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Simple Summary: For the last 20 years, measurable residual disease (MRD) has proven to be a strong
prognostic factor in B-cell precursor acute lymphoblastic leukemia (BCP-ALL). However, the effects
of therapy on the bone marrow (BM) microenvironment and their potential relationship with MRD
and patient outcome still remain to be evaluated. Here, we show that mesenchymal stem cells (MSC)
and endothelial cells (EC) are constantly present at relatively low frequencies in normal BM and in
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most follow-up BM samples from treated BCP-ALL patients. Of note, their levels are independent of
the MRD status. From the prognostic point of view, an increased percentage of EC among stromal
cells (EC plus MSC) at day +78 of therapy was associated with shorter disease free survival (DFS),
independently of the MRD status both in childhood and in adult BCP-ALL. Thus, an abnormally high
EC/MSC distribution at day +78 of therapy emerges as an adverse prognostic factor, independent of
MRD in BCP-ALL.

Abstract: For the last two decades, measurable residual disease (MRD) has become one of the most
powerful independent prognostic factors in B-cell precursor acute lymphoblastic leukemia (BCP-
ALL). However, the effect of therapy on the bone marrow (BM) microenvironment and its potential
relationship with the MRD status and disease free survival (DFS) still remain to be investigated.
Here we analyzed the distribution of mesenchymal stem cells (MSC) and endothelial cells (EC)
in the BM of treated BCP-ALL patients, and its relationship with the BM MRD status and patient
outcome. For this purpose, the BM MRD status and EC/MSC regeneration profile were analyzed by
multiparameter flow cytometry (MFC) in 16 control BM (10 children; 6 adults) and 1204 BM samples
from 347 children and 100 adult BCP-ALL patients studied at diagnosis (129 children; 100 adults) and
follow-up (824 childhood samples; 151 adult samples). Patients were grouped into a discovery cohort
(116 pediatric BCP-ALL patients; 338 samples) and two validation cohorts (74 pediatric BCP-ALL,
211 samples; and 74 adult BCP-ALL patients; 134 samples). Stromal cells (i.e., EC and MSC) were
detected at relatively low frequencies in all control BM (16/16; 100%) and in most BCP-ALL follow-up
samples (874/975; 90%), while they were undetected in BCP-ALL BM at diagnosis. In control BM
samples, the overall percentage of EC plus MSC was higher in children than adults (p = 0.011), but
with a similar EC/MSC ratio in both groups. According to the MRD status similar frequencies of both
types of BM stromal cells were detected in BCP-ALL BM studied at different time points during the
follow-up. Univariate analysis (including all relevant prognostic factors together with the percentage
of stromal cells) performed in the discovery cohort was used to select covariates for a multivariate
Cox regression model for predicting patient DFS. Of note, an increased percentage of EC (>32%)
within the BCP-ALL BM stromal cell compartment at day +78 of therapy emerged as an independent
unfavorable prognostic factor for DFS in childhood BCP-ALL in the discovery cohort—hazard ratio
(95% confidence interval) of 2.50 (1–9.66); p = 0.05—together with the BM MRD status (p = 0.031).
Further investigation of the predictive value of the combination of these two variables (%EC within
stromal cells and MRD status at day +78) allowed classification of BCP-ALL into three risk groups
with median DFS of: 3.9, 3.1 and 1.1 years, respectively (p = 0.001). These results were confirmed
in two validation cohorts of childhood BCP-ALL (n = 74) (p = 0.001) and adult BCP-ALL (n = 40)
(p = 0.004) treated at different centers. In summary, our findings suggest that an imbalanced EC/MSC
ratio in BM at day +78 of therapy is associated with a shorter DFS of BCP-ALL patients, independently
of their MRD status. Further prospective studies are needed to better understand the pathogenic
mechanisms involved.

Keywords: B-cell precursor acute lymphoblastic leukemia; stromal cells; mesenchymal stem cells;
endothelial cells; bone marrow microenvironment; multiparameter flow cytometry; disease free
survival; measurable residual disease

1. Introduction

In the past 50 years, the outcome of B-cell precursor acute lymphoblastic leukemia
(BCP-ALL) has substantially improved, particularly in childhood, due to advances in risk-
adapted chemotherapy protocols based on, e.g., the tumor genetic subtype at diagnosis,
the presence of measurable residual disease (MRD) after therapy, and improved supportive
care, together with the availability of new target therapies [1,2]. Thus, cure rates of up
to 90% may be currently reached in childhood BCP-ALL, which decline progressively
with age [3,4]. Despite all these advances, a significant fraction of patients that achieve
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complete remission including also some MRD-negative cases still relapse and their early
identification remains a challenge in the management of BCP-ALL [1,4,5].

Accumulated evidences suggest that development, progression, and resistance to
therapy of BCP-ALL tumor cells, depends on both the tumor cell features and the tumor
microenvironment [6–11]. Thus, several studies have demonstrated the presence of shared
leukemia-associated genetic alterations on residual hematopoietic cells and bone marrow
(BM) stromal cells [12–16] particularly in adult patients, together with a potential role for
the BM microenvironment in the pathogenesis of hematological neoplasms [17–19]. In
this regard, increased angiogenesis and vascularization in BM of both pediatric ALL and
ALL-xenografted mice, together with the ability of B-cell lineage lymphoblasts to produce
endothelial growth factors such as VEGF, have been previously reported [20,21]. Despite
this, the precise relationship between tumor cells, the residual hematopoiesis and the BM
microenvironment have not been fully investigated in depth in ALL.

