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Abstract

Very Small Embryonic-Like (VSEL) stem cells are a proposed pluripotent population, residing in
adult tissues. VSELSs have been described in multiple tissues including bone marrow, cord blood,
and gonads. They exhibit multiple characteristics of embryonic stem cells including the ability to
differentiate into cellular lineages of all three germ layers, including cardiomyocytes and vascular
endothelial cells. However, their presence in adult solid organs such as heart in humans has not
been established. VSELSs are valuable source of stem cells for tissue regeneration and replacement
of cells for turnover and usual wear-and-tear. The purpose of our study was to explore the
existence of human VSELs (huVSELS) in human heart tissue and examine the changes in their
prevalence with aging and cardiac disease. Human heart tissue, collected from healthy and
ischemic heart disease subjects was examined for the prevalence of VSELS, defined as CD45-/
CD133+/SSEA4+. Both epicardial and endocardial tissues were examined comparing VSEL
numbers across different age groups. Our data confirm the existence of huVSELSs in adult hearts
with decreasing prevalence during aging.

This is the first evidence of huVSELSs in adult cardiac tissue. Cardiac huVSELSs could be further
explored in future studies to characterize their primitive potential and therapeutic potential in
regenerative studies.
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INTRODUCTION

Under steady-state conditions, adult cardiomyocytes undergo cell homeostasis which
amounts to ~1% in young individuals and 0.5% in old individuals.? The source of this
renewal is poorly understood, and multiple studies have suggested the presence of small
number of resident cardiac stem cells that can aid in this process.

Very small embryonic-like stem cells (VSELS) have been described in adult murine and
human tissues.2 3 Their presence has been implicated in tissue regeneration, and studies
examining their transplantation after acute and chronic myocardial infarction demonstrated
their therapeutic potential. Moreover, animal and human studies have shown that VSELs
respond to cardiac injury with enhanced mobilization after myocardial infarction.*
However, the presence of human (huVSELS) in cardiac tissue at steady state conditions has
not been examined previously. To our knowledge, this is the first study to examine the
existence of huVSELs in human heart tissue and the distribution of huVSELSs with
advancing age.

METHODS

We examined the frequency of human VSELSs, defined as CD133+/SSEA4+/CD45- in the
human epicardial and endocardial tissues obtained from the Gill Heart and Vascular
Institute-Cardiovascular Biorepository. Our sample set included 18 subjects (age ranging
from 9 to 76 years).

Immunohistochemistry.

Immunohistochemical assessments were carried out on frozen cardiac tissue. Briefly,
sections were fixed in 4.2 % paraformaldehyde (BD Biosciences, San Jose CA) for 15 mins,
followed by permeabilization and blocking with normal goat serum for 30 minutes at room
temperature. Slides were incubated with primary antibodies (Abcam, Cambridge, MA):
rabbit anti-CD133 (Catalog # ab19898; used at 1:25), rat anti-CD45 (Catalog # ab30446;
used at 1:25), and mouse anti-SSEA-4 (Catalog # ab16287; used at 1:20). The sections were
then washed with PBS-Tween, and then incubated with all three secondary antibodies
(Abcam, Cambridge, MA) at room temperature for 30 minutes: goat anti-rabbit 1gG (Alexa
Fluor 488; Catalog # ab150081; used at 1:200), goat anti-rat IgG (Alexa Fluor 647; Catalog
#ab150167; used at 1:200), goat anti-mouse 1gG (Alexa Fluor 555; Catalog # ab150118;
used at 1:200). The sections were finally incubated with 0.1% Sudan Black B (Sigma
Aldrich, St. Louis, MO) for 30 minutes. ~20 adjacent areas were imaged at 40X
magnification using Nikon Confocal Microscope Al (Nikon, Tokyo, Japan) in the University
of Kentucky Confocal Microscopy facility. Cell numbers were expressed as cells/high power
field (HPF). Cell numbers are expressed as cells/HPF.

