclei were washed and resuspended in nuclei buffer. Finally,
nuclei were visualized on a cell counter for nuclear membrane integrity (lack of
blebbing) and counting.

Library Prep and Sequencing: The Chromium Next GEM Single Cell

Multiome ATAC and GEX protocol (CG000338) and 10x reagent kit were used to
prepare ~10,000 nuclei/sample for the Multiome sequencing. Briefly, nuclei

suspensions were incubated with a Transposon Mix and DNA fragments were
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transposed and barcoded. The transposed nuclei were partitioned into nanoliter-
scale Gel Bead-In Emulsion (GEMs). The barcoded transposed DNA and
barcoded full length cDNA from poly-adenylated mRNA were generated and
amplified by PCR. P7 and a sample index were added to transposed DNA during
ATAC library construction via PCR. Barcoded cDNA enzymatic fragmentation,
end-repair, A-tailing, and adaptor ligation were followed by PCR amplification. Both
final ATAC libraries and 3' Gene Expression libraries generated contained
standard lllumina P5 and P7 paired-end constructs. Library quality controls were
performed by using an Agilent High Sensitivity DNA kit with Agilent 2100
Bioanalyzer and quantified by Qubit 2.0 fluorometer. Libraries were sequenced
separately with individual parameter settings. Pooled libraries at 650 pM were
sequenced with paired end dual index configuration on an lllumina NextSeq 2000
using lllumina P3 100 cycle kit. Cell Ranger arc version 2.0.0 (10X Genomics) was
used to process raw sequencing data and mapped to mouse genome mm10-2020-
A to generate differentially expressed genes between specified cell clusters
represented by Loupe Cell Browser (10X Genomics).

Multiome Data Analysis: Cell Ranger ARC v2.0 (10x Genomics) was used

to process raw sequencing data for further downstream analyses. After filtering,
we used 27,798 cells with high quality transcriptome and epigenome profiles. We
followed the algorithms Seurat (v4.0) R package (v4.0.2) to generate the uniform
manifold approximation and projection (UMAP) embeddings and differentially
expressed (DE) gene. Fragment files were used as input for Seurat analysis. The

input fragment file was processed as chunks per chromosome and stored in HDF5
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format (hierarchical data format version 5), allowing rapid access and efficient read
and write functions during analysis. The quality control steps involved the removal
of all low-quality cells and predicted heterotypic doublets from our analysis. We
used Morpheus (https://software.broadinstitute.org/morpheus/) software to
generate the top 30 DE genes heatmap. A relative color scheme uses the minimum
0 and maximum 0.1 values in each row to convert values to colors.

RNA ISOLATION AND gRT-PCR

Salivary glands were flash frozen in liquid nitrogen and stored at -80°C.
RNA was isolated from 30 mg of salivary gland using the RNeasy minikit from
Qiagen. iScript cDNA synthesis kit was used to created cDNA from 1 ug of RNA.
gRT-PCR was conducted on 50 ng of each sample using Sso Advanced SYBR
Green supermix and primers for MCMV immediate early gene 1 (mUL123) and
murine 36B4 which was used as a housekeeping gene. qPCR products were run
on a 2% agarose gel to confirm product size.

FLOW CYTOMETRY

Brains were processed for flow cytometry as previously described [143].
Briefly, they were incubated with 5mg collagenase Il and homogenized in MACS
C-tubes with 5 mg collagenase Il and 100U DNAse | in HBSS with 3mM calcium
chloride. Myelin debris was removed via a 30% Percoll Plus gradient. Cells were
washed and resuspended in PBS with 0.4% BSA.

Neuro Flow Panel: Cells were incubated with fixable live dead stain and Fc

block for 15 minutes at RT. Following washes with 20% BD Horizon Brilliant Stain

Buffer, cells were incubated in an extracellular antibody cocktail for 20 minutes at
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RT. Cells were washed, fixed and permeabilized with eBioscience FoxP3
Transcription Factor staining kit for 45 minutes. Fixed cells were washed and
incubated with intracellular antibodies for 45 minutes at room temperature.
Following washes, cells were resuspended in PBS with 0.5% BSA and flow
cytometry was conducted on a Cytek Aurora. Data was analyzed using FCS
Express 7.14.

Live Cell Mitochondrial Panel: Cells were incubated in a cocktail of, anti-

CD31 BV605 antibody at 1:100, 1 uM nonyl acridine orange (mitochondrial mass),
2.5 yM MitoSOX Red (superoxide production), and 250 nM MitoTracker Red FM
(mitochondrial membrane potential) for 45 minutes at 37°C. Following washes in
PBS, cells were resuspended in PBS with Sytox Blue dead cell stain, incubated
for 15 minutes, and flow cytometry was performed on a BD LSRFortessa. Data
was analyzed using FCS Express 7.14.

CYTOKINE ANALYSIS

Mouse brains were minced briefly in BioRad Cell Lysis Buffer followed by
homogenization in MACS S-tubes and freezing at -80°C. Following thaw, lysate
was sonicated briefly and then centrifuged to pellet debris before being quantified
by BCA. Brain lysate was diluted to 4mg/mL in Bio-Plex diluent.

Both plasma and brain lysate cytokine levels were assessed using a Bio-
Plex murine cytokine 23-plex assay kit at a dilution of 1:2 according to
manufacturer recommendations. Briefly, samples were added to a 96-well plate
with magnetic beads and incubated for 30 minutes while shaking. Well were

washed three times and followed by addition of detection antibodies for 30 minutes
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at room temperature. Three more washes were conducted and then streptavidin-
PE was added and incubated for 10 minutes. After another three washes samples
were read on the Bio-Plex 200 system with HTF. Standard curves were created
for each cytokine from 1-32,000 pg/mL, a five-parameter logistic regression was
fit, and sample cytokine concentrations were interpolated.
ELISA

Antigen-specific quantitative ELISAs were performed using similar methods
as described in ref. [144]. Briefly, 96-well plates were coated with 0.25 ug/well of
UV-inactivated MCMV. Serial dilutions of plasma from animals was incubated for
an hour at room temperature followed by detection using AP-conjugated rabbit
anti-mouse IgG or IgM. ELISAs were quantified using dilutions of purified mouse
standards 1gG1-k or IgM-k and the results were expressed as ELISA units/mL
(EU/mL).

BRAIN MICROVESSEL ISOLATION

Excised brains were stored in ice-cold PBS. Brain microvessel endothelial
cells (BMECs) were isolated as previously described [145]. Briefly, hemispheres
were rolled on filter paper to remove surface vessels. Brains were homogenized in
PBS, centrifuged, and the pellet was resuspended in 17.5% dextran solution. This
process was repeated and each time floating white matter was removed from the
pellet prior to resuspension. The resuspended cells were serially filtered through a
300 ym and 40 pm filters and then resuspended in Seahorse XF DMEM media.

SEAHORSE
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BMECs were loaded into Seahorse XFe24 cell plates with one animal used
for each well. Plates were centrifuged and incubated for an hour at 37°C in a non-
COz2 incubator. Mitochondrial function was assessed using the Mito Stress Test
Kit. Basal media contained 25 mM glucose, 10 mM sodium pyruvate, and 2 mM
glutamate. The assay was completed using the manufacturers recommended
protocols with following injections: Oligomycin (5 pM), FCCP (5 pM), and finally
Rotenone/Antimycin A (2 yM/10 uM). Total protein per well was determined via
BCA and oxygen consumption rates were normalized to total protein for each well.
Normalized OCR was used to determine basal and maximal respiration, ATP
coupled respiration, proton leak, and spare respiratory capacity.

STATISTICAL ANALYSIS

Statistical analyses were performed using Graphpad Prism v9. All data are
expressed as the mean plus standard error of the mean (SEM) from at least three
independent experiments or animals. Comparisons between groups were
assessed using unpaired t-tests or Ordinary one-way followed by Dunett’s multiple
comparisons test where appropriate. Outliers were identified and excluded where
necessary using the ROUT method with a maximum desired false discovery rate

(Q) of 2%. For all comparisons, a p < 0.05 was considered significant.
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3.4 Results

Intermittent MCMYV infection exhibits delayed inflammatory cytokine expression in

the brain

Pathogen exposure and burden increase with age [146]. Using a
reductionist model, we examined how a single herpesvirus (CMV) can contribute
to accelerated hallmarks of aging and dementia. As CMV exhibits species tropism,
we used the well described Smith strain of murine CMV (MCMV) in our studies.
We employed a murine model that integrates intermittent infection and natural
aging (Figure 3.1.1A). In immunocompetent individuals, human CMV infection is
asymptomatic, or results in mild flu-like symptoms and general malaise. Our
murine model behaves similarly, exhibiting slight but significant changes in body
weight 2-3 days post infection (DPI), but rapid recovery equaling mock-infected
mice around 5 DPI (Figure 3.1.2B). Repeat MCMV exposures at 3-, 6-, and 9-
months post infection (MPI) do not result in significant changes in body weight
(Figure B1.1A). Additionally, there were no significant changes in weight at 1-MPI
(Figure 3.1.2C) and mice exposed to intermittent infection did not exhibit significant
changes in weight loss over 12 months (Figure B1.1B). Plasma IgM specific to
MCMV exhibited high concentrations immediately after initial infection at 7 DPI
(Figure 3.1.2D), but were reduced by 1-MPI. Subsequently, IgM concentrations
increased at 6 and 12 MPI. IgG concentrations correlated strongly with IgM plasma
concentration and significantly increased as a function of challenge number and
remained quantitively similar from 6-12 MPI (Figure 3.1.2E). All mock-infected

mice failed to elicit an antibody response against MCMV, confirming the infection
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status remained negative throughout our experimental timeline. To validate our
measured results were not the result of active infection, PCR analysis was
completed using salivary glands. MCMV can be detected at high viral loads in the
salivary gland [147]. At 7 DPI we observed high levels of UL123, a viral gene
expressed early during replication. Expression of UL123 decreases by 1-month
post infection (Figure B1.1C). There was no replicating MCMV detected in salivary
glands at 6- or 12-month timepoints suggesting a functional immune response and

establishment of MCMV latency.
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Figure 3.1.2 Intermittent MCMV infection exhibits delayed inflammatory
cytokine expression in the brain. (B) Weight change in mice over 1 week
following initial infection. (C) Weight of mock- (grey) and MCMV-infected (red) mice
at 1 month post infection. ELISA-derived concentration of MCMV-specific (D) IgM
and (E) IgG from plasma across time. (F) Heatmap of cytokine expression in
plasma and brain homogenate at 7 DPI, 1 MPI, and 12 MPI normalized to 7 DPI
mock infected measurements. Levels of IL-13, IL-6, interferon IFNy, TNFa, IL-
12p40, IL12-p70, CCLS5, and IL-10 from (G) plasma at 7 DPI (H) and brain
homogenate at 7 DPI, 1 MPI, and 12 MPI as measured by Bio-Plex. Graphs
represent pooled data from at least three individual animals. Mean * the SEM.

*, p<0.05;*, p<0.01; ***, p <0.001. Created with Biorender.com
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Previous reports have suggested that in MCMV models, pro-inflammatory
cytokine responses may inhibit the innate immune responses contributing to viral
pathogenesis [148, 149]. We observe differential expression of cytokines in
relation to infection frequency, time and the origin of the sample (Figure 3.1.2F).
In blood at 7 DPI, we observed significant upregulation of pro-and anti-
inflammatory cytokines including IL-18, IL-6, TNFa, IL-12p40, IL-12p70, CCL5 and
IL-10. (Figure 3.1.2G, Figure B1.1D). CCL5 has previously been identified as a
commonly increased chemokine following CMV infection [150, 151]. In contrast,
we did not observe increased inflammatory cytokine expression from brain
homogenates at the 7 DPI timepoint (Figure 3.1.2H, Figure B.1.2E). IL-12(p40)
and CCL-5 were the only differentially expressed brain cytokines at this timepoint.
Interestingly, both have been linked to Alzheimer's disease [152, 153].
Unexpectantly, at 1 MPI, we observed an elevated expression of inflammatory
cytokines similar to that measured in the periphery at 7 DPI (Figure 3.1.2H, Figure
B1.2E). At this timepoint, the inflammation in the periphery was resolved (Figure
B1.2F) However, at 12 MPI, after 4 MCMV challenges, inflammatory cytokine
levels in the brain are consistently lower in expression (Figure 3.1.2H, Figure
B1.2E). This pattern of cytokine expression is not observed in mock-infected mice
(Figure B1.3G). Based on these findings, we conclude that peripheral inflammation
results in a delayed inflammatory response in the CNS.

Intermittent MCMYV infection alters the transcriptional profile of brain cells

To understand the impact of fluctuating cytokine levels in the brain as a

function of age, single cell transcriptional analysis was completed on whole brain
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lysates at 12 MPI. We observed similar cell population distributions as expressed
by UMAP (Figure 3.2A). Additionally, we saw differential expression of genes
related to calcium signaling (Figure 3.2B), focal adhesion (Figure 3.2C), and
cellular processes related to intercellular signaling (Figure 3.2D). To confirm
observations from single cell transcriptional data we phenotypically and
metabolically assessed brain cells using spectral flow cytometry (Figure B2A,
B2B). At all timepoints examined, there were minor changes in brain cell
populations (Figure 3.2E, 3.2F, 3.2G). Significant increases in T-cell populations
in infected mice occurred, indicating enhanced extravasation from the bloodstream
into the neural parenchyma. Of the other cell types assayed there were no
significant changes between Mock and MCMYV infected animals. However, at 7-
DPI, we discovered increased proliferation rates in  activated
microglia/macrophages and T cells (Figure 3.2H). These were accompanied by
decreased proliferation in BMECs. Taken together, these findings suggest
expanding immune populations in response to initial infection or resulting
inflammation. At 1- and 12-MPI, only T-cell populations exhibit changes in
proliferation rate with a decrease at 1 MPI and an increase at 12 MPI (Figure 3.2,

3.2J).
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Differential expression of genes in the endothelial cell populations following KEGG
analysis of (B) calcium signaling and (C) focal adhesion pathways or Gene
Ontology analysis of (D) cellular processes. Population distributions as a
percentage of live cells isolated in mock- and MCMV-infected mice at (E) 7 DPI,
(F) 1 MPI, (G) 12 MPI as assessed by flow cytometry. Percentage of proliferating
cells in different cell populations as measured by Ki-67 positivity at (H) 7DPI, (1) 1
MPI, and (J) 12 MPI. Graphs represent pooled data from at least three individual

animals. Mean  the SEM. *, p < 0.05; **, p < 0.01; **, p < 0.001.
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Blood brain barrier metabolic pathways are rewired with increased MCMV

exposure

Our current data does not suggest that MCMYV infection in our model directly
infects the brain. Others have reported similar findings [62]. If peripheral MCMV
infection can influence changes in the brain, the initial site of interaction is the BBB.
Our Multiome data suggest that there is significant dysregulation of mitochondrial
pathways. These findings are consistent with literature associating mitochondrial
dysfunction and dementia [154, 155]. CMV has been reported to upregulate
glycolysis pathways during infection [14, 18, 128] and similar findings are reported
in AD brains [156]. Our group previously published that CMV infection induces
mitochondrial dysfunction in fibroblasts and glioblastoma cell lines [128]. Our
analysis of BMECs was split into two populations based on eNOS expression. We
identified a large population of BMECs that had high expression while a minority
exhibited low eNOS expression. We used glucose transporter 1 (GLUT1),
hexokinase 2 (HKII), translocase of the outer mitochondrial membrane 20
(TOMM20) and voltage dependent anion channel 1 (VDAC1) as proxies for
glycolytic and OXPHOS pathways (Figure 3.3A). Interestingly, at 7 DPI total and
eNOS low BMECs had elevated expression of GLUT1 (Figure 3.3B) contrasted
with a downregulation of GLUT1 at 1 MPI in total BMECs (Figure 3.3C) and
downregulation at 12 MPI in the eNOS high group (Figure 3.3D). Hexokinase
expression at 7 DPIl was unchanged (Figure B3A), decreased at 1 MPI (Figure
B3B), and only increased at 12 MPI in the eNOS low group (Figure B3C). Taken

together, initial infection appears to enhance glycolytic function, but that change is
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transient and trends towards decreased glycolytic function. In contrast,
mitochondrial pathways appear to favor enhancement at 7 DPI in VDAC1 (Figure
3.3E) and TOMM20 (Figure B3D) expression. At 1MPI VDAC1 (Figure 3.3F)
expression is decreased and TOMMZ20 (Figure B3E) is unchanged. By 12 MPI,
total BMECs and the eNOS high group have significantly upregulated VDAC1
expression which suggests increased OXPHOS function as VDAC1 is the primary
channel for ATP/ADP exchange in mitochondria (Figure 3.3G). Expression of the
protein transporter TOMM20 was upregulated in eNOS high groups at 7 DPI
(Figure B3D), unchanged at 1 MPI (Figure B3E), and downregulated at 12 MPI
(Figure B3F). Previous research has demonstrated that, despite having access to
sufficient oxygen, BMECs are highly glycolytic [157]. The 7 DPI timepoint suggests
that MCMV enhances this characteristic. However, by 12 MPI, these cells have
been reprogrammed to enhance OXPHOS as indicated by related protein
expression. The impact of these changes is unknown but they suggest altered

BMEC function and possibly BBB integrity.
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Hallmarks of mitochondrial dysfunction and oxidative stress are elevated in

BMECs intermittently exposed to MCMV

To better understand the impact of altered expression of metabolic markers,
we isolated BMECs from the BBB and completed Seahorse bioanalyzer analysis
(Figure 3.4A). At 1 MPI there were no significant changes to the OXPHOS markers
including mitochondrial basal respiration, proton leak, non-mitochondrial
respiration or mitochondrial ATP production rate (Figure 3.4B, 3.4C). Similarly,
there were no changes in maximal respiration, spare respiratory capacity or total
ATP production rate between mock and infected mice (Figure B4A). Intriguingly,
at 12 MPI, the basal respiration rate, the minimal work required by the mitochondria
to meet metabolic demand, was significantly increased in MCMV-infected mice
(Figure 3.4D, 3.4E). This suggests that BMEC mitochondria from infected mice
work harder to attain the same level of metabolic homeostasis as BMECs from
mock-infected mice. No changes in maximal respiration or spare capacity (Figure
B4B) were measured. Critically, we measured significant increases in proton leak
and non-mitochondrial respiration (Figure 3.4E) in BMEC from MCMV infected
mice, suggesting the presence of oxidative and mitochondrial stress. Mitochondrial
ATP production rate was not found to be increased (Figure 3.4E). Live cell
examination of mitochondria was performed by flow cytometry on CD31+ cells
isolated from the brain. No changes in mitochondrial mass were detected at 1 MPI
(Figure 3.4F) but increases were observed at 12 MPI (Figure 3.4G) suggesting
mitochondrial fission. Critically, mitochondria-specific superoxide was upregulated

at 12 MPI but not at 1 MPI (Figure 3.4H, Figure 3.4l). Together this data suggests
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intermittent MCMV infection decreases BMEC mitochondrial efficiency and

increases oxidative stress.
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on next page)



83

(A) Cartoon illustrating how mitochondrial function was measured in BMECs using
the Seahorse XFe24 MitoStress Kit. All samples were normalized to protein
concentration. Representative data output of BMECs from the (B) 1 MPI and (D)
12 MPI timepoints. Basal Respiration, Proton Leak, Non-Mitochondrial Oxygen
Consumption and mito ATP production rate were derived from the (C) 1 MPI and
(E) 12 MPI measurements. Mitochondrial mass was determined by flow cytometry
at (F) 1 MPI and (G) 12 MPI using nonyl acridine orange. Superoxide production
was assessed using mitoSOX Red at (H) 1 MPI and (1) 12 MPI. Graphs represent
pooled data from at least three individual animals. Mean * the SEM. *, p < 0.05;

**, p<0.01; ", p<0.001.



84

MCMYV infection metabolically rewires astrocytes as a function of age

We next asked if metabolic changes were restricted to the BBB or if
changes were occurring in the brain. Due to their close interactions and functional
cooperation with the BBB, astrocytes were further examined. Astrocytes uptake
metabolites and proteins from the BBB to supply nutrients to neurons (Figure
3.5A). GLUT1 in astrocytes is responsible for uptake of glucose from the
bloodstream [158] and AD patients have lower glucose levels in the brain [159-
161]. At 7 DPI and 1 MPI GLUT1 expression in astrocytes is unchanged between
mock and MCMV-infected mice but decreases at 12 MPI (Figure 3.5B). HKII levels
are significantly decreased at 1 MPI but are unchanged at 12 MPI (Figure B5A).

