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Abstract
Fludarabine plus cyclophosphamide (FC) chemotherapy is the basis of treatment protocols used in management of chronic
lymphocytic leukemia (CLL). In some patients, response to therapy may be affected by aberrant function of genes involved in
pharmacokinetics and pharmacodynamics of the drugs. The aim of this research was to assess the impact of pharmacogenetic
variability, namely expression of SLC28A3 gene and the presence of CYP2B6*6 variant allele, on the FC treatment efficacy.
Forty-four CLL patients with functional TP53 gene at the time of FC initiation were enrolled in this study. CYP2B6 genotyping
was performed by polymerase chain reaction and direct sequencing. SLC28A3 expression was measured by quantitative reverse-
transcriptase polymerase chain reaction. Significantly higher pretreatment levels of SLC28A3 mRNAwere detected in patients
who failed to respond to FC in comparison to patients who achieved complete and partial response (p = 0.01). SLC28A3 high-
expressing cases were almost ten times more likely not to respond to FC than low-expressing cases (OR = 9.8; p = 0.046).
However, association of SLC28A3 expression with progression-free survival (PFS) and overall survival (OS) was not observed.
CYP2B6*6 allele, detected in 24 patients (54.6%), exerted no association with the attainment of response to FC, as well as with
PFS and OS. The results of this study demonstrate that SLC28A3 expression is a significant predictor of FC efficacy in CLL
patients with intact TP53. Elevated SLC28A3 mRNA levels are associated with inferior short-term response to FC, suggesting
that, if validated on larger cohorts, SLC28A3 expression may become a biomarker useful for pretreatment stratification of
patients.
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Response to therapy

Introduction

Chronic lymphocytic leukemia (CLL) is an incurable clonal
disorder of mature B lymphocytes with well-defined morpho-
logical, immunophenotypic and molecular features [1].
Clinical course of CLL widely varies between decades-
lasting stable lymphocytosis and progressive, treatment-
resistant disease, ending lethally within a short period of time.
One of the cornerstones of CLL treatment in contemporary era
represents a combination of purine analog fludarabine and
alkylating agent cyclophosphamide (FC) [2–4]. Addition of
anti-CD20 monoclonal antibody rituximab to FC (FCR) im-
proved overall response (OR) and complete response (CR),
and prolonged both progression-free survival (PFS) and over-
all survival (OS). Therefore, FCR was established as the first-
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line treatment choice for fit younger CLL patients [5, 6].
Although the therapeutic landscape has significantly expand-
ed with new targeted molecules, fludarabine and cyclophos-
phamide have kept their place in CLL treatment within FCR
combination [7].

However, a significant proportion of patients (up to 25% of
treatment-naive and over 40% of previously treated patients)
do not respond well, or relapse early after administration of
fludarabine-containing regimens [8, 9].Monoallelic or biallelic
loss of functional TP53, due to deletion of 17p13 and/or TP53
mutations, is the most powerful predictive and prognostic ad-
verse factor pointing to patients with poor or short-lasting re-
sponse to fludarabine-based chemo(immuno)therapy, as well
as shorter OS [10–13]. In the pretreatment phase, only 5 to 8%
of patients harbour TP53 aberrations, but this percentage in-
creases in every subsequent treatment line to 44% in
fludarabine-refractory patients [14–16]. On the other hand,
molecular and genetic profiling of CLL does not enable precise
identification of patients with intact TP53 who would not re-
spond well to fludarabine-based treatment.

Mechanisms of anti-CLL drugs action are ascertained, but
the impact of their pharmacodynamics and pharmacokinetics
on treatment outcome is fairly underresearched [17, 18]. Host
pharmacogenetics can potentially influence efficacy of
fludarabine and cyclophosphamide by affecting disposition
and/or physiological effect of the drugs.

