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Background and Aim: Endothelial progenitor cells (EPCs) have been implicated in
liver injury and repair. However, the phenotype and potential of these heterogenous
EPCs remain elusive. In particular, their involvement in the pathogenesis of alcoholic
liver cirrhosis (ALC) remains unclear. The current study extensively characterized the
phenotype and functions of EPCs to understand their role in ALC pathogenesis.

Methods: Circulating EPCs were identified as CD34+CD133+CD31+ cells by flow
cytometer in ALC patients (n = 7) and healthy controls (HC, n = 7). A comprehensive
characterization of circulating EPCs using more than 30 phenotype markers was
performed by mass cytometer time of flight (CyTOF) in an independent cohort of age and
gender matched ALC patients (n = 4) and controls (n = 5). Ex vivo cultures of circulating
EPCs from ALC patients (n = 20) and controls (n = 18) were also tested for their functions,
including colony formation, LDL uptake, lectin binding and cytokine secretion (ELISA).

Results: Three distinct populations of circulating EPCs (CD34+CD133+CD31+)
were identified, classified on their CD45 expression (negative: CD457; intermediate:
CD45Mt: high: CD45M). CD45M and CD45" EPCs significantly increased in ALC patients
compared to controls (p-val = 0.006). CyTOF data showed that CD45" EPCs were
distinct from CD45~ and CD45M EPCs, with higher expression of T cell and myeloid
markers, including CD3, CD4, HLA-DR, and chemokine receptors, CCR2, CCR5, CCR?,
and CX3CR1. Similar to circulating EPCs, percentage of CD45MCD34+CD31+ EPCs
in ex-vivo cultures from patients, were significantly higher compared to controls (p <
0.05). Cultured EPCs from patients also showed increased LDL uptake, lectin binding
and release of TNF-alpha, RANTES, FGF-2, and VEGF.

Conclusions: We report the first extensive characterization of circulating human
EPCs with distinct EPC subtypes. Increase in CD45" EPC subtype in ALC patients
with enhanced functions, inflammatory cytokines and angiogenic mediators in patients
suggests an inflammatory role for these cells in ALC.

Keywords: angiogenesis, alcoholic liver cirrhosis, endothelial progenitor cells, inflammation, mass cytometry
CyTOF, CD45, CD133, CD34
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INTRODUCTION

Alcoholic liver disease (ALD) remains the leading cause of
chronic liver diseases and mortality worldwide (WHO, 2014).
Excessive alcohol consumption induces steatosis and prolonged
ingestion may lead to steatohepatitis, fibrosis, cirrhosis, and
hepatocellular carcinoma (Toshikuni et al., 2014). However, the
underlying mechanisms contributing to the pathogenesis of ALD
progressing to alcoholic liver cirrhosis (ALC) are only partially
understood (Seth et al., 2010).

Given the extensive changes in the vascular architecture
of liver during injury and repair, angiogenesis and increased
blood vessel growth are suspected to significantly contribute to
inflammation, fibrogenesis, and disease progression in chronic
liver diseases (Amarapurkar et al., 2007; Bocca et al., 2015).
Long-term ethanol (1.6 g/kg body wt/day) consumption for
36 weeks has been associated with severe oxidative stress and
immunological alterations that trigger angiogenesis through
coordinated action of a variety of mediators (Das et al., 2012).
Ethanol is also known to increase HIF-lalpha and VEGF
levels in both murine and human endothelial cells, resulting
in enhanced intracellular signal transduction, expression of
angiogenic markers, tube formation and wound healing, which
are the hallmarks of the angiogenesis process (Raskopf et al.,
2014). In normal liver with intact parenchyma and vasculature,
the neovessel formation or angiogenic signals are mediated
by the liver sinusoidal endothelial cells (LSECs). However,
in conditions of liver injury and regeneration the angiogenic
signals may also be mediated by other non-LSEC sources such
as hematopoetic cells (HSCs) and bone marrow (BM)-derived
endothelial progenitor cells (BM-EPCs) (DeLeve, 2013).

These cells migrate to the injured tissue via angiogenic signals
and then contribute to endothelial repair and neo-vascularization
by distinct mechanisms (Asahara et al., 2011). The precise role
of EPCs in liver angiogenesis and fibrosis has just begun to be
understood. In our previous study, we reported that circulating
EPCs are significantly increased in patients with cirrhosis and
that cultured EPCs interacted with the resident LSECs resulting
in an enhanced angiogenesis/neovessel formation via secretion
of angiogenic factors, VEGF and PDGF-BB in vitro (Kaur et al,,
2012). Recently, we reported that BM-EPCs migrate and home to
the liver during CCL4-induced liver injury in vivo in mice (Garg
etal., 2017).

However, EPCs represent a heterogenous population of cells
and the lineage and precise phenotype of these cells remain
largely elusive. Given an important contribution of circulating
EPCs in liver angiogenesis, the current study comprehensively
characterized circulating and cultured EPCs in patients with ALC
to understand their potential role in this disease.

MATERIALS AND METHODS

Study Subjects and Collection of Blood
Samples

Alcoholic Liver Cirrhosis (ALC, n = 27) patients diagnosed
on the basis of clinical and radiological presentation and age
matched healthy controls without any liver disease (HC, n

= 25) were recruited in this study (Table 1). Heparin-treated
blood samples (n = 7 ALC, n = 7 HC for flow cytometry; n
= 20 ALC, n = 18 HC for EPC culture experiments), were
collected between 2015 and 2017 in the out-patient department
(OPD) of the Institute of Liver and Biliary Sciences (ILBS),
New Delhi. Peripheral Blood Mononuclear Cells (PBMCs) were
isolated from blood using Ficoll-Hypaque (Sigma-Aldrich, USA)
by density gradient centrifugation. The study was approved by
the institutional ethics committee of ILBS (IEC/IRB no. 35/5) and
informed consent was obtained from all the subjects. Another
independent cohort from Sydney, Australia, was also recruited
to perform extensive immunophenotyping by mass cytometry
described below. PBMCs were isolated from heparin-treated
whole blood using Ficoll Paque Plus (GE Healthcare, Uppsala,
Sweden) and stored in vapor phase liquid nitrogen till further
analysis. Informed consent was obtained from all patients (n = 4)
and healthy controls (n = 5) under protocol HREC/11/RPAH/88
and HREC/15/RPAH/380 approved by Sydney Local Health
District Human Research Ethics Committee.

