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4HPR AND ITS USE IN THE CULTURING OF
HEMATOPOIETIC STEM CELLS

REFERENCE TO RELATED APPLICATION

5  This application claims priority to U.S. Provisional Patent Application No. 62/331,019
filed on May 3, 2016, which is incorporated herein in its entirety.

FIELD OF THE INVENTION

~ The invention relates to methods of cuituring/expanding hematopoietic stem cells and
10 more particularly to the use of 4HPR therewith,

BACKGROUND OF THE INVENTION

Limited numbers of hematopoietic stem and progenitor cells (HSPC) are barriers {o the
efficacy and prominent usage of human umblical cord blood (UCB) units for recovery
16  from bone marrow transplantation (BMT). UCB are an under-utilized source for BMT,
but may serve as the only allogenic source available for a vast majority of the non-
Causasian population. For more than two decades, different strategies have been
employed to expand unfractionated or stem cell enriched human CB CD34+/CD133+
cells in culture. Early approaches utilized combinations of cytokines that were being
20 discovered at the time, alone or with stromal co-cultures. While massive expansion of
CD34+ cells was achieved, assessment with xenograft repopulation assays revealed
concomitant loss of HSC: furiher substantiated in clinical trial findings with no
contribution to patient repopulation. Thus, a strategy to pursue ex vivo expansion of
immunophenotypic CD34+ cells is not by itself sufficient for yielding functionally
25 expanded LT-HSC for HSCT. The most advanced methods that are currently in trial
today for ex vivo expansion have evolved from screening of compound libraries (SR1
and UM171) with impressive expansion of CD34+; encouraging clinical data are just
now emerging (Boitano, et al, Science, 2010; Fares, et al, Science, 2014, Wagner, et
al, Cell Stem Cell, 2016). Better culture systems, cytokine conditions, delivery methods
30 and prominently small malecule agonists for HSPC expansion in vitro have been
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found, but whether these expansion methods directly act on the HSC and increases
long-term HSC self-renewal is limited.

HSC are the rare population of cells that maintain life-long blood praduction. HSC have

distinct responses to stress stimuli including metabolic stress, DNA damage, and

5 endoplastic reticulum (ER) stress from the rest of the hernatopoietic hierarchy.

Targeting such pathways are able to alter the functional output of the HSC in both self-

renewal and multipotency. HSC are predisposed to choose apoptosis if stress stimuli

are not resolved to maintain H8C pool integrity and avoid malignancy. However, HSC

function can also be enhanced by selectively activating stress pathway components

10 such as the co-chaperone ERDJ4 to enhance ER protein folding (van Galen, Nature,

2014), Macroautophagy, hereafter referred to as aﬁtophagy, is a stress response

process critical for protecting mouse HSC from metabolic stress and aging (Warr, et al,

Nature 2013; Ho, et al, Nature 2017). Specifically, only mouse HSC and not committed

progenitors hold the capacity to activate protective autophagy upon stress stimuli

15  (Warr, Nature, 2013). Thus, HSC contain characteristics that have potential for
selective activation for clinical applications such as HSCT,

SUMMARY OF THE INVENTION

in an aspect, there is provided a method for improving or preserving hematopoietic

20 stem cell (HSC) self-renewal during ex-vivo expansion of a population of cells
comprising HSCs in an expansion medium, comprising culturing the population of cells
in the presence of N-(4hydroxyphenyljretinamide (4HPR).

In an aspect, there is provided a use of N-(4hydroxyphenyl)retinamide (4HPR) for
improving or pregerving hematopoietic stem cell (HSC) renewability during ex-vivo
25  expansion of a population of cells comprising HSCs in an expansion medium.

In an aspect, there is provided N-(4hydroxyphenylyretinamide (4HPR) for use in
improving or preserving hematopoietic stem cefl (HSC) renewability during ex-vivo

expansion of a population of cells comprising HSCs in an expansion medium,

In an aspect, there is provided a mediumn for culturing/expanding hematopoietic stem
30 cells, comprising N-(4hydroxyphenyljretinamide (4HPR).
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In an aspect, there is provided a method for enriching for hematopoietic stermn cell
(HSC) during ex-vivo expansion of a population of cells comprising HSCs in an
expansion medium, the method comprising culturing the population of cells in the
presence of N-(4hydroxyphenyl)retinamide (4HPR).

BRIEF DESCRIPTION OF THE FIGURES

These and other features of the preferred embodiments of the invention will becorne
more apparent in the following detailed description in which reference is made to the
appended drawings wherein:

10  Figure 1 shows plelotrophic DEGS1 inhibitor fenretinide/4HPR selectively increases
cloning efficiency in human HSC. (A) Dose response of varying [4HPR] in CB at day 3
post-treatment showing 2uM 4HPR gives the relative half maximal number of viable
cells compared to control. All experiments following are at this 4HPR congentration
unless otherwise indicated. (B) Relative % BrdU incorporation following 4 or 8 hours

16 labeling at 3 days post-treatment with the indicated sorted cell populations shows
4HPR decreases the proliferation rate of primitive CB subpopulations in culture (n=4).
{C) LC}MS was used o profile the ceramide (Cer), dihydroceramide (dhCer),
sphingosine (sph), dihydrosphingosine (dhSph), S1P and dihydro-81P (dhS1P) levels
in lin- CB cells cultured for 8 days with control or 4MPR (n=2). The relative levels of

20  lipid/dihydro-lipid show that 4HPR causes accumulation of dhCer and decreases total
ceramide. (D) HSC, MPP, or GMP were sorted into methylcellulose for CFC assays in
the presence of control or 4HPR and colonies were blindly scored following 10-11 days
for (D) colonies/100 cells and ((E) colony distribution are shown (n=7). (F) Flow
cytometry for erythroid (GlyA+) and monocytic (CD14+) markers in live cells from

25 pooled CFC colonies were scored (n=6). (F) Relative number of colonies from CFC
assays comparing the effect of 4HPR or ATRA (n=3) on sorted HSC, MPP or GMP.

