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Summary

The success of haematopoietic stem cell (HSC) transplantation largely

depends on numbers of transplanted HSCs, which reside in the CD34+

populations of bone marrow (BM), peripheral blood stem cells (PBSC) and

umbilical cord blood (UCB). More specifically HSCs reside in the CD38low/�

subpopulation, which cannot be objectively discriminated from mature

CD34+ CD38+ progenitors. Thus, better marker combinations for the

quantification of more primitive haematopoietic stem and progenitor cells

in transplants are required. Recently, by combining CD34 and CD133 we

could clearly distinguish CD133+ CD34+ multipotent and lympho-myeloid

from CD133low CD34+ erythro-myeloid progenitors in UCB samples. To

qualify the assessment of CD133 for routine quality control of adult

HSC sources, we analysed the developmental potentials of CD133+ and

CD133low subpopulations in BM and PBSC. Similar to UCB, CD133

expression objectively discriminated functionally distinct subpopulations in

adult HSC sources. By implementing anti-CD45RA staining, which sepa-

rates multipotent (CD133+ CD34+ CD45RA�) from lympho-myeloid

(CD133+ CD34+ CD45RA+) progenitor fractions, UCB was found to con-

tain 2–3 times higher multipotent progenitor frequencies than BM and

PBSC. To test for the consistency of CD133 expression, we compared

CD133+ CD34+ contents of 128 UCB samples with maternal and obstetrical

factors and obtained similar correlations to related studies focusing on

CD34+ cell contents. In conclusion, implementation of anti-CD133 staining

into existing routine panels will improve the quality control analyses for

HSC transplants.

Keywords: CD133, bone marrow, peripheral blood stem cells, umbilical

cord blood, cord blood banking.

Allogeneic haematopoietic stem cell transplantation (Allo-

SCT) is a well-established therapy for numerous malignant

and non-malignant haematological diseases, which in many

cases offers the only curative perspective. The success of Allo-

SCT largely depends on the number of transplanted haemato-

poietic stem cells (HSCs), which, together with more mature

progenitors, reside in CD34+ cell populations (Civin et al,

1984; Katz et al, 1985). The CD34+ cell fractions in transplan-

table human HSC sources, i.e. bone marrow (BM), peripheral

blood stem cell (PBSC) apheresis products from granulocyte

colony-stimulating factor-treated donors and umbilical cord

blood (UCB) (Broxmeyer et al, 1989; Gluckman et al, 1989),

are very heterogeneous and contain different subsets of hae-

matopoietic stem and progenitor cells (HSPCs) (G€orgens

et al, 2013a). Only a small percentage of such HSPCs revealed

engraftment potential in non-obese diabetic severe combined

immunoficiency (NOD/SCID) mice (Bender et al, 1994; Horn

et al, 2003; Hofmeister et al, 2007). This heterogeneity is

reflected by the expression of CD38, which ranges from low

to high expression without defining any concrete CD34+

subpopulation. However, more primitive HSPCs that contain

the potential to engraft into NOD/SCID mice, the SCID
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repopulating cells (SRCs), reside within the CD34+ CD38low/�

rather than in the CD34+ CD38high sub-fraction (Terstappen

et al, 1991; Bhatia et al, 1997). Accordingly, and despite the

lack of objective criteria to phenotypically quantify SRCs or

even to discriminate CD34+ CD38low/� and CD34+ CD38high

sub-fractions, quantification of CD34+ CD38low/� cells still

remains the widely accepted quality control within BM,

PBSC and UCB samples for HSC transplantation. Even

though the three sources contain comparable proportions of

CD34+ CD38low/� (1/3 to 1/6 of the CD34+ fraction is con-

sidered to be CD38low/�), UCB requires about 5- to 10-fold

fewer CD34+ cells for the successful reconstitution and

treatment of haematological disorders than BM and PBSCs

(Locatelli & Pedrazzoli, 1995; Wagner et al, 1995; Laughlin

et al, 2004). Hence, the quality control of HSC samples

would highly benefit from novel objective criteria to distin-

guish more primitive HSPCs from more mature progenitors.

In contrast to CD38, the cell surface marker Prominin-1/

CD133 (Yin et al, 1997) enables objective discrimination

of two functionally distinct CD34 subpopulations,

CD133+ CD34+ and CD133low CD34+ cells (de Wynter et al,

1998; Horn et al, 1999; Giebel et al, 2006; von Levetzow

et al, 2006; Beckmann et al, 2007). Recently, we comprehen-

sively dissected the developmental potential of UCB-derived

CD133+ CD34+ and CD133low CD34+ cells. Apart from pro-

viding new lineage relationships in human haematopoiesis,

we showed that multipotent HSPCs [HSCs and multipotent

progenitors (MPPs)] and lympho-myeloid progenitors [lym-

phoid-primed multipotent progenitors (LMPPs), multilym-

phoid progenitors and granulocyte-macrophage progenitors

(GMPs)] were found exclusively within the CD133+ CD34+

population (G€orgens et al, 2013b). In contrast, the

CD133low CD34+ subpopulation contained progenitors of the

erythro-myeloid lineage [erythro-myeloid progenitors

(EMPs), eosinophil-basophil progenitors and megakaryocyte-

erythrocyte progenitors] (G€orgens et al, 2013b). Further-

more, we provided functional evidence that UCB-derived

multipotent HSPCs could retrospectively be identified as

CD133+ CD34+ cells containing erythroid potential (G€orgens

et al, 2013a,b).

