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ABSTRACT

espite use of newer approaches, some patients being consid-

ered for autologous hematopoietic cell transplantation (HCT)

may only mobilize limited numbers of hematopoietic progeni-
tor cells (HPCs) into blood, precluding use of the procedure, or being
placed at increased risk of complications due to slow hematopoietic
reconstitution. Developing more efficacious HPC mobilization regi-
mens and strategies may enhance the mobilization process and
improve patient outcome. Although Notch signaling is not essential for
homeostasis of adult hematopoietic stem cells (HSCs), Notch-ligand
adhesive interaction maintains HSC quiescence and niche retention.
Using Notch receptor blocking antibodies, we report that Notch2
blockade, but not Notch1 blockade, sensitizes hematopoietic stem cells
and progenitors (HSPCs) to mobilization stimuli and leads to enhanced
egress from marrow to the periphery. Notch2 blockade leads to tran-
sient myeloid progenitor expansion without affecting HSC homeosta-
sis and self-renewal. We show that transient Notch2 blockade or
Notch2-loss in mice lacking Notch2 receptor lead to decreased CXCR4
expression by HSC but increased cell cycling with CXCR4 transcrip-
tion being directly regulated by the Notch transcriptional protein RBP].
In addition, we found that Notch2-blocked or Notch2-deficient mar-
row HSPCs show an increased homing to the marrow, while mobilized
Notch2-blocked, but not Notch2-deficient stem cells and progenitors,
displayed a competitive repopulating advantage and enhanced
hematopoietic reconstitution. These findings suggest that blocking
Notch2 combined with the current clinical regimen may further
enhance HPC mobilization and improve engraftment during HCT.

Introduction

Hematopoietic cell transplantation (HCT) is the only curative option for various
neoplastic and a few non-neoplastic diseases.' The vast majority of clinical autolo-
gous HCT procedures utilize hematopoietic progenitor cells (HPCs) mobilized into
the blood. For a variety of reasons, some patients may not mobilize adequate num-
bers of HPCs and thus are not candidates for the autologous HCT procedure. In
addition, in some subjects, less than an optimal number of HPCs may be obtained,
resulting in slower hematopoietic reconstitution and increased risk of complications
during the transplant.”* In recent years, the use of CXCR4 antagonizing
molecules/peptides (i.e. AMD3100 or plerixafor) has enhanced HPC mobilization
and overcome some of these limitations.” Inadequate mobilization, however, still
remains a problem for many patients and the development of more efficacious
strategies may enhance patient outcome.’
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The signaling molecule Notch is important for stem cell
self-renewal and fate determination in many tissues,
including the hematopoietic system. An important feature
of Notch is its adhesive nature which was first described
by cell aggregation assays in Drosophila studies.”® There
are 4 Notch receptors (Notch1-4), and 2 families of Notch
ligand: Jagged (JAG1-2), and delta-like (DLL1-4) ligand.
Notch2 is the major isotype expressed on hematopoietic
stem cells (HSC) and non-lymphoid progenitor cells.”*
However, the precise role and the physiological signifi-
cance of Notch receptors, either as adhesion and/or signal-
ing molecules, in HSC homeostasis and functional support
are still not completely understood.

Notch signaling transactivation is consequent to a func-
tional engagement of the Notch receptor with the Notch
ligand. We previously reported that hematopoietic stem
cell and progenitors (HSPCs) with faulty Notch-ligand
interaction due to the loss of O-fucose modification of
Notch display increased cell cycling and decreased adhe-
sion to marrow osteoblastic lineage cells." These HSPCs
exhibit enhanced egress from the marrow. However, the
significance and the mechanism of Notch downstream
signaling in the maintenance of HSC quiescence are not
clear. Here we report that prior treatment with Notch2
blocking antibody sensitizes HSPC to the mobilizing stim-
uli of G-CSF and AMD3100 with a 3-4-fold increase in
mobilization without affecting the overall bone marrow
HSC homeostasis and self-renewal. Moreover, we
demonstrate that Notch signaling directly regulates
CXCR4 expression, and hence transient Notch2 blockade
decreases CXCR4 concentration and increases cell cycling.
Consistent with these findings, transient Notch2 blockade
leads to greater HSPC homing to the marrow and a com-
petitive repopulating advantage of the progenitors with
enhanced recovery of hematopoietic elements.

Methods

Mice

The Institutional Animal Care and Use Committee of Case
Western Reserve University approved all aspects of the animal
research described in this study. C57Bl/6 (Ly5.2) and B6.SJL-Ptrca
Pep3b/Boy] (B6.Boy]:Ly5.1) mice were maintained in the lab. Vav-
Cre/Notch2™ mice were generated by crossing Vav-Cre mice
(008610; Jackson Laboratory, Bar Harbor, ME, USA) with Notch2%
mice (010525; Jackson Laboratory, Bar Harbor, ME, USA).

