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ABSTRACT

Hematopoietic Stem Cell Transplantation (HSCT) is a consolidated therapy in
malignant and non-malignant disorders treatment. However, the biology of
Hematopoietic Stem Cell (HSC) during and after the hematopoietic reconstitution
remains largely unexplored. It has been argued since long time that HSC might
undergo some sort of exhaustion after transplantation. Conversely, in children
transplanted with Umbilical Cord Blood (UCB) the reconstitution seems to be
much superior compared to that of children given adult HSCs. So, we used HSCT as
in vivo model to investigate about many aspects of HSCs biology.

The expression of ninety-one genes, mainly involved in HSC regulation, were
analyzed by quantitative Real-Time PCR (qRT-PCR) in CD34+ cells isolated from:
Umbilical Cord Blood (UCB), Bone Marrow from healthy donors (BM), BM after
UCB Transplant (UCBT), BM taken after transplantation with adult HSC. Protein
expression was evaluated by Immunofluorescence for ten of these genes, selected
after qRT-PCR analysis.

A multivariate learning algorithm identified four gene signatures shedding light on
the molecular differences between the CD34+ cells groups. Transplanted CD34+
cells show a new transcriptional program completely changed from the cells of
origin, however the cell source determines the definitive transcriptional asset. In
particular, DPPA2, LIN28, NANOG, NES, OCT4, SOX1, SOX2 and PTEN were found
unexpectedly over-expressed in CD34+ cells after UCBT but not after adult
transplant. Thus, UCB and adult CD34+ cells use different molecular mechanism

for accomplishing the hematopoietic reconstitution.
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Hematopoiesis

Hematopoiesis is the formation of blood cellular components that occurs during
embryonic development and throughout adulthood to produce and replenish the
blood system. Studying hematopoiesis can help us to better understand the
processes behind blood disorders and cancers. Furthermore, hematopoietic stem
cells (HSCs) can be used as a model system for understanding tissue stem cells and
their role in ageing and oncogenesis [1]. In humans, hematopoiesis begins in the
yolk sac and transitions into the liver temporarily before finally establishing
definitive hematopoiesis in the bone marrow (BM) and thymus.

HSCs reside in the medulla of the bone and have the ability to give rise to myeloid
or lymphoid progenitor cells [2]. Myeloid progenitors give rise to thrombocytes,
erythrocytes, granulocytes and monocytes; while lymphoid progenitors give rise to

Natural-Killer, T and B-lymphocytes (Fig. 1)
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Figure 1: development of different blood cells from HSC to mature cells.
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Red and white blood cells production is regulated with great precision and
increasing rapidly in determinate condition, for exampleduring infection. The
proliferation and self-renewal of HSCs depend on growth factors (GF). GF
initiate signal transduction pathways, which lead to activation of transcription
factors (TF). Mutations in TF are tightly associated with blood cancers, as acute

myeloid leukemia or acute lymphoblastic leukemia.

HSCs self-renewal regulation

There are many factors and pathways that are important for HSCs self-renewal.
Wnt e Notch signaling pathways were identified as the most important ones. The
Wnt family of molecules is known to be crucial for embryonic development [4].
Most studies have found a positive role for Wnt in HSCs during development and
regeneration. Activation of Notch signaling has been shown to promote HSCs
expansion/self-renewal in both mice and humans in adult hematopoiesis [5].

Notch ligands exposure expands over 100-fold the populations of human cells
expressing CD34, a cell surface protein marker for HSCs. Further studies
demonstrated that when Notch ligand-expanded cord blood (CB) progenitors were
used in a clinical setting, there was a rapid recovery of myeloid cells, indicating
rapid engraftment of ex vivo expanded cells in humans [6]. These results indicate
the importance of Notch-dependent regulation of hematopoietic development.
Similarly, the microenvironment is known to be essential for the regulation and
maturation of many stem cells. Several studies identify the osteoblast as an

important cell that regulated the HSCs maturation in the BM [7, 8]. Furthermore,
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there is evidence that vascular and stromal cells are also required for HSCs

homeostasis [9].

Hematopoietic Stem Cell Transplantation

The hematopoietic stem cell transplantation (HSCT) is a prime example of
successful applied regenerative medicine. For more than 30 years, HSCT has
become a routine treatment for blood disorders and malignant diseases. A key
element of its feasibility and success relies on the redundancy of HSCs in the BM. In
fact, with 1% of donor BM cells it is possible to regenerate a new hematopoietic
system within a relatively short period of time. After the eradication of the
patient’s own hematopoietic system, the transplanted donor hematopoietic stem
and progenitor cells (HSPCs) provide lifelong reconstitution of the blood system of
the patient.

The experimental evidence that HSCs naturally migrate back and forth from the
BM periodically, as well as the identification of agents that increase HSCs
mobilization (e.g., granulocyte colony-stimulating factor [G-CSF]), have opened
new avenues for HSCT. However, although HSCT work successfully in the clinic,
further improvement of the method is needed to minimize engraftment failure and
post transplant infections. Actually a improvement for grafts with limiting
numbers of HSCs (umbilical cord blood) and for gene therapy approaches for
monogenetic inherited blood disorders is the ex vivo expansion of HSCs.. However,
despite decades of research, the robust expansion or even maintenance of HSCs ex

vivo is not yet routinely achieved [10].



INTRODUCTION

Indications for HSCT

Hematological malignancy, such as acute myeloid leukemia, acute lymphoid
leukemia, myelodisplastic and myeloproliferative syndromes, is the most common
indication for HSCT in both children and adults. While the choice of HSCs source
depends on both patient and disease characteristics, with malignant diseases, the
speed of HSCs availability is often critically important. Over the years, the use of
HSCT as a therapeutic modality has been extended to a variety of non-malignant
hematological disorders, such as hemoglobinopathies, Fanconi anemia and
metabolic storage diseases, and other neoplasm, for example breast cancer, glioma,

microcellular lung cancer and some autoimmunological diseases [11] (Fig. 2).

B Acute leukaemias 50%

B Solid tumours 25%

Lymphomas 7%

Bone marrow aplasias 6%

Primary immunodeficiencies 4%

Myeloproliferative and
myelodysplastic syndromes 4%

Haemoglobinopathies 2%

Inborn errors of metabolism 2%

Figure 2: indications for HSCT
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Transplant classification

HSCT are classified in:

Autologous stem cell transplantation: stem cells are removed from a
patient, stored, and later given back to that same person. Patients were
treated with high doses of chemotherapy or a combination of chemotherapy
and radiation. The high-dose treatment Kkills cancer cells, but also eliminates
the blood-producing cells that are left in the BM. Afterward, the collected
stem cells are transplanted back into the patient, allowing the BM to
produce new blood cells.

Allogeneic stem cell transplantation: stem cells were transferred from a
healthy person (the donor) to patient after high-intensity chemotherapy or
radiation. A donor is often a brother, sister or other relative. Unrelated
donor HSCT requires allele level HLA matching between the donor and
recipient. Considering that the current standard of 'suitable’ HLA matching
is more stringent than that in the past, finding an HLA matched donor has
become more difficult in unrelated donor transplant settings. Public
awareness, clinical/social network, and large registry databases may help
to reduce this problem [12, 13]. In the absence of an HLA matched donor,

CB can serve as an alternative HSCs source.
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HSCs sources

Nearly two-thirds of patients requiring HSCT will not have a suitable related
donor, so the applicability of HSCT to larger numbers of patients has been
augmented with the increasing availability of unrelated donors. Currently,
alternative HSCs sources include donor BM or peripheral blood stem cells (PBSC)
and umbilical cord blood (UCB)[14].

BM harvesting

Although HSCs harvesting was performed for the first time more than 50 years
ago, BM harvesting was developed mainly to perform allogeneic HSCT and later
autologous transplantations. BM harvesting has become a relatively routine
procedure. BM is generally aspirated from the posterior iliac crests while the
donor is under either regional or general anesthesia. This can be a difficult
procedure in donors who are smaller than the recipient, such as sibling donors,
and several aspirations may be required for an adequate mononuclear cell (MNC)
dose. The acceptable cell dose harvested in BM and required for allogeneic
transplantation is 3-5x108 TNCs per kilogram of recipient body weight (BW)[15].
Complications related to BM harvesting are rare and involve anesthetic, infectious,
and bleeding problems (Fig. 3).

PB HSC harvesting: mobilization and apheresis techniques

HSCs circulate in blood, albeit in very low concentrations, and can be identified and
quantified using flow cytometry. It is necessary to mobilize HSCs from BM to PB.

Administration of recombinant hematopoietic growth factors (ie, the cytokines G-
CSF and GM-CSF) to patients or donors down-regulates the adhesion molecules on
the CD34+ cells and releases them into the PB, which can be collected by apheresis

procedure [16]. Combined chemotherapies associated with the hematopoietic

12
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growth factor currently used to mobilize HSCs from BM to PB in patients [17].
Different apheresis devices have been developed to harvest PB HSCs. All these
techniques share a common process: separation of blood components in layers by
centrifugation and harvest blood-mobilized HSCs in a particular phase associated
with other blood cells. The number of HSCs to be harvested varies depending on
the teams and nature of the transplantation, ie, from 4 to 10x10¢ CD34+ cells/kg
recipients’ BW. G-CSF commonly leads to side effects such as bone pains, malaise,
headaches, chills, and (sometimes) fever (Fig. 3).

