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Fludarabine treatment in patients with chronic lymphocytic leukemia (CLL) has been associated with immune dysregulation and the
development of autoimmune hemolytic anemia (AIHA). Prior research indicates a potential correlation between the expression of the
SLC28A3 gene, which encodes human concentrative nucleoside transporter 3 (responsible for fludarabine uptake), and treatment
response. This retrospective study investigated the relationship between baseline SLC28A3 expression levels, quantified via
reverse-transcriptase polymerase chain reaction (QRT-PCR), and the incidence of AIHA in a cohort of CLL patients receiving fludarabine
and cyclophosphamide (FC) therapy. Patients were categorized into two groups: “FC-emergent AIHA,” encompassing patients who
developed AIHA during or following FC therapy, and “no FC-emergent AIHA,” which included patients with pre-existing AIHA prior to
any treatment and those who remained AIHA-free throughout follow-up. A comparative analysis of these groups revealed no significant
differences in most clinical and biological variables. However, a statistically significant difference was observed in median baseline
SLC28A3 expression, which was sevenfold lower in the “FC-emergent AIHA” group compared to the “no FC-emergent AIHA” group.
Furthermore, SLC28A3 expression did not significantly correlate with most of the other clinical or biological parameters, including time
to first treatment or overall survival. These findings suggest that diminished baseline SLC28A3 expression may correlate with an
elevated risk of fludarabine-emergent AIHA in CLL patients. Further validation through larger, prospective cohorts is essential to
confirm the predictive utility of SLC28A3 expression for optimizing fludarabine-based therapeutic strategies.
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Introduction

The clinical course of chronic lymphocytic leukemia (CLL) is
highly heterogeneous and can lead to various complications,
including infections, autoimmune phenomena, and secondary
malignancies [1]. Autoimmune hemolytic anemia (AIHA) is
the most prevalent CLL-related autoimmune disorder, affecting
7%-10% of CLL patients during their disease trajectory [2]. The
incidence of AIHA in CLL correlates with adverse biological
indicators, such as elevated 2-microglobulin levels, unmutated
immunoglobulin heavy-variable (IGHV) genes, and deletions of
chromosome 17p (del17p) and/or 11q (delllq) [3].

The pathogenesis of CLL-related AIHA is considered mul-
tifactorial, involving humoral, cellular, and innate immunity
within the specific context of altered B- and T-cell functions
and their disrupted interactions [4]. In up to 90% of cases,
ATHA results primarily from the production of polyclonal,
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high-affinity immunoglobulin G (IgG) antibodies by nonmalig-
nant B-cell populations. These antibodies target antigens on red
blood cell surfaces, leading to macrophage-mediated extravas-
cular hemolysis. Such autoantibodies, active at 37°C, are termed
warm antibodies, and this form of hemolysis is known as warm
ATHA (wAIHA) [5]. Conversely, CLL cells may produce mon-
oclonal autoreactive immunoglobulin M (IgM) antibodies that
bind to erythrocyte antigens at lower temperatures, triggering
the complement cascade and resulting in intravascular hemol-
ysis. This mechanism accounts for the remaining CLL-related
ATHA cases, with monoclonal IgM autoantibodies referred to
as cold agglutinins, and the complication termed cold ATHA
(cATHA) or cold agglutinin disease (CAD). Both ATHA types can
manifest as idiopathic conditions or in association with various
benign and malignant pathologies [6]. Significant alterations
in the cellular immune system of CLL patients are crucial to
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ATHA development. Studies indicate that CLL patients exhibit
increased levels of regulatory T cells (Tregs), which, along
with an imbalance between Tregs and T-helper 17 (Th17) cells,
may compromise immunosurveillance and foster autoimmune
complications [7].

CLL-directed treatments, particularly the purine analog flu-
darabine, can trigger or exacerbate AIHA. It is hypothesized
that fludarabine depletes Tregs, subsequently leading to a loss
of suppression of autoreactive T-cell subsets. This, in turn,
results in ATHA development through complex interactions
with malignant and nonmalignant B cells [8]. Ysebaert et al.
demonstrated severe and prolonged depletion of all T-cell sub-
sets, with a median time for full CD4+ cell recovery extend-
ing up to 24 months post-fludarabine, cyclophosphamide, and
rituximab (FCR) treatment [9]. The Leukemia Research Fund
(LRF) CLL4 trial indicated that combining fludarabine with
cyclophosphamide (FC) resulted in a lower incidence of AIHA
(5%) compared to fludarabine or chlorambucil monotherapy
(11% and 12%, respectively) [10]. In the CLLS8 trial, low rates
of ATHA complicating treatment were observed during or after
both FC and FCR (< 1% of treated CLL patients) [11]. These
findings suggest a protective effect of cyclophosphamide and
rituximab in this context, attributable to their immunosuppres-
sive properties [12].

The efficacy of fludarabine-based CLL treatment protocols is
significantly influenced by the molecular profile of CLL cells,
with del17p and/or tumor protein p53 gene (TP53) mutations
and unmutated IGHV status recognized as unfavorable prognos-
tic markers [13]. Beyond these established predictive markers,
the expression of certain genes encoding nucleoside trans-
porters, which are involved in the intracellular accumulation
and metabolism of fludarabine, may also impact treatment
outcomes [14, 15]. Mackey et al. revealed that high expression
of the SLC28A3 gene (solute carrier 28 A3), encoding human
concentrative nucleoside transporter 3 (hCNT3), predicted a
shorter time to disease progression and a lower rate of complete
remission following fludarabine monotherapy [15, 16]. Further-
more, our prior study in a cohort of CLL patients without TP53
abnormalities (del17p and/or TP53 mutations) treated with FC
demonstrated a similar effect of SLC28A3 expression on treat-
ment response, as patients with high SLC28A3 expression were
nearly 10 times more likely to not respond to FC than those with
low expression [17].

Given the aforementioned data, we hypothesized
that if SLC28A3 gene expression influences the response
to fludarabine-based therapy, it might also affect
fludarabine-emergent complications, specifically AIHA. There-
fore, we conducted a retrospective exploratory cohort study
to assess whether baseline SLC28A3 expression is associated
with the risk of developing fludarabine-emergent ATHA in CLL
patients treated with FC.

Materials and methods

Patients

This study included 55 CLL patients treated at the Clinic of
Hematology, University Clinical Center of Serbia, between 2003
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and 2018. All patients had available archived biological speci-
mens collected from diagnosis until initiation of first-line treat-
ment, as well as baseline clinical, laboratory, and biological
data. The study adhered to the 1964 Helsinki declaration and
its subsequent amendments and was approved by the Ethics
Committee of the University of Belgrade School of Medicine,
Belgrade, Serbia (reference number: 29/XI1-6). Informed con-
sent was obtained from all participants.

CLL diagnosis was established according to the Interna-
tional Workshop on Chronic Lymphocytic Leukemia (IwCLL)
criteria [18]. All samples analyzed were collected at diagnosis
or during the period between diagnosis and the initiation of
first-line therapy. Demographic, clinical, and laboratory patient
characteristics were determined at diagnosis, while molecular
and cytogenetic analyses were performed either at diagnosis or
prior to first treatment.

All patients received FC chemotherapy at some point in their
disease course, primarily as first-line therapy. The FC regimen
consisted of fludarabine 25 mg/m? intravenously (IV) daily and
cyclophosphamide 250 mg/m? IV daily, both administered on
days 1-3. Alternatively, some patients received a dose-reduced
FCregimen, known as FClite, due to age, comorbidities, or com-
promised renal function. This regimen comprised fludarabine
20 mg/m? IV daily and cyclophosphamide 150 mg/m? IV daily
from days 1-3. Three patients received FC reduced to 2 days per
cycle, and 4 patients received FC lite. The median number of
cycles administered was 6 (range 1-6). Dosing data for 3 patients
were unavailable. Response assessment was conducted accord-
ing to IwCLL guidelines, with treatment outcomes defined as
complete response (CR), partial response (PR), stable disease
(SD), and progressive disease (PD) [18].

