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Abstract Previously we identified B-cell lineage leukemic
lymphoblasts as a new expression site for subunit A of blood
coagulation factor XIII (FXIII-A). On the basis of FXIII-A
expression, various subgroups of B-cell precursor acute lym-
phoblastic leukemia (BCP-ALL) can be identified. Fifty-five
children with BCP-ALL were included in the study. Bone
marrow samples were obtained by aspiration and the presence
of FXIII-A was detected by flow cytometry. G-banding and
fluorescent in situ hybridization was performed according to
standard procedures. The 10-year event-free survival (EFS)
and overall survival (OS) rate of FXIII-A-positive and
FXIII-A-negative patients showed significant differences
(EFS: 84% vs. 61%, respectively; p = 0.031; OS: 89% vs.
61%; p = 0.008). Of all the parameters examined, there was
correlation only between FXIII-A expression and ‘B-other’
genetic subgroup. Further multivariate Cox regression analy-
sis of FXIII-subtype and genetic group or ‘B-other’ subgroup
identified the FXIII-A negative characteristic as an indepen-
dent factor associated with poor outcome in BCP-ALL. We
found an excellent correlation between long-term survival and
the FXIII-A-positive phenotype of BCP lymphoblasts at

Bettina Kérai and Zsuzsanna Hevessy contributed equally to this study.

Electronic supplementary material The online version of this article
(doi:10.1007/512253-017-0236-0) contains supplementary material,
which is available to authorized users.

>4 Csongor Kiss
kisscs @med.unideb.hu

Department of Laboratory Medicine, Faculty of Medicine,
University of Debrecen, Nagyerdei krt 98, Debrecen 4032, Hungary

Department of Pediatric Hematology and Oncology, Institute of
Pediatrics, Faculty of Medicine, University of Debrecen, Nagyerdei
krt 98, Debrecen H-4032, Hungary

presentation. The results presented seem to be convincing
enough to suggest a possible role for FXIII-A expression in
the prognostic grouping of childhood BCP-ALL patients.
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Introduction

Acute lymphoblastic leukemia (ALL) is the most common
malignant childhood disease, afflicting approximately 50—60
children in Hungary annually. Due to some successful clinical
trials for childhood B-cell precursor ALL (BCP-ALL), in
which Hungary also participated, disease outcome has im-
proved significantly in the last 20 years [1-3]. These clinical
trials introduced risk-tailored treatment intensity. The classifi-
cation of patients is based not only on such conventional risk
factors as age and initial white blood cell (WBC) count but
also on genetic alterations and early responses to individual
treatment. The International Berlin-Frankfurt-Miinster Study
Group (I-BFM-SG) incorporated two genetic alterations asso-
ciated with poor outcomes (1(9;22)/BCR-ABLI and MLL gene
rearrangement) into the BFM ALL-IC 2002 protocol
(Table 1). A few years later several recurrent genetic alter-
ations which determine distinct BCP-ALL subgroups were
included in the World Health Organization (WHO 2008) clas-
sification (t(12;21)/TEL-AML 1, hyperdiploidy, hypodiploidy,
t(5;14)/IL3-IGH and t(1;19)/TCF3-PBX1) [4]. With the grow-
ing number of primary and secondary genetic alterations iden-
tified recently as prognostic factors, WHO introduced two
provisional entities in 2016: BCP-ALL with
intrachromosomal amplification of chromosome 21 and B-
ALL with translocations involving tyrosine kinases or cyto-
kine receptors (‘BCR-ABLI-like ALL’) [5-7].
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Table 1  Risk stratification of the BFM ALL-IC 2002 protocol [3]
Risk group Basis for stratification
Standard Risk (SR) + Early treatment response: prednisone-good responders (less than 1 x 10%/L blast in peripheral blood on day 8)

* Age: 1-6 years

« WBC: initial WBC less than 20 x 10°/L

* BM status:

M1 (less than 5% blasts) or M2 (5% - 25% blasts) marrow on day 15 M1 marrow on day 33

all criteria must be fulfilled
Intermediate Risk (IR)

