
36

                                                                                                                                                                                 Cell. Mol. Biol. (ISSN: 1165-158X)

1. Introduction
B-cell acute lymphoblastic leukemia (B-ALL) is the 

most frequent malignant neoplasm in children. Its inci-
dence in Latin America and Caribbean is 191 patients per 
million inhabitants per year in 2022; in Mexico, this inci-
dence is 150 new cases each year in the last 18 years [1–4].

Despite the good initial response to chemotherapeutic 
treatment, a high percentage of patients tend to relapse 
into the disease; therefore, it is necessary to monitor the 
MRD (presence of 1 blast cell in one million of normal 
blood cells) to determine response to therapy [5]. Moni-
toring requires repeated biopsies, which are considered 
invasive, painful, and impractical methods; therefore, new 
alternatives and minimally invasive procedures have re-
cently been proposed for the identification of biomarkers 

that can provide the necessary and adequate information 
to diagnose and monitor MRD in patients with leukemia 
[6, 7].

Among the recently recommended technologies, the 
detection of circulating cell-free DNA (ccf-DNA), also 
known as "liquid biopsy", provides a non-invasive and ap-
parently more reliable molecular diagnosis than conven-
tional biopsy. In this latter test, only part of the tumor is 
analyzed, whereas with ccf-DNA detection it is possible to 
obtain a cellular sample from both the primary tumor and 
metastases [8].

Liquid biopsy has several advantages: it is an easier, 
faster, and less invasive sampling that can be performed 
repeatedly to achieve follow-up and monitoring of MRD 
during and after treatment, as well as to predict the oc-
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currence of acquired resistance to therapeutic agents [8]. 
The detection of ccf-DNA appears to be an accurate, sensi-
tive, and non-invasive test for the recognition of malignant 
cells, but its efficacy in detecting different types of leuke-
mia has yet to be verified and validated [9–11].

Furthermore, the development of emerging technolo-
gies such as digital PCR, nanopore sequencing, microflu-
ids, and advanced sequencing techniques has significantly 
enhanced the detection and analysis of ccf-DNA in pa-
tients with B-ALL. These innovative methodologies have 
increased the sensitivity and specificity of ccf-DNA liquid 
biopsies, enabling more precise and minimally invasive 
MRD monitoring. Such progression can lead to earlier 
diagnoses and more effective treatments [9, 10, 12, 13]. 
This work aims to provide further insight into the use of 
ccf-DNA as a biomarker for the diagnosis and follow-up 
of MRD in patients with B-ALL.

2. Materials and methods
Samples from 10 patients with B-ALL were included (3 

males and 7 females between 2 and 10 years of age), di-
agnosed by international criteria and by those established 
at the Pediatric Hospital of the Centro Médico Nacional 
de Occidente (CMNO) in Guadalajara, Mexico. Three pe-
ripheral blood and bone marrow samples were obtained 
from each patient: 1. at the time of diagnosis (before any 
treatment); 2. at the conclusion of the remission induction 
phase (1 month); and 3. during the maintenance phase 
(12th month). In all cases, blood and bone marrow samples 
were aliquots of the samples obtained by the Hematology 
Service for routine analysis of these patients. Clinical and 
laboratory information was collected from the medical re-
cords. The reference group included 10 healthy individu-
als of indistinct sex and ages ranging from 0 to 15 years, in 
whom the ccf-DNA concentration and the integrity index 
were established. The study was approved by the Ethics 
and Research Committees of the Mexican Institute of So-
cial Security (R-2018-785-001). All participants parents 
signed informed consent, and an epidemiological ques-
tionnaire allowed us to collect sociodemographic data.

2.1 Sample collection and ccf-DNA isolation
5 mL of peripheral blood was collected in tubes with 

EDTA-K2 and processed within the first hour. Plasma sep-
aration was achieved by double centrifugation (1900 x g 
for 15 min and 1500 x g for 10 min) and stored at -80 °C 
until use. Isolation of ccf-DNA was achieved from 1 mL of 
plasma by the QIAamp circulating nucleic acid kit (QIA-
GEN Science, Inc., USA), according to the manufacturer's 
instructions.

