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Human multipotent hematopoietic
progenitor cell expansion is neither
supported in endothelial and
endothelial/mesenchymal
co-cultures nor in NSG mice

Stefan Radtke?!, André Gérgens(®™2, Symone Vitoriano da Conceicdo Castro'?,
Lambros Kordelas®*, Angela Kéninger®, Jan Dirig®, Michael Méllmann®, Peter A. Horn &
Bernd Giebel*

Endothelial and mesenchymal stromal cells (ECs/MSCs) are crucial components of hematopoietic

bone marrow stem cell niches. Both cell types appear to be required to support the maintenance and
expansion of multipotent hematopoietic cells, i.e. hematopoietic stem cells (HSCs) and multipotent
progenitors (MPPs). With the aim to exploit niche cell properties for experimental and potential

clinical applications, we analyzed the potential of primary ECs alone and in combination with MSCs

to support the ex vivo expansion/maintenance of human hematopoietic stem and progenitor cells
(HSPCs). Even though a massive expansion of total CD34" HSPCs was observed, none of the tested
culture conditions supported the expansion or maintenance of multipotent HSPCs. Instead, mainly
lympho-myeloid primed progenitors (LMPPs) were expanded. Similarly, following transplantation into
immunocompromised mice the percentage of multipotent HSPCs within the engrafted HSPC population
was significantly decreased compared to the original graft. Consistent with the in vitro findings, a

bias towards lympho-myeloid lineage potentials was observed. In our conditions, neither classical co-
cultures of HSPCs with primary ECs or MSCs, even in combination, nor the xenograft environment in
immunocompromised mice efficiently support the expansion of multipotent HSPCs. Instead, enhanced
expansion and a consistent bias towards lympho-myeloid committed LMPPs were observed.

Self-renewal and differentiation of multipotent hematopoietic stem and progenitor cells (HSPCs) need to be
highly controlled in order to warrant a life-long supply of mature blood cells. Loss, exhaustion, or acquisition of
DNA damage in these HSPCs can lead to imbalanced lineage-output, anemia or hematological malignancies. The
common treatment for many of these diseases involves the transplantation of allogeneic hematopoietic stem cells
(HSCs) from HLA-matched unrelated or related donors'. However, matched donors can be difficult to identify for
some patients and transplantation of partly-matched, unrelated donors can result in life-threatening side-effects
such as Graft-vs-Host disease (GVHD)>".

To overcome these limitations, many researchers aim to use umbilical cord blood (UCB)-derived HSPCs for
allogeneic stem cell transplantation (alloSCT), which have been shown to require a lower cell dose per kg body
weight, and HLA-mismatches are better tolerated by the host®”. Since the HSPC yield of a single UCB unit in
many cases is insufficient to transplant adults, a variety of ex vivo cultures conditions supporting the expansion
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Figure 1. Experimental strategy and characterization of primary human ECs. (A) Revised model of the human
hematopoiesis describing an early segregation of lympho-myeloid and erythro-myeloid lineages'®. HSPCs with
erythroid potentials are highlighted in red with HSCs and MPPs being the only CD133-expresing progenitors
with erythroid capabilities. MLP: multi-lymphoid progenitor; GMP: granulocyte-macrophage progenitor;
EoBP: eosinophil-basophil progenitor; MEP: megakaryocytic-erythroid progenitor. (B) Representative analyses
of the cell surface marker expression on HUVEC 1 (black histograms) in comparison to isotype-controls (white
histogram). Numbers indicate the mean fluorescence intensity (MFI) of the specific staining. (C) Representative
morphology of ECs (phase contrast), uptake of AcLDL (red), intracellular storage of vWF in Weibel-Palade
bodies (green) and formation of tube-like structures in the Matrigel assays of isolated ECs. (Scale-bars: 50 pm).
(D) Experimental design for the co-culture of human ECs and HSPCs.

of multipotent HSPCs has been reported within the last years®-!2. One promising strategy employs a feeder-based
co-culture system to mimic the bone marrow (BM) stem cell niche for the expansion of multipotent HSPCs for
experimental, pre-clinical as well as clinical approaches'*-'6, reviewed in'"18.

The quantification of multipotent HSPCs is commonly performed according to the lineage-relationships pro-
posed by the classical model of human hematopoiesis. According to this classical model, HSCs and multipotent
progenitors (MPPs) are the only cells containing both myeloid as well as lymphoid differentiation potentials.
However, the classical model of hematopoiesis has meanwhile been challenged by several groups propos-
ing alternative lineage-relationships and read-outs for multipotent HSCs/MPPs'*-22. In this context, we have
shown that human CD133"CD45RA~CD34" HSPCs are enriched for multipotent HSPCs'. In vitro, more
than 80% of these cells perform asymmetric cell divisions to create one CD133"CD45RA*CD34" and one
CD133 CD45RA~CD34" daughter cell. While CD133*CD45RA*CD34" cells inherit the potential to create all
lymphocytes and neutrophils, CD133-CD45RA~CD34" cells are limited to erythroid, megakaryocytic, baso-
philic and eosinophilic potentials. The first cell fulfills the criteria of LMPPs? and the latter ones correspond to
cells that are commonly known as common myeloid progenitors (CMP). As we demonstrated that they are not
able to form neutrophils, it is no longer justified to interpret them as CMPs. Accordingly, we re-named them to
erythro-myeloid progenitors (EMPs) and proposed a revised model for human hematopoiesis in which neutro-
phils arise from the same branch as lymphocytes (Fig. 1A)*. The segregation of lineage potentials as predicted in
our revised model was recently confirmed in mouse®” as well as in human steady state BM hematopoiesis using
single cell transcriptomics®. According to the proposed model, multipotent HSPCs can easily and objectively be
identified as CD133 expressing HSPCs containing erythroid differentiation potentials (Fig. 1A)%.

Using this definition as read-out to identify multipotent human HSPCs following in vitro expansion, we
recently re-evaluated the reported potential of murine stromal cell lines (AFT024, OP9, MS5) as well as human
mesenchymal stromal cell (MSCs) from various tissues to support the ex vivo expansion of UCB-derived HSCs/
MPPs?. In these experiments, none of the tested culture conditions supported the expansion or maintenance of
primitive CD133* HSPCs with erythroid differentiation potentials. However, all tested conditions demonstrated
robust expansion of phenotypical and functional LMPPs.
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While these experiments were exclusively performed with a mono-layer of murine stromal cells or human
MSCs, the cellular composition of the BM stem cell niche is known to be much more complex and involves a
variety of different cell types, signaling molecules as well as other soluble/cell-bound factors*’ . Another crucial
cellular component of the stem cell niche and being a major contributor to HSC maintenance has recently been
attributed to endothelial cells (ECs)*>**. Synergistically with MSCs, both cell types were shown to be essential
components for HSC maintenance, and knockout of either cell type led to specific depletion of phenotypically and
functionally distinct HSC/MPP subsets®>*.

Based on these findings, we decided to investigate whether primary ECs either alone or in combination with
MSCs support the ex vivo expansion and/or maintenance of CD133* HSPCs with erythroid differentiation poten-
tial. Furthermore, we tested the expansion capabilities of HSCs/MPPs in an in vivo environment, i.e. in a xeno-
graft repopulation model in immunodeficient NSG (Non-obese diabetic scid gamma) mice.

