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Abstract

Shortly after the discovery of endothelial progenitor cells (EPCs) in 1997, many clinical trials
were conducted using EPCs as a cellular based therapy with the goal of restoring damaged organ
function by inducing growth of new blood vessels (angiogenesis). Results were disappointing,
largely because the cellular and molecular mechanisms of EPC-induced angiogenesis were not
clearly understood. Following injection, EPCs must migrate to the target tissue and engraft prior to
induction of angiogenesis. In this study EPC migration was investigated in response to tumor
necrosis factor a (TNFa), a pro-inflammatory cytokine, to test the hypothesis that organ damage
observed in ischemic diseases induces an inflammatory signal that is important for EPC homing.
In this study, EPC migration and incorporation were modeled /n vitro using a co-culture assay
where TNFa treated EPCs were tracked while migrating towards vessel-like structures. It was
found that TNFa treatment of EPCs increased migration and incorporation into vessel-like
structures. Using a combination of genomic and proteomic approaches, NF-kB mediated
upregulation of CADM1 was identified as a mechanism of TNFa induced migration. Inhibition of
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NF-kB or CADML1 significantly decreased migration of EPCs /n vitro suggesting a role for TNFa

signaling in EPC homing during tissue repair.

Keywords
Endothelial Progenitor Cells; CADM1; TNFa; Cellular Migration

Introduction

The discovery of endothelial progenitor cells (EPCs) and the first demonstration that a
cellular based therapy could be used as a regenerative therapeutic was published by Asahara
and colleagues in 1997.[1] Successful use of EPCs in animal models to regenerate lost organ
function prompted the initiation of human trials.[2, 3] Conflicting results from human trials
raised notable concern regarding the efficacy of using EPCs to restore organ function.[4, 5]
The prevailing explanation of these results was based on the observation that the cell
population that was used to induce regeneration was derived from autologous donors. It was
hypothesized that because the cells were isolated from individuals with cardiovascular
disease, the cells were therapeutically incompetent as a result of the underlying
pathophysiology. Very little data exists supporting this hypothesis as the molecular
mechanisms of EPC-induced angiogenesis are not well understood. Therefore, development
of an effective cellular-based therapy requires a better understanding of the cellular
mechanisms of regeneration.

EPCs are primarily found in the bone marrow, peripheral circulation, and vessel walls with
the majority being in the bone marrow.[6] It has been demonstrated that EPCs are mobilized
out of the bone marrow to sites of ischemia in order to repair damage.[7] Many groups have
studied the mobilization of EPCs, associating acute inflammation with increased EPC
mobilization.[8, 9] The majority of human disease states induce an inflammatory response.
[10] It is well understood that immune cells are recruited to an active site of disease, illness,
or infection and can induce apoptosis in infected cells, collect debris, and provide support
for repair. EPCs and immune cells share a common precursor, so it is likely they play an
innate regenerative role.[1] For example, acute events such as myocardial infarction, stroke,
and dilated cardiomyopathy increase the number of peripheral EPCs.[11-13] In these
studies, patients observed with a higher number of peripheral EPCs typically exhibited better
outcomes than patients with a lower number of peripheral EPCs. In contrast, patients with
chronic diseases typically have decreased numbers of peripheral EPCs and poorer outcomes.
[14-16]

We hypothesized that repair of organ damage by endogenous EPCs functions as a feedback
controlled system to maintain tissue integrity (Figure 1). In such a system, an acute injury
would induce the production of pro-inflammatory cytokines that would act to both mobilize
EPCs from the bone marrow and recruit EPCs from the circulation to the target tissue.
Recruitment of cells and repair of damaged tissue would thereby decrease the injury signal
completing the feedback loop. In the context of the published human data, acute stimulation
of EPC mobilization would be classified as an adaptive regenerative response as
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regeneration would be followed by a decrease in the mobilization signal. Cells with impaired
regenerative function would lead to a buildup of mobilizing cytokines resulting in chronic
stimulation of EPC mobilization. This would be considered a maladaptive response.[17, 18]

In this study, Tumor Necrosis Factor (TNFa) was used as the prototypic pro-inflammatory
cytokine to induce EPC migration as others have demonstrated the role of TNFa in
activation of EPC function.[19-21] Kelly et. al. demonstrated that TNFa receptors play a key
role in stem cell-mediated regeneration of cardiac function.[22] TNFa is a pro-inflammatory
cytokine that acts primarily to regulate immune cell function including rolling, adhesion,
proliferation, and apoptosis.[23][24-30] To increase localized recruitment of leukocytes
during an inflammatory response, TNFa simulation of the endothelium increases the
number of adhesive molecules expressed on the cell surface.[31] In addition to production of
TNFa in response to a foreign antigen, TNFa is produced in response to other stimuli, for
example, during exercise or in traumatic injury.[32-35] Because TNFa has known roles in
cellular recruitment, adhesion and remodeling, it was hypothesized that acute, low-dose
treatment would increase the migratory properties of EPCs to vascular endothelial cells.

