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Résumé

De nos jours, la greffe de cellules souches hématopoiétiques (GCSH) de type allogénique est le traitement
standard pour de nombreuses hémopathies malignes, et ce, en dépit des taux élevés de complications liées
a la transplantation, telles que les infections, les rechutes et la maladie du greffon contre I'héte (GVH),
associées a cette procédure. Depuis les deux derniéres décennies, plusieurs stratégies visant a contrbler
la maladie du GVH ont émergé et incluent la déplétion partielle et la manipulation ex vivo des cellules T du
greffon. En revanche, ces stratégies peuvent entrainer de sévéres déficits immunitaires post-greffe. En
comparaison avec les autres sources de cellules souches, une faible incidence de la maladie du GVH et de
rechute est observée chez les patients recevant une greffe de sang de cordon ombilical (SC). En
contrepartie, ce type de greffe engendre des retards dans la restauration immunitaire, rendant ainsi les
patients plus susceptibles aux agents pathogénes. A linverse, une augmentation plus importante de la
production de cellules T naives, d’émigrants thymiques récents et de 'abondance des clonotypes des
cellules T fut détectée chez les patients ayant regu une GCSH dérivée du sang d’un seul cordon traité avec
UM171, une molécule utilisée pour I'amplification ex vivo des CSHs dérivés de SC, relativement aux patients
ayant regu une GCSH standard. Dans ce mémoire, nous essaierons de comprendre le mécanisme
moléculaire sous-jacent a la restauration immunitaire chez les patients transplantés avec un greffon de SC
traité avec UM171, nous tenterons de déceler des progéniteurs lymphoides au sein des cellules de SC
traitées avec UM171 et nous essaierons d’identifier un marqueur de surface qui pourrait étre utilisé pour
enrichir les progéniteurs lymphoides.

Nos résultats démontrent la présence de deux "clusters" lymphoides, PCL et LMPP, qui expriment
potentiellement CD10, et sont plus nombreux dans les échantillons de SC CD34* traités avec UM171
comparativement aux contrdles. En utilisant les marqueurs de surface CD10 et CD45RA, nous avons pu
identifier deux populations CD34* (CD10medCD45RAMede et CD10"CD45RAM) qui sont multipliées dans les
cultures traitées avec UM171 relativement aux contrdles. En outre, nous démontrons également que seules
les cellules CD45RA peuvent générer les deux populations CD10* in vitro, ce qui suggére que les cellules
CD10medCD45RA™Medo définissent une population plus primitive que les cellules CD10"CD45RAM. De
surcroit, nous proposons que la population CD10medCD45RA™ed o pourrait contenir des LMPPs qui se
différencieront en PCLs inclus dans la population CD10"CD45RAM. D'un point de vue fonctionnel, nous
observons un développement et une maturation des lymphocytes T nettement plus rapide pour la population
CD10*CD34" relativement a la population CD34* totale a 3 et 6 semaines, ce qui suggére que CD10 pourrait
étre utilisé comme marqueur de progéniteurs lymphoides. Par ailleurs, nous détectons également un
pourcentage plus élevé de cellules ayant un phénotype ILC dans la population CD10*CD34*
comparativement a la population CD34* totale, ce qui suggére que la population CD10*CD34* peut
potentiellement contenir des progéniteurs lymphoides capables de produire différents types de cellules
immunitaires. D’autre part, la population CD45RA* produit plus rapidement des lymphocytes T
contrairement a la population CD45RA-. En conséquence, nous proposons que la population CD45RA
contient des cellules primitives (ex. CSH) qui a leur tour générent des progéniteurs multipotents contenus
dans la population CD10*CD34* (ex. LMPP) et qui éventuellement produiront des progéniteurs a potentiel
plus restreint inclus dans la population CD45RA* (ex. CLP).

En somme, ce mémoire identifie pour la premiére fois une population CD10*CD34* présente dans le greffon
traité avec UM171 avec un potentiel T et produisant potentiellement des ILCs. L’un des problémes majeurs
lies ala GCSH dérivée du SC est une restauration immunitaire retardée; par conséquent, optimiser 'infusion
de cellules CD34- en augmentant le nombre de progéniteurs lymphoides pourrait considérablement aider a
stimuler la restauration immunitaire chez les patients recevant une GCSH dérivée de SC.

Mots clés: UM171, Sang de Cordon, Greffe de cellules souches hématopoiétiques, Restauration
immunitaire, Progéniteurs lymphoides, CD10, Cytométrie en flux.






Abstract

Currently, allogeneic hematopoietic stem cell transplantation is a standard treatment for many hematological
malignancies, although high rates of transplant-related complications such as infections, relapse, and
GVHD has constrained the implementation of HSCT. Strategies have emerged to manage GVHD and
include partial T-cell depletion and ex vivo manipulation of donor T cells, albeit they have adverse effects
on post-transplantation immune recovery and can cause profound immunodeficiency. In comparison to
other stem cell sources, a lower incidence of chronic GVHD and relapse is reported in patient receiving cord
blood (CB) transplant, although they also display an enhanced susceptibility to pathogens caused by an
ineffective T-cell reconstitution. In contrast, we reported a greater increase in naive T cells production,
recent thymic emigrants and T cell clonotype from 3 months to 6 and 12 months in patient transplanted with
a single CB graft expanded with UM171, a small molecule used for the ex vivo expansion of CB HSCs, as
compared to counterpart patients receiving unmanipulated CB graft. In this master research, we aimed to
understand the molecular mechanism underlying T-cell reconstitution in patients transplanted with UM171-
expanded CB graft. We tried to identify lymphoid progenitors within the highly heterogeneous CD34* CB
cells treated with UM171 using Cite-Seq, find a surface marker that can be used to enrich for early lymphoid
progenitors using flow cytometry, and assess their lineage potential using artificial thymic organoids.

Our results highlight the presence of two lymphoid clusters, CLP and LMPP, expressing CD10. The LMPP
cluster is about 6 fold expanded in UM171-treated cells as compared to uncultured and DMSO-treated cells.
Using the marker CD10 and CD45RA we identify two CD34* populations (CD10me¢CD45RAMed e gnd
CD10nMCD45RAN) that are significantly expanded in CD34* CB cells cultured in the presence of UM171 in
contrast to uncultured CD34* CB cells and DMSO-supplemented cultures. Furthermore, we demonstrate
that only the CD45RA-negative cells can give rise to both CD10-positive subsets in vitro, suggesting that
CD10medCD45RA™Medo cells define a subset with a more primitive phenotype than CD10MCD45RAN. We
propose that the CD10me¢CD45RA™ede sybset could contain LMPPs that will commit to CLPs contained
within the CD10MCD45RA" subset. Functionally, we compared T-cell development and maturation of the
CD10*CD34* subset (including CD10medCD45RA™ed o and CD10"CD45RAM) to the CD45RA*CD34%,
CD45RACD34" and total CD34* subsets and denote a faster T cell development and maturation at 3 and
6 weeks within the CD10-positive subset in contrast to the total CD34* subset, suggesting that CD10 can
be used as a marker of lymphoid precursors in UM171 cultures. We also observe a higher percentage of
ILC-like cells within the CD10-positive subset as compared to total CD34* cells suggesting that the CD10-
positive subset potentially contains lymphoid precursors with multilineage capacity. Faster T cell
development is observed for the CD45RA* subset whereas CD45RA- cells display the slowest T cell
development, hence we propose that the CD45RA- subset contains primitive cells (e.g. HSC) that segregate
into lineage-biased multipotent progenitors enriched in the CD10-positive subset (e.g. LMPP) that will give
rise to lineage-restricted precursors that are CD45RA* (e.g. CLP).

In sum, our findings represent the first identification of a CD10-positive population within the UM171-
expanded graft that has T potential and could potentially produce ILCs. Delayed immune reconstitution is a
major obstacle impeding the implementation of CB HSCT; therefore optimizing infusion of CD3* donor cells
by enriching for lymphoid precursors could help boost T-cell reconstitution following allogeneic HSCT.

Keywords: UM171, Cord blood, CD34* cells, Hematopoietic stem cell transplantation, lymphoid progenitors
expansion, CD10, Flow cytometry.
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Chapter 1: Introduction

1. Hematopoietic stem cell transplantation (HSCT): Origin and early
advancements.

The early concept of hematopoietic stem cell transplantation (HSCT) emerged in 1949
when Jacobson and colleagues demonstrated that they could occlude the damages
caused by total body irradiation (TBI) by using lead to shield the spleen of mice (Jacobson
et al, 1949). This finding concurred with the collective efforts of the scientific community
to repair the radiative damages affecting the survivors of atomic bomb explosions in
Japan, and thus was greeted with enthusiasm. In essence, Jacobson’s group set the first
stone of the HSCT foundation (Jacobson et al, 1949). Grounded on this initial finding, a
hypothesis arose in the scientific community: the “humoral hypothesis”. The “humoral
hypothesis” stated that humoral factor(s) located in the spleen/marrow of the animal help
protect from TBI (Storb, 2019). Two years later, Lorenz and colleagues reported the
survival of mice and guinea pigs following TBI when infused with marrow cells, thereby
further expanding the HSCT foundation (Lorenz et al, 1951).

The “humoral hypothesis” was dismissed by the mid-1950s as several laboratories proved
that it is the donor cells seeding the marrow that protect against radiation (Mathé et al.,
1965). These lines of evidences offered new perspectives for the treatment of malignant
blood disorders and supported the emergence of HSCT. HSCT relies on: 1) Suppression
of the patient's diseased marrow/ impaired immune cells using high dose
chemotherapy/radiation, and 2) seeding the patient’'s marrow with healthy immune cells

from a donor’s graft (Mathé et al., 1965).

In 1958, six workers of nuclear reactor accidentally exposed to TBlI had a marrow
transplantation performed by Mathé and colleagues, representing the first stem cell
transplantation done in human. Surprisingly, and despite any knowledge on HSCT, four
out of six workers survived, although the donor’s cells did not permanently engraft (Watts,
2010). In 1961, Till, McCulloch and colleagues identified hematopoietic stem cells (HSCs)
and demonstrated that a single cell from the bone marrow (HSC) could produce
myeloerythroid colonies in the spleen and reconstitute lethally irradiated mice (Till and



McCulloch, 1961; Becker et al., 1963; Siminovitch et al., 1963). Few years later, in 1965,
Mathé’s group decided to use marrows from six relatives to treat a leukemia patient
following TBI (Mathé et al., 1965). Interestingly, the brother's marrow engrafted and the
patient went into remission before dying from graft-versus-host-disease (GVHD), a major
complication of HSCT resulting from donor T cells attacking healthy cells from the host

(Sweeney and Vyas, 2019).

Bortin reviewed the outcome of 200 human marrow grafts performed between 1957 and
1967 and reported that these patients died from various transplantation related mortality
(TRM) causes such as GVHD, infection, graft failure or leukemia relapse, thus pinpointing
the biological layers of complexity underlying HSCT (Bortin, 1970). At this point in history,
albeit great advancements have been made, a major gap remained in the understanding
of HSCT, histocompatibility matching and GVHD management. This might be explained
by the fact that early biological studies of HSCT employed inbred mice, a model organism
that does not require histocompatibility matching and demonstrates multiple biological
differences with humans. As a consequence, the premature translation of mouse-based
HSCT studies to humans resulted in high TRM rates. Ultimately, the recurrent failure of
HSCT in humans forced immunologists to conclude that biological transfers between

individuals, such as bone marrow transplant, are beyond the bounds of possibility.

Per contra, some resilient researchers such as Van Bekkum’s group in the Netherlands
working with primates, George Santos at Johns Hopkins working with rats and the Seattle
group, led by E. Donnall Thomas and working with outbred dogs, maintained their efforts
toward understanding HSCT. As a consequence of their collective efforts, TBI
administration was optimized and myeloablative/immunosuppressive  drugs
(cyclophosphamide, antithymocyte globulin (ATG) and busulfan (BU)) were introduced
and highlighted for their tumor cell killing properties, comparable to TBI (Santos, 1995).
Furthermore, the Seattle group, led by E. Donnall Thomas, designed an in vitro
histocompatibility typing for inbred dogs (Epstein et al., 1968). Pivotal to the understanding
of HSCT and GVHD, canine studies from 1968 demonstrated that dogs receiving a dog
leukocyte antigen (DLA)-matched graft from related or unrelated donors survived

significantly longer than the counterpart littermates receiving DLA-mismatched graft,
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forasmuch as minor histoincompatibility led to GVHD development (Epstein et al., 1968).
In parallel, the efforts toward designing post transplantation drug regimens to manage
GVHD increased and led to the emergence of methotrexate (MTX) and folic acid
antagonist (Storb et al., 1970).

With the acquired knowledge on HSCT, clinical trials resumed in 1968. A 5-month-old boy
suffering from thymic alymphoplasia and agammaglobulinemia was successfully
transplanted intraperitoneally with his sister’'s marrow and peripheral blood cells (Gatti et
al., 1968). The patient went into complete remission, thus representing one of the first
successful HSCT in human. As a success does not come alone, in the following years,
multiple patients with advanced hematological malignancies and severe aplastic anemia
(SAA) successfully underwent HSCT, although they often developed transplant-related
complications (TRC) such as fungal and viral infections, which drove the optimization of
transfusion and management of infectious diseases (Weiden et al., 1979; Hansen et al.,
1979). Nowadays, from the thousands of allogeneic HSCT accomplished each year

worldwide, more than half are for acute leukemia (AL; Henig and Zuckerman, 2014).
1.1 Hematopoietic stem cell transplantation (HSCT): Major Complications.

The emergence of chronic GVHD among long-term survivors shaded the HSCT success
story, which urged the development of therapeutic approaches to control GVHD (Georges
and Storb, 2016). The combination of MTX and calcineurin (CNI) inhibitors such as
cyclosporine (CSA), allowed improvements in GVHD prevention (Storb et al., 1986).
Alternating cyclosporine and MTX is the current approach used to prevent GVHD (Lee,
2022).

Unfortunately, despite these advances, in the case of leukemia and other malignant blood
diseases, the rate of disease relapse following HSCT remained high, which shed light on
an important concept: graft-vs.-leukemia (GvL) which was addressed by Weiden and the
Seattle group, led by E. Donnall Thomas, in 1979 (Weiden et al., 1979). In GvL reaction,
donor T cells, and other immune cells, eradicate residual leukemia cells surviving
chemotherapy/radiotherapy (Sweeney and Vyas, 2019). This led to the introduction of
donor lymphocyte infusion (DLI) as a novel treatment to control relapse (Kolb et al., 1990).
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DLI compensates for the immune exhaustion of donor T cells observed post-HSCT, which
is an important cause of relapse (Frey and Porter, 2008). As the expected corollary of DLI
is GVHD, the current treatments used to control relapse depends on multiple factors such
as disease type and burden, the site of relapse and HSCT conditions and include modified
second transplants, chemotherapy/immunotherapy and targeted disease therapy (Barrett
and Battiwalla, 2010). Nowadays, DLI is only used in some cases of relapsed AL (Wang
etal., 2019).

1.2 Hematopoietic stem cell transplantation (HSCT): Stem cell

sources.

1.2.1 Peripheral Blood stem cells (PBSCs)

Donating bone marrow cells requires invasive procedures that generate relative
inconvenience and discomfort for donors. Moreover, retrieving sufficient bone marrow
cells to sustain permanent engraftment can be challenging, which encouraged scientists
to search for alternative sources of HSCs for transplantation. As previous studies
highlighted that peripheral blood (PB) contains stem and progenitor cells (Cirenza et al.,
1996), researchers multiplied their efforts toward using PB as an alternative stem cell
source (To et al., 1997). The low concentration of HSCs in unmanipulated PB was a major
obstacle for its use in HSCT (Goodman and Hodgson, 1962). Nonetheless, scientific
advancements made in the field of pheresis technology and the discovery of the CD34*
PB cell mobilizing agent G-CSF allowed to significantly increase the CD34" cell dose in
collected PB, thus favoring its use in HSCT as an effective replacement for BM. Since
1995, 60%-70% of current allogeneic transplants use PB instead of BM as stem cell
source (Gratwohl et al., 2009).

1.2.2 Umbilical Cord Blood stem cells (CB HSCs)

Umbilical cord blood (CB), another viable graft source for HSCT, emerged in the mid-
1980s. Studies conducted by Broxmeyer and colleagues revealed that, similarly to BM,
human CB contains hematopoietic progenitor cells (Broxmeyer et al., 1989). As a result,

a 6-years-old boy with Fanconi anemia underwent HSCT using CB in 1988 (Gluckman et
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al., 1989). This first successful CB-HSCT story was the result of a multi-institutional

collaboration and set the path for the numerous cases of CB transplantation that followed.

In the 5 years that followed, the acceptable engraftment rate and lower incidence of GVHD
observed in pediatric patients transplanted with a CB graft harvested from a single donor
helped prove the potential of using CB as a substitute to BM (Wagner et al., 1995). In
comparison to BM grafts, slight HLA mismatches in CB graft do not cause an increase in

the incidence of acute and chronic GVHD (Avery et al., 2011).

Although a higher HLA disparity in CB grafts is tolerated, a donor-recipient matching at
six HLA loci is the current standard for CB selection (Avery et al., 2011). In comparison,
BM and PB grafts require at least 8-10 identical HLA loci. Interestingly, increasing the CB
CD34* cell dose can partially overcome HLA-disparity and strongly correlates with
engraftment and overall survival (OS) (Gluckman et al., 1997; Rocha et al., 2009). CB
also offers a potent GvL effect, albeit CB engraftment is slower as compared to
counterpart stem cell sources (PBSC and BM) (Kurtzberg et al., 1996; Rubinstein et al.,
1998; Gluckman et al., 1997; Rocha et al., 2001; Barker et al., 2001).

CB can easily be obtained during childbirth, although its use in HLA-matched sibling
transplantation highly depends on birth and could only be performed if the condition of a
child affected by a disease requiring transplantation was known prior to the birth of the
donor (American Academy of Pediatrics, 1999). Furthermore, the limiting stem cell dose
per cord blood unit (CBU) restricted the implementation of this source to pediatric settings
(Eapen et al., 2007). Currently, to circumvent the low stem cell dose, the standard
procedure during CB HSCT in adults involves the transplantation of two CBUs (double CB

transplantation) that are closely HLA matched to each other (Hashem and Lazarus, 2015).
1.2.3 Comparison of BM, PB and CB stem cell sources in the context of HSCT.

By dint of the advancements made in HSCT and the emergence of different stem cell
sources, clinicians must appropriately select the stem cell source prior to transplantation
(either BM, PB or CB). In a HLA-matched related donor HSCT setting, a meta-analysis of
11 randomized control trials comparing BM and PB grafts indicated comparable OS, TRM
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and disease-free survival between the two sources (no study comparing CB, BM and PB
HLA-matched related donor HSCT; Chang et al.,, 2012). On the one hand, a faster
neutrophil and platelet recovery along with a lower incidence of relapse was observed for
patients transplanted with a PB graft. On the other hand, a lower incidence of grade 2-4
and 3-4 acute GVHD and chronic GVHD, respectively, was reported for BM graft

recipients.

