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NOTCH?1 is a prevalent signaling pathway in T cell acute lymphoblastic leukemia (T-ALL), but crucial NOTCH1 downstream
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Introduction

T cell acute lymphoblastic leukemia (T-ALL) is an aggressive
hematological malignancy characterized by BM infiltration with
immature lymphoblasts derived from transformed T cell pre-
cursors (1). A common cause of T-ALL is the dysregulation of
signaling pathways that control T cell development in the thy-
mus (2), such as NOTCH1, which is a key oncogenic player in
human T-ALL (3). NOTCH1 is a member of the NOTCH family
(NOTCH1-NOTCH4) of conserved transmembrane receptors
that regulate survival, proliferation, and cell-fate decisions in dif-
ferent cell types, including T lymphocytes (4, 5). Binding of
mammalian Notch receptors to Delta or Jagged ligands triggers
a series of enzymatic cleavages by ADAM metalloproteases and
y-secretase that release the intracellular Notch domain (ICN). ICN
translocates to the nucleus and forms a transcriptional complex
with the DNA-binding protein CSL/RBP]J and coactivators of the
mastermind-like (MAML) family (6). NOTCHI1 plays a crucial role
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signals and target genes contributing to T-ALL pathogenesis cannot be retrospectively analyzed in patients and thus
remain ill defined. This information is clinically relevant, as initiating lesions that lead to cell transformation and
leukemia-initiating cell (LIC) activity are promising therapeutic targets against the major hurdle of T-ALL relapse. Here,
we describe the generation in vivo of a human T cell leukemia that recapitulates T-ALL in patients, which arises de novo in
immunodeficient mice reconstituted with human hematopoietic progenitors ectopically expressing active NOTCH1. This
T-ALL model allowed us to identify CD44 as a direct NOTCH1 transcriptional target and to recognize CD44 overexpression
as an early hallmark of preleukemic cells that engraft the BM and finally develop a clonal transplantable T-ALL that
infiltrates lymphoid organs and brain. Notably, CD44 is shown to support crucial BM niche interactions necessary for LIC
activity of human T-ALL xenografts and disease progression, highlighting the importance of the NOTCH1/CD44 axis in
T-ALL pathogenesis. The observed therapeutic benefit of anti-CD44 antibody administration in xenotransplanted mice
holds great promise for therapeutic purposes against T-ALL relapse.

in T-ALL pathogenesis, as illustrated by the fact that over 60% of
human T-ALLs contain gain-of-function NOTCHI mutations that
lead to ligand-independent NOTCH1 signaling (7).

Seminal studies have addressed the impact of dysregulated
Notch signaling in T cell leukemogenesis using a well-defined
murine model, wherein expression of constitutively active intra-
cellular Notchl (ICN1) in hematopoietic stem/progenitor cells
(HSPCs) leads to extrathymic T cell development in the BM and
results in a fatal murine T-ALL that resembles the human dis-
ease (8, 9). Weaker NOTCH]I alleles, such as those commonly
found in human T-ALL, fail to initiate overt T cell leukemia in
mice, but generate signals of sufficient strength to induce ecto-
pic development and BM accumulation of aberrant CD4*'CD8"*
double-positive (DP) preleukemic T cells, which eventually
cause an aggressive T-ALL in concert with other genetic alter-
ations (10). Consequently, Notch-associated leukemogenesis
is characterized by the initial interaction of preleukemic cells
with the BM microenvironment, which may be a crucial step
providing the supportive signals required for leukemia initiation
(11). Therefore, either when the NOTCHI mutation acts as the
initial driving genetic event of T-ALL (12) or when oncogenic
NOTCHI complements other leukemogenic signals (10, 13), BM
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Figure 1. Constitutive NOTCH1 activation boosts BM engraftment of human HSPCs and promotes ectopic T cell development. (A) Representative FACS
phenotype of primary HSPCs from human CB (n = 5). (B) RAG-2"/~ x yc”/- mice were transplanted with CD34* CB HSPCs transduced with either retrovirus
encoding ICN1and GFP (ICN1; transduction efficiencies + SEM: 21.0% + 2.9%) or control retrovirus encoding GFP alone (GFP; 43.4% + 8.2%). Shown are
absolute numbers of human (CD45*) cells, normalized to 10° transduced input cells, in BM, spleen, and thymus at 9 weeks after transplant. (C) Percentages
of human cells with the indicated cell phenotype recovered from the BM, spleen, and PB of mice shown in B. Percentages of cells derived from nontrans-
duced (GFP) HSPCs are also shown (SP T, CD4* or CD8* SP; DP T, CD4*CD8* TCR-a3* DP; DP pre-T, CD4*CD8* TCR-0f"CD3"; B, CD19*; Myeloid, CD33*CD13";
CD34Lin, CD34* cells lacking lineage-specific markers). Mean values + SEM are shown (n > 4). (D) Representative phenotype of human cells derived from
ICN1- or GFP-transduced HSPCs infiltrating the BM and thymus of mice shown in B (n > 4). (E) Representative CD44 expression of human DP TCR-of3* and
B cells from BM or thymus (Thy) of transplanted mice shown in B (n > 6). (F) Percentages of human cells recovered at the indicated times after transplant
from the PB of mice shown in B. Numbers were normalized to 25% of transduced input cells. Mean values from at least 4 independent experiments, with a
combined total of 5 to 19 mice per group, are shown. ****P < 0.0001.