Figure 2 shows (A) Sphingolipid metabolism schematic showing DEGS1 as a
biosynthetic enzyme in the de novo sphingolipid synthesis, which occurs in the
endoplastic reticulum. 4HPR is a small molecule that can inhibit the activity of DEGS1.
30 (B) DEGS1 gene expression for the CB hierarchy is show from illumina microarray
analysis (Laurenti, et al, 2013) and RNA-sequencing (Zandi &t al.) Cell cycle analysis
for Ki67 and DNA content by flow cytometry of sorted HSC, MPP or GMP at (C) Day 2
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(n=3) or (D) Day 3 post treatment (n=2) with vehicle control or 4HPR shows 4HPR
does not significantly prevenit cells from transiting through the cell cycle.

Figure 3 shows 4HPR activates autophagic flux and decreases ROS and
mitachondrial membrane potential in HSPC during ex vivo culture, (A)Representative
5 mmunofiuorescence images taken by confocal microscopy for DAPI (blue) and LC3l}
staining (green) for CD34+CD38- cells (stem) following 2 days of treatment with
DMSO control or 2uM 4HPR with and without the autophagy inhibitor baflomycin A1
(BAF) to assay for basal autophagy and autophagic flux. (B} Quantitation of LC3lI foci
area as a percentage of total cell area for stem and prog (CD34+38+) cells from three
10  independent CB using R and Image J software. (C) LCIl foci area is increased with
4HPR treatment relative to control in the presence of BAF only in stem populations
and not Prog populations. (D) Representative flow cytometry histogram plot of cyto-ID
fluorescence intensity of control (black) and 4HPR (green) treated stem cells fo assay
for autophagic flux. Lower mean fluorescence intensity (MF1} indicates more turnover
15  of autophagosomes and thus increased autophagic flux. (E) Relative cyto-lD’qux for 0
(vehicle control), 0.2 uM and 2 uM 4HPR in stem and prog cell populations at 2 days
post-treatment (n=4), shows Increasing concentrations of 4HPR induces autophagic
flux only in sterm, not progenitor cells. (F) Cytokine withdrawal for 3 hours activates
autophagic flux in CB stem cells to similar levels as 2 uM 4HPR as assayed by cyto-1D
20  flow cytometry at day 2 post-treatment (n=3). Flow cytometry analysis of stem or prog
cells following 2 days of treatment with indicated concentrations of 4HPR for (G) ROS
with CELLROX, (H) mitochondrial membrane potential with TMRE and (I)
mitochondrial mass with mitotracker green shows 4HPR decreases ROS species and
mitochondrial membrane activity without significantly altering mitochondrial mass in

25  stem cells. 4HPR treatment in progenitor cells does decrease mitochondrial mass.

Figure 4 shows (A) Autophagic flux quantitation as a ratio of LC3lI foci area with and
without BAF for Figure 3B (n=3). (B). Representative cyto-1D flow cytometry plot of CB
progenitor cells treated with 100 nM rapamycin to activate autophagy via mTOR
inhibition as positive control for Figure 3E and F. (C) The relative number of colonies
30 scored following DMSO control (cirf) or 100 nM Rapamyein treatment of sorted HSC,
MPP, and GMP in CFC assays at day 11 (n=3) shows rapamycin decreases colony
output from CB HSPC. (D) The relative secondary ¢loning efficiency resulting from
serial replating of HSC or MPP groups from C shows that initial rapamyein treatment
increases progenitor function in this in vitro assay for MPP, but not HSC. (E) Cyto ID
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MFI following 3 hour cytokine withdrawal at 2 days post in vitro culture shows only

stem, but not prog cells activate autophagic flux upon cytokine withdrawal. (F) CytolD

MF! measurements for Figure 3F and the comparable data for (G) progenitor samples

to illustrate autophagic flux is not significantly induced in progenitor cells treated with

5 4HPR even upon cytokine withdrawal. (H) Relative mitochondrial mass of indicated

CB hierarchy populations from fresh, unculiured cord blood as assayed by mitotracker

green flow cylometry shows CD34+CD38+ progenitor cells have 2-fold more

mitochondrial mass than CD34+CD38- stem cells. This difference in mitochondrial

content is lost by day 3 post culture (See Fig 3K). Flow cytometry analysis at D3 post-

10 treatment with indicated concenfrations of 4HPR in stem or progenitor CB ¢ells for (l)

ROS, (J) mitochondrial membrane potential and (K) mitochondrial mass indicates that
4HPR decreases mitochandrial mass by day 3 post-treatment in stern cells.

