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Abstract

Persistence of residual disease after induction chemotherapy is a strong predictor of relapse in acute lymphoblastic
leukemia (ALL). The bone marrow microenvironment may support escape from treatment. Using three-dimensional
fluorescence imaging of ten primary ALL xenografts we identified sites of predilection in the bone marrow for resistance
to induction with dexamethasone, vincristine and doxorubicin. We detected B-cell precursor ALL cells predominantly in
the perisinusoidal space at early engraftment and after chemotherapy. The spatial distribution of T-ALL cells was more
widespread with contacts to endosteum, nestin* pericytes and sinusoids. Dispersion of T-ALL cells in the bone marrow
increased under chemotherapeutic pressure. A subset of slowly dividing ALL cells was transiently detected upon short-
term chemotherapy, but not at residual disease after chemotherapy, challenging the notion that ALL cells escape
treatment by direct induction of a dormant state in the niche. These lineage-dependent differences point to niche
interactions that may be more specifically exploitable to improve treatment.

Introduction

Acute lymphoblastic leukemia (ALL) disseminates from
transformed lymphoid progenitors that most likely arise in
specific microenvironments, preferentially in the bone mar-
row, competing with normal hematopoiesis.? Persistence of
minimal residual disease (MRD) under chemotherapy is a
strong predictor of relapse,® but the underlying mechanisms
that enable cells to escape treatment are still unclear. Non-
oncogenic mechanisms of adaptation are likely to con-
tribute to this bottleneck, in which interactions with the
tumor microenvironment are thought to play important
roles. Hematopoietic stem cells (HSC) reside in the bone
marrow in proximity to endosteal cells,® perivascular cells®’
and peripheral nerve fibers.® Sinusoidal endothelial net-
works may also contribute to the support of HSC at differ-
ent locations.® Recent advances made in three-dimensional
(3D) imaging enable comprehensive visualization and quan-
tification of HSC in mouse models. These imaging studies
challenge the notion that HSC are enriched in a specific
neighborhood, where HSC localization is determined by
microanatomical properties of the bone marrow structures,
rather than active selection of niches by HSC.° Alternative

roles were proposed in currently unexplored heterogeneous
subsets of sinusoidal, perisinusoidal and stromal cells.® B-
cell precursor (BCP) ALL cells are thought to compete with
healthy HSC by hijacking normal homeostatic functions. In
a xenotransplantation model, human NALM-6 BCP-ALL cells
interact with HSC at vascular sites expressing E-selectin
and SDF-1 (CXCL12) and remodel the mesenchymal stromal
compartment.®?® Ex vivo, co-cultures with mesenchymal
stromal cells or endothelial cells maintain ALL cell survival.*
The contribution of endothelial cells to a leukemia niche re-
mains unclear and was challenged recently by experiments
with ALL xenografts, which suggested the persistence of so-
called dormant ALL cells after treatment with cytarabine.
These cells localize to the endosteum and constitute a po-
tentially reversible quiescent MRD state.”® Clinical observa-
tions suggest relevant differences between BCP-ALL and
T-ALL with respect to sites of predilection to chemother-
apy-resistant states in MRD."® While MRD levels do not cor-
relate well between peripheral blood and bone marrow in
BCP-ALL, MRD levels are comparable in the two compart-
ments in patients with T-ALL.”® This may explain discrepant
observations reported with mouse models, in addition to
species-related differences. Contradicting previous studies
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using NALM-6 cells, in vivo imaging of a genetically engin-
eered mouse model of NOTCH-mutated T-ALL revealed that
T-ALL cells were highly mobile and cycling even after expo-
sure to chemotherapy. No preferential sub-localization
within the bone marrow space was observed,” challenging
the notion that T-ALL may escape chemotherapy in a dor-
mant leukemia niche. These observations indicate that pat-
terns of interaction of leukemia cells with their
microenvironment may be more heterogeneous than pre-
viously thought.

Leukemia patient-derived xenografts (PDX) using NOD.Cg-
Prkdc_, IL2rg,, .../SzJ (NSG) mice often reliably mirror the
clonal composition and phenotype of the corresponding pa-
tients’ samples.® Using 3D confocal fluorescence micro-
scopy, we studied the topology of MRD in the bone marrow
after induction treatment, in a variety of primary human high
risk BCP- and T-ALL subtypes. We found that BCP-ALL cells
engraft and persist preferentially in close proximity to ex-
travascular endothelial sinusoids in the bone marrow, while
T-ALL cells have a more widespread distribution including
contacts with the endosteal lining, underscoring the highly
dynamic mobility of T-ALL in comparison to BCP-ALL. We
provide a detailed comparison of engraftment and chemo-
therapy survival behavior of BCP- and T-ALL, revealing im-
portant differences between these leukemic entities. This
encourages critical investigation of interactions between
leukemic blasts and niche cells to identify druggable path-
ways for clinical treatments.

Methods

Primary samples

Patients’ samples were obtained with the written in-
formed consent of the patients’ parents or legal guardians
in accordance with the Declaration of Helsinki and appro-
val was granted by the ethics commission of the Canton
of Zilrich (approval number 2014-0383). Xenografts were
recovered from cryopreserved bone marrow aspirates of
patients enrolled in the ALL-BFM 2000 and 2009 and ALL-
REZ BFM 2002 studies.