* Early treatment response: prednisone-good responders

» Age: younger than 1 year or age 6 years or older
* WBC: initial WBC more than 20 x 10°/L

* BM status:
M1 or M2 marrow on day 15
M1 marrow on day 33

SR criteria but M3 (more than 25% blasts) marrow on day 15 and M1 marrow on day 33

High Risk (HR)

« Early treatment response: prednisone-poor responders (more than 1 x 10°/L blast in peripheral blood on day 8)

* IR and M3 marrow on day 15, M2 or M3 marrow on day 33
*t(9;22) (BCR-ABL), or t(4;11) (MLL-AF4)

at least one criteria must be fulfilled

Since minimal residual disease (MRD) during induc-
tion therapy proved to be a powerful independent pre-
dictor of outcome, MRD has come to play a role in risk-
group stratification [8§—10]. In the BFM ALL-IC 2002
protocol, the assessment of MRD was based on morpho-
logical examination (Table 1) [3], but subsequently sev-
eral study groups, including the BFM ALL-IC working
group, preferred the flow cytometric (FC) method in-
stead [11-13]. The determination of MRD by FC meth-
od could become part of international trials due to the
intensive standardization efforts [14, 15]. The sensitivity
of the FC-MRD method depends on the presence of
leukemia-associated immunophenotypes (LAIPs).
Certain LAIPs may endow lymphoblasts with special
characteristics influencing disease outcome [16].
Participating in the pilot FC-MRD estimation project of
BFM ALL-IC 2002, our center determined MRD level
in day-15 bone marrow samples of all patients diagnosed
with ALL in our laboratory [13].

Using flow cytometry, we confirmed that the expres-
sion of subunit A of blood coagulation factor XIII (FXIII-
A) was a sensitive intracellular marker for the classifica-
tion of acute myeloid leukemias (AML) [17-19].
Moreover, the lack of expression of FXIII-A in acute
promyelocytic leukemia was associated with an unfavor-
able outcome [20]. Previously we identified B-cell lineage
leukemic lymphoblasts as a new expression site for FXIII-
A [21]. A subset of BCP-ALL patients was characterized
by the intracellular expression of FXIII-A, whereas nor-
mal peripheral blood B lymphocytes as well as normal B
lymphoid precursors in the bone marrow were devoid of
FXIII-A labeling [19]. The exact role of FXIII-A in ma-
lignant cells is still unclear, but this aberrant expression is
a characteristic LAIP in BCP-ALL, and it may suggest the
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existence of a prognostically different subgroup of BCP-
ALL patients. The present study aimed to investigate ret-
rospectively FXIII-A expression as a possible prognostic
marker in childhood BCP-ALL among patients treated in
two centers according to the BFM ALL-IC 2002 protocol.

Patients and Methods
Patients

We retrospectively analyzed the results of 48 consecutive
BCP-ALL cases of children aged between 1 and 19 and
diagnosed from April, 2003 to March, 2011 at the
University of Debrecen as well as 7 test samples of sim-
ilar patients from the Borsod-Abautj-Zemplén County
Hospital and University Hospital with excess diagnostic
bone marrow. The patients were treated according to BFM
ALL-IC 2002 protocol [3]. The bone marrow samples
were obtained by aspiration in the course of routine diag-
nostic interventions and were anticoagulated with EDTA.
Diagnostic bone marrow was analyzed in the case of all
55 patients, while day-15 bone marrow was examined in
the case of 42 children as part of the follow-up.

We conducted the study adhering to the Declaration of
Helsinki. Written informed consent was obtained from
parents/legal guardians to include these children in the BFM
ALL-IC 2002 trial, which encompassed immunophenotype
analyses by FC and genetic investigations.