OXPHOS function, as indicated by the protein import channel subunit
TOMM20, demonstrated a significant decrease in expression at 12 MPI in the
MCMV-infected mice. TOMM20 expression is unchanged in A1 astrocytes at 7 DPI
but increases in A2 astrocytes (Figure B5B). However, by 12 MPI total astrocytes
showed decreased TOMM20 expression (Figure 3.5C), findings which were
echoed in both A1 and A2 populations (Figure B5C). These findings suggest that
mitochondrial function is altered due to infection burden. No changes in VDAC1
were observed (Figure B5D). An examination of mitochondrial mass and
superoxide production in ACSA-2 positive cells at 7 DPI found similar mass but
significantly less superoxide production in MCMV-infected animals (Figure 3.5D).
At 1 MPI both mass and superoxide production were similar in both groups of
animals (Figure 3.5E). By 12 MPI the mitochondrial mass of astrocytes in the

MCMV-infected mice was significantly decreased, however they were producing
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similar levels of superoxide (Figure 3.5F). These findings correlate nicely with the
decreases in TOMM20 however the similar levels of superoxide suggest that there
may be mitochondrial dysfunction. Global decreases in astrocytic metabolic
function, both glycolysis and OXPHOS, have been associated with AD and result

in insufficient metabolic support for neighboring neurons [162].
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Cognition is impaired with intermittent MCMV infection

An increased percent of live T cells was detected at 7 DPI, 1 MPI, and 12
MPI indicating increased extravasation from the vasculature (Figure 3.6A, 3.6B).
Further, phenotypical differences in T-cell populations isolated from the brain in
MCMV-infected mice as a function of time was recorded. In the 1 MPI| cohort, the
T cells had decreased expression of OXPHOS and glycolysis metabolic markers
relative to mock infected animals (Figure 3.6A). In the 12 MPI cohort, T cells had
higher expression of OXPHOS and glycolysis metabolic markers relative to mock
infected animals (Figure 3.6B). Additionally, these cells had significantly
decreased H3K27me3 expression suggesting a more transcriptionally active
population. The highly metabolic nature of these cells and retention in the
parenchyma despite the absence of active infection or inflammation suggest that
they represent a population of tissue resident T memory cells. Previous literature
using a similar MCMV model has described brain resident memory CD8 T cells
acting as inhibitors of MCMV reactivation [163]. The presence of resident memory
T cells in the CNS may contribute to disease progression as the CNS has
conventionally been perceived as an immune privileged environment.

To understand the physical manifestations of our collective molecular
results, we completed cognitive assays on all mice used in the above experiments.
Hot plate (Figure B6A) and passive avoidance (Figure B6B) assays were
completed to identify innate differences in nociceptive ability and fear-aggravated
learning. At 1 MPI (Figure B6C) and 12 MPI (Figure B6D), both groups exhibit

similar latency to behavior and number of behaviors demonstrating that their
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nociceptive capabilities are intact and similar between groups [142]. At both 1
(Figure B6E) and 12 MPI (Figure B6F), both groups exhibit near perfect retention
of learning after 24 hours. Indicative that fear-based learning events (shock) with
high salience are still able to be learned regardless of infection status. At 7 DPI, Y-
maze assessment of spatial working memory (Figure 3.6C) demonstrated very
similar number of alternations and spontaneous, correct alternations (Figure 3.6D).
At 1 MPI, MCMV-infected mice exhibited a significantly lower number of total
alternations, but no significant changes to spontaneous alternations (Figure 3.6E).
Interestingly, at 12 MPI (3 months after last infection), no difference in total
alternations was measured but there was a significant decrease in spontaneous
alternations, indicative of impaired spatial working memory (Figure 3.6F).
Additionally, we see a significant decrease with age when comparing 1 MPI
and 12 MPI mock infected mice (Figure 3.6G). These findings are in agreement
with previous studies of cognitive impairment in BALB/cJ mice in which cognitive
decline was first witnessed at 12 months of age [164]. We see an even more
significant decrease in cognition with infection status and age when comparing 1
MPI mock and 12 MPI MCMV infected cohorts. This suggests a synergy between

viral burden and age as they relate to cognitive decline.
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Figure 3.6: Cognition is impaired with intermittent MCMV infection.
Proliferation, epigenetic, and metabolic markers of CNS resident T cells were
examined using flow cytometry at the (A) 1 MPI and (B) 12 MPI animals (C)
Cartoon illustrating correct versus incorrect alternations in the Y-maze.
Quantification of number of alternations and percentage of spontaneous correct
alternations at (D) 7 DPI, (E) 1 MPI, and (F) 12 MPI animals. (G) Comparison of
spontaneous alternations examining the interactions between age and infection
status. (H) Diagram presenting the model of pathogen associated accelerated
cognitive aging. Graphs represent pooled data from at least three individual
animals. Mean + the SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Created with

Biorender.com.
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3.5 Discussion

Dementia, including Alzheimer’s Disease, are identified clinically, years to
decades after initiation and progression of disease. Pathogens and the resulting
immune response have been correlated to AD, but mechanistic evidence
integrating an infection model and aging is lacking. Here, we addressed the impact
of viral infection on hallmarks of AD pathology as a function of age. The data
demonstrate that intermittent CMV infection accelerates mitochondrial
dysfunctional and increases oxidative stress as a function of age. First, infection
increased basal mitochondrial function over time. Second, mitochondrial specific
ROS was elevated in aged CMV infected mice. Third, intermittent infection resulted
in enhanced cognitive decline.

We report that repeated CMV challenge impacts metabolic function of
endothelial cells in the BBB. The degree of functional change increases with viral
burden and age. How these changes are mediated continue to be investigated.
Metabolic pathways in BMECs are not altered during primary acute infection.
Instead, rewiring occurs incrementally with subsequent reinfections. Inflammatory
cytokines have been strongly associated with changes to BBB permeability [165].
We observed increased inflammatory markers in the blood at 7 DPI, but only minor
changes in the brain (Figure 1). In brain lysate, IL-12p40 was significantly
increased correlating with published data showing siRNA knock-down of IL-12p40
in SAMP8 mice ameliorated AD neuropathology [166]. II-12(p40) antagonizes IL-
12 function and upregulation is needed for efficient MCMV clearance [167]. CCL5

was also significantly increased and aids in migration of MCMV-specific CD8+ T
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cells [151]. CMV encodes a highly specific RANTES decoy receptor [150]
illustrating the importance of this cytokine during CMV infection. Both cytokines
continue to be significantly upregulated 1 MPI, possibly due to paracrine effects of
low-level viral persistence or residual viral products. At 1 MPI, we detect low levels
of MCMV replication in the salivary gland (Figure B1). IL-13 and TNFa have been
implicated in MCMV reactivation in vivo [168, 169] possibly establishing a cycle of
intermittent reactivation. We did not include assays to quantify MCMV reactivation
in this study design, but the significant increase in IgM levels at the 6 and 12 MPI
timepoints suggest that MCMV has recently reactivated in these cohorts. It has
been reported that CMV reactivates more frequently as a function of increased age
[170]. Inefficient control of MCMV reactivation by the immune system may explain
the emergence of subtle but significant changes at 12 MPI. Surprisingly, cytokine
concentrations are significantly decreased in MCMV infected mice at 12 MPI. Mice
were last exposed to MCMV 3 months prior to testing of cytokines so we expected
concentrations similar to mock conditions, but not lower concentrations. It is
possible that hypoactivation is driving low levels, suggesting dysfunction in one or
more glial populations. Alternatively, this may be a response to the delayed
expression of inflammatory cytokines seen at 1 MPI. It is also possible that anti-
inflammatory mechanisms are over stimulated. Collectively, all scenarios suggest
dysregulation of cytokine-associated mechanisms in the brain.

The BBB is the interface between the brain and the periphery and includes
BMECs, astrocytes, and pericytes that actively regulate the movement of proteins,

nutrients, ions, and small molecules. Systemic inflammation could exert effects on
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the BBB by affecting the BMECs. Our omics approach at the 12 MPI timepoint
indicated that the most significantly upregulated genes in BMECs were those
related to calcium signaling, focal adhesion, and cellular processes (Figure 2A-D).
Of note, MCMV treated animals significantly upregulated expression of claudin-5
(Cldn5). Claudin-5 is the dominant tight junction protein in the BBB. Upregulation
of transcription may indicate impairment of tight junction formation or maintenance
in endothelial cells. Our metabolic profiing of BMECs indicated a significant
decrease in GLUT1 expression at 12 MPI. This is an area of active exploration in
our lab. Glut1 is the main mediator of glucose uptake for the brain and alterations
have been shown to initiate BBB changes, altering tight junction integrity [171].
Reduced GLUT1 may be indicative of reprogrammed BMEC metabolism, shifting
dependency to OXPHOS which explains increased basal respiration in 12 MPI
mice. This would be similar to a recent report showing CRISRP-Cas9 GLUT1
truncation decreased BMEC bioenergetics and negatively impacted neuro
angiogenesis [172]. Expression of claudin-5 has been shown to decrease in
parallel with GLUT1 following suppression of the Wnt/B-catenin pathway [173]. Our
previous research has demonstrated that CMV infection dysregulates this pathway
[174, 175], providing a possible mechanism for these changes.

In addition to the glycolytic changes discussed above, mitochondrial
function is significantly altered in MCMV infected BMECs at 12 MPI. VDAC1, the
primary channel for the exchange of ADP for ATP through the mitochondrial
membrane is intrinsically linked to both the metabolic and the apoptotic functions

of mitochondria. The increases in VDAC1 expression and mitochondrial mass with
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age and infection suggests increased dependence on OXPHOS, however our
Seahorse data demonstrate minimal change to mitochondrial ATP production.
Intriguingly, VDAC1 has been reported to be elevated in the brains of AD patients
and in APP transgenic mice [176, 177]. In the context of AD, VDAC1 is required
for AR uptake and apoptosis [178]. Our VDAC1 observations may coincide with
hexokinase-influenced glycolytic changes mediating BBB activity [179]. Our model
correlates strongly with these studies and demonstrate that further studies
exploring VDAC1 function in our model are warranted. Decreased TOMM20
expression was also observed. TOMMZ20 is responsible for the import of proteins
targeted to the mitochondria. A Parkinson’s Disease model provided evidence that
overexpression of TOMM20 protected against a-synuclein-induced mitochondrial
dysfunction and subsequent neurodegeneration [180]. Based on these
observations, decreased TOMM20 levels in our model may suggest impaired AR
clearance due to dysfunctional mitochondrial transport functions.

Diminished glycolysis and increased OXPHOS has previously been
reported using a senescence BMEC model related to aging [181]. Uncoupling of
the ETC may explain the increased proton leak and play a protective role by
mitigating ROS production and therefore oxidative damage [182]. Elevated
endothelial cell activation driven by increased ROS production in the absence of
increased ATP production has been reported [183]. Most intriguing is the detection
of increased mitochondrial specific superoxide (Figure 4). ROS has been well
documented to contribute to neurodegenerative disorders [184] specifically

neuronal death due to AR accumulation [185]. The increased total mitochondria
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measurement suggest mitochondrial fission has occurred. This is likely due to
metabolic stress and can be induced by CMV infection [186]. It would be interesting
to define the impact on mitophagy to understand if damaged mitochondria
remaining in the BBB further contribute to BBB functional changes and progression
of AD related pathologies.

Astrocytes, the abundant glial cells whose endfeet reinforce the BMEC tight
junctions in the BBB, act as the primary nutrient uptake agents for the brain. Similar
to BMECs, astrocytes expressed significantly decreased levels of GLUT1 at 12
MPI. Astrocytic glycolysis is essential for neuron health as glycolysis-derived
lactate is taken up by neurons and used as OXPHOS fuel in their axon terminals.
Studies have demonstrated that astrocytic glycolysis decreases with age and is
thought to contribute to AD-related impairments [187]. Additionally, astrocytic
lactate is critical for providing neurons with the energy needed to form memories
[188]. The impact of reduced glucose supply across the BBB into the cerebral
parenchyma was not investigated in our model but may play a critical role linking
metabolic rewiring to cognitive changes via reduced nutrient availability to neurons.
Measuring glucose and lactate concentrations in memory centers of the brain may
provide key insights linking intermittent infection with accelerated cognitive decline
in our aging model.

The increased presence of T cells in the brain with intermittent infection and
age is largely unexplained with our approach. We do not detect chronic
inflammation in the periphery or the brain. A leaky BBB would provide increased

and easier access for T cells to cross the BBB, but the reason for their recruitment
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and persistence is unknown. These changes correlate with infection, but this alone
does not fully explain our results. The highly metabolic nature of these T cells
(Figure 6) suggest that they may be tissue resident T cells. Murine polyomavirus
infection has been reported to produce a set of brain resident memory T cells [189].
Similar results were observed in Vesicular stomatitis virus (VSV) treated mice and
it is thought that their persistence in the CNS may be problematic in an
environment unaccustomed to immune surveillance [190]. However, these viruses
are neurotropic and CMV has significant difficulty crossing the BBB in mature
immunocompetent hosts [62].

The most compelling results linking our molecular results with a physical
outcome are our cognitive function behavior tests. Foot-shock based passive
avoidance test results were very similar between animals at all timepoints
indicating the ability to learn fear-based, high salience stimuli effectively. An aging
study in BALB/C mice only found significant differences in passive avoidance
cognition beginning at 24 months of age [191], so our findings at 12 months were
expected. We employed the Y-maze as a measure of spatial working and
reference memory. Successful alternations between arms indicate an intact
working memory and by extension suggest intact medial pre-frontal cortex and
hippocampal functions. At 1 MPI MCMV-infected mice trend towards a decreased
percent of correct alternations in the maze, possible due to lingering sickness
behavior (Figure 6) or resulting from the impact of increased pro-inflammatory
cytokines in brain (Figure 1). These events cannot explain the cognitive decline

observed at 12 MPI as there is a decreased concentration of pro-inflammatory
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cytokines (Figure 1). Similarly, the age-related motility can be disregarded as both
mock and MCMV-infected animals exhibited similar number of alternations in the
same timeframe. The significant decrease in cognitive function when merging the
cofactors age and infection (p = <0.01 when comparing 1 Mo Mock to 12 Mo
MCMV) strongly points to a synergy between CMV infection and age. A study in
BALB/c mice was first able to detect cognitive decline using the Y-maze when
comparing 4 month old mice to 12 month old mice [164]. The fact that we detected
impaired cognition with age matched controls at the 12 MPI timepoint strongly
suggests that MCMV infection accelerates cognitive decline. CMV seropositivity
has previously been associated with numerous pathologies including breast and
brain cancers [32, 33, 37] suggesting it may play an oncomodulatory role in cancer
development and/or progression. Anti-viral therapy targeting CMV has been used
to treat patients with glioblastoma and has been shown to increase both overall
and progression-free survival [49, 87]. We have demonstrated that systemic
inflammation produces a delayed neuroinflammatory response which may be an
initiation event for accelerated cognitive decline. We have linked these changes to
altered metabolism in BMECs and enhanced production of ROS suggesting that
oxidative stress may be a culprit for accelerated disease progression. MCMYV is
our model pathogen, however, any pathogen which produces transient systemic
inflammation has the potential to contribute to cellular aging. It is the additive
nature of these pathogen exposures over time which we suspect synergize with

myriad other factors to accelerate aging and disease pathology.
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3.6 Limitations

Our experimental design does include limitations. We attempted a
reductionist approach in which our animals were repeatedly exposed to a single
pathogen, very dissimilar to the myriad pathogens experienced throughout life. We
also employed a mouse model which is phenotypically “normal” with respect to
many of the risk factors strongly correlated with the development of dementia or
AD. Our goal was to determine if repeated infection, mimicking the intermittent
reactivation of CMV that occurs throughout life, without any other complicating
factors, could lead to markers of AD pathology. For this study we did not measure
AB plagues or accumulation of tau tangles, hallmarks of AD. Further, it is unknown,
and likely variable, how frequently CMV reactivates in an immunocompetent
individual. Our model assumes a single reactivation each decade. This study also
used female mice only, future studies will include males to compare results from
current models of dementia and aging [164]. Many of our assays used whole brain
or a hemisphere. Despite the generation of exciting data, a region-specific analysis
would be of great benefit to further understand how intermittent infection is
impacting specific areas of the BBB. Applying this model to transgenic animals
predisposed to AD development would provide additional insight into specific cell
populations or molecular pathways that change over time. These are all

approaches currently being considered by our team.
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3.7 Conclusions

In summary, our data demonstrate that intermittent CMV infection alters
metabolic pathways in the BBB and accelerates cognitive decline. This model
makes use of a genotypically and phenotypically normal mouse strain with no
predisposition to cognitive deficits or dementia pathology. Importantly, the
intermittently infected mice, even at the latest timepoint, appear and behave just
like the mock infected animals. At 14 months of age, these animals are middle
aged at which point the human development of dementias would still be in the pro-
dromal, symptomless phase. Similar to the course of human disease, the MCMV
mice are indistinguishable from their controls. Thus our model demonstrates a
synergy between infection burden and age as contributing factors in AD
progression. Our work strongly supports a role for pathogens as risk factors in

dementia related pathologies.
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

4.1 Conclusions

Initially we focused on the impact of in vitro metabolic changes in a
glioblastoma (GBM) cell line following infection with cytomegalovirus (CMV). We
also wanted to determine the potential those changes had to alter the extracellular
environment to the benefit of the tumor. We reported metabolic reprogramming
which closely mirrored previous findings in other cell lines, notably enhanced rates
of glycolysis and oxidative phosphorylation. These results compliment a study by
Liu et al. which demonstrated that primary GBM cells exhibit a stem like phenotype
which may enhance their ability to evade chemotherapy [107]. This metabolic
reprogramming represents one way in which CMV infection may function in an
oncomodulatory manner. Alterations to metabolic profile may allow tumor cells to
make better use of the nutrients in the extracellular environment thus providing
significant metabolic flexibility and enhancing their resilience to challenging
environments.

We also found that infected cells were able to communicate with
neighboring cells resulting in alterations to their metabolic and epigenetic

landscape. These findings may seem banal, however, these changes occurred in
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the absence of viral transmission. This research demonstrated that it would only
require a small population of CMV infected cells to produce significant effects
within the tumor microenvironment and on neighboring cells. In order to investigate
the extent to which CMV infected cells could alter organism-wide metabolic
pathways we employed a murine model of aging.

We hypothesized that repeated exposure to a pathogen, mimicking the
reactivation seen with CMV and other herpesviruses throughout life, would result
in minor changes in the animal in the short term. However, we anticipated that the
repeated nature of these insults would compound over time, eventually leading to
accelerated cellular aging. Our pathogen exposure model of aging represents a
powerful tool for targeted discovery of pathogen mediated changes to the immune
system as well as specific organ function. For the purpose of this dissertation we
focused on results relating to the brain and cognitive function.

By examining three cohorts of animals (active infection, 1 month post
infection, and 1 year post initial infection with re-infection every 3 months) we were
able to characterize the immune and neuroimmune responses over time. We found
that during active infection, there was an initial systemic inflammatory response
which was absent in the CNS. However after 1 month, following resolution of the
initial infection, there was a delayed inflammatory response in the CNS which was
paired with enhanced leukocyte extravasation into the brain parenchyma. These
findings suggest that MCMV induced peripheral inflammation is able to produce

effects within the CNS.
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As the interface between the periphery and the central nervous system, the
blood brain barrier (BBB) actively controls the movement of cells, proteins, ions,
and small molecules into and out of the brain. Extensive research has
demonstrated that circulating pro-inflammatory cytokines have detrimental effects
on BBB integrity. Thus, our focus moving forward relates specifically to cells of the
BBB. To examine transcriptional changes in brain at the 12 MPI timepoint, we
employed single-cell Multiome ATAC and gene expression sequencing. Our initial
analysis of this data focused on the brain microvascular endothelial cells BMECs.
In this population, we found significant upregulation of genes related to focal
adhesion formation and BBB repair suggesting some degree of BBB dysfunction.

Next, we employed Seahorse Metabolic Analysis to examine the metabolic
profile of live BMECs isolated from brains following sacrifice. BMECs from MCMV
infected mice at 12 MPI demonstrated enhanced basal respiration, mitochondrial
mass, and increased superoxide production. However, despite working harder,
and having more mitochondria, there were no changes to mitoATP production rate,
suggesting mitochondrial dysfunction. Additionally, though a certain level of ROS
production is essential for proper cellular signaling, excess ROS production can
cause oxidation of proteins, DNA, and lipids. Oxidation of these substrates can
alter protein function, induce nucleoside base changes, and cause DNA strand
breaks leading to significant cellular and mitochondrial damage.

As the most metabolically demanding organ, accounting for about 25% of
the total glucose use, the brain is susceptible to damage caused by dysfunction of

the BBB. The BBB represents the primary interface between the brain and the
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body and proper function allows for the transport of glucose from the circulatory
system to cells within the brain. Persistent dysfunction of the BBB as we have
previously described in our BMECs could produce significant changes in cognition.

Astrocyte end feet surround and reinforce the endothelial tight junctions in
the BBB. Through these end feet they regulate the uptake and dispersal of
metabolites in the CNS. Astrocyte uptake of glucose and subsequent glycolysis
produce large amounts of lactate which astrocytes release into the extracellular
environment. This lactate is taken up by neighboring neurons and employed as an
energy source by mitochondria in their axon terminals. Lactate is converted to
pyruvate and funneled into the TCA cycle, powering oxidative phosphorylation in
a metabolic transport paradigm known as the astrocyte-neuron lactate shuttle. It
has been demonstrated that this lactate is critical for powering the neuro-energetic
demands underlying learning [188]. Our findings demonstrate decreased GLUT1
expression in astrocytes following MCMYV infection at the 12 month timepoint. This
may result in a paucity of lactate production to fuel synapse formation and
maintenance by neurons, providing an additional potential mechanism for
accelerated cognitive impairment.