In order to exhibit its cytotoxic effect, fludarabine accumu-
lates in CLL cells and, phosphorylated to active 5′ triphos-
phate form, competitively inhibits synthesis and repairment
of DNA and RNA transcription [17]. Accumulation of
fludarabine and other purine analogues is mediated by human
equilibrative (hENTs) and human concentrative (hCNTs) nu-
cleoside transporters, encoded by solute carrier 29 (SLC29)
and solute carrier 28 (SLC28) gene families, respectively.
Out of 7 identified NTs (hENT1–4 and hCNT1–3), 4 have
been confirmed to play a role in fludarabine uptake in CLL
cells: hENT1, hENT2, hCNT2 and hCNT3 [19, 20]. Since
abnormal expression and/or NT activity could lead to insuffi-
cient uptake of fludarabine, investigations have been conduct-
ed in order to determine whether this could influence treat-
ment outcome in CLL. In a comprehensive research by
Mackey et al, expression of several genes whose products
are involved in fludarabine intracellular accumulation and me-
tabolism was correlated with outcome of CLL patients treated
with fludarabine monotherapy. High expression of SLC28A3
gene, coding for hCNT3, emerged as the only independent
factor, predicting shorter time to disease progression and low-
er rate of CR [21].

Activation of cyclophosphamide, the other member of FC
chemotherapy, requires its 4-hydroxylation which is catalyzed
by several members of cytochrome P450 enzyme superfamily,
including CYP2B6 isoform [18, 22]. CYP2B6 gene is known
to have more than 100 single nucleotide polymorphisms

(SNPs), and more than 38 alleles (https://www.pharmvar.
org/gene/CYP2B6). The most common variant allele is
CYP2B6*6, occurring in 10% to over 60% of individuals in
different populations [23]. CYP2B6*6 is defined by the
presence of 2 SNPs, c.516G > T in exon 4 (Q172H;
rs3745274) and c.785A >G in exon 5 (K262R; rs2279343).
Multiple studies have confirmed that CYP2B6*6 is associated
with decreased in vitro and in vivo expression, in comparison
to wild-type CYP2B6*1. The c.516G > T variant has been
shown to affect pre-mRNA splicing, leading to 50–75% de-
crease in CYP2B6 protein level [24–27]. In vitro and in vivo
studies have also indicated that Q172H and K262R amino
acid substitutions alter CYP2B6 catalytic activity in a drug-
specific manner, and that *6 allele is associated with a higher
rate of 4-hydroxylation of cyclophosphamide [28–31]. Hence,
a dilemma exists whether lower expression of CYP2B6*6 or
its higher specific enzyme activity is more important for the
final cytotoxic effect of cyclophosphamide. Johnson et al
showed that CLL patients treated with FC exhibited inferior
response if they expressed at least one *6 allele, marking
CYP2B6*6 as an independent predictive factor for treatment
outcome [32].

The literature lacks a comprehensive analysis of the impact
of host pharmacogenetics on standard treatment efficacy in
CLL. In this study, we focused on a cohort of CLL patients
without TP53 abnormalities, who received FC at the time
when rituximab was not accessible at our institution, with
the aim of analysing the effect of SLC28A3 expression and
CYP2B6*6 allele on treatment response. Since FC-based pro-
tocols are significantly toxic, it is of great importance to nar-
row the spectrum of patients who are eligible for this kind of
treatment, in order to avoid unnecessary complications in the
absence of therapeutic response. We tried to contribute to the
achievement of this goal from the perspective of
pharmacogenetics.