The EPC mobilization process has been very well studied and characterized. The process by
which EPCs migrate to a damaged tissue following an insult or injection (Figure 1) has not
been well studied. Elucidation of mechanisms that control migration of EPCs to damaged
tissue could provide insight into approaches to augment the repair process induced by
endogenous EPCs. Additionally, assessment of cells prior to treatment could help predict the
likelihood of successful therapy.

While the importance of TNF signaling in tissue regeneration has been demonstrated,
studies have typically quantified high-level phenotypes such as cardiac function in response
to sequentially deleting TNF receptors. The goal of this manuscript was to investigate the
cellular functions and associated molecular mechanisms that occur after injection of EPCs,
specifically those that control EPC migration to target areas of the vasculature in response to
TNFa. To accomplish this, a comprehensive approach was developed where TNFa-induced
signaling was analyzed in 3 parts: (1) receptors, (2) effectors, and (3) intracellular signaling.
Experiments were designed to elucidate the molecular mechanisms at each level. At the
receptor level, TNFa signaling is a well characterized process; however, there are multiple
TNF receptors and pathway effects. To determine the mechanism of TNF receptor signaling
(Part 1) in EPCs, gene expression of key TNFa signaling components was following
treatment. To determine potential effector proteins (Part 2), liquid chromatography tandem-
mass spectrometry (LC/MS-MS) was used to identify candidate proteins that were
differentially regulated in response to TNFa stimulation and that were consistent with
observed receptor signaling. To determine the specific mechanisms of intracellular signaling,
candidate proteins and signaling pathway members were inhibited and EPC migration was
evaluated in response to TNFa (Part 3). In conducting these studies, a new molecular
mechanism of TNFa-induced migration was proposed, tested, and validated.
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Methods

Electrically-Stimulated Model of Hindlimb Angiogenesis

The Medical College of Wisconsin (MCW) Institutional Animal Care and Use Committee
approved all animal protocols. Sprague Dawley rats were placed on 4% salt diet one week
before surgery to suppress angiogenesis.[36] Nine to ten week old rats were anesthetized
with an intramuscular injection mixture of ketamine (70 mg/kg), Xylazine (4 mg/kg) and
Acepromazine (1 mg/kg). Aseptically, a battery-powered stimulator was implanted on the
medial right limb.[37] Electrodes induced contractions of the tibialis anterior (TA) and
extensor digitorum longus (EDL) muscles for eight consecutive hours, daily. The
contralateral leg was used as a control. All animals were euthanized after seven days of
stimulation and expression of TNFa was measured via PCR and ELISA.

EPC Isolation and In Vivo Expansion

EPCs were isolated from Sprague Dawley (SD) rat (Harlan) tibia/femur bone marrow as
previously described.[19, 38] SD rats were euthanized, the tibia/femur were isolated, and the
bone marrow was flushed using a 20 gauge needle. The RBCs were separated from the bone
marrow using a polysucrose solution and differential centrifugation (Histopaque 1083;
Sigma-Aldrich 10831). The mononuclear fraction was collected, washed, and seeded at a
density of 1x107 cells/dish onto fibronectin coated (10pg/mL) cell culture dishes. Cells were
cultured in MCDB131 (E3000-01B; US Biological; Swampscott, MA) supplemented with
10% FBS and the EGM-2 supplement pack (Lonza). Cells were grown at 37°C, 20% O, and
5% CO,.

Cell Culture

Rat cardiac microvascular endothelial cells (RCMVECs) were plated, expanded (P4-P6) in
100 mm dishes (R1111; Cell Biologics; Chicago, IL) and cultured to confluence in
endothelial cell media (MCDB131, E3000-01B; US Biological; Swampscott, MA) with the
EGM-MV pack (CC-4147; Lonza; Basel, Switzerland).

Migration Assay

Tube migration assay was conducted as described previously.[38] RCMVEC-tubes were
grown in four-well slides (Nunc Lab-Tek) coated with 250uL of Growth Factor Reduced
Matrigel (BD Biosciences). Mature EPCs were treated with TNFa (1ng/mL)/control (PBS)
for 3 hrs. EPCs were stained with DAPI (30 min, 40ug/mL) and lifted using an enzyme free
dissociation buffer. 10,000 EPCs were added to each well. Brightfield/fluorescent
micrographs were taken using a Nikon TS-100 micrograph 2 hours and 14 hours following
EPC seeding (initial studies revealed that assessment at 2 hours is the earliest time point
repeatable results can be demonstrated, assessment at 14 hours is the latest time point before
results become inconsistent). The number and locations of fluorescent EPCs was detected/
recorded. These locations were registered against the bright field images of tube-like
structures and the number of cells that had migrated to tubes was determined.[39] The ratio
of incorporated versus total EPCs was calculated and compared across groups.
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gPCR Results and Analysis

Expression of genes in the TNFa pathway was measured using the RT2 Proflier™ PCR
Array (Qiagen; PARN-063Z). EPCs were treated with TNFa (1ng/mL) or vehicle (PBS) for
3 hours. RNA was isolated using the RNeasy Mini-Kit (QIAGEN, Cat. # 74104) and
converted to cDNA using the RT2 First Strand Kit (QIAGEN 330401). Samples were run on
a 7900-HT Real-Time PCR Thermocycler (Invitrogen) and analyzed using QIAGEN
software.

