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Abstract: Background/Objectives: The prognosis of acute lymphoblastic leukemia has changed radically since
the incorporation of innovative therapies such as immunotherapy, tyrosine kinase blockers, and CAR-T-based
therapy. In lymphoblastic leukemia, both the expression and different types of polymorphisms in resistance
proteins (ABCB1), have been associated with greater resistance to drugs from cell lines to clinical different
scenarios. Although measurable residual disease is the best tool for monitoring acute lymphoblastic leukemia’s
treatment, its association with the ABCBI1 gene is still unknown. Aims: to describe the association of the
expression of the ABCB1 resistance gene with measurable residual disease. Methods: Prospective cohort where
37 patients with de novo diagnosis of Acute Lymphoblastic Leukemia were admitted to the Hospital General
de México “Dr. Eduardo Liceaga” between 2022 and 2024. Results: A total of 57 patients who began
chemotherapy-based treatment were studied, the majority were male (n=30, 52.6%), with a mean age of 32 years
(range 18 to 71 years). When analyzing the expression of the ABCB1 drug resistance gene, 35.1% (n=20) were
considered to have low expression, 40.4% (n=23) overexpressed the gene and 24.6% (n=14) showed absent
expression. Association was not identified between MRD positivity with the Philadelphia chromosome
(p=0.171, 95% CI) or the ABCB1 group considered high risk (high or absent expression) (p=0.538, 95% CI).
Conclusions: In conclusion, identifying drug-resistance genes remains useful for acute leukemias while the
treatment remains chemotherapy-based. Nevertheless, in an age of personalized medicine, the determination
of MRD is the main prognosis factor that could predict a failure in therapy.
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1. Introduction

The prognosis of acute lymphoblastic leukemia has changed radically since the incorporation of
innovative therapies such as immunotherapy (monoclonal, bi-specific antibodies), tyrosine kinase
blockers, and, more recently, the introduction of CAR-T-based therapy [1,2]; despite this, most
patients continue to be treated through chemotherapy, especially during a bone marrow relapse. The
sum of different factors, both clinical (age, leukocyte count) and molecular (Philadelphia
chromosome, Ph+ like leukemia or abnormalities in KMT2A), increase the risk of relapse, especially
in adolescents and adults [3-5].

One of the most important abnormalities within the resistance mechanisms is related to the
expression of drug-resistance genes belonging to the ABC (ATP binding cassette) family that encode
the expression of different efflux pumps in cell membranes [6]. P-glycoprotein (P-gp or MRP1) is a
member of this family that, along with the ABCG2 gene (known as BCRP), and its expression is
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variable in different tissues (placenta, kidney, blood-brain barrier), as well as in neoplastic cells,
causing the expulsion of different substrates, including different types of chemotherapy [7-9]. In
lymphoblastic leukemia, both the expression and the different types of polymorphisms in resistance
proteins (ABCB1 or MDR1, ABCC1 or MRP1), have been associated with greater resistance to drugs
(steroids, vincristine, doxorubicin) from cell lines to clinical different scenarios [10-13]. In our center,
it was identified that high expression levels (4.5 times) were related to higher mortality and a higher
risk of induction failure [14,15].

These factors are analyzed at diagnosis and have been displaced by the identification of
measurable residual disease detected at different treatment stages [16]. Its detection can be carried
out through both molecular techniques (Next-generation sequencing) and multiparametric flow
cytometry, which, being negative (ERM negative <0.01% cells (for example, >210%), allows adaptation
of treatment regimens to reduce toxicity [17,18]. The persistence of residual disease translates as
resistance to different combinations of drugs, among which are those mediated by p-glycoprotein.
Although measurable residual disease is the best tool for monitoring the treatment of acute
lymphoblastic leukemia, its association with the different drug-resistance genes is still unknown. This
study aims to describe the association of the expression of the ABCBI resistance gene with
measurable residual disease.