ATHA was diagnosed based on the following criteria: unex-
plained low hemoglobin level (<11 g/dL), presence of at least
one indirect laboratory marker of hemolysis (high reticulo-
cyte count, low serum haptoglobin levels, increased serum lac-
tate dehydrogenase or bilirubin levels), and a positive direct
antiglobulin test (DAT) for either IgG or C3, or the pres-
ence of cold agglutinins. For patients with a negative DAT,
ATHA was diagnosed if > 2 indirect signs of hemolysis were
detected [19, 20]. Alternative causes of AIHA, such as active
infections, other active malignancies, or concomitant autoim-
mune disorders, were excluded based on clinical status, rele-
vant serological and immunological testing, clinically indicated
microbiological swabs and cultures, and radiographic findings
at the time of AIHA occurrence. Preexisting ATHA was defined
as AIHA occurring before the initiation of first-line treatment.
FC-emergent AIHA was defined as AIHA developing during or
after FC treatment in patients without preexisting ATHA.

Analytical methods

Baseline expression of the SLC28A3 gene (i.e., expression mea-
sured in samples collected prior to any treatment initiation)
was analyzed in peripheral blood mononuclear cells of CLL
patients using quantitative reverse-transcriptase polymerase
chain reaction (QRT-PCR) with TagMan chemistry. Mononu-
clear cells were isolated from blood samples via Ficoll-Paque
Plus (GE Healthcare) density-gradient centrifugation, and total
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cellular RNA was extracted using TRI reagent (Ambion). RNA
was reverse-transcribed using RevertAid Moloney murine
leukemia virus (M-MuLV) Reverse Transcriptase (Thermo Sci-
entific) and a random hexamer primer, following the man-
ufacturer’s instructions. qRT-PCR reactions were performed
in a final volume of 10 ul with 50 ng of cDNA using Tag-
Man Gene Expression Assay (Applied Biosystems) for SLC28A3
(Hs00910439_m1) and TagMan Universal Master Mix (Applied
Biosystems) in a 7500 Real-Time PCR system (Applied Biosys-
tems). The cycling process adhered to the manufacturer’s
default conditions: denaturation at 95°C for 10 min, followed
by 40 cycles of 95°C for 15 s and 60°C for 1 minute. All samples
were run in duplicate. Relative SLC28A3 mRNA expression was
quantified by the comparative ddCt method, utilizing glycer-
aldehyde phosphate dehydrogenase (GAPDH) as the endoge-
nous control gene and the HL-60 cell line as the calibrator.
SLC28A3 expression levels were reported in relative units (RU).
Notably, out of the 55 patients in the study, 54 were available
for expression analysis, as data could not be obtained for one
sample.

The percentage of CLL cells and surface CD38 expression
were determined by flow cytometry [21, 22]. Detection of cyto-
genetic abnormalities characteristic of CLL (del13ql4, trisomy
12, del11q22-23, and del17p13) was performed by fluorescence
in situ hybridization (FISH) on interphase nuclei obtained
from peripheral blood using a panel of locus-specific probes
(Vysis/Abbott Laboratories) according to the manufacturer’s
instructions. The somatic hypermutational (SHM) status
of clonotypic IGHV genes, B-cell receptor (BCR) stereo-
typy, and TP53 mutational status were analyzed as recom-
mended by the European Research Initiative on CLL (ERIC)
[23-25].

Ethical statement

The research was conducted with the approval of the institu-
tional medical ethics committee (No. 29/XII-6) and in accor-
dance with the 1964 Helsinki Declaration and its subsequent
amendments.

Statistical analysis

The prespecified primary analysis aimed to examine the associ-
ation between the development of FC-emergent AIHA and base-
line expression of SLC28A3. Secondary analyses investigated the
association of FC-emergent AIHA and SLC28A3 expression with
clinical and biological variables in CLL patients identified at
diagnosis or prior to the first line of therapy.

Categorical variables, presented as absolute numbers and
frequencies, were analyzed using Fisher’s exact test. Contin-
uous variables, presented as medians with ranges and 95%
confidence intervals (95% CI), were analyzed using Student’s
t-test, Mann-Whitney rank-sum test, and one-way analysis of
variance (ANOVA) on ranks. The Shapiro-Wilk test assessed
data distribution. Relationships between continuous variables
were analyzed using the Spearman rank-order correlation test.

Time to first treatment (TTFT) was defined as the period
from diagnosis to the initiation of first-line therapy. Overall
survival (OS) was measured from diagnosis to death from any
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cause or last follow-up. Survival analyses were performed using
the Kaplan-Meier method, the log-rank test, and Cox regression
analysis.

Receiver operating characteristic (ROC) analysis evaluated
the discriminatory power of SLC28A3 expression as a predic-
tor of FC-emergent AIHA development. Internal validation of
the ROC analysis was performed using the percentile bootstrap
method with 2000 stratified bootstrap replicates.

All statistical analyses were conducted using SPSS 21.0 soft-
ware (IBM), except for bootstrap validation of ROC analysis,
which was performed in R using the pROC package. For all anal-
yses, P-values were two-tailed, and significance was defined as
P < 0.05.

Results

Characteristics of the cohort

This study included 55 CLL patients treated with FC chemother-
apy: 39 men and 16 women (male-to-female ratio = 2.44) aged
38-75 years at diagnosis (median = 57 years). The clinical and
biological characteristics of the patients are summarized in
Table 1.

During a median follow-up of 72 months (range = 4-
142 months), 38 patients (69.1%) died, 14 patients (25.5%) were
alive, and 3 patients (5.4%) were lost to follow-up. The median
OS was 76 months (95% CI = 68.1-83.9).

The majority of patients (45/55; 81.8%) received FC as
first-line treatment, 6 patients (10.9%) as second-line, and 4
patients (7.3%) as third- or fourth-line treatment. TTFTs ranged
from 0-71 months, with a median of 6 months (95% CI =
0.9-11.1). The overall response rate to the first therapeutic line
was 78.2%; CR, PR, SD, and PD were observed in 41.8%, 36.4%,
12.7%, and 9.1% of patients, respectively.

ATHA was documented in 13 (23.6%) patients in our cohort.
For 6 patients (46.2% of patients with hemolysis; 10.9% of
the total cohort), AIHA occurred before any treatment (pre-
existing ATHA). In contrast, 7 patients (53.8% of patients with
hemolysis; 12.7% of the total cohort) developed FC-emergent
ATHA. Among these 7 patients, hemolysis occurred during
FC therapy in 5 (2 patients during first-line therapy and 3
patients during later-line therapy), while in the remaining 2
patients, hemolysis developed 17 and 28 months after first-line
FC treatment initiation (during first remission). Notably, in all
patients with preexisting AIHA, hemolysis resolved before the
start of first-line treatment, and none subsequently developed
FC-emergent ATHA.

Considering all documented ATHA cases (7 males, 6 females;
median age at diagnosis = 59 years), no associations were
observed between this complication and any clinical or lab-
oratory parameters at diagnosis (sex, age, blood cell counts,
hemoglobin, p2-microglobulin, serum lactate dehydrogenase,
erythrocyte sedimentation rate (ESR), C-reactive protein).
However, a trend toward higher median lymphocyte counts
at diagnosis was detected in patients who developed AIHA
compared to those without AIHA (P = 0.074, Mann-Whitney
rank-sum test). Among molecular and cellular prognostic fac-
tors (CD38, chromosomal abnormalities, IGHV SHM status, BCR
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Table 1. Clinicobiological features of CLL patients with and without FC-emergent AIHA

No FC-emergent FC-emergent AIHA

Variable All patients (n = 55) AIHA (n = 48) (n=7) P-value
Sex (n = 55)2, male/female, no. 39/16 35/13 4/3 0.402¢
Age (years), (n = 55)?, median (range) 57 (38-75) 57 (38-75) 53 (42-62) 0.198¢
WBC [x10%/L], (n = 53)?, median (range) 47.1(7.1-570) 45.9(7.1-570) 64.6 (16.5-324.3) 0.763¢
Ly [x10%/L], (n = 48)?, median (range) 38.9(2.7-558.6) 37.3(2.7-558.6) 59 (8.4-285.4) 0.483¢
Platelets [x10°%/L], (n = 50)2, median 174.5 (1-432) 165 (1-432) 192 (76-263) 0.617¢
(range)