To examine cognitive function, we employed a bevy of behavioral assays.
We were able to demonstrate that repeated MCMV infection produced significant
cognitive deficits in short-term and spatial-working memory. This was observed at
“‘middle age” in a mouse strain that is not predisposed to cognitive dysfunction. In
fact, it was only at 12 months of age that researchers were able to identify cognitive

deficits in BALB/c mice as compared to young (4 month old) mice [164]. We were
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able to observe significant differences at the same age but in comparison to age-
matched, uninfected mice further strengthening our findings. Esquivel et al. noted
that elevated levels of oxidative damage to proteins of the brain were present in
aged mice and likely accounts for their cognitive decline. Paired with the increased
ROS production we saw in our BMECs, normal aging in conjunction with MCMV
infection related oxidative stress may be directly related to accelerated cognitive
decline in these animals.

Our long term pathogen exposure and aging paradigm produced some very
interesting changes in both the blood brain barrier and in cognitive function of mice.
Thus far, we have demonstrated that these persistent infection events have a
cumulative, and possibly synergistic, effect on cognition even in middle aged mice.
The presence of mitochondrial dysfunction and increased ROS production in
BMECs suggest that BBB dysfunction may be a mechanism behind this
accelerated cognitive decline. Therapeutics designed to enhance the antioxidant
response of cells may provide protection against age- or pathogen-related
cognitive decline. Our model provides a simple platform to test this hypothesis and
others. Findings from these experiments and others may enable future generations
to avoid or mitigate cognitive decline leading to enhanced quality of life at

advanced age.
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4.2 Future Direction 1: CMV-mediated changes in metabolite secretion
following infection.

Mechanistically we have we have already proposed that elevated lactate
secretion from infected cells may result in metabolite transfer to neighboring
OXPHOS dependent cells, in a mechanism akin to the astrocyte-neuron lactate
shuttle. Changes to the metabolic milieu of microenvironment can easily result in
alterations in the metabolic profile of cells. As one metabolite becomes abundant
and another scarce, cells adjust their metabolic profile to suit the environment. In
the case of increased extracellular lactate, cells are capable of taking up lactate
via monocarboxylate transporter 1 (MCT1) and, employing a lactate
dehydrogenase, to convert said lactate to pyruvate for use in the citric acid cycle.
In cancer, lactate transfer from highly glycolytic to highly oxidative cancer cells
allows the cells to mutually optimize tumor growth [192].

In addition to lactate uptake by MCT1, extracellular lactate acts as the ligand
for a Gi-coupled g-coupled protein receptor, GPR81 (HCAR1). Activation of
HCAR1 promotes a host of metabolism mediated signaling cascades including
PKA, PI3K, and ERK1/2 activation ultimately leading to metabolic changes,
proliferation, and survival induced by CREB phosphorylation [193, 194]. MCMV-
mediated increases in extracellular lactate possess the ability to produce wide-
ranging effects in both normal and cancerous cells. The viral benefit to these

changes would make an interesting topic of research.
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4.3 Future Direction 2: CMV-mediated changes in intracellular
communication following infection.

As previously noted, metabolic and epigenetic alterations occurred in cells
in close proximity to CMV-infected cells in the absence of viral infection. However,
we are still unclear about the mechanisms that underly these changes. We heat
inactivated CMV conditioned media and found that it was still able to produce
similar metabolic and epigenetic effects on uninfected cells. These effects were
blunted relative to non-heat denatured treatment groups but this indicates that at
least a portion of the changes can be attributed to protein signaling.

Intercellular signaling is an incredibly complex process. Historically, it was
thought that the vast majority of this communication was mediated by secreted
proteins, cytokine and chemokines, and their receptors. However, since their
discovery in 1983, the release of extraluminal vesicles, termed extracellular
vesicles (EVs), was found to be a potent intracellular signaling mechanism [195,
196]. Unlike cytokines and chemokines which present a limited signal (activation
of one RTK for instance), EVs can transfer proteins, micro-RNA, metabolites, and
even mitochondria between cells allowing for activation of numerous signaling
cascades and control of transcription and/or translation. While cytokines are
subject to diffusion dilution (decreased concentration with increased distance from
source) an EV can have the same impact on a cell immediately adjacent to- or a
cell distant from- the source cell. This has been powerfully demonstrated by
research showing exosome-mediated priming of the pre-metastatic niche and

eventual metastasis of cancers [197].
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With respect to CMV, could EV-mediated signaling be priming adjacent or
distant cells for eventual infection? Could they represent a mechanism for CMV-
infected cells to search out immune privileged niches more amenable to infection
and replication? An understanding of the cargo present in EVs is critical to
understanding the function of CMV-derived EVs. A full characterization of the
protein, miRNA, and mRNA complement of these EV's in comparison to uninfected
controls would provide valuable knowledge about the impact of CMV on the host
as an organism, instead of just a cell. This may pave the way for new therapeutics

and insights into the effect of CMV on aging, metabolism, and viral dissemination.

4.4 Future Direction 3: Investigating targeted areas within the murine brain.

Perhaps the largest current failing of this current research model is the fact
that all of our assays are focused on global changes in the mouse brain. The neural
cytokine, flow cytometric, and even the BMEC seahorse assay make use of whole
brain homogenates. As such, we are likely masking significant changes that are
occurring in smaller compartments within the brain. For instance, we observe
cognitive decline in spatial working memory with our aged, MCMV infected mice.
Spatial working memory has largely been attributed to both the hippocampus and
the medial prefrontal cortex [198].

A relatively simple method to address this failing would be to dissect out
specific brain regions prior to Bio-Plex or flow cytometric processing. This would
allow us to examine the function of glia and infiltrating cells in regions directly

related to our behavioral assays. Alternatively, formalin fixed paraffin embedded
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hemispheres can be examined histologically to reveal focal changes within the
brain. This would additionally provide us with the ability to observe critical
morphological and functional changes in situ. The added strength of this approach
is that we would be able to follow changes as they accumulate over time and
examine how they are affected by repeated pathogen exposure.

Another benefit of this approach would be the ability to identify which cells
and cell types are actively or latently infected with MCMV at these timepoints.
Previous studies have demonstrated infection of endothelial cells and the
neighboring pericytes. This may account for the BBB changes we see at later
timepoints. Confirmation of these findings would strengthen our understanding of

the systemic effects of MCMV.

4.5 Future Direction 4: Examination of the impact of mitochondria-derived
reactive oxygen species on aging and/or cognitive decline and development
of therapeutics.

Our findings largely implicate mitochondrial metabolic dysfunction and the
production of excess superoxide for harmful effects on BMECs and other glial
populations. Excessive ROS production can lead to numerous changes in cell
function and survival. These changes may result in the accelerated cognitive
decline we see with our MCMV mice at 12 MPI. To test this hypothesis, we would
need to find a way to enhance the animal’s antioxidant response or reduce the
ability of their mitochondria to produce superoxide. A transgenic mouse line exists

which expresses alternative oxidases (AOX) in the ETC while maintaining
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essentially normal physiology [199]. In this model electrons are transferred from
ubiquitinol to oxygen without requiring proton transport across the mitochondrial
membrane. Importantly, this allows for normal mitochondrial function while
reducing reactive oxygen species production. Employing this transgenic strain
would allow us to test the hypothesis that enhanced ROS production by MCMV-
infected cells is responsible for the advanced cognitive decline witnessed in our
mice.

Increased oxidative stress has long been described as a major component
of cellular aging. This is largely the result of two age-related changes, increased
ROS production and decreased expression of antioxidant enzymes [200].
Cumulatively, these changes have been correlated with numerous age-related
pathologies such as neurodegenerative disease. As previously noted, Esquivel et
al. demonstrated that cognitive decline in BALB/c mice was accompanied by
enhanced oxidative damage to proteins in neural cells [164]. Our pathogen
exposure-aging model provides us with a robust system in which to test potential
therapeutics. By employing sensitive animal behavior assays to measure cognitive
function, we can quantify and qualify cognitive decline as we manipulate oxidative

stress in the organism.

4.6 Final Thoughts
Overall, the research presented here provides evidence that repeated
exposure to a pathogen, such as CMV, can produce significant long-term effects

which are compounded by advancing age. Considering the innumerable



110

pathogens organisms experience throughout life it seems prudent to examine the
effects that they have on aging. This aging pathogen model offers great flexibility
to examine any number of pathogens. Findings from such research has great
potential to improve the quality of life of an ever aging population.

It has been a great honor to optimize these assays and establish a model
which has such potential to generate some truly amazing discoveries. | look
forward to seeing the project evolve as bright new graduate students push this

project further than | could ever imagine.
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER 2
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Figure A1 HCMV infection of LN-18 cells increases glycolysis and oxidative
phosphorylation ATP production. OCR and PER were measured at 72 and 120
hours post infection using the Seahorse XFe24 Real-Time ATP Rate Kit. (A) XF
ATP Rate Index, (B) % Glycolysis, and (C) % Oxidative Phosphorylation were
derived from the measurements illustrated in Figure 2A. All samples were
normalized to cell number. Graphs represent pooled data from three independent

experiments. Mean + the SEM of at least 3 triplicates. *, P < 0.05.
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Figure A2 HCMV infection increases oxidative phosphorylation. OCR was
measured at 72 and 120 hours post infection using the Seahorse XFe24
MitoStress Kit. (A) Non-Mitochondrial Oxygen Consumption, (B) ATP Production,
(C) Spare Respiratory Capacity, and (D) Coupling Efficiency were derived from
these measurements. All samples were normalized to cell number. Graphs
represent pooled data from three independent experiments. Mean + the SEM of at

least 3 triplicates. *, P < 0.05.
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Figure A3 Gating strategy for flow cytometric analysis of HCMV infected
cells. (A) Representative flow cytometry gating strategy. (B) Mitochondrial
membrane potential was quantified using MitoTracker Deep Red, a carbocyanine
dye that does not rely on oxidation to become fluorescent but is dependent on
mitochondrial membrane potential for its sequestration. (C) Cytoplasmic ROS was
labelled with CellROX Orange and analyzed by flow cytometric analysis. Graphs
represent pooled data from three independent experiments. Mean + the SEM of at

least 3 triplicates. *, P < 0.05; **, P < 0.01.
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Figure A4 The ECAR was measured at 72 and 120 hours post infection using
the Seahorse XFe24 Glycolysis Stress Kit. (A) Non-glycolytic acidification and
(B) Glycolytic Reserve were derived from these measurements. All samples were
normalized to cell number. Graphs represent pooled data from three independent

experiments. Mean 1 the SEM of at least 3 triplicates.
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Figure A5 HCMV infection downregulates expression of key lactate
regulatory genes. LN-18 cells were mock infected or HCMV infected and RNA
was collected at the indicated timepoints following infection. RT-gPCR was
conducted and fold changes relative to mock infected cells were calculated using
the delta-delta Ct method. Following infection, cells displayed decreased gene
expression for two key lactate transporters (A) MCT1 and (B) MCT4; and the two
lactate dehydrogenase subunits (C) LDH-A (D) LDH-B. (Figure legend continues

on next page)
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(E) RNA-sequencing was conducted on G44 cells either mock-infected or 72 hours
post HCMV infection. Graphs represent pooled data from three independent

experiments. Mean + the SEM of at least 3 triplicates. *, P < 0.05; **, P < 0.01.
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER 3

Table B1: Antibodies and Assays

REAGENT or RESOURCE [soURCE [IDENTIFIER
Antibodies
Rat monoclonal anti-Ki-67 {cione 11F8) BioLegend g;‘fn_'fézgg:m a8
Rabbit recombinant anti-TOMM20 (clone EPR15581- abeam Cat# ab186735,
54) RRIDAB 2885472
Rabbit polyclonal anti-GBP2 Biorbyt Cat# orb7 63167
Rat moneclonal anti-CD3 (clone 17a2) BioLegend 3%%-'5323;&;; -
Rat monoclonal anti-CD31 (clone 390) BioLegend g;%_‘fg“g;mz
Rat monoclonal anti-CO11b (clone M1/70) BioLegend ggtrufé%
Rat menoclonal ant-CD206 (clone COG8C2) BiolLegend ggﬁﬁui:é?ggé&m
. Cat# 109857,
Mouse monoclonal anti-C045.2 (clone 104) BioLegend RRIDABR 2832376
Cat# sc-376751,

Mouse monocional anti-NOS3 'Santa Cruz Biotechnology

RRID:AB_2832203

Mouse monocional anti-GFAP (clone spm248) MNovus Biologicals Cat# NBP2-34401AF532

Rabbit monoclonal anti-Tri-Methyl-Histone H3 (Lys27) Cats 40724,
{clone C36811) Cell Signaling Technology |ooin-ap 2759182
M . } . . Cat#t 35-2500,
ouse monoclonal anti-Claudin 5 (clone 4C3C2) Thermo Fisher Scientific RRIDAB 2532200
Rat monacional anti-Nos2 (clone W16030C) BioLegend E?Daﬁ?gﬁg;ﬁm?
Rabbit recombinant anti-Hexokinase Il (clone s beam Cat# ab228819,
EPR20839) RRID:AB_2868547
Rat moneclonal anti-CDBE (clone PO3.3) Miltenyi Biotec E?D'ﬂ';wswﬂg{,
Rat monoclonal anh-ACSA-2 (clone IH3-18A3) IMiltenyr Biotec RRID?& 121;2:?93?&
Rabbit monocional ami-Glucose Transporter GLUT1 - Cats ab1§502|1
(clone EPR3915) RRID:AB 2783877
Rabbit polyclonal anti-COM63M130 Bioss RRIDb::S‘IiBFgﬁmE
Mouse recombinant anti-S100A10 biotechne Cat# FAB23TTN
Cat# ab14734,
Mouse monaclonal anti-VDAC1/Pornn (clone 20812)  |Abcam RRIDAR 443084
Mouse monocional anti-NG2 (clone G-9) Santa Gruz Biotechnology EE?D?:-B‘EE?B%SQ
Rabbil Anti-mouse IgG AP Sigma A1902
Goat Anti-mouse IgM AP Southern Biotech Cat# 1021-04
Critical commercial assays
Micrg BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23235
Bio-Plex Pro Mouse Cytokine Grp | Panel 23-Plex Bio-Rad Cat #MED0DSRDPD
Bio-Plex Cell Lysis Kit Bio-Rad Cat #41049201
Chromium Next GEM Single Cell Muliome ATAC +
Gene Expression Reagent Bundle 10X Genomics Cat #1000283
MNextSeq 2000 P3 Reagents (100 Cycles) llllumina Cat #20040559
High Sensitivity DNA Kit Agilent Cat #5067-4526
Seahorse Mito Stress Test A gilent Cat #103015-100
RMeasy Mini Kit (250) Qiagen Cat# 74108
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[Virus strains

|Murine Cytomegalovirus Smith Strain | aTCC | vR-1389
hemicals, peptides, and recombinant proteins
Cell Signaling

Collagenase |1 Technologies CST ¥77336
Sodium Carbonate Sigma S2127
Sodium Bicarbonate Sigma S887S5
Sodum Azide Sigma S2002
Magnesuim chioride hexahydrate Sigma M2773
Diethanclamine Sigma DEges

1, Kappa from muring myyelomsa Sigma MEZE0
IgM, Kappa from murine myeloma Sigma M3TE5
4-Mitrophenyl phosphate disodium salt hexahydrate Sigma MN2TES
Percoll PLUS Cytiva #17544502
Diase 1 Worthington Biochem LS006333
Ketaset Zoetis
AnaSed LA Vet One 13985-704-10
|Bovine Serum Albumin Sigma Aldrich A4 810005
iScript cOMA Synthesis Kit |Bio-Rad Cat #1708891
SsoAdvanced Universal SYBR Green Supermix |Bio-Rad Cat #172527
Live/Dead Fixable Yellow dead cell stain |Therma Fisher Scientific L34958
Eriliart Stain Butfer Plus |20 Biosciences Catif 566385
eBioscience leaMansnmabillzatmn Concentrate Invitrogen Cat¥ 00-5123-43
|eBmmme Fixation/Permeatiization Dileri Irvitrooen Cati 00-5223-56
|_eElmmeru:e Permeabiizaticn Buffer (10X) Irmit Cat# 00-8333-56
Peroxiguard Disinfectant |Lighthouse Life Sciences
UltraComp eBeads Plus Compensation Beads Irvitrogen Caty 01-3333-42
Seahorse XF DMEM medium, pH 7.4, 500 mlL ilent 103575100
DMEM, high glucose I%enm 11965092
Fetal Bovine Serum Premium Select |R&D Systems S11550
Tween-20 [Fisher Scientific BP337-500
Certified Molecular Biology Agarose |Bio-Rad Cat #161-3100
Sx DA Loading Buffer Blue Ihllencnan Biogcienoe Cat #810-37045
SYBR™ Safe DNA Gel Stain Therma Fisher Scientfic  [Cat# S33102
ACK Lysing Buffer Thermao Fizsher Scientific Caté A1045301
UltraPure™ 0.5M EDTA, pH 8.0 Therma Fisher Scientific Cat¥ 15575020

—_— e

ELTS%X Blue Nucleic Acid Stain - 5 mM Solution in Thermo Fisher Scientific S11348
|MitoTrackar™ Red FM Dye, for flow cytomelrny Therma Fisher Scientific M46751
mﬁél::}::n*::&mhmunal Superoxide Indicators, for Themno Fisher Sceniiic  IWa6008
g‘m‘i a‘:ﬁ' idine Orange (Acridine Orange 10-Nonyl Ly o Fisher Scientific  JA1272
GlustaMAX Supplement [Thermo Fisher Sciertific | 35050061
16% Formalderyde Solution Methanol-Free Therma Fisher Scientific Cat¥ 28006
Iélfg:n;r:ﬁ:ar:emﬂlm (Certified Biological Stain), Fisher Fisher Scientific M291.25
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Experimental models: Cell lines

(M2-1084 - [aTcC [CRL-1972
Experimental models: Organisms/strains _

Mouse: BALB/CANNCY |Charles River [Oder # 028
|Oligenucleotides

ORI CCARCT CCAACTAC S Griedl etal. 2017)

Frimer. m3684 Reverse |

5.ATCTGCTGCATCTGCTIG 3 Grieasl et al. (2017)

Primer: mUL123 Forward Tang-Feldman et al
S-TCAGCCATCAACTCTGCTACCAAC-S (2006)

Prmer. mUL123 Reverse Tang-Feldman et al
5-ATCTGAAACAGOOGTATATCATCTTG-3' (2008)

Software and algerithms

GenSva 11 Agilent

Wave v2.6.1.53 Agilent

|ANY-maze vi 0 AMY-maze

CFX Maestro wd 1,2433.1219 |Bio-Rad

Bioplex Manager v6.1 |Bio-Rad

SpeciroFle v3.0 |Cytek

Prism 2.4.1 |GraphPad

Biorender |Ricrender com

Cell Ranger ARC v2.0.0 10X Genomics

Loupe Cell Browser _ 10X GEnomics

FCS Express 7 Research Edition w7 140020 |De Movo Software

FACSDiva va .0 |BD Biosciences

Other

\genteMACS C-tube Miltenyi Biotec 130096334
|gentieMACS Dissociator Miltenyi Bictec 130-083-235
Passive Avoidance Chamber and Shock Control Maze Engineers

Hot Plate Maze Engineers

Ef:‘lnlr;ul Company 3389 Vanable Speed Peristaltic Mitchell Instrument Co CNC-3380
Cytek Aurgra Cylek

llumina MextSeq 2000 lllumina

2100 Bicanalyzer Agilent

Synergy HTX Agilent BTSILFTA
Seahorse XFel2d Analyzer Agilent

40575 Microplate Washer Agilent Catt 40515
Big-Plex 200 System with HTF |Bic-Rad #171-000205
[Bio-Plex Pro™ VWash Station [Bic-Rad |#30-034376
CFX Connect Real-Time PCR Deteclion System |Bio-Rad Cati 1855201
iMark Microplate reader |Bic-Rad Cat #1681135
LSRFortessa Flow Cylometer |BD Bicsciences
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Figure B1.1 Intermittent MCMV infection exhibits delayed inflammatory
cytokine expression in the brain. (A) Weight change in mock- (grey) and MCMV-
infected (red) animals through 7 DPI from initial infection through the 9 month

infection. (Figure legend continues on next page)
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(B) Monthly weight of animals from initial infection through 12 MPI. (C) Agarose
gel displaying UL123 qRT-PCR products from salivary glands at 7 DPI, 1 MPI, 6
MPI, and 12 MPI. Levels of IL-1q, IL-2, IL-3, IL-4, IL-5, IL-9, IL-13, IL-17, CCL11,
G-CSF, GM-CSF, CXCL1, MCP-1, MIP-1a, and MIP-1B from (D) plasma at 7 DPI.
Graphs represent pooled data from at least three individual animals. Mean % the

SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure B1.2 Intermittent MCMV infection exhibits delayed inflammatory
cytokine expression in the brain. Levels of IL-1q, IL-2, IL-3, IL-4, IL-5, IL-9, IL-
13, IL-17, CCL11, G-CSF, GM-CSF, CXCL1, MCP-1, MIP-1a, and MIP-183 from
(E) brain homogenate at 7 DPI, 1 MPI, and 12 MPI as measured by Bio-Plex.