CADM-1 gPCR was done by loading 50ng of RNA/well into a 1X solution of TagMan Fast
Virus 1-Step Master Mix (Invitrogen 4444432) with validated CADM-1 primers (Life
Technologies Rn00457556_m1). 18S ribosomal subunit (Invitrogen 4333760F) was used as
the control gene, data were analyze via the Livak and Schmittgen method and expressed as
relative transcript abundance.

TNFa ELISA

TNFa levels in unstimulated/stimulated skeletal muscle homogenates were measured with
an ELISA kit (Invitrogen KRC3011). Skeletal muscle was disrupted in 500 pL buffer with a
protease inhibitor (Roche 11697498001) and 0.5% Triton X-100 in PBS with a TissueLyser
Il (Qiagen). Total protein concentration was determined using Bio-Rad DC protein assay
and lysates were analyzed for TNFa.

Proteomics Results

Cell surface proteins were identified following chemical isolation using LC-MS/MS. EPC
surface proteins were isolated using a combination of two separate chemical isolation
methods, both as described previously, a glycoprotein isolation (Cell Surface Capture, CSC)
[40] and a cell membrane associated biotinylation isolation (CMABI).[41]

To isolate using the CSC method, surface glycoproteins were oxidized by adding 4mL of
1mM sodium-meta-periodate (Fisher, P120504) at 4°C for 15 minutes. Cells were lifted
using an enzyme free dissociation buffer (Milipore, S-014-B). Oxidized glycans were
labeled at 4°C for 60 minutes using 4mL of 10mM biocytin hydrazide (Biotium, 90060).
EPCs were lysed and the membrane fraction was pelleted at 35,000xg. The membrane
fraction was reduced for 30 minutes (100mM, NaHCO3; 0.1% RapiGest, 5mM TCEP) and
alkylated for 30 minutes in iodoacetamide (10mM). Samples were digested for 18 hours and
peptides labeled with the oxidized glycan modification were purified and analyzed using an
LTQ Orbitrap Velos Mass Spectrometer

To isolate using the CMABI method, EPCs were lifted from culture dishes using an enzyme
free dissociation buffer (Milipore, S-014-B) at 4°C for 45 minutes. Cells were washed,
pelleted, resuspended and labeled using 4mL of 1mM NHS-SS-Biotin for 60 minutes. Cells
were lysed and membrane fractions were separated at 55,000xg for 2 hours at 4°C. Samples
were digested using trypsin for 18 hours. Peptides labeled with the NHS-SS-Biotin
modification were isolated using streptavidin coated beads (Pierce, 53117). Samples were
then washed, reduced, (100mM, NaHCO3; 0.1% RapiGest, 5mM TCEP), alkylated (10mM
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iodoacetamide) and eluted in 0.1% trifluroacetic acid. Peptides were purified using C18
columns and analyzed using an LTQ Orbitrap Velos Mass Spectrometer.

Immunoblot to confirm CADM-1 differential regulation

Cultured EPCs were treated with TNFa (1ng/mL)/control (PBS) for 3 hours and RCMVECs
were treated with TNFa/control for 12 hours. Cells were isolated in a membrane prep buffer
(255mM sucrose, 20mM HEPES, 1mM EDTA) supplemented with protease inhibitor
(Roche) and lysed using a 24 gauge needle. 10ug of protein from each sample was loaded
onto a 10% polyacrylamide gel (BioRad) and transferred to a PVDF membrane. The
membranes were blocked with nonfat dry milk and probed overnight with the CADM1
antibody (1:1000, abcam ab3910). Secondary probing was done using HRP conjugated goat
anti-rabbit (BioRad #170-6515, 1:5000) for 2 hours at 4°C. Visualization and development
was done with chemiluminescence (Pierce). The 55kD bands were quantified based upon
integrated optical density (Molecular Devices). Results were normalized by staining the blot
protein using a coomassie stain (BioRad).

NF-kB Inhibition

EPC migration experiments were repeated using an NF-kB inhibitor. 1 hour prior to TNFa/
vehicle treatment, a synthetic peptide NF-kB inhibitor (sc-3060; Santa Cruz Biotechnology)
or a control, scrambled peptide inhibitor (sc-3061; Santa Cruz Biotechnology) was place
into cell culture media at 1pg/mL. Following treatment, TNFa (1ng/mL)/control (PBS) was
administered for 3 hours. EPCs were harvested and used for the migration assay or RNA
analysis.