CB harvesting

After the birth of the infant, the umbilical cord is double-clamped from the
umbilicus and transacted between the clamps. The umbilical cord vein is
punctured under sterile conditions and the blood flows freely by gravity into an

anticoagulated sterile closed harvesting system [18, 19] (Fig 3).

Stom celis removed from donor

Figure 3: HSCs sources
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Procedural considerations

Preparative or conditioning regimens involve delivery of maximally tolerated
doses of multiple chemotherapeutic agents with no overlapping toxicities and may
be classified as follows:

e Myeloablative regimens - These are designed to kill all residual cancer cells
in autologous or allogenic transplantation and to cause immunosuppression
for engraftment in allogeneic transplantation; they may be further sub
classified as radiation-containing or non-radiation-containing;

e Nonmyeloablative regimens - These are immunosuppressive but not
myeloablative and rely on the graft-versus-tumor effect to kill tumor cells
with donor T cells.

Infusion of either BM or PB progenitor cells is a relatively simple process that is
performed at the bedside. The BM product is infused through a central vein over a
period of several hours. The HSCs engraft within the BM cavity by homing like
mechanisms that have not yet been fully elucidated. Minimal toxicity is observed in
most cases. ABO-mismatched BM infusions could occasionally lead to hemolytic
reactions. Dimethylsulfoxide (DMSO), which is used for the cryopreservation of
stem cells, may give rise to facial flushing, tickling sensation in the throat, and
strong taste in the mouth (the taste of garlic).

After transplant, all patients are kept in high-efficiency particulate air-filtered,
positive-air-pressure-sealed rooms, and strict hand hygiene is practiced. Patients
who received an autograft may be managed in an outpatient setting, as they have a
brief period of neutropenia and fungal infections. Most patients receive

antibacterial and antifungal prophylaxis.
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BMT vs. UCBT

In allogeneic HSCT for malignant disease, the therapeutic efficacy is attributed to
both the cytotoxic effect of radio/chemotherapy and the anti-leukemic protection
mediated by donor T cells, the so called Graft-versus-Leukemia effect (GvL) [21].
Immunological complications after HSCT, such as graft rejection and Graft-versus-
Host-Disease (GvHD), are primarily caused by differences in histocompatibility
antigens between donor and recipient. Thus, in HSCT with an HLA-mismatched
donor, the risk of GvHD, graft failures and lethal opportunistic infections is
increased. Therefore selection of a suitable donor with a match for the human
leukocytes antigens (HLA) A, B and DRB1 on the allele level is critical [12, 22].
There are several advantages of using UCB over BM stem cells for transplants. The
first advantage is that UCB is relatively easy to collect and process. After it is saved
and sent to a storage facility, the UCB is quickly available for use within days to
weeks after processing. In contrast, BM stem cells can take much longer to find a
match, collect the sample, and process [23]. Furthermore, compared to UCB, BM
collection and transplantation of stem cells are more costly [24, 25]. Another
advantage of using UCB stem cells is the decreased risk of the transmission of
infectious disease. This particular advantage is partly because UCB is almost never
contaminated by Epstein-Barr virus or cytomegalovirus [25]. Considered to be
immunologically immature, UCB stem cells produce significantly fewer natural
killer cells, creating a substantial decrease in rejection. Consequently, UCB stem
cells require less rigorous antigen tissue matching for transplants than BM stem
cells [26].

Despite the benefits of using UCB stem cells for transplant, the process also has

some disadvantages. For HSCT to be successful, measurable signs of engraftment
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must occur. Two measurable signs are the recovery of both neutrophil and platelet
production, that occur later in UCBT than in BMT [24, 27]. One of the factors that
influence engraftment time is cell dose [28]. Because of the limited volume of cells
collected from UCB, the amount of stem cells is approximately 10% less than BM
[24]. This problem is greater for adults and adolescents, that need comparatively
more quantity of stem cells for transplant rather than children. Additionally, it is
unknown how long UCB will maintain its usefulness while frozen. Research
indicates that UCB stem cells can be maintained up to 15 years, but it is unknown if
the cells would be preserved over the entire lifetime of a person [27, 29].
Furthermore, there are the financial costs associated with maintaining the UCB

over time.

UCB stem cells ex vivo expansion

The main drawback in UCBT is the low quantity of HSCs, since the content per UCB
unit ranges between 0.4 and 1.0x10°total MNC, whereas the dose currently
recommended ranges from 2.0x107to 2.5x107” MNC/kg. A dose lower than
1.5x107 MNC/kg showed poor results [30], thus restricting UCB transplantation to
pediatric patients in most of the cases. Since the biology of HSCs and their
microenvironment are not totally understood [31], it has not been easy to
overcome this issue. On this basis, Ex vivo expansion of HSCs from UCB and other
sources became an alternative to increase the cell-dose available for transplants
and to further research on HSCs. There is evidence that even if short-term
expansion may modify HSC properties, it is strongly probable that the engraftment
characteristics remain unaltered [32].

16
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HSCs require an adequate microenvironment to keep their stem properties. In BM
the microenvironment is very complex, HSCs are surrounded by bone matrix and
different cells including fibroblast, adipocyte, macrophage and endothelial cells,
which produce various cytokines and growth factors; these signaling molecules
induce HSCs to differentiate or to remain in the stem state maintaining a balance in
hematopoiesis. In vitro HSCs culture requires a suitable microenvironment, for
that reason, different culture media, growth factors and supplements have been
tested, but the optimal combination and concentration of growth factors to

preserve the stem state has not been yet established.

The self-renewal potential after transplantation

To repopulate an adult BM, it is speculated that CD34+ cells expand itself
approximately by a factor of 2 logs after BMT and 3 logs after UCBT. To achieve
this result, HSCs must reorganize their transcriptional asset and probably activate
self-renewal genes.

The sustained self-renewal potential of donor HSCs is critical for maintaining the
long-term durability of the graft. HSCs are thought to be capable of self-
regeneration in vivo over a lifetime without an apparent limit under homeostatic
conditions [33, 34].In contrast, it is well known that the repopulating ability of
HSCs can be significantly compromised in transplant recipients [35, 36]. Several
studies have demonstrated that the functional HSC units reach only 4% to 10% of
normal levels after each transplantation [37, 38]. The self-renewal ability of HSCs
is intrinsically limited [39], but extrinsic factors, such as the transplantation
procedure [38]and the irradiated BM microenvironment [37], are also likely

17
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involved. Despite the importance of this issue, the potential exhaustion of donor
HSCs in transplant recipients has not been resolved at the molecular level.
However, Iscove and Nawa [33] have elegantly disputed this concept. They
showed that in children after UCBT the reconstitution of the HSCs reservoir
(operationally LTC-IC) nearly approaches the restitutio ad integrum. In fact, it is
much superior compared to that of children given adult HSCs (i.e., BM cells),
notwithstanding both neutrophil and platelet recovery remains delayed [40]. Thus,

UCB HSCs seem to display remarkable self-renewal machinery.
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AIM OF THE STUDY

To investigate how HSC reorganize their transcriptional asset to cope with the
need of BM repopulation, we evaluated the expression of 91 genes selected for
their role in self-renewal and maintenance of stemness. CD34+ cells taken from
patients transplanted with either adult or UCB HSCs were included to observe how
these HSC sources respond to the transplant challenge.

In this study we examined the self-renewal program of HSCs of different origins by
providing a transcriptional landscape of UCB and adult HSCs before and after
transplantation by making use of different donor/recipient combinations. First, an
exploratory analysis was performed by means of a standard Mann-Whitney
hypothesis test, leading to a set of genes with significantly altered regulation. Then,
a multivariate sparsity-inducing machine learning algorithm was used to identify
four gene signatures with remarkably accurate predictive capabilities. The model
predicting the considered donor/recipient combinations, was trained on a portion
of the available samples and tested on the remaining previously unseen data. This
approach evaluates the prediction performance in a statistically unbiased way.
Furthermore, the four signatures underwent a functional characterization
procedure that lead to a set of meaningful KEGG pathways as well as an inferred

network of gene associations.
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Cells source

The study was approved by the ethic committee (number of approval 230/CEI).
CD34+ cells were enriched from 12 UCB units and 15 adult donors (8 G-CSF-
mobilized PB stem cells (PBSC) and 7 BM harvests). In addition, CD34+ cells were
enriched from BM collected at different time points after HSCT in the following
combinations of stem cell source/recipient: 13 adult patients transplanted with
single UCB unit via intra-bone, 29 patients (5 adult and 24 pediatric) transplanted
with adult HSCs. The clinical characteristics of patients are summarized in
supplementary table 1. Additional CD34+ cells were separated from 10 UCB, 9
PBSC from adult donors, 15 BM of adults after UCBT, 10 BM samples from patients
after HSCT from adult donor. These 44 samples were analyzed at the protein level
only. Furthermore, CD34+ cells from CB ex vivo expanded (NiCord-Gamida cells)
and from a patient transplanted with UCB ex vivo expanded (NiCord-Gamida cells)

were collected.