2. Materials and Methods

Patients with de novo diagnosis of Acute Lymphoblastic Leukemia who were admitted to the
Hospital General de México “Dr. Eduardo Liceaga” between 2022 and 2024 were included. The
diagnosis of Acute lymphoblastic Leukemia was corroborated by morphological analysis and flow
cytometry. The exclusion criteria were: (1) neutropenia, infections, and bleeding at admission; (2);
alterations of heart function; (3) bone marrow or central nervous system relapse; or (4) referral from
another hospital and who were treated at our service.

All individuals began induction treatment based on the CALGB10403 scheme when the patients
were considered to belong to the AYA group (Adolescents and Young Adults), and the rest were
treated with a HyperCVAD; central nervous system prophylaxis was performed through intrathecal
chemotherapy with Methotrexate and Cytarabine (19,20). The response to induction treatment was
carried out through morphological analysis, and it was considered refractory if there were >5% blasts
after induction. After induction on day 45 of treatment, measurable residual disease in bone marrow
was determined through flow cytometry, with a value greater than 0.01% considered positive. A bone
marrow blast value greater than 5% at any time during treatment was considered a relapse. The
selection of the relapse scheme was to the consideration of the medical staff and available resources.

The real-time polymerase chain reaction (RQ-PCR) test based on specific oligonucleotides
determined the Philadelphia chromosome. Samples were obtained from bone marrow or peripheral
blood.

This prospective study was carried out following the Helsinki Declaration and approved by the
Biosecurity, Ethics, and Research Committee of Hospital General de México “Dr. Eduardo Liceaga,”
under the protocol number HGM/DI/08/204/04/17. This study completed the CONSORT 2010
checklist for Randomized Trials.

2.1. Expression levels of ABCB1 gene

From each patient, mononuclear cells were obtained by Lymphoprep (Axis-Shield, Oslo,
Norway) from anticoagulated blood with EDTA (Vacutainer tubes, BD Diagnostics Franklin Lakes,
New Jersey) before chemotherapy treatment, homogenized in TRIzol (Invitrogen, Life Technologies
Carlsbad, CA) for total RNA extraction according to the manufacturer’s protocol. For cDNA
synthesis, 2000 ng of RNA was reverse transcribed according to the manufacturer’s protocol
(PROMEGA, Madison WI, USA).

To determine the relative expression levels of the ABCB1 transcript, RT-qPCR was performed in
triplicate on Step One ™ Applied Biosystems equipment, using 100 ng of cDNA, and specific
hydrolysis probes for ABCB1 (Hs04992772_s1), and endogenous control GUSB (Hs00939627_m1),
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using K562 hematological cell line (CCL-243™, ATCC) as reference sample. Expression levels were
obtained with the 2-AACt method. The ABCB1 expression levels were categorized as previously
described [15].

2.2. Minimal residual Disease (MRD)

After induction, Minimal Residual Disease (MRD) testing was performed to evaluate the
clearance of blast cells in the bone marrow (BM). For MRD determination, 5 mL of heparin-
anticoagulated BM was obtained for multiparametric flow cytometry immunophenotype analysis. A
minimum of 1x10° events were analyzed for blast detection (CD45dim/CD34/CD10/CD19/CD22) into
the cellular population (granulocytes, monocytes, and lymphocytes). The absence of blast cells
determined an MDR negative test, and a blast/total event ratio (%) obtained an MDR positive result.

3. Results

3.1. General characteristics of the patients

A total of 57 patients who began chemotherapy-based treatment were studied, the majority were
male (n=30, 52.6%), with a mean age of 32 years (range 18 to 71 years). 93% (n=53) corresponded to B
precursor leukemia, 7% (n=4) to T precursor leukemia, 5.3% (n=3) had infiltration into the central
nervous system at diagnosis and 15.8% (n =9) corresponded to a positive ALL-Philadelphia. The
average leukocyte count at diagnosis was 69 x 10%/ul (0.2- 362 x 10%3/ul), of which 49% (n=28) showed
counts greater than 30 x 10%/ul at diagnosis. When combining the risk factors, 75.4% (n=43) were
classified as high risk while 24.6% (n=14) were classified as usual risk. (Table 1)

Table 1. Demographic Characteristics of the study population.