Xenotransplantation

NSG and C57BL/6J mice were obtained from The Jackson
Laboratory. Xenotransplantation of ALL samples was per-
formed by intravenous injection into unconditioned 6- to
8-week-old mice in accordance with animal care regula-
tions after approval by legal authorities (125/2013, 124/16,
131/19). For in vivo bioluminescence imaging, the mice
were anesthetized, given an intravenous injection of D-
luciferin and imaged. Cell proliferation of leukemic cells
was traced in vivo using 5(6)-carboxyfluorescein diacetate
N-succinimidyl ester (CFSE). Details are provided in the
Online Supplementary Methods.
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Lentiviruses

pPSLIG (SFFV-Luc2-IRES-eGFP), pMD2.G and psPAX2 plas-
mids were used to generate luciferase-expressing lentivi-
ruses. PDX cells were transduced with the lentiviruses and
expanded in NSG mice for re-transplantation, as de-
scribed in the Online Supplementary Methods.

Flow cytometry

Human engraftment was determined in bone marrow har-
vested from tibiae or femora. Human engraftment was
monitored as the percentage of human cells over all
human (anti-human-CD19 PE [BioLegend]; anti-human-
CD7 PE [ebiosciences]; anti-human-CD45 Alexa Fluor 647
[BioLegend]) and murine leukocytes (anti-mouse-CD45
eFluor 450, [ebiosciences]) (Online Supplementary
Methods).

Drug response profiling

Leukemia cells from PDX samples were co-cultured with
mesenchymal stromal cells for 24 h in 384-well plates,
treated with chemotherapeutic drugs for 72 h and imaged
using high-throughput fluorescence microscopy. Drug re-
sponse profiles were determined by fitting a three-par-
ameter, dose-response model (log IC_, | and n) to

50° "max

dimethylsulfoxide-normalized cell counts.

Three-dimensional confocal imaging of bones

Bones were fixed, snap-frozen and cut using a Cryostat
for thick sections. Sectioned bones were blocked, stained
with primary (anti-human-CD45 [MEM-28], anti-mouse-
endoglin [AF1320], anti-mouse-perilipin [D1D8], anti-
mouse-laminin [L9393], anti-mouse-collagen type |
[CL50151AP], anti-mouse-endomucin [V.7C7], anti-mouse-
osterix [NBP2-38019]) and secondary antibodies and em-
bedded in RapiClear for imaging. Sinusoids were defined
as endoglin* or endoglinM"endomucin'®¥, transition zones
as endoglin*®endomucin"", and nestin-associated vessels
as nestin-GFP*endomucin-endoglin™. The endosteal space
was set as collagen type I-positive structures or delimited
using DAPI and osterix co-staining. Leukemic cells were
defined as hCD45"* cells with a round morphology. Tiled
z-stack images were acquired using a Leica SP8 inverse
microscope.

Distance analysis and random dots

The 3D confocal images were analyzed quantitatively by
measuring the spatial proximity between leukemic cells
and bone marrow sinusoids or bone using Imaris. First, all
imaged channels were preprocessed with a Gaussian filter
to remove noise and signals were normalized slice-wise
by the mean intensity to account for intensity loss along
the z-axis. Leukemic cells were segmented using the
hCD45 signal, while vascular surfaces were identified with
the endoglin, endomucin or nestin signal by thresholding.
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Bone structures were either segmented from DAPI-
negative regions delimited with the osterix signal or from
the collagen 1a signal. The masks for surfaces and spots
were curated to reduce staining noise by removing small,
unconnected objects with a size threshold based on voxel
number. Volumes of the vessels, bones and the combined
tissue map (leukemic cells, vasculature and bone) were
filled separately with an image closing operation, i.e. dila-
tion followed by erosion. Subsequently, the Euclidean dis-
tance transformation of the binary blood vessel or bone
mask was computed using bwdist in Matlab.?° The trans-
formation provides a distance map of each voxel in the
tissue to the nearest voxel of the vasculature or bone
mask. The smallest distance of all voxels belonging to a
leukemic cell was recorded from the distance map and
plotted as histograms. Random virtual cells (random dots)
with the same dimensions as the segmented leukemia
cells were seeded in the tissue outside of the blood
vessels and bones using XiT.?' Specifically, a virtual cell
was accepted if the coordinates of the centroid, sampled
from a uniform distribution, was within the tissue region
but outside of the masked blood vessel or bone struc-
tures. Otherwise, the virtual cell position was discarded
and the random dot generation was iterated until the total
number of leukemic cells in the image was reached. Mini-
mum distances to blood vessel and bone surfaces were
inferred as for real leukemic cells. The spatial distribution
of leukemic cells were then compared to the randomly
dispersed virtual cells. Enrichment of leukemic cells near
the vasculature and/or bone was quantified as binwise
fold-changes of hCD45" cells over random dots. Bins con-
taining less than ten random dots were omitted from
analysis.

Statistics

Differences between distributions were assessed by a
two-tailed Kolmogorov-Smirnov test. Medians as well as
individual bins were analyzed using a two-tailed Mann-
Whitney U test. P values <0.05 were considered statis-
tically significant. Statistical analyses were performed
using GraphPad Prism (version 5.04) and SciPy (version
1.7.).