For some patients, no related donor is available. In this context, clinicians can use
matched unrelated donor for HSCT. Anasetti and colleagues conducted a randomized
control trial to investigate the differences between PB and BM grafts in an HLA-matched
unrelated setting (Anasetti et al., 2012). In this study, Anasetti and colleagues observed
no significant difference in 2-year OS, relapse and acute GVHD incidence between the 2
groups. Moreover, Anasetti and colleagues inferred that PB graft recipients might have a
higher risk of developing chronic GVHD, although they might also have a lower risk of
graft failure compared to BM graft recipients. A study conducted by the Dilloo’s group
challenged these findings, as they reported no significant difference in the incidence of
acute and chronic GVHD among pediatric patients transplanted with either a BM or PB
graft (Meisel et al., 2013). In this setting, the pediatric patients received ATG for GVHD
prophylaxis. Discrepancies in PB-related GVHD risk between these two studies can be

accounted by the use of ATG and the patient’s age.

In a large non-randomized retrospective analysis of 1525 patients with acute leukemia,
Eapen and colleagues analyzed the differences between BM, PB and CB unrelated
transplants (Eapen et al., 2010). In terms of relapse and leukemia-free survival, no
difference was observed between CB and HLA-matched BM or PB grafts (7-8/8 alleles
matched). Patients receiving CB grafts had a higher rate of TRM than HLA-matched BM
or PB grafts recipients. The incidence of grade 2-4 acute and chronic GVHD was lower
after CB transplantation in contrast to PB graft recipients. Similarly a lower incidence of
chronic GVHD was reported for CB graft recipients when compared to BM transplants,
whereas no differences was observed in the incidence of acute GVHD between CB and
BM transplants (Eapen et al., 2010).
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However, in a study conducted by Jacobson and colleagues, they reported no significance
difference in 2-year OS, TRM, relapse, progression-free survival and grade 2-4 acute
GVHD between CB and PB graft recipients (Jacobson et al., 2012). Nonetheless,
Jacobson and colleagues reported a higher rate of infections (viral and bacterial) for the
double CB recipients as compared to PB transplant. Interestingly, they reported a
significantly delayed T cells reconstitution at 1-6 month post-transplant in double CB
recipients (vs PBSC recipients) which can account for the higher rate of TRC and indicate
that CB-HSCT can result in delayed T cells reconstitution. Table 1 summarizes the key

advantages and disadvantages of each stem cell source (adapted from Juric et al., 2016).

Stem Cell Advantages Limitations
Source Donor Recipient Donor Recipient
Invasive HSC collection
BM Low risk of GvHD Requires hospitalization
Faster engraftment
No general anesthesia Faster immune reconstitution
PBSC No hospitalization High GvL effect Higher risk of GvHD
Low risks of GvHD and relapse Low number of HSC
CB Non-invasive Increased level of HLA-disparity is tolerated Slow immune reconstitution

Table 1. Comparing the benefits and drawbacks of hematopoietic stem cell sources pre-HSCT.

Table adapted from Juric ef al., 20186.

BM, Bone marrow; PBSC, Peripheral blood stem cell; CB, Cord blood; GvHD, graft-versus-host disease; HSC, hematopoietic stem cell; GvL, graft-ver-
sus-leukemia, HLA, human leukocyte antigen.

Emerging therapies and treatments for GVHD management can abrogate the increased
risk of GVHD in patients receiving PB graft (Granata et al., 2019). Additionally, the
emergence of small molecules to expand CB stem cells can help alleviate the low stem
cell dose burdening the use of CB transplants (Fares et al., 2014). In the same fashion,
post-transplant infusion of regulatory T cells could help mitigate the slower T cells
reconstitution, thus reduce susceptibility to opportunistic pathogens and help reduce

relapse in CB graft recipients (Di lanni et al., 2011; Di lanni et al., 2011).

1.3 Hematopoietic stem cell transplantation (HSCT): Expanding
CB HSCs.

Hematopoietic stem cells (HSCs) are essential elements of PB, BM and CB transplants.
HSCs have both self-renewal and multipotency capacities and can reconstitute the entire
hematopoietic system of a patient post-HSCT (Figure 1.1; adapted from Ratliff et al.,
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2014). As such, HSCs can reconstitute both myeloid and lymphoid lineages, whereas
committed progenitors such as CLPs and CMPs can only give rise to cells from one
lineage (myeloid or lymphoid; Figure 1; Ratliff et al., 2014). In BM, HSCs represent less
than 0.01% of cells and this percentage further decreases in CB (Walasek et al., 2012;
Daniel et al., 2016).

Due to the limiting stem cell dose in CB, several strategies focusing on the ex vivo
expansion of HSCs have emerged to obtain adequate quantities for HSCT (= 2.5 x
107 nucleated cells/kg for partially matched CB; Eapen et al., 2008) and hereby exploit
the advantages associated with this stem cell source. These strategies include: i) addition
of several cytokines to the culture media (although the effects are transient; Zhang and
Lodish, 2008), ii) over-expression of HSC-specific genes (Walasek et al., 2012), iii) co-
culture with stromal cells (McNiece et al., 2004), iv) use of small-sized chemical agents
(De Lima et al., 2008; Nishino et al., 2009; Peled et al., 2012) and, v) use of recombinant

proteins to control developmental pathways (Krosl et al., 2003).

Although most of aforementioned strategies have shown promising results, clinical
settings require highly sterile conditions which can easily be compromised by employing
strategies such as recombinant proteins, vectors to over-express HSC genes, or co-
culture with stromal cells, all requiring extensive handling. On the contrary, small
molecules represent promising strategies to expand HSCs and HSPCs ex vivo as they
are more stable than biologicals and can easily be optimized and produced in large
quantities by laboratories and pharmaceutical companies, which explains the enthusiasm
associated with the use of small molecule to expand HSCs and HSPCs (Fares et al.,
2015).
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Figure 1.1 Committment during hematopoiesis.

Figure adapted from Ratliff et al. (2014).

HSC, hematopoietic stem cell; MPP, multipotent progenitor; LMPP, lymphoid-primed multipotent progenitor;
CMP, common myeloid progenitor; CLP, common lymphoid progenitor; GMP, granulocyte-macrophage progeni-
tor; MEP, megakaryocyte-erythrocyte progenitor; BCP, B cell progenitor; TCP, T cell progenitor; NKP, NK cell
progenitor; CHILP, common helper innate lyphoid progenitor; MP, macrophage progenitor, GP, granulocyte
progenitor; EP, erythrocyte progenitor; MkP, megakaryocyte progenitor; BAS, basophils; NE, neutrophils; MC,
mast cells; EOS, eosinophils; NK, natural killer; ILC, innate lymphoid cells.

1.3.1 UM171

In the last decade, a multitude of small molecules have been used to expand CB HSCs
ex vivo such as valproic acid, trichostatin A, nicotinamide and StemRegenin-1 (SR1;
Boitano et al.,, 2010; Mahmud et al., 2014; Horwitz et al., 2014; Saraf et al., 2015) . In
2014, our group discovered a small molecule, UM171, which promotes the expansion of
CB HSCs (Fares et al., 2014). We recently demonstrated that UM171 potentiates the
activity of the CULLIN3-E3 ubiquitin ligase complex CRL3XBTBD4  |eading to increased
proteasomal degradation of components of the LSD1/RCOR1 CoREST complex
(Chagraoui et al., 2021). Interestingly, UM171-induced modulation of the CRL3KBTBD4
complex leads to the re-establishment of H3K4me2 and H3K27ac epigenetic marks

which, in turn, potentially result in the upregulation of HSPCs associated genes preventing
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HSC attrition during their ex vivo expansion (Chagraoui et al., 2021). UM171 produced a
5- and 10-fold expansion of CD34" and CD34*CD45RA" CB cells, respectively, over 12
days fed-batch cultures as compared to control conditions (Fares et al., 2014; Fares et
al., 2015). Moreover, a ~13-fold increase in long-term reconstituting HSC (LT-HSC)
frequency was reported for UM171 exposed cells compared to control or uncultured
CD34* cells (Fares et al., 2014; Fares et al., 2015). Interestingly, the effect of UM171 on
mature cell output suppression was enhanced by adding SR1, thus indicating a
collaboration between the two molecules (SR1 and UM171) to expand these cells ex vivo.
However, the greater increase in abundance of CD34*CD45RA" cells in cultures treated
with UM171 compared to SR1 suggests that, as opposed to SR1, UM171 targets
phenotypically more primitive cells (Fares et al., 2014). Accordingly, LT-HSC frequencies

measured with UM171 treatment were not significantly altered by SR1 addition.

1.4 Hematopoietic stem cell transplantation (HSCT): the clinical

application of UM171.
1.4.1 Transplantation of UM171-expanded graft.

Since its discovery, over 60 patients were successfully transplanted with a single cord
blood unit (CBU) expanded with UM171 (7-days ex vivo expansion; Chagraoui et al.,
2021). During this process, the CBU is thawed and CD34" cells are selected 7 days prior
to infusion (at D-7) whereas the CD34- portion is cryopreserved (Figure 1.2; adapted from
Cohen et al., 2019). CD34" cells are then expanded in fed-batch culture with UM171
during 7 days. The patients undergo myeloablative or functionally myeloablative
conditioning regimen 2 days prior to CB infusion (at day 5 of the expansion). Then, the
patient receives the UM171-expanded graft and either on the same day, or a day later,
the patient is infused with the CD34- portion of the expanded CB to reduce susceptibility
to opportunistic pathogens post-HSCT (Figure 1.2; adapted from Cohen et al., 2019). In
a clinical study investigating the benefits of UM171-CB transplants for 22 patients with
high-risk haematological malignancies, we reported the successful transplantation of 21
patients with a single UM171-expanded CB graft with no graft failure or unexpected

adverse events (Cohen et al., 2019). In comparison to patients transplanted previously at
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the same facility with unmanipulated CB, BM and PB grafts, patients receiving a UM171
graft had a significantly shorter median time to engraftment of 100 neutrophils per pL as
compared to PB recipients. Intriguingly, we reported no significant differences in the
engraftment time of 500 neutrophils per pL between BM, PB and CB graft recipients and
thus, no significant difference was observed in their duration of hospital stay. A similar
platelet recovery was reported for the UM171 graft recipients when compared to the
patients receiving unmanipulated cord blood, whereas PBSC and BM recipients had a
faster platelet recovery. Interestingly, the patients transplanted with a UM171-graft had a
low incidence of grade 3-4 acute GVHD (10%) and no moderate to severe chronic GVHD
(0%). A low incidence of TRM (5%) and relapse (21%) was also denoted in UM171 graft
recipients at 1 year post-HSCT (Cohen et al., 2019).

In consideration of a major limitation of unmanipulated CB (Eapen et al., 2010), the low
stem cell dose, UM171 offers promising therapeutic applications as the use of UM171 to
expand CB graft can offer better HLA matching by improving accessibility to CB availability
for racial and ethnic minorities (Dumont-Lagacé et al., 2022). Additionally, by increasing
the patient’s accessibility to a CB with a better HLA matching, UM171 also allows to
decrease TRM, an outcome often associated with HLA matching (Dumont-Lagacé et al.,
2022).

Cord blood is thawed
+ —
CD34+ selected

CD34- portion is
cryopreserved

; Infusion of CD34- portion of

expanded cord blood

CD34+ CB cells placed in fed-batch culture 3 Infusion of expanded cord 3
in the presence of UM171 during 7 days if release criteria met 3

D-7 D-0 or +1

L

Figure 1.2. Schematic representation of the transplantation of a single UM171-expanded graft.
Figure adapted from Cohen et al. (2019).
Representative protocol of the expansion of a cord blood unit with UM171 during HSCT.
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1.4.2 The effects of UM171 on T cell immunity during HSCT.

Impaired T cell immunity is another major problem encountered in CB-HSCT (Juric et al.,
2017). Delayed T cell reconstitution increases the patient’'s susceptibility to severe
infections, which in turn increases the rate of TRM (Lucchini et al., 2015; De Koning et al.,
2016). In the literature, lower TRM correlates with faster CD4* T cells recovery, and a
lower incidence of GVHD and relapse are associated with an increased diversity of T cell
populations (Yew et al., 2015, Admiraal et al., 2016; Gkazi et al., 2018). Furthermore,
limiting stem cell dose and HLA-mismatches can also delay T cell reconstitution (Van
Heijst et al., 2013; Yamaguchi et al., 2015; Milano et al., 2016). In the context of HSCT, T
cell depletion is an important process that help reduce GVHD, although it also result in a
significantly delayed immune reconstitution (Klein et al., 2017). Immunity plays a crucial
role in GvL reaction (Sweeney and Vyas, 2019). Consequently, T cell depletion can
increase the rate of disease relapse due to deficient GvL effect (Hiwarkar et al., 2015;
Milano et al., 2016). Furthermore, T cell reconstitution is essential to reduce susceptibility
to opportunistic pathogens (De Koning et al., 2016). More precisely, enhanced
susceptibility to pathogens was reported in CB graft recipients caused by an ineffective T-
cell reconstitution (Lucchini et al., 2015; De Koning et al., 2016). Along these lines, T-cell
reconstitution is crucial to improve management of GVHD, TRM/TRC and disease

relapse.

Reconstitution of the T cell repertoire revolves around two main events, (1) homeostatic
expansion of peripheral T cells and (2) de novo thymopoiesis (Van den Brink et al., 2015;
Velardi et al., 2021). During the first event, the recipient T cells surviving conditioning or
the donor T cells from the graft undergo peripheral expansion, albeit the CD8* memory T-
cell population prevalently expands resulting in defective immune response (Toubert et
al., 2012). During de novo thymopoiesis, naive T cells are produced and educated within
the recipient’s thymus to complete the T-cell repertoire reconstitution (Chaudhry et al.,
2017; Velardi et al., 2021). Lymphoid precursors originating from donor's HSCs and/or
rare multipotent lymphoid progenitor (MLP) present in the graft will migrate from the BM
to seed the recipient’s thymus where thymus seeding progenitors (TSPs) will interact with

the thymic microenvironment to regulate thymocytes development (Koch et al., 2008).
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The extensive manipulation of CB during the ex vivo expansion process with UM171
results in a lower number of infused donor T cells (CD34" infusion containing CD3* T-
cells) in contrast to unmanipulated CB (Dumont-Lagacé et al., 2021). We demonstrated
that, despite receiving reduced T cell dose, the peripheral blood T cells count at 3, 6, and
12 months post-HSCT were similar for patients receiving a UM171-graft in comparison to
a contemporary cohort of 12 patients that received unmanipulated CB graft (at the same
institution with similar conditioning regimens; Dumont-Lagacé et al., 2021). We also
denoted an increased T cell receptor (TCR) diversity at 1 year and a more striking increase
in naive T cell and recent thymic emigrants (RTEs) at 3, 6 and 12 months among the
UM171 recipients in contrast to the unmanipulated cohort. The number of unique
clonotypes was similar between both cohorts at 3 months post-HSCT. At 6 and 12 months
the number of unique clonotypes increases for UM171 graft recipients while it remained
stable for unmanipulated graft recipients. These observations suggest that T cell
reconstitution in UM171 patients is not affected by the lower T cell dose infusion (Dumont-
Lagacé et al, 2021). As T cell reconstitution and diversity can result from either
homeostatic expansion or de novo thymopoiesis, we assessed the frequency of
CD34*CD7* common lymphoid progenitors (CLPs) in CD34* cells cultured in the
presence/absence of UM171 (35nM; Dumont-Lagaceé et al., 2021). Interestingly, a 5-fold
increase in CLP frequency was observed in UM171 cultures compared to DMSO-
supplemented cultures and CLPs isolated from UM171 cultures were more proliferative in
comparison to CLPs obtained from DMSO-supplemented cultures (Figure 1.3; Dumont-
Lagacé et al., 2021). Based on RNA-sequencing analysis, we obtained an enrichment of
a CLP associated gene signature for CB cells treated with UM171 compared to DMSO
(Figure 1.3; Dumont-Lagacé et al., 2021). Rapid thymopoiesis recovery following HSCT
has been associated with a lower cGVHD incidence and an enhanced immunity and, in
turn, incidence of GVHD can affect T cell reconstitution (Yew et al., 2015; Imamura et al.,
2003). In spite of similarities in the incidence of GVHD between both cohorts, patients
from the unmanipulated cohort required further systemic immunosuppression, which
might have affected T cell reconstitution (Dumont-Lagacé et al., 2021). Moreover, the

small sample size of both cohort also limits the interpretation of the results.
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Figure 1.3. The number of CLP increases in CD34+ cord blood cells cultured in the presence of UM171.
Figure is obtained from Dumont-Lagacé et al. publication (2021).

CLPs; common lymphoid progenitors.
(A) CLP frequency in CD34+ cord blood cells cultured in the presence of DMSO or UM171 (35nM; left). Number of cells

produced per CLP in DMSO or UM171 (right).
(B) Gene set enrichment analysis of CLP-associated genes in UM171- or DMSO- cultures. *p<0.05. **p<0.01.

Interestingly, results reported by Dumont-Lagaceé and colleagues suggest that, in addition
to increase the stem cell dose per CBU, UM171 could also enhance T cell reconstitution
(Dumont-Lagacé et al., 2021; Dumont-Lagacé et al., 2022). Thus, these studies indicate
that UM171 can potentially alleviate both factors limiting the implementation of CB HSCT,
the low stem cell dose and the slow immune reconstitution (Table 1; adapted from Juric
et al, 2016). Nonetheless, future studies should aim to decipher the molecular
mechanisms underlying the observed benefits that UM171 has on immune reconstitution

following HSCT.
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1.5 Objectives and hypotheses of the Memoire.

We previously reported an increase in CD34*CD7* CLP frequency in UM171 cultures as
compared to DMSO-supplemented culture, thus highlighting the ability of UM171 to
expand lymphoid progenitors (Dumont-Lagacé et al., 2021). As this was the first study
assessing the lymphoid reconstitution potential of the UM171 graft, further phenotypical
and functional characterization are required to establish the effects that UM171 have on
the proliferation and differentiation of lymphoid progenitors. In this study, we tried to detect
the presence of lymphoid progenitors within the highly heterogeneous CD34* CB cells
treated with UM171 and find surface marker that can be used to demarcate these
lymphoid progenitors. Potential findings of this study can help provide insights and
direction for the optimization of the CD3* T cell infusion to enhance T-cell reconstitution
in patients undergoing allogeneic HSCT with UM171-treated CB transplants. Using a
combination of phenotypical approaches such as cellular indexing of transcriptomes and
epitopes by sequencing (Cite-Seq), flow cytometry (FACS) and a functional approach
such as artificial thymic organoid (ATO) co-culture we address the following unanswered

questions:

1) Can we validate the expansion of lymphoid progenitors in CD34* cord blood cells
cultured in vitro in the presence of UM171?

2) Can we identify surface marker(s), other than CD7, that can be used to enrich for
lymphoid progenitors in UM171-treated CD34* culture?