Materials and Methods

Patients and Samples

This study enrolled a total of 55 CLL patients from the Clinic
for Hematology, Clinical Center of Serbia (Belgrade, Serbia),
who were treated with fludarabine plus cyclophosphamide
(FC). The patients were diagnosed with CLL according to
the criteria of the National Cancer Institute-sponsored
Working Group (NCI-WG) guidelines for CLL and update
of these guidelines by the International Workshop on
Chronic Lymphocytic Leukemia (IwCLL). The patients were
characterized by typical immunophenotype of monoclonal B-
cells with CLL score ≥ 4, less than 55% of prolymphocyte-
like cells in peripheral blood smear, and > 5000 × 109/l of lym-
phocytes (Ly) in peripheral blood, with the exception of 2
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patients who exhibited the pattern of small lymphocytic lym-
phoma [1, 33]. All the samples analysed in this study were
collected prior to initiation of FC therapy. The research was
conducted with the approval of the medical ethics committee
of our institution, and in accordance with the 1964 Helsinki
declaration and its later amendments. Informed consent was
obtained from all individual participants included in the study.

Evaluation of Response to FC

Response to treatment was evaluated according to the guide-
lines of NCI-WG and IwCLL, defining treatment outcomes
as: complete response (CR), partial response (PR), stable dis-
ease (SD) and progressive disease (PD) [1, 33]. Complete
response (CR) was characterized by the absence of significant
(>1.5 cm) lymphadenopathy and organomegaly, complete
blood count reconstitution (>1500 of neutrophils per μL,
<4000 of lymphocytes (Ly) per μL, hemoglobin (Hb) level >
110 g/L, and > 100,000 of platelets (PLT) per μL), <30% of
bone marrow Ly without B-lymphoid nodules, and the ab-
sence of constitutional symptoms. Partial response (PR) was
documented in patients who exhibited ≥50% decrement of
pretreatment lymph nodes, spleen, and liver size if they were
significantly enlarged initially, neutrophil count >1500/μL or
increase of ≥50% over baseline, Ly count <4000/μL or de-
crease ≤50% of pretreatment count, Hb >110 g/L, PLT count
>100,000/μL or ≥ 50% increment comparing to initial levels,
as well as bone marrow infiltration ≥30% or presence of B-
lymphoid nodules. Progressive disease (PD) was defined by at
least one of the following: increase of lymph node, spleen or
liver size for ≥50% over pretreatment diameters, ≥50% in-
crease of Ly count (with absolute Ly count >5000/μL), de-
crease of Hb >2 g/L and/or decrease of PLT count ≥50% due
to the bone marrow failure. Stable disease (SD) was consid-
ered as a response less than PR or progression without criteria
for PD [1]. Patients who exhibited SD or PD following FC
treatment were considered non-responders, as opposed to re-
sponders who achieved at least PR.

The duration of response was defined by progression-free
survival (PFS) – the time from the initiation of FC to PD or
death. Overall survival (OS) was measured from the time of
diagnosis to the time of death from any cause or last follow-
up. Time to first treatment (TTFT) was defined as time from
diagnosis to the first therapy line [1].

Analytical Methods

For the purpose of CYP2B6 genotyping, genomic DNA was
isolated from peripheral blood samples using QIAamp DNA
Blood Mini Kit (Qiagen). Detection of c.516G > T and
c.785A >G was performed by amplification of exons 4 and
5 by polymerase chain reaction (PCR) using high-specificity
primers designed by Lang et al, which disable coamplification

of homologous pseudogene CYP2B7 (CYP2B6-4F: 5’-
GGTCTGCCCATCTATAAAC-3 ′ ; CYP2B6-4R: 5’-
CTGATTCTTCACATGTCTGCG-3′; CYP2B6-5F: 5’-
GACAGAAGGATGAGGGAGGAA-3′; CYP2B6-5R: 5’-
CTCCCTCTGTCTTTCATTCTGT-3′) [27]. The obtained
PCR products were purified using QIAquick PCR
Purification Kit (Qiagen) and directly sequenced with
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) in 3130 Genetic Analyzer (Applied Biosystems).