Hb [g/l], (n = 50)?, median (range) 128 (27-163) 129 (27-161) 124.5 (117-163) 0.591¢
ESR (n = 38)?, median (range) 17 (2-150) 16 (2-150) 22(4-32) 0.905¢
CRP (n = 27)?, median (range) 3.3(0.1-36.5) 3.2(0.1-36.5) 4.1(2.5-8.2) 0.241¢
B2-M [mg/l] (n = 39)?, median (range) 4(0.2-11.5) 4(0.2-11.5) 2.9(2-4.9) 0.124¢
LDH [U/L], (n = 47), median (range) 383 (81-1042) 429 (207-1042) 353 (81-398) 0.088¢
Binet stage (n = 54)?, no. (%) 0.390¢
A 18(33.3) 14 (29.8) 4(57.1)

B 25 (46.3) 23(48.9) 2(28.6)

C 11(20.4) 10 (21.3) 1(14.3)

CD38 status (n = 50)?, no. (%) 0.387¢
positive (>30 %) 19 (38) 18 (40.9) 1(16.7)

negative (< 30 %) 31(62) 26(59.1) 5(83.3)

Cytogenetic risk (n = 55)2, no. (%) 0.722¢
favorable (del13q14) 9(16.4) 7(14.6) 2(28.6)

Intermediate (no aberrations, trisomy 33(60) 29(60.4) 4(57.1)

12)

unfavorable (del11q22-23, del17p13) 13(23.6) 12 (25) 1(14.3)

TP53 mutations (n = 55)?, no. (%) 8 (14.5) 7(14.6) 1(14.3 1.000¢
IGHV SHM status (n = 54)3, no. (%) 0.322¢
mutated 11(20.4) 11(23.4) 0(0)

unmutated 43(79.6) 36 (76.6) 7(100)

BCR stereotypy (n = 53)2, no. (%) 9(17) 7(15.2) 2(28.6) 0.588°
SLC28A3 expression 10, (n = 54)?, 0.034(0.001-0.54 0) 0.042(0.001-0.54) 0.006 (0.006-0.021) **0.002¢

median (range)

aThe number in brackets represents the total patient count for whom parameter values at diagnosis were accessible. PDeletion 13q14, detected
by FISH, occurring as the sole chromosomal abnormality. “Mann-Whitney U-test. 9Student’s t-test. ®Fisher’s exact test. Abbreviations: AIHA,
autoimmune hemolytic anemia; BCR, B-cell receptor; 2-M, beta-2 microglobulin; CRP, C-reactive protein; del11q22-23, deletion of chromosome
11q22-23; del13q14, deletion of chromosome 13g14; del17p13, deletion of chromosome 17p13; ESR, erythrocyte sedimentation rate; FC, fludarabine
plus cyclophosphamide; Hb, hemoglobin; IGHV, immunoglobulin heavy-chain variable region; LDH, lactate dehydrogenase; Ly, lymphocyte count;
SHM, somatic hypermutation; SLC28A3, solute carrier family 28 member 3; TP53, tumor protein p53 gene; WBC, white blood cell count.

stereotypy, TP53 mutations) and SLC28A3 expression, ATHA
was significantly associated only with unmutated IGHV status
(P =0.048, Fisher’s exact test). A trend toward shorter OS was
also observed in patients with AIHA compared to those without
(54 vs. 80 months, respectively; P = 0.086, log-rank test).

FC-emergent AIHA is associated with lower SLC28A3 expression

In our cohort, FC-emergent AIHA occurred in 7 patients
(4 males, 3 females; median age at diagnosis = 54 years), all of
whom had the IGHV-unmutated CLL subtype.
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To test the hypothesis that FC-emergent AIHA is associ-
ated with SLC28A3 expression, we first investigated whether
baseline SLC28A3 levels differed among patients with preexist-
ing AIHA, those with FC-emergent AIHA, and those who did
not experience AIHA during follow-up. This analysis revealed
significant differences in SLC28A3 levels among the three
groups (p = 0.006, one-way ANOVA on ranks) (Figure1).
Pairwise comparisons showed no significant difference in
SLC28A3 expression between patients with preexisting AIHA
and those without ATHA (P = 0.556, Mann-Whitney rank-sum
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Figure 1. Baseline SLC28A3 expression according to AIHA status in FC-treated CLL patients. Baseline SLC28A3 mRNA expression was quantified by
gRT-PCRin peripheral blood mononuclear cells collected before initiation of any treatment from 54 CLL patients and expressed as RU. Patients were classified
into three groups: Preexisting AIHA, defined as AIHA documented before first-line therapy (n = 6); no AIHA, defined as absence of AIHA during follow-up
(n = 41); and FC-emergent AIHA, defined as AIHA developing during or after FC treatment in patients without preexisting AIHA (n = 7). Boxes represent
interquartile ranges, horizontal lines within boxes represent medians, whiskers indicate non-outlier ranges, and dots indicate outlying values. SLC28A3
expression differed significantly among the three groups (P = 0.006, one-way ANOVA on ranks), with the lowest expression observed in patients with
FC-emergent AIHA. Median expression values (range) were 0.060 (0.013-0.117) RU in the preexisting AIHA group, 0.040 (0.001-0.540) RU in the no-AIHA
group, and 0.006 (0.006-0.021) RU in the FC-emergent AIHA group. Abbreviations: AIHA, autoimmune hemolytic anemia; ANOVA, analysis of variance; CLL,
chronic lymphocytic leukemia; FC, fludarabine plus cyclophosphamide; mRNA, messenger RNA; gRT-PCR, quantitative reverse-transcription polymerase
chain reaction; RU, relative units; SLC28A3, solute carrier family 28 member 3.

test). However, significant differences were observed when
comparing patients with preexisting AIHA to patients with
FC-emergent AIHA (P = 0.007, Student’s t-test), and when
comparing patients without AIHA to patients with FC-emergent
ATHA (P = 0.002, Mann-Whitney rank-sum test).

Given that hemolysis did not occur during or after FC treat-
ment in patients with preexisting AIHA, we further divided
our cohort into two groups: the “no FC-emergent AIHA”
group (comprising patients who did not experience AIHA and
those with preexisting ATHA) and the “FC-emergent ATHA”
group (comprising patients in whom ATHA emerged during or
after FC administration). A comparison of these two groups
revealed similar clinical and biological variables (Table 1). The
only detected difference was in SLC28A3 mRNA expression,
which was significantly lower in the “FC-emergent AIHA”
group than in the “no FC-emergent ATHA” group (P = 0.002,
Mann-Whitney rank-sum test) (Figure2). Specifically, the
median SLC28A3 mRNA expression level in the “FC-emergent
ATHA” group was 7-fold lower than in the “no FC-emergent
ATHA” group. Importantly, this difference in SLC28A3 expres-
sion remained significant even when the two cases where ATHA
developed after first-line FC treatment (during first remission)
were excluded from the analysis (P = 0.015, Mann-Whitney
rank-sum test). ROC analysis indicated that baseline SLC28A3
expression was associated with FC-emergent AIHA status
in this cohort, yielding an area under the curve (AUC) of
0.8708 (95% CI = 0.7661-0.9755) with a corresponding sen-
sitivity of 1 (95% CI = 0.5904-1) and specificity of 0.72 (95%
Cl = 0.5736-0.8438) at the optimal cut-off (Figure 3). Fol-
lowing the bootstrapping procedure, the resulting 95% CIs
were 0.7538-0.962 for AUC, 0.4286-1 for sensitivity, and
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0.5957-0.8723 for specificity, demonstrating relatively stable
discriminatory performance within the study cohort. Using the
ROC-derived cut-off value of 0.0215 RU, patients were cate-
gorized as low- or high-SLC28A3 expressers to examine the
distribution of FC-emergent AIHA cases across expression cat-
egories. This approach revealed a predominance of high vs
low expressers in the “no FC-emergent ATHA” group (34 and
13 patients, respectively), whereas all 7 patients in the “FC-
emergent ATHA” group expressed low levels of SLC28A3 mRNA
(P < 0.001, Fisher’s exact test) (Figure 4).