Results

A leukemia xenograft model of induction chemotherapy
in acute lymphoblastic leukemia to study minimal
residual disease

To study the topology of resistant disease we established
a model of induction chemotherapy using primary human
leukemia cells derived from nine pediatric BCP-ALL and
five T-ALL patients in NSG mice (Figure 1A; Online Supple-
mentary Table S7). Luciferase-positive ALL cells were de-
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tected as early as 1 day after transplantation in the femora
by bioluminescence imaging (Figure 1B). This supports the
notion of the bone marrow as a favorable environment for
ALL engraftment. We detected preferential colonization in
distinct foci of the proximal and distal metaphyses and
epiphyses (Figure 1C). By sequential flow cytometry analy-
sis, leukemic cells were first detected in the bone marrow,
subsequently in the spleen and later in the peripheral
blood (Figure 1D) with similar kinetics of progression (Fig-
ure 1E). To study MRD, we established a 28-day three-drug
chemotherapy regimen, combining three out of four drugs
of the AIEOP-BFM ALL induction regimen, administering
dexamethasone, doxorubicin, and vincristine (Figure 1A).>%2
Animals were treated with this combination beginning on
day 11 after transplantation, resulting in responses with
detectable residual disease 32 days after initiation of ther-
apy (Figure 1F-H). Reduction of the leukemic burden after
induction treatment in vivo was detected in different ALL
subtypes (Online Supplementary Table S7). Differences in
residual extramedullary involvement were found in the
model, in which one PDX showed particularly high leuke-
mia burden in the liver compared to the bone marrow
(Figure 11). In all cases we detected residual cells in the
spleen and brain after therapy. We observed involvement
of the CNS in 24 independent PDX models (Online Supple-
mentary Figure ST; Online Supplementary Table S2) as also
reported previously by others,?*? and consistent with the
well-documented clinical need for intrathecal chemother-
apy to prevent relapses in ALL. Between 7 to 28 days after
the end of induction, chemotherapy-resistant leukemic
cells repopulated the bone marrow leading to relapse. We
used our PDX model to chart the spatial organization of
leukemic cells in the bone marrow and characterize the
niches of MRD in vivo.

B- and T-cell acute lymphoblastic leukemia cells
preferentially localize perisinusoidally at early
engraftment

To define the predilection sites of leukemic cells in the
bone marrow, we performed 3D confocal imaging of leu-
kemic cells in murine bone marrow. Engraftment of ALL
cells was observed in femora, tibiae, tail and sternum (On-
line Supplementary Figure S2). Femora were used to
quantitatively assess the spatial distribution of ALL cells
within the bone marrow microenvironment. To this end,
we segmented leukemic cells (anti-human CD45), the host
vasculature (anti-mouse endoglin) as well as the bone
(collagen | or osterix) and computed a distance isomap
around the vasculature (Figure 2A). We visualized engraft-
ment of BCP-ALL and T-ALL cells in the bone marrow at
day 11 and day 4, respectively (Figure 2B, C). In order to
normalize the unique architectural constraints of each in-
dividual bone, we computationally seeded random dots
throughout the bone marrow volume, excluding bone ma-
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Figure 1. In vivo xenotransplantation model for engraftment and minimal residual disease in B-cell precursor acute
lymphoblastic leukemia reflects the clinical situation of standard and very high-risk patients. (A) Xenotransplantation protocol
of human leukemia cells derived from B-cell precursor acute lymphoblastic leukemia (ALL) and T-ALL patients’ material into
NSG mice. For three-drug chemotherapy mice were treated for 28 days with vincristine 0.5 mg/kg weekly on day 1, doxorubicin
2 mg/kg on day 4, and dexamethasone 10.5 mg/kg on days 1-5. The response to treatment was assessed on day 32 after initiation
of therapy. (B) Disease progression of B-VHR-20 visualized by in vivo bioluminescence imaging of the total body. (C) Low
magnification tiles (5x) from 15 um thin sections of femora of mice at low, medium and high engraftment (DAPI, blue, indicates
nuclei; hCD45", yellow, indicates leukemic cells). (D) Flow cytometry of bone marrow, spleen, and peripheral blood, each symbol
representing data from a single mouse transplanted with B-VHR-20. (E) Progression of hCD45* cells in the peripheral blood
visualized by flow cytometry of further B-cell precursor ALL. (F) Monitoring of chemotherapy response of B-VHR-20 via in vivo
bioluminescence imaging and (G) flow cytometry analysis of hCD45" cells in peripheral blood and (H) bone marrow 32 days after
initiation of combination chemotherapy. Medians were compared by a two-tailed Mann-Whitney U test. (I) Flow cytometry
analysis of hCD45" engraftment in spleen, liver and brain upon induction treatment; each symbol represents data from one
animal (1 mouse per patient’s material, 2-tailed Kruskal-Wallis test). The percentage of human engraftment was calculated in
relation to the total leukocyte count (human CD45" plus murine CD45%) in mice. VCR: vincristine; DOX: doxorubicin; DXM:

dexamethasone; MRD: minimal residual disease; BM: bone marrow; SP: spleen; pB: peripheral blood; PBS: phosphate-buffered
saline.
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Figure 2. Distribution patterns of B-cell precursor acute lymphoblastic leukemia and T-acute lymphoblastic leukemia cells in
the bone marrow microenvironment are similar at early engraftment. (A) Schematic representation of three-dimensional
confocal microscopy followed by automated segmentation and quantitative distance analysis of early engrafted acute
lymphoblastic leukemia (ALL): day 11 for B-cell precursor (BCP) ALL and day 4 for T-ALL (B, C). Representative maximal projection
of a tiled 100-300 um z-stack confocal image of patient-derived BCP- or T-ALL cells at early engraftment (B: B-R-03; C: T-VHR-
09). Scale bars: 500 um on overviews, 50 pm on zoomed images. Human leukemic cells (CD45*, yellow) in spatial relationship
with sinusoids (endoglin*, red) or endosteum (collagen 1a*, white). (D) Schematic categorization of individual leukemia cells into
four quartiles based on their distance to bone and blood vessels. (E) Distribution of mean distances of BCP-ALL (red, B-R-03, B-
SR-21 and B-VHR-24) or T-ALL (blue, T-HR-04, T-VHR-01 and T-VHR-04) cells to the bone and the bone marrow sinusoids at early
engraftment (n=1,100 BCP-ALL segmented cells and n=678 T-ALL segmented cells). (F) Bar chart showing binwise fold-changes
of BCP-ALL and T-ALL cells over random dots for distances to blood vessels (left panel) and bone (right panel). The data
represented are pooled from three different bones transplanted with the same patient-derived BCP-ALL or T-ALL cells. (G)
Schematic depiction of predilection sites of leukemic cells in the bone marrow. BV: blood vessel (bone marrow sinusoid); Q:

quartile; h: human; RD, random dots.

trix and blood vessels. Mapping the distance of each leu-
kemic cell or random dot to blood vessels and bone we
assessed any preferential association of ALL cells to
either niche. We dissected the resulting two-dimensional
distance distribution into four quartiles by setting a
threshold of 10 um (distance quantiles Q1 to Q4), which
is comparable to the size of an ALL cell (Figure 2D). Clus-
tering of BCP-ALL and T-ALL cells close to bone marrow
sinusoids was observed at early engraftment (<10 um, Q1
and Q4, BCP-ALL P<0.001, T-ALL P=0.032) (Figure 2E; On-
line Supplementary Figure S3A-D). To quantify the enrich-
ment of ALL cells we calculated binwise fold-changes of
hCD45" cells over random dots. At early engraftment ALL
cells localized strongly to blood vessels (<5 um) (Figure
2F; Online Supplementary Figure S3E, F). In contrast to
BCP-ALL, T-ALL cells were also strongly enriched in close
vicinity to the bone (<24 um) (Figure 2F; Online Supple-
mentary Figure S3G, H), supporting the notion of different
homing sites of BCP-ALL and T-ALL cells in the bone
marrow (Figure 2G).

Upon chemotherapy T-cell acute lymphoblastic

leukemia cells redistribute in the bone marrow

Next, we assessed the spatial reorganization of BCP-ALL
and T-ALL cells after 28 days of induction therapy (Figures
1A and 3A, B). Upon drug perturbation, cells from different
BCP-ALL patients were still found close to sinusoids
(P<0.001, <10 um, Q1 and Q4) (Figure 3C; Online Supple-
mentary Figure S4A-E), whereas cells of T-ALL patients lo-
calized near the bone (P<0.001, <10 um, Q1 and Q2) but
their position did not differ from random dots with respect
to blood vessels (P=ns; <10 um, Q2 to Q4) (Figure 3C; On-
line Supplementary Figure S4F, G). Overall, BCP-ALL cells
surviving chemotherapy resided close to endothelial blood
vessels (Figure 3D; Online Supplementary Figure S4H-J).
Chemotherapy-resisting T-ALL cells scattered more
broadly in the bone marrow and were less enriched at the
vasculature compared to early engraftment (Figure 3D;
Online Supplementary Figure S4K, L), but maintained a
preference for association with the endosteum. We con-
clude that the 28-day induction regimen induced different
spatial localization of BCP-ALL and T-ALL cells, indicating

immunophenotype-specific survival strategies within the
microenvironment (Figure 3E).

T-cell acute lymphoblastic leukemia cells are closer to
nestin-positive cells than are B-cell acute
lymphoblastic leukemia cells

Given the relevance of the perivascular niche for leukemic
engraftment and survival during chemotherapy we inves-
tigated the bone marrow vasculature in more detail. As
shown by Asada et al.,” the vascular niche of HSC offers
different perivascular cells, such as nestin* cells, which
might interact with leukemic cells.?® Using our established
deep-tissue imaging, we studied the spatial relation of
BCP-ALL and T-ALL cells with respect to nestin* cells by
xenotransplantation of PDX samples in nestin-GFP trans-
genic mice (Figure 4A, B). At early engraftment, BCP-ALL
cells showed a similar distribution as random dots to nes-
tin® cells (Figure 4C; Online Supplementary Figure S5),
whereas T-ALL cells were enriched at nestin* cells com-
pared to a random distribution (<20 um) (Figure 4D; Online
Supplementary Figure S5). Consistent with NSG mice,
BCP-ALL and T-ALL cells were found close to blood
vessels, however T-ALL cells were more enriched at nes-
tin® structures than were BCP-ALL cells (Figure 4D). In
summary, T-ALL cells engraft near blood vessels, bone and
nestin® cells, but BCP-ALL cells predominantly interact
with the sinusoidal bone marrow niche (Figure 4E).

