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T-cell acute lymphoblastic leukaemia (T-ALL) is a blood malig-
nancy afflicting mainly children and adolescents'. T-ALL patients
present at diagnosis with increased white cell counts and hepato-
splenomegaly, and are at an increased risk of central nervous sys-
tem (CNS) relapse™. For that reason, T-ALL patients usually
receive cranial irradiation in addition to intensified intrathecal
chemotherapy. The marked increase in survival is thought to be
worth the considerable side-effects associated with this therapy.
Such complications include secondary tumours, neurocognitive
deficits, endocrine disorders and growth impairment®. Little is
known about the mechanism of leukaemic cell infiltration of the
CNS, despite its clinical importance*. Here we show, using T-ALL
animal modelling and gene-expression profiling, that the chemo-
kine receptor CCRY7 (ref. 5) is the essential adhesion signal required
for the targeting of leukaemic T-cells into the CNS. Ccr7 gene
expression is controlled by the activity of the T-ALL oncogene
Notchl and is expressed in human tumours carrying Notchl-
activating mutations. Silencing of either CCR7 or its chemokine
ligand CCL19 (ref. 6) in an animal model of T-ALL specifically
inhibits CNS infiltration. Furthermore, murine CNS-targeting by
human T-ALL cells depends on their ability to express CCR7. These
studies identify a single chemokine—receptor interaction as a CNS
‘entry’ signal, and open the way for future pharmacological target-
ing. Targeted inhibition of CNS involvement in T-ALL could poten-
tially decrease the intensity of CNS-targeted therapy, thus reducing
its associated short- and long-term complications.

Recent studies have shown that mutations of the developmental
regulator Notchl can be identified in most T-ALL patients’. It is
estimated that activation of the Notchl signalling pathway occurs
in at least 80% of all T-ALL cases’'°. To investigate the mechanisms
of T-ALL CNS infiltration and derive information that could be
useful for treatment, we have attempted to establish animal models
involving expression of oncogenic Notch1 (intracellular Notch1 frag-
ment, Notchl-IC). The first model entails the transplantation of
wild-type haematopoietic progenitors carrying Notchl-IC intro-
duced by retroviral transfer (WTNeth- I 11 The second model is
on the basis of Cre/loxP recombination and involves Mx-Cre mice
crossed with partners carrying dormant transgenic Notch1-IC, which
was knocked-in into the ubiquitously expressed Eeflal locus'?. The
dormant Notch1-IC exerts oncogenic action after excision of a DNA
segment blocking its expression, when Cre is expressed in haemato-
poietic progenitor cells by the IFN-a-inducible Mx1 promoter after

polyinosinic:polycytidylic acid (poly(I:C)) injection. Both models
developed T-ALL, presented atypical CD4" CD8™" T cells in the peri-
pheral blood as well as characteristic pathological features of T-ALL
(Fig. 1 and Supplementary Figs 1 and 2). Immunohistochemical
analysis demonstrated that in both models Notchl-IC-EGFP™*
(enhanced green fluorescent protein) and CD3™ leukaemic cells
efficiently infiltrated the leptomeningeal spaces of the brain
(Fig. 1b, ¢ and Supplementary Fig. 1). Further studies showed that
the CNS infiltration was progressive, and was initially detected in
mice in which leukaemic blasts were readily detected in their peri-
pheral blood (Supplementary Fig. 3) and secondary lymphoid tissue
(data not shown). We were thus able to show that oncogenic Notch1-
IC expression was able to induce T-ALL and target the transformed
cells to the CNS.

