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SUMMARY

Acute lymphoblastic leukemia (ALL) dissemination to the central nervous system (CNS) is a challenging clin-
ical problem whose underlying mechanisms are poorly understood. Here, we show that primary human ALL
samples injected into the femora of immunodeficient mice migrate to the skull and vertebral bone marrow and
provoke bone lesions that enable passage into the subarachnoid space. Treatment of leukemia xenografted
mice with a biologic antagonist of receptor activator of nuclear factor kB ligand (RANKL) blocks this entry
route. In addition to erosion of cranial and vertebral bone, samples from individuals with B-ALL also penetrate
the blood-cerebrospinal fluid barrier of recipient mice. Co-administration of C-X-C chemokine receptor 4
(CXCR4) and RANKL antagonists attenuate both identified routes of entry. Our findings suggest that targeted
RANKL and CXCR4 pathway inhibitors could attenuate routes of leukemia blast CNS invasion and provide

benefit for B-ALL-affected individuals.

INTRODUCTION

Acute lymphoblastic leukemia (ALL) involving the central ner-
vous system (CNS) at initial diagnosis or relapse poses a major
clinical problem. Conventional CNS-directed ALL therapy,
including intrathecal chemotherapy and cranial irradiation,
have greatly improved survival rates,* but are associated with
irreversible neurocognitive dysfunction, endocrine disorders,
and an increased risk of secondary malignant brain tumors.>™®
Thus, there is an unmet need to define the mechanisms of
CNS invasion and develop targeted therapies of similar or better
efficacy, but with lower toxicity to prevent and treat CNS leuke-
mia, particularly in children with ALL.

B-ALL blasts can disseminate to the subarachnoid space of
the brain and spinal cord (CNS), creating leptomeningeal metas-
tasis, but the routes of invasion are not well established. Direct
breach of the blood-brain barrier (BBB) by ALL blasts into the
brain parenchyma is rarely observed.”® Leukemic blasts are
thought to invade the subarachnoid space of the CNS through
multiple routes.® ALL blasts may transit into the cerebrospinal
fluid (CSF) or subarachnoid space through the blood-CSF barrier
(BCSFB) formed by epithelial cells of the choroid plexus, within
the brain ventricles.®'%"" Circulating ALL blasts may also access
the subarachnoid space through tight junction-interconnected
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endothelial cells of the meningeal microvessels that form the
blood-leptomeningeal (BLM) barrier.2'" In one recent study, B-
ALL blasts entered the CNS through vessels connecting verte-
bral or calvarial bone marrow with the subarachnoid space.'?

Identification of the mechanisms that mediate leukemic blast
dissemination to the CNS is needed to design effective targeted
therapies. The C-X-C chemokine receptor 4 (CXCR4) and its
cognate ligand stromal cell-derived factor 1 (SDF-1) are involved
in the migration of ALL cells to the CNS."*">"®> Human B-ALL
blasts and cell lines can express messenger RNA (mRNA) for
the chemokine receptor, CXCR4, % '*'* a phenotype associated
with extramedullary organ infiltration in pediatric ALL."*'®> SDF-1
is abundant in CNS blood vessels'® and BCSFB tissues.'® A
CXCR4* ALL cell line injected into mice migrated to the vascula-
ture of the skull bone marrow, and a CXCR4-SDF-1 antagonist
inhibited vascular homing of these cells.'® Engagement of the re-
ceptor activator of nuclear factor kB (RANK) with its ligand
RANKL controls bone-specific metastatic behavior of breast
cancer and melanoma cells.'® We recently reported that
RANK-RANKL interaction critically regulates B-ALL-mediated
long bone destruction;'” however, its role in CNS invasion is un-
known. Given these observations, we examined CXCR4-SDF-1
and RANK-RANKL interactions as potential routes of CNS inva-
sion by primary human B-ALL blasts.
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Here, patient-derived xenograft (PDX) models of two high-risk
primary human B-ALL subtypes were used to identify the mech-
anisms of leukemic blast migration into the CNS. We found that
human leukemic blasts migrated from the femur to cranial and
vertebral bone marrow, eroded the surrounding bone, and trans-
ited into the subarachnoid space or breached the BCSFB. We
identify routes of B-ALL blast entry into the CNS and provide ev-
idence that antagonists of RANKL and CXCR4 pathways may
protect against leukemic blast invasion of the CNS. These results
suggest that treatments targeting these interactions may reduce
the risk of CNS relapse and improve outcomes for B-ALL-
affected individuals with CNS disease.

RESULTS

Human BCR-ABL1 B-ALL blasts invade cranial and
vertebral bone in PDX mice
We reported that primary human B-ALL blasts cause RANK-
RANKL-dependent trabecular bone loss in PDX models."” Treat-
ment of these PDX mice with osteoprotegerin (OPG), a soluble
decoy receptor for RANKL,'®'® protected the bone against this
B-ALL-mediated effect.’” Therefore, we asked whether primary
human B-ALL blasts isolated at diagnosis from an individual with
the high-risk BCR-ABL1 subtype can similarly invade cranial and
vertebral bones and whether this novel route of entry was medi-
ated by RANK-RANKL interaction. We implanted diagnostic
B-ALL blasts (ID: 090233; BCR-ABL1; Table S1) by intrafemoral
(i.f) injection into the right femora of NOD.Prkdcsc@/scidjjorgtm?Wiy
SzJ (NSG) mice. The control group was treated with immunoglob-
ulin G (IgG)1-Fc protein and the experimental group with the
RANKL antagonist recombinant OPG-Fc (rOPG-Fc). Treatments
were initiated at the time of leukemic blast injection, and the
mice were examined 6 weeks later (Figure S1). This protocol was
designed to determine whether rOPG-Fc could attenuate the
CNS dissemination of leukemic blasts. The frequency of human
leukemic blasts recovered from the brain and spinal cord was
insufficient for reliable flow cytometric quantitation. However,
flow cytometry analysis of human CD45"CD19" cells revealed no
difference in leukemic blast engraftment in the long bones or
spleen between the IgG1-Fc control and rOPG-Fc-treatment
groups, reflecting that RANKL-targeted therapy does not compro-
mise leukemic blast survival (Figures 1A, 1B, and S2A).

We next considered whether leukemic blasts may invade the
skull and vertebral bone marrow before invasion of the sub-
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arachnoid space. We, therefore, performed histological analyses
of the roof of the skull or calvaria and vertebrae of BCR-ABL1 B-
ALL PDX mice 6 weeks after leukemic blast engraftment and
treatment with either IgG1-Fc or rOPG-Fc (Figures S1A and
S1B). In contrast to non-transplanted NSG mice (Figure S3),
IgG1-Fc-treated PDX mice displayed multinucleated tartrate-
resistant acid phosphatase (TRAP)* osteoclasts and CD19" B-
ALL cells in the vertebral and calvarial bone marrow (Figures
1C and 1D). In contrast, rOPG-Fc-treated PDX mice had fewer
CD19" leukemic blasts and greater structural preservation of
vertebral and calvarial bones (Figures 1C and 1D, ***p <
0.0001; Figures 1E, 1F, and S1B). Thus, although we did not
detect leukemic blasts in the subarachnoid space by flow cytom-
etry, primary B-ALL blasts conferred destructive invasion of
cranial and vertebral bone marrow. Overall, in this setting, the
rOPG-Fc treatment appeared to restrain B-ALL blast-mediated
invasion of cranial and vertebral bones.

We have previously reported thatp53~/~; Rag2~'~; Prkdcsc@/scid
triple mutant (TM) mice display spontaneous B-ALL with infiltration
of the subarachnoid space and clinical signs of CNS leukemia.”°
TM leukemic blasts expressed cell-surface RANKL and conferred
long bone and vertebral bone destruction when engrafted into
immunodeficient recipient mice.'” Here, we asked whether these
TM leukemic blasts generate bone channels that may provide ac-
cess to the subarachnoid space. Compared to nonleukemic SCID
mice, RANKL" CD19" TM leukemic blasts infiltrated the bone
marrow in the calvaria, which is evident near the frontal olfactory
lobe and at the caudal end near the cerebellum (Figure 2A). TM
leukemic cells were evident inside bone channels that appeared
contiguous with the subarachnoid space. Similar evidence of
bone channels from the bone marrow into the subarachnoid space
and the skeletal muscles were seen in the vertebrae of these mice
(Figure 2B). Here, we demonstrate that TM mouse and human
BCR-ABL1 leukemic blasts invade the calvarial and vertebral
bone marrow, which may provide an access route to the subarach-
noid space. Moreover, RANKL antagonism in the BCR-ABL1 PDX
model protect the cranial and vertebral bones from leukemic blast
invasion.