Since the ROC-derived cut-off was not clinically established
and was used solely for exploratory stratification, SLC28A3
expression was treated as a continuous variable in all subse-
quent analyses. Notably, baseline SLC28A3 expression levels
were not associated with the majority of analyzed baseline clin-
ical and biological prognostic factors, nor with TTFT and OS,
when the entire cohort was considered. However, a negative
correlation between SLC28A3 expression and lymphocyte count
at diagnosis (r = -0.359, P = 0.0133, Spearman rank-order
correlation test) was observed. Additionally, lower SLC28A3
levels were detected in patients expressing stereotyped BCRs
compared to those expressing heterologous BCRs (P = 0.017,
Mann-Whitney rank-sum test). Our cohort included 9 patients
(16.4%) with stereotyped BCRs, all of whom had the IGHV-
unmutated CLL subtype, belonging to subsets #1 (4 patients),
#5 (2 patients), #3, #31, and #99 (1 patient each). Interestingly,
the sole patient with subset #3 BCR expressed a low level of
SLC28A3 and developed FC-emergent ATHA after second-line FC
therapy. We also attempted regression-based analyses to inves-
tigate potential confounding factors affecting the association
between SLC28A3 expression and FC-emergent ATHA. However,
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Figure2. Baseline SLC28A3 expression is lower in CLL patients who develop FC-emergent AIHA. Baseline SLC28A3 mRNA expression was quantified by
qRT-PCRin peripheral blood mononuclear cells collected before initiation of any treatment from 54 CLL patients treated with FC and expressed as RU. The no
FC-emergent AIHA group included patients who did not develop AIHA during follow-up and patients with preexisting AIHA, defined as AIHA occurring before
first-line therapy and not recurring during or after FC treatment. FC-emergent AIHA was defined as AIHA developing during or after FC treatment in patients
without preexisting AIHA. Boxes represent interquartile ranges, horizontal lines within boxes represent medians, whiskers indicate non-outlier ranges, and
dots indicate outlying values. Patients with FC-emergent AIHA had significantly lower baseline SLC28A3 expression than those without FC-emergent AIHA
(p = 0.002, Mann-Whitney rank-sum test). Median expression values (range) were 0.042 (0.001-0.540) RU in the no FC-emergent AIHA group (n = 47) and
0.006 (0.006-0.021) RU in the FC-emergent AIHA group (n = 7). Abbreviations: AIHA, autoimmune hemolytic anemia; CLL, chronic lymphocytic leukemia;
FC, fludarabine plus cyclophosphamide; mRNA, messenger RNA; gRT-PCR, quantitative reverse-transcription polymerase chain reaction; RU, relative units;

SLC28A3, solute carrier family 28 member 3.

the small number of FC-emergent AIHA events resulted in
unstable estimates with wide confidence intervals, indicative of
quasi-complete separation, precluding reliable interpretation.
Consequently, these analyses are not presented.

Discussion
Fludarabine-induced AIHA was well-documented in CLL
patients treated with single-agent fludarabine in the late
1990s [26, 27]. However, the integration of cyclophosphamide
and rituximab into fludarabine-based chemoimmunotherapy
appears to mitigate this potential for inducing hemolysis. Large
randomized trials have reported an AIHA incidence of less
than 1% in patients receiving FC or FCR [11]. Nevertheless,
a study from the MD Anderson Cancer Center observed an
ATHA incidence of 5.8% during or after FCR in CLL patients,
underscoring the ongoing clinical relevance of this issue [12].
The last decade has witnessed a paradigm shift in CLL treat-
ment, with most patients now receiving targeted agents such
as Bruton tyrosine kinase inhibitors and Bcl2 inhibitors (e.g.,
venetoclax) [28,29]. Despite this, Thompson et al. recently
demonstrated that a subset of fit patients with favorable
molecular features continues to achieve impressive long-term
responses and benefits from FCR [30]. Nonetheless, due
to compelling results from randomized prospective trials
confirming the significant advantage of targeted therapies
(alone or in combination with monoclonal antibodies) over
chemoimmunotherapy, the latter is no longer broadly recom-
mended for CLL treatment. Its use is primarily restricted to
regions where targeted therapies (e.g., Bruton tyrosine kinase
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[BTK] and B-cell lymphoma 2 [BCL2] inhibitors) are not fully
accessible [28, 31-35]. Given that many countries worldwide
still face reimbursement restrictions that limit access to these
agents to varying degrees based on regional and economic fac-
tors, FCR remains a relevant treatment option for a substantial
proportion of CLL patients globally. This continued reliance
on FCR highlights the enduring importance of understanding
and managing fludarabine-emergent adverse events, including
AIHA, in routine clinical practice.

Fludarabine is administered as a 5 monophosphate
derivative, which is dephosphorylated by 5-nucleotidase to
F-ara-A before cellular entry via specific human nucleoside
transporters (hNTs) [14]. Among the seven known nucleoside
transporters (NTs), four human equilibrative NTs (hENTs
1-4) and three human concentrative NTs (hCNTs 1-3) have
been identified as crucial for active fludarabine transport
across the cell plasma membrane, specifically hENT1, hENT2,
and hCNT3 [36]. Mackey et al. investigated the relationship
between the relative expression of seven genes encoding
proteins involved in fludarabine metabolism (hENT1, hENT2,
hCNT3, deoxycytidine kinase, and three 5’-nucleotidases: ecto-
5’-nucleotidase, deoxynucleotidase-1, and cytoplasmic high-
K_m_5-nucleotidase) and treatment outcome in 45 patients
receiving fludarabine monotherapy [15]. Of these genes, only
the relative expression level of the gene encoding hCNT3
(SLC28A3) exhibited a significant yet inverse association with
treatment response and time to disease progression (TDP).
Specifically, higher relative levels of SLC28A3 mRNA correlated
with significantly lower rates of complete response and
shorter TDP following fludarabine treatment [15]. Our group
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Figure 3. ROC analysis of baseline SLC28A3 expression for FC-emergent AIHA in FC-treated CLL patients. Baseline SLC28A3 mRNA expression was
quantified by qRT-PCR in peripheral blood mononuclear cells collected before initiation of any treatment from 54 patients with CLL treated with fludarabine
plus cyclophosphamide. ROC analysis was used to assess the discriminatory performance of SLC28A3 expression for FC-emergent AIHA status, defined as
AIHA developing during or after FC treatment in patients without preexisting AIHA. The black curve represents the ROC curve, and the gray diagonal line
represents no discrimination. Baseline SLC28A3 expression showed good discriminatory performance for distinguishing patients with FC-emergent AIHA
(n=7) from those without FC-emergent AIHA (n = 47): AUC = 0.8708, 95% Cl = 0.7661-0.9755; p = 0.001679. The optimal ROC-derived cut-off was 0.0215
RU, with sensitivity of 1.000, 95% Cl = 0.5904-1.000, and specificity of 0.7234, 95% Cl = 0.5736-0.8438. Because this was an exploratory retrospective
analysis, the cut-off should be considered hypothesis-generating rather than clinically validated. Abbreviations: AIHA, autoimmune hemolytic anemia; AUC,
area under the curve; Cl, confidence interval; CLL, chronic lymphocytic leukemia; FC, fludarabine plus cyclophosphamide; mRNA, messenger RNA; qRT-
PCR, quantitative reverse-transcription polymerase chain reaction; ROC, receiver operating characteristic; RU, relative units; SLC28A3, solute carrier family

28 member 3.