In vivo Notch receptor blockade

Humanized anti-Notch1 (anti-NRR1, Genentech), anti-Notch2
(anti-NRR2, Genentech) or control antibody (anti-ragweed,
Genentech, South San Francisco, CA, USA) have been described
previously." Antibodies were injected i.p. either at 15 mg/mL for
anti-NRR1 and anti-ragweed, or at 25 mg/mL for anti-NRR2 as a
single dose or twice weekly three days apart for a total of 4 doses.

HSPC mobilization assays

Hematopoietic stem cell and progenitor mobilization was per-
formed as described.” Briefly, mice were injected subcutaneous-
ly with 2.5 ug G-CSF (Amgen, Thousand Oaks, CA, USA), twice
daily for two days, followed by subcutaneous injection of 5
mg/kg AMD3100 (Sigma-Aldrich, St. Louis, MO, USA). Blood
(250 uL) and hematopoietic tissues were collected 1 hour (h)
later for the determination of circulating, splenic and marrow
HSPC frequencies.

Bone marrow analysis, transplantation, qRT-PCR,
cell cycle analysis, chromatin immunoprecipitation,
luciferase reporter analysis, and multi-photon
intravital imaging

See details in the Online Supplementary Appendix.

Statistical analysis

Data are presented as mean+Standard Deviation (S.D.) unless
otherwise stated. Statistical significance was assessed by Student
I-test, Pearson y” test, and Wilcoxon rank sum test.

Results

Transient Notch2 signaling blockade promotes HSPC
egress in response to mobilizing reagents

To examine the effects of Notch signaling blockade in
HSPC egress, we applied Notch blocking antibody or iso-
type control antibody to wild-type (WT) mice. The Notch
receptor-specific antibody does not interfere with recep-
tor-ligand interaction but blocks the cleavage of Notch
receptor and hence the downstream signaling activation.
Because a single dose of Notch1 or Notch2 blocking anti-
body did not increase HSPC circulation in the periphery
(data not shown), we applied a single dose of Notch block-
ing antibody followed by treatment with mobilizing
reagents, using a commonly adopted regimen in mouse
studies [4 doses of granulocyte-colony stimulating factor
(G-CSF) or one dose of AMD3100, either alone or com-
bined].” We found that a single dose of anti-Notch2 fol-
lowed by G-CSF or AMD3100 resulted in a 56% and
111% increase in white blood cell (WBC) counts com-
pared with either reagent alone. Anti-Notch2 plus G-CSE
increased circulating LSK and LK cells by 63% and 2.4-fold
more, respectively, than G-CSF alone, while anti-Notch2
plus AMD3100 had a milder effect. When anti-Notch?2
was followed by combined G-CSF and AMD3100 stimu-
lation, it further increased WBC count and mobilized
more LSKs and LKs (Figure 1A-C). We did not observe any
significant change in circulating HSPCs in mice receiving
anti-Notch1 (data not shown).

Previous studies showed that up to 4 doses of Notch2
blocking antibody were required to achieve the complete
on-target biological effects of Notch?2 inhibition." We test-
ed this observation by applying 4 doses of antibodies to
mice (Online Supplementary Figure S1A). We observed a
68% increase in WBC counts in mice receiving 4 doses of
anti-Notch2 alone. We also observed a moderate increase
in circulating LK cells in mice receiving either anti-Notch1
or anti-Notch2 (Online Supplementary Figure S1B and C).
Spleen-residing LSK and LK cells, however, increased after
Notch2 blockade but not after Notchl blockade (Online
Supplementary Figure S1D).

We then compared a single dose versus 4 doses of
Notch2 antibody combined with G-CSF or/and
AMD3100 (Online Supplementary Figure S1E). Four doses of
anti-Notch2 combined with G-CSF or AMD3100 alone
resulted in an 87% and 120% increase in WBC counts,
increased circulating LKs by 2.0- and 2.8-fold more, and
increased LSKs by 61% and 68% more, respectively, than
either reagent alone (Figure 1D-F). When 4 doses of anti-
Notch2 were combined with both reagents, WBC counts
further increased to 46.6x10°/L, and LSKs and LKs
increased by 2.0-fold and 1.7-fold more in the periphery
compared to controls that were stimulated with both
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Figure 1. Notch2 blocking antibody sensitizes hematopoietic stem cell and progenitors (HSPC) egress in response to granulocyte-colony stimulating factor (G-CSF)
or/and AMD3100. Mice were given 4 doses of G-CSF in two days, or a single dose of AMD3100, or 4 doses of G-CSF followed by AMD3100 the next day, two days
after a single dose (A-C) or 4 doses of Notch2-blocking or control antibody (D-F) (see details of treatment scheme in Online Supplementary Figure S1). Twenty-four
hours (h) after the last dose of G-CSF, or 1 h after AMD3100, peripheral blood (PB) was analyzed for white blood cell (WBC) counts (A and D) and the presence of
LSK (B and E) and LK (C and F) cells by FACS in PB (n=4-7/group). Results are pooled from 3 independent experiments and presented as meantStandard Deviation