engraftment contributes to T-ALL pathogenesis. In both situa-
tions, NOTCH1 activation is an early hallmark of T cell leuke-
mogenesis and a key regulator of leukemia-initiating cell (LIC)
activity (13, 14), which suggests the participation of Notch sig-

naling in the engraftment process. However, the nature of the
initial signals that regulate BM engraftment of preleukemic cells
and eventually contribute to the T-ALL transformation program

remains largely unknown.
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Recognizing the preleukemogenic events associated with
aberrant NOTCHI signaling must be clinically relevant, as it
may lead to the identification of specific targets for developing
improved therapeutic strategies to fight disease relapse, which
is a main T-ALL clinical issue. However, retrospective analysis
of human leukemic onset is unfeasible, and understanding the
stepwise impact of NOTCHI mutations on human T-ALL patho-
genesis demands the availability of suitable in vivo models whose
generation has been previously addressed, but has been more
difficult than anticipated (15). Here, we have approached this
aim using immunodeficient mice reconstituted with primary
human cord blood (CB) HSPCs expressing constitutively active
NOTCH1 and show the successful generation de novo of a clonal
human leukemia that resembles T-ALL in patients. This T-ALL
model has allowed the delineation of pathogenic events associat-
ed with the onset of the human disease. In particular, the identifi-
cation of the adhesion molecule CD44 as a direct NOTCH1 target
required for BM engraftment and LIC activity of human T-ALL
xenografts highlights the importance of targeting the NOTCH1/
CD44 axis in future therapeutic interventions.

Results
Oncogenic NOTCHI drives BM engraftment and ectopic T cell develop-
ment of human HSPCs and intrathymic precursors. In an attempt to
generate a human T-ALL in vivo, we took advantage of the onco-
genic Notchl approach, previously reported to induce an aggres-
sive murine T-ALL (8,9). To thisend, CD34*CD133* HSPCs isolat-
ed from human umbilical CB (Figure 1A) were transduced with
a bicistronic retroviral vector encoding either constitutively active
ICN1 and GFP as reporter or GFP alone, and cells were then trans-
planted into immunodeficient RAG-27" x yc”/~ mice. Flow cytom-
etry analysis of sequential BM aspirates revealed that enforced
ICNI1 expression significantly boosted human HSPC engraftment
inmouse BM (25-fold at 9 weeks after transplant), but not in spleen
and thymus (Figure 1B). Most BM grafting ICN1* human cells dis-
played an aberrant CD4'CD8* DP phenotype characteristic of
immature thymocytes (>90% at 9 weeks after transplant; Figure 1,
Cand D) and showed unexpected high levels of the adhesion mole-
cule CD44, specifically of the standard CD44 isoform (not shown),
which is downregulated in conventional DP thymocytes (Figure
1E). A major proportion of ICN1* DP ectopic T cells expressed the
CD3-TCR-af complex, as did ICN1* DP cells developing in the
thymus, but about 25% displayed low CD3 expression and lacked
both TCR-af3 (Figure 1D) and TCR-yd (not shown), suggesting a
differentiation blockade at the pre-TCR" stage (16). In all ani-
mals, human ectopic T-lineage cells were exclusively derived from
ICNI-transduced progenitors, whereas control GFP-transduced
HSPCs differentiated mostly into CD19* B lymphocytes in the
BM and also produced a minor CD13" myeloid subset, similarly to
nontransduced HSPC controls (Figure 1, C and D). Importantly,
ICN1* T cells also reached the peripheral blood (PB) and spleen of
transplanted mice, but essentially all of them displayed a CD4* or
CD8" single-positive (SP) phenotype of conventional T cells, and
very few showed the aberrant DP phenotype of their BM coun-
terparts (Figure 1C). ICN1* progenitors also produced B cells that
colonized the PB and spleen, although at very reduced proportions
compared with GFP* controls (Figure 1C).
Volume 128  Number?7
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The observed engraftment of ICN1-transduced CB progeni-
tors in RAG-27/" x yc/~ mice contrasted with results from a pre-
vious study wherein no peripheral repopulation of NOD/SCID
mice with ICN1*human cells was observed (15). Thus, ICN1* cells
in our model could represent preleukemic cells able to eventually
generate a human leukemia. However, such ICN1* cells transiently
engrafted the PB and showed repopulation kinetics indistinguish-
able from those of control GFP* cells. Both reached maximal num-
bers at 7 weeks after transplant, but decreased significantly by 10
weeks (Figure 1F) and disappeared by 15 to 17 weeks (data not
shown). Therefore, enforced NOTCHI signaling in human HSPCs
is able to promote early events associated with preleukemia gener-
ation and leukemia onset in mice, including ectopic generation of
aberrant DP T cells (8); such putative preleukemic cells engrafted
transiently in RAG-27" x yc”/~ mice, with no evidence of leukemia
generation, at least during the follow-up period of 17 weeks.