corroborated these findings, revealing a similar association
between higher baseline SLC28A3 expression and treatment
failure in a cohort of 44 TP53 aberration-free CLL patients
treated with FC [17]. Although initial hypotheses posited that
increased NT expression would enhance treatment outcomes by
concentrating active fludarabine metabolites within leukemic
cells, both Mackey et al. and our group obtained seemingly
paradoxical results. Furthermore, Mackey et al. demonstrated
that hCNT3, found to be expressed only in the cytoplasm
of a limited percentage of CLL patients, lacks nucleoside
transport activity in the plasma membrane of CLL cells [15].
This finding complicated the interpretation of their results.
The authors speculated that the strong association between
hCNT3 gene expression and fludarabine resistance might stem
from mutual regulation of SLC28A3 with other genes implicated
in fludarabine resistance. Another hypothesis, supported by
the confirmed cytoplasmic abundance of hCNT3, suggests that
hCNT3 may localize to intracellular organelle membranes, such
as mitochondria, thereby modulating fludarabine toxicity. An
alternative explanation proposes that increased production
and/or migration of hCNT3 to the plasma membrane, induced
by heightened fludarabine exposure, provides a “salvage”
nucleoside transport mechanism, minimizing the effects of
intracellular nucleoside depletion caused by fludarabine [15].
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In this study, we analyzed SLC28A3 expression in CLL
patients who developed AIHA during or after FC treatment
(“FC-emergent ATHA”) and compared them to patients who
developed AIHA before first-line treatment or never expe-
rienced AIHA (“no FC-emergent AIHA”). Two patients who
developed ATHA 17 and 28 months post-FC, respectively, were
included in the “FC-emergent AIHA” group. This inclusion
was based on consistent data regarding deep and long-term
CD4+ cell depletion following FCR treatment and the absence
of documented CLL progression in both patients at the time of
ATHA onset [9, 37]. Our results revealed a 7-fold lower base-
line SLC28A3 expression in patients with FC-emergent ATHA
compared to the “no FC-emergent ATHA” group. It is crucial to
emphasize that SLC28A3 expression was assessed only once at
baseline, either at diagnosis or prior to the initiation of first-line
therapy. Consequently, for patients who received FC in later
treatment lines, the analyzed SLC28A3 levels reflect expres-
sion at disease onset rather than immediately preceding the FC
course associated with ATHA development. Given the unavail-
ability of longitudinal samples and the current lack of data on
temporal changes in SLC28A3 expression during CLL progres-
sion or under treatment pressure, our findings should be inter-
preted as suggesting an association between baseline SLC28A3
expression and subsequent FC-associated AIHA. They do not
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Figure 4. Distribution of SLC28A3 expression categories according to FC-emergent AIHA status in CLL patients. Baseline SLC28A3 mRNA expression
was quantified by qRT-PCR in peripheral blood mononuclear cells collected before initiation of any treatment from 54 CLL patients treated with fludarabine
plus cyclophosphamide and expressed as RU. Patients were stratified as SLC28A3-low or SLC28A3-high using the exploratory ROC-derived cut-off of 0.0215
RU. The no FC-emergent AIHA group included patients who did not develop AIHA during follow-up and patients with preexisting AIHA that did not recur
during or after FC treatment. FC-emergent AIHA was defined as AIHA developing during or after FC treatment in patients without preexisting AIHA. Bars
represent the number of patients in each SLC28A3 expression category. Low SLC28A3 expression was significantly enriched in the FC-emergent AIHA group:
All 7 patients with FC-emergent AIHA were SLC28A3-low, compared with 13 of 47 patients in the no FC-emergent AIHA group; 34 patients in the no
FC-emergent AIHA group were SLC28A3-high, whereas no patient with FC-emergent AIHA showed high SLC28A3 expression (P < 0.001, Fisher’s exact test).
Because the cut-off was derived from this retrospective exploratory cohort, it should be interpreted as hypothesis-generating rather than clinically validated.
Abbreviations: AIHA, autoimmune hemolytic anemia; CLL, chronic lymphocytic leukemia; FC, fludarabine plus cyclophosphamide; mRNA, messenger RNA;
qRT-PCR, quantitative reverse-transcription polymerase chain reaction; ROC, receiver operating characteristic; RU, relative units; SLC28A3, solute carrier

family 28 member 3.

directly demonstrate that SLC28A3 expression at the time of FC
exposure predicts AIHA risk. Nevertheless, the observed asso-
ciation may imply that baseline SLC28A3 expression captures
an underlying biological susceptibility that remains clinically
relevant throughout disease evolution. This possibility war-
rants confirmation in prospective studies incorporating serial
sampling.

It should be noted that several potential confounding fac-
tors may contribute to the development of FC-emergent AIHA,
including advanced disease stage, older age, prior autoim-
mune phenomena, adverse cytogenetic abnormalities (dell7p
and delllq), unmutated IGHV status, high absolute lympho-
cyte count, elevated p2-microglobulin levels, and increased
CD38 expression [38]. Other potential risk factors for ATHA
in CLL patients include gender and prior treatment exposure.
However, retrospective cohort studies have yielded conflicting
results regarding the association between gender and AIHA
risk [39, 40]. Concerning prior treatment exposure, Visentin
et al. reported a higher frequency of autoimmune disor-
ders, including ATHA, among previously treated CLL patients,
although without specifying the treatment modality or line of
therapy [39]. This association is plausible, as previously treated
patients are more likely to harbor adverse disease biology than
treatment-naive individuals, to have a longer disease duration,
and consequently to exhibit more profound immune dysreg-
ulation, all of which may contribute to an increased risk of
AIHA [6]. Unfortunately, the relatively small sample size in
our study limited our ability to assess potential confounders in
a multivariable model. Furthermore, analyses based on ATHA
severity and the presence of Evans syndrome were not feasible
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due to missing data. Consequently, the potential influence of
these factors on the observed association between SLC28A3
expression and FC-emergent ATHA could not be assessed and
should be addressed in larger studies with more comprehen-
sive clinical data. Given that SLC28A3 expression also influ-
ences treatment outcome, it could be speculated that the same
mechanism(s) underlying the association of lower SLC28A3
expression with a better response to fludarabine-based therapy
may also be involved in fludarabine toxicity, particularly the
development of FC-emergent ATHA, in SLC28A3 low-expressing
patients. However, this possibility requires further explo-
ration, as some studies have shown that improved effec-
tiveness of chemo(immuno)therapy reduced the frequency of
ATHA [41].

Additionally, it is important to emphasize that the patho-
physiology of AIHA in CLL is not solely determined by the
impact of CLL cells on red blood cells but rather by a com-
plex process of immune dysregulation caused by the disease,
in which both polyclonal B cells and different T-cell subsets
play crucial roles [6]. These non-leukemic lymphocytes, partic-
ularly T cells, are integral to the specific CLL microenvironment
and contribute to the development of various complications,
such as infections and autoimmune phenomena [42]. Histor-
ically, fludarabine, in addition to affecting CLL B cells, has
been shown to decrease the levels of both CD4+ and CD8+
T lymphocytes in treated patients [43]. Moreover, it leads to
an imbalance between Thl7 and T regulatory cells, thereby
contributing to the pathophysiology of fludarabine-emergent
ATHA [6]. Currently, fludarabine is widely employed as a lym-
phodepleting agent in patients undergoing chimeric antigen
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receptor T (CAR-T) therapy [44]. To further elucidate the
mechanisms of fludarabine-emergent AIHA in the context
of SLC28A3 expression, it would be particularly valuable to
analyze hCNT3 expression and activity in different subsets
of non-leukemic lymphocytes, both of T and B phenotypes.
However, these investigations were not performed in this
study or, to the best of our knowledge, elsewhere. Further-
more, recently published studies have highlighted the signifi-
cance of clonal hematopoiesis (CH) in CLL, demonstrating that
myeloid-lineage CH is associated with disease course, treatment
efficacy, and treatment-related complications in CLL patients.
It has been confirmed that, unlike targeted agents, chemoim-
munotherapy promotes CH in the myeloid compartment, which
may translate into a higher risk of secondary myeloid malignan-
cies. Clonal hematopoiesis in CLL was also shown to influence
the T cell population by reducing T cell exhaustion and promot-
ing a proinflammatory T cell transcriptional signature [45, 46].
In the context of the previously discussed pathogenesis of
ATHA, it may be hypothesized that the presence of CH in CLL
patients contributes to immune dysregulation that may facili-
tate the development of ATHA, particularly following chemoim-
munotherapy. Thus, correlating SLC28A3expression with CH in
CLL patients with AIHA may be a valuable avenue for future
research.