Induced pluripotent stem cell (iPS) line maintenance

Human iPS cell lines (kindly provided by Dr Niels Geijsen, Hubrecht Institute for
Developmental Biology and Stem Cell Research, Utrecht - Netherlands) were
derived from human skin fibroblasts by transducing Oct4, Kif4, Sox2, c-Myc
transgenes using lentiviral vectors as described [41, 42]. For expansion, iPS
colonies were manually picked in a 4-7 day frequency and plated onto inactivated

mouse embryonic fibroblast (MEF) feeder layer. The cells were cultured in

22



MATHERIALS & METHODS

Dulbecco’s modified Eagle’s medium (DMEM)/F12 supplemented with 20%
KnockOut Serum Replacement, 1% L-glutamine, 1% nonessential amino acids, 0.1
mM [B-mercaptoethanol, 0.5% penicillin/0.5% streptomycin and 20ng/ml basis
fibroblast growth factor (FGF)-D and incubated in a humidified tissue culture
incubator containing 5% CO2 at 37°C. To prevent apoptosis, cells were treated

with the ROCK inhibitor Y-27632 (10uM).

CD34+ cell enrichment

Mononuclear cells (MNC) were isolated from fresh BM, PBSC and CB by density
gradient separation and enriched for CD34+ antigen by magnetic immune-
selection method (Miltenyi Biotech, Berisch Gladbach, Germany), according to the
manufacturer’s protocol. Following two cycles on separate columns, CD34+ cells
purity was assessed by flow cytometry: only samples with CD34+ cells ranging

between 90% to 95% were selected for RNA extraction.

RQ-PCR analysis by Low density array/Microfluidic card

Total RNA was extracted from iPS and CD34+ cells using TRIzol and RNAqueous-
Micro Kit (Ambion, Life Technologies, Carlsbad, CA), respectively, and cDNA was
synthesized by Reverse Transcription PCR using High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Life Technologies, Carlsbad, CA). All
reactions were performed using T100 Thermal Cycler (Bio Rad, Hercules, CA). For

the present study, 384 wells Tagman Low Density Array or MicroFluidic Card
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(MFC) (Applied Biosystems, Life Technologies, Carlsbad, CA) have been used. Each
well contains lyophilized specific primers and probes for respective target genes.
The expression levels of ninety-one genes were investigated. A list of the examined
genes and their main functions is provided in supplementary table 2. Among those
genes, a discrete number is involved in many processes of stem cell self-renewal,
stem cell maintenance, quiescence, cell cycle and somatic cell reprogramming.
Each card also contains three different housekeeping genes as control: GUSB,
rRNA18S and ABL. All the analysis has been performed in duplicate. Two samples
have been analyzed in each card. RQ-PCR card data were analyzed by SDS2.3 (ABI
prism 7900 HT Fast Real-Time PCR System, Life Technologies, Carlsbad, CA)
software. Universal Human Reference RNA (cat. #740000-41, Stratagene, La Jolla,
CA) was used as calibrator. Raw data were initially normalized against endogenous

control gene (GUSB) and then compared to the calibrator.

Immunofluorescence staining

CD34+ cells were fixed with 4% Para-FormAldeide and permeabilized with 0.1%
Triton X100, as previously described [44]. After blocking with 10% Fetal Bovine
Serum + 5% BSA + 1% fish gelatine in PBS 1x for 1hr, cells were labeled using anti
human antibodies at a final concentration of 4 pg/ml in blocking solution (Santa
Cruz Biotechnology, Heidelberg, Germany). A complete list of the antibodies used
is available in supplementary table 2. As secondary antibody Alexa Fluor 488-
labelled goat anti-rabbit IgG (cat. A11008), goat anti-mouse IgG (cat. A11001) and
donkey anti-goat IgG (cat. A11055) (Invitrogen Life Technologies, Carlsbad, CA)
were used in a dilution of 1:500 in PBS 1x. Cells were then treated with Propidium

24
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lodide for 5 min to stain the nuclei and mounted with Mowiol. Cells were analyzed
on a fluorescence microscope (Leica DM2000 LED, Leica microsystem, Germany)
and images were captured using 40X/0.65 objective. Images were acquired using
Leica application Suite 4.4.0 software and quantified using Image ], available at:

http://rsbweb.nih.gov/ij/download.html.

Sparse Multivariate Analysis

lilzrs is an embedded regularization method for variable selection capable to
identify subsets of discriminative genes. The algorithm can be tuned to give a
minimal set of discriminative genes or larger sets including correlated genes. The
method is based on the elastic net optimization principle presented in Zou and
Hasti [45] and further developed by De Mol et al [46, 47] and successfully applied
in the analysis of molecular high-throughput data [48-51].

Assume we are given a collection of n samples, each represented by a d-
dimensional vector x of measurements (e.g., the gene expressions), each sample is
also associated with a binary label y, assigning it to a class (e.g. UCB or UCBT).

The dataset is therefore represented by a n x d matrix X, and Y is the n-dimensional
labels vector. Using only a subset of the given data (training set), the Ililz2rs
algorithm looks for a linear function f(x)=B*x, whose sign gives the classification
rule that can be used to associate a sample to one of the two classes. The
classification performance of f(x) is then assessed on the remaining samples (test
set) that were not used to build the model function. Note that the vector of weights
B* is forced to be a sparse vector, that is some of its entries are zero, then some
variables (gene) will not contribute in building the estimator f(x). The weight
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vector * is found in the so-called model selection phase, which consists in
selecting the optimal values for two regularization parameters denoted with t*
and A* respectively. Model selection and classification accuracy assessment are
performed within two nested K-fold cross-validation loops, in order to guarantee
an unbiased result. As a consequence of the external loop of cross validation, l1/2rs
provides a set of K lists of discriminant variables, therefore it is necessary to
choose an appropriate criterion in order to assess a common list of relevant
variables. We based ours on the absolute frequency, so we decided to promote as
relevant variables the most stable genes across the lists. The threshold we used to
select the final lists was chosen according to the slope variation of the number of
selected genes vs. frequency, its value being 50%. In this way we managed to cut

out those variables that were not stable across the cross-validation lists.

Performance metrics

We evaluated the prediction performance through the accuracy and the Matthews
Correlation Coefficient (MCC) metrics. In customary notation, when considering a
classification task, a classifier assigns the considered samples to two possible
classes: negative (-1) and positive (+1). In this case, the true positives TP are the
positive examples correctly classified ad +1, the true negatives TN are the negative
examples classified as -1, the false negatives or Type II error FN are negative
examples misclassified as members of the positive class and, similarly, the false
positives or Type I error FP are the negative examples wrongfully assigned to class
+1. Accuracy is used as a statistical measure of how well a binary classification test
correctly identifies or excludes a condition. In other words, the accuracy is the
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proportion of true results (both TP and TN) among the total number of cases
examined. Accuracy ranges from 0% to 100%, the perfect classification. A random
classifier would achieve an accuracy rate based on the prevalence of the two
classes. If the prevalence is the same, i.e. the amount of samples is equal in the two
classes, a random classifier would achieve 50% accuracy. MCC is a metric that

takes into account all the parameters just defined above and it is defined as:

TP x TN — FP x FN

MCC =
JTP+FP)(TP + FN)(TN + FP)(TN + FN)

MCC, unaffected by the presence of unbalanced classes, ranges between -1 and +1.
The greater MCC the better the prediction with negative score marking below

random performance.

Network inference and Functional Analysis

In order to verify if the identified genes belonging to the respective signatures
were functionally associated, we used the Search Tool for Recurring Instances of
Neighbouring Genes (STRING), a publicly available web-server able to find a set of
potentially functionally associated genes to a gene query list [54]. The results of
this functional characterization analysis, underline if the identified genes within
each signature are connected through eight possible types of edge connections
(Conserved neighborhood, Gene Fusions, Phylogenetic co-occurrence, Co-
expression, Database imports, Large-scale experiments, Literature co-occurrence,
Combined score), represented in different colors in the corresponding plots. For

the functional analysis of the gene signatures we also used the on-line gene set
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enrichment analysis toolkit WebGestalt [55]. The toolkit performs the functional
characterization by a gene set enrichment analysis in several databases including
Gene Ontology [56] and the Kyoto Encyclopedia of Genes and Genomes (KEGG)
[57]. Given a KEGG pathway and a reference set (such as the entire human
genome). The enrichment is based on the comparison between the fraction of
signature genes in the pathway and the fraction of pathway genes in the reference
set. The signature is enriched in the KEGG pathway if the former is larger than the
latter fraction. To perform the enrichment analysis in KEGG, we selected the
WebGestalt human genome as reference set, p-value < 0.05 as level of significance,
as the minimum number of genes and the default Hypergeometric test as statistical

method.
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NiCord - Gamida cells (UCB ex vivo expansion)

NiCord, based on the company’s NAM technology, is in phase 3 clinical testing as a
universal BM transplant solution. NiCord is an ex vivo expanded cell graft derived
from CB stem cells. It is in development to be a curative treatment for more than
50% of high risk leukemia and lymphoma patients who need a BMT but who do
not have the required fully matched donor. NiCord achieved the first evidence of
an ex vivo expanded graft providing a significant, long-lasting hematopoietic
recovery following transplantation. NiCord is designed to be smoothly integrated
into current transplant protocols. Once designated for transplantation with
NiCord, an eligible UCB is rapidly selected, and the manufacturing process,
spanning approximately three weeks, begins. During this time, the patient receives
a standard conditioning regimen lasting approximately eight to eleven days (Fig.

4).