Results

Primary ECFCs and HUVECs are phenotypically and functionally homogeneous. Human ECs
can be easily generated from various tissues. Here, we raised ECs from five independent UCB units termed
endothelial colony forming cells (ECFCs) and from umbilical veins of five different umbilical cords, classically
termed human umbilical vein endothelial cells (HUVECs). Within our analyses, we did not detect any striking
phenotypic differences between ECFCs and HUVECs. All ECs homogenously expressed the cell surface markers
CD31, CD73, CD105, CD144, VEGFR2 and bound the lectin Ulex (Figs 1B, S1). Expression of hematopoietic
(CD15 and CD45) and mesenchymal (CD90) cell surface markers was not detected (Figs 1B, S1)**. ECs were able
to take up acetylated low-density lipoprotein (AcLDL), to store Von Willebrand Factor (vWF) in Weibel-Palade
bodies and to form tube-like structures in Matrigel assays (Figs 1C, S2)**. In summary, all obtained primary
ECFCs and HUVEC: fulfilled the widely-accepted criteria of bona fide ECs.

ECFCs and HUVECs promote expansion of CD133*CD34* HSPCs. To test the hematopoietic support
of ECFCs and HUVECs, ECs were co-cultured for two weeks with sort-purified UCB-derived CD1337CD34+
cells as previously reported (Figs 1D, S3)'°. Suspension cultures and co-cultures with the murine stromal cells
AFT024 were used as controls. At the end of co-culture, cells were harvested, the composition of hematopoietic
progeny was analyzed by flow-cytometry, and the expansion of phenotypical subset quantified (Figs 2, S4A).

A robust expansion of CD45" hematopoietic cells lacking expression of CD34 and CD133 was observed
in all conditions (Figs 2A, S4A). Despite significant loss of CD34 and CD133 expression, the total number of
CD1337CD34" cells increased in all conditions. The average fold-expansion of initially seeded CD1337CD34"
HSPCs in co-culture with ECs ranged from 9.8 £ 4.7-fold (ECFC 7) to 36.5 % 13.0-fold (HUVEC 5) and was higher
than in the suspension cultures (7.3 £ 3.7-fold), but lower than in the AFT024 (66.0 +17.1-fold) co-cultures
(Fig. 2B). In conclusion, isolated human ECFCs and HUVECs support the expansion of phenotypically-primitive
CD1337CD34" HSPCs.

Lympho-myeloid bias of culture-expanded CD133*CD34+HSPCs. The phenotype of culture-expanded
human HSPCs has previously been shown to not necessarily represent the functional properties observed in
freshly isolated subsets*>*¢. Consequently, culture-derived CD133*CD34* and CD133"*CD34" cells were
sort-purified and transferred into in vitro read-outs to determine the expansion of functionally primitive cells.
Progenies were analyzed for their erythro-myeloid (colony-forming cell; CFC), long-term myeloid (long-term
culture initiating cells; LTC-IC) and long-term lymphoid (NK cell initiating cell; NK-IC) potentials (Fig. 2).

All ECs supported the expansion of LTC-ICs with an average expansion rate ranging from 2.0 £ 1.1-fold
(ECEC 7) to 5.0 = 2.9-fold (HUVEC 5). In suspension cultures, cells revealing LTC-IC potentials did not
expand (1.07 & 0.2-fold), while expansion of cells with LTC-IC potentials was slightly higher on AFT024
(3.95+2.68-fold) than in comparison to most of the EC co-cultures (Fig. 2C). Little expansion (>1-fold; <2-fold)
of NK-ICs was supported in co-culture with HUVEC 2, 3 and 5 as well as ECFC 8, 9 and 10, whereas NK-ICs were
lost (< 1-fold) in suspension culture as well as in co-culture with the murine stromal cells AFT024 or the HUVEC
1 and 4 and the ECFC 6 and 7 (Fig. 2D). CD133*tCD34" HSPCs containing CFC potential were expanded under
all conditions tested, including suspension cultures and AFT024 co-cultures ranging from 3.8 4= 2.3-fold (ECFC6)
to 14.4 4 2.6-fold (HUVECS, Fig. 2E). Obtained CD133+*CD34" progenitors predominantly revealed granulo-
cyte (CFU-G), monocyte (CFU-M) or granulocyte/monocyte (CFU-GM) potentials and nearly entire absence
of erythroid progenitors. CD133'°*CD34" HSPCs revealing CFC-potentials were hardly detected in co-cultures
with human ECs and restricted to erythro-myeloid lineages (Fig. 2F).

Thus, our data imply that neither MSCs"> nor ECs alone are sufficient to promote expansion or maintenance
of CD133" HSPCs with lymphoid, myeloid as well as erythroid differentiation potential.

Combination of EC and MSC stroma improves maintenance of lymphoid potentials. ECsand
MSCs have both been reported to be essential components of the BM stem cell niche*>*”. Therefore, we decided
to test HSPC expansion in triple cultures with MSCs and ECs. Initially, we searched for culture conditions being
permissive for all cell types. MSCs, which had been established before's, and ECs remained viable in basal HSPC
expansion media (IMDM supplemented with 20% FBS and the cytokines SCE, TPO and FLT3L) if FGF and EGF
were added. Using these conditions, we confirmed that after 14 days of co-culture MSCs and ECs were still pres-
ent and formed a homogenous monolayer with approximately equal MSC and EC cell numbers (Figs S4B and
$4C). Although HSPCs expanded quite well in these cultures, apparently the addition of FGF and EGF reduced
their overall expansion rates which were much higher in our previous experiments in which we expanded HSPCs
on MSCs in HSPC expansion media not being supplemented with FGF and EGF'® (data not shown). Similar to
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Figure 2. Phenotypical and functional characterization of CD1337CD34" cells expanded in co-culture with
primary ECs. (A) Representative gating strategy for the quantification of phenotypical CD133"CD34" and
CD133"*CD34* HSPCs after 14 days of co-culture. Fold-expansion of (B) CD133*CD34" cells revealing (n =4
for HUVEC 3, all other n=5) (C) LTC-IC (n=4 for HUVEC 1 + 3 + 5, all other n=5), (D) NK-IC (n=3 for
Sus, HUVEC 3 and ECFC 7, all other n=4) and (E) CFC potentials (CD133": n=3 for ECFC 1, all other n=4;
CD133"": n =3 for all) in co-culture with human ECs. (F) CFC potential of CD133°*CD34" cells derived
from corresponding co-cultures. Co-cultures with AFT024 stromal cells (AFT024) and suspension cultures
(Sus) were used as controls. Primitive hematopoietic cells containing CFC potentials were subdivided based

on colony type (BFU-E, CFU-M, CFU-G and CFU-GM and CFU-MIX) (x-axis: independent experiments
with different donor-derived HUVECs or ECFCs, respectively; statistics: mean & SEM; *p-value < 0.05, tested
against Sus; *p-value < 0.05, tested against AFT024).

previous co-culture experiments, culture-expanded hematopoietic progeny were comprehensively analyzed by
flow-cytometry and introduced into functional read-outs (Figs 3, S4).

Upon analyzing the triple cultures at culture day 14, most expanded hematopoietic cells belonged to the
group of CD457CD133~CD34 " cells (Figs 3A, S4D); still, expansion of CD34" HSPCs was recorded. The average
fold-expansion of CD1337CD34" HSPCs in control co-cultures was in the range from 4.4 + 0.68-fold (EC9)
to 36.6 £ 3.5-fold (MSC2). In triple cultures, the expansion rate was between 10.5 % 2.1-fold (MSC4/EC9) and
18.4+3.0-fold (MSC2/EC5) (Fig. 3B).