B-cell acute lymphoblastic leukemia cells do not
co-localize with transition zones

Perivascular cues are essential for the maintenance of
normal hematopoiesis and the vascular niche of HSC has
been extensively described.?®?® We therefore explored
whether hematopoietic stem and progenitor cells (HSPC,
CD34"* cord blood) and BCP-ALL cells occupy the same
niche. Using 3D quantitative imaging we investigated in
detail the interactions between leukemic cells or HSPC
and recently described transitional zones, a special sub-
type of vessels (endoglin'®“endomucin"®") forming the in-
tersection between arterioles and sinusoids (Figure 5A,
B).?° We observed direct interactions of healthy HSPC
with sinusoids (Q1 and Q4) and transition zones as well

Haematologica | 108 May 2023
1249



ARTICLE - Distinct predilection sites of B- and T-ALL

M.dJ. Barz et al.

A B-ALL induction treatment B T- ALL |nduct|on treatment
hCD45 . _
cdltagen/d
c . . . . D
B-ALL induction T-ALL induction
hCD45+ RD hCD45+ RD qg’)
Q1: 34 11 Q1: 447 236 =
Q2: 10 9 Q2: 188 112 i
Q3: 32 69 Q3: 246 266 S
Q4: 217 204 Q4: 896 1163 | | | | | L ]
_ 510 10-15 15-20 20-25 25-30 0-20 20-40 40-60 60-80 80-100100-120
® randomdot @ hCD45+ ® randomdot @ hCD45+ Distance to BV (uM) Distance to bone (M)
< %72 as| %
= : S
= o = e
5 20" 5 20 O random dots
= = . o o ®o © B-ALL
> P > . A ® TALL
S 10 - Q 10 -5 @ o © O @y 0@ O no enrichment
% % O O [¢) 10) o ) @ @ —— mild enrichment
® 3 g ~ @ ! i @ © o = strong enrichment
a © o g [a) o ) 1) Ol
0 o)xm: ((.))OQ)&%:JOIB.)I(@ [ (OO m) 0 e blood vessel blood vessel
T  r 1
0

50 100
Distance to bone (uM)

0 50
Distance to bone (uM)

100

Figure 3. B-cell precursor acute lymphoblastic leukemia and T-acute lymphoblastic leukemia cells exhibit distinct patterns in
the bone marrow microenvironment upon chemotherapy. (A, B) Representative maximal projection of a tiled 100-300 um z-stack
confocal image of patient-derived B-cell precursor (BCP) acute lymphoblastic leukemia (ALL) or T-ALL cells upon chemotherapy
(A: B-VHR-20; B: T-VHR-09). Scale bars: 500 um on overviews, 50 um on zoomed images. Human leukemic cells (CD45", yellow)
in spatial relationship with sinusoids (endoglin*, red) or endosteum (collagen 1a*, white). (C) Distribution of mean distances of
BCP-ALL (red, B-R-03, B-SR-21 and B-VHR-24) or T-ALL (blue, T-HR-04, T-VHR-01 and T-VHR-04) cells to the bone and the bone
marrow sinusoids after induction treatment (segmented cells n=293 BCP-ALL and n=1,777 T-ALL). (D) Bar chart showing binwise
fold-changes of BCP-ALL and T-ALL cells over random dots for distances to blood vessels (left panel) and bone (right panel). (E)
Schematic depiction of predilection sites of BCP-ALL (left panel) or T-ALL (right panel) cells in the bone marrow. Q: quartile; BV:

blood vessel (bone marrow sinusoid); h: human; RD: random dots.

as enrichment in close proximity, as compared to the
distribution of random dots (<10 um; Q2) (Figure 5C). In
contrast, leukemic cells were rarely in contact with tran-
sition zones, indicating that BCP-ALL cells specifically in-
teract with the sinusoidal bone marrow niche (<10 um,
Q1 and Q4) (Figure 5C; Online Supplementary Figure S6).
Hence, transition zones were more likely to be populated
by HSPC, which clustered significantly closer to endomu-
cin® cells and blood vessels than did random dots (<5
um) (Figure 5D). Consequently, we propose that not all
HSPC and BCP-ALL cells share the same vascular niche
(Figure 5E).