Stromal BM cells are a key component of the BM hematopoietic microenvironment,
which comprises a wide variety of different cell types including osteoblasts, osteoclasts,
endothelial cells (EC), perivascular reticular cells, and mesenchymal stem cells (MSC), in
addition to mast cells and plasma cells [22]. Those cells control the self-renewal, quies-
cence, chemotaxis, and differentiation of hematopoietic stem cells (HSCs) and other BM
hematopoietic cells [23–25]. Furthermore, evidences suggest that BM MSC actively partic-
ipate in the development and response to treatment of leukemia cells, in both acute and
chronic leukemia patients [5,26,27]. Similarly, the presence of KIT-mutated MSC in BM from
indolent systemic mastocytosis patients has been associated with greater rates of disease
progression and a poorer outcome [13]. In addition, the presence of genetic alterations typi-
cal of leukemia cells of some ALL patients (e.g., ETV6-RUNX1, TCF3-PBX1, KMT2A, and
BCR-ABL) on in vitro expanded MSC, together with the presence of the BCR-ABL transcript
fusion in BM-derived EC from CML patients, point out the close relationship between
leukemia cells and other cells in the BM microenvironment [14–16]. Despite all of the above,
and the fact that the interaction between leukemia cells and the BM microenvironment has
been hypothesized to favor leukemia cell growth, clonal evolution, resistance to therapy,
MRD persistence, and disease relapse, the potential impact of BM stromal cells in response
to therapy and outcome of BCP-ALL patients still remains largely unknown [5,22,28].

Here we investigated the frequency of two specific subtypes of stromal cells (i.e., EC
and MSC) in the BM of children and adults diagnosed with BCP-ALL who were studied
both at diagnosis and during follow-up. Our main goal was to determine the relative
distribution of both cell types in BM of BCP-ALL patients at different points during therapy
and the potential relationship with both the BM MRD status and patient outcome.

2. Materials and Methods
2.1. Patients, Samples, and Controls

A total of 953 BM samples from 347 children diagnosed with BCP-ALL—171 males
and 176 females; median age (range) of 4.4 years (y; 0.2–17 y)—and 251 BM samples
from 100 adult BCP-ALL patients were studied at diagnosis (n = 229; children = 129 and
adults = 100) and at different time points during follow up (n = 975), including: 350 BM
samples (309 children and 41 adults) studied at day +15 of therapy; 348 BM samples
(282 children and 66 adults) investigated at day +33; and 277 BM samples (233 children
and 44 adults) evaluated at day +78 after starting therapy. In parallel, normal/reactive
(i.e., control) BM samples from 10 children—6 boys and 4 girls; median age (range) of 10 y
(2–18 y)—and 6 adults—4 men and 2 women; median age (range) of 41 y (23–50 y)—were
studied as controls. BM samples were obtained and processed within 24 h after collection
at 7 different centers: Federal University of Rio de Janeiro (Rio de Janeiro, Brazil), Medical
University of Silesia (Zabrze, Poland), University of Salamanca (Salamanca, Spain), Dutch
Childhood Oncology Group (The Hague, The Netherlands), Erasmus Medical Center
(Rotterdam, The Netherlands), Charles University (Prague, Czech Republic), Fondazione
MBBM/S Gerardo Hospital (Monza, Italy). All BM samples were collected in compliance
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with the guidelines of local ethics and research committees, according to the Declaration
of Helsinki; the study was approved by the local ethics committees of the participating
centers. All individuals (and/or their guardians in case of children) gave his/her informed
consent to participate in the study. Overall, patients were divided into a discovery cohort
of 116 BCP-ALL children from Brazil—116 diagnostic BM samples and 338 follow-up BM
samples from 62 boys and 54 girls with a median age (range) of 4.4 y (0.2–15 y) including
110 BM samples studied at day +15, 112 BM samples at day +33 and 116 BM samples
analyzed at day +78—and two validation cohorts. As validation cohorts, BCP-ALL children
treated in Italy (n = 68) and Poland (n = 6)—37 boys and 37 girls with a median age
(range) of 4.4 y (1.4–17 y) for which 211 follow-up BM samples were evaluated, including
67 samples studied at day +15, 70 at day +33 and 74 at day +78 together with 74 adult
BCP-ALL patients treated in Spain—42 males and 32 females with a median age (range) of
42 y (18–67 y). Follow-up data was available on 134 BM samples (37 samples investigated
at day +15, 57 at day +33 and 40 at day +78). All pediatric patients in both the discovery
and the validation cohorts were treated with ALL-BFM oriented protocols (INTERFANT
2006, AIEOP-BFM ALL 2009 and AIEOP-BFM ALL 2017), while adult patients were treated
with the HR adult ALL PETHEMA2013 protocol for high-risk non-BCR-ABL adult-ALL, as
described elsewhere [29].