So far, no phenotypical or functional analysis of CD133

subpopulations derived from BM and PBSC has been per-

formed. Therefore, we compared the progenitor cell compo-

sition within BM and PBSC samples and determined the

developmental potential of identifiable CD34+ subpopula-

tions. Furthermore, to assure consistency of CD133 expres-

sion and to qualify quantification of CD133+ CD34+ cell

contents as a potential marker for the clinical routine, we

analysed the CD133+ CD34+ cell content of 128 UCB units

and compared it with maternal and obstetrical factors that

have been associated with increased primitive HSPC contents

in previous studies (Locatelli et al, 1999; Ballen et al, 2001;

Sparrow et al, 2002; Aufderhaar et al, 2003; Nakagawa et al,

2004; Solves et al, 2005; Manegold et al, 2008; Volpe et al,

2011).

Methods

Cell sources, preparation and cell counting

Human UCBs were obtained from unrelated donors after

informed consent according to the Declaration of Helsinki.

UCBs were collected ex utero immediately after vaginal or

caesarean section. The umbilical vein was punctured and

UCBs were collected by gravity flow into a sterile collection

system (Fresenius Kabi, Bad Homburg, Germany). UCB units

were stored at room temperature and processed within 48 h.

Human PBSC and BM as well as peripheral blood (PB) sam-

ples were obtained from healthy unrelated voluntary donors

after informed consent according to the Declaration of Hel-

sinki. The experiments were approved by the local ethic

commission.

Mononuclear cells (MNCs) were isolated by Ficoll (Biocoll

Separating Solution; Biochrom AG, Berlin, Germany) density

gradient centrifugation as previously described (Giebel et al,

2004). Nucleated cell counting of isolated MNCs was per-

formed with an automated analyser (KX-21N; Sysmex, Nor-

derstedt, Germany). CD34+ cells were enriched by magnetic

cell separation using the MidiMacs technique according to

the manufacturer’s instructions (Miltenyi Biotec, Bergisch

Gladbach, Germany).

Flow cytometric analyses

Mononuclear cell samples were stained with fluorescein

isothiocyanate-conjugated anti-CD38 (Clone HIT2; BD,

Franklin Lakes, NJ, USA) phycoerythrin (PE)-conjugated

anti-CD133 (Clone AC133; Miltenyi Biotec), Electron-coupled

dye-conjugated anti-CD34 (Clone 581; Beckman Coulter,

Brea, CA, USA), allophycocyanin-AlexaFlour750-conjugated

anti-CD34 (Clone 581; Beckman Coulter), PE-cyanin 7-conju-

gated anti-CD45 (Clone J33; Beckman Coulter) and anti-

CD45RA (Clone HI100; Biolegend, Saint Quentin Yvelines

Cedex, France) antibodies. Propidium iodide was used for

dead cell exclusion. Appropriate isotype-matched control

monoclonal antibodies were used to determine the level of

background staining in all experiments. Flow cytometric

analyses were performed on a FC500 flow cytometer (Beck-

man Coulter) or a FACSAria I cell sorter. Cells were sorted

using the FACSAria I cell sorter. The sort-purity was routinely

assessed by recovery of sorted cells and was >99�5%.

For bulk-analyses of colony-forming-cell (CFC) assay-

derived cells via flow cytometry, we harvested all colonies of

given cultures as described previously (G€orgens et al, 2013b).

Briefly, the colony containing methylcellulose was diluted

with 1 ml phosphate-buffered saline (PBS) and dispersed by

gentle pipetting. Cells were then washed twice in a total

volume of 15 ml PBS. Next, unspecific binding sites were

blocked and cells were stained with PE-conjugated anti-

CD235a (GlycophorinA) (Clone HIR2; BD) and PE-Cy7-con-

jugated anti-CD45 antibodies for flow cytometric analyses.
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Colony-forming cell assay

For CFC assays, an aliquot of 200 sorted cells were dispensed

into 1 ml MethoCult H4434 (StemCell Technologies, Greno-

ble, France). Haematopoietic colonies were scored after 14 d.

Arising colonies were identified as colony-forming unit-

(CFU-) macrophage (M), granulocyte (G), granulocyte-mac-

rophage (GM) and burst forming unit-erythrocyte (BFU-E).

Colonies consisting of erythroid and myeloid cells were

scored as CFU-MIX.