Phenotypic Characterization of Endothelial
Progenitor Cells (EPCs) by Flow Cytometry

Endogenous circulating EPCs and cultured EPCs were identified
and characterized by flow cytometry using progenitor,

TABLE 1 | Clinico-pathological features of patients.

Healthy controls Alcoholic cirrhosis

(HC) (ALC)

N 25 27

Median (Range) P-value
Age (years) 38 (31-41) 43 (20-61) 0.06
Male: Female 28:3 53:2 -
ALT/SGPT (IU/L) 16 (12-19) 36 (14-350) 0.0000*
AST/SGOT (IU/L) 9 (6-15) 76.4 (16-1,460) 0.0001*
SAP (IU/L) 36 (33-40) 99.50 (12-332) 0.0000*
GGT (IU/L) 11 (8-16) 38 (11-449) 0.0000*
Total Protein (g/dL) 7 (6.2-7) 7 (3-8.4) 0.10
Serum Albumin (g/dL) 4 (3.6-4.1) 2.5(1.4-3.5) 0.06
Serum Globulin (g/dL) 2(2.1-2.8) 4 (1.3-5.4) 0.06
PT (s) 12 (12-12.4) 19 (10-36.2) 0.07
INR 1(1-1.2) 2(0.93-4.77) 0.056
Bilirubin (mg/dL) 1(0.4-0.9) 4 (1.5-35.1) 0.058
AFP (ng/ml) 0 6.3 0.001*
Hb (g/dL) - 20 (10-27) 0.20
TLC (x 109 per liter) 15 (13-16) 10 (7-12.5) -
Lymphocytes (%) - 8 (2.8-22.3)% 0.057
Monocytes (%) 30 (22-36) 16 (5-68) 0.08
Neutrophils (%) 6 (39 8 (2-23)% 0.06
Eosinophils (%) 54 (45-70) 72 (6-92) 0.60
Platelet Count (x 10 /liter) 3 (2-5) 3(1-18) -

AFFR, Alfa fetoprotein; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase;
GGT, Gamma-glutamyl transferase; HB, hemoglobin; INR, International Normalized Ratio;
IU/L, International unit/liter; PT, Prothrombin time; SAR, Serum alkaline phosphatise; TLC,
Total leukocyte count.
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hematopoietic, and endothelial markers. For identification
of circulating EPCs, antibodies against human CD45, CD34,
CD133, and CD31 and for cultured EPCs, CD45, CD31, and
Vegfr2 were used (Table2). Gating for live EPCs was done
in the region of lymphocytes and monocytes. Single color
profiles for different flourochromes were used as controls
(Supplementary Figure 1A). Multicolor flow cytometry was
performed using FACS Verse (BD Biosciences, San Jose, CA,
USA) and a minimum of 1 million events were acquired. Analysis
of flow cytometry data was performed using Flow-Jo software
(BD Biosciences, CA, USA).

Immunophenotypic Characterization of
Endothelial Progenitor Cells (EPCs) by
Mass Cytometry

PBMCs cryopreserved in vapor phase liquid nitrogen were
thawed and washed with RPMI1640 (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% heat activated
fetal calf serum, 2 mM L-Glutamine, 25 WM 2-Mercapto-ethanol,
and 1,000 units/L of Penicillin/Strep (Invitrogen). Two million
PBMCs were stained for mass cytometry (CyTOF) analyses
as described (Bendall et al., 2011; Newell et al., 2012), with
~36 metal tagged antibodies listed in Table 3. Briefly, PBMCs
were stained with 1.25uM cisplatin in PBS for 3min at
room temperature and quenched with facs buffer (PBS with
5% fetal calf serum). Cells were incubated for 30 min at
4°C with a 50l cocktail of metal-conjugated antibodies
targeting surface antigens. All antibodies (Table 3), with the
exception of fluorescently labeled or metal tagged antibodies
from Fluidigm, were conjugated with MaxPar X8 labeling reagent
kits (Fluidigm) according to the manufacturer’s instructions by
the Ramaciotti Facility for Human Systems Biology, Sydney,
Australia. Following wash with FACS buffer, cells were fixed in
4% paraformaldehyde containing DNA intercalator (0.125uM
Iridium-191/193; Fluidigm). After multiple washes with FACS
buffer and MilliQ water, cells were filtered through a 35pum
nylon mesh and diluted to 800,000 cells/ml in MilliQ with
EQ beads (Fluidigm) diluted 1 in 10. Cells were acquired at a
rate of 200-400 cells/s using a CyTOF 2 Helios upgraded mass
cytometer (Fluidigm, Toronto, Canada). Cells were normalized
for signal intensity of EQ beads using the Helios software.
FlowJo X 10.0.7r2 software (FlowJo, LLC, Ashland, OR, USA)
was used to gate populations of interest and export median signal
intensity for markers across populations and study participants
which was then visualized by heatmap (Prism), ordered
by average marker intensity in CD34+CD45hi population.
Additionally, the t-stochastic neighborhood embedding (t-
SNE) algorithm (implemented in FlowJo as a Plugln) was
utilized to perform dimensionality reduction and visualization
of immune subpopulations across samples. A fixed number of
20,000 cells was sampled (without replacement) from total live
events of a healthy donor and combined with all EPC events
(CD34+ and CD31+, distinguished for CD45~, CD45Mter,
and CD45M expression) pooled across study participants for
analysis. The resulting t-SNE plots were visualized by overlaying
populations gated in FlowJo, and colored by the various

TABLE 2 | Flow cytometry antibody panel.