We used a genome-wide transcriptome approach to identify
Notchl-induced adhesion regulators that could be essential for
CNS infiltration. Uncommitted haematopoietic progenitors were
infected with Notch1-IC-EGFP™ retroviruses and gene expression
was recorded 48 h later'". Detailed data mining demonstrated that a
considerable fraction of Notch-controlled genes are potential regu-
lators of cell adhesion, migration and metastasis (Fig. 2a and
Supplementary Table 1). The expression of a specific gene, the che-
mokine receptor Ccr7, was significantly upregulated (Fig. 2a, b), and
its expression remained constant after several days of culture (data
not shown). CCR7 overexpression and function was also confirmed
by real-time PCR, flow cytometry analysis and in vitro chemotaxis
assays towards its known chemokine ligands CCL19 and CCL21
(Fig. 2b—d). CCR?7 is an attractive candidate because it is a known
regulator of lymphocyte migration® and has been suggested to be
important for the trafficking of lymphocytes participating in CNS
immunosurveillance'>'*. CCR7 functions through its interactions
with CCL19 and CCL21 (ref. 6), and the expression and function
of all three have been shown to be involved in the directional meta-
stasis of several types of solid tumours, including melanomas and
breast cancers™'*.

To correlate Notch1 activation and CCR7 expression further, we
analysed T-ALL lines containing Notchl-activating mutations and
primary T-ALL samples. Notably, surface CCR7 was expressed in
80% (4 out of 5) of T-ALL lines and in 73% (8 out of 11) of peripheral
blood from primary T-ALL samples (Supplementary Fig. 4). CCR7
expression in the studied lines was dependent on Notch1 activation, as
the repression of Notch1 processing due to the addition of y-secretase
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Figure 1| Notch1 activation induces T-ALL and targets leukaemic cells into
the CNS. a, Induction of T-ALL in a transplantation model (WT/
wNetehl-ICy Peripheral blood smears (left), and fluorescence-activated cell
sorting (FACS, right) analysis using CD4 and CD8 antibodies are shown.
‘WTMS denotes wild-type bone marrow infected with a control MIG

inhibitors (DBZ or compound E) led to significant downregulation of
CCR7 messenger RNA and protein expression (Supplementary Fig. 5
and not shown). To obtain a preliminary estimate of the importance
of CCR7 expression in CNS infiltration, we selected two human
T-ALL lines (Supplementary Fig. 4a), one that expressed (CEM/
CCR77") and one that did not express (DND41/CCR7 ™) the chemo-
kine receptor, and infected them using a luciferase-expressing lenti-
virus. To study disease induction and progression, we transplanted the
cells into alymphoid Rag2™ /" II2rg”"~ hosts. We were able to dem-
onstrate that the transplantation of an identical number of leukaemia
cells led to distinct survival patterns, as hosts that received CEM/
CCR7™ cells succumbed to the disease earlier than those receiving
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retrovirus. b, Notch1-IC" EGFP™ cells in the brain meningeal spaces of
transplanted mice. ¢, Infiltrating lymphocytes surrounding a brain vessel in
leukaemic (bottom panel) but not in healthy (control, top panel) recipients.
Co-staining with CD31 antibodies (blue) indicates endothelial cells within
the infiltrating lymphocytes.

the DND41/CCR7 "~ cells (Fig. 3a). Using live animal bioluminescent
imaging, we were able to demonstrate a higher tumour load in mice
that received the CEM/CCR7™" cell line (Fig. 3b). Most importantly,
the brain and spinal cord of hosts transplanted with CEM/CCR7 "
(but not with DND41/CCR7 ) were infiltrated by T-ALL cells.
Further histopathological analysis confirmed the localization of the
infiltrating cells in leptomeningeal spaces (Fig. 3¢, d).

As a next step, we addressed the sufficiency of CCR7 overexpres-
sion for the recruitment of leukaemic T cells in the CNS. We
expressed mouse CCR7 (mCCR?7) in the DND41/CCR7~ human
T-ALL cell line using a bicistronic retroviral vector expressing
CCR?7 in conjunction with expression of the mCherry fluorochrome
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Figure 2 | CCR7 expression and response to CCL19/CCL21 is induced by
Notch1 activation. a, Heat diagram of selected adhesion/migration
regulators that are controlled by Notch1-IC. A few classical Notch targets
(Dtx1, Gata3, Heyl and Nrarp) are also included. For all genes, P < 0.001.
Yellow and blue denote increased and decreased mRNA abundance,
respectively. b, ¢, Real-time PCR (b) and FACS (c) analysis showing the

induction of CCR7 gene and protein expression in haematopoietic
progenitors in response to Notch1-IC expression; n = 4. d, Notch1-IC
expression induces the chemotaxis of wild-type (WTNM1C) byt not
CCR7(KQ)Neteht-1€ progenitors towards both CCL19 and CCL21; n = 3.
Error bars define s.d. for all experiments.
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Figure 3 | CCR7 expression is sufficient for CNS infiltration of human
T-ALL cells. a, Kaplan—Meyer analysis of recipients that received identical
numbers of CEM, DND41 or DND41/mCCR7 " cells; n = 5.

