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Abstract

Background: Circulating hematopoietic progenitors (HPCs) have been implicated in 

inflammatory diseases such as atherosclerosis, and in repair and regeneration of damaged tissue 

after injury. Recently published studies suggest the levels of blood borne HPCs in human subjects 

may represent a useful biomarker to predict future cardiovascular disease (CVD) events. These 

studies have indicated an age and CVD risk factor dependent relationship between HPC levels and 

future risk of CVD events. CD133 expression within the circulating CD34+ HPC pool has been 

used to identify a subpopulation of CD34+ cells enriched for progenitor cells. Our goal was to 

determine the distribution of CD133 expression within HPC sub-types amongst circulating CD34+ 

cells.

Methods: The quantity of different HPC populations within the CD34+ CD133+ and CD34+ 

CD133− fractions of venous blood obtained from healthy human subjects was measured using 

multi-color flow cytometry.

Results: The majority of circulating CD34+ cells are CD133−. CD133+ CD34+ cells express 

low levels of CD38, contain cell populations bearing cell surface markers of hematopoietic stem 

cells, multi potent progenitors, and multi lymphoid progenitors, and are largely devoid of CD38 

expressing lineage specified progenitors. These findings clarify the composition of circulating 

CD133+ CD34+ cell types cited in epidemiological studies of CVD and other diseases.
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Introduction:

Cells expressing CD34 in human subjects contain multiple cell populations from 

hematopoietic stem cells (HSCs) to lineage specified progenitors of specific immune and 

blood cell families1. CD34+ cells have also been the focus of many studies for cell based 

therapy approaches to disease2, 3. The levels of circulating CD34+ cells in the blood stream 

correlate with the risk of mortality in patients with coronary artery disease4. In these 
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patients, lower levels of circulating CD34+ cells are associated with as much as a three-fold 

increased risk of death from myocardial infarction. Measurement of CD133+ CD34+ cells 

improved risk prediction metrics slightly over simply measuring total circulating CD34+ 

cells4. However, CD34+ CD133− cells did not identify patients at risk for death. The 

identity of CD133+ CD34+ cells in the context of the hierarchy of hematopoietic progenitors 

is not well defined. We recently established a method to measure the levels of previously 

defined circulating hematopoietic progenitors based on the cell surface immunophenotype 

from less differentiated hematopoietic cell types including HSC (hematopoietic stem cells), 

MPP (multi potent progenitors), MLP (multi lymphoid progenitors) to the lineage specified 

progenitors including CMP (common myeloid progenitors), GMP (granulocyte macrophage 

progenitors), and MEP (megakaryocyte erythroid progenitors) using a multi-color flow 

cytometry based approach5. The goal of our study was to determine the contribution of 

CD133+ cells to the previously defined set of hematopoietic progenitors defined by standard 

cell surface markers5.

Methods:

Patient Consent for Participation:

Our research protocol was conducted at the University at Buffalo Clinical and Translation 

Research Center (Protocol). This protocol was reviewed and approved by the University at 

Buffalo Intramural Review Board.

Informed consent was obtained from study participants prior to entry, and conducted 

according to the principles expressed in the Declaration of Helsinki. Subjects were recruited 

as healthy control subjects. All samples were anonymized. The investigators were blinded to 

the clinical and demographic background of the donors.

Study Protocol:

Venous blood samples (8 mL) were collected in sodium heparin at the time of recruitment 

for measurement.

Preparation of mononuclear cells and antibody staining:

Cell preparation and staining was performed as previously described with minor 

modifications5. Mononuclear cells (MNCs) were purified by Histopaque 1077 (Sigma-

Aldrich) gradient centrifugation. The MNC fraction was washed by centrifugation and 

resuspension twice in HBSS at room temperature to remove residual platelets. The cell 

concentration in each sample was then enumerated using an automated cell counter 

(Beckman Coulter AcT diff hematology analyzer). Five million MNCs were stained for 20 

minutes with a cocktail containing saturating amounts of the following mAbs: CD45RA-

FITC (Clone ALB11; Beckman Coulter), CD123-PE-Cy7 (Clone 9F5; BD Biosciences), 

CD38-PerCP-Cy5.5 (Clone HIT2; BD Biosciences), CD34-APC (Clone BIRMA-K3; Dako), 

CD90-BV421 (Clone 5E10; BD Biosciences), and CD133−PE (Clone AC133; Miltenyi 

Biotec). Live Dead Aqua (Thermo Fisher) was used to enumerate and exclude dead cells 

from the analysis. After incubation with mAbs the cells were washed once with PBS 
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containing 0.5% bovine serum albumin, 0.1% sodium azide and 0.0004% tetrasodium 

EDTA.