Antibody Antibody clone Antibody source Fluorochrome

CD31 WM59 BD Biosciences Alexa 647

CD34 563 BD Biosciences PE

CD45 2D1 BD Biosciences Percp

CD133 Ab16518 Abcam Unconjugated used
with IgG anti-rabbit
FITC

Vegfr2 89106 BD Biosciences PE

subsets. All markers stained by antibodies were used for
clustering.

Functional Characterization of EPCs

Colony Formation in ex Vivo Cultures of EPCs

PBMCs were isolated from peripheral blood (ALC, n = 20;
HC, n = 18) using Ficoll-Hypaque. For EPC cultures, PBMCs
were resuspended in endothelial basal medium (EBM)- 2 (Lonza,
USA) and endothelial growth supplement (EGM-2) (Single
Quots, Lonza, USA) supplemented with 10% FBS, and seeded
in a 60 mm dish pre-coated with fibronectin (1pug/ml) at a final
density of 5 x 10° cells/ml. After 24 h, non-adherent cells were
removed and fresh EBM-2 media was added for culturing of
adherent cells, Media was changed daily for 7 days and every
other day thereafter. After 10-15 days, cells were checked for
characteristic EPC morphology and colony formation as defined
(Hill et al., 2003). An average of 5-6 fields in 3-4 wells of each
sample (ALC or HC) was taken to ensure accurate counting of the
EPC colonies. Cultured EPCs were trypsinized and characterized
(CD45, CD34, CD31, and Vegfr2) at day 10 by flow cytomtery as
described above.

LDL Uptake Assay

The ability of cultured EPCs to take up acetylated low density
lipoprotein (ac-LDL) and UEA-lectin was performed. Briefly,
EPCs at seeding density of 2 x 10* cells/well were plated onto
fibronectin coated 24-well tissue culture plate. Cells were allowed
to adhere for 8-24h prior to assaying for ac-LDL and lectin
uptake. Culture medium was removed, cells were washed with
500 pl 1xPBSand incubated for 4 h in Dil ac-LDL (5 pug/ml). Cells
were fixed with 4% formaldehyde, stained with FITC labeled
UEA-lectin and examined for uptake of Dil ac-LDL and FITC-
lectin using an inverted fluorescence microscope under green
and blue filters. Cells showing red fluorescence were considered
to have taken up ac-LDL and lectin staining was observed
with green fluorescence. An average of dual positive fluorescent
cells were counted using object count feature of NIS-Elements
(Software Version: 3.0), in 5-6 fields from duplicate wells of
ALC/HC (n = 4 each) samples.

Cytokine Profiling Using Multiplex Bead-Array Assay
Supernatants of cultured EPCs from healthy controls and
ALC patients were collected at day 8-10 of cell cultures.
The cytokine concentrations in supernatants were determined
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TABLE 3 | Mass cytometry antibody panel information (alphabetical order).

Antibody Antibody clone Antibody source Isotope/
Fluorochrome
Anti-APC APC003 Fluidigm Lu176
Anti-FITC FIT-22 Fluidigm Nd144
Anti-PE PEOO1 Fluidigm Nd145
CCR5 HEK/1/85a Biolegend FITC
CD117 104D2 Biolegend Nd143
CD11b ICRF44 Biolegend Bi209
CD11c Bu15 Biolegend In115
CDh127 A019D5 Biolegend Ho165
CD133 Clone 7 Biolegend APC
CD14 MB5E2 BD Biosciences Gd160
CD16 3G8 BD Biosciences Nd148
CD183 (CXCR3) GO025H7 Biolegend Dy163
CD184 (CXCR4) 12G5 BD Biosciences Lu175
CD19 HIB19 Biolegend Nd142
CD192 (CCR2) K036C2 Biolegend Eu151
CD197 (CCR7) GO043H7 Biolegend Tb159
CD25 M-A251 Biolegend Tm169
cbh27 M-T271 BD Biosciences Pr141
CD283 (TLR3) TLR-104 Biolegend Smi147
CD284 (TLR4) HTA125 Biolegend Sm149
CD3 UCHT1 BD Biosciences Er170
CD31 WM59 Biolegend Gd155
CD33 WM53 Fluidigm Gd158
CD335 (NKp46) 9E2 Biolegend Yb173
CD337 (NKp30) P30 15 BD Biosciences Nd150
CD34 581/CD34 BD Biosciences Er166
CD38 HIT2 Biolegend Er167
CDh4 SK3 Biolegend Er168
CD40 HB14 Miltenyi Yb171
CD45 HI30 Fluidigm Gd154
CD45RO UCHL1 Biolegend Dy161
CD57 HCD57 Biolegend La139
CD66b 80H3 Fluidigm Sm152
CD68 KP1 Bio-Rad Eu153
CD69 FN50 Fluidigm Er162
CcD86 [T2.2 BD Biosciences Gd156
CD8A RPA-T8 Biolegend Nd146
CX3CR1 2A9-1 Biolegend Er164
HLA-DR 1243 Biolegend Yb174
IgM MHM-88 Biolegend Yb172
Vegrf2 89106 BD Biosciences PE
LIVE/DEAD MARKER
Cisplatin Fluidigm Pt194/195

by multiplex ELISA assay using MILLIPLEX MAP human
cytokine magnetic bead panel (Millipore, Billerica, MA, USA)
and manufacturer’s protocol. The multiplex included pro-
inflammatory and anti-inflammatory cytokines, and growth
factors, such as IL-1B, IL-2, IL- 6, 1l-4, IL-5, IL-15, IL-17A, IL-
10, IEN-y, TNF-a, VEGE FGE, MIP-1b, RANTES, and GM-CSF.