siRNA-mediated CADM-1 Knockdown Experiments

EPCs were isolated and cultured in 100mm dishes. After 10 days of expansion, cells were
transfected with ON-TARGETplus CADM1 siRNA (J-101011-12) or the scrambled control
(D-001810-02-05; Thermo Scientific) using DharmaFECT3 transfection reagent (T-2003-03;
Thermo Scientific) according to the manufacturer's instructions. Briefly, for a single dish,
6.3L of sSiRNA (20uM) was mixed with 193.7uL of opti-MEM reduced serum media
(Invitrogen 31985062) in one tube while 40uL of DharmaFECT3 and 160uL of opti-MEM
reduced serum media (Invitrogen 31985062) were mixed in a second. The two solutions
were combined, incubated at room temperature for 20 minutes, and added to 4.6mL of
MCDB131 + EGM-2 media (without antibiotics). The transfection-ready mixture was added
to the cell culture, yielding a final concentration of 25nM. After 24 hours of transfection, the
media on the transfecting EPCs was changed to MCDB131 + EGM-2 (with antibiotics).
After a further 24 hours, the cells were treated with TNFa (Lng/mL) or vehicle (PBS) for 3
hours for use in the migration assay or RNA was isolation to assess knockdown efficiency.

Results

Expression of TNFa is increased in an in vivo model of electrically stimulated
angiogenesis

Previous work from both our group and others has demonstrated that electrically stimulating
nerves innervating the hind-limb musculature induces angiogenesis in normal animals.[42,
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43] In angiogenesis-incompetent animals, stimulating hind-muscle contractions after
injecting EPCs restores impaired angiogenesis.[36, 44] The molecular mechanisms of
angiogenesis in this model are not fully understood. It was hypothesized that TNFa was
involved in this process. To test this hypothesis, Sprague Dawley rats were surgically
implanted with hind limb stimulators that induced muscle twitching for 8 hours/day for 1
week. After 1 week, the tibialis anterior and extensor digitorum longus were harvested and
expression of TNFa was measured using gPCR and ELISA. It was found that electrical
stimulation significantly increased TNFa RNA by 65% and protein by 25% (Figure 2, A).
The finding of increased TNFa expression in this model suggests that TNFa plays a key role
in mediating EPC-induced angiogenesis. Based upon the role of TNFa in leukocyte
recruitment, we hypothesized that TNFa increases the migratory activity of EPCs to the
endothelium.

TNFa increases the preferential migration of EPCs towards vessel-like structures in vitro

To measure the migratory activity of EPCs, vessel-like structures were grown on a
Matrigel™ based substrate using rat microvascular endothelial cells (RCMVECSs). EPCs
were pre-treated with TNFa or vehicle for 3 hours prior to suspending 1x104 DAPI stained
EPCs in each well containing fully mature tubes. EPCs were pretreated in order to keep
conditions consistent with proteomic and gene expression experiments. Each well was
imaged (brightfield and fluorescence in order to track both cell types) at 2 hours and 14
hours. The number and locations of each EPC was assessed to determine if it had migrated
to a tube. It was found that TNFa pretreatment of EPCs significantly increased the fraction
of EPCs that migrated to vessel-like structures at both 2 hours and 14 hours (Figure 2, B
and C). The mechanism underlying this phenotype was further investigated with gPCR and
proteomic analyses.

Low dose, acute TNFa treatment of EPCs signals through the TNFR2 (p75) pathway, not
the TNFRL1 (p55) pathway

TNFa is known to signal through two pathways, TNFR1 (p55) and TNFR2 (p75).[45, 46]
EPCs were treated with TNFa or vehicle and gene expression of key pathway components
was measured using qPCR. In the p55 pathway, MADD, RIP, Caspase 2, and Caspase 3
were found to be significantly down-regulated indicating attenuated apoptosis signaling. In
the p75 pathway, TNFR2, TRAF3, and NF-kB were all found to be significantly
upregulated. The canonical TNFa receptor pathway members were imported from Ingenuity
Pathway Analysis and genes with significantly increased expression in response to TNFa
were colored green whereas genes detected with significantly decreased expression were
colored red (Figure 3). As it has been demonstrated that NF-kB is activated through the
TNFR2 pathway,[47, 48] these results suggest increased migration of EPCs through TNFa
treatment occurs primarily through the TNFR2 (p75) pathway. This is further investigated
through inhibition of NF-kB experiments.

NF-kB mediates TNFa-stimulated migration to in vitro tubes

The results of Figure 3 suggested that TNFa-induced migration occurs through NF-kB. To
test the hypothesis that NF-kB regulated genes transcription increases EPC migration, the
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migration assay was repeated using a peptide inhibitor of NF-kB or a scrambled-peptide
control (Figure 4). When using a control, it was found after both 2 and 14 hours that TNFa
increased EPC migration to tube-like structures /in vitro (P < 0.05). In the presence of the
targeting NF-kB inhibitor, there was no change in migration towards tube-like structures at 2
hours and 14 hours. However, the increased migration induced by TNFa treatment was
inhibited in EPCs pre-treated with the NF-kB inhibitor compared to vehicle-treated cells,
supporting the hypothesis that increased migration in response to TNFa treatment is
mediated through NF-kB. As other studies have shown that NF-kB signaling in the TNF
pathway is through the TNFR2 receptor, these data, combined with those in figure 3, support
the hypothesis that TNF signaling in this system is occurring through the TNFR2 receptor.