About the concentration and integrity index, the to-
tal ccf-DNA concentration was estimated by Qubit® 
fluorometry using the dsDNA HS Assay Kit (Invitrogen, 
Carlsbad, CA) as stated in the manufacturer's instructions. 
The integrity index was obtained by q-PCR amplification 
of the ALU247/ALU115 fragments using the primers de-
scribed by Umetani et al. [14]  and the FastStart SYBR 
Green Master Kit (Roche, Mannheim, Germany), with 
precycling heat activation of DNA polymerase at 95  °C 
for 10 min, followed by 35 cycles of denaturation at 95 °C 
for 30 s, annealing at 65 °C for 30 s, and extension at 72 
°C for 30 s. The absolute equivalent amount of ccf-DNA 
in each sample was determined by a standard curve with 
serial dilutions of 1 ng/uL to 1 pg/uL (1000 ng/mL - 1 ng/

mL) of genomic DNA.
In order to compare the values of both ccf-DNA con-

centration and integrity index with the results of a "gold 
standard" methodology, monoclonal rearrangements in 
the immunoglobulin heavy chain gene (VDJH-DJH) were 
quantified by multiplex PCR in bone marrow samples, fol-
lowing the protocol established by the BIOMED-2 Con-
certed Action BMH4-CT98-3936 and EuroClonality [15]. 
Subsequently, detection of the amplified fragments was 
performed by capillary electrophoresis on an Applied Bio-
systems™ ABI Prism 310 equipment and then analyzed 
using Peak Scanner© V 1.0 software (Thermo Fisher Sci-
entific).

2.2. Statistical analysis
A Mann-Whitney U test was used to compare DNA 

concentration and integrity index between patient and 
control groups. For longitudinal analysis of concentra-
tion, integrity index, and monoclonal cells, the Friedman 
test was used. When the p-value was significant, the Bon-
ferroni post hoc test was used for pairwise comparisons. 
ROC curves were performed to determine the diagnostic 
potential of ccf-DNA concentration or integrity index. All 
statistical analyses were performed in SPSS 25 and graphs 
in Graphpad Prism 8.0.1.

3. Results
The ccf-DNA concentration was determined by Qubit 

fluorometry in 30 blood samples obtained from 10 B-ALL 
patients with a mean age of 5 years, who were followed 
up during their treatment: at the time of diagnosis (sample 
1); at the end of induction treatment (sample 2); and at the 
12th month during maintenance treatment (sample 3). As 
a reference group, 10 healthy individuals with a mean age 
of 8 years were included. The results are shown in Table 1 
and Figure 1.

The identification of ccf-DNA fragments released by 
apoptosis or necrosis was carried out by amplification of 
ALU 115 and 247 sequences by q-PCR. The amplicons 
obtained by ALU 115 identify total ccf-DNA (released by 
both cell death processes), whereas ALU 247 amplicons 
only represent the long fragments of ccf-DNA released by 
necrosis. The proportion of these fragments determines the 

Fig. 1. Concentration of ccf-DNA in patients and reference group. a: 
Statistically significant differences (p=0.020) were observed between 
the mean concentrations of ccf-DNA samples from patients in the 
treatment phases (samples 1-3). Pairwise comparisons only showed 
significant differences between sample 1 vs. sample 2 (p=0.044), and 
sample 3 (p=0.022), but there was no statistical difference between 
samples 2 and 3 (p=0.50). b: ccf-DNA concentration between B-ALL 
patients at the diagnosis time and the reference group showed a sig-
nificant difference (p=0.001).
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tration and the cell monoclonality. In the concentration of 
ccf-DNA, the linear regression model explains the 58% 
of the variance of the data, and the equation of the model 
is: Concentration=-2469.75 * (sample) + 7354.11 (Figure 
5a); on the other hand, in the monoclonality analysis, the 
linear regression model explains the 79% of the variance 
of the data, and the equation of the model is: Monoclonal-

DNA integrity index in B-ALL patients at each treatment 
phase (Figure 2A) and versus the reference group (Figure 
2B).