Data collection and statistical analysis

Data regarding neonatal and maternal factors were collected

from UCB donors and their mothers, respectively. The fol-

lowing obstetric factors were monitored: mother’s age; weight

and size, gestational age, venous umbilical pH and Hb, sex

of baby; mode of delivery.

Correlation of obstetric factors with total CD34+ and

CD133+ CD34+ cell counts was statistically determined with

nonparametric Mann–Whitney U tests for unpaired samples.

Linear regression analysis was calculated using Spearman’s

rank correlation. P-values <0�05 were considered to be statis-

tically significant. Statistical analysis was performed using

GraphPad Prism Version 5 (GraphPad Software Inc., La

Jolla, CA, USA). All data are given as mean � standard error

of the mean.

Results

CD133 expression on CD34+ HSPCs from different
sources

In previous studies we showed that freshly isolated UCB-

derived CD34+ progenitor cells can objectively be divided

into CD133+ CD34+ and CD133low CD34+ subpopulations

enriched for either lympho-myeloid or EMPs, respectively

(Giebel et al, 2006; Beckmann et al, 2007). To test whether

CD133 expression also enables easy and objective discrimina-

tion of CD133+ CD34+ and CD133low CD34+ subpopulations

within adult HSC sources, we performed flow cytometric cell

analyses and comprehensively compared the CD133+ content

within CD34+ cell populations from BM and PBSC with that

of UCB samples (Fig 1A). These studies were supplemented

(A) (B)

(C)

Fig 1. Comparison of CD133+ and CD133low populations in PB, BM, PBSC and UCB. (A) Gating strategy for flow cytometric quantification of

CD34+, CD133+ CD34+ and CD133low CD34+ populations in peripheral blood (PB), bone marrow (BM), peripheral blood stem cells (PBSC) and

umbilical cord blood (UCB) (R1 = PI�; R2 = PI�CD45+; R3 = PI� CD45+ CD133+ CD34+; R4 = PI� CD45+ CD133low CD34+). (B) Frequency

of CD34+ (checked bars), CD133+ CD34+ (black bars) and CD133low CD34+ (white bars) HSPCs. (C) Ratio of CD133+ CD34+ (black) and

CD133low CD34+ (white) cells within CD34+ HSPCs. (mean � SEM; *P <0.05, **P < 0.01, ***P < 0.001; TNC, total nucleated cells).

CD133 Discriminates Human HSPC Subsets
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by the characterization of CD34+ cell populations within the

PB of healthy donors.

Consistent with previous reports (Yin et al, 1997; Giebel

et al, 2006; von Levetzow et al, 2006; Beckmann et al, 2007;

Ito et al, 2010; G€orgens et al, 2013b, 2014), CD34+ cells from

all sources were found to contain two distinct subpopulations

of CD34+ cells, i.e. CD133+ CD34+ and CD133low CD34+ cells

(Fig 1A). The PB of healthy blood donors showed the lowest

content of CD34+ cells (0�14 � 0�05%, n = 5, Fig 1B) with

similar proportions of CD133+ CD34+ (45�8 � 10�3%, n = 5)

and CD133low CD34+ (54�2 � 6�5%, n = 5) cells (Fig 1C).

The highest CD34+ content was found in BM-MNCs

(4�2 � 2�8%, n = 5, Fig 1B), containing approximately

33�3 � 14�2% CD133+ CD34+ HSPCs and 66�7 � 22�6%
CD133low CD34+ cells (n = 5, Fig 1C). In agreement with our

previous data (Giebel et al, 2004, 2006; von Levetzow et al,

2006; Beckmann et al, 2007; G€orgens et al, 2013b, 2014),

roughly 1% of the UCB-MNCs expressed CD34 (1�1 � 0�5%,

n = 6, Fig 1B), and approximately two thirds of them

(67�0 � 22�0%, n = 6, Fig 1C) were found to be CD133 posi-

tive while the remaining CD34+ cells lacked CD133 expression

(33�0 � 23�2%, n = 6, Fig 1C). Compared to UCB, slightly

lower frequencies of CD34+ cells (1�1 � 0�5%, n = 5, Fig 1B)

with similar contents of CD133+ (63�3 � 13�8%, n = 5,

Fig 1C) and CD133low (36�7 � 8�7%, n = 5) cells were found

in PB apheresis products.

In summary, phenotypical analyses of MNCs from adult

HSC sources revealed significant differences in the frequency

and ratio of CD133+ CD34+ and CD133low CD34+ cells com-

pared to UCB. In order to analyse the developmental poten-

tial of these CD34+ subpopulations in adult HSC samples,

we performed functional analyses of BM- and PBSC-derived

CD133+ CD34+ and CD133low CD34+ cells and compared it

to previously published UCB data (G€orgens et al, 2013b).