BM infiltration with transformed immature lymphoblasts
derived from intrathymic T cell precursors is a common feature of
T-ALL (1, 17). Therefore, thymus exit and exposure to a BM-sup-
portive niche may be part of the T-ALL oncogenic program under-
taken by preleukemic cells, as proposed for other hematologic neo-
plasias (11). To investigate whether NOTCH1 signaling contributes
to that program, we analyzed BM seeding and engraftment poten-
tial of CD34"CD44*CDla early T cell precursors (ETPs) isolated
from the human postnatal thymus (Figure 2A) and transplanted
into RAG-27/~ x yc”/~ mice upon transduction with either the ICN1
or the only-GFP vectors. We found that GFP-transduced ETPs
reached the host thymus at 1 week after transplant, expanded in
situ over 6 to 8 weeks, and disappeared after 10 weeks (Figure
2B), as observed with nontransduced thymocytes (not shown);
however, they were unable to engraft the BM (Figure 2C). In con-
trast, ETPs expressing ICN1 recapitulated the behavior of ICN1*
HSPCs, as they efficiently engrafted the host BM for up to 10
to 12 weeks (Figure 2C) and also transiently repopulated the host
thymus (Figure 2B). Importantly, as observed with HSPCs, ICN1*
ETPs generated ectopic DP cells in the BM, which were indistin-
guishable from their ICN1* thymus counterparts in terms of CD4,
CD8, and CD3-TCR-op expression (Figure 2D), but they aber-
rantly displayed upregulated levels of CD44 (Figure 2E). To assess
whether ICN1 was able to improve cell engraftment by modulat-
ing homing into the BM, ICN1* and GFP* ETPs were next assayed
in short-term homing assays, which showed that they displayed
similar homing kinetics, as both reached the BM as early as at 4
hours after transplant and remained at equivalent numbers for up
to 1 week (Figure 2F). However, GFP* and nontransduced control
ETPs dropped thereafter and became essentially undetectable
by 2.5 weeks, while ICN1* cell numbers increased steadily (up to
1000-fold) during the first 3 to 4 weeks after transplant (Figure
2, C and F). Therefore, active NOTCH1 does not markedly affect
BM seeding of ETPs, but promotes their ectopic differentiation
and expansion, likely contributing to the leukemogenic program.

Aberrant CD44 expression is an early hallmark of mutant
NOTCHI signaling and extrathymic T cell development. Upregula-
tion of CD44 has been observed in preleukemic DP cells derived
ectopically from murine BM progenitors expressing ICN1 (13,
17, 18), but a relationship between Notch activation and CD44
expression, although suggested, has not been studied in detail.
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Figure 2. Human thymic precursors overexpressing active NOTCH1 undergo BM engraftment and extrathymic differentiation. (A) Representative phe-
notype of primary ETPs from human postnatal thymus (n = 20). (B and €) RAG-2"/~ x yc™/- mice were transplanted with human ETPs transduced with ICN1
and GFP (19.3% + 1.4% ICN1*) or GFP alone (28.0% + 7.9% GFP*). Shown are absolute numbers of human cells recovered from thymus (B) and BM (C) at the
indicated weeks after transplant. Numbers were normalized to 10° transduced input cells and represent combined results from 4 to 8 independent exper-
iments, with a total of 35 to 75 mice per group. (D) Representative flow cytometry phenotype of human ICN1* cells in BM and thymus of mice shown in B
and C at 6 weeks after transplant (n = 4). (E) Representative CD44 expression of human DP TCR-af* cells infiltrating the BM and thymus of mice shown in
B and C (n > 4). (F) Percentages of human CD45* cells engrafting the BM of mice shown in B and C at the indicated times after transplant (n >4).
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Figure 3. CD44 upregulation is an early hallmark of aberrant NOTCH1 signaling and ectopic T cell development. (A and B) GFP reporter and CD44 expres-
sion of ICN1*CD45* human cells engrafting the thymus or BM of RAG-2"/~ x yc™/~ mice transplanted with either ETPs (A) or CB HSPCs (B) transduced with ICN1
and GFP. Cells were obtained at 2 to 6 and 9 weeks after transplant, respectively. Mean fluorescence intensity (MFI) combined results from 6 independent
experiments, with a total of 3 to 30 mice per group, are shown. (C) Representative FACS phenotype of T-lineage cell subsets derived from ICN1-transduced
human ETPs in the BM of RAG-2"/~ x yc™/~ mice shown in A at 13 and 21 days after transplant (CD4ISP, CD4*CD3"; DP TCR-af, CD4*CD8*CD3*TCR-af*; DP pre-
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respectively, in the BM and thymus of mice shown in A or at 9 weeks after transplant in the BM and thymus of mice shown in B. CD44 expression of control
cells generated from either ETPs or CB HSPCs transduced with GFP (GFP*) in the thymus and of human B cells generated in the BM from GFP* HSPCs is also
shown. MFI + SEM combined results from 6 (ETPs) and 3 (HSPCs) independent experiments, with a total of 3 to 9 mice per group are shown. Data were
corrected by the FDR method. (E and F) Relative mRNA expression of C044, HEST, IL7R, and ILZRG genes analyzed by gPCR and normalized to GAPDH in
GFP- or ICN1-transduced human ETPs after 36 hours of transduction (C) or in DP thymocytes and BM ectopic DP cells derived from GFP- or ICN1-transduced
human ETPs at 4 weeks after transplant. Data are shown as mean + SEM of triplicates (n = 5). **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 4. CD44 is a CSL/MAML-dependent direct target of NOTCH1. (A) Lucife