Impact of RANKL antagonist on B-ALL invasion of the
CNS

Next, we investigated the degree of CNS invasion by primary hu-
man B-ALL blasts at 10 weeks after transplantation, when PDX
mice were visibly moribund (Figure S1). Primary B-ALL blasts

Figure 1. Effects of rOPG-Fc in early CNS leukemic blast invasion in a BCR-ABL1 PDX model

Human BCR-ABL1 leukemic blasts were injected orthotopically into the right femur of NSG mice and treated with IgG1-Fc control or rOPG-Fc. Mice were
euthanized after 6 weeks of leukemic blast injection and treatment (n = 3 mice per group).

(A) Leukemic blast engraftment was assessed by flow cytometric analysis of cells from the injected right femur, non-injected right tibia, and spleen using an-

tibodies specific for human CD45 and CD19.

(B) The percentage of CD45"CD19" leukemic blasts gated on live singlets is shown.

(C and D) Representative sections of (C) vertebra or (D) calvaria of the IgG1-Fc- or rOPG-Fc-treated mice stained with TRAP or anti-human CD19 antibody. The
dotted box represents a magnified view. The dotted outline and brown color on CD19-stained images indicate leukemic blasts.

(E and F) CD19 protein (y axis) was quantified in multiple regions of interest (ROls; 25 um) that include the entire bone marrow from the (E) vertebral and (F) calvarial
bones of the IgG1-Fc- and rOPG-Fc-treated mice (x axis). The graph shows the mean staining intensity (2 um per pixel) of CD19 protein (arbitrary units [au]). Each
dot represents ROls from 3 biological replicates and 4 technical replicates (n = 3 mice per group).

In (B), (E), and (F), data are means + SDs. A 2-tailed unpaired t test with Welch’s correction was performed between the 2 groups. p value with a 95% confidence
interval is indicated for each comparison. ***p < 0.0001. BM, bone marrow; SA, subarachnoid space; SC, spinal cord. Scale bars, 100 um. See also Figures S1,
S2, and S3.
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Figure 2. Leukemic blast invasion into the CNS of TM mice
Various CNS anatomical locations were assessed in leukemic TM mice versus age- and sex-matched nonleukemic SCID mice (n = 3 mice per group). TM mice
between 8 and 12 weeks of age showing symptoms of lymphadenopathy, domed head, or hind-limb paralysis were euthanized. The whole brain with an intact
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from the same individual (BCR-ABL1; Table S1) were i.f. injected
into NSG mice that were randomized to rOPG-Fc or IgG1-Fc
treatment for 10 weeks. By this point, CD45*CD19* leukemic
blasts had infiltrated the subarachnoid space of the CNS (Fig-
ure S4). Consistent with the targeted action of rOPG-Fc, the fre-
guency of human CD45*CD19* leukemic blasts quantified by
flow cytometry in the injected femur, tibia, and spleen did not
differ between the rOPG-Fc and IgG1-Fc control-treated groups
(Figures 3A, 3B, and S2B). We observed a trend in the reduction
of the frequency of CD45*CD19" leukemic blasts in the brain and
spinal cord including the subarachnoid space (CNS) of the
rOPG-Fc-treated mice compared to control mice that did not
reach significance (Figure S4).

In this heavy disease burden setting, we asked whether rOPG-
Fc treatment affected leukemic blast invasion of the vertebral
and cranial bones. IgG1-Fc control-treated mice displayed
massive human CD19* leukemic blast infiltration into the verte-
bral bone marrow accompanied by prominent TRAP staining
reflecting multinucleated osteoclast activity at the boundaries
between leukemic blasts and residual bone (Figure 3C, top).
Although the vertebrae of rOPG-Fc-treated mice also displayed
leukemic blast invasion, they displayed greater bone retention
compared to control-treated mice (Figures 3C [bottom], 3D
[***p < 0.0001], and S1B). The vertebral bones of IgG1-Fc-
treated animals manifested bone erosions in the form of chan-
nels that were continuous with the subarachnoid space and
packed with leukemic blasts (Figure 3C, top). These bone chan-
nels were not observed in rOPG-Fc-treated mice (Figure 3C, bot-
tom). However, in both groups, leukemic blast invasion of the
subarachnoid space was detected both by immunohistology
(Figure 3C) and by flow cytometric analysis (Figure S4). The
bone-sparing effects of rOPG-Fc were even more apparent in
the skull, where the treatment protected the calvarium from
leukemic cell infiltration (Figures 3E, 3F [***p < 0.0001], and
S1B). Thus, calvarial and vertebral bone invasion displayed
RANKL dependence at this late disease stage. However, RANKL
antagonism alone did not prevent leukemic blast invasion of the
subarachnoid space, although a trend in reduction was
observed (Figure S4). These results collectively suggested that
later in disease progression, leukemic blasts used additional
mechanisms to breach the blood-leptomeningeal and blood-ce-
rebrospinal barriers.

CXCR4-mediated CNS leukemia dissemination

ALL blasts can express the chemokine receptor CXCR4, sug-
gesting that the presence of cognate ligand SDF-1 in the CSF
may promote CNS dissemination.'®'>%" We tested the contribu-
tion of this mechanism by treating B-ALL PDX mice with
AMD3100 octahydrochloride,?*>° an inhibitor of CXCR4 binding
to SDF-1. Primary B-ALL blasts (BCR-ABL1; Table S1) were i.f.
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injected, and the PDX recipients were treated with AMD3100
(Figure S1A). Eight weeks after leukemic blast injection and
continuous treatment, the long bones, the cranium, and the brain
were examined. As expected, there was heavy leukemic blast
engraftment in the long bones (Figures S5A and S5B), and
CXCR4 was readily detected on the cell surface of the
CD45*CD19* leukemic blasts (Figure S5B). TRAP and anti-hu-
man CD19 antibody staining of brain and skull sagittal sections
of control-treated PDX mice identified leukemic blast infiltration
in the subarachnoid space and calvarial bone marrow (Figure 4A).
The cortical skull bone displayed channels packed with leukemic
blasts consistent with the passage of leukemic blasts between
calvarial bone marrow and the brain subarachnoid space (Fig-
ure 4A [1-3]). Leukemic blasts also invaded the growth plate of
the occipital and sphenoid bones at the base of the skull
(Figure S5C). In comparison to these control-treated PDX mice
(Figure 4A[1-3]), AMD3100 treatment reduced leukemic blast in-
vasion of the calvarial bone marrow and brain subarachnoid
space (Figures 4B [1-3], 4D and 4E [***p < 0.0001], and S1B).
Of interest, we did not detect human CD19" leukemic blasts in
either the lateral or fourth brain ventricles in control-treated
mice (Figure S5C) or the AMD3100-treated mice (Figure S5D),
suggesting that these leukemic blasts did not breach the
BCSFB. Similar to observations in the calvarial bone marrow
and subarachnoid space of the brain, the vertebral bone marrow
and subarachnoid space of the spinal cord of control-treated
PDX mice showed massive leukemic blast invasion (Figure 4A)
compared to control animals that did not receive leukemic grafts
(Figure S3). In control-treated mice, vertebral cortical bone le-
sions were replete with B-ALL blasts, illustrating their transit be-
tween the bone marrow and subarachnoid space of the spinal
cord (Figure 4A). As we observed in the calvaria, AMD3100 treat-
ment reduced leukemia invasion of the vertebral bone marrow
(Figures 4F [***p < 0.0001] and S1B) and impeded their transit
from the vertebral bone marrow into the spinal subarachnoid
space through bone channels (Figures 4B, 4G [***p < 0.0001],
and S1B). Overall, CXCR4 inhibition abrogated B-ALL invasion
of the bone marrow and the transit from the bone marrow into
the subarachnoid space in the skull and vertebrae.