CD133 discriminates different HSPC subpopulations in
BM, PBSC and UCB samples

Within our previous studies we performed comprehensive

analyses of the developmental potential of UCB CD133+

CD34+ and CD133low CD34+ cells, including long-term and

NOD/SCID or SRC assays. Upon uncovering novel lineage

relationships, we showed that LMPP fractions contain cells

with long-term in vitro potential, as well as cells with SCR

activities similar to MPP fractions (G€orgens et al, 2013b). As

extensively discussed in G€orgens et al (2013a) the CFC assay

was the only assay to enable discrimination of LMPPs and

MPPs at a functional level. While both progenitor types

derive from the CD133+ CD34+ fraction, only MPPs contain

erythroid potential. Thus, MPPs can retrospectively be

detected as CD133+ CD34+ cells creating erythroid or mixed

colonies in the CFC assay (G€orgens et al, 2013a,b). More-

over, by using the CFC assay we showed that GMPs, defined

by their potential to form CFU-GM colonies, reside exclu-

sively in the UCB-derived CD133+ CD34+ cell population. In

contrast, lineage-restricted progenitors with erythroid poten-

tial (BFU-E, CFU-MIX) were highly enriched in the

CD133low CD34+ cell population (G€orgens et al, 2013b,

2014). Consequently, to investigate whether CD133 marks

sub-populations of BM- and PBSC-derived CD34+ cells with

similar lineage potentials, we compared the colony-forming

ability of CD34+, CD133+ CD34+ and CD133low CD34+ cells

from BM and PBSC with our previous observations in UCB

(G€orgens et al, 2013b).

The total CFC-frequency of CD34+, CD133+ CD34+ and

CD133low CD34+ subpopulations from BM and PBSC was

slightly lower than that from UCB-derived subpopulations

(Fig 2A). Comparison of the CFC potential of CD34+ cells

from UCB, BM and PBSC revealed comparable contents of

erythroid (BFU-E) and myeloid (CFU-M and CFU-G) progen-

itors. In contrast, UCB-derived samples contained higher rates

of more primitive progenitors with CFU-GM (UCB: 3�75
� 1�52%; BM: 1�33 � 0�76%; PBSC: 1�22 � 0�30%; n = 5)

and CFU-MIX (UCB: 5�42 � 0�80%; BM: 1�42 � 0�95%;

PBSC: 2�80 � 0�57%; n = 5) potential (Fig 2B).

Consistent with our previous results, the subpopulation of

CD133+ CD34+ UCB-derived HSPCs mainly contained pro-

genitors revealing CFU-GM and CFU-G potential and the

CD133low CD34+ subpopulation HSPCs creating BFU-E and

CFU-MIX colonies (G€orgens et al, 2013b, 2014). Comparable

results were now obtained for BM- and PBSC-derived HSPCs

(Fig 2C and D).

To confirm observed differences in the colony formation

potential, we performed flow cytometric analyses of the

obtained colonies. Colonies were harvested from methylcellu-

lose, dissociated into single cell suspensions and analysed by

flow cytometry (Fig 2E and F). In agreement with the CFC

data, a large proportion of the descendants of CD133+ CD34+

cells of all three HSC sources showed non-erythroid

(CD45+ GPA�) cell surface signatures. In contrast, high pro-

portions of the cells from CD133low CD34+ colonies revealed

erythroid-specific cell surface phenotypes (CD45� GPA+).

UCB samples contain higher frequencies of multipotent
HSPCs than BM and PBSC samples

According to our recent study, multipotent cell types, such

as HSCs and MPPs, can be functionally detected as

CD133+ CD34+ cells, revealing the potential to create CFU-

MIX colonies (G€orgens et al, 2013a,b). In order to quantify

MPPs within adult HSC sources and to evaluate the best

HSC/MPP source for clinical applications, we compared the

CFU-MIX frequencies within CD133+ CD34+ cell subpopula-

tions derived from UCB, BM and PBSC.

On average, UCB-derived CD133+ CD34+ cells contained

2�54 � 0�83% progenitors with CFU-MIX potential (G€orgens

et al, 2013b); in contrast, only 0�92 � 0�14% and

1�14 � 0�42% of BM- and PBSC-derived CD133+ CD34+ cells

created CFU-MIX colonies (n = 5, Fig 2C and D). These

results demonstrate that UCB CD34+ fractions contain two to
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threefold higher MPP contents than CD34+ fractions of BM

and PBSC.

Together with CD133, CD45RA allows discrimination of
different progenitor subsets

In addition to CD133, the cell surface antigen CD45RA

allows discrimination of different CD34+ HSPC subsets

(Lansdorp et al, 1990). In this context, we recently showed

that both CD133+ and CD133low CD34+ cell populations

from UCB contain CD45RA� as well as CD45RA+ cells.

Upon isolation, multipotent HSPCs were found to reside in

CD133+ CD34+ CD45RA�, lympho-myeloid progenitors in

CD133+ CD34+ CD45RA+ and EMPs in CD133low CD34+

CD45RA� sub-fractions (Fig 3A) (G€orgens et al, 2013b,

2014). These findings imply that panels assessing both

CD133 and CD45RA expression would enable a higher

resolution of phenotypic progenitor subset analyses. To assess

whether similar subpopulations exist in adult HSC samples,

we next compared the composition of CD133 and CD45RA

subpopulations within the CD34+ cell fraction from UCB,

BM and PBSC.