Standard curve was drawn using standards provided in the kit
and each analyte concentration was calculated by logistic-5PL
regression interpolation from the standard curve. The assays
were normalized to 10® EPCs per ml.

Statistical Analysis

Data were analyzed using the statistical software Prism (version
5; GraphPad Software) and are reported as mean =+ standard
deviation (SD). For analysis of the clinical data, Kruskal Wallis
Test followed by probability adjustment by Mann-Whitney
test was performed. Unpaired Student’s t-test was performed
to compare two mean values and p < 0.05 were considered
statistically significant.

RESULTS

Phenotype of Endogenous Circulating

EPCs

Identification of EPCs by Flow Cytometry

Circulating EPCs in the study subjects were identified as triple
positives for CD34, CD133, and CD31 (Tanaka et al., 2017).
Three distinct populations of circulating EPCs (CD34+ CD133+
CD31+) were observed based on their CD45 expression,
namely CD45 negative (CD457), CD45 intermediate (CD450t)
and CD45 high (CD45M) (Figures 1A,B). Within CD34+
populations expressing various levels of CD45, CD45™, and
CD45M EPCs significantly increased in ALC patients compared
to HC (P-val = 0.032, P-val = 0.006, respectively; Figure 1C).

Immunophenotyping of EPCs Using Mass Cytometry
Analysis using the mass cytometer in independent cohort
of patients and healthy controls also confirmed the CD457,
CD45™, and CD45M EPC sub-populations. Similar to flow
cytometry results (Figure 1), maximum numbers of cells were
obtained for CD45™ followed by CD45M EPCs with very few
cells identified as CD45~ EPCs (Supplementary Figure 1B).
Only a small percentage of cells expressed CD133 for both flow
and CyTOF datasets. CD45 sub-populations showed minimal
CD133 expression with CyTOF [Median + SD (%): 5.1 + 3.4,
7.8 + 2.6, and 9.7 £ 8.7 for CD45~, CD45™, and CD45",
respectively).

The visualization of CyTOF high-dimensional datasets using
t-distributed Stochastic Neighbor Embedding (t-SNE) plots
showed that CD31+CD34+ EPCs clustered in their own specific
niche distinct from other immune populations (Figure 2A).
Distribution of EPC sub-populations based on their CD45
expression showed that the majority of circulating EPCs largely
occupied the same localization in high dimensional space
(Figure 2B). Further, the t-SNE analysis showed that this
localization of EPC subsets were independent from other major
immune cell populations examined (T cells, B cells, NK cells, and
monocytes).

Discrete patterns of expression (Mean Fluorescence Intensity
Heatmap) were observed for the three EPC sub-populations,
with CD45~ and CD45™ EPCs sharing close resemblance
but markedly distinct from CD45M EPCs (Figure 2C).
Unlike CD45~ and CD45™, CD45M EPCs predominantly
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expressed chemokine receptors (CCR2, CXCR4, CCR5,
CCR7, CX3CRI1) and several markers expressed by T cells
(CD3, CD4, CD27, CD127, CD57, CD25, CD45R0O) and
myeloid cells (HLA-DR, CDllc, CD40, CD86). However,
none of these three EPC sub-types expressed any Vegfr2.
CD45" EPCs from ALC patients had decreased expression
of CD127 and CD27 compared to HCs. No other major

differences were noticed between controls and ALC patients for
expression of the surface markers for any EPC sub-populations
(Figure 2C).

Overall, major immune populations in PBMCs from ALC
patients were distinct from controls. For example, B cells
and CD4+ T cells significantly reduced in proportion of live
peripheral mononuclear cells In ALC patients vs. HCs, whereas
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day 10 cultures. (A) Representative phase contrast images of EPC cultures at
day 10 derived from PBMCs from healthy controls (HC) and patients (ALC).
EPC clusters increased in ALC compared to HC (mag10X). (B) Dot plots of
quantitation show significant increase in the number of EPC clusters in ALC
patients compared to HC (n = 10 each). (C) Dot plots of cultured EPCs
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FIGURE 3 | (CD34-+vegfr2+) with CD45~/CD45"/CD45M sub-populations
show significant increase of EPCs in ALC compared to HC only for cb4shi
EPCs. (D) Dot plots of cultured EPCs (CD34+CD31+) with
CD45~/CD45Mt/cD45N sub-populations show significant increase of EPCs in
ALC compared to HC only for CD45N EPCs. EPCs (CD34-+vegfr2+;
CD34+4-CD31+) were estimated as percentage of total cells (post-10 day
cultures) by flow cytometry (n = 8 each). (E) Representative
immunoflourescence images of cultured EPCs at day 10 show increased
Dil-acLDL uptake (red) and UEA-lectin binding (green) and dual positives
(yellow) in ALC patients compared to HC (mag 20X). (F) Significant increase in
number of dual positive EPCs (ac-LDL and UEA-lectin) in patients with ALC
compared to HC (n = 4 each). Dot plots show an average of about 5-6 fields
from duplicate wells of ALC/HC samples counted for dual positive EPCs using
object count feature of NIS-Elements (Software Version: 3.0). *P < 0.05; ***P
< 0.001.

CD8+ T cells and monocytes increased, with significance evident
only for CD8+ T cells (Supplementary Figure 2).