RANKL-mediated B-ALL transit into the subarachnoid
space

We asked whether RANKL antagonist rOPG-Fc could hinder the
direct migration of leukemic blasts from the skull or vertebral
bone marrow into the subarachnoid space. Human BCR-ABL1
B-ALL blasts (Table S1) were xenografted into cohorts of NSG
mice, randomized for treatment with IgG1-Fc control or rOPG-
Fc that was initiated concurrently with leukemic blast injection.
The PDX cohorts were aged for 8 weeks to model the condition
of substantial leukemia burden (Figure S1A). RANKL* leukemic

skull and vertebrae with a spinal cord were fixed in 10% phosphate-buffered formalin, decalcified in PBS + 14% EDTA, paraffin embedded, sectioned, and

stained with TRAP, CD19, or RANKL.

(A) Representative sagittal sections of brain and skull showing calvarial bone marrow and subarachnoid space in the (1) frontal and (2) caudal regions.

(B) (1-3) Representative cross-sections of a vertebra showing the bone marrow, subarachnoid space, spinal cord, and skeletal muscles. Purple staining on TRAP
images indicates multinucleated osteoclasts. Brown staining indicates CD19* or RANKL™ cells. The box represents a magnified view. The dotted outline shows
leukemic blasts. The red arrows indicate bone channels that connect the calvarial or vertebral bone marrow with the subarachnoid space or skeletal muscles. SM,

skeletal muscle. Scale bars, 500, 100, or 50 um.
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Figure 3. Effects of rOPG-Fc in CNS leukemic blast invasion at a clinical endpoint in a BCR-ABL1 PDX model
Human BCR-ABL1 leukemic blasts were injected orthotopically into the right femur of NSG mice and treated with IgG1-Fc control or rOPG-Fc. Ten weeks after
leukemic blast injection and treatment, mice with visible symptoms of leukemia were euthanized (n = 5 mice per group).

(legend continued on next page)
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blast invasion in the calvarial bone marrow and the brain sub-
arachnoid space was identified by TRAP, RANKL, and human
anti-CD19 antibody staining of samples from IgG1-Fc-treated
mice (Figures 4A and S5C). In contrast, rOPG-Fc treatment re-
sulted in lower levels of leukemic blast invasion into the calvarial
bones (Figure 4C), associated with a reduced invasion of the
sphenoid and occipital bones at the base of the cranium (Fig-
ure S5E) and with a reduction in leukemic blast transit from the
calvarial bone marrow into the brain subarachnoid space (Fig-
ures 4C [1-3], 4D [***p < 0.0001], and 4E [***p < 0.0001]). We
observed similar rOPG-Fc effects in the vertebral bones where
CD19* RANKL" leukemic blasts were reduced in the bone
marrow (Figures 4C, 4F [***p < 0.0001], and S5E) and absent
from the spinal cord subarachnoid space at this disease stage
compared to control-treated mice (Figures 4C and 4G [***p <
0.0001]). These results demonstrated that RANKL antagonism
attenuated leukemic blast transit from the calvarial and vertebral
bones into the brain or spinal cord subarachnoid space. There-
fore, in addition to the effects of CXCR4 inhibition, RANKL antag-
onism in this BCR-ABL1 PDX model blocked retention and
expansion of B-ALL blasts in the calvarial and vertebral bone
marrow at early (6-week), mid- (8-week), and late (10-week)
disease stages, and prevented leukemic cell transit into the sub-
arachnoid space at a mid- (8-week) disease stage. The progres-
sion of disease and CNS entry routes is illustrated in Figure 4H.

CXCR4- and RANKL-mediated cell invasion in MLL/
KMT2A rearranged ALL

To determine whether the mechanisms of CNS invasion dis-
played by primary human BCR-ABL1 samples were observed
in another high-risk leukemia subtype, we evaluated a primary
sample of MLL/KMT2A-rearranged (MLLr) infant ALL, a leukemia
that is associated with a high rate of CNS involvement and poor
outcomes.”” The sample had been isolated from an infant that
displayed CNS leukemia at diagnosis (ID: 9037; Table S1). The
B-ALL blasts were injected into the right femurs of cohorts of
NSG mice, and treatment was initiated with either IgG1-Fc con-
trol or CXCR4 antagonist AMD3100, and continued for either 4 or
6 weeks (Figure S1A). The long bones had a heavy CD45"CD19*
leukemic blast engraftment both 4 and 6 weeks after treatment
(Figures S6A and S6B). The CD19" CXCR4* and RANKL" B-
ALL blasts (Figures 5, 6, S7A, and S7F) invaded the calvarial
and vertebral bones and were associated with the development
of bone channels that appeared to permit leukemic cell transit
between the bone marrow and subarachnoid space (Figures
5A and 6A). In control-treated mice, these cells invaded the oc-
cipital and sphenoid bones at the skull base as well as the skel-
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etal muscles that surround the vertebra (Figures 5A, 6A, S6C,
and S7A), concordant with observations in TM mice (Figure 2B).
AMD3100 treatment did not reduce leukemic blast infiltration of
the calvarial and vertebral bone marrow (Figures 5B, 5E, 5F, 6B,
6E, and 6F) or the generation of bone lesions, which allowed
leukemic cell transit from bone marrow to the subarachnoid
space (Figures 5B, 5G, 5H, 6B, 6G, and 6H). We did not observe
any effects on the burden of leukemic blast engraftment of the
bones of the cranial base after 4 or 6 weeks of AMD3100 treat-
ment (Figures S6D, S6G, S7B, and S7E) compared to the control
group. In contrast to these tissue sites, 4 weeks of AMD3100
treatment had a potent effect on leukemic cell invasion of the
skeletal muscles that surround the vertebra (Figures 5B and 5l
[*p < 0.01]), and we observed a similar trend in leukemic blast
reduction after 6 weeks of treatment compared to control-
treated mice (Figures 6B and 6l). As observed in the BCR-
ABL1 PDX mice 4 weeks after leukemic blast injection (Fig-
ure S5C), the MLLr leukemic blasts did not appear to breach
the BCSFB in the control-treated group (Figure S6C). Overall,
CXCR4 blockade reduced the migration of BCR-ABL1 ALL
blasts from the skull and vertebral bone marrow into the sub-
arachnoid space (Figures 4B and 4D-4G), but this treatment
did not produce the same effect on the MLLr B-ALL sample
blasts, suggesting that the latter cells may use other routes of
entry.

At both 4 and 6 weeks after leukemic blast injection and coin-
cident treatment, rOPG-Fc either as a single agent or given in
combination with AMD3100 reduced CD19* CXCR4* RANKL"*
MLLrleukemic blast invasion of the calvarial and vertebral bones
(Figures 5C, 5D, 5E and 5F [***p < 0.001 and **p < 0.01], 6C, 6D,
and 6E and 6F [***p < 0.0001]), brain and spinal cord subarach-
noid space (Figures 5C, 5D, 5G and 5H [***p < 0.001], 6C, 6D, and
6G [**p<0.01]and 6H[**p < 0.001 and ****p < 0.0001]), sphenoid
and occipital bones (Figures S6E, S6F, and S6G [**p < 0.01], S7C,
S7D, and S7E [*p < 0.05 and **p < 0.01]), and skeletal muscles
(Figures 5C, 5D, 5l [*p < 0.05 and ***p < 0.0001], 6C, 6D, and 6l
[***p < 0.0001]). These data demonstrated that these MLLr B-
ALL blasts transit through the skull or vertebral bone lesions
into the subarachnoid space and skeletal muscles was RANKL
mediated at all disease stages modeled in these PDX studies.

B-ALL blast transit to the CNS through the BCSFB

The MLLr infant B-ALL example studied here was taken from an
individual who displayed CNS involvement at diagnosis. There-
fore, we hypothesized that these leukemic cells may also breach
the BCSFB. Similar to our observations in the BCR-ABL1 PDX
mice (Figure S5C), control-treated MLLr PDX mice at 4 weeks after

(A and B) Ex vivo cells from the injected right femur, non-injected right tibia, and spleen were assessed for leukemic blast engraftment using antibodies specific for

human CD45 and CD19 by flow cytometry.