The expression of SLC28A3 gene was analysed by quanti-
tative reverse-transcriptase polymerase chain reaction (qRT-
PCR) using TaqMan chemistry. Mononuclear cells were iso-
lated from peripheral blood samples by Ficoll-Paque Plus (GE
Healthcare) density-gradient centrifugation and total cellular
RNA was extracted using TRI reagent (Ambion). RNA was
reverse-transcribed using RevertAid M-MuLV Reverse
Transcriptase (Thermo Scientific) and random hexamer
primers. qRT-PCR reactions were carried out using TaqMan
Gene Expression Assay (Applied Biosystems) for SLC28A3
(Hs00910439_m1) and TaqMan Universal Master Mix II
(Applied Biosystems) in 7500 Real Time PCR system
(Applied Biosystems). All samples were run in duplicates.
Relative expression of SLC28A3 mRNA was quantified by
comparative ddCt method, using glyceraldehyde phosphate
dehydrogenase (GAPDH) as endogenous control gene and
HL-60 cell line as the calibrator.

Common cytogenetic abnormalities associated with CLL
(deletions of 13q14, 17p13,11q22-q23 and trisomy 12q) were
detected by fluorescence in-situ hybridization (FISH) on inter-
phase nuclei obtained from peripheral blood, using a panel of
locus-specific probes (Vysis/Abbott Laboratories). The TP53
mutational status was determined by PCR amplification of cod-
ing exons 4–10 and flanking intronic regions followed by direct
sequencing, as recommended in Pospisilova et al [34]. The anal-
ysis and the interpretation of the obtained results were performed
using GLASS software (http://bat.infspire.org/genomepd/glass)
and locus-specific IARC database (http://p53.iarc.fr/
TP53GeneVariations.aspx). The percentage of CLL cells and
CD38 expression were determined by flow cytometry [35, 36].
Immunoglobulin heavy variable gene (IGHV) mutational status
was analysed as recommended in Ghia et al [37].

Statistical Analysis

Categorical data, presented as absolute numbers and frequen-
cies, were tested using χ2 test, Fisher’s exact test and receiver
operating characteristic (ROC) analysis. Continuous data, pre-
sented using medians and ranges, were analysed by Student’s t
test andMann-Whitney rank-sum test. Odds ratios (ORs) with
95% confidence intervals (CIs) were used to assess the impact
of clinical and genetic variables on response to FC therapy.
Univariate analyses were conducted using Fisher’s exact test,
and multivariate analyses using logistic regression.
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CYP2B6 genotype distributions were tested for conformity
to Hardy-Weinberg equilibrium using χ2 test. Haplotype
phases and frequencies were estimated using Arlequin soft-
ware (http://cmpg.unibe.ch/software/arlequin35/).

Comparison of TTFT, PFS, and OS between groups of
patients was conducted using Kaplan-Meier method and log-
rank test.

Statistical tests and creation of graphs were carried out
using Sigma Stat 3.5 software (Systat Software Inc.). For all
analyses, p values were 2-tailed and significance was defined
as p < 0.05.

Results

Patient Demographics and Response to FC Treatment

Fifty-five CLL patients who received FC chemotherapy were
initially involved in this study. In order to eliminate the pos-
sibility that loss or functional defect of TP53 gene influenced
response to treatment, the patients’ samples were first retro-
spectively analysed for the presence of TP53mutations. Based
on the obtained results and the results of FISH performed
before the initiation of FC therapy, carriers of del17p13
and/or TP53 mutations were excluded from further anal-
ysis. Ultimately, the study cohort consisted of 44 subjects,
33 men and 11 women. Baseline patients’ characteristics
at diagnosis, as well as at the time of FC initiation, are
summarized in Table 1.

The majority of patients in our cohort (36 patients; 81.8%)
received FC as first-line treatment, 4 patients (9.1%) as sec-
ond-line, and 4 patients (9.1%) as third- and fourth-line.
Median cumulative dose of administered fludarabine per pa-
tient was 450 mg/m2 intravenously (range 100–450 mg/m2),
while median dose of cyclophosphamide per patient was
4500 mg/m2 intravenously (range 900–4500 mg/m2). Up to
6 cycles of FC were given (median 6, range 2–6). TTFT
ranged from 1 to 71 months (median 6.5 months).