Statistical Analysis—Subject characteristics were reported as descriptive statistics with
means, medians, standard deviations and ranges where appropriate. Cell numbers were
expressed as mean £ SEM. We used unpaired Student t-test or analysis of variance (one-way
or multiple comparisons) to estimate differences, as appropriate. We conducted stepwise
linear regression models to assess the effect of clinical variables, such as age, smoking,
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coronary artery disease, hypertension, diabetes mellitus, hyperlipidemia and heart failure on
the number of cardiac huVSELSs. The effect sizes were expressed as coefficient of regression
and their standard error (SE). Throughout the analyses, a p value less than 0.05 was
considered statistically significant. All statistical analyses were performed using SPSS 25
(SPSS Inc, New York, USA).

The study included heart samples from 18 patients with age ranging from 9 to 76 years.
Study subject characteristics are summarized in table 1. We believe that our panel that
focused on CD133 (a specific marker for VSELSs), SSEA4 (marker of pluripotency) and lack
of CD45 expression is specific for VSELs. We conducted additional studies using CD34 and
we found that ~80% of CD45-/CD133+ cells express CD34+. Therefore, we elected to
proceed with the final panel consisting of CD133, SSEA4 and CD45 for our
immunohistochemistry studies. Our histological evaluation identified small number of
VSELs in cardiac tissue in all subjects examined (Figure 1). VSELSs were more prevalent in
epicardial compared to endocardial tissue (1.81 + 0.16 vs. 1.01 + 0.07 cells/HPF, £< 0.001).
Interestingly and in agreement with prior reports* 6-8, the prevalence of VSELSs was
dramatically reduced with age reaching a nadir in subjects greater than 40 years (5.9 + 0.4
cells/HPF at age of 9 years down to 0.2 + 0.07 cells/HPF at the age of 76 years, £< 0.05).
We performed Pearson correlation analysis on our data and found strong negative correlation
between age and number of VSELS in both the epicardium (R=-0.4, /<0.001) and
endocardium (R = -0.6, A<0.001). The reduction of huVSEL number in cardiac tissue with
age was noticed irrespective of the presence of cardiac disease or underlying risk factors.
Indeed, a stepwise regression analysis confirmed the significant correlation between age and
the number of huVSELSs both in the epicardium and endocardium after adjusting for
confounding factors (Figure 2). We conducted additional analyses to explore the effect of
baseline characteristics other than age on the number of huVSELSs in the heart. Our linear
stepwise regression models suggest that smoking and hypertension correlated negatively
with the number of huVSELSs in cardiac tissue after adjusting for age (Table 2).

DISCUSSION

Very small embryonic like (VSEL) stem cells were first described in 2007 as a rare
population of small CD45-/Lin—/Scal+ cells isolated from murine bone marrow and later in
human umbilical cord blood (CD45-/CD133+/SSEA4+)% 9. VSELSs exhibit many
characteristics of embryonic stem cells such as large nuclei with open-type chromatin
(euchromatin) surrounded by a narrow rim of cytoplasm?0. Murine VSEL cells have been
proposed to express pluripotency genes such as OCT4 and Nanog. In vitro, they are capable
of differentiating into all three germ-layer lineages. Therefore, VSELS represent an attractive
source for stem cells for regenerative applications. Indeed, VSELs have been successfully
employed in cardiac regenerative studies both in acute!! and chronic heart failure models?2.
Furthermore, clinical studies have demonstrated their therapeutic potential in patients with
chronic heart failurel3 14,
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The presence of human VSELS in solid organs such as the heart has not been fully explored.
Our report is the first to describe a small population of huVSELSs in human cardiac tissue of
adult individuals. HuVSELs were identified in various regions of the heart including
epicardium and endocardium but with higher prevalence in the epicardial tissue. This is in
agreement with prior reports confirming the higher prevalence of cells expressing stem cell
markers in the epicardium5-17, However, our data does not provide details on the origin of
huVSELs in the heart and whether they are native to the human heart or have migrated from
other tissues. Future mechanistic studies examining the origin and therapeutic potential of
VSELs isolated from cardiac tissue are planned.