Flow Cytometry Analysis:

Analysis was performed as previously described with minor modifications5. Flow cytometric 

acquisition was performed on an LSR Fortessa (BD Biosciences) equipped with three laser 

excitation sources (405 nm 50 mw; 488 nm 50 mw; 640 nm 40 mw) that was quality-

controlled on a daily basis using CS&T beads and FACS DiVA software (BD Biosciences). 

The filter configurations for the PMTs measuring fluorescence emission of the applied 

fluorochromes were 450/50 nm (BV421); 525/50 nm (Live Dead Aqua); 530/30 nm (FITC); 

582/15 nm (PE); 780/60 nm (PE-Cy7); 660/20 nm (APC); 694/50 nm (PerCP-Cy-5.5). 

Autofluorescence and single-color controls were acquired to perform spectral overlap 

compensation using the automated compensation matrix feature in FACS DiVA software. 

Fluorescence minus one controls were used to establish gates and separating positive from 

negative population. Flow cytometry data was plotted using bi-exponential plots that include 

axes less than zero to assure all data was visible and properly compensated. Data analysis 

was performed with FlowJo, software Version vX.0.7 (FlowJo LLC, Ashland, OR).

Flow Cytometry Data Analysis Details:

Gates defining specific populations of HSC and HPSCs were established as described 

previously6. More recently defined cell populations were included in this analysis for 

dendritic precursor cells7, and multi lymphoid progenitors8.

Analysis was performed using FlowJo Software using the following steps. 1) Dead cells 

were excluded using LD Aqua. 2) Doublets were excluded by gating outliers on SSC-A vs. 

SSC-H and FSC-A vs. FSC-H plots. 3) Total CD34+ cells were identified from the CD34 

CD38 dot plot (Figure 1A), and segregated into CD133+ and negative populations for sub 

population analysis (Figure 1B). 4) CD38 PerCP-Cy5.5 versus CD34 APC plotted as a 

density dot plot. Total CD34+ cells were divided into CD34+ CD38+/dim and CD34dim 

CD38+ populations (Figure 3B and 3C). 4) Common myeloid progenitors (CMP), 

granulocyte macrophage progenitors (GMP), macrophage erythrocyte progenitors (MEP), 

and dendritic cell progenitors (DCP) populations were defined using a CD45RA versus 

CD123 contour plot gated CD34dim CD38+ population (Figure 3D and 3E). The CD123+ 

and CD45RA+ regions were set using fluorescence minus one plots with a 2% contour 

levels. The CD34dim CD38+ CD123− CD45RA-population is defined as megakaryocyte 

erythroid progenitor (MEPs); CD34dim CD38+ CD123+ CD45RA-cells are defined as 

common myeloid progenitors (CMPs); CD34dim CD38+ CD123+ CD45RA+ cells are 

granulocyte monocyte precursors (GMPs). CD34dim CD38+ CD123 bright+ CD45RA+ 

cells are dendritic cell precursors (DCPs)7. 5) MPP and HSC were defined using a CD90 

BV421 versus CD45RA FITC dot plot gated on the CD34+ CD38 dim (Figure 4A and 4B). 

The CD34+ CD38dim CD90+ CD45RA− and CD34+ CD38− CD90− CD45RA-populations 

were selected for measurement of HSCs and MPPs, respectively. 6) MLPs were defined as 

the CD90 positive and CD45RA positive population based on previously reported criteria 

(Figure 3)8.
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Statistical Analysis:

The distribution of the experimental data was determined using the Shapiro-Wilk normality 

test. Significant differences in the quantity of each hematopoietic progenitor cell population 

was determined between CD133+ CD34+ and CD133− CD34+ groups using the Mann-

Whitney U test for non-normally distributed data. Statistical analysis and box-plots were 

created using Stata 14.2 software (Stata Corp, College Station, Texas USA). The mean 

values, standard error of the mean (SEM) and 95% confidence intervals for each cell 

population are provided in Table 1.