(S.D.). Student t-test *P<0.05, **P<0.01.

reagents but without anti-Notch2 (Figure 1D-F). In com-
parison, mice receiving Notchl antibody had no signifi-
cant increase in HSPCs in the circulation or in the spleen
(Online Supplementary Figure S1F-H). Both splenic LSK and
LK frequencies were also increased by combining anti-
Notch2 with either G-CSF or AMD3100, and further
increased by combining both reagents (Ounline
Supplementary Figure S11). We concluded from these obser-
vations that: 1) blocking Notch?2 but not Notch1 induces
enhanced HSPC egress; 2) although Notch2 blockade syn-
ergizes with either G-CSF or AMD3100 in promoting
HSPC egress, a stronger stimulating effect on WBC counts
and mobilized LSKs is achieved when anti-Notch?2 is com-
bined with both reagents; while 3) a single dose anti-
Notch2 in the combined regimen showed a similar effect
on increasing WBC and LK numbers as the 4-dose regi-
men, it induced a lower increment in circulating LSK than
the 4-dose regimen.

Notch2 deficiency causes increased HSPC egress
To confirm that the observed HSPC egress after Notch?2
blockade is indeed caused by the loss of Notch2 signaling,

we analyzed mice with Notch2 deficiency in the
hematopoietic system using the Vav-Cre/Notch2™ mice
that had efficient deletion of Notch2 expression on HSPCs
(Online Supplementary Figure S2). We found that circulating
LSK and LK cells increased from 208/mL and 591/mL in
control mice to 526/mL and 927/mlL in Notch2-deficient
mice (Figure 2A), respectively. Spleen-residing LSKs and
LKs also increased by 2.4- and 2.0-fold more compared to
the control mice (Figure 2B). Moreover, the increased
HSPC egress persisted after Notch2-deficient bone mar-
row cells were transferred into lethally irradiated WT
mice (Figure 2C and D). The greater HSPC egress was
accompanied by a 46% increase in WBC counts (Figure
2E) and 30% increase in circulating granulocytes, but a
28% relative reduction in circulating T cells at 12 weeks
after transplantation (Figure 2F). In addition, there were
1.3-fold and 78% increases in LSKs and LKs in the spleen
(Figure 2G and H). In comparison, consistent with other
reports, the bone marrow HSPC homeostasis of the
de novo Vay-Cre/Notch2"™ mice or of the recipients receiving
Notch2-deficient cells remained largely unaffected (Figure
21 and ]).”" These findings are consistent with the

Notch2 blockade enhances HSPC egress -
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Figure 2. Notch2 deficiency causes increased hematopoietic stem cell and progenitors (HSPC) egress. (A and B) HSPCs present in the periphery (A) and in the spleen
(B) of 8-week old Vav-Cre/Notch2"F mice and control mice (Vav-Cre/Notch2**) were determined by FACS. Representative FACS profile (gated on Lin-c-kit* cells) and
bar graphs of total numbers of LSK cells and LK cells in the blood (A) and in the spleen (B) pooled from 3 similar experiments in which Vav-Cre/Notch2%F and control
mice (n=5) were examined. (C-F) Total numbers of LSK cells (C), LK cells (D), white blood cell counts (E), and frequencies of T cells (CD4/CD/8), B cells (B220) and
granulocytes (Gr-1) (F) present in the peripheral blood (PB) of recipient mice 12 weeks after receiving bone marrow (BM) transplantation from control (n=6) or Vav-
Cre/Notch2%F mice (n=6). (G-J) Spleen-residing LSK (G) and LK (H) frequencies, as well as BM HSC subpopulations, including LT-HSC (FIt3-CD34 LSK), ST-HSC
(FIt3-CD34'LSK) and MPP (FIt3*CD34°LSK) (I), and LK subsets including CMP (Lin-c-kit'Sca-1-CD34'FcyRII/Ill"), MEP (Lin-c-kit'Sca-1-CD34 FcyRll/Ill") and GMP
(Linc-kit'Sca-1-CD34*FcyRII/III*) (J) were determined by FACS in the same group of transplanted mice. Results are pooled from 2 experiments and presented as

meanzStandard Deviation (S.D.). Student t-test *P<0.05, **P<0.01.

increased circulating and spleen-residing HSPCs in mice
receiving Notch2 blocking antibody, and suggest that
Notch2 signaling loss is responsible for increased HSPC
egress.