(Figure legend continues on next page)
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Levels of IL-1qa, IL-1B, IL-2, IL-3. IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-12p70,
IL-13, IL-17, CCL11, G-CSF, GM-CSF, IFNy, CXCL1, MCP-1, MIP-1a, MIP-18,
CCL5, and TNFa in (F) plasma at 1 and 12 MPI. Graphs represent pooled data
from at least three individual animals. Mean % the SEM. *, p < 0.05; **, p < 0.01;

=% 1 < 0.001.
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cytokine expression in the brain. Levels of IL-1q, IL-1p, IL-2, IL-3. IL-4, IL-5, IL-
6, IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-17, CCL11, G-CSF, GM-CSF, IFNy,
CXCL1, MCP-1, MIP-1a, MIP-13, CCL5, and TNFa in (G) brain homogenate in
mock infected animals at 7 DPI, 1 MPI, and 12 MPI. Graphs represent pooled data
from at least three individual animals. Mean £ the SEM. *, p < 0.05; **, p < 0.01;

=% 1 < 0.001.
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Figure B4 Hallmarks of mitochondrial dysfunction and oxidative stress are
elevated in BMECs intermittently exposed to MCMV. Maximal Respiration,
Spare Respiratory Capacity, GlycoATP Production Rate, and Total ATP
Production Rate were derived from the (A) 1 MPI and (B) 12 MPI measurements.

Graphs represent pooled data from at least three individual animals. Mean % the

SEM.
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APPENDIX C
ESTABLISHING THE ADIPOSE STEM CELL IDENTITY: CHARACTERIZATION

ASSAYS AND FUNCTIONAL PROPERTIES?

C1 Introduction

Following their initial description by Zuk et al. in 2001, adipose stem cells
(ASCs) rapidly gained interest as a potential therapeutic tool and became the topic
of intense research [201]. In comparison to other mesenchymal stem cell (MSC)
sources, the abundance, ease of both harvest and isolation, and proliferative
abilities make ASCs ideal for research purposes. Adipose tissue, removed either
by lipectomy or liposuction, can be subjected to enzymatic digestion and
centrifugation to produce a cell pellet known as the stromal vascular fraction (SVF)
[202]. This pellet contains numerous cell populations, including immune cells,
endothelial cells, pericytes, and ASCs. Isolation of these ASCs can be
accomplished by plating the SVF onto standard cell culture plastic and maintaining
only the plastic adherent cells. Following this, the appropriate characterization of
the isolated cells is essential. Both the International Federation for Adipose

Therapeutics and Science (IFATS) and the International Society for Cellular

3 As published: Harrison, M.A.A. et al. (2022) Chapter 3 - Establishing the adipose stem cell
identity: Characterization assays and functional properties. L. Kokai, K. Marra, J.P. Rubin (Eds.)
Scientific Principles of Adipose Stem Cells (pp. 23-56). Elsevier Academic Press. Doi:
10.1016/B978-0-12-819376-1.00002-0
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Therapy (ISCT) have released positional statements regarding the minimum
characterization requirements necessary for identifying multipotent mesenchymal
stromal/stem cells [203, 204]. In addition to these characterization standards,
assessment of the immunomodulatory abilities of isolated ASCs may provide
valuable information prior to use in downstream applications. The aim of this
chapter is to describe the characterization and functional assays needed to
appropriately determine the identity of ASCs. Where possible, comparisons to
other common sources of MSCs will be made. Finally, the impact of donor-to-donor
variation, focused on factors such as age, body mass, and health status, in relation

to ASC function will be discussed.

C2 Physical Characterization

Morphological Characterization

ASCs are a heterogeneous population characterized by their ability to
adhere to tissue culture plastic, readily proliferate in culture, form colonies, and
differentiate into multiple lineages in vitro and in vivo [205, 206]. ASCs display a
spindle-shaped morphology with a distinctly fibroblast-like appearance in
passages lower than 10 (p10), very similar to the appearance of bone marrow-
derived mesenchymal stem cells (BMSCs) (Figure C1). This morphology and the
ability to adhere to plastic are both retained following cryopreservation [207, 208].
Following long-term culture, greater than p15, ASC morphology changes into large
trident shaped senescent cells. Senescence can be verified by employing a

staining assay in which a chromogenic substrate 5-bromo-4-chloro-3-indolyl-beta-
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d-galactopyranoside (X-gal) is incubated with cells to determine the presence of
B-galactosidase [209-211]. Dmitrieva et al. demonstrated that senescence in
BMSCs could be detected as early as p3, whereas ASCs did not show any
evidence of cellular senescence prior to p6 [212]. These results were further
corroborated by numerous studies indicating that ASCs exhibit decreased
senescent features in comparison to BMSCs [213-215]. However, it has been
demonstrated that the percentage of senescent cells in ASC cultures does
increase significantly following extended passaging [209]. Thus, although several
studies have encouraged the use of long-term culture-expanded ASCs for clinical

trials, a careful morphological assessment prior to their use is crucial.
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Figure C1: ASC morphologic analysis and colony formation assay. Bright field
imaging of ASCs at low (A) and high (B) confluence using a 4x objective. Colony
formation fibroblast assay plate following staining with crystal violet (C) and bright

field image of the same staining using a 4x objective (D).
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Assessment of Proliferation

Human ASC proliferation is variable and primarily determined by passage
number, donor characteristics such as age and body mass index (BMI), harvest
site, surgical procedure, and culture conditions [216-218]. ASCs begin proliferating
once they adhere to tissue culture plastic and can be assessed by Trypan Blue-
assisted cell counting. In a study conducted by Di Battista et al., the ability of ASCs
to proliferate increases in early passages (p2-p3), decreases at p4 but then
increases again at p6 [219]. Similar studies have demonstrated decreases in
proliferation at p10 followed by significant decreases after p15 without any
changes in the expression of tumor-related genes or the development of
chromosomal abnormalities [220, 221]. Cryopreservation of ASCs has not been
demonstrated to affect the rate of their proliferation nor their differentiation potential
when compared with non-cryopreserved cells [222]. However, ASCs isolated from
donors who are either older, have a high BMI, or both exhibit a decreased
proliferation potential in comparison to young, lean donor-derived ASCs [223, 224].

A significant factor in the ability of ASCs to adhere and proliferate is the
choice of culture medium. Studies have shown that the addition of growth factors
(fibroblast growth factor (FGF), epidermal growth factor (EGF), platelet-derived
growth factor (PDGF)), cytokines (interleukin-6, (IL-6)), and ascorbic acid to
serum-supplemented media enhances their growth rate [225]. The source of
serum is also a significant concern for the culture of ASCs. The risks involved in
the use of fetal bovine serum (FBS), including the transmission of zoonotic

microorganisms and induction of an immune response, which may result in the
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rejection of transplanted cells [226]. Many translational studies are now
considering the use of human platelet lysate (hPL) as a safe, effective substitute
for FBS owing to its rich protein and growth factor complement and minimal risk of
xenogenic immune reaction [225, 227, 228]. ASCs cultured in hPL-supplemented
media have been shown to proliferate faster than those in FBS-supplemented
media, thus making hPL ideal for large-scale expansion of ASCs [228].

ASC proliferation rate can also be significantly affected by the harvest site
of adipose tissue and the surgical procedure used to collect it. ASCs isolated from
the hip/thigh and abdomen using resection and tumescent liposuction displayed
increased yield and proliferation rate in comparison to ASCs obtained by
ultrasound-assisted liposuction [216]. Breast tissue-derived ASCs have exhibited
very low cell yield, decreased proliferation, and impaired differentiation abilities in
comparison to subcutaneous fat, which was likely due to the significant presence
of glandular and connective tissue characteristic of the harvest site [216]. Finally,
adipose tissue yields a greater number of stem cells and increased proliferation
rate as compared to BMSCs [213].

Colony Forming Unit-Fibroblast Assay

Self-renewal is one of the primary characteristics of stem cells and can be
readily assessed using the colony-forming unit-fibroblast assay (CFU-F). ASCs are
plated on plastic cell culture dishes at a low density, and their clonal expansion is
assessed following two weeks of culture. Crystal-violet staining can be used to
identify and visualize colonies under a bright field microscope (Figure C1). The

number of colonies of greater than 50 cells (2mm in diameter) is counted and
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reported. Similar to the proliferation rate, the clonogenic potential of ASCs can be
affected by donor characteristics as well as tissue harvest site. Frazier et al. have
shown that ASCs isolated from lean donors (BMI <25) form significantly higher
numbers of colonies than ASCs isolated from overweight (BMI 25-30) and obese
donors (BMI >30) [217]. Likewise, ASCs isolated from subcutaneous abdominal
adipose tissue have 50% higher clonogenic potential than those isolated from
hip/thigh tissue [229, 230]. Compared with BMSCs, ASCs yield approximately four
times more colonies per milliliter of harvested tissue sample, making them
preferable for research purposes [218].

Phenotypic Characterization

Phenotypic characterization is an essential part of defining the stem cell
identity. It should be performed at different passages during in vitro expansion to
ensure the maintenance of the stem cell identity. Flow cytometry is ideal for this
characterization as most of the canonical markers for stem cells are cell surface
cluster of differentiation (CD) proteins. Similar to BMSCs, ASCs express the
classical mesenchymal stem cell markers and negative for endothelial and
hematopoietic markers as well as the human leukocyte antigen (HLA)-DR.
According to IFATS and ISCT, ASCs are distinct from BMSCs in their expression
of fatty acid translocase marker CD36, and the absence of vascular cell adhesion
molecule (VCAM-1/CD106) [204, 231, 232]. Generally, both positive and negative
selection markers are employed to ensure that the isolated cells are stem cells and

that they are not contaminated with other cell types (Table C1).
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Positive Selection Markers

Human ASCs express the traditional mesenchymal stem cell surface
markers including: CD29, CD34, CD44, CD73, CD90, CD105, CD146, and CD166.
Although ASCs retain the classic mesenchymal characteristics at least up to p10,
the expression of certain markers such as CD105 and CD166 can be decreased
at early passages, particularly when the cells are committed toward particular
lineages [231, 233]. Phenotypic characterization of ASCs isolated from young and
old donors have demonstrated no significant differences [223]. However, ASCs
obtained from obese donors exhibit a decrease in typical stemness markers as
compared to those isolated from non-obese donors [234]. Moreover,
cryopreserved ASCs did not elicit changes in cell surface marker expression when
compared to non-cryopreserved cells [207].

Negative Selection Markers

Ensuring that isolated ASCs are not contaminated with another cell type is
critical. The SVF, from which ASCs are isolated, is rich in hematopoietic cells,
endothelial cells, and immune cells [235]. Thus, the use of a wide array of surface
markers is required to ensure purity. ASCs lack the expression of hematopoietic
lineage markers, including CD11b, CD13, CD14, CD19, and CD45. They are also
negative for the endothelial markers CD31 and HLA-DR [204]. In addition to these
classical negative selection markers identified by ISCT, studies have shown that
ASCs do not express CD163, CD200, CD271, or CD274, allowing them to be
distinguished from chondrocytes and osteoblasts [236]. The same study

suggested that CD163, a marker of monocytes and macrophages, could be used
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to differentiate ASCs from other MSCs. Finally, negative selection using CD54
permits ASCs to be distinguished from fibroblasts, and the CD54- ASC population
demonstrated increased osteogenic and adipogenic differentiation abilities [237].
Donor-to-donor variability, culture media, and growth factors have also
been shown to impact the growth of distinct ASC subpopulations. These different
ASC subpopulations, as characterized by their phenotypic expression patterns,
may also possess varied functional characteristics. For instance, positive selection
for CD105" ASCs resulted in a population of ASCs that displayed significantly
greater osteogenic and chondrogenic differentiation potential than CD105 ASCs
[238]. Nevertheless, CD105 ASCs demonstrated stronger immunomodulatory
abilities than the CD105" population [239]. Additionally, populations of CD34*
ASCs were shown to proliferate faster than CD34- ASCs, although the latter
exhibited an increased ability to differentiate along several mesenchymal lineages
[240]. Results such as these represent the potential for significant future research
to identify and characterize optimal ASC populations for various in vitro and in vivo

applications.
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Integrin beta-1 (ITGB1)

MSCs, Including ASCs

Hematopoietic progenitor cell antigen CD34

MSCs, Including ASCs

Homing cell adhesion molecule (HCAM)

MSCs, Including ASCs

5'-nucleotidase

MSCs, Including ASCs

Thy-1 GPl-anchored glycoprotein

MSCs, Including ASCs

Endoglin

MSCs, Including ASCs

Melanoma cell adhesion molecule (MCAM)

MSCs, Including ASCs

CD3

Activated leukocyte cell adhesion molecule (ALCAM)

T cell receptor T3 complex

MSCs, Including ASCs

Hematopoietic cells, endothelial cells, T cells
CD11b Integrin alpha M (ITGAM) Monocytes
CcD14 Monocyte differentiation antigen CD14 Macrophages
CD19 B lymphocyte surface Antigen B4 B cells
CD31 Platelet endothelial cell adhesion molecule (PECAM1) Hematopoietic cells, endothelial cells, platelets
cD45s Protein tyrosine phosphatase receptor type C (PTPRC) Leukocytes
CD163 Scavenger receptor cysteine-rich type 2 protein Monocyte, macrophage
CD200 0X-2 membrane glycoprotein B cells, activated T cells, endothelial cells, neuronal cells
CD271 Low-affinity nerve growth factor receptor BMSCs
HLA-DR Human leukocyte antigen DR-isotype Activated T cells

Table C1: Positive and Negative Selection Markers Used for the Characterization

of ASCs
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C3 Multipotent Differentiation

The ability to differentiate into a variety of lineage-specific cell types is a
defining characteristic of stem cells. Like all MSCs, ASCs maintain the ability to
differentiate into adipocytes, osteoblasts, and chondrocytes when exposed to
specific differentiation factors and conditions. The ability of isolated ASCs to
differentiate into these lineages is essential for proper characterization and
demonstration of their stemness. ASCs have also been differentiated into cells of
non-mesodermal lineage such as cardiomyocytes [241], endothelial cells [242],
neurons [243], and hepatocytes [244]. However, when it comes to the
characterization of ASCs, differentiation into the three primary mesenchymal cell
types is sufficient according to ISCT and IFATS [203, 204].

Adipogenesis

In vitro, ASCs act as a reservoir of cells that can efficiently differentiate into
mature adipocytes. Due to their location, many believe that ASCs have an
increased adipogenic potential as compared to MSCs from other depots. Multiple
studies have demonstrated that ASCs have an increased adipogenic potential and
a corresponding decrease in osteogenic and chondrogenic potential [245, 246].
However, other studies have found no difference in the differentiation abilities
between ASCs and BMSCs [247, 248]. These conflicting findings are potentially
due to donor variability in age, BMI, and health status, as well as which adipose
depot from which the cells were isolated. These factors all have an impact on the

ability of ASCs to differentiate into adipocytes [223, 249-253].
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Mechanism(s) of Differentiation

Due to the obesity epidemic, significant research has been performed to
elucidate the differentiation pathway(s) from ASCs to mature adipocytes in vivo.
Still, it is a complicated pathway involving myriad genetic and biologic factors that
are being updated constantly. Evidence has suggested that Wnt/B-Catenin,
Hedgehog, and transforming growth factor-B (TGF-B)/mothers against
decapentaplegic homolog 3 (Smad3) signaling pathways all serve to inhibit
adipogenesis while extracellular matrix (ECM) stiffness plays a significant role in
adipogenesis [254-256]. However, in vitro differentiation strategies often skip the
early differentiation stages and focus instead on increasing late-stage
differentiation regulators such as CAAT/enhancer-binding proteins (C/EBPs) and
peroxisome proliferator-activated receptor gamma (PPARYy) (Figure C2).

The adipogenic differentiation is a multi-step process progressing from
ASCs to preadipocytes and finally ends with mature adipocytes. Correspondingly,
the genetic differentiation pathway is divided between early, mid, and late stage
genes. Understanding of the transition from ASC to pre-adipocyte is still in its
infancy, but recent work suggests that transcriptional factors PPARy and zinc-
finger protein 423 (ZNF423) may play roles in this process [257]. While
preadipocyte commitment is not well understood, maturation from preadipocyte to
adipocyte has been well characterized. The C/EBP family of transcription factors
are potent regulators of adipogenesis. In particular, C/EBPB and C/EBP% are
significantly upregulated in the early stages of adipogenesis, during preadipocyte

commitment, and maturation of adipocytes [258, 259]. The upregulation of C/EBPf3
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is largely mediated by glucocorticoid signaling and cAMP induction [259]. Binding
of these transcription factors to their targeted promotors induces transcription of
C/EBPa and PPARYy, widely considered the master regulators of adipocyte
commitment and maturation [259, 260]. The activation of these regulators leads to
a positive feedback loop which results in maturation and lipid accumulation. Work
by Wu et al. has demonstrated that inhibition of PPARy results in the loss of
preadipocyte commitment, while the inhibition of C/EBPa still allows for lipid
accumulation but also results in a loss of insulin sensitivity [261-263]. The effect of
this is critical, as insulin receptor activation results in phosphatidylinositol 3-kinase
(PI3K)/Akt signaling which is the driving force behind lipid accumulation in maturing
adipocytes [259]. Canonical Akt signaling has been shown to play a crucial role in
adipocyte formation through PPARYy signaling [264, 265]. Akt knockout mouse
models have demonstrated an inhibition of adipogenesis through the loss of
PPARy expression. This is mediated through the activation of mammalian target
of rapamycin complex 1 (mTORC1) signaling, which directly regulates adipocyte
protein synthesis and morphology [266]. Akt signaling also inhibits the expression
of forkhead box O1 (FOXO1) which is an inhibitor of PPARy [267, 268]. Late-stage
adipogenic genes are those required for the healthy maintenance of the mature
adipocyte. They include adipokines such as adiponectin (APN) and leptin (LEP).
Additionally, the expression of lipoprotein lipase (LPL), perilipin (PL1N), and fatty
acid binding protein 4 (FABP4) are all critical for the production and maintenance
of the classic lipid-filled vacuoles.

Differentiation Methodology
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Strategies for adipogenic differentiation often vary in the composition and
concentration of their additives, but the overall strategy remains the same [269-
273]. Cells are cultured in adipogenic media consisting of standard stromal media
supplemented with several additives. Dexamethasone, a corticosteroid, is used to
stimulate transcription of C/EBP. 3-isobutyl-1-methylxanthine (IBMX), an inhibitor
of cyclic adenosine monophosphate (cCAMP) phosphodiesterase, is used to
increase the cytosolic concentration of cAMP, resulting in the transcription of
C/EBPS. The activity of C/EBPB and C/EBPd result in the expression of PPARy
and C/EBPa, the master regulators of adipogenesis, which initiate differentiation.
Periodic exposure to high levels of PPARy agonists such as indomethacin or
rosiglitazone serves to maintain differentiation and push the cells towards a mature
state by reinforcing the PPARy C/EBPa positive feedback loop. Finally, insulin is
used to activate PI3K/Akt signaling, which encourages the storage of lipids and
increases the size of neutral lipid vacuoles in the cytosol [269-273].

Confirmation of Adipogenesis

In 2D cultures, adipogenesis can be confirmed by microscopy, as neutral
lipid droplets are readily visible in the cytosol of differentiated ASCs. However,
appropriate staining of lipid droplets or lipid droplet associated proteins as well as
analysis of gene expression patterns of the differentiated cells, is preferred to
ensure appropriate differentiation.

The staining of neutral lipid droplets can be achieved by several methods;
however, it should be noted that use of any fixative containing significant amounts

of alcohols can disrupt the lipid droplets. Sudan Red and Oil Red O are diazo dyes
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that preferentially stains lipids and can be used to visualize adipogenesis on a
bright field microscope. Quantification of Sudan Red and Oil Red O staining is
possible since isopropanol can be used to extract the stain from the cells. The
absorbance of the solution can be read at 507nm and 584 nm, respectively [270,
271]. In order to make comparisons between ASC populations, it is necessary to
normalize the absorbance values to the total protein content of a sample.

Fluorescent microscopy is another method by which ASC adipogenesis can
be examined. Of the lipid droplet specific fluorescent probes, the most well-known
is BODIPY. However, a wide range of fluorescent probes exist for visualizing lipid
droplets in all different excitation and emission spectra as expertly reviewed by
Fam et al. [274]. The availability of these probes in varying spectra allows for the
use of nuclear and cytoskeletal counterstains to visualize overall cell morphology.
As ASCs differentiate, they gain a rounded morphology with spiky projections. The
neutral lipid droplets will appear in a rough circle surrounding the nucleus before
slowly gaining size. As differentiation progresses, these droplets will begin to push
all of the other organelles to the edges of the cell as they combine and continue to
grow [275-27T7].

Assessment of adipocyte differentiation of ASCs can also be performed by
examination of essential differentiation genes via qPCR. Upregulation of C/EBPa
and PPARy in comparison to undifferentiated ASCs is considered sufficient to
illustrate initiation of the positive feedback loop that leads to the commitment of
ASCs to adipocyte lineages. While C/EBPB and C/EBPd upregulation precede

induction of C/EBPa and PPARYy, evidence of this alone does not demonstrate
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adipocyte commitment. Finally, upregulation of late-stage genes such as APN,
LPL, PL1N, or FABP4 demonstrate the development of mature adipocytes (See
Figure C2).