LC-MS/MS identification of unique membrane proteins that mediate migration

To identify effectors mediating the migratory phenotype induced by TNFa, EPC and
RCMVEC surface proteins were isolated and analyzed using LC-MS/MS. Four separate
groups were analyzed (1. RCMVECs, control 2. RCMVECs, TNFa treated 3. EPCs, control
4. EPCs, TNFa treated). Relative protein abundance was quantified using spectral counting
as previously described [36, 38].

Prior to candidate filtering using Visualize 1.58,[49] 6000 unique proteins were identified.
Approximately 1000 of these proteins passed quality filters. The list was further filtered by
eliminating proteins that did not participate in a relevant function (adhesion, incorporation,
recruitment), were not differentially regulated in response to TNFa (P < 0.05), or where a
binding partner was not identified in the complimentary cell type. In accordance with results
from Figures 3 and 4, proteins had to be predicted /in sificoto be regulated by NF-kB using
Genomatix Genome Analyzer.[50] These criteria narrowed the candidate list to 7 candidate
protein pairs (Table 1). Cell Adhesion Molecule 1 (CADML1) was chosen as the final
candidate protein as it was demonstrated to have the largest up-regulation in response to
TNFa treatment and deficiencies in rodent models functionally matched the observed
phenotype most closely.[51-53]

Confirmation of LC-MS/MS results that CADM1 is differentially regulated in response to

TNFa

A sample LC-MS/MS spectra of a CADML specific peptide is shown in Figure5, A.
Immunoblots of CADML1 in EPCs and RCMVECs were completed to validate CADM1 as a
candidate protein to mediate the migratory process of EPCs (Figure 5, B). In EPCs,
CADML1 expression was found to be significantly increased in response to TNFa, whereas
in RCMVECs CADM1 expression was detected, but no differential regulation was found in
response to TNFa.

gPCR Analysis of CADML1 expression in response to TNFa

To test the hypothesis that TNFa differentially regulates CADM1 via NF-kB, expression of
CADML1 was assessed via gPCR in the presence or absence of an NF-kB synthetic peptide
inhibitor (Figure 6, Panel A). When EPCs were treated with an NF-kB or a matched control
(scrambled peptide) inhibitor, CADM1 expression was found to be differentially upregulated
in response to TNFa (P < 0.05). When EPCs were treated with TNFa and the NF-kB
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inhibitor, the increased CADM1 expression was eliminated confirming the hypothesis that
CADML1 is differentially regulated by TNFa through NF-kB signaling.

EPC Migration with CADM1 Knockdown

To test the hypothesis that TNFa induced up-regulation of CADML1 increases the migration
of EPCs towards tube-like structures /in vitro, the migration experiment was repeated using
EPCs transfected with CADML1 siRNA or a scrambled control (Figure 6, B). In EPCs
transfected with the scrambled control it was found after both 2 and 14 hours that TNFa still
preferentially increased EPC migration towards tube-like structures /n vitro (P < 0.05). In
EPCs transfected with targeting siRNA, migration towards tube-like structures was still
observed at 2 hours and 14 hours, but a preferential increase from TNFa treatment was
inhibited, supporting the hypothesis that increased migration in response to TNFa treatment
is mediated through CADML1.

Discussion

In this study, the molecular mechanism driving increased EPC migration in response to
TNFa was investigated. Signaling was grouped into three categories: 1) receptors, 2)
effectors, and 3) intracellular processing. It was found that TNFa signaling in EPCs was
occurring through NF-kB stimulation from TNFR2. To study effectors, a proteomic study
identified CADML1 as the highest priority candidate and its role in the migratory process was
directly tested and confirmed. To study intracellular processing downstream of TNFR2, NF-
kB blockade demonstrated an attenuated increase in migration in response to TNFa,
treatment. Finally, TNFa regulation of CADM1 through an NF-kB mediated mechanism
was tested and confirmed by inhibiting NF-kB and measuring CADM1 gene expression.

Migratory/Incorporation phenotype

It has been shown that very few cells are required to induce angiogenesis in animal models
suggesting that a small sub-fraction of injected cells are responsible for the majority of
observed therapeutic effects. Kaczorowski et. al. demonstrated an injection of 500 EPCs
induced angiogenesis in a model of hind limb ischemia, far too few cells to track with
current imaging modalities.[36] /n vivo tracking studies have shown that the cellular signal
is cleared within hours of injection. In spite of this, regenerative effects are still observed.
[54] Detection of little or no signal supports the finding that it takes very few cells to
observe significant regenerative effects. In absence of a signal it is difficult to ascertain
where these cells are migrating and when they are engrafting. Therefore, studies that utilize
in vivoimaging of labeled EPCs do not directly observe EPC migration. To directly study
EPC migration an /n vitro system was utilized that allowed for direct observation of
migrating cells.