Functional analyses showed that CD1337CD34" LTC-ICs as well as NK-ICs were maintained or expanded
under all conditions tested, with the greatest expansion in the triple cultures containing MSC2 and EC9 stromal cells
(LTC-IC: 4.7 £ 0.9-fold; NK-IC: 14.1 £ 2.0-fold) (Fig. 3C,D). CD133"CD34" HSPCs demonstrating CFC potentials
were also expanded under all conditions with the lowest fold expansion on MSC4 (3.1 £ 1.4-fold) and the highest
in triple cultures with MSC2 and EC5 (11.2 £ 7.6-fold) (Fig. 3E). However, no CD1337CD34" cells with erythroid
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Figure 3. Expansion and functional characterization of CD1337CD34" cells in co-culture with primary human
ECs and MSCs. (A) Flow-cytometric assessment of hematopoietic progeny (CD45") cells after expansion in co-
culture with primary human ECs (EC5=HUVEC 5 and EC9=ECFC 9) and MSCs (MSC2 =BM MNC 2 and
MSC4 =BM Fat 4 as described in Radtke et al. 2016'°). Fold-expansion of (B) phenotypically CD133*CD34*
HSPCs revealing (n =5) (C) LTC-ICs (n =4 for EC2 +MSC2 and EC5+ MSC4, all other n=5), (D) NK-ICs
(n=3 for EC9 + MSC2, all other n =5) and (E) CFC potentials (n =5). (F) CFC potential of CD133!°*CD34*
cells derived from corresponding co-cultures. Primitive hematopoietic cells revealing CFC potentials were
subdivided regarding their arising colony types (BFU-E, CFU-M, CFU-G and CFU-GM and CFU-MIX)
(x-axis: independent experiments with different donor-derived HUVECs or ECFCs, respectively; statistics:
mean + SEM; *p-value < 0.05, tested against Sus; “p-value < 0.05, tested against AFT024).

potentials were detected in any of the tested conditions (Fig. 3E). CFC frequencies in obtained CD133!*CD34"
fractions were generally relative low, and all obtained colonies were classified as CFU-G colonies (Fig. 3F).

In summary, the combination of ECs and MSCs as feeder layer for HSPC cultures resulted in expansion
of HSPCs with lympho-myeloid potentials but did not support the expansion or maintenance of multipotent
HSPCs, defined as CD1337CD34" cells with erythroid potentials.

Our data imply that neither MSC/EC co-cultures alone nor the combination of both support the ex vivo
expansion or maintenance of multipotent HSPCs. Hypothesizing that other crucial cell types or factors present in
the HSC niche are missing. Due to the observed effect of EGF and FGF in our triple cultures as well as the poten-
tial impact of serum on the self-renewing potential of multipotent HSPCs, we decided to study human HSPCs
kinetics in an in vivo environment.
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The xenogeneic environment in NSG mice promotes expansion of human lympho-myeloid
progenitors but not of multipotent HSPCs.  For the in vivo studies, we have chosen the NSG mouse
xenograft model which has been used in several studies to demonstrate human “HSC expansion” before®-*3.
Experimentally, we analyzed freshly isolated UCB-derived CD34" cells with an enhanced marker panel®**, trans-
planted these cells into sub-lethally irradiated NSG mice, and analyzed the phenotypical composition of engrafted
human HSPCs 8 weeks post-transplant (Fig. 4A).

UCB-derived CD347 cells were sub-classified based on their CD133 and CD45RA expression as
MPPs (CD347CD133*CD45RA"), as lympho-myeloid progenitors (CD34"CD133*CD45RA"), as EMPs
(CD34+CD133""¥~CD45RA") or late progenitors (LPs: CD347CD133°*/~CD45RA™*). Lympho-myeloid pro-
genitors were sub-categorized by their CD10 and CD38 expression as LMPPs (CD34*CD133+*CD45RA*CD38¥
CD107), granulocyte-macrophage progenitors (GMPs: CD34*CD133*CD45RA*CD387CD10"), and
mixed-lymphoid progenitors (MLPs: CD34"CD1337"CD45RA*CD38-CD107) (Fig. 4A). In agreement to our
previous reports'®?*#, the frequency of each progenitor subset within the transplanted CD34" cell prepara-
tions (before transplantation) was 52.1 £+ 2.6% MPPs, 12.3 +0.8% EMPs, 27.1 +2.1% LMPPs, 4.1 +0.2% LPs,
20.7 +2.4% GMPs and 1.2 4+ 1% MLPs (Fig. 4A).

Eight weeks’ post transplantation, the BM of recipient mice were comprehensively analyzed via flow cytometry
(Fig. 4A). Both BM and PB showed engraftment of human cells at a rate of 52.7 4= 35.1% and 18.2 4 12.6%, respec-
tively. 9.1 & 6.5% of BM-resident human cells expressed CD34 (Fig. 4B). Detailed phenotypical analysis of human
CD34" cells in the murine BM revealed significantly lower frequencies of MPPs (1.6 &= 1.5%) as well as increased
frequencies of LPs (654 16.2%) in comparison to transplanted UCB-derived CD34" cell fractions. Furthermore,
we noticed a trend for all other more primitive HSPC subsets to be less frequent within the human HSPC fraction
isolated from the murine BM when compared to frequencies in fresh UCB derived CD34™ cells: 8.9+ 10% EMPs,
19.8£5.3% LMPPs, 11.9 4 5.1% GMPs and no MLPs (Fig. 4C,D).

In conclusion, the in vivo data imply that like in vitro, multipotent human HSPCs are not maintained or sig-
nificantly expanded in the xenogeneic BM environment of NSG mice, which are used as a gold-standard in vivo
xenograft transplantation model.

Discussion

Here, we systematically evaluated ECs as well as the combination of ECs and MSCs for the ex vivo expansion of
human HSCs. None of the ex vivo culture conditions tested promoted the expansion or sustained maintenance
of human UCB-derived multipotent human HSPCs. Instead, all conditions efficiently promoted the expansion
of lympho-myeloid restricted progenitors with LTC-IC and NK-IC potential. Similarly, upon transplantation of
freshly-isolated human UCB-derived CD34" cells into NSG mice we observed specific loss of HSCs/MPPs and
a significant accumulation of LMPPs. From these data we conclude that both, the in vitro as well as the in vivo
conditions used in our experiments are not permissive to allow expansion of multipotent HSPCs.

As in vitro and xenogeneic conditions will never be physiological, we cannot exclude that other experimen-
tal conditions may affect the HSPC biology differently and promote multipotent HSPC maintenance or even
expansion. However, comparable to the results of the NSG mouse study presented here, and as discussed in more
detail below, we and others observed a strong decline in multipotent HSPC frequencies following allogeneic and
autologous HSPC transplantation into immunocompromised patients* (Kordelas et al., #BMT-2019-466R)*°.
Thus, the self-renewal capability of multipotent HSPCs might be markedly lower than generally assumed. Instead
of self-renewal, the in vitro and in vivo environment tested here rather promoted the formation and expansion of
HSPCs with lympho-myeloid differentiation capabilities.