3) Which lymphoid progenitors are expanded by UM171 (MPP, LMPP or CLP)?

4) What is the functional potential of lymphoid progenitors present in UM171-treated
CD34* culture (T/B/NK/ILC potential)?

The convergence of these questions lead to the emergence of the following hypotheses:

I.  UM171 can be used to expand lymphoid progenitors ex vivo.
ll.  Based on literature, CD10 can be used as a marker of lymphoid progenitors in

CD34* cord blood cells cultured in vitro.
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Chapter 2 — Results

2.1 Characterization of the lymphoid potential of the UM171-
Graft.

2.1.1 Cite-Seq analysis revealed the presence of lymphoid progenitors in UM171
graft that can potentially be identified phenotypically using the surface marker
CcD10.

To gain further insights on the lymphoid potential of the UM171 graft, we applied a cellular
indexing of transcriptomes and epitopes by sequencing (Cite-seq) to visualize the
changes in the transcriptome of CD34* CB cells upon exposure to UM171. To enrich for
progenitors, we also sorted the UM171-treated CB cells (day 7) into a CD86-, FCER1A"
double negative (DN) population, thereby depleting mast cells and dendritic cells from the
UM171 graft and enriching for progenitors. The resulting UM171 DN-sorted population
represents 8-15% of the total UM171. This experiment entailed immunophenotyping of
CD34* CB cells (Fresh, DMSO, UM171 and DN-sorted) with 58 surface markers coupled
to a transcriptome analysis using a 10X genomics single-cell sequencing protocol. DMSO-
supplemented cultures and unmanipulated CD34+ CB cells (Fresh) are used as controls
in this setting. The experiment was designed and performed by colleagues (Chagraoui et
al.). The collected data were processed, normalized and integrated by other members of
the lab (Chagraoui et al.). We generated a two-dimensional embedding using the uniform
manifold approximation and projection (UMAP) algorithm based on a weighted
combination of RNA and protein data (wnnUMAP) providing robustness to our
transcriptomic analyses. A reference-based mapping approach using the Human Cell
Atlas dataset allowed to annotate each cell in our dataset. Selected marker genes from
literature were used to confirm cluster annotation, thereby providing further insights on the
identity of all the cell type within the wnnUMAP graph-based clustering (performed by
Chagraoui J.) (Figure 2B). Analysis of the clusters topological localization showed striking
variation between uncultured (Fresh) and cultured CD34* cord blood cells (UM171,
UM171 DN-sorted and DMSO) in the first dimension (UMAP1) which can be accounted
by the anticipated biological differences occurring during the ex vivo culturing process
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(Figure 2A, Zhang and Lodish, 2005). We observed a great cluster overlap along UMAP1
and UMAP2 between UM171 and UM171 DN-sorted (Figure 2A). As anticipated, we
mainly denoted clusters of CD34" progenitors in the fresh graft, which is coherent with the
CD34" pre-enrichment and positive selection performed (Refer to material and methods;
Figure 2B). Per contra, clusters of mature cells such as neutrophil, monocyte, eosinophil
and dendritic cells are mostly observed in cultured CD34* cells (DMSO and UM171),
which can be accounted by the culturing process allowing commitment and differentiation
of HSCs and HSPs into mature cells (Figure 2B). Moreover, Figure 2B highlights the
presence of common lymphoid progenitor (CLP) and lymphoid-primed multipotential
progenitors (LMPP) clusters in the UM171, UM171 DN-sorted and Fresh graft, although

these clusters seem depleted control in DMSO cultures (Figure 2A and 2B).

Interestingly, estimates of the fold difference of the LMPP cluster (containing predicted
LMPP cells, referred to as CD34+ LMPP in Figure 2B) between Fresh (d0) and UM171
(d7) grafts showed that predicted LMPPs are 6 fold enriched in UM171 (d7) as compared
to Fresh (d0) (Figure 2C). Similarly, predicted LMPPs are 6 fold enriched in UM171 (d7)
as compared to DMSO (d7) (Figure 2D).

On the other hand, our analyses revealed an enrichment of predicted CLPs (referred to
as CD34+ CLP in Figure 2B) in the Fresh (d0) graft when compared to the UM171 (d7)
graft, which can be explained by the fact that the expansion factor was not taken into
account in our analyses (Figure 2D). More precisely, the same number of cells were
sequenced for each condition, although at day 7 the UM171 graft contains about 40 times
more cells. Therefore, we expect a stronger enrichment of the CLP and LMPP clusters
within the UM171 graft as compared to the uncultured cells (Fresh). Furthermore, we
reported an enrichment of CD34* HSCs of =5 fold in the UM171 graft as compared to the
DMSO graft, in agreement with previous publications (Fares et al., 2014; Fares et al.,

2015), thereby validating the robustness of our analysis.

In terms of spatial localization, the CLP and LMPP clusters had similar topological location
in the fresh (d0) and superimposed DMSO-UM171-UM171 DN sorted (d7) UMAPs and, it
was at the apex of the second dimension (UMAP2) that the predicted CLP and LMPP
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score was the strongest (Figure 2E). In accordance with the CLP and LMPP enrichment
reported in figure 2D, CLP and LMPP localized to the non-overlapping portion of the
DMSO-UM171 superimposed UMAPs, thereby further supporting the increased CLP
frequency observed in CD34* CB cells exposed to UM171 (35nM) as compared to DMSO
(Figure 2D and 2E, Dumont-Lagacé et al., 2021).

We next performed a differential gene expression analysis across fresh, DMSO, UM171
and UM171 DN-sorted CD34+ cells (Figure 2F). We observed differences between DMSO
and UM171 in the expression of HSC genes, which is in agreement with the expansion of
HSCs reported in CD34* CB cells exposed to UM171 in vitro (vs DMSO; Figure 2F; Fares
et al., 2014). In addition, an increase in the expression of several lymphoid precursors-
associated genes such as CD7, MME, CD22, CCR7 and ITGB7 is observed in the UM171
and the UM171 DN-sorted graft as compared to the DMSO graft (Figure 2F). Consistently,
several genes expressed in the lymphoid lineages such as T cells, B cells, innate lymphoid
cells (ILC) and natural killer (NK) cells seemed to be upregulated in CD34" cells cultured
in the presence of UM171 in contrast to DMSO-supplemented CD34* cord blood cells
(Figure 2F; Hagihara et al., 2003; Lee et al., 2011; Haddad et al., 2004). As the differences
observed in the expression of several HSC and lymphoid lineage genes between CD34*
CB cells exposed to UM171 and DMSO-supplemented CD34* cord blood cells is not

striking, further experiments are required to validate these changes.

In early publications, CD7 was defined as one of the earliest T-cell surface marker in T-
cell ontogeny (Sutherland et al., 1984; Haynes et al., 1988; Haynes et al., 1989) thence
heralding the subsequent identification of CD7* lymphoid-restricted progenitors in CB
(Hao et al., 2001; Hoebeke et al., 2007). Accordingly, Dumont-Lagacé and colleagues
used the surface marker CD7 to isolate CLP in CD34* CB cells cultured in the presence
of UM171 (Dumont-Lagacé et al., 2021). It has been demonstrated that in CB,
CD34*CD38CD7* coexpress CD10 (Hao et al., 2001).

In contrast, Yoshida and colleagues demonstrated that within LT-HSCs (CD34*CD38") the
CD10*CD7-and CD10*CD7" lymphoid precursor subsets have distinct progenitor capacity

(Yoshida et al., 2006). More precisely, they reported that T cells represented more than
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70% of total human CD45* cells in CD10*CD7* recipients, whereas for the CD10*CD7-
recipients, T cells represented less than 30% of total human CD457 cells at 8 weeks post-
transplantation in newborn NOD-scid/IL2rgkO. Hao and colleagues provided further
insights by identifying a rare subpopulation of thymocyte progenitors lacking the
expression of the surface marker CD7 (CD34*Lin"CD7- ; Hao et al., 2008). In fact, they
proposed to use CD7 expression in human CD34*Lin" thymocytes to track commitment
stages where (1) primitive CD7- progenitors with lympho-myeloid-erythroid potential will
commit to (2) CD7'ntermediateGD10* progenitors with multilymphoid potential (B/NK/T) and
eventually yield (3) CD7" progenitors with restricted T/NK potential (Hao et al., 2008).
Consistently, Six and colleagues reported a B, T and NK potential of a CD34*CD10* (Lin
) progenitor population found in CB and BM (Six et al., 2007). In sum, these studies
highlight the multilymphoid potential of CD10*CD7-" CLPs in contrast to the T-lineage
biased potential of CD7" CLPs, thereby indicating that CD10 might be more efficient in
segregating early lymphoid progenitors with multilymphoid potential than CD?7.

Interestingly, in a previous pilot single-cell RNA sequencing experiment performed by
Chagraoui and colleagues, they reported the presence of multiple lymphoid clusters in the
UM171 DN-sorted graft (Figure S81, Chagraoui J., unpublished). In this setting, the DN
(FCER1A-, CD86") subset represented 15% of the total UM171 graft and the lymphoid
clusters represented 25% of the DN thus, approximately 3.75% of the total UM171 graft
(Figure 81, Chagraoui J., unpublished). Furthermore, they denoted that the expression
of MME, CCR7 and KIAA0087 was specific to lymphoid clusters, which further validates
the use of CD10 as a marker of lymphoid progenitors in CD34* CB cells exposed to
UM171 (Figure S$1, Chagraoui J., unpublished). Other genes involved during
lymphopoiesis include CD22, FLT3, ITGB7 and BLNK/BCL6 (Wagner et al., 1996;
Tarlinton et al., 1997; Duy et al., 2010; Zriwil et al., 2018; Zhang et al., 2022; Figure S1).
We selected genes producing surface proteins and tried to design the optimal panel
composed of lymphoid-associated surface markers by FACS. As the expression of CD22,
FLT3, ITGB7 and CCR7 was not constant in cultured CD34"* cells exposed to UM171 we
restricted our analysis to the CD10 surface marker. Ergo, we hypothesized that we can
use the surface marker CD10 to enrich for lymphoid progenitors with multilymphoid
potential in CD34* CB cells cultured in the presence of UM171 (35nM).
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We next determined whether the mRNA and protein expression of CD10 was coherent
with the spatial localization of the CLP and LMPP clusters (Figure 2E and 2G). CD10
protein and mRNA levels had highly similar topological location, thus confirming the
robustness of our transcriptome profiling (Figure 2G). Furthermore, the strongest
expression of CD10 protein and mRNA was observed at the apex of the first and second
dimension (UMAP1 and UMAP2) of the UM171 UMAP (Figure 2G). As shown in panel e,
the spatial localization of CD10 (mRNA and protein) along the second dimension of the
UM171 and UM171 DN-sorted UMAPs concurs with the CLP and LMPP clusters, hence
validating the use of CD10 as a phenotypic marker of lymphoid progenitors. However, not
all LMPPs and CLPs express CD10 which suggests that CD10 alone is not sufficient to
isolate all LMPPs and CLPs contained within UM171 cultures.
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Figure 2. Cite-Seq analysis revealed the presence of lymphoid progenitors in cells exposed to UM171. Lymphoid
progenitors (CLP and LMPP) can be identified phenotypically using the surface marker CD10.

Cite-Seq experiment was designed by Chagraoui J. Raw data were acquired, processed and integrated by Chagraoui J and Lehnertz
B. and the resulting data were analyzed by Maalaoui H.

(A) UMAP visualization of uncultured CD34+ cord blood cells (Fresh) or cultured ex vivo in presence of UM171 (35nM), DN sorted and
DMSO. UM171 DN sorted; CD34+ cord blood cells were sorted into CD86-, FCER1- double negative population after 7 days of culture
in the presence of UM171.

(B) UMAP visualization of annotated populations in CD34+ cord blood cells (Fresh) or cultured ex vivo in presence of UM171, DN sorted
and DMSO.

(C) and (D) ScProportion test showing the log2 fold change of annotated populations between uncultured (fresh) and UM171-treated
DN sorted CD34+ cord blood cells (c) and between DMSO-supplemented and UM171-treated DN sorted CD34+ cord blood cells (d).
(E) UMAP representing common lymphoid progenitors (CLP) and lymphoid-primed multipotential progenitors (LMPP) predicted score in
overlapping fresh CD34+ CB cells, CD34+ cells DMSO-supplemented and exposed to UM171 (including DN sorted) after integration.
(F) Heatmap showing differentially expressed genes accross conditions (Fresh, UM171, UM171 DN sorted and DMSO-supplemented
CD34+ cells).

(G) UMAP displaying the feature plot of the CD10 antibody and MME (CD10) RNA levels of the overlapping UM171-DMSQO wnnUMAPs
displayed in a) at a single cell resolution.

2.1.2 UM171 does not induce CD10 expression on CD34* CB cells.

Cite-Seq analysis indicated that CD10 is strongly expressed in lymphoid progenitors,
albeit whether the expression is simply the result of an upregulation of MME in CD34* CB
cells induced by UM171, needs to be further investigated. As a first line of evidence, we
analyzed the transcriptome of UM171-treated CD34* CB cells obtained via RNA-Seq
experiment performed previously by colleagues (Fares et al., 2014). A few years ago, we
reported that the expression of EPCR, a LT-HSC marker, was rapidly induced at the
mRNA and protein level in CD34* CB cells treated with UM171, at 12 and 24 hours
respectively (Fares et al., 2014; Fares et al., 2017). Conversely, we reported only a slight
increase in EPCR expression in CD34* CB cells exposed to other small molecules such
as SR1, which was likely due to HSCs expansion (Fares et al., 2014; Fares et al., 2017).
Figure 3 illustrates the changes in mRNA levels of MME (CD10) and PROCR (EPCR:
positive control) over 72 hours in CD34* CB cells cultured in the presence of UM171 or
DMSO. We observed a rapid up-regulation of the PROCR level in CD34" cells exposed
to UM171 as compared to the DMSO-supplemented CD34* cell cultures (Figure 3A).
Strikingly, at only 12 hours, the PROCR mRNA level almost doubled in CD34* cells treated
with UM171 (vs DMSO-supplemented) validating the strong transcriptional induction of
PROCR caused by UM171, an epigenetic modulator, as previously reported (Figure 3A).
On the contrary, even after 72 hours, we observed negligible fluctuation in the MME levels
between DMSO-supplemented and UM171-treated CD34* CB cells, likely due to
systematic variation in large-scale RNA sequencing (Figure 3B; Costa-Silva et al., 2017)

thus, an increase in CD10 level must be associated with an increase in the number of
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cells that express CD10. Therefore, RNA sequencing indicates that CD10 is not a marker
induced by UM171 in vitro, yet further functional and transplantation assays are required

to confirm that CD10 can be used as a phenotypic marker of lymphoid progenitors.
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Figure 3. UM171 does not induce CD10 expression on CD34+ CB cells.

Data were obtained from the RNA-Seq experiment performed by colleagues and partially analyzed by HMa (Fares et al., 2014).
CD34+ cord blood (CB) cells were cultured during 72 hours in the presence of DMSO or UM171 (35nM).

(A) Expression of PROCR (EPCR) in transcript per million (TPM). Comparison of PROCR transcript level between DMSO-Sup-
plemented CD34+ cord blood cells and UM171-treated (35nM) CD34+ cord blood cells at 12, 24, 48 and 72 hours. PROCR was
used as a control to illustrate the pattern associated with an UM171-induced mRNA upregulation in vitro.

(B) Expression of MME (CD10) in transcript per million (TPM). Comparison of MME transcript level between DMSO-Supple-
mented CD34+ cord blood cells and UM171 treated CD34+ cord blood cells at 12, 24, 48 and 72 hours.

2.1.3 Two CD10-positive subsets are expanded in CD34* cord blood cells cultured

in the presence of UM171.

As our Cite-Seq data suggested that CD10 strongly associates with the CLP and LMPP
clusters that are depleted in DMSO cultures (vs UM171), we assessed whether we could
recapitulate the expansion of the CD10-positive subsets in vitro. To do so, we expanded
CD34* CB cells in the presence of either DMSO or UM171 (35 nM) during 7 days and we
analyzed the samples for the presence of CD10-positive cells by FACS (Figure 4A).
Intriguingly, we denoted the presence of two distinct CD10-positive subsets that differed
in the mean fluorescence intensity for the surface markers CD10 and the lineage
commitment marker CD45RA across all conditions (CD10me4CD45RA™e%° gnd
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CD10MCD45RA"M: Figure 4B-D). Furthermore, to enrich for CD10-expressing progenitors,
we gated on CD34M cells (Figure 4B-D). We reported the highest percentage of
CD10medCD45RA™Med 0 subset in the UM171-treated CB cells (vs Fresh and DMSO
cultures) (Figure 4B and 4C). Moreover, a higher percentage of the CD10M"CD45RAM
subset was also observed in the UM171 cultures in comparison to the DMSO-

supplemented cultures (Figure 4B).

Interestingly, an assessment of the absolute count indicated a significant enrichment of
both subsets in CD34" cells upon exposure to UM171 (Figure 4D). More precisely, we
observed a 2-fold net expansion of the CD10"CD45RAM in the UM171-supplemented
cultures as compared to Fresh CD34* cultures (p=0.0022) as well as a 6-fold and 7-fold
net expansion of the CD10MedCD45RA™e%° in the UM171-treated cultures in comparison
to Fresh (p=0.0028) and DMSO-supplemented cultures (p=0.0025), respectively (Figure
4D). Overall, the aforementioned results highlighted that UM171 significantly expands
CD10-positive subsets in CD34* CB cells. Therefore, based on the expression of the
surface marker CD45RA, we propose that the CD10me¢CD45RA™ed° sybset could contain
LMPPs and, as commitment lineage specification progresses, CD45RA level will increase
resulting in the LMPPs producing CD45RA* CLPs comprised within the CD10"CD45RAM
subset (Ueda et al., 2000; Majeti et al., 2007; Haddad et al., 2004).
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Figure 4. CD10-positive subsets are expanded in CD34+ cord blood cells cultured in the pres-
ence of UM171.

(A) Experimental outline of the 7 days expansion of CD34+ Cord blood (CB) cells.

(B) Representative FACS profile of CD10, CD45RA and CD34 surface expression in uncultured CD34+ CB cells
(day 0).

(C) Representative FACS profile of CD10, CD45RA and CD34 surface expression in CD34+ CB cells culture in
DMSO-supplemented media (left panel) or UM171-treatment (right panel) during 7 days.

(D) Median absolute count of CD10hi,CD45RAhi and CD10med,CD45RAlo\med subsets for one million of day
0 CD34+ CB cells in fresh uncultured, DMSO-supplemented and UM17 1-treated CD34+ CB cells. Representa-
tive of at least 3 independent experiments. *p < 0.05. **p =< 0.005. Data were analyzed using the non-parametric-
Mann-Whitney test comparing UM171 (d7) vs Fresh (d0) and UM171 (d7) vs DMSO (d7).
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2.1.4 Only CD45RA-negative cells can give rise to the CD10m¢dCD45RA™Medl° sybset.