(B) The percentage of CD45"CD19" leukemic blasts gated on live singlets is shown.

(C-F) Representative sections of the (C) vertebra or (E) calvaria of the IgG1-Fc- or rOPG-Fc-treated mice stained with TRAP or anti-human CD19 antibody. CD19
protein (y axis) was quantified in multiple ROls (25 um) that include the entire bone marrow from the (D) vertebral and (F) calvarial bones of the IgG1-Fc- and rOPG-
Fc-treated mice (x axis). The graph shows the mean staining intensity (2 um per pixel) of CD19 protein (au). Each dot represents ROIs from 3 biological replicates

and 4 technical replicates (n = 3 mice per group).

In (B), (D), and (F), data are means = SDs. A 2-tailed unpaired t test with Welch’s correction was performed between the 2 groups. p value with a 95% confidence
interval is indicated for each comparison. ****p < 0.0001. The dotted box represents a magnified view. The dotted outline and brown color on the CD19-stained
images indicate leukemic blasts. The red arrows indicate bone channels that connect the bone marrow and subarachnoid space. The purple staining on TRAP
images (purple arrows) indicates multinucleated osteoclasts. Scale bars, 100 um. See also Figures S1, S2, and S4.
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leukemia cell injection did not display evidence of leukemic blasts
in the ventricles (Figure S6C). We identified CD19* CXCR4*
leukemic blasts in the lateral and fourth ventricles of MLLr PDX
mice at 6 weeks after leukemic blast injections (Figures 6A and
S7A), coincident with gross signs of CNS leukemia in these ani-
mals, including domed head (Figure 6A). AMD3100 and rOPG-
Fc either as single agents or in combination attenuated B-ALL
blast transit through the BCSFB (Figures 6B-6D and 6J [*p <
0.01)). In contrast to control-treated mice, rOPG-Fc or the rOPG-
Fc and AMD3100 combination-treated animals did not exhibit
CNS symptoms (e.g., domed head [Figure 6A]) and also showed
reduced leukemic blast invasion of the calvarial and vertebral
bone marrow and the leptomeninges of the CNS. Overall, these
data demonstrate that B-ALL blast transit through the BCSFB at
the advanced disease stage modeled here is mediated indepen-
dently by both RANKL and CXCR4 mechanisms.

DISCUSSION

Prophylaxis and treatment of CNS involvement in children with
ALL poses a major clinical challenge. Cranial irradiation, either
as treatment or prophylaxis, has reduced the risk of CNS leuke-
mia relapse, but it is associated with irreversible neurocognitive
late effects and is used only in rare circumstances.?*” Prophy-
lactic CNS-directed chemotherapy therapy is the standard of
care; however, relapse still occurs in 3%-8% of pediatric ALL
cases, either confined to the CNS or combined with bone
marrow disease.”*%?? In addition, CNS-directed chemotherapy
in children is associated with neurocognitive dysfunction. There-
fore, there is an unmet need to develop efficacious therapeutic
approaches to prevent and treat CNS leukemia that has limited
neurotoxicity. A central rationale for the present study is that
these approaches could include targeting mechanisms of
leukemic blast entry into the CNS.

We have identified mechanisms by which B-ALL blasts enter
the CNS using both spontaneous mouse models of B-ALL and
primary human B-ALL sample xenograft (PDX) models. We previ-
ously reported that TM mice spontaneously develop B-ALL with
neurological impairment and leukemic blast infiltration into the
CNS subarachnoid space.”’ We later showed that these RANKL*
TM leukemic blasts cause bone destruction in Rag2 ™~ recipient
mice."” RANKL is a critical osteoclast differentiation factor.*°-*?
RANK-RANKL interaction between tumor cells and the bone

¢ CellP’ress

microenvironment drives a cycle of bone destruction and tumor
growth.®®* RANK-RANKL interaction is also involved in breast
and prostate cancer cell invasion of the bone.'®*%%° |n B-ALL-
affected pediatric and adult subjects, periosteal reactions and
osteolytic lesions in the skull have been reported.®*°® A recent
study®® showed invasion of the skull bone marrow by ALL blasts
in newly diagnosed pediatric subjects before the initiation of ther-
apy. Here, we report that RANKL* TM leukemic blasts invade the
skull and vertebral bone marrow cavities, create cortical bone le-
sions, and transit to the subarachnoid space of the brain and spi-
nal cord and the skeletal muscles.

Given these observations in the TM mouse model, we interro-
gated mechanisms of human B-ALL blast dissemination from the
femur to the CNS by xenotransplantation into NSG mice. NSG
mice is an immunodeficient strain that lacks mature T, B, and
functional natural killer (NK) cells, and expresses a variant of
the inhibitory checkpoint protein SIRP alpha capable of binding
to the human cognate receptor CD47, collectively resulting in a
permissive environment for the engraftment of primary human
leukemic cells.*>*? Here, we investigated the mechanisms of
leukemic blast transit into the CNS using examples of both the
MLLr and BCR-ABL1 B-ALL subtypes, as they are associated
with CNS involvement and poor outcomes. The calvarium hous-
es hematopoietically active marrow*® and most B cells found in
the CNS of normal mice are derived from the calvaria and reach
the meninges through specialized vasculature.** We reasoned
that the calvarium may provide a reservoir for leukemic blast
dissemination into the CNS. Here, we report that for the patient
sample examined, BCR-ABL1 B-ALL blasts injected into the fe-
mur of mouse recipients invaded calvarial and vertebral bone
marrow well before B-ALL blasts were evident in the subarach-
noid space by flow cytometry. Compared to control-treated
PDX mice, rOPG-Fc treatment protected the calvarial and verte-
bral bones from leukemic blast invasion. In BCR-ABL1 B-ALL
PDX mice analyzed at a later time point, administration of
rOPG-Fc continued to protect the skull and vertebral bones
from leukemic blast invasion. However, by this point, leukemic
blasts had also infiltrated the subarachnoid space of the rOPG-
Fc-treated mice, although leukemic invasion was reduced
compared to the control-treated group. These data suggested
that in the setting of heavy disease burden, leukemic blasts
can use alternate entry routes of CNS entry, including the
blood-leptomeningeal barrier and the BCSFB.

Figure 4. Transit of BCR-ABL1 B-ALL blasts to the subarachnoid space through the skull or vertebral colonization in a PDX setting

Human BCR-ABL1 leukemic blasts were injected orthotopically into the right femur of NSG mice and treated with IgG1-Fc control or AMD3100 or rOPG-Fc at the
time of leukemic blast injections (n = 3 mice per group). Mice were euthanized 8 weeks later. The whole brain with an intact skull and vertebral bones with an entire
spinal cord were fixed, sectioned, and stained with TRAP or anti-human CD19 antibody.

(A-C), Representative sagittal sections of the brain and skull showing calvarial bone marrow and brain subarachnoid space in the (1) frontal and (2-3) caudal
region, and vertebra showing the bone marrow, subarachnoid space, and spinal cord of IgG1-Fc- or AMD3100- or rOPG-Fc-treated mice. The dotted outline and
brown color in the CD19-stained images indicates leukemic blasts. The dotted box and # represent a magnified view. The red arrows indicate bone channels that
connect the bone marrow and subarachnoid space. The purple staining on TRAP images (purple arrows) indicates multinucleated osteoclasts.

(D-G) CD19 protein (y axis) was quantified in multiple ROls (25 um) from the calvarial bone marrow, brain subarachnoid space, vertebral bone marrow, and spinal
cord subarachnoid space of the IgG1-Fc-, AMD3100-, and rOPG-Fc-treated mice (x axis). The graph shows the mean staining intensity (2 um per pixel) of CD19
protein (au). Each dot represents ROIls from 3 biological replicates and 3 or 4 technical replicates (n = 3 mice per group). Data are means + SDs. Data were
analyzed using 1-way ANOVA (95% confidence interval) among the 3 groups; p values represent Bonferroni’s multiple comparison test, ****p < 0.0001.

(H) A time-lapse illustration of CD19* leukemic blasts in the calvarial and vertebral bone marrow and subarachnoid space of the treatment groups of BCR-ABL1
PDX mice.