Our results further support the established associa-
tion between unmutated IGHV status and AIHA in CLL
patients [47-49]. Given that unmutated IGHV status is linked
to more aggressive disease, it was not surprising that patients
with AIHA in our cohort experienced shorter OS compared
to those who did not develop AIHA, consistent with previous
studies [10, 47, 50, 51]. Additionally, our patient assigned to
stereotyped subset #3 exhibited low levels of SLC28A3 and
developed FC-emergent AIHA. This finding aligns with the
observations of Maura et al., who reported an increased risk
of ATHA development in CLL patients expressing subset #3
BCR [49].

Conclusion

In conclusion, our study identified a low baseline SLC28A3
expression level as a potential biomarker to identify CLL
patients at risk of FC-emergent AIHA, thereby potentially
helping to prevent this harmful complication. Although its
applicability might be limited to a subset of CLL patients
with favorable molecular profiles who remain candidates
for fludarabine-based treatment, it could prove particularly
useful in developing regions where novel targeted thera-
pies are less accessible or affordable. However, our find-
ings should be interpreted cautiously due to the retrospec-
tive design and small sample size. Accordingly, this study
should be considered exploratory and hypothesis-generating
rather than definitive. Further studies on larger, prospective
cohorts are warranted to confirm our findings and to eluci-
date the underlying mechanismslinking nucleoside transporter
expression to fludarabine-associated autoimmune hemolytic
anemia.

Vukovic et al.
SLC28A3 and fludarabine-emergent AIHA in CLL

2269

Biomolecules
& Biomedicine

Acknowledgments

Portions of the data presented in this study were previously
reported in abstract form at the 25th European Hematology
Association (EHA) Congress, 2020.

Conflicts of interest: Authors declare no conflicts of interest.

Funding: This work was supported by grant No. 451-03-
33/2026-03/200042, Ministry of Science, Technological Devel-
opment and Innovation, Republic of Serbia

Data availability: The data are available from the correspond-
ing author upon request.

Submitted: 26 March 2026
Accepted: 08 June 2026
Published online: 16 June 2026

References

[1] Strati P, Jain N, O’Brien S. Chronic lymphocytic leukemia: diagnosis
and treatment. Mayo Clin Proc 2018;93(5):651-64. https://doi.org/10.
1016/j.mayocp.2018.03.002

[2] Barcellini W, Giannotta JA, Fattizzo B. Autoimmune complications in
hematologic neoplasms. Cancers (Basel) 2021;13(7):1532. https://doi.
org/10.3390/cancers13071532

[3] Moreno C, Hodgson K, Ferrer G, Elena M, Filella X, Pereira A,
etal. Autoimmune cytopenia in chronic lymphocytic leukemia:
prevalence, clinical associations, and prognostic significance. Blood
2010;116(23):4771-6. https://doi.org/10.1182/blood-2010- 05-286500

[4] Hodgson K, Ferrer G, Montserrat E, Moreno C. Chronic lympho-
cytic leukemia and autoimmunity: a systematic review. Haematologica
2011;96(5):752-61. https://doi.org/10.3324/haematol.2010.036152

[5] Barcellini W, Fattizzo B. How I treat warm autoimmune hemolytic
anemia. Blood 2021;137(10):1283-94. https://doi.org/10.1182/blood.
2019003808

[6] Autore F, Pasquale R, Innocenti I, Fresa A, Sora F, Laurenti L. Autoim-
mune hemolytic anemia in chronic lymphocytic leukemia: a compre-
hensive review. Cancers (Basel) 2021;13(22):5804. https://doi.org/10.
3390/cancers13225804

[7] Fattizzo B, Barcellini W. Autoimmune cytopenias in chronic lympho-
cytic leukemia: focus on molecular aspects. Front Oncol 2019;9:1435.
https://doi.org/10.3389/fonc.2019.01435

[8] Tsang M, Parikh SA. A concise review of autoimmune cytopenias in
chronic lymphocytic leukemia. Curr Hematol Malig Rep 2017;12(1):29-
38. https://doi.org/10.1007/s11899-017-0366-1

[9] Ysebaert L, Gross E, Kuhlein E, Blanc A, Corre ], Fournie JJ, etal.
Immune recovery after fludarabine-cyclophosphamide-rituximab
treatment in B-chronic lymphocytic leukemia: implication for
maintenance immunotherapy. Leukemia 2010;24(7):1310-6. https://
doi.org/10.1038/leu.2010.89
Dearden C, Wade R, Else M, Richards S, Milligan D, Hamblin T,
etal. The prognostic significance of a positive direct antiglobulin
test in chronic lymphocytic leukemia: a beneficial effect of the com-
bination of fludarabine and cyclophosphamide on the incidence of
hemolytic anemia. Blood 2008;111(4):1820-6. https://doi.org/10.1182/
blood-2007-07-101303

[11] Hallek M, Fischer K, Fingerle-Rowson G, Fink AM, Busch R, Mayer ],

etal. Addition of rituximab to fludarabine and cyclophosphamide in
patients with chronic lymphocytic leukaemia: a randomised, open-
label, phase 3 trial. Lancet 2010;376(9747):1164-74. https://doi.org/10.
1016/S0140-6736(10)61381-5

[12] Borthakur G, O’'Brien S, Wierda WG, Thomas DA, Cortes JE, Giles FJ,

etal. Immune anaemias in patients with chronic lymphocytic
leukaemia treated with fludarabine, cyclophosphamide and rituximab
- incidence and predictors. Br ] Haematol 2007;136(6):800-5. https://
doi.org/10.1111/j.1365-2141.2007.06513.x

[13] Hallek M. Chronic lymphocytic leukemia: 2025 update on the epi-

demiology, pathogenesis, diagnosis, and therapy. Am ] Hematol
2025;100(3):450-80. https://doi.org/10.1002/ajh.27546

[10]

www.biomolbiomed.com


https://www.biomolbiomed.com
https://doi.org/10.1016/j.mayocp.2018.03.002
https://doi.org/10.1016/j.mayocp.2018.03.002
https://doi.org/10.3390/cancers13071532
https://doi.org/10.3390/cancers13071532
https://doi.org/10.1182/blood-2010-05-286500
https://doi.org/10.3324/haematol.2010.036152
https://doi.org/10.1182/blood.2019003808
https://doi.org/10.1182/blood.2019003808
https://doi.org/10.3390/cancers13225804
https://doi.org/10.3390/cancers13225804
https://doi.org/10.3389/fonc.2019.01435
https://doi.org/10.1007/s11899-017-0366-1
https://doi.org/10.1038/leu.2010.89
https://doi.org/10.1038/leu.2010.89
https://doi.org/10.1182/blood-2007-07-101303
https://doi.org/10.1182/blood-2007-07-101303
https://doi.org/10.1016/S0140-6736(10)61381-5
https://doi.org/10.1016/S0140-6736(10)61381-5
https://doi.org/10.1111/j.1365-2141.2007.06513.x
https://doi.org/10.1111/j.1365-2141.2007.06513.x
https://doi.org/10.1002/ajh.27546
https://www.biomolbiomed.com

[14]

[15]

[16]

[17]

[18]

[19]

[20

[t

[21]

(23]

[24]

[25]

[26]

[27]

[28

—_—

[29]

30]

Galmarini CM, Mackey JR, Dumontet C. Nucleoside analogues:
mechanisms of drug resistance and reversal strategies. Leukemia
2001;15(6):875-90. https://doi.org/10.1038/sj.leu.2402114