2.2. Immunophenotypic Studies

BCP-ALL samples were stained at diagnosis with the EuroFlow 8-color-fluorescein
isothiocyanate (FITC)/phycoerythrin (PE)/PE-cyanin7(PECy7)/peridinin chlorophyll protein-
Cy5.5 (PerCP-Cy5.5)/allophycocyanin (APC)/APC-hilite7 (APC-H7)/Pacific Blue (PacB)/Pacific
Orange (PacO)-acute leukemia orientation tube (ALOT) plus the EuroFlow BCP-ALL anti-
body panel [30]: (i) cytoplasmic (Cy) MPO/CyCD79a/CD19/CD34/CD7/surface mem-
brane (Sm) CD3/CyCD3/CD45; (ii) CD58/CD66c/CD19/CD34/CD10/CD38/CD20/CD45;
(iii) CyIgM/CD33/CD19/CD34/CD117+ SmIgM/SmIgλ/SmIgκ/CD45; (iv) nuclear (Nu)
TdT/CD13/CD19/CD34/CD22/CD24/CD9/CD45; (v) CD15+ CD65/NG2/CD19/CD34/
CD123/CD81/CD21/CD45. Staining of cells was performed as previously described in de-
tail, according to the standard operating procedures (SOP) proposed by the EuroFlow Con-
sortium, available at www.euroflow.org (accessed on 15 May 2022) [30]. In turn, follow-up
BM samples from BCP-ALL patients obtained at day +15, day +33, and day +78 of therapy
were processed according to the EuroFlow bulk-lysis SOP and stained with the EuroFlow 8-
color BCP-ALL MRD antibody panel: (i) CD81/CD66c+CD123/CD19/CD34/CD10/CD38/
CD20/CD45; (ii) CD81/CD73+CD304/CD19/CD34/CD10/CD38/CD20/CD45, as previ-
ously described in detail [31]. Briefly, normal B-cell precursors were identified as CD19+

CD10+ and CD38++ cells and sub-classified as pro-B (CD45lo CD19− CD81++ CD34+

CD10+ CD20− CD38++ CD66c−/CD123− CD73/CD304− cells), pre-BI (CD45lo CD19+

CD81++ CD34+ CD10++ CD20− CD38++ CD66c−/CD123− CD73/CD304− cells), pre-BII
cells (CD45lo/+ CD19+ CD34− CD10+ CD20−/+ CD38++ CD66c−/CD123− CD73/CD304−

cells). In contrast, leukemic B-cell precursors (i.e., blast cells), were all CD19+ precur-
sor cells whose immunophenotype deviated from those described above based on aber-
rantly high or low antigen expression levels and/or the presence of cross-lineage antigen
expression and/or asynchronous maturation profiles compared to normal BCP, as pre-
viously described in detail [31,32]. In 7% (68/975) of follow-up BM samples, only one
of the two BCP-ALL MRD antibodies combinations was tested, due to low BM sample
cellularity (e.g., limited BM cellularity in samples collected at day +15). In addition,
for detailed characterization of BM MSC and EC, the following 8-color monoclonal an-
tibody combination was further stained in a subset of 5 follow up BCP-ALL BM sam-
ples: (i) CD81/MSCA1/CD19/CD34/CD90/CD10/CD271/CD45. Stained cells were
measured in FACSCanto II flow cytometers-Becton Dickinson Biosciences (BD), San Jose,
CA-equipped with the FACS DiVA software (BD). For instrument set up and calibration,
the corresponding EuroFlow SOP were used, as described elsewhere [30]. Prior to data
analysis, cellular events from BM samples stained with the two BCP-ALL MRD tubes

www.euroflow.org
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were merged into a single data file. For data analysis, the Infinicyt software (version 2.0,
Cytognos SL, Salamanca, Spain) was used and the relative distribution of MSC and EC
in BM (i.e., percentage from all BM nucleated cells after excluding cell debris/doublets
and blast cells) as well as the relative distribution of MSC and EC within the stromal
cells (number of MSC plus EC) were calculated. MRD-negative was defined based on the
presence of <20 immunophenotypically aberrant B-cell precursors (i.e., leukemia cells) in
BM by multiparameter flow cytometry (MFC), while MRD-positive indicates presence of
leukemia cells in the BM above this cut-off.

2.3. Statistical Methods

For all numerical variables, mean (standard deviation) or median (interquartile range
and range) values were calculated, while, for categorical variables, frequencies were used.
In order to establish the statistical significance of differences observed between two or
more than two groups, the Mann–Whitney U test and the Kruskal–Wallis test were used,
respectively. The percentage of stromal cells from all nucleated BM cells, and of MSC and EC
within stromal cells, were dichotomized using the Martingale-based residuals analysis, with
the following cut-off values: (i) % of BM stromal cells from all BM nucleated cells > 0.21%;
(ii) % of MSC from BM stromal cells >73%; and (iii) % of EC from BM stromal cells > 32%,
where BM stromal cells (MSC + EC) equals 100%. The same cut-off values were applied for
all samples obtained at day +15, day +33 and day +78 after therapy, for the three patient
cohorts analyzed. Next, the pre-selected covariates (p < 0.20 in the univariate analysis) were
included in a multivariate Cox regression model for predicting patient disease-free survival
(DFS), defined as the time of relapse from diagnosis to first relapse or the last follow-up
visit. DFS curves were plotted according to the Kaplan–Meier method, and the log-rank
test was used to determine the statistical significance of differences between DFS curves.
Multivariate analysis was performed with the backward stepwise elimination method, in
order to obtain the parsimonious predictive model. For all statistical analyses the SPSS
software package (version 18.0, IBM Corp Inc., Chicago, IL, USA) was used. p-values < 0.05
were considered to be associated with statistical significance.