Scale bars, 100 um. See also Figures S1, S3, and S5.
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Previous studies have identified associations between CNS leu-
kemia and leukemic cell expression of molecules that may aid
CNS entry. These observations include interleukin-15 (IL-15)
expression on leukemic blasts observed together with activated
NK cells,*® vascular endothelial growth factor (VEGF) expression
on leukemic blasts,*® IL-7 receptor expression on B-ALL blasts,*”
and association of B-ALL CD79a expression with CNS infiltration
and relapse.”® Moreover, chemokine pathways may also
contribute to ALL migration into the CNS.?"*° B-ALL cells can ex-
press CXCR4, and the cognate ligand SDF-1 is present at high
concentrations in the BCSFB tissues.'®'? We hypothesized that
CXCR4-expressing B-ALL blasts would migrate toward the
SDF-1-rich CSF-containing subarachnoid space. Using the
CXCR4 small-molecule inhibitor AMD3100,°**° we asked
whether blocking B-ALL blast interaction with SDF-1 could alter
their dissemination into the CSF-rich subarachnoid space, and if
so, by what routes. AMD3100-treated BCR-ABL1 PDX mice dis-
played areduced leukemic cell invasion into the skull and vertebral
bone marrow, and they were not observed to further penetrate the
subarachnoid space. In contrast, CD19*CXCR4" MLLr B-ALL
blasts created skull and vertebral cortical bone channels and
invaded the subarachnoid space of these PDX mice. Our results
demonstrate that CXCR4 antagonism restrained blasts from a
BCR-ABL1 but not from an MLLr B-ALL leukemic patient sample
from advancing through skull and vertebral bone marrow into the
subarachnoid space. The peripheral leukemia burden became
extensive in later time points examined in the MLLr PDX mice,
enabling the leukemic blasts to access other transit routes such
as the blood-leptomeningeal barrier to enter the leptomeninges.
Since we studied one example of each leukemia subtype, we
cannot determine whether their observed differential CXCR4
dependence is characteristic of each subtype or instead reflects
the differential aggressiveness of these two tumor exemplars in
the PDX setting.

We asked whether B-ALL blasts can transit directly from the
skull or vertebral bone marrow into the subarachnoid space, as
we previously observed in the TM mouse model. Previous
work showed that the NALM-6 B-ALL cell line spreads within
the bone microenvironment by migrating into the perivascular
domains of the calvarial bone marrow.'® B-ALL cells can use
bridging laminin-rich vessels to migrate from the calvarial or
vertebral bone marrow toward the CSF in the subarachnoid
space.'? We reasoned that human primary B-ALL blasts could

¢ CellP’ress

resorb the skull and vertebral cortical bone, creating RANK-
RANKL-mediated bone channels, and thereby transit directly
into the subarachnoid space. To test this idea, we treated PDX
mice engrafted with either BCR-ABL1 or MLLr primary ALL
blasts with rOPG-Fc and examined leukemic blast transit routes
in recipient mice at multiple times after leukemic cell i.f. injection.
In control-treated mice, B-ALL blasts created bone channels in
the skull and vertebral cortical bones to access the subarach-
noid space. In contrast, rOPG-Fc treatment protected the skull
and vertebral bone marrow from leukemic blast entry into the
subarachnoid space. At times chosen to model a mid-disease
stage, neither BCR-ABL1 nor MLLr B-ALL blasts in control-
treated mice breached the BCSFB, further emphasizing the
importance of the skull and vertebral bone-mediated transit
route. Our results demonstrate that B-ALL blast penetrates the
subarachnoid space by establishing RANKL-mediated skull
and vertebral bone channels.

Our PDX study design enabled analyses of leukemia blast
CNS transit routes over time. Even at a later disease stage in
MLLr PDX mice, rOPG-Fc treatment either alone or together
with a CXCR4 antagonist, protected the calvarial, vertebral,
sphenoid, and occipital bones and the skeletal muscle from blast
infiltration. While rOPG-Fc treatment alone could not entirely
block leukemic blast entry, it significantly reduced leukemic blast
invasion into the subarachnoid space. These observations sug-
gest that these MLLr leukemic blasts use additional transit
routes, likely through the blood-leptomeningeal or BCSFBs. Cy-
tokines and chemokines can regulate the migration of both
normal leukocytes and leukemia cells across the BCSFB.*%™>?
A recent study ' posited that CNS invasion is a generic property
of B-ALL blasts, suggesting that they transited through the
BCSFB in PDX mice even when the patient from whom the cells
were isolated was not diagnosed with CNS disease based upon
CSF findings. However, this study did not identify a functional as-
sociation between a specific chemokine receptor and propensity
for CNS invasion.”” Here, we demonstrate that MLLr B-ALL
blasts can breach the BCSFB releasing CD19* CXCR4* cells
into the brain ventricles. In this PDX model of late-stage disease,
therapeutic RANKL and CXCR4 antagonism independently
restrained leukemic blast transit through the BCSFB route.
Thus, our results indicate that RANKL and CXCR4 antagonism
can inhibit the migration of primary B-ALL blasts through the
BCSFB into the subarachnoid space.

Figure 5. B-ALL transit through the skull and vertebral bones in an MLL-rearranged B-ALL

Human MLLr NSG-passaged leukemic blasts were injected into the right femurs of NSG mice and treated with IgG1-Fc control or AMD3100 or rOPG-Fc or
combined AMD3100 and rOPG-Fc (n = 3 mice per group). After 4 weeks of leukemic blast injection and treatment, mice were euthanized. The whole brain with an
intact skull and vertebral bones with a spinal cord were fixed, sectioned, and stained with anti-human CD19 or CXCR4 antibodies.

(A-D) Representative sagittal sections of the brain and skull showing calvarial bone marrow and brain subarachnoid space in the (1) caudal region, and vertebra
showing the bone marrow, subarachnoid space, spinal cord, and skeletal muscles of IgG1-Fc- or AMD3100- or rOPG-Fc- or combined AMD3100- and rOPG-Fc-
treated mice. Brown staining indicates CD19 or CXCR4 abundance. The box represents a magnified view. The dotted outline indicates leukemic blasts. The red
arrows indicate bone channels that connect the bone marrow and subarachnoid space.

(E-1) CD19 protein (y axis) was quantified in multiple ROIs (25 um) from the (E) calvarial and (F) vertebral bone marrow, (G) and brain and (H) spinal cord sub-
arachnoid space, and (I) skeletal muscles of the IgG1-Fc-, AMD3100-, rOPG-Fc-, or AMD3100 + rOPG-Fc-treated mice (x axis). The graph shows the mean
staining intensity (2 um per pixel) of CD19 protein (au). Each dot represents multiple ROIs from 3 biological replicates and 2 or 3 technical replicates (n = 3 mice per
group).

Data are means + SDs. All of the data were analyzed using non-parametric Kruskal-Wallis 1-way analysis of variance (ANOVA) (95% confidence interval) among
the 3 groups; p values represent post hoc Dunn’s test, in which *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Scale bars, 100 um. See also Figures S1, S6,
and S7.
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Limitations of the study

BCR-ABL1 and MLLrB-ALL affected individuals have a high rate
of CNS involvement and poor outcomes. Our in-depth study of
examples of these two high-risk tumor subtypes identifies multi-
ple independent transit mechanisms of leukemic blast into the
CNS through treatment of PDX mice with RANK-RANKL- and
CXCR4-SDF1-targeted therapies (Figure 7). Primary B-ALL
blasts migrated to the skull and vertebra bone marrow cavities,
where they provoked bone lesions enabling passage into the
subarachnoid space by a RANKL-mediated mechanism and
that targeted rOPG therapy effectively opposed. Our results do
not address whether these patterns of CNS invasion are gener-
alized to BCR-ABL1 and/or MLLr leukemia subtypes. Evaluation
of this question will require a sufficient sample size for each B-
ALL subtype, reliance on higher throughput approaches than
those used in this study, and will benefit from a longitudinal study
design to examine CNS invasion at diagnosis, in response to
therapy and at relapse.

