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Abstract

Central nervous system (CNS) relapse in acute lymphoblastic leukemia (ALL) poses a significant clinical
challenge. Although experimental studies have highlighted candidate genes for CNS involvement,
studies in humans are scarce. We used single-cell transcriptomic profiling of leukemic cells in matched
cerebrospinal fluid (CSF), bone marrow and blood of patients with ALL to identify genes and cell states
associated with CNS involvement and relapse. CSF leukemic cells showed a distinct expression profile
with lipogenic metabolic rewiring and occupied transcriptional states more closely related to bone
marrow than to blood. Trajectory analysis identified six genes with progressively increased expression
toward CSF-associated leukemic states (SMAP2, CXCR4, SPRY1, PLD1, HSPB1 and ARPP21). Among 16
genes previously implicated in ALL CNS disease in experimental models, CXCR4, SCD, VEGFA and SPP1
were significantly increased in CSF, and CXCR4 was further increased in patients with relapse (log2FC
2.1, p=0.00096). Supporting this, patients with CNS relapse had higher soluble CXCL12 in CSF (p =
0.044) and higher bone marrow CXCR4 surface expression at diagnosis (p = 0.034) than patients without
relapse. In conclusion, single-cell transcriptomics identified molecular alterations associated with ALL
CNS disease. The CXCR4—-CXCL12 axis stands out as a marker of CNS relapse in ALL and a promising
therapeutic target.

Introduction

Acute lymphoblastic leukemia (ALL) is the most common malignancy in childhood. It has a very high
cure rate, with more than 90% of patients surviving long-term’. In recent years, immunotherapies have
contributed to the improved patient outcome?. Especially the CD19-directed bispecific T-cell engager

Blinatumomab has shown high efficacy and a favorable safety profile®. Blinatumomab is therefore being
included as frontline therapy in current and upcoming protocols, with the goal to reduce toxicity while

preserving relapse prevention 4°.

Despite recent progress several critical barriers remain, preventing improvements in survival. One of

them, central nervous system (CNS) disease, continues to pose a significant clinical challenge in ALLS.
CNS involvement at time of diagnosis is present in 25-30% of patients, when including low-level

leukemic blasts in the CSF detected by flow cytometry’~°, more often in T-ALL than B-cell precursor
(BCP-)ALL®. The presence of detectable leukemic cells in the cerebrospinal fluid (CSF) at diagnosis is
associated with a higher risk of relapse involving CNS (CNS+ relapse)’#10. CNS+ relapses are common;
they comprise roughly 20% of all relapses’'°~12. In high-risk patient groups such as adults and T-ALL, the
cumulative 5-year incidence of CNS+ relapse is 6-10% '"'2. It has recently been shown that
blinatumomab does not decrease isolated CNS relapse rates to the same degree as other relapse

types'3, which could be related to limited CNS activity and penetrance of the drug'®~'°. Thus, specific
CNS-directed therapies remain central to CNS+ relapse prevention and treatment. However, the currently
used drugs, such as intrathecal methotrexate and cytarabine, are associated with significant toxicities,
prompting the need for less toxic alternatives.
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In the attempt to identify new CNS-directed therapeutic targets, the mechanisms for leukemic cell CNS

colonization have been intensively studied'®~1°

, and many candidate proteins have been suggested to
play a role for CNS entry and/or persistence in experimental models of ALL'”?2°"23_ However, xenograft
models do not necessarily provide an accurate reflection of the CNS ALL-microenvironment interplay in

humans?*. Hence, studies of leukemic cells in the CSF of patients are needed.

Due to the scarcity and lability of the leukemic cells in patient-derived CSF, few studies have addressed
their molecular characteristics. In this study, we applied single cell flow cytometric sorting and single cell
RNA sequencing of leukemic cells in fresh CSF and matched bone marrow (BM) and peripheral blood
(PB) sampled at diagnosis and CNS relapse to identify genes and pathways associated with CNS
involvement and relapse. We then validated the leading candidate gene, CXCR4 (CD184), the receptor for
the chemokine CXCL12, which directs migration and retention of hematopoietic and leukemic cells, in
three independent cohorts using orthogonal assays.