Similar to UCB, both BM- and PBSC-derived

CD133+ CD34+ and CD133low CD34+ subpopulations can be

subdivided into CD45RA� and CD45RA+ sub-fractions

(Fig 3B). However, adult HSC sources revealed different pro-

portions of the defined sub-fractions than UCBs (Fig 3B):

Reflecting the outcome of the CFC analyses, UCB-derived

CD34+ cell fractions revealed higher content of

CD133+ CD34+ CD45RA� cells (61�0 � 4�2%, n = 5) than

BM (21�4 � 5�9%, n = 5) and PBSC (43�9 � 11�2%, n = 5,

Fig 3C). Only marginal differences were observed for

the content of CD133+ CD34+ CD45RA+ cells (BM:

26�6 � 10�1%; PBSC: 18�9 � 12�3%; UCB: 20�1 � 8�0%; all

n = 5; no statistical significance). Higher contents of

CD133low CD34+ CD45RA� cells were recorded in adult

samples (BM: 20�3 � 2�8%; PBSC: 26�1 � 7�9%; both,

n = 5) than in UCB (13�4 � 5�3%, n = 5, Fig 3C). Thus,

our data suggest that UCB contains higher rates of more

primitive progenitors than BM and PBSC. The population of

CD133low CD34+ CD45RA+ cells contains more mature pro-

genitors with the highest contents in BM samples (BM:

29�4 � 6�8%; PBSC 17�1 � 12�6%; UCB: 15�7 � 7�3%).

UCB collection and characteristics

So far, our data imply that CD133 provides a valuable mar-

ker allowing objective discrimination of different HSPC sub-

populations found in all HSC sources. With UCBs, the most

easily obtained HSC source, we tested the consistency of

CD133 expression in a magnitude of independent samples.

As several studies reported correlation between CD34+ cell

contents with obstetrical and maternal factors, we assessed

whether similar correlations can be documented for CD133+

(A) (B)

(C)

(E) (F)

(D)

Fig 2. Colony-forming potential of BM-,

PBSC- and UCB-derived CD34+,

CD133+ CD34+ and CD133low CD34+ HSPCs.

(A) Total colony-forming cell (CFC) frequency

of sort-purified CD34+, CD133+ CD34+ and

CD133low CD34+ populations from bone mar-

row (BM), peripheral blood stem cells (PBSC)

and umbilical cord blood (UCB). (B) Fre-

quency of erythroid (BFU-E: burst forming

unit-erythrocyte), myeloid [CFU (colony-form-

ing unit)-M (macrophage), -G (granulocyte)

and -GM (granulocyte-macrophage)] and ery-

thro-myeloid (CFU-MIX = granulocyte-eryth-

rocyte-megakaryocyte-macrophage) colonies

obtained from total CD34+ as well as (C) BM-

and (D) PBSC-derived CD133+ CD34+ and

CD133low CD34+ subpopulations

(mean � SEM; *P < 0�05, **P < 0�01,
***P < 0�001). (E and F) Flow cytometric

analyses of dissociated (E) BM- and (F) PBSC-

derived CD133+ CD34+ and CD133low CD34+

colony cells. Of note, erythroid precursors gen-

erally proliferate faster than leucocyte precur-

sors in CFC assays. Consequently, CFU-MIX

colonies contain up to 1 9 106 erythroid but

only several hundred to a thousand leucocytes.

Furthermore, CFU-MIX and BFU-E colonies

consistently contain more cells than CFU-G,

GFU-M and CFU-GM colonies (G€orgens et al,

2013b).

CD133 Discriminates Human HSPC Subsets
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cell contents. To this end, we compared the CD133+ CD34+

cell counts of an independent UCB-sample cohort with

obstetrical and maternal factors previously associated with

higher or lower CD34+ numbers. As data acquisition was ini-

tiated long before high resolution HSPC analysis was estab-

lished, CD45RA expression was not recorded.

A total of 128 UCB units [66 female (52%) and 62 male

(48%) newborns] were collected at the University Hospital

Essen and included within this analysis. 79 units were col-

lected after vaginal delivery and 49 after primary caesarean

section ex utero. UCB units from secondary caesarean sec-

tions (n = 9) were excluded from statistical analysis. All

UCBs included in this study were obtained from newborns

that were healthy at birth. The mean volume of the UCB

units was 52�8 � 24�5 ml, containing 19�4 � 15�2 (9105)

total nucleated cells (TNCs) per ml after processing. The

mean absolute cell numbers of CD34+ and CD133+ CD34+

cells in UCB were 0�014 � 0�013 9 109/l and 0�012 � 0�01
9 109/l, respectively. Additional recorded characteristics of

the newborns and their mothers as well as detailed data on

the UCB units are summarized in Table I.