In PDX models, we show that human BCR-ABL1 and MLLr B-
ALL blasts in the femur migrate and invade the skull and verte-
bral bone marrow at an early disease stage and enter the
subarachnoid space by a RANK-RANKL-mediated pathway.
We identify a second CXCR4-SDF1-dependent pathway
through which a BCR-ABL1 leukemia migrated from cranial
and vertebral bone marrow into the subarachnoid space. In
addition, an MLLr leukemia breached the BCSFB through
both RANKL- and CXCR4-mediated pathways. These findings
provide a rationale to evaluate clinically available RANKL and
CXCR4 pathway inhibitors to reduce CNS involvement of ALL
in combination with current multi-agent chemotherapy. Appro-
priately designed studies are needed to investigate whether
these transit routes into the CNS are specific and/or generaliz-
able to B-ALL genetic subtypes.

STARXMETHODS

Detailed methods are provided in the online version of this paper
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INCLUSION AND DIVERSITY

We worked to ensure that the study questionnaires were prepared in an inclu-
sive way. We worked to ensure sex balance in the selection of non-human

Figure 6. B-ALL blast transit by breaching the blood-cerebrospinal fluid barrier in MLL-rearranged PDX mice

Human MLLr NSG-passaged leukemic blasts were injected into the right femurs of NSG mice and treated with IgG1-Fc control or AMD3100 or rOPG-Fc or
combined AMD3100 and rOPG-Fc (n = 4 mice per group). After 6 weeks of leukemic blast injection and treatment, the mice were euthanized. The whole brain with
an intact skull and vertebral bones spinal cord was fixed, sectioned, and stained with anti-human CD19 or CXCR4 antibodies.

(A-D) Representative sagittal sections of the brain and skull showing calvarial bone marrow and brain subarachnoid space in the (1) caudal region, lateral ventricle
(LV) and fourth ventricles (FVs), and vertebra showing the bone marrow, subarachnoid space, spinal cord, and skeletal muscles of IgG1-Fc- or AMD3100- or
rOPG-Fc- or combined AMD3100- and rOPG-Fc-treated mice. Brown staining indicates CD19 or CXCR4 abundance. The box represents a magnified view. The
dotted outline indicates leukemic blasts. The red arrows indicate bone channels that connect the bone marrow and subarachnoid space.

(E-J) CD19 protein (y axis) was quantified in multiple ROls (25 um) from the (E) calvarial and (F) vertebral bone marrow, (G) brain and (H) spinal cord subarachnoid
space, (l) skeletal muscles, and (J) lateral and fourth brain ventricles of the IgG1-Fc-treated, AMD3100-treated, rOPG-Fc-treated, or AMD3100 + rOPG-Fc-
treated mice (x axis). The graph shows the mean staining intensity (2 um per pixel) of CD19 protein (au). Each dot represents multiple ROls from 4 biological
replicates and 2 or 3 technical replicates (n = 4 mice per group).

Data are means + SDs. All of the data were analyzed using non-parametric Kruskal-Wallis 1-way ANOVA (95% confidence interval) among the 3 groups; p values
represent post hoc Dunn’s test, in which *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Scale bars, 100 um. See also Figures S1, S6, and S7.
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Figure 7. Schematic representation of B-ALL blast transit routes to the CNS

Sagittal sections of the mouse brain showing RANKL- and CXCR4-mediated B-ALL transit routes.

(A) Inthe PDX model, we show that B-ALL blasts fail to breach the blood-brain barrier, as we did not observe leukemic blasts in the brain parenchyma. However, at
a late disease stage, BCR-ABL1 and MLLr B-ALL blasts may have reached the subarachnoid space by breaching the blood-leptomeningeal barrier.

(B) We identified a calvarial or vertebral bone marrow-mediated leukemic blast transit into the subarachnoid space in PDX mice. RANKL antagonist rOPG-Fc
treatment protected the skull and vertebral bone marrow from B-ALL blast invasion and subsequent skull or vertebral bone marrow-mediated leukemic blast

transit into the subarachnoid space.

(C) BCR-ABL1 B-ALL blasts did not breach the blood-cerebrospinal fluid barrier in PDX mice. In contrast, CD19* CXCR4* MLLr B-ALL blasts breached the blood-
cerebrospinal fluid barrier found in the LV, third ventricle, and FV of the brain at a late-disease stage, and CXCR4 and rOPG-Fc antagonism using AMD3100 and

rOPG-Fc prevented B-ALL blast transit through the blood-cerebrospinal fluid barrier.

subjects. One or more of the authors of this paper self-identifies as an under-
represented ethnic minority in science. One or more of the authors of this pa-
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3 (UCHT1) BioLegend Cat# 300430; RRID:AB_893301
CD45 (2D1) BD Biosciences Cat# 347463; RRID:AB_400306
CD19 (4G7) BD Biosciences Cat# 349209; RRID:AB_400407
RANKL (12A668) Abcam Cat# ab45039; RRID:AB_2205935
CD19 (EPR5906) Abcam Cat# ab134114; RRID:AB_2801636
CD19 (EP169) BioGenex Cat# AN729-5M

CD19 (EPR23174-145) Abcam Cat# ab245235; RRID:AB_2895109
CXCR4 (UMB2) Abcam Cat# ab124824; RRID:AB_10975635
Biotinylated secondary antibody, Mouse BioGenex Cat# QP900-LE (HK340-9KT-multi link)
and Rabbit SS Link-label IHC detection

system

Biotinylated secondary antibody, Mouse Abcam Cat# ab64264

and Rabbit HRP/DAB (ABC) detection kit
CXCR4 (12G5)

Biotinylated rOPG-Fc (in-house);
Biotinylated in-house using EZ-link
sulpho-NHS biotin kit

Streptavidin-PerCP-Cy5.5

BD Biosciences

rOPG-Fc: Amgen and NHS-Biotin kit:
Thermoscientific

e-Bioscience (Thermo-Fisher Scientific)

Cat# 560669; RRID:AB_1727435
Cat# 21326 (NHS Biotin Kit)

Cat# 45-4317-82; RRID:AB_10311495

Biological samples

Patient-Derived B-ALL Samples Table S1 Table S1
Chemicals, peptides, and recombinant proteins
Recombinant human OPG-Fc protein Amgen Amgen
(RANKL antagonist)
IgG1-Fc protein (produced in-house using Invivogen Catalog# pfuse-hgifc2;
pFUSE-Fc plasmid) plasmid construct
AMD3100 octahydrochloride (CXCR4 Sigma-Aldrich A5602-5MG
antagonist)
Experimental models: organisms/strains
Mouse: p53~/~; Rag2~/~; Prkdcsci¢/scd The center for Phenogenomics (TCP) N/A
triple-mutant (TM) (Toronto, Canada) housed and bred the TM
mice.
Mouse: p53*/~; Rag2~/~; Prkdcseid/seid The center for Phenogenomics (TCP) N/A
nonleukemic control (Toronto, Canada) housed and bred the
nonleukemic SCID control mice.
Mouse: NOD.Prkdcse¥s°||2rg tm1Wijl/SzJ The University Health Network (UHN), Max N/A

(NSG)

bell-animal resource center (Toronto,
Canada), housed and bred the NSG mice in
pathogen-free (SPF) conditions.

Software and algorithms

GraphPad Prism
Flowdo v.10 (Tree Star, Ashland, OR)
NDP.view2

QuPath (Quantitative Pathology and
Bioimage Analysis)

https://www.graphpad.com/
https://www.flowjo.com/

https://www.hamamatsu.com/us/en/
product/type/U12388-01/index.html

https://qupath.github.io

Version 8.4.1, for Mac OS X
Version 10 (Tree Star, Ashland, OR)
Version-U12388-01

Version 0.2.3
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Jayne
S. Danska (jayne.danska@sickkids.ca)

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. There are no codes generated in this paper. Any addi-
tional information required to reanalyze the data reported in this paper is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design

PDX experiments were performed using two B-ALL patient samples taken during diagnosis (ID 090233, 9037) (Table S1). Due to the
limited availability, B-ALL blasts from the primary MLLr patient sample (ID 9037) were expanded in NOD.PrkdcSe@/s¢9]j2rg m1Wil/Sz
(NSG) mice and the NSG-passaged MLLr B-ALL blasts were used in experiments where mice were treated with RANKL and CXCR4
antagonists. Samples were selected for in vivo experiments based on previous experiments and engraftment testing, where > 80% of
human leukemic blasts engraft in the NSG BM and the CNS within 8 to 10 weeks after leukemia blast injection. For PDX experiments,
mice were randomly assigned to the IgG1-Fc control or rOPG-Fc or AMD3100 treatment groups.