rase reporter assays of SupT1 T-ALL cells cotransfected with a reporter

construct containing a genomic CD44 region (-4.8 to -3.5 kb) spanning 5 putative CSL-binding sites along with ICN1-encoding retrovirus plus or minus
retrovirus encoding dnMAML1 or with GFP-only control. Data are represented as mean fold induction + SEM over luciferase activity of control cells cotrans-

fected with an empty reporter vector (pGL3) and the GFP-only vector (n = 3). s1
with anti-NOTCH1 Abs (anti-cleaved NOTCH1, for CUTLL1 and HPB-ALL, or anti
amplification was done on input and immunoprecipitated DNA with primer pa

-s5, CSL-binding sites 1-5. (B) Representative ChIP assay performed either
-C-terminal NOTCH?1, for SupT1) or with the corresponding control Ab. PCR
irs spanning each of the 5 (D44 CSL sites or the reported c-MYC CSL-bind-

ing site. The vertical dividing line separates lanes run noncontiguously on the same gel. (C) Quantitative data of ChIP assays in B. Results are shown as

fold enrichment of anti-NOTCH1-immunoprecipitated DNA over DNA immuno

precipitated with control Abs. Bars represent mean values + SEM (n = 3).

Ctrl, control. (D) Luciferase reporter assay of SupT1T-ALL cells cotransfected with a reporter vector containing the indicated combinations of WT and

mutated (mut) sequences corresponding to the 5 putative CSL-binding sites identified in (D44, along with either retrovirus encoding ICN1 together or not
with dnMAML1-encoding retrovirus or with GFP-only retrovirus as control. Data are represented as mean fold induction SEM over control cells asin A (n =
3). Data shown in A and D were corrected by FDR. (E) Chromatin landscapes upstream of the (D44 locus were derived from ChlIP-seq raw data of human
CUTLL1 cells under steady-state (basal), Notch-off, and Notch-on conditions (GEQ GSE51800), previously described by Wang et al. (23). The presence of a 5’
distal enhancer containing a dynamic NOTCH1-PBP] site and a RUNX1 site is shown. H3K27ac peaks associated with this dynamic NOTCH1 site are shown.

*P < 0.05; **P < 0.01; ***P < 0.001.

Supporting a functional link between NOTCHI1 activity and
CD44 expression, quantitative FACS analysis revealed a tight cor-
relation between CD44 surface expression and ICN1 transgene
expression, assessed by GFP reporter levels, in the cellular prog-
eny of human ICN1* ETPs or CB HSPCs engrafting the thymus