Several /n vitro migration assays exist. Two examples are 1) the scratch assay, where a
cellular monolayer is disrupted and an index of repair is measured and 2) the Boyden
chamber assay, where cells are stimulated to migrate across a barrier with small pores.[55]
The scratch assay is optimally suited for proliferating cells and the Boyden chamber assay is
optimally suited for cells that migrate in response to a chemokine gradient. Because the
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EPCs in the present study were not proliferating and were pre-treated (as opposed to
following a chemokine gradient), it was necessary to use a different assay. Asahara et. al.
demonstrated in a model of hind limb ischemia that injected EPCs preferentially migrated to
the ischemic limb.[7, 56] The assay used in the present study mimicked /n vivo migration
quantifying the fraction of cells that had preferentially settled on a vessel-like structure.
Similar to the in vivo work by Asahara et. al., our results suggest that inflammatory
cytokines secreted by the hind limb activate circulating EPCs increasing vessel incorporation
(Figure 2).

TNFa signaling

TNFa signaling occurs through two receptors. Signaling through TNFR1 (p55) induces
apoptosis, whereas signaling through TNFR2 (p75) induces NF-kB mediated gene
transcription.[45, 57-59] Downstream signaling converges on several transcription factors,
and the effect TNFa has on cellular activity has been shown to be a function of TNFa
concentration, duration of exposure and cell type.[60-65] Kelly et al. studied the role of the
TNF receptors in mesenchymal stem cell (MSC) mediated cardiac regeneration. Sequential
knock-out of the TNF receptors showed that p55 signaling was detrimental and p75 was
beneficial when using MSCs as a cellular-based therapy to improve cardiac function
following myocardial infarction. Even more interesting was the finding that when the p75
receptor was mutated, cardiac recovery was reduced to levels observed with a vehicle
injection.[22] These results demonstrate that TNFa signaling through the p75 receptor is
necessary for MSC based regenerative therapy. Results of the present study suggest that
TNFa activation through p75 signaling induces increased EPC migration in vitro.

The results of the current study demonstrate that a low, acute dose of TNFa to EPCs serves
to increase the migratory activity of EPCs through p75 activation of NF-kB. Clinically, these
results are important in patients with diseases of increased or decreased angiogenesis.
Increased angiogenesis is a feature of several types of cancer as increased levels of EPCs
have been found in tumors /n vivo.[66, 67] Disruption of the EPC migratory process would
be beneficial to cancer patients as EPCs have been shown to enhance tumors proliferation.
Decreased angiogenesis is a feature of ischemic diseases including angina pectoris and heart
failure.[68] To translate these findings clinically, in diseases of increased angiogenesis it
would be beneficial to maximize p55 signaling and in diseases of decreased angiogenesis it
would be beneficial to maximize p75 signaling. This could be done by tailoring anti-
inflammatory treatments for the individual patient or through the development of drugs that
selectively block TNFa signaling at either the p55 or p75 receptor.

Kishore et al. demonstrated the importance of TNFa signaling through the p75 vs the p55
receptor in recovery from myocardial infarction (MI).[45] To test the hypothesis that p75
signaling would be protective whereas p55 signaling would be harmful in MI recovery, the
p55 and p75 receptors were knocked out (KO) in separate strains of mice. Left anterior
descending arteries were occluded to induce an M1 and metrics of recovery were measured.
In p55/KO mice, myocardial recovery was improved and in p75/KO mice, myocardial
recovery was impaired. In that study the distribution of the p55/p75 receptors was measured
in tissues as a function of age and it was found that cardiac p75 receptor density decreased
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with age, suggesting that the ability to recover from an MI reduces with age due to reduced
p75 signaling.

Kishore et al. also measured pro-angiogenic gene expression in EPCs isolated from elderly
and young humans. It was found that EPCs isolated from younger humans expressed more
pro-angiogenic genes. A follow up study by Sasi et. al. demonstrated that EPCs isolated
from elderly vs younger humans had less p75 expression. This finding was offered as
explanation for the expression of lower angiogeneic gene expression in cells isolated from
elderly patients.[69] The results of these studies and the current study suggest that increased
mortality from MI observed in the elderly [70] is due to attenuated EPC repair activity due
to decreased angiogenic gene expression in EPCs. In Figure 1 it was proposed that cardiac
damage is repaired through a negative-feedback system. These findings would suggest that
aging and/or disease impairs the function of this regenerative system through differential
expression of the p55/p75 receptors.

CADM1: An additional role for a versatile protein?