ABCB1 ABCB1 p-value
(No expression) (High expression)
n=34 n=23
Age (Years) 29.50 (18.00 — 31.00 (18.00 — 57.00) 0.913
71.00)
Gender (M:F) 19 (55.9%) 11 (47.8%) 0.372
15 (44.1%) 12 (52.2%)
WBC (x103) 29.95 (0.20 - 24.00 (1.20 - 362.00) 0913
348.00)
Overall survival (days) 351.50 (18.00 — 325.00 (12.00 — 0.913
944.00) 854.00)
Disease-Free Survival 237.50 (18.00 —- 300.00 (12.00 - 0.913
(days) 820.00) 740.00
Philadelphia gene 0.532
Absence 29 (85.3%) 19 (82.6%)
Presence 5 (14.7%) 4 (17.4%)
Immunophenotype 0.175
Lymphocytes B 33 (97.1%) 20 (87.0%)
Lymphocytes T 1(2.9%) 3 (13.0%)
CNS 0.645

Negative 32 (94.1%) 22 (95.7%)
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Positive 2 (5.9%) 1(4.3%)

Risk 0.295
Normal 7 (20.6%) 7 (30.4%)

High 27 (79.4%) 16 (69.6%)

MRD 0.264
Negative 8 (23.5%) 8 (34.8%)

Positive 26 (76.5%) 15 (65.2%)

Survival 0.372
Live 19 (55.9%) 11 (47.8%)

Death 15 (44.1%) 12 (52.2%)

Relapse 0.522
Absence 27 (79.4%) 19 (82.6%)

Presence 7 (20.6%) 4 (17.4%)

WBC >30 0.543
Absence 17 (50.0%) 12 (52.2%)

Presence 17 (50.0%) 11 (47.8%)

Risk age 0.508
< 35 years 21 (61.8%) 15 (65.2%)

> 35 years 13 (38.25) 8 (34.8%)

M: Male; F: Female; WBC: White Blood Cells Count; CNS: Central Nervous system invasion; MRD: Minimal
Residual Disease. Values are expressed as median (ranges) for quantitative variables and absolute values (%) for
qualitative variables. Wilcoxon Test was used to compare medians of quantitative non parametric variables for
independent groups, and Chi? was used for categorical variables. A p value <0.05 was considered as statistical
significance.

3.2. Clinical response and follow-up.

The percentage of complete remissions was 64.9% (n=37), 15.8% (n=9) died in the induction stage
and 19.3% (n=11) were considered refractory. In individuals at usual risk, the percentage of complete
remissions was higher (71.4% v 62.8%), being lower in individuals over 35 years of age (57.1%) and
with the presence of the Philadelphia chromosome (55.6%). The mean follow-up was 352 days (range
284-420, 95% CI), with a mortality rate of 47.4% (n=27). During follow-up, 19.3% (n=11) presented
bone marrow relapse, with the highest being in the high-risk group (20.9%) and in cases with Ph+-
ALL (n=3, 33.3%).

3.3. Expression of the drug resistance gene ABCB1

When analyzing the expression of the ABCB1 drug resistance gene, 35.1% (n=20) were
considered to have low expression, 40.4% (n=23) overexpressed the gene and 24.6% (n=14) showed
absent expression. When combining risk expression levels (overexpression or absent expression), no
significant differences were found in patients with leukocyte counts greater than 30 x 103/ul (48.6%
vs 51.4%, p=0.571, 95% CI) or the type of risk (71.4% vs 62.8%, p=0.402, 95% CI). According to the
response to treatment, 62.2% (n=23) of the cases that integrated complete remission (CR) had a high
or absent expression, while refractory cases showed a higher percentage (72.7%, n=8) of abnormalities
in gene expression. Likewise, patients with bone marrow relapse showed a higher percentage of risk
expression (63.6%), but this difference was not significant (p=0.591, 95% CI). When analyzing the
follow-up, both cases with absent expression or high expression showed lower survival, but without
being significant in the long term (Log-Rank 0.350).