and BM of recipient mice (Figure 3, A and B), but such correlation
was not observed in cells transduced only with GFP (Supplemental
Figure 1, A and B; supplemental material available online with this
article; https://doi.org/10.1172/JC192981DS1). Notably, the high-
est ICN1 and CD44 expression levels corresponded to T cells
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developing ectopically in the BM (Figure 3, A and B; and Supple-
mental Figure 1C), which included all sequential T cell maturation
stages, i.e., CD4*CD3" immature SP (ISP), DP pre-TCR', and DP
CD3*TCR-af}* cells (Figure 3C), while their GFP* control intrathy-
mic counterparts showed downregulated levels of CD44 (Figure
3D). Quantitative gene expression analyses of ICN1-transduced
ETPs revealed that CD44 upregulation was induced at the tran-
scriptional level as early as at 36 hours after transduction, when
Notch target genes HESI and IL7R were concurrently upregulat-
ed, but the unrelated IL2RG gene remained unchanged (Figure
3E). Transcriptional upregulation of Notch targets was observed as
well in ectopic ICN1* DP CD44" cells arising in the BM at 4 weeks
after transplant, as compared with control DP thymocytes (Figure
3F). Collectively, these results provide evidence of a functional
association between NOTCH1 activation and CD44 gene expres-
sion and indicate that CD44 upregulation is one of the earliest
hallmarks of sustained NOTCH1 signaling, which is selectively
associated with aberrant extrathymic T cell development.

CD44 is a direct transcriptional target of Notchl in T-ALL cells.
Supporting a direct role of NOTCHI signaling in the induction
of aberrant CD44 expression, enforced ICN1 expression induced
CD44 upregulation at the clonal level in SupTl and CUTLL1
T-ALL cell lines that display constitutive NOTCH1 activation and
CD44 expression (19) (Supplemental Figure 2, A and B). Con-
versely, constitutive CD44 expression was downregulated upon
transduction with a dominant negative form of the Notch coact-
ivator MAML1 (dnMAML1) (Supplemental Figure 2A). These
results were confirmed in mRNA expression assays showing that
NOTCHI1 signaling regulates CD44 as well as HESI and IL7R tran-
scriptional levels in a MAMLI1-dependent manner (Supplemental
Figure 2C). Further experiments provided formal proof that CD44
is a direct NOTCHI target. In particular, searching for putative
CSL/RBPJ-binding sites in a human CD44 genomic sequence
(Ensembl Gene database; https://uswest.ensembl.org:8443/sit-
edown.html) covering 5 kb upstream of the transcriptional start
site (TSS) revealed 4 predicted CSL-binding sites at positions -4.7,
-4.4,-3.8, and -3.5 kb (sites 1, 2, 3, and 5, respectively), which are
conserved in nonhuman primates, and one at position -3.6 kb (site
4), also conserved in rodents. Reporter assays performed in SupT1
T-ALL cells transfected with a luciferase vector, which included
the CD44 genomic region spanning the 5 putative CSL-binding
sites (-4.8 to 3.5 kb), confirmed that ectopic ICN1 induced a sig-
nificant transcriptional activity that was abolished by dnMAML1
(Figure 4A). Moreover, ChIP assays demonstrated that endoge-
nous ICN1 expressed in CUTLL1, SupT1, and HPB-ALL T-ALL cell
lines was associated in vivo with the CSL/RBPJ-binding motifs 1,
2,3, and 5 in the CD44 gene and, as expected, also with the well-
known NOTCH1 target MYC (20-22) (Figure 4, B and C). Site-
directed mutagenesis confirmed the RBPJ-dependent autono-
mous functionality of those sites (Figure 4D). Therefore, CD44 is a
CSL/MAMLI1-dependent direct NOTCH1 target in human T-ALL.

A recent study by Aster’s group showed that direct NOTCH1
target genes in T-ALL could be transcriptionally regulated by
dynamic NOTCHI1 binding to H3K27ac-marked superenhancers
that frequently overlap with RUNX1-binding sites (23). Important-
ly, based on their ChIP-sequencing (ChIP-seq) raw data (NCBI’s
Gene Expression Omnibus database; GEO GSE51800), we iden-
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tified 2 dynamic NOTCH]1 sites located 55-60 kb upstream of the
CD44 gene, near RUNX1 sites, which are strongly associated with
H3K27ac marks sensitive to Notch signaling alterations (Figure
4E). Therefore, NOTCH1 may also activate CD44 gene expres-
sion through dynamic interactions with superenhancers, as shown
for other NOTCH1 targets, such as IL7R (23).