Methods
Participants

Seven patients with ALL were included for single cell transcriptomic analyses of matched CSF and BM
samples at diagnosis or CNS+ relapse, with PB analyzed in parallel when sufficient numbers of leukemic
cells were present (Fig. 1A). Patients were treated according to the NOPHO ALL2008" and ALLTogether
(NCT04307576, clinicaltrials.gov) protocols. CNS status was determined according to current

guidelines®?°. Flow cytometric evaluation of leukemic cells in the CSF was performed on all patients as
d9,26 )

previously describe
CXCR4 gene expression in BM leukemic cells in CNS+/- ALL patients was evaluated in single cell
transcriptomics analysis of BM samples from time of diagnosis in 27 patients with ALL. Measurement of
CSF CXCL12 levels by ELISA analysis was performed on CSF samples from 36 patients with ALL. Of the
36, 10 patients experienced CNS+ relapse (five sampled at diagnosis, five at time of CNS+ relapse), while
26 did not. Surface CXCR4 protein expression by flow cytometry on leukemic cells from BM at diagnosis
was examined in 20 patients. Of these, 13 had subsequent relapse (eight CNS+ relapse, five isolated
bone marrow relapse (CNS- relapse)). All patient cohorts are shown in Fig. 1A with analytical overlap
shown in Fig. 1B.

All analyses were undertaken with the understanding and written consent of each subject including
consent of a legal guardian for minors. The study methodologies conformed to the standards set by the
Declaration of Helsinki, and the Capital Regional Ethics Committee approved the study (H-2-2010-002).

Sample preparation and single cell flow cytometric sorting
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All samples were processed fresh on the day of sampling with CSF sample preparation initiated within
30 minutes of time of lumbar puncture. Samples were analyzed in 8/9 color flow cytometric panels on a
FACSARIA 1Il (Becton Dickinson) according to protocol-defined guidelines?®?’. Leukemic cells were
single-cell sorted into 384-well plates along with a small number of mature B- and T-cells. All available
leukemic cells in the sample or up to a maximum of two plates per sample were sorted. Cells were
index-sorted, allowing the immunophenotype of individual cells to be linked directly to their gene
expression profile. Cells were annotated as leukemic cells based on the leukemia-associated
immunophenotype during sorting, and all cell annotations were reviewed after sorting, with exclusion of
any non-leukemic events. Immediately after sorting, plates were centrifuged, snap-frozen on dry ice, and
stored at -80°C.

Single cell RNA sequencing and quality control

Library preparation was performed according to the CEL-seq2 protocol?, adapted to FACS-sorted cells in

384-well plates?®. Plates were sequenced on an lllumina NextSeq™ 500 at a read depth of 150,000 reads
per cell. Raw reads were preprocessed and aligned to the human reference genome (GRCh38, Ensembl
release 98) using STARsolo (STAR v2.7.11b)3C. Quality control and downstream analysis was performed
in R (version 4.5.0) with Seurat (version 5.5.0)3". Cells with < 1,200 UMIs, > 6,000 unique features or >
30% mitochondrial content were removed, and raw counts were normalized with SCTransform. Flow
cytometry-based annotations were validated against unsupervised transcriptomic clusters. A detailed
description of single cell RNA sequencing, preprocessing, quality control, and downstream analysis is
available in the Supplementary Methods 1-3.

Cell cycle analysis, dimensionality reduction and compartment
separation analysis

Cells were classified as S or G2/M phase using Seurat's CellCycleScoring on log-normalized counts, with
cells scoring low for both modules classified as G1 (Supplementary Methods 4). The proliferative
fraction for each compartment in each patient was calculated as the proportion of cells in S or G2/M
phase. The first 30 principal components (PCs) were used for Uniform Manifold Approximation and
Projection (UMAP) with cells colored by patient, tissue compartment and cell cycle phase.
Transcriptional separation between compartments was assessed by partial least squares discriminant
analysis (PLS-DA) and quantified using centroid distances and silhouette scores (Supplementary
Methods 5).

Gene selection based on literature review

Since several proteins have been shown to be associated with CNS invasion in experimental models of
ALL but most of these have not or only scarcely been studied in patients, we performed a thorough
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litterature review of CNS ALL experimental model studies. Based on this, we selected 16 genes coding
for proteins with experimental evidence for a role in CNS invasion and/or persistence (CCR7, CD79a,
CD99, CXCR4, ICAMT, IL7R, ITGAL, ITGA4, ITGA6, JUN, LGMN, RAC2, SCD, SPP1, VEGFA, and ZAP70,
Table S3 provides an overview of studies).