Notch2 blockade mildly alters bone marrow HSPC
homeostasis but does not affect HSC self-renewal

It is important to determine if Notch2 blockade would
adversely affect HSPC homeostasis and HSC self-renewal
and differentiation. We therefore analyzed marrow HSPC
populations after 4 doses of Notch? antibody treatment.
The numbers of marrow total LSK, LK, and common lym-
phoid progenitor (CLP) cells were decreased modestly in
Notch2 antibody-treated mice compared to control-treat-
ed mice (Online Supplementary Figure S3A-C). A more
detailed analysis of LSK and LK subpopulations revealed a
mild reduction of multi-potential progenitors (MPPs),
common myeloid progenitors (CMPs), and megakary-
ocyte-erythroid progenitors (MEPs) in Notch2 antibody-
treated mice compared to control mice (Online
Supplementary Figure S3D and E). While it is possible that
Notch2 blockade caused a transient reduction of the mar-
row HSPC generation,” these alterations also are likely
reflective of HSPC redistribution by Notch2 blockade,

considering that HSPC numbers were increased in the
periphery and in the spleen (Figure 1) and there is no
change in HSPC apoptosis (Online Supplementary Figure
S3F). On the other hand, we did not observe any signifi-
cant alterations in any of the HSPC subsets in mice that
received Notch2 antibody combined with G-CSF and
AMD3100 (Online Supplementary Figure S3G-I). These data
suggest that mild HSPC alterations caused by Notch2
blockade can be compensated by the proliferative stimuli
through G-CSF and/or AMD3100. We also noted that
mice receiving Notchl antibody had a 32% reduction in
CLP cells (Online Supplementary Figure S3C), a finding con-
sistent with other reports that Notch1 is involved in the
CLP development in the marrow.”'

We then assessed the effects of Notch blockade on mar-
row HSC differentiation and self-renewal by transplanting
Notch1- or Notch2-blocked bone marrow cells into lethal-
ly irradiated WT mice. On day 10, we observed a transient
high WBC count and a higher hemoglobin concentration
which continued until ten weeks after transplantation,
and higher platelets at four and eight weeks in mice
receiving Notch2-blocked marrow cells than in mice
receiving control antibody-treated cells (Figure 3A and B)
or Notchl1-blocked donor cells (Online Supplementary Figure

haematologica | 2017; 102(10)
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Figure 3. Faster hematopoietic recovery from Notch2-blocked marrow progenitors after transplantation. (A and B) Platelet counts, white blood cell (WBC) counts,
and hemoglobin levels on days 7, 10, 16 and 21 (A) (n=4-5/group), and at 4, 8, 10, and 13 weeks (B) after transplantation were determined (n=6/group, pooled
from 2 experiments). (C-E) Bone marrow frequencies of LSK subsets (C), CMP/MEP/GMP cells (D), and CLP cells (E) were determined in the marrow of mice three
months after receiving transplantation (n=6-7/group, pooled from 2 experiments). Results are presented as meantStandard Deviation (S.D.). Student t-test *P<0.05,

**P<0.01.

S4). We did not find any significant alteration in the num-
bers of LSK cells, stem cell subpopulations, or CLP in mice
receiving Notch2-blocked marrow cells (Figure 3C-E).
However, the MEPs and CMPs derived from Notch2-
blocked donors, but not from Notchl-blocked donors,
were expanded by approximately 92% and 75%, respec-
tively, compared to those derived from control antibody-
treated donors (Figure 3D).

We then took marrow cells from the primary recipients
and performed secondary transplantation (Ounline
Supplementary Figure S5). We did not observe a significant
difference in the frequency of stem cells or progenitors
from Notch2-blocked (Online Supplementary Figure S5A and
B) or Notch2-deficient marrow in the secondary transplant
recipients than from controls (Online Supplementary Figure
S5C and D). As expected, Notchl blockade had no effect
on the HSPC homeostasis after primary or secondary

transplantation either (Figure 3C-E and Online
Supplementary Figure S5B). These findings suggest that
transient Notch?2 blockade induces a short-term expansion
of myeloid progenitors during stress hematopoiesis, such
as bone marrow transplantation, resulting in faster recon-
stitution of platelet and hemoglobin, whereas the more
primitive bone marrow stem cells and lymphoid progeni-
tors are unaffected by Notch2 blockade.

Notch2 blockade induces enhanced homing and
reconstitution of the stem cells and myeloid
progenitors from mobilized HSPCs

To determine the reconstitution potential of mobilized
and Notch2-blocked HSPC, we used a competitive trans-
plantation assay in which circulating HSPCs (Ly5.2) mobi-
lized by Notch2 blockade (combined with G-CSF and
AMD3100) compete with congenic bone marrow cells

haematologica | 2017; 102(10) -



- haematologica | 2017; 102(10)

W. Wang et al.
A B
Ly5.1 100 1 wctriAb = Anti-N2
Ly5.2 bone S
D1 D4 D7 D10 D12-13 D14 e 2.
N ¥ 5
B
ab ab ab ab G-CSFAM 3100/ =
& PB collection Ly5.1 5
©
Y =
¢ HR 1o 1% wie 3wk 4wk 8wk 10 wk13 wk
100 1 100 T Cell
B Celll o € 100 - Granulocyte
S 80 - d | N
:m‘, 60 E 60 - T 2 60 -
= '|' [ 8
S 40 - S 40 | = 40 -
— (] o
o c <
5 20 - S 20 - S 20 -
T
° o X
ESV = 04 0 -
3wk 4wk 8wk 10wk 13wk 3wk 4wk 8wk 10 wk13wk 3wk 4wk 8wk 10wk 13wk
D %4 E 100 -
&™ T & 80 - T
n 0
3% 3 g
2 45 2
8 “ S 40 -
5% :
_§ - S 20 -
2 X
0 0 -
MEP  GMP  CMP LSK  LT-LSK