Chemotherapy and engraftment of leukemic cells induce
remodeling of the bone marrow vasculature

Following the application of chemotherapeutic drugs in
our in vivo model we observed remodeling of bone marrow
sinusoids (Figure 6A). In brief, treatment with doxorubicin

for 28 days appeared to increase vessel branching,
whereas dexamethasone visually dilated vessels. The
combination of dexamethasone, doxorubicin and vincris-
tine affected vessel morphology by leading to a denser
network of bone marrow sinusoids. Besides chemothera-
peutic stress, we observed vessel remodeling under leu-
kemic infiltration. Compared to early engraftment (Figure
6B), during later stages of leukemia infiltration (Figure 6C)
there was a more condensed vasculature. This phenotype
was reversible within 4 days after chemotherapy exposure
(Figure 6D), suggesting a response that is directly related
to leukemic engraftment and chemotherapeutic stress.
Overall, re-modeling of the vasculature was stronger in B-
ALL than in T-ALL models (Online Supplementary Figure
S7). These observations underline the stable presence of
the perivascular niche and possible supportive inter-
actions of niche cells with leukemic blasts even during
chemotherapy.
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Figure 4. T-cell acute lymphoblastic leukemia cells engraft preferentially in close proximity to nestin-positive cells. (A, B)
Representative maximum projection of a tiled 100-300 um z-stack of the bone marrow of nestin-GFP (green) mice transplanted
with cells from B-VHR-24 (hCD45*, yellow) 11 days after transplantation (A) or with cells from T-VHR-09 (hCD45*, yellow) 4 days
after transplantation (B). Sinusoids are defined as endoglin* (scale bars: 150 um). (C) Distribution of B-cell precursor (BCP) acute
lymphoblastic leukemia (ALL) (red, left panel) or T-ALL (blue, right panel) cells depending on their distance from sinusoids and
nestin-GFP cells. The graph represents pooled data from two BCP-ALL patients (B-VHR-24 and B-SR-22, segmented cells,
n=535) or two T-ALL patients (T-HR-04 and T-VHR-09, segmented cells, n=502). (D) Bar chart representing binwise fold-changes
of BCP-ALL and T-ALL cells over random dots for distances from blood vessels (left panel) and nestin* cells (right panel). (E)
Schematic depiction of predilection sites of BCP-ALL (left panel) or T-ALL cells (right panel) in the bone marrow with respect to
endoglin* and nestin* structures. GFP: green fluorescent protein; Q: quartile; BV: blood vessel (bone marrow sinusoid); h: human;

RD: random dots.
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Residual resistant acute lymphoblastic leukemia cells
maintain their leukemia repopulating capacity and
chemotherapy-sensitivity profiles

To explore the transient nature of the resistant phenotype
in our MRD model, we verified the ALL cells’ function by ser-
ial transplantation (Figure 7A) and tested their sensitivity to
chemotherapeutic agents ex vivo. Residual leukemia cells
from very high-risk BCP-ALL and T-ALL were harvested after
induction chemotherapy for secondary transplants in NSG
mice. These MRD-like (pre-treated) cells recapitulated the
leukemia phenotype in secondary transplants with similar
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kinetics (Figure 7B) compared to the first transplant of un-
treated cells (Figure 1E), with leukemia cells detectable in
the peripheral blood within 20 to 75 days after transplanta-
tion. Accordingly, the degree of bone marrow involvement
was comparable both at early time-points (1% engraftment
in peripheral blood) (Figure 7C) and at later time-points
(50% engraftment in peripheral blood) (Figure 7D). Moreover,
these MRD-like ALL cells did not show either increased re-
sistance to ALL chemotherapeutic agents in ex vivo drug
sensitivity testing or a delay in response to treatment in vivo
(Figure TE, F; Online Supplementary Figure S8). These ob-

Early engraftment — B-VHR-20
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no enrichment
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= strong enrichment

Figure 5. Acute lymphoblastic leukemia (ALL) cells and hematopoietic stem and progenitor cells co-localize with bone marrow
sinusoids but ALL cells not with transition zones. (A, B) Representative maximum projection of a tiled 100-300 um z-stack
confocal image of the interactions of hematopoietic stem and progenitor cells (HSPC) (A; hCD45*, yellow/white, CD34" cord
blood cells) or B-cell progenitor (BCP) acute lymphoblastic leukemia (ALL) cells (B; hCD45*, white, B-VHR-20) with sinusoids
(endomucin', green, endoglin*, yellow) and/or the transition zone (endomucin™®", green, endoglin'®?, yellow). (C) Quantitative
analysis of distance of HSPC (n=5,015) or BCP-ALL cells (n=3,350) and corresponding random dots from bone marrow sinusoids.
(D) Binwise fold-changes of BCP-ALL cells and HSPC over seeded random dots for distance to blood vessels (left panel) or
endomucin (right panel). (E) Schematic presentation of predilection sites of HSPC (left panel) or BCP-ALL cells (right panel) in
the bone marrow with respect to endoglin* and endomucin®* structures. BV: blood vessel (bone marrow sinusoid); h: human; RD:

random dots; Q: quartile.
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servations indicate that the phenotype associated with re-
sistance to chemotherapy is transient, suggesting a role for
interactions between the cells and their microenvironment.