Our findings seem to be contradictory to various studies reporting successful and efficient expansion of prim-
itive human HSPCs in co-culture systems with primary ECs*"#7~% as well as more recently published conditions
with genetically-modified ECs and MSCs'"*". Analyzing culture-expanded progeny with state-of-the-art ex vivo
read-outs (CFC, LTC-IC, NK-IC assays etc.) and/or transplanting hematopoietic progeny into the mouse xen-
ograft model to quantify the expansion of NOD/SCID repopulating cells (SRCs), all of the publications above
demonstrate robust expansion of human HSPCs with lymphoid as well as myeloid differentiation/engraft-
ment potential. As discussed in various publications!>?**!, the demonstration that neutrophils arise from the
same branch as lymphocytes, and due to the fact that most papers screened in reconstituted immunocompro-
mised mice for granulocytes and lymphocytes only to consider multipotency of engrafted cells, the interpre-
tation of such analyses need to be carefully revisited. Indeed, we and others have demonstrated that LMPPs
contain SCR activities being able to create neutrophils and lymphocytes but none of the EMP derivatives'*?.
While until recently and according to the classical model of hematopoiesis the assessment of erythroid and meg-
akaryocytic potentials was not required to demonstrate multipotency of human HSPCs, it is evident, that the
read-out of individual differentiation potentials in vitro or in vivo in the mouse xenograft model as it had been
performed until now, is not sufficient to confirm multipotency of transplanted HSPCs?**!. Unfortunately, the
most frequently used mouse models do not efficiently support the long-term development of all human blood
lineage®*~>> and demonstrate only short-term support for the development and maturation of erythrocytes and
megakaryocytes®®. Furthermore, engraftment of lympho-myeloid primed human and baboon HSPCs lacking
erythro-megakaryocytic potentials'®®!, serial engraftment potential of myelo-megakaryocytic restricted progen-
itor cells”, as well as efficient and high-level short-term engraftment of multipotent progenitor cells’®* challenge
the mouse xenograft model as a unique read-out for HSCs/MPPs.

Current attempts to provide a reliable read-out for the multilineage differentiation potential of either
freshly-isolated, gene-modified, or culture-expanded human HSPCs include further humanization of already
existing mouse models®-®* or subcutaneous transplantation of ex vivo generated human ossicles to model a
humanized BM niche in the mouse xenograft®-°. Both strategies were shown to improve human cell engraft-
ment as well as more realistic lineage output similar to autologous transplantation. In addition, presence of a
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Figure 4. HSPC repopulation assay in immunodeficient mice. (A) Experimental design and gating strategy.
UCB-derived CD34" cells were purified, phenotypically characterized by flow cytometry and transplanted into
NSG mice. Murine BM was harvested 8 weeks post-transplant (TX) and analyzed for HSPC content. (B) Bar
graphs reflect human CD457 cell engraftment in the BM and PB as well as frequency of CD34" cells in the BM
of transplanted mice. (C) Representative flow cytometric assessment of phenotypically defined HSPC subsets
in freshly-isolated UCB-derived CD34" cells and engrafted human CD34" cells 8 weeks post-transplant. (D)
Quantitative comparison of HSPC subsets pre- and post-transplantation. Bar graphs: Mean = SD. Statistical
analysis: Two-way ANOVA (n=7).
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more human-like bone marrow environment enabled successful transplantation and engraftment of malignant
blood cells, a read out that was not supported by conventional mouse xenograft models. To our best knowledge,
assessment of human HSPC engraftment in these novel mouse models according to our proposed read-out of
human HSCs/MPPs has not been performed, yet. Thus, it remains to be investigated whether HSC/MPP-enriched
CD34*CD133"CD454RA ™ cells with erythroid differentiation potential are maintained under any of these condi-
tions. However, related to the results of our mouse experiments, upon comparing the frequencies of more prim-
itive and more mature HSPC populations in human HSC-transplants and in the BM of successfully engrafted
patients following alloSCT, a comparable shift of more primitive HSPC fates were observed in pediatric patients
one year after alloSCT* as well as in a cohort of adult patients four weeks following alloSCT using G-CSF mobi-
lized HSC grafts (Kordelas et al., submitted)*. It might be argued that one year post transplant is too short to
restore HPSC homeostasis in the BM of alloSCT patients. However, some early studies which investigated LTC-IC
potentials of HSPCs of reconstituted BM up to 20 years following allogeneic BM transplantation (alloBMT)
demonstrated that LTC-IC frequencies were much lower in successfully engrafted BM than in that of healthy
donors and remained low over the years; still normal peripheral blood cell counts where recorded®”. Since only
MPPs and LMPPs contain LTC-IC potentials', this data points towards the same direction as the data reported
here. Together, these results imply that the self-renewal potential of human HSCs/MPPs is much lower than
generally assumed. However, due to the lack of detailed information about the dynamics of the HSPC reconsti-
tution in humans over time, it remains unknown whether the BM of conditioned human/mice is impaired in its
ability to control and balance the composition of HSPCs or whether multipotent HSPCs have indeed reduced
self-renewal capabilities.

In summary, ex vivo expansion and mouse xenograft engraftment of human HSCPs are consistently biased
towards lympho-myeloid lineages. It will be interesting to test whether recently proposed culture media contain-
ing novel cytokines/cytokine-combinations, small molecules or advanced/genetically-modified stromal cells can
prevent the lympho-myeloid shift and support the maintenance of phenotypical and functional HSCs/MPPs.

Methods

Cell sources. Human umbilical cord and UCB samples were obtained after informed consent according to the
Declaration of Helsinki stating that the protocols used in this study have been approved by a local ethics commit-
tee/institutional review board of the clinical division at the University of Duisburg/Essen (Ethik-Kommission der
medizinischen Fakultét der Universitdt Duisburg/Essen). Mononuclear cells (MNCs) from UCB were isolated by
Ficoll (Biocoll Separating Solution, Biochrom AG, Berlin, Germany) density gradient centrifugation as described
previously®.

Hematopoietic cells. CD34* cells were enriched from UCB MNCs by magnetic cell separation using
the MidiMacs technique according to the manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach,
Germany).

Mesenchymal stromal cells (MSCs). Primary human MSCs were raised from either BM-derived MNCs
or fat and cultured as described previously*>.

Endothelial stromal cells (ECs). Primary human ECFCs were raised from UCB-derived MNCs and cul-
tured as described previously*.

Human umbilical vein endothelial cells (HUVECs). Umbilical vein was purged twice with PBS to
remove residual blood cells, clamped on one end, filled with 0.25% Trypsin and incubated for 5min at 37 °C.
Obtained cells were seeded in tissue culture 6-wells, non-adherent cells removed after 24 hours and adherent cells
cultured as described previously**.

Co-culture experiments. Sort-purified CD133*CD34* cells (200/cm?) were seeded on stromal cells and
co-cultured for 14 days (Fig. 1D). Co-culture was performed in IMDM (Lonza, Basel, Switzerland) supplemented
with 20% FBS (Biochrom, Berlin, Germany), 100 U/ml penicillin, 100 U/ml streptomycin (Life Technologies,
Karlsruhe, Germany) and SCE, TPO, FLT3-L (Peprotech, Rocky Hill, USA) each at 10 ng/ml final concentration
with 50% of exchange of culture medium on day 7. For the co-culture experiments with HUVECs and ECFCs,
the basic culture medium was supplemented with additional cytokines (FGE, EGF) from the endothelial growth
medium (EGM, Lonza) to support survival and proliferation of endothelial cells throughout the entire 14 days
of co-culture.

Triple-culture experiments. Human MSCs and ECs were seeded at a ratio of 1:10 and confluency of
20-30%. Stromal cells were cultured over-night in HSPC expansion medium before sort-purified CD133*CD34"
cells (200/cm?) were added. For the co-culture of MSCs, ECs and human HSPCs, concentration of FGF and EGF
were adjusted to 10 ng/ml in order to prevent excessive overgrowth and detachment of MSCs.