The monoclonal rearrangements present in the immu-
noglobulin heavy chains (IGH gene) were amplified by 
q-PCR using 27 consensus primers in five multiplex re-
actions, following the protocol of the BIOMED 2 group, 
for the diagnosis and follow-up of the 10 patients studied. 
Quantification of monoclonal rearrangements was estab-
lished by Relative Fluorescence Units (RFU). Figure 3 
shows the statistically significant differences (p=0.001) 
found in the number of monoclonal rearrangements of the 
IGH gene during the three treatment phases of the patients 
studied. Paired analysis by treatment phases shows signifi-
cant differences between samples 1 and 2 (p=0.022) and 
between samples 1 and 3 (p=0.001). No differences were 
found between samples 2 and 3.

The ccf-DNA concentration showed a sensitivity and 
specificity of 100% with a cut-off from 376 ng/mL, while 
the integrity index has a sensitivity of 93.3% and specific-
ity of 100% with a cut-off from 0.22 and an area under the 
curve of 0.997 (Figure 4).

Regression analysis of the DNA samples during the 
treatment of patients with B-ALL (Figure 5) showed a ten-
dency to decrease the values of both the ccf-DNA concen-

Reference Group Patients Group
ccf-DNA in ng/mL / Monoclonality in RFU

Individuals ccf-DNA    
ng/mL

Diagnosis
ng/mL / RFU

Induction
ng/mL / RFU

Maintenance
ng/mL / RFU

C1 304 P1 572 / 8,128 1,132 / 287 688 / 61
C2 208 P2 520 / 9,323 1,416 / 5,841 406 / 383
C3 194 P3 3,500 / 7,494 938 / 138 *13,460 / 6,750
C4 354 P4 8,900 / 7,876 1,190 / 1,057 790 / 69
C5 268 P5 1,540 / 7,134 617 / 195 750 / 75
C6 246 P6 2,620 / 6,714 596 / 100 1,090 / 111
C7 176 P7 8,200 / 7,823 708 / 111 754 / 64
C8 340 P8 6,620 / 7,292 398 / 3,805 976 / 314
C9 108 P9 8,940 / 7,868 1,738 / 1,471 870 / 137
C10 273 P10 14,660 / 7,410 956 / 4,265 408 / 164

Mean concentration 247 5,607 / 7,706 968 / 1,727 748 / 153
*Patient 3, in the maintenance therapy phase, presented a blast crisis coinciding with the sampling. This value was not 
included when calculating the mean ccf-DNA in the maintenance phase

Table 1. Concentration of ccf-DNA (ng/mL) and cellular monoclonality (FRU) in the reference group and B-ALL patients 
by stages of treatment.

Fig. 2. ccf-DNA integrity index. A: No significant differences were 
found between the three samples obtained from patients at diagno-
sis and during their treatment. B: The ccf-DNA integrity index in the 
reference group versus B-ALL patients at diagnosis was statistically 
significant (p=0.0001).

Fig. 3. Detection of monoclonal rearrangements during the treatment 
of the B-ALL patients.

Fig. 4. ROC analysis. A: ccf-DNA concentration and B: ccf-DNA in-
tegrity index, calculated from the ALU 247/115 ratio. B: ccf-DNA 
integrity index, calculated from the ALU 247/115 ratio.
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ity= -3441.28 * (sample) + 10059.24 (Figure 5b).
In the follow-up of patients with B-ALL, we found 

a tendency to a decrease in ccf-DNA concentration and 
monoclonality values. In ccf-DNA concentration, the lin-
ear regression model explains 58% of the variance of the 
data, and the model equation is: Concentration=-2469.75 * 
(sample) + 7354.11 (Figure 5a). On the other hand, in the 
monoclonal analysis, the linear regression model explains 
79% of the variance of the data, and the model equation is: 
Monoclonality= -3441.28 * (sample) + 10059.24.

4. Discussion
Studies using ccf-DNA as a biomarker for diagno-

sis, prognosis, and follow-up of MRD in different types 
of cancer have multiplied in recent years; however, few 
studies have focused on the study of ccf-DNA in hemato-
logic malignancies [9–11]. Moreover, the restricted stud-
ies carried out for this purpose do not compare the results 
of ccf-DNA with other procedures used in the diagnosis 
and follow-up of these patients. This work aims to provide 
more information on the use of ccf-DNA as a biomarker 
for the diagnosis and follow-up of MRD in patients with 
B-ALL in our population.