CR was observed in 18 patients (40.9%), PR in 18 patients
(40.9%), SD in 5 patients (11.4%) and PD in 3 patients
(6.8%). PFS (data available for 39 patients) ranged from 3 to
90 months (median 29 months); 4 patients were still in remis-
sion at the time of this research. OS (data available for 41
patients) ranged from 15 to 142 months (median 73 months).

Relationship between CYP2B6*6 Allele and Clinical
Outcome

The genotypes of the two CYP2B6 SNPs were determined in
all 44 subjects, and were found to be in conformance to
Hardy-Weinberg equilibrium. The c.516G > T substitution
was detected in 24 patients (54.6%), homozygous in 1 patient

and heterozygous in 23 patients. The same result was obtained
for c.785A >G substitution.

Assessment of CYP2B6 allelotype was performed using
Arlequin software. Since the investigated SNPs were found
to be in complete linkage disequilibrium (D’ = 1, r2 = 1), only
two haplotypes were deduced as the most probable: G516 A785

(interpreted as wild-type CYP2B6*1 allele), and T516 G785

(interpreted as CYP2B6*6 allele). The frequencies of
haplotypic combinations *1/*1, *1/*6 and *6/*6 were
45.4%, 52.3% and 2.3%, respectively.

In further analyses, 23 *1/*6 cases and 1 *6/*6 case
were grouped together, as carriers of at least one
CYP2B6*6 variant allele.

The groups of *1/*1 and *6 carriers were first compared in
order to establish whether they were different regarding clin-
ical and biological features, namely age, gender, blood cell
counts, Binet stage, β2-microglobulin and lactate dehydroge-
nase (LDH) levels, CD38 status, chromosomal abnormalities,
and IGHVmutational status. No statistically significant differ-
ences were observed between these two groups of patients in
terms of baseline characteristics, both at diagnosis and at the
initiation of FC therapy. In addition, no significant difference
in TTFT was detected.

Regarding efficacy of FC treatment, CYP2B6*6 variant
allele exerted no association with the achievement of response
(CR and PR) vs no response (SD and PD). Furthermore, no
association ofCYP2B6*6with the number of treatment cycles
administered, as well as with PFS and OS was observed.

Relationship between SLC28A3 Expression and Clinical
Outcome

The relative expression of SLC28A3 was first dichotomised at
the median value in order to compare the baseline character-
istics of low-expressing and high-expressing cases. None of
the clinical and biological parameters investigated (age, gen-
der, blood cell counts, Binet stage, β2-microglobulin and
LDH levels, CD38 status, chromosomal abnormalities,
IGHV mutational status, TTFT) showed significant associa-
tion with the expression level of SLC28A3, leading to conclu-
sion that the groups of low-expressing and high-expressing
cases were similar in terms of baseline characteristic, both at
diagnosis and at the FC initiation. In addition, SLC28A3 ex-
pression was not associated with CYP2B6 allelotype.

Expression analysis of SLC28A3 revealed significantly
higher levels of SLC28A3 mRNA in CLL patients who failed
to respond to FC chemotherapy and experienced SD and PD
following treatment (non-responders), in comparison to pa-
tients who achieved complete and partial response
(responders) (p = 0.01) (Fig. 1). ROC analysis showed that
SLC28A3 expression prior to FC administration is a good
discriminator of patients who will and patients who will not
respond to treatment (Fig. 2). However, association of
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SLC28A3mRNA levels with the number of FC cycles admin-
istered, PFS and OS was not observed in our cohort.