ASC Adipocyte Secretome

Historically, adipose tissue was believed to be merely an energy depot in
the form of triglyceride packed vacuoles. Recent advances, however, have
demonstrated that adipose tissue is a highly active endocrine organ whose
interactions extend to many tissues, including the liver, brain, and vasculature.
Collectively, the endocrine and paracrine effects of adipocytes are mediated by
adipokines. The most common adipokines are involved in appetite suppression
(LEP), glucose storage mediated by insulin sensitivity (APN), and insulin
resistance (resistin) [278]. ASCs differentiated into adipocytes will secrete similar
proteins; however, discrepancies may exist possibly attributable to differentiation
protocol employed [279]. Of increasing interest are the immunomodulatory
adipokines that are thought to play a major role in the inflammatory state of obese
and diabetic patients [280]. Undifferentiated ASCs produce anti-inflammatory
adipokines such as APN and IL-10 [279, 281]. However, upon differentiation
towards adipocytes, there is an increase in the expression of pro-inflammatory
genes and concurrent decrease of anti-inflammatory genes [282]. Adipocyte
differentiation and adipokine secretion will also vary by adipose depot and donor
obesity status [253, 283, 284]. Additionally, the expression of adipocyte pro-
inflammatory cytokines IL-1(3, IL-6, and IL-8 are elevated in obese patients [285,

286]. Age and gender of donor also play a role in the ability of ASCs to differentiate.



146

It has been demonstrated that ASCs isolated from a more aged donor have a
reduced ability to differentiate into adipocytes [223, 252].

Osteogenesis

BMSCs are typically the cells of choice for bone regeneration, with some
studies suggesting that they exhibit superior osteogenic capacity than ASCs [287-
290]. Recently, however, there has been an increased focus on ASC-based bone
regeneration due to ASCs’ ease of harvest, availability, reduced need for in vitro
expansion, and proven osteogenic abilities [291]. Further characterization of the
osteogenic potential of ASCs has revealed that higher donor BMI results in
reduced differentiation [217, 292]. On the other hand, donor age and
cryopreservation status have not been found to affect the osteogenic differentiation
abilities of ASCs [293-295].

Mechanism(s) of Differentiation

The capacity of ASCs to undergo osteogenic differentiation is well
established; however, the underlying molecular mechanism(s) is not thoroughly
understood. Several different signaling pathways have been found to play a role in
the osteogenic differentiation of ASCs. These signaling pathways include
extracellular signal-related kinase (ERK), Notch, TGF-B, Wnt/B-Catenin, and
phosphoinositide 3-kinase/Akt (PI13K/Akt) signaling Figure C2) [296-298].

Osteogenic differentiation of ASCs results in a significant upregulation of
ERK signaling. A study by Liu et al. demonstrated that ASCs cultured in osteogenic
media display increased ERK levels by day 7, peak at day 10, and decreased

levels at day 14 [299]. Additionally, pharmacologic inhibition of ERK activation by
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PD98059 reduced the osteogenic differentiation capabilities of ASCs [299, 300].
When these same ERK-inhibited ASCs were exposed to dexamethasone, they
proceeded to differentiate into adipocytes [299, 300]. Similarly, active ERK
signaling results in phosphorylation of PPARy, which decreases its activity and
produces and anti-adipogenic effect on ASCs [297]. Thus, ERK represents a key
regulatory pathway for the commitment of ASCs to either the osteogenic or
adipogenic lineage.

The Notch signaling pathway also plays a significant role in the osteogenic
differentiation of ASCs. Inhibition of Notch signaling results in reduced osteogenic
differentiation, while transfection of the downstream Notch-1 intracellular domain
(ICD) restored their osteogenic potential [301].

Bone morphogenic proteins (BMP) and TGF-B regulate osteogenic
differentiation via the TGF-f3 signaling pathway and result in upregulation and
activation of downstream transcription factors including Smads, runt-related
transcription factor-2 (RUNX2), and osterix (Osx) all of which are key promoters of
osteogenesis [296, 302-304].

Activation of PI3K/Akt signaling pathway and Wnt/B-Catenin pathway have
also been shown to upregulate osteogenesis in ASCs [305-307]. Wnt5a
specifically promotes osteogenesis by activating the Wnt/3-Catenin pathway and
suppressing the activation of PPARYy [304].

Of particular interest is the contradictory role of nuclear factor kappa-light
chain-enhancer of activated B cells (NF-kB). Wang et al. reported that the inhibition

of prostaglandin G/H synthase 1 (PTGS1) caused suppression of NF-kB signaling,
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resulting in enhanced differentiation [308]. However, Cho et al. demonstrated that
TNF-a treatment of ASCs during the early stages of osteogenic differentiation
enhanced osteogenic differentiation of ASCs via the upregulation of NF-kB. This
effect was further validated by direct inhibition of NF-kB, which resulted in
decreased osteogenesis [309]. In contrast, NF-kB activation has been shown to
be an inhibitor of osteogenic differentiation in BMSCs [310-313].

The coordinated regulatory effects of the aforementioned signaling
pathways lead to the activation of pro-osteogenic transcription factors RUNX2 and
Osx that transform ASCs into osteoblasts. RUNX2 is one of the earlier markers of
osteogenic differentiation and promotes the formation of osteoblast-specific ECM
by regulating collagen | and osteopontin (OPN) expression [314, 315]. Collagen |
represents the principle structural protein of bone ECM [299, 316]. Osx, a later
marker of osteogenic differentiation, is a zinc finger transcription factor that
regulates several other key osteogenic genes such as osteocalcin (OCN),
osteonectin (ON), and bone sialoprotein (BSP) [292, 315]. OCN, ON, and BSP are
involved in the regulation of osteoclast activity, binding of collagen, and the
calcification of the ECM [299, 316].

Differentiation Method

Differentiation of ASCs beings with the formation of osteoblast precursor
cells, which later mature to form osteoblasts capable of producing and depositing
minerals in the ECM [314]. Thus far, ASCs have been encouraged to undergo
osteogenic differentiation in vitro using differentiation media, electromagnetic

stimulation [317], and mechanical stimulation [318]. While the mechanisms behind
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electromagnetic and mechanical stimulation have not been fully elucidated,
osteogenic differentiation media is well-established and is the method of choice for
the characterization of ASCs.

Osteogenic differentiation media is primarily composed of standard stromal
media supplemented with dexamethasone, ascorbic acid 2-phosphate, and B-
glycerophosphate [304, 314, 315, 319-321]. Dexamethasone, a glucocorticoid,
promotes osteogenic differentiation by increasing the transcription of four and a
half LIM domains protein 2 (FHLZ2), which then binds to B-Catenin, translocates to
the nucleus and initiates transcription of RUNX2 [322]. Ascorbic acid 2-phosphate
serves as a co-factor for the hydroxylation of proline and lysine molecules in
collagens and results in the upregulation of pro-collagen, alkaline phosphatase
(ALP), and OCN [272, 323]. Finally, B-glycerophosphate aids in the synthesis of
hydroxyapatite by providing inorganic phosphate molecules [324]. The activation
of these signaling pathways and the synthesis of hydroxyapatite lead to the
osteogenic differentiation of ASCs and the deposition of calcium in the ECM.

Confirmation of Osteogenesis

ASC osteogenic differentiation in vitro is typically confirmed by assessment
of ALP activity and examination of calcium deposition. This evidence is then further
reinforced by gene expression profiling of the cells and analysis of secreted
factors.

ALP is an enzyme that is used to detect early stages of osteogenesis. ALP
expression is upregulated in osteoblasts in comparison to ASCs [314]. Staining of

ALP can be accomplished with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl
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phosphate (NBT/BCIP) that can then be viewed on a bright-field microscope [299,
303, 306, 308, 317, 319]. For a quantifiable measurement of ALP, its activity can
be examined following cell lysis. The lysate is mixed with p-nitrophenyl phosphate
substrate solution and incubated. The reaction is stopped using a sodium
hydroxide solution, and the absorbance of the solution can be measured at 405
nm for quantification of ALP [299, 317, 325, 326].

Extracellular calcium deposition is a defining characteristic of terminally
differentiated osteoblasts and can be stained using alizarin red [292, 299, 317,
319, 327-329]. Calcium deposits are then visualized using a bright field
microscope. For the purposes of quantification, alizarin red can be extracted via
incubation with cetylpyridinium chloride or acetic acid, and its absorbance can be
measured at 584 nm and 405 nm, respectively [292, 303, 306, 319, 327].

Gene expression changes can also be used to verify the osteogenic
differentiation of ASCs using RT-gPCR (See Figure C2). Commonly upregulated
genes include RUNX2, Osx, collagen 1a1 (COL1a1), ALP, OCN, ON, and BSP.
The differentiation process can be broken down into early, middle, and late stages
based on gene expression patterns. Typical early gene markers include RUNX2
and ALP, whereas BSP and OCN are intermediate and late-stage osteogenic
differentiation markers, respectively [314, 315, 317].

ASC Osteoblast Secretome

A limited number of studies have focused on the quantification of cytokines
such as interleukins and growth factors secreted by osteogenically differentiated

ASCs. Mussano et al. used bio-plex analysis to compare the levels of IL-6, IL8, IL-
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10, IL-12, monocyte chemoattractant protein-1 (MCP-1), vascular endothelial
growth factor 1 (VEGF-1), and hepatocyte growth factor (HGF) between
undifferentiated and osteogenically differentiated ASCs. Analysis of conditioned
media revealed decreased levels of all the aforementioned cytokines except for IL-
8 [326, 330]. Transcriptome profiling of osteogenically differentiated ASCs using
RNA-sequencing resulted in the upregulation of several transcripts, including
vascular cell adhesion molecule-1 (VCAM-1), vascular endothelial growth factor-B
(VEGF-B), insulin-like growth factor-1 (IGF-1), TNF-a, BMP-4, platelet factor-4, IL-
16, and angiopoietin-1 [298]. Of particular interest, this same group found that two
major classes of ECM remodeling enzymes, the matrix metalloproteinases (MMPs)
2, 15, 28, and the a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTSs) 8, 13, 15, and 18 were upregulated in osteogenically differentiated
ASCs. Further analysis of osteogenically differentiated ASC media based on the
current transcriptomic findings would provide greater insight into the composition
of the osteogenic ASC secretome and could provide valuable insight into their use
for bone regeneration.

Chondrogenesis

Due to the prevalence of joint injuries and diseases such as osteoarthritis
where cartilage is degraded, there is great interest in the processes that control
chondrogenesis. Comparisons have been made surrounding BMSCs and ASCs’
ability to differentiate. A study by Mohammad-Ahmed et al. used donor-matched
BMSC and ASCs and claimed that BMSCs possess superior chondrogenic

differentiation potential [331]. These results were predicated on increased
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aggrecan (ACAN) gene expression in BMSCs after 28 days of differentiation.
However, Alcian Blue staining for the presence of glycosaminoglycans (GAGs)
demonstrated few differences between the pellets at the same timepoint. Another
study by Pagani et al. showed that ASCs produced superior chondrogenic
differentiation abilities. However, when the same MSCs were differentiated in a
pro-inflammatory environment, meant to mimic osteoarthritic conditions, the
findings were reversed [332]. Research employing bisulfite sequence examination
of the differences in methylation of CpG islands in important chondrogenic
promotor regions found that there were no significant differences between BMSCs
or ASCs [333]. Thus far, no studies have been conducted demonstrating
differences in chondrogenic abilities of ASCs from high BMI donors; however, it
has been shown that increased age in donor results in decreased chondrogenic
ability [223]. Finally, cryopreservation of ASCs does not seem to affect the
chondrogenic differentiation abilities of ASCs, though freezing media of 10%
dimethyl-sulfoxide, 90% serum freezing media is preferred.

Mechanism(s) of Differentiation

The similarities between the osteogenic and chondrogenic differentiation
often complicate the understanding of both, though there are a few notable
exceptions (Figure C2). Canonical Wnt/B-catenin signaling, which is essential for
osteogenesis, has been shown to repress chondrogenesis. Functional loss of -
catenin also rendered cells unable to differentiate into osteoblasts, instead the cells
become chondrocytes [334]. The upregulation of ERK signaling is also important

for osteogenesis. However, the pharmacologic inhibition of ERK signaling using
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PD98059 was shown to promote chondrogenesis and also suppress hypertrophic
chondrocytes as evidenced by decreased COL10A1 and RUNX2 expression [335].

In vitro chondrogenesis is mediated by both environmental factors and
cellular signaling molecules. They act to upregulate the expression of the
transcription factor SRY-related HMG-box-9 (Sox9). Sox9 is the primary
transcription factor regulating chondrogenic differentiation and, in combination with
Sox5 and Sox6, is a direct regulator of COL2A1 the primary collagen species in
cartilage [336].

Sox9 expression has been shown to be enhanced in transcription factor
ZFN145 overexpressing cells leading to chondrogenesis [337]. Signaling mediated
by the TGF-B family of growth factors, including the BMPs, results in
phosphorylation of Smad1/5/8, leading to expression, and phosphorylation-
mediated stabilization, of Sox9 [338]. Additionally, the upregulation of yes-
associated protein-1 (YAP) decreased Smad1/5/8 phosphorylation and inhibited
chondrogenic differentiation [339].

TGF-B signaling also encourages chondrogenesis through inhibition of
RUNX2 and COL10 transcription [340]. Many different combinations of TGF-fs
and BMPs have been examined to assess their contribution to chondrogenesis. It
has been separately shown that TGF-1 and BMP2 both promote chondrogenesis
and that when combined, they produce a synergistic effect [341]. Similarly, TGF-
B2 and BMP7 were shown to enhance chondrogenesis [342]. Finally, incorporation

of FGF-18 and TGF-B3 also produced a synergistic pro-chondrogenic effect [343].
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Micromass culture, the preferred mechanism for in vitro chondrogenesis,
produces a dense ASC cell pellet that promotes a rounded cell morphology and
mimics the initial cell condensation stage of in vivo chondrogenesis [344]. The
culture of cells in this manner also induces hypoxic conditions reminiscent of the
largely avascular end product of chondrogenesis, cartilage [345]. Hypoxia has
been shown to preferentially promote chondrogenesis over osteogenesis by
inducing p38 MAPK signaling, which results in transcription of COL2 and ACAN
[346]. Hypoxic conditions also stimulate early commitment to chondrogenesis by
inducing HIF-1a signaling leading to a two-fold increase in Sox9 expression. The
ablation of HIF-1a was found to reverse this finding [347].

While several studies have reported transdifferentiation of hypertrophic
chondrocytes into osteoblasts, inhibition of chondrocyte hypertrophy is essential
to avoid unwanted mineralization of the ECM [348, 349]. This collagen to bone
process is known as endochondral bone formation. In hypertrophic chondrocytes,
this transition can be examined and is mediated by the expression and activity of
COL10, ALP, and MMP-13 [349]. The continued expression of Sox9 has been
shown to actively repress transcription of COL10A1 by inhibiting activity the of
RUNX2 [350]. Hypoxia also results in the downregulation of COL10A1 and
MMP13, thus inhibiting chondrocyte hypertrophy [351]. Parathyroid hormone-
related peptide (PTHrP) supplementation has been shown to suppress
chondrocyte hypertrophy [352].

Differentiation Method
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Unlike adipogenic and osteogenic differentiation of ASCs, chondrogenic
differentiation is often not performed in a cell monolayer. Monolayer differentiation
of ASCs can be achieved, and evidence suggests that coating cell culture plastic
with fibroblast-derived ECM may aid the process [353]. However, an environment
more conducive to chondrogenesis can be achieved by pelleting the cells in a
conical tube or v-bottomed plate [344, 354, 355]. It has also been shown that ASCs
cultured in a variety of scaffolds can also improve their chondrogenic differentiation
[355-359].

Media supplements and concentrations may vary between protocols, but
the overall differentiation strategy remains the same. ASC stromal media is
supplemented with dexamethasone, L-ascorbic acid 2-phosphate, and members
of the TGF-B family. Additionally, some labs include an insulin, transferrin,
selenium mixture to help differentiation along [270-272, 341-343, 354, 360]. Similar
to adipogenic and osteogenic differentiation, dexamethasone is used to initiate
differentiation and in combination with other signaling molecules, has been shown
to upregulate transcription of several collagens. L-ascorbic acid 2-phosphate,
again, acts as a co-factor for the hydroxylation of prolines in collagens and induces
transcription of COL2A1 [272, 342]. Importantly, the inclusion of different TGF-f3s,
BMPs, and FGFs have been shown to increase the differentiation of ASCs into
chondrocytes that secrete the appropriate extracellular matrix [341-343, 360].

Confirmation of Chondrogenesis

Confirmation of chondrogenesis is largely determined by the analysis of the

extracellular matrix that was deposited around the cells in micromass culture. This
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can be accomplished by embedding, sectioning, and staining the pellet or by
proteolytic enzyme-mediated digestion followed by component analysis (See
Figure C2).

The Bern scoring system, introduced by Grogan et al., can be used for the
qualification of in vitro engineered cartilaginous tissue. The Bern system uses a 0-
9 score to describe cartilage quality [361]. It is assessed using a 0-3 scale along
three axes: (1) Safranin O-fast green staining to examine GAG uniformity and
intensity, (2) distance between cells as a measure of matrix deposition, and (3)
assessment of typical rounded chondrocyte morphology.

Paraffin-embedded chondrogenic pellets can be sectioned and subjected
to numerous histological stains to confirm chondrogenesis. The most common of
these are Alcian Blue, Toluidine Blue, and Safranin O, all of which stain
polysaccharides such as those found in GAGs [270, 355, 361]. The intensity and
evenness of staining can be used to assess the degree of differentiation of ECM
producing chondrocytes. Picrosirius red is a linear anionic dye that can be used to
stain collagen networks [362]. Additionally, collagen subtype-specific antibodies
can be used to determine which types of collagens are present in the chondrogenic
pellets.

Following digestion with a proteolytic enzyme, assessment of GAG content
can be made using dimethylmethylene blue (DMMB). DMMB is a cationic dye that
preferentially stains sulfated GAGs in solution and can be quantified by measuring
its absorbance at 525 nm [343]. The amount of DNA that can be isolated from each

pellet should be used to normalize the DMMB measurements to control for cell
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number. Similarly, a hydroxy-proline assay can be used to determine collagen
content indirectly. Briefly, hydroxyprolines are hydrolyzed, oxidized into pyrroles,
and reacted with p-dimethylaminobenzaldehyde (DMAB, Ehrlich’s reagent) to form
a chromophore whose absorbance can be read at 550 nm [343, 363]. The
absorbance can be used to calculate initial collagen content. Alternatively, the
hydroxyproline to collagen ratio of 1:7.69 has been used to determine collagen
content [343]. Again, these results should be normalized to the DNA content of the
pellet.

Finally, the digestion of the pellet allows for analysis of gene expression of
the cells following RNA isolation. Gene expression analysis can be used to
examine the chondrocyte stages of maturation. Immature and mature
chondrocytes can be determined through the expression of Sox 5, Sox6, Sox9,
COL2A1, and ACAN [364, 365]. Finally, hypertrophic chondrocytes can be
assessed by the expression of COL10A1, ALP, and MMP13 [366, 367].

ASC Chondrocyte Secretome

Chondrocytes’ secretome is predominantly related to the production and
maintenance of the extracellular matrix. This consists of predominantly of GAGs
and collagens supplemented by stabilizing proteins such as link protein, cartilage
oligomeric protein, decorin, and fibromodulin [367]. Of importance, once
chondrocytes become hypertrophic, they being to secrete COL10, ALP, and
various MMPs, which work in a concerted effort to initiate bone deposition. Thus,
inhibition of chondrocyte hypertrophy is essential for the maintenance of clinically

relevant chondrogenesis and cartilage formation. Future research optimizing
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chondrogenic differentiation and maintenance of mature chondrocytes will provide

valuable information for both treatment and prevention of disease.
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Figure C2: Overview of differentiation of ASCs to Adipocytes, Osteoblasts,
and Chondrocytes and methods of differentiation confirmation. Overlapping
signaling pathways work in concert to induce differentiation and establish tissue
line commitment. Various cellular stains and gene expression analysis using qPCR

are used to confirm differentiation (Figure Legend continues on next page).
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PI3K, phosphatidylinositol 3-kinase; TGF-B, transforming growth factor beta;
Smad, TGF mothers against decapentaplegic; FGF, fibroblast growth factor; p38
MAPK, p38 mitogen-activated protein kinase; HIF-1a, Hypoxia-inducible factor 1-
alpha; ERK, extracellular signal-regulated kinase C/EPB, CAAT/enhancer-binding
protein, PPARYy, peroxisome proliferator-activated receptor gamma; LPL,
lipoprotein lipase; ADIPOQ, Adiponectin; PL1N, perilipin; FABP4, fatty acid
binding protein 4; GLUT4, Glucose transporter type 4; RUNX2, runt-related
transcription factor-2; Osx, Osterix; COL1a1, Collagen 1-alpha-1; ALP, Alkaline
phosphatase; OCN, Osteocalcin; ON, Osteonectin; BSP, Bone sialoprotein;
GAGs, Glycosaminoglycans SOX, SRY-related HMG-box; ACAN, Aggrecan;
COL2a1, Collagen 2-alpha-1; COL10a1, Collagen 10-alpha-1. Created with

BioRender.com.
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C4 Characterization of In Vitro Inmunomodulatory Abilities

The immunomodulatory capabilities of MSCs were only recently reported
by Bartholemew et al. in a landmark 2002 publication illustrating their suppressive
effects on Iymphocyte proliferation [368]. Since then, their potent
immunomodulatory potential has made them the subject of intense research. Much
of this research has focused on their secreted immunomodulatory molecules, such
as cytokines and growth factors. However, recently researchers have started
examining MSC-secreted extracellular vesicles carrying immunomodulatory
proteins and RNA species. It has also been demonstrated that treatment of ASCs
with pro-inflammatory factors such as lipopolysaccharide (LPS) [369, 370], and
interferon-gamma (IFN-y) [371] or exposure to hypoxic conditions [372] can
enhance the secretion of immune-active compounds.