Differential gene expression and gene set enrichment
analysis

The overall gene expression differences between CSF leukemic cells and leukemic cells in the BM and
PB compartments, as well as the CXCR4 gene expression in BM between patients with and without CNS
disease, were investigated with differential expression analysis using DESeq2 (version 1.50.2)32 on per-

sample pseudobulk aggregated raw counts (Supplementary Methods 6). For the tissue compartment
comparisons, P-values were adjusted for multiple testing using the Benjamini-Hochberg method®® and

subsequent gene set enrichment analysis (GSEA) was carried out using fgsea (version 1.36.2)%*with FDR
correction. Within the CSF compartment, after per-sample pseudobulking, the expression levels of the 16
selected genes from the literature review were investigated between three primary and four relapse
samples, with leukemia type as the contrast.

Trajectory inference and pseudotime analysis

For trajectory inference, data were integrated by canonical correlation analysis (CCA) and clustered
using the Louvain algorithm (Supplementary Methods 7), and trajectory inference was carried out with
Slingshot (version 2.18.0)3%, using the cluster with the highest proportion of CSF cells as the starting
point (Supplementary Methods 8). The trajectory spanning all three compartments with no dependence
on proliferating cells was selected for downstream analysis. Genes differentially expressed along this
trajectory were identified, and Spearman correlations were calculated for the SCTransformed expression
of all significant genes along the pseudotime axis. The resulting gene sets were used for
overrepresentation analysis with clusterProfiler (version 4.18.4)%® against the Gene Ontology Biological

Processes database (Supplementary Methods 9)3”.

Retrospective analysis of CXCR4 expression on leukemic cells in
bone marrow

CXCR4 was measured in cryopreserved bone marrow mononuclear cells by 9-color flow cytometry using
the protocol-defined ALLTogether panel with the addition of CD184/CXCR4 in BV605 (clone 12G5,
Catalogue#740418, BD Optibuild). CXCR4 median fluorescence intensities (MFI) were recorded for both
leukemic cells and erythrocytes, which served as an internal negative control, being the only major
CXCR4-negative cell population. MFI differences between leukemic cells and erythrocytes were
calculated for each patient to account for inter-run variation.
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Measurement of soluble CXCL12 levels in CSF

CXCL12 levels in CSF were measured in duplicate by ELISA (human CXCL12 Quantikine ELISA Kkit,
Catalogue#DSAO00, R&D Systems). Low, medium and high positive controls (Catalogue#QC20, R&D
Systems) were added to each plate to measure inter-assay variation. Only samples with < 20% variation
between duplicates were accepted for further analysis.

Results

Single cell transcriptomics was performed on leukemic cells and healthy lymphocytes from 19 samples
of matched CSF (n =7), BM (n =7) and PB (n = 5) from seven patients with ALL (Fig. 1A), three from time
of diagnosis and four from time of CNS+ relapse. Patient and sample characteristics are shown in Table
S1.

Leukemic cells differ transcriptionally between the CSF,
BM and PB compartments

Leukemic cells from individual patients clearly colocalized in UMAP space, while healthy T- and B-cells
clustered together across patients and compartments (Fig. 2A—B), illustrating comparability of data
across samples. Of note, leukemic cells from CSF clustered separately from BM and PB leukemic cells in
most patients, indicating distinct gene expression profiles for leukemic cells in the CSF (Fig. 2B).
Accordingly, centroid distances from PLS-DA showed minimal overlap between the three compartments,
with leukemic cells in CSF consistently lying closer to the CSF centroid than to the BM and PB centroids
(Fig. 2C) Similarity of leukemic cells across compartments was higher at diagnosis than at CNS relapse,
with silhouette scores for leukemic cells in CSF lowest in diagnostic samples and highest at CNS relapse
(Fig. 2D). Although substantial variation in proliferative fraction of leukemic cells was seen between
patients (Fig. 2E and 2F), the proliferative fraction of CSF leukemic cells fell between those of the other
two compartments, with BM leukemic cells having the highest proliferative fraction, and PB leukemic
cells the lowest (median 45.8% in BM, 29.2% in CSF, and 25.1% in PB, Fig. 2F).