At the univariate level, the only statistically significant
predictors of response to FC were found to be the line of
therapy and SLC28A3 expression (Table 2). Patients in
2nd and later-line treatment, as well as SLC28A3 high-
expressing patients, were more likely to fail to respond
to FC when compared to patients in 1st line treatment
and SLC28A3 low-expressing patients (OR = 8; 95%
CI = 1.42–45.23; p = 0.026 for treatment line and OR =
9.8; 95% CI = 1.09–88.23; p = 0.046 for SLC28A3). In
multivariate analysis controlling for age, Binet stage and
deletion 11q22-q23, only SLC28A3 expression exerted a
trend towards an independent association with the re-
sponse to FC, but without reaching statistical significance
(OR = 8.77; 95% CI = 0.76–101.49; p = 0.082) (Table 2).

Discussion

Extreme clinical heterogeneity of CLL has inevitably imposed
the need of personalised approach to the management of pa-
tients. Molecular and cellular markers used in clinical practice

(cytogenetic abnormalities, IGHV mutational status, CD38
expression) exert high prognostic value, but their predictive
significance, in the context of currently available treatment
protocols, is still under evaluation [1, 38, 39]. At present,
p53 deficiency (due to del17p13 and/or TP53 mutations) is
the only predictive marker that has been validated and trans-
lated into treatment decision-making [10, 40].

Besides the biomarkers that reflect the pathobiology of the
malignant clone itself, germline and somatic mutations, as
well as aberrant expression of pharmacogene(s) can severely
impact the efficacy of the chosen therapy. Although there is
growing evidence that patient-to-patient variability in the
treatment outcome may stem, at least in part, from the vari-
ability in the host pharmacogenetics, the data for CLL are still
scarce and incomplete.

In this study, we investigated two pharmacogenetic
markers, CYP2B6*6 allele and SLC28A3 expression, that
have been previously implicated in CLL. Our aim was to
evaluate their association with the response to therapy in pa-
tients treated with fludarabine plus cyclophosphamide combi-
nation. Since p53 status is the main determinant of FC effica-
cy, only patients with functional TP53 at the time of FC initi-
ation were included into the study cohort.

Table 1 Clinical and biological
characteristics of CLL patients at diagnosis at FC initiation

no. of patients 44 44

Gender (male/female), no. 33/11 33/11

Age (years), median (range) 56.5 (38–75) 57.5 (39–76)

WBC [×109/l], (n = 43/n = 37)a, median (range) 47.1 (7.1–570) 120 (7.1–570)

Ly [×109/l], (n = 39/n = 34)a, median (range) 39.1 (2.7–558.6) 114.7 (2.7–558.6)

β2-microglobulin [mg/l] (n = 32/ n = 25)a, median (range) 3.965 (0.2–11.5) 4.57 (0.2–11.5)

LDH [U/l], (n = 38/n = 27)a, median (range) 382.5 (81–1042) 441 (81–1032)

Binet stage (n = 43/n = 39)a, no.(%)

A 12 (27.9%) 3 (7.7%)

B 22 (51.2%) 22 (56.4%)

C 9 (20.9%) 14 (35.9%)

CD38 status (n = 36), no.(%)

positive (≥30%) 9 (25%) –

negative (˂ 30%) 27 (75%) –

Chromosomal aberrations (n = 44), no.(%)

deletion 11q22-q23 – 9 (20.4%)

trisomy 12q – 5 (11.4%)

deletion 13q14 (single)b – 7 (15.9%)

no aberrations – 23 (52.3%)

IGHV mutational status (n = 43), no.(%)

mutated 7 (16.3%) 7 (16.3%)

unmutated 36 (83.7%) 36 (83.7%)

Abbreviations: WBC white blood cells, Ly lymphocytes, LDH lactate dehydrogenase, IGHV immunoglobulin
heavy variable gene
a number of patients for whom the values of the given parameter at diagnosis/at FC initiation were available
b deletion 13q14 occurring as sole chromosomal abnormality detected by FISH
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CYP2B6*6 allele was detected in 54.6% of our CLL pa-
tients (52.3% heterozygotes and 2.3% homozygotes), which is
frequency higher than expected in Caucasian populations [23,
27]. This result may be a consequence of the relatively small

size of our cohort but, on the other hand, high incidence of
CYP2B6*6 allele may imply its link with elevated susceptibil-
ity to CLL.CYP2B6 SNPs and specific haplotypes, associated
with reduced activity, have already been suggested as risk
factors predisposing to the development of certain solid tu-
mors and hematological malignancies [41–45]. We did not
further explore this issue, since it was beyond the scope of
this study.