CliniMACS Selection
Cord Blood Unit of CD133+ Cells

(L] I

Non-Cultured Fraction

Cultured Fraction

NiCord is transfused at
the transplant center

CD133+ cells are cultured for 3
weeks using proprietary NAM
technology. Cryopreserved
product is shipped ready for
infusion

CD133- cells, including T cells,

is cryopreserved until the day
of transplantion

Figure 4: NiCord strategy for CB stem cells ex vivo expansion
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Gene Expression Analysis

The expression of 91 genes was measured in CD34+ cells enriched from 12 UCB
units, 15 adult donors and from BM collected after HSCT in 13 adult patients
transplanted with UCB and in 29 patients transplanted with adult HSCs. The
heterogenous population of samples did not prevent the identification of very
reproducible gene expression clusters characterizing specific cells populations.
The pair wise comparison among groups allowed to identify the most relevant
genes and pathways discriminating them. We observed several gene signatures by
means of differential expression and multivariate regularization analysis. For the
former, we used standard Mann-Whitney test, while for the latter we used I1lzrs,
and set in a nested cross-validation structure to ensure reproducibility and
robustness. We pooled together both mobilized PBSC and BM stem cells, referring
to the pooled group as adult HSC as no significant differences appeared when

comparing the two subgroups.

CD34+ cells after UCBT express genes of self-renewal, stem cell
maintenance and cell reprogramming

To validate the hypothesis that self-renewal of HSC after UCBT was more efficient
than after adult HSC transplant [40], we started to analyze genes expressed in
CD34+ cells after UCBT compared to CD34+ UCB cells. Among 91 genes analyzed,
Mann-Whitney test allowed to identify 10 top genes differentially expressed. In
detail, DPPA2, LIN28, NANOG, NES, OCT4, PTEN, SOX1, SOX2, were significantly up-
regulated in CD34+ cells after UCBT compared to CD34+ cells obtained from UCB
Units (p<0,01; Figure 5). We observed a wide variation on the expression of these

genes in CD34+ cells after UCBT among samples. Altogether, there was statistical
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difference with respect to the UCB CD34+ cells. Most of these genes play a key role
in reprogramming somatic cells and are used in different combinations to generate
iPS starting from somatic cells [41, 58, 59] (supplementary table 2). By contrast,
HOXB3 and HOXB4 appeared down-regulated. As shown in Figure 5, we further
extended the analysis by performing a comparison between: UCB vs. adult HSC,

adult HSC vs. adult after HSCT, and adult after UCBT vs. adult after HSCT.

UCB vs adult HSC: self-renewal, stem cell maintenance and
reprogramming genes are not differentially expressed

The pattern of expression of LIN28, NANOG NES, OCT4 PTEN SOX1 and SOX2 was
similar in UCB and adult HSC. Only the expression level of DPPA2, HOXB3 and
HOXB4 was significantly decreased in adult HSC compared to UCB (p<0.05; Figure
5).

Gene related to self-renewal, reprogramming and stem cell
maintenance decline after transplantation with adult HSC

Differently from what observed after UCBT, a statistical significant decrease of
expression of NANOG, SOX1 and HOXB3 (p<0.01) and of OCT4, SOX2 and HOXB4
(p<0.05) was observed in CD34+ cells from patients transplanted with adult HSC
when compared with CD34+ cells from adult donors. There was also a trend of
reduction of DPPAZ, LIN28, NES, PTEN (Figure 5). These data seem in keeping with

the loss of stemness described earlier [38].

Genes regulating self-renewal, cell reprogramming and stem cell
maintenance are over-expressed in CD34+ cells after UCBT but not
after adult HSCT

The over-expression of reprogramming genes (DPPAZ2, LIN28, NANOG, NES, OCT4,

PTEN, SOX1, SOX2, HOXB3) shown by HSC after UCBT was not observed in HSC
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from patients transplanted with adult HSC. This data remarkably emphasized how
UCB CD34+ cells choose a different transcriptional asset from adult CD34+ cell
when they are challenged by transplant. Although not statistically significant, the

median value of HOXB4 was higher after UCBT than after adult HSCT (Figure 5).

Some reprogramming genes are similarly expressed in CD34+ cells
after UCBT and iPS although their respective signature is divergent

Because we observed that several samples of CD34+ cells after UCBT over-express
genes involved in somatic cell reprogramming, we reasoned that a comparison
with iPS cells was interesting and useful. The expression pattern of the
reprogramming genes DPPAZ, NANOG, LIN28, OCT4, SOX2 are similarly in adult
patients after UCBT and in iPS (Figure 5). To further investigate the similarities
and differences between iPS and UCBT we analyzed the entire spectrum of 91

genes.
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Figure 5: mRNA expression levels expressed as 224 Ct jn CD34+ cells separated
from UCB units, BM cells from adult patients after UCBT, from adult healthy donors
(adult HSC), from BM cells from adult and pediatric patients post HSCT and iPS.
Horizontal bars indicate the median value and stars the statistical significance (*
p=0,01 to 0,05; ** p=0,001 to 0,01; *** p=0,0001 to 0,001 and **** p<0,0001).
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Figure 6 showed the comparison between the average expression of the genes in
UCBT (y axis) and iPS (x axis). We confirmed that DPPA2, NANOG, LIN28, OCT%,
S0X2, were expressed at similar levels as they lie close to the diagonal (x=y) where
gene expression in UCBT cells was equal to that observed in iPS. However, there
were remarkable differences in the expression pattern of many genes; for example,
PTEN SOX1 and NES expressions were significantly higher after UCBT cells than in

iPS.

10*

103}

100

]
10 T T

UCBT (loga)

102} P

103_/ ................ ...............................

107 3 = i-1 0 : 1 " 3
10 10 10 10 10 10 10
iPS (log,)

Figure 6: loglog plot comparing the average expressions of genes in UCBT (y axis)
and iPS (x axis). The dashed line represents the diagonal line (x=y), indicating
equal average expression in UCBT and iPS. DPPA2, NANOG, LIN28, 0CT4, SOX2,
were expressed at similar levels as they lie close to the diagonal. The expression of
many other genes such as PTEN SOX1 and NES, was significantly different. The
color gradient from red to green is used to indicate genes up regulated in UCBT
(red) and genes up regulated in iPS.
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mRNA results are confirmed by protein analysis

Immunofluorescence analysis was carried out with specific antibodies recognizing
proteins coded by DPPA2, LIN28, NANOG, NES, OCT4, PTEN, SOX1, SOX2, HOXB3
and HOXB4 in 69 samples analyzed by mRNA expression and in additional 44
samples with insufficient material for gene expression analysis. Figure 7 showed
that the number of cells expressing the protein was always higher in adult after
UCBT. In particular, for LIN28, 0CT4, NES DPPA2, SOX1 and SOX2 no positive cells
were detectable in UCB, whereas for adult after UCBT the percentage of positive
cells ranges from 80% to 95%. In UCB cells only for NANOG and PTEN the
percentage of positive cells was being 40% and 80%, respectively. Nevertheless,
the level of signal intensity in single cells was always significantly lower in UCB

(see median values and ranges reported in Figure 7).

36



RESULTS

A

Propidium

Propidium

Propidium

Propidium

Propidium

LIN28

NANOG

NESTIN

SOX1

HOXB3

uce

Adult
post
UCBT

uce

Adult
post
UCBT

uce

Adult
post
UCBT

uce

Adult
post
UCBT

uce

Adult
post
UCBT

Propidium

Propidium

Propidium

Propidium

Propidium

OCT4

PTEN

DPPA2

SOX2

HOXB4

LIN28
100
2
T 0
o
]
S 4w
e
S
= 2
Protein 0 2164
Expression (118-418,2)
NANOG
u
3
S
@
=
]
o
a
-]
o
° R
Protein 85,5 163,2
Expression (0-322.7) (97,7-255,8)
NESTIN
100
5
T =
S
@
> ®
£
o w
T »
.
Protein 0 314,7
Expression (127,2-599,3)

SOX1
e
3
3
2
=
Z
o
a
k-]
B
Protein 0 280,1
Expression (124,2-482,8)
HOXB3
=
3
S
2
2
Z
o
1}
< o
Protein 396,8 0

Expression (62,1-934,2)

. UCB
E= Adult post UCBT

OCT4

% of positive cells

° :
Protein 0 380,5
Expression (218,1-568.1)

PTEN

100

2

T =

=)

°

=2 ®

g

o

S

2
o

Protein 141,4 351,3

Expression (0-322.7) (97,7-255.8)
DPPA2

100

LS

T w0

o

®

>

3

S «

S »

)
Protein 0
Expression

589,9
(267.,5-845,4)

SOX2

§ 8 8 8

% of positive cells
2

°
Protein 0
Expression

1531
(65-253.5)

HOXB4

% of positive cells

o
Protein 2839 128,2
Expression (27,7-552,2) (67.4-234.8)

Figure 7: Panel A: Inmunofluorescence using specific antibody (green signal) for
the proteins indicated in top of the picture. Nuclei are marked in red. For each
protein evaluated the upper panels are referred to CD34+ cells isolated from UCB
and the lower panels are referred to CD34+ cells isolated after UCBT. Panel B: for
each protein indicated in top of the picture the black column represents the
percentage of CD34+ from UBC positive for the selected protein and the grey
column the percentage of positive CD34+ from adult patients after UCBT. The
mean value of protein expression in single cells and the range is indicated below
the columns.
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Sparse multivariate regularization analysis