Several studies have used CD45RA as a marker of lineage commitment and therefore we
would expect that the CD10medCD45RA™ ¥ sybset differentiates into lineage-committed
CD10MCD45RAM lymphoid progenitor cells in vitro (Ueda et al., 2000; Haddad et al., 2004;
Maijeti et al., 2007). To gain further insights on whether the CD10™medCD45RA™ed° sybset
originates from CD45RA-positive lineage-committed cells that loose CD45RA expression
in vitro or if the CD10medCD45RA™ed° progenitors will give rise to the CD10MCD45RAM
subset, we decided to sort CD34* CB cells (fresh, dO) into the CD45RA*CD34" and
CD45RACD34* populations by FACS and then to culture each population in the presence
of DMSO or UM171 (35nM) for 7 days (Figure 5). FACS analysis indicated that only the
CD45RA-CD34* population can yield both CD10-positive subsets (CD10™me¢CD45RAMed/0
and CD10MCD45RAM) whereas the CD45RA*CD34* can only generate the
CD10MCD45RAM subset thus, indicating that CD10medCD45RA™e%° defines a subset with
a more primitive phenotype (Figure 5). Interestingly, a higher percentage of the CD10™ed
subset is observed in the UM171-treated cultures (vs DMSO-supplemented cultures)

which recapitulates the UM171-induced expansion of the CD10™¢ subset mentioned

earlier.
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Figure 5. Only CD45RA-negative cells can give rise to the CD10med,CD45RAmed/lo subset.
Representative FACS profile of CD10, CD34 and CD45RA surface expression in CD34+ cord blood cells
exposed to UM171 (35nM) or DMSO during 7 days in vitro. Representative of at least 3 independent
experiments.
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2.1.5 CD10-positive subset displays faster T cell differentiation kinetic than Total
CD34* subset.

We next assessed whether CD10 marked early lymphoid progenitors or if CD10 was
abnormally expressed in the non-lymphoid populations in vitro. To decipher the lymphoid
potential of the UM171 graft, we used an artificial thymic organoid (ATO) to generate a
three-dimensional (3D) aggregate of HSPCs combined to a standardized stromal cell line
expressing Notch ligand (Delta-like ligand 4 [DLL4]; Figure 6A). We expanded fresh
CD34* CB cells in the presence of UM171 (35nM) during 7 days, followed by a FACS
sorting into different subsets and a co-culture with MS5-hDLL4 in ATO during 6 weeks as
described by Seet et al. (2017; Figure 6A). This approach relies on a serum-free condition
and thus, help reduce the discrepancies in reproducibility caused by a serum-containing
medium as observed in the monolayer systems (Seet et al., 2017; Montel-Hagen et al,
2020). Furthermore, functional perturbation experiments suggested great variations in the
molecular mechanisms underlying early T cell development between mice and humans,
thereby depreciating the extrapolation of the insights on T cell development obtained via
the mouse models to the humans (Taghon et al., 2009; Van de Walle et al., 2009; Ha et
al., 2017). Nonetheless, Notta and colleagues reported the presence of two distinct
compartments diverging on the acquisition of CD45RA: 1) the CD387°“CD45RA"
compartment that entails HSCs, MPPs and megakaryocyte-erythroid progenitors and, 2)
the CD387°"CD45RA* compartment that comprises the hematopoietic progenitor cell
(HPC) population encompassing lymphoid-primed precursors and the monocyte/dendritic
cell lineages (Notta et al., 2011; Notta et al., 2015). In mice, studies reported that CD10
(Galy et al., 1995; Doulatov et al., 2010) can be used to identify the CD45RA* HPC
populations enriched in lymphoid potential. Thus, following 7-days culture of CD34* CB
cells in the presence of UM171, we decided to sort the UM171-treated CD34* CB cells
into 4 subsets: 1) CD10*CD34"* (containing both the CD10™¢ and CD10" described
earlier), 2) CD45RACD34*, 3) CD45RA*CD34* and 4) Total CD34* to compare T cell
differentiation and maturation kinetic. Additionally, we included the uncultured CD10-
positive subset (Fresh, CD34*CD10%) to analyze whether UM171 has an effect on the
lymphoid potential of our CD10-positive subset. Accordingly, we would expect to observe
a faster T-cell development within the CD45RA*CD34* (refer to as CD45RAY)
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compartment as compared to the CD45RA-CD34" (refer to as CD45RA") compartment in
UM171-treated CB cells. Moreover, our approach was used to further validate whether
the CD45RA*CD34* compartment is enriched in lymphoid progenitors by comparing its
lymphoid potential to the Total CD34" subset. Lastly, this experiment allowed us to
determine whether our CD10-positive subset corresponds to a population containing
lineage-restricted lymphoid precursors (CD45RA*) or a population containing precursors
with multi-lineage potential (CD45RA"). One should bear in mind that the interpretation we
propose here is limited since the results are obtained from a single pilot experiment and
that no cell count were acquired. A robust interpretation of this experiments would require

additional replicate with cell count and the appropriate statistical analysis.

At 3 weeks of co-culture in ATO, the UM171-treated CD10-positive subset still had
lymphoid-myeloid proliferative potential, albeit a higher percentage of non-myeloid cells
was observed (73% vs 23% respectively, Figure 6B) which was consistent with the T-
lineage-biased ATO microenvironment in which Notch signalling promotes T cell
differentiation and maturation of thymocyte precursors (Taghon et al., 2009). In terms of
T cell differentiation, at 3 weeks, half of the non-myeloid cells within the UM171-treated
CD10-positive subset were double positive (CD4*CD8*; Figure 6B). Interestingly, at 3
weeks, we reported almost exclusively non-myeloid cells within the CD45RA* subset
(86% vs 9% myeloid cells) and the opposite scenario was observed for the CD45RA"
subset where the majority of cells were myeloid (80% vs 15% non-myeloid cells; Figure
6B). Consistently, more than half of the non-myeloid cells were CD4 and CD8 double
positive within the CD45RA" subset whereas half of the cells were negative for CD4 and
CD8 within the CD45RA" subset (Figure 6B). In comparison, a skewing toward myeloid
lineage was observed in the Total CD34* subset (60% vs 32% Non-myeloid cells) and,
similar to the CD45RA" subset, half of the non-myeloid cells were double negative for the
markers CD4 and CD8, at 3 weeks (Figure 6B). Therefore, our data suggest that, at 3
weeks, the lymphoid potential is enriched in the CD45RA* subset as compared to the
Total CD34" subset. In contrast, the CD45RA" subset maintained a myeloid-lymphoid
potential at 3 weeks (Figure 6B). The CD10-positive subset recapitulated the lymphoid
phenotype observed in the CD45RA* subset where the majority of cells were non-myeloid

(73% vs 23% myeloid) and half of the cells were double positive for the markers CD4 and
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CD8, albeit the myeloid potential was still present which contrast to the CD45RA™ subset
lacking myeloid cells at 3 weeks, suggesting a lymphoid-skewed multipotential of the
CD10-positive lymphoid progenitors (Figure 6B). As we reported previously (Fares et al.,
2014), UM171 expands CD34*CD45RA" HSCs in vitro thus, the multilineage potential
observed within the CD45RA" subset potentially pertains to enriched HSCs expanded by
UM171 as compared to the CD45RA* and total CD34" subsets. Similar T cell
differentiation kinetic was observed among the CD10-positive subsets whether UM171
was present or not at 3 weeks (Figure 6B). Although similar at 3 weeks, both CD10-
positive subsets (UM171 and Fresh) showed a higher percentage of CD4*CD8* DP and
a lower percentage of CD4-CD8- DN thereby validating that CD10 can be used to enrich
for T-cell precursors, as mentioned in the literature. A striking increase in T cell
differentiation was observed for the CD45RA" subset in contrast to the CB CD34*CD3"
HSPCs differentiation reported by Seet and colleagues (Seet et al., 2017), confirming that

CD45RA efficiently demarcates the T-lineage committed precursors.

At 6 weeks, the differences in T-cell differentiation across the subsets recapitulated the
tendency observed at 3 weeks (Figure 6B). More precisely, a myeloid potential, yet
reduced, was observed for the Total CD34* and CD45RA" subsets whereas the CD10-
positive and CD45RA* subsets were lacking myeloid populations (Figure 6B).
Consistently, almost all of the non-myeloid cells were CD4*CD8* DP for the CD45RA* and
CD10-positive subsets suggesting a faster T-cell differentiation than their counterpart
subsets still containing double negative lymphoid cells (CD45RA" and total CD34*; Figure
6B). Although similar, the CD45RA" subset had a greater myeloid potential than the Total
CD34* subset thus confirming the presence of immature progenitors within the CD45RA"
subset. At 6 weeks, we observed great similarities between the Total CD34* subset and
the CD34*CD3- HSPCs (reported by Seet et al., 2017) in terms of T-cell differentiation.
Interestingly, in regards to the CD10-positive subsets, two distinct developmental stages
were observed within the uncultured CD10-positive cells (fresh) that were lacking in the
CD10-positive subset treated with UM171, a CD4-CD8- T cell population (double negative,
representing 6% of the total non-myeloid cells) and a CD8* T cell population (single
positive, representing 6% of the total non-myeloid cells) (Figure 6B). Whether this

discrepancy was due to a higher heterogeneity of immature and mature lymphoid
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progenitors present within the fresh CD10-positive subset (vs UM171-treated CD10-
positive subset) needs to be confirmed. Based on the aforementioned results, we propose
that the CD45RA" subset contains primitive cells (e.g. HSCs) that segregate into lineage-
biased multipotent progenitors enriched in the CD10-positive subset (e.g. LMPP) and, as
cell lineage specification and commitment progress, these lineage-biased multipotent
progenitors will give rise to lineage-restricted precursors that are CD45RA* (e.g. CLP).
This suggested mechanism is based on data obtained from a single pilot experiment
including percentages rather than absolute counts therefore, additional replicates with cell
count as well as the appropriate statistical analysis are required to validate the latter

proposition.
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Figure 6. CD10-positive subset displays greater T cell differentiation potential than Total CD34+
subset.

(A) Experimental outline of the artificial thymic organoid (ATO) protocol.

(B) Contour plot showing CD33, hCD45, CD8 and CD4 surface expression in CD10+, total CD34+, CD45RA- and
CD45RA+ subsets uncultured (Fresh) or cultured in presence of UM171 (35nM) during 7 days. FACS profile were
obtained at 3 and 6 weeks co-culture in ATO. CD8 and CD4 surface expression are presented after gating on CD33
negative cells (non-myeloid cells). SP8/4; single positive CD8+/CD4+ t cells, DN; double negative t cells
(CD8-CD4-) and DP; double positive t cells (CD8+CD4+). Representative of a pilot experiment designed and initiat-
ed by Chagraoui J.
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2.1.6 CD10-positive subset displays greater thymopoiesis potential than Total
CD34* subset.

We next analyzed whether maturation of T cells also occured within the different subsets
at 6 weeks (Figure 7). We observed mature recombined T cells across all conditions,
suggesting that CD10 alone is not sufficient to demarcate lymphoid precursors (Figure 6
and 7). Consistent with the kinetic of T-cell differentiation observed for the different
subsets (Figure 6), maturation was greater for the CD45RA* subset, followed closely by
the CD10-positive subset, the Total CD34* and the lower percentage of CD3*TCR-ap* T
cells was reported for the CD45RA" subset, overall recapitulating the T-cell differentiation
kinetic observed earlier (Figure 6 and 7). Intriguingly, the percentage of CD3*TCR-a* T
in CB CD34"CD3- HSPCs reported by Seet and colleagues at 6 weeks is similar to the
percentage of CD3*TCR-a* T observed in the CD45RA" subset (Seet et al., 2017). In
sum, the CD34*CD3" subset had a comparable percentage of T-cell differentiation to the
CD10-positive subset and the Total CD34" subset at 3 and 6 weeks respectively and a
similar percentage of CD3*TCR-ap* T to the CD45RA" subset at 6 weeks, suggesting a
high degree of heterogeneity of progenitors within the CD34*CD3- subset in contrast to
our subsets sorted using CD10 and CD45RA surface markers (Seet et al., 2017).
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Figure 7. CD10-positive subset displays greater thymopoiesis potential than Total CD34+ subset.
Contour plot showing CD3, TCRal surface expression in Total CD34+, CD45RA-CD34+, CD45RA+CD34+ and
CD10+CD34+ derived progenies at 6 weeks co-culture in ATO. Subsets were cultured in the presence of UM171
during 7 days prior to co-culture in ATO. CD3 and TCRaR surface expression are presented after gating on CD33
negative cells (non-myeloid cells). Representative of a pilot experiment. Experimental outline is show in figure 6
panel a.

TCRaB

54



2.1.7 UM171 enhances lymphopoiesis in CD10-positive CD34+ CB cells.

Lavaert and colleagues recently reported the presence of an early CD10* TSP1
expressing high level of stem and progenitor genes (Lavaert et al., 2020). They proposed
that the level of stem and progenitor genes decreases as CD10* TSPs differentiate into
CD7* ETPs displaying IL-7R signalling, promoted by strong level of Notch activation
(Lavaert et al., 2020). However, they did not detect ILC or NK precursors using the BM
and thymus datasets and further inferred that it was unlikely that either TSP subsets
(CD10* TSP1 or CD7* TSP2) represents ILC-NK precursors (Lavaert et al., 2020). On the
other hand, Canque and colleagues identified two populations of early lymphoid
progenitors (ELPs) populations differing based on CD127 (IL7R) expression (CD127* and
CD127- ELPs) where solely the CD127- ELPs has NK/ILC and T potential (vs CD127" that
only has marginal T potential; Alhaj Hussen et al., 2017). Intriguingly, Lavaert et al.
proposed that the TSP2 subset could be a subset of the CD127- ELP population described
by Canque and colleagues (Alhaj Hussen et al., 2017; Lavaert et al., 2020).

Intriguingly, using ATO, we obtained a higher percentage of a potential ILC-like population
(IL7R*CD7*Lin") in the CD10-positive subset in comparison to the Total CD34*, CD45RA"
and CD45RA" subsets (Figure 8). In addition, we denoted the presence of ITGB7*ILR7*
populations in the CD45RA- and the CD45RA* subsets (Figure 8). Interestingly,
B7 integrins (including ITGB7) have been highlighted in the literature for their role in
lymphocyte homing and localization in the gut (Berlin et al., 1993; Cepek et al., 1994;
Wagner et al., 1996; Kunkel et al., 2000 and Salmi et al., 2005). Therefore, these ITGB7
expressing cells (Lin") could potentially be common helper-like innate lymphoid cell
progenitors (CHILPs) described previously as ITGB7*IL7R*Lin", which is coherent with the
higher percentage of these potential ILC progenitors observed within the most primitive
subset (CD45RA"; Klose et al., 2014). Furthermore, this potential population of CHILPs
were depleted within the CD10-positive subset displaying the higher percentage of ILC-
like cells which potentially suggests that the CD10-positive subset do not contain CHILPs-
like cells. Intriguingly, Ghaedi and colleagues identified IL7R* LMPPs that could give rise
to ILCs (ILC2) via CLP-independent pathways in transplantation assays (Ghaedi et al.,
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2016). Interestingly, we denoted a smaller percentage of ILC-like cells and a prominent
ITGB7*IL7R* CHILP population within the CD45RA* subset in contrast to the CD10-
positive subset. This might indicate that the CD10-positive subset contains LMPP that can
give rise to ILCs and T cells or contains ILC-producing LMPPs (via CLP-independent
pathways) and T-cell producing CLPs (LMPP-containing CD10™¢¢ and CLP-containing
CD10M), whereas the CD45RA* subset might contain CLPs that commit to ILC-producing
CHILPs.

Furthermore, as the CD10-positive subset has T potential and could produce ILCs, this
subset could originates from CD127- ELPs (Alhaj Hussen et al., 2017) and potentially
represents another CD10* TSP subset than the one identified by Lavaert et al. (2020). Of
note, one should cautiously envision this proposition as the ILC potential and the presence
of CHILPs should be validated and the lack of replicate and transplantation assay could

bias our interpretation.
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Figure 8. UM171 enhances lymphopoiesis in CD10-positive CD34+ CB cells.

Contour plot showing hCD45, Lin, ILR7 and CD7 surface expression in CD10+CD34+, Total CD34+,
CD45RA-CD34+ and CD45RA+CD34+ subsets at 6 weeks co-culture in ATO. Subsets were cultured in the
presence of UM171 during 7 days prior to co-culture in ATO. Representative of a pilet experiment. Experi-
mental outline is shown in figure 6 panel a.
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Chapter 3 — Discussion

3.1 HSCT

3.1.1 Immune reconstitution post-HSCT.

Currently, allogeneic hematopoietic stem cell transplantation (HSCT) is the first line
of treatment for various malignant and non-malignant hematopoietic disorders (Storb et
al., 2019). Over the past decades, a high rate of transplant-related complications (TRC)
has constrained the implementation of HSCT. TRC, including infections, relapse, toxicities
due to the conditioning regimen and GvHD (acute and chronic) often erode the outcome
of the patient post-HSCT (Ringdén et al., 2012; Ghimire et al., 2017). Early contributors
of transplant-related mortalities (TRM) are infection, acute GVHD and relapse whereas
late contributors of TRM include chronic GVHD and organs malfunction (Ghimire et al.,
2017). Demarcation of GVHD from GVL effects has been challenging as they share similar
underlying mechanisms grounded on alloreactivity (Negrin et al., 2015). Nonetheless,
many strategies have emerged to manage GVHD such as T-cell depletion from the graft
(via CD34* cell selection; Klein et al., 2017) and the use of post-transplant
immunosuppression (Bacigalupo et al., 2015) for patients transplanted with an HLA-
mismatch donor graft. Recently, strategies such as partial T-cell depletion (of specific T-
cell subsets; Robinson et al., 2016) and ex vivo manipulation of donor T cells
(Sengsayadeth et al., 2016) were developed. Although these strategies can prevent TRM,
they also have adverse effect on the post-transplantation immune recovery and a
profound immunodeficiency often arise as the expected corollary of these approaches
(Storek et al., 2008).