Ectopic CD44" DP T cells include preleukemic cells that gener-
ate an aggressive human T-ALL. The finding that NOTCHI sig-
naling directly regulates CD44 transcription suggests that CD44
might be upregulated in preleukemic cells as part of the T-ALL
oncogenic program. This possibility could not be confirmed in
RAG-27" x yc/" mice, wherein ICN1* DP CD44" aberrant cells
engrafted transiently with no signs of leukemia progression (Figure
1F and Figure 2C). Importantly, these results concurred with the
unexpected finding that control HSPCs also engrafted transiently
in our model (Figure 1F), suggesting that the RAG-27"x yc”/~mouse
strain is not optimal for assaying human hematopoietic engraft-
ment and repopulation. To overcome this possible limitation, we
moved to the NSG strain, which has been reported to support
greater human engraftment in BM than other strains of mice (24),
and assessed whether enforced ICN1 expression is leukemogenic
for human HSPCs in NSG mice. Thus, ICN1-transduced (7.4% *
1.7% ICN1*) human HSPCs were transplanted into 6- to 10-week-
old NSG mice, and sequential BM aspirates were then analyzed
by flow cytometry for the presence of ICN1* and ICN1" human
cells. We found that all NSG transplanted mice, in contrast with
RAG-27" x yc”" mice, supported multilineage (T, B, and myeloid
cells) engraftment from control ICN1" human HSPCs during a fol-
low-up period of 10 months (Figure 5A and data not shown) and
that 50% simultaneously displayed long-term engraftment of
ICN1"* cells (Figure 5B and Table 1). Strikingly, all animals with
ICN1* cell engraftment developed symptoms of disease and died
of an aggressive T cell leukemia, with a median survival of 240
days (Figure 5C). Diseased mice showed up to 100-fold higher
numbers of ICN1* cells than ICN1 nontransduced cells in the
BM (up to 10° in absolute numbers; Figure 5D), together with a
high infiltration of peripheral organs, such as spleen (up to 3.4 x
10%) and liver (up to 10%), but thymus infiltration was lower, and
PB infiltration was observed in 20% of mice (Table 1 and Figure
5D). This represents the first model, to our knowledge, of de novo
generation of a human T-ALL in vivo.

Immunophenotypic analyses of sequential BM aspirates per-
formed over a 9-month follow-up period revealed that engrafted
ICN1* cells in NSG mice were mostly DP T cells that expressed
either the TCR-af or the pre-TCR, together with aberrantly high
levels of CD44, and this phenotype was also observed in ICN1*
cells infiltrating the spleen and liver (Figure 5, E-G). Supporting
their leukemogenic nature, BM ICN1* DP cells displayed a restrict-
ed TCR-VB repertoire (Figure 5H) and, like spleen and liver ICN1*
cells (not shown), they were able to serially transfer an aggres-
sive T-ALL disease to secondary and tertiary recipients (Table 1).
Together, these data provide formal proof that the bulk of human
ICN1"*CD44" DP T cells in the BM of NSG mice include T-ALL cells
with LIC activity. Transplantation of these aberrant BM cells under
limiting dilution conditions (10%to 10 cells/mouse) into secondary
recipients revealed a LIC frequency of 1in 1.7 x 10¢ ICN1* BM cells,
while LIC activity of leukemic cells arising in secondary recipi-
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Figure 5. Constitutive Notch1 signaling promotes an aggressive human T-ALL. (A and B) CB HSPCs transduced with ICN1 and GFP (7.4% + 1.7%) were
transplanted into NSG mice. Combined data from 4 independent experiments, with a total of 18 mice, are shown as percentages of human cells derived
from nontransduced ICN1- (A) or ICN1-transduced (B) HSPCs engrafting the mouse BM at the indicated months after transplant. (C) Kaplan-Meier sur-
vival curves of mice shown in A and B. (D) Absolute numbers of human ICN1* cells infiltrating the BM, spleen, thymus, and liver of diseased mice shown
in B at 7 months after transplant. Data were normalized to 10° transduced input cells. Mean values combined from 4 independent experiments with 5
to 6 mice/group are shown. (E) Mean percentages + SEM of human ICN1* cells of the indicated cell subsets, as defined in Figure 1C, infiltrating the BM,
spleen, and liver of diseased mice shown in B (n > 3). (F) Representative phenotype of human ICN1* cells infiltrating the BM and spleen of diseased
mice shown in B (n > 7). (G) Representative CD44 expression of human DP T cells derived from ICN1-transduced or nontransduced CB HSPCs, infiltrating
the indicated organs of diseased mice shown in B (n > 7). (H) Reverse-transcriptase PCR (RT-PCR) analysis of the TCR-V repertoire of 3 samples of
human ICN1* DP T cells infiltrating the BM of diseased mice shown in B (bottom panels) at 7 months after transplant (n = 8). The polyclonal repertoire
of DP thymocytes isolated from human postnatal thymus is shown as control (upper panel). ****P < 0.0001.
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Table 1. Serial transplantations of ICN1-transduced human HSPCs in NSG mice

Primary recipients

Input: ICN1-transduced HSPCs Penetrance® Median survival (d)
1-1.5 x 108 (7.4% + 1.7% ICNT*) 9/18 237
Secondary recipients
Input: ICN1-transduced cells Penetrance Median survival (d)
from primary hosts
3.5 x10%-10° 0/5 >265
2-45x10° 0/2 >265
4 x10°-107 6/6 91
Tertiary recipients
Input: ICN1-transduced cells Penetrance Median survival (d)
from secondary hosts
2-8 x 10* 2/5 >141
1-5x10° 9/9 71
1-4 x10° 8/8 55