3. Results
3.1. Immunophenotypic Identification and Characterization of Stromal Cells in Bone Marrow

MSC and EC were unequivocally identified in BM based on the following phenotypic
criteria: (i) MSC expressed classical MSC-associated markers (MSCA-1+, CD73hi and
CD271+) together with CD81hi and CD10+, in the absence of CD34−, CD19−, and CD45−;
while (ii) EC were CD81hi, CD73hi and CD34+, in the absence of CD271−, MSCA-1−,
CD10−, CD19−, and CD45− (Figure 1). Based on these features, MSC and EC could also
be identified with the EuroFlow BCP-ALL MRD antibody panel based on high expression
of both CD81 and CD73 in the absence of CD45 and other hematopoietic cell associated
markers (CD19, CD66c, CD123, CD38, and CD20) (Figure 1). Among these cells, MSC could
be unequivocally discriminated from EC based on their CD10+ CD34− phenotype, while
EC were positive for CD34 and negative for CD10 (Figure 1). Overall, when we compared
the distribution of both stromal cells and their MSC and EC subsets in a subset of BM
samples (n = 5), highly similar percent values for the three cell populations were observed
once they were identified with the classical MSC and EC vs. the reduced number of markers
included in the EuroFlow MRD panel described above: median percentage (range) of 0.035
(0.018–0.054) vs. 0.064 (0.014–0.088) stromal cells (p = 0.258), including 26 (10–26) vs. 20
(4–29) EC (p = 0.226) and 75 (74–90) vs. 80 (71–96) MSC (p = 0.226), respectively. Based
on these highly comparable results, subsequent identification of stromal cells and their
MSC and EC subsets was performed in BCP-ALL BM using the markers included in the
EuroFlow BCP-ALL MRD panel.
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Figure 1. Immunophenotypic identification and characterization of BM stromal cells. Panels (A–H) il-
lustrate the immunophenotypic pattern of expression of classical stromal cell-associated markers
on mesenchymal stem cells (MSC) and endothelial cells (EC). MSC (blue dots) and EC (red dots)
shown in all panels were identified as CD81hi, (CD73hi), and CD45− cells (B–D), which typically
co-expressed MSCA1+, CD271+, and CD10hi in the absence of CD34 (MSC), or they were CD34+ in
the absence of MSCA1, CD271, and CD10 expression (EC), respectively. Other BM cells are depicted
as grey events. Panels (I–P) illustrate how BM stromal cells (EC and MSC) were specifically identified
and classified after staining with the EuroFlow BCP-ALL MRD antibody panel (Tube 2).

3.2. Distribution of MSC and EC in Normal vs. BCP-ALL Bone Marrow

Overall, MSC and EC were both identified in all normal/reactive BM samples inves-
tigated (16/16, 100%). Of note, higher percentages of stromal cells (both MSC and EC)
were detected in normal/reactive BM from children vs. adults (median of 0.064 vs. 0.014,
respectively; p = 0.011). Despite this, rather stable and similar percentages of MSC and EC
within BM stromal cells, were found in normal/reactive BM from individuals of both age
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groups (Table 1) Similarly, MSC and EC were also identified in the vast majority of BCP-
ALL follow-up samples (874/975, 90%), their frequency increasing from 81% (n = 282/350)
of BM samples studied at day +15, to 93% (n = 322/348) and 97% (n = 270/277) of BM
samples studied at day +33 and at day +78, respectively. In contrast, stromal cells could not
be detected in the BM of children and adults with BCP-ALL studied at diagnosis, except
for a small percentage of adults (12%) that showed low numbers of MSC (0.010 ± 0.429%)
and EC (<0.001 ± 0.009%) (Table 1).

Table 1. Distribution of stromal cells in normal/reactive bone marrow (BM) and both diagnostic and
follow-up BM samples from children vs. adult patients diagnosed with BCP-ALL.

Samples
% BM Stromal

Cells-From
All BM Cells

% Mesenchymal
Cells-From

BM Stromal Cells

% Endothelial
Cells-From BM
Stromal Cells

% Blast Cells
by FCM

Normal/Reactive BM Donors
Children (n = 10) 0.064 (0.014–0.087) 80 (71–96) 20 (4–29) -
Adults (n = 6) 0.014 (0.005–0.037) 81 (75–90) 20(10–25) -
p-value 0.011 0.875 0.875 -
Diagnostic BCP-ALL BM
Children
(n = 129 ∆, n = 0
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Adults  
(n = 100 ∆, n = 12 ♥) 0 (0–0.44) 100 (25–100) 0 (0–75) 81 (30–97) 

p-value <0.001 NA NA 0.293 
Day +15 BCP-ALL BM 
Children  
(n = 309 ∆, n = 247 ♥) 0.029 (0–1.57) 76 (13–99) 24 (1–87) 0.45 (0–84) 

Adults  
(n = 41 ∆, n = 35 ♥) 0.04 (0–0.95) 76 (15–100) 24 (0–85) 1.1 (0–91) 

p-value 0.541 0.802 0.802 0.087 
Day +33 BCP-ALL BM 
Children  
(n= 282 ∆, n = 266 ♥) 