Flow cytometric analysis and sorting.  For flow-cytometric analysis hematopoietic cells and ECs were
stained with different combinations of monoclonal fluorochrome-conjugated antibodies (see Supplemental
Table 5) for at least 20 min at 4 °C. Propidium-Iodide (PI) or 7-Aminoactinomycin D (7-AAD) were 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
equipped with the CXP 2.2 software (Beckman Coulter) (Fig. 1C). Cells were sorted using a FACSAria I cell
sorter. The sort-purity was routinely assessed by recovery of sorted cells and was >99.5%.
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Samples from murine BM were stained with the following fluorochrome conjugated antibodies: anti-CD34-APC-
AF750 (Beckman Coulter), anti-CD133-APC (Miltenyi Biotec), anti-CD45RA-BV711 (BioLegend), anti-CD38-
BV785 (BD Biosciences), anti-CD10-PeCF594 (BD Biosciences) and CD45-BV510 (BD Biosciences). DAPI stain-
ing was used for excluding dead cells. All measurements were performed in a BD FACSAria™III (Beckman
Coulter) flow cytometer.

Hematopoietic cell assays. For CFC assays, 400 sort-purified CD1337CD34" or CD133°*CD34+ cells
were transferred into 1 ml MethoCult H4434 (StemCell Technologies, Vancouver, Canada). Hematopoietic col-
onies were scored after 14 days discriminating colony forming unit- (CFU-) macrophage (M), granulocyte (G),
granulocyte-macrophage (GM) and burst forming unit-erythrocyte (BFU-E). Colonies consisting of erythroid
and myeloid cells were scored as CFU-MIX. For LTC-IC and NK-IC assays 6000 CD133*CD34" were sorted and
analyzed in limiting dilutions as described previously’.

NK cell initiating-cell (NK-IC) assay. Transferred cells were cocultured with the murine cell line AFT024
in Dulbecco modified Eagle medium (DMEM) and Ham F12-medium (Invitrogen) mixed in a 2:1 (vol/vol) rela-
tion containing 20% heat-inactivated human AB serum (Cambrex, Taufkirchen, Germany), ascorbic acid (20 mg/
mL; Invitrogen), selenium selenite (50 uM; Invitrogen), 2-mercaptoethanol (25uM), and ethanolamine (50 uM;
Invitrogen). The following cytokines were added to these cultures: rhIL-2 (1000 U/mL), rhIL-3 (5ng/mL), rhIL-7
(20ng/mL), rhSCF (10ng/mL), and rhFIt3L (10 ng/mL). At weekly intervals, half-media exchanges were per-
formed using 10% instead of 20% human AB serum. Starting at week 2, the only cytokine added to the cultures
was rhIL-2. After 5 to 7 weeks of culture, wells containing viable cells were harvested and cells were analyzed flow
cytometrically using antibodies recognizing the NK cell-specific antigens CD16 and CD56 as well as CD3.

Long-term culture initiating-cell (LTC-IC) assay. Transferred cells were cocultured with the murine
cell line AFT024 in Iscove modified Dulbecco medium (IMDM; Invitrogen) supplemented with 12.5% fetal calf
serum (FCS), 12.5% horse serum (Cell Systems), 2 mM L-glutamine (Invitrogen), 1000 U/mL penicillin, 100 U/
mL streptomycin (Invitrogen), and 10~°M hydrocortisone. Cultures were maintained for 5 weeks in a humidified
atmosphere at 37°C and 5% CO, and fed once a week. At week 5 all wells were overlaid with clonogenic methyl-
cellulose medium (Methylcellulose [Fluka, Buchs, Switzerland] in a final concentration of 1.12% containing
IMDM and supplemented with 30% FCS, 3 U/mL erythropoietin [Cell Systems], and supernatant of the bladder
carcinoma cell line 5637 [10%]). Wells were scored for the occurrence of secondary CFCs after an additional 2
weeks.

EC assays. The angiogenic potential, the ability to uptake acetylated low-density lipoprotein (AcLDL) and
the storage of von Willebrand Faktor (vWF) in Weibel-Palade bodies of ECFCs and HUVECs was analyzed as
described previously**.

Matrigel assay. The angiogenic potential of ECs was analyzed within the Matrigel assay (BD; Basement
Membrane Matrix). Briefly, 40.000 ECs resolved in EGM-2 medium (Lonza) were transferred on top of 100 ml
Matrigel that had previously been pipetted into 96-well plates and incubated at 37 °C for 30 min. After 15h
at 37°C, images of individual wells were taken using an Axio Observer Z1 microscope platform, with either
Plan-Neofluar x5 or x10 objective lenses (Zeiss).

AcLDL-uptake. Regularly, 1 x 10° ECs were fed with 10 mg/ml labelled acetylated low-density lipoprotein
(Dil-AcLDL; Invitrogen, Darmstadt, Germany). Before the LDL uptake was analyzed after 1 h at 37°C and 5%
CO, atmosphere, the supernatant was removed and the cells were washed twice using fresh EGM-2 medium.

Von Willebrand factor (vWF) staining. For immunofluorescence staining, ECs were grown on collagen
I-coated four-well glass chamber slides to 70-80% confluence before they were fixed for 15 min in 4% para-
formaldehyde (Sigma-Aldrich) at room temperature. Fixed ECs were permeabilized with PBS containing 0.1%
Triton-X100 (Sigma-Aldrich). Unspecific antibody binding sites were blocked by incubation with 5% donkey
serum (Jackson ImmunoResearch Laboratories, Suffolk, UK) for 30 min, then anti-human vWF monoclonal anti-
body (1:400; clone 2F2A9, BD) was added for at least 30 min. After removal of the unbound antibody and two
washing steps in PBS, the cells were counterstained with Cy3-conjugated donkey anti-mouse AffinePure Fab IgG
fragments (1:50; Dianova, Hamburg, Germany). Labelled cells were mounted in 75% glycerin containing propyl-
galate (50 mg/ml) and 4’6-diamidin-2-phenylindol (DAPI, 200 ng/ml; Roche).

Mouse xenograft assays. NSG mice were bred and housed at the University Hospital Essen animal care
facility. Animal experiments were performed in accordance with institutional guidelines approved by the Animal
Care Committee of the University Hospital Essen. 10> UCB-derived CD34" cells were injected intravenously (IV)
via tail vein into 8-16 weeks old busulfan pre-conditioned NSG mice. Mice were regularly monitored for any sign
of abnormal behavior and sickness. The animals were sacrificed at 8 weeks’ post transplantation for BM isolation
from both tibias and femurs of each individual recipient. The bone cavities were flushed with non-supplemented
RPMI (Gibco Invitrogen), the BM was collected and erythrocyte lysis was performed. The total white blood
cells (WBCs) were stained for flow cytometric analysis with surface markers for assessing the content of human
engrafted cells as well as their HSPCs characterization.
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Statistical analysis. Statistical analysis was performed using GraphPad Prism Version 5. All data are given
as mean =+ standard error of the mean (SEM). Significance analyses for in vitro culture was performed with
the paired Student t test (*p < 0.05; **p < 0.01; ***p < 0.001). Significance values from the comparison to the
Suspension culture are indicated with an asterisk (*), whereas p-values in comparison to AFT024 are labeled with
a hashtag (#). Statistical tests for in vivo experiments were performed using the Two-way ANOVA.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Oudshoorn, M., Horn, P. A, Tilanus, M. & Yu, N. Typing of potential and selected donors for transplant: methodology and
resolution. Tissue antigens 69(Suppl 1), 10-12, https://doi.org/10.1111/j.1399-0039.2006.758_5.x (2007).