Flow Cytometry Studies

Flow cytometric measurements were performed on a
FACSCalibur flow cytometer (Becton Dickinson, San



FXIIA Expression Correlates with Outcome in Childhood ALL

347

Jose, CA), using four-color labeling. Surface and cyto-
plasmic staining was performed according to standard
protocols with the following monoclonal antibodies:
CD10-FITC, CD19-APC, CD20-FITC, CD34-FITC,
CD34-PerCP, CD38-PE, CD45 PerCP, k-FITC, A-PE
(Becton Dickinson, San Jose, CA); CD58-FITC, CD66¢-
PE (Beckman Coulter, Brea, CA); CD10-PE, CD79«-PE,
TdT-FITC, IgM-PE (DAKO, Glostrup, Denmark).
Generation and labeling of mouse monoclonal antibodies
against FXIII-A was carried out as previously described,
utilizing a fluorescent isothiocyanate (FITC) labeling kit
(Sigma, St. Louis MO) [22]. The “positivity” of the blasts
for a certain immunophenotype marker was declared
based on the 20% cut-off limit of labeling. MRD detec-
tion was a pilot project (“Mini-mini project”) of the BFM
ALL-IC 2002 clinical trial, 300,000 events were acquired
for this purpose [13]. Data were obtained and analyzed by
CellQuest 3.2 and FACS Diva software, both procured
from Becton Dickinson, San Jose, CA.

Chromosome Analysis and FISH

G-banding was performed according to standard proce-
dures. Karyotypes were described according to the
International System of Human Cytogenetic
Nomenclature [23]. Fluorescence in situ hybridization
was carried out on cell suspension samples used for chro-
mosome preparations according to the manufacturer’s in-
structions, using LSI MLL DC, BA; LSI BCR/ABL DC,
DF and TEL/AMLI DC, SF, ES translocation probes (all
from Abbot/Vysis, Downers Grove, IL). Cells were coun-
terstained with DAPI (4,6-diamidino-2-phenylindole). In
general, 200 interphase cells were counted in each case.
The images were captured by a Zeiss Axioplan2 (Carl
Zeiss, Zaventem, Brussels) fluorescence microscope and
analyzed by ISIS software (Metasystems, Altlussheim,
Germany). Patients were assigned to genetic risk catego-
ries according to WHO recommendations [4]. The low-
risk group included patients with t(12;21)/TEL-AMLI
and high hyperdiploidy. The intermediate-risk group in-
cluded the ‘B-other’ group (patients without recurrent ge-
netic abnormalities, such as t(9;22)/BCR-ABLI, KMT2A
(MLL) rearrangements, t(12;21)/TEL-AMLI, t(1;19)/
TCF3-PBXI or high hyperdiploidy) and patients with
t(1;19)/TCF3-PBX]I. Finally, the high-risk group consisted
of patients with t(9;22)/BCR-ABLI or KMT2A (MLL) re-
arrangements. In our study there were no patients with
t(5;14)/IL3-IGH or hypodiploidy.

Statistical Analysis

Data distribution was evaluated by the Shapiro-Wilk test.
To compare two groups, we used Student’s t-test for

parametric and Mann-Whitney U test for non-
parametric data. A statistically significant difference
was defined as a p-value <0.05. Pearson’s Chi square
test was applied to assess association between two cate-
gorical variables and logistic regression to analyze asso-
ciation between multiple variables.

We compared the disease outcome for patients with
FXIII-A-positive and FXIII-negative B-lymphoblasts up-
on diagnosis. The duration of event-free survival (EFS)
was measured from the time of diagnosis of ALL until
the date of first relapse, death from any cause, or the date
of last contact for all event-free survivors. Overall surviv-
al (OS) was calculated retrospectively from the date of
diagnosis to the date of the last follow-up or death from
any cause. Survival analyses were done using the
Kaplan-Meier survival estimator, survival curves were
compared by log-rank test. Hazard ratio (HR) and 95%
CI were estimated by Cox proportional hazard model
analysis. Statistical analysis was performed with SPSS
20.0 statistical program.