No. mice with ICN1* grafting/no. of diseased mice*
LIC frequency PB Spleen Liver Brain
1LICin 1.7 x 10° 2/9 6/7 4/6 ND

No. mice with ICN1* grafting/no. of diseased mice*
LIC frequency PB Spleen Liver Brain

1LICin 6.1 % 10 - - - -
4/6 5/6 4/6 5/6

No. mice with ICN1* grafting/no. of diseased mice”

LIC frequency PB Spleen Liver Brain
2/2 2/2 2/2 2/2
ND 6/6 6/6 6/6 6/6
117 117 17 117

AAt 7-9 months after transplant. ®No. of diseased mice/no. of transplanted mice. ‘At 2-4 months after transplant. °At 2-3 months after transplant. ND,

not determined.

ents was increased by 28-fold, as revealed by tertiary transplants
(Table 1). Increased LIC activity in sequential transplants resulted
in a more aggressive disease with shorter latency, which correlated
with an enhanced infiltration of leukemic DP CD44" cells in blood,
spleen, liver, and brain. Collectively, these data demonstrate that
constitutive NOTCHI signaling can induce a human aggressive
leukemia in NSG mice that resembles T-ALL arising in patients.
CD44 is required for BM engraftment of NOTCHI-induced preleu-
kemic cells and primary T-ALL cells. The role of CD44 as a critical
mediator of interactions between normal HSPCs and the BM
microenvironment has been known for many years (25, 26), and
the expression of CD44 in some cancer-initiating cells has also
been described more recently (27). Considering the critical role
of the BM microenvironment in normal and neoplastic hemato-
poiesis (11), we sought to investigate the contribution of CD44
to NOTCHI-induced BM engraftment and leukemia progression.
Thus, we first assessed the role of CD44 in BM engraftment of
aberrant human cells derived from ICN1-transduced ETPs infused
into Rag2”" x yc”/~ mice and found that cell treatment before trans-
plantation with a neutralizing mAb that blocks CD44 interaction
with its ligands (515, IgG1, BD Bioscience) prevented the engraft-
ment and ectopic development of aberrant ICN1* DP T cells in
the BM, as compared with cells pretreated with an isotypic IgG1
control (Figure 6A). The participation of CD44 in BM engraftment
was confirmed in a therapeutic assay wherein Rag2”/~ x y¢”/~ mice
transplanted with untreated ICN1-transduced ETPs were subject-
ed to serial i.p. administration of the blocking anti-CD44 mAb
HP2/9 (IgG1) (28, 29), starting at day 5 after transplant (Figure 6B),
when ETPs have already seeded the host BM (Figure 2F and data
not shown). We found a significant reduction (>100-fold) of ICN1*
T cell ectopic generation and expansion in anti-CD44-treated
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animals, compared with IgG1-treated controls (Figure 6B), indicat-
ing that NOTCHI regulates the engraftment of aberrant preleuke-
mic cells derived from human ETPs through its downstream target,
CD44. Although CD44 overexpression was not sufficient by itself
to promote cell engraftment in the absence of active NOTCH1
(Figure 6C), enforced CD44 expression improved and prolonged
BM engraftment of ICN1* cells (Figure 6D), suggesting a coopera-
tive role of NOTCH1 and CD44. Based on these results, we hypoth-
esized that NOTCH1-induced CD44 expression mediates the ini-
tial interaction of aberrant T cells with the BM microenvironment,
further supporting the engraftment and expansion of preleukemic
cells and likely the progression of the disease.

Besides CD44, other molecules, such as o,f, integrin and the
CXCR4 chemokine receptor, support the interaction of HSPCs
with the BM niche (30-32) and could thus mediate the engraft-
ment of aberrant DP T cells induced by active NOTCHI1. Howev-
er, we found no specific effect of ectopic ICN1 on CXCR4 or a,f,
expression levels on aberrant DP cells derived from ETPs or HSPCs
(Supplemental Figure 3, A and B, and data not shown). In contrast,
CXCR4 functional competence was consistently higher in ICN1*
DP cells than in DP controls, as revealed in an in vitro migration
assay toward the CXCR4 ligand SDF-1 (CXCL12) (Supplemen-
tal Figure 3, C and D). Supporting the participation of CXCR4 in
BM engraftment of human ICN1* cells, treatment of transplanted
RAG-27 x yc¢”/~ mice with the CXCR4 antagonist AMD3100 (33)
induced a robust mobilization of aberrant ICN1* as well as control
ICNT cells from the BM to the circulation (Supplemental Figure 3,
E and F). Therefore, NOTCH1 signaling may promote the inter-
action of human ICN1* preleukemic cells with the supportive BM
niche by inducing the expression of CD44 and also by regulating
the activity of the CXCR4/SDF1 signaling axis.
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It is currently believed that the microenvironmental context
can enable and modify hematopoietic neoplasia (11). Therefore,
we ought to investigate whether CD44 could also control the
engraftment of T-ALL cells within the BM niche. To this end,
primary leukemic cells that expressed active NOTCHI1 and
high CD44 levels (Supplemental Figure 4), obtained from a
T-ALL patient (T-ALL1), were loaded with anti-CD44 mAb or
control IgG1 prior to transplantation into Rag2”/~ x yc”~ mice.
Kinetic analyses showed that anti-CD44 pretreatment signifi-
cantly impaired T-ALL engraftment and fully prevented leuke-
mia burden and infiltration of thymus, spleen, and PB during
a follow-up period of 11 weeks, as compared with IgGl-treated
T-ALL cells (Figure 6E). These data indicate that CD44-medi-
ated interactions of T-ALL cells with the BM microenvironment
might control leukemic engraftment and further progression
of the disease. Therefore, CD44 targeting may be a promising
therapeutic strategy against T-ALL.