Cell Adhesion Molecule 1 is a protein that has been found to be strongly expressed in
neurons,[71-75] spermatogenic cells,[52, 76-78] immune cells,[79-87] and endothelial cells.
[88, 89] Functionally, CADM1 has been shown to participate in homophilic binding, and
paradoxically, tumor suppression. It would be reasonable to hypothesize that CADM1-
mediated adhesion of EPCs would increase tumor growth. However, members of the CADM
family have an immune component, effectively suppressing tumor growth once in the bound
form.[90]

There exists an extensive body of literature describing CADML1 as a tumor suppressor
protein, but only two studies that describe “CADM1” and its role in the vascular system.[88,
89] Hasstedt et al. was the follow-up on a human linkage study that had the goal of
identifying single nucleotide polymorphisms (SNPs) in genes of the Kindred Vermont Il
family.[89] The Kindred Vermont Il is a family of a couple born in Vermont in the 1830s
that have increased susceptibility to venous thrombosis (VT).[91] Prior to the study by
Hasstedt et al. in 2009, a linkage analysis narrowed the VT causing region to an area of 109
genes.[91, 92] After analyzing the DNA sequences of the 109 genes identified in the
disease-causing region, it was found that 8 CADM1 SNPs correlated with a patients’ risk for
VT. These SNPs were shown to mutate the amino acids within the CADMZ1 protein, likely
altering function. Either an increase or decrease in CADML1 binding Kinetics could lead to
improper recruitment of EPCs ultimately causing the development of vascular
malformations and generation of clots.[93]

Kaczorowski et al. compared angiogenic-competent and angiogenic-incompetent EPCs
derived from two genetically distinct rat strains in an /7 vivo model of hind limb stimulation.
[36] The angiogenic-incompetent EPCs were isolated from a salt-sensitive (SS/MCWi) rat
and the angiogenic-competent EPCs were isolated from an SS-13BN/MCWi rat.[94, 95] In
this study, it was found that 5x102 EPCs from the angiogenic-competent strain had the same
therapeutic efficacy as 5x10° from the angiogenic-incompetent EPCs, indicating a 1000-fold
difference in therapeutic potency between the two strains. A proteomic analysis of surface
proteins was conducted, investigating differential expression between the two strains. The
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conclusion was that the phenotype of impaired angiogenesis was due to increased immune
reactivity towards EPCs derived from the SS/MCWi strain. In the proteomic analysis by
Kaczorowski et. al., CADM1 was found to be increased 10 fold in the SS/MCWi (impaired
angiogenesis) compared to the SS-13BN/MCWi strain. These results indicate an important
point, that successful adhesion and migration of EPCs are not the sole processes responsible
for induction of angiogenesis. Successful migration is necessary for induction of
angiogenesis, but additional steps with distinct mechanisms are also required for
angiogenesis. In the context of human studies, it is important to note that EPCs isolated from
a genetically heterogeneous population are likely to have large differences in therapeutic
potency, illustrating the need for further research to develop clinical assays that can measure
EPC potency prior to therapy.

Conclusions

In summary, EPC therapies are a promising clinical treatment. Prior to becoming a
mainstream therapy, further research identifying the regenerative mechanisms is necessary to
obtain consistent clinical results. To achieve this, studies need to be conducted to better
understand the mechanisms of EPC-induced migration, binding, and regeneration. Results
from this study indicate that TNFa signaling through TNFR2 that induces NF-kB and
CADML1 transcription likely plays a role in the process of EPC migration to a site of organ
damage /n vivo. Our results suggest that the expression of molecular biomarkers (TNFR2,
NF-kB, and CADML1) in EPCs could serve to effectively screen EPCs pre-therapy and
potentially increase the success rates in human EPC trials.
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Significance Statement

Endothelial progenitor cells (EPCs) have been shown to regenerate blood vessels in
animal studies. Human trials have not yet demonstrated therapeutic efficacy as the
molecular regenerative mechanisms are poorly understood. In this study, it was
discovered that EPC migration towards vessels is increased in the presence of the
inflammatory signal, TNFa. A combined genomic and proteomic analysis was used to
propose and validate a mechanism of TNFa-mediated migration. These results suggest
that the protein CADM1 mediates TNFa-mediated EPC migration towards vessels. In
humans, CADM1 SNPs have been associated with vascular disease/dysfunction,
confirming the importance of this mechanism clinically.

Stem Cells. Author manuscript; available in PMC 2016 July 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Prisco et al.

E) REPAIR

A) INJURY

%%
B0

®
33

D) EPC S
TRAVEL TO
INJURED
TISSUE

@
e @

@ @@
@

e

Page 19

B) RELEASE OF
CYTOKINES

0

C) CYTOKINES
MEDIATE EPC
MOBILIZATION

|

/
\
|
|
(

, 5
N

Figure 1. Bone Marrow Stem Cell Repair Axis
EPCs are transported from the bone marrow to the myocardium. Injured myocardium

releases inflammatory signals that mobilize EPCs from the bone marrow. Cells are released
into the circulation and blood flow through damaged organs induces recruitment of cells to
target tissue. These cells can then repair the damaged myocardium and suppress the
inflammatory signal, completing the feedback loop.
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Figure 2. TNFa Produced in an In Vivo Model of Angiogenesis Increasesthe Migratory Activity
of EPCs|In Vitro