The importance ofCYP2B6 pharmacogenetics for the treat-
ment outcome has not been extensively studied in CLL. The
only research that investigated the value of CYP2B6*6 allele
as a predictive biomarker was conducted by Johnson et al,
involving patients recruited within LRF CLL4 trial [3, 32].
The authors showed that CYP2B6*6 allele was an indepen-
dent determinant of inferior response to FC; the carriers of at
least one *6 allele were less likely to achieve complete re-
sponse to FC and had fewer adverse events related to the
toxicity of FC in comparison to *1/*1 carriers, indicating de-
creased efficacy of cyclophosphamide activation in these pa-
tients. In addition, the authors observed a trend, although non-
significant, towards shorter PFS in *6 carriers. Similarly to the
study of Johnson et al, in our study baseline characteristics of
patients and treatment exposure were not significantly differ-
ent between *1/*1 and *6 carriers. However, we could not
corroborate other findings of the aforementioned research. In
our cohort, no association was detected between CYP2B6*6
allelotype and the response to FC treatment, as well as with
PFS and OS. The possible cause of this discrepancy may be
the substantial difference in cohort sizes between our study
and Johnson et al publication, since our two cohorts were
comparable in terms of patients’ gender and dosing regimen,
both of which have previously been reported to affect phar-
macokinetics of cyclophosphamide [46–50].

We have also investigated the effect of SLC28A3 gene ex-
pression, whose protein product hCNT3 is involved in cellular
uptake of fludarabine. Reduced intracellular accumulation is
one of the mechanisms of resistance to fludarabine, and it has
been previously documented that SLC28A3 exerts strong as-
sociation with the treatment outcome [17, 21]. CLL patients
expressing high levels of SLC28A3 mRNA have been shown
to be less likely to achieve complete response, and had shorter
PFS following fludarabine monotherapy than patients with
low levels of SLC28A3 mRNA [21]. In addition, quantifica-
tion of hCNT3 protein in pre-treatment tissue samples also
revealed an independent association of high hCNT3 levels
with shorter PFS and a trend towards lower response rates in
patients treated with fludarabine [51].

The results of our study show that SLC28A3 expression
affects, in a similar manner, the response to FC combination.
The level of SLC28A3 mRNA, measured in samples obtained
prior to FC initiation, was found to be a significant predictor of
response to treatment, since in our cohort SLC28A3 high-
expressing patients were almost 10 times more likely not to

Fig. 2 ROC analysis of SLC28A3 expression in responders vs non-
responders to FC chemotherapy. High level of SLC28A3 mRNA
expression was found to be a good predictor of failure to achieve
complete response and partial response to FC treatment (A = 0.80; 95%
CI = 0.6031–0.9872; p = 0.009697; sensitivity = 0.8750; specificity =
0.7222). Abbreviations: ROC = receiver operating characteristic; A =
area under the ROC curve; CI = confidence interval