Figure 4. Notch2 blockade induces enhanced reconstitution of the stem cells and myeloid progenitors from mobilized hematopoietic stem cell and progenitors
(HSPC). (A) Scheme of competitive reconstitution by mobilized circulating HSPCs in which mononuclear cells from 200 uL blood collected from control antibody or
Notch2 antibody-treated mice (Ly5.2) were mixed with 0.4x10° competitor marrow cells (Ly5.1), and transplanted into lethally irradiated recipient mice (Ly5.1). (B)
The percentage of donor Ly5.2* cell chimerism in the peripheral blood (PB) mononuclear cells of recipient mice (n=5-7/group) at various time points after transplan-
tation. (C-E) The percentage of peripheral B cells, T cells and granulocytes (C), bone marrow megakaryocyte-erythroid progenitors (MEPs) and granulocyte-macrophage
progenitors (GMPs) (D), and bone marrow total LSK and LT-hematopoietic stem cells (LT-HSCs) (E) derived from Ly5.2" mobilized HSPCs in recipient mice at various
time points after transplantation. Results are presented as mean+Standard Deviation (S.D.). Student t-test *P<0.05, **P<0.01. wk: weeks.

(Ly5.1) for engraftment in lethally irradiated recipients
(Ly5.1) (Figure 4A). Evaluation of donor reconstitution
revealed a trend toward a higher chimerism at three
weeks and significantly higher chimerism sustained by
HSPCs mobilized by Notch2 blockade at eight and 12
weeks after transplantation (Figure 4B). Granulocyte num-
bers derived from mobilized and Notch2-blocked HSPCs
were significantly higher than those derived from control
cells by ten and 13 weeks after transplantation, while lym-
phocytes contributed by Notch2-blocked HSPCs also
showed a trend of increase (Figure 4C). Accordingly, bone
marrow GMPs and MEPs derived from Notch2-blocked
HSPCs increased compared to those derived from control
donors (Figure 4D). Similarly, proportions of LSKs and
long-term HSCs (LT-HSCs) derived from Notch2-blocked
HSPCs were much higher than those derived from control
donors (Figure 4E). These findings suggest a competitive
advantage of Notch2-blocked stem cells and myeloid pro-
genitors over controls after transplantation.

The enhanced chimerism from Notch2-blocked mobi-
lized HSPC suggests that Notch2 blockade may enhance
HSPC homing and/or engraftment. Because the number of
mobilized HSPC was not sufficient to allow a direct imag-

ing analysis for homing, we assessed the homing and
niche locations of adoptively transferred bone marrow
HSPCs from Notch2-deficient or from Notch2 antibody-
treated mice. We observed that 1.6-fold more of Notch2-
deficient (Figure 5A) and 1.4-fold more Notch2-blocked
progenitors (Online Supplementary Figure S6A) homed to
the bone marrow compared to their corresponding con-
trols (P<0.001 by 2-sample Pearson 7’ test). Notch2-defi-
cient (Figure 5A and C) or Notch2-blocked progenitors
(Online Supplementary Figure S6A and C) showed similar
spatial locations to the blood vessels as their controls. In
comparison, Notch2-deficient progenitors were posi-
tioned more distal from the endosteum than control pro-
genitors, with a median distance of 12.6 and 6.7 um,
respectively (P<0.001) (Figure 5B). However, there was no
great difference between Notch2-blocked progenitors and
the controls regarding their mean distance to the endos-
teum progenitors (Online Supplementary Figure S6B).

Notch2 signaling blockade increases HSPC cell cycling
and down-regulates CXCR4 expression

To understand the mechanism underlying the enhanced
sensitization to mobilizing reagents and an expansion of
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four hours later, 2-photon imaging was performed to locate CFSE" cells in the calvarium. The endosteum is highlighted by the blue second harmonic signal, while the
vessel was labeled by TRITC-Dextran dye. (A) The shortest 3D distances between the LK cells and the blood vessel or the endosteum (um) were compared for control
and Notch2-deficient cells. Wilcoxon rank sum test was performed. Data shown were pooled from 3 mice (3 experiments) in each group. Cell numbers counted in
the entire calvarium of each recipient were 30, 63, and 57 (total n=150) derived from Vav-Cre/Notch2"F mice, and 9, 26, and 22 (total n=57) derived from control
(ctrl) mice, in experiments 1, 2 and 3, respectively. (B) Representative 2D images show the locations of control versus Notch2-deficient LK cells relative to the blood

vessel. Bar size=100 um.