(A) TNFa expression is increased in an /in vivo model of angiogenesis. A hind limb muscle
stimulator that has previously been shown to induce angiogenesis was implanted and run for
7 days. After 7 days, RNA expression of TNFa was significantly increased in the stimulated
limb vs the non-stimulated control (n = 6 per group). TNFa protein expression in
homogenized hindlimb muscle (pg/mg of homogenized protein) was also found to be
significantly upregulated in the stimulated vs the non-stimulated control (n = 6 per group).
(B) /n vitro EPC migration assay. Because TNFa expression was found to be increased in
the angiogenic limb, EPCs were treated with TNFa/control and their locations were tracked
with respect to capillary-like tubes in vitro. (C) 3hr, Ing/mL TNFa/vehicle pre-treatment of
EPCs increased the fraction that migrated towards tubes (P < 0.05) at 2 hours and 14 hours
(n = 16 per group).
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To determine which TNF receptor was driving the migratory phenotype, expression of key
pathway genes was measured in response to TNFa. Significantly upregulated genes are
displayed in green and significantly down regulated genes are displayed in red. Key genes

down regulated in the TNFR1 family are members of the caspase family. Key genes

upregulated in the TNFR2 family are NF-kB and TNFR2 suggesting that the migratory

phenotype is being signaled through the TNFR2 family via NF-kB (n = 6 per group).
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Prior to TNFa administration, EPCs were pretreated for 1 hour with a 1ug/mL dose of a
peptide inhibitor of NF-kB or a scrambled control. The TNFa induced migratory phenotype
was still observed in the presence of the scrambled inhibitor at 2 hour and 14 hours (P <
0.05) but the phenotype was abolished at 2 hours and 14 hours when the NF-kB inhibitor

was administered (n = 16 per group).
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Figure5. Validation of CADM 1 as a Candidate Protein Pair
(A) Example LC-MS/MS Spectra. 16 scans of the peptide sequenced ‘VSLTNVSISDEGR’

were observed in the CSC TNFa treated EPC data set. The peptide has 12 potential peptide

fragmentation sites and therefore 12 potential ‘B’

and ‘Y’ ions. Following peptide

fragmentation, the following m/z spectra was obtained. 11 ‘B’ ions were observed (11

shown) and 9 Y’ ions were observed (5 shown).

(B) Western blot analysis was conducted to confirm quantitation via spectral counting of

CADML in EPCs (1) and RCMVEC:s (2). Statistically significant regulation was observed in

EPCs, but not RCMVECs confirming proteomics

results. Quantitation was performed by
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normalizing CADML1 bands to total protein detected on the membrane via coomassie
staining.
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Figure 6. Analysisof CADM 1 for a Function Rolein EPC Migration in Responseto TNFa
(A) PCR Analysis of CADM1 Expression in Response to Inhibitors. (1) CADM1 gene

expression was measured in response to TNFa in the presence of a synthetic peptide
inhibitor of NF-kB or the scrambled control. In presence of the scrambled control TNFa
induced up regulation of CADM1 (P < 0.05) whereas in presence of the inhibitor this
response was abolished. (2) In the presence of scrambled siRNA, TNFa was able to increase
gene expression of CADM1 (P < 0.05) whereas in the presence of targeting siRNA this

phenotype was abolished (n = 16 per group).

(B) EPC Migration with CADM1 Knockdown. Prior to TNFa administration, EPCs were
transfected with a CADM1 siRNA or a scrambled control. The TNFa induced migratory
phenotype was still observed in the presence of the scrambled inhibitor at 2 hour and 14
hours (P < 0.05) but the phenotype was abolished at 2 hours and 14 hours when the targeted

SiRNA was transfected (n = 16 per group).
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Table 1
Candidate Proteinsfrom LC/M S-M S Experiments

Candidate Migration Protein Pairs. After chemically isolating cell surface proteins and completing an LC-
MS/MS analysis, over 6000 proteins in total were identified. Quality filters narrowed the identified candidate
list to 1000 potential targets. Functional filters described in the text further narrowed down the candidate list to
7 potential targets. Cell Adhesion Molecule 1 (CADM1) was chosen as the primary candidate because it met
all criteria, had the largest increase in response to TNFa, and had the most biologically relevant function.

Protein Differentially Regulated In Observed Binding Partner Binding Partner Normalized Ratio  Normalized P-Value
Differential Regulation?

Cell EPCs CADM1-4 Upregulated, Not Significant 8.54 9.409E-08
Adhesion
Molecule 1

FRAS1- RCMVECs Basement Membrane (Laminins)  Yes, Various forms detected 6.40 0.0029273
Related

Extracellular

Matrix

Protein 3

PDZz EPCs Many No 2.99 0.032395
Domain-

Containing

Protein 3

Junctional RCMVECs MPDZ No 2.24 2.144E-05
Adhesion
Molecule A

Neural Cell RCMVECs NCAM1 No 2.09 2.482E-04
Adhesion
Molecule 1

Neuroplastin EPCs Neuroplastin Yes TNFa Only 2.839E-11
Afadin EPCs Various Actins Yes TNFa Only 4.113E-13
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