CXCR4 and VEGFA are upregulated in CSF leukemic cells
at diagnosis and at CNS relapse

The CSF leukemic cell gene expression of 16 selected genes with experimental evidence for a role in ALL
CNS disease (CCR7, CD79a, CD99, CXCR4, ICAMT, IL7R, ITGAL, ITGA4, ITGA6, JUN, LGMN, RAC2, SCD,
SPP1, VEGFA, and ZAP70, Table S1) was compared with expression in combined BM and PB to
investigate CSF-specific altered expressions in patients (Table S4). Of the 16, six showed significantly
altered expression in CSF leukemic cells (Fig. 3A—-B, Table S4). Four genes were increased (SCD: log2FC
2.48, p = 1,1x10e-5; VEGFA: log2FC 1.80, p = 0.011; CXCR4: log2FC 0.83, p =0.0031; SPP1: log2FC 3.31, p
=0.0059), while two were decreased (CD99: log2FC -0.48, p = 0.025; JUN: log2FC -2.29, p = 7,1x10e-6).
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Overall expression levels varied, with the lowest expression seen for SPP1 and VEGFA, while the highest
expression was seen for CXCR4 and CD99.

Looking specifically at the expression profiles in CSF leukemic cells, we found that expression of CXCR4
(log2FC 2.13, p = 0.0020) and VEGFA (log2FC 3.94, p = 0.0039) were significantly upregulated in patients
sampled at CNS relapse compared with patients sampled at primary diagnosis, while ITGA6 was
significantly downregulated (log2FC 2.1, p = 0.017) (Fig. 3C).

CSF leukemic cells display gene expression profiles
associated with lipogenic metabolic rewiring

Differential expression analysis of CSF leukemic cells vs pooled BM and PB leukemic cells revealed 42
upregulated and 47 downregulated genes after FDR correction (Table S4), including upregulation of
genes associated to biosynthsis of cholesterol (SQLE, SC5D, CYP51A1) and fatty acids (and SCD and
FADS1). GSEA demonstrated strong signals for cellular response to starvation and amino acid
deficiency, cholesterol biosynthesis, translation initiation, and metabolism of steroids (Fig. 3D).

Trajectory analysis identifies upregulation of genes involved in response to oxidative stress and chemotaxis
in CSF leukemic cells

After data integration across patients, leukemic cells from the three compartments separated in UMAP
space with some overlap (Fig. 4A). Trajectory analysis showed that CSF leukemic cells occupied
transcriptional states more closely related to BM leukemic cells than to PB leukemic cells (Fig. 4B).
Although leukemic cells in proliferative states separated clearly in the projection of the integrated data,
the trajectory was not influenced by cell cycle states, with all cell cycle states distributed evenly along it
(Fig. 4C). The top 80 genes that were significantly altered along the pseudotime axis are shown in

Fig. 4D).

We identified six genes that showed progressively increased expression along the inferred trajectory
toward CSF-associated leukemic states (SMAP2, CXCR4, SPRY1, PLD1, HSPB1, and ARPP21), indicating
stress adaptation and survival (HSPB1 and PLD1), chemotaxis (CXCR4) and slow-cycling states
(SPRY1). Five genes were preferentially expressed in both CSF- and bone marrow-associated states
relative to PB (CD24, WAKMAR?2, IGLL1, RAG1, and MPP1), including markers suggesting immaturity (the
pre-BCR gene IGLL, and the V(D)J recombination gene RAG1). Ribosomal and mitochondrial genes
dominated the top genes expressed in BM-associated cell states, while a range of genes, including
differentiation and maturity markers such as KLF2, TCF7, CD52, and MS4A1 (CD20), were predominantly
expressed in PB-associated states.

Overrepresentation analysis of pseudotime-associated genes identified enrichment of pathways related
to response to oxygen levels and oxidative stress in CSF-enriched leukemic cellular states (Fig. 4E).
Conversely, genes associated with CSF-enriched leukemic cellular states showed reduced enrichment of
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pathways including regulation of immune system- and apoptotic processes, lymphocyte activation, and
cell motility (Fig. 4F).

CSF levels of the CXCR4-ligand CXCL12 are increased in
patients who develop CNS relapse

CXCR4 was consistently found to be implicated across complementary analytical approaches, including
pseudotime-associated expression dynamics, prior candidate-gene selection based on experimental
CNS leukemia models, upregulation in CSF leukemic cells in pseudobulk differential expression analysis,
and further upregulation in CNS+ relapse. We therefore those the CXCR4-CXCL12 axis for orthogonal
validation.