d0i:10.20944/preprints202411.0664.v1
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3.4. Measurable Residual Disease (MRD)

The determination of measurable residual disease was carried out by flow cytometry on day 45
of treatment, the presence of a positive MRD at the end of induction was recorded in 66.7% (n=32),
when evaluating the positivity of the MRD with variables such as risk, age or leukocyte count
(p=0.356, p=0.366, p=0.179 respectively) no significant association was identified. Regarding
molecular abnormalities, an association was not identified between MRD positivity with the
Philadelphia chromosome (p=0.171, 95% CI) or the ABCB1 group considered high risk (high or absent
expression) (p=0.538, 95% CI). When individually analyzing the positivity of the MRD with the
different expression levels of the ABCB1 gene, most of the individuals with absent expression showed
a positive MRD (n=10 of 12 individuals, 83.3%), while the behavior of positivity in individuals with
low or high expression was similar (64.7% and 57.9% respectively). When analyzing the association
between absent expressions individually, no other association was identified (p=0.144, 95%CI).
Regarding survival, the presence of a negative MRD was associated with a favorable prognosis (Log-
Rank 0.048).

3.5. Factors associated with survival.

Overall survival at 600 days of follow-up was 56%, with the median survival reaching 641 days
(428-640 days, 95% CI). Variables such as clinical risk at diagnosis (log Rank 0.699), age over 35 years
(log Rank 0.242), or leukocyte count over 30 x 10%/mcl (Log Rank 0.824) did not show an impact on
survival. According to the molecular alterations, the expression of the Philadelphia chromosome was
associated with greater survival (Log Rank 0.076) due to the combination with second-generation
tyrosine kinase inhibitors, while low expression of the ABCB1 gene showed better behavior, but
without showing a significant difference (Log Rank 0.350). In contrast to the different variables,
positive measurable residual disease behaved as a risk factor for overall survival, since its negativity
was associated (negative MRD) with better survival (p=0.048, 95% CI). The survival curves according
to the MRD and the expression of the ABCB1 resistance gene are presented in Figures 1 and 2.
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Figure 1. Overall Survival Kaplan-Meier graph of patients with negative MRD versus positive MRD.
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Figure 2. Overall Survival Kaplan-Meier graph of patients with different ABCB1 gene expressions.

When analyzing the different variables that impacted the response, no clinical variable was
identified that significantly impacted the possibility of achieving a negative MRD, while, for overall
and disease-free survival, the positivity of an MRD behaved as a risk factor (RR). The relative risk of
the different variables on overall survival is presented in Figure 3.

Overall Survival

RR Cl95% p value

Relapse- i = - 0.837 (0.448 - 1.563) 0.422

MRD+ 454 [ — 0.848 (0.491- 1.467) 0.380

Age > 35 years |—o-.—| 0.897 (0.518 - 1.551) 0.450
High Risk ABCB-1 —— 0648 (0.332-1.262) 0.099
WBC > 30- " . 4 0.446 (0.183 - 1.086) 0.033

High Risk l—-o—i 1.075 (0.562 - 1.987) 0.531

CNS infiltration L - i 1.444 (0.285 - 7.329) 0.540
Philadelphia +- — = i 231 (0670-8197)  0.099
Gender- ||_._| . 1.389 (0.799 - 2.415) 0.182

o> N K

Relative Risk (RR)

Figure 3. Relative Risk of principal outcomes for overall survival.

When analyzing the behavior of the different expression patterns, both its overexpression and
its absence did not impact the percentage of relapses or the presence of a positive MRD, particularly
in individuals who had a risk expression of the ABCB1 gene, the presence of a negative measurable
residual disease significantly improved the prognosis in this risk group (Figure 4).
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Figure 4. Overall Survival Kaplan Meier graph of positive and negative MRD in patients with ABCB1
High Risk.