. Pessach, I, Resnick, 1., Shimoni, A. & Nagler, A. G-CSF-primed B M for allogeneic SCT: revisited. Bone Marrow Transplant 50,

892-898, https://doi.org/10.1038/bmt.2015.25 (2015).

. Deeg, H. ]. How I treat refractory acute GVHD. Blood 109, 4119-4126, https://doi.org/10.1182/blood-2006-12-041889 (2007).
. Billingham, R. E. The biology of graft-versus-host reactions. Harvey Lect 62, 21-78 (1966).
. Zeiser, R. & Blazar, B. R. Acute Graft-versus-Host Disease - Biologic Process, Prevention, and Therapy. N Engl ] Med 377, 2167-2179,

https://doi.org/10.1056/NEJMral609337 (2017).

. Gutman, J. A. et al. Chronic graft versus host disease burden and late transplant complications are lower following adult double cord

blood versus matched unrelated donor peripheral blood transplantation. Bone Marrow Transplant 51, 1588-1593, https://doi.
org/10.1038/bmt.2016.186 (2016).

. Newell, L. E. et al. Characteristics of chronic GVHD after cord blood transplantation. Bone Marrow Transplant 48, 1285-1290,

https://doi.org/10.1038/bmt.2013.48 (2013).

. Dahlberg, A., Brashem-Stein, C., Delaney, C. & Bernstein, I. D. Enhanced generation of cord blood hematopoietic stem and

progenitor cells by culture with StemRegenin1 and Deltal(Ext-IgG.). Leukemia 28, 2097-2101, https://doi.org/10.1038/leu.2014.181
(2014).

. Fares, L. et al. Cord blood expansion. Pyrimidoindole derivatives are agonists of human hematopoietic stem cell self-renewal. Science

345, 1509-1512, https://doi.org/10.1126/science.1256337 (2014).

Magin, A. S. et al. Primary Cells As Feeder Cells For Coculture Expansion Of Human Hematopoietic Stem Cells From Umbilical
Cord Blood A Comparative Study. Stem Cells Dev, https://doi.org/10.1089/scd.2007.0273 (2008).

Butler, J. M. et al. Development of a vascular niche platform for expansion of repopulating human cord blood stem and progenitor
cells. Blood 120, 1344-1347, https://doi.org/10.1182/blood-2011-12-398115 (2012).

Boitano, A. E. et al. Aryl hydrocarbon receptor antagonists promote the expansion of human hematopoietic stem cells. Science 329,
1345-1348, https://doi.org/10.1126/science.1191536 (2010).

Kadekar, D., Kale, V. & Limaye, L. Differential ability of MSCs isolated from placenta and cord as feeders for supporting ex vivo
expansion of umbilical cord blood derived CD34(+) cells. Stem Cell Res Ther 6, 201, https://doi.org/10.1186/s13287-015-0194-y
(2015).

Tiwari, A. et al. Ex vivo expansion of haematopoietic stem/progenitor cells from human umbilical cord blood on acellular scaffolds
prepared from MS-5 stromal cell line. Journal of tissue engineering and regenerative medicine 7, 871-883, https://doi.org/10.1002/
term.1479 (2013).

Radtke, S., Gorgens, A., Liu, B., Horn, P. A. & Giebel, B. Human mesenchymal and murine stromal cells support human lympho-
myeloid progenitor expansion but not maintenance of multipotent haematopoietic stem and progenitor cells. Cell Cycle 15, 540-545,
https://doi.org/10.1080/15384101.2015.1128591 (2016).

Qu, Q. et al. Endothelial progenitor cells promote efficient ex vivo expansion of cord blood-derived hematopoietic stem/progenitor
cells. Cytotherapy 18, 452-464, https://doi.org/10.1016/j.jcyt.2015.12.005 (2016).

Pineault, N. & Abu-Khader, A. Advances in umbilical cord blood stem cell expansion and clinical translation. Exp Hematol 43,
498-513, https://doi.org/10.1016/j.exphem.2015.04.011 (2015).

Lo Tacono, M. et al. Wharton’s Jelly Mesenchymal Stromal Cells as a Feeder Layer for the Ex Vivo Expansion of Hematopoietic Stem
and Progenitor Cells: a Review. Stemn Cell Rev 13, 35-49, https://doi.org/10.1007/512015-016-9702-4 (2017).

Gorgens, A. et al. Revision of the human hematopoietic tree: granulocyte subtypes derive from distinct hematopoietic lineages. Cell
reports 3, 1539-1552, https://doi.org/10.1016/j.celrep.2013.04.025 (2013).

Drissen, R. et al. Distinct myeloid progenitor-differentiation pathways identified through single-cell RNA sequencing. Nat Immunol
17, 666-676, https://doi.org/10.1038/ni.3412 (2016).

Doulatov, S. et al. Revised map of the human progenitor hierarchy shows the origin of macrophages and dendritic cells in early
lymphoid development. Nat Immunol 11, 585-593, https://doi.org/10.1038/ni.1889 (2010).

Zheng, S., Papalexi, E., Butler, A., Stephenson, W. & Satija, R. Molecular transitions in early progenitors during human cord blood
hematopoiesis. Molecular systems biology 14, €8041, https://doi.org/10.15252/msb.20178041 (2018).

Adolfsson, J. et al. Identification of Flt34 lympho-myeloid stem cells lacking erythro-megakaryocytic potential a revised road map
for adult blood lineage commitment. Cell 121, 295-306, https://doi.org/10.1016/j.cell.2005.02.013 (2005).

Gorgens, A. et al. Multipotent hematopoietic progenitors divide asymmetrically to create progenitors of the lymphomyeloid and
erythromyeloid lineages. Stem cell reports 3, 1058-1072, https://doi.org/10.1016/j.stemcr.2014.09.016 (2014).

Velten, L. et al. Human haematopoietic stem cell lineage commitment is a continuous process. Nature cell biology 19, 271-281,
https://doi.org/10.1038/ncb3493 (2017).

Gorgens, A., Radtke, S., Horn, P. A. & Giebel, B. New relationships of human hematopoietic lineages facilitate detection of
multipotent hematopoietic stem and progenitor cells. Cell Cycle 12 (2013).

Calvi, L. M. et al. Osteoblastic cells regulate the haematopoietic stem cell niche. Nature 425, 841-846, https://doi.org/10.1038/
nature02040 (2003).

Zhang, J. et al. Identification of the haematopoietic stem cell niche and control of the niche size. Nature 425, 836-841, https://doi.
org/10.1038/nature02041 (2003).

Kiel, M. J. & Morrison, S. J. Uncertainty in the niches that maintain haematopoietic stem cells. Nat Rev Immunol 8, 290-301, https://
doi.org/10.1038/nri2279 (2008).

Nagasawa, T., Omatsu, Y. & Sugiyama, T. Control of hematopoietic stem cells by the bone marrow stromal niche: the role of reticular
cells. Trends Immunol 32, 315-320, https://doi.org/10.1016/;.it.2011.03.009 (2011).

Morrison, S. J. & Scadden, D. T. The bone marrow niche for haematopoietic stem cells. Nature 505, 327-334, https://doi.org/10.1038/
nature12984 (2014).

Ding, L. & Morrison, S. ]. Haematopoietic stem cells and early lymphoid progenitors occupy distinct bone marrow niches. Nature
495, 231-235, https://doi.org/10.1038/nature11885 (2013).