Figure 5 shows ex vivo expansion of human cord blood with 4HPR preserves HSC
self-renewal following xenotransplantation, In vitro treatment of primitive cord blood

15  with 4HPR preserves HSC function in xenotransplantation. (A) Experimental schemne
(B) Representative FACS analysis data of in vitro culture for 16 HSC dose time course
(n=3). The number of (C) viable cells, (D) CD15+ myeloid cells, (E) GlyA+ erythroid
cells, and (F) CD34+ primitive cells measured for the16 LTRC dose with HTS flow
cytometry analysis at day 8 posttreatment for vehicle control or 4HPR prior o

20  xenotransplantation (n=5 biological replicates, 4 in technical triplicate, marked with
different symbols). (G) Human CD45+ engraftment at 16 weeks post transplant in
injected femur (n=4, 5 mice/biological experiment). Lineage analysis of control or
4HPR transplanted mice from figure 5G for (H) B lymphoid, (I} myeloid, (J} erythroid,
and (K) primitive CD34+ at the 16 LTRC dose. (L) CD45+ cells were isolated from %

25  biological experiments of the 16 LTRC dose primary mice and transplanted at limiting
doses into secondary recipients for 16 weeks. Human CDA4&+ marking of >0.1% was
considered positive for secondary engraftment. Limiting dilutation analysis was
performed using ELDA software and the long-term repopulating cell (LTRC) frequency
for each biological replicate plotted and the average LTRG frequency calculated.

30 Figure 6 shows (A) Chimerism as measured by flow cytometry for CD45 in non-
injected bones of 16 week transplanted mice of contrel or 4HPR cultured CB cells at
16 weeks post-transplant. All bones for each mouse were pooled following chimerism
analysis and frozen for subsequent CD34 hierarchy analysis. Flow cytometry analysis
were performed on CD34+ enriched cells using Milteny? human CD34 enrichment
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protocol on thawed samples for the human CB hierarchy at the 18 HSC dose from 4
biclogical experiments, marked with different symbols (n=4 mice per biological
expetiment). The number of (B) - CD34+CD19- cells, (C) CD34+CD38-, (D)
CD34+CD38+, (E) HSC, (F} MPP, (G) MLP, and (l) GMP were quantitated from each

5 rmouse at 16 weeks posttransplant. Representative HSC hierarchy analysis scheme
of CD34 enriched cells isolated from mice 16 weeks post-transplantation engrafted
with ex vivo cultured CB cells in {he presence of(J) vehicle control (black) or (K) 4HPR
(green).

Figure 7 shows 4HPR treatrnent preserves stem cell associated immunophenotypic

10  markers in the primitive population of ex vivo cultured human cord blood. (A)
Representative flow cytometry analysis of the primitive hierarchy within the CD34+
fraction of day 8 cultured lin- CB cells after the indicated treatments for CD80 and
CD45RA, n=4. B) The distribution of cultured CD34+CD90+CD45RA- (cHSC),
CD34+CD90-CD45RA- (cMPP), and CD34+CD80-CD45RA- (cProg) for the indicated

15 conditions at day 8 of ex vivo culture following CD34 enrichment. Statistical
significance assayed through unpaired i-fest relative to vehicle control (Ctrl). The
relative number of colonies resulting from (C) HSC or (D) MPP grown in
methylcellulose CFC assays in the presence of vehicle control (<) or the indicated
combination of 2 uM 4HPR, or 35nM UM171 or 0.5 uM SR1 at 10 days. Statistical

20  significance is calculated via unpaired t-test relative to ctrl (black) or to the presence of
absence of 4HPR treatment for UM171 or SR1.

Figure 8 shows (A) The indicated cell populations were sorted from the CD34+
fraction of lin-CB cultured for 8 days and transplanted into NSG mice fo determine
human lymphoid and myeloid enrgraftment, B) Lymphoid and C) myeloid engraftment

25  from (A) at 16 weeks post-transplantion. The number of CD34+ cells following 8 days
culture from 100 sorted D) HSC or E) MPP with the indicated treatments shows that
UM171 and SR1 promote CD34+ expansion more from MPP than HSC (n=2). F) Flow
cytometry plots showing the CD34+ population from 8 day cultured HSC.

Figure 9 shows 4HPR synergizes with UM171 and SR1 to enhance HSC self-renewal
30  in vivo following ex vivo expansion of cord blood. (A) The number of cells following 8
days of ex vivo culture at the 18 LTRC dose grown as in Figure 5A for the indicated
drug treatments (n=2). (B) Flow cytometry for CD34+ cél!s at day 8 culture indicates
UM171 and SR1 treatment expands the % CD34+ as previously reported (Fares, et al,
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2013).-(C) LC/MS analysis for total ceramide (Cer), dihydroceramide (dhCer),
sphingasine (Sph), dihydrosphingosine (dhSph), Sph-1P and DhSph-1P levels show
that 4HPR increases dhCer and dhSph alone or in combination with UM171 and SR1
(n=2). (D) Human CD45 chimerism in the injected femurs of transplanted mice for the
5 indicated cell doses at 16 weeks xenotransplantion following 8 day ex vivo cuiture with
indicated drugs. UM171 and SR1 ex vivo treatment significantly increases engrafiment
at the 3.2 LTRC dose, (2 biclogical replicates) (E) CD45+ cells were isolated from 2
biological experiments of the 16 LTRC dose primary mice and fransplanted at limiting
doses into secondary recipients for 16 weeks. Human CD45+ marking of >0.01% was
10  considered positive for secondary engraftment. Limiting dilutation analysis was
performed using ELDA software and the long-term repopulating cell (LTRC) frequency

for each biological replicate plotted and the average LTRC frequency calculated.