Results

Of the 55 common ALL patients enrolled in the study, 18
exhibited FXIII-A-negative lymphoblasts and 37 showed
FXIII-A positivity. There were different patterns of FXIII-
A expression (Fig. 1). The FXIII-A positivity of the blasts
was declared based on the 20% cut-off limit of labeling.
The correlation between FXIII-A content of lymphoblasts
and clinicobiological parameters are shown in Table 2.
Importantly, the classical prognostic markers (age and ini-
tial WBC count) did not show significant differences be-
tween the FXIII-A-positive and FXIII-A-negative patient
groups. The ratio of poor prednisone response, however,
was slightly higher in the FXIII-A-negative group than in
the FXIII-A-positive one (29% vs. 5.7%), although this
difference was statistically not significant.

We examined the relationships between FXIII-A ex-
pression and the other categorical variables: age (youn-
ger/older than six years), initial WBC count (higher/lower
than 20 x 10/L), prednisone response, FC and genetic
risk categories, including the ‘B-other’ genetic group.
Among the categorical variables, the distribution of the
‘B-other’ genetic group differed significantly in the
FXIII-A-positive and -negative groups (OR: 7.1; 95%
CI: 1.7-29.1; p = 0.006) (Fig. 2). The multivariate logis-
tic regression analysis confirmed the association between
the FXIII-A characteristics and the ‘B-other’ group (OR:
7.1; 95% CI: 1.7-29.1; p = 0.006). This association
persisted even after adjusting for initial parameters such
as age and WBC count (OR: 7.8; 95% CI:. 1.8-34.7,
p = 0.007) (Table 3a).
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Fig. 1 Patterns of FXIII-A expression in leukemic lymphoblasts.
Negative pattern (a) was defined below 20%, intermediate positive ex-
pression (b) between 20% and 80% and strong positive (¢) expression of

The manifestation of FXIII-A in leukemic lympho-
blasts correlated with better EFS and OS of children with
BCP-ALL (Fig. 3, p = 0.031 and p = 0.008, respectively).
The ratio of 10-year EFS and OS were significantly
higher in the FXIII-A-positive patient group (84%, 95%
CI: 67.4-92.4 and 89%, 95% CI: 73.7-95.8, respectively)
than in the FXIII-A-negative patient group (61%, 95% CI:
35.3-79.2 and 61%, 95% CI: 35.3-79.2). Since we found
an association between FXIII-A expression and the ‘B-
other’ group and both EFS and OS showed differences
not only for FXIII-A positivity but also for ‘B-other’

Table 2 Clinical variables of children with precursor B-cell ALL. On
the basis of FXIII-A expression of lymphoblasts, we assigned the patients
to FXIII-A-positive and FXIII-A-negative groups (cut-off at 20%).
Patients were classified according to the status of minimal residual dis-
ease detected by flow cytometry (FC) at day 15. FLR: flow-low-risk

FXIII-A over 80% positivity of leukemic lymphoblasts. Red dots: B-
lymphoblasts; green dots: normal B cells

characteristics (EFS p = 0.058, OS p = 0.021) (Online
Resource 1), we performed multivariate Cox regression
analysis to evaluate the role of FXIII-A expression in
the prediction of survival. In the Cox model, including
either parameter and adjusting initial prognostic parame-
ters (age and WBC), the FXIII-A character had the most
potent effect on OS (HR: 4.8; 95% CI: 1.2-19.2;
p = 0.025) (Online Resource 2). This result was supported
by another uni- and multivariate analysis where the mul-
tivariate model included FXIII-A expression, genetic risk
groups, and initial parameters, and both EFS and OS

(blasts < 0.1%), FMR: flow-medium-risk (blasts 0.1%—10%), FHR:
flow-high-risk (blasts >10%), NA: not assessed. Genetic risk categories,
‘B-other’cytogenetic group, and risk groups were defined following in-
ternational guidelines and ALL IC-BFM 2002 (see text). SR: standard
risk, IR: itermediate risk, HR: high risk