Greenbaum, A. et al. CXCL12 in early mesenchymal progenitors is required for haematopoietic stem-cell maintenance. Nature 495,
227-230, https://doi.org/10.1038/nature11926 (2013).

Denecke, B. et al. Human endothelial colony-forming cells expanded with an improved protocol are a useful endothelial cell source
for scaffold-based tissue engineering. Journal of tissue engineering and regenerative medicine 9, E84-97, https://doi.org/10.1002/
term.1673 (2015).

SCIENTIFIC REPORTS |

(2019) 9:12914 | https://doi.org/10.1038/s41598-019-49221-x


https://doi.org/10.1038/s41598-019-49221-x
https://doi.org/10.1111/j.1399-0039.2006.758_5.x
https://doi.org/10.1038/bmt.2015.25
https://doi.org/10.1182/blood-2006-12-041889
https://doi.org/10.1056/NEJMra1609337
https://doi.org/10.1038/bmt.2016.186
https://doi.org/10.1038/bmt.2016.186
https://doi.org/10.1038/bmt.2013.48
https://doi.org/10.1038/leu.2014.181
https://doi.org/10.1126/science.1256337
https://doi.org/10.1089/scd.2007.0273
https://doi.org/10.1182/blood-2011-12-398115
https://doi.org/10.1126/science.1191536
https://doi.org/10.1186/s13287-015-0194-y
https://doi.org/10.1002/term.1479
https://doi.org/10.1002/term.1479
https://doi.org/10.1080/15384101.2015.1128591
https://doi.org/10.1016/j.jcyt.2015.12.005
https://doi.org/10.1016/j.exphem.2015.04.011
https://doi.org/10.1007/s12015-016-9702-4
https://doi.org/10.1016/j.celrep.2013.04.025
https://doi.org/10.1038/ni.3412
https://doi.org/10.1038/ni.1889
https://doi.org/10.15252/msb.20178041
https://doi.org/10.1016/j.cell.2005.02.013
https://doi.org/10.1016/j.stemcr.2014.09.016
https://doi.org/10.1038/ncb3493
https://doi.org/10.1038/nature02040
https://doi.org/10.1038/nature02040
https://doi.org/10.1038/nature02041
https://doi.org/10.1038/nature02041
https://doi.org/10.1038/nri2279
https://doi.org/10.1038/nri2279
https://doi.org/10.1016/j.it.2011.03.009
https://doi.org/10.1038/nature12984
https://doi.org/10.1038/nature12984
https://doi.org/10.1038/nature11885
https://doi.org/10.1038/nature11926
https://doi.org/10.1002/term.1673
https://doi.org/10.1002/term.1673

www.nature.com/scientificreports/

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Zhang, C. C. & Lodish, H. F. Murine hematopoietic stem cells change their surface phenotype during ex vivo expansion. Blood 105,
4314-4320, https://doi.org/10.1182/blood-2004-11-4418 (2005).

Rollini, P., Faes-Van't Hull, E., Kaiser, S., Kapp, U. & Leyvraz, S. Phenotypic and functional analysis of human fetal liver
hematopoietic stem cells in culture. Stem Cells Dev 16, 281-296, https://doi.org/10.1089/scd.2006.0096 (2007).

Wang, L. et al. Identification of a clonally expanding haematopoietic compartment in bone marrow. The EMBO journal 32, 219-230,
https://doi.org/10.1038/emboj.2012.308 (2013).

Yamaguchi, M. et al. Serum-free coculture system for ex vivo expansion of human cord blood primitive progenitors and SCID
mouse-reconstituting cells using human bone marrow primary stromal cells. Exp Hematol 29, 174-182 (2001).

Khoury, M. et al. Mesenchymal stem cells secreting angiopoietin-like-5 support efficient expansion of human hematopoietic stem
cells without compromising their repopulating potential. Stem Cells Dev 20, 1371-1381, https://doi.org/10.1089/scd.2010.0456
(2011).

Hammoud, M. et al. Combination of low O(2) concentration and mesenchymal stromal cells during culture of cord blood CD34(+)
cells improves the maintenance and proliferative capacity of hematopoietic stem cells. J Cell Physiol 227, 2750-2758, https://doi.
org/10.1002/jcp.23019 (2012).

Chute, J. P., Muramoto, G. G., Fung, J. & Oxford, C. Soluble factors elaborated by human brain endothelial cells induce the
concomitant expansion of purified human BM CD34+CD38- cells and SCID-repopulating cells. Blood 105, 576-583, https://doi.
org/10.1182/blood-2004-04-1467 (2005).

Kanai, M. et al. Stromal cell-dependent ex vivo expansion of human cord blood progenitors and augmentation of transplantable stem
cell activity. Bone Marrow Transplant 26, 837-844, https://doi.org/10.1038/sj.bmt.1702634 (2000).

Fan, X. et al. Mesenchymal stromal cell supported umbilical cord blood ex vivo expansion enhances regulatory T cells and reduces
graft versus host disease. Cytotherapy 15, 610-619, https://doi.org/10.1016/j.jcyt.2012.12.007 (2013).

Radtke, S. et al. CD133 allows elaborated discrimination and quantification of haematopoietic progenitor subsets in human
haematopoietic stem cell transplants. British journal of haematology 169, 868-878, https://doi.org/10.1111/bjh.13362 (2015).
Dmytrus, J. et al. Multi-color immune-phenotyping of CD34 subsets reveals unexpected differences between various stem cell
sources. Bone Marrow Transpl, https://doi.org/10.1038/bmt.2016.88 (2016).

Kordelas, L. et al. Allogeneic transplantation of peripheral blood stem cell grafts results in a massive decrease of primitive
hematopoietic progenitor frequencies in reconstituted bone marrows. Bone Marrow Transplant, https://doi.org/10.1038/s41409-
019-0645-7 (2019).

Raynaud, C. M. et al. Endothelial cells provide a niche for placental hematopoietic stem/progenitor cell expansion through broad
transcriptomic modification. Stem cell research 11, 1074-1090, https://doi.org/10.1016/j.scr.2013.07.010 (2013).

Yildirim, S., Boehmler, A. M., Kanz, L. & Mohle, R. Expansion of cord blood CD34-+ hematopoietic progenitor cells in coculture
with autologous umbilical vein endothelial cells (HUVEC) is superior to cytokine-supplemented liquid culture. Bone Marrow
Transplant 36, 71-79, https://doi.org/10.1038/sj.bmt.1705001 (2005).

Li, N. et al. Human umbilical vein endothelial cells increase ex vivo expansion of human CD34(+) PBPC through IL-6 secretion.
Cytotherapy 8, 335-342, https://doi.org/10.1080/14653240600845062 (2006).

Nakahara, F. et al. Engineering a haematopoietic stem cell niche by revitalizing mesenchymal stromal cells. Nature cell biology 21,
560-567, https://doi.org/10.1038/s41556-019-0308-3 (2019).

Horn, P. A. & Kiem, H. P. Expansion of SCID repopulating cells does not prove expansion of hematopoietic stem cells. Blood 108,
771; author reply 771-772, https://doi.org/10.1182/blood-2006-02-002618 (2006).

Tanaka, S. et al. Development of mature and functional human myeloid subsets in hematopoietic stem cell-engrafted NOD/SCID/
IL2rgammaKO mice. ] Immunol 188, 6145-6155, https://doi.org/10.4049/jimmunol.1103660 (2012).