In Vitro Functional Characteristics of ex
Vivo EPC Cultures

To functionally characterize the EPCs, PBMCs from controls and
patients were cultured and expanded in ex vivo conditions using
a cocktail of growth factors enriching EPCs.

Morphological characterization of EPCs at day 8-10 showed
that the number of EPC colonies, defined as a cluster of round
cells in the center and spindle-shaped cells at the periphery
(Hill et al., 2003), significantly increased in EPCs from ALC
patients compared to those from healthy controls (p-val = 0.003,
Figures 3A,B). EPCs in culture were defined as CD34+CD31+
or CD34+Vegfr2+ cells. We did not phenotype these cells for
CD133 as its expression is lost in cultured cells. Similar to the
circulating EPCs, three sub-populations (CD45, CD45™, and
CD45M) were observed for the cultured EPCs at day 10. Results
revealed that the percentage of CD45M EPCs (CD34-+Vegfr2+
and CD34+4-CD31+) from ALC patients significantly increased
(P-val 0.046 and P-val 0.035, respectively) compared to those
from controls. No difference between HC and ALC groups was
observed for CD45~ and CD45™EPCs (Figures 3C,D).

The ac-LDL uptake and lectin binding, measured to test
the functionality of cultured EPCs, showed substantially higher
number of day 10 EPCs with ac-LDL uptake from ALC patients
compared to those derived from healthy controls (Figure 3E).
Furthermore, a significant (P-val 0.006) proportion of ac-LDL
positive cells co-expressed lectin-binding in EPCs from ALC
patients compared to those from controls (Figure 3F).

Secretory Phenotype of Cultured EPCs in
Patients With ALC by ELISA

Investigations on secretory functions of cultured EPCs showed
significant downregulation of anti-inflammatory cytokine IL-10
(P-val 0.004). Up-regulation in the secretion of pro-inflammatory
cytokines, TNF-alpha and chemokine, RANTES (CCL5) was
evident but did not reach significance. Furthermore, angiogenic
growth factors FGF-2 and VEGF were significantly (P-val 0.048
and 0.004, respectively) upregulated in supernatants from patient
EPCs compared to EPCs from healthy controls (Figure 4).
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FIGURE 4 | Secreted cytokine profiles of cultured EPCs from ALC patients and HC at day 10. Dot plots of normalized levels of cytokines, chemokines, and growth
factors (pg/ml) show significant up-regulation in the secretion of FGF-2 and VEGF, and down-regulation of IL-10 in patients with ALC (n = 10) compared to healthy
controls (n = 10). *P < 0.05; **P < 0.02. NS, Non-significant.

DISCUSSION

This study reports the first extensive characterization of the rare
circulating human EPCs in patients with ALC and age-matched
healthy controls. EPCs, defined as CD344CD133+CD31+
had three phenotypically distinct subsets based on the CD45
expression, namely CD45M, CD45™, and CD45~. Interestingly,
CD45" EPCs that were significantly increased in patients with
ALC compared to controls, also expressed T cell and myeloid
markers, and chemokine receptors indicative of an increased
activation of hematopoietic lineage of angiogenic cells in ALC.
Furthermore, ex vivo EPC cultures from ALC patients also
had significantly greater levels of CD45" cells coinciding with
markers for EPC activation, such as increased uptake of ac-
LDL, lectin binding and secretion of angiogenic mediators (FGF-
2, VEGF). In addition, significantly reduced secretion of anti-
inflammatory IL-10 and a trend for increased proinflammatory
cytokines (TNF-alpha, RANTES) in EPCs from ALC patients,
suggests specific inflammatory functions of these cells in this
disease, supporting the proinflammatory phenotype of EPCs
reported in other pathologies (Loomans et al., 2009; Zhang et al.,
2009).

EPCs were first identified as circulating angiogenic cells by
the co-expression of hematopoietic and endothelial markers,
CD34 and Vegfr2 in 1997 (Asahara et al,, 1997), but due to
their heterogeneous nature and the disparate results in different
clinical studies, the true identity of these cells remains elusive.
Our study using ~36 metal tagged antibodies simultaneously
(CyTOF), provides for the first time a detailed phenotype of
circulating EPCs in clinical samples. Overall, the EPC sub-
populations from ALC patients and healthy controls had similar
phenotypic profiles. We used t-SNE, a powerful visualization

tool for high dimensional datasets, and showed that circulating
EPCs clearly clustered in their own niche distinct from other
immune cells, and were enriched for CD45+ population, with
CD45M sup-population in particular showing a heterogeneous
distribution across other immune cell markers.

The presence of CD45 on EPCs has been controversial.
CD45~ population is usually defined as true EPCs with
endothelial function and CD45% EPCs to belong to
hematopoietic lineage (Timmermans et al., 2009; Yoder, 2012).
We analyzed both, CD45~ and CD45+4 (CD45™ and CD45™)
EPCs to specifically delineate the differences between these
populations. We observed that CD45" CD344-CD133+CD31+
and CD45" CD344+CD133+CD314 EPCs increased in ALC
patients, indicating that this chronic and severe disease state may
specifically be triggering the migration of CD45" hematopoietic
EPC sub-population in circulation.