(Supplementary Fig. 6a). We verified that retroviral transduction
induced mCherry and mCCR7 expression, and that mCherry™
DND41 (DND41/mCCR7™") cells acquired the ability to efficiently
respond to both CCL19 and CCL21 ligands (Supplementary Fig. 6b).
Infected cells and control (mCherry-only expressing counterparts)
were injected into Rag2™’” II2rg”’™ hosts. All recipients developed
T-ALL (Fig. 3a, b) and no CNS infiltration was detected in the mice
transplanted with the control DND41/CCR7 "~ cells. On the other
hand, we were able to demonstrate that CCR7 ectopic expression
was sufficient to allow these cells to infiltrate both the brain and
the spinal cord (Fig. 3¢, d).

Although these results indicate that CCR7 expression is sufficient to
recruit leukaemic T-cells into the CNS, they do not address whether
CCR7 alone is necessary for this function. We infected haematopoietic
progenitors from Cer7'~ (CCR7(KO))" and Cer7™'* (wild-type)
mice with Notchl-IC-expressing retroviruses (CCR7(KO)Noter!-1¢
and WTNO'PIC) “and infected EGFP™ cells were transplanted into
wild-type hosts (WT/CCR7(KO)N°'M1€ and WT/WTNOMP 1€)AL
recipient mice developed T-cell leukaemia, characterized by the detec-
tion of atypical peripheral blood CD4" CD8™ cells as early as 2 weeks
after transplant. As before, histopathological analysis showed notable
tissue infiltration in all recipients (Supplementary Figs 2, 7 and data
not shown). Hosts receiving leukaemic CCR7(KO) cells survived sig-
nificantly longer than the hosts that received leukaemic wild-type cells
(Supplementary Fig. 8). Although both hosts had similar leukaemic
infiltration of most tissues, histopathological analysis of the CNS
demonstrated that leukaemic CCR7(KO) cells were not found in
the brain at 5 weeks after bone marrow transplantation, but leukaemic
wild-type cells were (Fig. 4a). This was also true even at later time
points just before the hosts succumbed, at 911 weeks after transplant
(data not shown), uncoupling the tumour load to CNS infiltration.
These results indicate that CCR7 is necessary for this process, and that
the elimination of a single chemokine receptor in vivois able to abrog-
ate CNS involvement in T-ALL. CCR7 function seems to be specific
for Notchl-induced T-cell malignancy, because deletion of this che-
mokine in two models of B-cell ALL failed to suppress CNS infiltration
(Supplementary Fig. 9).

We then sought to exclude the possibility that CCR7-deficient cells
do notinfiltrate the CNSbecause of a more general defect in their ability
to migrate. As discussed before, CCR7(KO)NOMIC ells infiltrate as
well as leukaemic wild-type cells into several tissues. Also, the peri-
pheral blood of hosts reconstituted with CCR7(KO)N*MIC o ntained
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b, Bioluminescent imaging of mice 2 weeks after transplantation with the
indicated cell lines. c—d, Infiltration of T-ALL cells into the CNS of recipient
mice as shown using bioluminescence and histochemistry.

a similar (or even an increased) number of leukaemic blasts (Sup-
plementary Figs 2 and 7). To attain a more dynamic view of the ability
of the migratory properties of CCR7(KO)NoM-1€ and wNoweh!-1¢
leukaemic cells, we used two-photon imaging microscopy and traced
EGFP" cells within the lymph nodes of living leukaemic hosts. As
illustrated in Supplementary Movies 1 and 2, we were unable to dem-
onstrate any differences in the ability of these cells to migrate within the
lymph nodes. When individual cells were traced, no statistically signifi-
cant differences were found between the velocity, turning angle, arrest
coefficient, confinement and random walk'® of CCR7(KOQ)Neth!-1¢
and WTN'"I€ cells (Supplementary Fig. 10). These results under-
lined the specificity of CCR7 function in the targeting of T-ALL cells to
the CNS.