Mackey JR, Galmarini CM, Graham KA, Joy AA, Delmer A, Dabbagh L,
etal. Quantitative analysis of nucleoside transporter and metabolism
gene expression in chronic lymphocytic leukemia (CLL): identifi-
cation of fludarabine-sensitive and -insensitive populations. Blood
2005;105(2):767-74. https://doi.org/10.1182/blood-2004- 03-1046
Tsang RY, Santos C, Ghosh S, Dabbagh L, King K, Young ], etal.
Immunohistochemistry for human concentrative nucleoside trans-
porter 3 protein predicts fludarabine sensitivity in chronic lympho-
cytic leukemia. Mod Pathol 2008;21(11):1387-93. https://doi.org/10.
1038/modpathol.2008.110

Vukovic V, Karan-Djurasevic T, Antic D, Tosic N, Kostic T,
Marjanovicl, etal. Association of SLC28A3 gene expression
and CYP2B6%6 allele with the response to fludarabine plus
cyclophosphamide in chronic lymphocytic leukemia patients. Pathol
Oncol Res 2020;26(2):743-52. https://doi.org/10.1007/s12253-019-
00613-4

Hallek M, Cheson BD, Catovsky D, Caligaris-Cappio F, Dighiero G,
Dohner H, et al. iwCLL guidelines for diagnosis, indications for treat-
ment, response assessment, and supportive management of CLL. Blood
2018;131(25):2745-60. https://doi.org/10.1182/blood-2017-09-806398
Hill QA, Stamps R, Massey E, Grainger JD, Provan D, Hill A, etal.
The diagnosis and management of primary autoimmune haemolytic
anaemia. Br ] Haematol 2017;176(3):395-411. https://doi.org/10.1111/
bjh.14478

Hill QA, Hill A, Berentsen S. Defining autoimmune hemolytic ane-
mia: a systematic review of the terminology used for diagnosis and
treatment. Blood Adv 2019;3(12):1897-906. https://doi.org/10.1182/
bloodadvances.2019000036

Wood BL, Arroz M, Barnett D, DiGiuseppe ], Greig B, Kussick SJ,
et al.2006 Bethesda International Consensus recommendations on the
immunophenotypic analysis of hematolymphoid neoplasia by flow
cytometry: optimal reagents and reporting for the flow cytometric
diagnosis of hematopoietic neoplasia. Cytometry B Clin Cytom 2007;72
Suppl 1:514-22. https://doi.org/10.1002/cyto.b.20363

Davis BH, Holden JT, Bene MC, Borowitz M]J, Braylan RC, Cornfield D,
et al.2006 Bethesda International Consensus recommendations on the
flow cytometric immunophenotypic analysis of hematolymphoid neo-
plasia: medical indications. Cytometry B Clin Cytom 2007;72 Suppl
1:55-13. https://doi.org/10.1002/cyto.b.20365

Rosenquist R, Ghia P, Hadzidimitriou A, Sutton LA, Agathangelidis A,
Baliakas P, et al. Immunoglobulin gene sequence analysis in chronic
lymphocytic leukemia: updated ERIC recommendations. Leukemia
2017;31(7):1477-81. https://doi.org/10.1038/leu.2017.125
Agathangelidis A, Chatzidimitriou A, Chatzikonstantinou T,
Tresoldi C, Davis Z, Giudicelli V, et al. Inmunoglobulin gene sequence
analysis in chronic lymphocytic leukemia: the 2022 update of the
recommendations by ERIC, the European Research Initiative on CLL.
Leukemia 2022;36(8):1961-8. https://doi.org/10.1038/541375-022-
01604-2

Malcikova J, Tausch E, Rossi D, Sutton LA, Soussi T, Zenz T, et al. ERIC
recommendations for TP53 mutation analysis in chronic lymphocytic
leukemia - update on methodological approaches and results interpre-
tation. Leukemia 2018;32(5):1070-80. https://doi.org/10.1038/s41375-
017-0007-7

Weiss RB, Freiman J, Kweder SL, Diehl LF, Byrd JC. Hemolytic anemia
after fludarabine therapy for chronic lymphocytic leukemia. J Clin
Oncol 1998;16(5):1885-9. https://doi.org/10.1200/JC0.1998.16.5.1885
Gonzalez H, Leblond V, Azar N, Sutton L, Gabarre ], Binet JL, etal.
Severe autoimmune hemolytic anemia in eight patients treated with
fludarabine. Hematol Cell Ther 1998;40(3):113-8. PMID: 9698219.
Eichhorst B, Ghia P, Niemann CU, Kater AP, Gregor M, Hallek M, et al.
ESMO Clinical Practice Guideline interim update on new targeted ther-
apies in the first line and at relapse of chronic lymphocytic leukaemia.
Ann Oncol 2024;35(9):762-8. https://doi.org/10.1016/j.annonc.2024.
06.016

Niemann CU, Varghese A, Munir T, Goergen E, Eichhorst B. When
and how long to treat chronic lymphocytic leukemia? Am Soc Clin
Oncol Educ Book 2025;45(3):e473656. https://doi.org/10.1200/EDBK-
25-473656

Thompson PA, Bazinet A, Wierda WG, Tam CS, O'Brien SM, Saha S,
etal. Sustained remissions in CLL after frontline FCR treatment with

Vukovic et al.

SLC28A3 and fludarabine-emergent AIHA in CLL

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[46]

(47]

[48]

2270

Biomolecules
& Biomedicine

very-long-term follow-up. Blood 2023;142(21):1784-8. https://doi.org/
10.1182/blood.2023020158

Shanafelt TD, Wang XV, Hanson CA, Paietta EM, OBrien S,
Barrientos], etal. Long-term outcomes for ibrutinib-rituximab
and chemoimmunotherapy in CLL: updated results of the E1912 trial.
Blood 2022;140(2):112-20. https://doi.org/10.1182/blood.2021014960
Woyach JA, Perez Burbano G, Ruppert AS, Miller C, Heerema NA,
ZhaoW, etal. Follow-up from the A041202 study shows contin-
ued efficacy of ibrutinib regimens for older adults with CLL. Blood
2024;143(16):1616-27. https://doi.org/10.1182/blood.2023021959
Hillmen P, Pitchford A, Bloor A, Broom A, Young M, Kennedy B, et al.
Ibrutinib and rituximab versus fludarabine, cyclophosphamide, and
rituximab for patients with previously untreated chronic lymphocytic
leukaemia (FLAIR): interim analysis of a multicentre, open-label, ran-
domised, phase 3 trial. Lancet Oncol 2023;24(5):535-52. https://doi.
org/10.1016/S1470-2045(23)00144-4

Furstenau M, Niemann CU, Robrecht S, Rotbain EC, Eurelings LEM,
Giza A, et al. Venetoclax combinations in untreated CLL: 5-year results
and patient-reported outcome analysis of the CLL13/GAIA trial. Blood.
2026. https://doi.org/10.1182/blood.2025032160

Walewska R, Eyre TA, Bloor A, Follows G, Iyengar S, Johnston R,
et al.2025 British Society for Haematology guideline for the treatment
of chronic lymphocytic leukaemia. Br ] Haematol 2025;207(6):2296-
313. https://doi.org/10.1111/bjh.70100

Young JD. The SLC28 (CNT) and SLC29 (ENT) nucleoside trans-
porter families: a 30-year collaborative odyssey. Biochem Soc Trans
2016;44(3):869-76. https://doi.org/10.1042/BST20160038

Beyer M, Kochanek M, Darabi K, Popov A, Jensen M, Endl E, etal.
Reduced frequencies and suppressive function of CD4+CD25hi reg-
ulatory T cells in patients with chronic lymphocytic leukemia after
therapy with fludarabine. Blood 2005;106(6):2018-25. https://doi.org/
10.1182/blood-2005-02- 0642

Vitale C, Montalbano MC, Salvetti C, Boccellato E, Griggio V,
Boccadoro M, et al. Autoimmune complications in chronic lymphocytic
leukemia in the era of targeted drugs. Cancers (Basel) 2020;12(2):282.
https://doi.org/10.3390/cancers12020282