myeloid progenitors from Notch2-blocked donors during
transplantation, we assessed the cell-cycling status of the
marrow HSPCs by the proliferation marker Ki67 in con-
junction with the DNA-specific dye 7-AAD as a measure
of quiescence. Compared to the HSPCs from mice receiv-
ing control antibody, Notch2-blocked LSKs but not HSCs
had decreased quiescent cells in G, fraction but increased
proliferative cells in G, fraction (Figure 6A). A similar
reduction of G, and an increase of G, LSK cells were
observed in Notch2-deficient LSK cells (data not shown).
These findings suggest that Notch2 helps maintain HSPC
quiescence. To confirm that the observed reduction in
HSPC quiescence following Notch2 blockade is a result of
direct effect on the HSPC cells, we applied the antibody in
an in vitro co-culture system where isolated LSK cells were
co-cultured with Notch ligand DLL4 or JAG1-expressing
OP9 cells. In this co-culture system, Notch receptor inter-
action with Notch ligand i vitro promotes HSPC adhesion
to ligand-expressing osteoblasts and inhibits HSPC
cycling, an effect that could be blocked by ligand-neutral-
izing antibody." Here we found that treating cells with
anti-Notch2 caused a similar reduction in quiescent LSKs

but an increase in cycling LSKs in G, and S/G,/M fractions
(Figure 6B).

Because the cell surface chemokine receptor CXCR4 is
essential for the colonization of bone marrow by HSPC as
well as for the maintenance of stem cell quiescence,” " we
investigated the expression of CXCR4 on LSK cells from
Notch2-blocked bone marrow or Notch2-deficient mice.
Cell surface CXCR4 expressed by Notch2-blocked LSKs
decreased by approximately 50% when compared to the
controls (Figure 7A). Similarly, CXCR4 expression by
Notch2-deficient LSKs was also decreased by approxi-
mately 50% when compared to control LSKs (Figure 7B).
These observations raised the possibility that Notch?2 sig-
naling directly regulates CXCR4 expression. Indeed,
analysis of CXCR4 promoter identified several RBPJ/CSL
binding sequences (TGGGAA) (Figure 7C). CHIP analysis
revealed that RBPJ binds strongly to motif -6.1kb and
weakly to motif -4.1kb but not to motif -1kb (Figure 7D).
In addition, co-transfection of the CXCR4 promoter con-
struct harboring the two RBPJ binding motifs together
with NOTCH2 siRNA or RBP] siRNA resulted in an
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Figure 6. Notch2 signaling blockade increases hematopoietic stem cell and progenitor (HSPC) cell cycling. (A) Cell-cycling status of the marrow LSK cells and
CD150*CD48-LSKs hematopoietic stem cells (HSCs) was determined by the proliferation marker Ki67 in conjunction with the DNA-specific dye 7-AAD in mice receiv-
ing 4 doses of control or Notch2 blocking antibody. One representative FACS profile of LSK cells, and the relative proportion of cells in GO, G1 and SfGQ/M phase of
the cell cycle in LSK and HSC (bottom). Results are pooled from 2 experiments, and are presented as averagetStandard Deviation (S.D.) (n=5/each group). (B)
1.5x10° LK cells were co-cultured with confluent OP9-DLL4 or OP9-JAG1 cells in the presence of control (ctrl) or Notch2 blocking antibody (400 ng/mL) for four days
before cell-cycling analysis on gated LK cells. One representative FACS profile of 3 similar experiments. Student t-test *P<0.05.

approximately 40% and approximately 20% decrease in
CXCR4 reporter activity, respectively, compared to the
control siRNA treatment (Figure 7E). The reporter activity
decreased by 32% and 75% when the promoter construct
was transfected with either motif 6.1 (Del6.1) or both
motifs 4.1 and 6.1 were deleted (Del4.1/6.1) in the
luciferase reporter assay. Furthermore, when cells were
transfected with the Del6.1 or the Del4.1/6.1 construct,
the reporter activity showed even greater reduction after
Notch2 was down-regulated by siRNA (Figure 7F). In
comparison, Notch1 or Notch2 overexpression resulted in
increased CXCR4 reporter activity; this increased activity
was also dependent on the two essential RBPJ binding
motifs (Figure 7G). Finally, when bone marrow LK cells
were co-cultured with OP9-DLL4 cells, blocking Notch?2,
but not Notchl, there was a reduction in LK cell surface
expression of CXCR4 (Figure 7H). Together, these obser-
vations suggest that CXCR4 expression is directly regulat-
ed by Notch signaling, and that CXCR4 on marrow HSPC
is down-regulated by Notch2 blockade.

Discussion

In this study, we demonstrated that blocking Notch2
combined with the current clinical regimen further
enhances HSPC mobilization and homing without affect-
ing HSC homeostasis. We found that Notch2 blockade
leads to increased HSPC cell cycling and down-regulated
CXCR4 expression. We showed that CXCR4 is directly
regulated by the Notch transcriptional protein RBP]. In
addition, we showed that Notch2 blockade leads to a
competitive repopulating advantage of mobilized HSPC
after transplantation. These results suggest that Notch2
may serve as a new target for promoting HSPC mobiliza-
tion and HSPC engraftment during transplantation.