Regardless of the mechanism of action, the ability of MSCs, including
ASCs, to modulate components of the immune environment in vitro and in vivo
make them exciting potential therapeutics. For the purposes of this chapter only
the in vitro activity of ASCs relative to specific immune populations is discussed.
The immunomodulatory impact of ASCs can be assessed via direct co-culture,
indirect co-culture, or treatment of immune cells with ASC conditioned media.
Depending on the intended application of ASCs, the characterization of their
immunomodulatory capacity may or may not be necessary. However, analysis of
their activity in vitro, as well as examination of their secreted immuno-active
compounds may serve as a helpful tool to evaluate their immunomodulatory

potential prior to use.
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ASCs and the Innate Immune System

Innate immunity is one of two interconnected systems, along with adaptive
immunity, used by most vertebrates to mount a response against foreign insults
such as viruses, bacteria, and parasites. The innate immune system serves as the
first line of defense, providing both physical barriers and specialized immune cells.
Physical barriers like the skin, gastrointestinal tract, and their respective acellular
defense mechanisms help prevent the invasion of pathogens, while the specialized
immune cells are responsible for rapidly and indiscriminately killing any pathogens
that breach these barriers. The primary subsets of innate immune cells are

macrophages, dendritic cells (DCs), and natural killer (NK) cells.
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Figure C3: In vitro effects of ASCs on cell of the innate immune system. ASCs
display robust contact-dependent and paracrine-mediated immunomodulatory
effects on dendritic cells, macrophages and NK cells in vitro.

ASCs, Adipose-derived stem cells; IDO, Indoleamine 2,3-dioxidase; PEG2,
prostaglandin E2; TGF-B, Transformation growth factor-beta; IFN-y, Interferon-
gamma; IL-10, Interleukin 10; IL-6, Interleukin 6; TNF-a Tumor necrosis factor
alpha; TSG-6, TNF-a-stimulated gene-6; VEGF, Vascular endothelial growth
factor; EVs, extracellular vesicles; NFkB, Nuclear factor kappa-light-chain-
enhancer of activated B cells; NO, Nitric oxide; IL-12, Interleukin 12; IL-1,
Interleukin 1 beta; CCL3, C-C motif chemokine ligand 3; CCL4, C-C motif

chemokine ligand 4. Created with Biorender.com.
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Macrophages

Macrophages are highly plastic phagocytic cells derived from either the
embryonic yolk sac or circulating monocytes [373]. They are present in specialized
forms in nearly every tissue of the body and exert their critical immune function by
engulfing and phagocytosing pathogens and apoptotic cells, acting as professional
antigen-presenting cells (APCs), and secreting effector molecules like chemokines
and cytokines to direct the recruitment and activation of other immune cells.
Primary monocytes and macrophages can be isolated from peripheral blood
mononuclear cells (PBMCs), bone marrow, or peritoneal lavage for in vitro studies,
and are typically selected or validated by their expression of CD14. Furthermore,
immortalized cell lines like U-937, THP-1 (human), and RAW264.7 (mouse) can
be used to examine macrophages in vitro.

Activated macrophages are classified into two primary categories:
classically activated, or “M1” macrophages, which elicit pro-inflammatory activity,
and alternatively activated, or “M2” macrophages which are anti-inflammatory and
pro-angiogenic. Polarization of macrophages into M1 phagocytes requires the use
of any combination of activation compounds such as LPS, IFN-y, TNF-a, and
phorbol-12-myristate-13-acetate (PMA). M2 phagocyte polarization can be
achieved through exposure to IL-4 and/or IL-13. Macrophage dynamics are
characterized in vitro through a comprehensive examination of cell surface
phenotype, secretome, morphology, and phagocytic capacity [374, 375].

Macrophage polarization state can be determined by measuring gene

transcript and protein expression of cell surface markers like the co-stimulatory
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molecules CD80 and CD86 (M1) and the pattern recognition receptors CD206 and
CD163 (M2). Interestingly, exposure of both primary CD14* monocyte and M1-
activated macrophages to ASCs consistently downregulates surface expression of
M1 markers and upregulates M2 markers, and this is most likely due to soluble
factors from ASCs as conditioned medium, Boyden chamber systems and isolated
extracellular vesicles all produce equally robust effects when compared to direct
co-culture [376-380].

Canonical M1 secreted factors include TNF-qa, IFN-y, IL-6, nitric oxide (NO),
IL-12, and IL-1B, which cumulatively promote a T-helper cell 1 (Th1) and Th17-
driven immune response. In contrast, M2 macrophages commonly secrete IL-10,
VEGF, and TGF-B which promote a shift towards a Th2 and regulatory T-cell
(Treg)-driven immune response [381, 382]. ASCs’ paracrine activity has profound
effects on the monocyte, and macrophage secretome, as conditioned medium or
Boyden chamber co-cultures induce powerful downregulation of M1-secreted
cytokines and chemokines and concomitant upregulation of M2 factors [377-379,
383-387]. The ASC-derived soluble factors suggested to be responsible for this
influence include microRNA-packed extracellular vesicles [380], TNF-a-stimulated
gene-6 (TSG-6) [388], or prostaglandin E2 (PGEZ2) [378, 379, 389]. Regardless,
several groups have demonstrated robust suppression of NF-kB activation in
macrophages following exposure to ASCs, which may explain these phenotypic
shifts [380, 383, 384].

In addition to the modulation of their secretory profile, ASCs can also alter

the morphology, migration ability, and phagocytic rate of macrophages. Following
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the exposure to ASCs or their secretome, macrophages decrease their phagocytic
and migratory abilities and adopt a ramified morphology [377, 380, 384]. The ASC
secretome is powerful enough to induce these functional and phenotypic shifts
even in macrophages from septic or colitic mice [386]. Overall, evidence suggests
that ASCs are superior to BMSCs in their ability to shift the balance of
macrophages in favor of the anti-inflammatory M2 phenotype [383, 389, 390]. This
effect is enhanced when ASCs are stimulated with either TNF-a or IFN-y, or
cultured in low serum medium or hypoxic conditions to enhance their
immunomodulation [376, 380, 388, 389].

Certain disease conditions may alter this ability of ASCs to influence
macrophage activation and polarization. Interestingly, when ASCs isolated from
equine metabolic syndrome animals were co-cultured with a mouse macrophage
cell line, they exhibited increased gene expression and secretion of pro-
inflammatory cytokines [391]. Alternatively, ASCs isolated from patients with
coronary heart disease were still able to suppress activation and lipid droplet
accumulation in oxidized low-density lipoprotein (ox-LDL)-treated foamy
macrophages. They also outperformed BMSCs in the ability to induce secretion of
anti-inflammatory mediators and protect against ox-LDL-mediated apoptosis [392].
When comparing lipoma-derived ASCs to control, both cells similarly suppressed
the secretion of pro-inflammatory mediators by mouse macrophage cell line,
RAW264.7. However, lipoma-derived ASCs did result in a downregulation of IL-10
after co-culture, suggesting they may be less immunosuppressive than controls

[387].
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Finally, the interaction between ASCs and macrophages is bi-directional,
and crosstalk between these two cell types has been reported by several groups.
As a result of co-culture with monocytes and macrophages, ASCs upregulate
expression of M2-priming cytokines IL-4, IL-13, and PGEZ2, and exhibit enhanced
migration abilities [377, 378, 389].

These data point to the ability of ASCs to outperform BMSCs and regulate
the activation, polarization, and immune function of macrophages. This results
from their potent paracrine activity, and while this may be impaired in some disease
states, it can also be restored and even enhanced with exogenous pre-conditioning
strategies. Thus, ASCs are able to dynamically respond to macrophage signals to
adapt theirimmunosuppressive vigor to meet the needs of a changing environment
(Figure C3).

Dendritic Cells

Dendritic cells are phagocytes that primarily differentiate from circulating,
bone marrow-derived hematopoietic progenitors. They are the most potent APC in
the innate immune system and also perform a variety of functions, including
surveillance for pathogens or danger signals, phagocytosis, and processing of
antigens for major histocompatibility complex (MHC)-II presentation, and
trafficking to lymphoid organs to convey activation signals to adaptive immune
cells. They form a crucial bridge between the innate and adaptive immune systems
by communicating directly with B and T lymphocytes to initiate antigen-specific
immune responses. After encountering an antigen, the immature DC (iDC) engulfs

and processes the antigen and initiates maturation. They upregulate expression of
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chemokine receptors that direct their migration to draining lymph nodes, co-
stimulatory and MHC molecules that allow for antigen presentation and priming of
naive T cells, and cytokines that direct recruitment and activation of adaptive
immune cells [393, 394]. DCs are grouped into two main subsets based on their
developmental pathways, surface marker expression, and molecular signature.
The myeloid DCs (mDC) are derived from the common myeloid progenitor (CMP)
that also gives rise to macrophages, while the plasmacytoid DCs (pDC) are derived
from the common lymphoid progenitor (CLP) that also gives rise to B cells, T cells
and NK cells. Functionally, mDCs respond to immune stimulation by inducing
either Th1 or Th2 cell activation, while pDCs produce the bulk of type | interferons
and induce either Th2 or Tregs [395].

Generation of DCs for in vitro assays is typically accomplished by CD14*
positive selection from PBMCs or bone marrow. This is followed by the
differentiation of immature CD14* monocytes into either immature mDCs using a
combination of IL-4, granulocyte-macrophage colony-stimulating factor (GM-CSF),
and/or TNF-a; or immature pDCs using IL-3 [396]. This is then followed by
maturation of iDCs using LPS or other pro-inflammatory stimuli [397].

Due to the heterogeneity of DC subsets, several in vitro assays have been
developed to examine specialized cell functions. Some of the most commonly
employed include characterization of maturation state, secretory activity, and the
ability to induce activation and proliferation of CD4* T lymphocytes. Flow
cytometric phenotyping is used to determine the maturation state of DCs based on

surface expression of CD14 (immature only) and the mature DC markers CD83,
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CD80, CD86, and HLA-DR or MHC-II. Additionally, morphology can be used to
discern maturation state, as iDCs have a smooth and round appearance while
mDCs display the dendritic morphology that lends these cells their name [398].
Activated DCs exhibit a unique secretory signature that produces both paracrine
and autocrine effects on naive T cells and other iDCs, respectively [399]. Finally,
T cell proliferation and activation phenotype are used as indirect measures of mDC
function in mixed lymphocyte reaction (MLR) assays.

The effect of MSCs on DC maturation and function has been well
characterized. Comparisons between the effects of BMSCs and ASCs have
repeatedly shown the latter to be more potent inhibitors of DC maturation in both
direct and indirect co-culture [396, 400-403]. These results are evidenced by
elevated numbers of CD14" cells exhibiting smooth immature morphology and
dampened expression of the mature DC markers CD83, CD80, CD86, and MHC-
Il. The secretory activity of DCs plays a role in how they recruit and activate
adaptive immune cells and has thus been a major focus of investigation. In
response to direct co-culture with ASCs, levels of the secreted chemokine ligands
CCL3 (macrophage inflammatory protein 1 alpha , or MIP1a) and CCL4
(macrophage inflammatory protein 1 beta , or MIP1p3), both of which act as
chemoattractants for CD8" T effector cells, is nearly abolished in DCs [400]. ASCs
also significantly upregulate secretion of the anti-inflammatory cytokine IL-10 when
co-cultured with CD14" monocytes. This cytokine inhibits not only the maturation
of iDCs but also the subsequent production of the Th1-priming cytokines, IL-12,

TNF-a, and IFN-y [396, 400, 402, 403].
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An essential immune function of DCs is the ability to prime naive CD4+ and
CD8+ T cells against a particular antigen and promote their proliferation. Some
groups purport that PGE2 plays an indispensable role in the ability of DCs to
suppress activated T cell proliferation. In co-culture with MSCs, particularly ASCs,
the ability of iDCs to induce T cell proliferation in mixed lymphocyte assays is
significantly suppressed [396]. This suppression is likely to be a result of the robust
increase in the secretion of PGE2 by ASCs, as blockade of PGE2 but no other
upregulated cytokines negates this outcome. In comparison to DCs alone, those
that are directly co-cultured with ASCs produce higher levels of the anti-
inflammatory and pleiotropic cytokines TGF-B1, IL-10, IL-6, and indoleamine 2,3-
dioxidase (IDO) [396, 402, 403]. When these DCs are subsequently cultured with
CD4* T cells, those that were treated with ASCs suppress T cell proliferation and
induce significantly more Tregs than those cultured alone. This effect was
attributed to TGF-B-induced elevations in IDO, as ASCs pre-treated with TGF-31
siRNAs or the IDO inhibitor, indomethacin, did not produce this effect [396, 402,
403].
Overall, ASC paracrine activity demonstrates robust and reliable suppression of
dendritic cell maturation and T cell-activating function, making them promising
agents for combating inflammation and autoimmune conditions (Figure C3).

Natural Killer Cells

NK cells are cytolytic effector cells of lymphoid origin that derive their name
from their ability to “naturally” kill defective or foreign cells without initial priming or

antigen presentation. NK cytolytic activity is determined by the balance of
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activating or inhibiting ligands on the surface of target cells. Healthy cells
expressing high levels of the “self” MHC-I molecules evade NK cytolysis, while
those experiencing viral infection or malignant transformation downregulate MHC-
| and shift the balance toward NK cell activation [404]. Once activated, NK cells
perform their cell-killing function by either inducing Fas/FasL-dependent apoptosis
or releasing lysosomal granules filled with perforin and granzymes to digest the
target cell [405].

NK cells can be isolated from PBMCs using either positive selection for the
canonical NK marker CD56 or negative selection to eliminate monocytes, other
lymphocytes, granulocytes, and erythrocytes [406]. In vitro analysis of NK cell
phenotype and function is performed using surface marker expression of the
pathogen recognition receptor (PRR) CD56, degranulation assays measuring the
expression of lysosomal-associated membrane proteins CD107a/b (LAMP1/2),
and intracellular staining for cytokines like IFN-y in the presence of protein
transport inhibitors [407].

Comparative studies examining the effects of different MSC sources on NK
cell characteristics have yielded somewhat contradictory findings. Some reports
detail an enhanced immunosuppressive effect of ASCs over other MSC sources
on NK cell activation, proliferation, and cytolytic capacity [408-410]. Others,
however, argue that ASCs perform similarly to BMSCs when it comes to
suppressing activation, proliferation or cytokine secretion and that BMSCs are

more potent inhibitors of NK cytolysis than ASCs (See Figure C3) [401, 411].
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These discrepancies may derive from different NK purification methods, culture
conditions, and activation stimuli.

The enhanced potency of ASC-mediated suppression of NK cytolytic
function in comparison to BMSCs has been demonstrated in both direct and
indirect co-cultures. Results have shown evidence of significantly less
degranulation of IL-2 activated, allogeneic NK cells [408]. Incubation of NK cells
with both ASCs and BMSCs significantly downregulated NK cell surface
expression of the activation receptor DNAX accessory molecule-1 (DNAM-1),
reduced degranulation capacity when subsequently cultured with K562 target
cells, and downregulated levels of granzyme A suggesting less NK cell activation
[408]. However, both MSC types elicited a similar IFN-y response as measured by
intracellular staining. The ability of ASCs to suppress activation and proliferation
of NK cells has been attributed to the downregulation of NK activation receptors
like NKp30, NKp44, and NKG2D through the activity of PGE2 and IDO, both of
which are upregulated by co-culture with ASCs [409, 410]. Other groups have
demonstrated no significant differences between BMSCs and ASCs in
immunosuppression of NK cells or susceptibility to their cytotoxic function [401,
411].

MSCs are proven immunomodulators capable of soothing inflammation and
promoting an environment of repair and homeostasis. NK cells are primarily
responsible for the rapid clearance of transplanted MSCs, and resilience to NK-
mediated cytolysis is, therefore, a valuable measure of how long MSCs will survive

in the post-transplant environment to exert their therapeutic benefit. Here, again,
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results appear contradictory, with some arguing that ASCs are equally vulnerable
to NK cell-induced apoptosis as BMSCs. Others purport reduced susceptibility of
ASCs to the cytolytic activity of NK cells due to lower surface expression of HLA
class | molecules and negligible expression of activating ligands for NK cells [408].
This enhanced resilience is further confirmed when ASCs are used as target cells
for activated NK cells, as they induce significantly less degranulation compared to
BMSCs [408].

Evidence suggests that ASCs are at least comparable to BMSCs in their
ability to suppress NK cell activation and evade cytolytic destruction and may even
be superior to BMSCs in these respects. These abilities indicate that ASCs may
be able to persist longer after transplantation and exert enhanced
immunomodulatory effects by suppressing NK cell activation.

ASCs and the Adaptive Immune System

While the innate immune system is critical for the rapid identification and
elimination of pathogens, the adaptive immune system provides a selective and
specific mechanism for recognizing self- and non-self-antigens [412]. There are
two main types of cells in the adaptive immune system: the T-lymphocytes which
derive from bone marrow, mature in the thymus, and are the primary effectors of
cellular immune response; and the B-lymphocytes which arise in the bone marrow
and are the antibody-producing cells of the body [412, 413]. Following their
development, lymphocytes will migrate to secondary lymphoid organs such as the

lymph nodes and spleen, which serve to capture circulating antigens. After
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exposure to these antigens, lymphocytes migrate to antigen rich target sites
throughout the body and employ their effector functions [412].

MSCs, including ASCs, have been shown to exhibit significant
immunomodulatory effects on lymphocytes in vitro, via both contact-dependent
and paracrine signaling. Several studies have compared the ability of ASCs,
BMSCs, and AMSCs to inhibit PBMC-derived lymphocyte proliferation [414, 415].
In lymphocytes, proliferation is most often assessed through the addition of
carboxyfluorescein diacetate succinimidyl ester (CFSE) to the culture. CFSE is
membrane permeable and is readily incorporated into cells. With each cell division,
its signal is diluted two-fold, allowing for generational tracking of populations via
flow cytometry [416]. MSC-mediated anti-proliferative effects were shown to be
more robust when cells were directly co-cultured as opposed to indirect co-culture,
illustrating the importance of cell-cell contact [414, 415]. These results highlight the
ability of ASCs to modulate general lymphocyte populations and the potential to

actively modulate the adaptive immune response (Figure C4).
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Figure C4: In vitro effects of ASCs on cells of the adaptive immune system.
ASCs exhibit significant immunomodulatory effects on both B and T lymphocytes
in vitro. This effect is mediated by both contact-dependent and paracrine signaling
mechanisms.

ASCs, Adipose-derived stem cells; IDO, Indoleamine 2,3-dioxidase; PEG2,
Prostaglandin E2; TGF-B, Transforming growth factor-beta; IFN-y, Interferon-y; IL-
10, Interleukin 10; CD28, Cluster of differentiation 28; Treg, Regulatory T-cells;
Th2, T-helper 2; Th1, T-helper 1; Th17, T-helper 17; FOXP3, Forkhead box P3;

IL-17, Interleukin 17. Created with Biorender.com.
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T-Cells

T-cells are responsible for mediating cellular immunity. When T-cells
encounter activated APCs, such as dendritic cells, macrophages, or B-cells, they
proliferate and differentiate into subtypes that coordinate to mediate the removal
of the antigen [417, 418]. Depending on cytokines present in the environment, T-
cells are capable of differentiating into several different subtypes, the effects of
which are defined by their cytokine expression profiles. T-cells are also able to
maintain a sort of cellular memory for antigens, which allows them to respond more
rapidly to a previously encountered antigen [419].

A defining feature of the T-cell lineage is the expression of CD3, which
serves as a co-receptor in conjunction with the T-cell receptor (TCR). Isolation of
T-cells from PBMCs, spleen, or other lymphatic tissue can be accomplished via
positive or negative selection. Selection for CD3" T-cells selects for all subtypes
and allows for whole population interrogation. Following indirect co-culture with
ASCs, CD3+ T-cells exhibited significantly decreased proliferation rates [420-422].
Additionally, this anti-proliferative effect could be enhanced by directly co-culture
[421, 422]. Pre-stimulation of ASCs with pro-inflammatory cytokines such as IFN-
y or TNF-a can also significantly enhance these anti-proliferative effects [421].
ASC effects on T-cell proliferation are mediated by the secretion of IDO. Co-
cultured cells produced more IL-10 and PGE2 than isolated T-cell or ASC cultures,
indicating communication-related alterations in their secretomes [420-422].
Another study by Chein et al. demonstrated an increase in the concentrations of

the central anti-inflammatory cytokines IL-10 and TGF-B following indirect co-
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culture of activated T-cells and ASCs [423]. Importantly, the protein concentration
of pro-inflammatory cytokine IFN-y was significantly reduced when ASCs were
indirectly cocultured with activated CD3" T-cells, in comparison to activated T-cells
alone [423]. The results of these studies demonstrate the ability of the ASCs to
modulate general T-cell differentiation and proliferation in vitro.