Results:

Our goal was to determine the distribution of CD133 expression within HPC sub-types 

amongst circulating CD34+ cells. We tested the blood of six healthy human subjects. After 

exclusion of dead cells and doublets, the total CD34+ CD38 pool was selected from the 

CD34-APC and CD38 PerCP-Cy 5.5 plot as shown in Figure 1A. This total CD34+ 

population was then separated into CD133+ CD34+ and CD133− CD34+ cell populations 

(Figure 1B) for analysis of the content of hematopoietic progenitor populations as previously 

defined5. Fluorescence minus CD133−PE was used to define the threshold for selection of 

the CD133+ cell population (Figure 1C inset within Figure 1B). We found that 0.04 ± 0.01 

percent of total mononuclear (MNCs) cells were CD133+ and 0.09 ± 0.01 percent of total 

MNCs were CD133−. As a percentage of the total CD34+ fraction, CD133+ cells represent 

28.4 ± 2.4 %, while CD133− cells were 68.8 ± 1.3 % of the total circulating CD34+ cells in 

the blood of healthy human subjects (p-value < 0.0005-Figure 2 Panel A). We conclude that 

CD133+ CD34+ cells are in the minority within the total CD34+ pool, and the difference in 

CD133 expression is statistically significant (Tables 1 and 2).

Prior studies have indicated that CD133 expression within CD34+ cells enrich 

hematopoietic stem cells within the total CD34+ compartment. In the context of the 

hierarchy of stem cells to lineage specified progenitors, we tested to what extent the 

CD133+ CD34+ versus CD133− CD34+ cell fractions contributed to each previously 

described cell type. In our cohort of healthy human subjects, the CD133+ CD34+ cell 

population that co-expressed CD38 represents 0.49 ± 0.1 % of the total CD34+ cells. In 

contrast, the CD133− CD34 dim cell population that co-expresses CD38 represents a larger 

proportion 13.5 ± 1.8 % (p < 0.005) of the total CD34+ cell pool (Figure 2 Panel A). When 

visualized in three dimensions (CD34, CD133 and CD38) CD133 expressing cells are 

clearly positive for CD34 expression and are heterogeneously dim positive for CD38 

(Supplemental Movie 1). While CD133 expression appears to exclude the lineage specified 

progenitor population co-expressing CD38, CD133 expression does not appear to enrich for 

the CD34+ CD38 +/dim population of hematopoietic progenitor cells. The CD133+ 

population of CD34+ CD38dim cells represents 27.8 ± 0.8 % of the total CD34+ cell pool 

while the CD133− population of CD34+ CD38dim cells accounts for 58.5 ± 4.4 % (p-value 

< 0.0002) of the total CD34+ pool (Figure 2 Panel A).

CD133+ CD34+ and CD133− CD34+ cell fractions were then analyzed to identify the 

quantity of CD34+ CD38+ cells making up the lineage specified progenitor fraction (Figure 

3 Panels B and C). We observed that CD133+ CD34+ cells were virtually devoid of CD38 
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expression (Figure 3 Panel B), with insignificant levels of lineage specified progenitors 

(Figure 3 Panel E). In contrast, CD133− CD34+ cells contained the vast majority of CD34+ 

CD38+ lineage specified progenitors in circulating blood (Figure 3 Panel B). Based on these 

findings the addition of CD133 to the hematopoietic progenitor panel effectively 

distinguishes CD38 co-expressing lineage specified progenitor cells.

We next determined how CD133 expression within the total CD34+ cell pool partitions the 

quantity of cells bearing a cell surface phenotype consistent with hematopoietic progenitors 

including hematopoietic stem cells (HSC), multi potent progenitors (MPP) and multi 

lymphoid progenitors (MLP). Representative flow cytometry plots of CD133+ CD34+ and 

CD133− CD34+ cell populations are shown in Figure 4 Panels A and B. The populations 

shown are the CD34+ CD38− cell population further analyzed for CD90 and CD45RA 

expression which distinguishes these three cell types. The quantity of HSCs was not 

significantly different between CD133+ CD34+ and CD133− CD34+ cell populations (10.1 

± 2 % versus 10.7 ± 2 % of total CD34+ cells, p-value 0.48). The lack of CD133 expression 

amongst CD34+ cells did enrich for MPPs (13.6 ± 1.7 % of total CD34+ cells for CD133+ 

versus 35.8 ± 2.2 % of total CD34+ cells for the CD133− component (p-value < 0.0001). 

Multi lymphoid progenitors (MLP) were found in both CD133+ and CD133− cells, but were 

present in greater quantity in CD133− cells (6.3 ± 1.3 % of total CD34+ cells for CD133− 

versus 2.1 ± 0.8 % of total CD34+ cells for CD133+, p-value < 0.01).