To better capture the interplay among genes in the different groups (classes) of
stem cell sources, we performed a sparse multivariate analysis based on Il1lz2rs. We
compared UCB vs. adult HSC, UCB vs. adult after UCBT, adult HSC vs. adult after
HSCT, and adult after UCBT vs. adult after HSCT. For each comparison, lil2rs
identifies an optimal set of weights associated to each the 91 genes. By design, [1lzrs
forces some of the weights to be exactly zero, thus selecting only those genes
associated with a non-null weight (gene signature). These weights are used to
build a linear classifier that is associated to a prediction accuracy and an MCC
score evaluating how well the selected genes are indeed able to discriminate the
two classes. We recall that the accuracy was the proportion of correctly classified
samples among the total number of cases examined; therefore, a good classifier has
a high accuracy, possibly about 100%. The MCC score ranges between -1 and +1.
The greater MCC, the better the prediction with negative score marking below
chance accuracy. The signatures were presented in the form of lists of genes
ranked according to a frequency score and visualized by means of a heatmap plot.
(Fig. 8,10,12,14). To assess the functional association among the selected genes we
presented an inferred gene network obtained with the STRING webtool, where
recurring instances of neighboring genes were used to infer the associations
among the genes in the signature (Fig. 9,11,13,15). Finally, to functionally
characterize the gene signatures, we performed an enrichment analysis in KEGG
pathway database, using the online toolkit WebGestalt, obtaining the enriched

pathways (Tab. 1-4).
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Only six genes are sufficient to discriminate UCB from adult HSC

To establish the global differences of UCB and adult HSC, we applied to the dataset
the multivariate analysis that estimates a classifier discriminating between the two
groups. The set of discriminant genes was composed of the following six genes:
CXCL12, GLI1, HOXAS5, SHH, GLI2 and GDF3. The associated accuracy is 89% and
the MCC is 0.8. The excellent prediction performance reflects the striking inter
class homogeneity of the considered samples. Figure 8 reports the selected genes
(panel A) and the corresponding heatmap (panel B). Figure 9 shows the network
resulting from STRING analysis. Table 1 reports the pathways we found enriched

in KEGG. Among them, the Hedgehog pathway was up regulated in UCB compared

to adult HSC.
A
2.2
CXCL12
GLI1
HOXAS5 n .
SHH
GLI2
GDF3 13
Adult HSC ucB
B Gene Fr. (%)
CXCL12 100
GLI1 100
HOXA5 80
SHH 60
GLI2 60
GDF3 60

Figure 8 Panel A: Heatmap associated to the 6 genes of the signature
discriminating between adult HSC (15 samples) and UCB (12 samples). The
expression data for each individual gene have been scaled and are represented by
pseudo-colors in the heatmap. Red color corresponds to high level of expression
and green color corresponds to low level of expression as also shown in the
colorbar. Panel B: Gene Signature. List of 6 gene symbols selected by the l1/2rs
procedure. For each gene we reported the corresponding frequency percentage
score.
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@CXCLIZ
"/

Figure 9: Association network of the genes in the signature between HSC and UCB
inferred by the STRING online tool. The identified connections indicated five
different data types: Textmining (lime green), Experiments (magenta), Databases
(Turquoise), Coexpression (Black), Homology (purple).

Table 1: pathways enriched in KEGG - HSC vs UCB

KEGG Pathway #Gene | Gene Symbol

Basal cell carcinoma 3 GLI2, GLI1, SHH
Hedgehog signaling pathway 3 GLI2, GLI1, SHH
Pathways in cancer 3 GLI2, GLI1, SHH
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A signature of fifty-two genes discriminate cord blood CD34+ cells
before and after transplantation

Fifty-two genes (Figure 10 panel A), including NANOG, OCT4, PTEN, HOXB3 and
HOXB4 were differentially expressed between UCB and adult after UCBT with an
accuracy of 88% and an MCC value of 0.8. The corresponding heatmap is presented
in Figure 10 panel B. Figure 11 presents the associated gene network inferred by
STRING. Table 2 reports the pathways we founded enriched in KEGG using the
identified signature. In particular, among the 52 genes the analysis extrapolated

NOTCH pathway genes such as NOTCH3, NOTCH1 and HES1.

A B
Gene Fr. (%) Gene Fr. (%)
HOXAS5 100 IL3 60
CDKN2A 100 NOTCH1 60
CXCL12 100 GDF3 60
KLF2 80 NOTCH3 60
CDKN2C 80 HOXB5 60
DLL3 80 BCL2L11 60
HOXB3 80 CD44 60
GLI1 60 | TLE1 60
NANOG 60 | CDKN1A 60
LIF 60 TCF3 60
GLI2 60 | COQ7 60
HES1 60 | STAT3 60
NES 60 | SOX2 60
MCL1-Hs007 60 SOX1 60
LIN28 60 | CXCR4 60
LIG4 60 DLL1 60
KDM5B 60 SMAD5 60
HIF1A 60 DLL4 60
KLF4 60 DPPA2 60
GFI1 60 RUNX1;SH3D19 60
KITLG 60 DPPA3 60
KIT 60 FGF4 60
XRCC5 60 PTEN 60
JAG2 60 | OCT4 60
ITGB1 60 PIWIL1 60
HOXA9 60 HOXB4 60

Figure 10 Panel A: Heatmap associated to the 52 genes of the signature
discriminating between UCB (12 samples) and UCBT (15 samples). The expression
data for each individual gene have been scaled and was represented by pseudo-
colors in the heatmap. Red color corresponds to high level of expression and green
color corresponds to low level of expression as also shown in the colorbar. Panel
B: Gene Signature. List of 52 gene symbols selected by the l1l;rs procedure. For
each gene we reported the corresponding frequency percentage score.
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Figure 11: Association network of the genes in the signature between UCB (12
samples) and UCBT (15 samples) inferred by the STRING online tool.
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Table 2. pathways enriched in KEGG - UCB vs UCBT

KEGG Pathway #Gene | Gene Symbol
GLI2, HIF1A, PTEN, FGF4, ITGB1, KITLG,

Pathways in cancer 12 CDKNI1A, RUNX1, KIT, STAT3, CDKN2A,
GLI1,

Notch signaling pathway 7 HES1, NOTCH1, NOTCH3, DLL3, JAG2,
DLL4,DLL1

Cytokine-cytokine receptor

. y . vt pto 6 KITLG, LIF, IL3, CXCL12, CXCR4, KIT

interaction

Melanoma 4 CDKN1A, PTEN, FGF4, CDKN2A

Dorso-ventral axis formation 3 NOTCH1, NOTCH2, PIWIL1

Hematopoietic cell lineage 4 KITLG, IL3, CD44, KIT

Acute myeloid leukemia 3 RUNXZ, KIT, STAT3

Glioma 3 CDKNI1A, PTEN, CDKN2A

P53 signaling pathway 3 CDKNL1A, PTEN, CDKN2A

Chronic myeloid leukemia 3 RUNX1, CDKN1A, CDKN2A

Leukocyte transendothelial

. _y 3 CXCL12, CXCR4, ITGB1

migration

Axon guidance 3 CXCL12, CXCR4, ITGB1

Cell cycle 3 CDKN2C, CDN1A, CDN2A

Jak-STAT signaling pathway 3 LIF, IL3, STAT3

Chemokine signaling pathway 3 CXCL12, CXCR4, STAT3
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A signature of sixty-two genes discriminate adult CD34+ cells
before and after transplantation

The expression levels of 62 genes discriminate adult donors from adult and
pediatric patients after transplant in with an accuracy of 88% and an MCC value of
0.7. The signature is reported in Figure 12 panel A. Interestingly, the selected
genes include NES, SOX1, SOX2, OCT4, DPPA2, NANOG, LIN28, all these genes were
downregulated after transplant compared to the adult HSC before transplant. The
associated heatmap is shown in Figure 12 panel B. Figure 13 presents the
associated gene network inferred by STRING. Table 3 reports the pathways we
founded enriched in KEGG using the identified signature. The analysis extrapolated
genes of the NOTCH pathway (JAG1, JAGZ, NOTCH2, NOTCH3, NOTCH4, HES1) and

genes of the Hedgehog pathway (GLI2, IHH, SHH, SMO).
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A B

Gene Fr. (%) Gene Fr. (%)
CDKN2A 100 ERCC1 80
FOS 100 MCL1-Hs007 80
PIWIL1 100 KLF10 80
IHH 100 BCL2L11 80
SHH 100 SOX1 80
HOXB5 100 SMAD7 80
HES1 100 TGFB1 80
GFI1 100 MYC 80
HOXB3 100 RADS50 80
FGF4 100 TLE1 80
CXCL12 100 TCF3 80
ITGB1 80 SOX2 80
LIN28 80 NOTCH4 80
LIG4 80 NOTCH3 80
KLF4 80 NOTCH2 80
KLF2 80 VPST72 80
CDKN1A 80 NES 80
KIT 80 NANOG 80
CDKN2C 80 DLL4 60
BMP4 80 SMO 60
JAG1 80 STAT5A 60
IL3RA 80 DPPA2 60
GDF3 80 KDM5B 60
CSF2RB 80 HOXB7 60
DLL3 80 TGFBR1 60
HOXB4 80 DLL1 60
. MCL1-Hs030 80 CXCR4 60
Adult HSC HSCT HOXAB 80 JAG2 60
DPPA3 80 OCT4 60
CD44 80 CTNNB1 60
GLI2 80 KITLG 60