CD4* T-cells: Also known as helper T-cells, CD4* T-cells carry TCRs that
recognize antigens presented by MHC Il molecules [413, 417, 418]. ASCs have
been shown to be more robust in their suppression of helper T-cell proliferation
than BMSCs and Wharton’s Jelly mesenchymal stem cells (WJMSCs) [422].
Though these results have been demonstrated to be dose-dependent, advanced
age and chronic inflammatory disease states both have been shown to negatively
impact ASCs ability to suppress T-cell proliferation [424, 425].

CD4* T-cells can be further divided into subtypes defined by their cytokine
expression and immune function. These include the pro-inflammatory, anti-
tumorigenic Th1 and Th17 cells; the anti-inflammatory, pro-tumorigenic Th2 cells;
and the anti-inflammatory Treg cells [426]. Culturing CD4* T-cells in ASC
conditioned media elicits a shift towards to Treg subtype as evidenced by a
significant increase in forkhead box P3 (FoxP3) expression, the master regulator
of Treg cell development [427]. This shift towards Tregs as well as the reported
increase in IL-10 secretion suggests that ASCs can promote robust anti-
inflammatory responses in mixed T-cell populations.

CD8+ T-Cells: CD8+ T-cells, known as cytotoxic T-cells, recognize antigens

presented by MHC | molecules, which in combination with CD80 or CD86
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interaction will result in activation and killing of infected or malignant cells [417,
418]. Similar to NK cells, CD8* T-cells can secrete cytotoxic granules containing
perforin and granzymes or employ Fas/Fas-L binding to induce caspase-mediated
apoptosis in target cells [428, 429]. As previously seen with CD4* T-cells, ASCs
cultured directly with CD8* T-cells suppress their proliferation in a dose-dependent
manner [422]. These effects were found to be stronger than those of BMSCs or
WJMSCs. Additionally, direct co-culture of ASCs with CD8* T-cells resulted in
decreased CD8 expression [430]. Thus, ASCs push cytotoxic T-cells towards a
more suppressive, less cytotoxic phenotype. In these same cells, expression of
CD28 was also significantly decreased, indicating a CD8* T-cell suppressor state
[430]. Further, the shift towards a regulatory phenotype in CD8* T-cells following
ASC co-culture was found to be functional as ASCs were able to significantly
reduce the production of Granzyme B and IFN-y [430]. Interestingly, unlike the
effects observed with CD4* T-cells, the immunosuppressive capabilities of ASCs
on CD8" T-cells were found to be unaffected by donor age [425].
B-Cells

B-lymphocytes are responsible for mediating humoral immunity. Their
primary function is to produce and secrete antibodies that recognize foreign
antigens. Following antigen recognition via B-cell receptor (BCR), the B-cells
become activated, proliferate, and differentiate into antibody-secreting cells that
may later become memory cells [431]. B-cells are primarily identified by the
expression of CD19 and can be isolated from PBMCs via negative selection for

other cell types.
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To date, the number of in vitro studies evaluating the immunomodulatory
properties of ASCs on B-cells has been minimal, but the overall consensus has
been that ASCs are immunosuppressive. ASCs secrete factors that promote B-
cell migration and chemoattraction to a greater extent than other mesenchymal cell
types [432]. Although ASCs secrete distinct chemokines and produce other factors
involved in cell motility and chemotaxis, the specific factor that promotes B-cell
migration and chemoattraction is unknown at this point [432]. In comparison to
BMSCs, direct co-culture resulted in enhanced CD19" B-cell proliferation. This
finding was enhanced when the cells were co-cultured with ASCs [421].
Stimulation of ASCs with pro-inflammatory cytokines, which has previously been
shown to increase their immunomodulatory capabilities, reversed the effect, and
inhibited B-cell proliferation to the same level as BMSC co-culture [421].

Antibody production is one of the primary functions of B-cells; thus, analysis
of immunoglobulin (Ig) production following co-culture is a simple heuristic used to
assess the impact of MSCs on B-cell function [433, 434]. A study by Bochev et al.
demonstrated that co-culture of ASCs with stimulated PBMCs resulted in potent
suppression of B-cell Ig production. The suppression was due to the ability of ASCs
to inhibit the differentiation of B-cells to Ig-producing cells and was found to be
more robust than co-culture with BMSCs [434]. Overall, these results suggest that
ASCs are able to modulate the B-cell population in vitro and thus may possess

significant immunomodulatory capacity in more complex systems.

Summary
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While donor variability has not been thoroughly examined in the context of
ASC-mediated immunomodulation of the innate or adaptive immune system, the
ASC secretome is crucial to their influence over immune cells. It may, therefore,
be hypothesized that impaired secretion of key factors like PGE2, IDO, TGF-[3, and
IL-10 from donors with advanced age, elevated BMI, or underlying comorbidities
would result in diminished immunomodulatory control over each of these
specialized cells. Further studies need to be conducted to fully elucidate the impact

of donor characteristics on immunomodulatory capabilities.

C5 Conclusion and Future Directions

Minimal characterization of ASCs by their adherence to plastic, expression
of well-defined surface markers, and the ability to differentiate into mesenchymal
lineages ensures that scientists are examining related populations of cells. Further
assessment of their secretome and immunomodulatory profiles may allow for the
identification of ASC subpopulations, which can be tailored to specific translational
applications. Already, researchers have identified several surface-marker
expression patterns that are indicative of ASCs with unique characteristics. Future
investigations into surface marker-defined subpopulations may lead to exciting
new therapeutic approaches. Donor variation has also been shown to significantly
affect the ability of ASCs to differentiate, grow, and produce immunomodulatory
effects. Further research into the impact of donor characteristics such as age, BMI,
and health status on therapeutic potential will allow for the selection of adipose

tissue with optimal characteristics.
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Adipose stem cells represent a valuable resource for use in regenerative
medicine due to their ease of acquisition, high cell yield, and potent
immunomodulatory abilities. Thorough characterization of these cells is not only
essential for defining them as adipose-derived mesenchymal stem cells but also
necessary for collaborative efforts between labs. By fully characterizing ASCs,
scientists will be able to share discoveries and reproduce results more effectively,

leading to an accelerated rate of scientific breakthroughs.
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APPENDIX D
ADIPOSE-DERIVED STEM CELLS FROM OBESE DONORS POLARIZE
MACROPHAGES AND MICROGLIA TOWARD A PRO-INFLAMMATORY

PHENOTYPE*

D1 Abstract

Macrophages and microglia represent the primary phagocytes and first line
of defense in the peripheral and central immune systems. They activate and
polarize into a spectrum of pro- and anti-inflammatory phenotypes in response to
various stimuli. This activation is tightly regulated to balance the appropriate
immune response with tissue repair and homeostasis. Disruption of this balance
results in inflammatory disease states and tissue damage. Adipose stem cells
(ASCs) have great therapeutic potential due to potent immunomodulatory
capabilities which induce the polarization of microglia and macrophages to the anti-
inflammatory, M2, phenotype. In this study, we examined the effects of donor
heterogeneity on ASC function. Specifically, we investigated the impact of donor
obesity on ASC stemness and immunomodulatory abilities. Our findings revealed

that ASCs from obese donors (ObASCs) exhibited reduced stem cell

4 As published: Harrison, M.A.A. et al. (2020). Adipose-Derived Stem Cells from Obese Donors
Polarize Macrophages and Microglia Toward a Pro-Inflammatory Phenotype. Cells, 10(1), 26.
https://doi.org/10.3390/cells10010026



184

characteristics when compared to ASCs from lean donors (LnASCs). We also
found that ObASCs promote a pro-inflammatory phenotype in murine macrophage
and microglial cells, as indicated by upregulated expression of pro-inflammatory
genes, increased nitric oxide pathway activity, and impaired phagocytosis and
migration. These findings highlight the importance of considering individual donor
characteristics such as obesity when selecting donors and cells for use in ASC

therapeutic applications and regenerative medicine.

D2 Introduction

Adipose tissue-derived stem cells (ASCs), a type of mesenchymal stem cell
(MSC), possess significant anti-inflammatory and immunomodulatory properties
that make them an attractive therapeutic option for numerous inflammatory
diseases. ASCs exert their effects on the adaptive and innate immune system via
the secretion of soluble molecules and extracellular vesicles (EVs), which alter the
inflammatory microenvironment [378, 380, 388, 435]. This is partially
accomplished by transitioning activated macrophages from pro-inflammatory
towards anti-inflammatory, pro-repair phenotypes [378, 435]. Additionally, pre-
treatment of ASCs with pro-inflammatory factors or hypoxic conditions strengthens
their immunomodulatory abilities [370-372, 380, 436]. These stressful conditions
mimic the post-transplant tissue niche and provide some evidence for their
behavior in vivo. Due to these properties, ASCs have been investigated as
therapeutic agents in animal models of various diseases such as multiple sclerosis

(MS) [235, 437], uveitis [438, 439], kidney injury [155, 440], inflammatory bowel
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disease [441-443], and cutaneous wound healing [444, 445]. Results from these
studies suggest that ASCs possess robust immunosuppressive potential in
numerous disease states; however, the application of ASC-based therapies to the
clinic has met with limited success.

One hindrance to clinical translation may be the heterogeneity of ASC
function amongst different donors. It is known that individual donor characteristics
such as age and comorbidities can alter the physiology and function of ASCs [446-
453]. Research has shown that generating pools of donor ASCs can mitigate some
donor-to-donor variation and may help combat these effects [454]. However, the
examination of donor characteristics and their impact on ASC function represents
a valuable area of research that will inform donor selection and prove important for
future clinical trials. Specifically, the aim of this study is to examine the impact of
exposure to ASCs from either lean or obese donor pools have on circulating or
tissue resident phagocytes. An investigation of phenotypic and functional changes
in these phagocytes will provide valuable insight into the differential effects of
ASCs dependent on obesity status.

Obesity is characterized by increased deposition of white adipose tissue in
both the subcutaneous and visceral fat depots. This increase in adipose tissue is
a result of both hypertrophy, an increase in adipocyte size, and hyperplasia, an
increase in adipocyte proliferation [455]. Obesity-related adipose tissue hypoxia
also causes the activation of signaling cascades that lead hypertrophic adipocytes
to express pro-inflammatory cytokines [456, 457]. These cytokines activate tissue-

resident macrophages and circulating lymphocytes, leading to a chronic state of
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tissue inflammation [458]. In response to the chronic inflammation and hypoxia in
obese adipose tissue, ASCs exhibit distinct physiological changes. Studies have
demonstrated that ASCs from obese individuals (ObASCs) produced elevated
levels of pro-inflammatory mediators [282, 459, 460], exhibit reduced stem cell
characteristics [217, 234, 459-461], and display reduced immunomodulatory
abilities [462]. Our laboratory has previously shown that ObASCs do not possess
the same therapeutic efficacy as lean ASCs (LnASCs) in a mouse model of MS
[452]. We also showed that ObASCs produce an exaggerated immune response
following exposure to an inflammatory environment, which we suspect resulted in
increased CD4* and CD8* T cell proliferation and the increased lesion area seen
in the mouse model of MS [452]. These findings are intriguing; however, the effects
of ObASCs on phagocytes of the innate immune system have not yet been
elucidated.

Macrophages and microglia, brain-resident macrophages, are primary
components of the innate immune system and represent the first line of defense
against foreign pathogens and tissue damage. In response to an array of
extracellular signals, they activate and adopt phenotypically and functionally
distinct profiles. Initially, these were described as either classically activated (M1),
pro-inflammatory, or alternatively activated (M2), anti-inflammatory phenotypes
[463, 464]. More recently, however, the spectrum of macrophages has been
expanded from this binary system to one which more accurately encompasses the
diverse phenotypic and functional behavior of macrophages [374]. Appropriate

pro-inflammatory macrophage and microglial response is essential for defense
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against pathogens however, if left unchecked it can result in significant tissue
damage. Therefore, induction of anti-inflammatory, pro-repair and regulatory
macrophages are essential for orchestration of the adaptive immune response,
resolution of inflammation, and initiation of tissue repair [464, 465].

Considering the importance of macrophage polarization and function
following tissue damage or infection, this study aimed to determine whether obesity
status of ASC donors alters the phenotypic and functional characteristics of these
highly mutable cells. We hypothesized that ObASCs have been fundamentally
altered by their chronically inflamed tissue niche and that this results in an impaired
ability to promote an anti-inflammatory phenotype in murine macrophages and
microglia. To investigate this, we compared standard stem cell characteristics of
LnASCs and ObASCs. Next, we determined the effects of indirect co-culture of
LnASCs and ObASCs on both macrophages and microglia. Our results provide
additional evidence for the impact of obesity on ASC stemness, relate these
changes to the immunomodulatory capabilities of ASCs, and provide mechanistic
insight into previous findings that indicate a loss of therapeutic efficacy in an animal

model of inflammatory disease [452].

D3 Materials and Methods
Cell culture

Human female, subcutaneous, abdominal ASCs were obtained from LaCell
LLC/Obatala Sciences Inc. (New Orleans, LA). Individual ASC cell lines were

previously fully characterized by our laboratory prior to being pooled [292, 451,
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452, 466, 467]. Following pooling an abbreviated characterization was completed
to ensure expression of basic stemness characteristics. Lean donors were
considered those with a BMI less than 25 kg/m? while obese donors were
considered those with BMI greater than 30 kg/m? as previously described by Sabol
et al. 2019 [466]. Donor pools were created using lean donors (LnASCs; n=6; BMI
=22.45 +1.51; age = 36.33 + 5.62) and obese donors (ObASCs; n=6; BMI = 33.97
+ 3.11; age = 40.50 + 7.46). Cells were maintained in stromal media consisting of
Dulbecco’s Modified Eagle’s Media and Nutrient Mixture F12 (DMEM:F12;
ThermoFisher; Waltham, MA, USA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Hyclone; Logan, UT, USA) and 1% anti-mycotic, anti-biotic
(ThermoFisher). Cells were harvested at passage four (p4) with 0.25% trypsin,
1mM EDTA (ThermoFisher) and all experiments were conducted with p5 ASCs.
As in previous studies, immortalized macrophage and microglial cell lines were
used in order to control for passage number and to avoid the impact of accidentally
co-isolated cell populations common in primary culture [468-471]. The murine
microglial cell line SIM-A9 was purchased from ATCC (Manassas, VA, USA) and
maintained in DMEM:F12 culture medium supplemented with 10% heat-
inactivated FBS (ThermoFisher), 5% heat inactivated horse serum (HS;
ThermoFisher), and 1% anti-mycotic, anti-biotic. SIM-A9 cells were lifted for
passage by incubating with 1xPBS supplemented with 1mM EGTA (Sigma, St.
Louis, MO, USA), 1 mM EDTA (Sigma), and 1mg/mL glucose (Sigma). The murine
monocyte/macrophage cell line RAW264.7 was also purchased from ATCC and

was cultured in high-glucose DMEM (ThermoFisher) supplemented with 10% FBS
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and 1% anti-mycotic, anti-biotic. RAW264.7 cells were lifted for passage by manual
scraping when cells reached 80% confluence. All murine lines were used between
passage 5 and 10.

Characterization of ASCs

Flow Cytometry: Phenotypic characterization of pooled human ASCs was

completed using flow cytometric analysis of positive and negative surface markers
as previously described [203, 204]. Briefly, cells were harvested, washed with
1xPBS, and incubated with fluorochrome-conjugated primary antibodies at room
temperature (RT) for 15 minutes. Cells were then fixed in 1% paraformaldehyde
(PFA) (Santa Cruz Biotechnology; Dallas, TX, USA) for 5 minutes at RT and
analyzed with a Gallios Flow Cytometer and Kaluza software (Beckman Coulter;
Brea, CA, USA). The following antibodies were purchased from BD Biosciences
(San Jose, CA, USA): anti-CD3-PE-Texas Red, anti-CD31 PE-Cy7, and anti-
CD73-PE. Anti-CD90-FITC and anti-CD105-APC were purchased from Invitrogen
(Waltham, MA, USA). Finally, anti-CD14-PECy5 and anti-CD45-AF700 were
purchased from Beckman Coulter.

Adipogenic Differentiation and Quantification: ASCs were seeded at 1 x 10°

cells per well in a 12-well plate (Corning Inc.; Corning, NY, USA) and cultured in
stromal media until confluent. Cells were then switched into adipocyte
differentiation media (ADM) consisting of stromal media supplemented with
dexamethasone (1 uM; Sigma), isobutylmethylxanthine (IBMX) (250 uM; Sigma),
rosiglitazone (5 uM; Sigma), biotin (66 uM, Cayman Chemical; Ann Arbor, MI,

USA), calcium d-pantothenate (34 pM, Sigma), and human insulin (200 nM,
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Sigma). ASCs were maintained in ADM for 21 days, with fresh ADM or adipose
maintenance media (ADM without IBMX and rosiglitazone) added every 3 days on
an alternating cycle. After 21 days cells were fixed for 30 minutes with 4% PFA
(Santa Cruz) followed by incubation in a 0.5% solution of Oil-Red-O (Sigma)for 10
minutes at RT. Neutral lipid droplets were imaged with a 10x objective on a Nikon
Eclipse TE-200 (Nikon; Melville, NY, USA) using Nikon’'s ACT-1 software.
Quantification of Qil-Red-O staining was accomplished by destaining with 100%
isopropanol and absorbance at 584 nm was determined using a Synergy HTX
plate reader (BioTek; Winooski, VT, USA). Differentiation was reported as a
percentage of control well staining.

Colony Forming Unit Fibroblast (CFU-F) Assay: ASCs were seeded at 5 x

102 cells per 10 cm plate (Corning Inc.) and cultured for 14 days. On day 14, cells
were fixed and stained with 3% crystal violet (Sigma) in methanol (Sigma) for 30
minutes at RT. Plates were then washed with DI water until clear and the number
of colonies with a diameter greater than 2 mm was manually recorded.

Population Doubling Time: ASCs were seeded at 1 x 10* cells per well in a

6 well plate and cultured in stromal media. Every 24 hours for a total of 8 days cells
were harvested with 0.25% trypsin and 1mM EDTA (ThermoFisher), and viable
cells were manually counted using trypan blue exclusion (ThermoFisher).
Population doubling times (DT) were calculated using the previously described
equation [472]:

e CTxIn2
~ In (Nf/Ni)
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where CT is culture time in hours, Ni is the initial cell number as counted on day 1,
and Nf is the final cell number. Doubling time was reported as the mean + standard
deviation.

Indirect Co-Culture Experiments

Co-Culture Conditions: Indirect co-culture of RAW264.7 or SIM-A9 cells

with ASCs was accomplished using polyethylene terephthalate (PET) Transwells
with a diameter of 24 mm and a pore size of 0.4 ym (Corning Inc.). ASCs were
seeded at 5 x 10* cells per Transwell in stromal media. ASCs were treated with
human interferon gamma (hIFNy; 20 ng/mL; EMD Millipore; Billerica, MA, USA) for
48 hours to activate them and enhance their immunomodulatory activity as
previously described [371, 380]. Concurrently, RAW264.7 or SIM-A9 were seeded
into 6-well plates at 5 x 10* or 2 x 10* cells per well, respectively. After 48 hours,
all cells were rinsed with 1xPBS, fresh media was replaced, and ASC seeded
Transwell inserts were moved into the 6-well plate for a 48-hour co-culture. After
48 hours, inserts containing ASCs were removed and RAW264.7 or SIM-A9 cells
were imaged for morphology, lysed for RNA isolation, or maintained for a further
48 hours in culture to generate conditioned medium. Control wells with no ASCs
were run in parallel. All experiments were performed in triplicate.

RNA lIsolation and gRT-PCR: RNA was isolated from RAW264.7 and SIM-

A9 cells using a RNeasy Mini Kit (Qiagen). Following RNA isolation, 1 ug of total
MRNA was used to synthesize cDNA using the Applied Biosystems High-Capacity
cDNA Reverse Transcription Kit (ThermoFisher). Quantitative reverse

transcription PCR (gRT-PCR) was performed using SsoAdvanced Universal
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SYBR Green SuperMix (Bio-Rad; Hercules, CA, USA) according to the
manufacturer’s instructions. Oligonucleotide primer sets were designed using
PrimerBLAST software and manufactured by Integrated DNA Technologies (IDT;
Coralville, 1A, USA) and sequences are listed in Table E1. Relative gene
expression was determined using the 2-22¢t method and reported as fold change
relative to untreated controls following normalization to the housekeeping gene,

40S ribosomal protein S29 (RPS29).
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Table D1: Primer Sequences
Table 1: Primer Sequences

Target Gene Forward Reverse
iNOS 5'-GCCACCAACAATCGGCAACA-3' 5'-CGTACCGGATGAGCTGTGAATT-3
IL-1B 5'-CCTGCAGCTCGGAGAGTGTGGAT-3' 5-TGTGCTCTGCTTGTGAGGTGCT-3'
TNFa 5-ATGGCCTCCCICTCATCAGTITC-3' 5-TTGGTGGTTTGCTACGACGTIG-3'
Argl 5-GTGAAGAACCCACGGTCTGT-3 5'-CCAGCACCACACTGACTCTT-3'

Mrcl 5-GTGGAGTGATGGAACCCCAG-3' 5-CTGTCCGCCCAGTATCCATC-3'
L.-10 5-GCTCTTGCACTACCAAAGCC-3' 5'-CTGCTGATCCTCATGCCAGT-3'
5'-TTCAGCCCGTATTTGCGGAT-3'

RPS29 5-TTCCTTTCTCCTCGTTGGGC-3'
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Migration Assay: Migration efficiency of the RAW264.7 macrophages and

SIM-A9 microglia in the presence or absence of LnASCs or ObASCs was
determined using Transwells with a diameter of 6.5 mm and a pore size of 5.0 ym
(Corning Inc.). Transwells were coated with rat tail collagen type 1 (Corning) at a
concentration of 50 yg/mL for 2 hours at 37°C, then dried and stored at 4°C until
use. Meanwhile, LnASCs and ObASCs were seeded into 24-well plates at 1 x 10*
cells per well and pre-stimulated for 24 hours with hIFNy as described above.
ASCs were then washed with 1xPBS and stromal media was replaced with serum-
free media. Transwell inserts were rehydrated with serum-free media for 30
minutes and RAW264.7 or SIM-A9 cells were seeded at 1 x 10° or 5 x 10 cells
per Transwell, respectively, in serum-free media. RAW264.7 macrophages were
allowed to migrate for 72 hours, and SIM-A9 microglia were allowed to migrate for
24 hours. After migration, Transwells were removed and stained with 3% crystal
violet (Sigma) in methanol for 30 minutes at RT. Transwells were washed with DI
water and the upper surface of the Transwell was brushed with a cotton swab to
remove non-migrated cells. As previously reported by Yin et al. 2017 and Yu et al
2018, three random fields were chosen and imaged using a 10x objective for each
Transwell [473, 474]. The number of migrated cells was manually counted for each
image by a group-blinded researcher and reported as the average cells migrated
per field.