We noted higher fluorescence intensity in CD90 within the HSC cell population when 

compared between CD133+ and CD133− cells (Figure 4 Panels A and B). The mean 

fluorescence intensity of CD90 in the HSC population from CD133− cells was 494.8 ± 27.2 

while mean fluorescence intensity of CD90 from CD133+ cells was 708.2 ± 37.3, indicating 

significantly brighter CD90 expression in the HSC fraction from CD133+ cells (p-value < 

0.0005, t-test). In conclusion, circulating CD133 expressing CD34+ cells represent roughly 

one-third of the total circulating CD34+ cell pool, carry equivalent levels of HSCs, 

significantly fewer MPPs and MLPs than CD133− CD34+ cells, but are depleted of the 

lineage specified progenitors, CMPs, MEPs, GMPs and DCPs.

Discussion:

We performed this study to understand the contribution of CD133 expressing cells to the 

pool of circulating hematopoietic progenitor cells amongst CD34+ cells, and in the hierarchy 

of hematopoietic progenitors commonly used by hematopoietic stem cell biologists. Prior 

reports indicate that CD133 expression amongst CD34+ hematopoietic cells enrich for the 

stem cell fraction of circulating cells. We found that minor levels of lineage specified 

progenitors co-express CD133. However, HSCs appear to be roughly split between CD133+ 

and CD133− expressing cells, and the majority of cells closely related to the HSC, MPPs 

and MLPs are also split between CD133+ and CD133− cells, but are found predominantly 

amongst the CD133− population. Therefore, the concept that CD133+ cells being more 

enriched for more primitive forms of hematopoietic progenitors is partially correct. Our 

study is limited in that we have only quantitatively determined differences between CD133+ 

and CD133− pools within circulating CD34+ hematopoietic cells. Clearly a test of the 

functional significance of CD133 expression amongst these cells is needed to understand the 

Cimato et al. Page 5

Cytometry B Clin Cytom. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



biological role CD133 expression plays. A head to head comparison of CD133+ and 

CD133− human hematopoietic cells in bone marrow transplant has not been performed to 

our knowledge.

In the context of cardiovascular disease, CD133 expressing cells have been associated with 

regeneration of vascular tissue9 and are therefore believed to have beneficial effects in the 

context of atherosclerotic vascular disease. Large observational studies have shown 

increasing age alone does not appear to have significant effects on the levels of either total 

CD34+ cells or CD34+ CD133+ cell types in the absence of heart disease risk factors. 

However, with each additional heart disease risk factor (including hypertension, diabetes 

mellitus, or high serum cholesterol levels), or diagnosed heart vessel disease, there is a 

reduction in the quantity of total CD34+ cells, and CD34+ CD133+ cells10. Other studies 

evaluated the impact of quantitative changes in circulating CD133+ CD34+ cells in the 

blood stream of patients with heart disease undergoing study for heart artery disease. In 

subjects with coronary artery disease, lower levels of either total circulating CD34+ cells, or 

CD133+ CD34+ cells have a higher risk of death from heart disease, and higher risk of 

future MI11. Interestingly, the population of circulating CD133−CD34+ cells was predictive 

of poor outcomes, however details regarding how this cell population is defined was not well 

documented11. Circulating cell levels are clearly influenced by glucose levels, as the 

presence of glucose intolerance in obese patients, but not frank diabetes mellitus was also 

associated with reduced levels of circulating total CD34+ cells, and CD133+ CD34+ cell 

types12. The levels of circulating total CD34+ cells, and CD133+ CD34+ cells also predict 

future atherosclerotic disease events (cardiovascular death, non-fatal myocardial infarction, 

non-fatal stroke), in patients with diabetes mellitus13. Collectively, measures of circulating 

total CD34+ and CD133+ CD34+ cell types appear to have clear predictive power to identify 

subjects at risk for future heart disease events. Several factors are at play to cause reduced 

levels of circulating CD34+, however in the early phase of disease, stimulation of the 

hematopoietic system by high levels of cholesterol clearly results in elevated levels of 

hematopoietic cells14,15. Over time, stem cell proliferation becomes limited, resulting in the 

decreased cell levels observed.

The expression of CD133 is limited to a subset of circulating hematopoietic cells, and the 

functional significance of CD133 expression has remained unclear. Recent mechanistic 

experiments have illustrated that CD133 is actually released from hematopoietic cells upon 

differentiation in the form of microvesicles that are transferred to neighboring cells16. The 

contents of the CD133 containing microvesicles remains to be determined. In the context of 

epidemiologic cardiovascular disease studies, the loss of CD133 expressing cells with 

progression of disease again appears to be tied to proliferation and differentiation of 

CD133+ hematopoietic progenitors, where inflammatory factors such as elevated cholesterol 

levels promote proliferation.