Figure 12 Panel A: Heatmap associated to the 62 genes of the signature
discriminating between adult HSC (15 samples) and adult and pediatric after HSCT
(29 samples). The expression data for each individual gene have been scaled and
was represented by pseudo-colors in the heatmap. Red color corresponds to high
level of expression and green color corresponds to low level of expression as also
shown in the colorbar. Panel B: Gene Signature. List of 62 gene symbols selected
by the l1l2rs procedure. For each gene we reported the corresponding frequency
percentage score.
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Figure 13: Association network of the genes in the signature between adult HSC

(15 samples) and adult and pediatric after HSCT (29 samples) inferred by the
STRING online tool.
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Table 3. pathways enriched in KEGG - HSC vs HSCT

KEGG Pathway #Gene | Gene Symbol
TGFB1, GLI2, CTNNB1, FGF4, MYC, SHH,

Pathways in cancer 16 ITGBL1, SMO, KITLG, STAT5A, TGFBRL,
BMP4, CDKNI1A, FOS, KIT, CDKN2A

Notch signaling pathway 9 HES1, DLL3, JAG1, DLL4, DLL1, NOTCHA4,
JAG2, NOTCH2, NOTCH3

Chronic myeloid leukemia 6 TGFB1, STST5A, TGFBR1, CDKN1A, MYC,
CDKN2A

Cytokine-cytokine receptor 3 TGFB1, CSF2RB, CXCR4, KITLG, TGFBR1,

interaction CXCL12, KIT, IL3RA

Basal cell carcinoma 5 BMP4, GLI2, CTNNB1, SHH, SMO

Hedgehog signaling pathway 5 BMP4, GLI2, IHH, SHH, SMO

Colorectal cancer 5 TGFB1, TGFBR1, CTNNB1, FOS, MYC

Dorso-ventral axis formation 4 NOTCH3, NOTCH2, PIWIL1, NOTCH4

TGF-beta signaling pathway 5 TGFB1, TGFBR1, BMP4, MYC, SMAD7

Cell cycle 5 TGFB1, CDKN2C, CDKN1A, MYC, CDKN2A

Hematopoietic cell lineage 4 KILG, CD44, KIT, IL3RA

Endocytosis 5 TGFB1, TGFBR1, CXCR4, KIT, SMAD7

;?;f;;g;e transendothelial 4 CXCR4, CXCL12, CTNNBL, ITGB1

Bladder cancer 3 CDKN1A, MYC, CDK2A

MAPK signaling pathway 5 TGFB1, TGFBR1, FOS, FGF4, MYC

:):E)ejzl;?é:]mmune network for IgA 3 TGFBL CXCR4, CXCL12

Jak-STAT signaling pathway 4 CSF2RB, STAT5A, IL3RA, MYC

Acute myeloid leukemia 3 STATS5A, KIT, MYC

Melanoma 3 CDKN1A, FGF4, CDKN2A

Leishmaniasis 3 TGFB1, FOS, ITGB1

Pancreatic cancer 3 TGFB1, TGFBR1, CDKN2A

ErbB signaling pathway 3 STAT5A, CDKN1A, MYC

Rheumatoid arthritis 3 TGFB1, CXCL12, FOS

Chagas disease 3 TGFB1, TGFBR1, FOS

Melanogenesis 3 KITLG, CTNNBL, KIT

Osteoclast differentiation 3 TGFB1, TGFBR1, FOS

Axon guidance 3 CXCR4, CXCL12, ITGB1
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After transplantation adult versus cord blood CD34+ cells acquire a
divergent transcriptional asset; reprogramming genes are a
relevant part of such difference.

Finally, the comparison between UCBT and CD34+ after HSCT identified a
signature of 49 genes including NES, NANOG, LIN28, OCT4, DPPA2, SOX1, SOX2
and PTEN which is shown in Figure 14 panel A together with its heatmap (panel
B). This genes list distinguishes patients according to the type of stem cells they
received with an accuracy of 85% and an MCC value of 0.7. Table 4 reports the
pathways we founded enriched in KEGG using the identified signature. Among the
identified genes the analysis extrapolated genes of the NOTCH pathway (HES1,

DLL3, NOTCH2, NOTCH4) and of the Hedgehog pathway (SHH, IHH, DHH, GLI1,

GLI2, SMO).
A B

Gene Fr. (%) Gene Fr. (%)
XRCC6 100 SHH 100
4.6 DHH 100 VPST72 100
- NOTCH4 100 TRIM27 100
NES 100 TLE1 100
NANOG 100 BCL2L11 100
DPPA3 100 SOX1 100
LIN28 100 SOX2 100
CXCL12 100 RAD50 80
LIF 100 HIF1A 80
KLF4 100 HOXA9 80
: CXCR4 100 SMO 80
IL3 100 KLF2 80
-0.2 ocT4 100 | HOXB3 80
IHH 100 NOTCH2 80
DLL3 100 HOXB7 80
HOXA5 100 SPI1 60
. HES1 100 TGFB2 60
GLI2 100 GSK3A 60
GDF3 100 TGFB1 60
: FOS 100 TGFBR1 60
DPPA2 100 GLI1 60
FGF4 100 KITLG 60
-5.1 PIWIL1 100 PCGF2 60
HSCT ueeT ERCC1 100 CSF2RB 60

PTEN 100

Figure 14 Panel A: Heatmap associated to the 49 genes of the signature
discriminating between adult after UCBT (13 samples) and adult and pediatric
after HSCT (29 samples). The expression data for each individual gene have been
scaled and was represented by pseudo-colors in the heatmap. Red color
corresponds to high level of expression and green color corresponds to low level of
expression as also shown in the color bar. Panel B: Gene Signature. List of 49 gene
symbols selected by the I1l2rs procedure. For each Gene we reported the
corresponding frequency percentage score.
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TRIM27

e

Figure 15: Association network of the genes in the signature between adult after
UCBT (13 samples) and adult and pediatric after HSCT (29 samples) inferred by
the STRING online tool.
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Table 4. pathways enriched in KEGG - UCBT vs HSCT

KEGG Pathway #Gene | Gene Symbol
TGFB1, GLI2, PTEN, HIF1A, FGF4, SHH,
Pathways in cancer 13 SMO, KITLG,TGFBR1, TGFB2, SPI1, FOS,
GLI1
Cytokine-cytokine receptor 9 CSF2RB, LIF, IL3, TGFB1, CXCR4,
interaction KITLG, TGFBR1, CXCL12, TGFB2
Hedgehog signaling pathway 6 DHH, GLI2, GLI1, IHH, SHH, SMO
Notch signaling pathway 4 HES1, DLL3, NOTCH2, NOTCH4
Osteoclast differentiation 5 TGFB1, TGFBRI1, TGFB2, SPI1, FOS
Basal cell carcinoma 4 GLI2, GLI1, SHH, SMO
Colorectal cancer 4 TGFB1, TGFBR1, TGFB2, FOS
Dorso-ventral axis formation 3 NOTCH2, PIWIL1, NOTCH4
Rheumatoid arthritis 4 TGFB1, CXCL12, TGFB2, FOS
Chagas disease 4 TGFB1, TGFBR1, TGFB2, FOS
MAPK signaling pathway 5 TGFB1, TGFBR1, TGFB2, FOS, FGF4
Intestinal immune network for IgA
production 3 TGFB1, CXCL12, CXCR4
Renal cell carcinoma 3 TGFB1, TGFB2, HIF1A
Pancreatic cancer 3 TGFB1, TGFBRI1, TGFB2
Chronic myeloid leukemia 3 TGFB1, TGFBR1, TGFB2
Leishmaniasis 3 TGFB1, TGFB2, FOS
Endocytosis 4 TGFB1, TGFBR1, CXCR4, TGFB2
TGF-beta signaling pathway 3 TGFB1, TGFBR1, TGFB2
Jak-STAT signaling pathway 3 CSF2RB, LIF, IL3
Chemokine signaling pathway 3 CXCL12, CXCR4, GSK3A
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CD34+ cells from UCB ex vivo expanded show a similar
behavior to Adult post UCBT

To investigate the role of the greater expansion needed to UCB stem cells after
transplant, we evaluated the mRNA expression of DPPA2, LIN28, NANOG, NES,
OCT4, PTEN, SOX1 and SOX2 comparing “UCB stem cells” with “UCB stem cells ex
vivo expanded”, with “Adult post UCBT” and with “Adult transplanted with ex vivo
expanded UCB”. Figure 16 shows that “UCB stem cells ex vivo expanded” over-
express these genes, except for PTEN, similar to “Adult post UCBT”. Furthermore,
“Adult transplanted with stem cells ex vivo expanded” showed expression levels
comparable with “UCB ex vivo expanded”. These results suggested that the UCB
CD34+ cells reactivate stemness pathways to mediated expansion mandatory to
repopulate an adult BM.

/3 UCB

3 UCB ex vivo expanded

@l post UCBT ex vivo expanded
[ post UCBT

1000
100 ]
10 = —
1 _

01
0.01
0.001

oo fMINLL il I

DPPA2 LIN28 NANOG NESTIN OCT4 PTEN SOX1 SOX2

-AACt
ZAA

Figure 16: mRNA expression levels expressed as 2-22Ct jn CD34+ cells separated
from UCB units (pink), UCB ex vivo expanded (green), Adult post UCBT ex vivo
expanded (purple) and Adult post UCBT (yellow).
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Infusion procedure could affect stem genes expression

To clarify the possible role of infusion procedure, we also evaluated the mRNA
expression of DPPAZ, LIN28, NANOG, NES, OCT4, PTEN, SOX1 and SOX2 in CD34+
cells from patients transplanted with UCB intra-bone (IB-UCBT) or endo-venous
(EV). The results showed that only patients transplanted with IB-UCBT over-
express stemness genes compared with UCB (Fig. 17), suggesting a role of infusion

procedure.