Figure 10 shows (A) CD45 human chimerism in non-injected bones of mice at 16
weeks post-transplantation for the indicated cell doses following 8 day ex vivo culture

15  with control, or combinations of 4HPR, UM171 and SR1. (B) The ceramide and
dihydroceramide profiles with the indicated fatty-acyl chain of cells collected following
8 days of culture with indicated treatments measured by LC/MS. (C) The secondary
LDA analysis for 2 separate biological experiments showing celf doses transplanted for
calculation of LTRC frequency shown in Figure 9D.

20 Figure 11 shows 4HPR treatment selectively upregulates sphingolipid biosynthesis
and autophagy gene expression in human cord blood. RNA from 3 pools of Lin- CB
cells treated with vehicle contrel, 4HPR, UM171+8R1 or the triple combination of
4HPR+UM171+SR1 for 2 days were subjected to RNA-sequencing without
amplification on the lllumina HiSeq 2500 . (A) Functional enrichment map of gene sets

25  enriched (red) by AHPR freatment including or enriched by Ctrl treatment (blue) at day
2. (B) Heatmap of those gene sets from Fig 11A and their expression relative to Ctrl for
the treatment groups shows that the combination of 4HPR with UM171+5R1 give an
intermediate gene expression where sphingolipid biosynthesis, autophagy and
ER/UPR gene sets are still enriched in the Combo3 treatment.

30
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DETAILED DESCRIPTION

In the following description, numerous‘speciﬁc details are set forth fo provide a
thorough understanding of the invention. However, it is understood that the invention
may be practiced without these specific details.

5  Worldwide 50,000 HSCT (hematopoietic stem cell transplant) procedures are
undertaken annually to treat blood disorders and cancers, yet 2/3 of patients who need
HSCT lack matched donor tissue. Improvements in hematopoietic stem cell (HSC)
availability, and in efficacy and safety of HSCT procedures weould extend applicability
to larger numbers of cancer patients and beyond, for example to those who could

10  benefit from gene repair.

Lipid signaling pathways have proven important In regenerative medicine as short-term
treatment with prostagladin E2 (PGE2) enhances engraftment of CB and is in clinical
trials for efficacy in transplant protocols (North, et al). Autophagy is critical for
maintaining lipid homeostasis under nutrient stress in mice (Singh, Nature, 2009). We
15  find that lipid metabolism and signaling genes are differentially expressed in HSC
compared to progenitor cells, with those 23 genes high in HSC termed a lipid-stem
signature through high resolution transcriptome analysis of the human hematopoietic
hierarchy (Manuscript in preparation). Many eicosanoid metabolism genes including
those that regulate PGE2 production are in the lipid stem signature. Intriguingly,
20  sphingolipid metabolism, a related lipid pathway which makes the bioactive signaling
lipids sphingosine-1-phosphate (S§1P) and ceramide-1-phosphate (C1P), is
transcriptionally and functionally distinct between HSC and progenitors (Fig 2A)
(reviewed in Merrill, et al, 2011). DEGS1 is the final enzyme in de novo sphingolipid
synthesis that converts dihydroceramide to ceramide, the central component to all
25 sphingolipids (Slddique, review, JBG, 2015). These key lipid metabolites are
synthesized at the ER and then further processed at the golgi and lysosome. Mouse
cells deficient for DEGS1 have been described to activate autophagy under nutrient
stress (Siddique, MCB, 2013). Fenrentinide/4HPR is a pleitrophic molecule that
irreversibly inhibits DEGS1 activity with prolong exposure at micromolar concentrations
30 in vitro (Rahmanlyan, et al, JBC, 2011). Such inhibition has been linked fo
accumulation of dihydroceramides and activation of ER siress and autophagy in &
multitude of cell lines (reviewed in Li, et al, Cell death and Disease, 2014). We asked
whether 4HPR treatment could induce the distinctive siress response of the HSC fo
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activate autophagy to specifically protect CB HSC self-renewal function through the
metabolic stress of ex vivo expansion for BMT,

Clinically, single cord blood {CB) units do not contain enough short (ST) and jong term

{LT) HSC o enable HSCT into adult recipients, prompting the development of ex vivo

5 CB expansion methods. Numerous conditions yield ST-HSC/progenitor expansion, but
LT-HSC expansion is neither robust nor reliable. LT-HSC have properties distinct frorn
those of ST-HSC and more committed progenitors, including altered cell cycle
properties, stress responses and metabolism. Current strategies to expand primitive
CD34+ cells in the presence of cylokines disrupt many of these HSC properties,

10 leading to release from quiescence, increased reactive oxygen species (ROS) and
activation of stress responses. Autophagy is an essential process for protection of
mouse LT-HSC from metabolic stress and aging. We have uncovered a lipid-stem
signature, which includes the de novo sphingolipid synthesis enzyme dihydroceramide
desaturase (DEGS1), that is transcriptionally and functionally distinct between HSC