In conclusion, our study determined the contribution of CD133+ to the total CD34+ cell 

pool in the context of the hierarchy of human hematopoietic progenitors. Overall, CD133 

expression is largely excluded from lineage specified progenitors, and observed 

predominantly in cells bearing the cell surface markers of HSCs and MPPs. Future studies 
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may focus on how CD133 expression within HSCs and MPPs alters their function, and how 

they contribute to the pathogenesis of heart disease or its repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Heterogeneous Expression of CD133 in Circulating CD34+ Cells
Panel A is a representative flow cytometry dot plot of CD34 and CD38 co-expressing cells. 

The total population of CD34+ CD38+/dim cells (identified in the figure by the octagonal 

box) were selected for analysis of CD133 expression. Panel B is a representative subplot 

using the contour presentation of CD133 and CD34 expression within the total circulating 

pool of CD34 and CD38+ cells. Panel C shown as an inset is a representative example of 

fluorescence minus one staining excluding CD133 to define the CD133+ threshold for 

population selection.
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Figure 2: Quantity of Circulating Hematopoietic Progenitors in CD133− and CD133+ Cell 
Populations:
Panels A and B are box plot illustrations of hematopoietic progenitor populations presented 

as a percentage of the total circulating CD34+ cells. The populations are grouped based on 

the presence or absence of CD133 expression to compare their relative abundance in the 

total CD34+ pool. The horizontal bars in the boxes indicate the median values, and the 

boundaries of the boxes indicate 25th and 75th percentile ranges. Data from six healthy adult 

human subjects are presented.
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Figure 3: Circulating CD133+ CD34+ Cells Lack Significant Levels of Lineage Specified 
Hematopoietic Progenitor Populations:
Panel A is a representative flow cytometry contour plot of circulating CD133 and CD34+ 

cells. The populations were selected using the fluorescence minus CD133 staining. Panels B 

and C are representative flow cytometry contour plots of the CD133− CD34+ population 

(Panel B), and CD133+ CD34+ population (Panel C) shown in Panel A. The boxes delineate 

CD34 dim CD38+ and CD34+ CD38+/dim cell types observed. Panels D and E are 

representative flow cytometry contour plots of the CD34dim CD38+ populations from 

CD133− CD34+ (Panel D) and CD133+ CD34+ (Panel E) cell populations. The progenitor 

cell populations defined by CD123 and CD45RA expression are indicated by the boxes 

Cimato et al. Page 11

Cytometry B Clin Cytom. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



shown including: MEP-megakaryocyte erythroid progenitor, CMP-common myeloid 

progenitor, GMP-granulocyte macrophage progenitor, DCP-dendritic cell progenitor.

Cimato et al. Page 12

Cytometry B Clin Cytom. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Circulating Hematopoietic Stem Cells, Multipotent Progenitors and Multi Lymphoid 
Progenitors Are Present in Both CD133− and CD133+ CD34+ Populations:
Panels A and B are representative flow cytometry contour sub-plots of circulating progenitor 

cell populations. CD133− CD34+ and CD133+ CD34+ cell populations were selected to 

exclude the CD34dim CD38+ populations (Figure 3 Panels B and C) were sub-plotted to 

examine for CD90 and CD45RA co-expression. Populations of hematopoietic stem cells 

(HSC), multi-potent progenitors (MPP), and multi lymphoid progenitors (MLP) are 

indicated based on their established criteria.
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Table 1

Quantity of CD133 Negative and positive cells as a percentage of total CD34+ cells

CD133− CD133+

Cell
Population

Mean SEM 95% CI Mean SEM 95% CI p-value

Total CD34+ 68.8 2.9 61 to 76 28.4 2.4 22 to 35 0.0005*

CD34+ CD38+ 13.5 1.8 5 to 9 0.49 0.1 0.2 to 0.8 0.004*

CD34+ CD38− 58.5 4.4 47 to 69 27.8 2.4 22 to 34 0.0001*

CMP 2.7 0.5 1.3 to 4 0.15 0.05 0.01 to 0.29 0.004*

MEP 2 0.3 1.3 to 2.7 0.11 0.02 0.06 to 0.16 0.004*

GMP 0.9 0.4 −0.13 to 1.8 0.07 0.018 0.03 to 0.12 0.007*

DCP 0.83 0.6 −0.24 to 1.1 0 0 0 0.003*

HSC 10.7 2 5.4 to 16 10.1 2 4.9 to 15.4 0.48*

MPP 35.8 2.2 30 to 41 13.6 1.7 9.3 to 18 0.0001*

MLP 6.3 1.3 3 to 9.5 2.1 0.8 0 to 4.2 0.01*

*
Mann-Whitney U Test
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