Visentin A, Imbergamo S, Gurrieri C, Frezzato F, Trimarco V,
Martini V, et al. Major infections, secondary cancers and autoimmune
diseases occur in different clinical subsets of chronic lymphocytic
leukaemia patients. Eur ] Cancer 2017;72:103-11. https://doi.org/10.
1016/j.€jca.2016.11.020

Mauro FR, Foa R, Cerretti R, Giannarelli D, Coluzzi S, Mandelli F,
et al. Autoimmune hemolytic anemia in chroniclymphocytic leukemia:
clinical, therapeutic, and prognostic features. Blood 2000;95(9):2786-
92. https://doi.org/10.1182/blood.V95.9.2786.009k30/_2786/_2792
Albiol N, Moreno C. Autoimmune cytopenia in CLL: prognosis and
management in the era of targeted therapies. Cancer ] 2021;27(4):286-
96. https://doi.org/10.1097/PPO.0000000000000537

Vom Stein AF, Hallek M, Nguyen PH. Role of the tumor microenviron-
ment in CLL pathogenesis. Semin Hematol 2024;61(3):142-54. https://
doi.org/10.1053/j.seminhematol.2023.12.004

Bergmann L, Fenchel K, Jahn B, Mitrou PS, Hoelzer D. Immuno-
suppressive effects and clinical response of fludarabine in refractory
chronic lymphocytic leukemia. Ann Oncol 1993;4(5):371-5. https://doi.
org/10.1093/oxfordjournals.annonc.a058515

Panetta JC, Talleur AC, Naik S, Gottschalk S, Leggas M. Age-adjusted
dosing of fludarabine for lymphodepletion in CAR T-cell therapy: a
clinical trial simulation study. Blood Adv 2025;9(18):4676-82. https://
doi.org/10.1182/bloodadvances.2025015928

Cosentino C, Mouhssine S, Zucchetto A, Romano I, Salehi M,
CappelliLV, etal. Dissecting clonal hematopoiesis in the myeloid
compartment of chronic lymphocytic leukemia and Richter
transformation. Hemasphere 2026;10(2):e70322. https://doi.org/
10.1002/hem3.70322

Al-Sawaf O, Locher BN, Christen F, Hablesreiter R, Rajamani A,
Robrecht S, et al. The landscape and evolution of clonal hematopoiesis
in chronic lymphocytic leukemia. Blood 2026;147(12):1323-37. https://
doi.org/10.1182/blood.2025029905

Visco C, Novella E, Peotta E, Paolini R, Giaretta I, Rodeghiero F.
Autoimmune hemolytic anemia in patients with chronic
lymphocytic leukemia is associated with IgVH status. Haematologica
2010;95(7):1230-2. https://doi.org/10.3324/haematol.2010.022079
ZanottiR, Frattini F, Ghia P, Visco C, Zamo A, Perbellini O, et al. ZAP-70
expression is associated with increased risk of autoimmune cytopenias

www.biomolbiomed.com


https://www.biomolbiomed.com
https://doi.org/10.1038/sj.leu.2402114
https://doi.org/10.1182/blood-2004-03-1046
https://doi.org/10.1038/modpathol.2008.110
https://doi.org/10.1038/modpathol.2008.110
https://doi.org/10.1007/s12253-019-00613-4
https://doi.org/10.1007/s12253-019-00613-4
https://doi.org/10.1182/blood-2017-09-806398
https://doi.org/10.1111/bjh.14478
https://doi.org/10.1111/bjh.14478
https://doi.org/10.1182/bloodadvances.2019000036
https://doi.org/10.1182/bloodadvances.2019000036
https://doi.org/10.1002/cyto.b.20363
https://doi.org/10.1002/cyto.b.20365
https://doi.org/10.1038/leu.2017.125
https://doi.org/10.1038/s41375-022-01604-2
https://doi.org/10.1038/s41375-022-01604-2
https://doi.org/10.1038/s41375-017-0007-7
https://doi.org/10.1038/s41375-017-0007-7
https://doi.org/10.1200/JCO.1998.16.5.1885
https://doi.org/10.1016/j.annonc.2024.06.016
https://doi.org/10.1016/j.annonc.2024.06.016
https://doi.org/10.1200/EDBK-25-473656
https://doi.org/10.1200/EDBK-25-473656
https://doi.org/10.1182/blood.2023020158
https://doi.org/10.1182/blood.2023020158
https://doi.org/10.1182/blood.2021014960
https://doi.org/10.1182/blood.2023021959
https://doi.org/10.1016/S1470-2045(23)00144-4
https://doi.org/10.1016/S1470-2045(23)00144-4
https://doi.org/10.1182/blood.2025032160
https://doi.org/10.1111/bjh.70100
https://doi.org/10.1042/BST20160038
https://doi.org/10.1182/blood-2005-02-0642
https://doi.org/10.1182/blood-2005-02-0642
https://doi.org/10.3390/cancers12020282
https://doi.org/10.1016/j.ejca.2016.11.020
https://doi.org/10.1016/j.ejca.2016.11.020
https://doi.org/10.1182/blood.V95.9.2786.009k30/_2786/_2792
https://doi.org/10.1097/PPO.0000000000000537
https://doi.org/10.1053/j.seminhematol.2023.12.004
https://doi.org/10.1053/j.seminhematol.2023.12.004
https://doi.org/10.1093/oxfordjournals.annonc.a058515
https://doi.org/10.1093/oxfordjournals.annonc.a058515
https://doi.org/10.1182/bloodadvances.2025015928
https://doi.org/10.1182/bloodadvances.2025015928
https://doi.org/10.1002/hem3.70322
https://doi.org/10.1002/hem3.70322
https://doi.org/10.1182/blood.2025029905
https://doi.org/10.1182/blood.2025029905
https://doi.org/10.3324/haematol.2010.022079
https://www.biomolbiomed.com

in CLL patients. Am ] Hematol 2010;85(7):494-8. https://doi.org/10.
1002/ajh.21737

Maura F, Visco C, Falisi E, Reda G, Fabris S, Agnelli L, etal. B-cell
receptor configuration and adverse cytogenetics are associated with
autoimmune hemolytic anemia in chronic lymphocytic leukemia. AmJ
Hematol 2013;88(1):32-6. https://doi.org/10.1002/ajh.23342

Biomolecules
& Biomedicine

nostic predictor in chronic lymphocytic leukemia? Clin Lymphoma
Myeloma Leuk 2013;13(4):441-6. https://doi.org/10.1016/j.clm1.2013.
02.024

Quinquenel A, Al Nawakil C, Baran-Marszak F, Eclache V, Letestu R,
Khalloufi M, et al. Old DAT and new data: positive direct antiglobulin
test identifies a subgroup with poor outcome among chronic lympho-

[50] Ricci F, Tedeschi A, Vismara E, Colombo C, Veronese S, Nichelatti M,
etal. Should a positive direct antiglobulin test be considered a prog-

cytic leukemia stage A patients. Am ] Hematol 2015;90(1):E5-8. https://
doi.org/10.1002/ajh.23861

Related article

1. Age- and gender-independent association of glutathione S-transferase null polymorphisms with chronic myeloid leukemia

Abdel Rahim Mahmoud Muddathir et al., BJBMS, 2019

Vukovic et al.

SLC28A3 and fludarabine-emergent AIHA in CLL 2271 www.biomolbiomed.com


https://www.biomolbiomed.com
https://doi.org/10.1002/ajh.21737
https://doi.org/10.1002/ajh.21737
https://doi.org/10.1002/ajh.23342
https://doi.org/10.1016/j.clml.2013.02.024
https://doi.org/10.1016/j.clml.2013.02.024
https://doi.org/10.1002/ajh.23861
https://doi.org/10.1002/ajh.23861
https://www.bjbms.org/ojs/index.php/bjbms/article/view/4176
https://www.biomolbiomed.com

	SLC28A3 expression and fludarabine-emergent autoimmune hemolytic anemia in chronic lymphocytic leukemia: A new player in an old equation
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Acknowledgments
	Related article