Correlation of birth weight and TNC count with CD34+

and CD133+ CD34+ cell contents

In line with previous publications, UCB collected from male

infants as well as spontaneous births showed slightly but not

significantly higher numbers of CD34+ and CD133+ CD34+

cells compared to female children or caesarean sections

(Table II) (Sparrow et al, 2002; Aroviita et al, 2005; Askari

et al, 2005; Solves et al, 2005; Mancinelli et al, 2006). Like-

wise, the mode of delivery in combination with the sex of

the newborn revealed no statistically significant differences

regarding CD34+ and CD133+ CD34+ cell counts (Fig 4A).

Next, we analysed the correlation of characteristics of the

newborn and the mother with CD34+ and CD133+ CD34+ cell

counts by performing regression analysis, searching for weak/

moderate (r2 = 0�2–0�5) and definitive/strong (r2 = 0�5–1�0)
correlations. In agreement with previous reports (Sparrow

et al, 2002; Nakagawa et al, 2004; Solves et al, 2005; Manegold

et al, 2008), the TNC count in UCB samples showed a strong

positive correlation with increased total CD34+ and

CD133+ CD34+ cell numbers (Table III). Furthermore, larger

birth weight of newborn correlated with higher CD34+ and

CD133+ CD34+ cell counts (Table III). No positive or negative

correlation of CD34+ and CD133+ CD34+ cell counts was

found for maternal age, gestational age, UCB haemoglobin

(Hb), umbilical vein pH or UCB volume (Table III).

Additionally, some of the recorded obstetrical and mater-

nal factors seem to have an indirect effect on the CD34+ and

CD133+ CD34+ cell counts. An increased gestational age led

to a higher birth weight (r2 = 0�57, P < 0�001, n = 128) as

well as higher TNC numbers (r2 = 0�18, P = 0�04, n = 128).

A lower Hb of UCB was associated with higher birth weight

(A)

(B)

(C)

Fig 3. Quantification of multipotent, lympho-myeloid and erythro-

myeloid enriched progenitor subpopulations in HSPCs from different

sources. (A) Regarding to our recent findings multipotent HSCs/

MPPs (CD133+ CD34+ CD45RA�) give rise to lympho-myeloid

(CD133+ CD34+ CD45RA+; LMPPs/MLPs/GMPs) and erythro-mye-

loid (CD133low CD34+ CD45RA�; EMPs/EoBPs/MEPs) progenitors

(G€orgens et al, 2013b, 2014). (B) Gating-strategy and (C) quantifica-

tion of multipotent (HSC/MPP), lympho-myeloid (LM) and erythro-

myeloid (EM) subpopulations in CD34+ cell fractions derived from

bone marrow (BM), peripheral blood stem cells (PBSC) and umbili-

cal cord blood (UCB). Measurements were performed with five

independent samples of each source. (mean � SEM; *P < 0�05,
**P < 0�01, ***P < 0�001). LMPP, lymphoid-primed multipotent

progenitor; MLP, multilymphoid progenitor; GMP, granulocyt-

macrophage progenitor; EMP, erythro-myeloid progenitor; EoBP,

eosinophil-basophil progenitor; MEP, megakaryocyte-erythrocyte

progenitor.
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Table I. Characteristics of 128 different UCB units.

Number

Sex Male Female ∑

62 66 128

Mode of delivery

Vaginal 37 42 79

Caesarean section 25 24 49

Mean SD Median Range

Maternal age (years) 31�5 5�8 32�2 15�6–44�2
Birth weight (kg) 3�255 0�57 3�287 2�035–5�030
Gestational age (weeks) 38�4 2 39 31–42

Umbilical cord blood Hb (g/l) 107�8 13�5 108 73–139

Umbilical vein (pH) 7�29 0�06 7�29 7�03–7�48
Net volume (ml) 52�8 24�5 50 15–140

TNC (9109/l) 1�94 1�52 1�52 0�070–9�09
CD34+ (9109/l) 0�014 0�013 0�0096 0�006–0�08
CD133+ CD34+ (9109/l) 0�0120 0�01 0�0081 0�004–0�061

∑, sum; SD, standard deviation; Hb, haemoglobin; TNC, total nucleated cells.

Table II. Comparison of CD34+/133+ CD34+ (9109) cells per l in male/female newborn after vaginal/cesarean delivery.

n Mean SD Median Range P value

CD34+ cells (9109/l)

Male 62 0�0142 0�0130 0�0103 0�0064–0�063 0�49
Female 66 0�0134 0�0137 0�0089 0�0073–0�08
Vaginal delivery 79 0�0143 0�0126 0�0101 0�0073–0�0607 0�4
Caesarean delivery 49 0�0123 0�0118 0�009 0�0064–0�0637

CD133+ CD34+ cells (9109/l)

Male 62 0�0113 0�0102 0�0084 0�0056–0�049 0�63
Female 66 0�0110 0�0108 0�0076 0�0042–0�0613
Vaginal delivery 79 0�0118 0�0099 0�0089 0�0042–0�0476 0�85
Caesarean delivery 49 0�0097 0�0093 0�0073 0�0056–0�491

SD, standard deviation.