We found higher CSF levels of soluble CXCL12 in diagnostic samples from 10 patients who later
developed CNS+ relapse compared with 26 patients who did not experience relapse within the follow-up
period (Mann-Whitney U test, p = 0.044, Fig. 5A).

There was no difference in CSF CXCL12 levels between patients with and without detectable leukemic
cells in CSF by flow cytometry among patients without relapse (Fig. 5B). For a subset of the patients (n =
12), we investigated temporal dynamics of measured CXCL12 levels during induction therapy but found
no trend (data not shown). Curiously, across all patients and timepoints, there was a slight inverse
correlation between the number of leukemic cell and CXCL12 level in CSF (r=-0.27, p = 0.032, Fig. 5C).

CXCR4 surface levels are increased at diagnosis in BM of
patients with later CNS+ relapse

Since CSF CXCL12 levels were increased in patients who developed CNS+ relapse but not in patients
with CNS involvement at diagnosis, who did not develop relapse, we investigated if the same was the
case for BM leukemic cell CXCR4 expression.

Measurement of surface CXCR4 expression by flow cytometry on BM leukemic cells from diagnosis in
patients with later CNS+ relapse, CNS- relapse, and without relapse showed a significant difference in
expression levels between the three groups (p = 0.021, Kruskall-Wallis test, Fig. 5E). Post hoc analyses
showed significantly increased CXCR4 expression on BM leukemic cells from patients with later CNS+
relapse compared with patients without relapse in the follow-up period (p = 0.034, Dunn's test) and
borderline significantly increased compared with patients with later CNS- relapse within the follow-up
period (p = 0.058, Dunn'’s test).

The per-sample average CXCR4 gene expression levels in BM leukemic cells from diagnosis of 27
patients with and without CNS involvement, as measured by flow cytometry, but with no CNS+ relapse
revealed no significant difference between the two groups, including in separate investigations of B- and
T-ALL cases (Fig. 5F).

Discussion
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In the present study, we have used single cell transcriptomics of matched CSF, bone marrow, and blood
samples from patients with ALL to characterize the transcriptional landscape of leukemic blasts across
compartments and stages of ALL CNS disease. This is the first transcriptomics study of CSF leukemic
cells at single cell resolution in patients with ALL. We demonstrate direct upregulation of CXCR4 in
leukemic cells in the CSF with further upregulation at time of CNS+ relapse. Our two independent
corroborating analyses of the CXCR4-CXCL12 axis demonstrated consistent results. Thus, while cohort
sizes were limited in this study, the consistency across independent analytical approaches strengthens
the hypothesis of a role for the CXCR4-CXCL12 axis in CNS disease establishment and persistence in
ALL.

The leukemic cells from the CNS displayed a distinct gene expression profile from bone marrow and
peripheral blood. They showed upregulation of gene sets involved in response to starvation, including
GCN2/EIF2AK4 response to amino acid deficiency, cholesterol biosynthesis and SREBP/SREBF target
gene sets, as well as response to oxygen levels and oxidative stress. Also observed was enrichment of
chaperone mediated autophagy and late endosomal microautophagy gene set. These signatures are all
consistent with an integrated stress response activation of the leukemic cells in the nutrient-poor CSF
microenvironment with a broad lipogenic metabolic rewiring, collectively indicating adaptation to the
local milieu. Our findings in primary patient material thus extend the findings in cell lines and
experimental models showing that CSF leukemic cells demonstrate metabolic rewiring with increased de

novo synthesis of fatty acids and cholesterol?®8, including the SREBP-target gene SCD'°20, as well as
higher levels of ROS®°.

Data integration and trajectory analysis revealed that bone marrow leukemic cells were closer to CSF
leukemic cells in pseudotime than those of peripheral blood. Furthermore, genes associated with
immaturity were preferentially expressed in both CSF- and bone marrow-associated cell states relative to
PB, while maturity markers were associated with the peripheral blood cell state. Several leukemic cell
CNS entry routes have been suggested in recent years®161%4941 ‘including a peripheral blood-
independent, direct route from calvarian bone marrow along emissary vessels to the CNS, elegantly
described by Yao et al'’. The relative similarity of CSF and bone marrow leukemic cell gene expression
profiles as opposed to peripheral blood could support such a direct route hypothesis, however, it could
also simply reflect transcriptional adaptation of the CSF-derived leukemic cells to local adherence
signals shared between the bone marrow and CNS meningeal niches. We did not find an upregulation of
ITGAG in the CSF associated cell states, a gene which was suggested by Yao et al to play a central role
for CNS entry from calvarian bone marrow. However, this does not rule out a role for the integrin, since
integrin functions are highly dependent on conformational changes in addition to mRNA/protein

expression levels*? .