EE postIB-UCBT
Bl postEV-UCBT
£l ucs

1000

100
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0.1
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2
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0.0001

Figure 17: mRNA expression levels expressed as 2-24Ct jn CD34+ cells separated
from Adult post IB-UCBT (blue), Adult post EV-UCBT (purple) and UCB (pink).
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The HSC ability is that of ensuring and maintaining normal peripheral blood
counts; this peculiarity is also preserved when HSC are placed in a “pancytopenic”
patient. Clinical observations suggest that, after a successful transplantation,
hematopoiesis is fully reconstituted and completely similar to that of normal
healthy donors [60]. The whole system tightly regulated as witnessed by the
stabilization of CD34+ cell frequency in the bone marrow. However, after more
than a million of hematopoietic transplants [60], a question is missing: are
transplanted cord blood cells becoming like bone marrow cells? Namely, do UCB
HSCs undergo acceleration in aging and become BM HSC few months after
transplantation?

The results of our study contribute to give a partial answer to those questions and
document that after transplant, HSC undergo a profound change in their
transcriptional asset while, functionally, remaining adherent to the commitment to
hematopoietic lineage. Previous studies aimed to explore the function of single
genes involved in self-renewal utilized constitutional over-expression, knock-out
or silencing of selected genes. An elegant example of such experimental approach
was to enhance in-vivo the HSC proliferative potential by generating HOXB4-
Transduced Hematopoietic Stem Cells [61]. An increased stem cell pool was
obtained in mice transplanted with transduced cells. This was evident only when
HSC were challenged in further transplants, whereas HOXB4-transduced HSC did
not expand above levels normally observed in un-manipulated mice. This data
indicate that its over-expression does not override the regulatory mechanisms that
maintain the HSC pool size within normal limits. Our approach discloses a
photography (snap-shot) of how HSC orchestrates their transcriptional asset to

reconstitute the hematopoietic system. Our results identified DPPA2, NANOG,
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PTEN, OCT4, NES, SOX1, SOX2, LIN28 as genes significantly over-expressed in
several samples of CD34+ cells obtained from patients transplanted with UCB cells.
Among these genes, 0CT4, SOX2, NANOG and LIN28 are the master regulators of
pluripotency in embryonic stem cells (ESC). They are proved critical for ESC
maintenance and capable of reprogramming mature somatic cells and to induce
iPS [62-66]. To our knowledge, this behavior is unique of transplanted UCB cells
and does not occur after adult HSC transplantation and suggest a reactivation of
stemness pathway (ability) in UCB cells transplanted. Moreover, we noticed a
remarkable variability in the expression of reprogramming genes among samples
and we cannot provide a ready explanation for this phenomenon.

We identified several genes differentially expressed with respect to the grafted
population of CD34+ cells. Immunofluorescence assay confirmed the results of
mRNA over-expression by showing high levels of the corresponding proteins. By
measuring proteins at single cell level, we found that the majority of BM CD34+
cells after UCBT shows a clear over-expression of the proteins involved in self-
renewal and re-programming although with a high degree of variability from cell
to cell thus reflecting the heterogeneity of CD34+ cell population. In contrast, in
native UCB cells the level of these protein is too low to be detectable by this
method strengthening our observation on the remodulation of these protein in
UCBT; As consequence of HOX gene experiments referred above [61], we would
have expected no difference in genes expression dependent from hematopoietic
cell source. Unexpectedly, in our analysis, many genes recruited by CD34+ cells
after UCBT are different when compared to transplant with adult cells. The
robustness and consistency of this data is provided by multivariate learning

algorithm showing that each cell source analyzed has a very specific signature.
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Each signature was characterized by an excellent prediction capability and by an
accuracy ranging from 80 to 90%. When we found the over-expression of genes
and proteins involved in reprogramming, we did not have a reference level of
expression associated with specific functional properties; thus, we investigated
gene expression in different iPS cell lines, that are normally created expressing
these genes exogenically. In CD34+ cells after UCBT, genes considered crucial for
re-programming (NANOG, OCT4, SOX2, LIN28) showed a pattern of expression
nearly super imposable in iPS cells. The acquisition of such a signature by CD34+
cells after UCBT is a remarkable finding and represents, so far, a unique example of
“spontaneous” expression of reprogramming genes by somatic cells in adult life. In
this context, it might be interesting to refer to the high propensity of UCB cells to
be reprogrammed to iPS by the transduction of only two factors such as OCT4 and
SOX2 [67]. In the light of our findings, the slower recovery of blood values
observed after UCBT could be interpreted as a resistance to differentiation and
maturation of UCB HSC. Whatever the case, as clearly showed by the regression
analysis (Figure 6) comparing gene expression from HSC after UCBT and iPS, most
genes are differentially expressed in the two cell types. This data, while excluding
that CD34+ cells after UCBT have become like iPS, suggest that upon UCBT CD34+
cells acquire a transcriptional asset that might render them more prone to
plasticity. However, in spite of this potentiality HSC remain strongly anchored to
hematopoietic lineage commitment. It is possible that after transplant the majority
of CD34+ cells activate self-renewal and pluripotency genes to cope with
expansion but fail to down-regulate somatic and lineage specification genes,
making these cells refractory to re-programming. There may also be unknown

mechanisms in the bone marrow microenvironment that prevent down regulation
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of lineage commitment gene expression program [66]. At the same time, the
transcriptional changes that HSC undergo during transplantation may be
informative to understand how HSC govern their gene machinery in such a forced
proliferation avoiding the risk of transformation. PTEN expression, for example, is
lower in iPS as compared to CD34+ after UCBT. PTEN was reported not to be
required for HSC self-renewal in fetal hematopoietic stem cells, however it is
critical in adult HSC maintenance [43, 68, 69]. More intriguingly, its loss of function
in adult HSC can promote leukemogenesis over time [70] and represents one of the
major obstacles in utilizing iPS cells (or ES cells) for clinical purposes. We found
that PTEN was significantly up-regulated after UCBT compared to iPS. Since it is
clearly evident that CD34+ cells after UCBT do not generate tumors, the present
study may represent an initial platform to learn how CD34+ cells are orchestrating
their gene expression by combining expansion and, at the same time, avoiding
transformation. Since UCB CD34+ cells are more prone to activate reprogramming
genes than adult HSC, it is possible that they utilized this machinery to cope with
the challenge of such tremendous expansion. Perhaps, by learning how
transplanted cells behave during hematopoietic regeneration we could gain useful
information in designing new methods to expand HSC ex-vivo.
This study places the question of understanding why to achieve hematopoietic
reconstitution UCB HSC choose a different transcriptional asset from adult HSC
including the recruitment of reprogramming genes and, at the same time, remain
adherent to hematopoietic lineage. These results reveal undisclosed characteristics
and potentialities of hematopoietic stem cells and open a new area of research in

transplantation biology.
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Supplementary table 1. Clinical characteristics of the patients and donors

. . Type of Months
Group UPN Age (years) Diagnosis from
transplant
transplant

1.01 0 - - -

1.02 0 - - -

1.03 0 - - -

1.04 0 - - -

1.05 0 - - -

. 1.06 0 - - -

Cord Blood Unit 107 0 - - -
1.08 0 - - -

1.09 0 - - -

1.1 0 - - -

1.11 0 - - -

1.12 0 - - -

2.01 22 - - -

2.02 28 - - -

2.03 43 - - -

2.04 36 - - -

2.05 42 - - -

2.06 62 - - -

2.07 47 - - -

Adult donors 2.08 21 - - -
2.09 57 - - -

2.1 55 - - -

2.11 25 - - -

2.12 44 - - -

2.13 38 - - -

2.14 45 - - -

2.15 54 - - -
3.01 29 AML IB-UCBT 60
3.02 50 AML IB-UCBT 48

3.03 30 ALL IB-UCBT 4
3.04 50 AML IB-UCBT 90
3.05 44 AML IB-UCBT 24

Adult pts post 3.06 22 SAA IB-UCBT 5
UCBT 3.07 20 SAA IB-UCBT 1
3.08 18 SAA IB-UCBT 3

3.09 54 MDS IB-UCBT 8

3.1 55 AML IB-UCBT 13

3.11 32 AML IB-UCBT 12

3.12 18 ALL IB-UCBT 5

3.13 18 AML IB-UCBT 1
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4.01 36 AML PBSCT 7
4.02 62 ALL PBSCT 3
4.03 61 CML PBSCT 2
4.04 53 AML PBSCT 1
4.05 34 AML PBSCT 18
4.06 10 ALL BMT 1
4.07 7 FA PBSCT 2
4.08 9 ALL PBSCT 1
4.09 17 AML PBSCT 1
4.1 17 AML PBSCT 5
411 10 ALL BMT 5
412 6 Thal PBSCT 4
413 13 CML PBSCT 2
4.14 2 Thal BMT 3