Fig. 1 Relative expression of SLC28A3 mRNA in mononuclear cells
of responders vs non-responders to FC chemotherapy. qRT-PCR anal-
ysis showed a significantly higher expression of SLC28A3 in CLL pa-
tients who experienced stable disease and progressive disease following
FC treatment (non-responders) in comparison to patients who achieved
partial and complete response (responders) (p = 0.01; Mann-Whitney
Rank Sum Test). Abbreviations: SD = stable disease; PD = progressive
disease; CR = complete response; PR = partial response; RU = relative
units
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respond to FC than low-expressing patients (OR = 9.8; p =
0.046). At univariate level, SLC28A3 mRNA expression and
line of FC treatment were the only variables associated with
therapeutic response. In multivariate analysis incorporating
age, Binet stage, deletion 11q22-q23 and line of treatment,
only high SLC28A3 expression showed a trend towards
nonattainment of response to FC, but without reaching statis-
tical significance (OR = 8.77; p = 0.082). It should be noted
that we did not observe association of SLC28A3 expression
with any of the clinical parameters and molecular/cellular
prognostic factors, so that the groups of low- and high-
expressing cases were comparable regarding baseline charac-
teristics. However, in contrast to previous studies, we did not
detect association between SLC28A3 expression and the du-
ration of PFS and OS. The fact that the correlation between
SLC28A3 expression and the response to FC did not translate
into PFS and OS differences suggests that the effect of
SLC28A3 is short-term and limited to the period of drug
administration.

The seemingly paradoxical relationship between high
levels of hCNT3 protein with the fludarabine resistance in-
stead of increased effect of the drug was, to some extent,
clarified by the findings that hCNT3 is not localised in the
plasmamembrane of CLL cells but in cytosol and intracellular
membranes, and that there is no detectable hCNT3-related
nucleoside transport [20, 21]. Taking that into account,
Mackey et al proposed several mechanisms to explain the
association of hCNT3 expression with the response to
fludarabine: 1) high hCNT3 expression is merely a marker
of CLL subtype intrinsically insensitive to fludarabine, 2) up-
regulation of hCNT3 correlates with other genes involved in
fludarabine resistance and 3) localisation in membranes of
organelles may modulate fludarabine toxicity [21].
Interestingly, it has been demonstrated that all-trans-retinoic
acid (ATRA), used in the treatment of acute promyelocytic

leukemia, induces translocation of pre-existing hCNT3 pro-
tein to the plasma membrane via transforming growth factor
β1-dependent mechanism in MEC1 cell line and primary
CLL cells, leading to increased hCNT3-mediated fludarabine
transport and sensitivity [52, 53]. Thus, including ATRA into
nucleoside-based chemotherapy is a potential solution for
overcoming fludarabine resistance by enhancing the CLL
cells’ capacity to uptake the drug.

Conclusions

To the best of our knowledge, this study is the first that deals
with pharmacogenetic markers that are responsible for both
fludarabine and cyclophosphamide action within a cohort of
patients with functional TP53 treated with FC. While our re-
sults did not demonstrate the link between CYP2B6*6 allele
and the response to FC chemotherapy, the level of SLC28A3
expression was shown to be a significant predictor of the
treatment efficacy in CLL patients. Further studies on larger
cohorts are needed to validate its predictive power and appli-
cability for more precise risk stratification of candidates for
fludarabine-based treatment in CLL.
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Table 2 Analysis of variables associated with nonattainment of response to FC treatment

Variable * Univariate analysis Multivariate analysis

OR 95% CI P value OR 95% CI P value

Age (>57.5 vs ≤57.5) 0.54 0.11–2.59 0.698 0.96 0.83–1.09 0.505

Gender (M vs F) 1.0 0.17–5.87 1

Binet stage (B + C vs A) 0.32 0.02–4.26 0.403 1.16 0.07–20.08 0.920

CD38 status (positive vs negative) 0.7 0.12–4.18 1

Deletion 11q22-q23 (carriers vs non-carriers) 1.38 0.23–8.36 0.659 1.34 0.45–3.96 0.597

IGHV mutational status (unmutated vs mutated) 1.2 0.12–11.87 1

Line of treatment (≥2nd vs 1st) 8.0 1.42–45.23 0.026 5.17 0.43–62.64 0.197

CYP2B6 (*6 vs *1/*1) 3.0 0.53–16.9 0.259

SLC28A3 expression (high vs low) 9.8 1.09–88.23 0.046 8.77 0.76–101.49 0.082

*the second category in brackets was considered as reference
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