15  and committed progenitors. Genetic or pharmacological disruption of DEGS1 has been
reported to induce autophagy, including with the pleiotropic retinoid fenretinide/N-(4-
hydroxyphenyl) retinamide (4HPR). Therefore, we asked if 4HPR treatment in ex vivo
expansion regimens of human CB would improve LT-HSC function in vivo.
Dihydroceramide levels are dramatically increased in CB cells cultured with 4HPR,

20 4HPR increases LC3 cleavage and autophagy as detected by CYTO-ID, selectively in
primitive CD34+CD38- but not more committed CD34+CD38+ cells, under cytokine-

rich culture conditions or upon short-term cytokine withdrawal. Treated cells exhibit
decreased ROS and mitochondrial membrane potential, reflective of the metabolic

state of quiescent HSC. In ex vivo culture, 4HPR treatment for 84 alone or in

95  combination with known CB ex vivo expansion agents SR1 or UM171 remarkably
' limits the expansion of CD34+CD45RA+ committed progenitors while  preserving
immunophenotypic LT- and ST-HSC. 4HPR dramatically induces enrichment of
sphingolipid/ceramide biology, unfolded protein response, and macroautophagy gene

sets in CB cells alone or in combination with UM171 and SR. Importantly, in limiting

30 dilution serial transplantation assays, the frequency of LT-HSC was increased by ex
vivo 4HPR treatment compared to controls, and doubled when 4HPR was added to
SR1+UM171 treatment compared to SR14#UM171 treatment alone. Here, we describe

a previously unrecognized function of 4HPR in preserving human LT-HSC function
while still allowing ex vivo expansion of ST-HSC and progenitors, We propose that
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autophagy activation in primitive CB cells with 4HPR as a novel strategy o improve
clinical HSCT outcome.

In an aspect, there is provided a rmethod for improving or preserving hematopoietic
stem cell (HSC) self-renewal during ex-vivo expansion of a population of cells

5  comprising HSCs in an expansion medium, comprising culturing the population of cells
in the presence of N-{(4hydroxyphenyl)retinamide (4HPR).

As used herein "hematopoietic stem cell” refers fo a cell of bone marrow, liver, splean

or cord blood in origin, capable of developing into any mature myeloid and/or lymphoid

cell. Stems cells have the ability to "self-renew”, that is the ability to go through
10 numerous cycles of cell division while maintaining the undifferentiated siate.

As used herein “madium” refers to a growth medium or culture medium designed fo
support the growth hematopoietic stem cells. Such medium are known in the art,
including mediums used for expanding a population of cells, and in particular
hematopoietic stem cells, and may be referred to as an “expansion medium”.

15  In some embodiments, the population of cells are derived from cord biood.
- |n some embodiments, the population is CO34+ enriched.
In some embodiments, the population of HSCs are CD34+/CD133+.

In some embadiments, the method further comprises culturing the population of cells
in the presence of StemRegenin-1 (SR1), (1r 4r)-N1-(2-benzyl-7-(2-methyl-2H-tetrazol-
20  5-yl)-9H-pyrimido[4,5-blindol-4-yl)cyclohexane-1,4-diamine (UM171 ) or both.

In some embodiments, hematopoietic stem cell (MSC) self-renewal is improved or
preserved by enriching for HSCs.

in an aspect, there is provided a method for enriching for hematopoietic stem cell
(HSC) during ex-vivo expansion of a population of cells comprising H5Cs in an

25  expansion medium, the method comprising culturing the population of cells in the
presence of N-(4hydroxyphenyljretinamide (4HPR).

In an aspect, there is provided a use of N-(4hydroxyphenyl)retinamide (4HPR) for
improving or preserving hematopoietic stem cell (HSC) renewability during éx-vivo
expansion of a population of cells comprising HSCs in an expansion medium.

10
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In an aspect, there is provided N-(4hydroxyphenyl)retinamide (4HPR) for use in
improving or preserving hematopoietic stem cell (HSC) renewability during ex-vivo
expansion of a population of cells comprising HSCs in an expansion medium.

In an aspect, there is provided a medium for culturing/expanding hermaftopoietic stem
5  cells, comprising N-(4hydroxyphenylyretinamide (4HPR).

In some embodiments, the medium further cornprises StemRegenin-1 (SR1), (1r,4r)-
N1—(2-benzyl-7-(2-methyl-2H-tetrazoi—S-y!)—QH-pyrimido[4,5-b]indol—4-yl)cyclohexane—
1.4-digmine (UM171) or both.

In an aspect, there is provided a population of cells expanded using the methods
10 described herein,

The advantages of the present invention are further illustrated by the following
examples. The examples and their particular defalls set forth herein are presented for
illustration only and should not be construed as a limitation on the claims of the
presant invention.