All FXIII-A-positive FXIII-A-negative

Number of patients 55 37 18
Age (years) 4.7 (1.3-17.9) 4.8 (1.3-17.9) 47(1.7-17.1)
Sex (female/male) 32/23 21/16 11/7
WBC (x10°/L) 8.5 (0.8-637.8) 8.9 (0.8-637.8) 8.1 (1.3-186.2)
Poor prednisone response 6 (12%) 2 (5.7%) 4 (29%)
Risk group as defined BFM ALL IC 2002 (SR/IR/HR/NA) 18/24/9/4 14/16/3/4 4/8/6/—
Genetic risk categories (low/intermediate/poor) 34/18/3 27/8/2 7/9/1
Recurrent genetic categories

t(12;21)/TEL-AM/L1 16 (30%) 13 (36%) 3 (18%)

high hyperdiploidy 17 (32%) 13 36%) 4 (24%)

t(1; 19)/TCF3-PBX1 5 (9%) 4 (11%) 1 (6%)

MLL translocation 2 (4%) 1 3%) 1 (6%)

t(9;22)/BCR-ABLI 1 (2%) 1 (3%) 0 (0%)
‘B-other’ 12 (23%) 4 (11%) 8 (47%)
FC risk categories (FLR/FMR/FHR/NA) 17/19/6/13 12/16/2/7 5/3/4/6
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p=0.006
OR=7.1 (95% CI=1.7- 29.1)
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Fig. 2 The relationship between FXIII-A expression profile and genetic
classification. The distribution of patients in the various genetic groups
differed significantly in terms of FXIII-A profile using Chi square test.
Recurrent genetic abnormalities: BCR-ABLI, MLL gene rearrangements,
ETV6-RUNXI (TEL-AMLI), E2A/PBX1 and high hyperdiploidy

showed significant differences only for FXIII-A expres-
sion (HR: 3.6, 95% Cl: 1.2-11.3, p = 0.027; HR: 5.6,
95% Cl: 1.5-20.12, p = 0.009 respectively) (Table 3b).
These results suggest that FXIII-A expression is an inde-
pendent prognostic factor, and the poor outcome associat-
ed with FXIII-A negativity was not merely the result of its
association with the ‘B-other’ characteristic, whose
unfavourable effect on survival is well-known.

As expected, the assessment of EFS and OS in the
prognostic groups based on day-15 FC-MRD classifica-
tion indicated significantly better EFS and OS in the low

Table 3  Analysis of FXIII-A and multiple predictor variables by mul-
tivariate logistic regression (a) and Cox-regression (b) The association
between FXIII-A expression and ‘B-other’ characteristics was analysed
by logistic regression. Adjusting this model for confounders (age and

(MRD < 0.1%, flow low risk, FLR) and the intermediate
FC-MRD risk group (MRD 0.1-10%, flow medium risk,
FMR) compared to the high FC-MRD risk group
(MRD > 10%, flow high risk, FHR): p = 0.01 for both
EFS and OS between FLR and FHR; p = 0.01 for EFS
and p = 0.004 for OS between FMR and FHR (Online
Resource 3).

Discussion

The intracellular A subunit of FXIII is normally present in
monocytes, megakaryocytes and platelets [24]. We detect-
ed the intracellular expression of FXIII-A in a subset of
BCP-ALL patients with flow cytometry, immunoblotting,
and confocal laser scanning microscopy, whereas the nor-
mal counterparts of these pathological cells in healthy
bone marrow were devoid of FXIII-A labeling [19, 21].
The aberrant FXIII-A expression in lymphoblasts may
suggest the existence of a new, distinct subpopulation of
BCP-ALL cases. In this study, both EFS and OS differed
significantly according to FXIII-A expression character:
FXIII-A positivity was associated with favorable out-
come. Although the role of FXIII in blood coagulation
and wound healing is well-known [24-27], the function
of the intracellular enzyme has not yet been fully under-
stood. According to the results of recent studies on the
function of intracellular FXIII-A in monocytes/
macrophages and megakaryocytes/platelets, FXIII-A may
have a role in connecting lymphoblasts and bone marrow
stromal cells [28-32]. It might be hypothesized that, in
the absence of FXIII-A expression, the migration of lym-
phoblast from the osteoblastic niche — located on the inner

white blood cell count (WBC) at the diagnosis) resulted in significant
difference (p = 0.007) and higher Odds ratio (7.8) (A). We examined
the effect of unadjusted and adjusted (age and WBC at the diagnosis)
FXIII-A and genetic group models for survival using Cox regression (B)