(A)

(B) (C)Fig 4. Correlation of obstetrical and maternal

factors with the HSPC content/ml in UCB. (A)

Mean CD34+ (white bars) and CD133+ CD34+

(black bars) cell counts in UCB obtained either

from male or female neonates after vaginal or

caesarean delivery. (B and C) Comparison of

absolute CD133+ CD34+ cell counts in UCB of

(B) female newborn and (C) infants after spon-

taneous delivery with a birth weight below 2�5,
2�5–3�0, 3�0–3.5, 3�5–4�0 kg and more than

4�0 kg (mean � SEM; *P < 0�05, **P < 0�01).

CD133 Discriminates Human HSPC Subsets
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(r2 = 0�202, P = 0�024, n = 128) and larger sample volume

(r2 = �0�198, P = 0�026, n = 128).

To evaluate whether the mode of delivery and sex of the

infant has an influence on previously identified obstetrical fac-

tors correlating with CD34+ and CD133+ CD34+ cell counts,

datasets were grouped and regression analyses performed. Tak-

ing the mode of delivery into account, the observed correlation

of birth weight and the CD34+ or CD133+ CD34+ cell num-

bers could be confirmed for spontaneous delivery (CD34+:

r2 = 0�332, P = 0�004; CD133+ CD34+: r2 = 0�033, P = 0�003;
n = 79), whereas TNC regression was not affected (Table III).

Discriminating the sex of the newborn, a correlation of the

birth weight and CD34+ (r2 = 0�40, P = 0�007, n = 66) and

CD133+ CD34+ cell counts (r2 = 0�389, P = 0�009, n = 66)

was observed for female infants, whereas TNC numbers were

not influenced (Table III).

Increased birth weight favours higher HSPC counts

Due to the previously observed influence of the mode of deliv-

ery as well as sex of the infant on the correlation of birth

weight and CD34+ or CD133+ CD34+ cell contents, respec-

tively, we further classified infants into five groups; below 2�5,
2�5–3�0, 3�001–3�5, 3�501–4�0 kg and above 4�0 kg.

Statistical analysis of grouped data revealed that, only

female newborns showed significantly higher CD34+ and

CD133+ CD34+ cell counts within the UCBs of children with

a birth weight of 3�001–3�5 kg and 3�501–4�0 kg (Fig 4B).

Similarly, within collected UCB samples of spontaneously

delivered infants, increased HSPC numbers in UCB could be

detected for children with a birth weight of 3�0 kg and above

(Fig 4C). On average, the highest CD34+ and CD133+ CD34+

cell counts were detected for spontaneously delivered female

infants with a birth weight of 3�501–4�0 kg (CD34+: 0�0179 �
0�0036 9 109 cells/l; CD133+ CD34+: 0�0156 � 0�0026 9

109 cells/l; n = 10).

Discussion

Here we report that combined assessment of CD34 and

CD133 expression on UCB-, BM- and PBSC-derived CD34+

cells allows objective discrimination of CD133+ CD34+ and

CD133low CD34+ progenitor subsets, either enriched for mul-

tipotent HSPCs and lympho-myeloid progenitors or EMPs,

respectively. Within all HSC sources, CD133+ CD34+ popula-

tions can further be subdivided into multipotent HSPC-

(CD45RA�) and lympho-myeloid-enriched (CD45RA+) cell

fractions. Comprehensive comparison of HSPC subpopula-

tions in UCB, BM and PBSC revealed that UCB samples con-

tain more primitive HSPCs than adult sources. In terms of

routine quality control of HSC sources, assessment of CD133

expression in BM, PBSC and a cohort of 128 UCB units was

highly consistent. Furthermore, in line with previous reports

for CD34+ cell contents in UCBs, CD133+ CD34+ cell counts

were found to correlate with increased nucleated cell counts as

well as the birth weight of delivered infants.

Related to our recent studies (G€orgens et al, 2013a,b,

2014), we performed high-resolution analyses of the CD34+

progenitor pool comparing UCB, BM and PBSC samples.

Combining the cell surface markers CD34, CD133 and

CD45RA, we demonstrate that the CD34+ fraction of UCBs

contains up to 3-fold higher rates of cells reflecting the pheno-

type of multipotent HSPCs than the CD34+ pool of adult

samples. These data are in line with several reports as well as

clinical observations that UCB samples contain higher

amounts of more primitive HSPCs compared to BM or PBSC

(Locatelli & Pedrazzoli, 1995; Wagner et al, 1995; Laughlin

et al, 2004). Consequently, transplantation of UCB requires

about 5- to 10-fold fewer CD34+ cells for the successful recon-

stitution and treatment of haematological disorders (Locatelli

& Pedrazzoli, 1995; Wagner et al, 1995; Laughlin et al, 2004).