18
EXAMPLES

The de novo sphingolipid synthesis enzyme DEGS1 is transcriptionally higher in HSC
than committed progenitors (Fig 2B) and its’ activity can be irreversibly inhibited by
4HPR, a pleiotraphic retinoid agonist explored as a chemotherapeutic agent in several
20  clinical trials with growth inhibitory functions (Fig 2A, B). However, the functional
consequence of 4HPR treatment on human cord blood primitive cells is unknown. A
dose titration of 4HPR was performed on lineage-depleted CB (lin-CB) cells and 2 uM
was calculated to give half maximal cell viability at 3 days post-treatment compared to
vehicle control (ctrl), a concentration reported in cell lines to antagonize DEGS1T
25 enzymatic function, and used for all subsequeni experiments uniess otherwise
indicated (Fig 1A). As expected, 4HPR treatment decreased proliferation rate in HSPC
subpopulations including HSC, MPP (multipotent progenitor or 8T-HSC) and GMP
(granulocyte macrophage progenitor) as assayed by BrdU incorporation at day 3 post-
treatment (Fig 1B). Howeaver, these populations can still fransit through the celi ¢cycle in
30 the presence of 4HPR as cell cycle analysis at day 2 or day 3 with Ki67 and Hoescht
shows no significant difference between ctrl and 4HPR (Fig 2C, D). Lipid mass
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spectrormnetry was performed on [in-CB cells cultured for 8 days to confirm that 4HPR
treatment does in fact inhibit DEGS1 activity and increase total dihydroceramide and
decrease total ceramide compare to contrel (Fig 1C and Fig 10C). The levels of the
signaling lipid S1P are not altered, which again suggests that while this concentration
5 of 4HPR has growth attenuating effects, lin-CB cells are still able to proliferate with
extended treatment. Next, we utlized the colony forming assay (CFC) for in vitro
progenitor function to determine if 4HPR treatment alters functional output from
isolated populations of CB HSPC. Remarkably, we find that 4HPR treatment
specifically of HSC, but not MPP  or GMP significantly increases colony output 50%
10 over confrol freatment (Fig 1D). Resultant colonies are more likely to be granulocyte-
macrophage (GM) colonies in both HSC and MPP samples treated with 4HPR (Fig
1E). Flow cyiometry for myeloid (CD14) and erythroid (GlyA) markers of all cells from
the CFC assays shows that 4HPR enhances myeloid oulput at the expensé of
erythroid differentiation (Fig 1F). This enhancement of colony output is independent of
15 retinoid signaling as all-trans retinoic acid (ATRA) treatment in such assays decreases
colony output from all HSPC populations (Fig 1G). This is unsurprising as retinoic acid
signaling is a potent differentiation signal in hematopoietic cells. Thus, 4HPR inhibition

of sphingolipid homeostasis selectively enhances cloning efficiency in human HSC.

We hypothesize that such selective enhancement of CFC cloning efficiency with 4HFR
20 treatment is a result of activating autophagy in HSC in human CB. Warr et all had
previously shown that mouse HSC, but not comitted progenitors activate autophagy
under stress stimuli. Therefore, we chose to compare the action of 4HPR in autophagy
induction on CD34+CD38- (stem)-enriched cells and CD34+CD38+ progenitor-
enriched (prog) cells at day 2 post-treatment relative to vehicle control with two
25  independent methods: 1) immunofluorescence (IF) for the autophagosome marker
LC3N by confocal microscopy with and without Baflomycin A1 (BAF) fo inhibit
autophagosome turnover (Fig 3A-C, Fig 4A) and 2) flow cytometry with cyto-1D that
stains autophagosomes (Fig 3D-F, Fig 4E-G). LC3H IF microscopy shows that both ctri
and 4HPR-freated stem and progenitor cefls at day 2 have basal autophagy (Fig 3A,
30  B). However, in the presence of BAF, only 4HPR-treated stem cells, but not prog celis
exhibit an upregulation of autophagy with an increase in LC3\I foci area relative to cirl
(Fig 3B, C). Similarly, flow cytometry with cyto-ID staining with vehicle (0 uM)
compared to 0.2 uM or 2 uM 4HPR showed autophagic flux is only significantly
induced in stem but nat prog cells with 4HPR (Fig 3D, E). A decrease in cyto-D MFI
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represents more autophagic flux. As reported for mouse HSPC, cytokine withdrawal in

human CB stem activates autophagy as measured by cytolD, but not in human prog

cells (Fig 3F, 4F, 4G), which is further enhanced in the presence of 4HPR. Autophagy

induction with inhibition of mMTORC1 by rapamycin decreases cloning efficiency in CFC

5 assays from HSC, MPP and GMP which suggests that 4HPR action is independent of

mTORC1 signaling (Fig 4B, C). Rapamycin treatment in ex vivo culture of CB has

been reported to enhance engraftment in xenotransplantation which we suspect is due

to enhancement of MPP function as suggested by secondary CFC assays (Fig 4C).

Autophagy regulates cellular metabolisrn in mouse HSC (Ho, et al, Nature 2017) to

10 maintain lower metabolic activity particularly in the mitochondria. Therefore, we used

flow cytometry to analyzed three metabolic parameters with 4HPR treatment in CB

stem and prog-cells at day 2 and day 3 of treatment (Fig 3G-l, Fig 41-K), and found that

4HPR resulted in decreased ROS and mitochondtial membrane potential and

decreased mitochondrial mass potentially through mitophagy in both stem and prog

15 cells. HSC have lower mitochondrial content than progenitors (Fig 4H). Thus, 4HPR

induces autophagy specifically in CB stem-enriched cells resulting in a less’
metabolically active state, reminiscent of more quiescent stem cells