Mice

The center for Phenogenomics (TCP) (Toronto, Canada) housed the p53~/~; Rag2~’~; Prkdc>¥/s° triple mutant (TM), and p53*/;
RagZ’/’; Prkdcs°@s°? nonleukemic SCID control mice. The TCP animal care committee approved all experimental procedures. TM
and nonleukemic SCID control mice were generated and genotyped as previously described®® and maintained on acidified water.
Mice were monitored daily for labored breathing and peripheral lymphadenopathy indicative of systemic leukemia as well as CNS
signs, including domed head, ataxic gait, and hind limb paralysis or paresis. TM and nonleukemic SCID male or female mice (8 to
12 weeks old) were used in the experiments. The University Health Network (UHN), Max bell-animal resource center (Toronto, Can-
ada), housed the NSG mice in pathogen-free (SPF) conditions. NSG female mice (8-weeks old) were used in the PDX experiments.
The UHN animal care committee approved all experimental procedures with the NSG mice.

Human B-ALL samples

The Research Ethics Boards at the Hospital for Sick Children (Toronto, Canada) and UHN (Toronto, Canada) approved this study.
Bone marrow or peripheral blood samples from newly diagnosed patients with ALL were obtained with informed consent. Mononu-
clear cells were isolated using Ficoll-Paque density gradient separation (GE Healthcare) according to the manufacturer’s instructions.
Isolated mononuclear cells were frozen in 90% (v/v) fetal calf serum (FCS) with 10% (v/v) dimethylsulphoxide (DMSO), stored in liquid
nitrogen, and used for PDX studies. The age, gender, cytogenetics, and risk-group of the B-ALL patients are indicated in Table S1.

METHOD DETAILS

B-ALL PDX

Primary patient B-ALL samples were depleted of CD3™ cells by immunomagnetic bead separation using CD3 microbeads (Miltenyi
Biotech). Cells were processed through an AutoMACS Pro Separator (Miltenyi Biotech), as per the manufacturer’s instruction. CD3-
labeled cells were separated using the “depletes” program on AutoMACS Pro Separator. The purity of the depletion was assessed
by flow cytometry using an antibody specific for human CD3-PerCP-Cy5.5 (1:30 dilution, clone: UCHT1, BioLegend), which is always
greater than 99%. NSG female mice (8-weeks old) were sub- lethally irradiated (200 cGy) using a 137Cs vy-irradiator, 24 h before in-
jection of human leukemic blasts as previously described.'”** Human leukemic blasts were injected orthotopically into the BM niche
of the right femur as previously described.'”->® Briefly, mice were anesthetized by isoflurane inhalation, and the area of the injection
site just below the patella or femur kneecap was cleaned using a sterile alcohol wipe. A 27.5-gauge needle was used to drill through
the knee, and CD3-depleted B-ALL blasts (5 x 10° cells in 30 uL volume) was directly injected into the right femur bone using a 28.5-
gauge insulin syringe.

Treatment with IgG1-Fc control protein (in-house) or recombinant human OPG-Fc fusion protein (Amgen) or AMD3100 octahydro-
chloride,?® a CXCR4 antagonist (Sigma-Aldrich), was initiated at the time of leukemic blast injections for up to ten weeks. rOPG-Fc was
administered three times per week (3 mg/kg) by subcutaneous injections. The dose, frequency, and route of administering rOPG-Fc
injections were based on the pharmacodynamics and pharmacokinetics analyses in healthy young rats.>* AMD3100 octahydrochloride
was administered to PDX mice five times per week (5 mg/kg) up to eight weeks by subcutaneous injections based on established
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studies.>>°® Mice were monitored daily for visible signs of morbidity, including weight loss, ruffled coat, difficulty breathing, abnormal
posture, and inactivity. Mice were sacrificed at periods between six to ten weeks after leukemic blast injections and treatment.

Lymphoblast extraction
PDX mice were euthanized by CO, inhalation. Staining media (SM) was prepared by adding 10mM HEPES (pH 7.2) and 2% calf serum
(Wisent Inc.) to Hank’s balanced salt solution (GIBCO). Bone marrow cells were isolated from human leukemic blast injected right
femur and non-injected right tibia by flushing bones with staining media using a 27.5-gauge needle. Once flushed, cells were further
disrupted using a 25.5-gauge needle and filtered through a 70 um nitex nylon mesh and centrifuged for 5 min at 400 x g, 4°C. Red
blood cells were lysed and removed by re-suspending the BM cell pellets in 2 x 107 cells per ml of 1X Gey’s lysis solution (in-house).
Cells were incubated on ice for 3 min, washed in SM, and pelleted again by centrifugation for 5 min at 400 x g, 4°C. Cells were re-
suspended in SM, and the number of viable cells was determined by trypan blue (Sigma Aldrich, Oakville, Canada) exclusion method.
To isolate lymphoblasts from spleen and CNS, PDX mice were sacrificed by CO, inhalation. The spleen, brain, and spinal cord were
dissected from mice. The skull bones were opened, and an incision was made at the caudal end of the spine. The brain along with the
leptomeningeal layer was dissected out of the skull, and an 18.5-gauge needle filled with 1X PBS was used for flushing the spinal cord
out of the vertebral column. The isolated entire brain and spinal cord along with the leptomeninges were placed in a 50 mL falcon tube
with SM. Single-cell suspensions were made by dissociating the organs in SM with a 3cc syringe plunger, and the tissues in SM were
filtered through a 70 pm mesh cell strainer (BD Biosciences, San Diego, USA). Cell suspensions from the spleen were centrifuged (400
x g, 5 min at 4°C), and red blood cells were further lysed using 1X Gey’s lysis solution. Cells were washed and re-suspended in SM for
flow cytometric analysis. Lymphoblast from the brain and spinal cord (CNS) tissues were isolated using layered percoll gradient (70%
followed by 37% and 30% percoll (GE healthcare)). After the addition of percoll gradient, tubes were centrifuged at 400 x g, 20 min at
room temperature. Lymphoblast cells were collected from the 37% and 70% interface, washed with SM and re-suspended in RPMI
1640 with 10% calf serum.

Flow cytometry

Human BCR-ABL1 B-ALL injected NSG mice were treated with either IgG1-Fc control (in-house protein) or rOPG-Fc (Amgen) at the
time of leukemic blast injections and were sacrificed at six weeks and ten weeks after leukemic blast injection and treatment. Single
cell suspensions (1 x 106 cells) isolated from the right femur, non-injected right tibia, spleen, and CNS of PDX mice were aliquoted
into staining tubes. SM was added and centrifuged at 300 x g for 5 min at 4°C. Cells were stained with human-specific cell-surface
antibodies for CD45-FITC (1:30 dilution, clone: 2D1, BD Biosciences), CD19-PE (1:30 dilution, clone: 4G7, BD Biosciences), along
with Human TruStain Fc-receptor blocking solution [BioLegend] and incubated for 30 min at RT. Cells were washed with SM and
centrifuged at 300 x g for 5 min at 4°C. Amine-reactive fixable Zombie UV dye [BioLegend] in PBS was added and incubated for
30 min at RT. Cells were washed in SM and centrifuged at 300 x g for 5 min at 4°C. Cells were immediately fixed with BD Cytofix-
Cytoperm buffer [BD PharMingen], which uses a single step cell fixation and permeabilization. Cells were incubated on ice for
30 min, washed in 1X BD Perm-Wash buffer and centrifuged at 800 x g for 5 min at 4°C. Cells were re-suspended in SM and filtered
through a 70 pm nitex mesh. The stained cells were acquired using an LSRFortessa cell analyzer (BD Biosciences).