0.048 (0–1.85) 76 (38–98) 24 (2–62) 0.002 (0–56) 

Adults  
(n = 66 ∆, n = 57 ♥) 0.029 (0–1.11) 73 (0–100) 27 (0–100) 0.001 (0.001–77) 

p-value 0.010 0.097 0.098 0.705 
Day +78 BCP-ALL BM 
Children  
(n = 233 ∆, n = 228 ♥) 

0.063 (0–1.22) 76 (40–95) 24 (5–60) 0 (0–11) 

Adults  
(n = 44 ∆, n = 42 ♥) 0.043 (0–0.063) 76 (38–98) 24 (2–62) 0 (0–63) 

p-value 0.025 0.863 0.867 <0.001 
Abbreviations: BM: bone marrow; BCP-ALL: B-cell precursor acute lymphoblastic leukemia; NA: 
not applied; ∆ Total number of samples analyzed; ♥ Number of samples in which stromal cells were 
present. 

) 0.043 (0–0.063) 76 (38–98) 24 (2–62) 0 (0–63)

p-value 0.025 0.863 0.867 <0.001

Abbreviations: BM: bone marrow; BCP-ALL: B-cell precursor acute lymphoblastic leukemia; NA: not applied;
∆ Total number of samples analyzed;
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Number of samples in which stromal cells were present.

In the follow up BM samples from BCP-ALL children patients, progressively higher
stromal cell percentages were found from day +15 onward, with greater levels in children
vs. adults at day +33 (p = 0.010) and at day +78 (p = 0.025), when normal BM stromal cell
levels had been reached (Table 1). Despite adults showing lower stromal cell counts than
children, the percentage of BM stromal cells in adults at day +33 (p = 0.01) and day +78
(p = 0.025) were both abnormally higher than those found in normal/reactive adult BM. Of
note, this was also associated with a tendency toward higher EC percentages within BM
stromal cells in adult vs. childhood BCP-ALL BM at day +33: median of 27% (0–100) vs.
24% (2–62) (p = 0.098) (Table 1).

3.3. MRD Status in Follow-Up BM of Childhood and Adult BCP-ALL and Its Relationship with
the Distribution of Stromal Cells

A similar rate of MRD-positive BM samples was found in children (57%; 470/824 sam-
ples) vs. adults (57%; 86/151 BM samples). Once grouped according to the time of follow
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up, similarly decreasing frequencies of MRD+ BM samples were found at day +15 vs.
day +33 in children—281/309 (91%) and 164/282 (58%) (p < 0.0001)—compared to adult
BCP-ALL-37/41 (90%) at day +15 and 33/66 (50%) at day +33 (p < 0.0001), respectively-. In
contrast, at day +78 the frequency of MRD+ BM samples was significantly lower (p < 0.0001)
in children—25/233 (11%)—vs. adults—16/44 (36%). As expected, the presence of MRD in
BM at both day +33 and day +78 of therapy was associated with a poorer patient outcome in
terms of DFS in the discovery (p = 0.033 and p = 0.020, respectively) as well as the validation
BCP-ALL patient cohorts (p = 0.159 and p < 0.001 for children and p = 0.003 and p = 0.005
for adults, respectively) (Table 2, Figure 2A,D,J and Figure S1A,B,D). Of note, similar fre-
quencies of both MSC and EC were detected in the BM of MRD+ vs. MRD- BCP-ALL
patients studied at different time points during follow-up (Supplementary Table S1).

Table 2. Univariate and multivariate analysis of prognostic factors for disease-free survival (DFS) of
children diagnosed with BCP-ALL included in the discovery cohort (n = 116).

Univariate Analysis Multivariate Analysis Multivariate Analysis *
Median DFS

(Years) HR 95th CI p-Value HR 95th CI p-Value HR 95th CI p-Value

CHILDHOOD BCP-ALL
Discovery Cohort

Age at diagnosis
≥1 to <10 years 5.60 1
<1 or ≥10 years 4.67 2.62 (1.14–6.03) 0.024

Genetic Abnormalities
Favorable 5.95 1
Adverse 3.01 3.30 (1.02–10.65) 0.046

MRD Status
Day +33 MRD− 5.88 1

MRD+ 5.40 2.62 (1.04–6.60) 0.041
Day +78 MRD− 5.92 1 1

MRD+ 3.30 3.32 (1.13–9.73) 0.029 3.28 (1.12–9.66) 0.031
% Stromal cells

Day +33 ≤0.21% 6.02 1
>0.21% 3.85 3.04 (1.20–7.70) 0.019

% Endothelial cells (EC)

Day +78 ≤32% 6.01 1 1

>32% 3.97 2.27 (1.01–5.10) 0.048 2.50 (1–9.66) 0.05
MRD Status and %EC

Day +78
MRD− and %EC ≤ 32% 6.09 1

0.001
1

0.001MRD+ or %EC ≤ 32%
MRD− or %EC > 32% 4.13 2.12 (0.92–4.86) 2.12 (0.92–4.86)

MRD+ and %EC > 32% 1.56 9.63 (2.14–43.32) 9.63 (2.14–43.32)

* Multivariate analysis including the contribution of MRD status and %EC at day +78. Abbreviations: CI: confi-
dence interval; HR: hazard ratio; MRD: minimal residual disease; EC: endothelial cells.