In contrast to the multipotent HSPC-enriched cell frac-

tion, similar frequencies of lympho-myeloid progenitors are

found within the CD34+ cell population of UCB, BM and

PBSC and less EMPs in UCB than in BM or PBSC. Since

10–100 times more TNCs from adult sources than from

UCB units are commonly administered to HSC transplant

recipients (Danby & Rocha, 2014), less lympho-myeloid

progenitors and EMPs are transplanted with UCB samples

than with BM and PBSC transplants. This may account for

the commonly observed delay in neutrophil reconstitution,

regularly occurring 30 d post-UCB transplantation compared

Table III. Univariate analysis for Spearman correlation of CD34+

and CD133+ CD34+ counts with obstetrical and maternal factors.

CD34+/l (9109)

CD133+ CD34+/

l (9109)

Corr. (r2) P value Corr. (r2) P value

Maternal age (years) 0�069 0�476 0�083 0�396
Gestational age (weeks) 0�085 0�336 0�097 0�274
Birth weight (kg) 0�276 0�002 0�263 0�003
UCB Hb (g/l) �0�084 0�350 �0�056 0�535
Umbilical vein (pH) �0�151 0�088 �0�137 0�122
UCB volume (ml) 0�112 0�206 0�131 0�140
TNCs (9109/l) 0�742 <0�001 0�736 <0�001
Vaginal delivery (n = 79)

Birth weight (kg) 0�332 0�004 0�332 0�003
TNCs (9109/l) 0�742 <0�001 0�726 <0�001

Caesarean delivery (n = 49)

Birth weight (kg) 0�123 0�396 0�094 0�515
TNC (9109/l) 0�718 <0�001 0�737 <0�001

Male (n = 62)

Birth weight (kg) 0�207 0�194 0�186 0�243
TNC (9109/l) 0�824 <0�001 0�813 <0�001

Female (n = 66)

Birth weight (kg) 0�401 0�007 0�389 0�009
TNC (9109/l) 0�682 <0�001 0�704 <0�001

Corr., Spearman’s rank correlation coefficient; Hb, Haemoglobin;

TNC, total nucleated cells.

Significant correlations are highlighted in bold.
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to 14–21 d following BM or PBSC transplantation (Sanz

et al, 2001; Long et al, 2003; Danby & Rocha, 2014). Simi-

larly, reconstitution of platelets following UCB transplanta-

tion is commonly prolonged with engraftment ranging from

50 to 100 d compared to 19 d for BM and 13 d for PBSC

(Danby & Rocha, 2014; Holtick et al, 2014).

Due to increased risks of bacterial and viral infections, the

time between HSC transplantation and functional neutrophil

recovery is very critical and results in increased mortalities

following classical UCB transplantation (Sanz et al, 2001;

Long et al, 2003; Danby & Rocha, 2014). Accordingly, several

efforts have been made to overcome these difficulties. A

number of groups used in vitro expansion of UCB units

(Delaney et al, 2010; de Lima et al, 2012), or performed dou-

ble-UCB transplantation (Barker et al, 2005; Hung et al,

2005; Majhail et al, 2006; Hofmeister et al, 2007). Even

though ex vivo expansion promotes lympho-myeloid devel-

opment and, consequently, might help to reduce the time for

neutrophil reconstitution, it needs to be considered that fol-

lowing their first in vitro cell division the vast majority of

multipotent HSPCs lose their multipotency (G€orgens et al,

2013a,b, 2014). Almost all multipotent HSPCs divide asym-

metrically to create a LMPP and EMP daughter cell pair,

each (G€orgens et al, 2014). Even though several ‘HSC’

expansion protocols have been published, most studies con-

sidered neutrophils according to the classical haematopoietic

model as derivatives of the myeloid tree. As extensively dis-

cussed before (G€orgens et al, 2013a), many of the studies

concluded from the presence of neutrophil and lymphatic

potentials that MPPs had been expanded. However, given

that neutrophils belong to the same haematopoietic branch

as lymphocytes, and LMPPs were shown to contain NOD/

SCID repopulating activities (G€orgens et al, 2013b, 2014),

specific analyses of erythro-myeloid potentials are required to

confirm expansion of multipotent cells. Most of the studies

reporting HSC/MPP expansion conditions did not include

such analyses. Thus, it has to be considered that given

ex vivo expansion protocols might expand LMPPs at the

expense of HSCs and MPPs. To maintain sufficient numbers

of HSCs/MPPs and simultaneously shorten the neutrophil

reconstitution, double UCB transplantations in which only

one of the UCB units is expanded to obtain more LMPPs/

GMPs might be the method of choice (Delaney et al, 2010).

In this context, Delaney and colleagues observed in a clinical

phase I trial a substantially shortening in the time for the

successful engraftment and neutrophil reconstitution when

UCB HSPCs were expanded in the presence of Notch ligands

(Delaney et al, 2010; Webb, 2013).

Thus, a higher resolution of progenitor subsets in clinical

practice as well as in experimental trials should help to

improve our current strategies for HSC transplantation and

expansion.
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