Innate and adaptive reconstitution are pivotal determinants of the patient outcome
following HSCT (Ogonek et al., 2016). More precisely, tissue repair and the control of
infection rely on the early innate immunity whereas the immune response to microbial and
viral pathogens is contingent on the restoration of the adaptive immunity. GVL effects
depend on the recovery of the immune functions and, in turn, autoimmune-like
dysregulations increase the patient susceptibility to chronic GVHD development (Ogonek
et al., 2016). In comparison to innate immunity recovery occurring within weeks to few

months following allogeneic HSCT, the restoration of a functional T-cell compartment can



take as long as 2 years (Storek et al., 2008; Bosch et al., 2012) thereby increasing the
susceptibility of the patient to opportunistic pathogens and lessening the graft-versus-
tumor immune responses post-HSCT (Clave et al., 2013). In the peripheral blood, a
normal naive T cells count is usually observed within three to six months post-
transplantation (Mehta et al., 2016) whereas it can take 6-12 months to obtain a CD4" cell
counts sustaining protective immunity (Storek et al., 2008; Bosch et al.,, 2012). TCR
excision circles (TRECs) count, used as an indicator of the production of thymic derived
naive T cells, remains low for the 3-6 first months post-HSCT (Toubert et al., 2012).
Interestingly, the early formation of the CD4* T-cell compartment positively associates
with the overall survival (OS) and the viremia clearance post-HSCT (Admiraal et al., 2017,
De Koning et al., 2018; Haddad et al., 2018). Furthermore, several studies also proposed
a role of the innate lymphoid cells (ILCs) in GVHD (Munneke et al., 2014; Bruce et al.,
2017; Dudakov et al., 2017, Komanduri et al., 2017). ILC belong to a class of effector cells
involved in the early immune response against pathogens by stimulating tissues repair
and they originate from a CHILP precursor (Satoh-Takayama et al., 2008; Monticelli et al.,
2011). Munneke and colleagues analyzed the level of circulating ILC1s in PB and reported
that patients that developed more severe GVHD displayed fewer circulating ILC1s in PB
in contrast to healthy controls (Munneke et al., 2014). In addition, Bruce and colleagues
showed that intravenous infusion of donor-derived ILC2 cells in mice could alleviate the
severity aGVHD by migrating to the gastrointestinal (Gl) tract and producing Th2 cytokines
while reducing Th1 and Th17 inflammatory cells (Bruce et al., 2017). Intriguingly, using a
murine GVHD experimental model, Dudakov and colleagues demonstrated that, following
allo-HSCT, mice with GVHD had reduced level of intrathymic ILC3s and IL-22 and
displayed a defective recovery of thymopoiesis (ILC3s produce IL-22; Dudakov et al.,
2017). They showed that IL-227 mice displayed more severe thymic injuries associated
with  GVHD post-HSCT whereas the exogenous administration of IL-22 following
transplantation associated with an improved thymopoiesis and thymus-derived peripheral
T cells development (Dudakov et al., 2017, Komanduri et al., 2017). Overall, these studies

suggest that ILCs are also involved in GVHD and, to some extent, in T cell reconstitution.

Following HSCT, two distinct pathways contribute to T-cell reconstitution. The first

pathway occurs early post-HSCT and consist of the peripheral expansion of either the
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recipient T cells persisting through conditioning or the donor T cells from the graft (Velardi
et al., 2021). During this early post-transplantation period, a skewing of the TCR
repertoire, due to the prevalent expansion of the CD8* memory T-cell population
(cytokine-dependent), results in an inadequate immune response (Toubert et al., 2012).
The second pathway occurs after the recovery of the recipient thymus from conditioning-
induced injuries and is essential to complete the T-cell repertoire reconstitution (Velardi et
al., 2021). This latter process relies on the de novo production and education of naive T
cells in the thymus of the recipient (Chaudhry et al., 2017). Lymphoid precursors are
generated in the bone marrow (BM) from the donor's HSCs and/or rare MLPs present in
the graft, and seed the recipient thymus where the crosstalk between the thymus seeding
progenitors (TSPs) and the thymic microenvironment regulates the development of
thymocytes (Koch et al., 2008).

A plethora of factors also affect T-cell reconstitution such as infection (De Koning et al.,
2018), relapse of the underlying disease and GVHD (Clave et al., 2013). The age of the
HCST recipient is also important as it strongly associates with thymic involution and the
maintenance of thymic architecture, which is an important factor of de novo T cell
generation (Van den Brink et al., 2015; Krenger et al., 2011; Chaudhry et al., 2017).
Importantly, pre-transplant parameters such as conditioning regimen, use of ATG, HLA
mismatch and the graft source can also affect T-cell reconstitution (Ogonek et al., 2016).
In comparison to other stem cell sources used in HSCT, patients transplanted with CB
display lower incidence of chronic GVHD and relapse (Ballen et al., 2013; Rocha et al.,
2004; Laughlin et al., 2004). However, delayed engraftment in CB graft recipient results
in higher rates of infections (Ballen et al., 2016). In addition, an enhanced susceptibility to
pathogens was reported in CB graft recipient caused by an ineffective T-cell reconstitution
(Lucchini et al., 2015; De Koning et al., 2016).

3.1.2 T-cell reconstitution in UM171-graft recipient post-HSCT.

In contrast, in a 22-patient phase I/l clinical trial, we reported a rapid and durable
neutrophil engraftment translating into a low rate of TRM at 1 year for the patients
transplanted with a single CB graft expanded with UM171, a small molecule used for the

ex vivo expansion of CB HSCs (Fares et al., 2014; Cohen et al., 2019). In addition, a low
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incidence of acute GVHD (10%) was observed for the patients receiving a UM171-
expanded graft (no occurrence of acute GVHD; Cohen et al., 2019) hence favouring
thymus recovery. Intriguingly, in terms of T-cell reconstitution, we reported that, despite
receiving a 2 times lower CD3" T cell dose, the patients transplanted with a UM171-
expanded graft had similar count of T cells in peripheral blood at 3, 6 and 12 months post-
HSCT than the patients receiving unmanipulated CB graft (transplanted previously in the
same institution with comparable conditioning regimens). Following HSCT, the UM171-
graft recipients also displayed a greater increase in naive T cells production, recent thymic
emigrants (RTEs) and T cell clonotype from 3 months to 6 and 12 months than the
counterpart cohort (unmanipulated), overall suggesting de novo thymopoiesis. In line with
de novo thymopoiesis, we demonstrated a 5-fold increase in the frequency of CLP that
are 3 times more proliferative as compared to the CLPs obtained from DMSO-
supplemented cultures (Dumont-Lagacé et al., 2021). Expansion of CB transplant with
UM171 allows to: 1) obtain adequate stem cell dose and, 2) increase HLA-matching level
by promoting accessibility to smaller HLA-match CBU and CB availability for racial and
ethnic minorities, thereby alleviating two factors negatively associated with T-cell

reconstitution (De Koning et al., 2016; Dumont-Lagaceé et al., 2022).

In this study, we aimed to understand the molecular mechanism underlying T-cell
reconstitution in patients transplanted with UM171-expanded CB graft. We tried to identify
lymphoid precursors within the highly heterogeneous CD34* CB cells treated with UM171
and find a surface marker that can be used to enrich for early lymphoid progenitors. This
study can provide insights and direction for the optimization of the CD3* T cell infusion to
enhance T-cell reconstitution in patients undergoing allogeneic HSCT with UM171-treated

CB transplants.
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3.2 Characterization of lymphoid progenitors in the UM171 graft.

3.21 The UM171 graft contains lymphoid progenitors that can potentially be
identified phenotypically using the surface marker CD10.

To gain insights on the lymphoid potential, we used Cite-Seq to analyze changes in the
transcriptome of CD34" CB cells exposed to UM171 (35nM, 7 days) and depleted of
dendritic and mast cells (UM171 DN-sorted which is CD86'FCER1A") as compared to
Fresh CD34" and DMSO exposed cells. The results highlighted the presence of two
closely related lymphoid cluster, CLP and LMPP, with overlapping spatial localization.
Interestingly, the predicted LMPPs were 6 times more numerous in the UM171 graft as
compared to the Fresh and DMSO-supplemented graft. Zheng and colleagues used
ATAC-seq to unravel the chromatin dynamics of the transcriptional programs of CB
progenitor cells (Zheng et al., 2018). Interestingly, they reported a consistent accessibility
of primed lymphoid genes across LMPP and CLP progenitors. In contrast, a striking
decrease in the accessibility of lymphoid-primed genes was observed during the LMPP to
GMP transition, thus indicating a high degree of similarity between the transcriptome of
LMPP and CLP progenitors (Zheng et al., 2018), which is coherent with the overlapping
spatial localization of predicted LMPP and CLP along the UMAPSs (at the apex along the
second dimension, UMAP2). Furthermore, higher CD10 (protein and mRNA) levels were
observed at the overlapping spatial localization reported for LMPP and CLP, suggesting
that this marker could be used to demarcate lymphoid progenitors from a highly
heterogeneous CD34* CB cells population. However, not all predicted CLPs and LMPPs
express CD10 thus suggesting that CD10 alone is not sufficient to enrich for all lymphoid
progenitors within the UM171 cultures. Moreover, we denoted a stronger lymphoid
transcriptional signature in the UM171 graft as compared to the DMSO graft, which
suggests that UM171 exposure could enhance the lymphoid potential of cultured CD34*

cord blood cells.

As we reported previously, UM171 can induce the expression of surface marker such as
EPCR, a marker of LT-HSCs (Fares et al., 2017). Therefore, using the RNA-Seq data
(obtained previously; Fares et al., 2017), we demonstrated that MME (encoding CD10) is
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not subjected to induction by the small molecule UM171 since MME level remained

roughly unchanged even after cell division.

3.2.2 Two CD10-positive subsets are expanded in CD34+ cord blood cells cultured

in the presence of UM171.

We observed the presence of two CD10-positive subsets differing based on the
expression of the surface marker CD45RA and CD10 (CD10medCD45RA™ed gnd
CD10MCD45RAM), in CD34* CB cells. We reported a 2-fold expansion of the
CD10"CD45RAM subset in the UM171-treated culture as compared to uncultured CD34*
cells (Fresh). The most striking expansion was reported for the CD10medCD45RAMed/0
which had a 6-fold and 7-fold expansion in the UM171 cultures as compared to uncultured
and DMSO-supplemented CD34* cells, respectively. Furthermore, we demonstrated that
only the CD45RA-negative cells can give rise to both CD10-positive subsets in vitro,
suggesting that CD10me4CD45RA™e%° defines a subset with a more primitive phenotype
than CD10MCD45RA"M.

During human hematopoiesis, the acquisition of the CD45RA delineates a pivotal
developmental transition (Fritsch et al., 1993). Along these lines, using single-cell
sequencing, Velten and colleagues proposed that the expression of the surface marker
CD45RA correlates with a transcriptional priming toward the lymphoid/myeloid
development, as predicted by the STEMNET algorithm (Velten et al., 2017). In contrast,
publications have reported that common myeloid progenitors (CMPs) are lacking the
surface marker CD45RA (Manz et al., 2002; Chao et al., 2008). In addition, prior studies
reported that CD34*CD10- cells display lymphoid-myeloid potential and that the myeloid
potential is progressively lost as the cells acquire the expression of CD10, thereby
highlighting the presence of distinct lymphoid progenitors in the heterogeneous CD34* CB
population (Galy et al., 1995; Berardi et al., 1997; Ichii et al., 2010). Overall, these
publications support the idea that CD10mCD45RA™ed0 defines a subset of progenitors
with multilineage potential whereas the CD10MCD45RAM subset potentially contains

lymphoid-restricted progenitors.

Intriguingly Karamitros and colleagues also denoted the presence of two LMPP

populations differing based on the expression of CD10 and CD45RA by flow cytometry,
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and analyzed their lineage potential using clonal in vitro assays (Karamitros et al., 2018).
The LMPP subset with a high CD10 and CD45RA (hi) expression lacked myeloid lineage
potential whereas the LMPP subset with an intermediate CD10 and CD45RA (med)
expression showed lymphoid-myeloid potential. As a result, they proposed that the
CD10MNCD45RAM cells are LMPP transitioning into MLP (i.e. intermediate precursors;
Karamitros et al., 2018), insights that could be translated to the two CD10-positive subsets

that we identified.

During thymopoiesis, BM-derived precursors (including LMPPs and CLPs; Saran et al.,
2010) settle the thymus where they enter the early T-lineage progenitor (ETP) pool
(Allman et al., 2003). Subsequently, ETP differentiates into the T-cell lineage in response
to Notch signalling and cytokines from the thymic stroma (Petrie et al., 2007). However, a
cascade of various receptor-ligand interactions is crucial to regulate the entry of BM-
derived precursors into the thymus (Scimone et al., 2006). CCR7 has been suggested to
mediate thymus seeding by BM-derived progenitors (Ueno et al., 2002; Ueno et al., 2004).
Moreover, impaired CCR7 function has been associated with a defective negative
selection due to the modifications of the thymic architecture in mice (Misslitz et al., 2004;
Davalos-Misslitz et al., 2007; Krueger et al., 2010). Interestingly, CCR7 was expressed in
our CD10MCD45RAM subset (data not shown) and in the UM171 DN-sorted graft (Figure
2F; Figure S1), suggesting that this subset has thymic settling potential, as it is expected
for CLPs.

3.2.3 CD10-positive subset displays faster T-cell differentiation and maturation
than Total CD34+ subset.

More then a decade ago, Haddad and colleagues inferred that the CD34*CD45RAMNCD7*
HPCs lymphoid potential was skewed toward the T/NK lineages and that the
CD34*CD45RAMLIn"CD10* HPC dominantly displayed a B-cell potential when co-cultured
with OP9 cells (Haddad et al., 2004). In contrast, using newborn NOD-scid/IL2rgkO
transplant assays, Yoshida and colleagues challenged these results by demonstrating
that CD10*CD34*CD38-CD7- cells are able to repopulate the recipient thymus in addition
to producing CD19* B cells and HLA-DR*CD33* (myeloid cells) in peripheral blood, BM

and the spleen of the murine recipients, thereby suggesting that CD10* progenitors have
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more than a unilineage potential (Yoshida et al., 2006). Six et al. helped clarify the
contentious surrounding CD10 by splitting the CD34*CD10* population into two progenitor
subsets differing in the expression of CD24, where the CD10*CD24* population contains
the B cell-committed precursors described by Haddad and colleagues (Haddad et al.,
2004; Six et al., 2007). Additionally, they shown that the CD34*CD10* population of
immature thymocytes had B/T and NK potential, and also displayed myeloid potential, yet
greatly reduced (Six et al., 2007).

As such, to determine the lymphoid potential of our CD10-positive population, we used
the ATO approach to perform a T-cell differentiation kinetic over 6 weeks. We observed a
faster T-cell differentiation and maturation for the CD10-positive subsets as compared to
the Total CD34" subset at 3 and 6 weeks of co-culture in ATO (Figure 7B). Furthermore,
when comparing all subsets, the greater T-cell differentiation and maturation was
observed for the CD45RA" subset whereas the CD45RA" subset had the lowest T-cell
differentiation and maturation. Alhaj Hussen and colleagues denoted distinct lymphoid
differentiation pathways all stemming from a common CD34"CD45RA* HPCs (Alhaj
Hussen et al., 2017), which could explain the faster T-cell differentiation kinetic that we
observed for the CD45RA* subset. Furthermore, we reported that UM171 expands
HSPCs in vitro that are CD34*CD45RA", which can account for the slower T-cell
differentiation kinetic of the CD45RA" subset (Fares et al., 2014).

Intriguingly, at 6 weeks, we denoted the presence of a DN and a SP8 population in the
uncultured CD10-positive subset that are lacking in the UM171-treated CD10-positive
subset (otherwise, both CD10-positive subsets were similar). This variation can potentially
indicate a greater heterogeneity of immature and mature lymphoid precursors in the
uncultured CD10-positive subset (vs UM171 CD10-positive subset), thus suggesting that
CD10 more efficiently segregates immature from mature lymphoid precursors within
CD34* cells treated with UM171. The kinetic of T cell differentiation and maturation that
we reported for the CD10-positive subset matches what has been observed previously by
Six and colleagues who denoted the presence of CD4*CD8* DP after 3 weeks of culture
of CD10* progenitors from CB (Six et al., 2007). Along these lines, we propose that the

CD45RA" subset contains primitive cells (e.g. HSCs) that segregates into lineage-biased
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multipotent progenitors enriched in the CD10-positive subset (e.g. LMPP,
CD10medCD45RA™d), As cell lineage specification and commitment progress, these
lineage-biased multipotent progenitors will give rise to lineage-restricted precursors that
are CD45RA*CD34* and potentially CD10MCD45RA" (e.g. CLP).

3.2.4 CD10-positive subset displays greater T potential and produce higher
percentage of ILC-like cells than Total CD34+ subset.

Using single cell sequencing approaches, Lavaert and colleagues recently identified two
distinct thymus seeding progenitor (TSP) subsets differing in the expression of several
markers including CD10 and CD7 (Lavaert et al., 2020). They also reported that the
expression of the chemokine receptors CCR7 and CCR9 peaks in the CD10* TSPs. They
inferred that early CD10* TSPs drastically loose MME (CD10) expression as they
differentiate into CD7* ETP, a transition induced by strong Notch signalling. In addition,
this transition is marked by an increase in the expression of immature thymocyte markers
including CD7, CD34 CD62L and IL7R (Lavaert et al., 2020).

On the other hand, Alhaj Hussen and colleagues denoted the presence of two distinct
lymphoid-restricted subsets along which lymphoid cells differentiate; these subsets differ
in IL7R (CD127) expression and T cell potential (refer to as CD127- and CD127* early
lymphoid progenitors (ELPs); Alhaj Hussen et al., 2017). They observed a marginal T-cell
potential for the CD127* ELPs whereas both ELP subsets have NK and ILC potential. In
agreement with the literature, both ELPs subsets are found within the CD45RA* (CD115"
CD116°CD123") compartment originating from a multipotent precursor. Lavaert et al
proposed that the CD7* TSP2 subset could originate from the CD127- ELP population
(Lavaert et al., 2020). When we investigated the ILC potential, we denoted a higher
percentage of cells displaying an ILC phenotype (CD127*CD7*Lin") in our CD10-positive
subset (vs Total CD34" and CD45RA* subsets). This observation suggests that our CD10-
positive population has T potential and could potentially produce ILCs, thereby could
originates from the CD127- ELPs described by Alhaj Hussen et al. However, this
contradicts the findings of Lavaert and colleagues since they could not detect ILC potential
in the CD10* TSP subset, to which our CD10-positive subset is the most similar (in the

expression of the surface markers CD10, CCR7 and CD34). This discrepancy could be
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explained either by: 1) our identification of a novel CD10" TSP subset displaying T
potential and that can produce ILC-like cells originating from a CD127- ELP or, 2) the lack

of additional surface markers and functional assays that mitigate our interpretation.