We found upregulation of CXCR4 gene expression in CSF leukemic cells, in particular at time of CNS+
relapse, corroborating earlier findings in experimental models. Basile et al showed increased survival of
ALL cells co-cultured with meningeal cells in CSF compared to ALL cells in CSF monoculture with CXCR4
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inhibition leading to disruption of the leukemia-meningeal adhesion and decreased leukemic cell viability
in the CSF3°. Jonart et al found a similar effect of CXCR4 inhibition on leukemia-meningeal adhesion, as
well as reversion of the meningeal-mediated leukemic cytarabine resistance and increased leukemic cell
death upon Mavorixafor (AMD070) administration*3. Jonart et al also demonstrated CXCL12 expression
by the meningeal cells. We extend these preclinical studies with clinical evidence of elevated CXCR4
leukemic cell gene expression and elevated soluble CXCL12 levels in the CSF of patients with ALL CNS+
relapse, suggesting that this axis also plays a role in humans.

Our data implicate the CXCR4-CXCL12 axis as an early indicator of CNS+ relapse of ALL rather than
simply associated with leukemic cell CNS presence: While CSF soluble CXCL12 protein levels as well as
BM leukemic cell CXCR4 surface expression were elevated in patients who experienced CNS+ relapse,
the soluble CXCL12 levels and CXCR4 gene expression levels were not increased in patients with CNS
involvement at diagnosis but without later CNS relapse. Although the validation cohorts were assembled
retrospectively, and residual confounding by baseline characteristics or risk group can therefore not be
excluded, this observation is striking and new in the context of ALL. However, it shares interesting
similarities with premetastatic niche formations described in solid cancers. Kaplan et al. demonstrated
that lung metastasis by melanoma cells is preceded by increased fibronectin production by resident
fibroblasts, which is then followed by integrin-dependent adhesion of VEGFR1 + hematopoietic bone
marrow myeloid progenitors**. In the resulting premetastatic niche comprising VEGFR1 + myeloid
progenitors, fibroblasts and fibronection, CXCL12 expression is increased, which leads to the homing of
CXCR4 + melanoma cells and metastasis. It could be speculated that CXCL12 has a similar role in ALL
and permits the homing of CXCR4 + cancer cells. However, the mechanism may be different, including
the steps leading to increased CXCL12 expression. Meningeal cells are known to produce CXCL12 and
to attract CXCR4 + cells also in non-leukemic settings, e.g. neuronal cells during embryogenesis*®, and

they are also a known source of fibronectin®®. Moreover, ALL cells in the CSF have previously been

shown to upregulate VEGFA?? and VEGFR1 as a supposed mechanism for hypoxic adaptation®”. In

accordance with this, we found upregulation of VEGFA in CSF leukemic cells as well as
overrepresentation of genes involved in response to oxygen levels in CSF associated cell states. Thus,
further studies of the role of secreted factors by meningeal cells and their interplay with leukemic cells in
the early ALL CNS niche might provide important cues for relapse prevention.

In addition to highlighting its potential as an early indicator of CNS+ relapse, our findings draw attention
to the CXCR4-CXCL12 axis as an emerging therapeutic target in ALL CNS disease. In ALL, high CXCR4
expression in BM was found to be associated with higher CIR and worse overall survival in two small
cohorts*84°. CXCR4-inhibitors have been tested alone or in combination with chemotherapy in a large
number of phase I/Il trials in AML, and to a limited degree also in ALL®C. These demonstrated a high
degree of safety and tolerability but only a modest effect on bone marrow disease. Importantly, targeting
of the CXCR4-CXCL12 axis specifically to prevent ALL CNS disease has not been studied in patients.
This poses an intriguing option given the favorable safety profile of CXCR4 antagonists demonstrated in
ALL. Although a preclinical model study showed no effect of Plerixafor (AMD3100) on ALL CNS
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disease'®, other antagonists, in particular Mavorixafor, would be expected to have considerably higher
CNS penetrance®! and thus higher efficacy towards ALL CNS disease. Moreover, increased leukemic cell

d3?, and Mavorixafor has

death has been observed in CSF when adhesion to meningeal cells is blocke
demonstrated additional cytotoxic effects compared with other CXCR4 antagonists in vitro*3, making

Mavorixafor a promising therapeutic candidate for CNS relapse prevention.