3.4. Relationship between the Distribution of MSC and EC in BM at Day +78 and Both the MRD
Status and Outcome of BCP-ALL Patients

Interestingly, increased percentages of EC within the stromal cell compartment in
BM of BCP-ALL patients studied at day +78 above 32% were associated with a signifi-
cantly shorter DFS in children with BCP-ALL included in the discovery cohort (p = 0.041)
(Figure 2B, Table 2). Multivariate analysis including all relevant prognostic factors (i.e., age
at diagnosis, genetic markers, and the MRD status) together with the percentage of stromal
cells at day +33 and the number of EC within BM stromal cells at both day +33 and day
+78, showed that the percentage of EC from BM stromal cells, together with MRD (both
studied at day +78), was the best combination of independent prognostic factors for DFS
in our discovery cohort of childhood BCP-ALL (Tables 2 and S2). Based on these results,
we divided our patients into three groups, depending on the MRD status and percentage
of EC in BM at day +78. These included: (i) a favorable risk group, consisting of patients
who were MRD-negative and had ≤32% of EC in BM at day +78; (ii) an intermediate risk
group, which included patients classified as either MRD-positive with ≤32% EC from
all BM stromal cells or as MRD-negative with higher numbers (>32%) of EC in BM at
day +78, who showed a very similar (intermediate) outcome (5-year DFS probability of
62.9% vs. 64.1%, p = 0.514) (Supplementary Figure S2) and (iii) an adverse risk group
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formed by patients classified as MRD+, which also had increased counts (>32%) of EC
in BM at day +78 (Table 2 and Figure 2C). Such prognostic classification was associated
with progressively lower median DFS from low-risk to intermediate-risk-HR: 2.12 (95%CI:
0.92–4.86); p = 0.001 and high risk-HR: 9.63 (95%CI: 2.14–43.32) patients, with progressively
lower median DFS rates of 3.9, 3.1, and 1.1 years, respectively (Table 2). Similar results
were observed for the childhood and adult BCP-ALL validation cohorts, with progressively
shorter DFS rates for low, intermediate, and high-risk childhood (p = 0.001) and adult
(p = 0.004) (BCP-ALL) patients (Table 3 and Figure 2). Interestingly, MRD− childhood
BCP-ALL patients (discovery plus validation cohorts) who presented with >32% EC within
BM stromal cells at day +78 had a significant shortened median DFS than those patients
that showed lower EC numbers (≤32% EC among all BM stromal cells) with median 5-year
DFS rates of 64.1% vs. 80.7%, respectively (p = 0.02) (Supplementary Figure S2). Of note,
in both validation cohorts the combination of these two parameters (MRD status and the
percentage of EC from stromal cells in BM at day +78) also emerged as the most powerful
independent prognostic factor for DFS (Table 3).

Figure 2. Impact of the BM MRD status Panels (A,D,G,J), the percentage of BM endothelial cells
Panels (B,E,H,K) within the whole BM stromal cell compartment at day +78 or both parameters
Panels (C,F,I,L) on disease free survival (DFS) of BCP-ALL patients. Panels (A–C) show data for the
discovery patient cohort, while (D–F,J–L) panels display survival curves for the validation cohorts of
childhood and adult BCP-ALL patients, respectively. DFS curves of all childhood BCP-ALL cases
(the discovery plus the validation cohorts) are shown in panels (G–I). Statistical significance was set
at p < 0.05 (log rank test).
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Table 3. Prognostic impact of the new BCP-ALL risk stratification model proposed for DFS of patients
included in the childhood BCP-ALL validation cohort, the childhood BCP-ALL discovery + validation
cohorts, and the adult BCP-ALL validation cohort.

Univariate Analysis Multivariate Analysis
Median

DFS (Years) HR 95th CI p-Value HR 95th CI p-Value

CHILDHOOD BCP-ALL
Validation Cohort
MRD Status Day +78 MRD− 6.43 1

MRD+ 3.49 8.25 (2.20–30.84) 0.002
%Endothelial cells (EC) Day +78 ≤32% 6.35 1

>32% 4.16 4.52 (1.13–18.10) 0.033
Day +78 MRD Status and % EC

MRD− and %EC ≤ 32% 6.50 1
0.001

1
0.001MRD+ or %EC ≤ 32%

MRD−or %EC > 32% 3.94 6.35 (1.42–28.50) 6.35 (1.42–28.50)

MRD+ and %EC > 32% 3.54 9.81 (1.79–53.88) 9.81 (1.79–53.88)
Discovery plus Validation Cohort
MRD Status Day +33 MRD− 6.30 1

MRD+ 5.74 2.64 (1.14–6.08) 0.023
Day +78 MRD− 6.24 1

MRD+ 3.30 4.34 (1.96–9.63) <0.001
% Stromal cell at Day +33 ≤0.21% 6.25 1

>0.21% 4.55 3.17 (1.47–6.85) 0.003
% Endothelial cells (EC) Day +78 ≤32% 6.28 1

>32% 4.00 2.88 (1.43–5.80) 0.003
Day +78 MRD Status and % EC

MRD− and %EC ≤ 32% 6.38 1 1
MRD+ or %EC ≤ 32%
MRD− or %EC > 32% 4.13 2.92 (1.41–6.03) <0.001 2.92 (1.41–6.03) <0.001