CD44 targeting prevents LIC function and progression in vivo
of human T-ALL. To directly explore the therapeutic potential of
CD44 targeting, we next examined human T-ALL progression in
mice subjected to anti-CD44 treatment once the disease was estab-
lished. Two primary human T-ALLs with active NOTCH1 and dis-
tinct expression levels of CD44 (T-ALL1 or T-ALL2) (Supplemental
Figure 4) were independently transplanted into Rag2”x yc” mice,
which were then subjected to serial i.p. injections of either HP2/9
anti-CD44 mAb or control IgG1 during 4 weeks, starting at differ-
ent times after transplant, when increasing proportions of T-ALL
cells representative of disease severity had engrafted the BM
(Figure 7A). In a first group of mice, treatment started at 1 week
after transplant, when incipient BM engraftment of T-ALL cells
was observed (3.8% * 1.6%) and no PB infiltration was evident
(not shown). Analysis of sequential BM aspirates of IgG1-treat-
ed mice revealed that T-ALL engraftment increased progressive-
ly to 95% or more at 5 weeks after transplant, when a significant
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Figure 7. CD44 targeting impairs LIC activity and progression in vivo of
human T-ALL and prolongs survival. (A) RAG-2"/" x yc™/~ mice trans-
planted with primary human T-ALL1 or T-ALL2 cells (Supplemental
Figure 4) received 3 weekly i.p. injections of either blocking anti-CD44
mAb (HP2/9) or control IgG1 during 4 weeks, starting at 1 week (B/C) or

5 weeks (D/E/F) after transplant. When indicated, T-ALL cells recov-
ered from the BM of transplanted mice at the end of treatment were
transplanted into secondary hosts. (B) Percentages of T-ALL1and T-ALL2
cells infiltrating the BM, PB, and spleen of mice treated from weeks 1to
5 after transplant as shown in A. Mean values from 3 independent exper-
iments with a total of 13 to 18 mice for T-ALL and 3 to 8 mice for T-ALL2
are shown. (C) Image of representative spleens obtained at the end of
treatment from mice shown in B. (D) Thorough analysis of anti-CD44 in
vivo treatment showing percentages of human T-ALL2 cells infiltrating
the BM (left) and PB (right) of 5 mice/group treated from weeks 5 to 9
after transplant as shown in A. Empty symbols represent cell percent-
ages before the onset of Ab treatment. Boxes identify individual donors
for secondary transplantations shown in F. (E) Kaplan-Meier survival
curve of mice treated with anti-CD44 mAb (HP2/9) or control IgG1in D.
(F) Kaplan-Meier survival curve of secondary recipients transplanted with
T-ALL2 cells (33 cells/mouse) obtained from the BM of individual donors
represented as boxed in D. **P < 0.01; ***P < 0.001; ****P < 0.0001.

leukemia burden was evident in PB and spleen (up to 60% and
75%, respectively) (Figure 7B). However, anti-CD44 administra-
tion from week 1 to week 5 after transplant significantly impaired
T-ALL engraftment and resulted in a striking reduction of leu-
kemic burden in PB and spleen, which correlated with a marked
decrease of splenomegaly compared with that in controls (Figure
7, B and C), indicating that anti-CD44 treatment impairs human
T-ALL progression.

In a second group of mice, Ab treatment started when the dis-
ease was clearly established (at 5 weeks after transplant) and tumor
burden reached up to 85% (55% * 23%) of BM cells. In control
IgGl-treated mice, T-ALL cells infiltrating the BM increased dra-
matically (up to 95%) during the next 2 weeks, and the incipient
infiltration of PB observed at the onset of treatment resulted in a
massive expansion (up to 70%). Despite the severity of the disease
in those animals, anti-CD44 administration resulted in a significant
drop of leukemia burde