Aging has been linked to the reduction of stem cell content in different organs® 18, Qur prior
studies have been in agreement with this phenomenon with reduction in the number of bone
marrow VSELs with age under physiological conditions in animal models.8 Similarly, the
number of circulating VSELS in response to acute myocardial infarction are significantly
lower in older patients®. While the majority of the literature suggest a strong negative
correlation between the number of stem cells and age, other studies have reached different
conclusions. Sovalat et al. examined the number of circulating huVSELS in healthy
volunteers and found no correlating with age which could be explained by the relative small
number of circulating VSELSs under physiological conditions.1® We suspect that the
difference between these reports stems from the clinical scenario and that the number of
circulating VVSELSs following injury reflect the reserve of VSELSs which is affected by age. In
addition to age, our studies suggest that smoking and hypertension correlated negatively
with huVVSELSs content in cardiac tissue even after adjusting for age.

One of the limitations of our study is the reliance on immunohistochemistry to identify and
quantify huVSELs. We have attempted flow cytometry of digested heart tissue but could not
identify sufficient cells to reliably report their numbers. As previously reported, VSELSs are
small in size and usually reside in the debris gate on the forward/side scatter plot. After
excluding dead cells and debris, the number of VSELSs was small and was technically
difficult to report them reliably. We are currently exploring other strategies to verify and
quantify huVVSELSs in digested cardiac tissue. Another limitation is the fact that the majority
of our samples were left ventricular apex. Therefore, we cannot exclude the presence of
huVSELSs niches in other areas of the heart such as left atrial appendage.

In conclusion, huVSELs defined as CD133+/SSEA4+/CD45- were identified for the first
time in human cardiac tissue, in both epicardium and endocardium with being more
prevalent in former mentioned. Their numbers decrease with age reaching a nadir by the age
of forty. These cells exhibited characteristics similar to VSELS identified in other heart
tissue and expressed the embryonic marker SSEA4. More studies are needed to explore the
response of cardiac huVSELSs to various cardiac pathologies and investigate their
regenerative capacity in repairing heart tissue.
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SSEA4 CD133 CD45 Combined

Figure 1.
Representative images demonstrating stem cells positive for SSEA4 (Panel A), CD133

(Panel B) and negative for CD45 (Panel C). Panel D represents the combined image
confirming the colocalization of SSEA4 and CD133. The images demonstrate different
morphology of VSELSs in cardiac tissue. While some of VSELS were present in aggregates,
Panels E-H demonstrate single VSEL cell in the myocardium and panels I-L demonstrate
zoomed image of this cell.
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Bar graphs showing the percentage of SSEA4+/CD133+/CD45- cells in relationship to
patient’s age in the epicardium and endocardium. The figure shows significant reduction in
the percentage of stem cells enriched in VSELs with aging (P value for interaction between

percentage of stem cells and age is <0.05).
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TABLE 1.

Baseline characteristics of study subjects included in the study.

Clinical characteristic | Percentage
Diabetes 33%
Smoking 50%
Hypertension 44%
Hyperlipidemia 28%
Coronary artery disease | 16%
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Linear stepwise logistic regression model of cardiac huVSELSs numbers.

Table 2.

Model

SE of coefficient  Beta

P value

Age
Diabetes
Smoking *

Hypertension *

Hyperlipidemia*

Heart failure

. *
Coronary artery disease

Age
Diabetes
Smoking *

Hypertension *

Hyperlipidemia*

Heart failure *

. *
Coronary artery disease

Endomyocardial huVSELs numbers
-0.42
0.01

-0.09

-0.06

Endomyocardial huVSELs numbers
-0.55
-0.01

-0.22

-0.06

-0.02
0.27

-0.07

*
These baseline characteristics were adjusted for age as a confounding factor.
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<0.001
0.71

0.02
0.03
0.85
0.16

0.06

<0.001
0.70

<0.001
0.08
0.41

<0.001
0.05
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