MRD+ and %EC > 32% 2.60 8.03 (2.69–24.02) 8.03 (2.69–24.02)

ADULT BCP-ALL
Validation Cohort
MRD Status Day +33 MRD− 3.87 1

MRD+ 1.80 3.40 (1.41–8.18) 0.006
Day +78 MRD− 3.64 1

MRD+ 1.94 3.26 (1.28–8.32) 0.014
Day +78 MRD Status and % EC

MRD− and %EC ≤ 32% 3.64 1
0.004

1
0.004MRD+ or %EC ≤ 32%

MRD− or %EC > 32% 2.52 2.99 (0.80–6.63) 2.99 (0.80–6.63)

MRD+ and %EC > 32% 0.92 8.33 (2.08–33.40) 8.33 (2.08–33.40)

Abbreviations: CI: confidence interval; HR: hazard ratio; MRD: minimal residual disease; EC: endothelial cell.

4. Discussion

BCP-ALL consists of a malignant expansion of B-cell precursors blocked at relatively
early stages of maturation, caused by various genetic drivers and altered genomic pro-
files [33]. For decades, major efforts have been focused on detailed characterization of the
genetic events that affect blast cells in BCP-ALL for better understanding of the ontogeny
and heterogeneous clinical behavior of this group of diseases, and identifying more efficient
therapies [34]. Despite this, an increased number of evidences point out the potential
existence of a multifactorial interplay between an underlying genetic predisposition and
an altered interaction between the tumor cell, normal residual hematopoiesis, and the BM
microenvironment, favoring the development of BCP-ALL and its clonal evolution and
expansion as well as resistance to therapy, persistence of residual disease, and eventually
also disease relapse [5,11,28]. In this study, we investigated for the first time the BM stromal
cell regeneration profile and the relative distribution of MSC and EC in BM of a large cohort
of children and adults with BCP-ALL studied both at diagnosis and during treatment,
compared with normal/reactive BM. Our ultimate goal was to determine the potential
relationship between the BM stromal cell regeneration profile and both the MRD status and
patient outcome.
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Several studies have previously reported that hematopoietic niches become sanctuaries
where leukemia cells can be protected from the effects of chemotherapy and, thereby, ac-
quire a resistant phenotype [35–38]. For instance, deletion of the IKZF1 gene in BCR-ABL1-
positive BCP-ALL patients has been shown to not confer in vitro resistance to chemotherapy
on its own, although resistance might occur due to new interactions between the leukemia
cells presenting IKZF1 deletion and their BM microenvironment [38]. These findings are in
line with other observations that indicate that leukemia cells might even be able to modify
and remodel the BM niches to support their survival and proliferation [35–37].

Several research groups have investigated and characterized the BM stroma of patients
with a broad variety of distinct hematological malignancies [5,14,15,23,26,39]. Despite
this, in most of those studies, in vitro expansion of stromal cells was used prior to their
characterization, which may modify their immunophenotypic, functional and/or even,
genetic characteristics, leading to conflicting results in the literature regarding the altered
features of, e.g., BM MSC in BCP-ALL and other hematological malignancies [40–42]. Only
a few studies have so far characterized the ex vivo immunophenotype of normal BM MSC
and EC, but in diseases other than BCP-ALL [43–45].

Recently, the EuroFlow consortium developed a standardized and high sensitive
next-generation flow cytometry (NGF) assay for MRD monitoring in BCP-ALL [31]. The
high number of BM cells evaluated and the specific combination of markers (CD45, CD81,
CD73, CD34 and CD10) [45–49] allowed accurate ex vivo identification/quantification of
minor populations of BM cells such as MSC and EC, simultaneously with MRD. In order
to verify if such markers can be routinely used to specifically identify MSC and EC, we
tested them in combination with other stromal cells-associated markers, such as CD271,
CD90, and MSCA-1, in addition to CD81, CD10, CD34, CD19, and CD45 [45]. Once we
stained BM samples with these markers in parallel to the EuroFlow BCP-ALL MRD panel,
we could clearly demonstrate that BM stromal cells can be unequivocally detected with
the later panel, based on high expression of CD73 and CD81 in the absence of CD45 and
other hematopoietic markers (i.e., CD19, CD66c, CD123, CD38, and CD20). Within these
BM stromal cells, the two minor populations of CD10+ CD34− MSC and CD10− CD34+ EC,
could also be further accurately discriminated, as previously described [45–51].

Further analysis of the distribution of both populations of MSC and EC in BM showed
that they are systematically present at low frequencies in both childhood and adult nor-
mal/reactive BM, in line with previous observations of MSC in normal BM and EC in BM
from patients with, i.e., alcoholic liver cirrhosis and myelodysplastic syndromes [45,52–54].
In our study, significantly lower numbers of BM stromal cells were detected in adult vs.
childhood normal/reactive BM samples, which might reflect the impact of aging in the BM
stroma in parallel to the changes in hematopoiesis [3,4]. Despite this, a similar proportion
of MSC and EC was observed within the BM stromal cell compartment in children vs.
adults. In contrast, BM samples from BCP-ALL patients studied at diagnosis were virtually
depleted of stromal MSC and EC, except for a minor subset of adult BCP-ALL patients.
However, this may be due to the relatively lower numbers of cells analyzed at diagnosis
in the context of massive infiltration by leukemia cells, pointing out the need for further
prospective studies with millions of BM cells also studied at diagnosis.