The effect of the different variables on the presence of measurable residual disease or relapse is
presented in Figures 5 and 6.

MRD +
. RR CI95% p value
Age > 35 years '—"—' 1.162 (0.726 - 1.859) 0.366
High Risk ABCB-1 |—a—| 0955 (0.623 - 1.464 0538
WBC > 304 |—o—-| 0.778 (0516-1.171 0.179
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Figure 5. Relative Risk of principal outcomes for positivity of MRD.
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Figure 6. Relative Risk of principal outcomes for relapse.
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4. Discussion

This study explores the relation between the positivity of measurable residual disease (MRD)
and the different expression levels of the ABCB1 drug resistance gene [23]. ABCB1 codifies the P-
glycoprotein, a transmembrane protein involved in the expulsion of various substrates, including
chemotherapy agents.

Although the phenotype multi-drug resistance (MDR) is not sufficient to induce resistance on
its own, it requires changes in the microenvironment and other mechanisms, like those mediated by
extracellular vesicles [24]. Strategies to inhibit the P-glycoprotein have been explored, like the use of
medications like verapamil, cyclosporine, elacridar, laniquidar, zosuquidar, or the use of liposome-
encapsulated drugs designed to avoid this resistance mechanism [25,26].

In acute lymphoblastic leukemia (ALL), both the expression as well as certain polymorphisms
(rs1045642 genotype (3435 C>T)) of the ABCB1 gene affect the response to essential medications like
methotrexate, vincristine, and 6-mercaptopurine, increasing the toxicity and reducing its efficiency
[27-29]. Our group had previously identified that both the overexpression as well as the absence of
expression of the ABCB1 gene have an impact on the prognosis, suggesting that drugs like metformin
might be useful for this specific group of patients [15,30].

The resistance, evidenced by the persistence of residual cells, can be identified through various
techniques, each with different sensitivities, but all maintaining a limit of detection (>10-4). Although
some techniques can have limitations due to cost or access, most agree that the persistence of the
disease is related to a relapse, especially in the first few months of treatment [31].

Since the positivity of the MDR is the main factor associated with the failure of the treatment,
our study is centered on identifying its association with the treatment-resistant gene. While the
behavior analysis of the gene expression did not present a statistical impact, a higher rate of changes
in the gene in refractory or relapse patients was observed, albeit without a clear association with the
positivity in MRD.

On an individual level, the positivity in MRD had an impact in the prognosis, consolidating itself
as the main factor of risk associated with it. In conclusion, despite the alterations detected at
diagnosis, both clinical and biological, the MRD remains the main prognosis factor. This indicates
that the intensification of the treatment to prevent relapses might be necessary, even in patients with
a favorable initial prognosis.

The lack of relevant association between the resistance gene and the MRD could be attributed to
the resistance being measured not only by mechanisms related to the P-glycoprotein, but also
involves transporters such as ABCG2, exportin-mediated nuclear mechanisms (XPO), and enzymes
like paraoxonase 2 (PON2) [32-35]. Another resistance mechanism is associated with the expression
of antiapoptotic proteins like Bcl-2, similar to acute myeloid leukemia, where the lymphoblasts can
express this protein and be susceptible to drugs like Venetoclax [36].

It is important to consider that several medications can be substrates of these efflux pumps and
act with an antagonistic effect. The correlation of in vitro results can help personalize the treatment
[37,38]. Lastly, with the introduction of new strategies based on monoclonal antibodies, the resistance
mechanism through efflux proteins will be replaced by new mechanisms regulated by the
microenvironment or by the adjustment of expression of different types of receptors [39,40].

In conclusion, identifying drug-resistance genes remains useful for acute leukemias while the
treatment remains chemotherapy-based. Nevertheless, in an age of personalized medicine, the
determination of MRD is the main prognosis factor that could predict a failure in therapy
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