Although these studies clearly demonstrate the importance of
CCR7-mediated leukaemic cell recruitment to the CNS, they do
not identify the ligand involved. It was previously shown that both
chemokines are expressed in brain—-blood barrier endothelium in an
animal model of experimental autoimmune encephalomyelitis'**°.
Moreover, CCL21 expression was detected previously in the choroid
plexus—a possible site of lymphocyte entry into the subarachnoid
space’’. Thus, we performed immunohistochemical analyses to com-
pare CCL19 and CCL21 expression in brain sections of control and
leukaemic mice. CCL21 expression was undetectable in either sample
(data not shown). However, CCL19 was detectable mainly in brain
venules in the vicinity of infiltrating lymphocytes (Fig. 4b—g). Using
immunofluorescence costaining, we confirmed that CD317"
endothelial cells produced CCL19 (Fig. 4f, g). In addition, we
purified brain CD31" endothelial cells and show a significant (8—
10-fold when compared to CD31™ brain cells) induction of Ccl19
message (Supplementary Fig. 11). Furthermore, endothelial cells
from leukaemic animals expressed moderately higher (~twofold)
levels of Ccl19 (Supplementary Fig. 12) when compared to endothe-
lial brain cells from recipients that received EGFP-only infected cells
(did not show any CNS infiltration). To prove that this slight over-
expression is not, by itself, sufficient to attract CCR7" T cells in the
CNS, we have transplanted wild-type CD4" T cells into leukaemic
recipients. Analysis of recipient brain sections 12-16 h after trans-
plantation failed to show any non-Notchl1-IC-EGFP T-cell accu-
mulation (Supplementary Fig. 12).

To prove the essential role of CCL19 expression, we modified our
transplantation protocol and used pltr mice as hosts, which lack
CCL19 expression owing to a naturally occurring mutation®. We
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Figure 4 | CCR7-CCL19 interactions are essential for CNS infiltration in an
animal model of T-ALL. a, Leukaemic cells in the brain meningeal spaces of
the indicated transplanted recipients. A positive control (WT/WTNoth!-I€)
is also included. b—-g, Immunofluorescent staining of brain sections:
magnification of a brain microvessel in plt/WT~°""'"C (b) and WT/
WTNOth-IC (¢) mice. Endothelial, CD31" cells are shown in blue.
d-g, CCL19 (red) expression in WT/WTN'"!I€ (¢, £, g) but not €lt/
WTNoth-IC (d) microvessels. f, g, Magnification of a WT/wNeteht-IC
microvessel and costaining with CCL19 (red) and CD31 (blue).

transplanted these mice (or background- and age-matched controls)
with Notchl-IC-expressing haematopoietic progenitors (plt/
WTNeh-I€) 1 agreement with our previous transplantations, plt
mice survived longer than their wild-type counterparts
(Supplementary Fig. 8). As before, there was an identical T-ALL
induction and disease manifestation between different hosts, suggest-
ing that the plt mutation does not affect leukaemic cell infiltration in
peripheral lymphoid tissues (Supplementary Figs 2 and 7). However,
leukaemic cells were unable to infiltrate the brain of plf hosts, further
strengthening our argument that CCR7-CCL19 interactions are
essential for CNS infiltration in T-ALL (Fig. 4a, b).

Our data demonstrated that a single chemokine-receptor pair is
both necessary and sufficient for T-cell ALL leukaemic cell targeting to
the CNS. Although CCR?7 expression seems to be an important signal
targeting T-ALL cells in the CNS, other factors that are present in
transformed leukaemic cells but not in wild-type T cells are needed
for CNS infiltration. These factors could include extra adhesion regu-
lators (that is, integrins and metalloprotease, see Fig. 2a) that could
potentially interact with CCR7 function. We believe that our studies
open the way for the development of different therapeutic protocols,
in which specific adhesion antagonists* can be used together with
either current chemotherapy-based protocols or molecularly targeted
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approaches, for example, the use of antagonists of Notch signalling'.
Putative T-ALL CNS infiltration antagonists could include inhibitors
of CCR7 expression and function, as well as drugs targeting specific
migration regulators, which could be activated by CCR7 signalling.