Furthermore, ITGB7 has been highlighted in the literature for its role in lymphocyte homing
and localization in the gut (Berlin et al., 1993; Cepek et al., 1994; Wagner et al., 1996;
Kunkel et al., 2000 and Salmi et al., 2005). We also denoted the presence of
ITGB7*ILR7*Lin" expressing cells which could be common helper-like innate lymphoid cell
progenitors (CHILPs) described previously as ITGB7*IL7R*Lin" (Klose et al., 2014). A
higher percentage of CHILP-like cells was observed within the most primitive subset
(CD45RA") whereas this potential population of CHILPs was depleted within the CD10-
positive subset, displaying the higher percentage of ILC-like cells. Furthermore, we
reported a smaller percentage of ILC-like cells and a higher percentage of potential
ITGB7*IL7R* CHILPs within the CD45RA" subset in contrast to the CD10-positive subset.
The absence of CHILP-like cells within the CD10-positive subset could indicate that ILC-
like cells were not produced by CHILPs within the CD10-positive subset. Interestingly,
Ghaedi and colleagues identified IL7R* LMPPs that could give rise to ILCs (ILC2) via CLP-
independent pathways in transplantation assays (Ghaedi et al., 2016). Accordingly, we
propose that the CD10-positive subset either (1) contains LMPP that can give rise to ILCs
and T cells or (2) contains ILC-producing LMPPs (via CLP-independent pathways) and T-
cell producing CLPs (LMPPs that are CD10™ed and CLPs that are CD10"). In contrast, we
propose that the CD45RA" subset might contain CLPs that need to commit to CHILPs to

generate ILCs thus, resulting in a slower production of ILC-like cells.
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3.3 Conclusion

In sum, our findings represent the first identification of a CD10-positive population
within the UM171-expanded graft that has T potential and could potentially produce ILCs.
This population is significantly expanded in CD34* CB cells treated with UM171 (vs
uncultured or DMSO-supplemented CD34* CB cells). We proposed that this CD10,
CCR7-expressing population might be enriched in LMPPs and CLPs, that can further
undergo Notch-dependent differentiation into lymphoid-restricted CD7* CLPs, identified
previously by Dumont-Lagacé et al. (2021).

The addition of other surface markers will be required to differentiate myelo-lymphoid
multipotential progenitors from lymphoid precursors within our highly heterogeneous
CD10-posivite population. Moreover, transplantation assays are essential to decipher the
actual lineage potential of our CD10-positive population since it is unclear how our in vitro
ATO assay relates to in vivo differentiation. Additional functional assays are also required

to determine whether the T and ILC cells identified phenotypically retain their function.

Delayed immune reconstitution is a major obstacle impeding the implementation of
partially HLA-mismatched HSCT by increasing the rate of relapse in patients and
enhancing their susceptibility to pathogens. Therefore, optimizing the CD3* donor infusion
by enriching for lymphoid progenitors could help improve immune reconstitution in
patients transplanted with UM171-expanded CB graft. This study represents the first step
to disentangle the complex molecular mechanisms underlying T-cell reconstitution in
UM171-expanded CB graft recipients and could help provide insights and direction for

future strategies aiming to boost T-cell reconstitution following allogeneic HSCT.
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Chapter 4 - Material & Methods
Isolation of human CD34* HSPCs

The study was conducted in accordance with the Research Ethics Boards of Université
de Montréal and Charles LeMoyne Hospital (Greenfield Park, QC, Canada) approval.
Umbilical cord blood units were collected from consenting mothers at the Charles
LeMoyne Hospital (Greenfield Park, QC, Canada). Umbilical cord blood units were
cryopreserved for a maximum of 4 years before use. The EasySep™ positive selection kit

(StemCell Technologies Cat # 18056) was used to isolate Human CD34* cord blood cells.

CD34" Primary Cell culture

Human CD34* cord blood cells were cultured in HSC expansion media composed of
StemSpan SFEM (StemCell Technologies) supplemented with 100 ng/ml stem cell factor
(SCF, R&D Systems), 100 ng/ml FMS-like trysine kinase 3 ligand (FLT3, R&D Systems),
50 ng/ml thrombopoietin (TPO, R&D Systems), 100 ng/ml interleukin 6 (IL-6, R&D
Systems) and 10 mg/ml low-density lipoproteins (StemCell Technologies). Only the
umbilical cord blood units that had a CD34+ purity and cell viability above 90% and 95%
respectively were used in the experiments and randomly assigned to the conditions (fresh,
DMSO-supplemented or UM171 treatment).

Flow Cytometry and Antibodies

For the identification of surface markers to isolate lymphoid precursors, mouse anti-
human antibodies were employed to detect CD34 (APC, BD Biosciences), CD45RA (PE,
BD Biosciences) and CD10 (BV786, BD Biosciences). A Canto Il cytometer and BD
LSRFortessa cytometer (BD Biosciences) were used for flow cytometry acquisition. Flow
cytometry acquisition were analyzed using FlowJo software (Tree Star, Ashland, OR,
USA). Cell count were analyzed using GraphPad Prism software and the figures were
edited using Adobe lllustrator 2021.

To analyze cells obtained in artificial thymic organic (ATO) co-culture, mouse anti-human
antibodies were used to detect hCD45 (Pacific Blue, BioLegend), CD33 (APC, BD
Biosciences) CD8a (PE-Cy7, BioLegend), CD4 (Pacific Blue, BioLegend) CD3 (APC-Cy?7,
BD Biosciences), TCR af (PE, BioLegend), IL7R (PE, BD Biosciences), ITGB7 (BV711,
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BD Biosciences) and CD7 (APC, BD Biosciences). The lineage negative (Lin-) mouse
anti-human antibodies included CD33 (PE-Cy7, BiolLegend), CD3 (PE-Cy7, BD
Biosciences), CD8a (PE-Cy7, BioLegend), CD4 (PE-Cy7, BD Biosciences), CD14 (PE-
Cy7, BD Biosciences) and CD56 (PE-Cy7, BD Biosciences). All flow cytometry
acquisitions were obtained using BD LSRFortessa cytometer (BD Biosciences) and
analyses performed using FlowJo software (Tree Star, Ashland, OR, USA) and presented
using Adobe lllustrator 2021.

Artificial thymic organoid (ATO) cultures

MS5-hDLL4 cells were harvested at =70% confluence using trypsinization and
resuspended in ATO culture medium. Fresh serum free ATO culture medium was made
every week and consisted of RPMI 1640 (Corning), 4% B27 supplement (ThermoFisher
Scientific), 1% penicillin/streptomycin  (ThermoFisher Scientific), 1% Glutamax
(ThermoFisher Scientific), PBS-reconstituted 30 pM L-ascorbic acid 2-phosphate
sesquimagnesium salt hydrate (Sigma-Aldrich), 5 ng/ml rhFLT3L and 5 ng/ml rhIL-7 (R&D
Systems). MS5-hDLL4 cells were combined with the different subsets of CD34" cord
blood cells (CD45RA", CD45RA* and CD10*) in a 20:1 ratio (MS5-hDLL4 : CD34* CB
cells) per ATO. 5000 sorted CD34* CB cells were pipetted per ATO, and 3 ATO were
made per conditions. MS5-hDLL4 and CD34* CB cells were combined in a 1.5 ml
Eppendorf tube and centrifuged at 300 g for 5 min (4°C, using a centrifuge equipped with
swinging buckets), supernatants were discarded cautiously and brief vortexing was used
to resuspend the cell pellet. We then place a 0.25 pym Millicell transwell insert (EMD
Millipore) in a 12-well plate filled with 0.200 yL of ATO medium, representative of a single
ATO. Five pL of Centrifuged MS5-hDLL4/CD34* CB cells was carefully pipetted and
deposited centered onto the cell insert to form a drop. ATO medium was halve changed
every 2-3 days and replaced with fresh medium during 6 weeks. At 3 and 6 weeks, ATO
cells were harvested using a FACS buffer composed of PBS, 0.5% bovine serum albumin
and 2mM EDTA (ThermoFisher). The FACS buffer was pipetted directly onto the ATO
using a P1000 pipet and exerted mechanical force was used to dissociate the cells from
the ATO followed by their passage through a 50 ym nylon strainer. This protocol is
described by Seet et al (2017).
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RNA-sequencing
CD34" cord blood cells cultured in the presence of UM171 during 7 days were preserved
at -80°C in TRIzol Reagent (Thermo Fisher Scientific Cat # 15596026). In accordance
with TrueSeq Protocols (lllumina) cDNA libraries were constructed. Sequencing was done
using an lllumina HiSeq 2000 instrument. The Casava pipeline (lllumina) and Refseq
release 63 were used for mapping and gene expression quantification as described

previously (Fares et al., 2014).

Cite-Seq
Experiment was performed by colleagues (Chagraoui J. et al, 2021; unpublished). In brief,
this experiment included 58 different ADT antibodies to mark for all major lineages
(HSPCs, lymphoid and myeloid lineages). Furthermore, four hashtags (HTO) were used
to tag and distinguish the 4 conditions: 1) fresh CD34* cord blood cells (uncultured; day
0), 2) DMSO-supplemented CD34* CB cells (day 7), 3) UM171-treated CD34* CB cells
(day 7) and, 4) UM171 DN-sorted CD34* CB cells (day 7). The UM171 DN-sorted
condition was obtained by culturing fresh CD34* CB cells in the presence of UM171 during
7 days, and by sorting the expanded cells using flow cytometry to obtain a CD86,
FCER1A" double negative (DN) population. The UM171 DN-sorted is depleted in mast
(FCER1A*) and dendritic (CD867) cells, thereby enriched in CD34* progenitors. For each
conditions 8000 cells were sequenced using 10X Genomics single cell sequencing. This
experiment was performed in accordance with the protocol described by Buus and
colleagues (Buus et al., 2021). Final Seurat objects were analyzed using R (version 4.0)

and the Seurat scripts were generated by the Satija lab (Hao et al., 2021).

Statistical analysis
Statistical analysis were performed using GraphPad Prism software using the Mann-
Whitney test to compare the fold change between UM171 cultures and each of the two
control (DMSO and Fresh), separately. Proliferation of cord blood cells (lymphoid cells,
HSCs, etc.) do not follow a normal distribution and therefore requires the use of a non-
parametric test such as the Mann-Whitney test. Error bars represents medians. Significant

p values are < 0.05.

73



References

Admiraal, R., Chiesa, R., Lindemans, C.A,, et al. (2016). Leukemia-free survival in myeloid leukemia, but
not in lymphoid leukemia, is predicted by early CD4+ reconstitution following unrelated cord blood
transplantation in children: a multicenter retrospective cohort analysis. Bone Marrow Transplant, 51(10),
1376-1378.

Admiraal, R., de Koning, C. C. H., Lindemans, C. A., et al. (2017). Viral reactivations and associated
outcomes in the context of immune reconstitution after pediatric hematopoietic cell transplantation. J Allergy
Clin Immunol, 140, 1643-1650e1649.

Alhaj Hussen, K., Vu Manh, T.P., Guimiot, F., Nelson, E., Chabaane, E., Delord, M., Barbier, M., Berthault,
C., Dulphy, N., Alberdi, A.J., et al. (2017). Molecular and functional characterization of lymphoid progenitor
subsets reveals a bipartite architecture of human lymphopoiesis. Immunity 47, 680—-696.e8.

Allman, D., Sambandam, A., Kim S, et al. (2003). Thymopoiesis independent of common lymphoid
progenitors. Nat Immunol, 4(2), 168-17.

American Academy of Pediatrics: Work Group on Cord Blood Banking. Cord blood banking for potential
future transplantation: subject review. (1999). Pediatrics, 104(1 Pt 1), 116—-118.

Anasetti, C., Logan, B.R., Lee, S.J., Waller, E.K., Weisdorf, D.J., Wingard, J.R., Cutler, C.S., Westervelt,
P., Woolfrey, A., Couban, S., Ehninger, G., Johnston, L., Maziarz, R.T., Pulsipher, M.A., Porter, D.L.,
Mineishi, S., McCarty, J.M., Khan, S.P., Anderlini, P., Bensinger, W.l., Leitman, S.F., Rowley, S.D.,
Bredeson, C., Carter, S.L., Horowitz, M.M., Confer, D.L. (2012). Peripheral-blood stem cells versus bone
marrow from unrelated donors. N Engl J Med, 367, 1487-1496.

Avery, S., Shi, W., Lubin, M., Gonzales, A.M., Heller, G., Castro-Malaspina, H., Giralt, S., Kernan, N.A.,
Scaradavou, A., & Barker, J. N. (2011). Influence of infused cell dose and HLA match on engraftment after
double-unit cord blood allografts. Blood, 117(12), 3277-3478.

Bacigalupo, A., Dominietto, A., Ghiso, A., et al. (2015). Unmanipulated haploidentical bonemarrow
transplantation and post-transplantcyclophosphamide for hematologic maligna-nices following a
myeloablative condition-ing: An update. Bone Marrow Transplant, 50, S37-S39.

Ballen, K. K., Ahn, K. W, Chen, M., et al. (2016). Infection rates among acute leukemia patients receiving
alternative donor hematopoietic cell transplantation. Biol Blood Marrow Transplant, 22(9), 1636—1645.

Ballen, K. K., Gluckman, E., Broxmeyer, H. E. (2013). Umbilical cord blood transplantation: the first 25 years
and beyond. Blood, 122(4), 491-498.

Barker, J.N., Davies, S.M., DeFor, T., etal. (2001). Survival after transplantation of unrelated donor umbilical
cord blood is comparable to that of human leukocyte antigen-matched unrelated donor bone marrow: results
of a matched-pair analysis. Blood, 97(10), 2957—2961.

Barrett, A. J., and Battiwalla, M. (2010). Relapse after allogeneic stem cell transplantation. Expert review of
hematology, 3(4), 429-441.

Becker, A., McCulloch, E., Till, J. (1963). Cytological demonstration of the clonal nature of spleen colonies
derived from transplanted mouse marrow cells. Nature, 197, 452—-454.

Berardi, A. C., et al. (1997). Individual CD34+CD38lowCD19-CD10- progenitor cells from human cord blood
generate B lymphocytes and granulocytes. Blood, 89, 3554-3564.

74



Berlin, C., Berg, E.L., Briskin, M.J., Andrew, D.P., Kilshaw, P.J., Holzmann, B., Weissman, |.L., Hamann,
A., Butcher, E.C. (1993). Alpha 4 beta 7 integrin mediates lymphocyte binding to the mucosal vascular
addressin MAACAM-1. Cell, 74, 185-95.

Boitano, A.E., Wang, J., Romeo, R., Bouchez, L.C., Parker, A.E., Sutton, S.E., et al. (2010). Aryl
hydrocarbon receptor antagonists promote the expansion of human hematopoietic stem cells. Science, 329,
1345-1348.

Bortin, M.M. (1970). A compendium of reported human bone marrow transplants. Transplantation, 9(6),
571-587.

Bosch, M., Khan, F. M, Storek, J. (2012). Immune reconstitution after hematopoietic cell transplantation.
Curr Opin Hematol, 19, 324-323.

Broxmeyer, H.E., Douglas, G.W., Hangoc, G., et al. (1989). Human umbilical cord blood as a potential
source of transplantable hematopoietic stem/progenitor cells. Proc Natl Acad Sci U S A, 86(10), 3828-3832.

Bruce, D. W., Stefanski, H. E., Vincent, B. G., Dant, T. A., Reisdorf, S., Bommiasamy, H., Serody, D. A,
Wilson, J. E., McKinnon, K. P., Shlomchik, W. D., Armistead, P. M., Ting, J., Woosley, J. T., Blazar, B. R,
Zaiss, D., McKenzie, A., Coghill, J. M., & Serody, J. S. (2017). Type 2 innate lymphoid cells treat and prevent
acute gastrointestinal graft-versus-host disease. The Journal of clinical investigation, 127(5), 1813-1825.

Buus, T. B., Herrera, A., lvanova, E., Mimitou, E., Cheng, A., Herati, R. S., Papagiannakopoulos, T.,
Smibert, P., Odum, N., & Koralov, S. B. (2021). Improving oligo-conjugated antibody signal in multimodal
single-cell analysis. eLife, 10, e61973.

Cepek, K. L., Shaw, S. K., Parker, C. M., Russell, G. J., Morrow, J. S., Rimm, D. L., & Brenner, M. B. (1994).
Adhesion between epithelial cells and T lymphocytes mediated by E-cadherin and the alpha E beta 7
integrin. Nature, 372(6502), 190—-193.

Chagraoui, J., Girard, S., Spinella, J. F., Simon, L., Bonneil, E., Mayotte, N., MacRae, T., Coulombe-
Huntington, J., Bertomeu, T., Moison, C., Tomellini, E., Thibault, P., Tyers, M., Marinier, A., & Sauvageau,
G. (2021). UM171 Preserves Epigenetic Marks that Are Reduced in Ex Vivo Culture of Human HSCs via
Potentiation of the CLR3-KBTBD4 Complex. Cell stem cell, 28(1), 48—62.€6.

Chang, Y.J., Weng, C.L., Sun, L.X., Zhao, Y.T. (2012). Allogeneic bone marrow transplantation compared
to peripheral blood stem cell transplantation for the treatment of hematologic malignancies: a meta-analysis
based on time-to-event data from randomized controlled trials. Ann Hematol, 91, 427-437.

Chao, M. P, Seita, J., Weissman, I. L. (2008). Establishment of a normal hematopoietic and leukemia stem
cell hierarchy. Cold Spring Harb Symp Quant Biol, 73, 439—449.

Chaudhry, M. S, Velardi, E., Malard, F., et al. (2017). Immune reconstitution after allogeneic hematopoietic
stem cell transplantation: Time to T up the thymus. J Immunol, 198, 40—46.

Cirenza E. (1996). Peripheral blood stem cells: a historical perspective. The Journal of infusional
chemotherapy, 6(1), 4—7.

Clave, E., Lisini, D., Douay, C. et al. (2013). Thymic function recovery after unrelated donor cord blood or
T-cell depleted HLA-haploidentical stem cell transplantation correlates with leukemia relapse. Front
Immunol, 4, 54.

Cohen, S., Roy, J., Lachance, S., Delisle, J. S., Marinier, A., Busque, L., Roy, D. C., Barabé, F., Ahmad, .,
Bambace, N., Bernard, L., Kiss, T., Bouchard, P., Caudrelier, P., Landais, S., Larochelle, F., Chagraoui, J.,
Lehnertz, B., Corneau, S., Tomellini, E., ... Sauvageau, G. (2019). Hematopoietic stem cell transplantation

75



using single UM171-expanded cord blood: a single-arm, phase 1-2 safety and feasibility study. The Lancet.
Haematology, 7(2), e134—e145.

Costa-Silva J, Domingues D, Lopes FM (2017) RNA-Seq differential expression analysis: An extended
review and a software tool. PLoS ONE, 12(12), e0190152.

Daniel, M.G., Pereira, C.-F., Lemischka, I.R., and Moore, K.A. (2016). Making a hematopoietic stem cell.
Trends Cell Biol., 26, 202—-214.

Davalos-Misslitz, A. C, Worbs, T., Willenzon, S., Bernhardt, G., Forster, R. (2007). Impaired responsiveness
to T-cell receptor stimulation and defective negative selection of thymocytes in CCR7-deficient mice. Blood,
110(13), 4351-4359.

De Koning, C., Admiraal, R., Nierkens, S. et al., (2018). Human herpesvirus 6 viremia affects T-cell
reconstitution after allogeneic hematopoietic stem cell transplantation. Blood Adv, 2, 428—-432.

De Koning, C., Nierkens, S., Boelens, J. J. (2016). Strategies before, during, and after hematopoietic cell
transplantation to improve T-cell immune reconstitution. Blood, 128(23), 2607-2615.

De Lima, M., McMannis, J., Gee, A., Komanduri, K., Couriel, D., Andersson, B.S., et al. (2008).
Transplantation of ex vivo expanded cord blood cells using the copper chelator tetraethylenepentamine: a
phase I/l clinical trial. Bone Marrow Transp., 41, 771-778.