According to most reports, the concentration of ccf-
DNA in patients undergoing a neoplastic process is higher 
than in other conditions. This is explained by the greater 
cell destruction within the tumor and the release of longer 
fragments (up to more than 10,000 bp) through the necrosis 
process [16–18]. In contrast, in healthy individuals, whose 
main source of ccf-DNA is apoptosis, smaller amounts of 
ccf-DNA (0-100 ng/mL) with shorter fragments (150-200 
bp) are released [14, 19].

The results obtained here show that the concentration 
of ccf-DNA was significantly higher in patients with B-
ALL (at the time of diagnosis) than in the reference group 
(Figure 1b); such a situation has already been reported in 
different studies and is explained by the fact that in neo-
plastic processes there is a higher release of non-apoptotic 
ccf-DNA [9, 14, 20–22]. Moreover, the concentration of 
ccf-DNA in these patients at the time of diagnosis was sig-
nificantly higher compared to the ccf-DNA found during 
the treatment phases in samples 2 and 3 (p=0.020) (Figure 
1a).

The concentration of ccf-DNA in all patients during 
their treatment behaves as expected, showing a progres-
sive decrease in its concentrations throughout the treat-
ment phases and a final concentration (sample 3) closer 
to that obtained in the reference group. Very interesting is 
the result observed in patient 3, in his third sample (main-
tenance therapy); such a result implies a very high sen-
sitivity of the ccf-DNA quantification test, detecting the 
moment when this patient started a relapse. This result was 
subsequently confirmed by flow cytometry, monoclonal 
amplification, and clinical-biochemical parameters.

Analysis to determine the integrity index in patients 
and the reference group also showed a significant differ-
ence between the two groups, similar to the results found 
with ccf-DNA concentration. These results agree with the 
work published by Gao et al., in patients with acute my-
eloblastic leukemia (AML) that showed a mean integrity 
index of 0.51 versus 0.18 in controls [22]; however, we 
did not observe such a difference in patients between their 
three sampling times. It is unclear why the integrity index 
does not behave similarly to ccf-DNA concentration; that 

is, in these patients the proportion of non-apoptotic ccf-
DNA does not decrease as treatment progresses. Perhaps 
ccf-DNA production caused by necrosis and apoptosis 
does not occur in ALL patients as it does in other diseases. 
To date, only Gao et al. have analyzed the integrity index 
in patients with leukemia [22].

Currently, only 4 studies have analyzed the use of ccf-
DNA as a biomarker for the diagnosis and/or follow-up of 
leukemias. Schwarz et al. studied 21 ALL patients from a 
German population sample, reporting a mean concentra-
tion of 277 ng/mL at diagnosis, 248 ng/mL at day 3, and 
62 ng/mL at day 4 of treatment, which was statistically 
like the 57 ng/mL observed in controls [20]. In 2010, Gao 
et al. analyzed the concentration and integrity index of 
cfDNA fragments in AML patients from a Chinese popu-
lation sample, reporting a mean concentration of 8.8 ng/
mL versus 3.42 ng/mL found in the control group [22]. In 
2012, Jiang et al. analyzed the concentration of ccf-DNA 
fragments in AML patients in a Chinese population sam-
ple, reporting a mean concentration of 168 ng/mL that was 
significantly higher than those in three control groups [23]. 
Finally, Sonnenberg et al. analyzed 15 US patients with 
chronic lymphocytic leukemia (CLL) and obtained a mean 
concentration of ccf-DNA of 502 ng/mL compared to 50.3 
ng/mL in healthy individuals [24].

Significant differences in the amount of ccf-DNA are 
observed in various populations. It is unknown which fac-
tors cause these variations; however, a likely explanation 
could be the methodology used in each study. Thus, in the 
studies conducted in the Chinese and German populations, 
the ACTB gene was amplified by q-PCR to determine the 
concentration of ccf-DNA. The differences between these 
two studies could also be influenced by the processing 
time; in this regard, Schwarz et al. suggest that no differ-
ences in ccf-DNA concentration are found when plasma 
separation is performed within the first 24 hours after 
blood collection [20]. On the contrary, Markus et al. estab-
lished that after 4 hours after blood collection, the process 
of cell lysis releases a greater amount of ccf-DNA [25].