Phagocytosis Assay: RAW264.7 and SIM-A9 cells were seeded separately

into 96-well plates at 2.5 x 103 cells per well in either control growth media or

media supplemented with 50% LnASC or ObASC conditioned media and cultured
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for 48 hours. The CytoSelect Phagocytosis Assay E. coli Substrate Kit (Cell
Biolabs; San Diego, CA, USA) was employed to assess phagocytic ability
according to the manufacturer’s instructions. Briefly, cells were incubated with E.
coli for 4 hours at 37°C, followed by fixation, permeabilization, and incubation with
substrate to visualize phagocytosis. Absorbance was read at 450nm on a Synergy
HTX plate reader (BioTek).

Nitric Oxide Production: After co-culture, RAW264.7 or SIM-A9 cells were

cultured for a further 48 hours and conditioned media (CM) was collected and
immediately frozen at -80°C. When thawed, CM was diluted 1:2 and a Griess
assay was used to determine levels of NO metabolites according to the
manufacturer’s instructions (Cell Signaling Technology; Danvers, MA, USA).
Briefly, samples were run in triplicate, incubated in sulfanilamide solution for 10
minutes at RT, and absorbance was measured at 540 nm with a wavelength
correction at 690 nm using a BioTek Synergy HTX plate reader. Nitrite
concentrations in CM were extrapolated from a standard curve.

Statistical Analysis

All data are expressed as mean = standard deviation from at least three
independent experiments. The statistical differences between two groups was
determined by a Mann-Whitney test. Differences between three or more groups
was determined by one-way ANOVA followed by Dunnett’'s multiple comparisons
test. For all comparisons, a p < 0.05 was considered to indicate a significant
difference. GraphPad Prism 8 software was used for all statistical analysis

(GraphPad; San Diego, CA, USA).
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D4 Results

ObASCs Exhibit Reduced Stemness Characteristics when Compared with

LnASCs

Human adipose stem cells (ASCs) were pooled from six lean (BMI < 25) or
six obese (BMI > 30) donors. No statistical differences were found in the age of
donors between groups (p = 0.513). Similar cell morphology was seen in both
LnASCs and ODbASCs (data not shown). Following a 21-day adipogenic
differentiation, both LnASCs and ObASCs differentiated into adipocytes, which
produced lipid droplets (Figure D1A). However, the degree of adipogenic
differentiation observed in ObASCs was significantly lower than that of LnASCs
(Figure D1B). Colony-forming unit fibroblast (CFU-F) assay indicated that ObASCs
had an impaired ability to form colonies relative to LnASCs (Figure D1C). Flow
cytometric analysis of the ASC phenotype based on positive (CD73, CD9O0,
CD105) and negative (CD4, CD14, CD31, CD45) markers was conducted for both
groups (Figure D1D). The data indicated that the ObASCs exhibited significantly
decreased expression of CD90 and CD105 relative to LnASCs. Interestingly,
ObASCs exhibited a slightly elevated level of CD73 relative to LnASCs (p < 0.01).
Finally, the average population doubling time was determined for each pool over
an 8-day period and revealed no significant differences between groups (Figure

D1E).
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Figure D1. Pooled ObASCs exhibit reduced stemness characteristics. (A)
LnASCs and ObASCs were differentiated with adipogenic media for 21 days and
stained with Qil-Red-O and imaged at 10x (scale bar is 200 um for controls and
100 um for adipogenesis). (B) Oil-Red-O destain absorbance was measured at
584nm and normalized to the LnASCs. (C) CFU-F assay was completed with both
LnASCs and ObASCs and the results were normalized to the LnASC colony
counts. (D) Flow cytometry analysis of LnASCs and ObASCs using both positive
and negative MSC markers. (E) Average population doubling time of LhASCs and

ObASCs expressed in hours. (Figure legend continues on next page)
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Values are presented as means (N=3) + SD of three independent experiments
using Mann-Whitney tests. Statistical differences between the means are marked
with *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: LnASCs, lean ASCs;

ObASCs obese ASCs; CD, cluster of differentiation.
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Indirect Co-Culture with ObASCs, but not LnASCs, Induces Polarization Towards

M1 Phenotype in RAW264.7 Macrophages

To determine the effect of LnASCs’ and ObASCs’ secretome on
macrophage gene expression and function, indirect co-culture with RAW264.7
cells for 48 hours was performed. The morphology of RAW264.7 cells following
co-culture was examined and no significant alterations were noted between groups
(Figure D2A). The gene expression analysis of key anti-inflammatory (Figure D2B)
factors revealed no significant changes in anti-inflammatory gene expression
following either LnASC or ObASC co-culture relative to untreated macrophages.
However, co-culture with ObASCs resulted in a roughly 50-fold increase in
expression of inducible nitric oxide synthase (iINOS) and a 26-fold increase in
interleukine-1 beta (IL-1B) expression (Figure D2C). Similarly, in comparison to
LnASCs, ObASCs induced a 10-fold and a 16-fold increase in iINOS and IL-1(3
expression respectively. Consistent with the upregulation of iINOS transcripts,
RAW264.7 cells co-cultured with ObASCs demonstrated a 47-fold increase in
iINOS metabolite production relative to untreated control cells as measured by a
Griess assay (Figure D2D). These findings were echoed in the 90-fold increase in

iINOS metabolites in ObASC exposed cells relative to LnASC exposed cells.
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Figure D2. RAW264.7 cells following indirect co-culture with ASCs in a
Transwell system. (A) Representative images of RAW264.7 morphology
following either LnASC or ObASC co-culture for 48-hours. (B) Changes in anti-
inflammatory gene expression of RAW264.7 cells following 48-hour co-culture

relative to untreated controls. (Figure legend continues on next page)
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(C) Changes in pro-inflammatory gene expression of RAW264.7 cells following 48-
hour co-culture relative to untreated controls. (D) Griess assay determination of
nitrite concentration of 48-hour conditioned media following 48-hour co-culture
relative to untreated controls. Values are presented as means (N=3) £ SD of three
independent experiments using one-way ANOVA followed by Dunnett’'s multiple
comparisons test. Statistical differences between the means are marked with **p <
0.01, ***p < 0.001. Abbreviations: Arg1, arginase 1; Mrc1, mannose receptor C-
type 1; IL-10, interleukin 10; iINOS, inducible nitric oxide synthase; IL-1j,

interleukin 1 beta; TNFa, tumor necrosis factor alpha.
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LnASCs and ObASCs Differentially Affect the Migration and Phagocytic Abilities

of RAW?264.7 Macrophages

Following the changes in gene expression observed in RAW264.7 cells, we
sought to determine what impact LnASCs and ObASCs have on the functional
properties of macrophages, namely migration and phagocytosis. The number of
macrophages able to digest the collagen-coating and migrate through a 0.4pm-
pore Transwell towards the ASCs was used to determine their migratory abilities.
Following 72-hour co-culture, more than three times as many RAW264.7 cells
migrated through the collagen-coated Transwell when cultured with LnASCs than
untreated controls (p < 0.001) (Figure D3C). Likewise, a comparison between
LnASC and ObASC exposed groups resulted in more than four times as many
RAW264.7 cells migrated. There was no statistical difference between ObASC co-
cultured RAW264.7 cell migration and untreated control cells. The ability of
RAW264.7 macrophages to phagocytose when cultured with LhnASC or ObASC
conditioned media (CM) was assessed with colorimetric quantitative analysis of
engulfed E. coli particles. When cultured with ObASC CM, but not LnASC CM,
macrophages exhibited a 24% decrease in phagocytic ability when compared to
untreated control macrophages (Figure D3D). The decrease in phagocytic ability
between LnASC and ObASC groups was less extreme at a 20% decrease, but still

statistically significant.
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Figure D3. LnASCs and ObASCs differentially alter the migration and
phagocytotic abilities of RAW264.7 cells. (A) Representative images of crystal
violet stained RAW264.7 cells following migration through a collagen-coated
Transwell in the presence of LnASCs or ObASCs. (B) Diagram of migration assay
process including staining and imaging. (C) Quantification of the cells migrated per
field based on three randomly chosen fields for each Transwell migration
performed. (C) Phagocytosis of E. coli-substrate by RAW264.7 cells following 48-
hour treatment with LhnASC or ObASC conditioned media. Values are presented
as means (N=3) £ SD of three independent experiments using one-way ANOVA
followed by Dunnett’s multiple comparison test. Statistical differences between the

means are marked with **p < 0.01, ***p < 0.001.
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Indirect Co-Culture with ObASCs, but not LnASCs, Induces Polarization Towards

M1 Phenotype in SIM-A9 Microglia

Microglia are the primary brain-resident macrophages and represent the
second line of CNS defense following the blood-brain barrier. Since we observed
significant changes in macrophage physiology and function, the impacts of LnASC
and ObASCs on microglia were assessed to determine how consistent these
effects are on cells of similar functionality but differing origin. The morphology of
SIM-A9 cells was consistent across all co-cultures (Figure D4A). Following 48-hour
co-culture, alterations in gene expression of anti-inflammatory (Figure D4B) and
pro-inflammatory (Figure D4C) factors were examined in LhnASC and ObASC co-
culture samples relative to untreated controls. Interestingly, both LnASC and
ObASC co-culture enhanced the expression of arginase-1 (Arg1) but lacked
differences of expression when compared with each other. However, another anti-
inflammatory marker, mannose receptor 1 (Mrc1; CD206) was downregulated to
0.7-fold following LnASC co-culture. This effect was further decreased to 0.26-fold
expression following ObASC co-culture and exhibited a statistically significant
decrease when compared with the LnASC group. Importantly, expression of the
anti-inflammatory cytokine interleukin-10 (IL-10) was upregulated 2.4-fold by SIM-
A9s following LnASC co-culture. This increase was not evident in the ObASC
group and was significantly less than the expression of the LnASC group.

Examination of pro-inflammatory genes yielded a significant increase in
expression of iINOS (52-fold), IL-1B (8.5-fold), and tumor necrosis factor alpha

(TNFa) (2.8-fold) in ObASC co-cultures, and a non-significant decrease in
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expression of these genes in LnASC co-cultures. In all three pro-inflammatory
genes examined, there was also a significant difference in expression level
between the LnASC and ObASC groups. A Griess assay was employed to
examine the nitrite concentration of SIM-A9 conditioned media following co-culture
(Figure D4D). In agreement with the RAW264.7 data, the ObASC co-cultured SIM-
A9 microglia produced 2.7-fold higher levels of nitrite species than untreated
controls. This was increased to a 4.6-fold difference when comparing LnASC to

ObASC co-cultured SIM-A9 cells.
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Figure D4. SIM-A9 cells following indirect co-culture with ASCs in a
Transwell system. (A) Representative images of SIM-A9 morphology following
either LnASC or ObASC co-culture. (B) Changes in anti-inflammatory gene
expression of SIM-A9 cells following 48-hour co-culture relative to untreated
controls. (C) Changes in pro-inflammatory gene expression of SIM-A9 cells
following 48-hour co-culture relative to untreated controls. (Figure legend

continues on next page)
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(D) Griess assay determination of nitrite concentration of 48-hour conditioned
media following 48-hour co-culture relative to untreated cells. Values are
presented as means (N=3) + SD of three independent experiments using one-way
ANOVA followed by Dunnett's multiple comparison test. Statistical differences
between the means are marked with *p < 0.05, **p< 0.01, **p < 0.001.
Abbreviations: Arg1, arginase 1; Mrc1, mannose receptor C-type 1; IL-10,
interleukin 10; INOS, inducible nitric oxide synthase; IL-1B, interleukin 1 beta;

TNFa, tumor necrosis factor alpha.
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LnASCs and ObASCs Differentially Affect the Migration and Phagocytic Abilities

of SIM-A9 Microglia

Changes in the functional properties of microglia following ASC co-culture
were determined. The migration efficiency of SIM-A9 cells was examined using the
aforementioned collagen-coated 5 ym pore Transwells. After 24 hours, 37% more
microglia had migrated in the LnASC co-culture than the untreated controls.
ObASC co-cultured SIM-A9s demonstrated an increased trend in migration but
failed to reach significance (Figure D5C). Comparisons between the LnASC and
ObASC groups also failed to reach significance. The ability of SIM-A9 cells to
phagocytose E. coli following exposure to LnASC or ObASC conditioned media
was also examined (Figure D5D). Exposure to ObASC CM resulted in a 48%
decrease in the phagocytic abilities of SIM-A9 cells relative to untreated controls

and a 65% decrease relative to LnASC CM exposure.
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Figure D5. LnASCs and ObASCs differentially alter the migration and
phagocytic abilities of SIM-A9 cells. (A) Representative images of crystal violet
stained SIM-A9 cells following migration through a collagen-coated Transwell in

the presence of LnASCs or ObASCs. (Figure legend continues on next page)
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(B) Diagram of migration assay process including staining and imaging. (C)
Quantification of the cells migrated per field based on three randomly chosen fields
for each Transwell migration performed. (C) Phagocytosis of E. coli-substrate by
SIM-A9 cells following 48-hour treatment with LnASC or ObASC conditioned
media. Values are presented as means (N=3) of three independent experiments +
SD using one-way ANOVA followed by Dunnett's multiple comparison test.

Statistical differences between the means are marked with *p < 0.05, **p < 0.01.
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DS Discussion

Adipose stem cells have tremendous therapeutic potential due to their
ability to migrate to sites of inflammation where they recruit immune cells and
orchestrate tissue repair [475-477]. Adipose stem cells are isolated from donor
tissue following liposuction or lipectomy and, as such, are often from obese
adipose tissue. Obese adipose tissue is chronically inflamed and hypoxic;
therefore, the resident ASCs may be fundamentally altered relative to ASCs from
lean donor tissue. Our initial characterization of stemness traits of ObASCs relative
to LnASCs yielded results in agreement with numerous previous studies including:
reduced adipogenic differentiation capacity [459, 478-480]; impaired self-renewal
ability [217, 234]; and diminished expression of standard stem cell phenotypic
markers [234, 479]. Additionally, our group’s previous work demonstrated an
exaggerated immune response of ObASCs to inflammatory stimuli [452],
suggesting that the chronic inflammatory environment of obese adipose tissue may
alter not only ASC phenotype but also their immunosuppressive function. In
support of this theory, an in vivo study conducted by our lab demonstrated a loss
of therapeutic efficacy of ObASCs in a mouse model of MS as demonstrated by
lack of symptomatic improvement, lack of lesion reduction, and increased in pro-
inflammatory cytokine expression [452]. Therefore, we hypothesized that the
ability of ObASCs to induce an anti-inflammatory, pro-repair phenotype in
macrophages and microglia would be impaired relative to LnASCs. In the present
study, we examined, in vitro, the gene expression profiles, migration, and

phagocytic abilities of both macrophages and microglia in the presence of ASCs.
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We concluded that exposure to ObASCs, but not LnASCs, resulted in pro-
inflammatory phenotypes in both macrophages and microglia.

Pro-inflammatory macrophages and microglia exhibit unique gene
expression profiles, in part characterized by high levels of INOS and the production
of several cytokines, including IL-183, IL-6, and TNFa [481]. The secretion of these
cytokines results in a pro-inflammatory microenvironment that initiates the
polarization of other macrophages and the recruitment and differentiation of naive
T cells towards pro-inflammatory phenotypes. In the present study, we
demonstrated that, following co-culture with ObASCs, macrophages significantly
upregulated iINOS and IL-13 gene expression when compared with LnASCs and
untreated controls. Similarly, microglia exhibited significant upregulation of iNOS,
IL-18, and TNFa transcripts. In contrast, the co-culture of microglia and
macrophages with LnASCs demonstrated no significant changes in the expression
of pro-inflammatory cytokines in comparison to untreated controls. Direct
comparisons made between LnASC and ObASC-exposed cells demonstrated
similar significant upregulation of pro-inflammatory genes in the ObASC group.
Nitric oxide (NO), the product of INOS enzymatic activity on L-arginine, is one of
the effector molecules of pro-inflammatory phagocytes. It produces metabolites
which can be examined as an indirect measure of NO activity. In both cell lines,
there were significantly more nitrite species produced following incubation with
ObASCs indicating enhanced activity of NO in ObASC exposed cells. No change
in NO activity was observed in cells co-cultured with LnASCs. These data suggest

that ObASCs, but not LhASCs, promote gene expression resembling the pro-
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inflammatory polarization of macrophages and microglia in vitro. Interestingly,
although the ObASC-exposed SIM-A9 cells significantly downregulated their
expression of the anti-inflammatory gene Mrc1, they maintained an elevated
expression of Arg1 and similar levels of IL-10 expression as control cells. In
addition to being a traditional anti-inflammatory cytokine, IL-10 also has significant
effects on the adaptive immune response by promoting the development of
regulatory T cell populations [374]. This combined pro-inflammatory, regulatory
microglial phenotype is an illustration of the diversity of potential responses to a
complex extracellular signaling milieux. Further, it illustrates the inability of an
oversimplified characterization system to appropriately describe these responses.

Gene expression analysis tells an incomplete story and does not
demonstrate the effect that ASCs have on the function of macrophages and
microglia. As immune surveillance and effector cells, macrophages and microglia
must be able to migrate to areas of damage and phagocytose invading pathogens
and cell debris. Anti-inflammatory, pro-repair phenotypes express an array of anti-
inflammatory cytokines and are responsible for the phagocytosis of cellular debris
and orchestration of tissue repair. Our migration assay demonstrated a significant
increase in migration of both macrophages and microglia in the presence of
LnASCs, which was absent in the presence of ObASCs. These findings are in
agreement with several in vitro studies that demonstrated increased speed and
distance of migration in a synthetic extracellular matrix by both M2 macrophages
and microglia relative to M1 macrophages and microglia [482, 483]. Similar results

were also found in a rat microglial migration study, which noted significant M2
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microglial migration through a matrix relative to M1 [484]. Phagocytosis is another
function of macrophages and microglia and is essential for pathogen defense and
tissue regeneration. Previous studies have demonstrated a decrease in the ability
of macrophages to phagocytose E. coli following polarization to M1 [485, 486].
Similarly, our results demonstrated decreased phagocytosis in the macrophages
and microglia exposed to ObASCs. The cells which were exposed to LnASCs
exhibited phagocytic abilities very similar to untreated control cells. Taken
together, the decrease in mobility and phagocytic abilities of both macrophages
and microglia are suggestive of polarization to an M1 phenotype as a result of
exposure to ObASCs. Persistent M1 polarization results in a pro-inflammatory
extracellular milieux which is essential for fighting infection and recruitment of
additional immune cell populations, but it can also result in extensive tissue
damage. M2 polarization is important for reduction of inflammation, degradation of
cellular debris, and initiation of tissue repair mechanisms. Thus, ObASCs may
possess limited therapeutic potential due to their promotion of pro-inflammatory

phenotypes.
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D6 CONCLUSIONS

The data from these studies suggest that ObASCs are fundamentally
altered by their environment. This alteration manifests as a phenotype that
preferentially induces a pro-inflammatory polarization in both macrophages and
microglia, as evidenced by elevation of pro-inflammatory transcripts, decreased
mobility, and diminished phagocytosis. The results of this study illustrate the
importance of understanding the impact of the tissue niche on ASC phenotype and
immunomodulatory function. In the context of an inflammatory disease such as
MS, the skewed immunomodulatory function of ObASCs which promotes pro-
inflammatory activation of innate immune cells may help explain the lack of
therapeutic effect in previous studies. However, MS is only one of the numerous
potential disease applications for ASCs, each of which are defined by unique
pathogenic mechanisms. An ASC therapeutic ideally functions as a biological
immunomodulator. One that enhances the pro-inflammatory function of
macrophages or microglia may be beneficial for situations in which normal immune
function is diminished or compromised. Successful translation of ASC therapeutics
to the clinic will require the selection of ASCs that best fit the desired

immunomodulatory response and produce the intended therapeutic outcome.
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