Distinct from CD45~ and CD45™ cells, the circulating
CD45™ EPCs also expressed chemokine/cytokine, T cell, and
myeloid cell receptors (CCR2, CCR5, CXCR4, CX3CR1, CD3,
CD4, CD69, CDl1lc), further indicating discrete functions
(migration, trafficking, immune response activation) of the
CD45M fraction of EPCs. Similar to our observations, others
reported cultured BM-derived EPCs expressing CD45 had high
proliferative potential, expressed myeloid markers and growth
factors (Wang et al., 2011). Our results also corroborate earlier
reports where CCR5 and CX3CR1 were shown to be expressed
on activated EPCs and involved in EPC homing and migration
from the circulation to injured sites (Walter et al., 2005; Ishida
et al, 2012). In particular, expression of CX3CR1, a specific
receptor for the novel chemokine fractalkine (FKN, also known
as CX3CL1) (Herlea-Pana et al., 2015), on CD45M is intriguing,
for this receptor-ligand binding has a role in leukocyte trafficking,
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vessel patrolling and as a potential target for inflammatory
conditions. Our data with increased migration of CD45% EPCs
in circulation may represent a compensatory mechanism to
support the reparative and regenerative capacity of the cirrhotic
liver and needs further testing. We also discovered that CD45"
EPCs had decreased expression of CD27 (TNF-alpha superfamily
member regulating T-cell and B-cell activation) and CD127 (IL-
7 receptor) in ALC patients compared to the healthy subjects.
The precise role of CD27 and CD127 on EPCs warrants further
investigation in the pathogenesis of ALC.

Regardless of CD45 expression, all three sub-populations of
circulating EPCs had high CD31 and low CD133 expression,
observed both by flow and CyTOF experiments. The ex
vivo cultured EPCs had significant Vegfr2 expression but no
detectable CD133, suggesting an endothelial commitment for
these cells. These results are concordant with the recent study
reporting expression of CD133 and Vegfr2 to be mutually
exclusive (Case et al., 2007; Lanuti et al., 2016).

Previous studies reported the presence of two populations
of EPCs in culture, early EPCs (2-3 weeks) and late outgrowth
EPCs (OECs, 4-8 weeks; Hur et al, 2004). The early EPCs
with high CD45 expression represent hematopoietic cells and a
monocytic-like molecular profile, while the OECs with low CD45
expression with a molecular fingerprint suggestive of endothelial
lineage (Hur et al., 2004; Ingram et al., 2004; Yoder et al., 2007;
Medina et al., 2010). Our ex vivo cell culture studies validated that
patients with ALC retained EPCs with high CD45 positivity as
well as increased colony formation in comparison to the controls.
Since our day 10 cultured cells can be considered early EPCs,
a high percentage of CD45 positive cells were expected, but the
significant increase in CD45™ EPCs in ALC patients is a novel
and unexpected discovery.

Furthermore, cultured EPCs from ALC patients secreted high
levels of pro-inflammatory cytokines including TNF-alpha and
RANTES, and angiogenic growth factors, including FGF-2 and
VEGEF, compared to control EPCs. These enhanced levels of
inflammatory cytokines and growth factors are likely due to the
increased proportion of CD45+ (CD45" and CD45™) EPCs in
ALC patients. It may thus be hypothesized that in ALC, there
exists an increased population of inflammatory CD45+ EPCs
in circulation, which may not only participate in angiogenic
repair but also act as pro-inflammatory mediators (Zhang et al.,
2009). Further, circulating EPC mediated angiogenesis per se may
not only initiate tissue repair in the liver but also contribute to
inflammation and damage (Kaur and Anita, 2013). Whether this
is also true for liver disease etiologies other than alcohol warrants
further investigations.

In summary, we report the first comprehensive
characterization and identification of distinct categories of

circulating human EPCs. Our study suggests that CD45"
EPCs are angiogenic cells expressing inflammatory chemokines
and immune cell receptors that are distinct from the CD45~

subset. Further, significant increase in circulating CD45" EPCs
in ALC patients may contribute to alcoholic liver injury via
paracrine secretion of inflammatory and angiogenic mediators
and represent a systemic pro-inflammatory state affecting the
progression of the disease.
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Supplementary Figure S1 | (A) Gating of the PBMCs in the lymphocyte and
monocyte region with single color SSC plots for different flourochromes used as
controls in the study. (B) Gating strategy for CyTOF using CD34, CD31 and CD45
markers. (a) platelets, (b) CD34+CD45- population, (c) CD34+CD45Mt population
and (d) CD34+CD45" population.

Supplementary Figure S2 | Major immune populations in PBMCs from ALC
patients and controls (HC). Compared to HC, B cells and CD4+ T cells were
significantly downregulated, CD8+ T cells and monocytes were upregulated in
ALC, reaching significance only for CD8+ T cells. *p-val =< 0.05; **p-val =<
0.02.

Frontiers in Physiology | www.frontiersin.org

May 2018 | Volume 9 | Article 556


https://www.frontiersin.org/articles/10.3389/fphys.2018.00556/full#supplementary-material
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Kaur et al.

EPCs in Alcoholic Liver Cirrhosis

REFERENCES

Amarapurkar, A. D., Amarapurkar, D. N., Vibhav, S., and Patel, N. D. (2007).
Angiogenesis in chronic liver disease. Ann. Hepatol. 6, 170-173. Available
online at: http://www.annalsofhepatology.com/vista?accion=viewArticle&
idart=312

Asahara, T., Kawamoto, A., and Masuda, H. (2011). Concise review: circulating
endothelial progenitor cells for vascular medicine. Stem Cells 29, 1650-1655.
doi: 10.1002/stem.745

Asahara, T., Murohara, T., Sullivan, A., Silver, M., van der Zee, R,, Li, T., et al.
(1997). Isolation of putative progenitor endothelial cells for angiogenesis.
Science 275, 964-967. doi: 10.1126/science.275.5302.964

Bendall, S. C., Simonds, E. F., Qiu, P., Amir, E. A. D., Krutzik, P. O., Finck,
R, et al. (2011). Single-cell mass cytometry of differential immune and drug
responses across a human hematopoietic continuum. Science 332, 687-696.
doi: 10.1126/science.1198704