Di lanni, M., Falzetti, F., Carotti, A., Terenzi, A., Castellino, F., Bonifacio, E., Del Papa, B., Zei, T., Ostini, R.
I., Cecchini, D., Aloisi, T., Perruccio, K., Ruggeri, L., Balucani, C., Pierini, A., Sportoletti, P., Aristei, C.,
Falini, B., Reisner, Y., Velardi, A., ... Martelli, M. F. (2011). Tregs prevent GVHD and promote immune
reconstitution in HLA-haploidentical transplantation. Blood, 117(14), 3921-3928.

Di lanni, M., Falzetti, F., Carotti, A., Terenzi, A., Del Papa, B., Perruccio, K., Ruggeri, L., Sportoletti, P.,
Rosati, E., Marconi, P., Falini, B., Reisner, Y., Velardi, A., Aversa, F., & Martelli, M.F. (2011).
Immunoselection and clinical use of T regulatory cells in HLA-haploidentical stem cell transplantation. Best
practice & research. Clinical haematology, 24(3), 459-466.

Doulatov, S., Notta, F., Eppert, K., Nguyen, L.T., Ohashi, P.S., and Dick, J.E. (2010). Revised map of the
human progenitor hierarchy shows the origin of macrophages and dendritic cells in early lymphoid
development. Nat. Immunol. 11, 585-593.

Dudakov, J. A., Mertelsmann, A. M., O'Connor, M. H., Jenq, R. R., Velardi, E., Young, L. F., Smith, O. M.,
Boyd, R. L., van den Brink, M., & Hanash, A. M. (2017). Loss of thymic innate lymphoid cells leads to
impaired thymopoiesis in experimental graft-versus-host disease. Blood, 130(7), 933-942.

Dumont-Lagacé, M., Feghaly, A., Meunier, M. C., Finney, M., Van't Hof, W., Masson Frenet, E., Sauvageau,
G., & Cohen, S. (2022). UM171 Expansion of Cord Blood Improves Donor Availability and HLA Matching
For All Patients, Including Minorities. Transplantation and cellular therapy, S2666-6367(22), 01164-01162.

Dumont-Lagacé, M., Li, Q., Tanguay, M., Chagraoui, J., Kientega, T., Cardin, G. B., Brasey, A., Trofimov,
A., Carli, C., Ahmad, |., Bambace, N. M., Bernard, L., Kiss, T. L., Roy, J., Roy, D. C., Lemieux, S., Perreault,
C., Rodier, F., Dufresne, S. F., Busque, L., ... Delisle, J. S. (2021). UM171-Expanded Cord Blood
Transplants Support Robust T Cell Reconstitution with Low Rates of Severe Infections. Transplantation and
cellular therapy, 27(1), 76.e1-76.€9.

Duy, C., Yu, J. J., Nahar, R., Swaminathan, S., Kweon, S. M., Polo, J. M., Valls, E., Klemm, L., Shojaee, S.,
Cerchietti, L., Schuh, W., Jack, H. M., Hurtz, C., Ramezani-Rad, P., Herzog, S., Jumaa, H., Koeffler, H. P.,

76



de Alboran, I. M., Melnick, A. M., Ye, B. H., ... Mischen, M. (2010). BCL6 is critical for the development of
a diverse primary B cell repertoire. The Journal of experimental medicine, 207(6), 1209-1221.

Eapen, M., Rocha, V., Sanz, G., Scaradavou, A., Zhang, M.J., Arcese, W., Sirvent, A., Champlin, R.E.,
Chao, N., Gee, A.P., Isola, L., Laughlin, M. ., Marks, D.l., Nabhan, S., Ruggeri, A., Soiffer, R., Horowitz,
M.M., Gluckman E., Wagner J.E. (2010). Effect of graft source on unrelated donor haemopoietic stem-cell
transplantation in adults with acute leukaemia: a retrospective analysis. Lancet Oncol, 11, 653-660.

Eapen, M., Rocha, V., Scaradavou, A., Gluckman, E., Laughlin, M., Stevens, C., Horowitz, M.M., Wagner,
J.E. (2008). Effect of Stem Cell Source on Transplant Outcomes in Adults with Acute Leukemia: A
Comparison of Unrelated Bone Marrow (BM), Peripheral Blood (PB) and Cord Blood (CB). Blood (ASH
Annual Meeting Abstracts), 112, 151.

Eapen, M., Rubinstein, P., Zhang, M. J., Stevens, C., Kurtzberg, J., Scaradavou, A., Loberiza, F. R.,
Champlin, R. E., Klein, J. P., Horowitz, M. M., & Wagner, J. E. (2007). Outcomes of transplantation of
unrelated donor umbilical cord blood and bone marrow in children with acute leukaemia: a comparison
study. Lancet (London, England), 369(9577), 1947—1954.

Epstein, R.B., Storb, R., Ragde, H., & Thomas, E.D. (1968). Cytotoxic typing antisera for marrow grafting in
littermate dogs. Transplantation, 6(1), 45-58

Fares, I., Chagraoui, J., Gareau, Y., Gingras, S., Ruel, R., Mayotte, N., et al. (2014). Pyrimidoindole
derivatives are agonists of human hematopoietic stem cell self-renewal. Science, 345, 1509-1512.

Fares, |., Chagraoui, J., Lehnertz, B., MacRae, T., Mayotte, N., Tomellini, E., Aubert, L., Roux, P.P., and
Sauvageau, G. (2017). EPCR expression marks UM171-expanded CD34+ cord blood stem cells. Blood,
129, 3344-3351.

Fares, Il., Rivest-Khan, L., Cohen, S., & Sauvageau, G. (2015). Small molecule regulation of normal and
leukemic stem cells. Current opinion in hematology, 22(4), 309-316.

Frey, N. V., & Porter, D. L. (2008). Graft-versus-host disease after donor leukocyte infusions: presentation
and management. Best practice & research. Clinical haematology, 21(2), 205-222.

Fritsch, G., Buchinger, P., Printz, D., Fink, F.M., Mann, G., Peters, C., Wagner, T., Adler, A., and Gadner,
H. (1993). Rapid discrimination of early CD34+ myeloid progenitors using CD45-RA analysis. Blood 81,
2301-2309.

Galy, A, Travis, M., Cen, D., Chen, B. (1995). Human T, B, natural killer, and dendritic cells arise from a
common bone marrow progenitor cell subset. Immunity, 3,459-473.

Gatti, R.A., Meuwissen, H.J., Allen, H.D., Hong, R., & Good, R.A. (1968). Immunological reconstitution of
sex-linked lymphopenic immunological deficiency. Lancet (London, England), 2(7583), 1366—1369.

Georges, G.E., and Storb, R. (2016). Hematopoietic cell transplantation for aplastic anemia. In: Forman SJ,
Negrin RS, Antin JH, Appelbaum FR, editors. Thomas’ hematopoietic cell transplantation. Wiley, 5, 517—
536.

Ghaedi, M., Steer, C. A., Martinez-Gonzalez, |., Halim, T., Abraham, N., & Takei, F. (2016). Common-
Lymphoid-Progenitor-Independent Pathways of Innate and T Lymphocyte Development. Cell reports, 15(3),
471-480.

Ghimire, S., Weber, D., Mavin, E., Wang, X. N., Dickinson, A. M., & Holler, E. (2017). Pathophysiology of
GvHD and Other HSCT-Related Major Complications. Frontiers in immunology, 8, 79.

77



Gkazi, A.S., Margetts, B.K., Attenborough, T., et al. (2018). Clinical T cell receptor repertoire deep
sequencing and analysis: an application to monitor immune reconstitution following cord blood
transplantation. Front Immunol, 9, 2547.

Gluckman, E., Broxmeyer, H., Auerbach, A., et al. (1989). Hematopoietic reconstitution in a patient with
Fanconi’s Anemia by means of umbilical-cord blood from an HLA-identical sibling. N Engl J Med, 321(17),
1174-1178.

Gluckman, E., Rocha, V., Boyer-Chammard, A., et al. (1997). Outcome of cord-blood transplantation from
related and unrelated donors. N Engl J Med, 337(6), 373-381.

Goodman, J.W., Hodgson, G.S. (1962). Evidence for stem cells in the peripheral blood of mice. Blood, 19(6),
702-714.

Granata, A., Furst, S., Bramanti, S., Legrand, F., Sarina, B., Harbi, S., De Philippis, C., Faucher, C.,
Chabannon, C., Lemarie, C., Calmels, B., Mariotti, J., Maisano, V., Weiller, P. J., Mokart, D., Vey, N.,
Bouabdallah, R., Castagna, L., Blaise, D., & Devillier, R. (2019). Peripheral blood stem cell for haploidentical
transplantation with post-transplant high dose cyclophosphamide: detailed analysis of 181 consecutive
patients. Bone marrow transplantation, 54(11), 1730-1737.

Gratwohl, A., Baldomero, H., Schwendener, A, et al. (2009). The EBMT activity survey 2007 with focus on
allogeneic HSCT for AML and novel cellular therapies. Bone Marrow Transplant, 43(4), 275-291.

Ha, V.L., Luong, A, Li, F., Casero, D., Malvar, J., Kim, Y.M., Bhatia, R., Crooks, G.M., and Parekh, C.
(2017). The T-ALL related gene BCL11B regulates the initial stages of human T-cell differentiation.
Leukemia 31, 2503-2514.

Haddad, R., Guardiola, P., Izac, B., Thibault, C., Radich, J., Delezoide, A. L., Baillou, C., Lemoine, F. M.,
Gluckman, J. C., Pflumio, F., & Canque, B. (2004). Molecular characterization of early human T/NK and B-
lymphoid progenitor cells in umbilical cord blood. Blood, 104(13), 3918-3926.

Haddad, E., Logan, B. R., Griffith, L. M., et al. (2018). SCID genotype and 6-month posttransplant CD4
count predict survival and immune recovery. Blood, 132, 1737-1749.

Hagihara, M., Chargui, J., Gansuvd, B., Inoue, H., Hotta, T., & Kato, S. (2003). Increased frequency of
CD3/8/56-positive umbilical cord blood T Iymphocytes after allo-priming in vitro. Annals of
hematology, 82(3), 166-170.

Hansen, J., Clift, R., Thomas, E., et al. (1979). Transplantation of marrow from an unrelated donor to a
patient with acute leukemia. N Engl J Med, 303(10), 565-567.

Hao, Q.-L., George, A.A., Zhu, J., Barsky, L., Zielinska, E., Wang, X., Price, M., Ge, S., and Crooks, G.M.
(2008). Human intrathymic lineage commitment is marked by differential CD7 expression: identification of
CD7- lympho-myeloid thymic progenitors. Blood, 111, 1318—-1326.

Hao and Hao et al. (2021). Integrated analysis of multimodal single-cell data. Cell.

Hao, Q. L, Zhu, J, Price, M. A, Payne, K. J., Barsky, L. W, Crooks, G. M. (2001). Identification of a novel,
human multilymphoid progenitor in cord blood. Blood, 97, 3683-3690.

Hashem, H., and Lazarus, H. M. (2015). Double umbilical cord blood transplantation: relevance of persistent
mixed-unit chimerism. Biology of blood and marrow transplantation: journal of the American Society for
Blood and Marrow Transplantation, 21(4), 612—-619.

78



Haynes, B. F, Denning, S. M, Singer, K. H, Kurtzberg, J. (1989). Ontogeny of T-cell precursors: a model for
the initial stages of human cell development. Immunol Today, 10, 87-91.

Haynes, B. F, Martin, M. E, Kay, H. H, Kurtzberg, J. (1988). Early events in human T cell ontogeny:
phenotypic characterization and immunohistologic localization of T cell precursors in early human fetal
tissues. J Exp Med, 168, 1061-1080.

Henig, I., and Zuckerman, T. (2014). Hematopoietic stem cell transplantation-50 years of evolution and
future perspectives. Rambam Maimonides medical journal, 5(4), e0028.

Hiwarkar, P., Qasim, W., Ricciardelli, I., et al. (2015). Cord blood T cells mediate enhanced antitumor effects
compared with adult peripheral blood T cells. Blood, 126(26), 2882-2891.

Hoebeke, I., De Smedt, M., Stolz, F., et al. (2007). T-, B- and NK-lymphoid, but not myeloid cells arise from
human CD34(+)CD38(-)CD7(+) common lymphoid progenitors expressing lymphoid-specific genes.
Leukemia, 21, 311-319.

Horwitz, M.E., Chao, N.J., Rizzieri, D.A., Long, G.D., Sullivan, K.M., Gasparetto, C., et al. (2014). Umbilical
cord blood expansion with nicotinamide provides long-term multilineage engraftment. J. Clin. Invest., 124,
3121-3128.

Ichii, M., et al. (2010). The density of CD10 corresponds to commitment and progression in the human B
lymphoid lineage. PLoS One, 5, e12954.

Imamura, M., Tsutsumi, Y., Miura, Y., Toubai, T., Tanaka, J. (2003). Immune reconstitution and tolerance
after allogeneic hematopoietic stem cell transplantation. Hematol Amst Neth, 8(1), 19-26.

Jacobson, L.O., Marks, E.K., Gaston, E.O., Robson, M., and Zirkle, R.E. (1949). The Role of the Spleen in
Radiation Injury. Proceedings of the Society for Experimental Biology and Medicine, 70(4), 740—-742.

Jacobson, C.A., Turki, A.T., McDonough, S.M., Stevenson, K.E., Kim, H.T., Kao, G., Herrera, M.l
Reynolds, C.G., Alyea, E.P., Ho, V.T., Koreth, J., Armand, P., Chen, Y. B., Ballen, K., Soiffer, R. J., Antin,
J. H., Cutler, C. S., & Ritz, J. (2012). Immune reconstitution after double umbilical cord blood stem cell
transplantation: comparison with unrelated peripheral blood stem cell transplantation. Biology of blood and
marrow transplantation: journal of the American Society for Blood and Marrow Transplantation, 18(4), 565—
574.

Juric, M. K., Ghimire, S., Ogonek, J., Weissinger, E. M., Holler, E., van Rood, J. J., Oudshoorn, M.,
Dickinson, A., & Greinix, H. T. (2016). Milestones of Hematopoietic Stem Cell Transplantation - From First
Human Studies to Current Developments. Frontiers in immunology, 7, 470.

Karamitros, D., Stoilova, B., Aboukhalil, Z., Hamey, F., Reinisch, A., Samitsch, M., Quek, L., Otto, G.,
Repapi, E., Doondeea, J., Usukhbayar, B., Calvo, J., Taylor, S., Goardon, N., Six, E., Pflumio, F., Porcher,
C., Majeti, R., Géttgens, B., & Vyas, P. (2018). Single-cell analysis reveals the continuum of human lympho-
myeloid progenitor cells. Nature immunology, 19(1), 85-97.

Klein, O. R, Buddenbaum, J., Tucker, N. et al. (2017). Nonmyeloablative haploidentical bone
marrowtransplantation with post-transplantation cyclo-phosphamide for pediatric and young adultpatients
with high-risk hematologic malignancies.Biol Blood Marrow Transplant, 23, 325-332.

Klose, C., Flach, M., Mdhle, L., Rogell, L., Hoyler, T., Ebert, K., Fabiunke, C., Pfeifer, D., Sexl, V., Fonseca-
Pereira, D., Domingues, R. G., Veiga-Fernandes, H., Arnold, S. J., Busslinger, M., Dunay, |. R., Tanriver,
Y., & Diefenbach, A. (2014). Differentiation of type 1 ILCs from a common progenitor to all helper-like innate
lymphoid cell lineages. Cell, 157(2), 340-356.

79



Koch, U., Fiorini, E., Benedito, R. et al. (2008). Delta-like 4 is the essential, nonredundant ligand for Notch1
during thymic T cell lineage commitment. J Exp Med, 205, 2515-2523.

Kolb, H.J., Mittermdller, J., Clemm, C., Holler, E., Ledderose, G., Brehm, G., Heim, M., & Wilmanns, W.
(1990). Donor leukocyte transfusions for treatment of recurrent chronic myelogenous leukemia in marrow
transplant patients. Blood, 76(12), 2462—2465.

Komanduri K. V. (2017). Innately interesting interactions. Blood, 130(7), 844—845.

Krenger, W., Blazar, B. R, Hollander, G. A. (2011). Thymic T-cell development in allogeneic stem cell
transplantation. Blood, 117:6768—6776.

Krosl, J., Austin, P., Beslu, N., Kroon, E., Humphries, R.K., and Sauvageau, G. (2003). In vitro expansion
of hematopoietic stem cells by recombinant TAT-HOXB4 protein. Nat. Med., 9, 1428—-1432.

Krueger, A., Willenzon, S., tyszkiewicz, M., Kremmer, E., & Forster, R. (2010). CC chemokine receptor 7
and 9 double-deficient hematopoietic progenitors are severely impaired in seeding the adult thymus. Blood,
115(10), 1906-1912.

Kunkel, E. J., Campbell, J. J., Haraldsen, G., Pan, J., Boisvert, J., Roberts, A. |., Ebert, E. C., Vierra, M. A.,
Goodman, S. B., Genovese, M. C., Wardlaw, A. J., Greenberg, H. B., Parker, C. M., Butcher, E. C., Andrew,
D. P, & Agace, W. W. (2000). Lymphocyte CC chemokine receptor 9 and epithelial thymus-expressed
chemokine (TECK) expression distinguish the small intestinal immune compartment: Epithelial expression
of tissue-specific chemokines as an organizing principle in regional immunity. The Journal of experimental
medicine, 192(5), 761-768.

Kurtzberg, J., Laughlin, M., Graham, M. L., et al. (1996). Placental blood as a source of hematopoietic stem
cells for transplantation into unrelated recipients. N Engl J Med, 335(3), 157—166.

Laughlin, M. J, Eapen, M., Rubinstein, P., et al. (2004). Outcomes after transplantation of cord blood or
bone marrow from unrelated donors in adults with leukemia. N Engl J Med, 351(22), 2265.

Lavaert, M., Liang, K. L., Vandamme, N., Park, J. E., Roels, J., Kowalczyk, M. S., Li, B., Ashenberg, O.,
Tabaka, M., Dionne, D., Tickle, T. L., Slyper, M., Rozenblatt-Rosen, O., Vandekerckhove, B., Leclercq, G.,
Regev, A., Van Vlierberghe, P., Guilliams, M., Teichmann, S. A, Saeys, Y., ... Taghon, T. (2020). Integrated
scRNA-Seq Identifies Human Postnatal Thymus Seeding Progenitors and Regulatory Dynamics of
Differentiating Immature Thymocytes. Immunity, 52(6), 1088—1104.e6.