Notch is a signaling molecule important for stem cell
self-renewal and fate determination in many tissues,

including the hematopoietic system. Despite in vitro evi-
dence that activation of Notch stimulates HSC self-renew-
al,”** in vivo studies do not support the concept that Notch
has an essential role in adult HSC steady state homeosta-
sis.'”** Nevertheless, Notch2 was found to be responsible
for the rate of generation of repopulating stem cells during
stress hematopoiesis in the early phase of hematopoietic
recovery.” Consistently, we found that Notch2 blockade
alone is associated with a transient reduction in the bone
marrow progenitors and HSCs, likely caused by the
decreased immediate replenishment of the HSPCs in the
absence of Notch2. However, since blocking Notch2
decreases HSC quiescence and niche retention, Notch2
blockade leads to increased HSPC cell cycling and egress
from the marrow. In comparison, blocking Notch1 neither
affects HSC quiescence, nor causes HSPC exit from the
marrow. Therefore, Notch2 but not Notch1 is important
for HSC quiescence maintenance and proper niche local-
ization. There is no significant effect on HSPC homeosta-
sis when Notch2 blockade is employed in conjunction
with G-CSF and AMD3100, and no apparent negative
effect on short-term or long-term HSC reconstitution
when these bone marrow cells are used in the transplan-
tation procedures.

Long-term hematopoiesis is maintained by a small pool
of HSCs that ensure balanced proliferation, differentia-
tion, and quiescence. One of the major mechanisms that
retains HSPCs in their bone marrow niches and directs
their migration and homing from blood to bone marrow
involves interaction of the CXCR4 receptor with
a-chemokine stromal-derived factor 1 (SDE-1). CXCR4
promotes HSC quiescence and blocking CXCR4/SDEF-1
signaling hampers HSC retention.®”” The importance of
the CXCR4/SDF-1 as a retention mechanism for HSPC is
underscored by the extensive efforts to develop mobiliza-
tion reagents by targeting this axis, e.g. by antagonizing
CXCR4,"** by downregulation of SDF-1 expression or
suppression of SDF-1-producing cells,”* or by proteolytic
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Figure 7. Notch2 signaling regulates hematopoietic stem cell and progenitor (HSPC) CXCR4 expression. (A and B) Cell surface expression of CXCR4 in mean fluo-
rescence intensity (MFI) was assessed by FACS analysis of bone marrow LSK cells from mice receiving 4 doses of control (ctrl) or Notch1/2 blocking antibody
(n=5/each group) (A), or from Vav-Cre/Notch2”" mice and control mice (Vav-Cre/Notch2”*) (n=4/each group) (B). (C) CXCR4 promoter region has 3 potential RBP-J
binding sites. (D) CHIP assay of wild-type LK bone marrow cells. Immunoprecipitation was conducted with control antibody, or anti-RBPJ followed by PCR of the CXCR4
promoter. Results shown are meantStandard Deviation (S.D.) of 3 biological replicates. Student t-test *P<0.05, ***P<0.001. (E) CXCR4-Luc report construct with
2.0 kb CXCR4 promoter sequence containing motif 4.1 and motif 6.1 was transfected into 293T cells expressing RBPJ (RBPJ KD), Notch2 (N2 KD), or control siRNA
(ctrl KD). (F) The dependence of the CXCR4-Luc reporter activity on motif 4.1 and 6.1 was assessed by transfecting the CXCR4 reporter construct with single motif
6.1 deleted (Del6.1) or both motif 4.1 and 6.1 deleted (Ddel4.1/6.1) into 293T cells that expressed control siRNA or Notch2 siRNA. (G) CXCR4-Luc reporter activity
was determined by transfecting the wild-type CXCR4-Luc reporter construct (WT) or the construct with both 4.1- and 6.1-motif deleted (DD) into 293T cells expressing
ICN1-expression plasmid (ICN1 OE), ICN2-expression plasmid (ICN2 OE), or control plasmid (empty vector; EV). (H) Bone marrow WT LK cells were isolated and co-
cultured with OP9-DLL4 cells for 96 hours in the presence of Notch1, Notch2, or control antibody (400 ng/mL). CXCR4 expression was assessed by FACS. (E-H)
Mean+S.D of 3 biological replicates. Student t-test *P<0.05, **P<0.01, ***P<0.001.

cleavage of CXCR4 and SDEF-1.* Other potential agents
and novel strategies to promote HPC mobilization have
been tested.”! These include, but are not limited to, S1P
agonists,” VCAM/VLA-4 inhibitors,® parathyroid hor-
mone,* proteosome inhibitors,” Grof,*¥ CD26,* and
heparan sulphate.” Here, we report that blocking Notch2
combined with G-CSF and AMD3100 induces enhanced
HSPC mobilization, and that Notch signaling directly reg-
ulates CXCR4 expression. Because we did not find any
significant alterations in the expression of other major cell
surface adhesion molecules caused by the lack of Notch2
expression (Online Supplementary Figure S7), presumably
this down-regulated CXCR4 is responsible, at least par-
tially, for the increased cell cycling and egress of HSPCs in
Notch2-deficient mice or after Notch2 blockade. Other
possible mechanisms that should not be excluded may
involve a direct adhesive effect by Notch2-ligand interac-
tion with stromal niche cells independent of CXCR4 in
promoting HSC niche retention, as Notch ligand neutral-
izing antibodies are still able to induce HSPC egress even
in mice deficient in RBPJ-mediated canonical Notch signal-
ing."