In conclusion, through transcriptomic characterization of leukemic cells in CSF and matched bone
marrow and blood at single cell resolution, we demonstrate a distinct gene expression profile for CNS
resident leukemic cells with broad metabolic rewiring and a profile more closely resembling bone
marrow leukemic cells than those of peripheral blood. We show upregulation of CXCR4 expression,
especially at time of CNS relapse, and demonstrate elevated CSF levels of soluble CXCL12 and CXCR4
surface expression of bone marrow leukemic cells in patients with later CNS+ relapse. These findings
extend on the experimental studies suggesting a role for the CXCR4-CXCL12 axis in ALL CNS disease,
and although larger studies are needed, they support that the CXCR4-CXCL12 axis could be a promising
therapeutic target for prevention of ALL CNS+ relapse.
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Primary cohort: Matched, multi-compartment single-cell transcriptomics
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Figure 1

Cohort and sample overview. A. A discovery cohort underwent single cell RNA sequencing (scRNAseq)
of matched cerebrospinal fluid, bone marrow and peripheral blood. Three additional cohorts were

included for evaluation of CXCR4 gene expression in BM scRNAseq data, soluble CXCL12 quantification
in CSF, and CXCR4 surface expression on bone marrow leukemic cells. Three patients from the primary
cohort, all sampled at diagnosis, are also included in the bone marrow scRNA-seq cohort; the remaining
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four were sampled at CNS relapse and are not. The CXCL12 ELISA and flow cytometry cohorts assess
different analytes and compartments, so shared patients contribute independent measurements. B
Upset plot showing overlap of analyses on patient level. C Overview of sample quality after filtering for
the 22 sequenced plates from 19 samples in the matched, multicompartment single cell transcriptomics
cohort. Number of transcripts (nCount), number of unique genes (nFeatures), and percentage of
mitochondrial genes (percent MT) are shown for each plate, colored by patient, leukemia type, sample
timepoint (relapse status) and tissue. Labels represent internal laboratory plate identifiers. BM: Bone
marrow; CSF: cerebrospinal fluid; PB: Peripheral blood.
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Influence of tissue on cell cycle phase and centroid distance. A-B. Uniform Manifold Approximation and
Projection (UMAP) showing clustering of cells according to patient (A), and tissue (B). * = mature T-cells,
** = mature B-cells. C. Tissue centroid distance plot using Partial Least Squares Discriminant Analysis
on the first 30 principal components in the PCA with tissue as response variable showing separation of
leukemic cells from CSF (green) from bone marrow (red) and peripheral blood (blue) with very little
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overlap. White lines illustrate boundaries for areas associated with tissue-specific centroids. D.
Silhouette plot illustrating the normalized difference between the between-tissue separation and the
within-tissue cohesion. Patients 1-3 are sampled at time of diagnosis, patients 4, 6, and 7 at time of
relapse. Patient 5 CSF is sampled at time of isolated CNS relapse, bone marrow at diagnosis with no
CNS involvement. E. Uniform Manifold Approximation and Projection (UMAP) showing clustering of cells
according to cell cycle phase. F. Proportion of cells in S/G2M phase relative to cells in G1 phase in CSF,
bone marrow and peripheral blood.
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Figure 3