Bocca, C., Novo, E., Miglietta, A., and Parola, M. (2015). Angiogenesis and
fibrogenesis in chronic liver diseases. Cell. Mol. Gastroenterol. Hepatol. 1,
477-88. doi: 10.1016/j.jcmgh.2015.06.011

Case, J., Mead, L. E., Bessler, W. K., Prater, D., White, H. A., Saadatzadeh,
M. R, et al. (2007). Human CD34+4AC1334+VEGFR-2+ cells are not
endothelial progenitor cells but distinct, primitive hematopoietic progenitors.
Exp. Hematol. 35, 1109-1118. doi: 10.1016/j.exphem.2007.04.002

Das, S. K., Mukherjee, S., and Vasudevan, D. M. (2012). Effects of long term
ethanol consumption mediated oxidative stress on neovessel generation in liver.
Toxicol. Mech. Methods 22, 375-382. doi: 10.3109/15376516.2012.666651

DeLeve, L. D. (2013). Liver sinusoidal endothelial cells and liver regeneration. J.
Clin. Invest. 123, 1861-1866. doi: 10.1172/JCI66025

Garg, M., Kaur, S., Banik, A., Kumar, V., Rastogi, A., Sarin, S. K., et al. (2017). Bone
marrow endothelial progenitor cells activate hepatic stellate cells and aggravate
carbon tetrachloride induced liver fibrosis in mice via paracrine factors. Cell
Prolif. 50:¢12355. doi: 10.1111/cpr.12355

Herlea-Pana, O., Yao, L., Heuser-Baker, J., Wang, Q., Wang, Q., Georgescu,
C., et al. (2015). Chemokine receptors CXCR2 and CX3CRI differentially
regulate functional responses of bone-marrow endothelial progenitors
during atherosclerotic plaque regression. Cardiovasc. Res. 106, 324-337.
doi: 10.1093/cvr/cvv111

Hill, J. M., Zalos, G., Halcox, J. P. J., Schenke, W. H., Waclawiw, M. A., Quyyumi,
A. A, etal. (2003). Circulating endothelial progenitor cells, vascular function,
and cardiovascular risk. N. Engl. J. Med. 348, 593-600. doi: 10.1056/NEJMoa
022287

Hur, J., Yoon, C. H., Kim, H. S., Choi, J. H., Kang, H. J., Hwang, K. K., et al.
(2004). Characterization of two types of endothelial progenitor cells and their
different contributions to neovasculogenesis. Arterioscler. Thromb. Vasc. Biol.
24, 288-293. doi: 10.1161/01.ATV.0000114236.77009.06

Ingram, D. A,, Mead, L. E., Tanaka, H., Meade, V., Fenoglio, A., Mortell, K.,
et al. (2004). Identification of a novel hierarchy of endothelial progenitor cells
using human peripheral and umbilical cord blood. Blood 104, 2752-2760.
doi: 10.1182/blood-2004-04-1396

Ishida, Y., Kimura, A., Kuninaka, Y., Inui, M., Matsushima, K., Mukaida, N.,
et al. (2012). Pivotal role of the CCL5/CCR5 interaction for recruitment of
endothelial progenitor cells in mouse wound healing. J. Clin. Invest. 122,
711-721. doi: 10.1172/JCI43027

Kaur, S., and Anita, K. (2013).
and fibrosis: “a double-edged
doi: 10.1007/s12072-013-9483-7

Kaur, S., Tripathi, D., Dongre, K., Garg, V., Rooge, S., Mukopadhyay, A.,
et al. (2012). Increased number and function of endothelial progenitor
cells stimulate angiogenesis by resident liver sinusoidal endothelial cells
(SECs) in cirrhosis through paracrine factors. J. Hepatol. 57, 1193-1198.
doi: 10.1016/j.jhep.2012.07.016

Lanuti, P., Rotta, G., Almici, C., Avvisati, G., Budillon, A. Doretto, P.,
et al. (2016). Endothelial progenitor cells, defined by the simultaneous
surface expression of VEGFR2 and CD133, are not detectable in healthy

Angiogenesis in liver
sword”. Hepatol. Int. 7,

regeneration
959-968.

peripheral and cord blood. Cytometry Part A 89, 259-270. doi: 10.1002/cyto.a.
22730

Loomans, C. J., van Haperen, R., Duijs, J. M., Verseyden, C., de Crom, R,
Leenen, P. ], et al. (2009). Differentiation of bone marrow-derived endothelial
progenitor cells is shifted into a proinflammatory phenotype by hyperglycemia.
Mol. Med. 15, 152-159. doi: 10.2119/molmed.2009.00032

Medina, R. J., O'Neill, C. L., Sweeney, M., Guduric-Fuchs, J., Gardiner, T. A,
Simpson, D. A,, et al. (2010). Molecular analysis of endothelial progenitor cell
(EPC) subtypes reveals two distinct cell populations with different identities.
BMC Med. Genomics 3:18. doi: 10.1186/1755-8794-3-18

Newell, E. W, Sigal, N., Bendall, S. C., Nolan, G. P., and Davis, M. M. (2012).
Cytometry by time-of-flight shows combinatorial cytokine expression and
virus-specific cell niches within a continuum of CD8(+) T cell phenotypes.
Immunity 36, 142-152. doi: 10.1016/j.immuni.2012.01.002

Raskopf, E., Gonzalez Carmona, M. A., Van Cayzeele, C. J., Strassburg, C.,
Sauerbruch, T., and Schmitz, V. (2014). Toxic damage increases angiogenesis
and metastasis in fibrotic livers via PECAM-1. Biomed Res. Int. 2014:712893.
doi: 10.1155/2014/712893

Seth, D., El-Guindy, N. B. D., Apte, M. V., Mari, M., Dooley, S., Neuman, M., et al.
(2010). Alcohol, signaling, and ECM turnover. Alcohol. Clin. Exp. Res. 34, 4-18.
doi: 10.1111/j.1530-0277.2009.01060.x