Interestingly, we find that Notch2-blocked or Notch2-
deficient HSPCs display enhanced homing to the bone

marrow. This is accompanied with increased repopulating
ability in peripheral HSPCs mobilized by Notch2 block-
ade, enhanced hematopoietic recovery, and expansion of
the GMPs and MEPs derived from Notch2-blocked cells.
These properties are likely due to the increased prolifera-
tive capacity and rapid differentiation associated with
Notch2 deficiency itself” or with downregulation of
CXCR4 by Notch2-blockade, as a similar observation was
found in CXCR4 haplo-insufficient ~HSPCs.”
Alternatively, a transient downregulation of CXCR4 by
Notch2 antibody during HSPC egress is followed by a
compensatory increase in CXCR4 that mediates the
increased homing after HSPCs leave the bone marrow.
However, the insufficient numbers of mobilized HSCs
mean a precise assessment of CXCR4 expression cannot
be made. In addition, this argument cannot be applied to
Notch2 deficient mice. We do not exclude the possibility
that the enhanced homing of Notch2-blocked/deficient
HSPCs is mediated by other molecules that are directly or
indirectly regulated by Notch2. Consistent with other
reports,” we found that, unlike Notch2-blocked HSPCs,
Notch2-deficient HSPCs showed similar or a mild reduc-
tion in chimerism in the competitive setting when com-
pared to the control HSPCs (Online Supplementary Figure
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S8), and displayed a trend of reduction in frequency in the
secondary transplant recipients (Online Supplementary
Figure S5E and F). This indicates that HSC function related
to stress hematopoiesis is somewhat impaired by Notch2
deficiency despite increased homing. This paradoxical
finding may be explained by a distal spatial location of
Notch2-deficient HSPC relative to the endosteum; howev-
er, the underlying cause needs further investigation.
Endothelial cells** and perivascular stromal cells”* are
important components of HSC niches. A direct contact of
HSCs with endothelial cells through Notch-ligand interac-
tions has been shown to prevent HSC exhaustion.” On
the other hand, we showed that HSPCs with faulty
Notch-ligand interaction display a similar distal spatial
location relative to the endosteum." Whether this reflects
a disrupted interaction between HSPCs and the Notch lig-
and-expressing supporting cells in the quiescent niche or
in the vicinity of endosteum, or is caused by altered cell
metabolism, or some other still unidentified mechanism,
needs further investigation. Importantly, transient Notch2
blockade does not affect HSC self-renewal, hence it is
unlikely that transplant of Notch2-blocked HSPCs will
adversely affect HSC long-term reconstitution in recipi-
ents.

The more effective HSPC mobilization and the
enhanced engraftment related to Notch2 blockade may be
in general useful as a strategy to achieve satisfactory
engraftment and improve patient outcome in HCT. Nearly
all autologous HCT procedures are performed using mobi-
lized HPCs. Successful outcome is dependent on infusing
an adequate number of functionally active HPCs. Until
recently, a mobilization strategy of G-CSE, either alone or
in combination with chemotherapy, failed to mobilize an
‘optimal’ CD34 cell dose in up to 40% of patients.”
AMD3100, in combination with G-CSEF increases total
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CD34" cells mobilized, and is often used for HPC mobi-
lization in myeloma and non-Hodgkin lymphoma
patients.” Unfortunately, this approach does not always
lead to adequate HPC collection in patients who have pre-
viously been exposed to extensive cytotoxic therapy; fur-
thermore, in some instances, multiple HCT procedures
may be contemplated that require greater numbers of
HPCS.5'47148

Since findings from this study were performed using a
‘standard’ animal model, an optimal regimen needs to be
better defined in order to achieve the maximum mobiliza-
tion in humans. Nevertheless, our findings from animal
studies suggest that Notch2 is a potential target to be con-
sidered for the mobilizing regimen in conjunction with
AMD3100 and G-CSF for patients thought to be potential-
ly at risk of not being able to mobilize sufficient numbers
of CD34 cells. This strategy, as the data suggest, could
improve collection efficacy and reduce procedure-related
costs and the risks associated with large volume or multi-
ple collections.”* Potentially, this approach could acceler-
ate hematopoietic recovery, considering the enhanced
homing and engraftment of the HSPCs and increased
granulocyte recovery which could potentially reduce the
risk of infection, and ultimately improve both short- and
long-term patient outcome.
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