a

P value Odds ratio 95°A) Confidence interval
FXIII-A and ‘B-other” model 0.006 7.1 1.7-29.1
adjusted FXIII-A and ‘B-other’ model ~ 0.007 7.8 1.8-34.7
b
EFS oS
Pvalue Hazard ratio  95% Confidence interval P value Hazard ratio  95% Confidence interval
Univariate analysis
FXIII-A 0.041 3.12 1.05-9.32 0.016 45 1.3-15.5
genetic risk group 0.063 2.1 0.96-4.4 0.057 22 0.98-5.04
Multivariate analysis model (FXIII-A and genetic risk group, age, WBC)
FXIII-A 0.027 3.6 1.2-11.3 0.009 5.6 1.5-20.12
genetic risk group 0.24 1.7 0.74.1 0.23 1.8 0.7-4.9
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Fig. 3 The prognostic value of FXIII-A expression of lymphoblasts in children with B-cell precursor ALL. Kaplan-Meier plots of event-free (a) and
overall survival (b) showed significant difference between the FXIII-A-positive and FXIII-A-negative groups (p = 0.031 and p = 0.008)

surface of the bone cavity — to the vascular niche —
consisting of sinusoidal endothelial cell lining of blood
vessels — may be hindered [33]. This way, FXIII-A-
negative lymphoblasts may be retained in the osteoblastic
niche and protected from immune- and/or chemotherapeu-
tic drug-mediated cell death, which process is more pro-
nounced in the vascular niche. Furthermore, our results
may provide a different explanation for the poor outcome
of FXIII-A-negative cases. Patients assigned to the ‘B-
other’ genetic subgroup displayed significantly more of-
ten FXIII-A-negative lymphoblasts according to both the
uni- and the multivariate analysis, suggesting that FXIII-
A-negative cases require a detailed molecular genetic
evaluation. Recently several studies have focused on the
examination of ‘B-other’ ALL. Approximately 50% of
‘B-other’ ALL cases were classified as BCR-ABLI-like
ALL, which is associated with a 5-year EFS of 60%,
similarly to that observed in BCR-ABLI—positive BCP-
ALL [6, 34, 35]. IKZF1 deletion, which is a secondary
abnormality, often occurs in ‘B-other’ ALL alone or in
association with other abnormalities, such as BCR-ABLI-
like characteristics [36]. BCR-ABLI-like cases can be
identified by gene expression profile examination and
copy number alterations determined by multiplex
ligation-dependent probe amplification (MLPA), which
are too time-consuming and expensive methods [6] to be
used in daily routine. Establishing the FXIII-A expression
profile by FC may prove to be a cost-efficient and easy-
to-perform assay for the pre-selection of cases requiring
more sophisticated analysis.

The present study has several limitations. We wanted to
examine a homogenous population of children with BCP-
ALL, yet we found for our retrospective analysis only a
relatively small sample of 55 patients enrolled in the BFM
ALL-IC 2002 clinical trial. Furthermore, we had suitable
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DNA samples only from a limited number of patients, and
we did not collect RNA samples to be examined by mod-
ern methods such as gene expression profiling or MLPA.
Therefore, we were unable to investigate the hypothetical
correlation between the lack of FXIII-A expression and
BCR-ABLI-like ALL.

In conclusion, we found an excellent correlation be-
tween long-term survival and the FXIII-A-positive phe-
notype of lymphoblasts, which proves that FXIII-A ex-
pression character in lymphoblast is not only a useful
LAIP but also a powerful prognostic factor in childhood
BCP-ALL. In addition, FXIII-A expression is associated
with the ‘B-other’ characteristics, therefore, FXIII-A can
help to identify those cases that may require further de-
tailed genetic examination using expensive methods. The
retrospective results obtained from this cohort of patients
treated in two BFM ALL-IC 2002 centers should be
confirmed by a larger, prospective analysis involving
several centers participating in the ongoing BFM ALL-
IC 2009 clinical trial.
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