Moreover, single-cell suspensions isolated from the bone marrow of BCR-ABL1 PDX mice that were treated with IgG1-Fc control
were stained with human-specific cell-surface antibodies for CXCR4-PECy7 (1:150 dilution, clone: 12G5, BD Biosciences), CD45-
FITC (1:30 dilution, clone: 2D1, BD Biosciences), CD19-PE (1:30 dilution, clone: 4G7, BD Biosciences). In addition, isolated lympho-
blasts from the CNS of MLLr PDX mice after treatment with IgG1-Fc control were stained with antibodies specific for cell-surface
CD45-FITC (1:30 dilution, clone: 2D1, BD Biosciences), CD19-PE (1:30 dilution, clone: 4G7, BD Biosciences), CXCR4-PECy7
(1:150 dilution, clone: 12G5, BD Biosciences), and biotinylated rOPG-Fc+Streptavidin-PerCP-Cy5.5 (to detect RANKL) as previously
described."” The stained cells were acquired using an LSRFortessa cell analyzer (BD Biosciences) as described above.

Bone histology

TM mice between 8-12 weeks of age, showing symptoms of lymphadenopathy, domed head, or hind-limb paralysis, and nonleukemic
SCID control mice were euthanized. For PDX experiments, primary BCR-ABL1 B-ALL or NSG-passaged MLLr B-ALL blasts-injected
NSG mice were treated with IgG1-Fc control (in-house protein) or rOPG-Fc (Amgen) or AMD3100 octahydrochloride (Sigma) or a com-
bination of rOPG-Fc and AMD3100 at the time of leukemic blast injections. Mice were sacrificed at eight weeks or four and six weeks
after leukemic blast injection and treatment for BCR-ABL1 and MLLr PDX mice, respectively. The whole brain with an intact skull and
skull only or vertebral bones with an intact spinal cord were dissected and were fixed in 10% neutral buffered formalin (Sigma-Aldrich)
for 120 h and 48 hrespectively. Tissues were rinsed in PBS for 15 min (3 times) and decalcified in 14% (w/v) EDTA dissolved in PBS (pH
7.5). Afresh solution was added each day until decalcification was achieved (10 days). Tissues were then processed and embedded in
paraffin and 4-um-thick sections were cut and used for histological and immunohistochemistry analyses. Tartrate-resistant acid phos-
phatase (TRAP) stain was done by standard techniques at the TCP pathology core facility (Toronto, ON).

Immunohistochemistry (IHC)

For CD19 and CXCR4 staining, slides of paraffin-embedded bone as described above in the bone histology section were dewaxed
and rehydrated using the EZ-Retriever microwave and the EZ-AR common solution (Biogenex, USA). Antigen retrieval was
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performed in the EZ-Retriever microwave using EZ-AR2 solution, according to the manufacturer’s instructions. Slides were cooled
for 20 min at RT, washed in distilled water for 5 min and transferred to wash buffer (1X DPBS, Dulbecco’s Phosphate-Buffered Saline)
(GIBCO, Life technologies). For RANKL staining, slides of paraffin-embedded bone as described above in the bone histology section
were dewaxed, rehydrated, and digested with a ready-to-use Trypsin kit (Carezyme |, Bio-care Medical). Slides with trypsin were
incubated at 37°C (10 min) for antigen retrieval.

Dewaxed and rehydrated paraffin-embedded bone sections from BCR-ABL1 PDX mice were stained for CD19 as described
below. Slides were incubated with peroxide block solution (Biogenex, USA) followed by incubations in serum-free protein block
(Dako, USA), avidin block and biotin block (Biogenex, USA) at RT. Slides were incubated in pre-diluted ready-to-use anti-human
CD19 (clone: EP169) rabbit monoclonal antibody (Biogenex, USA) overnight at 4°C according to the manufacturer’s instruction.
Next, a highly specific Super Sensitive (SS) Link-Label IHC Detection System (Biogenex, USA) was used to detect bound primary
antibodies (QP900-LE). After washing, slides were incubated with pre- diluted ready-to-use biotinylated anti-rabbit secondary anti-
body optimized for Biogenex primary antibodies (SS anti-mouse and rabbit, HK340-9KT-multi-link, Biogenex, USA) for 30 min at RT.
As an experimental control to detect non-specific secondary antibody-binding, tissue sections were incubated with pre-diluted
ready-to-use biotinylated anti-rabbit secondary antibody without the addition of the primary antibody for 30 min at RT. All slides
were washed in DPBS three times for 10 min each and incubated with HRP (horse-radish peroxidase) labeled streptavidin for
30 min at RT (HK330-9KT-label, Biogenex, USA). Slides were washed and DAB (3,3'- diaminobenzidine) chromogen in substrate
buffer (HK124, Biogenex, USA) was added to the tissue sections and incubated for 10 min at RT. Slides were rinsed in deionized
water and counterstained in Mayer’s hematoxylin (1.0 g/l, MHS32, Sigma-Aldrich) for one minute, then rinsed in tap water and left
to air-dry overnight. Slides were dipped in Histo-Clear (National diagnostics, Fisher Scientific) and were coverslipped using Eukitt
quick hardening mounting media (Sigma-Aldrich). In addition, bone sections from BCR-ABL1 PDX mice were stained with anti-
mouse or human RANKL (clone: 12A668; 1:25 dilution; Abcam, ab45039) primary antibody and processed as previously described
for human CD19 staining.'’

Dewaxed and rehydrated paraffin-embedded bone sections (as described above in the bone histology section) from TM and non-
leukemic SCID mice were stained with anti-mouse CD19 (clone: EPR23174-145; 1:750 dilution; Abcam, ab245235) or anti-mouse or
human RANKL (clone: 12A668; 1:25 dilution; Abcam, ab45039) primary antibodies and processed as previously described for human
CD19 staining."” Bone sections from MLLr PDX mice were stained with anti-human CD19 (clone: EPR5906; 1:250 dilution; Abcam,
ab134114) or anti-mouse or human RANKL (clone: 12A668; 1:25 dilution; Abcam, ab45039) primary antibodies and processed as
previously described for human CD19 staining.'” Bone sections from MLLr PDX mice were stained with an anti-human CXCR4
(clone: UMB2) primary antibody (1:250 dilution; Abcam, ab124824), using the same method as previously described for human
CD19 staining."” The anti-human CXCR4 antibody recognizes the non-phosphorylated C terminus of CXCR4. Therefore, lambda pro-
tein phosphatase treatment (2000U; New England Biolabs, PO753S) was performed on each section for 1 h at RT before primary anti-
body incubation to dephosphorylate the samples, as per the manufacturer’s instructions.

Imaging
TRAP, CD19, RANKL, and CXCR4-stained slides were imaged using Hamamatsu NanoZoomer 2.0-R digital slide scanner (40X
magnification) at the TCP pathology core facility. Slides were viewed using NDP.view2 (version-U12388-01).

Image analysis

CD19-stained calvaria, brain with calvaria and vertebral bone with spinal cord FFPE sections were imaged as described above. Using
QuPath (v.0.2.3),°” an open source bioimage software, we evaluated the invasion of CD19* leukemic blasts in the various CNS
anatomical regions of PDX mice (Figure S1B). Multiple regions of interest (ROIl; 25 um) were drawn around the entire calvarial
bone marrow, subarachnoid space, ventricles, skeletal muscles, and vertebral bone sections including all CD19™ stained areas (Fig-
ure S1B). In QuPath, we used the intensity feature mode with a resolution of 2 um pixel size to calculate the mean DAB staining in-
tensity for each ROl which indicates CD19* leukemic blasts in each normalized area of interest. To reduce bias, the field of view used
to calculate the mean staining intensity was a larger area that included all CD19™" stained regions including any adjacent bone space.
For example, in the vertebral sections, we chose the entire bone area to calculate the DAB staining intensity (Figure S1B). Thus, the
mean staining intensity value variation based on the leukemic blasts load considers the bone space. Each assessment was also
normalized to the area.

QUANTIFICATION AND STATISTICAL ANALYSIS
All data are reported as means + SD, as detailed in the figure legends. The two-group analysis was performed using a two-tailed
unpaired Student’s t test with or without Welch’s correction for heteroscedasticity. One-way analysis of variance with Bonferroni’s

or Dunn’s correction was used to evaluate differences among multiple comparisons. Statistical differences with two-tailed probability
values of p < 0.05 were considered significant. All data were analyzed using GraphPad Prism software, version 8.4.1, for Mac OS X.
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