Pts ﬂosséid“'t 4.15 2 Thal BMT 4
4.16 3 ALL PBSCT 1
4.17 5 ALL PBSCT 3
4.18 15 AML PBSCT 2
4.19 8 AML PBSCT 1
42 5 MDS PBSCT 1
421 2 AML PBSCT 1
4.22 7 AML PBSCT 6
4.23 15 AML PBSCT 3
4.24 11 ALL PBSCT 1
4.25 5 AML PBSCT 1
4.26 6 Thal PBSCT 1
4.27 2 ALL BMT 6
4.8 10 ALL PBSCT 3
4.29 2 ALL PBSCT 1

Abbreviations: ALL, acute lymphoid leukemia; THAL, thalassemia; AML, acute
myeloid leukemia; MDS, myelodysplastic syndrome; FA, Fanconi anemia; CML,
chronic myeloid leukemia; SAA,severe anaplatic anemia.
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Supplementary table 2
Gene Assay code Antibodies Gene function
for IF
GUSB Hs99999908 m1 Housekeeping gene
18S Hs99999901_s1 Housekeeping gene
ABL1 Hs00245445 m1l Housekeeping gene
AXIN1 Hs00394718 m1 Whnt signaling, beta-cateninin-mediated signaling
BCL2L11  Hs00708019 si1 BCL-2 family members, initiator of apoptosis
BMI1 Hs00180411 m1l Repressive activity of many genes, including Hox
genes,chromatin remodelling
BMP4 Hs00370078_m1 Resoderm induction
Cb44 Hs01075861_m1 Lymphocyte activation, recirculation and
homing, and in hematopoiesis
CDKN1A  Hs00355782 mi Interactor of p53/TP53, regulates proliferation in
response to DNA damage
CDKN2A  Hs00923894_m1 Interactor of p53/TP53, regulates proliferation in
response to DNA damage
CDKN2C  Hs00176227_m1 Controls cell cycle G1 progression, regulate
spermatogenesis
coQ7 Hs01029186_m1 Regulation of metabolism, lifespan
determination
CSF2RB Hs00166144 m1 Cell differentiation
CTNNB1 Hs00355049_m1 Whnt pathway. Stem cell maintenance and
proliferation
CXCL12 Hs00171022_m1  SDF-1 (P- Embryogenesis, immune surveillance,
159X) : sc- inflammation response, tissue homeostasis
74271
CXCR4 Hs00607978_s1 Leukocyte trafficking, regulation of innate and

adaptive immunity
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DHH

DLL1

DLL3

DLL4

DPPA2

DPPA3

DPPA4

ERCC1

FGF4

FLT3

FOS

GDF3

GFI1

GLI1

GLI2

GSK3A

HES1

HIF1A

HOXAS

HOXA7

Hs00368306_m1

Hs00194509_m1

Hs01085096_m1

Hs00184092_m1

Hs00414521_gl

Hs01931905_g1

Hs00216968_m1

Hs01012158_m1

Hs00173564_m1

Hs00174690_m1

Hs00170630_m1

Hs00220998_m1

Hs00382207_m1

Hs00171790_m1
Hs01119974_m1
Hs00997938_m1
Hs00172878 m1l

Hs00936371_m1

Hs00430330_m1

Hs00600844_m1

DPPA2 (D-
17): sc-
69392

Morphogenesis and gonadal development

Differentiation of progenitor cells into the B-cell
lineage, emergence of T cell NK cell precursors

Inhibitor of primary neurogenesis

Angiogenesis; inhibitor of endothelial cell
proliferation and migration

Maintenance of stem cell pluripotency

Maintenance of stem cell pluripotency
Maintenance of stem cell pluripotency
DNA repair

Embryonic development, cell growth, tissue
repair, morphogenesis

Apoptosis, proliferation, and differentiation of
hematopoietic cells

Cell proliferation, differentiation, and
transformation

Cell growth and differentiation in both
embryonic and adult tissues

Cell cycle regulator, hematopoietic
differentiation

Stem cell proliferation

Embryogenesis

Cell division, proliferation, motility and survival
Regulator of myogenesis

Regulator of cellular and systemic homeostatic
response to hypoxia

Expression, morphogenesis, and differentiation

Cell development
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HOXA9

HOXB3

HOXB4

HOXB5

HOXB7

IHH

IL3

IL3RA

ITGA4

ITGB1

JAG1

JAG2

KDM5B

KIT

KITLG

KLF10

KLF2

KLF4

LIF

LIG4

LIN28

Hs00365956_m1

Hs00231127_m1

Hs00256884_m1

Hs00357820_m1
Hs00270131_m1
Hs01081801_m1
Hs00174117_m1
Hs00608141_m1

Hs00168433_m1

Hs00559595_m1

Hs01070032_m1

Hs00171432_m1
Hs00366783_m1

Hs00174029_m1

Hs00241497_m1

Hs00921811 m1l
Hs00360439_g1

Hs00358836_m1
Hs00171455_m1
Hs00172455_m1

Hs00702808_s1

HoxB3 (H-
50): sc-
28606

HoxB4 (A-
15): sc-
28607

Lin28
(6D1F9):

Cell development

Cell development

Stem cell expansion

Lung and gut development

Cell proliferation and differentiation

Cell growth, patterning and morphogenesis
Cell differentiation

IL3 signaling, activation of STAT pathway

Cell growth, division, survival, differentiation,
migration and apoptosis

Cell growth, division, survival, differentiation,
migration and apoptosis

Notch signaling, cell-fate decisions during
hematopoiesis

Embryonic development
DNA demethylation

Regulation of cell survival and proliferation,
hematopoiesis, stem cell maintenance

Cell survival and proliferation, hematopoiesis,
stem cell maintenance

Regulation of cell growth

T-cell trafficking

Embryonic stem cells maintenance
Hematopoietic differentiation
DNA repair

Maintenance of ES cells
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MCL1

MCL1

MSH2
DNA
MYC

NANOG

NES

NOTCH1

NOTCH2

NOTCH3

NOTCH4

PCGF2

PIWIL1

POUSF1

PTEN

RADS0

RB1

Hs00766187_m1
Hs03043899_m1

Hs00953523_m1

Hs00905030_m1

Hs02387400_g1

Hs00707120_s1

Hs01062014_m1

Hs01050719_m1

Hs01128541_m1

Hs00965889_m1

Hs00810639_m1

Hs01041737_m1

sc-293120

Nanog (H-
2): sc-
374103

Nestin
(5C93): sc-
71665

PHs00999634_Gh Oct4 (C-

Hs02621230_s1

Hs00990023_m1

Hs00153108 m1

10): sc-
5279

PTEN (B-
1): sc-
133197

Regulation of apoptosis
Regulation of apoptosis

Mismatch repair system

Cell cycle progression, apoptosis and cellular
transformation

Early embryogenesis

Regulation of differentiation, proliferation and
apoptosis, lymphoid maturation

Regulation of differentiation, proliferation and
apoptosis

Regulation of differentiation, proliferation and
apoptosis

Regulation of differentiation, proliferation and
apoptosis

Regulation of differentiation, proliferation and
apoptosis

Negative regulation of the self-renewal activity
of hematopoietic stem cells

Stem cell self-renewal, RNA silencing

Early embryogenesis and embryonic stem cell
pluripotency

Antagonizes the PI3K-AKT/PKB signaling
pathway, neurogenesis

DNA repair

Regulator of entry into cell division
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RUNX1

SHH

SIRT1-

SMAD5

SMAD7

SMARCC1

SMO

SOX1

SOX2

SPI1

STAT3

STAT5A

TCF3

TGFB1

TGFB2

TGFBR1

TLE1

Hs01021970_m1

Hs00179843_m1

Hs01009006_m1

Hs00195437_m1

Hs00998193_m1

Hs00268265_m1

Hs01090242_m1

Hs01057642_s1

Hs01053049_s1

Hs02786711_m1

Hs01047580_m1

Hs00234181_m1

Hs01012685_m1

Hs00998133_m1

Hs00234244 m1l

Hs00610318_m1

Hs00270768_m1

Sox-1 (L-
20): sc-
17317

Sox-2 Ab
(S-15): sc-
54517

Development of normal hematopoiesis

Hedgehog pathway, embryogenesis, stem cell
proliferation

Ageing

Inhibition of proliferation of hematopoietic
progenitor cells

Regulator of TGFb signaling, regulator cell cycle
arrest in hematopoietic cells

Chromatin remodeling, neural development

Hedgehog pathway, embryogenesis, stem cell
proliferation

Embryonic development and in the
determination of the cell fate

Early embryogenesis and for embryonic stem cell
pluripotency

Myeloid and B-lymphoid cell development

Transcription factor, signal transducer,
regulators of cell growth and apoptosis

Transcription factor, signal transducer,
regulators of cell growth and apoptosis

Transcription factor regulating Band T
lymphocyte development

Proliferation, differentiation, adhesion,
migration

Proliferation, differentiation, adhesion,
migration

Regulator of TGFb signaling, regulator cell cycle
arrest in hematopoietic cells

Transcriptional corepressor, regulator of Wnt
signal
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TRIM27

VPS72

XRCC5

XRCC6

Hs00179059_m1

Hs00195618_m1

Hs00221707_m1

Hs00995282_g1

Enhancer of polycomb protein and repressor of
gene transcription, differentiation of germ cells

DNA repair, acethylation, apoptosis, regulation
of long term hematopoiesis

DNA repair

DNA repair
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