METHODS SUMMARY

Animals. C57BL/6 and Rag2 /" II2rg /" mice were purchased from Jackson
Laboratories and Taconic Farms. CCR7(KO) and plt mice have been described
previously'”**. All mice were kept in specific pathogen-free animal facilities at the
New York University School of Medicine (NYU-SOM) and Mount Sinai Medical
School. All animal procedures were performed in accordance to the guidelines of
the Institutional Animal Care and Use Committee of the NYU-SOM.
Bioluminescent imaging. Imaging of luciferase-tagged leukaemic cells was per-
formed as previously described™.

Intravital microscopy. Two-photon imaging was performed as previously
described™. Individual cell tracing and data analysis were performed as previously
described®.

Microarray analysis. The accession numbers for the individual array comparisons
are Gene Expression Omnibus (GEO) series GSE6396, samples GSM 147443,
GSM147464 and GSM147508. Sample preparation and processing is detailed
previously''. Pathway analysis of the microarray mRNA profiling results was
performed using the Gene Ontology and KEGG pathway mapping within the
web-based tool Database for Annotation, Visualization and Integrated Discovery.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Animals. C57BL/6 and Rag2 ' Il2r¢g_’~ mice were purchased from Jackson
Laboratories and Taconic Farms. CCR7(KO) and plt mice have been described
previously'”**. All mice were kept in specific pathogen-free animal facilities at the
NYU-SOM and Mount Sinai Medical School. All animal procedures were per-
formed in accordance to the guidelines of the Institutional Animal Care and Use
Committee of the NYU-SOM.

Recombinant DNA constructs and retrovirus production and infection. The
Notch1-IC retroviral plasmid, its parent CMMP-based vector”, the pMXs IRES-
mCherry retroviral vector and the pWPI lentivirus (a gift from E. Hernando) were
used. Viral supernatants were generated as described previously*. Isolation, retro-
viral infection and reconstitution experiments were performed as previously
described?.

Antibodies and reagents. Mouse CD4-APC, CD8-PE-Cy7, CCR7-PE, B22 and
CD31, and human CCR7-PE and CD3-APC primary antibodies were purchased
from BD Bioscience. Human CD3 antibody was obtained by DAKO. Mouse CCL19
and CCL21 were procured from R&D. Mouse CD31 was from Pharmingen.
Cytokines and chemokines were obtained from Peprotech. Secondary antibodies
were purchased from Jackson Laboratories. Immunohistochemical analysis was
performed using standard methods as described previously"".

Chemotaxis assays. Chemotaxis assays were performed as previously
described®.

Quantitative RT-PCR. RNA was isolated using RNeasy Plus Mini Kit (Qiagen)
columns and used to synthesize cDNA with the SuperScript First-Strand Kit
(Invitrogen). Real-time PCR was performed using iQ SYBR Green Supermix

nature

and an iCycler (Bio-Rad). Relative expression was determined from cycle thresh-
old (Cr) values, and normalized using B-actin as an internal control. All primer
oligonucleotides are available on request.

Bioluminescent imaging. Imaging of luciferase-tagged leukaemic cells were
performed as previously described*.

Intravital microscopy. Two-photon imaging was performed as previously
described”. Individual cell tracing and data analysis was performed as previously
described™.

Microarray analysis. The accession numbers for the individual array comparisons
are Gene Expression Omnibus (GEO) series GSE6396, samples GSM 147443,
GSM147464 and GSM147508. Sample preparation and processing is detailed
previously''. Pathway analysis of the microarray mRNA profiling results was per-
formed using the Gene Ontology and KEGG pathway mapping within the web-
based tool Database for Annotation, Visualization and Integrated Discovery. The
results of category/pathway enrichment were manually curated for focused con-
tents based on gene number and associated P value, and are summarized in
Supplementary Table 1.
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