Induction chemotherapy does not select quiescent
populations

Induction of a persistent quiescent state has been inferred
as the central mechanism for drug resistance in leukemia.
To follow subpopulations that would become more quiesc-
ent under chemotherapy, we used CFSE to track cells for
up to eight cell divisions.*® PDX ALL cells were stained with
CFSE ex vivo, transplanted and induction treatment was
initiated after a window for stable engraftment. Bone mar-
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B C
Early engraftment B-R-03 Late engraftment

M.dJ. Barz et al.

row was harvested after either a short period of treatment
(3 days) or a long period of treatment (28 days) (Figure 8A).
The proportion of CFSE-positive leukemic cells after short-
term treatment was slightly higher than that in untreated
controls, indicating that chemotherapy transiently selects a
subpopulation of cells with decreased proliferative activity
(Figure 8B; Online Supplementary Figure S9). After induction
chemotherapy no CFSE-marked populations could be de-
tected (Figure 8C; Online Supplementary Figure S9), and we
could not identify the existence of a quiescent subset under
these experimental conditions, suggesting that our induc-
tion chemotherapy affected proliferative and non-prolifer-
ative populations similarly. It has also been proposed that

Dexamethasone VCR + DOX + DXM

Recovery after treatment B-VHR-20

Figure 6. Vascular changes in bone marrow sinusoids upon chemotherapy or engraftment of acute lymphoblastic leukemia cells.
(A) Representative maximal projection of tiled 100-300 um z-stack confocal images of bone marrow sinusoids (endoglin®, red)
upon application of phosphate-buffered saline, dexamethasone, vincristine, doxorubicin, or a combination of the three-drug
induction therapeutics. (B-D) Effects of early engraftment (B), vascular remodeling at late engraftment (C) and recovery after
induction treatment (D) of B-cell precursor acute lymphoblastic leukemia cells (hCD45*, yellow) on the structure of bone
marrow sinusoids (endoglin®, red) represented by maximal projection of tiled 100-300 um z-stack confocal images. PBS:
phosphate-buffered saline; h: human; VCR: vincristine; DOX: doxorubicin; DXM: dexamethasone.
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quiescent cells reside in vicinity of the endosteum. However,
the distribution of CFSE-positive cells after short-term
treatment was similar for both BCP-ALL and T-ALL cells, as
observed for the total population of hCD45* cells (Figure 8D-
G). After 28 days of chemotherapy, no CFSE-positive cells
were observed in the bone marrow in either BCP-ALL or T-
ALL cases (Figure 8E, G). Thus our data challenge the notion
that the endosteum constitutes the supportive niche for
dormant leukemia cells.”

Discussion

Here we show that the localization of human BCP-ALL is
not random with respect to other bone marrow structures

M.dJ. Barz et al.

and is distinct from the localization of T-ALL, indicating
important functional differences between the two ALL
lineage subtypes. BCP-ALL cells survive a typical induction
chemotherapy regimen in a sinusoidal context, which is
reminiscent of the reported co-localization of pro-B cells
and early hematopoietic progenitors in this perisinusoidal
space.*? We confirmed that these sites were distinct from
the transition zones and nestin® arteriole-associated peri-
cytes that have been implicated in the control of HSC qui-
escence.® Recent studies of the murine bone marrow
microenvironment identified that niche-associated factors
in sinusoidal endothelial cells and perivascular stromal
cells modulate HSPC. Loss of the endothelial-specific
Notch ligand DLL4 skewed HSPC to a more myeloid gene
expression profile with loss of IL-7R-positive common
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Figure 7. Engraftment properties and response of chemotherapy-resistant acute lymphoblastic leukemia cells to
chemotherapeutic drugs. (A) Schematic representation of the transplantation model of minimal residual disease. (B) Flow
cytometry analysis of engraftment kinetics in peripheral blood of re-transplanted acute lymphoblastic leukemia (ALL) cells
harvested from the bone marrow of mice treated with combination chemotherapy from patients B-VHR-12, B-VHR-10, B-VHR-21,
B-SR-22, B-HR-31 and T-MR-09. (C, D) Levels of human cell engraftment in mouse bone marrow at 1% engraftment in peripheral
blood (early time-point, C) or 50% engraftment in peripheral blood (late time-point, D) upon transplantation of untreated ALL
cells versus pre-treated ALL cells resistant to in vivo induction treatment and measured by flow cytometry analysis for patients
B-VHR-12, B-VHR-10, B-VHR-21, B-SR-22 and B-HR-31. Medians were compared using an unpaired two-tailed Mann-Whitney U
test. (E) Drug response profiles of untreated ALL cells versus pre-treated ALL cells to ex vivo exposure to dexamethasone,
vincristine or doxorubicin (9 technical replicates with mean * standard deviation of B-VHR-20). (F) Flow cytometry analysis of
engraftment kinetics in peripheral blood of secondary transplants of ALL cells harvested from the bone marrow of mice treated
with combination chemotherapy for 4 weeks from patient T-MR-09 that were treated again with the same combination
chemotherapy (therapy start indicated by the black arrow). PBS: phosphate-buffered saline; MRD: minimal residual disease; TP:
time-point; pB: peripheral blood; BM: bone marrow.
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Figure 8. Induction chemotherapy increases a transient, slowly proliferating subpopulation of leukemic cells, but does not induce
quiescence. (A) Schematic representation of NSG mice transplanted with patient-derived xenograft samples, labeled with 5(6)-
carboxyfluorescein diacetate N-succinimidyl ester (CSFE), which were treated with either induction chemotherapy or a 3-day
schedule of vincristine and doxorubicin on day 1 and dexamethasone on days 1-3. (B) Gating strategy of leukemia cells in the mouse
bone marrow for flow cytometry analysis of CFSE* or CFSE™ cells after short- or long-term treatment. (C) Quantification of total
leukemic burden in femoral bone marrow of patient-derived xenografts of B-cell precursor (BCP) acute lymphoblastic leukemia
(ALL) and T-ALL and analysis of proportions of CFSE* and CFSE™ cells in the hCD45* cell population in the bone marrow after 3 days
of chemotherapy or day 32 after chemotherapy. The data represented are from three animals transplanted with the patient-derived
xenograft. (D-G) Representative maximum projection of tiled 100-300 um z-stack confocal images of CFSE* BCP-ALL (B-R-03) or
T-ALL (T-VHR-04) cells (double positive for CFSE in yellow and hCD45 in red, arrowheads) in the bone marrow of the femur after 3
days of chemotherapy (D and F) or day 32 after chemotherapy (E and G). Sinusoids are defined as endoglin* (blue), endosteum as