To determine if 4HPR preserves functional HSC in CB liquid culiure, we devised an
experimental protocol to test the effect of 4HPR treatment in short-term ex vivo
20  expansion culture on repopulation in serial NSG xenotransplantation to functionally
read out LT-HSC (Fig 5A). Briefly, lin- CB (enriched for CD34+) is cultured ex vivo in
an In vitro fimiting dilution assay (LDA) fashion based on 3 initial cell doses with high
(16 functional HSC or LTRGC), medium (3.2 LTRC) and limiting (0.65 LTRC) in
xenotransplantation. All expanded cells are unbiasly transplanted via intrafemoral
25 injection into NSG mice after 8 days of culture where drug is added every 2 day and
reconstitution is assayed 16 weeks following transplantation. Flow cytornetry analysis
over the 8 days culture shows 4HFPR treated cultures have fewer immuncphenotypic
CD34+ cells, enhanced myeloid differentiation with decreased erythroid
differentiation(Fig 5B-F). Xenotransplantation data shows that 4HPR expanded CB
30 cells exhibit the same CD45 chimerism as vehicle control through all cell doses even
though they have fewer CD34 immunophenotypic cells following ex vivo expansion
(Fig 8G, Fig 6A). Similarly, lineage distribution for B lymphoid, myeloid, and erythroid
at the 16 HMSC dose is comparable between cfrl and 4HPR transplanted cells (Fig 5H-
J). Most importantly, primitive lineage negative CD34+ cells are equally prevalent in

13
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the mice transplanted with the progeny of ctrl or 4HPR freated 16 LTRC dose cellg (Fig
5K). Analysis of the HSC hierarchy in individual mice confirm that all analyzed HSPC
populations by flow cytometry shows are on average identical, with similar
experimental variation between mice transplanted with control and 4HPR expanded
5 cells (Fig 6C-K, 7 separate experiments). Human CD45+ cells are isolated from
primary mice transplanted with the 16 LTRC dose and serially transplanted in LDA
fashion to enumerate functional HSC in the gold-standard for long-term repopulating
cell (LTRC). Remarkably, 4HPR treated cells show & 3 fold increase in SRC over
control treatment through 32 weeks of xenotransplantation with an average LTRC
10 frequency of 1e6 CD45+ cells (Fig 5L, n=5, p=0.02). Fresh CD34+ CB through 32-40
weeks of xenotransplantion typically gives LTRC frequency between 1/5e5 to 1/8eb
using similar serial transplantation methods suggesting ex vivo expansion culture
decreases LTRC frequency that is partially restored by 4HPR. Thus, 4HPR acts fo
preserve LT-HSC function in ex vive expansion despite limiting total CD34+ cells
15 during culture,

Given the CD34 compartment where functional HSC should reside foliowing ex vivo
expansion is critical to blood production, we asked if there were immunophenotypic
alterations following 4HPR treatment. StemRegenin-1 (SR1) or UM171 are iwo
molecules whose action on CB has been reported fo expand CD34+ cells dramatically

20 and lead to increase reconstitution in xenotransplantation (Fares, et al Science, 2014;
Boitano, Science, 2010). We sought to ask if limiting CD34+ expansion with 4HPR
treatment is synergistic with these known agonists of CB ex vivo expansion. Lin- CB

~ were cultured with these 3 small molecules alone or in combination for 8 days and the
CD34 compartment was isolated and analyzed by flow cytometry further with CD20

25 and CD45RA to look at immunophenotypic cultured HSC (cHSC) , MPP (¢MPP) and
committed progenitors (cProg). These populations were sorted from lin-CB at D8
following expansion and transplanted into NSG mice for 16 weeks to ascertain that
cProg cells are committed progenitors, while ¢HSC and ¢cMFP retain multipotency
following culture (Fig 8A, B). Remarkably, 4HPR significantly limits the percentage of

30 (cProg) cells while increasing cMPP in the CD34 compariment and frends to
increasing cHSC relative to control. To further elucidate the specific action of 4HPR on

HSC over MPP and compare this to UM171 and SR1, sorted HSC and MPP were put

into ex vivo expansion conditions for 8 days with the same treatments as in Fig 7A, B

and their growth and CD34+ compartment were monitored by flow cytometry (Fig 8D-

14
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F). Consistent with the literature, UM171 dramatically increases primitive CD34+ from
both HSC and MPP at D8 after ex vivo expansion. SR1 expansion of CD34+
subpopulations ocecurs primarily in sorted MPP, not HSC. Remarkably, 4HPR
treatment imits the formation of cProg cells in lin- CB as well as HSC and MPP and is
§ dominant over UM171 or 8R1 singularly and in combination (Fig 7A, 7B, 8D, 8F). To
determine whether the activity of 4HPR is dominant or synergistic with UM171/SR1 in
cloning efficiency, we used the CFC assay on sorted HSC and MPP treated with the
indicated small maolecules (Fig 7C,D). Neither UM171 nor SR1 altered relative number
of colonies relative to the vehicle control, but both decreased cloning efficiency of the
10  HSC (Fig 5B, C). However, 4HPR (green) increased relative cloning efficiency from
HSC in combination with either UM171 or SR1 fo levels similar to 4HPR alone (Fig
7C). Thus, we hypothesize that the combination of 4HPR with UM171 and SR1 may
together enhance HSC self-renewal while allowing for expansion of LT- and ST-HSC
from CB in culture.

15 To determine if there is synergism for HSC seli-renewal following CB ex vivo
expansion between 4HPR and UM171/3R1, 2 pools of lin- CB cells were treated with
vehicle control, 4HPR, UM171+3R1 or 4HPR+UM171+SR1 (Combo3 ) through 8 day
ex vivo expansion, transplanted into NSG mice and then serial transplanted with LDA

to enumerate LTRCvfrequency as in Fig 5A (Fig 8).