Selected genes and top pathways significantly altered in CSF. A-B. Based on a review of experimental
model studies, 16 genes were identified for investigation. Of these, four were found significantly
upregulated (A) and two downregulated (B) in leukemic cells of the CSF compared with those of
combined bone marrow (BM) and peripheral blood (PB) by differential gene expression (DGE) analysis
after sample-level pseudobulked aggregation. Violin plots show lognormalized gene expression for all
cells, while spaghetti plots show lognormalized expression on pseudobulk sample level. C. Gene
expression of the selected 16 genes in CSF leukemic cells of patients sampled at diagnosis compared
with (unmatched) patients at time of relapse by DGE of pseudobulk samples. D. Gene set enrichment
analysis showing pathways enriched in leukemic cells of CSF compared with BM/PB by DGE of
pseudobulk samples.
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Trajectory analysis across tissues. A-C. Uniform Manifold Approximation and Projection (UMAP)
showing integrated data from all samples of matched CSF, bone marrow (BM) and peripheral blood (PB)
from the seven patients, colored by tissue (A), pseudotime (B), and cell cycle phase (C). The black line in
panel B represents the trajectory spanning all three tissues with no dependence on proliferating cells. D.
Heatmap illustrating the gene expression along a binned pseudotime axis for the top 80 genes
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associated with pseudotime along the trajectory shown in panel B. E-F. Overrepresentation analysis
based on Gene Ontology Biological Process of the genes significantly altered along the pseudotime axis
with a negative (r<-0.1) (E) or positive (r>0.1) (F) Spearman correlation. A negative correlation
corresponds to genes upregulated towards a CSF-associated cell-state, while a positive correlation
corresponds to a peripheral blood-associated cell state.

A CXCL12 Levels Across Groups B CXCL12 Levels Across Groups
ns
1000 Wilgoxon, p = 0.044 s '
) —————————
k2 * 900 %
- -
Y f =
5 750 A 2 l
2 : g * Sample t
=1 ample -]
s Sample type 2 600 il
Lﬁ . a . . Ll . 4 * Diagnosis
~ 500 o * Diagnosis o A 4 Relapse
S o 4 Relapse 5 %
9 & 300 = *
x L (]
© 20 . e
Ay
.
ee * 0 . . A
0 s flow neg flow pos relapse
No relapse Relapse
‘ : CXCL12 and leukemic cells in CSF D Korlasslzal—wﬂ"is, p=0.021
R=-0.28, p=0:033 0.591
. o 4000 i
(3 0.058
750 . 2
3
= ‘e
. T
— ot Immunophenotype
o i
S50 = =300 4 B-ALL
o~ . e = TALL
- . N >
g i : :
< oo * . - . -g relapse
a0 4 G aldel TN o N S 2000 B Norelapse
® $ T TEe- o T . B CNS+ relapse
L] L4 - -——- - p:
. ———-— I B CNS- rel
° © relapse
. v =
® L L] o
-
5 A
* e * *
0 8 1000 A
£ S N &~ & i
N N N N N K
Leukemic cells in CSF A
No relapse CNS+ relapse CNS- relapse
Relapse group
E Both ALL types T-ALL
ns
5 L 5 5 —
c4 c4 c4
o o o
.a G -‘71
(%} (%] wn
o < g
% 3 % 3 X 3 CNS Involvement
w w w CNS Flow-
Y 2 L CNS Flow+
(] Q (]
02 02 02
< < <
o o o'
Q @) (@]
> x x
Y1 Y1 Y1
0 0 0
X ‘éx S X
il QS <P s < QS
o © & © o 5
C C O
Figure 5

Page 23/24



The CXCR4-CXCL12 axis in patients with and without CNS relapse. A. Soluble protein levels of CXCL12
in CSF of patients with and without CNS relapse. Patients with CNS relapse were sampled either at
diagnosis or at time of relapse. B. Same data as A, but the patients without CNS relapse are divided
according to whether they had detectable leukemic cells in the CSF at diagnosis as measured by flow
cytometry (flow pos) or not (flow neg). C. CSF soluble CXCL12 protein levels across all samples and
timepoints versus leukemic cells in the CSF measured by flow cytometry. Spearman correlation analysis
shown in the top (R = Spearman’s Rho). D. CXCR4 (CD184) surface marker expression measured by flow
cytometry. The leukemic cell-erythrocyte median fluorescence intensity difference is displayed for
patients with relapse involving the CNS (CNS+), isolated bone marrow relapse (CNS-) and patients
without relapse. A three-group Kruskall Wallis test p-value is shown in the top, while pairwise comparison
p-values are derived from Dunn'’s test for post hoc comparison. E. CXCR4 gene expression in BM
leukemic cells of 27 flow pos or flow neg patients, as well as subdivided by immunophenotype (B-ALL
(n=21, 13 flow neg vs. 9 flow pos) and T-ALL (n=6, 2 flow neg vs. 4 flow pos)).
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