Gille, C. et al. Monocytes derived from humanized neonatal NOD/SCID/IL2Rgamma(null) mice are phenotypically immature and
exhibit functional impairments. Human immunology 73, 346-354, https://doi.org/10.1016/j.humimm.2012.01.006 (2012).
Huntington, N. D. et al. IL-15 trans-presentation promotes human NK cell development and differentiation in vivo. ] Exp Med 206,
25-34, https://doi.org/10.1084/jem.20082013 (2009).

Strowig, T. et al. Human NK cells of mice with reconstituted human immune system components require preactivation to acquire
functional competence. Blood 116, 4158-4167, https://doi.org/10.1182/blood-2010-02-270678 (2010).

Mazurier, E, Doedens, M., Gan, O. I. & Dick, J. E. Rapid myeloerythroid repopulation after intrafemoral transplantation of NOD-
SCID mice reveals a new class of human stem cells. Nat Med 9, 959-963, https://doi.org/10.1038/nm886 (2003).

Yamamoto, R. et al. Clonal analysis unveils self-renewing lineage-restricted progenitors generated directly from hematopoietic stem
cells. Cell 154, 1112-1126, https://doi.org/10.1016/j.cell.2013.08.007 (2013).

Majeti, R., Park, C. Y. & Weissman, I. L. Identification of a hierarchy of multipotent hematopoietic progenitors in human cord blood.
Cell Stem Cell 1, 635-645, https://doi.org/10.1016/j.stem.2007.10.001 (2007).

Notta, E. et al. Isolation of single human hematopoietic stem cells capable of long-term multilineage engraftment. Science 333,
218-221, https://doi.org/10.1126/science.1201219 (2011).

Rongvaux, A. et al. Development and function of human innate immune cells in a humanized mouse model. Nat Biotechnol 32,
364-372, https://doi.org/10.1038/nbt.2858 (2014).

Nicolini, F E., Cashman, J. D., Hogge, D. E., Humphries, R. K. & Eaves, C. J. NOD/SCID mice engineered to express human IL-3,
GM-CSF and Steel factor constitutively mobilize engrafted human progenitors and compromise human stem cell regeneration.
Leukemia: official journal of the Leukemia Society of America, Leukemia Research Fund, U.K 18, 341-347, https://doi.org/10.1038/
5j.1e1.2403222 (2004).

Wunderlich, M. et al. AML xenograft efficiency is significantly improved in NOD/SCID-IL2RG mice constitutively expressing
human SCF, GM-CSF and IL-3. Leukemia : official journal of the Leukemia Society of America, Leukemia Research Fund, UK 24,
1785-1788, https://doi.org/10.1038/leu.2010.158 (2010).

Billerbeck, E. et al. Development of human CD4+FoxP3+ regulatory T cells in human stem cell factor-, granulocyte-macrophage
colony-stimulating factor-, and interleukin-3-expressing NOD-SCID IL2Rgamma(null) humanized mice. Blood 117, 3076-3086,
https://doi.org/10.1182/blood-2010-08-301507 (2011).

Reinisch, A. et al. A humanized bone marrow ossicle xenotransplantation model enables improved engraftment of healthy and
leukemic human hematopoietic cells. Nat Med 22, 812-821, https://doi.org/10.1038/nm.4103 (2016).

Reinisch, A., Hernandez, D. C., Schallmoser, K. & Majeti, R. Generation and use of a humanized bone-marrow-ossicle niche for
hematopoietic xenotransplantation into mice. Nature protocols 12, 2169-2188, https://doi.org/10.1038/nprot.2017.088 (2017).
Abarrategi, A. et al. Modeling the human bone marrow niche in mice: From host bone marrow engraftment to bioengineering
approaches. ] Exp Med 215, 729-743, https://doi.org/10.1084/jem.20172139 (2018).

Podesta, M. et al. Deficient reconstitution of early progenitors after allogeneic bone marrow transplantation. Bone Marrow
Transplant 19, 1011-1017, https://doi.org/10.1038/sj.bmt.1700785 (1997).

Selleri, C. et al. Long-lasting decrease of marrow and circulating long-term culture initiating cells after allogeneic bone marrow
transplant. Bone Marrow Transplant 23, 1029-1037, https://doi.org/10.1038/sj.bmt.1701759 (1999).

Giebel, B. et al. Segregation of lipid raft markers including CD133 in polarized human hematopoietic stem and progenitor cells.
Blood 104, 2332-2338, https://doi.org/10.1182/blood-2004-02-0511 (2004).

SCIENTIFIC REPORTS |

(2019) 9:12914 | https://doi.org/10.1038/s41598-019-49221-x


https://doi.org/10.1038/s41598-019-49221-x
https://doi.org/10.1182/blood-2004-11-4418
https://doi.org/10.1089/scd.2006.0096
https://doi.org/10.1038/emboj.2012.308
https://doi.org/10.1089/scd.2010.0456
https://doi.org/10.1002/jcp.23019
https://doi.org/10.1002/jcp.23019
https://doi.org/10.1182/blood-2004-04-1467
https://doi.org/10.1182/blood-2004-04-1467
https://doi.org/10.1038/sj.bmt.1702634
https://doi.org/10.1016/j.jcyt.2012.12.007
https://doi.org/10.1111/bjh.13362
https://doi.org/10.1038/bmt.2016.88
https://doi.org/10.1038/s41409-019-0645-7
https://doi.org/10.1038/s41409-019-0645-7
https://doi.org/10.1016/j.scr.2013.07.010
https://doi.org/10.1038/sj.bmt.1705001
https://doi.org/10.1080/14653240600845062
https://doi.org/10.1038/s41556-019-0308-3
https://doi.org/10.1182/blood-2006-02-002618
https://doi.org/10.4049/jimmunol.1103660
https://doi.org/10.1016/j.humimm.2012.01.006
https://doi.org/10.1084/jem.20082013
https://doi.org/10.1182/blood-2010-02-270678
https://doi.org/10.1038/nm886
https://doi.org/10.1016/j.cell.2013.08.007
https://doi.org/10.1016/j.stem.2007.10.001
https://doi.org/10.1126/science.1201219
https://doi.org/10.1038/nbt.2858
https://doi.org/10.1038/sj.leu.2403222
https://doi.org/10.1038/sj.leu.2403222
https://doi.org/10.1038/leu.2010.158
https://doi.org/10.1182/blood-2010-08-301507
https://doi.org/10.1038/nm.4103
https://doi.org/10.1038/nprot.2017.088
https://doi.org/10.1084/jem.20172139
https://doi.org/10.1038/sj.bmt.1700785
https://doi.org/10.1038/sj.bmt.1701759
https://doi.org/10.1182/blood-2004-02-0511

www.nature.com/scientificreports/

Acknowledgements

We kindly like to thank all parents who agreed to donate their umbilical cord and umbsilical cord blood, as well
as Rainer Kimmig and colleagues from the Department of Gynecology and Obstetrics at the University Hospital
Essen for their support in harvesting and providing these tissues.

Author Contributions

S.R., A.G. and B.G. conceived the study, designed the experiments and wrote the manuscript. S.R., A.G. and S.V.
performed the experiments, S.R., A.G., S.V., LK., A.K,, ].D., M.M., PA H. and B.G. contributed to analysis and
interpretation of the data and writing of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-49221-x.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:12914 | https://doi.org/10.1038/s41598-019-49221-x


https://doi.org/10.1038/s41598-019-49221-x
https://doi.org/10.1038/s41598-019-49221-x
http://creativecommons.org/licenses/by/4.0/