20 Combao3 treated cells shared characteristics of both UM171/8R1 treatment as well as
4HPR treatment. While 4HPR treatment restricted the total expansion of cells at d8 for
Combao3 (Fig 9A), the CD34% percentage within expanded cells was greatly increased
to levels comparable fo UM171/SR1 tfreatment (Fig 9B). The sphingolipid profile of
Combo3 D8 expanded cells is identical to 4HPR expanded cells (Fig 9C, Fig 10B). As

25  expected, UM171 and SR1 treatment UM171/SR1 or Combo3 treatment qualitatively
improves average primary engrafiment of ex vivo CB cells with lower doses of HSC
(Fig 9D) relative to vehicle conirol consistent with UM171/8R1's ability to expand
CD34+ cells ex vivo (Fig 9B). Although the LTRC frequency of UM171/SR1 treated
cells in serial xenotransplantation is not improved over vehicle conirol (Fig 7E) in our

30 hands, the 3 combo drug treatment of 4HPR/SR1/UM171 results in 4 fold LTRC
frequency over control. The resultant LTRC frequency is consistent with the frequency
we see from mice transplanted with uncultured CB suggesting this drug combination
may be clinically relevant for ex vivo expansion of CB for HSCT fo preserve HSC
function.

15
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To elucidate the genetic pathways enriched by 4HPR freatment in human CB that may

contribute to preserving HSC function in ex vivo expansion alone or in combination

with UM171 and SR1, we performed RNA-sequencing of 3 pools of lin-CB at day 2

and day 4 following treatment with all four treatment groups. To avoid amplification

5  bias, RNA-seq was performed on samples without amplification. Consistent with the

phenolypic analyses described in Fig 3, 4HPR treatment enriched for autophagy gene

sets including mitophagy (Fig 11A). As suggested in the literature, 4HPR treatment

upregulates ER stress and UPR gene sets in human CB (Fig 11A). Importantly, 4HPR

treatment in CB is targeting DEGS1 as lipid metabolism is altered with an enrichment

10 of ceramide/sphingolipid biosynthesis gene sets probably in a attempt to restore

ceramide levels due to DEGST inhibition and a decrease in cholesterol/sterol

biosythetic pathways (Fig 11A). The laiter is known to be regulated by autophagy
(Singh, Nature, 2009).

4HPR acts dominanily to limit CD34+CDASRA+ progenitor expansion in CB ex vivo
15  cultures in combination with SR1 and UM171. This 3 combo drug {reatment of

4HPR/SR1/UM171 following ex vivo culture results in a synergistic increase in HSC

self-renewal proven by secondary xenotransplantion. Thus, we propose that

specifically targeting pathways important for HSC can be efficiacious for identifying

promising agents such as 4HPR in the preservation of HSC self-renewal during ex vivo
20  expansion of GB.

Although preferred embodiments of the invention have been described herein, it will be

understood by those skilled in the art that variations may be made thereto without

departing from the spirit of the invention or the scope of the appended claims. All

documents disclosed herein, including those in the following reference list, are
25  incorporated by reference.
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CLAIMS:

1. A method for improving or preserving hematopoietic stem cell (HSC) self-
renewal during ex-vivo expansion of a population of cells comprising HSCs in
an expansion medium, the method comprising culturing the population of cells

5 in the presence of N-(4hydroxyphenyl)retinamide (4HPR).
2. The methed of claim 1, wherein the population of cells are derived from cord
bload.
3. The method of claim 1, wherein the population is CD34+ enriched.

4, The method of claim 1, wherein the population of HSCs are CD34+/CD133+,

10 5. The method of claim 1, further comprising culturing the population of cells in
the presence of StemRegenin-1 (SR1), (1r.4r)-N1-(2-benzyl-7-(2-methyl-2H-
tetrazol-5-y1)-8H-pyrimido[4,5-bjindol-4-yl)cyclohexane-1,4-diamine (UM1 71) or

both,
6. The method of any one of claims 1-5, wherein hematopoietic stem cell (HSC)
15 self-renewal is improved or preserved by enriching for HSCs.
7. A method for enriching for hematopoistic stem cell (HSC) during ex-vivo

expansion of a population of cells comprising HSCs in an expansion medium,
the method comprising culturing the population of cells in the presence of N-
(4hydroxyphenyl)retinamide (4HPR),

20 8. Use of N-{4hydroxyphenyl)retinamide (4HPR) for improving or preserving
hematopoietic stem cell (HSC) renewability during ex-vivo expansion of a

population of cells comprising HSCs in an expansion medium.
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10

10.

11.

12,

N-(4hydroxyphenylrefinamide (4HPR) for use in improving or preserving
hematopoietic stem cell (HSC) renewability during ex-vive expansion of &
population of cells compriging HSCs in an expansion mediurn.

A medium for culturing/expanding hematopoietic stem cells, comprising N-
(4hydroxyphenyl)retinamide (4HPR).

The medium of claim 10, further comprising StemRegenin-1 (SR1), (1r,4r)-N1-
(2-benzyl-7-(2-methyl-2H-tetrazol-5-yl)-9H-pyrimido[4, 5-blindol-4-
yhcyclohexane-1,4-diamine (UM171) or both.

A population of cells comprising HSCs expanded using the method of any one
of claims 1-7.
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