Lee, S. Graft-versus-host disease (GVHD). Canadian Cancer Society. Retrieved April 02, 2022, from
https://cancer.ca/en/treatments/side-effects/graft-versus-host-disease-gvhd

Lee, Y. S., Kim, T. S. & Kim, D. K. (2011). T lymphocytes derived from human cord blood provide effective
antitumor immunotherapy against a human tumor. BMC Cancer, 11, 225.
Lorenz, E., Uphoff, D., Reid, T. R., and Shelton, E. (1951). Modification of irradiation injury in mice and

guinea pigs by bone marrow injections. Journal of the National Cancer Institute, 12(1), 197-201.

Lucchini, G., Perales, M.A., Veys, P. (2015). Immune reconstitution after cord blood transplantation:
peculiarities, clinical implications and management strategies. Cytotherapy, 17(6), 711-722.

Mahmud, N., Petro, B., Baluchamy, S., Li, X., Taioli, S., Lavelle, D., et al. (2014). Differential effects of
epigenetic modifiers on the expansion and maintenance of human cord blood stem/progenitor cells. Biol.
Blood Marrow Transp. 20, 480—489.

80



Majeti, R., Park, C. Y., and Weissman, I. L. (2007). Identification of a hierarchy of multipotent hematopoietic
progenitors in human cord blood. Cell stem cell, 1(6), 635-645.

Manz, M. G, Miyamoto, T., Akashi, K., Weissman, I. L. (2002). Prospective isolation of human clonogenic
common myeloid progenitors. Proc Natl Acad Sci USA, 99, 11872-11877.

Mathé, G., Amiel, J.L., Schwarzenberg, L., Cattan, A., and Schneider, M. (1965). Adoptive immunotherapy
of acute leukemia: experimental and clinical results. Cancer research, 25(9), 1525-1531.

McNiece, |., Harrington, J., Turney, J., Kellner, J., and Shpall, E.J. (2004). Ex vivo expansion of cord blood
mononuclear cells on mesenchymal stem cells. Cytotherapy, 6, 311-317.

Mehta, R. S, Rezvani, K. (2016). Immune reconstitution post allogeneic transplant and the impact of immune
recovery on the risk of infection. Virulence, 7,901-16.

Meisel, R., Klingebiel, T., Dilloo, D. (2013). Peripheral blood stem cells versus bone marrow in pediatric
unrelated donor stem cell transplantation. Blood, 121, 863-865.

Milano, F., Appelbaum, F.R., Delaney, C. (2016). Cord-blood transplantation in patients with minimal
residual disease. N Engl J Med, 375(22), 2204— 2205.

Misslitz, A., Pabst, O., Hintzen, G., et al. (2004). Thymic T cell development and progenitor localization
depend on CCRY7. J Exp Med, 200(4), 481- 491.

Montel-Hagen, A., Sun, V., Casero, D., Tsai, S., Zampieri, A., Jackson, N., Li, S., Lopez, S., Zhu, Y., Chick,
B., He, C., de Barros, S. C., Seet, C. S., & Crooks, G. M. (2020). In vitro recapitulation of murine
thymopoiesis from single hematopoietic stem cells. Cell Reports, 33(4), 108320.

Monticelli, L. A., Sonnenberg, G. F., Abt, M. C., et al. (2011). Innate lymphoid cells promote lung-tissue
homeostasis after infection with influenza virus. Nat Immunol, 12, 1045-1054.

Munneke, J. M., Bjorklund, A. T., Mjésberg, J. M., Garming-Legert, K., Bernink, J. H., Blom, B., Huisman,
C., van QOers, M. H., Spits, H., Malmberg, K. J., & Hazenberg, M. D. (2014). Activated innate lymphoid cells
are associated with a reduced susceptibility to graft-versus-host disease. Blood, 124(5), 812-821.

Negrin, R. S. (2015) Graft-versus-host disease versus graft-versus-leukemia. Hematology, 2015, 225-30.

Nishino, T., Miyaiji, K., Ishiwata, N., Arai, K., Yui, M., Asai, Y., et al. (2009). Ex vivo expansion of human
hematopoietic stem cells by a small-molecule agonist of c-MPL. Exp Hematol., 37, 1364—77.e4.

Notta, F., Doulatov, S., Laurenti, E., Poeppl, A., Jurisica, I., Dick, J.E. (2011). Isolation of single human
hematopoietic stem cells capable of long-term multilineage engraftment. Science, 333(6039), 218-221.

Notta, F., Zandi, S., Takayama, N., Dobson, S., Gan, O.l., Wilson, G., Kaufmann, K.B., McLeod, J., Laurenti,
E., Dunant, C.F., et al. (2015). Distinct routes of lineage development reshape the human blood hierarchy
across ontogeny. Science, 351, aab2116.

Ogonek, J., Kralj, J. M., Ghimire, S., Varanasi, P. R., Holler, E., Greinix, H., et al. (2016). Immune
Reconstitution after Allogeneic Hematopoietic Stem Cell Transplantation. Front Immunol, 7, 507.

Peled, T., Shoham, H., Aschengrau, D., Yackoubov, D., Frei, G., Rosenheimer, G.N., et al. (2012).
Nicotinamide, a SIRT1 inhibitor, inhibits differentiation and facilitates expansion of hematopoietic progenitor
cells with enhanced bone marrow homing and engraftment. Exp Hematol., 40, 342-55.e1.

81



Petrie, H. T, Zuniga-Pflucker, J. C. (2007). Zoned out: functional mapping of stromal signaling
microenvironments in the thymus. Annu Rev Immunol, 25, 649-679.

Ratliff, M. L., Templeton, T. D., Ward, J. M., & Webb, C. F. (2014). The Bright Side of Hematopoiesis:
Regulatory Roles of ARID3a/Bright in Human and Mouse Hematopoiesis. Frontiers in immunology, 5, 113.

Ringdén, O., Shrestha, S., da Silva, G. T., Zhang, M. J., Dispenzieri, A., Remberger, M., Kamble, R.,
Freytes, C. O., Gale, R. P., Gibson, J., Gupta, V., Holmberg, L., Lazarus, H., McCarthy, P., Meehan, K.,
Schouten, H., Milone, G. A, Lonial, S., & Hari, P. N. (2012). Effect of acute and chronic GVHD on relapse
and survival after reduced-intensity conditioning allogeneic transplantation for myeloma. Bone marrow
transplantation, 47(6), 831-837.

Robinson, T. M, O’'Donnell, P. V., Fuchs, E. J., et al. (2016). Haploidentical bone marrow and stem cell
trans-plantation: Experience with post-transplantationcyclophosphamide. Semin Hematol, 53, 90-97.

Rocha, V., Cornish, J., Sievers, E.L., et al. (2001). Comparison of outcomes of unrelated bone marrow and
umbilical cord blood transplants in children with acute leukemia. Blood, 97(10), 2962—2671.

Rocha, V., Gluckman, E., & Eurocord-Netcord registry and European Blood and Marrow Transplant group.
(2009). Improving outcomes of cord blood transplantation: HLA matching, cell dose and other graft- and
transplantation-related factors. British journal of haematology, 147(2), 262-274.

Rocha, V., Labopin, M., Sanz, G., et al. (2004). Transplants of umbilical-cord blood or bone marrow from
unrelated donors in adults with acute leukemia. N Engl J Med, 351(22), 2276—-2285.

Rubinstein, P., Carrier, C., Scaradavou, A., et al. (1998). Outcomes among 562 recipients of placental-blood
transplants from unrelated donors. N Engl J Med, 339(22), 1565—77.

Rubinstein, P., Dobrila, L., Rosenfield, R.E., et al. (1995). Processing and cryopreservation of
placental/umbilical cord blood for unrelated bone marrow reconstitution. Proc Natl Acad Sci U S A,
92(22):10119-10122.

Salmi, M., and Jalkanen, S. (2005). Lymphocyte homing to the gut: attraction, adhesion, and
commitment. Immunological reviews, 206, 100-113.

Santos, G.W. (1995). Preparative regimens: chemotherapy versus chemoradiotherapy. A historical
perspective. Annals of the New York Academy of Sciences, 770, 771-777.

Saraf, S., Araki, H., Petro, B., Park, Y., Taioli, S., Yoshinaga, K.G., et al. (2015). Ex vivo expansion of human
mobilized peripheral blood stem cells using epigenetic modifiers. Transfusion, 55, 864—874.

Saran, N., qyszkiewicz, M., Pommerencke, J., Witzlau, K., Vakilzadeh, R., Ballmaier, M., von Boehmer, H.,
and Krueger, A. (2010). Multiple extrathymic precursors contribute to T-cell development with different
kinetics. Blood 115, 1137-1144.

Satoh-Takayama, N., Vosshenrich, C. A., Lesjean-Pottier, S., et al. (2008). Microbial flora drives interleukin
22 production in intestinal NKp46+ cells that provide innate mucosal immune defense. Immunity, 29, 958—
970.

Scimone, M. L, Aifantis, I., Apostolou, I., von Boehmer, H., von Andrian, U. H. (2006). A multistep adhesion
cascade for lymphoid progenitor cell homing to the thymus. Proc Natl/ Acad Sci U S A, 103(18), 7006-7011.

82



Seet, C. S., He, C., Bethune, M. T., Li, S., Chick, B., Gschweng, E. H., Zhu, Y., Kim, K., Kohn, D. B.,
Baltimore, D., Crooks, G. M., & Montel-Hagen, A. (2017). Generation of mature T cells from human
hematopoietic stem and progenitor cells in artificial thymic organoids. Nature Methods, 14(5), 521-530.

Sengsayadeth, S., Savani, B. N., Blaise, Det., al. (2016). Haploidentical transplantation: Selectingoptimal
conditioning regimen and stem cellsource. Semin Hematol, 53, 111-114.

Siminovitch, L., McCulloch, E.A., Till, J.E. (1963). The distribution of colony-forming cells among spleen
colonies. J Cell Comp Physiol, 62, 327-336.

Six, E.M., Bonhomme, D., Monteiro, M., Beldjord, K., Jurkowska, M., CordierGarcia, C., Garrigue, A., Dal
Cortivo, L., Rocha, B., Fischer, A., et al. (2007). A human postnatal lymphoid progenitor capable of
circulating and seeding the thymus. J. Exp. Med. 204, 3085-3093.

Storb, R. (2019). HSCT: Historical Perspective. In: Carreras E, Dufour C, Mohty M, et al., editors. The EBMT
Handbook: Hematopoietic Stem Cell Transplantation and Cellular Therapies. Springer, (7), Chapter 1.

Storb, R., Deeg, H.J., Whitehead, J., Appelbaum, F., Beatty, P., Bensinger, W., Buckner, C.D., Clift, R.,
Doney, K., & Farewell, V. (1986). Methotrexate and cyclosporine compared with cyclosporine alone for
prophylaxis of acute graft versus host disease after marrow transplantation for leukemia. The New England
journal of medicine, 314(12), 729-735.

Storb, R., Epstein, R.B., Graham, T.C., & Thomas, E.D. (1970). Methotrexate regimens for control of graft-
versus-host disease in dogs with allogeneic marrow grafts. Transplantation, 9(3), 240-246.

Storek, J., Geddes, M., Khan, F. et al. (2008). Reconstitution of the immune system after hematopoietic
stem cell transplantation in humans. Semin Immunopathol, 30, 425-437.

Sutherland, D. R, Rudd, C. E, Greaves, M. F. (1984). Isolation and characterization of a human T
lymphocyte-associated glycoprotein (gp40). J Immunol, 133, 327-333.

Sweeney, C., and Vyas, P. (2019). The Graft-Versus-Leukemia Effect in AML. Frontiers in oncology, 9,
1217.

Taghon, T., Van de Walle, |., De Smet, G., De Smedt, M., Leclercq, G., Vandekerckhove, B., and Plum, J.
(2009). Notch signaling is required for proliferation but not for differentiation at a well-defined beta-selection
checkpoint during human T-cell development. Blood 113, 3254—-3263.

Tarlinton, D. M., Corcoran, L. M., & Strasser, A. (1997). Continued differentiation during B lymphopoiesis
requires signals in addition to cell survival. International immunology, 9(10), 1481-1494.

Thomas, E.D., Lochte, H.L., Jr, Cannon, J.H., Sahler, O.D., & Ferrebee, J.W. (1959). Supralethal whole
body irradiation and isologous marrow transplantation in man. The Journal of clinical investigation, 38(10 Pt
1-2), 1709-1716.

Till, J.E., McCulloch, E.A. (1961). A direct measurement of the radiation sensitivity of normal mouse bone
marrow cells. Radiat Res, 14, 1419-1430.

To, L. B., Haylock, D. N., Simmons, P. J., & Juttner, C. A. (1997). The biology and clinical uses of blood
stem cells. Blood, 89(7), 2233—-2258.

Toubert, A., Glauzy, S., Douay, C., et al. (2012). Thymus and immune reconstitution after allogeneic
hematopoietic stem cell transplantation in humans: Never say never again. Tissue Antigens, 79, 83-89.

83



Ueda, T., Yoshino, H., Kobayashi, K., Kawahata, M., Ebihara, Y., Ito, M., Asano, S., Nakahata, T., & Tsuiji,
K. (2000). Hematopoietic repopulating ability of cord blood CD34(+) cells in NOD/Shi-scid mice. Stem cells
(Dayton, Ohio), 18(3), 204—213.

Ueno, T., Hara, K., Willis, M. S, et al. (2002). Role for CCRY7 ligands in the emigration of newly generated T
lymphocytes from the neonatal thymus. Immunity, 16(2), 205-218.

Ueno, T., Saito, F., Gray, D. H., et al. (2004). CCRY7 signals are essential for cortex-medulla migration of
developing thymocytes. J Exp Med, 200(4), 493- 505.

Van den Brink, M.R.M., Velardi, E., Perales, M.A. (2015). Immune reconstitution following stem cell
transplantation. Hematology, 2015(1), 215-219.

Van de Walle, I., De Smet, G., De Smedt, M., Vandekerckhove, B., Leclercq, G., Plum, J., and Taghon, T.
(2009). An early decrease in Notch activation is required for human TCR-alphabeta lineage differentiation
at the expense of TCR-gammadelta T cells. Blood 113, 2988-2998.

Van Heijst, J.W.J., Ceberio, |., Lipuma, L.B., et al. (2013). Quantitative assessment of T cell repertoire
recovery after hematopoietic stem cell transplantation. Nat Med., 19(3), 372-377. 10.

Velardi, E., Tsai, J. J., and Van den Brink, M. (2021). T cell regeneration after immunological injury. Nature
reviews. Immunology, 21(5), 277-291.

Velten, L., Haas, S. F., Raffel, S., Blaszkiewicz, S., Islam, S., Hennig, B. P., Hirche, C., Lutz, C., Buss, E.
C., Nowak, D., Boch, T., Hofmann, W. K., Ho, A. D., Huber, W., Trumpp, A., Essers, M. A., & Steinmetz, L.
M. (2017). Human haematopoietic stem cell lineage commitment is a continuous process. Nature cell
biology, 19(4), 271-281.

Wagner, J., Kernan, N., Steinbuch, M., et al. (1995). Allogeneic sibling umbilical-cord-blood transplantation
in children with malignant and non-malignant disease. Lancet, 346(8969), 214—-219.

Wagner, N., Léhler, J., Kunkel, E. J., Ley, K., Leung, E., Krissansen, G., Rajewsky, K., & Muller, W. (1996).
Critical role for beta7 integrins in formation of the gut-associated lymphoid tissue. Nature, 382(6589), 366—
370.

Walasek, M.A., van Os, R., and de Haan, G. (2012). Hematopoietic stem cell expansion: challenges and
opportunities. Ann. N. Y. Acad. Sci., 1266, 138-150.

Watts, G. (2010). Georges Mathé. The Lancet, 376(9753), 1640.

Wang, Y., Xu, L., Yan, C., and Huang, X. (2019). Modification of donor lymphocyte infusion: how to improve
the outcome? Science China. Life sciences, 62(9), 1253-1256.

Weiden, P.L., Flournoy, N., Thomas, E.D., Prentice, R., Fefer, A., Buckner, C.D., and Storb, R. (1979).
Antileukemic effect of graft-versus-host disease in human recipients of allogeneic-marrow grafts. The New
England journal of medicine, 300(19), 1068—1073.

Yamaguchi, R., et al. (2015). Quantitative characterization of T cell repertoire in allogeneic hematopoietic
stem cell transplant recipients. Bone Marrow Transplant, 50(9), 1227—1234.

Yew, P. Y., Alachkar, H., Yamaguchi, R., Kiyotani, K., Fang, H., Yap, K. L., Liu, H. T., Wickrema, A., Artz,
A., van Besien, K., Imoto, S., Miyano, S., Bishop, M. R., Stock, W., and Nakamura, Y. (2015). Quantitative
characterization of T-cell repertoire in allogeneic hematopoietic stem cell transplant recipients. Bone marrow
transplantation, 50(9), 1227-1234.

84



Yoshida, S., Ishikawa, F., Shultz, L. D., Saito, N., Fukata, M., Shimoda, K., Akashi, K., and Harada, M.
(2006). Expression of CD10 and CD7 defines distinct in vivo lymphoid reconstituting capacity within human
cord blood CD34+CD38-cells. Blood, 108(11), 3184—-3184.

Zhang, C. C., and Lodish, H. F. (2005). Murine hematopoietic stem cells change their surface phenotype
during ex vivo expansion. Blood, 105(11), 4314-4320.

Zhang, C.C., and Lodish, H.F. (2008). Cytokines regulating hematopoietic stem cell function. Curr. Opin.
Hematol., 15, 307.

Zhang, Q., Wu, B., Weng, Q., Hu, F., Lin, Y., Xia, C., Peng, H., Wang, Y., Liu, X., Liu, L., Xiong, J., Geng,
Y., Zhao, Y., Zhang, M., Du, J., & Wang, J. (2022). Regeneration of immunocompetent B lymphopoiesis
from pluripotent stem cells guided by transcription factors. Cellular & molecular immunology, 19(4), 492—
503.

Zheng, S., Papalexi, E., Butler, A., Stephenson, W., and Satija, R. (2018). Molecular transitions in early
progenitors during human cord blood hematopoiesis. Molecular systems biology, 14(3), €8041.

Zriwil, A., Boiers, C., Kristiansen, T. A., Wittmann, L., Yuan, J., Nerlov, C., Sitnicka, E., & Jacobsen, S.
(2018). Direct role of FLT3 in regulation of early lymphoid progenitors. British journal of
haematology, 183(4), 588-600.

85






Appendix

Supplemental Figure

UM171 DN-sorted (d7)
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Figure S1. MME is expressed in the lymphoid cluster 7 of the UM171 DN-sorted graft.

Figure is a courtesy of Chagraoui J. Not published.

(A) Representative UMAP showing the clusters distribution of CD34+ cord blood cells cultured in the presence of UM171 (35nM) during
7 days. The total UM171 was sorted into a CD86- FCER1A- subset to deplete dendritic and mast cells. The DN subset represents 15%
of the total UM171 graft. Cluster 2 and 7 have a lymphoid identity and represents 25% of the UM171 DN-sorted subset and 3.75% of
the total UM171 graft.

(B) Representative UMAP showing the RNA level of lymphoid genes expressed in lymphoid clusters shown in a.