In contrast to diagnostic BM, we identified the presence of stromal cells in the vast
majority of BCP-ALL evaluated during treatment, which progressively increased over
normal values from day +15 to day +33 and day +78. Of note, at day +15 of therapy,
abnormally low or undetected stromal cell counts vs. normal/reactive BM, were found in
children with BCP-ALL, which is most likely due to the chemotherapy-induced BM aplasia,
expected at the early phases of treatment, and the potential effect of hemodilution on the
distribution of these cells [55,56]. Conversely, increased numbers of total stromal cells were
observed in BM from children at day +33 after therapy, reaching normal values at day +78
after therapy. These results are consistent with previous in vitro studies concerning MSC
in childhood BCP-ALL BM, in which chemotherapy did not seem to the hamper isolation
of these cells during treatment [39]. In contrast, BM stromal cells from adult BCP-ALL
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BM appear to be systematically not affected at the very early phases of chemotherapy,
with persistently increased percentages of stromal cells (vs. normal/reactive adult BM)
throughout treatment. These results may reinforce the potential involvement of the mi-
croenvironment in the maintenance of leukemia BM niches in adult BCP-ALL outcome
vs. childhood patients [35–38,57]. Based on this hypothesis, a close association would be
expected between the stromal cells counts and the BM MRD status. However, no significant
differences were found between the distribution of stromal MSC and EC according to the
BM MRD status in childhood vs. adult BCP-ALL.

In order to gain further insight into the potential role of BM stromal cells on the out-
come of BCP-ALL, we investigated the prognostic impact of the distribution of such cells in
childhood BCP-ALL at different time points after starting therapy, compared to other well-
established prognostic factors such as MRD [32,58–69] and tumor cytogenetics [70–74]. In-
terestingly, our results showed that increased percentages of EC within stromal cells found
at day +78 of therapy identified a poorer prognosis subgroup of childhood BCP-ALL,
independently of the BM MRD status. A combined assessment of the MRD status and the
percentage of EC within stromal cells at day +78 proved to be the most powerful combina-
tion of independent prognostic factors for predicting DFS in the discovery and validation
cohorts of childhood and adult BCP-ALL patients analyzed. In the last decades, multiple
studies have systematically shown the prognostic value of the BM MRD status in both child-
hood and adult BCP-ALL, independently of the therapeutic protocols used [65–69,75,76].
This has led to the progressive incorporation of the BM MRD status on prospective clinical
trials and other treatment protocols with a significant benefit to patient survival. Among
other, day +78 MRD has emerged as one of the most informative time points for predicting
patient outcome. In contrast, the role of the BM microenvironment, particularly of stromal
cells such as MSC and EC on determining response to therapy and outcome of BCP-ALL
patients remains to be investigated.

To the best of our knowledge, this is the first time in which the increase in EC (with
a decrease in MSC) within the BM stroma of treated BCP-ALL patients is associated with
a poorer prognosis. Despite the specific mechanisms involved deserving further inves-
tigations, it might be hypothesized that such an unfavorable prognostic impact could
be due to the potential role of EC in supporting leukemia cell survival and prolifera-
tion, besides protecting them from chemotherapy-induced apoptosis [77,78] and/or the
down-regulated immunomodulatory and anti-tumoral role of the decreased MSC com-
partment [79,80]. Thus, previous studies have shown that activation of EC promote their
adhesion to leukemia cells, a condition that also confers both a proliferative advantage
and a decreasing susceptibility to chemotherapy to the leukemia cells [78]. In turn, the
increased numbers of EC in BM may also reveal an underlying increased neoangiogenesis
in these patients [14], similarly to what has been reported in acute myeloblastic leukemia
(AML), where EC appears to trigger (or be associated with) inflammatory responses related
with the activation of leukemia cell and disease progression [81]. In line with these findings,
more recent studies suggested that specific IKZF1 gene alterations may also induce an
increased adhesion of BCP-ALL BM blast cells to their microenvironment, which would
contribute to the activation of cell signaling pathways that contribute to leukemia cell
resistance against chemotherapy [37]. Whether the IKZF1 alteration status is associated or
not with increased EC cell percentages (and also decreased MSC) among stromal cells in
BCP-ALL still remains to be elucidated.

5. Conclusions

In this study, we describe for the first time the treatment-associated BM regeneration
profile of stromal cells (MSC and EC) in children vs. adult BCP-ALL patients and their
relationship with the BM MRD status and patient disease free-survival. Overall, our results
show that the combined assessment of the BM MRD status and the percentage of EC
within BM stromal cells at day +78 of therapy emerges as a novel powerful combination of
prognostic factors for risk stratification of both children and adult BCP-ALL patients treated
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with (different) currently used chemotherapy-based regimens. Further investigations in
larger independent series of childhood and adult BCP-ALL patients are required to better
understand the mechanisms involved in determining the association reported here between
the composition of the BM stromal cell compartment during therapy and the outcome of
BCP-ALL patients.
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