collagen 1a* (white). PBS: phosphate-buffered saline; h: human; MRD: minimal residual disease.

lymphoid progenitors cells.*® Mesenchymal stem cell line-
age trajectories were identified in the perivascular space,
which expresses different hematopoietic cytokines includ-
ing CXCL12, SCF and IL-7,**** with further evidence for
modulation of B-cell progenitors.®? These niche-associated
factors may contribute to leukemia initiation and progres-
sion. Further perturbations of the bone marrow immune
microenvironment by B-ALL were detected in human
samples, revealing the expansion of non-classical Ly6C",
CSFR1, CD16* monocytes that depend on vascular-en-
dothelial signaling and upregulate genes involved with
vasculo-endothelial interactions. Interference with the
CSFR1 receptor synergized with nilotinib in a mouse model
of BCR-ABL-positive ALL, supporting a role for abnormal
interactions in the perisinusoidal niche in ALL.%®

Reproducible detection of BCP-ALL MRD in the perisinusoi-
dal niche also contradicts a broadly discussed report by
Ebinger et al.,” who proposed a model of resistance based
on the persistence of a non-dividing endosteal BCP-ALL
population after selection by chemotherapy. We have not
been able to detect this endosteal MRD population. How-
ever, our data indicate that the MRD cells likely persist in a
reversible and transient drug-tolerant state. Moreover, it
was observed that leukemic cells are imprinted by specific
cell types of the bone marrow microenvironment leading
to transitory states of chemoresistance.*®** The diverging
observations may arise from the selection of different
chemotherapeutic agents in the experiments or resolution
of the imaging techniques. Indeed, ALL cells compete with
HSC in the vicinity of sinusoidal endothelial cells,? where
the majority of HSC, dormant or cycling, were localized.">%
We found that ALL cells overlap only with the non-arteriolar
HSC niche. Isolation of niche components for single-cell
analysis remains challenging, as flow cytometry-based as-
says massively underestimate the dense mesh of sinusoidal
and CXCL12-expressing mesenchymal cells in the bone
marrow when compared to quantitative 3D imaging-based
studies.®*®**°® Furthermore, we show that this sinusoidal
space is maintained even after massive leukemia progres-
sion. We confirm transient alternations in cellular endothe-
lial morphology suggestive of stress response and transient
expansion of an adipocytic cluster, as detected by others.®
Dynamic changes of the bone marrow microenvironment

may have functional implications for the leukemic cells. T-
ALL cells derived from distal adipocytic-rich bone marrow
in mouse models demonstrated a higher intrinsic resis-
tance.® Adipocytic enrichment in the bone marrow may re-
strict the proliferative capacity and induce transcriptomic
changes of ALL cells leading to chemoresistance.?%4°

Our results also reconcile important observations made
with models of T-ALL." /n vivo imaging of NOTCH-induced
murine T-ALL and T-ALL PDX revealed that T-ALL cells
survive combination chemotherapy with increased motility
and without any evidence of a quiescent MRD subpopu-
lation and with a predilection for endosteal regions, re-
sulting in rapid loss of osteoblasts, challenging the notion
of a restricted niche for T-ALL.” Thus niche heterogeneity
may reflect differences in functional dependencies in ALL.
Given the impact of CXCL12 disruption in endothelial cells
for T-ALL in mouse models, interactions in the perisinu-
soidal space remain relevant.***? This complexity extends
to extramedullary sites and can evolve. For example,
transgenic expression of the IL-7 receptor in mice leads
first to thymic deregulation with malignant evolution in a
phenotype that eventually involves the bone marrow.** Our
results point to heterogeneity in extramedullary MRD, also
involving secondary lymphoid organs, which is consistent
with the heterogeneity of extramedullary involvement in
ALL in the clinic.*® Additional heterogeneity of structural
and metabolic differences occurs at different sites in the
body including alterations with aging.*®*" Integrating im-
aging approaches and genetic and transcriptomic se-
guencing analyses® at single-cell resolution with
molecular interactome maps in normal HSC have revealed
dynamic relationships.333449°0

In conclusion, specific differences in the localization of
leukemic cells upon engraftment and chemotherapy exist
between BCP-ALL and T-ALL, suggesting the existence of
sites of predilection in the bone marrow microenviron-
ment. More studies are needed to elucidate the functional
consequences of niche heterogeneity on leukemia biology
and their therapeutic implications. Our observations war-
rant further dissection of the peri-sinusoidal niche.
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