Tanaka, S., Ueno, T., Ishiguro, H., Morita, S., and Toi, M. (2017). The lack of
increases in circulating endothelial progenitor cell as a negative predictor for
pathological response to neoadjuvant chemotherapy in breast cancer patients.
NPJ Precis. Oncol. 1:6. doi: 10.1038/s41698-017-0006-1

Timmermans, F., Plum, J., Yoder, M. C., Ingram, D. A., Vandekerckhove, B., and
Case, J. (2009). Endothelial progenitor cells: identity defined? J. Cell. Mol. Med.
13, 87-102. doi: 10.1111/j.1582-4934.2008.00598.x

Toshikuni, N., Tsutsumi, M., and Arisawa, T. (2014). Clinical differences
between alcoholic liver disease and nonalcoholic fatty liver disease. World J.
Gastroenterol. 20, 8393-8406. doi: 10.3748/wjg.v20.i26.8393

Walter, D. H., Haendeler, ], Reinhold, J., Rochwalsky, U., Seeger, F.,
Honold, J., et al. (2005). Impaired CXCR4 signaling contributes to
the reduced neovascularization capacity of endothelial progenitor cells
from patients with coronary artery disease. Circ. Res. 97, 1142-1151.
doi: 10.1161/01.RES.0000193596.94936.2¢

Wang, Q. R., Wang, B. H,, Zhu, W. B,, Huang, Y. H,, Li, Y., and Yan, Q. (2011). An
in vitro study of differentiation of hematopoietic cells to endothelial cells. Bone
Marrow Res. 2011:846096. doi: 10.1155/2011/846096

WHO (2014). Global Status Report on Alcohol and Health 2014. Switzerland:
WHO.

Yoder, M. C. (2012). Human endothelial progenitor cells. Cold Spring Harb.
Perspect. Med. 2:a006692. doi: 10.1101/cshperspect.a006692

Yoder, M. C,, Mead, L. E.,, Prater, D., Krier, T. R,, Mroueh, K. N,, Li, F,,
et al. (2007). Redefining endothelial progenitor cells via clonal analysis
and hematopoietic stem/progenitor cell principals. Blood 109, 1801-1809.
doi: 10.1182/blood-2006-08-043471

Zhang, Y., Ingram, D. A., Murphy, M. P., Saadatzadeh, M. R., Mead, L.
E., Prater, D. N., et al. (2009). Release of proinflammatory mediators
and expression of proinflammatory adhesion molecules by endothelial
progenitor cells. Am. ]. Physiol. Heart Circ. Physiol. 296, H1675-H1682.
doi: 10.1152/ajpheart.00665.2008

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Kaur, Sehgal, Shastry, McCaughan, McGuire, Fazekas St de Groth,
Sarin, Trehanpati and Seth. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

May 2018 | Volume 9 | Article 556


http://www.annalsofhepatology.com/vista?accion=viewArticle&idart=312
http://www.annalsofhepatology.com/vista?accion=viewArticle&idart=312
https://doi.org/10.1002/stem.745
https://doi.org/10.1126/science.275.5302.964
https://doi.org/10.1126/science.1198704
https://doi.org/10.1016/j.jcmgh.2015.06.011
https://doi.org/10.1016/j.exphem.2007.04.002
https://doi.org/10.3109/15376516.2012.666651
https://doi.org/10.1172/JCI66025
https://doi.org/10.1111/cpr.12355
https://doi.org/10.1093/cvr/cvv111
https://doi.org/10.1056/NEJMoa022287
https://doi.org/10.1161/01.ATV.0000114236.77009.06
https://doi.org/10.1182/blood-2004-04-1396
https://doi.org/10.1172/JCI43027
https://doi.org/10.1007/s12072-013-9483-7
https://doi.org/10.1016/j.jhep.2012.07.016
https://doi.org/10.1002/cyto.a.22730
https://doi.org/10.2119/molmed.2009.00032
https://doi.org/10.1186/1755-8794-3-18
https://doi.org/10.1016/j.immuni.2012.01.002
https://doi.org/10.1155/2014/712893
https://doi.org/10.1111/j.1530-0277.2009.01060.x
https://doi.org/10.1038/s41698-017-0006-1
https://doi.org/10.1111/j.1582-4934.2008.00598.x
https://doi.org/10.3748/wjg.v20.i26.8393
https://doi.org/10.1161/01.RES.0000193596.94936.2c
https://doi.org/10.1155/2011/846096
https://doi.org/10.1101/cshperspect.a006692
https://doi.org/10.1182/blood-2006-08-043471
https://doi.org/10.1152/ajpheart.00665.2008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Circulating Endothelial Progenitor Cells Present an Inflammatory Phenotype and Function in Patients With Alcoholic Liver Cirrhosis
	Introduction
	Materials and Methods
	Study Subjects and Collection of Blood Samples
	Phenotypic Characterization of Endothelial Progenitor Cells (EPCs) by Flow Cytometry
	Immunophenotypic Characterization of Endothelial Progenitor Cells (EPCs) by Mass Cytometry
	Functional Characterization of EPCs
	Colony Formation in ex Vivo Cultures of EPCs
	LDL Uptake Assay
	Cytokine Profiling Using Multiplex Bead-Array Assay

	Statistical Analysis

	Results
	Phenotype of Endogenous Circulating EPCs
	Identification of EPCs by Flow Cytometry
	Immunophenotyping of EPCs Using Mass Cytometry

	In Vitro Functional Characteristics of ex Vivo EPC Cultures
	Secretory Phenotype of Cultured EPCs in Patients With ALC by ELISA

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