Papart-li et al., and Dessel et al., suggest that the ob-
served variations in time are predominantly attributable to 
the type of collection tubes employed. Specifically, EDTA 
tubes exhibit an increase in ccf-DNA concentration after 
a three-hour post-sample collection, which is attributed to 
the lysis process, while Cell-Free DNA Blood Collection 
Tubes (BCT) demonstrate no significant cfDNA variation 
in concentration up to 96 hours post-sample collection [26, 
27].

On the other hand, the study conducted in the US pop-
ulation used electrokinetic technology (dielectrophoresis) 
which is able to isolate ccf-DNA directly from the blood 

Fig. 5. Analysis of regression models. A: ccf-DNA concentration and 
B: monoclonality. 
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sample, i.e., through a completely different process for 
obtaining ccf-DNA. The large methodological variability 
due to the lack of a standardized sample handling and pro-
cessing technique would explain these differences among 
the various studies [28].

In addition, we evaluated the discriminatory power of 
ccf-DNA concentration and integrity index using a ROC 
curve (Figure 4), revealing that these two parameters can 
categorically distinguish healthy individuals from leuke-
mia patients at diagnosis (p=0.001). The ccf-DNA concen-
tration has a sensitivity and specificity of 100%, while the 
integrity index has a sensitivity of 93.3% and a specificity 
of 100%, coinciding with results observed in previously 
reported patients [20, 22, 24, 29].

Despite the wide variability of results in different popu-
lations (including the Mexican population of this study), a 
common pattern of very high levels of ccf-DNA in patients 
with B-ALL at their diagnosis and relapse is observed. 
Conversely, lower levels of ccf-DNA after the treatment 
and very low levels in reference groups confirm the valid-
ity of ccf-DNA as a biomarker for monitoring MRD in 
patients with B-ALL.

It is evident that q-PCR and flow cytometry are two 
reliable and reproducible methodologies capable of accu-
rately defining MRD in samples from patients with ALL. 
Both approaches present high sensitivity, capable of de-
tecting one malignant cell per 10,000 to 100,000 normal 
blood cells [12, 30]. Regarding the monoclonality results 
performed by q-PCR amplification in the present study, 
we found statistically significant differences (p=0.001) 
when IGH gene monoclonality was investigated in B-ALL 
patients at diagnosis and throughout the treatment phases 
(Figure 3). In pairwise analysis, significant differences 
were observed between samples 1 and 2 (p=0.022) and be-
tween samples 1 and 3 (p=0.001).

Regression analysis of DNA samples from B-ALL pa-
tients (Figure 5) showed a decreasing trend of both ccf-
DNA concentration and cell monoclonality values during 
treatment. The linear regression model explained 58% of 
the variance of the data for ccf-DNA concentration and 
79% of the variance for B-cell monoclonality. Notably, the 
number of monoclonal cells as determined by RFUs and 
obtained from bone marrow samples at diagnosis and dur-
ing treatment is comparable, maintaining a similar trend to 
the concentration of ccf-DNA in peripheral blood samples. 
Thus, the quantification of monoclonal cells and ccf-DNA 
concentration are significantly increased at diagnosis in 
these patients, while they decrease significantly in samples 
2 and 3. These results are expected when patients show 
a good response to treatment [9, 13, 21]. In congruence, 
statistical analysis found significant differences for both 
variables (ccf-DNA and monoclonal cells) in samples 1 
vs. 2 and 3. Interestingly, in the third sample (maintenance 
treatment) of patient 3, a massive increase in both ccf-
DNA and monoclonal cells was observed, showing higher 
values than in the first sample (at diagnosis). This result 
was caused by a blast crisis, an event that started after the 
third sample was obtained from this patient.

The ccf-DNA concentration and its integrity index 
could be useful biomarkers for the diagnosis and follow-
up of patients with B-ALL. Further studies in different 
population groups should be performed to confirm these 
findings and to be able to establish ccf-DNA quantifica-
tion as a safe liquid biopsy procedure to monitor minimal 

residual disease in these patients. The observation made 
in patient #3 during his maintenance phase exemplifies 
the sensitivity of ccf-DNA, detecting the precise moment 
when this patient initiated a relapse.
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